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Preface

Thermal spray technology encompasses a group of coating processes that provide functional surfaces
to protect or improve the performance of a substrate or component. Many types and forms of materials
can be thermal sprayed—which is why thermal spray is used worldwide to provide protection from cor-
rosion, wear, and heat; to restore and repair components; and for a variety of other applications.

This handbook is intended to be an extensive reference guide to thermal spray technology. It cov-
ers principles, processes, types of coatings, applications, performance, and testing/analysis. It will
serve as an excellent introduction and guidebook for those who are new to thermal spray. The hand-
book provides in-depth coverage and data that will be of great value to specifiers and users of ther-
mal spray coatings, as well as to thermal spray experts who need additional background in certain
areas. This handbook also was tailored with undergraduate and graduate students in mind so
that they too can be exposed to the excitement of thermal spray technology.

The Thermal Spray Society (TSS) is pleased to serve as copublisher with ASM International for
this important work. The genesis for this project was the plan to revise the ASM International home-
study course on thermal spray, first published in 1992. That endeavor was well underway in 2002
when the Reference Publications Department at ASM International developed a proposal for a hand-
book on thermal spray technology. At the October 2002 meeting of the Thermal Spray Society Board,
the decision was made to merge the two projects. The lesson materials were revised extensively and
then augmented with additional information to round out the coverage and create a comprehensive
reference handbook.

This project truly has been a team effort. The main driver and guiding force has been the TSS
Training Committee, which has overseen the volunteer contributions to the handbook and otherwise
contributed mightily to make the handbook a reality. Special recognition is due to Richard Knight,
former chair of the committee, for his detailed technical review of the revised lesson materials. Sev-
eral other committee members have served as authors and reviewers for the handbook. For ASM
International, Joanne Miller initially served as the staff project coordinator for the revision of the
homestudy course. The project was transferred to Scott Henry when it was decided to transform the
narrow scope of the content into a more all-encompassing and comprehensive reference handbook.
We were fortunate in attracting Joseph R. Davis to act as Editor of the project in 2002. Joe has
excelled in tying the materials together and adding additional key reference content to complete the
coverage of the handbook, as well as dealing with many pragmatic issues such as meeting tight dead-
lines. Of course, the most important involvement in the project has been provided by the authors,
reviewers, and other contributors who have created the content contained in these pages.

Christopher C. Berndt
Stony Brook University
President, Thermal Spray Society (2002-2004)

William J. Lenling
Thermal Spray Technologies Inc.
Chair, TSS Training Committee (2002— )

Dedication

This handbook is dedicated to the memory of Douglas H. Harris (1936-2001), who made enor-
mous contributions to the practice and implementation of thermal spray over a period of more than
35 years. Doug wrote the section on thermal spray applications for the 1992 ASM homestudy course,
Thermal Spray Technology. He contributed to the revision and updating of the applications section
for this handbook before he passed away in 2001.
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Introduction to Thermal

Spray Processing

THERMAL SPRAY is a generic term for a group of coating
processes used to apply metallic or nonmetallic coatings. These
processes are grouped into three major categories: flame spray,
electric arc spray, and plasma arc spray. These energy sources are
used to heat the coating material (in powder, wire, or rod form) to
a molten or semimolten state. The resultant heated particles are
accelerated and propelled toward a prepared surface by either
process gases or atomization jets. Upon impact, a bond forms with
the surface, with subsequent particles causing thickness buildup
and forming a lamellar structure (Fig. 1). The thin “splats”
undergo very high cooling rates, typically in excess of 10 K/s for
metals (Ref 1).

A major advantage of thermal spray processes is the extremely
wide variety of materials that can be used to produce coatings (Ref
2). Virtually any material that melts without decomposing can be
used. A second major advantage is the ability of most thermal
spray processes to apply coatings to substrates without significant
heat input. Thus, materials with very high melting points, such as
tungsten, can be applied to finely machined, fully heat-treated
parts without changing the properties of the part and without
excessive thermal distortion of the part. A third advantage is the
ability, in most cases, to strip off and recoat worn or damaged
coatings without changing part properties or dimensions. A disad-
vantage is the line-of-sight nature of these deposition processes.
They can only coat what the torch or gun can “see.” Of course,
there are also size limitations. It is impossible to coat small, deep
cavities into which a torch or gun will not fit. The article “Intro-
duction to Processing and Design” in this Handbook provides a
more complete discussion of the advantages and disadvantages of
thermal spray processes.

Characteristics of Thermal Spray Coatings (Ref 1)

Microstructural Characteristics. The term “thermal spray”
describes a family of processes that use the thermal energy gener-
ated by chemical (combustion) or electrical (plasma or arc) meth-
ods to melt, or soften, and accelerate fine dispersions of particles
or droplets to speeds in the range of 50 to >1000 m/s (165 to >3300
ft/s). The high particle temperatures and speeds achieved result in
significant droplet deformation on impact at a surface, producing
thin layers or lamellae, often called “splats,” that conform and
adhere to the substrate surface. Solidified droplets build up rap-
idly, particle by particle, as a continuous stream of droplets impact
to form continuous rapidly solidified layers. Individual splats are
generally thin (~1 to 20 um), and each droplet cools at very high
rates (>10° K/s for metals) to form uniform, very fine-grained,
polycrystalline coatings or deposits. Figure 2 shows a schematic

of a generic thermal spray powder consolidation process, illustrat-
ing the key features and a typical deposit microstructure.

Sprayed deposits usually contain some level of porosity, typi-
cally between 0 and ~10%, some unmelted or partially melted par-
ticles, fully melted and deformed “splats,” metastable phases, and
oxidation from entrained air. Thermal spray process jets or plumes

Fig. 1 Scanning electron micrographs of fracture cross sections of an air

plasma-sprayed tungsten coating. (a) Lamellar microstructure. (b)
Presence of a columnar grain structure within the splats. Source: S.J. Bull, AEA
Technology
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are characterized by large gradients of both temperature and
velocity. Feedstock is usually in powdered form with a distribu-
tion of particle sizes. When these powdered materials are fed into
the plume, portions of the powder distribution take preferred paths
according to their inertia. As a result, some particles may be com-
pletely unmelted and can create porosity or become trapped as

Generic thermal
Spray process jet

Internal
[/

External ——gg. 7

Powder feed {

Fig. 2 Schematic of a typical thermal spray powder process. Source: Ref 1

Fig, 3 Photomicrograph showing the microstructure of an HVOF-sprayed
80Ni-20Cr alloy. Source: Ref 1

“unmelts” in the coating. Use of wire and rod feedstock materials
produces particle size distributions because of nonuniform heating
and unpredictable drag forces, which shear molten material from
the parent wire or rod. The level of these coating defects varies
depending on the particular thermal spray process used, the oper-
ating conditions selected, and the material being sprayed, as
described later.

Figure 3 is a photomicrograph of a thermal-sprayed 80Ni-20Cr
alloy coating applied via the high-velocity oxyfuel (HVOF)
process showing the characteristic lamellar splat structure. The
microstructure shown in Fig. 3 includes partially melted particles
and dark oxide inclusions that are characteristic of many metallic
coatings sprayed in air. Such coatings exhibit characteristic lamel-
lar microstructures, with the long axis of the impacted splats ori-
ented parallel to the substrate surface, together with a distribution
of similarly oriented oxides. Coating oxide content varies with the
process—wire arc, plasma, or HVOF. The progressive increases
in particle speed of these processes leads to differing levels of
oxide and differing degrees of oxide breakup on impact at the sur-
face. Oxides may increase coating hardness and wear resistance
and may provide lubricity. Conversely, excessive and continuous
oxide networks can lead to cohesive failure of a coating and con-
tribute to excessive wear debris. Oxides can also reduce corrosion
resistance. It is important to select materials, coating processes,
and processing parameters that allow control of oxide content and
structure to acceptable levels for a given application.

Thermal spray coatings may contain varying levels of porosity,
depending on the spray process, particle speed and size distribu-
tion, and spray distance. Porosity may be beneficial in tribological
applications through retention of lubricating oil films. Porosity
also is beneficial in coatings on biomedical implants. Lamellar
oxide layers can also lead to lower wear and friction due to the
lubricity of some oxides. The porosity of thermal spray coatings is
typically <5% by volume. The retention of some unmelted and/or
resolidified particles can lead to lower deposit cohesive strengths,
especially in the case of “as-sprayed” materials with no postdepo-
sition heat treatment or fusion.

Other key features of thermal spray deposits are their generally
very fine grain structures and columnar orientation (Fig. 1b).
Thermal-sprayed metals, for example, have reported grain sizes of
<1 um prior to postdeposition heat treatment. Grain structure
across an individual splat normally ranges from 10 to 50 um, with
typical grain diameters of 0.25 to 0.5 wm, owing to the high cool-
ing rates achieved (~10° K/s).

The tensile strengths of as-sprayed deposits can range from
10 to 60% of those of cast or wrought materials, depending on the
spray process used. Spray conditions leading to higher oxide lev-
els and lower deposit densities result in the lowest strengths. Con-
trolled-atmosphere spraying leads to ~60% strength, but requires
postdeposition heat treatment to achieve near 100% values. Low
as-sprayed strengths are related somewhat to limited intersplat dif-
fusion and limited grain recrystallization during the rapid solidifi-
cation characteristic of thermal spray processes. The primary fac-
tor limiting adhesion and cohesion is residual stress resulting from
rapid solidification of the splats. Accumulated residual stress also
limits thickness buildup.



Thermal Spray Processes and Techniques

Members of the thermal spray family of processes are typically
grouped into three major categories: flame spray, electric arc
spray, and plasma arc spray, with a number of subsets falling
under each category. (Cold spray is a recent addition to the family
of thermal spray processes. This process typically uses some mod-
est preheating, but is largely a kinetic energy process. The unique
characteristics of cold spray are discussed in the article “Cold
Spray Process” in this Handbook.) A brief review of some of the
more commercially important thermal spray processes is given
below. Table 1 compares important process characteristics associ-
ated with these techniques. Selection of the appropriate thermal
spray method is typically determined by:

Desired coating material

Coating performance requirements
Economics

Part size and portability

More detailed information on thermal spray processes can be found
in the article “Introduction to Coatings, Equipment, and Theory”
(see, in particular, Fig. 2 in the aforementioned article, which illus-
trates the three major coating categories and their subsets) and in the
article “Thermal Spray Processes” in this Handbook.

Flame Spray Processes (Ref 3)

Flame spraying includes low-velocity powder flame, rod flame,
and wire flame processes and high-velocity processes such as
HVOF and the detonation gun (D-Gun) process (D-Gun is a reg-
istered trademark of Praxair Surface Technologies Inc.).

Flame Powder. In the flame powder process, powdered feed-
stock is aspirated into the oxyfuel flame, melted, and carried by the
flame and air jets to the workpiece. Particle speed is relatively low
(<100 m/s), and bond strength of the deposits is generally lower than
the higher velocity processes. Porosity can be high and cohesive
strength is also generally lower. Spray rates are usually in the 0.5 to
9 kg/h (1to 20 Ib/h) range for all but the lower melting point materi-
als, which spray at significantly higher rates. Substrate surface tem-
peratures can run quite high because of flame impingement.

Wire Flame. In wire flame spraying, the primary function of
the flame is to melt the feedstock material. A stream of air then
atomizes the molten material and propels it toward the workpiece.
Spray rates for materials such as stainless steel are in the range of
0.5 to 9 kg/h (1 to 20 1b/h). Again, lower melting point materials
such as zinc and tin alloys spray at much higher rates. Substrate
temperatures often range from 95 to 205 °C (200 to 400 °F)
because of the excess energy input required for flame melting. In
most thermal spray processes, less than 10% of the input energy is
actually used to melt the feedstock material.

High-Velocity Oxyfuel. In HVOF, a fuel gas (such as hydro-
gen, propane, or propylene) and oxygen are used to create a com-
bustion jet at temperatures of 2500 to 3100 °C (4500 to 5600 °F).
The combustion takes place internally at very high chamber pres-
sures, exiting through a small-diameter (typically 8 to 9 mm, or
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0.31 to 0.35 in.) barrel to generate a supersonic gas jet with very
high particle speeds. The process results in extremely dense, well-
bonded coatings, making it attractive for many applications.
Either powder or wire feedstock can be sprayed, at typical rates of
2.3 to 14 kg/h (5 to 30 Ib/h).

Detonation Gun. In the detonation gun process, pre-encapsu-
lated “shots” of feedstock powder are fed into a 1 m (3 ft) long bar-
rel along with oxygen and a fuel gas, typically acetylene. A spark
ignites the mixture and produces a controlled explosion that prop-
agates down the length of the barrel. The high temperatures and
pressures (1 MPa, or 150 psi) that are generated blast the particles
out of the end of the barrel toward the substrate. Very high bond
strengths and densities as well as low oxide contents can be
achieved using this process.

Electric Arc Processes (Ref 3)

Electric Arc. In the electric arc spray process (also known as
the wire arc process), two consumable wire electrodes connected
to a high-current direct-current (dc) power source are fed into the
gun and meet, establishing an arc between them that melts the tips
of the wires. The molten metal is then atomized and propelled
toward the substrate by a stream of air. The process is energy effi-
cient because all of the input energy is used to melt the metal.
Spray rates are driven primarily by operating current and vary as
a function of both melting point and conductivity. Generally mate-
rials such as copper-base and iron-base alloys spray at 4.5 kg (10
1b)/100 A/h. Zinc sprays at 11 kg (25 1b)/100 A/h. Substrate tem-
peratures can be very low, because no hot jet of gas is directed
toward the substrate. Electric arc spraying also can be carried out
using inert gases or in a controlled-atmosphere chamber (Ref 1).

Plasma Arc Processes (Ref 3)

Conventional Plasma. The conventional plasma spray process
is commonly referred to as air or atmospheric plasma spray (APS).
Plasma temperatures in the powder heating region range from
about 6000 to 15,000 °C (11,000 to 27,000 °F), significantly above
the melting point of any known material. To generate the plasma,
an inert gas—typically argon or an argon-hydrogen mixture—is
superheated by a dc arc. Powder feedstock is introduced via an inert
carrier gas and is accelerated toward the workpiece by the plasma
jet. Provisions for cooling or regulating the spray rate may be
required to maintain substrate temperatures in the 95 to 205 °C (200
to 400 °F) range. Commercial plasma spray guns operate in the
range of 20 to 200 kW. Accordingly, spray rates greatly depend on
gun design, plasma gases, powder injection schemes, and materials
properties, particularly particle characteristics such as size, distri-
bution, melting point, morphology, and apparent density.

Vacuum Plasma. Vacuum plasma spraying (VPS), also com-
monly referred to as low-pressure plasma spraying (LPPS, a reg-
istered trademark of Sulzer Metco), uses modified plasma spray
torches in a chamber at pressures in the range of 10 to 50 kPa (0.1
to 0.5 atm). At low pressures the plasma becomes larger in diam-
eter and length, and, through the use of convergent/divergent noz-
zles, has a higher gas speed. The absence of oxygen and the abil-
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ity to operate with higher substrate temperatures produce denser,
more adherent coatings with much lower oxide contents.

Kinetic Energy Processes

Kinetics has been an important factor in thermal spray process-
ing from the beginning. With the introduction of detonation gun,
HVOF, and high-energy plasma spraying, the kinetic-energy com-
ponent of thermal spraying became even more important. The lat-
est advance in kinetic spraying is known as “cold spray.”

Cold spray is a material deposition process in which coatings
are applied by accelerating powdered feedstocks of ductile metals
to speeds of 300 to 1200 m/s (985 to 3940 ft/s) using gas-dynamic
techniques with nitrogen or helium as the process gas. The process
is commonly referred to as “cold gas-dynamic spraying” because
of the relatively low temperatures (0 to 800 °C, or 32 to 1470 °F)
of the expanded gas and particle stream that emanates from the
nozzle. Powder feed rates of up to 14 kg/h (30 1b/h) are possible.
More details are provided in the article “Cold Spray Process” in
this Handbook.

Materials for Thermal Spray (Ref 1)

Three basic types of deposits can be thermal sprayed:

e Single-phase materials, such as metals, alloys, intermetallics,
ceramics, and polymers

e Composite materials, such as cermets (WC/Co, Cr3C2/NiCr,
NiCrAlY/A1203, etc.), reinforced metals, and reinforced poly-
mers

e [Layered or graded materials, referred to as functionally gradi-
ent materials (FGMs)

Examples of these, along with their particular advantages and
applications, are described below.

Single-Phase Materials

Metals. Most pure metals and metal alloys have been thermal
sprayed, including tungsten, molybdenum, rhenium, niobium,
superalloys, zinc, aluminum, bronze, mild and stainless steels,
NiCr alloys, cobalt-base Stellites, cobalt/nickel-base Tribaloys,
and NiCrBSi “self-fluxing” alloys. Sprayed alloys have advan-
tages due to their similarity to many base metals requiring repair,
their high strength, and their corrosion, wear, and/or oxidation
resistance. Applications include automotive/diesel engine cylin-
der coatings; piston rings or valve stems; turbine engine blades,
vanes, and combustors; protection of bridges and other corrosion-
prone infrastructure; petrochemical pumps and valves; and mining
and agricultural equipment.

Ceramics. Most forms of ceramics can be thermal sprayed,
including metallic oxides such as Al,O,, stabilized ZrO,, TiO,,
Cr,0,, and MgO; carbides such as Cr,C,, TiC, Mo,C, and SiC
(generally in a more ductile supporting metal matrix such as cobalt
or NiCr); nitrides such as TiN and Si;N,; and spinels or per-
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ovskites such as mullite and 1-2-3-type superconducting oxides.
Sprayed deposits of these materials are used to provide wear
resistance (Al,O;, Cr,0,, TiO,, Cr,C,, TiC, Mo,C, and TiN), ther-
mal protection (Al,O,, ZrO,, and MgO), electrical insulation
(ALO,, TiO,, and MgO), and corrosion resistance. Ceramics are
particularly suited to thermal spraying, with plasma spraying
being the most suitable process due to its high jet temperatures.

Intermetallics such as TiAl, Ti,Al, Ni,Al, NiAl, and MoSi,
have all been thermal sprayed. Most intermetallics are very reac-
tive at high temperatures and very sensitive to oxidation; hence,
inert atmospheres must be used during plasma spraying. Research
has also been conducted on thermal spray forming/consolidation
of bulk intermetallic deposits (Ref 1).

Polymers also can be thermal sprayed successfully, provided
they are available in particulate form. Thermal spraying of poly-
mers has been practiced commercially since the 1980s, and a
growing number of thermoplastic and thermosetting polymers and
copolymers have now been sprayed, including urethanes, ethylene
vinyl alcohols (EVAs), nylon 11, polytetrafluoroethylene (PTFE),
ethylene tetrafluoroethylene (ETFE), polyetheretherketone
(PEEK), polymethylmethacrylate (PMMA), polyimide, polycar-
bonate, and copolymers such as polyimide/polyamide, Surlyn
(DuPont), and polyvinylidene fluoride (PVDF). Conventional
flame spray and HVOF are the most widely used thermal spray
methods for applying polymers.

Composite and Cermet Materials

Particulate-, fiber-, and whisker-reinforced composites have all
been produced and used in various applications. Particulate-rein-
forced wear-resistant cermet coatings such as WC/Co, Cr,C,/
NiCr, and TiC/NiCr are the most common applications and con-
stitute one of the largest single thermal spray application areas;
cermet coatings are discussed extensively throughout this Hand-
book. Thermal spray composite materials can have reinforcing-
phase contents ranging from 10 to 90% by volume, where the duc-
tile metal matrix acts as a binder, supporting the brittle reinforcing
phase.

Functionally Gradient Materials

Developed in the early 1970s, FGMs are a growing application
area with significant promise for the future production of (a)
improved materials and devices for use in applications subject to
large thermal gradients, (b) lower-cost clad materials for combi-
nations of corrosion and strength or wear resistance, and (c)
improved electronic material structures for batteries, fuel cells,
and thermoelectric energy conversion devices. The most immedi-
ate application for FGMs is thermal barrier coatings (TBCs),
where large thermal stresses are minimized. Component lifetimes
are improved by tailoring the coefficients of thermal expansion,
thermal conductivity, and oxidation resistance. These FGMs are
finding use in turbine components, rocket nozzles, chemical reac-
tor tubes, incinerator burner nozzles, and other critical furnace
components. Figure 4 illustrates an example of a thermal-sprayed
FGM proposed for the protection of copper using a layered FGM
ceramic structure. Successful fabrication of this structure would
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have application for improved burner nozzles, molds, and furnace
walls.
Other FGMs are being developed for:

e Thermal protection of lightweight polymeric insulating mate-
rials in aircraft components
e Production of graded metallic/oxide/intermetallic advanced
batteries and solid oxide fuel cells
e Production of oxide/metal/air-type electrode/electrolyte sys-
tems
Forming of composite gun barrels
Biomedical implant devices for enhanced bone-tissue attach-
ment
e Ceramic outer air seals in aircraft gas turbines and other “clear-
ance-control” coatings in rotating machinery
Thick, multilayer TBCs for heavy-duty diesel engine pistons
High-performance dielectric coatings for electronic devices
Wear-resistant coatings for diesel engine piston rings
Oxidation-resistant coatings for high-temperature conditions

Future growth of FGM applications will ensure that thermal spray
processes, particularly HVOF and plasma spray processes, will
increase and develop, provided that material properties can be
controlled and processing costs optimized.

Markets and Applications

As shown in Fig. 5, the thermal spray industry underwent
unprecedented growth during the period between 1960 and the late
1990s. Major contributors to this growth include the commercial

dc plasma spray

Copper torch or gun Powder
[ cunicrary Vidas
Y Nicrary

Plasma spray jet
+ molten particles
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Fig, 4 Schematic of a thermal-sprayed FGM for a burner nozzle application
in a pyrometallurgical operation. Source: Ref 1

introduction of plasma, electric arc, and HVOF, improved process
control equipment, and the introduction of new materials and orig-
inal equipment manufacturer (OEM) applications. Figure 5 also
shows the influence that aircraft engine applications have had on
the growth of the industry. Thermal spray coatings have been used
for advanced gas turbine components such as compressor blades,
compressor stator vanes, bearing housings, and labyrinth seals
since the early 1960s. Common coating materials include cobalt-
base (Co-Mo-Cr-Si) Laves-phase alloys such as Tribaloy T-400
and T-800, WC/Co materials, Cr,C,/20-30NiCr cermets, and
MCTrALIY coatings. Figure 6 shows current and potential gas tur-
bine component applications for thermal spray coatings.
The global thermal spray market consists of:

Market segment Market value (in U.S. dollars)

OEM/end users 1,400,000,000
Large coating service companies 800,000,000
Small coating service companies 600,000,000
Powder/equipment sales 700,000,000
Estimated total market 3,500,000,000

Source: Ref 5

According to Business Communications Company, Inc. (Nor-
walk, CT), the average annual growth rate of the thermal spray
market in North America was +6.1% from 1997 through 2002.
As shown in Tables 2 and 3, a wide variety of industrial sectors
rely on thermal spray processes and coatings. As summarized in

High-energy plasma

300} Water-jet stripping /
250} Aircraft engine Robots
applications

200} Low-energy plasma

Equipment and Materials Sales $M

Detonation gun
1501
Axline forms Metco closed-loop
control
1001
Schoop New
so| invents materials/fOEM
?”‘(" applications
]
1900 1920 1940 1960 1980 2000

Year

Fig. 5 Timeline of significant developments during the growth of the ther-
mal spray industry. Source: C.C. Berndt, State University of New
York at Stony Brook



Table 4, these industries use thermal spray coatings because they
offer improved:

Wear resistance

Heat resistance (thermal barrier coatings)
Clearance and dimensional control

Corrosion and oxidation resistance

Electrical properties (resistance and conductivity)

Additional information on thermal spray application areas can be
found in the articles “Material Categories for Thermal Spray Coat-
ings” and “Selected Applications” in this Handbook.

Future Areas of Growth. As discussed earlier, FGMs offer
the thermal spray industry a number of opportunities for growth.
Other important areas that will determine future growth include
(Ref 1 and 4):

e Continued advances in process control equipment (robotics,
motion control, gas pressure technology, real-time sensors,
etc.)

e Improved methods for nondestructive testing and evaluation of
coatings

e Improved understanding and optimization of the cold spray
process
Thermal spray forming of near-net-shape parts
Spray forming of high critical temperature (T) superconduct-
ing oxide ceramics

e Computer-aided design (CAD)/rapid prototyping techniques
such as stereolithography

Fan Low pressure
compressor

Mid span support

Root section

Compressor hub

Seal seats, spacers, bearing
housings and liners

Compressor
hub bushing

Compressor
blade airfoil

Outer casing

Fuel nozzle
nut/pin and stator
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Diamond synthesis and deposition

Thin-film deposition via LPPS

Improved feedstock production techniques and quality control
New materials (e.g., composites, nanophase materials, per-
ovskites, and zirconates)

Appendix: Historical Development
of Thermal Spray Processing
and Equipment

Ronald W. Smith, Materials Resources, Inc.

THE EARLIEST RECORDS OF THERMAL SPRAY origi-
nate in the patents of M.U. Schoop (Zurich, Switzerland), dating
from 1882 to 1889. These patents describe a process that fed lead
and tin wires into a modified oxyacetylene welding torch. Later
torches were modified to accept powdered materials. The powders
were caught up in the hot expanding jet flow where the particles
were heated while being accelerated toward the surface to impact,
spread (if molten), and solidify. The results were coatings that
were incrementally formed from impacting droplets.

Electric arc spray was also patented by Schoop around 1908,
which enabled more metals to be sprayed. Steel, stainless steel,
and zinc by wire-arc metallizing advanced through improvements
in equipment and process control as well as through promotion of

High pressure Combustor  Turbine
compressor
Air seals Combustion  Turbine blade

chamber liner shroud notch
Guide vanes

Turbine blade
airfoil

Oil tubes boss
cover and sleeve

Turbine blade
snap diameter

Fig. 6 Current and potential thermal spray coating applications for aircraft turbine engine parts. Source: Ref 4
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process applications for applying zinc as a protective coating, pri-
marily to prevent corrosion on structures. The “metallizing”
industry thus began.

Developments after World War Il

Thermal Spray Process Developments. Significant expan-
sion of the technology did not occur, however, until after World
War II, when powder spraying and plasma spray were developed
and introduced. Many improvements in these processes have been
made since then, but the basic operating principles remain un-
changed. Powders are now fed more directly into the flames of
combustion devices, which have been modified to generate higher-
velocity jets. In addition, feedstock materials have improved sig-
nificantly, to the point where they are now tailored for the process.
Figure 7 summarizes the thermal spray process, applications, and
materials growth, highlighting important milestones in its develop-
ment history.

Application interest grew in these two thermal spray processes,
with the first plasma spray coating process introduced by Reinecke
in 1939. As welding technology developed, the plasma spray
process also grew. Just prior to Reinecke, a confined arc gas heater
was developed to assist in cutting and joining. Reinecke was the
first to demonstrate that powders injected into a plasma arc gas
heater could create molten particles, which could be accelerated
toward a surface to form a coating. One advantage of the plasma
spray process was significantly higher process temperatures com-
pared to the combustion spray jet. Another advantage was the
independence of the material feed from the heat source, compared
to the electric current-carrying wires of the wire arc spray process.
Plasma processes—with their inert plasma-forming gases, greater
heating potential (due to the high process temperatures), and
higher particle speeds—were largely responsible for the increased
coating quality and subsequent growth of high-technology thermal
spray applications through the 1980s.

Thermal spray equipment technology saw much of its progress
in the late 1950s, with flame or combustion spray, electric arc, and

Table 2 Thermal spray processes used in various industrial sectors

Industry sector Oxyfuel Spray/fuse

Shroud
plasma

Air Vacuum

HVOF D-Gun plasma plasma

Aero gas turbine

Agriculture

Architectural

Automotive engines

Business equipment

Cement and structural clays
Chemical processing

Copper and brass mills
Defense and aerospace

Diesel engines

Electrical and electronic
Electric utilities

Food processing

Forging

Glass manufacture
Hydro-steam turbines

Iron and steel casting

Iron and steel manufacture
Marine manufacture and repair
Medical

Mining, construction, and dredging
Nuclear

Oil and gas exploration
Printing equipment

Pulp and paper

Railroad

Rock products

Rubber and plastics manufacture
Screening

Ship and boat manufacture and repair
Land-based gas turbine

Steel rolling mills

Textile

Transportation, non-engine
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plasma spray all making parallel but separate advances. The deto-
nation gun (D-Gun) process and further improved arc gas heater
technology for powder spray applications were introduced. At its
inception, the D-Gun proved capable of producing the highest
bond strength and the most adherent, dense, and reliable wear-
resistant coatings that thermal spray technology could offer. From
1960 to today, no equivalent process has emerged for producing
D-Gun-type coatings. However, HVOF coatings are now chal-
lenging this position. Prior to the inception of the D-Gun process,
aircraft engine manufacturers did not specify thermal spray coat-
ing methods, due to relatively low coating adherence and high
coating porosity levels. Plasma spray, with its higher level of
materials flexibility, had experienced similar high application
growth for many noncarbide and carbide coatings and oxides for
thermal protection. This was partially due to the acceptance of the
process by aircraft engine manufacturers.

Driven by aerospace industry needs, many companies modified
plasma arc heaters to improve coatings and advance application
development. Hence, plasma spray emerged in the early 1970s as
the most widely used high-tech thermal spray coating technology.
Many equipment and materials developments were aimed at this
growing market. Plasma spray guns, initially with 72 to 145 MJ (20
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to 40 kW) input powers, now exceed 900 MJ (250 kW). Continuous
system operation was enabled by improvements in water cooling
and electrodes and by the use of higher arc voltages. Gas flows have
concurrently increased, with plasma guns evolving from subsonic
to supersonic gas-exit speeds. Subsequent increases in particle
speeds have increased coating densities and bond strengths to the
point where today thermal spray (especially plasma spray) is
widely used in critical aircraft and even in biomedical coating
applications. Although spray device developments have slowed,
many thermal spray advances now focus on improved process con-
trol, targeting computer-controlled consoles, robotics, real-time
sensors, and automated handling systems.

Combustion spray technology, with the exception of D-Gun,
has also seen advances due to the development of HVOF spray
systems. The HVOF spray has improved the combustion spray jet
by increasing particle temperatures and speeds through confine-
ment of combusting gases and particles. The resulting higher par-
ticle temperatures and speeds have significantly increased coating
densities and bond strengths compared to conventional flame
spray. The HVOF processes are seriously challenging the D-Gun
and plasma coating market. It has been reported that higher parti-
cle speeds reduce particle overheating, thus preventing the oxida-

Table 3 Thermal spray coatings used in various industrial sectors

Industry sector Carbides Self-fluxing

Iron and steel

Nickel alloys Superalloys MCrAlY Cobalt alloys Nonferrous

Aero gas turbine X X
Agriculture X X
Architectural X

Automotive engines X

Business equipment

Cement and structural clays X
Chemical processing

Copper and brass mills

Defense and aerospace

Diesel engines

Electrical and electronic

Electric utilities

Food processing

Forging

Glass manufacture

Hydro-steam turbine

ITron and steel casting

Iron and steel manufacture
Medical

Mining, construction, and dredging
Nuclear

Oil and gas exploration

Printing equipment

Pulp and paper

Railroad

Rock products

Rubber and plastics manufacture
Screening

Ship and boat manufacture/repair
Land-based gas turbine X

Steel rolling mills X
Textile

Transportation, non-engine
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tion and decarburization of carbides sometimes seen in plasma-
sprayed coatings.

Advances in feedstock materials (consumables) led to
growth in thermal spray technology applications. Metals, ceram-
ics, and now composite feedstock materials are all being devel-
oped for specific thermal spray processes. The manufacture of
wire by extrusion and drawing was limited to materials that could
be drawn to 0.8 mm (0.032 in.) diameter; the introduction of cored
wires enabled electric wire-arc spray to produce wear-resistant
cermet (composites of ceramics and metals) coatings. Powders,
the original sprayed materials, were first produced by crushing and
sieving to size. Powder and particulate spray method develop-

ments provided a much broader range of materials that could be
made into coatings. To support the need for particulate materials,
powder-atomization techniques have advanced, yielding a wide
range of high-quality materials for powder spray processes.
Other powder production methods are now available for mak-
ing thermal spray feedstock, such as those for ceramic and
ceramic-alloy powders. For example, chemical methods can form
particulates from solutions by sol-gel processing and/or by fusing
and crushing. Agglomeration by spray drying, sintering, and even
plasma spray densification are recent advances used to make
metal, ceramic, and composite cermet powders, as shown in Fig.
8. Powder production technology now produces powder sizes and

Table 4 Thermal spray coating properties of importance for various industrial applications

Wear

Industry sector Abrasive  Adhesive

Fretting Erosion Cavitation Impact

Clearance control Electrical

Corrosion/
oxidation

Thermal

barrier Abradable Abrasive Restoration Resistance Conductivity

X X X
X

Aero gas turbines

Agriculture

Architectural

Automotive engines

Business equipment

Cement and structural
clays

Chemical processing

Copper and brass
mills

Defense and
aerospace

Diesel engines

Electrical and
electronic

Electric utilities

Food processing

Forging

Glass manufacture

Hydro-steam turbines

Iron and steel casting

Iron and steel
manufacture

Medical

Mining, construction,
and dredging

Nuclear

Oil and gas
exploration

Printing equipment

Pulp and paper

Railroad

Rock products

Rubber and plastics
manufacture

Screening

Ship and boat
manufacture/repair

Land-based gas
turbines

Steel rolling mills

Textile

Transportation,
non-engine
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X
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Fig, 7 Timeline of thermal spray developments, equipment, processes, and materials

(b)

Fig, 8 Recent advances in thermal spray applications. Optical micrographs of powder cross sections. (a) Fe/TiC. (b) Tool steel/TiC agglomerated, metal/TiC

plasma densified. (c) NiCr/TiC. Courtesy of Alloy Technology International

distributions tailored to fit particular thermal spray devices. The
variation and supply of materials that can now be thermal sprayed
is unlimited, with even cermet electric arc spray coatings available
via cored wires. More detailed information on advances in feed-
stock materials can be found in the Section “Materials Production
for Thermal Spray Processes” in this Handbook.
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COATINGS AND SURFACE MODIFICATION TECHNOL-
OGIES allow the engineer to improve the performance, extend the
life, and enhance the appearance of materials used for engineering
components. These technologies have been developed because the
interactions of manufactured components with other components,
liquid, and/or gaseous environments can result in component de-
gradation and failure. Additionally, coating technologies enhance
the performance of components by selectively applying coatings
that perform specific tasks without compromising the benefits of
the substrate material. Two examples of the diversity of coating
applications can underscore the values of coating technologies.
The application of abrasive-resistant optical coatings does not
adversely affect the optical quality of the substrate, while providing
a wear resistance not obtainable by the substrate. Secondly, the
application of bearing material to a shaft allows the shaft to main-
tain its desired performance without the need to fasten additional
components composed of bearing material, thereby reducing
weight and cost and improving efficiency.

Furthermore, coatings are no longer limited to the traditional
applications associated with wear and corrosion. The use of coat-
ings for decorative effects, implant prostheses, and electrical iso-
lation/conduction is increasing daily. As the technological needs
of a society become more complex, the implementation of surface
modification and coatings will assume an increasing role in meet-
ing those needs.

The article provides an understanding of the various wear and
corrosion phenomena. Additionally, it provides an introduction to
various coating processes, their advantages, and their weaknesses.
In particular, this article reviews:

e The various types of wear and the associated mechanisms of
surface deterioration

e The two major forms of corrosion and how they affect surfaces
through chemical activity

e Chemical, thermal, and thermochemical processes for coating
applications and how they differ

e Concepts associated with the application of coatings from the
vapor state by chemical vapor deposition and physical vapor
deposition

e Concepts associated with weld overlays, and an understanding
of where thermal spray stands in the scheme of coating tech-
nologies

What Is a Surface?

Webster’s dictionary defines a surface as “the exterior face of an
object, or a material layer constituting such an exterior face.” For
the purposes of this article, this concept needs to be extended, and
a surface is defined as an interface between a solid object and its

surroundings. The object is limited to a solid, because coatings are
applied to surfaces to protect them when they interface with other
solids, liquids, or gases, or to enhance the surface for aesthetic pur-
poses. In the performance of the designed task of a component,
these interfaces encounter physical, chemical, electrical, and other
forces. These forces can degrade the performance of these com-
ponents and can even cause them to fail. By applying the best coat-
ing to the component surface, the effects of these forces may be
mitigated. The key word in the previous sentence is best. The pur-
pose of this article and this Handbook is to inform the reader how
materials fail and what coatings and processes may provide the
best solution to the problem.

How Surfaces Interact with Their Environments

While the mechanisms of wear and corrosion are used daily to
sand, grind, polish, and etch materials, the annual cost associated
with unwanted wear and corrosion in the United States is esti-
mated to be in the hundreds of billion dollar range. A comprehen-
sive understanding of the complex phenomena associated with
wear and corrosion is beyond the scope of this article. It is the
intent of this section to provide the vocabulary and general under-
standing of wear and corrosion processes.

Wear

Wear involves the physical removal of material from a solid
surface by another surface or material. The principal reason wear
occurs at a surface is the presence of asperities at a microscopic
level. Under a microscope, these asperities resemble a grit-blasted
surface. The degree to which these asperities exist can be repre-
sented as a surface roughness measured as the root mean square
value of the asperity height. One of the first attempts to reduce
friction and wear was to polish the surface. By using the mecha-
nisms of wear in a positive manner, abrasive grits in decreasing
sizes are used to minimize the height of the asperities and thereby
reduce the surface roughness. It should be noted that despite
advancements in the art of polishing, the asperities remain, being
measured in the nanometer range, for example, on mirrors. In
addition to surface roughness, wear requires an interaction with
another object or material(s) under a load moving with relative
motion to the surface. The relative motion need not be continuous
or in plane with the surface. The degree of interaction of these fac-
tors—and therefore wear—can be categorized by the surface
material, the interacting material(s), the surface loading, and the
nature and speed of the relative motion. These variables can be
used to characterize wear mechanisms as adhesive, abrasive,
and/or fatigue.

Adhesive Wear. When two metal surfaces are in relative mo-
tion with each other and under load, the points of contact deform



and can weld together locally due to interatomic forces. If the
resulting bond is stronger than the underlying material, the bonded
material shears or plastically deforms, and work hardening occurs.

When material is transferred from one surface to another, the
process is termed adhesive wear. (Note: The abrading material
may not be metal or an alloy but a ceramic.) Adhesive wear can be
further divided into mild and severe. Under normal conditions, all
metallic surfaces are covered with a layer of adsorbed gases and/or
chemical reaction products. The predominant chemical reaction
products for metals exposed to air are oxides. The oxide layers are
generally thin, and contact with opposing surface roughness can
expose the underlying unoxidized metal. This newly exposed sur-
face will have a strong tendency to adhere to the opposing surface,
particularly if it too has regions that are oxide-free. Reoxidation of
the exposed surfaces then begins anew.

When the oxide layer regrows faster than it can be removed, it
is termed mild adhesive or oxidational wear. Mild wear also
occurs when the materials in contact with each other have low
adhesion characteristics, that is, hardened steels, nonmetallic
materials, and thermochemically treated surfaces.

When the oxide layer cannot grow faster than it is removed, the
process is termed severe adhesive wear. For similar materials that
exhibit mild adhesive wear, this type of wear is usually the result
of increased surface interactions at higher speeds and/or loads. A
familiar form of severe adhesive wear is scuffing. Scuffing occurs
when a liquid or solid lubricant that separates sliding or rolling
metallic surfaces breaks down at high temperature, such as at the
piston ring/cylinder wall of an internal combustion engine. The
wear that results is characterized by tearing and smearing of the
surface. It is mainly a problem associated with gears, cams, valves,
piston rings, and cylinders.

Abrasive wear is the removal of material from a surface by
harder material impinging on the surface (i.e., grit blasting) or
moving along the surface under load (i.e., grinding). The material
need not be a solid or of a single phase, but the interaction with the
surface does result in indentation of the surface and may remove
material by cutting, plowing, chipping, or fatigue cracking.

When a hard surface with asperities slides on a softer surface
and removes material by gouging or plowing, the process is called
machining wear. Alternatively, another form of machining wear
occurs when hard abrasive wear debris becomes embedded in one
or both interacting surfaces to form sharp edges. If the two sur-
faces are of different degrees of hardness, the particles will tend to
embed themselves in the softer surface, causing wear of the harder
surface.

When an abrasive material slides over a surface at relatively
light loads without impact, the wear is called low-stress abrasion.
Hardness is the most important property in resisting low-stress
abrasion. For pure and annealed metals, the abrasive wear resis-
tance is the inverse of the wear rate and increases linearly with
metal hardness, as shown in Fig. 1. For hardened steels, the abra-
sion resistance is lower than for pure or annealed metals of equal
hardness. Prior work hardening of the material does not signifi-
cantly influence the resistance to low-stress abrasive wear.

When loose abrasive particles are present between surfaces in
relative motion, the wear mechanisms are more complex and
depend on many factors. Among these factors are:
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e The hardness, size, and fracture strength of the abrasives
e The hardness and degree of roughness of the surfaces
e The load and relative motion of the surfaces

Gouging abrasion occurs when relatively large portions of a
surface are removed by interacting with abrasive materials that
may not necessarily be metals. The mechanisms of metal removal
can include deformation, cutting, and chipping on a scale larger
than the microstructure of the abraded material.

Impact wear can occur by the impingement of particulate
materials onto a surface, by the impact of two surfaces, or through
cavitation.

Particle erosion occurs when a liquid or gaseous stream con-
taining particles impinges or impacts onto a surface. At low angles
of impingement, the particles remove material through a micro-
cutting action, and the surface is scratched in the direction of fluid
flow. High surface hardness is desirable to resist abrasion due to
low-angle impingement, and unless the particle velocity is very
high, even brittle materials such as ceramics can be used. At high
angles of impingement, wear is generated by deformation and
fatigue in ductile metals and by micro/macrocracking in ceramics.
The ability of any material to resist wear due to high-angle
impingement is related to the amount of energy it can absorb prior
to fracture. This value can be determined by the measure of the
area under the material stress-strain curve. The influence of impact
angle on wear rate is shown in Fig. 2. This is typical of erosive
wear from hard particles.

When two surfaces impact each other and one or both surfaces
are stressed by the impact, percussive wear results. Several modes
of wear/failure are possible, depending on the impact stress. If the
impact stress exceeds the ultimate strength of the material, cracking
or spallation of the material may occur after one or more impacts.
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If, however, the impact stress is only higher than the yield strength
of the material, successive impacts may plastically deform the
material until the plastic limit of the material is exceeded and crack-
ing results. When the impact stresses are below the yield strength of
the surface material, fatigue may occur. It should be noted that
peening and shot peening are processes that use repeated impact
with a surface and, when used properly, can lead to increased
fatigue resistance.

Cavitation is a phenomenon associated with hydraulic appli-
cations, particularly with pump rotors and ship propellers. As
these components rotate, they generate regions of high and low
pressure on their surfaces. Cavitation is the formation of bubbles
that adhere to the surface, where the pressure falls below its vapor
pressure, and boiling occurs. When the bubbles enter regions of
high pressure, they collapse. When they collapse, those in contact
with a surface can generate shock waves with sufficient force (as
high as 60 ksi, or 4.2 x 107 kg/m?) to remove protective surface
films and cause plastic deformation in many metals. The resulting
area of deformation acts as a nucleation site for future bubbles,
thus accelerating the process.

Fatigue Wear. Cracking, and ultimately, spallation, may oc-
cur from a surface subjected to cyclic or repetitive loading at lev-
els below the yield strength of the material. This can be the result
when the surface is exposed to low-frequency or high-frequency
loading. The resulting failures are termed low-cycle fatigue and
high-cycle fatigue, respectively. Cracking occurs at or below the
surface and propagates in a direction dependent on the internal
stress distribution, as well as the presence of discontinuities or
voids within the component. Additionally, materials subjected to
stresses related to the expansions and contractions associated with
thermal cycling can exhibit surface fatigue. This form of wear is
termed thermal fatigue, with the resulting surfaces resembling
dried-up river beds and called mud-flat-type cracks.

Multiple-Wear Mechanisms. In real-life wear situations,
there is a great probability that more than one wear mechanism will
be present. The most familiar multiple-wear mechanism is fretting.
Fretting occurs when two contacting surfaces undergo very small
amplitude oscillations (as low as 10~ mm, or 102 in.) and is char-
acterized by the production of finely oxidized debris that is trapped
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Fig. 2 Effect of impact angle on erosive wear. Source: Ref 2

between the surfaces, resulting in accelerated abrasive wear. There
is still some discussion as to the mechanisms associated with fret-
ting. It is possible that oxidation can occur on asperities present on
the surface. These asperities can then be removed from the surface
by impact with a second surface, thus producing abrasive debris.
Alternately, the material can be removed from the surface and then
oxidized to produce the abrasive debris. Because oxidation is
important in the generation of abrasive debris, fretting is often con-
sidered a form of corrosion. A classic case of fretting occurred in
the early days of transporting automobiles by train in the United
States. Because the rails did not have welded joints, the movement
of the train over the rails created an oscillating motion that resulted
in fretting of the automobile wheel bearings.

Corrosion

Corrosion is the result of the undesirable chemical interaction of
a surface with its environment. As with all chemical reactions, the
reaction rates and chemical kinetics (which are a function of con-
centration and temperature) determine the severity of surface
degradation due to corrosion. In general, corrosion may be classi-
fied as oxidation, aqueous corrosion, dry corrosion, and stress-
enhanced corrosion.

Oxidation is a process that occurs when a metal loses elec-
trons as a result of interaction with either an atom or a molecule.
The oxidation process can also occur when a metal changes
valency by loss of electrons. While all too often oxidation is asso-
ciated with the reaction of a metal in the presence of oxygen, the
oxidation process is associated with the loss of electrons and, as
often as not, includes reactions that do not involve oxygen.

Aqueous corrosion occurs in the presence of a liquid, usually
an aqueous solution or an electrolyte. When two dissimilar metals
are connected by an electrically conductive path and are immersed
in a conductive aqueous solution, an electrical potential difference
exists, and a current will flow between them. This is also called
galvanic corrosion (Fig. 3) and is the mechanism by which non-
rechargeable batteries operate.
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Fig. 3 Simple cell showing components necessary for corrosion



Of these two metals (the electrodes), the one having the highest
electrode potential (cathode) will corrode less than it would if the
two metals were not in electrical contact. While galvanic corro-
sion is one of the most widespread forms of corrosion, the process
can be used to protect large structures, by making them the cath-
ode of a galvanic cell and through the use of sacrificial anodes. By
making the structure to be protected the cathode and by choosing
an appropriate anode material, usually as a coating or in billet
form, the rate of corrosion of the structure can be reduced.

A classic example is the application of zinc coatings to steel
structures. The zinc is applied not because it is corrosion resistant
but because it is not. Zinc provides long-term corrosion protection
to steel through galvanic action at the zinc/steel surface as well as
by its ability to protect itself with its own corrosion by-products.
Zinc has a lower oxidation potential than iron and will therefore
preferentially corrode, preventing the steel from rusting. Addi-
tionally, this property provides cathodic protection to any small
discontinuities or damage done to the zinc coating that may expose
the steel component. Being a reactive metal, zinc readily forms a
protective corrosion product film. When exposed to air, a very thin
layer of zinc oxide forms. When exposed to moisture in the atmos-
phere, the zinc oxide reacts with the moisture to form zinc hydrox-
ide. During the drying process, the zinc hydroxide reacts with car-
bon dioxide to form an insoluble zinc carbonate layer on the
surface, providing excellent protection to the underlying zinc.
Figure 4 illustrates how the zinc corrodes differentially to protect
the steel.

Dry corrosion is a chemical process that usually involves the
interaction of a gaseous phase with a surface. An elevated-
temperature environment usually accelerates the process. A clas-
sic example involves thermal barrier coatings. Thermal barrier
coatings are used to protect surfaces from exposure to high tem-
peratures. This is accomplished by applying an oxide ceramic
coating with a low coefficient of heat transfer to the surface. This
ceramic has a lower coefficient of thermal expansion (CTE) than
the surface being protected. In order to minimize the stresses asso-
ciated with this mismatch, an intermediate layer or bond coat is
used. For certain bond-coat/ceramic systems operating at elevated
temperatures, elements of the bond coat, mainly aluminum, dif-
fuse to the bond-coat/ceramic interface and oxidize (dry corro-
sion). The by-product(s) of oxidation, mainly alumina, have a dif-
ferent CTE, which increases the potential for coating failure
through induced stresses. Figure 5 illustrates this process for a
commercially applied two-layer thermal barrier coating.

Another example of hot gas corrosion is associated with the
combustion by-products of sulfur-containing gases condensing on
cooler surfaces. The reaction with the substrate can often result in
catastrophic failures due to rapid intergranular penetration of a lig-
uid sulfide product and subsequent disintegration of the substrate.

Stress-Enhanced Corrosion. Surface damage is intensified
whenever corrosion is concentrated in localized areas. Applied
stresses and fatigue can enhance and promote corrosion in other-
wise noncorroding conditions, and the mechanisms by which this
enhancement takes place are still not well understood. What is
known is that when certain surfaces are exposed to a corrosive envi-
ronment and stresses are applied to the region where depletion has
occurred, intergranular and intragranular cracking and failure
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may occur. This phenomenon is called stress-corrosion cracking.
Stress-corrosion cracking is generally associated with alloyed
materials but may also occur in “pure” metals that have grain-
boundary impurities.

Hydrogen Embrittlement. Alloys may fail under conditions
of stress in a corrosive environment if hydrogen atoms have
entered the alloy. This phenomenon is called hydrogen embrittle-
ment. Hydrogen can be retained at levels in excess of its normal
solubility limit. The excess hydrogen is retained and concentrated
at interfaces between solid nonmetallic inclusions and the metal.
The hydrogen also accumulates at voids. When an external stress
is applied, the hydrogen concentration becomes localized, and
intergranular cracks begin on the surface, in the region of maxi-
mum tensile stress.

Liquid Metal Embrittlement. Additional forms of embrittle-
ment and corrosion occur when metals and alloys are exposed to

Fig. 4 Cathodic protection of steel by zinc
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metals in liquid form. Generally, for embrittlement to occur, a ten-
sile stress and/or the existence of a crack or discontinuity are nec-
essary, as well as adsorption of the embrittling species. Liquid
metal embrittlement and corrosion is a complex process that is tem-
perature dependent. Metal transfer can occur from hotter regions to
cooler regions and also along activity gradients. The effects of rel-
ative solubility of the metals, impurities, species types, and diffu-
sion rates on the formation of intermetallic compounds are factors
influencing the type and extent of corrosion.

Electrical Isolation/Conduction

Oftentimes, it is necessary and desirable to electrically isolate a
component from its environment. The ability to coat the compo-
nent with polymers or oxide ceramics is a major application of
many of the coating technologies discussed in this Handbook.
Conversely, the ability to enhance the electrical conductivity by
supplementing the substrate with a highly conductive coating is of
equal importance in the implementation of coatings technology.
The ability to enhance the electrical isolation/conduction by coat-
ings is the basis of the semiconductor industry.

Biocompatibility

Within the medical community there is a great interest in coat-
ings, particularly for use on medical and dental implants. The po-
tential exists that 40 million people can be candidates for implants.
Two types of materials are commonly used. Bioinert materials are
desirable because, when used in vivo, they will not degrade in the
human body, nor would they tend to be included in biological reac-
tions. Bioactive materials are desirable because they elicit a host
response on implantation.

Two bioinert metals, commercially pure titanium and the Ti-
6Al-4V alloy, are used in coating form and are designed to maxi-
mize high fatigue life and to produce very high surface roughness
with open porosity. The pores are designed to be of a size between
50 and 100 um, which has been shown to encourage capillary
growth, thereby providing blood to sustain bone tissue develop-
ment and growth. Bioactive materials typically are ceramics coat-
ings, such as hydroxyapatite, which has a chemical composition
similar to bone. The desired host response is to encourage normal
bone tissue to grow as close to the implant surface as possible.

Understanding Thermal
and Thermochemical Processes

From the earliest attempts to work metals, four major factors
have had to be addressed: the material being worked, heat, the reac-
tion environment, and quenching of the surface. The same four fac-
tors are addressed today but with the help of roadmaps developed
through years of research. These roadmaps, called phase diagrams,
allow the engineering of the final properties of the surface. Figure 6
is aphase diagram for steel and iron. As can be seen from the x-axis,
steel is classified based on its carbon content. General steel
(wrought and cast) has carbon content between 0.05 and 2%, while
ductile iron has carbon content between 3.5 and 4.5%. Hypoeutec-
toid steels are those with carbon content below 0.8%. The y-axis is

temperature, and the diagram indicates the phases present at a given
temperature for a given percentage of carbon in steel/iron. The
phase diagram indicates the physical form(s) the atoms assume
under those conditions and the related physical properties of hard-
ness and degree of brittleness that the surface would have if those
phases could be “frozen” by the proper quench. Low-carbon steels
are important because of their high ductility, which allows easy
fabrication while maintaining toughness and strength. At room
temperature, a body-centered cubic phase is present. On heating to
an elevated temperature, a face-centered cubic phase (austenite) is
formed, which is more densely packed. By rapidly quenching to
below 215 °C (420 °F), a martensite phase is formed, which is the
hardest structure formed from austenite.

Surface Hardening

Surface hardening, otherwise known as case hardening, is a
thermal process by which a material, usually a low-alloy steel with
between 0.35 and 0.60% C or a cast iron, is austenitized and
quenched to form a martensitic. This process produces hardnesses
of 700 DPH. The surfaces are usually tempered at 200 °C (390 °F),
resulting in hardnesses of 600 DPH. The depth of hardening is nor-
mally in the range of 0.5 to 5 mm (0.02 to 0.19 in.).

Flame Hardening

Flame hardening is a combustion process employing fuel gases
such as acetylene, propane, methyl-acetylene propadiene, or natu-
ral gas burning in air or oxygen. For one-of-a-kind components or
for localized regions on numerous components, such as rolls, it is
still an energy-efficient method for case hardening. The choice of
fuel and oxidant is based on the desired speed of application of the
coating and the desired depth of hardening as well as the associ-
ated cost.

Induction Hardening

By far, the most widely used method for case hardening com-
ponents having a circular or near-circular cross section is induc-
tion heating of the surface. Typically, an alternating current flows
through a work coil (Fig. 7), causing an eddy current to be induced
in the component, thereby generating heat. The skin depth or depth
of penetration is a function of frequency (Table 1) and other prop-
erties of the material.

For steels to be sufficiently hardened, it is necessary that car-
bides dissolve when the steel is heated; therefore, steels possess-
ing smaller carbide particles are more responsive to induction
heating. Additionally, the induction-hardening process introduces
compressive stresses into the surface of the component, thereby
improving its fatigue properties.

High-Frequency Resistance Heating

In this process (Fig. 8) for noncircular components, a water-
cooled conductor is placed in close proximity to the surface to be
heated and connected to the workpiece through a pair of contacts
at the outer edges and to a power source. When the high-frequency
current is applied, heating occurs across the work surface to a



depth dependent on the frequency used, the duration of heating,
and the power level, normally in the range of 0.37 to 0.75 mm
(0.014 to 0.030 in.). Once the heated strip reaches the hardening
temperature, the power is switched off, and self-quenching occurs
by heat dissipation to the bulk of the component. A significant
advantage of high-frequency resistance heating is that it does not
require a closed loop of current but can heat a path between two
points, with the hardness between two points being dictated by the
shape of the conductor.

Plasma Heating

An inexpensive method for the hardening of cast iron involves
the use of a tungsten inert gas torch to rapidly heat portions of the
surface of a component. The use of an inert gas minimizes the oxi-
dation effects that can occur through use of a high-temperature
energy source in air. The inert gas also aids in the rapid quenching
necessary for the hardening process.

Laser Heating

When component distortion due to overheating is a concern,
solid-state transformation hardening by lasers is employed. The
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laser interacts with the surface of a material to a depth dependent on
the power density and interaction time (Fig. 9). The surface of a fer-
rous material can reach austenitization temperatures after very
short interaction times. Because the hardening occurs within the
narrow beam of the laser, the bulk of the material remains unaf-
fected by the heat. After the laser heating is removed, the bulk of the
component acts as a heat sink, and therefore, no external quenching
is necessary to bring about the martensitic transformation.

A carbon dioxide (CO,) laser operating at a wavelength of 10.6
pum is the most widely used laser in the heat treating industry,
because of the relatively high power densities available. Because
clean metallic surfaces can reflect up to 95% of the incident radi-
ation at this wavelength, the surfaces to be hardened are coated
with a material that absorbs at this wavelength. One such material
is colloidal graphite.

Electron Beam Heating

Electron beam hardening, while not as widespread as laser
hardening, is also a solid-state transformational hardening process
that uses direct impingement of a highly focused electron beam to
provide surface heating. This process requires a vacuum system,
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adding capital expense while providing an environment conducive
to protecting the heat treated component. Table 2 provides a com-
parison of laser and electron beam hardening processes.

Thermochemical Treatments

Thermochemical processes provide environments that introduce
chemical elements into surfaces at elevated temperatures. The ele-
ments of interest are primarily carbon and nitrogen, although nio-
bium and vanadium are often diffused into steel to form very hard
carbide layers. The elements can be transferred from solid, liquid,
gaseous, or plasma media. Like thermal processes, thermochemi-
cal processes rely on a surface reaction and transformation to a
martensitic phase to produce a wear-resistant surface. Nitriding
and nitrocarburizing are processes performed at temperatures
below the formation of the austenite phase, and hardening occurs
by means of a fine-scale dispersion of nitrides and carbonitrides in
the surface layer of the matrix material.

<—— Component
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Fig. 7 Induction heating setup

Table 1 Conditions for induction heating
Depth of hardening Power input

mm in. Frequency, kHz W/mm? kW/in.2
0.5-1.1 0.020-0.045 450 15-19 10-12
1.1-2.3 0.045-0.090 450 8-12 5-8
1.5-2.3 0.06-0.09 10 15-25 10-16
2.3-3.0 0.09-0.12 10 15-23 10-15
3.0-4.0 0.12-0.16 10 15-22 10-14
2.3-3.0 0.09-0.12 3 23-26 15-17
3.0-4.0 0.12-0.16 3 22-25 14-16
4.0-5.0 0.16-0.20 3 15-22 10-14

Source: Ref 3

Carburizing

Carburizing involves the heating of steel above its ferrite/ aus-
tenite transformation temperature (815 to 1090 °C, or 1500 to 2000
°F) to a region where the carbon solubility is high. The parts are
then quenched to develop a martensitic structure in the surface
layer. The hardness increases with carbon content to a maximum at
the eutectoid level (Fig. 6), depending on the steel composition and
the process used. The carburized surface may have a hardness of up
to 900 DPH and a depth of up to 4 mm (0.15 in.). The depth of car-
burization can be expressed in either of two ways: actual or effec-
tive. The actual depth is measured by removing a cross section for
chemical and material analysis. The effective depth is determined
by a specific lower limit of carbon content or hardness. Carburizing
can be performed in a solid, liquid, gas, or plasma media.

Pack carburization involves placing components into a steel
container with a carbon source such as coke and an energizer such
as barium carbonate. A furnace is used to heat the container to
approximately 900 °C (1650 °F). Quenching directly from the car-
burizing temperature is not possible and thus requires reausteniti-
zation and quenching.

Salt bath carburizing is carried out in a bath containing a mix-
ture of sodium cyanide and an alkaline earth salt. The most likely
reaction sequence is the oxidation of the cyanide into a cyanate
that dissociates at the steel surface:

4Na-CNO = 2NaCN + Na,CO, + CO + 2N
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Fig. 8 Basic elements of high-frequency (HF) resistance surface hardening



where the nitrogen is solutioned in the iron. The carbon monoxide,
in turn, reacts with the steel:

2C0=C0,+C

where the carbon is solutioned in the iron. Salt baths are normally
operated at 850 °C (1560 °F) and usually are used for depths less
than 0.5 mm (0.02 in.).
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Gaseous techniques make up the bulk of commercial carbur-
ization. This is due largely to the ability to accurately control the
surface carbon levels. Carburizing atmospheres can be generated in
many ways; the basic reaction, however, is the same. Initially, a
flow of carrier gas of low carbon potential is established, either
inside or outside the furnace. The carbon potential is defined as
the surface carbon level achieved on a steel surface in a particu-
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Fig. 9 Operational regimes for laser surface processing
Table 2 Comparison of laser and electron beam hardening
Item Electron beam Laser

Bore size limitation Line of sight at 35% impingement

Parts should be clean
Hard vacuum, 0.5 mm (0.02 in.) diam

Part contamination
Focused spot size

Heat treat pattern(a)

Beam deflection
Effect of vacuum

Electromagnetically 30° included; two axes

Shape and density controllable by computer or function generator

Production systems prepumped; no effect on cycle time.

25.4 mm (1 in.) diam and up; no limit

6.3-25.4 mm (0.25-1 in.); using small spot size

Parts should be clean at reaction area

Varied; depends on system and optics

Soft, 0.75 mm (0.030 in.) diam

Shape limited to mirror deflection capabilities

Density averaged

Water-cooled reflecting optics—mechanical or integrating
No effect

Low-volume systems, minimum 5 s pumpdown but depends

on chamber size

Part size limitations Limited to chamber size and motion required

Power available 100+ kW
Conversion efficiency >90%
Operating costs Low

Surface preparation None; can be done on finish-ground surfaces

Investment Lowest on high-power applications

No limit

15 kW max (commercial), 100+ kW (experimental)

>10%

High, due to cost of gases and low efficiency

Can be done on finish-ground surfaces but requires
an absorptive coating that may need cleaning

Lowest on low-power applications

(a) Pattern size is controlled by the available power of the equipment. Nominally, 15-30 W/mm?2 (10-20 kW/in.2) is used. Source: Ref 3




22 / Handbook of Thermal Spray Technology

lar atmosphere at equilibrium conditions. Hydrocarbons are then
added to increase the carbon potential to the desired level.

Carbonitriding

Carbonitriding is a process used to increase hardenability and
provide a more uniform depth of hardening on plain carbon or
very low-alloy steels. This is achieved by introducing 0.5% of
nitrogen, in addition to carbon, into the surface of the steel. In salt
bath carbonitriding, the amount of oxygen supplied to the bath is
increased, which increases the amount of sodium cyanate in the
bath, thereby producing more nitrogen. In the gaseous carboni-
triding process, ammonia (NH,) gas is introduced into the carbur-
izing atmosphere as a source of nitrogen.

Nitriding

Nitriding is a process in which nitrogen is diffused into a steel
surface at temperatures of 495 to 565 °C (925 to 1050 °F). Atomic
nitrogen is formed at the surface of the steel and then diffuses
inward. The atomic nitrogen can be generated by catalytic disso-
ciation of ammonia or by a nitrogen-hydrogen plasma. During the
process, a superficial layer is developed on the surface. As the
layer increases in depth, the nitrogen diffuses from it into the sur-
face and reacts with the steel to form well-dispersed nitrides. This
layer, being very brittle, is removed by grinding, resulting in a
layer measuring 25 um to 0.7 mm (0.001 to 0.030 in.), with a hard-
ness of 900 to 1100 DPH.

Nitrocarburizing

Nitrocarburizing involves the diffusion of nitrogen and carbon
into a surface to form an ~20 um (~7 x 10* in.) adherent com-
pound layer over a diffusion zone of well-dispersed nitrides.
Nitrocarburizing, done either by molten cyanide/cyanate baths or
by gaseous means, is primarily used in the automotive industry for
camshafts, crankshafts, rocker arms, rocker shafts, and so on,
where an inexpensive method for improving the performance of
low-carbon and low-alloy steels is desirable.

Boriding

Boriding is a diffusional technique by which boron is diffused
into a metal substrate to form a metal-boride layer approximately
50 to 150 pm (0.002 to 0.006 in.) thick and having hardnesses of
1500 to 3000 DPH. Boride layered surfaces exhibit good wear and
corrosion characteristics as well as resistance to attack by molten
metals. The majority of boriding processes are performed at tem-
peratures between 700 and 1000 °C (1300 and 1830 °F). Pack
boriding involves the use of boron carbide as a boron source with
an activator compound such as BaF,, NH,Cl, or K,BF,. Paste
boriding requires the application of a commercially available
paste supplied in a viscous state. Water is added, and several lay-
ers of the paste are applied. The components are then either induc-
tively heated in a protective atmosphere or placed in a controlled
atmosphere furnace. Salt bath boriding involves either thermo-
chemical or electrolytic techniques. Gas boriding is carried out
using a 75/25 nitrogen/hydrogen carrier gas containing 0.5%
BCl,.

Comparing Thermochemical Treatments

The various thermochemical surface treatments are compared
and summarized in Table 3, and their respective surface hardness
and processing temperature ranges are shown. Figure 10 shows
the wear performance that may be expected for three of the ther-
mochemical treatment processes described previously.

Electrochemical Treatments

In the 1990s, many of the processes under discussion, as well as
the thermochemical processes previously discussed, particularly
their associated waste streams, received increased regulatory
scrutiny from the United States Environmental Protection Agency
(EPA). This resulted in research to clean up these processes or to
find environmentally friendly replacements for them. Because the
existing and proposed regulations are ever-changing, the latest
information can be accessed through the EPA Web site (Ref 5). On
the home page, enter the process or material of interest into the
search box.

Electroplating

Electroplating is defined by ASTM B 374 as being the “elec-
trodeposition of an adherent metallic coating upon an electrode for
the purposes of securing a surface with properties or dimensions
different from those of the base metal.” Figure 11 shows a
schematic of a typical electroplating process.

In the aforementioned ASTM definition, the electrode on which
the coating is to be applied is the cathode or work electrode. The
anodes can be made of the material to be plated but can also be of
amaterial that is only needed to complete the circuit, in which case
they are called inert. The purpose of using electroplating is to
apply coatings for decorative purposes, protection, special surface
properties, or mechanical properties.

In its simplest form, metal deposition may be represented as:

Mt =M + ne-=M

Even when the metal atom M forms part of a negative complex
ion, rather than existing as a simple (or hydrated) positive ion, it is
still reduction by electrons that produces the metallic phase. If the
potential at which the metal is deposited is more negative than that
at which hydrogen ions can be reduced on that surface, then metal
deposition and hydrogen evolution occur simultaneously. Thus,
nickel is deposited at a cathodic current efficiency of approxi-
mately 95%, while chromium generally deposits at efficiencies
below 20%. Metals with electrode potentials more than approxi-
mately 1 V more negative than the standard hydrogen potential,
for example, titanium and aluminum, cannot be electrodeposited
from aqueous solution. Metals and alloys most commonly de-
posited by electroplating include:

Copper and copper alloys
Chromium and chromium alloys
Nickel and nickel alloys

Iron



Cadmium

Zinc

Indium

Tin

Lead

Silver

Gold

Platinum-group metals

Brush Plating

Brush plating is an electroplating process that is performed with
a handheld or portable plating tool rather than in a bath. The brush-
plating process is also called contact plating, selective plating, or
swab plating. In its simplest form, the brush-plating process is
similar to a painting operation. The operator soaks the plating tool
in the plating solution and then deposits the plating material by

Table 3 Typical characteristics of diffusion treatments
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brushing the plating tool against the component to be plated. Plat-
ing solution is delivered to the (cathode) work area by a porous,
absorbent cover wrapped over the anode of the plating tool. This
process is especially useful for treating components too large to
immerse in a plating bath or belonging to equipment that is too
expensive to dismantle. Table 4 lists several materials applied by
either brush plating or by standard electroplating, and their
degrees of hardness.

Anodizing

In brush plating, the cathode is, in general, the work electrode
on which the coating is deposited. One major exception is the
anodizing of aluminum and its alloys, where the work electrode is
the anode. Aluminum as the anode in an aqueous electrolytic cell
develops an oxide layer. If the electrolyte is a boric acid solution,
the coating will grow until the resistance of the coating prevents

Process temperature

Typical Case hardness, Typical Process
Process Nature of case °C °F case depth HRC base metals characteristics
Carburizing
Pack Diffused carbon 815-1090  1500-2000 125 um-1.5 mm 50-63(a) Low-carbon steels, low- Low equipment costs; difficult to
(5-60 mils) carbon alloy steels control case depth accurately
Gas Diffused carbon 815-980  1500-1800 75 um—-1.5 mm 50-63(a) Low-carbon steels, low-  Good control of case depth;

(3-60 mils) carbon alloy steels suitable for continuous
operation; good gas controls
required; can be dangerous

Liquid Diffused carbon 815-980  1500-1800 50 um—1.5 mm 50-65(a) Low-carbon steels, low-  Faster than pack and gas processes;
and possibly (2-60 mils) carbon alloy steels can pose salt disposal problem;
nitrogen salt baths require frequent

maintenance

Vacuum Diffused carbon 815-1090  1500-2000 75 um—-1.5 mm 50-63(a) Low-carbon steels, low-  Excellent process control;

(3-60 mils) carbon alloy steels bright parts; faster than gas
carburizing; high equipment
costs

Nitriding

Gas Diffused nitrogen, 480-590 900-1090 125 um-0.75 mm 50-70  Alloy steels, nitriding Hardest cases from nitriding steels;
nitrogen (5-30 mils) steels, stainless steels quenching not required; low
compounds distortion; process is slow; is

usually a batch process

Salt Diffused nitrogen, 510-565 950-1050 2.5 um-0.75 mm 50-70 Most ferrous metals, Usually used for thin, hard cases
nitrogen (0.1-30 mils) including cast irons <25 um (1 mil); no white layer;
compounds most are proprietary processes

Ton Diffused nitrogen, 340-565 650-1050 75 um—-0.75 mm 50-70  Alloy steels, nitriding Faster than gas nitriding; no white
nitrogen (3-30 mils) steels, stainless steels layer; high equipment costs;
compounds close case control

Carbonitriding

Gas Diffused carbon 760-870 1400-1600 75 um-0.75 mm 50-65(a) Low-carbon steels, low- Lower temperature than
and nitrogen (3-30 mils) carbon alloy steels, carburizing (less distortion);

stainless steel slightly harder case than
carburizing; gas control critical

Liquid (cyaniding)  Diffused carbon 760-870 1400-1600 2.5-125 um 50-65(a) Low-carbon steels Good for thin cases on noncritical
and nitrogen (0.1-5 mils) parts; batch process; salt

disposal problems

Ferritic Diffused carbon 480-590 900-1090 2.5-25 um 40-60(a) Low-carbon steels Low-distortion process for thin

nitrocarburizing and nitrogen (0.1-1 mil) case on low-carbon steel; most

(a) Requires quench from austenitizing temperature. Source: Adapted from Ref 4

processes are proprietary
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current flow. In sulfuric, oxalic, or chromic acid solutions, the
oxide coating is slightly soluble, and a porous coating will be pro-
duced. As the coating grows, it also dissolves, generating pores in
the coating that provide a path for continued current flow. When
the rate at which the coating dissolves equals the rate of coating
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Fig. 11 Schematic of a typical electroplating process

growth, the coating thickness will reach a limiting value based on
the current density.

Chemical Treatments

Electroless plating is a process in which the deposited mate-
rial is reduced from its ionic state in solution by means of a chem-
ical reducing agent, rather than by an electric current. The base
component to be coated must be catalytic in nature. When the
component is immersed in the electroless solution, a uniform dep-
osition begins. Minute quantities of the electroless metal itself will
catalyze the reaction, and therefore, the process is autocatalytic in
nature. The process will continue until either the metal ions are
depleted or the reducing agent is depleted. Table 5 lists typical
electroless plating baths and their deposition rates.

Phosphating is a chemical conversion process in which a
metal surface reacts with an aqueous solution of a heavy metal,
primarily phosphate plus free phosphoric acid, to produce an
adherent layer of insoluble complex phosphates. In general, it is
used mainly on mild or low-alloy steels. The principal phosphates
involved are those of iron, zinc, and manganese. The biggest
application is the pretreatment of mild steel prior to painting,
where coatings improve adhesion and corrosion resistance. Coat-
ings can be applied by immersion or alternatively by spraying or
brushing. Additional uses of phosphating are corrosion resistance,
electrical insulation, and improvement of lubricating properties.

Hot Dip Coating

One of the most widely used methods for protecting steel com-
ponents from corrosion is hot dip coating. These coatings are
applied either by a batch process or by a continuous process. In the
batch process, fabricated steel parts ranging in size from nuts/bolts
to light poles are dipped into a molten pool of coating material.

Table 4 Electroplated materials and their relative
hardnesses

Microhardness, DPH

Metal Bath plated Brush plated
Cadmium 30-50 20-27
Chromium 280-1200 580-780
Cobalt 180440 510
Copper 53-350 140-210
Gold 40-100 140-150
Lead 4-20 7
Nickel 150-760 280-580
Palladium 85-450 375
Rhodium 550-1000 800
Silver 42-190 70-140
Tin 4-15 7
Zinc 35-125 40-54

Source: Ref 6




This process is only limited by the size of the component and of
the molten pool. In the continuous process, rolls of steel sheet are
continuously fed into a molten pool. Limitations to this process
require that the steel sheet be flexible and the coating material be
of alow melting temperature. The latter is critical to prevent defor-
mation or tearing as the steel proceeds through a series of rollers
present in the process. Materials typically used for the hot dipping
process are zinc, zinc-iron alloy, aluminum, aluminum-silicon
alloy, Zn-5Al alloy, 55Al-Zn alloy, and lead-tin alloys. Table 6
lists the alloys and their intended uses. It should be noted that the
zinc coating process, more commonly known as galvanizing,

Table 5 Plating baths and their deposition rates

Temperature Deposition rate
Electroless
method °C °F pH pm/h mil/h
Gold 65-88 149-190 10.0-13.0 2-5 0.08-0.2
Palladium 45-73 113-165 8.0-12.0 2-5 0.08-0.2
Cobalt 85-95 185-203 9.0-11.0 2.5-10 0.1-0.4
Acid nickel 77-93 170-200 44-52 12.7-25.4 0.5-1
Alkaline nickel 26-95 79-205 8.5-14.0 10-12.7 0.4-0.5
Copper 26-70 79-158 9.0-13.0 1-7.5 0.04-0.3

Source: Ref 7

Table 6 Typical applications of continuous hot-dip-coated
steel sheet, wire, and tubing

Product
Coating Sheet Wire Tubing
Zinc and Roofing, siding, Nails, staples, guy Electrical
7Zn-5Al1 doors, culvert, wires, strand, conduit
ductwork, housings, tension members,
appliances, autobody  rope, utility wire,
panels and structural fencing
components
Zinc-iron Autobody panels
and structural
components
Aluminum Mufflers, tailpipes, Guy wires, strand,
type 1 heat shields, rope, utility wire,
ovens, toasters, fencing
flues, chimneys
Aluminum Roofing, siding, Guy wires, strand,
type 2 ductwork, culvert, rope, utility wire,
silo roofs fencing
Zn-55A1 Roofing, siding,
ductwork, culvert,
mufflers, tailpipes,
heat shields, ovens,
toasters, flues,
chimneys, silo roofs
Lead-tin Fuel tanks, radiator Fuel lines,
components, valve hydraulic
covers, air-filter lines

housings

Source: Ref 8
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accounts for 86% of the hot-dip-coated steel produced in the
United States.

Chemical Vapor Deposition (CVD)

Chemical vapor deposition is a generic term for a family of
processes used for depositing coatings from the gaseous or vapor
state (Table 7). Although considered a thin-film deposition process,
coatings as thick as 25 mm (1 in.) have been successfully deposited
by CVD. These processes incorporate the thermal decomposition
of fluorides, chlorides, bromides, iodides, organometallics, hydro-
carbons, phosphorus trifluorides, and ammonia complexes to
deposit coatings of metals, alloys, intermetallics, boron, silicon,
carbon, borides, silicides, carbides, oxides, and sulfides onto sur-
faces.

The CVD process is an omnidirectional process. Coatings pro-
duced by CVD processes produce theoretically dense, uniform,
and well-adhered coatings with controlled microstructures. In this
process, a gaseous precursor is thermally decomposed to produce
a coating on the component surface. In general, CVD is a high-
temperature process, thus limiting the choice of substrate material.
An exception to this would be exothermic chemical reactions,
where it is possible to obtain coatings at substrate temperatures
lower than those associated with the decomposition of the precur-
sor material. Because CVD is an omnidirectional process, all sur-
faces exposed to the gas are coated, including blind holes and the
internal surfaces of porous bodies (Fig. 12).

Microstructures of the coatings can be controlled by tempera-
ture and supersaturation, which is the ratio of the local effective
concentration of the material to be deposited, relative to its equi-
librium concentration (Fig. 13).

Microstructural control is critical for optimizing the mechanical
properties of the coatings. The high temperatures associated with
the CVD process result in coatings that exhibit diffusion bonding
of the coating to the substrate, resulting in well-adhered coatings
with reduced interfacial stresses at the coating/substrate interface.
In conventional CVD, the heating is done either by resistance or
induction heating. The desire to overcome the limitation of sub-
strate temperature while not losing the advantage of diffusion
bonding has led to the use of alternate energy sources. Electric dis-
charges, radio frequency, and microwave plasmas have been used
to lower substrate temperatures to below 350°C (660°F) while
maintaining diffusion bonding.

Plasma-Assisted CVD (PACVD) or Plasma-Enhanced
CVD (PECVD)

For the purpose of this discussion, plasma is defined as a gas
that has absorbed sufficient energy to strip the atoms of their elec-
trons. This plasma is composed of ions, atoms, molecules, and free
high-energy electrons. Therefore, a plasma can decompose reac-
tant gases that flow through it, even at low temperatures where
they normally would be stable. This is accomplished through the
collision of the high-energy electrons with molecules of the reac-
tants. The molecules dissociate:
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AB+e =A+B+e

resulting in the ability of these dissociated elements to become
coatings. Because of the small mass of the electron and its high
mobility, the reaction rates of PACVD processes can be greater
than for conventional CVD.

Laser-Assisted CVD

Although omnidirectional coatings are desirable for many
applications, it is oftentimes necessary to mask segments of a
component, resulting in complexity and greater expense. With the
use of a laser, it becomes possible to control the area of the surface
where the coating is applied. Laser sources, operating in either the
photolytic or direct pyrolytic mode, can limit the heating needed
for reaction to a few microns in depth and can confine the coating
area to that area that can be either optically or physically rastered
by the laser beam. Laser sources are chosen based on the substrate
material, desired coating, wavelength, and energy required to
obtain an optimal coating. Traditionally, CO, and neodymium-
doped yttrium-aluminum-garnet (Nd-YAG) have been exten-
sively used, but increasingly, excimer lasers such as argon-
fluoride (Ar-F) as well as combinations of several lasers operating
at different wavelengths simultaneously have been used. Bonding
of the deposited material is diffusional in nature and similar to
conventional CVD processes.

Fluidized-Bed CVD (FBCVD)

Fluidized-bed CVD has been practiced for over 45 years and
first reached prominence with the deposition of pyrolytic carbon,
niobium, tungsten, aluminum oxide (Al,O,) and beryllium oxide
(BeO) onto fissionable fuel particles of radioactive uranium and
uranium compounds. This process uses an enclosed high-temper-
ature, fluidized-bed coating vessel similar to the fluidized-bed ves-
sels used for heat treating but modified to accommodate expand-

ing exhaust gases at both atmospheric and reduced pressures. A
schematic of a FBCVD vessel is shown in Fig. 14.

There are several significant advantages in using FBCVD as a
coating method. Components such as bolts, fasteners, bearings,
and other items can be coated by FBCVD by immersing them in a
powder bed whose bulk density is close to that of the components.
The bulk density of the bed material can be adjusted across an
extreme range (1.8 to 19.4 g/cm?3, or 112 to 1210 1b/ft3). Therefore,
large quantities of components can circulate through the fluidized
bed, with sizes that range from 25 pm to 3 mm (1 x 10-3 to 0.125
in.). The lower limit is related to the ability of the system to sepa-
rate particles from the gas stream, so that the powder is maintained
in the coating vessel. The upper limit is more dependent on the flu-
idization gas velocity required to suspend larger components.

By injecting reactive gases into the carrier-gas stream, coating
occurs on all heated surfaces exposed to the flowing gases within
the fluidized-bed vessel. In this manner, all the particles contained
within the moving bed are individually encapsulated with a coat-
ing of uniform thickness that conforms to the contours of each
component. Controlled uniform compositions are formed in a
reproducible manner. Multiple-layer coatings can be deposited,
with each layer composed of a different material.

Physical Vapor Deposition (PVD)

Physical vapor deposition technology includes techniques such
as evaporation, ion plating, and sputtering. It is used to deposit thin
films as well as thick films and even freestanding components.
With these processes, virtually any solid material, with the excep-
tion of certain polymers, may be deposited onto any other solid
surface. The PVD methods are line-of-sight, vacuum-coating
processes operating at pressures ranging from 13.33 to 1.33 x 109
Pa (107! to 1078 torr). Both amorphous and crystalline microstruc-
tures can be produced in a controlled manner at temperatures low

Table 7 Chemical vapor deposition (CVD) methods and characteristics

Range of typical substrate temperatures

Range of typical

CVD method Most distinguishing characteristic °C °F deposition pressures

Conventional CVD Omnidirectional coating of a wide variety of shapes 350-1600 660-2910 100 torr—1 atm
and sizes

Metal-organic CVD Lowered deposition temperatures using metal-organic 200-800 390-1470 1073 torr—1 atm
precursor

Plasma-assisted CVD Reduced substrate temperature 200-800 390-1470 10-3-10 torr

Laser CVD Coat localized areas on a surface without bulk 200-1000 390-1830 100 torr—1 atm
heating

Packed-bed CVD Alloy/conversion coatings in powder packed-bed 500-1200 930-2190 100 torr—1 atm
environment

Fluidized-bed CVD Coat powders and small components 350-1600 660-2910 100 torr—1 atm

Continuous fiber coating Deposit coatings on mono-filament and multifilament 350-1600 660-2910 100 torr—1 atm
tows

Chemical vapor infiltration Coat internal surfaces of porous media 350-1600 660-2910 5 torr—1 atm




enough to prevent distortion or microstructural changes during the
coating process.

Evaporation

In the evaporation process (Fig. 15, 16), vapors are produced by
heating either by direct resistance, radiation, eddy current, elec-
tron beam, laser beam, or an arc discharge. The evaporated atoms
undergo an essentially collisionless line-of-sight transport prior to
condensing on the surface of the component.

The rate of evaporation is a function of the vapor pressure of a
material and the ambient pressure. Table 8 indicates the various
temperatures at which certain metals have a vapor pressure of 1.33
Pa (1072 torr).

Direct evaporation of ceramic materials is difficult because of
their low vapor pressure and their tendency to dissociate. Reactive

100 um

Fig. 12 A chemical vapor deposition coating on a porous surface. 200x
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Fig. 13 General effect of temperature and supersaturation on coating
microstructure. Source: Adapted from Ref 9
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methods are therefore employed to produce coatings of carbides,
nitrides, or oxides. In this process, an appropriate gas such as oxy-
gen or nitrogen is introduced into the region where the metal is
being evaporated. The reaction to produce the desired coating
occurs on the surface of the component. Nonuniform thicknesses
can be a concern with evaporative processes and generally require
movement of the surface with respect to the source. Applications
of evaporative coatings include optical coatings for abrasion resis-
tance, reduction of glare, and decorative purposes. Additionally,
MCrAIY coatings are applied to gas turbine blades and vanes to
increase resistance to sulfidization and oxidation.

Sputtering

Sputtering is a process in which material is removed from the
surface of a material through momentum exchange associated
with the surface being bombarded by energetic particles (Fig. 17).
The bombarding species are generally ions of a heavy inert gas
such as argon, generated by a glow discharge with a pressure
between 0.133 and 13.33 Pa (103 and 107! torr) and an applied

Focusing
coil

%y

3’ __— Workpiece
_

(a)

voltage of 500 V direct current (dc). Because the coating material
is passed into the vapor phase by mechanical rather than chemical
or thermal processes, virtually any material can be used for sput-
tered coatings.

As with evaporative methods, ceramics can be deposited by
sputtering techniques, with the addition of reactive gases and close
control of the process. Variations on the aforementioned basic
process can result in coatings formed by:

Employing a target that is a mosaic of several materials
Employing multiple targets simultaneously, of identical or dif-
ferent materials

e Employing multiple targets sequentially to create a layered
coating

e Biasing the substrate as an electrode to cause surface ion bom-
bardment during deposition, in order to remove loosely bonded
contamination or to modify the structure of the resulting coat-
ing. This is known as bias sputtering.

e Employing a gas to introduce one of the coating materials into
the chamber. This process is known as reactive sputtering. It

Evaporant

support Electron beam

Cathode
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Magnet
pole piece

T l Magnet coil
winding

Fig. 16 Electron-beam-heated evaporation process. (a) Linear focusing gun. (b) Bent-beam electron gun with water-cooled evaporant support



permits metal targets and dc power supplies to be used for
preparing coatings of nonconducting compounds.
e The use of balanced or unbalanced magnetrons

lon Plating

Ion plating is the generic term applied to atomistic film deposi-
tion processes in which the substrate surface and/or the depositing
film are subjected to a flux of high-energy particles sufficient to
cause changes in the interfacial region or film properties, com-
pared to the non-bombarded deposition. Such changes may be in
the adhesion of the film to the substrate, film morphology, film
density, film stress, or the coverage of the surface by the deposit-

Table 8 Temperature at which selected metals exhibit
a vapor pressure of 1.33 Pa (102 torr)

Temperature

Metal °C °F

Cadmium 265 509
Zinc 345 653
Lead 715 1319
Silver 1030 1886
Aluminum 1220 2228
Copper 1260 2300
Gold 1400 2552
Chromium 1400 2552
Tron 1480 2696
Cobalt 1520 2768
Nickel 1530 2786
Titanium 1740 3164
Hafnium 2400 4352
Molybdenum 2530 4586
Tungsten 3230 5846
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Fig. 17 Typical sputter coating process
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ing film material. Ton plating (Fig. 18) is usually performed in
argon at a pressure of approximately 1.33 Pa (1072 torr). A nega-
tive potential in the range of 2 to 5 kV is applied to the workpiece
so that it becomes the cathode of a glow discharge formed between
it and the grounded parts of the apparatus. The resulting argon ion
bombardment initially cleans the surface and continues while the
coating material is evaporated into the plasma and deposited onto
the substrate. This continuing bombardment increases nucleation
and improves adhesion. Gas scattering is the major factor in ensur-
ing uniform coating distribution. Applications of ion plating
include optical coatings on glass and plastic, coating of electrical
contacts, and lubricious metals.

lon Implantation

Ton implantation is a process conducted in a vacuum (133 x 1076
to 1.33 x 10-3 Pa, or 10 to 1073 torr), wherein a beam of ions is
directed and accelerated toward the substrate. Typically, the ions
are accelerated to an energy of 100 keV. The ions penetrate to an
average depth of 0.1 um (4 x 107% in.) and a maximum depth of
0.25 um (1 x 10 in.). Table 9 lists applications of ion implanta-
tion.

Thermal Spray Processes

Thermal spray is one of many methods of applying coatings for
the protection of materials in harsh environments. Thermal spray-
ing has historically been the process associated with the applica-
tion of thick coatings whose bulk material properties allow the

c
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Fig. 18 Schematic representation of an ion plating process
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substrate to perform in a manner beyond the capabilities of its
uncoated state.

Typical coatings developed for wear and corrosion applications
include metals, oxides, ceramics, cermets, nitrides, and carbides.
The desire to apply coatings with diverse thermophysical proper-
ties has resulted in a diverse family of processes sharing the same
basic elements.

Figure 19 illustrates a generic source of heat used to generate a
region of high enthalpy (a measure of heat). Material, in powder,
wire, or rod form, is injected into this region, and droplets form in
either a molten or plastic state. These droplets are accelerated
toward a prepared substrate, where they impact and bond to form
a protective coating.

The application of thermal spray coatings is a line-of-sight
process, and therefore, there is some restriction on the shape of the
component being coated, and the impact of the sprayed material
should be as close to 90° as possible.

Some of the limitations of the thermal spray process, in general,
are the relatively low bond strengths, the amount of porosity
within the coatings, the thickness of the coatings, as well as its
inability to coat blind holes.

The structure of thermal sprayed coatings is lamellar, consisting
of “splats,” which are particles flattened by impact with the sur-
face and then rapidly quenched. Sprayed metals are usually harder
than the corresponding wrought metal, due mainly to the inclusion
of dispersed oxides formed during the spraying process. They are
also less ductile, because of porosity and hardness associated with
the spray process. Figure 20 represents the hierarchy of processes
associated with thermal spray and is grouped by the method of
heat generation, that is, combustion, electric arc, or plasma. A

more detailed discussion of thermal spray processes is presented
in subsequent articles in this Handbook.

Hardfacing

Hardfacing, also know as weld overlay, is a family of processes
that weld the protective coating to the surface to be protected.
Unlike thermal spray processes, hardfacing requires that the sur-
face be melted to form a physical, chemical, and metallurgical
interface. As aresult, hardfacing is done on larger components that
are not deformed by the heat of application. Furthermore, the
interface exhibits a heat-affected zone in which the properties of
the surface are altered and also includes regions where the surface
material and the applied material are both present. The principal
application of hardfacing is for the rebuilding of worn components
or in the manufacturing of new equipment where large amounts of
wear need to be tolerated. The materials to be applied are either in
powder or wire form, and the welding is carried out using either
combustion or electric-arc processes. Table 10 lists hardfacing
coating characteristics.

Oxyacetylene Weld Overlays

This technique, derived from the welding industry, is similar to
brazing in that a flux is used to ensure adhesion for ferrous mate-
rials. The surface to be coated is heated, and a metallic filler rod is
melted by an oxygen/acetylene flame (Fig. 21a). Where alloys are
not available in rod or wire form but are available in powder form,
a variation of the oxyacetylene process, called the powder welding

Table 9 Applications of ion implantation in the tooling industry

Tool

Injection molding tool for plastics
Injection screw for plastics

Feed wear pads and sprue bushes machinery

Punch/die for motor laminations
Drills for foil-coated laminate
Tools for metal extrusion
Ring press tool for steel
Forming tool for steel

Hot rolls for nonferrous rod
Dies for copper rod

Ring cutter for tinplate

Gear cutter

Thread-cutting dies

Swaging dies for steel
Wire-drawing dies

Slitters for synthetic rubber
Slitters for paper

Source: Ref 10

Material Implanted species Factor of improvement
Chromium-plated steel Nitrogen 10
Nitrided steel Nitrogen 10-15
Steel Nitrogen 18
Steel and cemented carbide Nitrogen 6
Cemented carbide Nitrogen 2-3
Steel, stellite, cemented carbide Nitrogen 3
Steel Nitrogen 10
Carburized mild steel Nitrogen 2-3
H13 steel Nitrogen 5
Cemented carbide Carbon 5
Steel Nitrogen 3
Steel Nitrogen 3
M2 steel Nitrogen 5
Cemented carbide Nitrogen 2
Cemented carbide Carbon 3
Cemented carbide Nitrogen 12
1.6% Cr, 1% C steel Nitrogen 2




method, is used. In this process, the powder is aspirated into the
fuel gas (Fig. 21b).

Tungsten Inert Gas (TIG) Weld Overlays

Figure 22 illustrates the TIG process. An electric arc is struck
between the workpiece and a nonconsumable tungsten electrode.
To prevent oxidation of the workpiece and coating, an inert gas is
used to shield the area of coating application. Because this is an
electric arc process, the available temperatures are higher than
those of oxyacetylene combustion, and therefore, a larger selec-
tion of alloys is available for hardfacing.

Solid or powder feedstock

Electric or gas
heat source

Particle
acceleration

Substrate
impact

Coating

Fig, 19 Generic thermal spray process. Source: Adapted from TAFA, a
division of Praxair Surface Technologies Inc.
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Shielded Metal Arc Welding (SMAW)

The SMAW method (Fig. 23) is a manual arc-welding process in
which the heat necessary to form the weld overlay is generated by
an electric arc struck between a consumable rod electrode and the
workpiece. The electrode is covered with a flux that undergoes
combustion and decomposition, generating a gas shield that sur-
rounds the electrode tip, molten weld pool, arc, and adjacent area of
the workpiece. This gas shield provides protection from the effects
of the surrounding atmosphere. Additional protection is provided
by a film of flux floating on the surface of the weld pool. Filler metal
is supplied by the core of the consumable electrode and from metal
powder mixed with the covering of some electrodes.

Flux-Cored Arc Welding (FCAW)

In the FCAW process, heat necessary for the weld overlay is
generated by an electric arc struck between a tubular, consumable
rod electrode and the workpiece (Fig. 24). Shielding of the elec-
trode tip, molten weld pool, arc, and adjacent areas is provided by
the combustion and decomposition of a flux contained in the tubu-
lar electrode. A second form of FCAW incorporates an auxiliary
shielding gas, such as argon or carbon dioxide, to provide addi-
tional protection from the surrounding environment.

Metal Inert Gas (MIG) Weld Overlays

In the MIG process, the heat necessary for the weld overlay is
generated by an electric arc struck between a consumable elec-
trode and the workpiece (Fig. 25). Shielding of the surface from
the surrounding environment is provided by a jet of inert gases fed
through the welding gun. The consumable electrode is made of the
desired filler material and forms the weld overlay as it is con-
sumed. Unlike SMAW and FCAW, a continuously fed metal wire
can be used. This process is basically the FCAW process with the
addition of a shielding gas such as argon or carbon dioxide.

Submerged Arc Welding

In this process (Fig. 26), the protective gas is replaced by a gran-
ular flux that surrounds the arc and covers the molten pool. In
addition to providing protection from oxidation, the flux, after
solidification, thermally insulates the coating and thus allows it to
cool more slowly. The alloy content of the deposit is controlled by
the composition of the filler rod and by metallic additions made to
the flux. The filler material may be in the form of wires, rods,
tubes, or strip. The need to keep the powdered flux in place means
that the process must be operated in the gravity-fed mode onto flat
or rotated cylindrical surfaces.

Plasma-Transferred Arc (PTA) Weld Overlays

The PTA process is often considered to be a thermal spray
process, but historically, it is a weld overlay process. In this
process (Fig. 27), an electric arc is struck between the workpiece
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and a tungsten cathode, creating a dc electric arc. This arc is con-
fined in a restricting orifice, and a plasma is formed as the gas
flowing through an annular orifice is ionized. The material to be
coated is in powder form and is fed into the ionized gas stream.
Because the arc is rooted on the work, a diffusion bond layer is
generated at the interfaces that consists of both the substrate mate-
rial and the coating material. A protective auxiliary shielding gas
can be used if needed. A second dc power supply is connected
between the workpiece and the restricting orifice to help ignite the
initial arc and add additional energy to the electric arc.

Thermal spray coating

Comparison of Major Coating Methods

Table 11 summarizes the characteristics of four major coating
methods: electro/electroless plating (EP/ElsP), chemical vapor
deposition (CVD), physical vapor deposition (PVD), and thermal
spray (TS). Both the initial equipment costs and the operating
costs for EP/EIsP coatings are relatively low. However, the by-
products are considered highly toxic and are subject to increas-
ingly stricter government regulation, thereby making storage,
reclamation, and disposal major economic concerns. Thermal

: |
Combustion methods Electrical methods
Electric Air Controlled
Flam iauid-
s;ra; I wire arc plasma L|qu|d|generated atmosphere
spray spraying plasma plasma
D-Gun Nontransferred Transferred Low Inert
arc arc pressure atmosphere
HVOF

Fig. 20 Hierarchy of thermal spray processes. D-Gun, detonation gun (Praxair Surface Technologies); HVOF, high-velocity oxyfuel

Table 10 Hardfacing materials in order of increasing abrasion resistance and decreasing toughness

Material type

Properties of deposits

Type of duty for which deposits are most appropriate

Austenitic manganese steels
Martensitic and high-speed steels

Nickel- and cobalt-base alloys

Martensitic and high-chromium iron
Tungsten-carbide composites

Source: Ref 2

Tough, crack resistant, and soft. Ability to work harden

Good combination of abrasion and impact resistance.
Abrasion resistance increases with carbon and
chromium content at expense of impact resistance.

Wear, corrosion, and heat resistant, with good
all-around strength but low ductility

Excellent resistance to wear by most minerals. Brittle

Extreme resistance to sliding abrasion by hard minerals.

Worn surfaces become rough.

High stress, heavy impact
Nonlubricated metal-to-metal wear

Abrasive conditions accompanied by high temperature
and/or corrosion

Highly abrasive conditions

Extremely abrasive conditions where extra cost is
warranted




spray equipment, and therefore its cost, varies widely from simple
combustion devices to computer-controlled low-pressure plasma
spray systems.

The operating costs are very much dependent on the cost of con-
sumables such as powder, wire, or rod materials as well as the
quantities and types of gases used. Equipment costs for CVD are
moderate, with the understanding that neutralization of the output
gases is an integral part of any system. The operating costs of
CVD are dominated by precursor gas costs and the frequent need
to clean the systems. The cost of PVD coating equipment is very
high, due to the need to maintain high vacuums in chambers of

Oxygen
yg
Flame
. Fuel
siller rod
Work ///
(a)
Oxygen
-
Flame

Fuel gas and powder
-

Entrained powder
7077 //
2

Fig. 21 Oxyacetylene weld overlay processes. (a) Rod or wire. (b) Powder

(b)
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sufficient volume to make the process cost-effective. Operating
costs are associated with the degree of surface cleanliness neces-
sary for coating adhesion, as well as the target costs.

The EP/ElsP and CVD are omnidirectional coating processes,
while TS and PVD are line-of-sight processes. Adherence for
TS coatings, in general, is provided by mechanical bonding.

Shielding gas

Filler rod

Tungsten electrode

///// 7777 //

Fig. 22 Tungsten inert gas weld overlay process
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Fig. 23 Shielded metal arc welding process
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Fig. 27 Plasma-transferred arc weld overlay process



Table 11

General characteristics of major coating methods
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Characteristic Electro/electroless plating

Thermal spray

Chemical vapor deposition Physical vapor deposition

Equipment cost Low Low to moderate
Operating cost Low Low to moderate
Process environment Aqueous solution

Coating geometry Omnidirectional
Coating thickness Moderate to thick, 10 pum—mm
Substrate temperature Low
Adherence Moderate mechanical bond

to very good chemical bond
Moderately coarse to glossy
Metals

Line of sight
Thick, 50 pum—cm
Low to moderate

Surface finish Coarse to smooth

Coating materials

Atmospheric to soft vacuum

Good mechanical bond

Powder/wire, polymers,
metals/ceramics

Moderate

Low to moderate

Atmospheric to medium
vacuum

Omnidirectional Line of sight

Thin to thick, 0.1 pum—mm Very thin to moderate,

Moderate to high Low

Very good chemical bond to Moderate mechanical bond
excellent diffusion bond to good chemical bond

Smooth to glossy Smooth to high gloss

Metals, ceramics, polymers Metals, ceramics, polymers

Moderate to high
Moderate to high
Hard vacuum

Adherence of EP/EIsP and PVD coatings is, in general, provided
by mechanical and/or chemical bonding. Adherence for CVD
coatings is provided by either chemical and/or diffusion bonding.

With the exception of EP/ElsP, which is limited to metals and
some alloys, the TS, CVD, and PVD coating processes can apply
a variety of metals, ceramics, cermets, and polymers.

REFERENCES

1. M.N. Kruschov, “Resistance of Metals to Wear by Abrasion
as Related to Hardness,” Conference on Lubrication and
Wear, Institution of Mechanical Engineers, London, 1957

2. Wear Resistant Surfaces in Engineering, Her Britannic
Majesty’s Stationery Office, London, 1986

3. Heat Treatment of Metals, Wolfson Heat Treatment Centre,
Aston University, England

4. S. Lampman, Introduction to Surface Hardening of Steels,
Heat Treating, Vol 4, ASM Handbook, ASM International,
1991, p 259-267

5. U.S. Environmental Protection Agency, http://www.epa.gov
(accessed 4/9/04)

6. H. Geduld, Zinc Plating, Metal Finishing Guidebook and
Directory, Elsevier Science Publishing, 1990, p 326

7. J. Henry, Electroless (Autocatalytic, Chemical) Plating,
Metal Finishing Guidebook and Directory, Elsevier Science
Publishing, 1990, p 368-370

8. H.E. Townsend, Continuous Hot Dip Coatings, Surface Engi-
neering, Vol 5, ASM Handbook, ASM International, 1994,
p 340

9. F. Bunshah, Deposition Techniques for Film and Coatings,
Noyes Publications, 1982, p 357

10. G. Dearnaley, Practical Applications of Ion Implantation, J.
Met., Vol 34 (No. 9), Sept 1982, p 18-28

SELECTED REFERENCES

e C.C. Berndt, Ed., Thermal Spray: Surface Engineering via
Applied Research, Proceedings of the First International
Thermal Spray Conference, 9—11 May 2000 (Montreal, Que-
bec, Canada), ASM International, 2000

e C.C. Berndt, K.A. Khor, and E.F. Lugscheider, Ed., Thermal
Spray 2001: New Surfaces for a New Millennium, Proceedings
of the ITSC 2001, ASM International, 2001

e R.F. Bunshah et al., Deposition Technologies for Films and
Coatings, Noyes Publications, 1982

e J.R. Davis, Ed., Surface Engineering for Corrosion and Wear
Resistance, ASM International, 2001

e M.G. Fontana, Corrosion Engineering, 3rd ed., McGraw-Hill,
1986

e S.GraingerandJ. Blunt, Engineering Coatings: Design and Ap-

plication, 2nd ed., Woodhead Publishing Ltd., England, 1999

F.A. Lowenheim, Electroplating, McGraw-Hill, 1978

Materials Characterization, Vol 10, ASM Handbook, Ameri-

can Society for Metals, 1986

e C.F. Powell, J.H. Oxley, and J.M. Blocher, Ed., Vapor Depo-
sition, John Wiley and Sons, 1966

e E.E. Stansbury and R.A. Buchanan, Fundamentals of Electro-
chemical Corrosion, ASM International, 2000

e Surface Engineering, Vol 5, ASM Handbook, ASM Interna-
tional, 1994

o  Welding, Brazing, and Soldering, Vol 6, ASM Handbook,
ASM International, 1993



Guide to General Information Sources, as published in
Handbook of Thermal Spray Technology
J.R. Davis, editor, p 36-40

ASM International and the Thermal Spray Society, 2004
Copyright © 2004 ASM International®

Guide to General Information Sources

THIS ARTICLE is a brief guide to information sources on ther-
mal spray technology. It is by no means an all-inclusive review of
information sources; rather, it is intended to serve as a starting
point for readers interested in sources of information that may fall
outside the scope of this Handbook. Emphasis has been placed on
specifications and standards for thermal spray processing, materi-
als, testing, and characterization.

ASM International and the Thermal Spray Society

ASM International and its affiliate society, the Thermal Spray
Society (TSS), offer a wide range of products and services to the
thermal spray community. These include magazines and journals;
reference books, including the ASM Handbook series; conference
proceedings; newsletters; education courses; and videos. Some
prominent examples of these are discussed subsequently. A com-
plete listing of all thermal spray products and services can be
found at the TSS Web site (Ref 1).

The TSS was formed in June of 1994. It was previously a techni-
cal division of ASM International. Memberships in the TSS are
individual memberships versus corporate or company member-
ships.

Journal of Thermal Spray Technology (JTST). The JTST
began publication in March 1992. A quarterly publication, it fea-
tures critically reviewed scientific papers and engineering articles
that cover all fundamental research and practical aspects of ther-
mal spray science, including equipment, processing, feedstock
manufacture, and testing and characterization.

SPRAYTIME is a quarterly newsletter published jointly by the
TSS and the International Thermal Spray Association (ITSA), an
independent trade association (membership to ITSA is a corporate
or company membership). The newsletter provides news of inter-
est to the thermal spray community.

Advanced Materials & Processes (AM&P). The monthly
flagship publication of ASM International, AM &P routinely pub-
lishes newsbriefs and articles related to thermal spray technology.
It also features a thermal spray “focus” issue once a year. A Ther-
mal Spray Buyers Guide has also been published in AM&P (see
the subsequent discussion).

Reference Books. ASM International has published many
books over the years that deal with surface engineering and that
contain information related to thermal spray technology. Several
recently published books in this area are listed in Ref 2 to 4.

ASM Handbook Series. A number of excellentreviews of ther-
mal spray processing and thermal spray materials and their proper-
ties have been published in ASM Handbook. These can be found in
Volumes 5, 6,7, 13A, and 18 of ASM Handbook (Ref 5-9).

Safety Guidelines. As of 2004, two safety guidelines have
been prepared by the TSS Safety Guidelines Committee and are
available as Adobe portable document format (PDF) files at the

TSS Web site. “Safety Guidelines for Risk Assessments”
describes the necessary steps involved in identifying, document-
ing, and implementing the necessary controls to minimize or elim-
inate the potential of risk in the workplace. “Safety Guidelines for
the Handling and Use of Gases in Thermal Spraying” provides
practical recommendations for the safe installation, operation, and
maintenance of gas equipment used in thermal spraying.

Accepted Practices. As of 2004, the TSS Accepted Practice
Committee on Evaluation of Mechanical Properties of Thermal
Spray Coatings has published one accepted practice, “Modified
Layer Removal Method for Evaluating Residual Stresses in Ther-
mal Spray Coatings.” This document is also available as a PDF file
at the TSS Web site. It describes specimen preparation and speci-
men dimensions, the equipment needed, strain gage application,
the coating layer removal procedure, and the method for interpret-
ing the data to evaluate residual stresses.

Terminology and Company Origins. The TSS published
Thermal Spray Terminology and Company Origins (Ref 10) in
2001. The comprehensive set of terms and definitions in this doc-
ument is the basis for the “Glossary of Terms” in this Handbook.
The publication also features a section that traces the origins of
thermal spray manufacturers to their beginnings. Acquisitions,
amalgamations, and mergers for several major companies are laid
out in a “family tree” arrangement.

Thermal Spray Buyers Guide. Available online at the TSS
Web site, the buyers guide lists hundreds of companies in the ther-
mal spray industry. It is searchable by category (for example,
ceramic rods, powders, wires, equipment, services, masking, and
testing) or by company name. The Thermal Spray Buyers Guide
has also been published in printed form (see the earlier discussion
on AM &P magazine).

Specifications, Standards, and Quality
Control for Coatings

Specifications and Guidelines for Thermal Spray Applica-
tors. Several professional and industrial organizations in the
United States have developed guidelines with the intent of assist-
ing those people who need to specify coatings for a particular
application as well as helping practical thermal spray operators
accomplish a specific task. The listing that follows indicates the
organization that generated the particular document as well as a
very brief description of the content of the document. The organi-
zations discussed include the American Welding Society (AWS);
The Society for Protective Coatings (SSPC), formerly the Steel
Structures Painting Council; and NACE International, formerly
the National Association of Corrosion Engineers:

e AWS C2.16-92, “Guide for Thermal Spray Operator Qualifi-
cation.” This guide recommends thermal spray operator quali-



fication procedures. It covers applicable documents relating to
thermal spray equipment, consumables, and safety. It also con-
tains operator qualification and coating system analysis forms.
AWS C2.18-93, “Guide for the Protection of Steel with Ther-
mal Sprayed Coatings of Aluminum and Zinc and Their Alloys
and Composites” (30 pages). This guide sets forth recom-
mended thermal spray operator qualification procedures. It
covers applicable documents relating to thermal spray equip-
ment consumables and safety. It also contains operator qualifi-
cation and coating analysis forms.

AWS C2.23, SSPC-CS 23.00, NACE No. 12, “Specification
for the Application of Thermal Spray Coatings (Metallizing)
of Aluminum, Zinc, and Their Alloys and Composites for the
Corrosion Protection of Steel” (41 pages). This 2004 standard
states requirements for equipment, application procedures, and
in-process quality-control checkpoints for thermal spray coat-
ings. It is meant to be used by facility owners, fabricators,
engineers, and others who specify or contract the application
of thermal spray coatings for the preservation and maintenance
of steel structures. It presents a fill-in-the-blanks model pro-
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steel-reinforced concrete. The scope includes job description,
safety, pass/fail job reference standards, feedstock materials,
equipment, a step-by-step process instruction for surface
preparation, thermal spraying, and quality control. There are
three annexes: job control record, operator qualification, and
portable adhesion testing.

AWS C2.21-2003, “Specification for Thermal Spray Equip-
ment Acceptance Inspection” (25 pages). This standard speci-
fies the thermal spray equipment acceptance requirements for
plasma, arc wire, flame powder, wire, rod, cord, and high-
velocity oxyfuel equipment. The equipment supplier shall pro-
vide proof of suitability. Example inspection reports are pro-
vided in four appendixes.

AWS (C2.5-2003, “Specification for Solid and Composite
Wires and Ceramic Rods for Thermal Spraying” (26 pages).
This specification defines the as-manufactured, chemical-com-
position classification requirements for solid and composite
wires and ceramic rods for thermal spraying. Requirements for
standard sizes, marking, manufacturing, and packaging are
included. The specification lists 100 materials.

curement specification and provides an illustrated overview of
the thermal spray coating process. It also explains and illus-
trates nine key production and quality-control checkpoints for
applying thermal spray coatings. This standard may be used as
a procurement document and may also be used for thermal
spray coating inspectors and applicators to develop and main-
tain applications procedures, equipment inventory, and opera-
tor training programs.

e  AWS (C2.20-2003, “Specification for Thermal Spraying Zinc
Anodes on Steel-Reinforced Concrete” (40 pages). This AWS
standard is a specification for thermal spraying zinc anodes on

Standards for Coatings. A great challenge for thermal spray
coatings is their specification and standardization. Much of the
history of thermal spray coatings has relied on internal company
specifications so that reproducible coatings might be produced,
and the outgrowth of such documentation now constitutes
accepted practice (Ref 8). With regard to testing practices, the
standard methods developed by ASTM International (or equiva-
lent organizations) are a good basis on which to recommend pro-
cedures that rank coatings or different materials. Table 1 lists
ASTM standards for wear and corrosion testing that are appropri-

Table 1 ASTM International wear and corrosion test standards applicable to thermal spray coating

ASTM designation Title

Corrosion

B 117-95 Practice for Operating Salt Spray (Fog) Testing Apparatus

G 3-89 (1994) Practice for Conventions Applicable to Electrochemical Measurements in Corrosion Testing

G 5-94 Reference Test Method for Making Potentiostatic and Potentiodynamic Anodic Polarization Measurements

G 15-97 Terminology Relating to Corrosion and Corrosion Testing

G 78-95 Guide for Crevice Corrosion Testing of Iron-Base and Nickel-Base Stainless Alloys in Seawater and
Other Chloride-Containing Aqueous Environments

G 85-94 Practice for Modified Salt Spray (Fog) Testing

Wear

G 40-96 Terminology Relating to Wear and Erosion

G 65-94 Test Method for Measuring Abrasion Using the Dry Sand/Rubber Wheel Apparatus

G 73-93 Practice for Liquid Impingement Erosion Testing

G 76-95 Test Method for Conducting Erosion Tests by Solid Particle Impingement Using Gas Jets

G 77-93 Test Method for Ranking Resistance of Materials to Sliding Wear Using Block-on-Ring Wear Test

G 81-97 Practice for Jaw Crusher Gouging Abrasion Test

G 98-91 (1996) Test Method for Galling Resistance of Materials

G 99-95 Test Method for Wear Testing with a Pin-on-Disk Apparatus

G 105-89 Test Method for Conducting Wet Sand/Rubber Wheel Abrasion Tests

G 115-93 Guide for Measuring and Reporting Friction Coefficients

G 119-93 Guide for Determining Synergism Between Wear and Corrosion

G 132-96 Test Method for Pin Abrasion Testing

G 133-95 Test Method for Linearly Reciprocating Ball-on-Flat Sliding Wear

G 134-95 Test Method for Erosion of Solid Materials by a Cavitating Liquid Jet
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ate to thermal spray coatings. It should be noted that these tests are
not specific to thermal spray coatings; that is, they can be used for
a variety of alloy/coating materials. There are, however, ASTM
standards that have been developed specifically for thermal spray
coatings. They are listed as follows:

for a suitable adhesive bonding agent. For certain investiga-
tions, very low (cryogenic) temperatures may be used. The test
is limited to thermal spray coatings that can be applied in thick-
nesses greater than 0.38 mm (0.015 in.). This limitation is
imposed because the bonding agents developed to date for this

ASTM B 833-0la, “Standard Specification for Zinc and Zinc
Alloy Wire for Thermal Spraying (Metallizing).” This specifi-
cation covers zinc and zinc alloy wire for use in oxyfuel and
electric arc thermal spray protection of iron and steel. It does
not cover zinc alloy compositions used in thermal spraying for
electronic applications.

ASTM C 633-01, “Standard Test Method for Adhesion or
Cohesion Strength of Thermal Spray Coatings.” This test
method covers the determination of the degree of adhesion
(bonding strength) of a thermal spray coating to a substrate or
the cohesion strength of the coating in tension. The test con-
sists of coating one face of a substrate fixture, bonding this
coating to the face of a loading fixture, and subjecting this
coating/fixture assembly to a tensile load normal to the plane
of the coating. Usually, this test is performed at ambient tem-
perature. Higher-temperature testing is restricted by the need

method tend to penetrate the coatings and may invalidate
results, unless the coatings are thick enough to prevent pene-
tration through the coating. More detailed information on this
test method can be found in the article “Testing of Coatings”
in this Handbook.

ASTM E 1920-97, “Standard Guide for Metallographic Prepa-
ration of Thermal Sprayed Coatings.” This guide covers rec-
ommendations for sectioning, cleaning, mounting, grinding,
and polishing to reveal the microstructural features of thermal
spray coatings and the substrates to which they are applied
when examined microscopically. See the article “Metallogra-
phy and Image Analysis” in this Handbook for further details.
ASTM F 1978-00el, “Standard Test Method for Measuring
Abrasion Resistance of Metallic Thermal Spray Coatings by
Using the Taber Abraser.” This test method quantifies the
abrasion resistance of metallic thermal spray coatings
deposited on flat metallic surfaces. It is intended as a means of

Table 2 National and international thermal spray conferences held between 1987 and 2003

st National Thermal Spray Conference, 14—17 Sept 1987
(Orlando, FL)

2nd National Thermal Spray Conference, 24-28 Oct 1988
(Cincinnati, OH)

3rd National Thermal Spray Conference, 20-25 May 1990
(Long Beach, CA)

4th National Thermal Spray Conference, 4-10 May 1991
(Pittsburgh, PA)

13th International Thermal Spray Conference, Sth National
Thermal Spray Conference, 28 May—5 June 1992
(Orlando, FL)

6th National Thermal Spray Conference, 7-11 June 1993
(Anaheim, CA)

7th National Thermal Spray Conference, 20-24 June 1994
(Boston, MA)

8th National Thermal Spray Conference, 11-15 Sept 1995
(Houston, TX)

9th National Thermal Spray Conference, 7-11 Oct 1996
(Cincinnati, OH)

Ist United Thermal Spray Conference, 15-18 Sept 1997
(Indianapolis, IN)

15th International Thermal Spray Conference, 25-29 May
1998 (Nice, France)

2nd United Thermal Spray Conference, 17-19 March 1999
(Dusseldorf, Germany)

1st International Thermal Spray Conference, 8—11 May 2000
(Montréal, Québec, Canada) (The first ITSC sponsored by
the ASM Thermal Spray Society, the German Welding
Society, and the International Institute of Welding)

International Thermal Spray Conference, 28—-30 May 2001
(Singapore)

International Thermal Spray Conference, 4-6 March 2002
(Essen, Germany)

International Thermal Spray Conference, 5-8 May 2003
(Orlando, FL)

Source: Compiled by C.C. Berndt

D.L. Houck, Ed., Thermal Spray: Advances in Coatings Technology, ASM International, 1988, 426+
pages. ISBN: 0-87170-320-3; SAN: 204-7586. 59 papers published and 730 attendees

D.L. Houck, Ed., Thermal Spray Technology: New Ideas and Processes, ASM International, 1989,
469+ pages. ISBN: 0-87170-335-1; SAN: 204-7586. 61 papers published and 1300 attendees

T.F. Bernecki, Ed., Thermal Spray Research and Applications, ASM International, 1991, 792+ pages.
ISBN: 0-87170-392-0; SAN: 204-7586. 110 papers published and 1600 attendees

T.F. Bernecki, Ed., Thermal Spray Coatings: Properties, Processes and Applications, ASM
International, 1991, 556+ pages. ISBN: 0-87170-437-4; SAN: 204-7586. 79 papers published and
1300 attendees

C.C. Berndt, Ed., Thermal Spray: International Advances in Coatings Technology, ASM
International, 1992, 1044+ pages. ISBN: 0-87170-443-9; SAN: 204-7586. 161 papers published
and 1600 attendees

C.C. Berndt and T.F. Bernecki, Ed., Thermal Spray Coatings: Research, Design and Applications,
ASM International, 1993, 691+ pages. ISBN: 0-87170-470-6; SAN: 204-7586. 105 papers
published and 1250 attendees

C.C. Berndt and S. Sampath, Ed., Thermal Spray Industrial Applications, ASM International, 1994,
800+ pages. ISBN: 0-87170-509-5; SAN: 204-7586. 126 papers published and 1500 attendees

C.C. Berndt and S. Sampath, Ed., Thermal Spray Science and Technology, ASM International, 1995,
774+ pages. ISBN: 0-87170-541-9; SAN: 204-7586. 126 papers published and 1200 attendees

C.C. Berndt, Ed., Thermal Spray: Practical Solutions for Engineering Problems, ASM International,
1996, 992+ pages. ISBN: 0-87170-583-4; SAN: 204-7586. 131 papers published and 1350
attendees

C.C. Berndt, Ed., Thermal Spray: A United Forum for Scientific and Technological Advances, ASM
International, 1997, 1020+ pages. ISBN: 0-87170-618-0; SAN: 204-7586. 137 papers published
and 950 attendees

C. Coddet, Ed., Thermal Spray: Meeting the Challenges of the 21st Century, ASM International,
1998, 1693+ pages. ISBN: 0-87170-659-8; SAN:204-7586. 272 papers published

E. Lugscheider and P.A. Kammer, Ed., Tagungsband Conference Proceedings, Deutscher Verband
fiir SchweiBlen, Germany, 1999, 879+ pages. ISBN 3-87155-653-X. 170 papers published

C.C. Berndt, Ed., Thermal Spray: Surface Engineering via Applied Research, ASM International,
2000, 1383+ pages. ISBN 0-87170-680-6; SAN 204-7586. 199 papers published and 1068
attendees

C.C. Berndt, K.A. Khor, and E. Lugscheider, Ed., Thermal Spray 2001: New Surfaces for a New
Millennium, ASM International, 2001, 1361+ pages. 185 papers published

E. Lugscheider, Ed., Tagungsband Conference Proceedings, Deutscher Verband fiir Schweiflen,
Germany, 2002, 1051+ pages. ISBN 3-87155-783-8. 202 papers published

B.R. Marple and C. Moreau, Ed., Thermal Spray 2003: Advancing the Science and Applying the
Technology, ASM International, 2003, 1708+ pages. ISBN 0-87170-785-3. 244 papers published




characterizing coatings used on surgical implants (for exam-
ple, plasma sprayed titanium coatings on hip implant devices).
The Taber abraser generates a combination of rolling and rub-
bing to cause wear to the coating surface. Wear is quantified as
cumulative mass loss. The test is limited to flat, rigid speci-
mens that do not react significantly with water and do not
undergo a phase transformation or chemical reaction between
room temperature and 100 °C (212 °F).

e ASTM E 2109-01, “Test Methods for Determining Area Per-
centage in Thermal Spray Coatings.” These test methods cover
procedures to perform porosity ratings on thermal spray met-
allographic specimens prepared in accordance with ASTM
guide E 1920 by direct comparison to standard images and
through the use of automatic image analysis equipment. See
the article “Metallography and Image Analysis” in this Hand-
book for further details.

Further Literature Sources for Thermal Spray

The major forum for thermal sprayers and technologists to meet
since 1956 has been the International Thermal Spray Conferences
(ITSC) (Ref 8). The first seven of these meetings up to 1973 were
known as the International Metal Spraying Conferences. Since the
mid-1980s, several other meetings have been convened: The
National Thermal Spraying Conferences (organized by ASM Inter-
national), the Plasma-Technik (Ref 11) meeting (a former Swiss
company), and the Advanced Thermal Spraying and Allied Coat-
ings Symposium (Ref 12) (organized by the High Temperature
Society of Japan). The ITSC-2002 was convened in Essen, Ger-
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many, in March 2002 (organized by Deutscher Verband fiir
Schweillen, or DVS, the German Welding Society), ITSC-2003
was held in Orlando, Fla., in May 2003 (organized by the TSS), and
ITSC-2004 was held in Osaka, Japan (organized by TSS, DVS, and
the International Institute of Welding). Table 2 lists information on
various thermal spray conferences held worldwide since 1987.

Other organizations, such as NACE International and AWS,
have also convened focused conference sessions that specifically
address thermal spraying. The NACE sessions emphasize the
behavior of thermal spray coatings under corrosive environments.
The SSPC often documents thermal spray coatings with their pub-
lication The Journal of Protective Coatings and Linings (JPCL).

Online Resources. Table 3 lists examples of Web sites that
can be accessed for thermal spray information. Again, it should be
emphasized that this list is not intended to be all-inclusive. Many
more thermal spray Web sites can be found in Thermal Spray Buy-
ers Guide, described earlier.
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Table 3 Selected Internet resources for thermal spray information

Site name or sponsor

Internet address(a)

Professional societies and trade associations

ASM International

Thermal Spray Society (TSS)

International Thermal Spray Association (ITSA)

American Welding Society (AWS)

ASTM International

NACE International

The American Ceramic Society (ACerS)

The Society for Protective Coatings (SSPC)

Materials Research Society (MRS)

Metal Powder Industries Federation (MPIF)

Deutscher Verband fiir Schweifien (DVS), The German Welding Society
International Institute of Welding (ITW)

Thermal Spraying and Surface Engineering Association (TSSEA)
Surface Engineering Association (SEA)

Research organizations

Los Alamos National Laboratory

Oak Ridge National Laboratory (ORNL)

Sandia National Laboratories

Idaho National Engineering and Environmental Laboratory (INEEL)

The Center for Thermal Spray Research, State University of New York at Stony Brook

Center for the Plasma Processing of Materials (CPPM), Drexel University
Hard Chrome Alternatives Team (HCAT)

Commonwealth Scientific and Industrial Research Organization (CSIRO), Manufacturing and Infrastructure

Technology

(a) URL as accessed March 2004

www.asminternational.org
www.asminternational.org/ss
www.thermalspray.org
WWW.aws.org
WWW.astm.org
WWW.nace.org
WWW.acers.org
WWW.SSPC.Org
WWW.MrS.0rg
www.mpif.org
www.dvs-ev.de/en
wWwWw.iiw-iis.org
WWwWWw.tssea.co.uk
www.sea.org.uk

www .lanl.gov

www.ornl.gov

www.sandia.gov

www.inel.gov
www.matscieng.sunysb.edu/tsl/ctsr
www.materials.drexel.edu/CPPM
www.hcat.org

WWW.cmit.csiro.au
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COATINGS can be thought of as engineering solutions to
enhance surfaces against wear, corrosion, thermal degradation,
and other surface phenomena (refer to the article “Surface Sci-
ence” in this Handbook for details). Acceptable coatings are gen-
erally characterized by good adhesion, substrate compatibility,
and low porosity. An acceptable coating process must also be
compatible with physical substrate constraints such as temperature
and geometry. These coating/substrate attributes include coeffi-
cient of thermal expansion (CTE) matching, appropriate edge
radii, substrate melting point, and chemical compatibility during
deposition and service. Thermal spray can be tailored to meet
many of these requirements. Key aspects of the process are illus-
trated in Fig. 1, which shows particles impacting a prepared sur-
face and building up a lamellar structure characteristic of thermal
spray processes.

Flame spray, the first thermal spray process, was invented
nearly 100 years ago. Early applications of thermal spray were for
simple shaft repair and roll restoration and surfacing; relatively
simple metals and alloys were employed for these applications.
Thermal spray usage and applications advanced significantly dur-
ing the mid-1950s with the invention of plasma arc spray and det-
onation spray (D-Gun) by Union Carbide (now Praxair Surface
Technologies, Inc.). Thermal spray coatings have found their way
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Fig. 1 Typical thermal spray process and coating

into most industries, with widespread commercialization of
plasma arc spray and electric arc spray in the early 1960s.

Thermal spray has grown from simple iron and steel coatings to
encompass most metals, alloys, ceramics, cermets (ceramic-metal
composites), polymers, advanced composites, and nanomaterials.
Thermal spray coatings can be found in applications ranging from
oil fields to aerospace. Applications include surgical instruments,
medical implant prosthetics, medical diagnostics, turbine engine
components, papermaking machines, printing rolls, petrochemical
pumping and valving, communications, electronics, cookware,
and countless others.

Historically, thermal spray was practiced in specialty service
and job shops. Advances in thermal spray processes and materi-
als—coupled with advances in process control, instrumentation,
and automation—have taken thermal spray into high-volume pro-
duction applications. Thermal spray processes are commonplace
in the manufacture of aircraft engines, automobiles, communica-
tion electronics, agricultural products, food processing equipment,
and other high-volume products. Advanced applications continue
to emerge as breakthroughs develop in process techniques, mate-
rials, and controls.

The articles in this Section of the Handbook introduce coatings,
thermal spray processes, and equipment. The major processes that
constitute the technology—flame, electric arc, and plasma arc
spray—are presented together with their processing characteris-
tics. Coatings are presented with respect to structure and perfor-
mance, while process equipment is presented with respect to oper-
ation, coating effects, and health and safety. In summary, this
Section is intended to enable the reader to:

e Differentiate among the major processes—flame, electric arc,
and plasma arc spray—and many subsets of these three
processes
Understand basic process equipment components
Understand the characteristic thermal spray coating mi-
crostructure and its origin
Understand how processing and coating microstructure relate
Know the important controlling parameters for coating quality
and understand how these parameters determine coating mi-
crostructure

e Become familiar with some of the latest spray coating technol-
ogy advances

e Understand essential thermal spray health and safety issues

The only absolute in thermal spray is that there are no absolutes.
The information given here is offered as generalities, for the most
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part. In the end, the skill and education of the practitioner will
determine what can be accomplished with this versatile and pow-
erful technology.

Thermal Spray versus Other Coating Processes

Thermal spray processes differ from other coating processes in
that they are nonatomistic; that is, they do not deposit material
onto surfaces as individual ions, atoms, or molecules. Instead, rel-
atively massive particulates are deposited onto a surface in the
form of liquid droplets or semimolten or solid particles. Coating
feedstock materials usually come in the form of powder, wires, or
rods. Feedstocks are generally heated to their melting point by a
plasma jet, electric arc, or flame. The molten material is then atom-
ized and propelled toward the substrate by process gases or atom-
izing jets formed through nozzles. Thermal spray is also a “line-
of-sight” process, where the projected stream of droplets deposits
only onto surfaces that are directly in line with the spray stream.

Because thermal spray processes are high-enthalpy (high
energy density) processes, they are characterized as having high
coating rates relative to other coating processes—for example,
chemical vapor deposition (CVD), physical vapor deposition
(PVD), and electroplating. Additionally, thermal spray processes
are capable of operating over a broad range of temperature, veloc-
ity, and atmospheric conditions, enabling them to apply the great-

est variety of materials. Other advantages of thermal spray
processes include a simplified waste-disposal stream and the abil-
ity to deposit thick coating sections.

Thermal spray coatings are considered to be “overlay” coatings,
which can be defined as materials added to an original surface
(called the substrate) where there is little or no mixing or dilution
between the coating and the substrate, thus preserving the compo-
sition of the base material. Some forms of surface treatments are
entirely diffusional in nature. In these surface treatments, elemen-
tal materials are added to a base material through diffusional
processes, which occur below the substrate surface and cause no
thickness buildup. Alloying may occur with the base materials to
form new protective compounds or phases.

Diffusion and alloying often occur with thermal spray coatings,
but the reaction zone is extremely narrow due to the extremely
rapid cooling rates of the individual molten droplets impacting the
relatively massive and cold substrate.

Thermal Spray Process Classification

Figure 2 illustrates the three major coating processes: flame,
plasma arc, and electric arc, with many of their subsets. (Kinetic-
energy-driven spraying or “cold spray” is discussed in the article
“Cold Spray Process” in this Section.) Each of these processes
encompasses many more subsets, and each has its own character-

Thermal spray
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Fig. 2 Thermal spray processes and subsets




istic range of temperature, enthalpy, and velocity. These attributes
in turn develop coating characteristics that are unique to each
process; in the simplest terms these include coating bond strength,
porosity, inclusions (usually oxides), and hardness.

Processing Characteristics

Figure 3 is a schematic representation of a powder spray process
that highlights the major process characteristics affecting coating
quality. From a simplistic point of view, the process can be viewed
as high-speed heat treating (dealing with time, temperature, and
mass) where the objective is to bring the powder mass to the
desired temperature over a given time period. The time a particle
spends in the process jet is called the dwell time; it is governed by
gas velocity and powder particle characteristics. Gas velocity in
turn is determined by the total gas flow through the nozzle, the gas
characteristics, and the energy acting on or resulting from the
process. Particle velocity is then a function of jet velocity coupled
with particle characteristics—that is, size, morphology, and mass.
The temperature of a given particle is thus a function of enthalpy,
velocity, trajectory, and its own physical and thermal properties.

Gas temperatures in the spray stream vary greatly as a function
of the process. In flame spray processes, temperature is deter-
mined in order by the fuel characteristics, oxygen- or air-to-fuel
ratio, and the pressure in the combustion zone. Temperatures for
common fuel gases range from 2540 to 3150 °C (4600 to 5700 °F).
What is not commonly appreciated is the great heat generated by
these processes. Standard oxyfuel spray torches operate at ener-
gies of 20 to 50 MJ (20,000 to 50,000 Btu). The high-velocity
processes operate at energies between 500 MJ and 1 GJ (500,000
and 1 million Btu).

Plasma arc spray devices operate at energies of 72 to 720 MJ
(20 to 200 kW), which is the electrical equivalent of 68,280 to
682,800 Btu. Plasma arc temperatures are typically 20,000 °C
(36,000 °F), which is considerably higher than the melting point
of any known substance. Electric arc spray guns operate at ener-
gies between 1.3 and 36 MJ (0.38 and 10 kW). High-spray-rate
electric arc spray guns operate at energies up to 135 MJ (37.5 kW).

- Powder size & shape

- Powder thermal properties
- Carrier gas flow

- Injection geometry

Thermal
spray source

- Jet exit velocity & temperature -

- Power - Particle velocity & temperature

- Type of thermal - Particle trajectory

energy - Particle impact energy
- Gas flow - Particle impact angle
- Gas composition - Substrate type
- Temperature - Substrate temperature
- Cooling

Fig. 3 Typical thermal spray process parameters and variables
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Temperature and velocity vary considerably within the jet,
because of several factors. The most significant of these is the dif-
ference in temperature between the hot core of the jet and its rela-
tively cold surrounding environment. Plasma jets are confined by
water-cooled anodes/nozzles. Flame-driven processes, with a few
exceptions, are air-cooled devices operating at ambient condi-
tions. The temperature drop from the jet core to the boundary
between the nozzle and the environment is typically several thou-
sand degrees over a few millimeters. This drop in temperature
causes a corresponding drop in gas velocity and an increase in gas
viscosity toward the outer boundaries. Temperature and velocity
also decay as the jet exits the nozzle, so there are both radial and
axial gradients of gas temperature, gas velocity, and gas viscosity.
Into those complex distributions, a distribution of powder is
injected. On the surface the process seems chaotic; however, these
interactions are favorable, whether by design or chance.

Figure 4 schematically illustrates the dwell time of hypothetical
particles, indicating how different particle trajectories lead to a
range of dwell times and temperatures. A range of dwell times is
characteristic of a spray process or a set of spray parameters. It
should be emphasized that for thermal spray processes, single,
specific dwell times and temperatures do not exist. Instead of
absolute numbers, dwell times and temperatures are dealt with in
terms of average values for the distributions.

Distributions of particles traveling in these thermal jets are
accelerated by the gas-velocity distributions through a distribution
of temperatures. The resulting, final particle velocities and tem-
peratures depend on the trajectories of the particles and the jet/par-
ticle “drag forces.” It can be assumed that higher jet velocities gen-
erally lead to higher average particle velocities. It can also be
assumed that higher enthalpies produce higher average particle
temperatures. Particle velocities are important because it is gener-
ally accepted that higher particle velocities result in higher parti-
cle/droplet impact energy. This higher kinetic energy leads to a
higher degree of particle deformation, producing better coating
bonds and higher coating densities. It is also accepted that, on
average, higher particle velocities result in shorter dwell times,

<@————— Particle dwell time —————
Temperature > Material melting point (7))

Dwell width temperature > T,

Fig. 4 Thermal spray jet temperature profiles and hypothetical particle tra-
jectories
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resulting in less time for particle heating. Lower particle tempera-
tures may lead to lower deposit densities, since a larger percentage
of unmelted or partially melted particles become included in the
deposit. Increasing jet enthalpy can compensate for shorter dwell
times. Lower particle temperatures may not always lower the coat-
ing quality, because less particle oxidation and less reduction of
carbides, as seen in some plasma spray processes, may occur.

The average particle temperature distribution and velocity dis-
tribution determine bond strength, porosity, and coating inclusions
such as oxides. This is particularly true when spraying under nor-
mal atmospheric (i.e., in air) conditions, where the time and tem-
perature of the particles in the jet determine the level of interaction
that the particles have with entrained air. In summary, the final
temperature, velocity, and environmental interactions of the parti-
cle distribution are related to the particular jet velocity, tempera-
ture, and resultant particle dwell time, all of which determine the
resulting coating microstructure and properties.

These observations only hold true if particles are being heated
in a thermal spray jet. In the electric arc spray process, sometimes
also called “wire arc” spray, the sprayed materials are wires that
are melted into particulates by an electric arc formed between
them. There are no hot gas jets associated with electric arc spray.
Unlike other thermal spray processes, droplet/particle tempera-
tures begin to decrease immediately after the particles are formed
or atomized in the arc zone, leaving the wire tips as they melt. The
dwell time that produces increased heating in other processes only
serves to cool particles in electric arc spray, because the atomizing
jets are only used to accelerate the particles toward the surface to
be coated. However, since the particles are still hot from the melt-
ing process, interactions between air and the hot particle surfaces
do still occur. The oxides disperse on impact and become included
in the deposit, as with the other processes.

Despite the differences in their respective origins in plasma,
combustion, or electric arc spray processes, once generated, the
hot molten particles impact and deform on the substrate surface in
similar ways. The physical differences between the thermal spray
processes—that is, particle sizes, velocities, and temperatures—
and the jet temperatures lead to large coating variations, as dis-
cussed in later articles in this Section.
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Coating Structures, Properties,

and Materials

Revised by Daryl E. Crawmer, Thermal Spray Technologies Inc.

IMPORTANT THERMAL SPRAY COATING FEATURES,
which combine to determine the properties of a coating, include
the lamellar or layered splat structure, entrapped unmelted or reso-
lidified particles, pores, oxide inclusions, grains, phases, cracks,
and bond interfaces. Figure 1 schematically illustrates typical
coating characteristics and a representative deposit/coating
microstructure.

Splat

“Splat” is the term given to a single impacted droplet/particle,
as illustrated in Fig. 2. Many overlapping splats (illustrated in
cross section in Fig. 3) solidify and adhere to one another to form
a continuous coating layer. Thus, the splat is the basic structural
building block in thermal spray coatings. Splats are created when
the accelerated, molten particles impact a prepared surface. The
arriving molten droplets are generally spherical, and on impact
with the substrate surface they spread over and fill the underlying
interstices (spaces). The droplets become flattened, disklike struc-
tures which, when polished in cross section, look like the coating
microstructures shown in Fig. 3 to 5. In these figures, the splats are
seen on edge, revealing the characteristic lamellar structure of the
thermal spray coating, shown schematically in Fig. 2.

Figures 4 and 5 show micrographs of a ceramic coating of 8§
wt% yttria-stabilized zirconia (YSZ) and an electric arc sprayed
low-carbon steel coating, respectively. Note that these thermal
spray coatings both exhibit the characteristic lamellar structure.
The splat structure in coating microstructures is indicative of the
degree of particle melting achieved in flight. In electric arc
sprayed coatings, the lamellar microstructures are also typical and
indicate that the atomized droplets had not yet solidified prior to
impact. The degree of “melting” in the coating structure, as indi-
cated by these lamellae, largely determines the cohesion, porosity,
and subsequent properties of the coating.

Thermal spray processes are also characterized by rapid solidi-
fication. As the relatively small individual particles impact the
more massive substrate, their heat is liberated quickly. Solidifica-
tion rates (for metals) are in the range of 105 to 103 °C/s. Such
rapid cooling rates produce a wide range of material states, from
amorphous to metastable. Two structures are generally present
within a coating: splat structures and intrasplat structures. Within
the splats, the rapid solidification of thermal spray creates grain
sizes less than 5 wm (0.0002 in.) and prevents many materials from
achieving their equilibrium phases, resulting in anisotropic coat-
ing properties. In most thermal spray coatings, the properties in the

x and y planes, that is, the planes parallel to the substrate surface,
are the same. However, in the z plane, perpendicular to the sub-
strate surface, properties vary significantly from those in the x and
y planes. Despite the possibility of oxide inclusions in the coating,
the rapid thermal processing and solidification in thermal spray
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Fig. 1 Thermal spray coating microstructure showing common features
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coatings lead to compositional homogeneity that is representative
of the starting feedstock compositions.

Oxide Stringers

Oxide inclusions (stringers) in metallic coatings are generally
seen as dark, elongated phases that appear as strings in the coating
cross section, parallel to the substrate. Oxides are produced by par-
ticle/atmosphere interaction and/or heating of the coating surface
during deposition. Interaction of the hot particles with their sur-
rounding environment, usually air, leads to oxide and/or nitride
films on particle surfaces. Longer dwell times and higher particle

50 um

Fig. 3 Plasma-sprayed nickel-base alloy. Courtesy of Thermal Spray Tech-
nologies

100 um

Fig. 4 Plasma-sprayed yttria-stabilized zirconia on vacuum plasma sprayed
NiCrAlY. Courtesy of Drexel University

temperatures increase the thickness of the oxide or nitride layers
on the particles, producing higher concentrations of oxide
stringers within the coating. As the particles spread on impact, sur-
face films fracture with the flowing metal and become included in
the deposit as the droplets solidify into splats, also shown in Fig.
2,3,and 5.

It has been found that these oxide inclusions add to the hardness
of the coating, since oxides have hardnesses exceeding 1000 DPH.
Therefore, the composite mixture of metal and metal oxides
becomes harder than the metal coating itself. This increased hard-
ness can lead to brittle coatings, because oxides fracture easily. If
too concentrated, oxides may interfere with splat-to-splat cohe-
sion, leading to decreased cohesive strength of the coating. Oxide
or nitride inclusions are often considered detrimental to coating
properties. However, in some applications oxide inclusions are
desired because they can increase wear resistance or lower thermal
conductivity.

Minimizing Inclusions. Generally, however, inclusions
should be minimized. Parameter trends that minimize inclusions
are:

e Removing the reactive environment, through use of inert gas
shrouds or chambers

e Reducing the average temperature of particles by lowering the
heating capacity of the spray jets

e Reducing the dwell time of the particles by minimizing spray
distances or increasing velocities

e Reducing substrate/coating surface temperature using cooling
air jets or increasing the speed of the thermal spray device
across the part surface (surface speed), thus minimizing oxida-
tion at the coating surface

e Using the proper feedstock powder particle size. Larger parti-
cles have a lower surface area to volume ratio, which mini-
mizes overall oxide content.

Fig, 5 Electric arc sprayed low-carbon steel. Courtesy of Thermal Spray
Technologies



Porosity

Porosity is another important coating feature that strongly influ-
ences coating properties. As with oxide inclusions, porosity can be
a desirable characteristic. This discussion takes the generally held
position that porosity is undesirable. Porosity creates poor coating
cohesion and allows for higher wear and corrosion rates. Porosity
is generally associated with a high number of unmelted or resolid-
ified particles that become trapped in the coating, as shown in Fig.
1 and 6. Poor splat or particle cohesion leads to premature coating
cracking, delamination, or spalling. Open porosity can intercon-
nect to the coating interface, enabling corroding or oxidizing ele-
ments to attack the base material. Porosity can thus “short-circuit”
the inherent corrosion resistance of a coating. For hardface or
wear-resistant coatings, porosity lowers coating hardness and con-
tributes to poor surface finishes, thus decreasing wear resistance.
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Fig. 6 Typical thermal spray coating defects
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Fig. 7 Particle impact states that create structural features
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Porosity in wear coatings can also lead to the generation of coat-
ing fragments that break away and become abrasive cutting
agents, increasing coating wear rates.

In many applications the rough, as-sprayed surface finish typi-
cal of thermal spray coatings must be machined before the coating
is put into service. Grinding often produces finishes below 1 wm
(40 pin.). On some bearing surfaces, coatings must be honed to
below 0.1 wm (4.0 pin.), producing mirrorlike finishes. High coat-
ing porosity prevents such finishes from being achieved and
results in surface pits and nonuniform, poorly machined finishes.

Despite lowering coating cohesion and/or corrosion protection,
coating porosity may not always be detrimental. Oil/grease-
impregnated or solid-lubricant bearings can be produced by creat-
ing 10 to 30% coating porosity into which lubricants can infiltrate.
Porosity is also usually desirable in ceramic thermal barrier coat-
ings (TBCs), widely used in aircraft and land-based turbines and
diesel engines. Thermal barrier coatings are generally composed
of oxide ceramics, which by themselves are inherently good ther-
mal insulators; the inclusion of 8 to 15% porosity further increases
their insulating properties. Porosity also increases thermal shock
and thermal cycling (fatigue) resistance. Medical implant prosthe-
ses are another useful application of porous coatings, where as
much as 40% porosity is intentionally included. Porosity is used in
implant coatings to allow bone matter to grow into the coating,
which accelerates patient healing and shortens recovery time.

Sources of Coating Porosity. Because porosity is such an
important microstructural feature, its origin must be understood
and controlled. Porosity can originate from the following:

e Material shrinkage on cooling from the liquid state

e Entrapped unmelted, partially melted, or resolidified particles,
which lead to voids

e Shadowing from these “unmelts,” creating line-of-sight voids
that are not filled by the spreading droplets
Poor intrasplat cohesion, leading to separation of splats
Poor wetting onto adjacent surfaces, or splats that can result
from cool or slow-moving particles or surface tension phe-
nomena

e Intersplat or intrasplat cracking

e High deposition angles that lead to shadowing or “snow drift-
ing”

e Ricochet of particles from masking and tooling that allows par-
ticles to cool before impacting with the coating surface
Shadowing from adjacent surfaces (masks)

Porosity inherent to the feedstock powder manufacturing
process

From this list, the most common source of coating porosity is
trapped, unmelted, or resolidified particles. Depending on the par-
ticle temperatures, the arriving droplets may cover the full range
of liquid to solid states. The liquid-state particles flow easily and
fill most voids, as illustrated in Fig. 7. Solid particles, some of
which are reflected from the solid surface, may adhere locally to,
or become trapped in, the rough finish of the coatings. These
“overspray” particles are not well bonded, nor are they in intimate
contact with the underlying splat, which creates voids that are not
open to direct line-of-sight. As stated before, thermal spray is a
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line-of-sight process; hence, the next arriving particles cannot fill
voids adjacent to trapped solid particles. This is shown in Fig. 1,
6, and 7. In other cases, even in the same instant, some solid + lig-
uid (i.e., partially molten) particles may deform and be completely
densified, provided sufficient liquid is available to fill any voids
that form around the small amount of existing solid core. It is also
possible that partially melted particles act similarly to solid parti-
cles, leaving trapped voids around their solid portions.

The angle of impingement of the spray stream is another source
of porosity, because of “shadowing.” Figure 8 illustrates the type
of shadowing generally associated with coatings sprayed at angles
below 45° from the optimal “normal” angle of incidence. Coating
porosity decreases (i.e., density increases) as the angle of spray
approaches 90°, that is, normal to the surface being coated. It fol-
lows that more advanced coating systems are sprayed with tighter
tolerances on fixture alignment. Plasma coatings may be sprayed
at + 15°, whereas low-end coatings may be sprayed at +30°. Fig-
ure 8 shows how surface protrusions build up and then shadow
interstices or voids adjacent to, and behind, the protrusions. These
protrusions produce even more shadowing, particularly as the
angle of incidence is lower relative to the surface, that is, <90°.

Masking, tooling or edges, and corner radii may also contribute
to localized porosity, as shown in Fig. 9. Colder, solid particles
that may normally be blown from the surface by the process or
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Fig. 9 Porosity created by masking interference

cooling air jets may ricochet off tooling and masking back into the
deposit. The trapped solid particles lead to high, but localized,
porosity. One notable exception to this rule is the high kinetic
energy spray processes, for example, high-velocity oxyfuel
(HVOF). In these cases, although deposition efficiency (DE)
decreases as the spray stream is moved off-axis, the coating qual-
ity is maintained over a wider range of impingement angles. With
HVOF, good coatings can be produced at angles up to 45° off-
axis.

Porosity may also be caused by thermal stresses that can result
in localized coating shrinkage, or by intersplat oxidation layers
that pull themselves apart during cooling. In these cases, the next
liquid droplets that impact cannot fill the voids, leading to poros-
ity. Oxides can cause porosity due to poor wetting during splat
spreading, which leads to lifting of the splat edges, producing
voids. Residual stresses, caused by shrinkage or differences in
coefficient of thermal expansion, can add to these local splat
effects or act on a larger scale, leading to macrocracking or inter-
splat cracking of the coating.

Finally, metallographic preparation significantly influences the
interpretation of coating quality. The heterogeneous nature of
most coatings makes the polishing of them very difficult. Pullout
or fracturing of hard phases and poorly adhered splat sections is a
common source of porosity in both metallographic samples and in
ground and machined coating surfaces. See the article “Metallog-
raphy and Image Analysis” for more detailed information.

Porosity control is largely a function of particle size distribu-
tion, the method of powder manufacture, the degree of melting of
the sprayed droplets, and their angle of impact. With these factors
controlled, coating porosity can be managed. Particle melting is
controlled by:

Jet temperature and enthalpy distribution

Jet/particle heat-transfer effectiveness, jet/gas properties
Particle size and size distribution

Particle morphology

Particle thermal properties

Particle dwell time

Particle trajectory distributions

In the case of electric arc spray, voltage, current, and atomiza-
tion gas flow

These factors largely determine the molten state of particles on
impact and the degree of particle oxidation prior to the impact of
the next particle, which, as discussed previously, controls the final
coating porosity levels.

Summary. This section has briefly introduced the thermal
spray process and focused on the microstructural aspects of coat-
ings. These microstructural features include splat formation,
porosity, and inclusions.

Arriving particle/droplet velocity distributions strongly influ-
ence porosity formation. The droplet impact energy, as deter-
mined by the particle velocity and mass, is used to deform each
particle or droplet. In the case of liquid droplets, the impact energy
spreads the liquid interface into surface voids and around surface
irregularities, further enhancing deposit cohesion. On the other
hand, solid or partially melted particles are plastically deformed



on impact. Thus, it can be seen that higher particle velocities lead
to greater particle deformation and therefore better closing of
intersplat voids. The high-velocity, higher-impact energies also
break up oxide inclusions, leading to improved intersplat cohesion
and lower oxide-related porosity. Therefore, depending on the
desired coating structure, higher particle velocities—produced by
higher jet velocities—improve coating density by mechanical
(kinetic) energy, not thermal energy, by forcing porosity closure.

Finally, porosity attributed to line-of-sight limitations, the
inclusion of solid particles, and/or deposit incidence angle effects
can be managed by:

e Maintaining close-to-normal deposit angles, staying above 30°
relative to the surface

e Using higher surface speeds to minimize localized substrate
overheating

e Using properly designed masking and substrates to minimize
inclusion of reflected particles

Thermal Spray Coating Properties

Thermal spray coatings are used to address an ever-increasing
variety of surfacing needs. Their properties are usually expressed
in terms of:

Bond strength

Hardness

Corrosion/oxidation resistance

Thermal properties

Electrical properties, such as conductivity, resistivity, and

dielectric strength

e Magneto-optical properties, such as absorptivity and reflectiv-
ity

e Machinability for finish

The relative importance of these properties is based on the
intended coating function. As reviewed above, coating character-
istics such as porosity, splat cohesion, and oxide content all have
significant bearing on these properties.

Bonding of the coating to the substrate and cohesion between
consecutive splats is affected, in rough order, by:

e Residual stresses within the coating

e Melting and localized alloying at the contact surfaces between
particles and between the substrate and adjoining particles

e Diffusion of elemental species across splat boundaries
Atomic-level attractive forces (van der Waals forces)
Mechanical interlocking

Measurable bond strength is controlled by residual stress in the
coatings. Typically, even where coating failure appears to occur at
the coating/substrate interface, residual coating material is found
adhered to the substrate. Coating adhesive and cohesive failures
are usually attributable to stresses within the coating structure.
Most coating failures occur at the coating/substrate interface,
because that is where the greatest discontinuity exists in the mate-
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rials system. Where the materials are compatible and the surfaces
properly prepared, adhesion between the first splat layer and the
substrate is extraordinary, due to the phenomena listed previously.
Surface roughening is generally used to increase surface area,
which increases the probability that these favorable interactions
will occur.

Mechanical interlocking, as illustrated in Fig. 10, has been
viewed historically as the main mechanism of thermal spray coat-
ing adhesion. Mechanical interlocking can play a part in coating
adhesion and cohesion when the surfaces being coated have fea-
tures that allow molten material to flow into and fill negative relief
or where the part has negative relief, as with shafts. In this case,
the bond between the impacting particles and the surface is estab-
lished largely through the impact of particles that flow and solid-
ify around the substrate surface asperities. Substrate asperities
with negative relief can be formed prior to coating by grit blasting
and other mechanical surface preparation techniques, or by
process-induced irregularities on the actual coating surface.

Oxides, dirt, and/or oils on the substrate usually interfere with
splat formation and will reduce or prevent local bonding. The
degree of coating bonding determines its reliability under mechan-
ical or thermal loading. Hence, surface preparation, cleaning, and
roughening are very important steps prior to thermal spraying.
Coating bonding continues to be one of the largest sources of coat-
ing failure. Many failures result from overlooking the substrate
design, incorrect material selection, and improper design of the
processing steps.

After deposition of the initial coating layer, which is in direct
contact with the base material, splats of the next coating layer
bond through what is termed ‘“cohesion” as new droplets impact
on previously solidified particles. Cohesion is simply adhesion
between splat particles. The coating strength is largely determined
by its cohesive strength (controlled by many of the same bonding
factors as for base material/coating), but is also influenced by
porosity, oxide inclusions, and unmelted particles within the
deposit. Unmelted particles lower the splat-contact area, which
reduces particle cohesion and locally decreases heat transfer, lead-
ing to local coating inhomogeneities. Localized cohesive failures,
caused by poor bonding, thermal cracking, and poor wetting

Bond interface

Substrate

Fig. 10 Interlocking of coating particles
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between particles, ultimately determine the net strength and phys-
ical properties of a coating. Although thermal spray coatings
exhibit limited ductility or toughness, they have intrinsically high
strengths and often exhibit high hardnesses.

Bond strength is typically measured in accordance with ASTM
C 633-01 (“Standard Test Method for Adhesion or Cohesion”).
This technique is limited by both technique and the strength of the
adhesive used for the test. The structural adhesives used are lim-
ited to ~83 MPa (~12 ksi). Thermal spray coatings have measured
bond strengths ranging from 7 to 83 MPa (1 to 12 ksi) using
ASTM C 633. In some cases, the actual bond strengths may
exceed the strength of the base metal. As a general rule of thumb,
the values indicated by ASTM C 633 are an order of magnitude
lower than the actual coating bond strength.

Coating behavior is ultimately the average of all the localized
structural features and properties. Porosity, oxide inclusions, splat
cohesive contact, and various phase inclusions all contribute to
coating macroproperties and thus define its suitability for a given
application.

Thermal Spray Materials

Generally, materials that are suitable for thermal spray process-
ing are stable at elevated temperatures. Materials that dissociate,
decompose, or sublime tend to be poor candidates for coatings.
Thus, most metals, intermetallics, alloys, all forms of ceramics
(including oxides, borides, silicides, etc.), cermets, and some
polymers are sprayable by one or more of the thermal spray
processes. Again, these materials are usually supplied in powder,
wire, or rod form.

Coating Functions

The flexibility of thermal spray processing offers the possibility
of applying coatings of almost any material onto almost any sub-
strate to address a wide range of applications. The following is a
brief list of common applications. This list is in no way complete.
Once the attributes of the various thermal spray methods are known
and their effects on coating or materials structures are understood,
then only one’s imagination limits the use of thermal spray.

Wear Coatings. Tribology, the scientific study of wear phe-
nomena, is a complex discipline in its own right, and there are myr-
iad wear mechanisms. Thermal spray coatings have been employed
to address many of these wear mechanisms, including abrasion,
erosion, cavitation, galling, fretting, and more. Because thermal
spray can deposit unconventional materials, more than one aspect
of wear can be addressed by a single coating since other physical
properties can be included in the coating. Cermets can be used to
combine wear resistance with thermal conductivity. Nonstick and
low coefficient of friction materials can be combined with hard
coatings. Self-lubricating materials can also be deposited. Corro-
sion- and wear-resistant materials can be combined. Coating hard-
nesses can be engineered, ranging from the low 20s through the low
70s HRC. Oxides and carbides are common wear-resistant materi-

als, with chromium oxide and tungsten-carbide/cobalt (WC/Co)
cermets being the two most common coatings.

Thermal Insulation. Thermal barrier coatings are usually made
from low-thermal-conductivity zirconium and/or aluminum
oxides, which are deposited to reduce heat conduction to base mate-
rials. These insulating oxide coatings can also reduce heatloss, ther-
mal transient effects, and high-temperature oxidation/ corrosion
effects by lowering the temperature of the coated base metal. Ther-
mal spray processes usually introduce controlled levels of porosity
and microcracking, which further enhance the insulation of the
coating and increase its thermal shock resistance. The most com-
mon of these is YSZ, which is actually a partially stabilized zirconia
(PSZ) form of the material usually containing 8 wt% yttria.

Corrosion Resistance. Corrosion protection is usually pro-
vided by more noble metals, chemically inert ceramics, or plastics,
all of which can be thermally sprayed onto parts to protect against
environmental, atmospheric, acidic, or caustic corrosion. Porosity
is of more concern in corrosion coatings than most applications.
Interconnected porosity can short-circuit the corrosion protection,
which requires thermally sprayed coatings to be impervious.
High-energy thermal spray coatings are particularly well suited
for corrosion applications because they characteristically exhibit
small, isolated porosity, usually <1%. Common materials used for
corrosion control include zinc, pure aluminum, nickel-base alloys,
and copper-nickel alloys.

Abradables and Abrasives. Abradable coatings are most
often applied in gas turbine engines for clearance control at the
tips of rotating turbine blades. Blade tips are designed so that they
are able to cut grooves in the relatively soft coating. The blade/seal
labyrinth creates a gas-path seal that increases engine performance
by preventing gases from bypassing the blades. These coatings are
typically nickel/graphite, nickel/bentonite, aluminum/polyester,
or other hard/soft material combinations. Abrasion-resistant mate-
rials, such as ceramics and carbides, may be applied to the blade
tips directly or in a matrix to reduce wear as the tips rub against the
abradable coating.

Electrically Conductive Coatings. Thermal spray is often
used to create conductors for contacts, electrical connections,
heating elements, electromagnetic and radio frequency interfer-
ence (EMI/RFI) shielding, and so on. Conductive materials
include silver, copper, aluminum, tin alloys, and bronze alloys.
Typical conductivities of these sprayed metals are reported to be
40 to 90% of their wrought material counterparts, depending on
the spray coating method used. Silicon bronze, zinc, and babbitt
are used for interference shielding to protect sensitive electronic
devices from EMI/RFI. Unusual conductors sometimes sprayed
include aluminum titanate, barium titanate, molybdenum disili-
cide, and other ceramic compounds. Thermal spray has seen lim-
ited use for the deposition of superconducting materials. These are
materials that have zero resistance at low to intermediate temper-
atures of 77 K (=320 °F), for example, 1-2-3 YBaCuO, Cu/Nb,Sn,
and Nb,Sn.

Electrically Resistive/Insulating Coatings. The most com-
mon electrically insulating materials used in thermal spray are alu-
mina compounds, including pure alumina, alumina/titania, mul-



lite, aluminum silicate, and so forth. These coatings can be found
in communications devices and surgical instruments, among many
other applications.

Dimensional Restoration Coatings. Thermal spray had its
beginnings in shaft and roll coatings, which were mostly restora-
tive (repair) applications. Simple iron and steel coatings are used
to restore worn shafts and journals and roll surfaces. Using elec-
tric arc spray techniques, coating thicknesses of up to several mil-
limeters can be applied.

One unusual application is the repair of aircraft skins using
plasma arc sprayed pure aluminum as a filler for scratches and
dents. This simple, but effective repair technique saves the great
expense of removing and replacing aircraft panels, which are often
structural members.

Medical coatings are divided into two categories: bioactive
and biocompatible. Both coating types are used for implant pros-
theses. Biocompatible coatings are typically porous titanium
applied to titanium alloys; new bone tissue grows into the poros-
ity and secures the implant. Bioactive coatings are typically some
form of calcium phosphate, including tricalcium phosphate and
hydroxyapatite. These coatings emulate the characteristics of nat-
ural bone such that new bone growth attaches to the implant and
eventually resorbs—that is, replaces—the coating. Both types of
coatings are intended to speed patient recovery and extend usable
implant life. Dental implants and other orthopedic devices are also
coated in this way.

Polymer Coatings. Many polymers can be thermally sprayed
for use as protection against chemical attack, corrosion, or abra-
sion. Unlike inorganic coatings, many polymer coatings exhibit
properties equal to, or greater than, their cast or molded counter-
parts. Powder flame spray is the most common technique used to
produce polymer coatings. Low-melting (glass transition temper-
ature, Tg) polymeric materials such as polyvinyl chloride, ethylene
vinyl acetate, and nylon coatings are the most easily sprayed.

In summary, thermal spray coatings have become critical to
enhancing the performance of many base materials used in space-
craft, aircraft engines, gas turbines, chemical reactors, metalwork-
ing mills, textile guides, bridges, pumps, compressors, medical
prostheses, and even household items such as frying pans and toi-
let seats. An important surfacing method, the technology is heav-
ily relied upon by manufacturers to provide wear, corrosion,
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and/or thermal protection; to improve electrical properties; and/or
to refurbish and maintain many products. Historically, thermal
spray has been used as a coating technology. However, recent
process developments now extend thermal spray to the production
of freestanding structures, composite metal structures, metal/
ceramic-matrix materials, superconducting oxides, and near-net-
shape parts. Thus, thermal spray has become more widely used as
a materials processing technology for a broad range of manufac-
turing applications.

The next article in this Section of the Handbook reviews differ-
ent deposition processes, operating parameters, and the influence
of process parameters on coating microstructures. Improved ther-
mal energy transfer to particles, increased particle dwell times,
properly selected particle sizes for a particular process, and con-
trolled particle/environment interactions all lead to lower coating
porosity and improved coating mechanical properties.
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THERMAL SPRAY is a group or family of processes that uses a
concentrated heat source to melt feedstock materials while impart-
ing kinetic energy, using process jets to propel the molten particu-
lates toward a prepared surface. When the hot energetic particles
impact the surface of the part being coated, they rapidly solidify. As
subsequent particles impact the surface, a deposit thickness is built
up. Central to the process are the heat source and means used to
accelerate the particulates. Thermal spray devices used to accom-
plish this work are commonly called guns or torches.

Thermal energy for spraying may be generated chemically,
through the combustion of fuels with oxygen or air, or through the
electrical heating of industrial gases. These are the most common
heat sources. Radiofrequency (RF), or induction-coupled plasma,
torches have been used since the early 1960s. In these devices, the
plasma is generated by imposing an RF field onto the gas stream.

The most practical means of producing the kinetic energy
needed to propel molten particles is to constrict or focus the
process gas stream through a nozzle. Gas jets are able to heat
and/or accelerate the droplets by confining the particulates to the
jet where they can be heated and accelerated. Feedstock sources
for the coating can be gases, liquids, or solids; however, solids
such as powders, wires, or rods are most compatible with both the
ranges of materials used and the processes used in thermal spray-
ing. Energy can be applied either directly to the materials, as in

electric arc spraying, or indirectly, as in flame or plasma jets. This
article presents the major thermal spray processes and their sub-
sets, presenting each of the commercially significant processes
together with some of their important variations. Each process is
presented along with the attributes that influence coating structure
and performance. The essential equipment components and the
necessary controls are also summarized. New and emerging ther-
mal spray processes are introduced at the end of this article. Table
1 summarizes the thermal spray processes and lists some of the
specific important process attributes and the resulting coating
characteristics. A classification scheme for thermal spray pro-
cesses can be found in the article “Introduction to Coatings,
Equipment, and Theory” in this Section of the Handbook (refer to
Fig. 2 in the aforementioned article).

Flame Spray

Process Characteristics. Conventional flame spray was the
first thermal spray process developed (~1910) and is still in com-
mon use. Modern torches have changed little since the 1950s.
Flame spray uses the chemical energy of combusting fuel gases to
generate heat. Oxyacetylene torches are the most common, using
acetylene as the main fuel in combination with oxygen to generate

Table 1 Thermal spray process comparisons
High-velocity Detonation Radiofrequency

Attribute Flame spray oxyfuel gun Wire arc Air plasma Vacuum plasma plasma

Jet

Jet temperature, K 3500 5500 5500 >25,000 15,000 12,000 10,000

Jet velocities, m/s 50-100 500-1200 >1000 (>3300) 50-100 (160-300) 300-1000 200-600 (700-2000)  20-80 (70-300)
(ft/s) (160-300) (1600-4000) (1000-3300)

Gas flow, sLm 100-200 400-1100 N/A 500-3000 100-200 150-250 75-150

Gas types O,, acetylene CH,, C;H¢, H,, O, O,, acetylene Air, N,, Ar Ar, He, H,, N, Ar, He, H, Ar, He, H,

Power input, kW 20 150-300 N/A 2-5 40-200 40-120 40-200 (plate)
equiv.

Particle feed

Particle temperature 2500 (4500) 3300 (6000) N/A >3800 (>6900) >3800 (>6900) >3800 (>6900) >3800 (>6900)
(max), °C (°F)

Particle velocities, ~ 50—100 (160-300) 200-1000 N/A 50-100 200-800 200-600 20-50 (70-160)
m/s (ft/s) (700-3300) (160-300) (700-2600) (700-2000)

Material feed rate, 30-50 15-50 N/A 150-2000 50-150 25-150 20-50
g/min

Deposit/coating

Density range (%) 85-90 >95 >95 80-95 90-95 90-99 95-99

Bond strength, MPa 7-18 (1-3) 68 (10) 82 (12) 10-40 (1.5-6) <68 (<10) >68 (>10) >68 (>10)
(ksi:)

Oxides High Moderate Small Moderate to high  Moderate to coarse None None

to dispersed




the highest combustion temperatures. Powders, wires, or rods are
introduced axially through the rear of the nozzle into the flame at
the nozzle exit. The feedstock materials are melted and the parti-
cles/droplets accelerated toward the substrate surface by the
expanding gas flow and air jets.

Figure 1 illustrates a typical powder flame spray gun. In con-
ventional flame spray torches, a jet of fuel and oxygen is com-
busted at the front of the torch, external to the nozzle. In some
designs, a constricting flow of air is fed through a concentric set of
holes at the nozzle exit and is used to pinch the expanding gases,
generating a higher-temperature combustion zone. The flame
spray torch consists of gas distribution passages through the noz-
zle and mixing orifices at the nozzle end. Nozzles are used to
shape the spray pattern. Air caps are added to wire- and rod-fed
torches, producing a concentrated air jet to atomize the molten
wire or rod tip. Wires or rods are mechanically fed through the
center of the nozzle into the heating zone. Oxide and metal rods
and wires can be used as coating feedstock. Figure 1 also illus-
trates this design. One significant advantage of wires and rods over
powders is that the degree of melting is significantly higher, pro-
ducing denser coatings. In addition, the atomizing air produces
finer droplets, which in turn produce finer, smoother coatings.

In flame spray processes, fuel/oxygen ratio and total gas flow
rates are adjusted to produce the desired thermal output. Optional
air jets, downstream of the combustion zone, may further adjust
the thermal profile of the flame. Jet gas speeds typically are below
100 m/s (330 ft/s), generating particle speeds up to 80 m/s (260
ft/s) before impact. Externally combusted, or open-flame, jet tem-
peratures are generally above 2600 °C (4700 °F) and are con-
trolled by the combustion temperatures of the fuel/oxygen mix-
tures and the mixing patterns of the combustion gases with the
surrounding air. The temperature curves for fuel gases are para-
bolic in shape and centered roughly around the stoichiometric
ratio with oxygen. Adjusting the fuel/oxygen ratio, either side of
stoichiometry, will cool the flame. The reason behind the adjust-
ment is to make the flame either oxidizing or reducing, as the feed-
stock material and application dictate. Flames are set to be reduc-

Nozzle

\

Restricting air
(optional)

Combustion flame

Pressure regulators Rotometer flow controls

Fig. 1 Powder flame spray system
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ing (fuel-rich) for most metal spraying in order to minimize oxi-
dation. Generally, flame spray torches are designed to scavenge
part of the oxygen needed for combustion from the atomizing air
or cooling air jets. This design further helps produce metal coat-
ings with lower oxides.

Flame spray is capable of depositing a wide range of materials,
ranging from polymers to ceramics and refractory metals.

Equipment. Powder is fed into these spray torches in one of
two ways: by carrier gases or by gravity. Gravity-fed devices have
powder canisters or bottles mounted directly to, and on top of, the
torch. Powder feed rate is controlled by a pinch valve that meters
powder into the body of the torch, where it is aspirated by the
gases flowing through the torch. Carrier-gas-fed units use exter-
nally mounted powder feeders. Powder feeders (which are dis-
cussed later in this article), use a carrier gas stream to transport the
powder from the feeder through a hose to the spray torch. Carrier
gases used for flame spray are commonly air or nitrogen.

Wire- and rod-fed devices use air turbines built into the torch
that power the drive rolls, which pull feedstock from the source
and push it through the nozzle.

Components. The key components of a typical flame spray
system are:

Gas supply

Air supply

Gas hoses

Gas regulators for oxygen, fuel, and air

Rotameters for gas flow control

Flashback arrestors at the gun and regulators

A flame spray gun comprising a torch body, nozzle, and atom-
ized air cap

e Feedstock delivery system comprising a powder feeder, pow-
der hopper, and air turbine drive for wires and rods

Coating Characteristics. Flame spray processes typically
yield coating densities ranging from 85 to 98%, depending on the
coating material and particular technique. Lower jet temperature
and velocities used in flame spray have been shown to contribute
to these lower deposit densities. Figure 2 shows some typical
microstructures of flame sprayed metal, ceramic, and polymer
coatings. Note the relatively coarse microstructures of the splats
and the relatively high porosity levels. Oxide inclusions in metal-
lic deposits result from the oxidizing condition of the flame spray
process, which causes a high degree of droplet/atmosphere inter-
action. The polymer coating structure shows a very dense, well-
bonded surface layer. This structure is a result of fusing after, or
coincidental with, deposition.

Detonation Gun

Process Characteristics and Equipment. The design of con-
ventional flame spray processes limits their ability to produce
dense (<2% porosity), well-bonded coatings. Detonation guns,
however, produce higher thermal and kinetic energy jets by con-
fining the combustion within a tube or barrel into which powders
are introduced. This design produces greater heat and momentum
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transfer to the powder particles. D-Gun (developed by Union Car-
bide, now Praxair Surface Technologies, Inc., Indianapolis, IN)
was the first and most widely known form of detonation gun pro-
cessing. D-Gun is a proprietary process; however, other forms of
detonation spraying are now becoming commercially available.
Detonation spray is illustrated schematically in Fig. 3.

In detonation spraying, an explosive mixture of fuel, oxygen,
and powder is introduced into a long tube/barrel and ignited by a
spark plug. The resulting detonation-pressure wave heats and
accelerates the entrained powder particles, which travel down the
water-cooled barrel toward the substrate. Nitrogen is used to purge
the barrel, between detonations. The cycle of purging, injection,
and detonation is repeated at a frequency of 3 to 6 Hz. Detonation
spray processes are hotter and yield longer particle dwell times
than conventional flame spray. The frequency and noise levels
(145+ dBA) associated with detonation spraying require that they
be confined to acoustical enclosures. High particle velocities,
greater than 800 m/s (2625 ft/s), are generated. These high parti-
cle velocities have been shown to improve particle deformation
and increase particle/coating bonding, eliminating much of the
porosity typically found in conventional flame sprayed coatings.

Coating Characteristics. Figure 4 shows typical WC/Co cer-
met and oxide coating microstructures produced by D-Gun. Note
the finer, thinner splat features compared to conventional flame
spray; note also the lower oxide content of the cermet coating.
Lower oxides are the result of the fine particles being protected by

the combustion gas environment of the extended barrel and the
reduced dwell time. This protective environment prevents the
sprayed particles from the oxidation typical in conventional flame
spray in open atmosphere during heating and acceleration.
D-Gun versus Other Thermal Spray Processes. Although
other processes, such as high-velocity oxyfuel and high-energy
plasma, have been able to produce coatings comparable to deto-
nation spray, D-Gun has been the standard for comparison since
the late 1950s. When compared to flame and plasma sprayed coat-
ings, it has been shown that detonation sprayed WC/Co coatings
have a higher degree of retained carbides. The higher retained car-
bide is due to the reducing atmosphere of the confined combustion
zone in the barrel and the shorter dwell time. Detonation sprayed
coatings are among the densest and hardest of all thermally
sprayed materials. For these reasons, many wear coatings in com-
mercial aircraft engines are specified for the D-Gun process.

High-Velocity Oxyfuel Spray (HVOF)

Process Characteristics. The HVOF spray process was
invented in 1958 by Union Carbide (now Praxair Surface Tech-
nologies, Inc.) but did not become commercially significant until
the early 1980s when the JetKote (Deloro Stellite, Goshen, IN)
system was introduced by James Browning. The HVOF spray
process is similar, in some respects, to detonation spray. Like det-

(©

Fig, 2 Typical thermal spray microstructures, showing general coating structures. (a) NiCrBSiC/Colmonoy 72 spray and fused, flame spray coating. (b) Zirco-
nia, plasma sprayed. (c) Polymer, flame sprayed. Courtesy of Wall Colmonoy, Plasma Technik, and UTP, respectively
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Fig, 3 Detonation gun system (D-Gun). Courtesy of Praxair Surface Tech-
nologies

Fig, 4 Typical D-Gun coating microstructures. (a) WC/Co. (b) Al,O,/TiO,.
Courtesy of Praxair Surface Technologies
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onation spray, HVOF has an extended internal-confined combus-
tion. Unlike detonation spray, however, HVOF operates on a con-
tinuous, steady-state basis.

In principle, high-volume combustible gases are fed into a com-
bustion chamber, feeding into an 8 to 30 cm (3 to 12 in.) long con-
fining nozzle (barrel) through which the combusting gases exit the
device. The sheer volume of gas flow, coupled with the high tem-
perature of combustion, creates gas velocities in the 1525 to 1825
m/s (5000 to 6000 ft/s) range at the nozzle exit. High-velocity oxy-
fuel gases used include hydrogen, propylene, propane, acetylene,
and kerosene; trademark gases such as MAPP (methylacetylene-
propadiene-stabilized gas), Apache, and Crylene are also used.

It is important to note that there are two distinct classes of high-
velocity combustion spray devices, divided according to their
combustion chamber pressure. The first class, better fitting the
term high velocity, is characterized by chamber pressures exceed-
ing 241 kPa (35 psi) and heat inputs of nominally 527 MJ (500,000
Btu). The second class would be better termed hypervelocity,
operating nominally at 620 to 827 kPa (90 to 120 psi) with ~1 GJ
(~1 million Btu) input, and is typically fueled with kerosene.
Kerosene-fueled guns use either air or oxygen to support combus-
tion.

High-velocity oxyfuel guns have air- or water-cooled combus-
tion chambers that combust the fuel/oxygen mixtures under pres-
sure and accelerate the resulting flame/gas stream down a con-
fined, cooled tube or nozzle. Powders, borne by a carrier gas, are
fed into the nozzle, where particles become entrained into the con-
fined, high-pressure flame/jet.

Figure 5 illustrates the basic features incorporated into an inter-
nal combustion HVOF design: water cooling, particle injection,
and a nozzle to produce supersonic expansion of the combusting
gases. Particle heat transfer and efficiency increase with dwell
time by this design. The high gas velocity generated by HVOF,
much higher than in conventional flame or plasma spray, has been
shown to increase particle velocity, with a corresponding increase
in coating density and coating adhesion. Lower average particle
temperatures, compared to plasma spray, reduce the degree of par-

Powder injector i
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or Water in
Combustor  (for most designs)

Water out

oxygen” K pyg (C4Heg, Hs, etc.)

Fig. 5 High-velocity oxyfuel gun features
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ticle melting and oxidation. Despite the lower average particle
temperatures, high coating densities are still achieved through
HVOF high particle impact velocities, which deform particles that
may not have been well melted. Some particle heating occurs on
impact from the conversion of kinetic energy into thermal energy,
which further aids in producing dense coatings.

Generally, HVOF processes are used to deposit dense, hard
cermet coatings of WC/Co or Cr,C,/NiCr. Many uses have been
found, however, for HVOF sprayed metallic coatings. MCrAlY
coatings are being applied to aircraft turbine blades by oxy-
kerosene HVOF spray.

Equipment. Apart from the guns themselves, HVOF process
equipment is similar to that used for conventional flame spray.
However, HVOF guns that employ internal combustion require
active cooling systems.

Components. Key HVOF components include:

e Oxygen, fuel gas, and powder carrier gas circuits consisting of
a high-volume gas supply, high-pressure gas hoses, high flow
gas regulators for oxygen and fuel, high flow gas controls, and
flashback arrestors at the gun and regulators

e An HVOF spray gun comprising a torch body, combustion
chamber, powder injector, and nozzle
Water- or air-cooling circuits
Feedstock delivery: high-pressure powder feeder
Safety interlocks and console purging

Kerosene-fueled guns require additional controls, such as liquid
fuel pumps and high-volume air, to support combustion and/or
cooling for some gun designs.

There are several important differences between conventional
flame spray and high-velocity guns. Cooling circuits are the most
obvious difference. The high enthalpy of HVOF guns results in
high thermal stresses and oxidation of gun components, particu-
larly the combustion chamber and nozzle. Appropriate choice of
component materials and attention to design are necessary to pre-
vent water from boiling in the gun. Combustion chamber materials
need to be resistant to oxidation, particularly in kerosene-fueled
devices. Nozzles are typically oxygen-free, high-conductivity
(OFHC) copper or high-copper alloys that approach OFHC proper-
ties. Because of the high enthalpy and velocity of the jet, the noz-
zles are typically polished internally to prevent powder buildup
within the nozzle. Water-cooling passages are designed to mini-
mize pressure drops, which would result in rapid boiling of the
cooling water. (Boiling reduces heat transfer to the water, resulting
in oxidation of the gun components, which further reduces heat
transfer. Reduced heat transfer on the water side of the component
usually results in powder buildup and nozzle melting on the flame
side.) Powder feed rate control is also critical in HVOF processes,
more so than in conventional flame spray. This is due primarily to
the fact that HVOF devices are more sensitive to the volume of
powder being injected into them. In high-velocity (low-pressure)
designs, volumetric feed rate is limited to approximately 6 to 9
cm?/min (0.37 to 0.55 in.3/min).

High-velocity oxyfuel guns are separated into four major
designs:

e Axially aligned combustion chambers and nozzles, where
gases are supplied through a mixer into the combustion cham-
ber. Carrier gas and powder particles are injected into the com-
bustion chamber through a powder port in the center of the
mixer face.

e Combustion chambers that feed hot gases through a right-
angle connector into the nozzle. Powder is injected through a
port in the rear face of the connector, which centers the pow-
der stream within the nozzle.

e An adaptation of conventional flame gun design, where com-
bustion may or may not be confined by a water-cooled nozzle
into which a stream of powder with carrier gas is injected

e High-pressure, kerosene-fueled systems with radial injection
of powders downstream of the combustor exit

Figure 6 illustrates these various designs, showing the major dif-
ferences between them. (Compare these with the detonation
process shown in Fig. 3.) Each design has both strengths and lim-
itations. All of the designs produce high-quality WC/Co coatings.
The axial design shown in Fig. 6(a) is particularly well suited for
spraying ceramic materials and chromium carbide. The designs
depicted in Fig. 6(b) to (d) are better suited for spraying metals.

As mentioned previously, gas flow rates are much higher in
HVOF processes than in conventional flame spray. In low-
pressure HVOF, hydrocarbon fuel gas flows are nominally 66 sLm
(140 scfh), with oxygen flows of nominally 283 sLm (600 scfh).
Hydrogen flow rates are typically in the range of 660 to 850 sLm
(1400 to 1800 scfh). In high-pressure systems, kerosene is fed at
nominally 23 to 26 L/h (6 to 7 gal/h), with oxygen at nominally
944 sLm (2000 scfh) or air at 4.2 m3*min (150 scfm). The high-
velocity gas flows, coupled with longer nozzles, accelerate the
gases and powder particles to velocities much closer to the gas
velocity than in other thermal spray processes.

The gas exit velocities are so high that most HVOF processes
exhibit clearly noticeable “shock” diamond patterns in the gas jets,
characteristic of the supersonic nature of the jet. These shock pat-
terns are similar to those seen in high-performance jet-engine
exhausts using afterburners. The number of shock diamonds,
although associated with gas velocity, is not an accurate indication
of the Mach number (the gas velocity relative to the local velocity
of sound). These extreme velocities also generate extreme noise.
Noise levels for low-pressure HVOF systems are ~125+ dBA
(typical of high-energy plasma), whereas the high-pressure HVOF
systems (most notably, kerosene-fueled guns) operate at 133+
dBA.

Coating Characteristics. High-velocity oxyfuel coating prop-
erties are reported to be comparable to those of detonation
gun coatings, particularly for carbide and oxide coatings. High-
velocity oxyfuel sprayed coating density, adhesion, and oxide
contents also compare favorably with high-energy, plasma
sprayed coatings. High-velocity oxyfuel coating bond strengths
usually exceed ASTM C 633 (“Standard Test Method for Adhe-
sion or Cohesion”), which is limited by the adhesive to ~8§3 MPa
(~12 ksi). Porosity is typically reported at less than 1%. Composi-
tional analysis of HVOF WC/Co coatings show that, compared to



plasma spray, only a small amount of WC decomposition (to
W,C) occurs, preserving the intrinsic high hardness values of the
material. Table 1 summarizes the attributes of HVOF, including
the higher particle velocities and the lower particle temperatures,
compared to conventional flame spray and plasma spray. One
characteristic of HVOF processes, particularly the high-pressure,
kerosene-fueled guns, is some control of residual stress. Parame-
ters that generate high combustion chamber pressures have a
strong tendency to produce compressive stresses in the coatings,
which are beneficial to the function of most coatings. However,
high residual stress comes with a price. The deposition efficiency
(DE) of kerosene-fueled HVOF guns is much lower than that of
conventional HVOF guns. The DE for conventional HVOF guns
range from 50 to 70%, whereas the DE for kerosene-fueled guns
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Fig. 6 Operational principles of several commercially available high-veloc-
ity oxyfuel thermal spray guns. (a) HV-2000. (b) JetKote. (c) Diamond
Jet (D-)). (d) JP-5000
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ranges from 35 to 50%. It would appear that the upper (coarser)
portion of the feedstock powder size distribution is lost. It is also
apparent, from the DE and microstructure, that the larger particles
play some part in peening the coating, which helps to produce
the compressive residual stresses. Figure 7 shows some examples
of HVOF coating microstructures, depicting the finer oxide dis-
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Fig, 7 Typical high-velocity oxyfuel coating microstructures. (a) Nickel. (b)
Alumina. (c) WC/Co. Courtesy of Thermal Spray Technologies
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persions, denser and finer splat structures, and the high carbide
retention.

Electric Arc Spray

Process Characteristics. The consumable, two-wire electric
arc spray (also called twin-wire arc, arc spray, or wire arc spray)
method was originally developed by M.U. Schoop in approxi-
mately 1910, but the process did not gain wide commercial accep-
tance until the early 1960s. (The historical development of thermal
spray processing is discussed in the article “Introduction to Ther-
mal Spray Processing” in this Handbook.) Unlike the other ther-
mal spray processes, which indirectly heat the particles using
heated gas jets, electric arc spray processes use a direct-current
(dc) electric arc, struck between two consumable electrode wires
to effect direct melting. An electric arc is formed in the gap
between the wire tips as the two wires are continuously fed
together. The process is shown schematically in Fig. 8. Because
the wires are melted directly by the arc, the thermal efficiency of
the electric arc spray process is considerably higher than that of
any other thermal spray process. A high-velocity air jet located
behind the intersection of the wires shears away the molten metal
that continuously forms as the wires are fed into the arc and
melted. The high-velocity airflow ranges from 0.8 to 1.8 m3/min
(30 to 65 scfm). As the molten metal shears from the wires, it
atomizes, or breaks up, the material into finer particles, creating a
fine distribution of molten metal droplets. The atomizing air is also
used to accelerate the particles toward the substrate surface, where
the molten particles impact, deform, and solidify to build up a
coating. Unlike flame or plasma spray, however, the droplets are
already molten when the material is picked up and entrained in the
jet, and unlike other processes, the particles begin to cool imme-
diately after leaving the arc zone. In order to minimize oxidation
in the electric arc spray process, the dwell time needs to be short-
ened by using short standoff distances and high atomizing air
flows. Figure 8 illustrates the continuous stream of molten metal
leaving the wire tips that are broken up by the air jets.

F
Electric arc
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Shroud gas or

additional atomizing gas

Fig. 8 Electric arc spray process

Electric arc spray transfers less heat to the substrate per unit of
material sprayed than any other conventional thermal spray pro-
cess, owing to the absence of a flame or plasma jet. The only heat
input to the part is the “sensible” heat borne by the individual par-
ticles in the spray stream.

Particles generated by electric arc spray are generally of similar
size and distribution as the powder feedstocks used in flame and
plasma spray but are biased or skewed toward the coarser end of
the distribution. Particle size and distribution are, however, func-
tions of the operating parameters used. Particle size increases as
current increases, as voltage decreases, as air pressure/flow
decreases, or as wire size increases. Conversely, particle size
decreases as current decreases, as voltage increases, as air pres-
sure/flow increases, or as wire size decreases. It has been observed
that droplet (particle) sizes range from submicron (fume) to ~200
pum, depending on the process parameters; the droplets are usually
spherical in shape. Atomizing irregularities are a function of wire
feed uniformity, arc voltage and current stability, variability of the
arc gap, and the length of wire that protrudes from the wire guides
(contact tips). Variability in the arc gap at the wire tips can be
caused by several factors, including permanent sets in the wires
(cast and cant or helix), wear, and/or misalignment of the wire
guides.

Material feed rates in electric arc spray are relatively high in
comparison to other thermal spray processes. Table 2 gives typi-
cal feed rates for common spray wires.

Materials for electric arc spray are limited to conductive mate-
rials that can be formed into wires. The use of cored wires has,
however, expanded the range of materials to include cermets and
amorphous materials. Cored wires consist of a tubular metallic
sheath with powder in the core. These powders are usually car-
bides or amorphous alloys. Cored wires can also be made by
wrapping a smaller-gage wire with a sheath of a dissimilar alloy.

Equipment. A typical electric arc spray system consists of the
following:

Constant-voltage, dc rectifier/power supply

Compressed air supply

Wire feeder comprising an electric or air-driven motor, drive
wheels, and drive wheel tensioning devices

Table 2 Electric arc spray rates for various materials

Wire g/min (1b/h)/100 A dc
Aluminum 45 (6)
Babbitt 379 (50)
Brass 83 (11)
Copper 83 (11)
Molybdenum 76 (10)
Steel 76 (10)
Stainless steel 76 (10)
Tin 341 (45)
Titanium 23 (3)
Zinc 182 (24)




e Electric arc spray gun comprising a gun body, air nozzle, wire
guide/contact tips, air cap, and arc shield
e Hoses/cables

Arc stability is governed by many factors, including power sup-
ply design, wire straightness, wire guide tolerances, and constancy
of wire feed. Power supply design limits most systems to operating
above 50 A dc; very few designs permit operation below 25 A dc.

Wire straightness is expressed in terms of cast (a permanent set
in the hoop direction) and cant or helix (a permanent set off-axis
to the hoop direction). When the wire has too much set in either
direction, the wire ends will rotate as they exit the wire guides.
This rotation causes the wires to miss the intersection, causing an
interruption in the arc, sometimes called “spitting.” Gun motion
during spraying accentuates the problem of wire rotation. Quality-
control checks for cast and cant are relatively simple. A 3 to 4 m
(10 to 12 ft) length of wire is cut from the wire spool and allowed
to free fall to the floor or work surface. The wire will naturally
open as any tension is released. The diameter of the loop that the
wire forms is an indication of the residual stress or cast in the hoop
direction. The height above the floor of the loose end of the wire
is an indication of the residual stress or cant off-axis to the hoop
direction. Acceptable numbers for these dimensions have to be
determined empirically or obtained from the supplier. Values vary
greatly as a function of material, processing, and annealing.

Alignment and wear are the two most significant problems with
wire guides. Misalignment or wear will also cause the wires to miss
their intersection, causing an interruption in the arc and spitting.

Poor tension control in the wire feed mechanism causes one or
both wires to slip in the drive rolls, resulting in arc outages and
spitting. Several feed roll designs have been developed to better
grip the wide variety of materials sprayed. Among the many
designs are V-grooved/knurled rollers for soft and very hard wires
and U-grooved rollers for common wires.

Wire feeding schemes include feeders that pull only, push only,
and combination push/pull designs. Pull-type drives have electric
or air turbine motors mounted in the gun. These units pull wires
from the wire spools through conduits into the gun. The distance
that wires can be pulled depends largely on the torque of the drive
motor, the type of feed rolls, and the endurance of the operator.
Push systems have lighter guns, because the drive unit is remote
from the gun, coupled by the conduits. The distance from the
feeder to the gun is determined by the column strength of the wire.
Softer or smaller-diameter wires are more difficult to feed than
larger or harder ones. Figure 9 shows a push-type system (a) and
gun (b).

Combination push/pull systems can relieve some of the distance
limitations of either push-only or pull-only devices. Push/pull
designs make use of both a drive motor in the gun and a drive
motor at the wire source. Generally, push-only and pull-only
drives are limited to ~6 m (~20 ft), whereas push/pull designs
enable wires to be fed more than 15 m (50 ft). One drawback of
push/pull drives is the difficulty in synchronizing the two motors.
Lack of synchronization leads to frequent failure of drive motors,
which significantly affects coating costs. Figure 10 illustrates the
gun part of a commercial push/pull device, where the wires are
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pulled by an electric motor in the spray device. The other end of
the conduit would be connected to a push motor drive unit.

The atomizing air flow also serves as cooling air for the wire
guides or contact tips. Clean, dry, compressed air is required for
prolonged life and continuous operation. Most systems require up
1.8 m3/min (65 scfm) at up to 690 kPa (100 psi). Oil and moisture
in the air lead to coating oxidation, substrate contamination, and
coating inclusions.

Air caps and arc shields are typically fitted around the front of
the gun to protect the operator from direct line of sight to the high-
intensity visible and ultraviolet light of the arc. Air caps also pro-
vide shaping of the air jet to control the velocity and spray pattern
of the particle stream.

Power supplies used for electric arc spray are modified rectifier-
type constant-voltage power supplies used for welding. Typical
operating ranges are 15 to 400 A dc and 50 to 250 A dc, with open-
circuit voltages of ~40 V dc. Few units use inverter-type power
supplies, because inverters require specialized circuitry to prevent
shorting of the wires at the arc zone. High throughput systems
used primarily for corrosion coatings operate between 400 and
1500 A dc. The larger of these types of units requires water cool-
ing for the contact tips.

Coating Characteristics. The cooler deposit characteristic of
electric arc spray minimizes the substrate heating associated with
other thermal spray processes. This gives electric arc spray a
major processing advantage for applications where coating/sub-
strate temperatures need to be kept low. This enables the electric
arc spray process to deposit coatings onto polymers, fiberglass,
wood, and paper products, as well as metallic or glass substrates.
Typical electric arc spray microstructures are shown in Fig. 11.

Electric arc spray coating microstructures can be varied widely
by varying the operating parameters. The average electric arc
spray coating is characterized by splats that are thicker and more
varied in size than those seen in wire flame and plasma spray coat-
ings, and with a higher oxide content. In powder-fed processes,
unmelted material is often seen in the coatings. Similar-looking
features are seen in electric arc spray microstructures, but in this
case, they are resolidified particles, that is, particles that melted
from the wires and resolidified before impact.

Electric arc spray microstructures can be improved by:

e Using smaller-diameter wires, deposited at lower feed rates
(current)

Using high-velocity air caps to reduce dwell time

Using inert atomizing gases to reduce oxidation

Reducing standoff distance to minimize oxidation

Reducing the arc voltage to minimize overheating of the
droplets

Figure 12 illustrates some of these effects. Note that the splats and
oxide stringers are somewhat thinner and the porosity levels are
lower than those typically seen in flame and some plasma sprayed
coatings. These attributes can be associated in part with the higher
droplet temperature and shorter dwell time. Inert-chamber electric
arc spraying has been developed; spraying in an inert gas further
reduces oxides. Spraying with inert gas, instead of compressed air,
also reduces oxide content. Figure 13 depicts some of the
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improvements in microstructure that have been made by using
inert gas electric arc spray. Note that deposit oxide inclusions in
these chamber or inert gas coatings are virtually eliminated.
Electric arc spray occupies an important niche in thermal spray
technology and is particularly suited to high-rate deposition. Spe-
cific areas of interest for this unique attribute are municipal and
civil structures such as steel structures, bridges, water and storage
tanks, and marine coatings for ship stacks and decks. In the case
of zinc coatings, the somewhat porous nature of this cathodic coat-
ing has led to excellent corrosion protection, particularly when
impregnated with epoxy paints, which seal open porosity. Electric
arc spray coatings can be made much rougher than the other ther-
mal spray processes, which makes them well suited for use as non-
skid surface coatings. As previously discussed, electric arc spray
produces a relatively cool spray stream and has found application

@

as a coating process for low-temperature-capability substrates
such as polymers and even paper.

Plasma Spray

Process Characteristics. Plasma, often called the fourth state
of matter, normally consists of neutral atoms, positive ions, and
free electrons. Plasma is produced by transferring energy into a
gas until the energy level is sufficient to ionize the gas, allowing
the electrons and ions to act independently of one another. The
plasma state is achieved when, under an electric field, currents can
be sustained as the free electrons move through the ionized gas.
Once the energy input is removed, the electrons and ions recom-
bine, releasing heat and light energy.

(b)

Fig. 9 Push-type electric arc spray components. (a) System with door open showing drive components. (b) Gun. Courtesy of Thermach, Inc.



It has been estimated that ~98% of the visible universe exists in
the form of plasma. Natural plasmas occur on earth as the aurora
borealis, aurora Australis, St. EImo’s fire, and lightning. Common
man-made plasmas include neon and fluorescent tubes and bulbs.
The plasmas under consideration in this article are less common
and are part of a class called thermal plasmas or plasma arcs.

Thermal plasmas are the state where the electron population
(very low mass) and the heavy particle (high mass) or ion popula-
tion have similar energy levels. The higher-mass ions transfer sig-
nificantly more kinetic heating energy in the gas than the electrons
during collisions. High-electron-temperature plasmas, although
energetic, do not impart much thermal energy transfer due to their
lower-mass particles. Energy sources for the thermal plasmas used
in thermal spray devices are usually dc, electric arcs, or RF (some-
times called induction-coupled plasma) discharges. Thermal plas-
mas can also be generated using microwaves, gamma radiation,
and alternating current (ac) electric arcs.

Fig. 10 Commercial electric arc spray gun from a push/pull system. Cour-
tesy of Praxair Surface Technologies
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In a dc plasma arc, gas heating is sufficient to generate core
plasma temperatures exceeding 20,000 °C (36,000 °F), depending
on the gas properties and its electrical breakdown characteristics.
Figure 14 graphs energy density, or enthalpy, values of several
typical plasma spray gases. Gas enthalpy indicates the heating
potential for a gas as it is heated to the plasma state. The
monatomic gases, argon and helium, simply ionize, generating
their respective ionic species, Art and He*, and their related free
electrons. Figure 14 plots the energy content, or enthalpy, of the
gases as a function of temperature. Note that the diatomic gases,
nitrogen and hydrogen, have higher enthalpies for a given excita-
tion temperature, which is related to the dissociation of their
molecular structure, followed by ionization.

Direct-current plasma arc spray is the most flexible of the ther-
mal spray processes with respect to materials that can be sprayed,
because of the inert gases, high gas velocity, and extremely high
temperatures. The basic components and design of a dc plasma arc
gun are illustrated in Fig. 15 and 16. Several commercial versions,
shown in Fig. 17 to 19, illustrate the different designs.

The dc plasma arc gun combines an axially aligned cathode
(typically, 1, to 2% thoriated tungsten) and an anode/nozzle (typ-
ically, OFHC copper). Tungsten is used as a cathode for two rea-
sons: first, it has a high melting point (>3500 K), and second, it is
a good thermionic emitter, readily releasing electrons to maintain
the arc discharge. Typically, the thoriated tungsten tip operates at
or near its melting point, due to high electron current densities,
which locally heat the cathode tip. A water-cooled copper anode/
nozzle constricts and spatially stabilizes the arc and accelerates the
expanding, heated gases. Cathodes rely on conduction and the
high melting point of tungsten to survive the high-temperature arc,
because they are not directly water-cooled. Direct-current plasma
arc guns are intensely water cooled to prevent melting and to min-
imize cathode and nozzle erosion.

Fig, 11 Typical microstructures of electric arc sprayed coatings. (a) Aluminum. (b) Zinc. (c) NiAl (a) and (b) courtesy of Miller Thermal; (c) courtesy of Hobart

TAFA
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Plasma forming gases are introduced through the rear of the
gun. Typically, these gases enter the arc chamber through a gas
ring (gas injector) that imparts a spin or vortex flow to the gas. The
vortex stabilizes the arc at the cathode tip in the low-pressure

Fig. 12 Electric arc sprayed steel coating using smaller-diameter wires.
Courtesy of Miller Thermal

region of the vortex and rotates the arc attachment or arc root at the
anode. This is called vortex stabilization. Rotation of the anode arc
attachment minimizes arc erosion of the anode. The arc gases are
heated as they pass around and through the arc. The heated gases
expand radially and axially, accelerating as they expand and exit
through the nozzle. Depending on the pressure ratio between the
upstream arc region and the downstream nozzle exit of the gun, the
gases (plasma jet) either expand subsonically or supersonically.
Many gun designs use a converging/diverging (de Laval) nozzle to
achieve supersonic expansion, which increases particle velocity.
Other designs intentionally slow the plasma to subsonic velocities
to increase dwell time.

Equipment. Plasma arc spray systems, illustrated in Fig. 20,
consist of components similar to other thermal spray systems. The
main components are:

Gas supply

Gas hoses

Gas regulators for plasma and powder carrier gases

Gas flow controls, usually rotameters or mass flowmeters/con-
trollers

Plasma arc spray gun comprising a torch body, anode/nozzle,
cathode, gas ring (gas injector), and powder injector
Electrical controls for arc current and voltage

Direct-current power supply, typically a constant-current type
High-frequency RF spark arc ignition source

Water-cooling circuit

Feedstock delivery: powder feeder

Water-cooled power cables

Hoses/cables

Safety interlocks and console purging

@

Fig. 13 Titanium sprayed in inert chambers. (a) Etched. (b) Unetched

(b)



Direct-current plasma arc spray systems are the most complex
and most flexible of all thermal spray processes. Plasma gun
designs range from 144 to 720 MJ (40 to 200 kW) input power.
These high power levels result in electrode erosion. As mentioned
previously, water cooling is essential, because of the high temper-
atures and enthalpies. Typically, water pressures exceeding 1 MPa
(150 psi) are needed to suppress localized film boiling in the gun,
which would reduce component life and cause coating contamina-
tion. This necessitates the use of high-pressure O-ring seals and
passageways inside the gun. Ceramic gas injectors and high-tem-
perature insulators are required to separate the electrodes; these
components require sealing from gas and water passages. The
high power density of dc plasma arcs can produce relatively high
erosion rates of the anodes and cathodes. Gun design is a signifi-
cant factor in component life. Designs that use a closely coupled
anode and cathode (typically, a welding-electrode-type design)
experience shorter lives than those that use a wide spacing and a
flow nozzle. The differences in usable life are tens of hours versus
hundreds of hours. Operational procedures, particularly startup
and shutdown sequences, significantly affect electrode life. The
use of monatomic gases also extends electrode life, due to the
lower enthalpy. Arc erosion of the anode and powder erosion of
powder ports and powder feed tubes are factors in anode/nozzle
replacement. The cathode is generally replaced after every two to
five nozzle changes, depending on the cathode geometry and cur-
rent density. Gas injectors, for introducing arc gases, generally fail
from thermally induced cracking, due to arc heating.

Powder ports are a significant factor in coating consistency.
Diameter, angle with respect to the plasma jet, axial position along
the jet, radial distance from the jet centerline, and geometry all
affect particle trajectories. Particle heating is determined by parti-
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cle trajectory; slight changes in particle trajectory distributions
can cause significant changes in the operation of the gun and in
coating quality. Adjustable and removable powder ports need to
be monitored and controlled. Alignment tools should be used to
ensure precise and repeatable positioning when powder ports are
installed, replaced, or adjusted. This is more of a problem with
externally injected plasma guns than with internally injected guns.
External-feed designs separate the functions of the nozzle from
powder feeding; therefore, powder-port alignment is independent
of the anode and must be maintained separately. Internally fed
nozzles have integral powder ports, which can be eroded by the
powder before the anode itself is spent. Internal powder-port ero-
sion rates are a function of the materials being sprayed. Some
anode/nozzles incorporate wear-resistant powder-port inserts to
extend their lives and are used for long-life nozzles. Erosion of a
powder-port bore by just 25 um (0.001 in.) can reduce the powder-
injection velocity by as much as 5%, which can significantly affect
the operation of the gun and the quality of the coating.

Arc-gas flow control to the plasma torch is accomplished by
rotameters, critical orifices, or mass flowmeters/controllers. Ro-
tameters are rapidly falling into disuse in today’s thermal spray
environment due to their inherent inaccuracy. Critical orifices and
mass flow devices are the most accurate and reliable and are used
in the more advanced control systems. Carrier gas control, which
affects particle trajectory, is equally critical. Gas flow control is
discussed in the article “Process Control Equipment” in this Sec-
tion of the Handbook.

Water-cooling circuits operate at pressures of 1.0 to 1.7 MPa
(150 to 250 psi) and flow rates of 11 to 45 L/min (3 to 12 gal/min).
Water is generally monitored only for minimum flow or pressure.
As with HVOF guns, internal water passages are designed to min-
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Fig. 14 Enthalpy values of typical plasma spray gases as a function of temperature. Source: Ref 1
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imize pressure drops, which would result in rapid boiling of the
cooling water. Boiling reduces heat transfer to the water, resulting
in oxidation of the gun components, which further reduces heat
transfer. Reduced heat transfer on the water side of the component
usually results in melting of the anode on the plasma side. Heat
transferred through electrode surfaces to the water circuit
decreases the electrical efficiency of the process by reducing the
power available for jet heating. The actual plasma stream energy
is an extremely important parameter, which is monitored in
advanced control systems. The electrical efficiency of commercial
plasma guns is between 42 and 65%.

Constant-current, dc power supplies (rectifiers) have been
specifically developed for producing low-ripple, constant-current
power for plasma arc spraying. Older saturable-core-reactor-type
power supplies with selenium or silicon-diode rectifiers have
largely been replaced by silicon-controlled rectifier (SCR) power
supplies. Plasma current would drift with process changes in the
older units. The SCR-type power supplies produce less ac ripple
and react faster to the dynamic changes in the arc. The newer
designs have a higher power factor, a cost advantage in areas of
the world where power consumption is an issue. The SCR-based
designs are also more tolerant of line voltage variations. Power-
supply ripple frequencies (360 to 720 Hz) can be on the order of
the particle dwell time (1 to 3 ms). Thus, some particles may miss
the peak of the plasma temperature profile by following the power
nodes created by the ac ripple. This can potentially increase the
number of unmelted particles in a coating. Inverter power supplies
that operate at 30 to 45 kHz are being used on a limited basis, with
some success. Voltage-stable, constant-current power supplies are
needed to ensure stable plasma coating processes.

Plasma gun development has focused either on increasing
power and gas/particle velocity or dwell time in order to increase
particle heating and kinetic energy, such that particles impact,
deform, and densify more completely. In addition, higher particle
speeds have been found to minimize oxidation. With the advance-
ment of technology, average coating densities and bond strengths
are increasing, and average coating oxide contents are decreasing.
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Fig, 15 Cross section of an external injection plasma spray gun. Courtesy
of Sulzer Metco

Plasma spray gun designs vary widely. Some of the differen-
tiating characteristics are:

Plasma generator: dc versus RF

Operating power levels: 20, 40, 80, 120, and >200 kW

Gas velocity: subsonic versus supersonic

Arc stabilization: gas or water, axial or vortex flow

Powder injection: internal axial, internal radial, or external
radial, as shown in Fig. 15, 16, and 21

Powder-injection geometry and conditions strongly influence
the degree of particle heating/melting, thereby controlling coating
porosity and oxide inclusion levels. The combination of carrier
gas flow rate and powder-port diameter determine the carrier gas
injection velocity, which determines the particle-injection veloc-
ity and, in part, the trajectory. Particle velocities combine with
particle mass to directly control particle momentum; this deter-
mines the path, or trajectory, that an injected particle takes into
and through the plasma jet. Powder-injection angles, both axial
and circumferential, determine the initial particle-injection condi-
tions, which, when acted on by the plasma flow, determine the
final powder-particle trajectory. For example, upstream particle-
injection angles increase particle dwell time and interaction with
the plasma jet, yielding higher particle temperatures. Downstream
injection angles yield the opposite effects.

Figure 21 illustrates the various trajectories that particle distri-
butions may follow. Each trajectory shown represents extremes in
particle heating, and this affects the average condition of the par-
ticles on impact (liquid, solid + liquid). A fortunate law of nature
is that the smaller-diameter particles do not have enough momen-
tum to penetrate the hottest portion of the jet core. Therefore,
smaller particles are not heated as long as the larger ones; larger
particles, with their higher momentum, penetrate to the jet core.
High carrier gas flows (velocity) may force larger particles to fol-
low a trajectory that passes through the jet to the opposite side of

Fig. 16 Cross section of an internal injection plasma spray gun. Courtesy
of Praxair Surface Technologies



the plasma. This would result in decreased heating and possibly
cause a buildup of powder on the nozzle bore.

Internally fed plasma spray guns provide better particle heating
due to the particle trajectory, longer dwell time, and hotter point
of injection. Internal injection has also been found to enhance par-
ticle-heating uniformity. One drawback to internal powder feed is
an intolerance of poorly classified (sized) powder. Narrow powder
particle size distributions are preferred for internal injection.

External powder feed, on the other hand, injects particles after
the plasma jet exits the nozzle and begins to expand, so the parti-
cles do not have such long dwell times. Jet exit temperatures still

@
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exceed 12,000 °C (21,600 °F); thus, if particle trajectories are opti-
mized, there is sufficient heating to melt most materials and pro-
duce acceptable coatings. However, DEs are lower for external
injection.

The most significant effect of the different powder-injection
schemes is on particle dwell time. Reduced dwell times occur with
external feed, resulting in higher powder-feed sensitivity. Overall,
the powder sizes used for plasma spray fall between 10 and 100
pm (0.4 and 4 mils), with a preferred fraction generally between
10 and 45 pm (0.4 and 1.8 mils). Coarser particle sizes, particu-
larly for higher-melting-point materials, do not experience suffi-

(b)

(d)

Fig. 17 Plasma spray devices developed by Praxair Surface Technologies. (a) PlazJet. (b) SG-100. (c) SG-200. (d) 2700 Mini-Gun llI
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cient dwell time to melt, while smaller particles with lower
momentum cannot penetrate the jet.

The distributions of gas temperature and velocity in plasma jets
range widely with anode/cathode design, power, arc-gas flow rate,

(a) (b)

Fig, 18 Plasma spray devices developed by Sulzer Metco. (a) 3MB-II. (b)

IM

Fig. 19 Plasma spray device (model PG-100) developed by Baystate Sur-

face Technologies
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® Original powder

I Intermediate — near-optimal size distribution, e.g., 10-50 um, well melted
QO Centerline — most optimal size distribution, e.g., 20-30 um, well melted
@ Through — particle distribution too large or too heavy for conditions, nonmelted

eriphery — particles too small (<1 um) and/or too light, includes vapors

(@)
Surface Poorly
melted
Arc boundary -
Molecule Well melted
recombination
lon recombination —
Very well
Plasma core ——¢ melted,
vaporitzation
Well melted
Poorly
melted

(b)

Fig. 21 (a) Plasma jet gradients and (b) particle trajectories across the jets



and gas composition. Typical plasma jets use argon together with
another secondary (auxiliary) gas. Argon-only plasmas create a
relatively low-energy plasma (as shown in Fig. 14), which is
related to its ionization potential and thermal heat capacity. Nitro-
gen, on the other hand, is one of the hottest plasma gases; how-
ever, it is also a reactive gas and has some material limitations.
Argon/helium mixtures are very often used, with 20 to 50 vol%
He. Helium increases the thermal conductivity of the plasma
stream, increasing the heating capability of the plasma. Argon/
hydrogen mixtures are also commonly used, with hydrogen addi-
tions of approximately 5 to 15 vol%. Argon/hydrogen plasmas
provide increased enthalpy over argon/helium due to the diatomic
structure of hydrogen and its high collisional cross section related
to its low mass. The trade-off with increased enthalpy is decreased
anode/cathode life. The cost of consumable components can add
significantly to the cost-per-unit of applied coatings. Consumable
life with one common gun design using argon/hydrogen is 8 to 40
h where another design will be 100 to 160 h. Argon/helium gun
designs have life expectancies of several hundred hours under
some operating conditions, whereas other high-energy argon/
helium anodes may last only 80 h. Common plasma gas combina-
tions, in ascending order of enthalpy, are:

Argon (Ar)

Argon/helium (Ar/He)
Argon/hydrogen (Ar/H,)
Nitrogen (N,)
Nitrogen/hydrogen (N,/H,)

Usable anode life may be more a function of increasing copper
contamination as the electrode wears. Those components with
higher wear rates have yet shorter usable lives because of copper
spitting.

Coating Characteristics. In plasma sprayed coatings, the hot
gas jet created by a plasma arc expands, entrains powder particles,
heats the particles, and accelerates them toward the substrate,
where they impact, deform, and resolidify to form a coating. Refer
again to Table 1, which compares the attributes of plasma spray to
other thermal spray processes. The high degree of particle melting
and relatively high particle velocity of plasma lead to higher
deposit densities and bond strengths compared to most flame and
electric arc spray coatings. The low porosity of plasma sprayed
coatings can equal that of HVOF and detonation-gun-type coat-
ings, exceeding 99%, depending, of course, on material properties,
gun type, and configuration. In that porosity is a function of the
characteristics of both the powder and the gun, porosity may range
from 40 to <1%, as the application dictates. The high quality of a
plasma spray coating microstructure results from the high parti-
cle/droplet kinetic energy, which effectively deforms the impact-
ing particles, and the high degree of heating/melting that facili-
tates particle deformation and flow.

Plasma spray coating bond strengths typically exceed 34 MPa
(5 ksi) and usually are more than 69 MPa (10 ksi) (ASTM C 633).
The high droplet/substrate adhesion is achieved due to the high
particle velocity and deformation that occur on impact. The inert
gas plasma jet, ignoring ambient air mixing effects, contributes to
a lower oxide content than other thermal spray processes. The
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interaction of the turbulent plasma jet with the environment does,
however, entrain air, which oxidizes the particle/droplet surfaces
in flight, leading to oxide phases that become entrained as inter-
splat oxide inclusions. Figure 22 depicts a typical plasma sprayed
coating microstructure, illustrating coating oxidation, which can
be detrimental to some coating functions.

Close control of standoff distance, particle heating, and particle
velocity produces lower-oxide-content microstructures, as shown

(b)

Fig. 22 Air plasma spray metal coating microstructures showing oxidation
levels. (a) High oxygen level in NiAl coating. (b) Typical gas level
in 80Ni/20Cr coating
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in Fig. 23. Some oxides will always be present in air plasma spray
(APS) coatings. Environmentally controlled spraying, that is,
spraying in an inert or low-pressure chamber or using an inert gas
shroud, can eliminate the presence of discrete oxides in the coat-
ing microstructure. In these processes, air is excluded, eliminating
coating oxide inclusions. These processes are discussed further in
the following section of this article.

Fig, 23 Optimal air plasma sprayed metallic coating microstructure, Trib-
aloy 400. Courtesy of Miller Thermal

Unetched

30 um

Controlled-Environment Spraying

Previous sections in this article described the interaction of
heated and molten particles with the environment during thermal
spraying. These atmospheric interactions lead to the typical oxide
inclusions (stringers) seen in air sprayed coating microstructures.
Figures 12 and 22 illustrate the oxide inclusion content of the
deposited materials caused by particle interactions with the air.
(Similar examples can be found in the article “Coating Structures,
Properties, and Materials”—see Fig. 3 and 5—in this Section of
the Handbook.) The plasma process starts with inert gases for
heating; thermal spray processes, in general, benefit most by con-
trolled-atmosphere deposition methods. Beginning in the late
1960s and into the early 1970s, developments in plasma spray
focused on controlled-atmosphere spraying. These developments
were based on the concept that if inert gases could be substituted
for air as the surrounding environment, which mixes into the
plasma spray jets, then coating oxide inclusions could be reduced
or eliminated.

Low-Pressure or Vacuum Plasma Spray (VPS). In 1974, E.
Muehlberger (Electro Plasma, Inc., now Sulzer Metco, Inc.) pub-
lished the first results on the use of low-pressure, or vacuum,
plasma spray. The process demonstrated that extremely clean
coatings with virtually no oxide inclusions could be produced.
Figure 24 illustrates a typical VPS MCrAlY coating with <1%
porosity and no oxide inclusions, with an extremely clean bond-
line interface. The spray equipment consists of a conventional
plasma spray gun (insulated to prevent low-pressure arc dis-
charges) fitted with a nozzle modified for higher pressure-
expansion ratios. These high ratios are achievable because the
plasma jet exhausts into a chamber at below atmosphere pressure,
typically in the range of 30 to 300 torr (0.6 to 5.8 psia).

Figure 25 represents a typical low-pressure or VPS system. The
closed environment of the chambers necessitates remote manipu-
lation of the spray guns and load-lock systems to transfer parts into

Fig. 24 Typical microstructure of as-polished vacuum or low-pressure plasma sprayed MCrAlY coating, unetched and etched. Courtesy of Metco GmbH



the chamber. Other unique aspects of chamber spraying include
vacuum pumping, exhaust cooling, filtration, and chamber-wall
cooling.

Low-pressure plasma spraying results in the following process
and coating characteristics relative to conventional APS:

Broader and longer spray jets

Cleaner interfaces, made possible by reverse transferred arc
sputter cleaning

Oxide-free coatings

High coating densities, close to theoretical

Low residual stresses

Increased deposition thickness capability (>25 mm, or 1 in.)
High substrate/deposit preheating capability: greater than 1000
°C (1832 °F) prior to, and during, coating

The primary reason for these beneficial characteristics is that
the low pressure produces significant expansion of the isotherms
and velocity contours of the plasma jet, due to the increased mean
free path between the ions and electrons in the plasma. This leads
to very long spray distances for metals. For example, spray dis-
tances for MCrAlYs via air plasma spray are 75 to 100 mm (3 to
4 in.), whereas in low-pressure plasma spray, these distances are
extended to >405 mm (>16 in.). This jet expansion broadens the
spray jet and produces a large, uniform spray pattern. Typical
plasma plume diameters for VPS are less than 50 mm (2 in.) at a
300 mm (12 in.) standoff, compared to 10 mm (0.4 in.) ata 75 mm
(3 in.) standoff for APS. The larger spray patterns result in more
uniform and consistent coatings, which also tend to be more toler-
ant to process changes, such as variations in particle trajectories.

Low-pressure plasma spray has the added benefit of being able
to operate in a transferred arc mode. Transferred arc operation is
made possible by using an auxiliary power supply circuit. The
transferred arc power supply is connected between the part being
coated (the workpiece) and the anode/nozzle of the plasma gun. In
transferred arcs, a secondary arc current couples the plasma jet to
the part. Usually, the gun end connection is made to the anode.

Fig, 25 Vacuum or low-pressure plasma spray system with remote plasma
gun manipulation. Courtesy of ElectroPlasma Inc.
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(Note: Normal APS uses a nontransferred arc, where the current
flows only from the cathode, through the plasma, to the anode.)
Two polarities are used in transferred arc spraying: forward and
reverse bias. In forward bias, the part is electrically positive with
respect to the plasma, such that current flows from the gun through
the plasma to the part. In reverse bias, the part is electrically neg-
ative with respect to the plasma, such that current flows from the
part, through the plasma, to the gun. Reverse bias is used to clean
the substrate surface, by removing oxides and other contaminants
from the surface through a process known as sputtering. Forward
bias can be used to couple more of the plasma energy into the sub-
strate, which can increase substrate heating.

The reversed-bias, transferred arc technique of VPS has been
instrumental in achieving commercial success for turbine airfoil
coatings. Figure 24 shows a typical bond line possible through
VPS transferred arc cleaning.

Although VPS coatings are very dense, density is apparently
derived from the longer dwell times and higher substrate temper-
atures used. Modeling, verified by testing, has shown that the
mean free path (separation between the rarefied gas atoms and
electrons at pressures of 10 to 100 torr, or 0.2 to 1.9 psia) in the
low-pressure plasma jet approaches the size of many powder par-
ticles, approximately 25 pm (0.001 in.). This results in poor
gas/particle coupling, which reduces convective heating and
momentum transfer.

Oxygen contamination cannot, however, be completely elimi-
nated in VPS coatings. With VPS, the oxygen content of the coat-
ing is more related to surface oxides on the feedstock powder par-
ticles than to the partial pressure of oxygen in the low-pressure
environment of the chamber. For some applications, the oxides
inherent to the powder are too high. To date, the only safe and
practical method to alleviate this problem has been to increase the
powder particle size, which reduces the surface-area-to-volume
ratio of the particles. However, these larger particle sizes (>100
wm) are not easily melted in dc plasma jets. This need has forced
the reintroduction of RF plasma spray torches. Radiofrequency
torches have larger plasma zones, which produce longer particle
dwell times. This is discussed in further detail later in this article.

Low-oxide-content powders have been produced and sprayed
but at significantly higher cost and increased hazard. Powders pro-
duced and handled completely under an inert cover gas are
pyrophoric and should be handled with extreme care. Using load
locks, these powders can be moved from production to powder
feeders (which must also be purged or pumped free of air) without
being exposed to air.

High substrate preheating temperatures and the high-deposit-
thickness capability of VPS have led to the emergence of VPS as
a spray-forming tool, which is being promoted for forming free-
standing shapes from superalloys, advanced composites, ceram-
ics, and intermetallic materials. Vacuum plasma spray is inher-
ently more expensive than other thermal spray techniques and is
specified only when the deposited properties outweigh the price
disadvantage. For example, VPS is cost-effective for the spray
forming of specialized materials, refractory metals, and reactive
materials (e.g., titanium).

Inert-Chamber Plasma Spray. Inert-chamber plasma arc
spray has been used since the 1960s, combining many of the ben-
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efits of VPS and APS. Inert-chamber spraying is done at atmos-
pheric pressure but with an inert gas environment. Commonly, air
is removed from the chamber with vacuum pumps, the chamber is
then backfilled with an inert gas, usually argon, to atmospheric
pressure. The oxygen content is typically <7 ppm when a liquid
argon source is used to provide the backfill gas through a leaktight
system. Simpler systems use gas purging with argon to displace
the air inside the chamber. Although effective, purging takes con-
siderably more time to remove the air and often does not achieve
the same low level of oxygen as vacuum pumping.

Inert-chamber spraying offers the same thermal efficiency as
APS but with the low coating oxide content of VPS. What inert-
chamber spraying does not produce is the refined microstructure
and clean bond lines characteristic of VPS. Inert-chamber spray
lends itself well to handheld spraying through glove ports.
Inert-chamber systems also cost only a fraction of the cost of a
VPS system.

Shrouded Plasma Spray. As described earlier in this article,
turbulent mixing of the plasma jet and the surrounding air causes
oxidation of metallic powders during spraying. Significant
entrainment of the air occurs, within the length of a few anode-
bore diameters. A nonchamber approach to mitigating the problem
of entrained air and oxidation is the use of inert gas shrouding.
Shrouding provides an inert atmosphere surrounding the jet, to
exclude the air, reducing the amount of oxygen available to oxi-
dize the sprayed powder. It has also been found that argon mixed
into the plasma jet cools the plasma less than entrained air, thus
maintaining jet temperature over a longer jet length, effectively
increasing particle dwell time at temperature.

Inert gas shrouds have been used in many forms since the
1960s. These devices usually attach to the front of a plasma gun
and surround or shroud the plasma jet with a blanket of inert gas.
The inert gas, usually argon or nitrogen, is used to displace air
from the area surrounding the jet at the exit of the gun. The goal
here is to prevent entrainment of air by the turbulent plasma jet.

There are two basic approaches to shrouding. The first type of
shroud uses relatively high volumes of inert gas to flood or blan-
ket the general area between the gun and the part being sprayed.
Figure 26 shows one such device. Gas flows for one commercial
shroud of this type are 280 to 510 sLm (10 to 18 scfm). Other
designs require gas flows of 1.3 m3/min (45 scfm).

Fig. 26 Blanket-type plasma gun shroud

The second type of shroud attempts to control mixing at the
boundary layer by supplying a concentric sheath of inert gas
between the hot plasma jet and the cold ambient air. There are two
basic schemes of boundary layer control. An example of the first
is the Drexel shroud, developed by R.W. Smith and colleagues at
Drexel University. This device attaches to the front of a plasma
gun and provides a shielding gas flow concentric with the plasma
jet, which replaces air with inert gas at the jet/air boundary. Gas
flows for this type of device are in keeping with arc gas flows, 140
sLm (300 scfh).

An example of the second boundary layer control scheme was
developed by J.V.R. Heberlein and colleagues at the University of
Minnesota. This invention integrates boundary layer control into
the plasma gun anode, using a porous insert to diffuse inert gas
into the boundary layer between the hot plasma jet and the cold
atmosphere. Gas usage for this design is minimal.

Other Significant Plasma Spray Processes

Gator-Gard. This atmospheric plasma spray process was
developed in the early 1970s by Pratt and Whitney and is now
assigned to Sermatech International. Gator-Gard is a modification
of a standard plasma gun, operating on 100% He at flow rates of
approximately 280 sLm (600 scth). This process was designed to
achieve extremely high-velocity powder particles that would
deform on impact and form a dense coating, because of their high
kinetic energy. Another goal was to minimize the decarburization
of WC, typical in conventional atmospheric plasma sprayed
WC/Co coatings. This is accomplished by lowering the plasma jet
enthalpy with helium, while developing significant kinetic energy.
The process has been shown to produce carbide coatings of equiv-
alent or superior quality to D-Gun and is being used on many com-
ponents for aircraft turbine engines and oil-field equipment.

Radiofrequency plasma, sometimes referred to as induction-
coupled plasma spray, has been commercially available since the
1960s. Radiofrequency plasma did not see much commercial expo-
sure until the late 1980s, when the need arose to spray larger-diam-
eter powder particles. Figure 27 illustrates a RF plasma torch.
Radiofrequency torches use an induction coil to produce an oscil-
lating RF field (450 kHz to 4 MHZ) in a reactor tube, which couples
to and inductively heats the plasma arc gas stream. The RF energy
initially creates a glow discharge within the coil, which quickly
cascades to an elongated, toroidal (doughnut-shaped), electrode-
less arc-type discharge. The arc is confined by a water-cooled
quartz tube or reactor. Arc gases are fed into the reactor by several
means to create a discharge that does not touch the quartz tube. The
RF field and boundary layer also help to keep the arc from contact-
ing and melting the quartz. Arc gases are usually one or more of the
same four gases (argon, helium, nitrogen, hydrogen) used for other
plasma arc spray devices; however, virtually any gas can be used.
Water-cooled powder injector tubes are required to penetrate the
plasma wall, because powder particles do not have enough momen-
tum to penetrate the viscous plasma. Once injected, particles
become entrained and heated in the plasma jet flow, which acceler-
ates them toward the exit. Under atmospheric conditions, gas jet



and particle velocities are reported to be lower than 30 m/s (100
ft/s), although torch designs incorporating supersonic nozzles and
gas flows have recently been reported. This results in increased par-
ticle dwell times in a larger, more uniform heating volume,
enabling coarser powder sizes to be melted.

Continuous-fiber-reinforced metal-matrix composite prepregs
that require low-oxygen-content coatings made from coarse parti-
cles are being fabricated using this technology. In this application,
monofilament layers are coated with matrix materials using RF
plasma spray. After coating, these prepregs are subsequently hot
pressed into laminate sheets.

Radiofrequency plasmas are well suited to materials process-
ing. The long dwell times make RF practical for consolidation,
spheroidization, and chemical modification of powders. Radiofre-
quency plasma is also a noncontaminating process, because there
are no electrodes. This feature allows the use of reactive gases,
which would destroy the electrodes in conventional dc plasma
spray guns. Reactive gases offer the ability to significantly alter
powders during spraying by using oxygen-, nitrogen-, and carbon-
rich environments. Radiofrequency plasma spraying is a niche
technology, used where there is a need for advanced materials
processing and composite forming.
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Fig. 27 Radiofrequency (RF) induction-coupled plasma spray device and
process for spray forming
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Emerging Developments
in Thermal Spray Devices

This section covers plasma spray processes that are in develop-
ment or in the early stages of commercialization. They are briefly
introduced here to present their advantages and specialized appli-
cations. These methods, although currently limited in use, have
the potential to become more commercially significant over the
next decade.

Underwater plasma spray (UPS) was brought to the fore-
front through work done by E. Lugscheider and colleagues at
RWTH Aachen in the late 1980s. Underwater plasma spray is a
plasma spray technique that provides control of the gas atmos-
phere in the environment immediately surrounding the plasma jet
by confining the plasma jet and its expanding gases with water.
Underwater plasma spray can be used for underwater applications
such as oil-field coatings and specialty materials production and
synthesis. Underwater plasma spray is also useful for spraying
materials that are expensive, reactive, or toxic. Collection and
reclamation of overspray material is simplified by the water envi-
ronment, making it useful for these applications.

Spraying underwater offers some unique technical benefits. The
inert gas bubble that naturally forms around the plasma jet keeps
the sprayed particles from oxidizing. Because of the hyperbaric
conditions created by the hydrostatic water pressure, the enthalpy
of the jet is higher, resulting in more effective heating of the par-
ticles. Another benefit of UPS is in keeping substrate temperatures
cooler during spraying, which virtually eliminates surface oxida-
tion. Thermal distortion of parts is also minimized because of the
heat sink provided by the tank water, providing better dimensional
control of critical parts. In UPS coatings, some coating-to-
substrate fusion has been reported, which would further increase
bond strength. Underwater spray distances are typically reduced to
less than 30 mm (1.2 in.).

Unusual equipment needs for underwater plasma spraying
include gun insulation and electrical isolation, a water tank, and
changes to gun starting procedures. Apart from these unique dif-
ferences, UPS process equipment is essentially the same as that for
internal powder-injection APS.

Extended-arc plasma guns have been introduced for higher-
rate deposition, particularly of ceramic materials. In these designs,
the walls of the confining nozzle are insulated from the anode,
which is positioned near the nozzle exit, as shown in Fig. 28. High
gas flow rates, >300 sLm (>636 scfh), force the arc through the
nozzle toward the exit where the arc root attaches to the anode.
Arc lengths of >100 mm (>4 in.) have been achieved. High volt-
ages (250 to 400 V dc) are necessary to maintain the arc at these
great lengths. These higher arc voltages produce higher energy/
power levels (up to 900 MJ, or 250 kW) at lower arc currents.
Although more unstable than the shorter arcs used in conventional
plasma spray guns, the long arc column increases jet enthalpy by
producing more arc gas heating. Gas velocity is reported to
approach 3 km/s (9842 ft/s). Powder injection into extended-arc
gun designs is generally external to the nozzle, close to the exit.
The arc jet traveling outside of the nozzle adds significantly to the
melting effectiveness of these torches. Industrial acceptance and
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use of these guns have been limited. One significant application
has been in the area of segmented yttria-stabilized zirconia (YSZ)
coatings for land-based turbines.

One variation of the extended-arc gun, the Sulzer Metco Triplex
II, uses three separate arcs, operating at 180 MJ (50 kW) total
power. In this design, three separate cathodes are used to strike
three separates arcs, as shown in Fig. 29. (Conventional plasma
guns generate an arc between a single cathode and the anode. In
the more advanced conventional guns, the arc rotates, by design,
in an annular position on the anode.) With the triple-arc approach,
the arcs attach to separate locations on a common cascaded anode.
Voltages are 100 to 120 V dc, and the total arc current is moderate
at 300 to 600 A dc. Gas flows are also moderate at <100 sLm
(<210 scfh) total flow. This design uses external powder injection,
and the three injectors are aligned with the three-arc attachment
point or arc roots. Jet velocity is lower in this design than in other
extended-arc designs, which reduces noise (reportedly <110 dBA)
and increases dwell time. Noise reduction is also due to the lack of
longitudinal motion of the arc roots. These characteristics make
the triple arc particularly well suited for spraying ceramics at
higher powder feed rates and deposition efficiencies.

Water-stabilized plasmas (WSP) have been investigated
since the early 1920s. It is reported that spraying was done using
WSP in the early 1960s. Significant development of WSP began
in the Czech Republic in the mid-1980s by P. Chraska (Czech
Technical University in Prague) and was concluded in the late
1990s. Hardface Alloys, Inc. has secured the rights to produce
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WSP for commercialization. In a WSP gun, the plasma is formed
from a stream of water that flows from a hollow graphite cathode
to an external rotating copper anode (powder is also externally
injected). The water stream is dissociated by the arc, which also
ionizes the oxygen and hydrogen, creating a high-enthalpy plasma
jet. Power levels are typically 360 to 648 MJ (100 to 180 kW).
Water-stabilized plasma operates at voltages of the order of 300 V
dc and at moderate current levels. The high enthalpy, of what is
essentially a hydrogen plasma, enables the spraying of metals and
cermets at up to 136 kg/h (300 Ib/h) and alumina-base ceramics at
up to 68 kg/h (150 1b/h). Average particle velocity has been mea-
sured at 83 m/s (272 ft/s) by J.A. Brogan and colleagues at State
University of New York at Stony Brook. Water-stabilized plasma
is best suited for spraying large-scale oxide ceramic coatings and
free-standing shapes. However, metals and cermets can also be
sprayed by WSP.

Axial Powder-Feed Guns. Whether internal or external, radi-
ally fed plasma devices have inherent limitations in the efficiency
of powder injection and, in the case of internal injection, with the
quality of powder used. Axial powder-feed schemes for plasma
spray have been investigated by many for decades, with little suc-
cess. Feeding powder directly into the core of the plasma jet,
where the temperature and velocity are highest, should theoreti-
cally provide more uniform heating of the powder distribution and
should minimize the particle segregation common in radially fed
plasma guns. Axial powder feeding is considerably more difficult
with plasma than with flame or HVOF because of the high tem-
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Fig. 28 Single-plasma, extended-arc gun. Courtesy of Praxair Surface Technologies



peratures of the arc. It was not until the early 1990s that commer-
cial axial-feed plasma spray guns emerged. Although these guns
have seen only limited commercialization to date, they hold prom-
ise for changing the face of plasma spraying. There have been sev-
eral approaches to axial powder feeding. Commercial designs
include multiple, radial cathode configurations and single cath-
ode/anode designs with an injector located within the plasma
stream. Some approaches employ extended-arc principles. Coat-
ing structures produced by axial-feed plasma guns are comparable
to those from other high-end plasma spray processes.

The first of the current axial-feed plasma gun designs, devel-
oped at the University of Vancouver in the early 1990s, was com-
mercialized by Northwest Mettech Corporation. This design uses
three anodes and three cathodes. The individual plasma streams
are oriented to converge within the nozzle. Powder is injected into
the convergence of the three plasmas, as shown in Fig. 30 for the
Axial IIT gun. As with the other designs, advantages include high
powder-feed rates and high DEs. The increased dwell time and
high power levels make this design well suited for spraying oxide
ceramics. Feed rates for YSZ are reported to be up to 114 g/min
(15 1b/h) at DEs approaching 80%. Copper is reportedly sprayed
at 454 g/min (60 Ib/h) at an 80% DE. This design uses lower cur-
rents and higher voltages to achieve power levels up to 360 MJ
(100 kW).

Another commercial axial-feed design, marketed by Progres-
sive Technologies, uses a single-anode/cathode design in an ex-

Fig. 29 Triple-plasma, extended-arc gun. Courtesy of Sulzer Metco
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Fig, 30 Triple-plasma, axial-feed plasma gun. Courtesy of Northwest Met-
tech
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tended-arc configuration, with a coaxial plasma “splitter” through
which the powder is injected, as shown in Fig. 31. The plasma
splitter is a water-cooled powder injector positioned in the center
of the nozzle bore, as shown in Fig. 32 for the 100HE. This aero-
dynamically shaped element causes the plasma stream to divide as
it passes over the airfoil. Powder is injected at the trailing edge of
the airfoil, where the plasma stream converges. This particular

Fig. 31 Single-plasma, axial-feed plasma gun. Courtesy of Progressive
Technologies

Fig. 32 Plasma splitter and powder injector. Courtesy of Progressive Tech-
nologies
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device operates at power levels up to 360 MJ (100 kW), using a
ternary gas mixture of argon, nitrogen, and hydrogen or helium.
The combination of axial feed and the high enthalpy of the ternary
gas mixture produces significantly higher spray rates and DEs.
Spray rates of 100 g/min (13 Ib/h) are reported for materials rang-
ing from aluminum-polyester to YSZ, with DEs of 85 and 80%,
respectively. This device is suitable for Anilox roll coatings,
abradable coatings, thermal barrier coatings, and other high-rate,
high-end applications.
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COLD SPRAYING has come to be understood, within the
larger family of thermal spray processes, as a materials deposition
process in which relatively small particles (ranging in size from
approximately 1 to 50 pum in diameter, as shown in
Fig. 1) in the solid state are accelerated to high velocities (typically
300 to 1200 m/s, or 980 to 3940 ft/s), and subsequently develop a
coating or deposit on an appropriate substrate by an impaction
process. Various terms—including “kinetic energy metallization,”
“kinetic spraying,” “high-velocity powder deposition,” and “cold
gas-dynamic spray method”—have been applied to the general
form of this technique. In most instances, deformable powder par-
ticles are brought to high velocities through introduction into a
nozzle, employing gas-dynamics principles of converging/diverg-
ing flows to develop high-velocity gas streams.

The mechanism by which the solid-state particles deform and
bond, both to a substrate and to each other, is not well understood;
however, it is thought that the high-velocity impact disrupts the
oxide films on the particle and substrate surfaces, pressing their
atomic structures into intimate contact with one another under
momentarily high interfacial pressures and temperatures (Ref 1).
This hypothesis is consistent with the fact that while various duc-
tile materials, including metals and polymers, have been cold-
spray deposited, attempts to deposit brittle or hard materials, such
as ceramics, have not been successful unless they are codeposited
with a ductile matrix material.

Process optimization is based on operational parameters of the
particular application device (typically a gas nozzle) that permit a
suitable distribution of particle velocities for producing the
desired physical properties of the deposit for any given material.
Typically these parameters include the gas preheat temperature,
pressure, nozzle geometry, and throat size. A critical process
parameter is the feedstock powder material itself—primarily par-
ticle size distribution and particle attributes such as oxide skins
and mechanical properties, which influence the ability to form a
compacted layer. Operational parameters are typically selected to
achieve the most suitable coating for its intended application at the
lowest operational temperatures and gas flows.

The distinguishing feature of the cold spray process compared
with conventional thermal spray processes is its ability to produce
coatings with preheated gas temperatures in the range of 0 to 700
°C (32 to 1290 °F), a range that is generally lower than the melt-
ing temperature of the coating particle materials. The nozzle exit
temperature is substantially lower than the gas preheat tempera-
ture, further lowering the temperature excursions experienced by
the feedstock particles. Consequently, deleterious effects of high-
temperature oxidation, evaporation, melting, recrystallization,
residual stresses, debonding, gas release, and other concerns asso-
ciated with thermal spray methods employing a liquefaction step
are minimized or eliminated.

Figure 2 compares the particle velocity and gas temperature
ranges of cold spray and other thermal spray processes (Ref 2).

When the particle velocity (Vp) is too low for a given coating/sub-
strate combination, the feedstock particles are simply reflected
from the surface and do not form a contiguous coating or deposit.
At higher values of V_ solid particle erosion of the surface may
occur, as with shot blasting of surfaces. When V_ exceeds a criti-
cal value V_. (which varies with particle and substrate material),

Fig. 1 Micron-sized copper powder used in cold spray experiments/appli-
cations. Source: Ref 1

Particle velocity, 103 m/sec

0.3 0.61 0.91 1.2
30
25 16.8
L ©
® (321
=] 20 Plasma arc 2
5 9
E E]
2 s
S 15 83 £
2 Wire 2
5 arc g High-velocity E
2 10 B "oxygen fuel, D-gun---=-" ‘é
0] flame ©
flame Cold spray
|
0 1 2 3 4

Particle velocity, 103 ft/sec

Fig. 2 Temperature/velocity regimes for common thermal spray processes
compared to cold spray technology. Source: Ref 2
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particles begin to plastically deform, adhere to the substrate, and
form an overlay coating.

The cold spray process was originally developed in the mid-
1980s at the Institute of Theoretical and Applied Mechanics of the
Russian Academy of Science in Novosibirsk by A. Papyrin and
colleagues (Ref 3—7). They deposited a wide range of pure metals,
metal alloys, and composites onto substrate materials, and demon-
strated the feasibility of cold spray for a number of applications. A
U.S. patent was issued in 1994 (Ref 8), the European patent in
1995 (Ref 9). Currently, a variety of cold-spray research is being
conducted at institutions in the United States, Russia, Germany,
and Japan (Ref 10). These studies include gas dynamics, physics
of high-speed particle impact, powder materials, novel application
methods, and the development of specific applications.

Cold Spray Equipment and Process Parameters

Figure 3 is a schematic of a typical cold-gas spray system. The
process gas is introduced through a gas control module to a mani-
fold system containing a gas heater and powder-metering device.
The pressurized gas is heated to a preset temperature, often using
a coil of an electrically resistance-heated tube. The gas is heated
not to heat or soften spray particles, but instead to achieve higher
sonic flow velocities, which ultimately result in higher particle
impact velocities. The high-pressure gas is introduced into the
converging section of a de Laval-type nozzle (i.e., a converg-
ing/diverging nozzle), the gas accelerates to sonic velocity in the
throat region of the nozzle, and the flow then becomes supersonic
(Mach numbers ranging from 2 to 4) as it expands in the diverging
section of the nozzle. The gas cools as it expands in the spray noz-
zle, often exiting the spray gun at below ambient temperature
(hence the name “cold” spray). The powder feedstock is typically
introduced into the high-pressure side of the nozzle in alignment
with the throat orifice, and is delivered by a precision-metering
device.

In a particularly novel adaptation of the technology, Kashirin
and colleagues (Ref 11) have employed a downstream injection of
the particles, thereby reducing the requirement of introduction into
a high-pressure vessel, and also avoiding some of the potential
issues of nozzle erosion and fouling associated with particle flows
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Fig. 3 Schematic diagram of a cold spray system. Source: Ref 10

occurring upstream of the nozzle orifice. Typical gas-jet parame-
ters for cold spraying are summarized in Table 1.

As shown in Table 1, process gases include nitrogen, helium,
air, and mixtures of these gases. Nitrogen is a favored process gas
because it can be used to spray some materials without promoting
oxidation (Ref 12) and because it is much less expensive than
helium. The nitrogen can be supplied from liquid nitrogen tanks,
but it must then be compressed to the proper working pressure. For
some materials, the velocities produced with nitrogen are not suf-
ficient to produce good deposition efficiencies or high-quality
coatings. Helium is capable of providing the highest gas veloci-
ties, and therefore can be used in depositing the widest possible
range of materials. Helium may also be diluted with nitrogen to
improve the economics of the process, while providing particle
velocities in excess of that achieved with nitrogen alone. In an
effort to make helium more cost effective, gas-handling systems
that permit the recycling of helium gas used in the cold spray
process have been developed and demonstrated (Ref 13). Process
economics for the recycling system strongly depend on production
volume; that is, production volume must be sufficient to cover and
provide a return on the cost of leasing or purchasing the recycling
equipment.

Deposition Efficiency and Coating Properties

As with other thermal spray processes, cold-spray process
parameters such as those listed in Table 1 affect both the process
deposition efficiency (DE) and properties of the prepared coatings.
Reference 14, for example, describes a series of spray experiments
that were conducted on various materials in order to determine
how process parameters influence DE and mechanical properties.
Typical results from these experiments are given in Fig. 4, which
presents the variation of the DE with the different spray parame-
ters for titanium metal. It was observed that process parameters
varied widely with the coating material. For example, aluminum
could be sprayed at temperatures as low as 120 °C (250 °F), while
MCrALY required 650 °C (1200 °F). As indicated in Fig. 4, the gas
composition, temperature, and pressure were found to have the
strongest effects on the DE of the material. Typical DE values
were found to vary between 20 and 80%. Process parameters were

Table 1 Typical range of gas-jet parameters for cold
spray coating

Stagnation jet pressure, MPa (psi) 1-3 (145-435)
Stagnation jet temperature, °C (°F) 0-700 (32-1290)
Gas flow rate, m3/min (ft3/min) 1-2 (35-70)
Powder feed rate, kg/h (1b/h) 2-8 (4-18)
Spray distance, mm (in.) 10-50 (0.4-2)
Power consumption, kW (for heating gas) 5-25
Particle size, um 1-50

Operating gases: air, nitrogen, helium, and their mixtures. Source: Adapted from Ref
10




found to affect the coating, microstructure resulting in variations
in both mechanical and thermal properties. Figure 5, for example,
shows the variation in hardness and elastic modulus of titanium
coatings as a function of gas temperature.
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Fig, 4 Variation of cold spray deposition efficiency of titanium coatings
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der feed rate; T, temperature. Source: Ref 15
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It has become increasingly clear to practitioners in the field that
powder characteristics significantly affect both the ability to form
deposits by cold spraying and the nature of those deposits. This
was illustrated for the case of two distinctly different copper pow-
ders by McCune et al. (Ref 16).

The tensile properties of cold-sprayed coatings are typically
much better than those obtained with other thermal spray
processes. However, the ductility of cold-sprayed coatings in the
as-sprayed condition is typically very low due to the extensive
work hardening that is inherent in the deposition process. Table 2
gives the tensile properties of cold spray processed nickel and bulk
nickel (Ref 17). As can be seen, cold-sprayed coatings have lower
ductility and higher tensile strength in the as-sprayed condition,
compared to bulk material. Heat treating the coatings at high tem-
perature retrieves sufficient ductility.

Coating Materials and Applications
A variety of coatings have been applied by the cold spray

process. These include pure metals, ferrous and nonferrous metal
alloys, composites, and cermets. Table 3 lists examples of cold
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Fig, 5 Variation of mechanical properties of cold-sprayed titanium coatings
with process parameters. SOD, standoff distance (nozzle); PFR, pow-
der feed rate. Source: Ref 15
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Table 2 Tensile properties of bulk nickel and electroplated nickel compared to cold-sprayed nickel in the as-sprayed and

heat-treated conditions

Young’s modulus Yield strength Ultimate strength
Material GPa 106 psi MPa ksi MPa Kksi Fracture strain
Cold-sprayed nickel, as sprayed(a) 158 +6 229+0.9 300+ 119 435+17.3 300+ 119 435+17.3 0.0002
Cold-sprayed nickel, heat treated(a) 125 +31 18.1+45 207 =57 30.0+8.3 304 = 101 44.1 = 14.6 0.0956
Bulk nickel(b) 207 30.0 59 8.6 317 46.0 0.30
Electroplated nickel(b) 155+ 11 225+ 1.6 305+ 12 442 +1.7 562 +9 81.5+13 0.124 = 0.005

(a) Average of data from four tests. (b) Handbook data. Source: Ref 17

Table 3 Examples of cold spray coating materials

Material Ref.
Pure metals

Copper 1,2, 10, 12, 14, 16, 18, 19
Aluminum 2,10, 14,18
Titanium 14,15, 18
Silver 14

Nickel 10, 14, 17
Zinc 19, 20
Molybdenum 20

Iron 19, 20
Low-alloy steels

Ancorsteel 1000 2
Nickel-chromium alloys

50Ni-50Cr 14
60Ni-40Cr 14
80Ni-20Cr 14
Nickel-base superalloys

Alloy 625 14

Alloy 718 14
Hastelloy C 14
Stainless steels

Type 316/316L 12,14, 18
Type 420 14

Type 440 14

Zinc alloys

Zn-20Al 19
Aluminum alloys

1100 21

6061 14
Copper alloys

C95800 (Ni-Al bronze) 22
MCrAlY 12, 14, 18
Composites/cermets

WC-Co 14
Cr,C,-NiCr 2,12
Fe-NdFeB 19

Ti-Al 12,18
Al-Cu 18

spray coating materials. Figures 6 to 9 show typical microstruc-
tures of copper, stainless steel, titanium, and composite cold spray
coatings, respectively.

Current and envisioned applications for cold spray coatings
include electrical/electronic applications (copper and Fe-NdFeB),

Fig. 6 Microstructure of a cold-sprayed copper coating on an aluminum
substrate using nitrogen as the process gas. (a) As-polished. (b)
Etched. Source: Ref 18



aerospace (MCrAlY), automotive (Al and Zn), chemical (Ti),
freestanding structures for rapid prototyping, multilayered sleeves
(Zn-Cu-Al), and conductive polymers. Several examples adapted
from Ref 19 pertaining to the automotive industry are given
below. Additional information on a broader range of cold spray
applications can be found in the article “Selected Applications” in
this Handbook.

Copper Metallization. Copper is perhaps the most studied
feedstock material using the cold spray process. Figure 1 shows
copper particles typical of those used in many studies of cold-
sprayed copper coatings. Figure 6 shows a typical microstructure
of a cold-sprayed copper coating on an aluminum substrate, in
both the as-polished and etched states. This figure clearly shows
that the coating has a very low porosity level. Furthermore, the
oxygen content of the coating is equal to 0.1%, as measured with
a Leco oxygen/nitrogen analyzer (Ref 18). The combination of
both the low porosity level and low O, content contributes to the
excellent electrical properties of copper cold spray coatings (Table
4). Cold-sprayed copper deposits also display excellent tensile
properties. Direct-write electrical metallizations employing cop-
per were one of the earliest envisioned applications for cold spray
technology (Ref 19).

Fig, 7 Microstructure of a cold-sprayed type 316L stainless steel coating on
an aluminum substrate using nitrogen as the process gas. (a) As-pol-
ished. (b) Etched. Source: Ref 18
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Selective Galvanizing (Ref 19). Corrosion protection for
automotive body and chassis structures relies primarily on the use
of precoated (galvanized) steels and postmanufacturing processes

Fig, 8 Microstructure of a cold-sprayed titanium coating on an aluminum
substrate using nitrogen as the process gas. (a) Dense titanium coat-
ing. (b) Porous titanium coating for biomedical (prosthesis) applications.

Source: Ref 18

Fig, 9 Microstructure of a cold-sprayed titanium-aluminum composite
coating on an aluminum substrate using nitrogen as the process gas.
Source: Ref 18
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such as phosphating and electrophoretic coating. However, details
of construction (such as hems, weldments and other joints,
extreme deformations, etc.) typically are the weakest links in total
corrosion protection.

Cold spraying has been found to be a useful approach for the
selective protection of localized areas that are the likely locations
for corrosive attack. For example, folded or welded seams in gal-
vanized sheet metal used for applications such as automotive door
panels or stamped gas tanks often are susceptible to corrosion
because the protective galvanizing layer is damaged or removed in
the assembly process. Such areas can be easily protected by local
application of an anticorrosion coating, such as zinc, to the affected
areas.

Figure 10 shows schematically an example of a steel hem struc-
ture wherein an inner piece is secured to an outer panel by a metal
fold or hem. The potential placement of supplemental zinc protec-
tion in the vicinity of the hem is illustrated. Since the duration of
galvanic protection by a sacrificial metal such as zinc on steel is lin-
early proportional to the amount of sacrificial metal available, it
then becomes possible to “program” the amount of sacrificial pro-
tection according to the severity of the specific geometry. In this
manner, the galvanic protection can be strategically placed instead
of relying on large expanses of precoated material to achieve pro-
tection goals in localized features. This would be similar in concept
to fabrication of “tailored” panels of steel with differing strengths
and thicknesses for metal forming. Potentially, both weight and
cost savings could be realized through such an approach.

To date, the principal experimentation with selective galvaniz-
ing has been with steel fuel tank weld seams and hem flanges, as

Table 4 Comparison of electrical resistivities for copper
produced by various thermal spray processes with those
for bulk materials

Material Resistivity, pQ - cm
Bulk copper 1.68
Hard-drawn copper 1.77
Cold-spray (Acupowder 500) copper 2.39
Twin-wire arc copper 3.05-6.0
Plasma-arc copper 5.45

Source: Ref 19

Cold spray fillet
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) |

>

Outer panel

Cold spray zinc layer

Fig, 10 Schematic of a galvanized steel hem structure with supplemental
zinc applied by cold spray processing. Source: Ref 19

illustrated in Fig. 10. The use of the pregalvanized sheet to accom-
modate a cold-sprayed layer of different composition can be seen
in Fig. 11, where a Zn-20Al alloy powder was applied to an EG60
electrogalvanized steel panel. EG60 has a nominal zinc coating
thickness of approximately 8 pum. Zinc-aluminum alloys are
expected to show greater corrosion resistance in salt water than
pure zinc; thus another dimension of corrosion protection is possi-
ble in local application of highly corrosion-resisting layers in spe-
cific locations.

Rapid Tooling Repair (Ref 19). Animportant recent develop-
ment in the area of rapid tooling involves the use of massive ther-
mal spray deposits of steel over ceramic molds to form tooling
used in sheet-metal forming. Typically, the spray deposits used in
this process are from twin-wire arc deposition of carbon steels and
contain a relatively high fraction of oxide, as well as carbon, ren-
dering the material difficult to repair or adjust by tungsten inert gas
(TIG) or metal inert gas (MIG) welding, which is the usual indus-
try practice. Cold spraying of high-purity iron as an intermediate
layer was found to permit the use of more conventional welding
processes for the repair and material buildup on dies formed by the
thermal spraying process. By forming a very high purity “barrier”
layer, the cold-spray iron deposit permitted attachment of weld
filler material, while isolating the difficult-to-weld underlying tool
material. Figure 12 illustrates the ability to form a weld bead of an
iron-nickel filler wire in contact with a cold-sprayed iron sub-
strate. Figure 13 shows an actual weld overlay on tooling material
that had been previously coated with the cold-sprayed iron.

Conclusions

Cold spray deposition in its various forms is an emerging tech-
nology that addresses many classic shortcomings of more tradi-

20 microns

Cold-sprayed Zn-20Al

Fig. 11 Microstructure of a cold-sprayed Zn-20Al alloy powder layer on
EG60 electrogalvanized steel sheet. Source: Ref 19



tional thermal spray processes employing liquefaction as the pri-
mary process. Efforts are under way as of this writing to develop
a more comprehensive scientific basis for the process as well as a
wider range of suitable materials, applications, and infrastructure.
One of the most exciting prospects for cold spraying is its use as a
selective technology for very controlled application of materials
having very high purities and superior physical properties; as such
it may serve the overall field of thermal spray technology as a spe-
cialized tool for novel applications and devices heretofore
unachievable with existing materials and practices.

Weld Bead

Recstamzatlon
Layer _ ‘ :

; Cold-spred Iron

Fig, 12 Filler-metal weld bead formed on cold-sprayed iron structure,
showing a recrystallized layer and grain growth below the bead.
Source: Ref 19

VWeld Material

Spray-formed Steel

Fig. 13 Repair of thermal-sprayed steel tooling using a cold-sprayed steel
intermediate layer on which a conventional weld bead was
deposited. Source: Ref 19
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SUPPORT EQUIPMENT to control thermal spray processes
can be categorized according to the following functions or sub-
processes:

Gun and part manipulation
Feedstock control

Gas pressure control

Gas flow control

Energy control

Equipment for these subprocess functions is critical to maintain-
ing coating quality, as described in this article.

Process Parameters

There are several accounts of the number of variables in thermal
spray processes, ranging from a few to several hundred. The pos-
sible combinations of parameters that can produce a “good” coat-
ing are staggering. Apart from manipulation, parameters that
directly affect coating characteristics can be simplified into those
that affect time, temperature, and mass. In order to stabilize a ther-
mal spray process, manipulation, time, temperature, and mass
must all be held constant.

Manipulation variables include:

e Standoff distance: the distance from the face of the gun to the
part being coated

e Surface speed: the relative velocity between the gun and the
part

e Pitch or increment: the distance that the gun moved with each
subsequent stroke of the gun manipulation or revolution of the
part

e Angle of impingement: the variation of the spray stream from
normal or 90° to the surface of the part

The time variable is controlled in part by:

Gun design (e.g., bore geometry and exit diameter)

Total arc/flame gas flow, that is, primary plus secondary gas
flows (fuel-to-oxygen ratio being a significant parameter in
flame spray processes)

Arc gas characteristics

Available energy, electrical or chemical, acting upon the
arc/flame gases

Temperature is controlled in part by:

The same gas issues as for time, above
The available energy acting upon the system

Other Important Variables. Mass is a complex variable, and
perhaps the most significant one, in the sense that beyond specifi-

cations, it is the most difficult to control because feedstock is usu-
ally a purchased commodity. The mass of spray material supplied
to the gun has several important characteristics. Variables com-
mon to all feedstocks include chemistry, melting point, thermo-
physical properties, and coefficient of thermal expansion (CTE).
Below are some of the unique variables for wire, rod, and powder
feedstock.
Important wire characteristics include:

Diameter

Circularity

Surface finish

Lubrication

Tensile strength

Residual stress (cast and cant; see the article “Thermal Spray
Processes” in this Section of the Handbook)

Important rod characteristics include:

Diameter
Circularity
Straightness
Porosity

Important powder characteristics include:

Particle size

Particle shape/morphology, which affects a powder’s feedabil-
ity

Particle size distribution

Method of manufacture

Apparent density

When these variables are controlled by job specifications, mass
feed rate consistency is all that is under the practitioner’s direct
control.

Flame spray processes use the energy available in the chemical
bonds of fuel gases. In these combustion processes, the melting
and expansion power of the flame jet is produced by breaking
molecular bonds in the fuel gas and the number of bonds broken
per unit time (higher fuel gas flow rates). Plasma, on the other
hand, utilizes the energy of an electric arc, the power of which is
directly related to the voltage drop across and the current flow
through the arc. In most plasma systems, power is calculated as the
product of the voltage and the current supplied by the system.
Depending on losses to the water cooling, the electrical to thermal
conversion efficiency of a plasma spray gun ranges from 42 to
65% of the power input to the gun. The heating power is measured
by the specific gas enthalpy, which is the energy per unit mass of
gas, for example, J/L or kW/scth.

Electric arc spray exhibits the most efficient use of energy of
any of the thermal spray processes. In electric arc spraying, dc
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power is established by the arc gap between the advancing wires
and the current in the arc. This product power (V- A = kW) is the
energy available for melting the wires, less the small amount of
energy lost through radiation and heating of the atomizing air. In
other thermal spray processes, it is the complexity of injecting
powder into the jet that determines the effectiveness of particle
heating. It can be shown that for plasma systems only about 1 to
3% of the total system energy is used for actually melting the pow-
der particles. Powder flame spray processes are not much differ-
ent. Wire and rod flame sprays are more efficient at 2.5 to 9%.
Guns configured for larger-diameter rods and wires are even more
efficient. Most of the flame energy is spent heating the atomizing
air, input gases, combustion products, and the environment. The
electric arc spray process differs in that about 70% of the available
energy is usable for melting the feedstock.

Material Feed

Materials that can be thermally sprayed include polymers, met-
als, metal alloys, intermetallics, ceramics, and composites. The
feedstock material can take the form of wire, rod, powder, or in
rare cases, liquids. This leads to two basic types of feed systems:
one that feeds wires or rods and another that feeds particulates.

Wire and rod feeders are simple mechanical devices consist-
ing of electrical or air-driven motors, drive rolls, and associated
speed controls. Wires and rods need to be fed continuously and
uniformly into the flame or arc. The injection point of the wire/rod
and feed rate are extremely important in controlling the coating
quality. Uniformity of feed depends on motor drives having suffi-
cient torque to overcome friction within the system, and in the case
of wires, from the wire spools. Drive roll design is another impor-
tant aspect of uniform feed. Drive rolls must grip the wire/rod suf-
ficiently to prevent slipping while not deforming the wire or crush-
ing the rod. Drive rolls vary according to the wire properties. Rolls
are usually made from metal or fiber-reinforced phenolic. Pheno-
lic rolls are used for ceramic rods, whereas metal rolls are used for
wires. Metal rolls can be knurled for hard wires or grooved for
softer wires; many variations exist. Figure 1 illustrates two con-
cepts, V-groove and geared.

Rod flame spray is used chiefly for spraying ceramics. Rods are
typically no more than 500 mm (20 in.) long and range from 4.75
to 7.94 mm (¥ to %, ) in diameter. The disadvantages of rod
feeding are interruptions during rod changes and feeding rods end-
to-end. Rod feed is used where materials are too difficult to form
or too brittle, as in the case of ceramics, which cannot be formed
into wires. Wire feed, on the other hand, is continuous and repre-
sents the preferred feed for many metallic coatings, provided the
wire is available. Rod flame spray ceramic coatings exhibit very
low residual stresses and can be applied in very thick sections
compared to other thermal spray processes.

Wire feeding is more problematic than rod feed, being subject
to more mechanical variables, because the wire load imposed on
the drive system can vary greatly. Wire characteristics mentioned
earlier in the section “Process Parameters” can significantly affect
the uniformity of wire feeding. One source of problem is wire slip-

page in the drive rolls. Slippage can be caused by tension on the
wire from drag in the dispensing units of the wire spools, coils, or
drums. Slippage can also be caused by wire diameter and stiffness,
which impose mechanical loads on the feeding system that inter-
rupt continuous feeding. Friction in wire conduits between the
source and the feed mechanism, or between the feed mechanism
and the gun, can cause wires to slip in the drive rolls. Shorter con-
duits are recommended, wherever possible.

Kinks in wires and sharp bends in the feed conduits must be
avoided. Wire diameters used in electric arc and flame wire spray
vary from 0.5 to 5 mm (0.02 to 0.20 in.). Larger, stiffer wires, usu-
ally >2 mm (>0.08 in.) in diameter, become more difficult to feed
as uncoiling requires more force and leads to larger wire tension
variations. Large or stiff wires also change the electrode/guide
contact forces, increasing the wear of the electrode surfaces,
which affects the arc position between the wires and the particle
size distributions generated at the wire tips.

Critical wire feed issues in electric arc and flame spray include
wire tension, wire straightness, wire diameter consistency, wire
surface characteristics, drive wheel geometry and material, and
wire guide and electrode wear. For electric arc spray, consistent
positioning accuracy of the wires as they form the arc gap is also
an important variable.

Powder feeding is a common and important subprocess be-
cause it features in many high-end applications of thermal spray.
Powder feeding also involves the most variables of any material
feed system. The common feature in all powder feeders is the out-
put, that is, a carrier gas stream in which the powder feedstock is
entrained and delivered to the powder-injection port at the spray
gun.

Powder feeders can be grouped into three basic categories:
gravity-fed hoppers, volumetric powder feeders, and fluidized-bed
powder feeders. The oldest of these is the gravity-fed hopper.
These devices are simple containers, usually with funnel-shaped
bottoms, that allow the powder to flow freely, assisted by gravity,
from the bottom of the funnel. Feed rate in these devices is con-
trolled by a pinch or a needle valve located in the funnel exit port.
Variants of gravity-fed hoppers are still found in handheld flame
powder spray devices. Although gravity-fed hoppers are not accu-
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Fig. 1 Wire feeding principles and devices



rate, they are inexpensive and relatively trouble-free, provided the
feedstock powder is free flowing.

Volumetric powder feeders utilize a positive-displacement
mechanism to deliver packets of powder into a carburetor, where
it is picked up by the carrier gas stream and delivered to the pow-
der port in the gun. Volumetric mechanisms include screws, slot-
ted wheels, or drilled wheels. As a screw or wheel rotates within a
bed of powder, the powder is displaced by the screw or picked up
by the wheel and taken to the carburetor, where it is suspended or
fluidized in the carrier gas. Tampers are sometimes used to assist
the packing of non-free-flowing powders into the wheel slots or
holes. Vibrators are also used when powders do not flow well.
Scalpers or scrapers are sometimes used to scrape excess powder
from the tops of the slots/holes, so that a predetermined volume of
material is delivered to the carburetor for each wheel revolution.
In screw feeders, the end of the screw enters a tube, which serves
the same function of controlling the volume per revolution of the
screw, keeping excess powder from entering the carburetor.

In both feeder designs, powder enters the carrier gas stream by
a positive pressure and, using gravity assist, moves the powder
particles from the pickup area in the carburetor to the powder-feed
hose leading to the gun. Feed rate is controlled by wheel or screw
rotation speed. Most manufacturers offer screws with different
pitches or wheels with different slot/hole sizes for feeding pow-
ders over a range of feed rates. Feed rate is also affected to a lesser
extent by gravity, volume of powder in the feeder, powder char-
acteristics, and carrier gas flow. Figure 2 schematically shows a
common volumetric feeder design.

Figure 3 illustrates an aspirating-type volumetric feeder, which
uses a continuous circumferential groove in a powder-feed wheel
that fills with powder by gravity. Powder is packed into the groove
by a counter-rotating, inverted conical stirrer. The conical stirrer
helps to maintain a more consistent powder bed density above the
feed slots, ensuring uniform filling of powder in the groove. Pow-

Gas pressure

Gas pressure/ carrier gas

Powder height

Rotating powder

Powder pickup area feed wheel

Fig. 2 Pressurized volumetric powder feeder
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der is picked up in an aspirating venturi, through which the carrier
gas flows, creating a vacuum that sucks the powder out of the
wheel. The uniformity of volumetric feed for this type of feeder
becomes a strong function of the packing efficiency and packing
uniformity of the powder particles into the metering wheel.

Powder pulsing can occur in volumetric feeders, related to the
holes, slots, and screw pitches. These devices all deliver “packets”
of powder into the carburetor. The periodic interruption in powder
flow is sometimes carried through to the powder-injection port at
the gun. One method used to mitigate pulsing in screw feeders is
a “cyclone mixer,” a tangentially injected conical chamber with an
axial exit. This arrangement effectively damps pulsations under
conditions when it occurs. Other means of damping pulsations
include changing the length and internal diameter of the powder-
feed hose. Volumetric feeders are relatively insensitive to down-
stream pressure variations because of the positive, mechanical
aspects of the particle metering.

Fluidized-bed powder feeders (Fig. 4) are also commonly used
in thermal spray processes. In these units, a “bed” of powder is
continuously agitated by a fluidizing gas, in this case the carrier
gas. The intent by design is to suspend a controlled volume of
powder in a bed using a controlled volume of gas such that a sam-
ple of powder can be drawn off at a uniform rate. To accomplish
this, the bed must be in continuous motion—that is, fluidized—
and the volumes of gas and powder being removed must be con-
tinuously replaced. Vibrators and/or gravity feed are used to assist
and maintain flow from the hopper into the bed. Figure 4 also illus-
trates how the powder-laden carrier gas is aspirated through open-
ings in the carrier-gas tube, using the venturi effect created by gas
flowing through the tube.

Powder feed rate in fluidized-bed feeders is affected by powder
characteristics and particle size distribution. The degree to which
a particle size distribution can be suspended in the bed and carried
away by the carrier gas flow is determined by the drag forces
exerted by the carrier gas. Powder may fall out at a given carrier

Powder weight

'

Powder feed

Suction/aspiration

Fig. 3 Aspirating volumetric powder feeder
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gas flow, if the particle size is too large or too dense. In addition,
particle mass, size, and morphology determine how quickly pow-
ders can be aspirated and reach the carrier-gas flow velocity.
Smaller, lighter, and/or irregularly shaped particles move faster
and are carried out of the bed before larger, denser, or spherical
particles. This classification of powders according to their physi-
cal characteristics is a particularly bothersome phenomenon in flu-
idized-bed feeders, which makes them very sensitive to powder
size and morphology distributions and variations.

One advantage of fluidized-bed feeders is that they do not typi-
cally experience the pulsing sometimes exhibited by volumetric
feeders. Fluidized-bed feeders do, however, experience powder
mass flow variations as a function of variations in either carrier gas
supply or gun back-pressures. Back-pressure variations can result
from motion in the powder-feed hose, changes in plasma or flame
conditions, and changes in atmospheric pressure.

Powder weight

R

Powder
feed

Fluidizing gas

Fig. 4 Fluidized-bed powder feeder

Powder Characteristics

Several characteristics of powders make them suitable or
unsuitable for uniform feeding. Ideally, powders should be free
flowing, normally distributed, and free of unwanted fine particu-
lates. Fines are often called “satellites,” because they adhere to
larger particles. The ideal situation rarely exists, so it is necessary
to understand the characteristics of powders that make them
usable for feeding and spraying. Among the important powder
characteristics are:

Powder particle size
Particle size distribution
Morphology

Method of manufacture
Apparent density
Moisture content

Particle size, commonly defined by the upper and lower lim-
its of the powder size distribution, is often used for specifying and
sourcing powder. It should be understood that these limits are nor-
mally established by the 90th and 10th percentiles of the distribu-
tion, respectively. For example, a typical plasma spray powder
might be defined as —325 mesh, +10 um (10 to 44 um). This pow-
der by normal definition would have a minimum of 80% of its par-
ticles between 10 and 44 pum, allowing for up to 10% below 10 um
and 10% above 44 um. The assumption is that the powder is nor-
mally distributed (Gaussian). Oftentimes this is not the case.
When a powder sizing is skewed toward the fine side of the distri-
bution, it will not feed well.

Size distribution further defines powder sizing. The average
or mean particle size and the skew of the distribution are also crit-
ical parameters. Generally, good powders are monomodal (nor-
mally distributed, having only one peak in the curve) and are not
skewed (the difference between the 50th percentile and the aver-
age or mean particle size) beyond reasonable limits. Some skew is
unavoidable, particularly in particle size distributions where the
upper limit is a screen size and the lower limit is not. For economic
reasons, manufacturers use screens to classify powders whenever
possible, and screens produce a sharper cutoff than air classifica-
tion. Air classification is often used for distribution limits that fall
below 44 um (325 mesh), because screens below 44 um are
impractical for production processes.

Differences in the skew of the powder from one lot to another
will affect coating properties. All spray parameters considered, if
only the particle size changes, then the powder trajectory through
the jet will also change, which in turn will change the time/tem-
perature profile of the powder stream. Again, as the skew shifts
toward the fine side of the size distribution, powder-feeding irreg-
ularities will occur.

Powder morphology, or shape, should be inextricably linked
to the method of manufacture; it is not. Manufacturing process
variations can effect changes in particle morphology. Morphology
affects feedability, apparent density, sprayability, unmelted parti-
cles in the coating, porosity, vaporization, and so forth. Water-
atomized powders are one example of this phenomenon, where the
morphology may range from almost perfect spheres to highly



irregular, convoluted shapes, depending on the manufacturing
process parameters. Irregularly shaped particles do not feed as eas-
ily as spherical or equiaxed (particles with the same dimension in
every direction) powders, because they pack together more easily.
Because a sphere has the lowest surface-area-to-volume ratio of
any geometry, any nonspherical shape can adsorb more surface
moisture than a sphere. Gas-atomized powders are usually more
spherical and therefore typically flow very well. Figure 5 is a
micrograph of water-atomized powder particles with high surface
areas, typically leading to poor feeding. A spherical gas-atomized
powder is shown in Fig. 6.

Manufacturing Method. A variety of manufacturing methods
can be used to make a given type of powder. Each method pro-
duces unique powder characteristics in terms of morphology,
feedability, apparent density, grain size, and so on. Each manu-
facturing method, for a given particle size and composition, will
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Fig. 6 Micrograph of spherical gas-atomized powder
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also produce different coating characteristics. These differences
may or may not be significant. Manufacturing methods are cov-
ered in the Section “Materials Production for Thermal Spray
Processes” in this Handbook.

Powder manufacture plays a key role in high-velocity oxyfuel
(HVOF) spraying. Cast and crushed WC/Co powders do not per-
form well in HVOF processes. This type of powder can shatter on
impact due to the high kinetic energy of the jet and the brittle
nature of the powder. However, WC/Co powders that have some
inherent porosity, such as sintered and crushed or spray-dried,
plasma-densified powders, work very well in HVOF guns. It is
believed that these powders do not shatter on impact, because the
energy is spent in crushing as the porous powder collapses on
impact.

Thermal spray powders can also be engineered as mixtures of
phases in the form of blended, agglomerated, or sintered particles.
Agglomerated powders tend to be the most fragile, often fractur-
ing under the stress of shipping, handling, feeding, and delivery to
the jet. Fracturing of these particles increases the volume percent
of fine powders, which reduces flowability and can cause spitting
problems in the plasma gun and increased fume generation. It can
also affect coating quality.

Density is a rather loosely used term in the thermal spray
industry. Density is variously used to define the absence of poros-
ity, the specific gravity of a material, and the apparent density of
powder. Apparent density is the “specific gravity” of a powder,
which includes all the spaces between particles and the pores
within the powder particles themselves. Apparent density is
related to powder packing density. As an example, wrought or
forged steel might have a density of 7.8 g/cm?, whereas powdered
steel may only be 3.1 to 4.7 g/cm? because of poor particle pack-
ing. Apparent density affects two important factors in spraying:
feed rate and trajectory.

The apparent density of a bulk powder is controlled largely by
the particle size and size distribution. In this sense, as apparent
density changes, so does feed rate, particularly with volumetric
feeders. Repeatability in a volumetric feeder, at a given feed rate,
is determined by the constancy of the apparent density of the pow-
der. Apparent density in the individual powder particle, related to
porosity, will affect the trajectory of the powder particle through
the jet.

Moisture Content. Adsorbed (surface) moisture on powders
is one of the more significant and often overlooked aspects of
powder feeding, but one of the simplest to control. Powdered
materials have very high specific surface areas and can retain or
adsorb an appreciable amount of surface moisture. Some materi-
als are hygroscopic (water absorbent) and can hold even more
water. To alleviate this problem and eliminate a significant source
of inconsistent powder feed, it is strongly recommended that pow-
der-drying procedures be implemented. Powders should be placed
in a heated oven for some time prior to spraying.

General practice is to place powder containers in the oven with
the lids loosened and any security plugs or covers removed. Time
and temperature vary considerably within the industry, but all
powders should be dried for at least 8 h prior to being sprayed,
preferably at slightly above the boiling point of water, 100 °C (212
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°F). However, temperatures must vary with powder material, con-
tainer material, and particle size. Polymer powders are usually
heated to 50 °C (125 °F), as are powders in plastic containers.
Finer powders should be heated for longer periods because of their
high surface-area-to-volume ratio. This ratio increases exponen-
tially as the particle size decreases, such that finer powders can
hold significantly more moisture than coarser powder. A vacuum
drying oven is much more effective than heat alone.

Moisture poses such a significant problem that many powder
feeders have heated canisters to keep powders from picking up
moisture during spraying and between shift work. Powder mois-
ture is a major cause of powder feed problems, but is easily recti-
fied through proper control.

Powder Flowability Measurements. Apparent density and
flowability can be measured quickly and inexpensively. Such tests
are illustrated in Fig. 7, which includes a modified flow test that
measures powder flow through a metering orifice as a function of
time. Powder that fails to flow through the orifice signifies poor
flowability. The angle of repose or slope of the mound of powder
formed by powder dropping from a specified height through a flow
orifice can also be used to assess relative flowability. Poor flowa-
bility would be indicated by steep slopes of the powder pile, while
free-flowing powders would have little slope. High angles of
repose alone would not exclude a powder from use, although cau-
tion in feeding and handling would be suggested.

N
Powder flow stream:
- Rate/100 g

. ) Standard height
- Uniformity

(a)

Powder Feed Rate Control. Even with well-specified and
well-characterized powders, minor variations occur in carrier gas
pressure/flow rate and in powder characteristics. These variations
affect feed rate. Closed-loop feed-rate controllers are used to pro-
vide consistent mass flow into the flame or plasma jet. Most of
these controllers operate on a loss-in-weight principle. Feeders are
placed on sensitive electronic scales that measure the weight loss
as powder is dispensed from the feeder. The rate of weight change
is compared electronically to a preset feed rate. Variations from
the setpoint cause the motor speed or gas pressure to change to
compensate for the variation, holding the mass feed rate constant.
Accuracy for these units is typically better than 2%. The limitation
of these closed-loop feed-rate controllers is that, although they
deliver consistent powder feed rates, if the powder is out of spec-
ification, they will deliver bad powder consistently.

Powder Pulsing

Pulsations in powder feeding are a common occurrence. Pulsa-
tions cause nonuniformity in coating thickness and microstruc-
ture. The following paragraphs discuss some of the known causes
of powder-feed pulsations.

Leaks. The leading cause of powder pulsing is gas leaks in the
carrier-gas circuit. Leaks are common in powder hose fittings at

Drop height

(b)

Fig. 7 Powder flowability measurements. (a) Hall flowability test. (b) Powder and angle of repose



both the gun and feeder ends. Loose hose fittings and damaged
seals are usually the causes of gas leaks. Leaks are also common
at the lid seals on powder canisters, mostly due to powder residue
from loading the canister.

Powder Particle Size Distribution. Wide particle size distri-
butions, distributions containing excessive fines, and bimodal dis-
tributions all affect flowability.

Moisture in powder affects flowability.

Static electricity is a problem primarily with ceramics and
polymers. Static charges build up in powder-feed hoses as the
insulating powders rub against the hose walls. These charges
cause powder to stick to the inside surface of powder-feed tubes.
Periodically, the powder buildup breaks free, causing pulsing. Sta-
tic charges can build up to potentials sufficiently high to damage
the electronic circuits in the feeder and control console. Using
conductive hoses will work for flame spray, but is not recom-
mended for plasma, because the powder ports of plasma spray
guns are at the anode potential. Using a conductive powder hose
can also direct the high-frequency starting pulse back into the
powder feeder and control console, resulting in damage. Antista-
tic hoses with embedded grounding circuits are commercially
available.

Hose dressing is another source of powder-pulsing problems.
Powder feeding is a dynamic process, with the motion of the pow-
der through the hose being acted upon by the motion of the hose
and gun during spraying. It has been observed that unnecessarily
long hoses aggravate the problem with excessive motion. Using
the shortest possible hose length is one remedy for this problem.
Another solution is tying up the hose so as to restrict its indepen-
dent movement with respect to the gun.

Hose inside diameer (ID) can be a factor contributing to poor
feeding. Hose IDs range from 4.8 to 6.35 mm (0.1875 to 0.25 in.).
In some instances, these larger IDs create reduced powder veloci-
ties, causing the powder to fall out of suspension in the carrier gas
stream. Reducing the hose ID to 3.2 mm (0.125 in.) will keep
the powder moving through the hose without affecting powder
injection.

Gas Flow Measurement and Control

All thermal spray devices use some type of gas. This section
discusses the practical application of gas flow measurement tech-
niques as they relate to thermal spray processes. The information
given herein avoids esoteric, purist issues that relate to accuracies
and effects below 2%. Gas flow is a much-disputed topic in many
fields; thermal spray is no different. Issues with which industry
wrestles include the type of measurement instrument, its calibra-
tion, accuracy, and so on. The three basic types of devices used in
the thermal spray controls are rotameters, critical orifices, and
thermal mass flowmeters. Each of these devices has strengths and
weaknesses.

Rotameters, often called variable-area flowmeters or flow
tubes, consist of a vertical glass or polymeric tube having a tapered
or conical gas passage (hence, variable area) over the length of the
tube. As shown in Fig. 8, a “float” located in the gas passage is
used to indicate the gas flow.
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Floats are either spherical or machined and are made from a
variety of materials having different densities (specific gravities.)
In order of increasing density, float materials are typically nylon,
glass, sapphire, stainless steel, WC/Co, or tantalum. The choice of
float material is made primarily based on the required gas flow.
For a given tube diameter and length, increasing the float density
increases the flow for a given position or reading on a scale. Read-
ings are taken at the widest point of the float. The widest point of
a spherical float is the equator; for a machined float it is usually a
knife-edge near the top.

Scales located on, or next to, the rotameter tube are used to read
the float position. Scale units are given in one of three ways:

0 to 100 for rotameters that read as a percentage of full scale
0 to X, where X equals the length of the tube in centimeters or
millimeters, for example, O to 150 for a 150 mm tube

e (to X, where X equals the calibrated flow, for example, O to
1500 scth or 0 to 750 sLm

Because rotameters are inherently inaccurate, measurements
taken with them require some interpretation. In decreasing order
of significance, pressure, temperature, and parallax (see below)
have the greatest effect on accuracy. Other factors such as wear of
the float and tube are longer-term problems. Rotameters are cali-
brated at specific gas pressures and temperatures. Generally, they
are referenced to room temperature (20 °C, or 70 °F) and atmos-
pheric pressure (100 kPa, 1 bar, or 14.5 psi absolute.) Any varia-
tion from the calibration conditions results in an error.

Gas pressure, in practice, is the pressure drop (AP) across the
float. As AP increases, the susceptibility of the measurement to
variations in the downstream or process back-pressure also
increases. If, for example, the meter is calibrated at atmospheric
pressure but used where the back-pressure is 10 psig (gage pres-
sure = 24.7 psia), the actual gas flow for a given float level will be
considerably higher. It follows that when the meter is calibrated at
a fixed set of upstream and downstream pressures, any variation in
these will affect the actual flow. In practice, both pressures vary as

Tube
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Fig. 8 Rotameter gas flow measurement gage
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a function of flow. As the flow is increased, the supply pressure
usually drops and must be adjusted. In any configuration other
than a vent to atmosphere, back-pressure increases with flow.
From a practical and economic perspective, these pressures cannot
be simultaneously controlled.

Gas density, for a specific gas, is defined by both temperature
and pressure. Gas temperature is nearly equal to pressure with
regard to its effect on rotameter accuracy. Density and temperature
are inversely proportional; that is, as temperature increases, den-
sity decreases. Since the buoyancy of a float varies with the den-
sity of the gas being measured, it follows that accuracy also varies;
the position of the float will vary as a function of temperature, all
else being equal. The general environment and gas withdrawal
rates have the most significant effect on gas temperature. Where
gas is stored outside, seasonal temperature variations can be
greater than 90 °C (160 °F). Daily variations can be as high as 40
°C (70 °F). Extreme temperature variations are experienced even
with gases stored inside, because gas withdrawal rate also affects
gas temperature.

As gas is withdrawn from a supply, the bulk gas or liquid source
cools because of adiabatic expansion. (When gas expands away
from its source, it removes heat from the source.) To illustrate this
problem, as the working day begins, the gas supply will be at room
temperature. As gas is drawn, the temperature falls to some equi-
librium point where the withdrawal rate and ambient temperature
nullify each other. During this time, the rotameter float has been
kept at the same level and supply pressures have been held con-
stant. The density of the gas throughout the run has continued to
increase until equilibrium has been achieved, where the density
stabilizes with temperature. In this case, flow has been accurate at
perhaps only one instant during the run. As a rule of thumb, gas
density varies by approximately 1% per 5.5 °C (10 °F) tempera-
ture change.

Parallax is the apparent displacement of the rotameter float that
occurs when the float is viewed from different vertical angles or
heights. The position of the rotameter with respect to the eye of the
person reading it results in errors from one operator to another.
The problem is worse when the scale is located on the tube surface
because the operator has to “sight” past the scale to read the float
level. Scales mounted beside the rotameter tube help to minimize
parallax errors.

All factors combined, under calibrated conditions, rotameter
accuracy and resolution (the ability to read scale divisions accu-
rately) vary as an inverse function of length. Depending on the
rotameter manufacturer and materials, accuracies range from +2%
at 250 mm to £20% for 50 mm long tubes. It has been observed in
the field that errors of 2 to 30% exist in “calibrated” systems. Scale
types and location also affect accuracy. While rotameters are inex-
pensive and compact, they are sensitive to pressure and tempera-
ture variations and parallax errors.

A critical orifice, sometimes called a sonic nozzle, is a disk-
shaped element with an axial hole. The orifice is usually inserted
into a fitting, tube, or pipe through which flows the gas to be con-
trolled. As the upstream or supply pressure (P)) increases, the
velocity through the orifice reaches sonic velocity. Above sonic
velocity, the flow through the hole becomes a linear function of

increasing supply pressure. As a rule of thumb, these conditions
exist at P,-to-P, (upstream/downstream pressure) ratios higher
than 2 to 1 (see Fig. 9). Where the downstream process pressures
are higher than 1 atm, the upstream pressure has to be corre-
spondingly higher. For example, in HVOF processes gun back-
pressures may be 690 kPa (100 psi); in this case, to achieve criti-
cal flow, the minimum P, pressure will need to be 1380 kPa (200
psi); the supply pressure to P, must be higher yet to have a control
range.

Critical orifices have two major advantages over rotameters:
they exhibit essentially no parallax problems, and, provided the
2-to-1 pressure ratio is maintained, downstream pressure has no
effect on flow. The control point for an orifice is either an analog
pressure gage or an electronic transducer. Even with an analog
pressure gage, parallax error is minimal. The basic accuracy of an
orifice is determined by the precision of the hole and the accuracy
of the P, pressure gage, usually #2%. Another advantage is lack of
wear, particularly in jeweled orifices.

Critical orifices are smaller and less expensive than rotameters.
They are not subject to excessive wear and are relatively insensi-
tive to process pressure variations. However, orifices have the
same sensitivity to temperature as rotameters.

Mass flowmeters (MFMs), sometimes called thermal mass
flowmeters, are electronic devices that indicate flow by measuring
the thermal properties of a given gas. In most commonly used
MFMs, the gas flows through a precision tube that has a precise
sampling or bypass capillary tube running in parallel with the
main flow (see Fig. 10). The sampling tube samples or bypasses
the primary flow at a ratio of approximately 100 to 1. The bypass
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Fig. 10 Mass flow controller. Source: Courtesy of MKS Instruments



flow is passed through a controlled-heating element, which
imparts a known amount of heat (i.e., energy) into the gas stream.
Knowing the temperature of the gas, before and after the heating
element, together with the thermophysical properties of the gas,
the main flow through the meter can be accurately calculated.
Temperature effects caused by supply parameters are eliminated
because the temperatures are measured within the device. The
effects of pressure variations on density are also eliminated
because temperature changes, measured within the device, are
based only on mass flow.

Mass flow controllers (MFCs) are identical to MEMs, with the
exception of a control valve and an internal closed-loop control
circuit to maintain the setpoint at the desired value. Upstream and
downstream pressures must be defined in order to calibrate the
valve for proper operation.

Mass flowmeters measure and compensate for temperature vari-
ations, have no parallax problems, and are relatively insensitive to
pressure variations. Mass flowmeters and MFCs are, however,
considerably more expensive than rotameters and critical orifices.
Mass flow controllers can be controlled remotely and are ideal for
intermediate and high-end thermal spray process controls.

Theoretically, rotameters, critical orifices, and mass flowme-
ters/controllers can all give accurate measurements, on the order
of 2% error. Given the limitations and benefits described, the ther-
mal spray application, its economics, and the need for process con-
trol drive the choice of gas flow measurement instrument.

Related Measurement Issues

Terms that define the ability of an instrument to provide use-
ful information include resolution, accuracy, linearity, and re-
peatability.

Resolution relates to the smallest unit that is readable or
resolvable. If a scale is divided into 100 units for 100% full scale,
the smallest resolvable increment is 1%. Reading between the
lines, so to speak (known as interpolation), does not increase the
true resolution. For a variety of reasons, no two people will inter-
polate the same number. It thus follows that either larger-diameter
analog gages or longer rotameter tubes, with finer divisions, pro-
vide higher resolution. Resolution in digital electronic devices is
determined by the “bit” (binary digit) divisions of the scaled sig-
nal. For example, if a full-scale signal represents 100 psi, and the
signal is processed through an 8-bit device, the signal will be
divided by 28 (256). The internal electronic resolution becomes
0.391 psi.

Accuracy is a term used too loosely. In instrumentation, accu-
racy typically has two definitions: percent of full scale (FS) and
percent of reading. Percent full scale defines limits related to the
maximum measurable value of a device. As an example, if a 100
psi gage has a stated accuracy of +2% FS, the gage would have a
maximum error of +2 psi at any reading within its range. (Accu-
racy numbers are always plus/minus, +, whether stated or not.)
Alternatively, a stated accuracy of 2% of reading, for a similar 100
psi gage, would yield a maximum error of 0.2 at 10 psi and 2 at
100 psi.
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Linearity defines the deviation of the response of the measure-
ment from a straight line, assuming that the device under consid-
eration outputs a straight-line function. In reality, measurements
taken with any device vary nonlinearly within stated accuracies.
Errors may be positive over one or more portions of a flow curve
and negative in others. The absolute variance at a given point over
the reading gives percent linearity.

Repeatability mostly relates to hysteresis and is more notice-
able in mechanical devices, although it is present in all processes
and systems. When elements in analog gages, rotameters, and
pressure transducers are cycled through their ranges, accuracy,
linearity, and resolution trade off to give what should be a reason-
able representation of the actual forces. Hysteresis comes into play
when the forces on the elements are relaxed and the indication
begins to reverse direction. Hysteresis is a term used to define the
effects of losses, internal to the measurement device itself, related
to friction, viscosity, magnetic fields, and other forces. For exam-
ple, when a gage is pressurized from 0 to 100 psi, all of the forces
acting on the internal elements have the same polarity; that is, they
are going in the same direction. When the pressure is lowered to
50 psi, for example, not all of the stresses that were generated to
produce the indication of pressure at 100 psi relax. The difference
between the indicated pressure and the real pressure, at that indi-
cation, is the hysteresis, expressed in percent. An example of hys-
teresis could be shown in a gage that accurately reads 50 psi as
pressure is increased. However, as pressure is increased past the
desired setpoint and then lowered back to 50 psi, the indication
might be 50 psi although the actual pressure may be 51 psi. The
error would thus be 2% of the reading. Electronic circuits also
exhibit hysteresis, but not usually to the same extent as mechani-
cal devices.

If resolution, linearity, and repeatability fall within the limits of
the stated accuracy, as they should, then accuracy can be used to
define the operating limits of a piece of equipment. To ensure
accuracy, all devices, whether analog or digital, should be cali-
brated at regular intervals, not to exceed one year.

Gas Quality Issues

As advancements are made in plasma gun designs, anodes and
cathodes are becoming long-term consumable items. When anode
life was measured in terms of a few hours, gas contamination was
less significant. With the development of anode and gun designs
that can last for several hundred hours, gas purity has become an
issue. Impurities, usually oxygen, cause rapid deterioration of
anodes and cathodes because oxidation affects both the thermal
and electrical properties of tungsten and copper. Several other fac-
tors can influence the life of plasma gun hardware—for example,
dimensional control, water pressure, and number of start/stop
cycles. This section focuses on gas purity as it relates to hardware
life.

Gas purity is one of the more important factors in determining
the lifetime of plasma gun hardware. Purity is expressed in several
ways. Often gases are purchased in terms of percent purity. For
example, good commercial-grade gases for plasma spraying are
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stated to be at least 99.995% (“four-nines-five” purity). Argon is
the most commonly used primary plasma arc gas. From a liquid
source, argon has a stated purity of 99.998% and is generally more
reliable than high-pressure gas cylinders. An expressed purity of
99.995% is another way of stating that a gas has 50 ppm of impu-
rities.

Oxygen is the most critical gas contaminant, followed by
hydrocarbon impurities. It has been empirically determined that
50 ppm of oxygen is the upper limit for plasma gases. Other gases,
including hydrocarbons, make up the balance of the impurities.
Nitrogen as an impurity is of little concern, as are other inert gases.
Hydrocarbon contaminants cause discoloration of the electrodes
and increased resistance at the surface. Upper limits of contami-
nation have been empirically established at 50 ppm. Welding-
grade gases, typically 99.995% pure, are adequate. When oxygen
levels in helium and argon exceed 50 ppm, a blue/black discol-
oration will occur on the cathode. Indigo coloration always indi-
cates oxygen; black can be an indication of methane in the argon.

Another important contaminant is moisture—typically of con-
cern in hydrogen, although sometimes also in nitrogen. The dew
point of hydrogen and nitrogen for plasma spray should be below
—46 °C (=50 °F). Water, when dissociated by the plasma, releases
oxygen.

Gas-purity levels are critical to long electrode lifetimes, but the
supply gas is not the only potential source of contamination. The
gas-delivery system is the most common source of oxygen con-
tamination, leading to early failures in plasma guns. Regulators at
the supply end are often neglected. These devices should be
inspected and calibrated at least yearly. The most common failure
is the control diaphragm. Diaphragms are usually made of poly-
meric materials that age harden or fatigue in service. Typically, a
diaphragm will develop significant leaks before it fails. High-
purity regulators with stainless steel bellows are recommended.

A common misconception is that systems under pressure do not
leak inward. However, under high flow conditions, these systems
can aspirate or leak inward. The result is the same: electrode fail-
ure. Other common sources of leaks are hoses, fittings, and pipe
threads. Again, yearly inspection is strongly recommended.

Close monitoring of spray conditions and hardware performance
will help to establish reasonable limits for a given installation.
After arepeatable condition has been established that reduces coat-
ing quality or powder sprayability, these conditions may be used as
indicators for gas contamination levels and hardware replacement.
When a computerized plasma spray system is used, gun efficiency
can be set to alarm when conditions are deteriorating.

Visual inspection is acceptable for determining the condition of
gun hardware. Cathodes should be replaced when the tips become
blunted or mushroomed, or when cracks form at the tip. In most
cases, anodes and cathodes can be polished or cleaned with emery
paper or fine steel wool, being careful not to remove too much
material. Hardware should be replaced if cleaning reveals more
serious damage.

The use of an oxygen analyzer is recommended to monitor
gases and delivery systems and as a troubleshooting tool. Bad gas
is seldom a problem, so attention to gas-purchasing specifications

is usually sufficient. Occasionally, even the most conscientious
supplier will deliver bad gases.

Thermal Spray Controls

Equipment for each thermal spray process is outlined in the arti-
cle “Thermal Spray Processes” in this Handbook. This section
focuses on specific controls and data acquisition, highlighting
plasma spray, the most complex process.

Control schemes can range from simple to complex and can be
categorized accordingly. Commercial thermal spray controls fol-
low this order:

Open-loop, input-based

Open-loop, output-based

Closed-loop, input-based

Closed-loop, output-based or adaptive control

The terms “open-loop” and “closed-loop” refer to the absence
or presence of circuitry that provides feedback to change a process
parameter based on some predetermined reference or setpoint.
Open-loop implies manual control of process inputs. An example
of simple open-loop control is a rotameter, where the flow is set
manually, but there is no means to correct for flow variations apart
from manual readjustment. Closed-loop control implies control by
circuitry that automatically corrects for deviations from the set-
point. An example of closed-loop control is a thermal MFC. Mass
flow controllers have internal feedback circuitry that controls a
flow valve to maintain the desired flow even when it begins to
deviate from the setpoint.

The terms input- and output-based refer to the point of control.
Input-based control is based solely on providing utilities (pressure,
flow, voltage, current, and mass) to the process. There is no feed-
back to the operator or process control system that would indicate
a change in parameters or their effect on the process. The exam-
ples in the previous paragraph are typical of input-based control.
Output-based controls provide an indication to the operator or to
the process control system of changes in parameters or in the
process. Examples of output-based controls would be tempera-
ture-limit indicators, gun back-pressure gages, or particle temper-
ature/velocity monitoring.

The vast majority of process controllers manufactured and used
for thermal spray are open-loop, input-based controls. Examples
of these controls are rod and wire flame spray systems where gas
and air pressures, gas flows, and wire speed are all set and main-
tained by the operator. An example of this type of control for
plasma spray would include voltage, current, gas pressure, and gas
flow. With electric arc spray the controls are simply voltage, cur-
rent, and atomizing air pressure. Open-loop controls are inexpen-
sive in terms of capital investment, but may cost more in terms of
poor coating quality, equipment downtime, and consumables.
Open-loop controls are responsible, in part, for the coating
repeatability and booth-to-booth equivalency. Open-loop systems
have been used from the earliest days of thermal spray.

Closed-loop subprocesses are often used in thermal spray con-
trols, but are not always apparent to the operator. Thermal mass



flow controllers, heat exchangers, water chillers, powder feed-rate
controllers, and constant-current power supplies are all examples
of closed-loop, output-based controls. In each of these sub-
processes, a setpoint is specified and the subprocess is automati-
cally maintained based on the output rate of deviation from the set-
point. The main shortcoming of these subprocess controls is that
there is no direct interaction between them. These types of sub-
system controls have been commercially available since the mid-
1980s.

Advanced controls have been, and are being, developed around
plasma arc spray, for two reasons: (1) Plasma is the most complex
of the thermal spray processes, and (2) the aircraft industry, which
in the past has driven much technology development, requires
advanced controls. Advanced controls are typically based on com-
puters or programmable logic controllers (PLCs). This class of
control includes both closed-loop, output-based and adaptive con-
trollers. Closed-loop subprocesses are used extensively for
advanced controllers; these include MFCs, water chillers, powder
mass flow controllers, motion controls, and constant-current
power supplies. Setpoints for the subprocesses are established
according to a “recipe” in the computer or PLC. A recipe is a set
of retrievable data that includes all processing parameters for the
gun and ancillary equipment.

Usually, these controllers have multiple high- and low-limit
alarms that can warn the operator of potential problems or shut
down the process. The alarms are separate from system fault lim-
its, which are engineered into the process for safety. During pro-
cessing, data are recorded for on-line control and analysis or off-
line analysis and statistical process control (SPC). An example of
on-line control in an output-based control scheme would be a run-
ning calculation of input power to the plasma gun. In this exam-
ple, voltage and current data would be acquired and power would
be calculated. The output of the calculation would be used as the
feedback for comparison with a setpoint for power applied to the
gun. If a deviation from the setpoint occurs, then the current is usu-
ally adjusted to compensate. This type of control has been com-
mercially available since the mid-1980s.

The first adaptive control (developed by D.E. Crawmer and col-
leagues at Battelle Memorial Institute, circa 1988) used multiple
data acquisition points to account for all significant energy losses
in the plasma process. These data were manipulated to produce an
accurate number for the effective energy in the plasma stream (a
technique also used for HVOF processes). By creating an energy
balance equation, the actual energy of the plasma stream became
a control point. Using plasma energy as a control point in a closed-
loop, output-based control scheme, compensation could be made
for deterioration within the gun and water-cooled power cables.
The premise for this control was that if the subprocess controllers
delivered fixed quantities of powder, gas, and power to the gun,
and compensation could be made for losses in the gun, then coat-
ing quality could be held constant. This control has been commer-
cially available since the early 1990s. This approach to adaptive
control is limited primarily by powder consistency.

The limitations of early adaptive control were obvious from the
beginning. Out-of-tolerance powders make bad coatings, even
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when jet temperature and velocity are held constant. The problem
of powder-quality variations has been addressed, beginning in the
mid-1990s. Diagnostic tools of the type developed in the mid-
1980s by J. Fincke and colleagues at the Idaho National Engineer-
ing and Environmental Laboratory became commercially viable a
decade later. By the mid-1990s commercial devices were avail-
able to measure particle temperature and velocity in real time.
These tools have been successfully integrated into a control
scheme that enables arc gas flow and energy to be manipulated
simultaneously to effectively change the particle temperature and
velocity in-flight. The advantage of this approach is that the con-
troller can compensate for variations in powder particle size and
distribution by continuously modifying the jet characteristics. The
hope is that this type of control will become affordable and there-
fore broadly available.

Plasma Arc Starting Problems

This section discusses common causes and practical solutions
for arc starting problems. The arc starting method most commonly
employed in thermal spray is to induce a high-voltage (10 to 50
kV), radio-frequency (RF) pulse onto the negative power cable
that feeds the cathode in the plasma gun. The RF pulse is gener-
ated by a spark-gap oscillator similar to radio transmitters used in
the early days of Morse code transmission. This RF “signal” is
typically 10 kV at ~1 MHz. When the RF pulse reaches the cath-
ode and charges the tip, it breaks down across the narrow cath-
ode/anode gap and discharges to the anode. The conducting spark
generated between the cathode tip and the anode creates a current
path for the open-circuit voltage of the dc plasma power supply. In
a well-maintained plasma system, an RF pulse of 0.1 s duration is
sufficient to initiate the plasma arc. Many factors can cause this
energy to dissipate before it reaches the cathode tip. Among the
potential problems are defective power cables, water purity,
plasma gun hardware, and arc starter hardware. Radiofrequency
energy will always find the shortest path to ground.

Conductors in the water-cooled power cables that supply power
to the gun tend to break down because of repetitive motion during
spraying. Because of the direction of current flow and the mechan-
ical configuration of the electrical connections, the negative power
cable, at the gun end, tends to exhibit a higher failure rate than the
positive cable. The inner electrical cable suffers fatigue, resulting
in work hardening, and begins to break down, one strand at a time.
At some point, before complete failure of the cable, the RF energy
is dissipated and does not reach the cathode or simply becomes too
weak to break down the gap to the anode. A simple measurement
of the voltage drop across the cables will help to establish a refer-
ence point for the replacement of worn cables. When new cables
are installed on a plasma system, a reference voltage drop (at a
fixed current) should be noted. Periodic inspection of the cables,
by comparing the present voltage drop (at a specified current) to
the initial drop, will help to monitor cable deterioration. Advanced
controllers measure individual cable voltage drop and electrical
resistance in process.
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Water-cooled power cables are jacketed by high-pressure water
hoses. These hoses are made of materials that have electrical prop-
erties suited for plasma spray applications. However, after
extended use, the hoses can begin to break down electrically and
lose their resistance to RF. The dielectric properties of the hose
material can be affected by abrasion, repetitive arc starts, and
impregnation by powders, among other things. The polymeric hose
materials break down after repeated arc starts, allowing the RF to
dissipate to a ground point, through the walls of the hose. These
ground points include adjacent fixtures, tooling, decking, and other
conductive surfaces. It is good practice to route cables away from,
and off, metal walls, conduits, raceways, and decking. Even new
cables can dissipate RF over long runs when in contact with con-
ductive surfaces. Where it is necessary to run cables near metallic
surfaces, adding extra insulation will help avoid problems. Poly-
meric sheeting, such as neoprene or silicone rubber, is generally
acceptable. Using insulated standoff hardware also works well.
Structural features such as sharp edges and corners should be
avoided when routing cables. These points of contact tend to be
sites where fretting can occur. As hoses wear, the RF will pass to
ground through the weakened wall. Again, adding extra insulation
in the form of polymeric sheeting will relieve these stress points.

Robotic manipulation of the plasma gun is a significant cause of
rapid cable deterioration. High velocities and exaggerated move-
ments associated with robot motion have a tendency to cause
accelerated cable wear. This problem can be mitigated by securing
the cables at the joints of the robotic arm, allowing enough strain
relief for unrestricted motion.

The electrical conductivity of the cooling water in the cables
can affect arc starting, due to RF dissipation. It has been docu-
mented that good-quality tap water and distilled water measure
about 400 micro-mhos and normally do not affect arc starting. It
has also been observed that water with a conductivity of 800
micro-mhos can significantly affect arc starting. In closed-circuit
water-cooling systems, the simplest fix for this problem is to
change the water periodically. If an open-loop system is being
used and the water is too conductive, water treatment may be nec-
essary. The use of particulate filters and/or deionizers will usually
lower conductivity. Maintenance performed on water-distribution
systems can also temporarily affect water purity/conductivity.

Mineral deposits and corrosion resulting from poor-quality
water can inhibit arc starting. Oxidation of the electrodes (anodes
and cathodes), usually the result of gas supply leaks or contami-
nated gases, will affect the ability of the RF to initiate the plasma.
Inspect and clean anodes, cathodes, housings, and other metallic
components when maintenance is performed on guns. It is neces-
sary to keep plasma-gas distribution systems free of leaks. This is
best accomplished through scheduled inspection and maintenance.
Generally, plasma gases should contain less than 50 ppm oxygen.

The high-frequency (HF) unit is a broadband spark-gap genera-
tor that produces “white” RF energy. Dirt and oils, which can con-
taminate the inside surfaces of the HF unit, will tend to dissipate the
RF energy within the unit. The HF unit should be inspected and
cleaned periodically. Condensing moisture on or in the HF unit can
also dissipate the RF energy. This usually occurs as strong weather
fronts move through a region. Again, compressed air may relieve
the problem. Drying the unit with heated air can also be effective.

Placing the HF unit in an area that is less susceptible to condensa-
tion is preferred. Arcing inside the HF unit can result from dirt, oil,
and moisture as described previously. Arcing usually occurs on or
around the high-voltage components, creating arc tracks. Arc
tracks are black, carbonaceous lines leading from the conductors to
a ground point.

The points that form the spark gap in the RF generator need to
be kept clean, flat, and polished. Points should be inspected regu-
larly, cleaned, and set to the appropriate spacing.

Finally, water condensation on and in the plasma gun can dissi-
pate the RF pulse. Refer to the “Water Cooling” discussion in the
next section for the causes of condensation.

Ancillary Equipment

Motion control is necessary to ensure operator safety and
coating quality. Although handheld spraying has been carried out
for nearly a century, it is not the preferred or safest means of spray-
ing. The thermal spray environment is harsh and not suited for
handheld operations. Safety has become more of an issue as
HVOF and plasma energies and velocities have continued to
increase. Operator fatigue (typical surface speeds are 30 m/min, or
1200 in./min) and inconsistency also affect coating uniformity.
Part- and gun-handling equipment is required to eliminate the
operator from the process. Commercially available, off-the-shelf
motion-control equipment usually takes the form of turntables,
x-y manipulators, and six-axis robots. Where the production vol-
ume of a specific part warrants the investment, specialized tooling
is often used. The disadvantage of using manipulators is in spray-
ing small numbers of complex parts. In limited production runs,
programming the manipulation equipment can be more expensive
and time consuming than spraying the part. There are many appli-
cations where handheld spraying seems to be the only practical
approach to the problem—for example, bridges, boilers, architec-
ture, artwork, and so forth.

High-volume production spraying dictates that ancillary
processes such as surface cleaning, masking, and grit blasting also
be automated. Coating process cells, which represent the highest
level of automation, may include pick-and-place robots to handle
part loading and unloading. Figure 11 shows an automated ther-

Fig. 11 Advanced thermal spray cell. Source: Courtesy of Sulzer Metco



mal spray cell for coating aircraft engine components. In this
plasma spray cell, the operator loads and unloads parts, and the
spray cell does all of the operations, including process control, sta-
tistical process control, quality inspection for thickness, and final
processing. Although expensive, such equipment is justified for
coating applications where consistency is critical.

Water Cooling. Plasma, HVOF, detonation spray, and some
electric arc spray systems require either water or air cooling to
maintain gun stability or effectiveness. The HVOF processes have
input energy levels of 528 to 1055 MJ (500 to 1000 kBtu). Input
energy to plasma guns range from 72 to 720 MJ (20 to 200 kW, or
68 to 683 kBtu). One commercial electric arc spray gun operates
up to 1500 A dc, requiring water cooling. Water cooling is neces-
sary for these high-heat flux spray guns to prevent the anodes and
nozzles from melting.

Internal water pressure is more important than water flow.
However, internal pressure is developed and more easily con-
trolled by flow. Water pressure is required to suppress nucleate or
film boiling in the gun. It has been observed in some areas of the
world that plant and city water-supply temperatures are too high
such that, for normal water pressures, boiling still occurs. Increas-
ing water flow/pressure can again suppress boiling. However,
most thermal spray cooling loops are limited by the hoses to pres-
sures of ~1.7 MPa (~250 psi). As mentioned in the section
“Plasma Arc Starting Problems,” heat transfer to the water is
greatly diminished when the water boils and the anodes/nozzles
become oxidized. The thermal properties of water are, for all prac-
tical purposes, constant between freezing and boiling. Tempera-
ture control of the cooling water is important for both processes,
but for different reasons.

It is recommended that the inlet water temperature to plasma
guns be kept above the dew point of the environment. This mea-
sure will prevent condensation from collecting on and in the gun.
Condensation can have two deleterious effects on the gun itself.
First, condensation can cause arc-starting problems by dissipating
the RF pulse. Second, condensation in the arc chamber will disso-
ciate when the plasma is initiated, momentarily forming an oxy-
hydrogen plasma that is very damaging to the anode, significantly
shortening anode life.

Water temperature in the plasma gun has a direct effect on
boundary layer thickness, which in turn will affect the trajectory
of internally, radially injected powder. Therefore, cooling-water
temperature for a plasma gun should be kept at a constant temper-
ature, above the dew point. To avoid seasonal coating variations
induced by dew-point variations, the inlet temperature can be set
for the yearly worst-case condition for condensation.

In HVOF, cooling water has the same effect on boundary layer
thickness. However, the powder-injection schemes in most HVOF
guns are such that boundary layer thickness does not affect the
operation. Water cooling in combustion processes can cause com-
bustion products (carbon) to deposit on the nozzle walls, espe-
cially when the inlet temperature is too cold.

Condensation also affects HVOF guns. Because HVOF guns
are internally injected, condensation inside the gun can cause
powder plugging. Generally, inlet water temperatures are kept
above 20 °C (70 °F). In some HVOF gun designs, inlet water
directly impinges the nozzle wall. In these designs, hotter water is
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required to keep a cold spot from developing on the nozzle, which
results in powder buildup inside the nozzle. It has been determined
that an inlet temperature of 30 °C (85 °F) is sufficient to prevent
buildup.

Water-cooling schemes are divided into three categories: open-
loop (where the water is not recycled), water-to-water heat
exchangers, and refrigerated systems. Utility or city water cooling
is not recommended for many reasons. The most obvious is waste.
However, there are several technical considerations. Untreated
city water causes corrosion in gun water passages, which affects
cooling efficiency and leads to shortened electrode life. In addi-
tion, city water is frequently too conductive, causing arc-starting
problems. Water-temperature variations in city water systems are
a significant problem. Temperature variations are caused by sea-
sonal effects on the water supply and by temperature variations
imposed by the environment and demands of the plant or factory.
Seasonal variations in water temperature greater than 30 °C
(55 °F) have been reported. Temperature variations in plant water
cooling loops can be as high as the seasonal variations.

Closed-loop cooling systems are preferred, whether water-to-
water or refrigerated. Such systems are capable of providing con-
stant-temperature water input, within a few degrees. The cooling
capacity of closed-loop systems should be matched to the load
imposed by the process to prevent the control circuit from oscil-
lating. Water conditioning, deionization/demineralization, and
buffering should be applied with some caution in trying to prevent
nozzle corrosion or freezing. Any water treatment affects the ther-
mal and electrical properties of the water in some way. Deionizers
are used in some systems to minimize corrosion in the gun and
control conductivity. Pure deionized water, however, is corrosive,
and shortened anode lifetimes have been observed when deionizer
parameters have been set too high. One way to avoid the expense
of water treatment is to use distilled water in the gun circuit of
closed-loop systems. Monitoring water conductivity weekly or
monthly and changing the water when it becomes too conductive
is all that is necessary. Plant-side circuits of water-to-water sys-
tems are usually plumbed into either city water or the plant’s
closed-loop cooling circuit. Cost and availability of water deter-
mine the choice of cooling system.

ACKNOWLEDGMENT

This article has been revised and updated from a portion of
“Equipment and Theory” by Ronald W. Smith, Lesson 2, Thermal
Spray Technology, ASM International, 1992.

SELECTED REFERENCES

e Advances in Thermal Spraying, Proc. 11th International Ther-
mal Spray Conf., 8-12 Sept 1986 (Montreal), Pergamon Press,
1986

e C.C. Berndt, Ed., Thermal Spray: International Advances in
Coatings Technology, Proc. International Thermal Spray
Conf., 29 May-5 June 1992 (Orlando, FL), ASM International,
1992



98 / Handbook of Thermal Spray Technology

C.C. Berndt, Ed., Thermal Spray: Practical Solutions for
Engineering Problems, Proc. Ninth National Thermal Spray
Conf., 7-11 Oct 1996 (Cincinnati), ASM International, 1996
C.C. Berndt, Ed., Thermal Spray: A United Forum for Scien-
tific and Technological Advances, Proc. First United Thermal
Spray Conf., 15-18 Sept 1997 (Indianapolis), ASM Interna-
tional, 1998

C.C. Berndt, Ed., Thermal Spray: Surface Engineering via
Applied Research, Proc. First International Thermal Spray
Conf., 8-11 May 2000 (Quebec), ASM International, 2000
C.C. Berndt and T.F. Bernecki, Ed., Thermal Spray Coatings:
Research, Design, and Applications, Proc. Fifth National
Thermal Spray Conf., 7-11 June 1993 (Anaheim, CA), ASM
International, 1993

C.C. Berndt, K.A. Kohr, and E. Lugscheider, Ed., Thermal
Spray 2001: New Surfaces for a New Millennium, Proc. Inter-
national Thermal Spray Conf., 28-30 May 2001 (Singapore),
ASM International, 2001

C.C. Berndt and S. Sampath, Ed., 1994 Thermal Spray Indus-
trial Applications, Proc. Seventh National Thermal Spray
Conf., 20-24 June 1994 (Boston), ASM International, 1994
C.C. Berndt and S. Sampath, Ed., Advances in Thermal Spray
Technology, Proc. Eighth National Thermal Spray Conf.,
11-15 Sept 1995 (Houston), ASM International, 1995

T.F. Bernecki, Ed., Thermal Spray Research and Applications,
Proc. Third National Thermal Spray Conf., 20-25 May 1990
(Long Beach, CA), ASM International, 1991

T.F. Bernecki, Ed., Thermal Spray Coatings: Properties, Pro-
cesses and Applications, Proc. Fourth National Thermal Spray
Conf.,4-10May 1991 (Pittsburgh), ASM International, 1992
C. Coddet, Ed., Thermal Spray: Meeting the Challenges of the
21st Century, Proc. 15th International Thermal Spray Conf.,
25-29 May 1998 (Nice, France), ASM International, 1998
D.L. Houck, Ed., Thermal Spray: Advances in Coatings Tech-
nology, Proc. National Thermal Spray Conf., 14-17 Sept 1987
(Orlando, FL), ASM International, 1988

D.L. Houck, Ed., Thermal Spray Technology: New Ideas and
Processes, Proc. National Thermal Spray Conf., 24-27 Oct
1988 (Cincinnati), ASM International, 1989

F.N. Longo, Ed., Thermal Spray Coatings: New Materials,
Processes and Applications. Proc. Second National Conf. on
Thermal Spray, 31 Oct-2 Nov 1984 (Long Beach, CA), Amer-
ican Society for Metals, 1985

E. Lugscheider and P.A. Kammer, Ed., United Thermal Spray
Conference, Proc. United Thermal Spray Conf., 17-19 March
1999 (Diisseldorf) DVS-Verlag, 1999

A. Ohmori, Ed., Thermal Spraying: Current Status and Future
Trends, Proc. 14th International Thermal Spray Conf., 22-26
May 1995 (Kobe, Japan), High Temperature Society of Japan,
1995

Thermal Spraying: Practice, Theory and Application, Ameri-
can Welding Society, 1985

12th International Conference Thermal Spraying, 4-9 June
1989 (London), The Welding Institute, 1989



Introduction to Processing and Design, as published in
Handbook of Thermal Spray Technology
J.R. Davis, editor, p 105-107

ASM International and the Thermal Spray Society, 2004
Copyright © 2004 ASM International®

Introduction to Processing and Design

Frank N. Longo, Longo Associates

A NUMBER OF KEY PROCESSING STEPS are required in
order to produce optimized thermal spray coatings. For example,
to ensure adequate bonding of a coating, it is critical that the sub-
strate be properly prepared. The substrate surface must be clean,
and usually must be roughened after cleaning by grit blasting or
some other means. Masking and preheating of the substrate also
must be carried out prior to the application of thermal spray coat-
ings; see the article “Coating Processing” in this Section of the
Handbook for more detailed information.

Coating quality also depends on spray process variables/param-
eters such as spray pattern, coating buildup, process variations,
temperature control, torch and substrate motion, and deposition
efficiency. These important parameters, which can introduce some
of the limits controlling designed usefulness of sprayed coatings,
are described in the article “Coating Operations.”

Postcoating operations further enhance the quality of thermal
spray coatings. As discussed in the article “Postcoating Opera-
tions,” these operations include finishing treatments (such as grind-
ing and polishing), densification treatments (fusion, hot isostatic
pressing, and heat treating), sealing, and testing and inspection.

In addition to these processing steps and parameters, it is impor-
tant to understand how to design coatings for optimal performance.
Thermal spray coatings are fabricated by combining equipment
(spray guns or torches, manipulators, etc.), feedstock materials
(powders, wires, or rods), and process know-how (experience).
Only when all components of the spray process are used correctly
does a well-designed coating result.

This introductory article reviews the advantages and disadvan-
tages associated with thermal spray processing. Good processing
practice allows the advantages of thermal spray coatings to be
realized, while minimizing some of the disadvantages.

Advantages and Disadvantages of
Thermal Spraying

Thermal spray coatings exhibit a unique microstructural archi-
tecture. Coatings are formed as melted and partially melted parti-
cles of different sizes impact substrates at a rate of perhaps one
million particles per second, and build up one upon the other, as
shown in Fig. 1. Figure 2 shows the typical “lamellar” (meaning
layered) thermal spray coating microstructure that results. This
unique morphological architecture imparts several advantages and
disadvantages.

Advantages

Many of the defects identified in Fig. 2 are controllable through
appropriate equipment and feedstock selection, but by far the

greatest influence on coating structure comes from the actual pro-
cessing step. Properties of a sprayed coating stemming from the
lamellar shape of the flattened particles or “splats” and residual
porosity can be overcome only by postdeposition treatments.
Porosity, however, can sometimes be a benefit. Surface porosity
can retain lubricating oils and thus replenish a bearing surface with
lubrication during periods when the oil supply is diminished. The
rapid particle cooling rate and resulting lamellar splat shapes are
perhaps the two features that distinguish thermal spray coatings
from other coatings. Brittleness, hardness, anisotropic properties,
and high internal (residual) stresses are all the result of very rap-
idly cooled and flattened particles. Properly applied thermal spray
coatings have many uses and offer several advantages:

A wide range of materials can be deposited as coat-
ings, including metals, alloys, carbides, oxide and nonoxide
ceramics, refractory metals, plastics, cermets, and special com-
posite structures comprising metals, ceramics, and plastics, as well
as combinations of these. Competitive coating processes do not
afford this versatility.

Low Processing Costs. Rapid rates of deposition—from 1 to
45 kg/h (2 to 100 1b/h) or more—can be achieved. Typically, 2 to
7 kg/h (5 to 15 1b/h) is normal practice. Rapid spray rates and coat-
ing deposition result in relatively low processing costs.

Wide Range of Coating Thicknesses. Coating thicknesses
from 50 wm to 6.5 mm (0.002 to 0.250 in.) are used today. Com-
petitive coating capabilities on the basis of thickness are as
follows:

e Little to no dimensional change. A surface is modified without
a finite coating being applied. Examples: diffusion processes,
nitriding, carburizing, and ion implantation

e Thin films. Finite coatings up to 0.01 um (0.4 pin.) thick.
Examples: chemical vapor deposition (CVD), physical vapor
deposition (PVD), sol-gel, diamondlike films, and ion plating

e [ntermediate coatings. Coatings from 0.01 to 0.05 um (0.4 to
2 uin.) thick. Examples: PVD, plating processes, organometal-
lic coatings

e Thick coatings. Coatings from 50 um to 6.5 mm (0.002 to
0.250 in.) or more in thickness. Examples: thermal spraying,
welding processes, cladding, some plating processes, and
some PVD or electron beam physical vapor deposition (EB-
PVD) up to 0.254 mm (0.010 in.) thick

Wide Application Range. Thermal spray coatings function
effectively for a broad range of applications, including:

e Wear resistance—abrasive, adhesive, galling, antifretting,
cavitation, and erosion

e Multilayered thermal barrier coatings (TBCs) comprising
metallic bond coats and oxide ceramic topcoats
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Abradable and abrasive coatings for gas-turbine engines
Atmospheric and aqueous corrosion control
High-temperature oxidation resistance and corrosion control
Electrical resistance and conductivity

Net- and near-net-shape component manufacturing

Metal and ceramic-matrix composite structures

Equipment Costs and Portability. Basic thermal spray equip-
ment is relatively low cost (ranging from $7000 to $10,000 for
low-velocity combustion or electric arc torches to $75,000 for air
plasma torches), is small and portable, and allows on-site in situ
spraying. The exceptions are vacuum plasma spraying (VPS) and
fully integrated plasma systems or high-velocity oxyfuel (HVOF)
systems for in-house original equipment manufacturing. Most
hardfacing processes are portable, although some are not. Vapor
deposition processes, on the other hand, are larger, more sophisti-
cated, and complex and costly.

Minimal Thermal Degradation to Substrate. With proper
control, there is little risk of thermally degrading the substrate dur-
ing spraying. Thermal spraying is a relatively “cold” process, and
substrates usually are kept below 150 °C (300 °F). Higher tem-
peratures are achievable if desired and can be used if provisions
are made to control oxidation.

Solid or powder feedstock

—O

Thermal spray torch electric
or gas heat source

N /
N / -
- -
3 ) Substrate
2. impact
|7 v, a4
Coating

Fig. 1 Schematic of the thermal spray process

Disadvantages

Thermal spray coatings also have shortcomings, and these are
important to understand so that designers can avoid placing ther-
mal spray coatings in situations where satisfactory performance is
unlikely. Often, failure occurs because coating limitations were
never considered or perhaps poorly understood.

Low Bond Strength. The tensile bond strength achieved via
thermal spraying is relatively low compared with other coating
processes. Using ASTM Standard C 633, tensile adhesion is meas-
ured at between 41 and 83 MPa (6 and 12 ksi). Plating, welding, and
vapor deposition processes usually have minimums at 103 MPa (15
ksi), depending on the coating and substrate chemistry. Welding
adhesion is of course substantially higher than 103 MPa (15 ksi).

Porosity. Coatings are generally somewhat porous, allowing
the passage of gases and/or liquids through to the coating/substrate
interface. Porosity is controllable down to levels below approxi-
mately 1%, and while some porosity is sometimes beneficial—for
example, in TBCs—achievement of a truly pore-free coating
requires postdeposition treatments such as fusion or hot isostatic
pressing. Through-porosity can be minimized using HVOF com-
bustion and VPS processes. Surface porosity, however, also can
be minimized through the application of liquid organic sealers, as
discussed in the article “Postcoating Operations” in this Section of

Void

Oxidized
particle

Unmelted
particle

Roughened
substrate

Fig, 2 Thermal spray coating. Buildup of a thermal spray coating is a

chaotic process. Molten particles spread out and deform (splat) as
they strike the substrate, at first keying onto asperities on the substrate surface,
then interlocking to one another. Voids can occur if the growing deposit traps
air. Particles overheated in the spray jet can become oxidized. Unmelted par-
ticles may simply be embedded in the accumulating deposit.



the Handbook. Competing processes such as vapor deposition,
plating, and hardfacing are normally pore-free.

Anisotropic Properties. Thermal spray coatings are aniso-
tropic; that is, they tend to have up to 10 times the tensile strength
in the longitudinal direction than in the direction parallel to the
spray. They are generally more brittle than corresponding wrought
or cast materials and do not resist impact loading unless postde-
position heat treated. Weld overlay processes, on the other hand,
provide the best bulk coatings for impact resistance.

Low Loading Capacity. Thermal spray coatings are not gener-
ally used as structural members and do not perform adequately
under point or line loadings. Technologies emerging from HVOF
and VPS studies, however, have demonstrated coatings with poten-
tial for use as structural materials, with impact and line-loading
capability. Typically, thermal spray coatings perform best when
loaded in compression, explaining their widespread use for sliding
wear resistance. Point and line loadings cause problems because
underlying porosity fails to support the concentrated loads and the
coating collapses, resulting in permanent surface deformation.

Line-of-Sight Process. Thermal spray deposition of coatings
on simple geometrical configurations is relatively straightforward,
but complex shapes or contours, as in the case of gas-turbine air-
foils, require expensive, automated, computer-controlled, multi-
axis manipulators or robots. Deviation from spraying normal to
the surface (90° + 20°) will often compromise coating properties.
Porosity will likely increase and coating integrity (cohesion) will
decrease. Competing processes that are also limited by line-of-
sight restrictions include ion implantation and PVD.
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PROCESSING OF THERMAL SPRAY COATINGS may
involve some or all of the steps outlined in this article. Each step
represents an essential part of the planning process that must be
considered before and during the coating process. For instance, a
first-time repair application will require some attention to all of the
steps shown, whereas some of the steps can be omitted for an orig-
inal-equipment-manufactured (OEM) component that needs to be
coated.

Thermal spraying begins with proper surface preparation:
cleaning and roughening by grit blasting, macromachining, the
application of sprayed bond coats, or a combination of these pro-
cedures. Repairing worn parts sometimes requires undercutting to
remove damaged surface material and squaring of the surface for
dimensional restoration.

After surface preparation, masking protects selected component
areas next to the zone being coated from unwanted abrasive and/or
spray particle impact. Common masking methods include metal
shadow masks, tough high-temperature tapes, and paint-on com-
pounds. Some tapes offer protection from both abrasive grit and
sprayed particles without damage; others do not.

Preheating, the next step before spraying, is used to drive off
moisture and present a warm, dry surface to the first impacting
particles. Aluminum, copper, and titanium substrates normally are
not preheated. Excess preheating should be avoided, as it may oxi-
dize the surface and impair bonding.

Substrate Metallurgy and Thermal History

The substrate material type, hardness, and toughness, as well as
prior heat treatment, must be determined in order to evaluate how
to proceed. This simple analysis quickly tells the user which sub-
strate preparation to use and which to avoid. Metal type and ther-
mal history also help the user determine the correct preheating
temperatures to use during spraying.

Thermal spray coatings can be applied to virtually all metallic
surfaces, and to wood, plastics, glass, paper, and so forth. The
most frequently coated substrate materials are steels, iron, nickel
alloys, titanium, aluminum, copper, and magnesium.

Carbon and alloy steels generally come in a heat-treated con-
dition, with hardness as the major property indicator. Substrates
with hardness under 40 HRC can be roughened and sprayed using
most standard techniques. When the hardness exceeds 40 HRC,
surface roughening with abrasive grit is difficult to achieve; as a
result, coating adhesive strength is often adversely affected. The
section “Roughening” in this article describes procedures for han-
dling hardened substrates. There will be little change to the heat-
treated condition of steel substrates provided that both the preheat

and operating temperatures are kept below ~150 °C (~300 °F).
Steel substrates that go above 150 °C (300 °F), even for short peri-
ods of time, may begin to exhibit property changes that could man-
ifest themselves as softening and/or warping.

Stainless steels and nickel alloys should be handled care-
fully. Preheating even to 100 °C (210 °F) will accelerate thicken-
ing of the transparent and tenacious oxide film on stainless steel
surfaces, preventing good adhesion of sprayed coatings. Limit
preheat temperatures to 65 °C (150 °F) and begin spraying imme-
diately when that temperature is reached.

Aluminum, copper, magnesium, and titanium alloys
require special handling when using abrasive grit for roughening.
It is also advisable to avoid preheating before spray. A small
amount of heat applied to the surface rapidly converts surface lay-
ers to oxides (i.e., TiO,, Al,O,, etc.), which prevents good adhe-
sion and may lead to complete failure of the mechanical bonding.

Casting or powder metallurgical (P/M) components may
require special cleaning. See the section “Cleaning” in this article
for details.

Part Configuration and Coating Location

Once the area where the coating is to be applied has been iden-
tified, determine whether the part is symmetrical about the coat-
ing location, which would allow fixturing for rotation and/or
translation about an axis perpendicular to the spray torch. The
stream of spray particles should impact the target surface as close
to normal (90°) as possible (Fig. 1a and b). The minimum accept-
able impact angle is 45° to the target area (Fig. 1c). A 45° spray
angle impact should be used only as a last resort, bearing in mind
that some coating property deviation from the optimum can be
expected. Both bond strength and coating cohesion will be com-
promised.

Porosity increases dramatically as the angle of the spray torch
moves from normal to 45° (Fig. 1d). If spraying must be done at
angles between normal and 45°, first consider whether the com-
promised coating will be able to perform as required. To obtain
this information, spray a sample coating at the impact angle
expected and test its integrity before committing to spray the part.

The substrate should be inspected for defects and flaws, espe-
cially cracks. Structural flaws will be reflected in the sprayed coat-
ing. Such flaws cannot be repaired using a sprayed coating, nor
does a sprayed coating add strength to the substrate. Sprayed coat-
ings only enhance the substrate surface and add dimension, but do
not act as structural elements providing improved tensile strength,
fatigue resistance, or fracture toughness.

In addition to assessing the implications of adverse spray
angles, when examining the substrate target area the following



acceptable practices and design considerations should be weighed
for compliance with the target area (Fig. 2):

e  When the substrate target area is undercut to accept a coating
(Fig. 2a), always chamfer or radius the corners before spray-

Shaft

Spray

(a) Good

Shaft

Spray
(b) Acceptable
Shaft
Spray

Gun

Minimum acceptable
(c) (avoid if possible)

Particle deposit
direction

Deposit angle Shadow

porosity

(d)

Fig. 1 Thermal spray stream positions. (a) Good. (b) Acceptable. (c) Mini-

mum acceptable. (d) Formation of porosity in sprayed coatings when
the spray angle is reduced to approximately 45°. Particles impacting at angles
of less than 90° create a shadowing effect that results in increased coating
porosity.
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ing. Sharp 90° corners capture loose spray particles, dust, and
debris and leave large porous areas. Sprayed particles are
unlikely to bridge the corner. See the discussions on masking
and undercutting later in this article and the discussion on
spray patterns in the article “Coating Operations.”

e Likewise, the edge of a sprayed coating applied across the full

face of the substrate as shown in Fig. 2(b) should be chamfered
or radiused. Typically, 0.75 mm (0.030 in.) radii or 45° cham-
fers are recommended. Loads applied to the edges of coatings
that have not been chamfered or radiused will cause them to
crack and break off, perhaps leading to total coating failure. If
the substrate permits, it is also good practice to radius or cham-
fer the substrate before spraying. The coating will then con-
form to the edge profile, effectively forming the required
chamfer or radius.

Thermal spray Unacceptable Thermal spray
coating coating
[E <Y ) . .
Substrate
material
0.75 mm
(0‘03 in.) 3.175t0 6.35 mm
radius Acceptable (0.125t0 0.25in.)
minimum Y
\ /\ 30° ’
) Substrate .
TS coating |— material TS coating

(a)

Acceptable

Unacceptable

Substrate

material 0.030 R min Chamfer min
substrate substrate
material material

Unacceptable Acceptable

TS TS / 45°
coating coating
=
f

Substrate material

Substrate material

(b)
Unacceptable Acceptable
Substrate Substrate material
material /\
/
45°L
0.75 mm
(0.03in.)
radius minimum
(c)

Fig. 2 Design of substrate geometry for thermal spray coating processes
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e Figure 2(c) shows the acceptable practices for depositing a
coating onto a substrate and up against a shoulder. Using pro-
cedures similar to undercutting, corners must be radiused to
approximately 0.75 mm (0.030 in.) or chamfered. Sharp cor-
ners against a shoulder are likely to result in porous, weakly
bonded coatings and act as sites for premature coating failure.
See the discussions on masking and spray patterns for further
insight into problems associated with spraying against corners.

Surface Preparation

Proper substrate surface preparation prior to thermal spraying is
absolutely essential. Steps must be undertaken correctly in order
for the coating to perform to design expectations. At worst, total
failure could occur. For a one-of-a-kind part in for repair, the time
for surface preparation and finishing may account for 50 to 75% of
the total time required to complete the job. This represents a sub-
stantial investment, considering labor and overhead expenses, and
should be done correctly the first time.

Cleaning

The first step in preparing a substrate surface for spraying is to
remove contaminants such as oil, grease, paint, rust, scale, and
moisture. Contaminants remaining between the sprayed coating
and substrate will serve to minimize metal-to-metal contact at the
interface and reduce adhesion (adhesive strength).

Vapor degreasing is commonly used to remove oils, greases,
and other solvent-soluble organic compounds. It is fast, economi-
cal, and efficient. Hot vapor degreasing is a variation that is even
faster and more efficient. Porous materials such as castings, P/M
parts, or cast irons should be soaked for 15 to 30 min to dissolve
hidden contaminants that may have penetrated the substrate. Large
parts can be steam cleaned or submerged in solvents. Manual
cleaning with solvents is often all that is necessary to remove sur-
face greases and oils. Common solvents include:

e Methyl ethyl ketone (MEK)
e Acetone
e Aqueous washer solutions containing acetic acid

Chlorinated solvents such as trichloroethylene and 1,1,1-
trichloroethane, while very effective, must no longer be used due
to environmental restrictions.

To avoid the possibility of corrosive cracking, chlorinated sol-
vents must be avoided when cleaning titanium and titanium alloys.
Instead, use steam, acetic, or alkaline washes.

Baking. When solvent soaking does not work for porous mate-
rials such as castings or P/M parts, baking at 315 to 345 °C (600
to 650 °F) for a few hours will vaporize and remove deeply pene-
trated oils. Residual oils will “bleed” out of the substrate onto the
surface during preheating and/or after spraying. The result is dis-
astrous, as major coating debonding is likely to occur.

Ultrasonic cleaning can also be used to dislodge some con-
taminants in confined or hidden areas. Commercial equipment is
available, together with the manufacturer’s recommended clean-
ing solutions. Check to be sure that the solution chosen is compat-
ible with the substrate material. Ultrasonic cleaning can also be

used to remove residual entrapped grit after grit blasting. The sub-
strate must be oriented, however, so that dislodged grit can fall
free of the substrate.

Vapor honing/vapor blasting/wet abrasive blasting/liquid
honing use a water-based slurry containing an abrasive medium
that is projected by air jets toward the surface being prepared. The
abrasive material will vary, but =200 mesh (=74 um) aluminum
oxide is preferred. Rust inhibitors and antisolidifying compounds
usually are added. Since these processes rely on an abrasive for
cleaning, they can be used to remove light burrs, corrosion prod-
ucts, and paint as well as greases and oils.

Dry abrasive blasting rigorously removes surface contami-
nants. More aggressive than vapor honing, this process is used to
remove old sprayed coatings, mill scale, paint, burrs, corrosion
products, and oxides. Abrasive media are carried by high-pressure
compressed air jets and directed toward the substrate surface. See
the section “Dry Abrasive Grit Blasting” for further details. Never
use the same abrasive equipment for both cleaning and roughen-
ing since contaminants from cleaning could spoil the surface.

Roughening

After cleaning, roughening is the most important step in prepar-
ing the surface to accept the sprayed coating. It is perhaps the sin-
gle most critical step to ensure good coating adhesion. The princi-
pal methods used to roughen surfaces are:

Dry abrasive grit blasting
Machining or macroroughening
Application of a bond coat

Combinations of these methods are often used—for example,
bond coats applied over grit-blasted surfaces to provide the high-
est bond strength or grit blasting over macroroughened surfaces.
Properly cleaned and roughened surfaces provide the critical inter-
face upon which the first layer of molten or softened coating par-
ticles impact. A properly prepared surface has the following
attributes:

e (leanliness provides white metal-to-metal contact for inter-
atomic and metallurgical interactions between the substrate
and sprayed particles.

e Increased surface area. Roughening provides significantly
increased surface area for particle-to-substrate contact, and
increasing atomic and metallurgical interaction.

e Surface asperities and irregularities. Roughening provides
many opportunities for mechanical interlocking.

e Macroroughening reduces in-plane (longitudinal) stresses by
inducing folds in the coating. See the section “Machining and
Macroroughening.”

Dry Abrasive Grit Blasting

Dry abrasive grit blasting is the most commonly used surface-
roughening technique. Dry abrasive particles are propelled toward
the substrate at relatively high speeds. On impact with the sub-
strate, the sharp, angular particles act like chisels, cutting small
irregularities into the surface.

The amount of substrate (plastic) deformation is a function of
the angularity, size, density, and hardness of the particles and the



speed and angle at which the particles are directed toward the sub-
strate. The action of the grit and/or shot causes irreversible plastic
deformation of the surface material. The material beneath the
deformed surface material remains elastic and tries to return
the deformed surface material to its original (shorter) length. The
resulting balance of forces places the outer layer of material in re-
sidual compressive stress, while the underlying material is in ten-
sion. To avoid reduction of fatigue life, titanium substrates are
sometimes shot peened before dry abrasive grit blasting to reduce
the underlying tensile stresses, effectively balancing the compres-
sive/tensile forces.

Irregularities on a perfectly grit-blasted surface will have a large
number of reverse draft pits, providing a partially hidden space
into which sprayed molten particles can flow. Coatings sprayed to
this surface are said to be positively keyed, creating what is com-
monly referred to as a mechanical interlocking bond. Figure 3
illustrates interfacial keying for mechanical interlocking.

Abrasive Grit Blasting Variables

Variables that determine the size and geometry of the surface
irregularities include the size, shape, hardness, specific gravity,
and chemistry of the abrasive particles, as well as their speed and
angle of impingement. Hardness of the base material and thor-
oughness (coverage) of the blasting operation are other important
variables. The significance of each is discussed briefly.

Abrasive Grain Size. Because the mass of an abrasive grain
varies as the cube of its diameter, the force of the impact of a 20
mesh (840 um) abrasive particle will, for example, be eight times
that of a 40 mesh (420 um) particle (only if the particles are spher-
ical). Consequently, the larger particle will cut much deeper,
everything else being equal. In preparing surfaces of machine ele-
ments where relatively thick coatings of hard metals are to be
applied, abrasive particle sizes in the 8 to 20 mesh (2380 to 840
wm) range are generally required. For zinc and aluminum coat-
ings, 12 to 50 mesh (1680 to 297 um) abrasives are used.

Surface roughness values are generally expressed in micro-
inch (Uin.) or micron (Lm) units. The American National Standard
for surface roughness measurements calls for arithmetic average
(AA) deviation from the mean (ANSI B46.1-1978, “Surface Tex-
ture,” ASME). Root mean square (RMS) values are also com-

Bond interface

Fig. 3 Mechanical bonding, showing a properly grit-blasted surface with a
large number of reverse draft pits into which sprayed particles flow
to achieve positively keyed mechanical interlocking

Coating Processing / 111

monly used. Surface roughness is easily measured using commer-
cially available surface profilometers that average the heights (/)
of all the peaks and valleys from the centerline traced by a dia-
mond stylus and divides by the number of measurements (N). The
AA can be expressed as:

bty st hy
B N

AA

Particle Shape (or Morphology). The angularity of the abra-
sive particles profoundly affects the depth and shape of the pits cut
into the substrate surface. Rounded shot will make smooth,
rounded indents in the surface, providing little or no bonding.
Rounded beach sand also affords very little bonding. Angular grit
crushed from chilled iron shot provides a much stronger bond
when new and sharp than when dulled due to prolonged use. In
general, abrasive particles with many sharp, angular cutting edges
are required.

Particle Hardness. Blasting particles should be hard enough
to cut efficiently, but not so brittle as to shatter excessively. A cer-
tain amount of toughness (ductility) is desirable to avoid rapid
breakdown.

Specific Gravity (Density) of Particles. Angular chilled iron
grit has nearly twice the density of the heaviest nonmetallic abra-
sive and so will have nearly twice the impact energy at the same
velocity, for equal-size particles. This will result in deeper pitting,
and many users consider steel grit to be a suitable blast abrasive
for machine element work.

Blast Speed. With any type of abrasive, the force of the impact
varies directly with the impact speed. Hence, higher pressures
result in deeper pitting. With nonmetallic abrasives, high pres-
sures result in rapid shattering of grit particles, and for this reason
blast pressures often are reduced to save on grit. In other cases, the
maximum available pressure is used and the abrasive is considered
to be expendable. As a rule, blast machines of the suction-feed
type provide only one-third to one-half the speed possible with the
force-fed pressure-generator type of blast machines.

Angle of Impact. It has been shown that if a surface is grit
blasted at an angle from one direction and then sprayed at an angle
from the opposite direction, a very weak bond will result. This
clearly demonstrates that the sprayed metal particles must pene-
trate into the surface asperities or pits in order to mechanically key
the coating to the surface. It is generally considered essential that
the angle of impingement of the blast be similar to that of the
spraying and be maintained as close to 90° to the surface as possi-
ble if maximum bonding is to be achieved. If substrate geometry
requires a spray angle at less than normal, then it is advisable that
grit blasting be done at the same angle to take advantage of re-
entrant asperities providing better keying.

Substrate Material Hardness. There are two reasons why it is
not possible to obtain a strong bond to hard metals through grit
blasting. First, it is difficult or impossible to effectively “cut” the
surface to the required depth. Second, and more important, hard
materials lack ductility and surface metal cannot be displaced in a
manner that provides rough asperities. When soft steel is grit
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blasted, an abrasive particle striking the surface adjacent to a pre-
viously cut pit will plastically displace the metal on the side of the
pit to form a key or dovetail. On hardened steel, the displaced
metal continually breaks away (brittle fracture) instead of deform-
ing to produce a key. Blasting soft steel very thoroughly will raise
the surface by 0.025 to 0.075 mm (0.001 to 0.003 in.). The same
degree of grit blasting on hardened steel will actually cut away
some of the surface.

Thoroughness of the Grit-Blasting Operation. It is not
merely sufficient to grit blast until the surface is reasonably well
pitted. If keys or anchors are to be formed, it is necessary to con-
tinue the blasting somewhat beyond the point at which the surface
appears to be completely covered. This will ensure that a large
number of the pits have been deformed sufficiently to provide
reverse draft and positive keying. When using alumina grit, check
to ensure that alumina is not embedded in the substrate, as this
condition will substantially lower adhesion. Ultrasonic cleaning
after grit blasting can help in this respect.

Surface Detail Size. The importance of the size of the sur-
face detail of the prepared surface must be emphasized. High ten-
sile residual stresses develop parallel to the surface in sprayed
metals. Sprayed metals possess limited ductility; therefore, very
slight lateral displacement of any part of the coating with respect
to the substrate surface will result in shearing off the sprayed metal
keys. Pits produced by heavy grit blasting—for example, by using
G-16 angular chilled iron grit on mild steel—will be 5 to 10 mils
(125 to 240 um) in depth and up to 30 or 40 mils (750 to 960 pm)
in width. Irregularities of this order of magnitude provide sub-
stantial resistance to shearing. It is readily apparent, however, that
a more effective shear resistance can be obtained by macrorough-
ening of the substrate surface, such as produced by grooving
or threading prior to blasting. See Fig. 4 for a guide to surface
roughnesses expected from alumina of various grit size on typical
substrates.

Abrasive Grit Blasting Equipment

There are three basic types of grit-blasting equipment:

e Pressure machines or “blast generators”
e Blast cabinets with suction-type nozzles
e Centrifugal or “airless” blasting machines

Pressure machines are generally used for outside work, since
they provide higher abrasive speeds and use air more efficiently
than suction-feed types (see Fig. 5a). For inside work on large
pieces, or for production blasting, pressure generators are used in
blasting rooms. Production applications of this type sometimes
include an abrasive elevator to convey the grit from a pit beneath
the floor grating to a hopper above the blast generator. The system
often includes a means for removing dust and ultrafine particles
from the abrasive as it is transferred from the conveyor to the
hopper.

Blasting speed with pressure-type machines depends on the
nozzle size, among other variables. Other factors being equal,
blasting rate is a direct function of the nozzle orifice area, or the
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Fig, 4 Typical surface finish obtained using aluminum oxide abrasive.

Curves illustrate the range of results obtainable by pressure and abra-
sive size variations. The exact results will be influenced by material differ-
ences, nozzle selection, and other variables.
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square of the diameter. Table 1 shows the consumption of air,
sand, and chilled iron grit for various nozzle sizes and air pres-
sures, and the horsepower needed to drive them. Actual compres-
sor ratings should exceed the horsepower shown by 20 to 25% to
reduce compressor wear.

Blasting cabinets usually employ suction-type nozzles (Fig.
5b). These do not provide as high an abrasive speed as pressure
generators, and they are less efficient with respect to use of air;
however, they are very convenient for small work. The abrasive is
recycled so that periodic reloading is not needed. The operator
remains outside the blasting area, so there is no need for helmets
or specialized protective clothing.

Centrifugal blasting machines are ideally suited for produc-
tion blasting. With this equipment, grit is thrown in a fan-shaped
pattern against the substrate by a rapidly revolving paddle wheel.
In some cases, the work is also rotated to expose all surfaces to the
blast. Other machines may use two or more wheels that can
be positioned to suit the substrate geometry. This kind of equip-
ment is much more efficient than air-type blast generators in terms
of power used. It is claimed that structural steel shapes or large-
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diameter pipes can be blasted thoroughly at a cost of less than one
cent per square foot.

Blasting Abrasives

This section discusses commonly used abrasives, along with
some caveats regarding their use.

Angular chilled iron grit is the only practical material for use
with centrifugal blasting equipment in preparing surfaces for
flame spraying. It is also the preferred abrasive for use with pres-
sure machines in blasting rooms. Chilled iron grit has a hardness
of 60 to 62 HRC, and can be used on substrate materials as hard as
40 to 45 HRC. It is often erroneously called steel grit, but true steel
grit has a hardness of 43 to 48 HRC and is too soft. Steel grit
becomes dull and does not produce the sharply defined surface
details needed for proper bonding of sprayed coatings. Chilled
iron grit stays sharp much longer, and some fracturing occurs dur-
ing use to produce new, sharp cutting edges.

On most work, a blend of grit sizes is more efficient than a sin-
gle size. Maintaining the right grit size distribution requires that

Table 1 Consumption of air, horsepower, sand, and grit for various nozzle sizes and air pressures

Air pressure, psig
Consumable 50 60 70 80 90 100
0.19 in. (4.75 mm) nozzle size
Air, cfm 26 30 33 38 41 45
Horsepower 3.6 4.6 55 6.9 7.9 9.3
Sand/h 188 214 245 270 298 330
Grit/h 470 532 612 674 748 824
0.25 in. (6.40 mm) nozzle size
Air, cfm 47 54 61 68 74 81
Horsepower 6.4 8.3 10.2 12.4 14.2 16.8
Sand/h 336 390 443 510 560 618
Grit/h 840 974 1110 1275 1400 1545
0.31 in. (7.90 mm) nozzle size
Air, cfm 77 89 101 113 126 137
Horsepower 10.5 13.6 16.9 20.6 242 28.4
Sand/h 585 668 755 840 925 1015
Grit/h 1460 1670 1885 2100 2310 2535
0.38 in (9.50 mm) nozzle size
Air, cfm 108 126 143 161 173 196
Horsepower 14.8 19.3 239 29.3 332 40.6
Sand/h 835 955 1080 1200 1315 1440
Grit/h 2080 2390 2700 3000 3290 3600
0.44 in. (11 mm) nozzle size
Air, cfm 147 170 194 217 240 254
Horsepower 20.1 26.0 324 39.5 46.1 52.6
Sand/h 1120 1290 1470 1640 1810 1980
Grit/h 2800 3220 3670 4100 4530 4950
0.50 in. (12.70 mm) nozzle size
Air, cfm 195 224 252 280 309 338
Horsepower 26.7 343 42.1 51.0 59.0 70.0
Sand/h 1450 1670 1890 2100 2300 2530
Grit/h 3620 4170 4720 5250 5800 6320

cfm, cubic feet per minute
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frequent small additions of the coarsest size in the mix be made.
Normal breakdown will usually keep the grit size distribution in
fairly good balance. Excessive fine particles should be removed
periodically by screening, unless the installation is designed to
remove these fines by air cleaning.

In any case, the aggregate grit size should be the smallest that
will produce the desired surface characteristics. A blasting
machine throws a certain number of pounds of abrasive particles
per minute, regardless of particle size. A pound of G-18 grit con-
tains 38,000 particles, whereas a pound of G-25 grit contains
150,000, and a pound of G-40 grit contains 520,000, so a change of
only one mesh number results in a nearly fourfold increase in the
number of particle impacts and, consequently, an increase in the
area covered per unit of blasting time. There is an added advantage:
The grit breakdown rate will be lower with smaller particles.

The coarser grades of chilled iron grit (G-16 or G-18) do not
work too well in blasting cabinets. Mixed G-25 and G-40 grits, or
anything finer, are quite satisfactory.

Alumina (Al,O,) grit works very well in blasting cabinets. The
specific gravity of alumina is just over half that of chilled iron, so
that this type of abrasive is readily picked up by the suction feed
and is effectively accelerated through the blasting nozzle. The rate
of breakdown is not excessive, except when very high air pres-
sures are used to blast hardened steel or other very hard substrate
materials.

Alumina, fused and pure, is extremely hard (>9 on the Mohs
scale) and when properly crushed has sharp cutting edges. There
are two grades: C (coarse) and F (fine). A good all-purpose grit for
general use in a blasting cabinet would be to start with a 50/50
mixture of C and F, with periodic small additions of the C grade to
maintain a balanced grit range of the mix. If the —=50 mesh fraction
is occasionally removed by screening, it can be set aside and used
where a fine, light grit blast is needed. Alumina grains of 240 mesh
and 150 mesh size are shown in Fig. 6.

Alumina grit should also be used on very hard surfaces (>45
HRC) and on nonferrous materials where embedded steel grit
could result in corrosion problems.

Silica sand is widely used for outside work, and a good grade
of clean, properly sized sand will do a first-class job. Sand offers
the advantages of low cost and wide availability. The principal
disadvantage is the hazard of silicosis, so blast operators and oth-
ers working in the immediate vicinity need proper respiratory pro-
tection. Some U.S. states restrict the use of sand, and in England a
special permit is required for each individual job.

Some types of sand (e.g., Ottawa sand) have smooth, rounded
grains and are not recommended or suitable for thermal spray sub-
strate preparation.

Crushed flint for blasting is available in all mesh sizes. Some
users feel that crushed flint is superior to ordinary silica sand. It is
very clean, and the particles are extremely angular and sharp. Flint
is, of course, a form of silica, and proper precautions against sili-
cosis must be taken.

Crushed garnet is available in several areas. Probably the
finest grade for blasting comes from Idaho in the United States.
The composition of garnet varies widely, however, and some

grades may contain free silica and thus mandate respiratory pro-
tection. As might be expected, the breakdown rate also varies with
garnets from different sources. Some grades are almost dust-free
when blasting, while others produce nearly as much dust as silica
sand. Crushed garnet does an excellent job.

Fig. 6 Aluminum oxide (AL, O,) particles. 130x. (a) 240 mesh. (b) 150 mesh



Silicon carbide (SiC) is also available in many mesh sizes, but
for coating applications where high temperatures are encountered
it is not recommended because of its reactivity with various sub-
strates and coating materials.

Crushed slag is a black, glassy grit made from the slag pro-
duced by certain types of furnaces. Ordinarily it contains no free
silica, but this point should be checked with the supplier. Crushed
slag is usually very angular and well graded with respect to mesh
size.

Machining and Macroroughening

Macroroughening is usually accomplished by machining
grooves or threads into the surface to be sprayed (Fig. 7). Typi-
cally, rough machined surfaces are also grit blasted prior to spray-
ing. Surfaces roughened to this magnitude are often used for thick
coatings to restrict shrinkage stresses and to disrupt the lamellar
pattern of particle deposition in order to break up the shear stresses
parallel to the substrate surface (Fig. 8).

Root should be radiused

20 to 32 threads per inch

(a)

1.141t0 1.27 mm
(0.045 t0 0.050 in.)
grooves

0.38 t0 0.64 mm

(0.015t0 0.025in.)
ridges

(b)

Fig, 7 Examples of surface preparation by threading or grooving. Adapted
from Ref 2
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Groove threads should be considered for coatings used on
machine-element repairs for thicknesses greater than 1.3 mm
(0.050 in.) on the radius, for high-shrinkage coatings, and for coat-
ings that may be subject to high shear stresses (i.e., loads parallel
to the interface).

When to Start Spraying

It is always good practice to begin thermal spraying of a com-
ponent as soon as possible after completion of surface preparation.
Freshly exposed clean metal is metallurgically active and readily
susceptible to contamination. Fingerprints or contact with foreign
materials may severely affect coating adhesion. If a freshly pre-
pared surface must be stored before spraying, it should be kept
covered and stored in a clean, dry area with the temperature main-
tained at about 40 °C (100 °F).

Application of a Bond Coat

Using a bond coat is another method of obtaining a roughened,
textured surface. Specially designed bond coatings have several
attributes that make them ideally suited for surface preparation:

e They often are self-bonding; that is, they adhere to smooth sur-
faces by reacting with the substrate to form microscopic alloy
layers that do not depend on mechanical interlocking normally
achieved from surface roughening. Coatings that are not self-
bonding require at least a finely grit-blasted surface or in rare
cases a high preheat temperature in order to adhere. See the

(b)

Fig. 8 Comparison of thermal spray coatings deposited on macroroughened

and smooth surfaces. (a) Sprayed metal over grooves; shrinkage con-

strained by grooves. (b) Sprayed metal on smooth surface; effect of shear stress
on bond due to shrinkage. Adapted from Ref 3
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next subsection for a list of materials to which bond coats are
self-bonding.

e They can accept machining or grinding to feather an edge
without lifting.

e They have a sprayed surface roughness of 400 to 600 AA,
which is ideally suited (the surface area is greatly increased)
for reception of sprayed topcoats. The need for the proper as-
sprayed roughness eliminates many fine coatings from consid-
eration as bond coats, although they may be self-bonding.

Materials to Which Bond Coats Are Self-Bonding:

All common steels

Stainless steels, 300 and 400 series
Hardened alloy steels

Monel

Nickel and nickel-base alloys
Cobalt and cobalt-base alloys
Chromium-nickel alloys

Cast iron

Cast steel

Titanium and titanium alloys

Materials to Which Bond Coats Do Not Reliably
Self-Bond:

Aluminum and aluminum alloys
Copper and some high-copper alloys
Molybdenum

Tantalum

Niobium (also known as columbium)
Tungsten

Polymers

Paper

Wood

Glass

Ceramics

Bonding Mechanism. The mechanism by which thermal
spray coatings bond to metallic substrates has not been extensively
studied. Nevertheless, of the many mechanisms proposed, only
fusion-diffusion has been demonstrated as repeatedly operating
for self-bonding coatings. Hot particles first striking a substrate
will locally raise the temperature of the metal immediately
beneath the impact zone of the particle to a point where the parti-
cle and substrate interact. If the heat available is high enough to
melt the substrate, then fusion with the particle will occur to form
microscopic alloy layers. If no melting occurs, interaction may be
characterized by high-temperature solid-state diffusion, again
resulting in an alloy bond layer.

The degree to which fusion-diffusion takes place depends partly
on the coating and substrate metallurgy and partly on the preheat
temperature. Heating the substrate to a high temperature prior to
spraying increases the probability of microscopic fusion and/or
diffusion occurring. Conversely, little to no preheating reduces
particle-to-substrate interaction. The use of high preheat tempera-
tures to assist bonding must be weighed against the formation of

oxides, which are generally detrimental to coating adhesion. See
the section “Preheating” in this article.

Why Use a Bond Coat? The following guidelines should be
applied to determine when to use bond coats:

e A minimum of surface preparation is needed. Machining or
grinding after cleaning is all that is necessary. This is espe-
cially useful on thin substrates where blasting may cause
warpage or distortion.

e For added insurance against bonding failures, use a bond coat
over a grit-blasted surface. Metallurgical bonding, combined
with mechanical keying, provides the best of both worlds.
Use as a convenience when handling large parts.

Use for hard substrates that cannot be effectively roughened by
grit blasting.

Use for protection of the substrate.

Use to help accommodate differences in coefficient of thermal
expansion (CTE) between ceramic topcoats and metallic
substrates.

e When the topcoat has a thickness limitation, bond coatings
may be applied to build up extra thickness.

Bond coat thicknesses for all except the last situation in the pre-
ceding list should be between 75 and 125 pum (0.003 and 0.005
in.). There is no need to use more than this to achieve the rough-
ness needed. Many bond coat materials can be applied thicker and
are used as one-coating solutions for dimensional restoration.

Bond Coats Available. Bond coats can be applied by wire and
powder combustion, plasma, high-velocity oxyfuel (HVOF), and
twin-wire arc spray. Most materials are available in the form of
powders or wires. Some typical materials, their chemistry, and
service temperatures are listed in Table 2.

Undercutting (During Repair
and Dimensional Restoration)

When parts come in for repair, the surface is usually damaged
due to wear and/or corrosion. Normal repair procedures call for
removal of the damaged surface material by undercutting into the
substrate. Undercutting removes some good material as well as the
damaged surface in order to provide a uniform flat surface to
accept the new coating. It is important to remember that undercut-

Table 2 Common bond coat materials

Service temperature

Coating Wire Powder °C °F

Molybdenum Yes Yes 315 600
80Ni-20A1 .. Yes 845 1550
90Ni-5Mo-5A1 S Yes L. o

95Ni-5A1 Yes Yes 845 1550
95NiCr-5A1 Yes Yes 980 1800
95FeNi-5A1 Yes Yes 1200 1650
90FeNi-5Mo-5A1 S Yes 650 1200




ting reduces the cross-sectional area and correspondingly reduces
the tensile and ultimate strength. Sprayed coatings will not restore
the original tensile strength, even though the cross-sectional area
will have been restored. The undercut surface area can be prepared
by grit blasting, macroroughening, or bond coating, depending on
the depth of undercut and the coating material chosen for spraying.

Masking

Various masking techniques have been developed to protect
component areas next to the target zone from impact by overspray
particles. Methods include:

Metal “shadow” masks
Tough, high-temperature tapes, including silicone with two
sides sticky, resist blasting and plasma spray, 3M -33 black
vinyl for blasting only, 3M stencil tape for blasting and spray
resistance, and glass-filled tape for both blast and spray
resistance

e Paint-on masking compounds

Metal shadow masks are placed approximately two to three
times the total coating thickness away from the part to be sprayed
and in front of the spray torch, thus shielding selected areas from
the spray deposit (Fig. 9). The target spray area may be stationary
or rotating. The mask is stationary and securely affixed. As the
spray stream is traversed across the target area and onto the mask,
the unwanted spray collects on the mask and is prevented from
reaching the substrate. The coating will end in a narrow feathered
band rather than as a sharply defined line (see Fig. 9b). In contrast
to the feathered edge, note that a contact mask (see Fig. 9a), simi-
lar to the tape that is discussed in this section, leaves a sharp edge,
which may act as a stress raiser that leads to debonding of the coat-
ing. Metal masks can be used over and over again, subject only to
the amount of spray buildup and/or distortion due to heat from the
spray process.

I ~4—— Nozzle ——— I

Shadow mask

-~——— Spray

Contact mask

Substrate Substrate

Coating Feather band Coating

T

Substrate
(a) (b)

Substrate

Fig. 9 Coatings resulting from contact masks (a) versus shadow masks (b)
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Sheet metal masks are preferred for HVOF spraying, because
tapes do not stand up to high-velocity particle impact.

Tape masks are applied by hand wrapping areas that do not
require a coating. After spraying, the tape is easily removed, along
with accumulated overspray, leaving the protected areas clean.
Each part needs to have tape applied. Many different tapes are
available commercially, some for resistance to grit blasting and
others for thermal spraying. The best tapes, of course, have suffi-
cient toughness to resist both grit blasting as well as heat resist-
ance to withstand the hot gas and particle impact during spraying.
The coating line when the tape is removed after the application of
thin coatings leaves a neat and clean edge, but if the coating is
thick, chipping is likely to result.

Masking Special Configurations. Further masking techniques
are shown in Fig. 10. Radiused corners are protected using curved
masks to keep unmelted particles and other debris from contami-
nating the coating. Dowel holes can be masked using simple plugs
whose top surfaces are above the surface being coated as well as
extending over the edge, so tapered, low-stressed edges will result.

Masking compounds are useful for providing short-term pro-
tection from overspray, but are not really useful for protection
from grit blasting. Commercially available compounds comprise
refractory particles, such as graphite, carried in water- or solvent-
soluble binders. These can be applied by brushing or spraying.
When dry, the film prevents overspray from sticking, while the
refractory particles provide short-term heat protection. Excessive
exposure to the spray stream, however, will cause these com-
pounds to break down, after which spray particles may stick.
Residual compound is easily removed by rinsing with water or
solvents depending on the carrier solubility. Masking compounds
are easy and convenient to use in spite of their shortcomings.

Preheating

Preheating of substrates prior to thermal spraying is a normal and
acceptable practice. To avoid problems, however, several precau-
tions and limitations must be observed. Preheating drives moisture
from the target area and presents a warm, dry surface to the first par-
ticles impacting. Preheating also helps by pre-expanding the sub-
strate so that it subsequently shrinks with the coating, reducing
residual stresses created in the coating during cooling.

Preheating Temperatures. As a general rule, preheating to
temperatures of 100 to 150 °C (210 to 300 °F) for approximately
60 s is sufficient to remove moisture. Hot molten or semimolten
particles quench less rapidly and flow and adhere better when
impacting a warm, dry surface than a cold one. As soon as the pre-
heat temperature is reached, spraying must begin. Never preheat to
150 °C (300 °F) and hold the substrate at temperature for any sig-
nificant length of time. Always spray immediately.

Equipment. A gas torch gently played over the substrate sur-
face is commonly used for preheating. Some applicators may use
the spray torch itself, fired but without spraying material, as the
heat source. When little to no preheating is recommended, parts
should be stored at room temperature in a dry box or some other
area (e.g., a desiccator) with moisture content below ~30%.



118 / Handbook of Thermal Spray Technology

Materials That Should Not Be Preheated. Although preheat-
ing is sound practice, with some materials the damage created by
the preheating temperature will more than offset the good intended.
These materials include aluminum and aluminum alloys, copper
and copper alloys, titanium, and manganese alloys. Freshly pre-
pared nascent surfaces act as oxygen “getters” and rapidly grow
oxide films that then serve to inhibit metal-to-metal interaction.
Preheating accelerates oxide-film growth, further interfering with
coating adhesion. No preheat should be used when coating these
materials; instead, start with clean, dry, room-temperature parts.

Stainless steels, superalloys, and nickel-base alloys are best
preheated to around 100 °C (210 °F), quickly followed by appli-

oy

cation of the first pass of sprayed material. This precaution is rec-
ommended because these alloys also form refractory oxide scales
which, if allowed to grow into thick films, will interfere with coat-
ing adhesion mechanisms.

Inert Atmospheres. Spraying done under inert cover, either
by inert gas shrouding or in low-pressure chambers (e.g., vacuum
plasma spraying or low-pressure plasma spraying, VPS/LPPS),
can take advantage of very high preheating because the deleteri-
ous effects of oxygen are minimized. For example, gas-turbine
blades that are to be plasma sprayed with NiCoCrAlY coatings in
low-pressure inert gas chambers are first preheated to 815 °C
(1500 °F).

!

Finished or controlled
thickness length

l

7///

Minimum radius
2x coating thickness

Radius or chamfer
0.51 mm (0.02in.) min

Plug mask for

/ dowel holes

7222

722,

Spray bounce

NERN
o 1
3.81 mm (0.15in.) min
to avoid buildup
in corners

Fig. 10 Examples of how to use masking techniques for special configurations

Spray bounce

As-applied
buildup profile

Finished profile
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THE COATING OPERATIONS and process parameters/vari-
ables described in this article include:

Spray pattern

Coating buildup

Process variations

Substrate/coating temperature control
Torch and substrate motion
Deposition efficiency

Statistical design techniques used to optimize thermal coatings
through a better understanding of the operating variables also are
covered, along with a brief discussion of “information manage-
ment”—the documentation of all process and design data.

Spray Pattern

Factors Influencing Spray Pattern Formation. The spray
pattern, how it develops, and its composition, configuration, and
variations are fundamental to understanding thermal spray coat-
ings. Regardless of the feedstock material or equipment used, all
spray processes involve molten or semimolten droplets or parti-

cles traveling at some velocity in a gas stream and impacting onto
a substrate to form a coating. Particle trajectory, size, temperature,
and the degree of melting at any moment in time in the gas stream
constitute the spray pattern.

To understand what is happening in a hot jet stream refer to Fig.
1, which shows particle trajectories in a plasma jet. While the fig-
ure shows particles entering the gas stream radially, they could
just as well be introduced along the centerline of the jet or gener-
ated by atomization, as in combustion-wire or twin-wire arc spray.
Some particles travel along the jet centerline, others take an inter-
mediate position, and still others ride along the periphery of the
jet. Fine particles riding the periphery may, in fact, never enter the
main jet, and coarse particles may flow through the jet and take an
outside position on the opposite side to their injection point. On
impact at the substrate, particles from all positions in the jet stream
deposit virtually simultaneously, making up what is called the
spray pattern.

Figure 2 depicts the spray pattern in cross section. In a planar
view, parallel to the substrate, the spray pattern is circular or oval
in shape. The fastest and densest deposits will build up at the cen-
ter of the jet, where most particles are entrained and where the
highest degree of melting occurs. Moving radially out from the
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@ Original powder

x Intermediate — typically powder median, optimum trajectory

O Centerline — mean of distribution, some vaporization

‘ Through — coarser particle distribution fraction, poor heating

|:| Periphery — finer particle distribution fraction

Fig. 1 Particle trajectories in a typical plasma spray stream



center (where fewer particles are entrained and where they tend to
be coarser and perhaps semimolten), combined with impact at
angles of less than 90°, results in increased porosity. At the jet
periphery, fine particles oxidize readily due to entrained air from
the surrounding atmosphere and deposit as debris. Small particles
oxidize rapidly, sometimes completely, to form the major source
of oxide inclusions in sprayed coatings.

The spray-pattern phenomena described in this section and
shown in Fig. 1 and 2 apply to all thermal spray processes. Input

Pattern
center

Fringe

Particle
directions

Fig. 2 The spray pattern, illustrating particle deposition and the effect of
size and debris on thickness and porosity in cross section
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variables common to each process—such as gas type, density and
velocity, heat energy, particle size distribution, specific gravity,
and powder-carrier gas flows—may, however, combine to shift
the distribution of porosity, unmelted particles, and oxides quanti-
tatively. The overall spray pattern size and geometry also vary
between processes.

Coating Buildup

Typical Coating Microstructure. As particles within a typi-
cal spray pattern traverse across the substrate being coated, both
good and dense coating areas as well as the debris typically found
in the periphery of the spray pattern are deposited during each
pass. After many passes, a coating such as that shown in Fig. 3
results. This contains each of the particle types and other phenom-
ena normally found in the spray pattern: porosity, unmelted parti-
cles, oxides, debris, and fine peripheral particles distributed from
the substrate interface throughout the coating breadth and thick-
ness.

Effect of Part Geometry on Coating Buildup. Debris and
peripheral oxides are reduced when spraying takes place on small
target areas. This effect is illustrated in Fig. 4(a). The shaft diam-
eter is smaller than the spray pattern diameter; consequently, one-
half of the peripheral debris actually misses the substrate and is
never deposited. The larger target area shown in Fig. 4(b), how-
ever, captures the entire spray pattern on the substrate when tra-
versed across and/or up and down.

Air-Cooling Devices for Minimizing Debris. To spray large
target areas, an ancillary air-cooling device can be attached to the
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Fig, 3 Typical coating microstructure, containing unmelted particles, oxides, porosity, and debris. (a) Unmelted particles. (b) Oxides. (c) Debris. (d) Fine par-

ticles. (e) Porosity
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spray torch, such that a stream of compressed air blows peripheral
debris from the substrate surface in advance of the traversing spray
stream. Figure 5 shows an air device positioned for spraying a
large shaft. Debris is blown off the surface before it sticks and
passes under “good” spray material to become permanently incor-
porated into the coating. When spraying flat surfaces, as shown in
Fig. 4(b), air coolers should be positioned on both sides of the
spray stream to help remove debris. Air coolers are usually

(b)

Fig. 4 How part geometry affects coating deposition. A small target (a) has
peripheral debris missing the substrate, while a larger target (b) col-

lects all the peripheral debris and oxides.

adjusted to precede and follow the spray torch along the traverse
direction. While air is used to blow loose debris off the surface, it
also helps to cool the surface, as the name implies. The need for
cooling is covered in the section “Substrate/Coating Temperature
Control” in this article.

Relationship Between Particle Melting and Coating Struc-
ture. In addition to the effects of peripheral particles stemming
from the spray pattern, consideration must be given to center-
stream particles and how variations in the degree of melting affect
coating structure. Particles in the center of the spray pattern may
include one or all of the following states on impact:

e Fully molten, or at just above the material melting temperature

e Superheated, well above the melting temperature and perhaps
close to the vaporization point

e Semimolten, with the outside liquid but the core still solid

e Molten then resolidified while in-flight before impact

Fully melted particles at or just above the material melting point
arrive at the substrate, impact, flow, and flatten (Fig. 6). Particle
material spreads and cools rapidly as heat is conducted into the
substrate. The classic lamellar splat morphology is thus achieved
(Fig. 6b). Lamellar particle thickness depends on particle velocity,
substrate surface tension, starting particle size, and substrate tem-
perature. Superheated particles may splatter on impact, sending
out radial splashes of fine droplets—generally spherical—that end
up in the coating as “satellites” or debris (Fig. 6¢). Debris formed
from splatter differs from debris produced in the jet in that splat-
ter lodges in the coating, building up at the first ridge that stops its
radial travel. Air blasting does not remove splatter debris. Super-
heating is a condition that generally should be avoided. Particles
that resolidify in flight after having been melted may not deposit;
if they do, they may appear as unmelted particles but with clearly
discernible oxide layers on the particle surfaces (Fig. 6a).

Rotation

Air shroud cooling

Fig, 5 Positioning of an air-cooling device to blow debris off the surface
before it rotates into the center spray region and is incorporated into
the coating



Sprayed coatings must be examined metallographically in cross
section to see these effects. It is highly advisable to know the orig-
inal particle morphology of powders before spraying in order to
more accurately assess what is or is not an unmelted particle. Par-
ticle microstructures are usually quite unique and reflect their ther-
mal processing histories. Additional information on spray pro-
cessing and microstructures can be found in Ref 1 and the articles
“Coating Structures, Properties, and Materials” and “Metallogra-
phy and Image Analysis” in this Handbook.

Process Variations

The controllable parameters for each of the major thermal
process types are different, but all share some common funda-
mentals. Equipment and theory are covered extensively in the arti-
cle “Thermal Spray Processes” in this Handbook. It is important
that the reader is familiar with various equipment theory and
parameter variations in order to understand the cause-and-effect
relationship between input parameters and sprayed coatings, as
discussed in this section.

Converting feedstock material (whether powders, wires or rods)
into a coating requires:

Overhead views
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e Heat energy for melting
e A gas flow for atomization and/or particle acceleration to pro-
pel the particles toward the substrate

When the input heat energy, minus cooling gases (such as pow-
der carrier gases or atomizing gases), is sufficient to melt the feed-
stock material and the gas flow is sufficient to propel the molten
and semimolten particles toward the substrate, then a proper bal-
ance is achieved to create a thermally sprayed coating. Input heat
energy controls directly affect these output variables:

Flame/plasma/jet temperature
Flame/plasma/jet velocity
Particle temperature

Particle speed

Particle trajectory

Deposit temperature

Each variable affects spray-pattern formation and particle heat-
ing differently. Table 1 shows a simple overview comparing heat
energy and particle velocity for each process. In general, powder,
combustion-wire, and twin-wire arc sprayed coatings are gener-
ated from high heat input plus low particle velocity. These coat-
ings tend to exhibit high oxide contents, a large number of splat-

Magnification, 1000X

Fig, 6 The effect of the degree of particle melting at or just before impact on shape and coating structure. (a) Particle is heat softened or beginning to resolid-
ify. At impact, it does not flow out and begins to lift at the edges. (b) Properly melted particle impacts and flows to form a well bonded classical lamel-
lar splat shape. (c) Superheated particle impacts and splashes, creating debris, satellites, and dusting.
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tered and rounded particles, and relatively high porosity. Plasma
spraying tends to superheat many particles, and the splashing
effect is always evident. As a result of the higher particle velocity,
particles present in plasma sprayed coatings are flattened more
than in combustion sprayed coatings. The resulting coatings are
also denser, with finer porosity. Very-high-velocity systems (such
as detonation gun and high-velocity oxyfuel, or HVOF), com-
bined with lower heat inputs, will typically produce very dense
and clean (no splashes) coatings not achievable by the other
processes. In addition to the input spray parameters that control
the spray pattern, particle heating and velocity, substrate tempera-
ture control, and torch-to-substrate relative motion are critical for
producing desired coatings.

Substrate/Coating Temperature Control

When substrate preheating has been completed and spraying
has begun, it is necessary to control the temperature of both the
sprayed coating and the substrate to avoid substrate degradation,
oxidation, and shrinkage/expansion.

Substrate Degradation. For those substrate materials suscep-
tible to physical changes at high temperatures, irreparable damage
can be inflicted when temperature is not controlled. Physical prop-
erties (e.g., hardness) established by heat treating are most likely
to change.

Oxidation. Coating layers deposited and allowed to reach high
temperatures during spraying will oxidize and appear to darken.
Surface oxides so formed leave a plane of weakness in the coating
and could lead to delamination under applied stresses. The critical
oxidizing temperature for each material varies; nevertheless,
keeping surface temperatures below 150 to 205 °C (300 to 400 °F)
is a good general rule when spraying under air conditions.

Shrinkage/Expansion. Sprayed coatings shrink as they cool,
exerting considerable shear stress on the substrate and leading to
warpage and possible separation (Fig. 7). Substrate materials hav-
ing a high coefficient of thermal expansion that are allowed to
expand because of high temperatures during the spray process will
experience major debonding at the substrate/coating interface.

Table 1

Solving Substrate/Coating Overheating. The normal tech-
nique for solving substrate/coating overheating is to use air coolers.
When properly positioned, with cool air directed so as not to disturb
the centerline-sprayed material, substrate and deposit temperature
are easily controlled (Fig. 5). Cool air directed at the substrate dur-
ing spraying not only removes some surface debris but can also be
used to control temperature. Liquid carbon dioxide or even liquid
nitrogen can be used when extreme cooling is required.

When spraying under inert gas environments (either shrouded
or in a chamber), inert gas, rather than air, should be used to
remove debris and control temperature.

Torch and Substrate Motion

Thermal spraying is a line-of-sight process. Therefore, to
deposit optimal coatings, the substrate target area should be nor-
mal (at 90°) to the spray stream. The fundamental objective of
torch and substrate motion during spraying is to present the target
area to the spray stream in a steady, consistent, and repeatable
manner, always maintaining the same torch-to-substrate spray
angle, standoff (spray distance), and relative motion. This could
be as simple as a part rotating and the torch remaining stationary,
or perhaps moving horizontally at a steady speed, or may involve
more complex arrangements whereby relative motion must be
adjusted to spray asymmetrical turbine blades or conical surfaces,
for example.

Motion Control Variables

Relative movement of the torch (spray pattern) and target area
(substrate) is critical for continuous and even deposition of the
spray passes into cumulative coating layers. The critical variables
in motion control are described in this section.

Torch-to-Substrate Standoff Distance. Once the spray dis-
tance is established, it must be kept constant for the entire opera-
tion regardless of part or torch movement. Spray distance control
ensures that essentially the same coating will be deposited across
the entire target area and throughout the total thickness.

Heat energy input and particle velocity for common thermal spray processes

Input heat energy to particle

Output particle velocity(a)

Process High Low

Highest High Medium high Medium Low

Combustion wire
Combustion powder
Standard plasma
High-velocity plasma
Vacuum plasma
Standard wire arc
Vacuum arc
High-velocity oxyfuel
Detonation gun

XK R K R XK

X
X

Iole

(a) Particle speed ranges from a high of approximately 1000 m/s (3000 ft/s) to a low of 25 m/s (80 ft/s). Further variations within each process depend on the particle size, material type, and gas

velocity.




Spray Pattern Normal to Substrate. Spraying normal to the
substrate is desirable, but regardless of the angle chosen, it should
be maintained throughout the entire spray operation regardless of
part or torch motion. Typically, 90° + 20° is an acceptable varia-
tion if necessary.

Feedstock consumption (spray rate) establishes the rate of
coating deposition as the spray pattern passes over the substrate. If
the spray rate changes during spraying, the coating thickness will
be uneven and coating properties will vary. The spray rate (feed-
stock input) must be balanced against the input energy to achieve
optimal coating properties. A change in spray rate while energy
input remains constant could affect particle melting and splatting,
oxide content, porosity, bond strength, and deposition efficiency.

Part and Torch (Spray Stream) Motion. Simultaneous
movement of the part and torch relative to each other should be
managed so that an even and consistent coating thickness is main-
tained after each layer is applied to the target substrate. As a gen-
eral rule, 25 um (0.001 in.) of coating thickness should be applied
per pass; therefore, a 250 um (0.010 in.) thick coating will require
10 passes. The 25 um (0.001 in.) thick layer rule is not hard and
fast; it is, however, a useful first approximation for beginners.
Layer thickness chosen can vary and often does so to accommo-
date powder type, component size, and the spray process used. For
instance, less than 12.5 pm (0.0005 in.) per pass is used for wear-
resistant coatings and up to 125 um (0.005 in.) per pass is used for
porous abradable coatings and twin-wire arc sprayed zinc.

Considerations for HVOF Processing. High-velocity oxy-
fuel spraying requires some special considerations. Part and torch
surface speed typically range between 45 and 122 m/min (150 and
400 ft/min), whereas plasma spraying requires between 23 and 76
m/min (75 and 250 ft/min). High-velocity oxyfuel deposition of
carbides is generally restricted to 12 um (0.0005 in.) per pass.
These guidelines are necessary to prevent substrate overheating
during spraying.

To determine the speed of part movement relative to torch
motion, consider that each pass of the torch over the surface
leaves a band of deposited coating. Consider the spray pattern

Before spraying

After spraying

Fig, 7 Effect of coating shrinkage on interfacial shear stresses. The sprayed
metal cools, creating a tensile stress in the coating and a compressive
stress in the underlying substrate material. These stresses may deform the sub-
strate or weaken the bond between the sprayed coating and the substrate,
leading to debonding of the coating. The bottom illustration shows deforma-
tion of a thin-section substrate and debonding of the coating due to stresses
generated by cooling of the sprayed metal. Source: Adapted from Ref 2
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shown in Fig. 2 and then refer to Fig. 8. An even layer results when
the spray pattern is deposited evenly across the target surface.
Adjusting the relative motion of the torch and substrate so that the
spray pattern is indexed approximately one-half the spray pattern
diameter for each pass over the target area will overlap the spray
patterns to produce a smooth, continuous layer.

One cycle across the substrate surface yields one complete
layer, and multiple layers yield the desired thickness. On a flat sur-
face, this can be accomplished in an x-y ladder or “rastered” mode
by moving the torch across a stationary substrate. After the torch
is translated in the x-direction across the surface, it is indexed in
the y-direction for the next adjacent pass, and so on to cover the
substrate area. For a rotating target (for instance, when a shaft is
sprayed), the torch should be moved continuously in either an x-
or y-direction along the axis such that for each substrate revolution
the torch has been indexed one-half the spray pattern diameter. If
the substrate rotation rate and torch traverse rates are improperly
set, the coating may deposit either as a “barber pole” striping or in
very thick layers after each pass.

Controlling Motion Control Variables Through Automa-
tion. Proper execution of torch and part manipulation and accu-
rate control of these critical variables generally require automatic
handling equipment and robotics, computer controlled and pro-
grammable. Automation is the only reliable method for ensuring
part-to-part consistency. No matter how well trained an operator
may be, the individual cannot be expected to provide the same
accuracy time and time again. In the article “Process Control
Equipment” in this Handbook, special attention is paid to multi-

Spray pattern Spray

x = diameter of spray pattern

Gun
—- b ||  index direction —pm—

Index

= Layer thickness

Substrate

Fig. 8 How to obtain an even coating layer by indexing the torch after each
pass. See text for details.
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axis handling equipment, computer-controlled robotics, and inte-
grated process control systems.

Spray rate control is also important. Powder feed rate is a key
parameter that can be adjusted to affect deposition rate per pass.
Today’s powder feeders provide closed-loop spray rate control of
process parameters, allowing continuous monitoring and real-time
correction of powder flow.

Deposition Efficiency

Each of the variables discussed in the previous section—torch
and substrate motion, standoff distance, spray angle, and spray
rate—when combined with thermal spray process parameters and
substrate geometry, directly influence deposition rate and coating
quality. Deposition efficiency (DE) is an idealized measure of the
percentage of particles introduced into the spray jet that actually
deposit onto a flat substrate without overspray considerations.
Overspray is eliminated by keeping the spray torch normal to the
substrate and moving in a circular motion, never allowing the
spray pattern to move off an edge.

Deposition efficiency is useful only to the extent that it provides
a measure for optimizing torch spray parameters. A high DE is
critical and desirable, because this ensures that the coating
deposited under ideal conditions reflects the design intent of the
starting powder. Low DEs suggest that some portion of the start-
ing powder is not being deposited. This portion may consist of
coarse particles, fine particles, or perhaps a blend. Low DEs are
also less economical, incurring lengthy equipment operation times
and high labor costs to spray thick coatings.

When substrate geometry, size, and overspray are taken into
consideration, the ideal DE declines substantially, yielding the
real deposition efficiency. This real efficiency is properly termed

Table 2 Taguchi matrix variables and constants

target efficiency (TE). The TE should be used for estimating cost
and powder consumption requirements.

Statistical Design Techniques

As noted earlier in this article, many variables/parameters
require study before a coating can be optimized. Statistical design
techniques reduce the number of experimental runs or parameter
iterations needed for coating optimization. The results obtained
are often unambiguous, at a minimum cost. Statistical design
methods encourage the systematic study of the many variables that
confront coatings engineers. Furthermore, these studies provide
data on how variables interact and how they influence coating
properties, as well as a plan for constructively changing input
parameters to effect the most desirable properties.

Design of experiments (DOE) (Ref 3) and Taguchi factorial
experiments (Ref 4) are two commonly used statistical techniques.
The fundamental approach for each is the same: A matrix of
selected variables versus a series of experimental runs is estab-
lished. Table 2 is a Taguchi L-8 fractional factorial matrix taken
from Ref 5. Nerz et al. (Ref 5) chose six variables represented by
high and low values. The number of variables chosen determines
the matrix size and number of runs. Typically, a fractional facto-
rial matrix is constructed with variables deemed most likely to
influence coating results, rather than a complete factorial of all
variables.

The matrix shown in Table 2 includes a maximum of six vari-
ables and eight experimental runs. Selected coating properties are
measured for each run. To understand the magnitude of variable
influence on coating properties, an analysis variance (ANOVA) is
performed. ANOVA is a Taguchi analysis of results showing how
each variable, both high and low, influences results. Another

Experiment Spray distance, mm Spray rate, g/min Carrier flow, scfh Application temperature, °C Particle size, pm Power, kW
1 76 30 12 177 -100 40
2 76 30 15 343 =53 50
3 76 76 12 177 =53 50
4 76 76 15 343 -100 40
5 152 30 12 343 -100 50
6 152 30 15 177 =53 40
7 152 76 12 343 =53 40
8 152 76 15 177 -100 50
Levels

Constants Variables Low (1) High (2)
Gun Metco 3 APG Spray distance, mm 76 152
Nozzle Metco 315 Spray rate, g/min 30 76
Powder port No. 2 Carrier flow, scth 12 15
Plasma gas Argon Application temperature, °C 177 343
Pressure 75 psi Particle size, um -100 =53
Flows 60 scfh Power level, kW 40 50

scth, surface cubic feet per hour




method for evaluating factorial experiments is to use “analysis of
means,” developed by Ott using the Null hypothesis (Ref 6). This
method is a statistical approach employing graphics and statistical
theory.

Information Management

It may seem obvious that all process and design data should be
recorded. Yet many shops maintain no formal written records of
what was done, by whom or where. Because thermal spray pro-
cessing involves so many variables, it is extremely important that
they be accurately and thoroughly documented.

Each organization is different; documentation may be hand-
written or entered into a computer. Nevertheless, a system of
information management should become a regular habit. For
instance, a run sheet for each iteration should be integrated into all
laboratory procedures to record, for example:

e Parameters, planned and actual
e Equipment used and supplier
e Powder type, lot number, and supplier
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e Date, operator, and purpose of run
e Coating tests and results

Run sheets then become a permanent record, useful as a base for
further work or as reference in a final report.
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COATINGS OFTEN ARE TREATED AFTER SPRAYING to
establish final dimensions or to improve or change the coating
microstructure, thus avoiding some or all of the shortcomings of
sprayed coatings. Expected improvements include:

Changed microstructure

Enhanced bond strength

Relaxation of internal (residual) stresses
Closure and reduction of porosity
Improved homogeneity

Reduced oxide content

Hard phase precipitation

Chemical modification

Methods used to obtain these results include:

e Chemical/physical treatments, such as organic sealing, alu-
minizing, and chromizing (chrome plating)

e Thermal treatments, such as fusion, heat treatment, diffusion,
recrystallization, laser glazing, and hot isostatic pressing (HIP)

e Mechanical treatments, including machining, grinding, shot
peening, HIP, and polishing

Finishing

The most common postspray operation is finishing by single-
point turning or abrasive wheel grinding. Selection is usually dic-
tated by the coating hardness, finish, and dimensional accuracy
required.

Turning

Metal coatings are easily turned to remove as-deposited rough-
ness. Because the structures of sprayed metals are granular rather
than homogeneous, crumbly chips similar to those from cast iron
will result. The surface will appear dull, with fine porosity appar-
ent. Turning speeds, feeds, and tool bit shape can be extracted
from wrought metallurgy standards for particular materials. Cut-
ting oils, lubricants, and coolants or dry turning can all be used.
Remember, however, that oils and coolants will penetrate and
remain in the coating after machining. Carbide tools are recom-
mended because sprayed coatings are very abrasive and tools wear
rapidly. Recommended tool angles for turning with carbide tools
are shown in Fig. 1.

Grinding
For dimensional accuracy and better surface finish, grinding is

preferred. Dry or wet grinding can be used. Wet grinding is pre-
ferred to dry grinding for sprayed coatings because of greater lat-

itude in abrasive and wheel selection. Although grinding is an
established industrywide process, grinding sprayed coatings
involves the following special considerations:

e Sprayed coatings tend to “load” wheels rapidly; to control
wheel wear, use relatively coarse grains with low binder con-
tents.

No side rake angle
7° side relief
angle

Back rake
angle

End cutting
edge angle

w 150

Side cutting
edge angle

16°

~

End cutting
edge angle

Fig,1 Tool angles for machining cemented carbide coatings. Source:
Adapted from Ref 1



e Use light cuts because excessive pressure can cause crack for-
mation, delamination, or excessive coating fracture and pull-
out.

e Do not “spark out” on the final pass; this tends to glaze the
coating.

Keep wheels freshly dressed.

Alumina, silicon carbide, and diamond wheels can be used.
Selection is based on required coating hardness and finish.
Tungsten carbide coatings always require diamond wheels for
grinding.

Polishing

Sprayed coatings turned or ground can be further finished by
polishing to achieve very high mirror finishes down to 1 to 2 um.
Such finishes generally are possible only with very dense coatings.
Polishing can be accomplished by lapping, tumbling, honing,
and/or burnishing.

Densification

Coating densification is a commonly practiced postspray treat-
ment. The objective is to reduce interconnected porosity and
obtain:

e Higher hardness and wear resistance
e Improved particle cohesion
e A barrier to corrosive products

Fusion

Fully dense, totally homogeneous coatings are produced by
melting selected coatings at approximately 1010 °C (1850 °F).
Both coating and substrate are treated by torch or furnace heating.
Coatings from the family of self-fluxing alloys are first applied by
combustion-powder spraying. Self-fluxing alloys contain ele-
ments that react with oxygen or oxides to form low-density oxides
that float to the surface, thus improving density, bonding, and so
forth. In general, these are nickel- or cobalt-base alloys that con-
tain boron or silicon, either singly or in combination, in excess of
1.5%, as well as carbon and iron. Chromium is added to many
alloys for added wear and corrosion resistance. Table 1 lists com-
positions of some spray-and-fuse self-fluxing alloys.

Boron and silicon serve several functions. Boron is a potent
hardener for both nickel- and cobalt-base materials and combined
with silicon lowers the melting point by several hundred degrees,
due to the formation of eutectic alloy compositions. Boron and sil-
icon also promote wetting by reducing oxides of nickel, cobalt,
chromium, and iron and control surface tension and fluidity. Dur-
ing fusing, a borosilicate glass is formed that is believed to further
reduce oxidation. Boron and silicon are fluxing agents, hence the
term self-fluxing.

Fused coatings exhibit these properties:

e Nearly 100% dense, impermeable, and metallurgically bonded
to the substrate

Postcoating Operations / 129

e High hardness ranging from 20 to 70 HRC (depending on
boron and carbon content)

e Slag inclusions in flame spray and fused coatings. Less slag is
evident when the material is first plasma sprayed and then
fused.

e (Good impact resistance, attributed to exceptional coating
integrity and metallurgical bonding

e (Good corrosion resistance and high hot hardness, permitting
service temperatures up to 650 °C (1200 °F)

e Coating shrinkage of 10 to 20% on fusion as the porosity
closes during melting. Plasma sprayed coatings are denser
before fusion, resulting in less shrinkage.

e Very fine ground finishes, often to less than 1 pum arithmetic
average (AA)

Laser glazing or induction heating can also be used to fuse coat-
ings.

Sealing

Thermal spray coatings, being somewhat porous by nature, are
often sealed with organic materials that penetrate and fill the
pores. Coatings sealed and cured in this fashion have their inter-
connected pores filled, which effectively creates a barrier to pene-
tration of unwanted materials. For example, sealed coatings:

e Prevent corrosive environments—liquids or gases—from pen-
etrating the coating and attacking the coating/substrate inter-
face

e Keep grinding debris from lodging in the coating (assuming
the coating was sealed prior to grinding)

Enhance interparticle cohesion
Extend the life of aluminum and zinc coatings on steel to pre-
vent corrosion

e Provide special surface properties such as nonstick and release

Table 2 lists some common organic sealants. The choice of
sealer dictates the curing temperature and time. When selecting a
sealant, (1) be sure that its viscosity is low, allowing it to penetrate
the coating to a satisfactory depth, and (2) determine its chemical
corrosion resistance and service temperature after curing. Both
factors will guide the use and limitations of sealants. Sealants can

Table 1 Nominal spray-and-fuse powder alloy
compositions

Composition, wt%

Alloy
designation Ni Co Cr C Si B Fe w
Deloro bal S 7.5 035 3.5 1.7 1.5
Alloy 40
Deloro bal R 11.0 0.45 4.0 2.4 3.0
Alloy 50
Deloro bal R 15.5 0.8 4.3 3.5 4.0
Alloy 60
Stellite SF6 13 bal 19 0.7 2.3 1.7 3.0 7.5
Stellite 2 max  bal 22 0.1 1.6 24 2max 4.5
Alloy 157

bal, balance. max, maximum
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be applied by brushing, spraying, or dipping. The method used
depends on sealant properties and size of the treated and coated
area.

Peening

Shot peening and glass-bead peening can be used to plastically
deform the surface layers of sprayed coatings, placing them in a
state of compressive residual stress to improve their fatigue prop-
erties. While surface porosity may be closed off, it is unlikely that
penetration of liquids and gases will be prevented.

Hot Isostatic Pressing

Simultaneous exposure of coatings to high temperatures—typi-
cally below the solidus, for steels approximately 1100 °C (2000
°F) and for nickel alloys approximately 975 °C (1800 °F)—and
high static pressures of 10 MPa (1400 psi) promotes densification
and enhances the physical properties of sprayed coatings. The heat
encourages diffusion at the coating/substrate interface, enhancing
bond strength, while the pressure compresses the coating, collaps-
ing and shrinking pores. The combined effects also relieve
stresses, increase fracture toughness, and produce near-wrought-
metal properties. Hot isostatic pressing is commonly used in the
processing of near-net-shape components fabricated from thermal
spray deposits.

Heat Treating

Heat treating takes place at high temperatures but well below
the coating melting point. In contrast to fusion, no melting occurs.
In contrast to HIP treatments, heat treatment takes place at atmos-
pheric pressure or sometimes under vacuum.

Reasons for coating heat treatment include:

e Diffusion occurs between the substrate and sprayed coating,
enhancing the bond strength. Diffusion is a mixing of atoms
that takes place at high temperatures but well below the melt-
ing point. Diffusion creates metallurgical bonding and higher
strength.

e Residual stresses are relaxed and interparticle cohesion is
increased, analogous to annealing, only more pronounced.

Table 2 Common sealants used with thermal spray
coatings

Organic material Characteristic

Paints Water and solvent soluble
Waxes Low-temperature melt
Phenolics Air dry or heat cure

Epoxy phenolics Air dry or heat cure

Epoxy resins One-part catalyst
Polyesters Air or heat cure or one-part catalyst
Silicones Heat cure

Polyurethanes Air dry or one-part catalyst
Linseed oil Air dry

Polyimides Heat cure

Coal tars Air dry

Anaerobics Cure in absence of air

Hardness may be reduced, and the coatings show improved
ductility and impact resistance as well as increased fracture
toughness and modulus of elasticity.

e Recrystallization and grain growth occur via sintering, effac-
ing laminar particle shapes and creating new microstructural
textures, further improving mechanical properties.

e Diffusion may also serve to reduce porosity. This is a particu-
larly time-dependent phenomenon and perhaps too slow to be
considered a reliable practice.

e Phase and structural changes occur. Oxides are reduced when
heated under hydrogen (H,) or in vacuum environments. Sim-
ilarly, carbides and nitrides can be changed by selective treat-
ment. Carbides are typically precipitated from solid solution
with cobalt to enhance toughness.

Methods of heat treating include:

e Furnace heat treating in air or under inert or hydrogen atmos-
pheres
Vacuum or low-pressure furnace, using inert gas cover
Induction heating
Laser processing (glazing)

Laser glazing is unique in that the thermal energy applied can
be controlled precisely in terms of both position and intensity. The
laser beam is actually a stream of coherent (in-phase), monochro-
matic (single-color or wavelength) photons that can be focused
and directed through the air over relatively long distances without
loss of coherence or appreciable loss of power. Continuous-wave
(CW) and pulsed carbon dioxide (CO,) and neodymium-doped
yttrium-aluminum-garnet (Nd/Y AG) lasers are the most common.
One of the great advantages of lasers for surfacing operations is
that an intense amount of energy can be concentrated and deliv-
ered to a very shallow zone—in other words, a thin liquid phase—
on the coating surface. This feature may establish ideal conditions
for a broad range of surface treatments and coatings, allowing the
formation of a metallurgical bond with a minimum of dilution of
the coating alloy by the substrate.

Aside from the widely practiced transformation hardening of
steels in its early stages of utilization, the process is now being
used as a replacement for some conventional hardfacing processes
and more importantly as a means of surface glazing and surface
alloying. Unlike transformation hardening, which is a solid-state
phenomenon akin to flame or induction hardening, laser glazing
brings the coating surface to the liquid state and then allows it to
solidify very rapidly. Rapid-rate solidification causes microstruc-
tural refinements and other metallurgical changes that profoundly
affect the properties of metal, including tribological characteris-
tics and corrosion resistance.

Inspection

Once a coating has been sprayed and post-treatments, including
finishing, have been completed, it is ready for inspection. Two
options are available: destructive and nondestructive tests.



Destructive Testing—Indirect

In destructive testing, as the name implies, finished parts are
destroyed and a sample of the coating is removed and prepared for
metallographic or scanning electron microscope (SEM) analysis.
This provides the most accurate assessment of coating quality pos-
sible, but is often somewhat impractical when the coated parts are
large, costly, or limited in number.

When destructive testing is required and parts themselves can-
not be destroyed, a sample of the coating should be sprayed along
with the actual part and used for evaluation. Sample test coupons
so prepared are designed to provide information on tensile bond
strength, microstructure, bend strength, hardness, and so forth.
Information gathered on separate sample coupons, however, will
always be somewhat subjective because it is indirect; that is, the
data may not represent the coating as it was applied to the actual
part if spraying was done at a different time or more likely onto a
different substrate shape or substrate material. If possible, the
sample should be sprayed simultaneously with actual parts, using
the same substrate material and surface preparation.

Nondestructive Testing (NDT/NDE)—Direct

Such testing/examination is done directly on the finished part
without damaging its appearance or functional capability. It is pos-
sible to test every part and achieve 100% quality assurance. Nonde-
structive testing technology does not always provide quantitative
information normally gathered by metallography or tensile bond
testing. One must know the limitations for detecting each important
characteristic, such as debond size or debonds along edges. Calibra-
tion standards for each material/geometry are required.

Further discussion on the two inspection techniques follows.
Additional information on testing and analysis can be found in the
articles “Testing of Coatings” and “Metallography and Image
Analysis” in this Handbook.

Current Destructive Tests

Tensile Adhesion Strength. Using ASTM Standard C 633,
pull-test coupons are sprayed and the coating is loaded in tension
until failure occurs. Bond tensile strengths in psi, ksi, or MPa are
recorded. An absolute minimum of three tests should be carried
out, although five or more are better from a statistical standpoint.
The bond strength of the adhesive used must also be measured as
part of each test batch. After failure, the sample surfaces must be
examined to study the locus of failure. This can provide insight
into the nature of the failure—within the adhesive, at the coat-
ing/substrate interface (adhesive failure), or within the coating (a
mixed-mode failure).

Metallography. Samples of the coating/substrate are sec-
tioned, mounted, polished, and studied using a light optical micro-
scope, generally at magnifications ranging from 50 to 100x. From
analysis of a polished coating cross section, density, melting effi-
ciency (unmelted particles), oxide content and distribution, thick-
ness, grain size (which may require etching to reveal the grain struc-
ture), bond-line integrity, and microhardness can be determined.

Bend Testing. Coatings sprayed onto 7.87 mm (0.31 in.) thick
coupons are bent over a 25.4 mm (1 in.) shaft to ~90° and exam-
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ined for cracking, chipping, and peeling as indicators of bond
integrity and coating ductility.

Thermal Shock Tests. On prescribed samples, ceramic ther-
mal barrier coatings (TBCs) usually sprayed over a bond coat are
tested for thermal shock resistance by alternate high-temperature
exposure and cooling cycles until failure.

Current Nondestructive Tests

Thickness. When the substrate size and shape permit, simple
calipers or micrometers can be used. Eddy-current sensors and
ultrasonic, capacitance, and optical coating thickness measuring
devices can be used on more complex geometries.

Surface Texture. Visual inspection, stylus-tracing profilome-
ters, and capacitance and optical measurements can be used.
Newer techniques include white light and laser interferometric
optical systems and conformal microscopes.

Hardness. Some argue as to whether a Rockwell hardness
indentation is really nondestructive. Nevertheless, if taken on a
nonworking area of a coating, valuable direct data can be col-
lected. Microhardness (Vickers, 300 gf load) coating data are also
commonly measured and reported.

Adherence. Acoustic emissions testing has the potential for
measuring bond integrity, including delamination, cohesive weak-
ness, and adhesive weakness. Ultrasonic waves are displaced/
attenuated because of bond imperfections, providing a good indi-
cator of bond integrity.

Density. Various techniques including Archimedean/displace-
ment, x-ray, eddy current, and thermal measurements can be used
to measure coating density.

Microstructure. Acoustic emissions (ultrasonic wave attenu-
ation) is a sensitive indicator of microstructural features. Some
recent ultrasonic studies have provided information on stress map-
ping and structural anisotropy.

Defects. Acoustic emission, x-ray, eddy current, and thermal
techniques are used to detect defects.
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Introduction to Materials Production for
Thermal Spray Processes

Christopher C. Berndt, Stony Brook University

THE MANUFACTURE AND PROCESSING of materials
commonly used in thermal spray (TS) coating processes are
described in this Section of the Handbook. Powder manufacturing
processes directly reflect quality and economics. A TS material is
not defined solely by its chemistry and particle size distribution.
Thermal spray materials with nominally identical specifications
may:

e Exhibit substantially different TS characteristics (i.e., different
deposition efficiencies, spray rates, etc.)
Have large purchase cost differentials
Produce acceptable versus unacceptable coatings

Materials from different manufacturers with the same nominal
chemical composition and physical shape (whether powder, rod,
wire, or composite form) may exhibit quite different material and
physical properties, and different service performances, even
when deposited under identical conditions. Knowing how such
differences can arise enables the overall technological limits of a
process to be defined.

Thermal sprayed coatings cover a range of applications: for
example, to combat corrosive environments, to prevent high-
temperature oxidation, to build up and reclaim worn components, to
minimize wear, or to confer specific electrical insulation and con-
duction characteristics on abulk material. As discussed in the article
“Material Categories for Thermal Sprayed Coatings” in this Sec-
tion, metals and alloys, ceramics, intermetallics, composites, and
polymers are used for these various application areas. The definition
of ceramic will be taken in its broadest context and may include
classical ceramics such as alumina, high-tech materials such as zir-
conia alloys, and the refractory materials based on carbides.

Coating applications are a direct consequence of their ability to
retain some intrinsic characteristics of the feedstock material. (The
term “feedstock” is used throughout the articles in this Section to
indicate any material injected into the apparatus that is used to
project the material onto a substrate.) The feedstock may be in any
one of a variety of physical states. For example, aluminum, zinc,
and aluminum-zinc alloys are used for corrosion protection, and
tungsten carbide and cobalt mixtures are used for wear resistance
applications. Since the 1990s, thermally sensitive polymeric mate-
rials have been increasingly used for coatings and composites.

Coating properties depend on the feedstocks used in the TS
process. However, a TS coating need not necessarily retain the
intrinsic characteristics of the feedstock because the TS process
quite often modifies the properties of the original material. Thus,
the structure of a coating is quite dissimilar to that of a material
produced by a bulk fabrication process. The utility of a coating

may be limited by its mechanical, physical, thermal, and/or elec-
trical properties. Adhesion of the coating to the substrate is also
important, because it is crucial that the coating remain attached
throughout its service life.

Differences in feedstock materials may include factors such as
the material production route and the particle size distribution or
particle morphology. These characteristics influence not only the
TS parameters but also the coating performance. Among the
industries that presently take advantage of TS coatings are aero-
space, automotive, biomedical, the military sector, powder pro-
duction, steelmaking, offshore engineering, nuclear and power
generation, papermaking, mining, textiles, printing, and engineer-
ing maintenance.

The articles “Feedstock Material Considerations” and “Mater-
ial Production Processes” describe the manufacturing methods for
feedstocks used in TS processes. Of primary interest is powdered
materials since these have wide diversity and utility. Feedstocks
in the form of wires or rods, although of value throughout TS, are
not mentioned since their morphology is not highly variable and
the production route is not particularly unique to TS technology.
An important aspect highlighted in these articles is how various
powder characteristics can be controlled in order to retain some
specific material property. Thus, to a certain degree, the powder
processor has the ability to tailor feedstocks to produce a desired
coating property.

The article “Particle Characterization” emphasizes particle size
determination. Testing procedures that enable determination of
the feedstock particle size are essential, because such measure-
ments influence the classifications and utility of the initial process
material.

Terminology

The generic term for the starting material in a TS process is
feedstock. The processing of raw materials into feedstock powders
that may be suitable for TS involves a wide range of manufactur-
ing and classification procedures. The technical terms that are
used in the powder processing industry are listed in the “Glossary
of Terms” in this Handbook. Note that there may be some slight
differences between North American and European terminologies,
especially with respect to TS terminology.

It is important that the reader of this Section become familiar
with what may be new terms. Those who are familiar with this
area are also advised to reinforce their knowledge by reading
through the glossary, because specialized definitions are used in
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the articles that follow. For example, the term “alloy” is used to
describe combinations of metallic materials or combinations of
ceramic materials.

Summary

The articles presented in this Section enable the reader to:

e Understand the basic processes by which powders for TS are
produced

e [ earn that the various production routes for powders may have
attributes and deficiencies that are, in turn, related to individ-
ual powder chemistries and TS processes

e Appreciate that quality control and specifications for powders
are essential

e Comprehend that the term particle size should always be
related to the technique by which the measurement was per-
formed

e Recognize that particle morphology and particle size distribu-
tion are important quality control indicators of the feedstock

e Realize that the powder feeding problem is the root cause for
coating variability and poor material properties
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Feedstock Material Considerations

Christopher C. Berndt, Stony Brook University

THE QUALITY OF ANY THERMAL SPRAY (TS) COAT-
ING depends on the initial feedstock material. No technical pro-
cedure can correct for a poor-quality powder.

Coatings are formed from the repeated deposition of molten and
semimolten feedstock particles. The resulting lamellar dimensions
are approximately 60 um in diameter and from 1 to 4 um thick.
Metallographic characterization of coatings is often used as a basis
for determining the suitability of the initial feedstock. Advanced
analytical techniques involving image analysis and statistical
quantification of the coating microstructure are also used to ensure
quality control (see the article “Metallography and Image Analy-
sis” in this Handbook for details).

Feedstock materials should be considered as an integral part of
a coating system that includes the substrate, possibly an interme-
diate layer, and finally the bulk of the coating. The coating struc-
ture is highly oriented, with lamellae parallel to the substrate sur-
face. The real contact area of lamellae is approximately 30% of the
available boundary area. Unmelted particles may become incor-
porated into the coating, and these, along with interlamellar oxide
boundaries and porosity, constitute regions of poor bonding that
ultimately may lead to failure of the coating system. On the other
hand, melting of a material does not always mean good adhesion;
substrate properties and material/substrate interactions are critical.
The overall coating manufacturing schedule consists of produc-
tion of the feedstock, then production of the coating so that a mate-
rial-specific structure is formed that, in turn, exhibits distinct
materials properties for specialized applications.

Some feedstock materials—for instance, alumina and stabilized
zirconia—are manufactured by a wide range of production
processes. It is not surprising that each feedstock material must be
optimized with regard to the TS parameters of particular spray
devices and that the so-formed coatings exhibit variable material
properties that depend on specific attributes of the feedstock. The
material properties of coatings are generally independent of spe-
cific equipment if the powder is optimized with respect to each
type of equipment. Material properties such as hardness, wear
resistance, and tensile adhesion strength generally correlate well
with coating density. It is, therefore, essential that the TS applica-
tor appreciate that feedstock materials are not designated solely by
their chemistry and particle size. A simple substitution of one
powder for another (because of cost, availability, etc.) does not
necessarily mean that the performance characteristics of the orig-
inal coating will be maintained.

This article focuses on the powder feeding problem, which is
the main reason for coating variability and poor material proper-
ties. Commonly used powder feeding systems are also described
and compared. Additional information on manufacturing methods
for TS feedstock materials and feedstock/coating relationships can

be found in the article “Material Production Processes’ in this Sec-
tion of the Handbook.

The Powder Feeding Problem

A fundamental requirement of any TS process is to transport the
feedstock to the heat source and then further direct it toward the
substrate. A phenomenon commonly known as the “powder feed-
ing problem” is a technological aspect of TS related to the
“sprayability” of the feedstock.

Powder feeding often refers only to the initial stage of powder
transportation—that is, from the powder feeder/hopper to the TS
device. However, technical difficulties may result in coatings of
poor quality, regardless of the fact that powder seems to be flow-
ing into the heat source. This aspect of TS technology is the root
cause for examining the production and physical aspects of pow-
der preparation.

The normal route of the powder commences within a powder
feeder hopper, which may hold up to 10 kg (22 1b) of material.
From there the powder flows through some orifice or rate-control-
ling restriction and is mixed with a carrier gas. The carrier gas acts
as a fluidizing agent and transports the powder through a flexible
powder delivery tube with an internal diameter of up to 6 mm
(~1/4 in.). The inside diameter of this tube can have a Teflon lin-
ing, which decreases powder friction within the confines of the
tube. The mass fraction of the carrier gas to the powder mass is
about 25%. Often the powder feed tube is oriented to take advan-
tage of the natural tendency for powder to flow downward; that is,
the powder hopper is placed above the TS torch.

Powder delivery tubes are typically approximately 3 m (10 ft)
long and end in an approximately 25 mm (1 in.) long metal termi-
nation called a powder injection port. This port is either (a)
attached directly to the anode (or nozzle) so that powder flows into
its throat or (b) directed into the tail flame of the heat source. In
some instances (e.g., detonation guns, flame spray devices, high-
velocity oxyfuel [HVOF] devices, and some plasma torch
devices), the powder is entrained into the gas and injected into the
bore of the TS torch so that it flows coaxially along its longitudi-
nal axis. This method of powder injection is claimed to provide
consistent, “well-mannered” particle trajectories and, thus, opti-
mum heat transfer to the particles.

One particularly common phenomenon that is eventually expe-
rienced by every TS operator is that of powder overloading in the
powder feed tube. The technical term for this behavior is saltation,
and it is physically manifested when powder does not flow evenly
but appears to stop and start at irregular intervals every few sec-
onds. Increasing the carrier gas flow rate may smooth out this
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erratic, irreproducible flow behavior, but, in general, this solution
has the undesirable effect of causing the particles to have too high
a momentum so that they do not pass through the optimum part of
the thermal spray source.

It is thus valuable to examine the types of powder feed delivery
systems used and the requirements that constitute good powder
feeding. A specific powder may not have identical feeding char-
acteristics with different powder feeding devices.

Powder Feeding Systems

Three types of powder feeder systems are most commonly used
throughout the TS industry:

e QGravity-based devices
e Rotating wheel devices
e Fluidized-bed systems

Each is described here, along with a brief discussion of other types
that have been used in the past, find limited usage, or are still in the
experimental stage.

Gravity-Based Devices

Figure 1 illustrates a gravity-based device whereby the powder
falls into the thermal spray source. Some vibratory action, nor-
mally achieved by using compressed air to drive a ball bearing
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Fig. 1 Gravity- and vibration-based powder feeding system

around a bearing race, may be supplied to agitate the powder into
the gas stream and prevent blockages. In the figure shown, the
throttle control for the powder flow is a compressible rubber grom-
met that can be pinched to either allow or stop powder flowing into
the carrier gas stream. This device relies on a full canister of pow-
der so that the gravity head of material is approximately constant.
There are no powder delivery tubes connecting the powder supply
to the thermal spray source.

Uneven and somewhat sporadic powder flow often occurs when
the canister nears an empty condition. The powder flow rate is
controlled by altering the inside diameter of the rubber grommet.
This type of powder feeding device is simple and robust, but not
particularly accurate or reproducible with respect to powder flow
rate.

Rotating Wheel Devices

Figure 2 shows a rotating wheel that delivers precise parcels of
powder to the powder feed delivery tube. The wheel can be
mounted either vertically or horizontally. When oriented in the
vertical direction (in the geometry of a simple water wheel, as
shown in the figure), the powder is dropped into the carrier gas
stream. A gas tube is connected between both sides of the rotating
wheel in order to equalize gas pressures on both sides of the wheel;
otherwise, the powder would be blown off the pockets that are
machined into the outside rim of the wheel.

The horizontally oriented wheel (or disk) has slots that pass
over the gas delivery system. In this fashion, powder is taken out
of the slots and enters the carrier gas stream.

In both cases, the powder delivery rate is controlled by (a) the
physical dimensions of the slots or pockets that hold the powder
and (b) the rotational speed of the wheel. In either geometry, it is
easy to overload the carrier gas with solids and either block the
powder feed tube or cause the saltation effect by using too high a
powder feed rate or an insufficient carrier gas flow rate. Of course,
the dimensions of the powder feed tube and the powder injection
port, as well as the pressure conditions into which the powder and
carrier gas are injected, also influence the powder delivery.

Fluidized-Bed Systems

Figure 3 depicts a fluidized-bed system whereby the feedstock
is gas-suspended within the hopper. The powder feed rate is deter-
mined by a venturi effect that is created when the carrier gas
passes across an aperture within a powder port that is placed in the
hopper. The variables that control the powder feed rate are (a) car-
rier gas flow rate and (b) orifice size. A perceived advantage of
such equipment is that it does not rely on mechanical systems and
their associated instrumentation.

Other Devices Used to Feed Powders

Although the three powder feeder devices described earlier are
the most commonly used in the TS industry, other systems are cur-
rently in limited use or have been used in the past. Several of these
are described in this section.

Vibratory Powder-Feed Device. With this system, the pow-
der mass is vibrated and passes up a spiral channel that ends with



the powder moving into the feed gas stream (Fig. 4). Such devices
are commonly used in material transport systems. Their adoption
to powder transportation for TS has been extensive in some ser-
vice shops; however, these designs are not available for the gen-
eral TS practitioner.

Archimedes Spiral Feeder. A delivery device based on an
Archimedean spiral arrangement, which shifts the powder into the
gas transport stream, has also been used (Fig. 5). This older
method of material transportation was used in the early days of TS
but has been superseded by modern and more reliable technology.

Encapsulated Shots. Powder may be encapsulated in well-
defined mass lots (or shots) within a roll of paper tape (Fig. 6). The
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Fig. 2 Rotating wheel (a) and rotating disk (b) powder feeding systems
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tape can be wound onto a roll and then passed through a pressure
chamber that connects directly to the spray torch. The operational
concept is that a spike pierces each packet of powder so that its
contents are then punched into the thermal source by a stream of
compressed gas. Various valves and interconnected chambers are
then synchronized so that three shots of material are expelled into
the thermal spray stream per second. This method has in fact only
been used for one TS system (detonation gun, or D-Gun) and is
considered awkward in operation.
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Fig. 3 Fluidized-bed powder feeding system
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Fig. 4 Vibrating spiral powder feeding system
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Experimental Devices

A more recent method of powder transportation involves feed-
ing finely divided (<10 pm) materials into TS devices. Several
experimental devices have been reported in the open literature;
however, these are not commercially available and often suffer
from very low powder feed rates, on the order of several grams per
minute. Other experimental devices for the transport of fine mate-
rials rely on feeding slurries via peristaltic pumps or infusion
injection devices.

Powder Feeding Variables

Regardless of the powder feed system used, the net effect of the
powder feed device should be to carry feedstock at a consistent,
smooth, nonpulsating, and reproducible rate into a gas stream that,
in turn, transports the powder via a tube to the thermal spray
source. The prime variables that influence the quality of powder
feeding are powder density, particle morphology/size, gas density
and flow rate, and whether the powder feed tube is introduced (a)
directly into the heat source (such as tangentially to the plasma
torch anode through the anode throat), (b) coaxially with respect
to the anode axis, or (c) tangentially to the plasma torch anode
external to the torch.
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hopper

Fig. 5 Archimedes spiral powder feeding system
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Fig. 6 Encapsulated shot powder feeding system

Avoiding Particle Agglomeration

As particles are fed into the TS gun, they must not clump
together, or agglomerate, within the powder delivery system. To
accomplish this, the powders must be adequately dried prior to the
spray process. It is not uncommon for spray installations to have
vacuum drying ovens for powder storage. This is particularly
important in high-humidity environments and during seasonal
variations.

Feed System Comparisons

Each of the feed systems described has attributes that may make
it most suitable for a particular application. For example, the grav-
ity-based method is usually integrated into the torch device, while
rotating wheel and fluidized-bed systems are separate, stand-alone
feeders. In terms of relative cost, the gravity-fed system (Fig. 1)
generally is least expensive. Costs for fluidized-bed systems (Fig.
3) are approximately three to four times higher, and costs for
wheeled delivery systems (Fig. 2) are approximately three to six
times higher.

Feedstock/TS Heat Source Interactions

The key aim of this initial stage of the TS process is to introduce
each particle of the feedstock powder into the thermal spray source
so that it can be heated and then accelerated toward the substrate
under sufficient thermokinetic conditions to enable spreading of
the particles on impact against the substrate. The possible particle
trajectories within the thermal spray source are shown schemati-
cally in Fig. 7 and 8. The essence of the powder feeding problem
can now be described in terms of each particle following the cor-
rect path, as indicated in Fig. 7. Figure 8 is a more realistic
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Fig. 7 Schematic of the particle trajectories within the thermal source
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Fig, 8 Schematic of the physical interactions that occur between feedstock particles and the TS heat source. See text for details. Adapted from K.A. Gross and

E. Pfender

schematic of the physical interactions that occur between feed-
stock particles and the TS heat source. In this particular model of
the atmospheric plasma spray (APS) process, it can be observed
that the plasma plume does not exhibit laminar flow. As a result,
there is significant air entrainment (or “air engulfment’); conse-
quently, oxygen/particle interactions are highly likely to occur.

Process Parameter Problems
and Health Concerns

Process Parameter Problems. The impact of poor powder
feeding cannot be underestimated, since it limits the utility, pro-
ductivity, and efficiency of the TS process. Observations such as
irregular or pulsating feed rates, powders that do not flow within
their container, agglomerates of melted powder in the anode throat,
and low deposition efficiencies all indicate process parameter prob-
lems that may be traced back to the feedstock. The ideal powder is
thought to be mono-sized, with spherical particles that follow an
ideal trajectory through the thermal spray source. Each particle
becomes fully melted or attains a plastic condition so that it flows
on the substrate surface and forms a coherent, dense deposit. Such
powders are not commercially available for all materials.

Health Concerns. Several potential health concerns must be
considered when dealing with powders. In addition to chemical
toxicity, other associated dangers include:

e Inhalation of fine materials, which may cause breathing diffi-
culties, skin and eye irritation, or a carcinogenic response

e Spontaneous combustibility of some fine materials (e.g., tita-
nium and aluminum)

e Gases that may be combustible and asphyxiants
High-pressure environments
Electrical hazards associated with conducting powders in
closed environments

Proper care must be taken when dealing with TS devices and
materials.
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Material Categories for Thermal

Sprayed Coatings

Christopher C. Berndt, Stony Brook University

THERMAL SPRAY (TS) COATINGS can be categorized or
classified according to their material chemistry and type, material
morphology, particle size distribution, spray process, and/or appli-
cation. The relationships among these coating categories are rep-
resented in Fig. 1, which shows that the initial chemistry and form
of the feedstock is of utmost importance with regard to the engi-
neering application (see the dashed line). An understanding of
these relationships is critical when choosing particular feedstocks.

Classification According to Thermal
Spray Process

Selection of the TS process often preselects the preferred feed-
stock. Examples of process/feedstock couples include:

e Arc metallization and wire-plasma arc process: wire feedstock
e Atmospheric plasma spraying (APS): powder feedstock
e Ceramic rod spraying (or the “Rokide” process): rod feedstock

Material chemistry and type

Metals
Polymers
Ceramics

Blends

Alloys

Composites

\J

Cold spraying processes: powder feedstock
Detonation gun spraying (D-Gun): powder feedstock
High-velocity oxyfuel processes (HVOF, Jet Kote, D-J Gun,
and others): powder feedstock, although wires have also been
employed

e Induction plasma spraying (also called the radio frequency, or
RF, induction torch): powder or sol-gel feedstock
Liquid-stabilized plasma torches: powder feedstock
Low-pressure plasma spraying (LPPS, VPS): powder feed-
stock

e Oxyacetylene gas flame spraying (flame spraying, combustion
spraying): powder feedstock

Combinations of these processes may be used in tandem or simul-
taneously.

Considerations for Arc Metallization. The nature of a par-
ticular TS process is directly related to the types of materials that
can be sprayed by it. For example, arc metallization requires that
the feedstock be in the form of electrically conducting wires. It is

Application
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Fig. 1 Relationships between material chemistry and the intended application. The letter “f” on the vertical axis of the particle size distribution curve denotes

frequency of number (in %) of particle diameter.



clear that the material cannot be an insulating ceramic or a poly-
mer. However, it may not be as obvious that nonconducting mate-
rials can be inserted into conducting tubes so that arc metallization
procedures can be utilized.

Effects of Process Temperature and Velocity on Feedstock
Selection. Process temperature and velocity are also matched to
feedstock characteristics. Processes such as flame spraying have
relatively low temperatures and velocities and therefore may not
be able to melt high-melting-point ceramics. One way of over-
coming this type of problem is to decrease the average particle
size; however, this creates another range of difficulties associated
with the reliable feeding of such fine materials. This conflict
between feedstock melting ability and process conditions can be
resolved by changing to a TS technique that employs a more
intense heat source, such as plasma spraying. Thus, a measure of
the characteristics of a particular feedstock can be gaged by exam-
ining its spraying performance under certain processes.

Considerations for LPPS. Low-pressure plasma spraying
allows reactive metals such as titanium and nickel alloys to be
processed in an inert environment. These metal alloy materials
oxidize under ambient spraying conditions, and the oxide bound-
aries formed result in poor high-temperature performance of such
coatings. A special market for LPPS coatings involves use of
NiCrAlY as bondcoats in thermal barrier coating (TBC) systems,
which require dense, oxygen-free coatings.

On the other hand, the LPPS process offers limited advantages
for the spraying of ceramic materials, because these feedstocks do
not chemically degrade during spraying. The only perceived
advantage for the LPPS processing of ceramics is that the particles
attain a higher velocity and may be better able to form splats. This
comes, however, at the expense of a shorter in-flight residence
time; consequently, particle sizes must be smaller than those used
for the APS process in order for the feedstock particles to reach
their softening point. The upshot of this argument is that special
particle size distributions (or “cuts”) of powder can be manufac-
tured for LPPS processes, but these are more expensive than the
usual cuts designed for the APS processing of ceramics.

Controlling Thermal Interactions. Certain behaviors of
materials during thermal spraying can be controlled by altering the
TS process. For example, the thermal interactions of superheated
feedstock particles with the environment can be controlled by
flooding the work area with an inert gas such as argon. This more
costly method of obtaining a “clean” TS microstructure is termed
a shrouded gas environment.

Thermal Spray Parameters. Thermal spray processes also
involve a set of variables that are collectively known as spray
parameters. These parameters include:

Equipment specifications (i.e., torch type and model)
Equipment operating parameters (i.e., voltage, amperage,
power level, etc.)

Gas pressures and gas consumption rates

Torch-to-substrate distance (also called the standoff distance)
Powder specifications (i.e., chemistry, size distribution, mor-
phology, and density)

Powder feed rate

Substrate surface preparation
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Substrate handling parameters

Substrate cooling requirements

Safety and handling requirements

Coating thickness(es)

Deposition efficiency (DE) and, in some cases, spray effi-
ciency.

With respect to the terms used in the last bullet, DE is defined as the
amount of material deposited relative to the amount of material fed
to the TS equipment. This calculation assumes a substrate of infi-
nite size. The deposition rate, or DR, is the number of kilograms
deposited per hour. The spray efficiency, or target efficiencys, is the
amount of feedstock that is actually deposited on the component
relative to the amount of material fed to the TS equipment.

Spray Tables for TS Parameters. Table 1 presents a sample
checklist employed for a plasma spray operation.

Table 1 Checklist for a plasma spray process

Plasma processing equipment

« Torch type (anode, cathode, injector ring), mm
* Volts and amps = power, kW

 Primary gas and flow rate, slpm

e Secondary gas and flow rate, slpm

* Feed gas and flow rate, slpm

« Standoff distance, mm

* Powder injection, mm

* Powder feed rate, g/min

Hardware

* Traverse speed of torch, m/s
* Substrate cooling, m?/s
* Spray footprint, mm?

Checklists of this nature are often referred to as “spray tables” and
can be defined as ““a list of primary TS parameters that need to be
specified and controlled during a specific coating operation.” All
these parameters influence process economics and coating quality.
In many instances, manufacturers will indicate the physical prop-
erties that can be expected if coatings are produced using their rec-
ommended spray parameters. Properties such as surface rough-
ness, microstructure porosity, thickness per pass, hardness, and
adhesion may be indicated. These values should be used only as a
rough guideline for coating properties. The physical properties of
the substrate are also very important, being essential to the pro-
duction of an appropriate surface profile. For example, a hard tool
steel substrate requires different grit blast parameters than a softer
material in order to achieve the best surface profile.

Even with similar TS processes, the TS parameters are likely to
change from process to process and between different equipment.
Powders that are presumably identical may exhibit different spray
parameters for each set of equipment.

Classification According to Material Morphology

Particle Morphology and TS Process Relationship. Figure 2
shows the morphologies of various feedstock materials. The mate-
rial morphology refers to the shape of the individual particles; this
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characteristic is commonly determined via optical (400X magnifi-
cation) or scanning electron microscopy (SEM) at magnifications
of less than 1000x. (Numerous particle morphologies examined by
SEM are shown in the article “Powder Characterization” in this
Section of the Handbook.) The morphology is directly related to the
TS process (as indicated in Fig. 2), since this is the prime feedstock
characteristic that controls its ability to be transported and to inter-
act with the TS heat source in a consistent and reproducible fashion.

Internal Porosity. Figure 3 shows that the observed surface
morphology may be deceptive, due to hidden internal features.
This internal porosity greatly influences powder flow characteris-
tics from the hopper to the TS device, as well as the physical inter-
actions between the powder and the TS source.

Tailoring Feedstock Morphology and Properties. In many
instances, powders of equivalent chemistry may be produced by
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different routes. For example, Table 2 presents a case history for
yttria-stabilized zirconia (YSZ) where five different feedstock
manufacturing methods give rise to a wide range of macro- and
microscopic morphologies and physical properties. Thus, to a cer-
tain extent the feedstock morphology and properties can be tai-
lored.

Particle Shape and Size Distribution. Particle shape is
unerringly controlled by the production process. It is incorrect to
assume that the powder surface is smooth or that each particle is
chemically homogeneous and 100% dense. The particle shape
determines the material transport from the powder hopper to the
spray torch. Thus, determination of this characteristic is essential.
Particle size distribution is also important, because it is optimized
with regard to coating quality. It is generally agreed that a closely
sized distribution (i.e., a “narrow cut”) is required to take advan-
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Fig. 2 Range of feedstock morphologies. The accompanying flowchart indicates how these properties may influence the thermal spray process.



tage of the optimum particle trajectories through the TS heat
source so that a dense coating can be manufactured.

The ideal particle morphology is spherical, although needlelike
and platelet forms are of research interest since they may confer
special properties to the coating. For example, Fig. 4 depicts a

(c) (d)

Fig, 3 Schematic comparing a fully dense powder with powders containing
different types of internal porosity. (a) Fully dense. (b) Closed pores.
(c) Interconnected pores. (d) Closed and interconnected pores

Table 2 Various forms of particle morphologies and
corresponding physical features for YSZ

Powder type
Fused + Sintered + Spray Plasma
crushed crushed dried fused Sol-gel
Feature @ Q
Particle shape Blocky- Blocky- Spherical ~ Spherical ~ Spherical
angular angular
Microstructure ~ Dense Dense- Porous Dense- Dense
and porosity porous hollow
Grain size Coarse Coarse Medium Medium Fine
fine fine
Bulk density, 2.7 2.1 1.8 23 2.6
g/cm3
Hall-flow(a), s 32 40 40 34 22

(a) Flow rate as determined using a Hall flowmeter (ASTM B 213). Source: Courtesy of K.A.

Gross, Monash University, Melbourne, Australia
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research method intended to produce fibers which may be trans-
ported into the melting zone of a TS torch in order to manufacture
a composite coating where the original needle structure is
retained.

Classification According to Chemical Nature
of the Material

The broad classes of TS materials used are:

® Metals and alloys: for example, aluminum, aluminum-zinc,
copper, molybdenum, nickel-aluminum alloys, and nickel-
chromium alloys (NiCrAlY, Ni-Al)

® Ceramics: for example, aluminum oxide (alumina, Al,O;),
chromium carbides, chromium oxide (chromia, Cr,0;),
hydroxyapatite (HA, 10Ca-4[OH]-6[PO,]), mullite (3 alumina
+ 2 silica, Si0,), spinel (magnesia, MgO + alumina), titanium
oxide (either as titania or rutile polymorphs, TiO,), tungsten
carbide-cobalt (WC-Co), YSZ (Y,04-ZrO,), and zirconium
oxide (zirconia)
Intermetallics: for example, NiAl, Ni;Al, and NiAl,
Composites and blends: for example, alumlnum/sﬂlcon/poly-
ester, molybdenum-nickel-chromium-boron-silicon, nickel-
graphite, and bentonite-NiCrAl

e Polymers: for example, nylon, polyesters, polyamides, and
polyethylenes

Combinations of metals and ceramics, called cermets, can be
manufactured as composites or blends. The powder is classified as

4-10 um
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Fig, 4 A specialized “research quality” feedstock showing how particle
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a composite when the two or more constituents are in close con-
tact with one another, often under the strong forces of chemical
interactions. (This definition of “composite” is special to the ther-
mal spray field and is quite different from the definition most often
used in materials technologies.) For example, as described in the
article “Material Production Processes” in this Section, compos-
ites are formed during cladding and spray drying processes.
Blends such as some powders of aluminum/silicon/polyester are
created by the simple mechanical combination of the constituent
materials so that they are more likely to interact with one another
during the coating process. One upshot of these different process-
ing methods is that composite powders will exhibit greater dura-
bility under mechanical forces than blended powders.

The characteristic of material chemistry is often related directly
to the coating application. Knowledge of the chemistry allows
close matching to specific properties of the substrate. For example,
reclamation coatings may require feedstocks of similar chemistry
so that the initial component characteristics are retained. On the
other hand, protective coatings can be manufactured that consist
of a material dissimilar to the base material. Thus, materials are
often classified as ceramics when an abrasive or thermal barrier
coating is required, or as a polymer for chemical resistance or low
friction.

The classification of composites (see Fig. 2) has a special
meaning in TS technology since it refers to powders that consist of
two or more distinct chemical species. The composite structure
can be in the form of an aggregate of two (or more) distinctly dual-
phase regions. Every particle of the material exhibits this inhomo-
geneous structure. The mechanical combination of different pow-
ders is referred to as a blended material; that is, the two materials
are not physically or chemically joined together.

The terms composite structure or composite coating are re-
served for coatings that consist of two or more distinct morpho-
logical features, such as spherical particles in a fully melted coat-
ing or needle-shaped artifacts in a coating. Graded coatings are
also often described as being composites, although such a descrip-
tion is misleading. Graded coatings consist of two (or more) dif-
ferent materials that have been blended together in a graduated
fashion so that the composition changes from a majority of one
species at the substrate to a majority of the other species at the
outer part of the coating. The material structure is probably more
correctly described as being a cermet, since the two prime blend-
ing constituents are often a metal and a ceramic. This is one unam-
biguous example where the inhomogeneous structure of TS coat-
ings can be employed to confirm enhanced functionality in terms
of a composite structure.

Classification According to Applications

The preceding sections of this article reveal that coating tech-
nology often incorporates a coating system that consists of a num-
ber of separate constituents. For example, a bondcoat is often

deposited prior to a ceramic overlay. The utility of many materials
could be quite limited without this coating design, and the classi-
fication according to applications assumes that an appropriate
coating system has been developed. It is often only the outermost
layer that confers the intrinsic material property of interest to the
component. Application classifications include:

e Abrasive wear: buffing and polishing machines, polishing rod
liners

® Adhesive wear: piston guides, thrust bearing shoes, bronze and
babbitt bearings

e Atmospheric and immersion corrosion: electrical conduits,
bridges, transformer cases, steam cleaning equipment, ship
superstructures, ship holds and tanks, storage tanks for oils,
fuels, and solvents, power-line hardware, heat exchangers

e Cavitation: water turbine buckets, wear rings for hydraulic tur-
bines, impeller pump housings

e FElectrical conductivity and resistivity: ground connectors,
lightning arresters, solder iron tips, ground coating for loco-
motive axles

e Fretting: cylinder liners, automotive valves, rocker arms, lathe
and grinder dead centers

e Hard bearings: fuel pump rotors, impeller shafts, piston rings,
armature shaft journals

e Hard surfaces: sizing punches, extrusion dies, pump seals, hot
crushing rolls, hot forming guides

e Heat and oxidation: tuyeres for liquid metal resistance, con-
tinuous casting molds, heat-treating fixtures and brazing jigs,
exhaust mufflers

®  Machine element clearance control: air seals (to replace silver
coatings), compressor seals (to replace rubber), aircraft engine
components

e Particle erosion: exhaust fans, cyclone dust collectors,
exhaust valve seats
Power generation: manufacture of solid oxide fuel cells
Repair and reclamation: machine components, shafts, bear-
ings

e Thermal control: thermal barrier coatings, insulating coatings

More detailed information on applications for thermal spray coat-
ings can be found in the article “Selected Applications” in this
Handbook.
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Processes

THERMAL SPRAY (TS) POWDERS have evolved principally
from powder metallurgy procedures. The most recent develop-
ments have arisen from ceramics and composites processing tech-
niques. The production of polymeric powders that are suitable for
TS is an emerging engineering field. The powder production tech-
nique has a marked influence on the nature of the powder that is
produced. This article focuses on TS-related technology and
process principles. The generic terms that describe the manufac-
ture of powders by mechanical processes are comminution and
attrition and denote the breaking up and size reduction of solid
materials. The normal range of particle sizes required for TS, from
5 um to about 120 um, is shown in Fig. 1 relative to other manu-
facturing needs.

A general overview of a specific powder production process is
shown in Fig. 2. In this example, which depicts a spray drying
process, there are some 13 major steps between starting with raw
materials and finishing with a product that can be shipped to a cus-
tomer. It should be noted that mechanical and chemical methods
can be used in combination to produce a single product.

Table 1 presents the general relationships between the mechani-
cal and chemical routes of feedstock production. Some conven-
tional comminution processes will be described first, followed by
discussions of atomization and chemical preparation methods.
(Atomization can also be classified as a mechanical powder pro-
duction method. It differs from conventional comminution in that it
involves the dispersion of melts rather than the dispersion of
solids.) The powder preparation subcategory that is used exten-
sively for the production of ceramic feedstocks lies within the solu-
tion methods listed in Table 1 and is termed the “sol-gel” method.

sieve sizes
- Subsie > Plasma arc

Brazing
Flame spray
Manual torch
Press and

sinter and wrought P/M
Plasma spray

P/M welding rod
Metal injection molding
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Fig, 1 Particle size ranges for common industrial processes, including flame
spray and plasma spray TS powders. Source: Ref 1

Machining Techniques

These are expensive processes, employed for relatively diffi-
cult-to-work materials such as magnesium, copper, and aluminum
alloys, and noble materials such as gold, silver, and platinum. A
rod of the cast material is typically lathe cut and the machine frag-
ments collected. Often the process is performed under an inert
atmosphere to mitigate the likelihood of spontaneous combustion
of the product (e.g., magnesium). There is little call for this
mechanical method in TS powder production.

Crushing and Milling

Crushing. The purpose of crushing is to break up large parti-
cles into smaller size fractions using mechanical energy. These
processes are used mainly for brittle ceramics, since metals would
be plastically deformed rather than broken up. High-purity feed-
stock can be made by melting the raw materials in an electric fur-
nace. These so-called “cast” materials can then be crushed to form
“cast-and-crushed” powders.

Table 1 Advantages and disadvantages of selected powder
preparation techniques

Chemical preparation

Solution methods
Solvent vaporization
Simple evaporation
Spray drying
Spray roasting
Fluid bed drying
Emulsion drying
Sol-gel or glass drying
Freeze drying
Precipitation or
coprecipitation
Vapor-phase methods
Vaporization-
condensation
Vapor decomposition
Vapor-vapor reaction
Salt decomposition

Wide applicability

High purity

Small particles
Compositional control
Chemical homogeneity

High purity
Very small particles

Low aggregation
Good for nonoxides
Used for solution
techniques
Simple apparatus

Powder preparation technique Advantages Disadvantages

Conventional method

Conventional comminution Inexpensive Limited purity
Unaggregated powders ~ Limited homogeneity

Large particles

Expensive
Aggregation of particles
Poor for nonoxides

Expensive
Difficult for multi-
component materials

Aggregation of particles
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A variation of cast-and-crushed powders is to form the powders
via a process known as self-propagating high-temperature synthe-
sis (SHS). The SHS method relies on the ability of high exother-
mic reactions to be self-sustaining and thus energetically efficient.
The exothermic reaction is initiated and generates heat to
volatilize low-boiling-point impurities, resulting in purer products
than those produced by more conventional techniques. Powders
produced by SHS can then be crushed into appropriately sized
powders.

Crushing Followed by Milling. Ceramics and some metals
can be reduced in size by mechanical impact and deformation in
attrition processes. Crushing processes employ equipment such as
hammer mills, stamping mills, jaw crushers, and gyratory crush-
ers. The crushing stage is often followed by a more refined tech-
nique known as milling, which enables control of particle size.
Milling involves the disintegration of brittle, friable materials

(some metals and most ceramics) or the pulverization of malleable
metals. The milled particles are often irregularly shaped and of
variable size (sometimes smaller than 5 pum). All of these powders
are classified so that any fines can be postprocessed by agglomer-
ation to form a suitable TS powder.

Milling machines include rod mills and ball mills. Care must
be taken to ensure that the grinding medium does not unduly con-
taminate the material that is being reduced in size. The milling
medium is usually of high specific gravity. For example, alumina,
steel, zirconia, and mullite are common, although cemented car-
bides are sometimes used where contamination must be kept to a
minimum. The use of higher-density grinding media gives rise to
higher grinding rates because the impact during tumbling is
greater. The mill liners are generally vulcanized rubber, poly-
urethane, high-density alumina, porcelain, tungsten carbide (for
laboratory mills), or stainless steel.
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Fig. 2 A generalized powder production schematic indicating 13 steps in the manufacture of feedstock. Source: Courtesy of Praxair TAFA, Inc., Indianapolis, IN



Rod mills grind large particles (greater than 15 pm) more effi-
ciently than ball mills. Ball mills grind all particles to the same
degree, resulting in more variable size distribution. Ball mills are
filled with the grinding media to approximately 50% of the total
volume. The powder charge constitutes 25% of the total mill vol-
ume for dry ball milling and is generally 30 to 40% of the total vol-
ume for wet ball milling operations. A small amount (~1 wt%) of
a grinding aid such as stearic acid or folic acid is added to prevent
caking of the powder charge. In wet ball milling, the charge is sus-
pended in an inert liquid such as alcohol, acetone, or water. High-
viscosity suspensions usually give rise to low grinding rates, while
the other extreme of low solids content increases the wear rate on
the mill lining and grinding media.

The speed of the rod or ball mill is quite critical with regard to
equipment life and process efficiency (see Fig. 3). The balls (or
rods) must drop from the top of the mill onto the material that is
being ground (Fig. 3b). If the mill speed is too high, the grinding
media will either not fall at all due to centrifugal forces or will fall

Rotation direction

Cascading effect

Fig. 3  Comminution variables that control particle grinding and effi-
ciency. (a) Low speed. (b) Optimum speed. (c) High speed. The

balls or rods within the mill are indicated.
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directly onto the media near the bottom of the mill and accelerate
media wear due to chipping (Fig. 3c). At low speeds the media
does not drop at all, but merely rolls around the bottom of the mill
(Fig. 3a). At optimum speed the media continuously cascades onto
the material that is being crushed (Fig. 3b).

Another common device is the high-energy attritor-type ball
mill (Fig. 4). In this mill, an impeller with a Christmas-tree geom-
etry rotates at about 250 rpm and causes ball media contained
within a stationary tank (having a volume of ~0.004 to 0.4 m?, or
1 to 100 gal) to impact and collide against the ceramic material
being pulverized. Because heat is generated, the container is water
cooled. This ball mill attritor controls particle size much the same
as a conventional ball mill (Fig. 3), since it is the kinetic energy of
the balls that imparts the fracture force for the feedstock material
breakup.

The newly formed surfaces of pulverized material are highly
active; therefore, particles may tend to cluster into agglomerates.
This decreases attrition process efficiency. Organic additives such
as alcohols are added in amounts of less than 0.1 wt% to reduce
agglomeration and thereby improve grinding efficiency. The
active surfaces of newly formed particles may also cause en-
hanced reactions with the environment or activate any postpro-
cessing operations such as sintering. A critical minimum particle
size is eventually attained during ball milling, whereby the stress
increase due to the reduced particle size is sufficient to cause par-
ticle welding rather than further particle fragmentation. This is the
stage where further milling will not take place and usually limits
ball milling operations to particle sizes of approximately 5 pm.

Problems of mill wear have been partially overcome with fluid
energy and shear mills. The operating principle of these devices is
essentially the same. The material is incorporated into either gas
or fluid streams, and the two streams of fluidized material are

Water-cooled
stationary tank

Gas seal

Steel ball
bearings

Ball mill

Rotating impeller

Fig. 4 Schematic of a high-energy attritor-type ball mill
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forced to be coincident (Fig. 5). The individual particles collide
and abrade one another. There is minimal product contamination
in these mills since there is little high-velocity contact with the
mill walls. The major problem involves separation of fine particles
from the fluidizing gas or liquid. The required filtering system
adds to the complexity of the milling operation.

The primary purposes of milling are to:

Reduce the size of particles or agglomerates
Eliminate particle segregation or preferred orientations in sin-
gle-phase particles

e Homogeneously disperse the many components in multicom-
ponent powder systems

Three basic stages occur during the milling process: an initial
rapid reduction in the size of aggregates, fracture of individual
particles, and, eventually, reagglomeration of fine particles after
extended milling. The initial aggregates may be approximately 10
to 15 um in size and will be reduced to fines on the order of 0.1

um.
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Fig. 5 Key components of a fluid energy mill

Atomization

An overall schematic of an atomizing plant is shown in Fig. 6.
Eight basic steps can be identified, although some of these may be
consolidated under various plant configurations. Atomization
includes the four process categories of gas, water, centrifugal, and
mechanical. Only the gas and water techniques are extensively
used for TS powder production, especially for the production of
metallic powders. Particle sizes vary between 10 and 250 wum. The
principles of the gas and water processes are quite similar in that a
continuous stream of liquid metal is broken down into droplets by
the impingement of a gas or water stream. A variety of process
parameters allow the particle morphology and size distribution to
be varied.

One advantage of atomization facilities is that they can produce
small experimental lots of several kilograms in tabletop configu-
rations or be several stories in height and capable of producing
several hundred kilograms in a single heat. They can be configured
in a vertical arrangement or, for gas atomization, horizontally to
conserve vertical height. The principal atomization components of
a facility are contained primarily within the vertical section (parts
4,5, and 6 of Fig. 6) and include:

Melting and dispensing crucible (or tundish)
Atomizer and associated control system
Water-cooled spray chamber

Cyclone separator or settling tank

System for the storage and supply of gas or water
Cooling section for the effluent

Powder collection devices

Water Atomization

Figure 7 shows a water atomization process that produces irreg-
ularly shaped particles, although more spherical powders can be
obtained by giving the melt a large degree of superheat (i.c., a
temperature significantly above the material melting point). Water
atomization constitutes a large portion of powder production tech-
niques, primarily because it lends itself to high production rates.
These powders usually require dewatering, drying, and milling
after production. If the high oxygen content of these powders is
unacceptable, then a reduction stage is necessary. It should be
noted that the high oxygen content of nickel- and cobalt-base pow-
ders produced by water atomization is not overly detrimental for
TS applications. Water-atomized powders generally have mean
particle sizes in the range of 150 to 400 um, although this range
can be extended down to approximately 10 um by altering the
atomization process variables. For example, the water pressure,
the configuration of the water nozzles relative to the metal stream,
and the geometry of the liquid metal tundish all control the final
powder cut.

Particle Formation. Two mechanisms have been proposed
with regard to particle formation: the “splash” and “scrape” disin-
tegration models (Fig. 8). In the splash model, a water droplet col-
lides with the metal stream, causing a tongue of liquid metal to
eject from the stream. This liquid tongue then reconstitutes itself



into metal droplets in response to minimizing surface tension. In
the scrape model, a droplet of water skims across the liquid metal
stream and shears off liquid metal, which then consolidates into
spheres.

Gas Atomization

Gas/Metal Interactions. Gas atomization can be carried out
using air, steam, nitrogen, argon, or helium (Fig. 9). In many ways
the process is analogous to that of water atomization in that an
impacting media interrupts a flowing stream of liquid metal. The
model for the gas/metal interaction shown in Fig. 10 demonstrates
the various stages where the breakup of the metal stream occurs.
Essentially, the initially stable stream of liquid metal is broken up
into waves, ligaments, and then droplets as its flow becomes more
chaotic.
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Operating Variables. A number of principal operating vari-
ables influence the powder quality produced by atomization tech-
niques. The features of an atomizer that control product size and
quality are shown in Fig. 11. These include:

Atomizing jet distance, geometry, and pressure

Nozzle geometry

Velocity of the atomizing media and the metal

Melt superheat (i.e., the temperature above the melting point of
the metal)

e Gas purity. This controls the purity of the atomized product;
usually inert gases of the 99.99% purity level are used.

Powder Characteristics. The powders produced can be
extremely clean (i.e., about 100 ppm of oxygen), especially when
produced under inert gas conditions. Atomization is a viable pro-

Particle size
distribution analysis

Screened powder : ——is

Fig. 6 Overall view of an atomization facility. Source: Courtesy of Anval, Inc., Rutherford, NJ
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Fig. 8 “Splash” and “scrape” particle formation mechanisms for water
atomization processes

duction method for reactive materials such as titanium or titanium
alloys and other reactive alloy systems. Gas-atomized products are
typically spherical and have smaller-size particles than those pro-
duced by water atomization (typically in the range of 25 to 100
pm). Powders produced by this technique include cobalt-
chromium-base alloys, nickel-chromium-base alloys, nickel-base
alloys, copper-base alloys, zinc, aluminum, stainless steels (all
from 38 to 150 um in size), and nickel-base superalloys and
(M)CrAlYs (in sizes less than 75 wm).

Comparison of Atomization Processes

Particle Size Distributions. The gas and water atomization
processes can produce different particle size distributions through
control of the atomization variables. For instance, Fig. 12 demon-
strates how the atomization pressure enables production of coarse
or fine particles by water and gas atomization processes, respec-
tively. In addition, the particle size distribution can be altered, as
shown in Fig. 13 for gas atomization, where the distribution
changes from fine and monomodal to coarse and bimodal as the
gas pressure is varied.

Operating Conditions. Many atomizer operating conditions
are empirically based. The essential principle is that less coarse
particles are obtained as the metallic stream is highly disrupted.
Water atomization is performed at water pressures of 30 kPa to 65
MPa (4.4 psi to 9.4 ksi). The corresponding water flow rate may
be near 90 kg/min (198 1b/min), corresponding to a water velocity
of 40 to 150 m/s (130 to 490 ft/s). An important operating param-
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Fig. 9 Schematic of the gas atomization process. Source: Ref 2



eter is the water/metal ratio since there must be enough water to
break the metal apart. The normal ratio is 4 to 10 L/kg (2.3 to 6
gal/lb) of metal, which provides sufficient cooling of the metal to
avoid boiling and allows a range of metal flow rates to be accom-
modated. In gas atomization the typical gas usage rates are 0.5 to
2 m3/kg (39 to 155 ft3/Ib) for nitrogen or air at pressures of 1.4 to
4.2 MPa (0.2 to 0.6 ksi). The gas velocity is 50 to 150 m/s (165 to
490 ft/s).

The prime advantages of gas atomization over water atomiza-
tion are the enhancement of a spherical morphology and the abil-
ity to produce a clean structure; the lamellae of coatings subse-
quently produced from these powders exhibit oxide-free surfaces
and low oxide contents and gas contamination. These two factors
influence powder transport and flow characteristics, respectively,
and the formation of oxide-free metallic bondcoats. The material
structures formed via these techniques are typical of those pro-
duced by rapid solidification processing. Water atomization
results in particles that are cooled at a rate of 10* to 10° °C/s,
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Fig, 10 Mechanisms of particulate formation in the gas atomization
process. Source: Ref 2
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whereas gas atomization cooling rates are an order of magnitude
lower, i.e., 103 to 10° °C/s. Both processes rely on forced convec-
tive cooling in the liquid or gas, and the cooling rate is therefore
dependent on the individual particle size. Thus, cooling rates can
be as high as 107 °C/s for 10 um particles that are cooled by high
thermal conductivity gases such as helium. This range of cooling
rates (from 103 to 107 °C/s) is within the same range for the TS
process, so the coating crystal structure may be quite similar to
that of the as-received powders. The crystal structure for milled
and crushed powders is crystalline; these feedstock materials
exhibit a marked structural change during TS since they melt and
then are subjected to rapid solidification.

The melt size of each metal heat may vary from 20 to 500 kg (44
to 1100 Ib). The ability to rapidly induction heat the melting cru-
cible either outside or within the atomizer ensures high purity of
the metal or alloy. The typical flow rate of the metal through the
atomizing process is from 20 to 60 kg/min (44 to 132 Ib/min); the
total atomization time for the smaller specialized or laboratory
runs may be less than 30 s. The metal runs directly from the ladle
to the tundish of the atomizing unit. A gas atomizing unit that
processes a 300 kg (135 1b) batch of metal is typically 4.5 m (14.8
ft) in height and 1.25 m (4.1 ft) in diameter. The two basic atom-
izer designs are termed as confined or open (or closed or free-fall,
respectively). In a closed system the gas travels 1 to 10 mm (0.04
to 0.40 in.) before hitting the metal stream, whereas this distance
is 30 to 150 mm (1.2 to 6 in.) for an open system. This distance
greatly influences the manner in which the metal stream is frag-
mented.

Powder Morphology. Figure 14 illustrates the key morpho-
logical features of gas- and water-atomized powders; note that the
gas-atomized materials are much more spherical (Fig. 14a).
Porous coated powders formed by an agglomeration process are
depicted in Fig. 14(c).

Chemical Techniques

Table 1 lists chemical powder preparation methods. Those most
important for producing TS powders include:

Sol-gel processing

Spray drying and spray roasting
Freeze drying

Agglomeration and sintering

Sol-Gel

Sol-gel processing is a chemical engineering technique used to
manufacture ceramic powders, especially oxides. The term sol
refers to the initial solution of the chemical components from
which the final powder is eventually derived. Gel describes the
final product of the ceramic material. The method is based on the
mixing of solutions that enable reactions for the formation of dis-
tinct particles. It is important to distinguish that the particles are
not precipitated from solution; rather, the mechanism of particle
production is based on colloidal science in which the particles are
suspended in the liquid. Typical ceramic powders produced by
this technique include chromia, alumina, and stabilized zirconia.
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The sol-gel technique and powders formed by this technique
have the following attributes:

e Processing is performed at low temperatures, making it more
energy efficient than high-temperature methods that may also
require particle attrition.

e Powders of a predetermined size and morphology can be pro-
duced. The technique enables the production of high yields of
a required size fraction. With reference to TS powders it is
important to state that spherical powders are routinely pro-
duced, since this morphological attribute facilitates the manu-
facture of free-flowing feedstock.

e The powder composition can be closely controlled; for exam-
ple, multicomponent powders can be produced. Also, the
degree of particle aggregation can be used to control the pore
structure of the final product.

e The process is performed by solution chemistry methods. The
technique is quite efficient compared to powder blending.
Another benefit is that there is no dust hazard, thus minimizing
or completely eliminating pyrophoric, toxic, and environmen-
tal problems.

The steps that are followed to produce a powder via the sol-gel
route are shown in Fig. 15, and are listed and discussed here.

Stage 1. The components are placed into solution. The liquid
component is usually water or an alcohol. The solute is either an
inorganic nitrate or chloride, or based on organometallic com-
pounds. These components allow thorough mixing of the species
on the atomic scale, explaining the extremely homogeneous com-
positions that are obtained. This solution is often referred to as the
“precursor’ since it is the basis of the subsequent steps that lead to
the final powder.

Stage 2. The solution, if it is not already a sol, is converted to
a sol. A sol is a colloidal dispersion (or a dispersed solid phase)
that contains particles smaller than about 150 nm (0.15 wm, or 5.9
x 1078 in.). The sol can be made stable by appropriate adjustment
of the pH; otherwise, the particles will tend to grow into agglom-
erates that, in turn, may precipitate and thereby prohibit attainment
of the unique powder chemistries.

Stage 3. The gelation step occurs next. This is essentially a
step to remove most of the solvent (water or alcohol) so that a rigid
body of well-defined chemistry is formed. The gel is still quite
plastic or highly viscous. The key processing variables are pH,
temperature, and time.

Stage 4. The gel is then shaped to the required morphology.
This may be as spheres, fibers, or coatings. Thermal spray pow-
ders of spherical morphology are produced by a process called
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spray drying. These morphologies may also be produced by con-
trolling the gelation stage in the conventional process.

Stage 5. The remaining solvent is removed and the gel is cal-
cined (heated) to form the final powder. This final temperature is
significantly lower than the temperatures of conventional process-
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Fig, 12 Typical particle size ranges manufactured by the gas and water
atomization processes
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Fig. 13 Influence of fluidizing media variables on particle size distribution
for gas atomization. v(D), frequency of particle diameter
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ing methods. For example, silica can be calcined at temperatures
from 600 to 1000 °C (1110 to 1830 °F).

Sol Structure/Density. The sol structure can be either an
aggregated or a dispersed structure so that varying degrees of par-
ticle alignment are obtained when conversion to a gel takes place.
Figure 15 is a ball-model of the structures that may be established.
The density of the product can be altered from low (i.e., an aggre-
gated sol) to high (i.e., a nonaggregated, or dispersed, sol).

10 um

Fig, 14 Particle morphologies. (a) Gas atomization, 1000x. (b) Water
atomization, 1000x. (c) Porous coated particles, 500x
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Other Chemical Powder Production Methods

Spray Drying and Spray Roasting. In this process the sol is
normally concentrated by partial evaporation of the solvent to
form an aero-gel. The aero-gel is then fed into an enclosed cham-
ber heated by hot air. The process chamber is similar to that used
for atomization. The aero-gel is still quite fluid and forms a spray
so that each droplet will, after evaporation, constitute the gel of the
powder particles. The shrinkage of the individual droplets may be
quite high—on the order of 50%—and particles in the size range
of 5 to 250 um may be produced. These gel particles can now be
calcined to form the feedstock for TS. The hot air is usually at 400
°C (750 °F) and the air leaving the spray drying device is at 200
°C (390 °F), so the process is clearly not very energy efficient for
small batches of material. Spray drying of powders is also referred
to as spray roasting, as the process temperature may be quite high.

A spray drying facility can also be used to agglomerate fine
powders, presently in the 1 to 10 um range. The particles are
mixed into a slurry that contains a binder. The slurry is then atom-
ized at elevated temperatures and the various constituents form
clusters of particles with the chemistry of the powders in the orig-
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Fig. 15 Production steps for a sol-gel processing route, indicating the for-
mation of variable densities during the process

inal slurry. The powder size is controlled by altering the nozzle
geometry and the atomizing pressure. This process is not a true
sol-gel method (in the scientific sense) since the chemistry of the
product is inhomogeneous. The method is attractive, however,
because of its flexibility in utilizing raw materials that are gener-
ally inexpensive to produce free-flowing particles of a spherical
morphology, as shown in Fig. 14(c).

Freeze drying also uses a sol or another type of emulsion that
contains the various components of the powder alloy being manu-
factured. The droplets of material are rapidly frozen by stirring
into hexane at —30 °C (=86 °F). The material is then formed into
solid phase that can be filtered from the system. The final step is to
evaporate any solvent by causing it to sublime (i.e., a solid-to-gas
transformation which bypasses the liquid state) at low pressures
and ambient temperatures.

Agglomeration and Sintering. Agglomeration refers to the
binding together of particles to form coherent bodies. Two meth-
ods are used: those that use a binder and those that rely on sinter-
ing operations. These methods also overlap with the sol-gel tech-
niques described in the previous section.

The term sintering refers to the joining of particles through the
combined actions of pressure and heating. A pressed material is
heated to a temperature below its melting point, and binding
between particles occurs due to chemical diffusion between the
particles. The particles become joined to each other, and further
comminution and sieving are necessary to obtain the required par-
ticle size distribution. Figure 16(a) shows coherently joined indi-
vidual particles. There is also some residual porosity within the
material (Fig. 16b). Porosity can be reduced by employing higher
compaction pressures, higher sintering temperatures, and longer
sintering times, but because the strength of the product is greatly
increased, such changes may be counterproductive with regard to
necessary milling operations. Many WC-Co materials are pro-
duced by these methods.

The process of binding particles together also enables the com-
bining of different materials (e.g., alumina and titania, yttria and
zirconia, etc.) and the recycling of fines from some other process.
For example, particles produced via the sol-gel process may in
turn be agglomerated. The binding material used is generally an
organic base, such as polyvinyl alcohol or carboxy-methyl cellu-
lose. The use of a binder is not mandatory since the fines can be

Porosity

(a) (b)

Fig, 16 Physical processes that occur during particle sintering. (a) Individ-
ual particles become coherently joined. (b) Residual porosity



consolidated by pressing and sintering; however, a further com-
minution and sieving procedure is always required for these mate-
rials. The agglomerated particles must be resieved regardless of
whether any sintering is performed so that the new particle size
distribution can be determined. The nature of the sieving operation
is quite crucial since it may, and usually does, lead to a further
breakdown of any loosely agglomerated particles and thus to a
false representation of the as-received feedstock.

An agglomerated morphology is not spherical; it can be
described as being globular in appearance, with many protuber-
ances from the surface. Therefore, it might be expected that such
powders would be difficult to feed. This is generally true, but the
TS parameters for such materials have been optimized so these
powders are viable from a technological viewpoint. A more
important aspect is that the theoretical density of sintered powders
is usually lower than powders obtained from the fused and crushed
routes. Because there is an empirical relationship that relates low
coating densities to low tensile adhesion strengths, the agglomer-
ated powders (or spray-dried and sintered powders) may exhibit
lower strengths. Such powders are still acceptable for their
intended applications and may have the additional benefit of being
lower-cost feedstock materials.

Material Production Techniques for Producing
Unique Geometries or Compositions

Mechanical Cladding. Bondcoat materials that are based on
nickel and aluminum are called composites and are produced by
two main methods. One process is the same as the agglomeration
techniques described earlier, but is referred to as cladding within
the TS field. Particles of one component are coated onto a core of
the other using a binder. For example, 5 wt% Al can be clad onto
a nickel core, or 80 wt% Ni can be clad onto an aluminum core.
The second type of Ni-Al composite materials is termed preal-
loyed. These are produced using water or gas atomization meth-
ods; for example, a 5AI-95Ni alloy is manufactured by this
method.

Chemical Cladding. An important class of materials is used
for high-temperature abradable seals in gas turbines. These mate-
rials operate at 650 to 850 °C (1200 to 1560 °F) and consist, in
some instances, of NiCrAl/bentonite composites. (Bentonite is a
silica-based clay.) The feedstock material is a composite of a non-
metallic core coated with a layer of metal. The bentonite core pow-
der is suspended by mechanical agitation in a nickel amine sulfate
solution. The nickel can be reduced and allowed to deposit onto
the bentonite by bubbling hydrogen through the solution at 180 °C
(355 °F) and 2.4 MPa (35 psi) in a high-pressure autoclave. Ben-
tonite particles of 1 to 200 um in size are used as cores, and the
nickel coating thickness is typically greater than 2 um. The nickel
coating can be further alloyed with chromium and/or aluminum by
pack diffusion. The average diameter of the core particles is about
85 wm and the alloy coating thickness is about 6 um. The overall
powder composition is typically 20 wt% bentonite, 5% Cr, 3% Al,
and 72% Ni. The core material, which may also be graphite or a
silicate, is abradable when thermally sprayed and allows the rotat-
ing components to cut and form a close-clearance seal. The metal-
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lic components of these coating systems have good high-tempera-
ture resistance and permit satisfactory bonded porous structures to
be formed for special-purpose abradable seals.

Plasma Fusion and Densification. A representative process
for a plasma fusion method is the proprietary technique used to
manufacture hollow-oxide spherical powders (HOSP). The HOSP
process involves the TS processing of spray-dried materials. The
powders are melted in a heat source to form spherical, hollow par-
ticles. The particles are collected and then classified by the usual
processes. The technique is applied to ceramics such as alumina,
zirconia, and chromia-base materials to form powders with good
flow characteristics.

Manufacturers of such feedstocks claim that the good powder
feeding properties of these materials, together with their chemical
homogeneity and the ability of the HOSP process to melt high-
melting-point materials within the TS stream, result in coatings
superior to those obtained from powders produced from fused and
crushed feedstocks. The basis of the higher-productivity argument
is that hollow spheres allow more uniform melting behavior. In
addition, caution should be observed since the bulk density of
these materials is significantly lower than that of spray-dried,
fused and crushed, and other “dense” feedstocks. Therefore, the
powder feeding characteristics and plasma spray parameters for
these different feedstocks should not be expected to be similar.
The morphology of a plasma-fused powder is contrasted to that of
conventional sol-gel derived powder in Fig. 17.

The plasma heat source can also be employed to “plasma den-
sify” composites of material so that the individual constituents are
in close contact. For example, some WC-Co powders are agglom-
erated, sintered, and then plasma-densified to increase their
strength and density before spraying. Therefore, such materials
are less likely to break up during their transport through the flame
and often retain their initial chemistry within the coating.

Agglutination. A new laboratory technique for producing
ceramic/metal composite powders is the agglutination process.
This is a low-temperature process, on the order of 50 to 85 °C (120
to 185 °F). The ceramic cores are first tumbled in a binder phase
of polyethylene glycol to form a uniform coating. The binder
phase is about 4 wt% of the powder. The second step is to cool the
mixture and break it up by conventional milling. The coated cores
and fine metal powder (5 to 10 wm) are then charged into a tum-
bling furnace, where they combine to form a metal-coated core.
The advantage of this process, other than the technical simplicity,
is that it is very energy efficient and virtually unlimited with
regard to the combinations of materials that can be formed into a
composite.

Blends and Cermets. A final aspect of composite powder
feedstock preparation is that of blended powders and codeposited
powders. Blended powders are mechanical mixtures (or blends) of
separate components; that is, the blended powder is fed through
only one powder port. Care must be taken that the constituents of
the powder blend have the ability to be sprayed with identical TS
parameters; otherwise, no coherent deposit will form and the rela-
tive deposit efficiencies for each feedstock will be different. Thus,
these powders require adjustment of the appropriate particle size
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(b)

Fig. 17 Scanning electron micrographs of partially stabilized zirconia

(PSZ). (a) Dense spherical PSZ. (b) Hollow particles of PSZ. Note:
those particles are approximately 40-60 um in diameter. Source: Courtesy of
Saint-Gobain Ceramic Materials, Worcester, MA

distribution with respect to their weight loading in the composite
coating. Thermal spray process jets are an excellent “classifying”
medium and may result in significant segregation of blended pow-
ders having widely dissimilar particle sizes and/or densities, lead-
ing to inhomogeneous coatings.

Codeposited materials have very similar structures to blended
materials but are formed from a dual powder-feeding arrange-
ment. The powder ports may enter the TS jet at either the same
location (if they require the same thermal trajectory) or at differ-
ent locations (if they need different thermal treatments). One
advantage of the dual-port system over the blended powder tech-
nique is that a continuous adjustment of the composite chemistry
can be achieved. Such coatings are referred to as “graded.”
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Particle Characterization

Christopher C. Berndt, Stony Brook University

RELIABLE TECHNIQUES FOR PARTICLE CHARACTER-
IZATION and quality control testing are required to evaluate the
physical properties of thermal spray (TS) powders. This article
describes a variety of such procedures. Included are discussions of
particle morphology, particle classification methods, representa-
tive sampling, Hall flow and density measurements, particle size
measurements, the wipe test, and quality control procedures for
ensuring proper powder feeding.

Particle Morphology and Porosity

Prior articles in this Section of the Handbook have explained
that particle morphology not only is an important part of the pow-
der feeding stage but can also be controlled. The range of particle
morphologies that can be produced is shown in Fig. 1. Particle
morphology is most commonly ascertained with either scanning
electron or optical (light) microscopy. An electron microscope can

50 um

Fig, 1 Scanning electron micrographs of different TS powders. (a) 250 °C (480 °F) fused and crushed yttria-stabilized zirconia (YSZ). (b) Spray-dried YSZ. (c)
Plasma-fused YSZ. (d) Gas-atomized Ni-Al. (e) Water-atomized Ni-Al. (f) 5 wt% Al clad onto nickel. (g) 80 wt% Ni clad onto aluminum. (h) Agglom-

erated materials
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also check the chemical analysis of the material if equipped with
an analytical facility such as energy-dispersive spectroscopy (EDS
or EDAX).

Particle shape is the most important indication of the material
processing methods since particle surface textures have quite dif-
ferent characteristics, depending on the production method. These
morphological features also allow qualitative ascertainment of
flow capability, if it can be assumed that perfectly flowing mate-
rial would be monosized and have smooth surfaces.

Spray-dried, sol-gel manufactured composites and agglomer-
ated and sintered feedstock materials have characteristic globular
features on their surfaces. The scale of these features is typically
less than about 5 wm; however, they do not disrupt the overall
spherical nature of individual particles, and thus the flow charac-

(9) A

teristics of these materials are good. Fused and crushed materials
are clearly distinguished by smooth fracture surfaces indicative of
their manufacturing method. Their shape is not spherical, but very
irregular. These powders are quite dense and are sensitive to flow
characteristics due to their nonideal geometry.

Individual feedstock particles may also exhibit very fine parti-
cles (less than 1 wm) on their surfaces. These fines are sometimes
referred to as “satellites” and indicate either strong electrostatic
forces within the body of the powder or moisture contamination.
The overall result is that such particles may be indicative of either
poor powder classification procedures (as described in the next
section of this article) or a potential powder feeding problem. A
wide range of particle sizes will result in irregular deposition due
to inconsistent particle trajectories.

{h) 50 um

Fig. 1 (continued) Scanning electron micrographs of different TS powders. (a) 250 °C (480 °F) fused and crushed yttria-stabilized zirconia (YSZ). (b) Spray-
dried YSZ. (c) Plasma-fused YSZ. (d) Gas-atomized Ni-Al. (e) Water-atomized Ni-Al. (f) 5 wt% Al clad onto nickel. (g) 80 wt%

Ni clad onto aluminum. (h) Agglomerated materials



Figure 2 compares the external appearance of powders with
their internal structure. The micrographs on the left-hand side of
Fig. 2 were obtained by embedding the feedstocks into an epoxy
mount and then carrying out conventional metallographic proce-
dures. It is apparent that the internal porosity, and hence the bulk
density, of each material is quite different and depends on the
manufacturing method.

Particle Classification Methods

Particle size distribution is an important part of powder manu-
facture. This aspect of powder technology is often referred to as
classification, since powders are broken up into various groupings.

Sieving is the most common method of separating powders
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into their size fractions. Sieving can be used either as a diagnostic
method to determine the size distribution of a powder or as a man-
ufacturing method to create powders of a specific size distribution.

As shown in Fig. 3(a), the sieve with the largest holes (or largest
mesh opening) is placed on the top of a sieve stack. Figure 3(b)
demonstrates a common variation of the sieving operation termed
“scalping,” in which large particles are removed from a powder by
passing it through just one sieve. The order of the sieves in the
sieve stack should follow the ASTM specification: The mesh
openings of two consecutive sieves must have a 1.414 (the square
root of 2) ratio. Figure 4 shows other geometries for the industrial
sieving of powders. In Fig. 4(a), a scalping operation is performed
with a vibratory sieve, and Fig. 4(b) shows an oscillatory arrange-
ment that uses a nest of three sieves to prepare various particle
fractions (or “cuts”) of the input feedstock.

10 um

Fig. 2 Particle cross sections (left-hand side) and scanning electron micrographs of particle surfaces (right-hand side) of (a) a sintered powder, (b) an agglom-
erated and sintered powder, and (c) a dense coated powder. Source: Courtesy of H.C. Starck, Inc., Newton, MA
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Table 1 lists the standard sieves generally used for TS powders.
Note that the size of the mesh openings decreases as the sieve
number (also called the “mesh”) increases. This reciprocal rela-
tionship can be understood if it is realized that the mesh number is
related to the number of divisions per inch; i.e., more divisions per
inch translates into smaller openings. There is also a physical limit
for mesh construction since the wires used in their fabrication have
a finite size. Therefore, fine particles (<20 um) do not have an
equivalent mesh size since they are sorted by either (1) electro-
formed sieves or (2) air classification methods.

A typical sieve stack might classify particles according to the
following six micron ranges: +300 (oversize), —300 +150, —150
+106, —106 +74, —74 +45, —45 (fines or undersize). The particle
fractions (or cuts) are, for example, stated as “-300, + 150,” etc.,

Ai— Ar—

(a) (b)

Fig. 3 Particle classification methods. (a) Sieving. (b) Scalping

which indicates that the powder passed through the (300 um)
mesh but was retained by the 150 um mesh sieve. Powder is fed
into the top sieve of the stack and the entire assembly is vibrated
or shaken (Fig. 3 and 4). The particle size distribution is deter-
mined by weighing the amounts of powder in each sieve. The
result is usually stated as a percent weight fraction, although some
scientific studies find that number fractions are more useful. Some
common particle cuts for a variety of processes and material clas-
sifications are listed in Table 2.

Air classification, another common method, employs cyclones
(Fig. 5). The operating principle of a cyclone relies on the momen-
tum discrimination of particles as they are forced to follow a cir-
cular trajectory. Heavier particles will be more inclined to settle
out and therefore be separated from the fluidizing gas. Control of
the gas pressure and dimensions of the cyclone allows various
sized particles to be drawn off.

Particle Size Distribution Plots. A particle size distribution
can be graphically represented as a cumulative plot (Fig. 6a) or a
frequency plot (Fig. 6b). These graphs are essentially identical
since they can be derived from each other; the summation of the
individual frequencies at each size enables the cumulative plot to
be developed. Here are the key features conveyed from particle-
size distribution data:

e The most commonly occurring particle size (i.e., the modal
value) is indicated by the peak in the frequency plot. The mean
value can be determined from the diameter at the 50 wt% value
of the cumulative graph.

e The sharpness of the plot gives a qualitative indication of the
spread in particle size. A sharp peak (e.g., powder A in Fig. 6b)
indicates that the particles are of similar size, whereas a flat or
broad curve (powder B in Fig. 6a) indicates that the particle
sizes are spread over a wide range of values.
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Fig. 4 Sieving of TS powder. (a) Vibratory sieve (1400 rpm). (b) Oscillatory sieve (200 rpm)



e The maximum and minimum values in measurable diameters
allow the particle size range to be determined.

e [t is important to look for a distribution that does not fluctuate,
because that indicates a bimodal distribution of particle sizes.
Such powders (e.g., powder B in Fig. 6b) do not feed reliably.

Difficulties Associated with Sieving. Because sieves are
prone to abuse and general misuse, a major problem involves their
maintenance and overall upkeep. The sieve wires may deform,
rupture, or corrode, resulting in changes in the particle sieving
process that render it unreliable and useless. Individual particles
may also become embedded in the sieve grids, which can decrease
sieving efficiency (since the total sieve area will be reduced) and
may also contaminate any powder batches that are passed through
the same set of sieves.

Table 1 Relationship between sieve (or mesh) number
and mesh opening size

Mesh opening

Sieve No. pm in.

100 149 0.0059
120 125 0.0049
140 105 0.0041
170 88 0.0035
200 74 0.0029
230 62 0.0024
270 53 0.0021
325 44 0.0017
400 37 0.0015
500 31 0.0014

Table 2 Common particle cuts for a variety of TS
processes and materials

Particle cuts, pm

Process Metals and alloys Carbides Oxides
Flame spraying 75120 90/45
53/20 45/10
Atmospheric plasma spraying 90/45 90/45 45/10
45/10 45/10 45/10
25/10 25/10
Jet Kote 45/10 45/22
45/15 45/15
Diamond Jet hybrid 38/10 38/10 15/5
38/15 38/15 1272
JP-5000 45/22 45/15 oo
Top-Gun(a) 45/15 45/15 15/5
45/10 45/10 12/2
38/10 38/10

(a) Not currently available. Source: H.C. Starck, Inc., Newton, MA
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Wet Versus Dry Sieving. Sieving can be performed under
either wet or dry conditions. Dry sieving is usually preferred for
materials that are sensitive to corrosion or for materials that may
tend to reagglomerate in the sieving media. The advantage of wet
sieving is that high throughputs can be attained under high-pres-
sure conditions. Also, in many cases, the powder may already be
in solution, making wet sieving a convenient and logical process
for particle classification. A wet processing stage is usually
encountered during chemical production processes such as precip-
itation and sol-gel methods. In such cases, wet classification offers
the added benefit of washing away any residual reactants from the
powder. Very slight milling will separate any agglomerated parti-
cles, with minimum particle breakup. Wet sieving is the preferred
classification method when there is concern over environmental or
toxicity issues.

Clean gas

- -

Solids

Fig. 5 Schematic of a cyclone used for air classification
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Quality Control and Feedstock
Material Specification

Material specifications often establish utility. Successfully
comparing materials requires a thorough knowledge of the appro-
priate standards and testing procedures. Another important factor
is the TS process, which also influences coating quality.

Representative Sampling. It is important to obtain a powder
sample that is statistically representative of the entire powder
batch. A sampling “thief,” as shown in Fig. 7, allows a small por-
tion of the bulk powder to be removed from the container. The
thief consists of two concentric cylinders that can be twisted rela-
tive to each other, thereby capturing powder from specific loca-
tions within a container. Samples thus obtained from various posi-
tions of the lot are then combined (Fig. 8), blended, and divided
(Fig. 9) so that a fair sample is acquired for subsequent analyses
and physical measurements. After a thorough analysis it may be
determined that powder lots can be combined by a blending oper-
ation, such as that shown in Fig. 10. (Note that this is a macro-
scopic process of blending hundreds of kilograms of powder,
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Fig. 6 Particle classification curves. (a) Cumulative plot. (b) Frequency plot

while the blending operation described in Fig. 8 involves only sev-
eral kilograms.)

Hall Flow and Density Measurements. Quality control tests
involve powder manufacture, particle size, powder porosity, mate-
rial chemistry, Hall flow rate, spray tables, safety, and handling
characteristics. The Hall flow test, as described by ASTM Stan-
dard B 213, is a simple means of measuring particle flowability. It
uses an approved cone into which a standard 25 mL quantity of
material is placed and gravity fed through an orifice at the bottom
(Fig. 11). A low Hall flow value (e.g., <30 s) indicates that the
powder has good flow characteristics. However, it is well known
that powders with apparently poor Hall flow values can be reliably
fed into TS torches; therefore, this property must be treated with
caution.

Twist

Bulk sample

Fig, 7 Sampling thief used to obtain representative samples from a powder

batch



The Hall flowmeter can also be used to measure powder den-

sity. Definitions for various terms that incorporate the word den-
sity include:

True density: The ratio of the mass to the volume occupied by
the mass. The contribution to the volume made by pores must be
neglected. If the powder has no porosity, then the true density
can be measured by displacement of any fluid in which the solid
remains inert. However, many solid particles contain pores,
cracks, or crevices that would cause errors in measurement. In
such instances, a gas can be used as the displacement fluid.
Apparent density: When a fluid displaced by a powder does not
penetrate all of the pores, the measured density will be less
than the true density. When densities are determined by liquid
displacement, an apparent density is obtained. Because various
liquids have different capacities to penetrate small pores,
apparent density measurements can depend on the particular
liquid used.
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Bulk density: The volume occupied by the solid plus the vol-
ume of voids when divided into the powder mass. When a
powder is poured into a graduated container, the bulk density
is the mass divided by the volume of the powder bed.

Tap density: Another form of bulk density obtained by tapping
or vibrating the container in a specified manner to achieve
more efficient particle packing. The tap density is usually
greater than the bulk density.

Effective density: A particle may contain embedded foreign
bodies that can alter its density. Blind pores that are totally
encapsulated by the particle will also effectively reduce parti-
cle density. In this case, the measured quantity is the effective
density.

Table 3 presents an example of feedstock measurements for

thermal barrier coating (TBC) materials. In this table, 15 lots of
TBCs are contrasted with respect to their Hall flow and apparent
density. The primary conclusion is that there is no clear, unam-

Composite
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Lot ————— ———
)
)
Particle size test Y _amant
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S T

Test pieces

-
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Test
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Fig. 8 Flow chart showing the procedures necessary to obtain a representative sample from a larger powder lot
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biguous correlation between these physical properties, because the
powder characteristics are controlled by manufacturing method:
hollow-oxide spherical powder (HOSP, plasma fused), S/D (spray
dried), S/D-S (spray dried and sintered), F/C (fused and crushed),
and the sol-gel method.

(a)

Fig, 10 Blenders used to combine, mix, and homogenize powders. (a) Rib-
bon blender. (b) Processing screw blender

Existing standards or potential standards for powder quality
control should be implemented with respect to the intended use of
the coating/substrate system. It is important that a coating not only
be subject to some specific standard but that the standard be rele-
vant to the particular feedstock material as well. The issue of
which standards are appropriate for the TS industry has not been
completely resolved.

Particle Size Measurement. There are two major methods of
measuring particle size (other than the sieving technique described

Fig. 11 Hall flow apparatus used to measure feedstock flowability

Table 3 Hall flow and apparent densities of 15 lots of
ceramic feedstocks

Material(a) Hall flow, s Apparent density, g/cm3
8YSZ-HOSP 77.9 2.27
20YSZ-S/D 47.3 1.52
24CSZ-HOSP 34.1 2.40
CaTiOs 117.4 1.05
Mullite 71.6 1.16
8YSZ-S/D 52.2 1.44
8YSZ-S/D-S (b) 1.10
8YSZ-F/C 45.1 2.55
8YSZ/sol-gel 39.2 1.72
8YSZ-S/D-S (a) 1.84
8YSZ-S/D-S 40.3 2.00
8YSZ-HOSP 51.3 2.27
8YSZ-HOSP 81.7 2.26
8YSZ-S/D-S (b) 2.26
8YSZ-S/D-S 46.3 1.76

(a) See text for explanation of abbreviations. (b) Material did not flow.




earlier): an x-ray method and a laser-scattering technique. How-
ever, the two methods have been found to produce quite different
particle size distribution results for batches of the same material.
There are technical reasons for this discrepancy, but it is disturb-
ing that particle size depends on the measuring technique used.
Because the TS applicator needs this data in order to optimize
spraying parameters, the measuring technique for the mean parti-
cle size or particle size distribution should always be referenced so
that the spraying parameters can be adjusted accordingly.

Many powder manufacturers and quality control establishments
have shifted toward the laser-scattering technique. In this method,
asmall (~1 g) representative powder sample is fluidized in either air
or water media. This fluid is then passed through a glass sample cell
that is subjected to a beam of laser radiation. The laser beam dif-
fracts off the feedstock particles contained within the fluid. The
scattered laser beam is then measured via an array of detectors
placed around the sample cell. The intensity of these responses can
be converted into a direct measure of particle sizes and their relative
proportions. Prime advantages of this equipment include simple
maintenance and operation, and quick results generated within sev-
eral minutes. However, the results must always be considered with
care, because the scientific method employed to calculate the parti-
cle size assumes that the particles are perfect spheres.

For further details on particle size measurement, see the article
“Powder Testing and Characterization” in this Handbook.

Variations in TS Deposition Properties. Table 4 presents a
data compilation for some common TS ceramics, including
chromium oxide (Cr,0,), aluminum oxide (Al,O,), and aluminum
oxide combined with titanium dioxide (Al,0,-TiO,). This data set
shows the wide range of physical characteristics and properties of
these materials and thus the corresponding variability in deposi-
tion properties in terms of deposit efficiency (DE), surface rough-
ness, and hardness. There is, surprisingly, no unambiguous sci-

Particle Characterization / 167

ence that has been able to correlate such powder specifications to
coating properties.

Wipe Test. A powder-related quality control issue concerns
the examination of deposits. A simple method for determining
whether the material or TS parameters are suitable is the “wiper
blade” test, also referred to as the “swipe test.” This involves pass-
ing a series of glass microscope slides (or metallic substrates) in
front of the TS torch during a trial feedstock spray operation. A
series of glass slides usually are tested simultaneously by offset-
ting them on a rotor-type device so that a range of standoff dis-
tances can be examined in one TS run. The degree of particle melt-
ing and the optimum TS deposition parameters can be quickly
ascertained by optical microscopy. The best feedstock and related
spray conditions will be obtained when a well-formed, coherent
splat can be produced.

Powder-Feeding Difficulties and General Discussion. Prob-
lems related to powder feeding have been discussed in the article
“Feedstock Material Considerations” earlier in this Section of the
Handbook. There are three common observations that imply when
a quality control procedure is necessary:

The powder has irregular flow, seemingly “turning on and off.”
The powder can only be fed at high carrier gas flow rates.
These flow rates are high enough to carry the powder straight
through the thermal source.

e The deposit efficiency (DE) is low.

Possible operator solutions to these problems include (a) adjust-
ing the powder port and delivery tube sizes, (b) drying the powder
in an oven, and/or (c) homogenizing the powder by rotating the
powder container for a few minutes. If the powder-feed problem
persists, then the TS equipment (particularly the powder feeder)
may require maintenance, or modification of the powder specifi-
cations may be necessary.

Table 4 Compilation of TS characteristics and physical properties for chromia- and alumina-base ceramics

Roughness R, Hardness, Apparent density, Microtrac mean Primary grain size

Material Ratio Type of powder DE, % pm HV, g/cm3 diameter, pm diameter, pm
Cr,0, n/a Agglomerated and sintered 53 2.04 1287 1.8 26 5
n/a Fused 53 1.85 1156 2.1 22 20
ALO, n/a Fused 50 3.75 1060 1.8 36 30
Al O,-TiO, 97/3 Fused 61 322 1069 1.7 38 30
87/13  Blended 74 3.15 949 1.8 35 30
87/13  Agglomerated and sintered 78 3.56 934 1.5 36 5
87/13  Agglomerated 71 3.09 1012 1.1 o 3
70/30  Agglomerated and sintered 75 3.90 887 1.4 40 5
60/40  Blended 71 3.43 813 1.8 35 30
60/40  Agglomerated and sintered 77 2.70 702 1.0 S 3
60/40  Agglomerated and sintered 65 433 762 1.4 42 5
30/70  Agglomerated and sintered 68 3.77 704 1.4 43 5
AL TiO, n/a Agglomerated and sintered 77 322 694 1.1 36 5
TiO, n/a Fused 63 431 807 2.0 33 25

Note that the deposit efficiency (DE) depends on many variables, including the process and equipment used. The Microtrac method relies on the principle of laser-scattering. Source: H.C. Starck,
Inc., Newton, MA
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Fig. 12 Quality control procedures for powders

Powder testing and associated quality control must be ongoing.
A suggested schedule is shown in Fig. 12, which emphasizes that
it is essential to test coatings as well as to specify only high-qual-
ity powders. Very few of the determinations have standards that
are followed throughout the TS community. Often any standards
or specifications are supplied by the consumer of the feedstock,
and different consumers may have different requirements for
exactly the same powder under different applications. These lack
of standards issues need to be resolved.

Figure 13 shows an experimental approach to resolving pow-
der-feeding difficulties in a cost effective manner. The concept is
to inject a sol-gel directly into the heat source and then allow ther-
mal interactions of liquid evaporation, precursor condensation,
and eventual in-flight particle formation and consolidation during
transport toward the substrate. This approach, although not com-
mercially available at present, is attracting much interest.
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Introduction to Applications for Thermal

Spray Processing

HISTORICALLY, THERMAL SPRAY PROCESSES have
been used as a method of repairing, rebuilding, and retrofitting
machine components, restoring original dimensions, or applying
corrosion-resistant metals to various items of infrastructure, such
as bridges, pilings, and lock gates. The expression spray metalliz-
ing thus became a routine term for most thermal spray processes.
However, many of the restored components performed better than
their new counterparts, a fact that should have led to their use on
original equipment. A lack of understanding of these surfacing
processes, however, resulted in industry considering their use
largely as a last resort. Very few machine elements were actually
designed for thermal spray coatings in the early history of this
technology.

Because of growing interest and continued scientific pursuit
among the materials community, thermal spray processes are now
widely accepted by many industrial sectors. The aerospace indus-
try was the first manufacturing segment that recognized the great
utility and value of thermal spray coatings and was largely respon-
sible for driving the development and confidence in thermal spray
processes and coatings. Thermal spraying and the many materials
applied as coatings have grown to include numerous applications.
A partial list of applications includes coatings used for:

Wear prevention

Dimensional restoration and repair
Thermal insulation and control
Corrosion resistance

Oxidation resistance

Lubricity and low-friction surfaces
Abrasive activity

Abradable seals

Biomedical compatibility
Electromagnetic shielding

Most of these applications are found in a substantial cross section
of world industry and are described in depth in the article
“Selected Applications” that immediately follows in this Section
of the Handbook. In this introductory article, coatings for wear and
corrosion resistance are emphasized. These two areas offer the
greatest number of applications for thermal spray coatings.

Coatings for Wear Resistance (Ref 1)

Selection of a thermal spray coating for a wear-resistant appli-
cation is based on the type of wear mode that is anticipated. Appli-
cations and recommended materials for coatings resistant to vari-
ous forms of wear are summarized as follows.

Adhesive Wear

Adhesive wear occurs when two surfaces slide against each
other with intended motion, producing fragments from one surface
that adhere to the other. It arises from the strong adhesive forces
set up when two materials come into intimate contact. It generally
occurs when lubrication is inadequate and results in metal transfer,
usually called galling.

Soft bearing coatings allow the embedding of abrasive parti-
cles and also permit deformation for alignment of bearing sur-
faces. Adequate lubrication is required. Coatings of this type are
generally low in cost, because they wear in preference to the mat-
ing surface.

The following performance factors apply to soft bearing
coatings:

e Good lubrication must be provided, or the wear rate will be
excessive.

e The coating must be soft enough to trap the many abrasive par-
ticles that will be carried by the lubricant.
These coatings generally have poor abrasive wear resistance.
The inherent nature of thermal spray coatings enhances their
usefulness as bearing coatings. Pores act as reservoirs for
lubricant; with reduced particle junctions, there is less ten-
dency for adhesive wear.

Applications and recommended materials for soft bearing coatings
are listed in Table 1.

Hard bearing coatings are highly resistant to adhesive wear.
They are used where embeddability and self-alignment are not
important and where lubrication is marginal.

The following performance factors apply to hard bearing
coatings:

e Lubrication should be good but is not as important as for soft
bearing coatings, because the high wear resistance of these
materials allows them to withstand momentary unlubricated
service.

e Applications that require hard bearing coatings are usually
characterized by high load and low speed.

Surfaces should generally be of equal hardness.

Although like coatings can be used for sliding against each
other, unlike combinations are frequently used, for example, a
coating running against a wrought metal. This reduces seizing
and scuffing.

e  Wear rate generally increases with temperature.

Applications and recommended materials for hard bearing coat-
ings are listed in Table 1.
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Table 1

Thermal spray coatings for friction and wear applications

Type of wear Coating material

Coating process(a)

Applications

Adhesive and abrasive wear

Adhesive wear Soft bearing coatings:

Aluminum bronze

Tobin bronze
Babbitt
Tin
Hard bearing coatings:
Mo/Ni-Cr-B-Si blend

Molybdenum
High-carbon steel
Alumina/titania
Tungsten carbide
Co-Mo-Cr-Si
Fe-Mo-C

Abrasive wear Aluminum oxide

Chromium oxide
Tungsten carbide
Chromium carbide
Ni-Cr-B-SiC/WC (fused)
Ni-Cr-B-SiC (fused)
Ni-Cr-B-SiC (unfused)

Surface fatigue wear

Fretting: intended motion
applications

Molybdenum

Mo/Ni-Cr-B-SiC
Co-Mo-Cr-Si
Fretting: small-amplitude oscillatory Aluminum bronze
displacement applications at low
temperature (<540 °C, or 1000 °F)
Cu-Ni-In
Cu-Ni
Fretting: small-amplitude oscillatory Co-Cr-Ni-W
displacement applications at high
temperature (>540 °C, or 1000 °F)
Chromium carbide

Erosion Chromium carbide

Tungsten carbide
WC/Ni-Cr-B-SiC (fused)
WC/Ni-Cr-B-SiC (unfused)
Chromium oxide

Cavitation Ni-Cr-B-SiC-Al-Mo

Ni-Al/Ni-Cr-B-SiC
Type 316 stainless steel
Ni-Cr-B-SiC (fused)
Ni-Cr-B-SiC (unfused)
Aluminum bronze
Cu-Ni

OFW, EAW, OFP, PA, HVOF

OFW, EAW
OFW, EAW, OFP
OFW, EAW, OFP

PA

OFW, EAW, PA
OFW, EAW
OFP, PA

OFP, PA, HVOF
PA, HVOF

PA

PA

PA

PA, HVOF
PA, HVOF
OFP, HVOF
OFP, HVOF
HVOF

OFW, PA

PA
PA, HVOF
OFW, EAW, PA, HVOF

PA, HVOF
PA, HVOF
PA, HVOF

PA, HVOF
PA, HVOF

PA, HVOF
OFP, HVOF
OFP, HVOF
PA

PA

PA

PA

OFP, HVOF
HVOF

PA, HVOF
PA, HVOF

Babbitt bearings, hydraulic press sleeves, thrust bearing
shoes, piston guides, compressor crosshead slippers

Bumper crankshafts for punch press, sugar cane grinding
roll journals, antigalling sleeves, rudder bearings,
impeller shafts, pinion gear journals, piston rings (inter-
nal combustion), fuel pump rotors

Slush-pump piston rods, polish rod liners, and sucker rod
couplings (oil industry); concrete mixer screw convey-
ors; grinding hammers (tobacco industry); core mandrels
(dry-cell batteries); buffing and polishing fixtures; fuel-
rod mandrels

Servomotor shafts, lathe and grinder dead centers, cam fol-
lowers, rocker arms, piston rings (internal combustion),
cylinder liners

Aircraft flat tracks (airframe component); expansion joints
and midspan supports (jet engine components)

Compressor air seals, compressor stators, fan duct seg-
ments and stiffeners (all jet engine components)

Exhaust fans, hydroelectric valves, cyclone dust collectors,
dump valve plugs and seats, exhaust valve seats

Wear rings (hydraulic turbines), water turbine buckets,
water turbine nozzles, diesel engine cylinder liners,
pumps

(a) OFW, oxyfuel wire spray; EAW, electric arc wire spray; OFP, oxyfuel powder spray; PA, plasma arc spray; HVOF, high-velocity oxyfuel powder spray. Source: Ref 1
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Abrasive Wear

Abrasive wear occurs when hard foreign particles, such as
metal debris, metallic oxides, and dust from the environment, are
present between rubbing surfaces. These particles abrade material
off both surfaces. The selection of coating materials for this appli-
cation should generally be based on operating temperature and
surface finish requirements. The following performance factors
must be considered:

e The coating must be hard. In particular, surface hardness
should exceed the hardness of the abrasive grains present.

e The most common abrasive is silica (sand), with a hardness of
approximately 820 HK. (For comparison, WC-Co cermet is
1400 to 1300 HK; Al,O, is approximately 2100 HK.)

e Information about the abrasive—how often it is replenished,
whether it is sharp and brittle, how it breaks down—is impor-
tant in selecting the coating and estimating its performance.

e If the system is closed, debris created by the wear process will
also contribute to the wear rate and thus must also be consid-
ered.

e The coating must exhibit oxidation resistance at the service
temperature.

Applications and recommended materials for coatings resistant to
abrasive grains at low and high temperatures are listed in Table 1.

Surface Fatigue Wear

Repeated loading and unloading cause cyclic stress on a sur-
face, eventually resulting in the formation of surface or subsurface
cracks. The surface ultimately fractures, and large fragments are
lost, leaving pits. This phenomenon can occur only in systems
where abrasive and adhesive wear are not present, for example, in
systems with high surface contact loads. An area of surface must
be stressed repeatedly, without constant removal of particles, to
fail in fatigue. Fretting, erosion, and cavitation are typical exam-
ples of this type of wear.

Fretting. Some fretting-resistant coatings resist wear caused
by repeated sliding, rolling, or impacting over a track. The
repeated loading and unloading cause cyclic stresses, inducing
surface or subsurface cracks. Other coatings resist wear caused
when contacting surfaces undergo oscillatory displacement of
small amplitude. This type of wear is difficult to anticipate,
because no intended motion is designed into the system. Vibration
is a common cause of fretting. The following performance factors
apply to coatings for fretting resistance:

e The coating must be resistant to oxidation at the service tem-
perature. If an oxide forms, it must be tough and tenacious; a
loosely adherent oxide will cause severe abrasive wear.

e A surface that is free of stress, particularly tensile stress, is
desirable. High-shrink coatings tend to have high surface stress
and do not perform as well as low-stress coatings.

e Brittle coatings fail rapidly. Tough coatings tend to perform
better.

e (Coatings with hard particles distributed in a soft matrix are
generally the most durable.

Applications and recommended materials for fretting-resistant
coatings are listed in Table 1.

Erosion is caused when a gas or liquid that ordinarily carries
entrained particles impinges on a surface with velocity. When the
angle of impingement is small, the wear-producing mechanism
is closely analogous to abrasion. When the angle of impingement
is normal to the surface, material is displaced by plastic flow or is
dislodged by brittle failure. The following performance factors
apply to erosion-resistant coatings:

e If the angle of particle impact is less than 45°, the coating
selected should be harder and more abrasion resistant.

e If the angle of particle impact is greater than 45°, the coating
should be softer and tougher.

e At high service temperatures, coatings should have high hot
hardness and oxidation resistance at temperatures and environ-
ments ranging from 540 to 815 °C (1000 to 1500 °F).

e  When the carrier is liquid, the corrosion resistance of the coat-
ing must be considered.

Applications and recommended materials for coatings used to
resist particle erosion are listed in Table 1.

Cavitation is caused by mechanical shock that is induced by
bubble collapse in liquid flow. Materials that resist fretting-type
surface fatigue are resistant to cavitation. The most effective coat-
ing properties are toughness, high wear resistance, and corrosion
resistance. The following performance factors apply to cavitation-
resistant coatings:

e Relative motion between a liquid and metal surface, including
bubble generation and bubble collapse, must exist for cavita-
tion to occur.

e Liquids will penetrate sprayed coatings unless fused; there-
fore, all coatings should be sealed.

e Selection of a coating must be influenced by its resistance to
the liquid used in a particular application.

e Hardness is an important factor, but coatings must also be
tough. Brittle coatings fail quickly.

e Coatings that work harden are especially resistant to the
repeated pounding of cavitation.

Applications and recommended materials for coatings resistant to
cavitation are listed in Table 1.

Coatings for Corrosion Resistance (Ref 2)

Thermal spray coatings, primarily zinc, aluminum, zinc-alu-
minum alloys (85Zn-15Al), and aluminum metal-matrix compos-
ites (Al-10 vol% A1203), have been successfully used to combat
corrosion in a wide range of applications. Steel structures and
components that have been zinc or aluminum sprayed include tele-
vision towers, antennae, radar, bridges, light poles, girders, ski
lifts, and countless other similar structures. In addition, thermal
spray coatings, primarily aluminum, offer years of protection in
marine applications, such as buoys and pylons. Aluminum spray-
ing has been used in offshore oil rigs for well head assemblies,
flare stacks, walkways, and other structural steel components.
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Shipboard components, both above and below deck, commonly
use aluminum spraying. The United States Navy, in particular,
uses aluminum spraying extensively to combat corrosion. There
are countless approved applications for sprayed metal coatings
aboard Navy ships.

Numerous immersion applications have also employed zinc or
aluminum spraying, for example, dams and sluice gates. The inte-

Table 2 Petrochemical applications of thermal spray
coatings

Component Coating use Process Coating

Ball valves Wear/corrosion HVOF Tungsten carbide

Gate valves Wear/corrosion HVOF Tungsten carbide

Piston rods Wear Flame spray Chrome oxide

Offshore oil rigs ~ Corrosion Flame spray Aluminum

Pump housings Restore dimension ~ Arc spray Aluminum bronze

Compressor Restore dimension ~ Arc spray 420 stainless steel
cylinders

Processing tanks ~ Corrosion Flame spray Aluminum

HVOF, high-velocity oxyfuel. Source: Ref 3

Table 3 Thermal spray coatings for elevated-
temperature service

Service Coating thickness
temperature, °C (°F) Coating metal or alloy Hm mils
Up to 550 (1020) Aluminum 175 7
Up to 550 (1020) in  Ni-43Cr-2Ti 375 15
the presence of
sulfurous gases
550-900 Aluminum or 175 7
(1020-1650) aluminum-iron
900-1000 Nickel-chromium or 375 15
(1650-1830) MCrAlY
900-1000 Nickel-chromium(a) 375 15
(1650-1830) in Aluminum(a) 100 4

the presence of
sulfurous gases

(a) Coating system consists of an aluminum layer deposited on top of a nickel-chromium
layer. Source: Ref 3

riors of potable water storage tanks are also sprayed with zinc to
provide corrosion protection of the steel without the threat of con-
taminating the water with a solvent that may be present in an
epoxy coating system.

Aluminum has also been used to control chemical corrosion in
such applications as storage tanks for fuels or other liquids. The
interiors of railroad hopper cars are often sprayed to protect them
against sulfuric acid (H,SO,) corrosion when hauling coal.

Stainless steels (e.g., 316L), Hastelloy alloys (e.g., Hastelloy
C-276), and other alloys can also be effective against chemical
corrosion for storage vessels, rolls, pumps, and other structures.
The coatings must be properly sealed when using these alloys.

Thermal spray coatings are also being used increasingly in
highly demanding petrochemical environments. As shown in
Table 2, such coatings must be resistant to corrosion, wear, or the
combination of corrosion and wear.

Common applications involving high-temperature corrosion
include coating exhaust stacks, chimneys, flues, rotary kilns and
dryers, catalytic crackers, and furnace parts. These generally
involve the use of an aluminum or nickel-chromium alloy coating
such as those listed in Table 3.

One specific high-temperature corrosion application that has
met with great success in recent years is the coating of boilers in
paper mills, power plants, and chemical plants. Water-wall tubes
in these applications suffer severe corrosion because of the high
sulfur content of the burning fuel, the high operating pressures,
and abrasion. A 375 pm (15 mil) coating of Ni-43Cr-2Ti alloy
offers extremely good protection against this very severe corro-
sion at temperatures up to 550 °C (1020 °F).
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THE THERMAL SPRAY APPLICATION TECHNOLOGY
described in this article is approached in three ways:

e An industry-by-industry review of thermal spray applications.
Areas of interest/industries discussed include aerospace, auto-
motive, and orthopedic and dental applications, ceramics and
glass manufacture, corrosion of marine and land-based infra-
structure, electronic materials and devices, printing industry
components, processing industries (e.g., chemical and pulp
and paper) and corrosion control, metal processing, electrical
utilities, and textile and plastics industries.

e An examination of the state-of-the-art developments in ther-
mal spray coatings for land-based turbine applications. As is
seen, some of the developments in this area parallel similar
research activities in the aerospace industry.

e A review of recently emerging thermal spray application tech-
nologies. These include the use of thermal spray coatings as
replacements for electroplated hard chromium coatings, the
use of thermal spray polymer coatings as replacements for
organic coatings (paints), the use of thermal spray processing
to remove lead-base paints, the use of thermal spray forming of
free-standing structures (for example, tooling manufacture),
and cold spray process applications.

The purpose of this article is to enable readers to:

e Understand the reasoning behind process selection for various
applications

e Define the nature of the problems encountered by various
industries and identify the thermal spray process and material
that best solves the problem

e Comprehend the various limitations of thermal spray coatings
and understand how to combat them as necessary

e Appreciate the versatility of these processes and use the
knowledge gained from other industry settings to the benefit of
their applications

Thermal Spray Processes Described in this Article

Previous articles in this Handbook have shown that thermal
spraying is a “family” of materials consolidation/deposition
processes (see also the section “Thermal Spray Process Cate-
gories” in this article). Each process has certain unique character-
istics that make it attractive for specific applications. Some of
these processes, however, are so versatile that applications are
possible over a very wide industrial spectrum. This section is
offered as a brief review of the thermal spray processes described
in earlier articles but with an emphasis on their specific abilities
within the family of thermal spraying methods.

Thermal Spray Process Categories

The thermal spray family of processes is typically grouped into
three major categories:

e Combustion spray (flame-wire/rod/powder and high-velocity
oxyfuel)
Wire arc or arc spray (air or inert gas)
Plasma (air, vacuum, or inert atmosphere)

Combustion-wire flame spray is the practice of using com-
busting oxygen and fuels to melt a single wire fed into the flame
by either a compressed gas or an electric motor. Compressed air or
inert gas is used to atomize, or break up, the molten droplets and
accelerate them onto an appropriate substrate. This process can be
used for all elemental metals and those alloys that can be drawn
into wire.

Wires ranging in diameter from 3 to >9 mm (0.12 to >0.35 in.)
are typical for this process. The finer wires result in less heat input
to the substrate. Oxides are almost always generated during this
process; yet, in many cases, oxides are beneficial to the applica-
tions, imparting additional hardness and lubricity (depending on
the material sprayed).

Metallic compositions usually come to mind when considering
this process, but cored wires containing ceramic powders have
been used, so that the deposit becomes a coating equivalent of a
metal-matrix composite. Ceramic wires have also been produced
using organic binders.

Combustion-rod spraying is a variation of the combustion-
wire spray process and features short lengths of ceramic rods that
are fed into the flame. The coatings produced via this process are
usually quite porous but have excellent wear properties. It is a
common practice to infuse fluorocarbons into the coating to add to
the lubricity. The Rokide process (St. Gobain Advanced Ceram-
ics) is a commercial example of a flame/rod combustion spray
process.

Combustion-powder flame spraying also uses oxygen/fuel
combustion as the heat source but feeds metal, ceramic, some cer-
mets, and certain organic (polymer) powders to produce coatings
of the same. As in wire-arc flame spray, some oxidation of the
coatings occurs during processing. One common family of coat-
ings consists of nickel brazing material containing boron and sili-
con along with some refractory metals. Postprocessing after the
application of this coating requires a heat treating process at tem-
peratures of approximately 1030 °C (1890 °F), which forms a
hard, diffusion-bonded surface. This is commonly known as spray
and fuse.

High-velocity oxyfuel (HVOF) is also a combustion-driven
process but uses advanced technology and internal combustion to
produce very high-velocity gas streams. Particle velocities are also
high. Temperatures are not as high as those in plasma spraying,
but the high kinetic energy of the particles in HVOF processes
compensate for the lower temperatures. While most HVOF
processes involve continuous combustion, a variant of the
process—the detonation gun, or D-gun, process—uses a con-
trolled series of explosions (pulsed combustion) to blast the coat-
ing onto the surface of the workpiece.
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Wire electric arc spraying uses two electrically conducting
wires as feedstock. A continuous direct current arc melts the tips
of the advancing wires, and a high-flow gas jet atomizes the
molten material and accelerates the resulting small droplets
toward the surface being coated. This process is one of the most
economical thermal spray processes but is limited to conductive
materials that can be made in wire form. Some nonconductive
materials can be deposited with this technology by using cored
wires made with conductive wire sheaths. Coatings produced with
this process have relatively high oxide contents, but this can be
minimized by using an inert atomizing gas.

Air, or atmospheric, plasma spraying (APS) uses an electric
arc as the heat source to generate a very high-temperature inert gas
plasma jet. Plasma spraying often produces coatings of higher
density and higher bond strengths from powdered feedstocks.
Oxygen from the surrounding air is entrained into the plasma, so
some oxides are typically formed in the coating.

Inert chamber plasma spraying locates the entire plasma
spray process in a controlled inert atmosphere chamber. Such
chambers are often equipped with pressure controls that permit the
use of load locks for semicontinuous operation. With such equip-
ment, oxidation is at a minimum. It is also an excellent facility for
processing high-cost materials, where recovery of overspray is
important.

Vacuum plasma spraying, or low-pressure plasma spraying
(LPPS), is similar to inert chamber processing but with greatly re-
duced atmospheric pressure. The plasma jet broadens and extends,
the distance to the substrate is greater, and coatings with a degree
of true metallurgical bonding can be produced.

Aerospace Applications

Possibly, the most predominant uses for thermal spray coatings
today are in the aircraft and land-based turbine engines (see the
section “Thermal Spray Coatings for Land-Based Turbine Appli-
cations” in this article). Combustion-wire spraying of aluminum
on the exposed cylinders (jugs) of radial piston engines was used
on World War II aircraft. Reportedly, the coatings prevented oxi-
dation of the ferrous jugs, which would have been detrimental to
the air cooling of the engine.

Today, both military and industrial turbine engine units world-
wide contain hundreds of components with thermal spray coatings
serving as a surface defense mechanism to promote life extension.
On older engines, such coatings were often retrofitted on compo-
nents exhibiting higher wear. Today, industry accepts and designs
components to incorporate particular coatings. In fact, some esti-
mates claim that as high as 75% of the components in modern air-
craft engines are coated in some fashion.

Because of its versatility, APS is used for the majority of ther-
mal spray coating work, with some limited applications of com-
bustion-powder spraying still found. Secondary processes, such as
thermal diffusion and other heat treatments, are also added to
plasma coatings.

The aerospace industry has been relatively quick to adapt
advanced thermal spray technology such as LPPS and HVOF.
Presently, new twin-wire arc spray processes are being explored.

Use of these newer technologies is expected to increase. High-
velocity oxyfuel, in particular, is being adapted to coatings previ-
ously applied by APS.

Fretting Wear

Fretting in turbine engines occurs in two forms, intended
motion and unintended motion, and both are found in the lower-
and higher-temperature sections of engines. Fretting occurs
between two metal (or ceramic) components with surfaces in con-
tact. In addition to intended relative motion (if any), centrifugal
forces, coefficient of thermal expansion (CTE) differences, and
engine vibration can cause oscillatory relative motion between the
two surfaces. The rubbing action causes a microwelding phenom-
enon recognized as galling, which breaks down the component
surfaces. Generally, the wear generates particulate debris; addi-
tional particulate debris from other sources may be added, result-
ing in three-body abrasion.

A number of thermal coatings are used to overcome this prob-
lem. These are discussed in terms of material systems.

Metallic carbides (or cermets) are common material systems
used in both hot and cold sections of engines. Chromium carbides
in a ductile matrix of nickel-chromium are commonly used in hot
sections (Fig. 1). Tungsten carbides, in matrices of cobalt ranging
from 6 to 12%, with possible additions of chromium (4 to 12%),
are used at lower temperatures (below 540 °C, or 1000 °F),
because the hot hardness and oxidation resistance of tungsten car-
bide drops rapidly as temperatures increase. There is growing
interest in the use of titanium carbide (TiC), which also retains its
hardness at higher temperatures and is also capable of exhibiting
low friction coefficients.

From the 1960s through the 1980s, most tungsten carbide (WC)
coatings were specified for plasma spray methods; however, com-
positional changes occur as some of the carbide dissolves into the
cobalt matrix at the higher processing temperatures. Decarburiza-
tion of WC to the more friable, less wear-resistant W,C can also
occur in plasma sprayed WC/Co coatings. Today, the newer
HVOF processes retain the carbide phase more readily.

Refractory metals are particularly good for applications in
both the cold and hot sections of engines where low-friction

Fig. T NiCr-Cr,C, coating applied to seal segments



behavior is desired. These coatings are usually formed from a sin-
gle refractory metal (molybdenum, tungsten, rhenium), with small
additions of cobalt, chromium, nickel, and silicon. Molybdenum is
favored for coatings applied to both component interfaces. Molyb-
denum does not weld to itself readily and forms molybdenum tri-
oxide at higher temperatures—an oxide that has high lubricity.
Such coatings offer a secondary benefit by facilitating disassem-
bly of the component group at rebuilding time.

Vacuum plasma sprayed rhenium and molybdenum coatings
are used as ablation protection on graphite and carbon-carbon
composite rocket/missile nozzle throat inserts.

The cobalt-base Tribaloy thermal spray (plasma) coatings are
good examples of molybdenum-containing wear-resistant materi-
als. In these materials, molybdenum (29%) and silicon (~3%) are
added at levels in excess of their solubility limit, with the objec-
tive of inducing the precipitation of the hard (and corrosion-
resistant) Laves phase (CoMoSi or Co;Mo,Si). An application to
turbine vane bases is shown in Fig. 2.

Refractory metal hardfacings have historically been applied by
APS, but more recently, HVOF has been used to achieve certain
desirable coating morphologies.

Antifretting and clearance control coatings include
CuNiln, one of the oldest coatings used in turbine engines for fret-
ting and wear applications. Some of these coatings are applied by
combustion flame spray with a bond coat interface (usually, a
nickel-aluminum alloy such as Ni-5Al). Air plasma spray may
also be used without a bond coat. This coating allows easy disas-
sembly of components where tight fits, compounded with high
pressures and fretting, might otherwise create a weld during
engine operation. CulNiln coatings are found on all manner of
brackets, pipe straps, and fuel-delivery tubes. It is also common to
apply molybdenum disulfide (MoS,) or similar solid-lubricant
coatings on CuNiln, using its porous surface to entrap lubricious
material.

Nickel-aluminum-base coatings are also commonly used. Sev-
eral versions of these materials, some with additions of chromium,
are often used as bond coats for other hardfacings. They are good
performers at both cold- and hot-section temperatures.

Fig. 2 Turbine vanes with the bases coated with cobalt-base Tribaloy
(T-800) alloy. The coating aids in blade removal during rebuilds.
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High-Temperature Protection

There are several specific applications in the hot sections of
engines where corrosion and high-temperature metal fatigue occur
together. If substrate temperatures can be held down at critical
moments of engine activity, there is an opportunity to raise com-
bustion temperatures, with resulting improvements in engine per-
formance (thermal efficiency).

Metallic alloys used to inhibit corrosion focus on the family of
materials known as MCrAlYs, where M is nickel, molybdenum,
cobalt, iron, or alloys of these elements, such as NiCo, CoNi, and
so on. The rapidly solidified microstructure of coatings of these
materials created by thermal spraying can benefit their perfor-
mance under high-temperature corrosive conditions. A common
application of these materials is by LPPS on stator segments.
Coatings over 3 mm (0.12 in.) thick are heat treated after spraying,
which results in increased bond strength, grain growth, and
improved density. They are subsequently machined to final
dimension and become the effective lining that defends against the
oxidative environment.

The LPPS process is greatly favored for such applications,
because it is the one process that produces the lowest oxide levels
in coatings and the highest densities and a degree of metallurgical
bonding by permitting deposition on high-temperature substrates.

The CTE differences are important in the selection of the
MCrAlY composition, for obvious reasons. Optimal (minimal)
stresses suggest that expansion differences should be less than 1 x
10 m/m/K (0.5 X 1070 in./in./°F), but data on thermal expansion
coefficients of thermal spray coatings are limited. Handbook data
for bulk materials should be used only as a guide, because little
information is available on the effects of rapid solidification
processes on CTE values. Additionally, heat treatments including
the use of these coatings at operating temperature may alter expan-
sion characteristics as grain growth occurs.

Thermal barrier coatings (TBCs) consist of a low-thermal-
conductivity ceramic layer deposited over a MCrAlY bond coat.
Such coating systems have been the subject of extensive study
since the early 1960s, and the evolution of TBCs has been steady
since then.

The ceramic of choice for TBCs is zirconia (ZrO,), but pure zir-
conia exhibits a phase change as the temperature approaches 425
°C (800 °F), resulting in a substantial volume change that can sub-
sequently generate internal stresses and lead to premature coating
failure. Oxide stabilizers are therefore added to the zirconia to pre-
vent this mode of failure, common examples being yttria, calcia,
magnesia, or ceria. Yttria (Y,0,) is the most widely used stabilizer
for TBCs at the present time, and the material is commonly known
as yttria-stabilized zirconia (YSZ).

The amount of stabilizer is also important. Initially, fully stabi-
lized zirconia containing 12 to 20% Y,0, was used, but recently it
has been demonstrated that partially stabilized material improves
TBC performance, as shown in Fig. 3 and discussed in Ref 1. It
was reasoned that allowing a controlled amount of the ceramic to
undergo a phase change created microcracks that relieved high-
temperature stresses and promoted longer coating life. However,
operating temperatures are not generally high enough for this
phase change activity to contribute significantly to life extension.
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The stress-relief devices are the microcracks and 8 to 15% poros-
ity, which initially occur during the plasma spraying of the
deposit.

Thermal barrier coating failure stems from one or more of the
following mechanisms:

e Attack of the MCrAlY bond coat by O, (the ZrO, is transpar-
ent to O,), resulting in swelling and ceramic spalling
Sintering of the ZrOz, which reduces the strain-relief devices
Improper ZrO, powder or spraying conditions that result in a
higher-than-desired monoclinic phase content

e An abrupt vertical wall of ceramic at the coating peripheral
edge, which acts as a stress raiser for coating failure when
exposed to deep thermal cycles
Corrosive attack of the ceramic by impurities in fuels
Instability and degradation of the thermally grown oxide layer
of A,0; at the bond coat/ceramic interface

The state-of-the-art thermal spray TBC of today is a 6 to 8 wt%
Y,0,-ZrO, ceramic deposited at a thickness of 0.25 to 1 mm
(0.010 to 0.040 in.), with 10 to 15% porosity. A bond coat of
NiCrAlY or CoNiCrAlY is used at a thickness of 0.125 mm (0.005
in.). The YSZ topcoat is usually applied by APS; the bond coat is
applied by LPPS or controlled atmosphere plasma spray. In recog-
nition of greater economy, HVOF bond coats may be substituted.
More recently, electroplated bond coats of platinum aluminides
(Pt-Al) and electron beam-physical vapor deposition YSZ top-
coats with strain-tolerant columnar grain structures have been
developed (Ref 2).

Thermal barrier coatings are applied on vane bases, burner cans,
afterburners, and a variety of other small engine components.
Technologists envision that all hot gas flow path surfaces be so
treated, although fulfillment is still in the future.

Certain deviations from the previous discussion are important
to note. Magnesia-stabilized material is still used for a variety of
applications. There is also a growing trend toward the use of
thicker ceramics where service conditions are severe. In order to
compensate for the additional stresses of thicker coatings, graded
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Fig, 3 Effect of yttria content on the performance of zirconia-base thermal
barrier coatings. Source: Ref 1

interfaces between the bond coat and topcoat are frequently
employed. This interface is formed by using two powder feeders
and gradually increasing the amount of ceramic injected into the
plasma while reducing the amount of bond coat material. Alterna-
tively, several mixtures of ceramic and bond coat can be sprayed,
both approaches yielding a diffuse bond line. Theoretically,
stresses should be reduced, but optimizing powder and plasma
spray parameters to accommodate mixtures of powders having
widely different melting points and thermal characteristics is dif-
ficult.

Seals*

Rotating vane assemblies in aircraft turbines often require some
method of sealing to reduce bypass flow of hot combustion gases
or cold compressor gases through the spaces between the blade
tips and the stationary housing (stator). Good seals greatly
improve engine efficiency. Mechanical seals, such as those found
in piston engines and compressors, are not practical because of the
thermal expansion and high centrifugal forces acting on the rotat-
ing members. When the seal is applied by thermal spraying, it is
called an abradable or rub-tolerant coating.

Abradable seals are coatings that are machined in situ by the
rotating components, such as blades, so that very close tolerances
result. This process provides effective sealing of the gas path.
Regardless of whether the abradable is used for hot turbine or cold
compressor sections, material compositions form a delicate bal-
ance of proper hardness to withstand gas and solid particle ero-
sion, abradability, and functionality for the designed life span. The
rotating parts must not be damaged when rubbing against the
abradable coating. Typical damage caused by improper abradable
compositions includes blade-tip wear, reduced blade height, and
reduced turbine or compressor efficiency.

A variety of coating materials are used for this purpose; most
notable for cold sections are combinations of various polymers
and soft metals, such as aluminum, bronze, or Babbitt. These are
generally applied using APS and arc spray systems, although
HVOF is now also being investigated for this application. Hot-
section abradables include combustion flame sprayed nickel-
graphite; however, proper consideration should be given to the
potential of autocatalytic galvanic corrosion of the alloy coating.
Careful attention to the hardness of the coating assures the best
performance. The combustion flame process is less likely to create
carbides or ablate the graphite. Other turbine abradables include
plasma sprayed composites consisting of MCrAlYs, polyester,
and hexagonal boron nitride as well as NiAl with polyester. Fig-
ure 4 compares the suggested service temperature range of various
turbine compressor abradables. Table 1 lists powder chemistries
of selected thermal spray abradable seal coatings.

Dense HVOF and plasma sprayed MCrAlY alloys have also
been applied on turbine sections as rub-tolerant materials to avoid
tip loss during high-temperature rubs and to prevent oxidation and
corrosion of the tip shoes. MCrAlYs are not intrinsically abrad-
able and could cause tip damage on the blades.

*This section was revised by Irene Nava, Solar Turbines Inc.



More recently, variations of 7 wt% Y,0,-ZrO,, sprayed by
itself or combined with polyester and/or boron nitride particulates,
have been used for thick abradables. These coatings are made
machinable by grading the porosity, with the greatest amount in
the outer layers. Being a ceramic material, it is generally recom-
mended to use abrasive or wear-resistant blade tips to avoid blade
height loss.

Labyrinth seals consist of matching stator and rotor compo-
nents that have an intermeshing sawtooth geometry (see Fig. 7 in
the section “Thermal Spray Coatings for Land-Based Turbine
Applications” in this article). This geometry increases the path
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Fig, 4 Suggested temperature range for turbine compressor abradables.

Those shown to be compatible with titanium blading will also
function against steel and superalloy blades. However, the reverse is not true.
Source: Ref 3

Table 1
coatings

Compositions of thermal spray abradable seal

Metal matrix, wt% Solid lubricant, wt % Other, wt%

Material system  CoNiCrAl NiCrAl Ni BN Graphite  PE Bentonite

CoNiCrAlY + bal - - 4 - 15
BN + 15%PE
CoNiCrAlY + bal - - 4 - 17
BN + 17%PE
CoNiCrAlY + bal - - 4 - 20
BN + 18%PE
Ni25C bal 25
NiCrAl + bal 21
bentonite

PE, polyester. Source: Ref 4
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length for the bypass gas leak and, with all the turns that the gas
flow encounters, effectively raises the pressure drop and reduces
the bypass flow. Such seals, however, experience three-body abra-
sion as the result of debris ingested into the intakes. Hardfacings
are often applied by thermal spray processes to combat wear of the
labyrinth teeth. Carbides and alumina-base ceramics have been
widely used for preventing wear. The mating stator is usually a
softer, abradable material, based on aluminum, copper, or lead
alloys. For instance, bearing and bushing alloys including bronze
and Babbitt (Ref 5) are thermal sprayed onto the ring seal to form
a thick layer, up to ~2.5 mm (~0.10 in.) thick, that will tightly fol-
low the sawtooth geometry to avoid gas or oil leakage.

High-Velocity Oxyfuel Thermal Spray Coatings as a
Replacement for Hard Chrome Plating on Aircraft
Landing Gear*

Electrolytic hard chrome (EHC) plating is a critical process that
is used both for applying hard coatings to a variety of aircraft
components in manufacturing operations and for general re-build
of worn or corroded components that have been removed from air-
craft during overhaul. In particular, chrome plating is used exten-
sively on landing gear components such as axles, hydraulic cylin-
ders, pins, and journals. Chromium plating baths contain chromic
acid, in which the chromium is in the hexavalent state, with hexa-
valent chromium (hex-Cr) being a known carcinogen. During
operation, chrome plating tanks emit a hex-Cr mist into the air,
which must be ducted away and removed by scrubbers. Wastes
generated from plating operations must be disposed of as haz-
ardous waste, and plating operations must abide by U.S. Environ-
mental Protection Agency (EPA) emissions standards and Occu-
pational Safety and Health Administration (OSHA) permissible
exposure limits (PEL). Recent studies have clearly shown that
there are a significant number of excess deaths at the current PEL
of 100 ug/m3, which is causing OSHA to explore significantly
reducing the hex-Cr PEL. A Navy/industry task group concluded
that the cost of compliance for all Navy operations that use hex-Cr
(i.e., not just plating) would be in excess of $10 million if the PEL
was reduced to less than 5 pg/m?.

Research and development efforts conducted in the early 1990s
had established that HVOF thermal spray coatings are the leading
candidates for replacement of hard chrome. High-velocity oxyfuel
thermal spraying can be used to deposit both metal alloy and cer-
met coatings that are dense and highly adherent to the base mate-
rial. They also can be applied to thicknesses in the same range as
what is currently being used for EHC. Currently, there are a num-
ber of HVOF thermal spray systems commercially available.
Although a wide range of applications exists for these coatings,
their qualification as an acceptable replacement for hard chrome
plating has not been adequately demonstrated, particularly for
fatigue-sensitive aircraft components. The Hard Chrome Alterna-
tives Team (HCAT) was formed by the U.S Department of
Defense in 1996 to perform the demonstration/validation for the

*This section was contributed by Bruce D. Sartwell, Naval Research Laboratory.
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HVOF coatings and to help with the implementation, both in man-
ufacturing and repair/overhaul operations.

The objectives of the HCAT project on landing gear were to
demonstrate through materials and component testing that the per-
formance of HVOF WC/17Co and WC/10Co04Cr coatings on land-
ing gear components was equal or superior to that of EHC coatings.
Materials testing included axial fatigue, salt fog and cyclic corro-
sion, sliding wear, impact, and hydrogen embrittlement (HE). The
HE testing had three components: verifying that the application of
HVOF coatings did not cause HE in high-strength steels; verifying
that hydrogen present in a high-strength steel specimen could dif-
fuse through a HVOF coating during baking; and determining the
relative susceptibility of HVOF-coated specimens to re-embrittle-
ment as compared to EHC-coated specimens.

The results of the materials and component testing, plus a
cost/benefit analysis, can be summarized as follows:

e Fatigue: Cycles to failure at different stress levels were meas-
ured for fatigue specimens fabricated from 4340, 300M, and
Aermet 100 ultrahigh-strength steels coated with either EHC
or HVOF WC/17Co to thicknesses of either 0.075 or 0.25 mm
(0.003 or 0.010 in.). In general, the average number of cycles
to failure at any stress level for the HVOF-coated specimens
was greater than for EHC-coated specimens, and therefore, the
HVOF coatings demonstrated superior performance.

e Corrosion: ASTM B 117 salt fog exposure tests were con-
ducted on 4340, 300M, and Aermet 100 rod specimens coated
with EHC or HVOF WC/17Co or WC/10Co04Cr to thicknesses
of either 0.075 or 0.25 mm (0.003 or 0.010 in.). After 1000 h
exposure, the average appearance rankings for the HVOF coat-
ings were lower than for the EHC coatings. Thus, for this test,
the HVOF coatings did not pass the acceptance criteria. How-
ever, in three-year atmospheric saltwater beach corrosion stud-
ies, the performance of HVOF WC/17Co coatings on 4340
steel was significantly better than that of EHC coatings. Based
on these results and those from tests conducted outside the
HCAT program, it was generally concluded that the corrosion
performance of the WC/17Co and WC/10Co4Cr coatings was
equivalent to that of EHC coatings.

e Wear: Wear tests involving a 4340 steel piston coated with
0.075 mm (0.003 in.) thick EHC or HVOF WC/17Co or
WC/10Co04Cr sliding against bushings fabricated from 4340
steel, aluminum-nickel bronze, anodized 2024 aluminum
alloy, a Nitrile rubber seal, or a Karon B seal generally showed
that the average wear rate on the piston was less for the HVOF
coatings than for the EHC coatings but that the wear on the
mating surface was slightly higher.

e mpact: Both gravel impingement and ball impact tests were
conducted against 4340 steel specimens coated with EHC or
WC/17Co to thicknesses of either 0.075 or 0.25 mm (0.003 or
0.010 in.). In general, the extent of surface damage and crack-
ing was less for the HVOF coatings, and therefore, they
demonstrated superior performance.

e Hydrogen embrittlement: Testing verified that application of
HVOF coatings does not cause HE in high-strength steels, that
hydrogen can diffuse through WC/17Co coatings during nor-

mal HE relief baking, and that re-embrittlement is less likely to
occur with HVOF coatings than with EHC coatings.

® Rig and flight testing: High-velocity oxyfuel WC/17Co coat-
ings (0.075 mm, or 0.003 in., thick) were evaluated on a main
landing gear (MLG) piston in a P3 rig test conducted at Lock-
heed Martin in Marietta, Georgia; WC/10Co4Cr coatings
(0.075 mm, or 0.003 in., thick) were evaluated on several com-
ponents on a nose landing gear in a F/A-18 E/F rig test at
Messier-Dowty in Canada; and WC/17Co coatings (0.125
mm, or 0.005 in., thick) were evaluated on a MLG piston and
axle journals in a three-year P3 flight test. Figure 5 shows the
application of WC/Co coatings onto the P3 MLG piston for the
rig test. In each case, the HVOF coatings showed no evidence
of wear or delamination and passed the tests.

e (Cost assessment: A detailed cost/benefit analysis was con-
ducted at a landing gear overhaul facility that processes more
than 1000 components per year. The results showed an annual
cost avoidance of approximately $200,000 and a 15 year net
present value of approximately $1,800,000. The payback
period on the $700,000 initial capital investment was 3 to 5
years.

The Air Force is proceeding with implementation of HVOF
coatings on landing gear components at its Ogden Air Logistics
Center. They have approved the application of WC/17Co coatings
up to a thickness of 0.25 mm (0.010 in.) on 12 components from
seven different aircraft. The Navy has approved the application of
WC/17Co coatings onto P3 landing gear components. The HCAT
worked with a Society of Automotive and Aerospace Engineers
aerospace committee to develop and issue specifications for the
WC/17Co and WC/10Co04Cr powder, the application of the coat-
ings, and the grinding of the coatings. These specifications can

Fig. 5 Application of high-velocity oxyfuel WC/17Co coating to a P3 main
landing gear cylinder. Courtesy of B.D. Sartwell, Naval Research
Laboratory



now be used by any overhaul depot, and their use will result in
consistency between facilities with respect to coating properties.

Thermal Spray Coatings for Land-Based Turbine
Applications*

This section intends to illustrate the most commonly employed
thermal spray coatings in land-based engine applications. Today’s
turbine engines are designed around the use of high-performance
materials that rely heavily on thermal sprayed coatings to increase
life span and operation efficiency. The engine materials range
from aluminum alloys, cast iron, high-strength steels, stainless
steels, nickel-base alloys, and superalloys to single-crystal materi-
als. The external exposure temperature of the engine might range
from cold environments of —40 °C (—40 °F) to extreme heats of 55
°C (130 °F). The internal sections of the compressor vary from the
atmospheric suction air temperature to combustion temperatures
in the fuel-fired combustion liner or cans and the turbine section.
Additionally, contaminants inherent in the environment and fuel
play a role in the life of turbine components. The coating material
and method of application are usually designed according to the

*This section was contributed by Irene Nava, Solar Turbines Inc.
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particular service and the expected life of the coating, which is
defined by a time between major inspections. The coating can be
applied onto newly manufactured or overhauled bearing journals,
bearing seals, stub shaft journals, labyrinth seals, blades, nozzles,
tip seals, inlets and exhausts, and housings. Figure 6 illustrates an
engine cutaway and locations where thermal spray coatings are
applied.

Wear Resistance

A wide array of solid-surface mechanical interaction mecha-
nisms occurs in turbine systems, causing wear processes such as
abrasion, erosion, fretting, and galling. The wear effect in many
areas is enhanced by the synergistic effect of low- or high-tem-
perature oxidation and corrosion. Many of the wear interactions
are mitigated with lubricant oils. Components exposed to elevated
temperatures might face severe wear problems due to inability to
provide lubrication. Wear-resistant coatings are widely applied on
turbine and compressor shafts, bearing journals, thrust collar
diameters and seats, and labyrinth seals (Fig. 7).

Some of the most popular coatings to provide wear resistance
are tungsten carbide/cobalt (WC/Co), tungsten carbide/nickel
(WC/Ni), tungsten carbide/cobalt/chromium (WC/Co/Cr), chro-
mium carbide/nickel chromium (CrC/NiCr), and Co-Cr-Si-Mo
alloys known as Tribaloys. Usually, the tungsten carbides are used

Buildup

Corrosion

resistance MCrAIY rub tolerant

Bronze abradable

Abradable

Fig. 6 Locations where thermal spray coatings are applied on industrial land-based gas turbines. Courtesy of I. Nava, Solar Turbines Inc.
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for lower temperatures, below 480 °C (900 °F), such as in the
compressor section of the gas turbine, while chromium carbides
are used for, but not restricted to, applications up to 815 °C (1500
°F). Above these temperatures, the respective carbides might start
decomposing. Concentrations of metallic content in the tungsten
and chromium carbides vary and are tailored according to the
application. The cobalt amount in WC/Co is typically 11 to 18
wt%, while the amount of NiCr (usually Ni-20Cr) in CrC/NiCr
coatings is 7 to 50 wt%. The high-chromium-containing coatings
are used for both wear and corrosion resistance and for higher-
temperature applications found in the turbine section. Variations
of the carbide coatings to add oxidation or corrosion resistance,
such as WC/Co/4Cr, WC/CrC/NiCr, and WC/NiCrMo, are also
available. Wear-resistant coatings are applied by conventional
HVOF and plasma spray, and in a growing number of applica-
tions, they are applied by cold spray HVOF or kinetic metalliza-
tion. A few core wires with attractive wear-resistant materials also
allow application of thick, wear-resistant coatings by twin-wire
arc spray. Nanocomposite carbides and nanostructured steels are
relatively new compositions that offer impact toughness, wear and
corrosion resistance, and other potential benefits.

The thermal spray coatings for wear resistance are usually
applied to a thickness of 75 to 380 wm (0.003 to 0.015 in.) and
often require a surface finish between 0.1 and 1.6 um (4 and 64
pin.) roughness average. When thicker coatings are needed to
achieve design dimensions, the part is first coated with nickel-base
(i.e., alloys 718, 625, NiCrMo, or NiCrAl) or iron-base (i.e., stain-
less steels) coatings for buildup purposes.

It is known that a wear-resistant coating can extend component
life. For instance, a WC/Co coating on a rotating shaft can increase
the shaft life from a couple of months to a couple of years. Specif-
ically, the life of a carbide-coated gas compressor shaft can be
extended from six months to more than five years. The coatings

Fig, 7 Application of high-velocity oxyfuel coarse-grain WC/Co coating

onto labyrinth seal knife edges of an industrial gas turbine compres-
sor rotor shaft. The coating is applied to 130 um (5 mils) thickness and pro-
vides a smooth cutting action into the mating abradable seal coating. Cour-
tesy of Z.Z. Mutasim, Solar Turbines Inc.

can be applied on the newly manufactured part to prevent wear. A
wear coating can be applied to a serviced part to bring it to dimen-
sional tolerances. When a nominal thickness is required, it is on
the order of 254 wm (0.010 in.). Applications become more com-
plicated for thick buildup coatings, because the performance
decreases for thick and dual-layered coatings. In general, the com-
position of the hard phases, such as carbides in the coating mate-
rial, can alter the coating ductile behavior. Therefore, the material
needs to be selected according to the application requirements. For
instance, a higher content of ductile material is recommended for
low-angle blast erosion, that is, increased NiCr content in
CrC/NiCr, rather than high amounts of CrC in the composite. For
high-angle wear situations, the opposite concept applies.

Oxidation and Corrosion Resistance

Turbines can be located in harsh, corrosive environments,
including high-temperature deserts, offshore platforms, and
humid rural and city areas. The whole unit is exposed to environ-
mental weathering. The exterior is usually protected with paints.
Aluminum and zinc-base paints are used for oxidation and corro-
sion resistance. The compressor section is exposed to the suction
air, which could carry excessive amounts of moisture and chlo-
rides, depending on the location of the unit. The turbine is oper-
ated with a wide range of fuels, from clean gases to low-grade
fuels containing sulfur and vanadium. To provide corrosion and
oxidation resistance, nickel- and/or cobalt-base alloyed coatings
are used. These materials typically are high-chromium-containing
alloys, namely, NiCrMo (Hastelloy or Nistelle), CoCrSiMo (Trib-
aloy), and MCrAlYs. Iron-base alloys could also be used for cor-
rosion resistance. Most of these coatings are applied by HVOF or
plasma spray. Most TBCs require a high-oxidation, corrosion-pro-
tective bond coating. The MCrAlY coatings offer these superior
properties. Often, the MCrAlY coatings are post-heat treated to
increase bond strength via a diffusion bonding mechanism, which
improves the performance of the coating significantly. Oxidation-
and corrosion-resistant coatings are applied on air inlets, combus-
tor liners, injectors, turbine tip shoes and nozzles, and exhausts.

Abradables and Seals

To maintain tight blade-tip clearances, it is necessary to apply
abradable coating materials to the engine turbine shrouds and
compressor case. Clearances between industrial gas turbine rotat-
ing systems (blades) and static components in the compressor and
turbine sections of the engine have strong impact on the efficiency
and fuel consumption of the gas turbine. Additionally, the abrad-
able coating offers wear protection to the shroud material and rub-
bing blades. Turbine seals are designed to accommodate high-
speed blade-tip rubs induced during engine start-up and, to a lesser
extent, at steady-state operating conditions. A good abradable
coating should exhibit a compromise among abradability, erosion
resistance, and strength. It should be soft enough to prevent blade
damage and strong enough to resist abrasion and spallation during
rubbing. It must also be oxidation and corrosion resistant in the
service environment. Blade damage is detrimental to the overall



engine, compressor, and turbine efficiency. When damage to the
blade and/or shroud occurs, it is often due to the blades rubbing the
shrouds, causing adhesive material transfer (similar to galling),
melting, cutting, smearing, and tribooxidation by increased heat
due to friction. According to the exposure temperature, abradable
coatings could be broadly classified into low-temperature abrad-
ables, typically below 540 °C (1000 °F), and mid-to-high-temper-
ature abradables, from 540 to 980 °C (1000 to 1800 °F).

Typical low-temperature abradables consist of porous, alu-
minum-base coatings (e.g., aluminum-silicon alloys) containing
polyester, polyimide, or boron nitride, and nickel-graphite coat-
ings (Ref 3, 6). Due to the high risk of moisture in the cold com-
pressor section, aluminum-base rather than nickel-base compos-
ites are perhaps more suitable to avoid damaging the steel case by
galvanic coupling. At the high end of the temperature range, above
450 °C (840 °F), compressor abradables might also include
MCrAlY/polyester/BN (Ref 6). Other low-temperature seals that
are not interacting with the blades are also part of the engine sys-
tem. In these sealing areas, coatings typically run against labyrinth
seals along the engine shafts in the compressor and turbine, seal-
ing either gas or oil paths, and are usually composed of Babbitt,
bronzes, and AlSi/polyimide. The seals and compressor abrad-
ables are usually deposited by plasma, low-velocity combustion
flame, or twin-wire arc spray.

Nickel-base and MCrAlY-type coatings are typically applied
onto mid-turbine hot-section tip seals or shroud surfaces using
thermal spray techniques. These coatings may contain softer
agglomerates, such as polyester, boron nitride, hollow ceramic
particles, bentonite, or graphite. Caution is recommended in the
use of graphite-containing nickel-base coatings due to the risk of
coating autocatalytic galvanic oxidation, which significantly
reduces coating life. In some application cases, these coatings con-
sist of a MCrAlY alloy (no addition of fugitive compounds),
which is not, by definition, an abradable. They are designated rub-
tolerant coatings, offer a relatively softer rubbing surface at high
temperature, and are oxidation and corrosion resistant. High-tem-
perature abradables and rub-tolerant coatings are applied through
HVOF, plasma spray, or low-velocity combustion spray.

In an increased effort to augment turbine efficiency through
higher operation temperatures, turbine manufacturers have intro-
duced ceramic abradable coatings into the hot section of the tur-
bine shroud. As the industrial turbine firing temperatures are
increased to augment power output and engine efficiency, recent
investigations have centered on the use of thick ceramic coatings
for turbine applications, due to their higher temperature resistance
and thermal barrier properties. Ceramic systems with sufficient
substrate backside cooling would provide a thermal barrier effect
between the hot gas path and the metallic shroud surface. Consid-
ering that there is a temperature drop of 3 to 4 °C (5 to 7 °F) per
25 um (0.001 in.) for a typical YSZ thermal barrier coating (Ref
7), the top surface temperature of a 2 mm (0.080 in.) thick ceramic
abradable coating at the flow path might reach up to 1200 °C (2190
°F), while the superalloy would remain at an acceptable lower
temperature. For comparison, the maximum service temperature
of MCrAlY coatings is approximately 980 °C (1800 °F), which is
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on the order of the tip seal surface temperature for industrial gas
turbines. Ceramic abradable coatings are, however, hard on the
blade tip; hence, it is mixed with softer materials (e.g., boron
nitride, polyester) to reduce hardness and increase abradability
(Ref 8). The manufacturer can also choose to use abrasive blade
tips to rub against a TBC.

Thermal Barrier Coatings

Plasma spray TBCs are of great use in the hot section of tur-
bines, such as the combustor liner (cans), transition ring, splash
plate, and fuel injector. These coatings help to increase thermal
efficiency and reduce exposure temperature, thereby extending
component life and generally mitigating oxidation and corrosion.
In general, the bond coat must offer high-temperature protection
to oxidants and contaminants that might infiltrate through the
ceramic coating to the bond coating. The most frequently used
ceramic coatings are zirconia-base ceramics and include:

Yttria-stabilized zirconia or ZrO,-Y,0, (6 to 8 wt%)
Ceria-stabilized zirconia (CeO,-YSZ)

Ceria- and yttria-stabilized zirconia (ZrO,-25CeO,-Y,0;)
(2 to 3 wt%)

Calcium titanate (CaTiO,) is also used in some applications.
Tables 2 and 3 list the thermal conductivity and thermal expansion
coefficient of these coatings (Ref 9).

Common bond coatings are applied by plasma spray; however,
there is an increased use of HVOF processes to apply the coatings.
These coatings are typically 100 to 200 um (0.004 to 0.008 in.)

Table 2 Thermal conductivity of selected plasma
sprayed ceramic coatings

Thermal conductivity, W/m + K

Coating (Btu « in./h « ft2 - °F)

7r0,-7Y,0, 0.79-1.30 (5.48-9.01)

0.82 (5.69) at 400 °C (750 °F)
0.4-0.90 (2.77-6.24)

0.43 (2.98) at 400 °C (750 °F)

1.63 (11.3) at 400 °C (750 °F)

7r0,-25Ce0,-2Y,0;

CaTiO,

Table 3 Coefficients of thermal expansion for plasma
sprayed yttria-stabilized zirconia and CaTiO3 coatings
measured at specified temperatures

Coefficient of thermal expansion, m/m - °C x 10-6

Coating At 100 °C (212 °F) At 500 °C (930 °F) At 1000 °C (1830 °F)
7r0,-7Y,04 7.9 8.4 9.6
CaTiO; 102 114 124
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thick MCrAlY coatings. The TBC of choice seems to be YSZ, due
to its acceptable resistance to thermal shock and its overall dura-
bility. A combustor liner with a 380 um (0.015 in.) thick TBC may
last more than 30,000 h in a turbine at full load with metal tem-
perature exposures up to 870 °C (1600 °F).

In searching for higher-thermal-resistant coatings, the tendency
in the industry for thermal sprayed ceramics is to deposit thicker
coatings to increase their thermal barrier capabilities. Due to the
demands for higher temperatures in gas turbine hot sections, com-
ponents have increased thickness requirements of YSZ coatings to
635 to 1000 um (0.025 to 0.040 in.), in spite of the eventual reduc-
tion of their thermal cyclic lifetime. For coating thickness incre-
ments from 300 to 635 wm (0.012 to 0.025 in.), the thermal cyclic
life is decreased by approximately 20% between 1000 and 1100
°C (1830 and 2010 °F) (Ref 7). It is well known that as the thick-
ness of the ceramic coating increases, its thermal cyclic resistance
decreases, due to reduced cohesion and higher stress levels within
the coating. Attempts have been made to replace YSZ with newer
materials with lower thermal conductivity. Alternatives of mate-
rial with lower-thermal-conductivity coatings are gadolinia-yttria-
zirconate, samarium- and neodymium-containing zirconates, per-
ovskite, and pyrochlore materials. However, these might be
considered at the developmental stage compared to the YSZ coat-
ings with more than 25 years of acceptable performance in indus-
trial applications.

The use of certain low-grade fuels leads to the condensation of
vanadium and sulfate compounds, and their fused salts are
extremely corrosive to high-temperature materials for which
Ce0,-YSZ coatings are more suitable. Therefore, these coatings
are mostly used in aggressive corrosive environments. The cerium
oxide content contributes to the coating hot-corrosion resistance,
when compared to yttrium oxide, expressed as a lower solubility
to molten sulfate-vanadate salts. The CaTiO, ceramic coatings are
also used where corrosion resistance is needed, such as in fuel
injector tips. The CaTiO, coatings show a better thermal cyclic
life, in particular, at greater thickness, due to their higher thermal
conductivity and higher CTE (Ref 8). It is noteworthy that the
maximum exposure temperature for CaTiOj is approximately 870
°C (1600 °F), while YSZ and CeO,-YSZ can be exposed to
approximately 980 °C (1800 °F). The sintering of the zirconia-
base TBCs is a big concern when the application temperature
approaches 1150 °C (2100 °F). Extensive literature has been writ-
ten on the sintering of the zirconia-base TBCs at temperatures of
approximately 1093 °C (2000 °F).

Buildup and Repair Coatings

Sometimes, it is necessary to build up a worn, damaged, or mis-
machined component. The coating thickness required may vary
between 0.075 and 2.54 mm (0.003 and 0.100 in.) and usually
needs finishing to correct dimensional tolerances and to comply
with surface smoothness requirements. The rule of thumb is to use
a buildup material similar to the base material. If dissimilar mate-
rials are used, the properties of the coating and part should have a
similar thermal expansion and resistance to galvanic coupling.

Buildup coatings have a wide variety of compositions, such as
iron-base (stainless steel) and nickel-base (NiCrMo, NiMoAl,
alloys 718 and 625, NiAl, and NiCr) materials. The preferred dep-
osition methods are HVOF and plasma spray, due to the higher
bonding strength. Applications by twin-wire arc spray are com-
mon on nonrotating components, such as ball bearing seats and
shroud flanges, between stages. Some large-power-size turbines
also have Babbitt bearings restored using the arc spray process.

Other Nonthermal Spray Coatings
Used in the Industry

Low-pressure plasma spray MCrAlY coatings are used on
blades and vanes for oxidation and corrosion protection and as a
bond coating for TBCs. Simple aluminides, platinum-aluminides,
or MCrAlYs deposited by physical vapor deposition or chemical
vapor deposition are used on blades and nozzles for protection
against oxidation and corrosion. Also, physical vapor deposition
TBCs are applied to reduce part-temperature exposure. On cold
sections, aluminum, aluminum-phosphates, or organic paints are
used against oxidation. Honeycomb abradable seals could be
brazed onto the sealing rings. Overlays, such as nickel plating,
cadmium plating, and hard chrome plating, are generally used for
buildup and resistance for oxidation, corrosion, and wear. There is
a significant effort being made to provide alternatives to cadmium
and chrome plating, due to environmental concerns regarding
exposure of personnel to carcinogenic materials, such as hexava-
lent chromium, associated with these processes. (See the section
“High-Velocity Oxyfuel Thermal Spray Coatings as a Replace-
ment for Hard Chrome Plating on Aircraft Landing Gear” in this
article for further details.)

Automotive Applications

Thermal spray coatings have been used in automotive produc-
tion throughout Europe and Japan for some time and are also being
used increasingly on U.S. automotive production lines. The per-
formance of these coatings has been excellent, and applications
will increase in both spark ignition (SI) gasoline-powered vehicles
and diesel-powered vehicles. Figure 8 illustrates current and
potential application areas for thermal spray coatings in the auto-
motive industry.

Powertrain Components*

Hot corrosion affects various portions of exhaust systems on
both diesel- and gasoline-powered vehicles. Various exhaust sys-
tem components are protected from hot corrosion by the use of
thermal sprayed aluminum via the twin-wire arc spray process or
the wire combustion process. Figure 9 shows the application of an

*The discussion “Plasma Coating of Aluminum Alloy Cylinder Bores™ in this sec-
tion was contributed by P. Tommer, Sulzer Metco AG.



aluminum thermal spray coating on exhaust headers. These head-
ers will produce a 6 to 10% increase in power on stock engines and
much more on high-performance engines. On stock engines, cus-
tomers have reported over a 5% improvement in gas mileage.
“Rain-drop erosion” has been known to occur on the tops of
pistons due to the impingement of fuel from the injectors. Alu-
minum pistons in diesel engines are frequently coated with a thin,
plasma sprayed molybdenum coating to circumvent this problem.
In arelated phenomenon, splash-back effects from fuel impinge-
ment (on the piston) may eventually erode the periphery of the
delivery ports in the injector nozzle. A frequent defense is the same
molybdenum coating applied to the tips of the fuel injectors.
Galling of aluminum piston skirts results in the transfer of alu-
minum to the cast iron cylinder liners. If the piston rings pass over
such areas, serious ring wear, or even breakage, may occur. Piston
skirts are also coated with a thin molybdenum layer to prevent this.
Piston ring coatings commonly consist of molybdenum and
molybdenum-bearing compounds. Coatings are usually inlaid into
the ring surface so that no exposed coating edges encounter the
cylinder wall. (The piston ring cants slightly within the ring glands
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Fig, 8 Automotive applications for thermal spray coatings. (a) Locations

where thermal spray coatings are applied in automobiles. (b) Product
life cycles for thermal spray coatings in the automotive industry. Source: Ref
10
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as it reciprocates.) In Europe, combustion wire spray is frequently
used and preferred over plasma, because the added oxides play a
major role in coating performance. Molybdenum trioxide has a
lubricious quality that is valued in such coatings.

In the United States, other hardening agents, such as silicon,
nickel, and chromium, are often added to the molybdenum, and
powders are applied by APS, flame spray, or HVOF. The open
microstructure, consisting of many small pores at the surface of
these coatings, is of value for oil retention.

An interesting variation is the inclusion of small percentages of
MoS, solid lubricant within the coating matrix. Such material has
been added mechanically to the spray powders and offers
improved performance where engine loads or oil deprivation tend
to cause galling. However, MoS, is known to break down at tem-
peratures above 420 °C (800 °F) and could form sulfurous acids in
the engine oil; care must be taken to prevent this.

Matching cylinder liner and piston ring coatings requires rigor-
ous study. Variations of engine design and operating conditions
can influence the coating selection. In general, it is desirable that
the rings exhibit greater wear, because it is more cost-effective to
replace rings than wet liners.

Cylinder Bore Coatings in Diesel Engines. Cylinder bore
coatings applied by thermal spray processes are now replacing
hard chromium plating on the larger (wet) liners used in diesel
engines. Initially, thermal spray coatings were used to salvage
these liners during overhaul, when severe wear made electroplat-
ing impractical. Again, molybdenum coatings similar to those
used for piston rings are used for this application. More recently,
however, HVOF-sprayed WC/Co and WC/Co/Cr are being
explored because of their increased performance over electro-
plated hard chrome.

Fig, 9 Exhaust headers metallized with aluminum using the wire combus-
tion process. The aluminum provides protection from heat and
corrosion. Courtesy of ASB Industries Inc.
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The inherent porosity of thermal sprayed coatings brings an
advantage over chrome plating and other hardfacings, providing
greater oil retention. Engine life tests have demonstrated longer
service, and the worn liners (diesel) are easier to rebuild. These
coatings are not generally inlaid but extend over the full length of
the cylinder.

Plasma Coating of Aluminum Alloy Cylinder Bores. Cast
aluminum-silicon cylinder bores are being specified increasingly
for automobile internal combustion engines to reduce vehicle
weight, thereby increasing fuel efficiency and reducing emissions.
Aluminum-silicon cylinder bores must be treated to provide sur-

faces with sufficient wear resistance. A plasma coating process
called Rotaplasma has been developed that offers economic, tech-
nological, and environmental advantages for this application (Fig.
10). The process was introduced in 2000 for automobile produc-
tion in Europe. As of 2004, the process has been qualified for pro-
duction of several diesel and gasoline engines (Table 4).

The plasma coating deposit produced using the Rotaplasma
technology provides several advantages:

Reduction in the coefficient of friction against the piston ring
by as much as 30% versus that of cast iron cylinder bores with

Fig. 10 Setup for Rotaplasma processing of aluminum-silicon cylinder bores. The plasma gun is rotated up to 200 rpm. Coating thicknesses range between

150 and 200 um. Courtesy of P. Tommer, Sulzer Metco AG

Table 4 Automobile engines currently using the Rotoplasma process for coating of cylinder bores

Engine size Power Torque
Engine L in.3 kW hp N-m 1bf - in. Automobile or engine model
Diesel
V 10 TDI VW 5 300 230 310 750 6640 Volkswagen Touareg
EA 115 VW 2.5 150 130 170 400 3540 Volkswagen Touareg, Van T 5
Gasoline
EA 111 VW 1.4 85 77 100 Volkswagen Lupo
Go-Kart racing 0.25 15 20 30 Racing Biland
V 10 racing engine >600 >800 Formula 1
Bugatti W 16 >700 >940 Custom




lamellar graphite surface structure. The reduced friction
enables a significant decrease in engine fuel consumption—
between 2 and 4%, depending on the type of engine.
Very low levels of oil consumption by the engine
A very low surface wear rate (approximately 5 nm/h of ser-
vice)

e Smaller and lighter engine blocks are possible, due to the elim-
ination of cast iron liners.

These characteristics are obtained with a particular topography of
the cylinder surface that is created by diamond honing of the sur-
face after spraying (Fig. 11).

At present, different spray materials are being used for applica-
tion. The most common are iron/molybdenum composites and
iron/iron oxide composites. The spray time for a cylinder bore in
a conventional car engine (80 mm, or 3.2 in., in diameter; 120 mm,
or 4.8 in., in length) is only approximately 1 min.

The cost of coating for a cylinder bore depends on the produc-
tion volume; the greatest cost efficiency can be obtained at a prod-
uct volume of at least 8000 bores/day. At this production level, the
cost (in 2004) is between $2 and $3 (U.S.)/bore.

Exhaust Valves. The operating environment is particularly
severe for exhaust valves, which is why metallurgically bonded
structures are usually required. However, combustion flame
sprayed and fused coatings of self-fluxing nickel-chrome-silicon-
boron (AWS 4745 and related compounds) have been used by

-
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Japanese automobile companies on valve seats and valve facings.
These materials are classified as brazing compounds but are sold
for spray-and-fuse applications too, where they retain excellent
hot-corrosion resistance and wear properties. The same coatings
have been used on camshafts in the United States to provide wear
resistance during dimensional restoration.

A more recent innovation is the flame or plasma spray applica-
tion of iron coatings onto aluminum valve lifters to improve their
sliding wear performance. The advantage offered is the require-
ment of less energy by the lighter system through the use of alu-
minum alloys and the thermal spray wear-resistant surface.

Crankshaft coatings have been largely limited to dimensional
restoration of worn parts. Rebuilding of crankshafts for off-road
equipment has also been performed with combustion flame spray
plus fusing of the nickel-chrome-boron-type materials mentioned
earlier. Some rework with air plasma spray applications of molyb-
denum-nickel-chrome systems has also been performed.

Transmission and rear end gear clusters, as used on a num-
ber of passenger cars, frequently receive thin APS molybdenum
coatings on the gear faces, lessening the friction component and
producing smoother and quieter movement.

Other powertrain components are often rebuilt using ther-
mal spray technologies. Clutches have been refaced with both
plasma and combustion-wire-sprayed bronze. Transmission shafts
have been rebuilt with both stainless and molybdenum coating
systems deposited either by combustion powder or wire and air

Fig, 11 Rotaplasma processing. The cylinder bores in the engine block (top figure) are processed in the following stages (bottom figure, from left to right):
premachined, surface activated prior to coating, Rotaplasma coated, and diamond honed. Courtesy of P. Tommer, Sulzer Metco AG
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plasma spray. Turbocharger housings have been coated with alu-
minum-silicon-graphite by plasma spraying or HVOF. Abradable
coatings derived from aerospace and industrial turbine technology
have been applied to turbochargers, pumps, and compressors to
provide clearance control. Materials used include aluminum-poly-
mer, nickel-graphite, and CoNiCrAlY/BN/polymer composites.

Thermal Barrier Coatings

Thermal barrier coatings technology has been largely borrowed
from aerospace and land-based turbine engine applications
described earlier in this article. Until very recently, interest in
TBCs has been on behalf of high-performance SI engines as used
in motor sports or in low-heat rejection engines (diesel) for mili-
tary applications. There seems to be conflicting evidence as to the
benefits provided by TBCs on gasoline-engine passenger cars. If
TBCs are ever to be used in high-volume production of gasoline-
powered vehicles, the economics will have to be addressed.

Partially insulated diesels make use of less drastic applications
of TBCs that have originated from laboratory and theoretical stud-
ies. These studies suggest that use of thinner TBCs plus water or
air cooling will yield a performance gain. Figure 12 illustrates this
concept, based on increased temperatures (and gas pressures) at
the moment of combustion, but with lower average cylinder tem-
peratures.

Coatings on such diesels are usually from 0.5 to 1 mm (0.02 to
0.04 in.) in thickness and are confined to surfaces that are not sub-
jected to other metal contact or sliding wear. The economics for
commercial use are attractive, because there is evidence that such
coatings bring substantial gains in engine performance and life-
time between rebuilds. There is also much evidence that supports
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Fig, 12 The effects of thermal barrier coating (TBC) thickness on average
and peak cylinder temperatures

the reduction of pollution (hydrocarbons, NO,) by diesels so
treated.

Another use of TBCs on diesels is for components subjected to
high-temperature fatigue. Piston crowns are often coated, not for
purposes of engine performance but to extend component life.

High-performance engines have used TBCs on piston
crowns, cylinder heads, valves, exhaust ports, and, if naturally
aspirated, intake ports too. Such coatings are usually less than 0.2
mm (0.008 in.) thick and are frequently subjected to stresses from
flexing components. Thermal barrier coatings that are too thick
may raise the average cylinder temperature, causing early detona-
tion.

A factor in the TBC life cycle concerns the large valves (up to
five in number) used in these engines. Engine geometry can result
in very narrow regions of exposed head casting between intake
and exhaust valves. This narrow zone is subject to extreme ther-
mal gradients that vary laterally within the coating. Use of thicker
bond coats (0.125 to 0.150 mm, or 0.005 to 0.006 in.) with thinner
ceramic topcoats can aid in reducing this problem.

Aside from increased performance (horsepower and torque),
TBC-insulated SI engines generally operate with lower oil tem-
peratures that result from lower component temperatures, which
means longer component life. In addition, radiator sizes can be
reduced, and the effective cross section may improve the aerody-
namics of the vehicle.

Manifolds internally coated with TBCs have been shown to
produce significant reductions in catalyst light-off time. The prob-
lem is obtaining such coatings in currently manufactured mani-
folds—virtually an impractical issue. Such components have to be
carefully designed for stamping operations, which fashion the
component as two clamshell halves. After installation of the TBC,
these halves must be welded together (gastight) by laser. Addi-
tionally, there is a fear of long-term performance. Should the TBC
spall or delaminate, there is a possibility that the debris would be
injected back into the engine, causing wear damage.

Heat management in engine compartments and elsewhere
can be solved by proper use of TBCs. Modern engines are usually
crowded into their space, and airflows may be inadequate under
certain conditions. Thermal barrier coatings applied externally to
manifolds and other exhaust system components of racing
machines have been found to aid in temperature reduction of body
and chassis components and engine mounts as well as provide
improved driver comfort (Fig. 13).

Thermal barrier coatings have also been applied to brake pads
to insulate them from the hydraulics, thereby improving brake
fade characteristics. At least one production motorcycle has
employed this technique.

Turbochargers offer significant opportunities for TBCs.
These units usually closely couple the exhaust gases with the
incoming air charge, adding heat to that already developed by
compressing the air. The use of TBCs benefits the turbocharger
performance.

Disc Brakes. The use of TBCs on disc brakes eliminates brake
fade in high-performance applications. Frequent and severe brak-
ing adds heat through the caliper piston (usually aluminum) to the
brake fluid, which results in the fluid boiling and in “spongy” brak-



ing response. Several automotive original equipment manufactur-
ers have used TBCs on either the piston tops or the backing plates
of the brake pads to interrupt the heat flow and eliminate the fade
problem.

Aluminum Metal-Matrix Composite
(MMC) Brake Discs

Aluminum-base MMCs have been developed for brake system
applications (Ref 11). The weight and inertia of brake discs are cut
in half when aluminum MMC:s such as AlSi-20 vol% SiC are used
instead of cast irons. However, the necessary high coefficient of
friction cannot be achieved with an uncoated aluminum MMC
disc. Initially, metal alloy coatings that would conduct heat
quickly were sought. However, these actually promoted melting
of the underlying aluminum alloy matrix substrate. The result was
the development of a modified powder-based alumina coating that
optimizes thermal conductivity and friction properties. These
plasma sprayed powders have been thoroughly tested in motor
sport competition and are used extensively in Grand Prix race cars.

Body and Chassis Applications*

Arc Spray for Automotive Weld Seams. Wire arc spray is an
excellent process for applying metallic coatings for dimensional
restoration. The high spray rates, good bond strength, and ease of
automation make it ideal for automated production applications.

The spraying of automotive weld seams is one such highly suc-
cessful application. In manufacturing an automobile, sheet metal
is stamped into the side panels and roof panel. These are then
joined together using a spot weld or other welding technique. The
weld seam is then usually covered with a plastic molded strip
along the roof panel perimeter, or, in the case of luxury model
cars, a manual braze filler is applied to fill the joint and then
ground smooth and flat. While the smooth metal joint is much

*The discussion “Arc Spray for Automotive Weld Seams” in this section was con-
tributed by Robert H. Unger, Praxair TAFA Inc.

Fig, 13 High-performance race car manifold coated with a thermal barrier
coating for heat management

Selected Applications / 189

more aesthetically pleasing than the plastic strip, the manual braz-
ing step is very slow and labor-intensive, making it too costly for
most car models.

The wire arc spray process was adapted very successfully to
solve this problem and to provide a low-cost, automated filler for
the weld seam. The automotive people refer to it as spray brazing.

The weld seam is spot welded in the normal fashion. It then
advances into the spray booth, which is part of the production line.
The seam is robotically grit blasted, then four to six arc spray guns,
mounted to robots on either side of the car, fill in the seam with a
silicon bronze or aluminum bronze coating. The seam is then
ground finished and ultimately painted. Figure 14 shows a body
panel seam after postcoating grinding and buffing. The end result
is a high-quality, low-cost, and very attractive weld joint that has
now been incorporated into numerous assembly production lines
of Chrysler and other automotive manufacturers.

Steering-stop brackets are welded to front wheel “A” frames
and provide the steering radius limits for vehicles with rack-and-
pinion steering. The brackets contact a rounded projection
mounted to the frame (at the steering limits), preventing the
wheels from turning into the car body. In many cars, maximum
turning results in unacceptable shuddering and noise. Lubrication
of the brackets, because they are unprotected on the “A” frame, is
impractical, and the continual operation of the steering to the lim-
its actually erodes and corrodes the bracket, limiting its useful life.
Twin-wire arc spray is used to apply thin layers of zinc to the con-
tact points of the brackets. The zinc, when wet, provides a lubri-
cated surface for the contact and galvanically protects the bracket
from further corrosion.

Biomedical Coatings for Orthopedic
and Dental Implants

This is a relatively new class of applications for thermal spray
coatings, making use of inert chamber plasma and inert chamber
twin-wire arc spray to produce functional coatings. Both orthope-
dic and dental implants receive these coatings that are designed to

Fig, 14 Body seam panel that was coated by the wire arc process after
postcoat grinding and buffing. Courtesy of W.J. Lenling, Thermal
Spray Technologies Inc.
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aid fixation of the devices in bone tissue. Many of these implants
are “fixed” without any adhesive, allowing bone tissue to make
contact with porous inert or bioactive surfaces.

Orthopedic and Dental Community Issues

Orthopedic and dental markets have exhibited rapid growth due
to new implant technologies, coupled with an aging population.
These implants are direct replacements for various bone joints and
teeth, and records point to acceptable service life, with excellent
patient acceptance. Material and design advances account for
much of the life extension obtained.

Two types of metal families are recognized as being compatible
with human tissue: a Co-Cr-Mo alloy available in cast or wrought
forms, and titanium materials, specifically, commercial-purity
titanium (CP-Ti), the alpha-beta alloy Ti-6Al-4V, and more
recently introduced beta alloys such Ti-6Al-7Nb, Ti-13Nb-13Zr,
and Ti-12Mo-6Zr-2Fe. Porous coatings deposited on load-bearing
implant devices made from these alloys facilitate implant fixation

(a)

and bone ingrowth and replace the use of bone cements and screws
for implant fixation. Figures 15 and 16 show a variety of implant
devices that have been coated with biomedical coatings.

Biomedical coatings are subject to rigid standards and practices.
All materials must be certified as to their exact nature and impu-
rity content. Care must be taken with devices and coatings during
application, so that contamination with masking material, cleaning
agents, and other matter does not occur.

Bioinert Coatings

These coatings are benign in nature; that is, there is no activity
between them and bone or soft tissue. Titanium-base coatings pre-
dominate, perhaps because of an allergic response by approxi-
mately 18% of the population to Co-Cr-Mo.

CP-Ti and Ti-6Al-4V are commonly sprayed onto both tita-
nium and cobalt alloy substrates for bone-bonding mechanisms.
They are deposited with a high-porosity content (approximately
30%) and with pore sizes upward of 50 um (0.002 in.). Bond coats

(b)

Fig, 15 Examples of coated titanium alloy implant devices. (a) Acetabular shell featuring a machined Ti-6Al-4V substrate with a commercial-purity titanium

(CP-Ti) coating deposited by inert gas (argon) wire arc thermal spraying. (b) Near-net forged and final machined hip stem made from Ti-6Al-4V and -
coated with CP-Ti by inert gas (argon) wire arc thermal spraying. The rough coatings on both devices have an average thickness of 0.75 mm (0.030 in.). The
desirably rough coating allows for good mechanical locking of the device with bone ingrowth. Courtesy of G. Hannah, Stryker Orthopaedics



with different characteristics may also be used. The desired coat-
ing characteristics are obtained by careful design of the process
parameters and powder size control.

Air plasma spray has been used to create oxide-containing coat-
ings, which are subsequently vacuum heat treated to remove the
unwanted oxygen. There may be some reduction in the fatigue
strength of the titanium alloy component and, in the worst case,
the development of some unwanted beta phase in the metallurgy.
Care must be taken when using this method on Co-Cr-Mo alloys,
because higher-temperature heat treatments can develop metal-
loids whose behavior in the human body are unknown.

The preferred method of spraying these materials is by use of
inert gas chambers or LPPS. This avoids the need for subsequent
postdeposition heat treatments. In general, coatings up to 1.25 mm
(0.050 in.) thick can be applied without significant impact on
fatigue properties.

A finer cut of powder is generally used for dental implants,
because a less aggressive morphology is desired. In some cases,
this layer is used as a bond coat for subsequently applied ceramic
coatings.

The Co-Cr-Mo alloy has been used in bead geometry to pro-
vide sintered porous coatings on like substrates. However, the
same material can be sprayed as a porous coating by plasma. The
same porous morphology found in the titanium coatings is desired.

Bioactive Coatings

These are ceramic coatings with compositions similar to that of
bone tissue (calcium phosphates). The material interacts with bone
to promote bonding interfaces. These ceramics are applied by air
plasma, HVOF, and LPPS, usually at thicknesses of 40 to 80 um
(0.0016 to 0.0032 in.).

Hydroxyapatite (HA) is a calcium phosphate ceramic
[Ca,,(PO,)(OH),] that exhibits strong activity for joining to bone

Hydroxyapatite (ceramic)
biocompatible coatings

Porous titanium
coating

Fig, 16 A variety of implant devices for biomedical/biocompatible appli-

cations. Hip implants with bioinert (porous commercial-purity tita-
nium) and bioactive (hydroxyapatite) plasma spray coatings are shown in the
foreground. Courtesy of R. Knight, Drexel University
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tissue. As a coating, it is perceived as a dynamic interface between
surgically implanted orthopedic and dental devices and bone. The
Food and Drug Administration (FDA) is active in developing cer-
tain requirements for coating characteristics. The situation is still
quite fluid, and the technology is advancing in understanding both
the benefits and the methods of HA application.

Plasma spraying (both air plasma and LPPS) is the current pri-
mary method of application, although HVOF is also being
researched. Problems exist, however, in obtaining pure stoichio-
metric powders and deposits. Contributing to these problems is the
potential existence of vacancy states, which are not easily detected
in HA. An important requirement is that of whiteness. There is a
perception in the biomedical community that whiteness denotes
purity. Trace elements in amounts that do not affect performance
can color both the feedstock powder and the resulting deposits.
These are unacceptable in the market.

In vivo testing has now shown that a high degree of crystallinity
(as determined by x-ray diffraction) must be present in the plasma
sprayed deposits, which contrasts sharply with the realities of a
rapid solidification process. Careful development of coating
parameters can produce high crystallinity contents (~95% for
LPPS, ~80% for HVOF, and ~75% for air plasma), but this may
be at the expense of reduced bond strength or coating hardness.

The HA coatings used in the orthopedic community can be
applied directly to component surfaces (Fig. 16), over a textured
bond coat, or over the highly porous metallic coatings made by
both plasma spray processes or sintered beads. At present, only the
highly crystalline coatings are desired for maximum coating effec-
tiveness.

There are, however, implant designs in the dental market that
are thought to be more effective as the coating resorbs. Hydroxya-
patite, therefore, may be sprayed so as to have a higher amorphous
phase content. Hydroxyapatite coatings used in dental applica-
tions may be used directly on the implant or over plasma sprayed
textured coatings.

Tri-calcium phosphate is a compound known to resorb in
vivo and is therefore used for appliances designed for these
actions. With the advent of HA, its use has greatly declined.

Ceramic and Glass Manufacture

Three areas of importance for thermal spray coatings in ceramic
and glass manufacture are glass contact coatings, mold coatings,
and the use of TBCs for asbestos replacement.

Glass Contact Coatings

Molten glass is one of the most corrosive media the materials
community can experience. Only a few materials are capable of
contact for extended periods in many common glass composition
melts. Thermal spray coatings have applications in several of the
areas associated with production and transfer of molten glass.

Precious metals such as platinum and certain of their alloys
are used extensively for long-term contact with molten glass. The
industry is possibly the single largest consumer of platinum and is
accustomed to measuring the total cost of new plant construction
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by the cost of the precious metals consumed. These metals also
exhibit high vapor pressures, so significant percentages of the
materials are actually lost during the course of glass production.
Thermal spray ceramics deposited over the metal surfaces retard
this action. Although the ceramic overlays may be damaged over
a period of time, requiring reapplication, the value represented by
the saved precious metals makes it worthwhile to treat these
expensive tools.

Plasma sprayed coatings have been used in lieu of heavier plat-
inum and platinum alloy sheets. Such coatings are generally pro-
duced in inert atmosphere chambers, where oversprayed powder
can be retained and salvaged. Usually, the coated items are small in
size but most critical to the glass processing. Among the examples
are stirrer paddles, agitator shafts, thermocouple wells, and nozzles.

Molybdenum is a second material system that performs well
in contact with certain molten glass compositions. Stirrers, mixing
paddles, and some mold surfaces have been coated with plasma
sprayed molybdenum or molybdenum alloy compositions.

Glass transfer troughs are used to handle “gobs” of the product
in molten form, passing them to the mold. These troughs are gen-
erally made of steel or aluminum, with water-cooled walls to aid
in handling the product. Owing to the high glass temperatures and
its corrosive nature, high wear occurs in glass transfer troughs.
The Mo-Ni-Cr coatings, with trace additions of MoS,, are used to
minimize this wear and reduce the rolling friction of the glass as it
transfers to the mold. Water cooling of these channels keeps the
coating below 800 °C (1470 °F), where breakdown of the disulfide
is apt to occur. These coatings are applied by APS.

Mold Coatings

A variety of tools are used to shape glass into final products. Glass
composition affects the choices of coating material, but high-
temperature alloys with good oxidation resistance predominate.

There are situations in glass molding that are similar to those
experienced in processing molten metals. Abrasive wear, thermal
fatigue, inappropriate chilling of the melt, and corrosive action at
grain boundaries in the molds occur, and many of these troubles
can be reduced or eliminated through the use of coatings.

Flame-spray-and-fused NiCrBSi coatings, with possible addi-
tions of metallic carbides, have a good history of high-temperature
wear protection in this industry. Air plasma sprayed Inconel (625
and 718) has been used to restore dimensions to a variety of glass-
molding hardware. Thermal barrier coatings have also been used
to improve thermal conditions for better molding and equipment
life extension.

Some of these molds are in the form of pocket rollers, which
entrap and squeeze high-viscosity melts into appropriate shapes.
Such rollers thermally tax the bearings as well as see high thermal
stresses. Coatings of NiCr containing higher-temperature car-
bides, such as Cr3C2 and TiC, have proved beneficial.

Asbestos Replacement

Asbestos has been used very extensively in the glassware indus-
try in the past as a contact medium for hot product. Setter plates
are trays used for heat treating glassware or for fire polishing. His-

torically, asbestos was used as an insulating blanket on these and
other hot glassware carriers. Asbestos can be replaced with TBCs
(magnesia-stabilized zirconia) that minimize the thermal gradients
that would otherwise cause damage to the end product.

Corrosion Applications for Marine- and
Land-Based Infrastructure

Any discussion on coatings ultimately focuses on their use as
barriers to corrosion. Such coatings are usually considered as hav-
ing two key attributes: ease of application with no through porosity
or voids, and composed of a material that is totally inert in the envi-
ronment to which it is exposed. These attributes are viewed as
essential.

Historically, the maintenance of metallic infrastructure in the
United States has focused on organic coatings, that is, various
epoxies, polyurethanes, paints, and zinc silicate coatings that can
be applied onto steel structures by dipping, brushing. and spraying.
These treatments are usually viewed as impervious when properly
applied, but they all are subject to the rigors of exposure to the
weather and the corrosive environment. Thus, they still require fre-
quent replacement. In the past, little consideration was given to
coating infrastructure with metallic thermal spray coatings because
the through porosity necessitates the use of some organic material
as a sealer, and the overall application costs were considered sub-
stantially much higher.

There are exceptions, however. For example, zinc coatings
applied by hot dip galvanizing or electrogalvanizing are com-
monly found on exposed infrastructure. These coatings work, not
because they are impervious, but because they are sacrificial to the
substrate, as discussed subsequently. Both thermal spray zinc and
aluminum coatings are now commonly applied to infrastructure,
and, as is discussed as follows, they are considered cost-competi-
tive with other coating systems.

Other thermal spray materials commonly applied to infrastruc-
ture are polymer coatings. These coatings are increasingly replac-
ing organic coatings (paints). Applications for polymer thermal
spray coatings are described in the section ‘“Recent Developments
in Thermal Spray Application Technology” in this article.

Noble versus Sacrificial Coatings

Metallic coatings can be classified as being either noble or sac-
rificial, depending on their relationship to the substrate in the gal-
vanic series (Table 5). Considering ferrous substrates, the term
noble implies that the coating is nobler than iron in the galvanic
series. Examples include nickel, stainless steels, and copper. If a
galvanic couple is formed in an electrolyte, a voltage potential will
be developed between the two metals. Completion of the electri-
cal circuit effectively creates a battery, and current will then flow,
which accelerates the corrosive attack (dissolution) of the less
noble ferrous substrate, eventually undermining the coating (Fig.
17a). Noble coatings must thus be sealed in some manner to pre-
vent the formation of a galvanic cell, if the goal is to protect the
ferrous (or less noble) substrate.



It is inevitable, regardless of the thermal spray process used,
that some level of porosity will exist in sprayed coatings. These
pores present many opportunities for galvanic cell formation with
respect to the substrate. If a noble coating is applied (e.g., a stain-
less steel), these pores and any exposed edges (areas where the
substrate is not coated) will be the determining factor in coating
performance. At all exposed interfaces (exposed to the elec-
trolyte), a galvanic cell will immediately hasten the corrosion of
the ferrous substrate. The corrosion rate is usually enhanced by the
depletion of oxygen at the interface. Local corrosion will cause a
gap between the two metals, and O,will be released, resulting in a
preferential corrosion known as crevice corrosion. Its effect will
be to debond the noble coating in large sheets. This is why sealers
are so important. However, it is very difficult to seal all of the
porosity and exposed edges (another topic) on ferrous infrastruc-
ture incorporating welds, eyebolts, rivets, and angular geometries
that hinder application.

Sacrificial coatings, on the other hand, make use of materials
that are less noble than the substrate; thus, the direction of galvanic

Table 5 Galvanic series of selected commercial metals
and alloys in seawater

Noble or cathodic end of series

Platinum

Gold

Graphite

Titanium

Silver

Chlorimet 3 (62Ni-18Cr-18Mo)
Hastelloy C (62Ni-17Cr-15Mo)
18-8Mo stainless steel (passive)
18-8 stainless steel (passive)
Chromium stainless steel 11-30% Cr (passive)
Inconel (passive) (80Ni-13Cr-7Fe)
Nickel (passive)

Silver solder

Monel (70Ni-30Cu)

Cupronickels (60-90Cu, 40—10Ni)
Bronzes (Cu-Sn)

Copper

Brasses (Cu-Zn)

Chlorimet 2 (66Ni-32Mo-1Fe)
Hastelloy B (60Ni-30Mo-6Fe-1Mn)
Inconel (active)

Nickel (active)

Tin

Lead

Lead-tin solders

18-8Mo stainless steel (active)
18-8 stainless steel (active)
Ni-Resist (high-nickel cast iron)
Chromium stainless steel, 13% Cr (active)
Cast iron

Steel or iron

Aluminum alloy 2024

Cadmium

Aluminum alloy 1100

Zinc

Magnesium and magnesium alloys

Active or anodic end of series
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current is reversed, so that attack is accelerated in the coating and
not the substrate (Fig. 17b). Under these conditions, the substrate
is said to be cathodically protected by a coating that is sacrificial.
Common examples of such coatings are zinc, cadmium, and alu-
minum. Provided that adequate current flows and the coating
remains in good electrical contact with the substrate, protection of
the base metal occurs for the life of the coating. Thicker coatings
provide longer life, based on their sacrificial wear rates.

The degree of porosity in sacrificial coatings is no longer as crit-
ical an issue as it was for the noble coating, although many applica-
tions still call for the use of a sealer. In practice, even incomplete
coverage still benefits the substrate. The geometric area of the sac-
rificial deposit relative to substrate geometry plays an important
role. With zinc coatings on steel exposed to low-conductivity fresh
water, for example, a coating defect (exposing the steel surface)
measuring 3.2 mm (0.125 in.) in diameter will show some rust in
the center of the defect. In seawater (a very good conductor), how-
ever, the zinc will protect the steel to a distance of several decime-
ters (or feet) from the deposit. The difference in behavior is the
result of adequate current densities in the higher- conductivity
fluid, which extends protection over much greater distances. In
either electrolyte, minor pinholes are not significant in the overall
scheme of things, and exposed edges are well protected.

An appropriate example of the “throwing power” of zinc is
found in the zinc coatings applied to the steering-stop brackets dis-
cussed in the “Automotive Applications” section in this article. A
very small patch with an area <13 cm? (<2 in.?) sacrificially pro-
tects more than 0.09 m?2 (1 ft?) of exposed steel on the “A” frame.
The water to which the units are exposed contains salt from the
roads and is thus more highly conductive than fresh water.

Aluminum coatings are frequently used in industrial and sea-
water applications, where its wear rates may exceed zinc but its
higher hardness is beneficial in the erosion caused by salt spray.

Noble coating

Electrolyte

2\ )

)

_

Metal

(@

Sacrifical coating

N

Electrolyte

Z

Metal
(b)

Fig, 17 Schematic of current flow at defects in noble (a) and sacrificial (b)
coatings
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An example of this is ship decks to create nonslip anticorrosion
coatings.

Sacrificial Coatings for Infrastructure
and Industry (Ref 12)

Experience with sacrificial thermal spray coatings for infrastruc-
ture applications extends back to the 1930s. Sluice gates and canal
lock gates that have been zinc coated have remained in perfect con-
dition with virtually no maintenance for decades; the St. Denis
Canal Lock Gates in France, coated in the early 1930s, are an out-
standing example. The locks of the Panama Canal have also been
zinc sprayed. In the United Kingdom, the suspension chains and
other components of the Menai Straits Bridge were zinc sprayed
just before World War II. During the war, the bridge received no
maintenance. When it was inspected after the end of the war, the
sprayed areas of the bridge were found to be in excellent condition.
The steel deck structure, on the other hand, which had been painted
but not sprayed, was rusting. The obvious reduction in required
maintenance of the bridge prompted the British to apply sprayed
metal coatings to numerous other road and railway bridges over the
past 40 years. In the United States, metal sprayed coatings are
presently being specified and used by departments of transportation
in Florida, Connecticut, California, Oregon, and Ohio.

Examples of some of the steel structures that are protected from
corrosion by sacrificial coatings include:

Buildings

Bridges (Fig. 18)

Towers

Radio and television antenna masts
Steel gantry structures

High-power search radar aerials
Overhead walkways

Railroad overhead line support columns
Electrification masts

Tower cranes

Traffic island posts

Street and bridge railings

In addition, these coatings (most notably, aluminum) are also used
extensively in ship applications, such as topside weather equip-
ment, machinery spaces, and interior wet spaces.

The use of thermal spray metallization makes it possible to
achieve fully effective, maintenance-free protection against corro-
sion and corrosion-enhanced mechanical failure of steel structures
for more than 30 years. Fifty-year protection effectiveness has
been documented in rural environments and more than 20 years in
harsh industrial, urban, and coastal regions. On an overall cost
basis that includes maintenance, thermal spray metallization has
long been competitive with comparable corrosion-protection sys-
tems. Recent studies indicate that thermal spraying is now com-
petitive on an initial cost basis alone. The conservative lifetime for
a 255 um (10 mil) thickness of zinc (or zinc-aluminum alloy) is
approximately 25 years, which can be extended 15 years by the
application of a vinyl paint as a topcoat to seal any porosity. Ini-

tial application costs of thermal spray zinc (in 1998 U.S. dollars)
are $10/ft or $0.40/ft? per year for 25 years.

Cathodic Protection. In the case of cathodic protection of
steel reinforcement in concrete, the thermal spray coating is used
as an anode. Zinc is the most common material for this purpose,
although titanium has also been used. The coating is applied
directly to the concrete substrate. The type of connection to the
reinforcement depends on the cathodic protection system. It is

Fig. 18 Three views of a bridge that was thermal spray coated with a
Zn-15Al alloy. Courtesy of ASB Industries Inc.



more common to use impressed-current systems, although gal-
vanic systems with zinc may also be effective in situations where
the concrete exhibits low resistivity. Advantages of thermal
sprayed anodes include ability to cover complex surfaces, uniform
current distribution, and redundancy of an overlay as required
with alternative mesh systems. Methods used to thermal spray
zinc onto concrete include oxyacetylene wire flame spraying,
twin-wire arc spray, and single-wire arc plasma spraying. These
methods may form coatings that display different properties and
process economics. Plasma and arc spraying have been used to
produce titanium anodes.

Performance of Sacrificial Coatings in Atmospheric
and Immersion Environments (Ref 13, 14)

Zinc and aluminum coatings both provide excellent protec-
tion in a wide variety of marine and industrial environments. In
general, aluminum corrodes less rapidly than zinc in highly acidic
conditions, but zinc performs better than aluminum in alkaline
conditions. Aluminum is chosen for the protection of steel in
chemical plants or in other applications in which the temperature
is likely to exceed 120 °C (250 °F). Sprayed zinc coatings are used
in coal mines because of the possibility of impact spark generation
between aluminum and rusty steel (see the discussion of thermite
sparking hazard in the section “Problems to Consider in Sacrificial
Coatings” in this article). Zinc is normally the preferred metal for
the protection of steel in fresh, cold waters; aluminum is used in
aqueous solutions above 65 °C (150 °F).

Thermal spray zinc and aluminum coatings are progressively
supplanting both painting and hot dip galvanizing for reasons of
effectiveness and economics. Thermal spray coatings have a pre-
dictable life, require a single application, protect damaged areas
cathodically, have good abrasion resistance, and do not require
drying.

The size or shape of the structure to be protected is not a limit-
ing factor. Components can be metal sprayed in-plant or on-site,
and automation is possible for long runs of identical work. The
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thickness of the metal coating can be controlled according to the
degree of protection required. The life of the metal coating is pro-
portional to the coating weight per unit area. For a very long ser-
vice life or in highly corrosive conditions, it is possible to increase
the coating thickness to enhance corrosion protection.

Sprayed zinc or aluminum coatings can be applied in thick-
nesses ranging from 50 to 500 wm (2 to 20 mils). Furthermore,
parts that are not to be coated can be masked during spraying, and
the coating thicknesses can be varied in different areas of the same
structure. Areas of coating discontinuity or insufficient thickness
can easily be rectified by additional spraying.

Both aluminum and zinc coatings have good adhesion to grit-
blasted steel. Spraying does not cause excessive heating of the
substrate; therefore, there is no distortion or effect on the mechan-
ical properties of the steel. All grades of steel can be sprayed.

A limited amount of porosity (usually, <15%) is an inherent fea-
ture of thermal spray coatings. In the case of active metal coatings,
such as zinc or aluminum, porosity is not a deficiency. Pores will
not result in substrate attack, because of the protection afforded by
galvanic action. In fact, the natural surface porosity provides an
excellent base for sealers or topcoats, where these are desired for
decorative purposes or to extend the life of the coating.

The selection of a zinc or aluminum coating system depends on
the service environment and the desired life. Table 6 lists such
coatings for atmospheric and immersion service but is intended to
serve only as a guide in choosing a coating system.

Zinc-Aluminum Alloys and Aluminum MMCs. Corrosion
protection can also be provided by the use of zinc-aluminum
alloys, such as Zn-15Al. This alloy does not have the performance
record of pure zinc or aluminum, but studies in Europe and Japan
and, more recently, in the United States suggest that such alloys
combine the advantages of zinc and aluminum and may outper-
form both in certain environments. The Zn-15Al alloy is now
available in either wire or powder form. Installed costs are com-
parable to either pure zinc or aluminum.

Where resistance to wear, abrasion, or both is required in addi-
tion to corrosion protection, an aluminum MMC should be con-

Table 6 Thermal spray coatings for atmospheric and immersion service

Thickness of coating systems for 20-year expected life

Unsealed zinc

Sealed zinc

Unsealed aluminum Sealed aluminum

Exposure environment pm mils pm mils pm mils pm mils
Atmospheric

Inland (nonpolluted) 150 6 150 6 150 6 100 4
Inland (polluted) 150 6 150 6 150 6 150 6
Coastal (nonpolluted) 250 10 150 6 150 6 150 6
Coastal (polluted) 350 14 250 10 250 10 150 6
Immersion

Seawater splash zone .. . 250 10 .. . 150 6
Seawater immersion S oo 250 10 S oo 150 6

Source: Ref 13
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sidered. This material consists of an aluminum matrix filled with
10 vol% Al,O, particles (8 to 10 um in diameter).

Tables 7 and 8 give current service life information on zinc-alu-
minum alloys and aluminum MMCs. Figures 19 and 20 plot the
required thickness specifications given in Tables 7 and 8. The
service life estimates for Zn-15Al and Al-10 vol% Al,O;, which
were introduced in the 1970s and 1980s, respectively, are based on
accelerated laboratory tests and service applications through 1992.

Problems to Consider in Sacrificial Coatings

Environmental concerns greatly influence the cost of apply-
ing such coatings on steel structures, either for atmospheric or
marine corrosion control. In most areas, the Environmental Pro-
tection Agency (EPA) is very concerned about the types of debris
generated during the surface preparation phase of the project.
Because the coatings will be replacing existing paint and other
organic overlays, concern over lead-bearing materials plus
organic debris falling into flowing waters or onto the ground may
require complete enclosure of the project in plastic sheeting and
collection and disposal of all grit-blast material and debris. How-

ever, new technology, such as the thermal spray vitrification
process, is making the removal of lead-base paints more environ-
mentally friendly (see the section “Use of Thermal Spray Process
to Remove Lead-Base Paint” in this article).

Zinc fumes generated during spraying can cause illness in
exposed persons. Sprayers and other exposed parties are required
to use appropriate breathing protection.

Thermite Sparking Hazard (Ref 14). Thermite sparking is
caused by the reaction of rusted steel and aluminum (in the form
of a finely divided smear) when this combustible mix is ignited by
an impact. Aluminum smears may be generated on rusting steel by
striking or dragging steel components and tools over bare alu-
minum surfaces or vice versa. Bare aluminum and bare aluminum
thermal spray coatings should be avoided whenever there is a ther-
mite sparking hazard. Situations where bare aluminum or bare alu-
minum thermal spray coatings and rusted steel will be near a com-
bustion or explosion source can occur on a regular basis and
should be avoided. There appears to be little risk of thermite spark-
ing as a result of the impact of rusted steel on a sealed or painted
aluminum, aluminum alloy, or aluminum composite thermal spray
coating surface.

Table 7 Service life estimates of 85Zn-15Al thermal spray coatings in selected corrosive environments

See Fig. 19 for effect of coating thickness on service life.

Coating thickness required for indicated service life

5-10 years 10-20 years 20-40 years >40 years
Type of exposure pm in. pm in. pm in. pm in.
Rural atmosphere 75-125 0.003-0.005 125-175 0.005-0.007 250-300 0.010-0.012
Industrial atmosphere 150-200 0.006-0.008 300-375 0.012-0.015 350400 0.014-0.016
Marine atmosphere L. L. 250-300 0.010-0.012 300-375 0.012-0.015 350400 0.014-0.016
Freshwater immersion 150-200 0.006-0.008 250-350 0.010-0.014 300-375 0.012-0.015
Saltwater immersion 250-300 0.010-0.012 350-400 0.014-0.016

Source: Ref 14

Table 8 Service life estimates of Al-10 vol% Al,O, metal-matrix composite (MMC) in selected corrosive environments

See Fig. 20 for effect of coating thickness on service life.

Coating thickness required for indicated service life(a)

5-10 years 10-20 years 20-40 years >40 years

Type of exposure pm in. pm in. pm in. pm in.
Rural atmosphere o o 150-200 0.006-0.008 o .
Industrial atmosphere . . 150-200 0.006-0.008 250-300 0.010-0.012 250-375 0.010-0.015
Marine atmosphere 150-200 0.006-0.008 200-250 0.008-0.010 250-300 0.010-0.012 250-375 0.010-0.015
Freshwater immersion 150-200 0.006-0.008 200-250 0.008-0.010 250-300 0.010-0.012
Saltwater immersion 200-250 0.008-0.010 250-300 0.010-0.012 300-350 0.012-0.014
High-temperature 150-200 0.006-0.008 200-250 0.008-0.010 250-300 0.010-0.012

(100-540 °C,

or 210-1000 °F)
Wear, abrasion, erosion, 150-200 0.006-0.008 250-300 0.010-0.012

and impact (90/10 MMC

preferred)

(a) With exception of wear, abrasion, erosion, and impact properties, data for aluminum and 90/10 aluminum MMC are identical. Source: Ref 14




Weather concerns also influence these projects, because
moisture and cold conditions can affect the quality of the coating
as well as the project schedules. Fog and condensation usually hin-
der the application of coatings near rivers or on marine locations.
Projects directly on water, such as the coating of dams or lock-
gates, are frequently subject to high-water delays.

Nonsacrificial Thermal Spray Coatings (Ref 13)

Austenitic stainless steels, aluminum bronze (Fig. 21), nickel-
base alloys, and MCrAlY, among other materials, are also thermal
sprayed to combat corrosion in certain applications. Selection of a
specific alloy depends on the particular environment. When using
these alloys, it must be understood that these coatings will not
galvanically protect the underlying steel. This can be a particular
problem due to the porosity of thermal spray coatings. Great
care must be taken to ensure that these coatings are properly sealed
in order to prevent penetration of the corrosive medium to the
underlying steel and subsequent corrosion at the coating/substrate
interface.

Cathodic Protection

In addition to cathodic protection by sacrificial zinc thermal
spray anodes described earlier, cathodic protection can also be
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Fig, 19 Plotof service life versus coating thickness as a function of selected
environments for a 85Zn-15Al thermal spray coating. See also
Table 7. Source: Ref 14
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provided by anodes electrically polarized (positive) with respect
to the metal structures they protect. Such anodes are commonly
fabricated from cast iron alloys, graphite, precious metal plating,
and precious metal/noble metal oxide mixtures. Some of the
newer technologies use thermal spray deposits of semiconducting
ceramics. These ceramic coatings are infiltrated with precious
metal oxides, such as iridium or ruthenium oxide, that give them
exceptionally high corrosion rates under high-current conditions.
Impressed current anodes are immersed in both fresh and saltwa-
ter or buried underground in deep wells to protect structures, pip-
ing, tank bottoms, underground tanks, and even underground elec-
trical cabinets. Some types of anodes are used in heated tanks for
treating stored petroleum products. Other versions are buried in
concrete to protect rebar.

Ferrite coatings have been found useful as anodic surfaces in
several special cases. Compositions include nickel, cobalt, and
MgMn ferrites plus several forms of iron oxide. The magnetic
properties of these materials are of no value for this application;
their value lies in the suboxides created during plasma spraying
that cause the coating to be highly conductive.

These coatings are deposited on valve metals such as titanium,
niobium, or tantalum. Their corrosion rates depend on the elec-
trolyte and the exposed surface area they are required to protect.
These rates are too high for general use in cathodic protection, but
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Fig, 20 Plotof service life versus coating thickness as a function of selected
environments for an aluminum metal-matrix composite (Al-10
vol% Al,O,) thermal spray coating. See also Table 8. Source: Ref 14
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special applications, including heat treater anodes (oil storage),
precious metal recovery, and the protection of certain chemical
process equipment, lend themselves to anode construction using
sprayed ferrites.

Processing Electronic Materials and Devices

Conventional thermal spray processes present an image of
being too coarse and uncontrolled for electronic applications. The
chief problem would seem to be the splat interfaces, which domi-
nate the microstructure of the deposited material, and both metals
and ceramics are affected. For some applications at lower electro-
magnetic frequencies, this is not a problem, but these splats and
their interfaces, plus stoichiometric differences, create problems
for devices operating at higher frequencies.

Splat boundaries can be eradicated by using very high-temper-
ature substrate preheats. Depending on the material and the
desired properties, these temperatures may range from 700 to
>1200 °C (1290 to >2190 °F). These substrate temperatures must
be maintained in the presence of O, for most ceramics and in inert
or reducing atmospheres for most metals and semiconductors.
This temperature requirement (plus some atmosphere require-
ments mentioned later) limits the choice of substrates. Designs
must consider the differences in the CTE and possible reactions
with the atmosphere.

One of the unusual factors that contributes to the electromag-
netic performance of a material is the rapid solidification that
yields hyperfine grain sizes, even at these very high deposition

Fig, 21 Sculpture with an aluminum bronze thermal spray coating. Such
nonsacrificial coatings must be sealed. The sealer fills the pores of
the thermal spray coating, smoothes the sprayed surface, and improves

appearance and service life. Courtesy of ASB Industries Inc.

temperatures. This phenomenon is both a blessing and a curse,
because it permits the development of optimal microstructures for
electromagnetic performance; however, it necessitates thermal
annealing in many instances, which further complicates matters in
the production of devices.

Thermal spray coatings cannot compete in the area of thin-film
technology, where processes such as sputtering, ion plating, or
chemical vapor deposition predominate. Thermal spray is a thick-
film process and is therefore more useful as an alternative to
screen printing plus firing of ceramics and metals. The advantages
are found in the wide range of materials that can be processed and
the many improvements obtained in performance.

The ability to deposit much thicker coatings also plays a role in
applications. Many discrete electronic devices, such as capacitors,
resistors, and inductors, can be manufactured using thermal spray
processes.

Dielectrics

There are many applications for the spraying of oxide ceramics
where electrical insulation is the desired property. Many of the
alumina-base ceramics will serve in this capacity when processed
by combustion flame, APS, and even HVOF. These deposits gen-
erally contain major phases of gamma alumina or wustite (FeO),
which negate effective performance at higher frequencies. Other
ceramics, such as titanates, steatites, and forsterites, suffer from
some form of degradation during thermal spraying that renders
them unsuitable for many dielectric applications. Some of these
as-deposited properties, however, provide the way for new appli-
cations, and proper treatment of these dielectrics yields properties
similar to those of bulk dielectrics or properties that may be supe-
rior. High-temperature substrates are used (requiring CTE match-
ing plus annealing) for optimal properties.

Alumina ceramics that are conventionally thermal sprayed
Al, O, exhibit a high content of gamma alumina (due to the rapid
solidification on the alumina splats) and little of the desired alpha
phase, which is desirable for higher-frequency applications. Con-
ventional refers to standard processing practices where substrates
are not heated to high temperatures and O, is not added via shroud
or powder gas.

Alpha alumina deposits are possible in as-sprayed deposits
processed by combustion or plasma processes, provided the sub-
strate temperatures are held above 1100 °C (2010 °F). (Note:
Heating gamma alumina deposits to these temperatures to convert
them usually results in cracking, because there is a substantial
change in density as the phase change occurs.)

The difference in electrical performance between gamma and
alpha alumina deposits shows in the dielectric constant and loss
tangents at higher frequencies. This difference is also dependent,
however, on density and morphology. Spraying alumina onto sub-
strates heated to 1100 °C (2010 °F) results in deposits of essentially
100% theoretical density, provided CTE-matching substrate mate-
rials are used. These alpha deposits exhibit dielectric properties
matching those reported for bulk materials at 9.6 GHz. There does
not appear to be a measurable change in dielectric data as a function
of grain size, so annealing after deposition is not necessary.



There is little difference in voltage breakdown between the two
phases. Both deposits reportedly achieve between 500 to 600
V/mil (1 mil =25 um, or 0.001 in.) when correctly processed. The
98% deposit density and associated splat morphology for gamma
alumina products reduces its performance in high-moisture envi-
ronments, whereas the denser alpha phase will sustain perfor-
mance in such adverse conditions.

Some alumina-bearing ceramics resist the trend toward gamma
phase formation during conventional deposition practices, the alu-
mina being stabilized by other elements. Examples include
MgO-AlO; (a 1:1 spinel) and 20 wt% Cr,0,-Al,O,. The spinel
has microwave properties identical to alpha alumina when plasma
sprayed, regardless of substrate temperature and so on. The chro-
mia-alumina is not a microwave material but is a very effective
insulator at temperatures above 1000 °C (1830 °F). Both compo-
sitions can be altered through additions of magnesium or
chromium to control CTEs.

Titanate ceramics are used in a variety of applications in the
electronics industry. As dielectrics, it is essential that precise stoi-
chiometries be obtained. Again, conventional thermal spray pro-
cessing alters the composition by partially reducing the oxides to
a semiconducting state, but process parameter modifications (e.g.,
much higher substrate temperature) yield rapidly solidified
deposits that can be further tailored through control of the grain
growth. Barium, strontium, lead, magnesium, and niobium
titanates have been processed in this manner, with properties that
match or exceed their bulk counterparts.

Beryllia

Spraying dense, pure beryllia (BeO) also requires higher sub-
strate temperatures and very hot plasmas. Occupational Safety and
Health Administration (OSHA) requirements for handling this
toxic, disease-causing material are stringent and usually econom-
ically prohibitive. Excellent thermal and dielectric properties have
been developed in plasma sprayed products, and structures have
been produced for microwave and nuclear fusion applications.
The device shown in Fig. 22 was formed by milling the meander-

Fig. 22 A BeO meanderline substrate produced in near-net shape by inert
chamber plasma spraying. Cross-sectional dimensions are 1.016 x
1.016 mm (0.040 x 0.040 in.).
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line pattern in high-quality graphite. Inert chamber plasma spray-
ing with a helium atmosphere was used to fill the milled pattern,
the ceramic flashing being ground away. The net shape was com-
pleted by firing the structure at >800 °C (>1470 °F), which
removed the graphite, leaving the freestanding ceramic. Very
accurate shapes can be manufactured this way.

Metallization

Every electronic device has to have current-carrying metals.
Thick-film technology, as used for even moderate frequencies, has
drawbacks. Such methods require bonding agents to be added to
metal/organic inks that are screen printed onto ceramic substrates
and fired at high temperatures to drive off the organic binders and
sinter/bond the pattern. Glass is a common bonding agent but
reduces the conductivity of the deposit from bulk values. Some
refractory metals, such as molybdenum and tantalum, can be
processed with reduced amounts of glass as a bonding agent for
copper and other conductors, but their higher resistance plus
poorer thermal properties further degrade device performance.
(These same printing methods are also used for resistors and
capacitors.)

Spraying of copper and other elemental metals for current-
carrying tracks operating at moderate frequencies is not complex.
Etched metal or tape masking can be used to define the geometry.
In fact, etched metal masks have been used to produce parallel 10
pm (0.0004 in.) thick conductors 50 um (0.002 in.) wide on 100
pm (0.004 in.) centers. Alternatively, the deposit can be pho-
toetched. Both twin-wire arc and plasma spraying have been used,
and properly designed and constructed masks exhibit reasonable
life.

More problems are encountered, however, when it is desired to
perform quality metallizations on highly polished ceramic sub-
strates (or single-crystal surfaces) for use at microwave or mil-
limeter wave frequencies. Splat interfaces will predominate unless
these deposits are made at high temperatures. Most of these met-
allizations are approximately 5 wm (0.0002 in.) thick, and this can
only be achieved in plasma spraying by using very fine powders
(mean particle sizes of 10 pm, or 0.0004 in., or less) and powder
feeders specially designed to handle these fine materials. Splats at
these higher substrate temperatures are much thinner than at room
temperature, which assists thickness control.

Oxide contents in feedstock powders result in reduction of
the electrical conductivity. Furthermore, powders such as copper
will getter, or absorb, oxygen during spraying. Steps must be taken
to acquire clean feedstock powders and store them under inert
(nonoxidizing) atmospheres. In most instances, spraying is done
using shrouds or inert chamber plasma spraying, where O, pickup
is minimal.

Bonding to ceramic substrate is accomplished by heating the
substrate to temperatures several hundred degrees below the melt-
ing point of the deposit. All elemental metals have a eutectic for-
mation with oxygen at temperatures a few degrees below their
melting temperature. This can make for very high bond strengths
when using carefully controlled processes including trace amounts
of O, in the atmosphere. Copper, for instance, sprayed directly
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onto a 0.254 X 10~* mm (1 X 10-% in., or 1 Win.) polished alumina
substrate held at 800 °C (1470 °F) develops an adhesive bond that
is stronger than the intrinsic tensile strength of the alumina. Gold
deposits directly onto polycrystalline alumina or sapphire or
quartz with equal bond strengths, and a gold oxide is found dif-
fused into the interface.

Electronic Device Applications

The needs for achieving desired properties from sprayed elec-
tronic materials have been described in the previous section. It
now remains to describe how thermal spray processes can be used
in component or system manufacture. The following is a summary
of such applications but is not exhaustive or fully comprehensive.

Electromagnetic field/radio-frequency interference (EMF/
RFI) shielding is perhaps the least technically demanding appli-
cation for thermal spray coatings in the electronics industry. Var-
ious plastic- and foam-layered instrument and computer equip-
ment cases require shielding against stray (EMF/RFI) radiation.
Combustion-wire and twin-wire arc sprayed zinc can be applied to
such cases. Higher-frequency shielding, however, places a
demand on higher-conductivity coatings. Plasma sprayed alu-
minum may be of benefit, provided the cases will withstand the
higher substrate temperatures. Twin-wire arc spray equipment
using very small-diameter wires has also been used for the appli-
cation of aluminum. Electrical conductivity is the most important
property for such coatings. Because the substrate cannot be heated
or otherwise affect the splat morphology, high-density and low-O,
contents are required for best shielding performance. Powder
spray processes, because of the higher surface area, usually have
greater difficulty in processing low-conductivity coatings,
whereas wire feedstock processes, particularly twin-wire arc, offer
lower O, contents to begin with. Nitrogen (N,) or other inert gases
can be used for atomization to further improve conductivity.

A particular need exists in military applications, where secrecy
is involved and computer centers might be compromised by emit-
ted electromagnetic radiation. The conventional way of shielding
such rooms was through the use of copper screening installed over
the walls. Newer approaches involve the use of twin-wire arc
sprayed zinc and aluminum coatings deposited directly onto
cement block surfaces. A number of military installations have
been treated this way.

Automotive electronics now make use of air plasma sprayed
alumina for insulators on diode and other electronic package
mounts. The application has replaced discrete BeO chips, which
are used for high-power devices such as the final drive on stereo
amplifiers or automatic door and window controls. High-volume
production of plasma sprayed dielectric coatings on large-frame
alternators is also being carried out by a major automaker (Ref 15).

Planar microwave devices, referred to as microstrip compo-
nents, have been fabricated by plasma spraying dielectrics and fer-
rites in layers and combining these with appropriate metallization
and sprayed rare earth magnets when required. The operating fre-
quency dictates the material properties, but there is usually some
variety of compositions from which to select CTE-matching com-

positions. Annealing of the ferrites is accomplished before metal-
lization, but inert atmosphere annealing of magnets and metalliza-
tions does not damage the ceramic structure. Such devices include
phase shifters, isolators, various filters, and circulators (Fig. 23).

One feature of this process is that magnetic materials and met-
allizations can be inlaid into dielectric structures, which results in
superior electrical performance. Furthermore, at microwave fre-
quencies, the absence of a refractory metal bond layer beneath the
copper or gold metallization contributes to reduced device losses.

Waveguide devices for microwave applications have been
the focus of several companies and U.S. Department of Defense
agencies. The spraying of ferrites and dielectrics offers the oppor-
tunity to fabricate near-net shapes of high-performance ceramic
structures. S-, C-, and X-band toroidal phase shifters have been so
constructed. Stripline devices have also been made with metalliza-
tions added by plasma spraying. The performance of these devices
generally exceeds that of conventionally made counterparts.

For a short period of time, there was an interest in solid ceramic
waveguides made from alumina and other ceramics, with dielec-
tric constants in the range of 6 to 9. However, metallization form-
ing the outer periphery of the waveguide exhibited high losses due
to the presence of refractory/metal interfaces. The problem was
solved by APS of aluminum on all walls. Even without inert
atmospheres surrounding the parts, losses were significantly lower
than sputtered chromium-gold coatings.

Printing Industry Applications

The thermal spray community serves the printing industry with a
variety of coatings applied on behalf of original equipment makers
and end users. The wear and corrosion problems are enhanced by
both the growing amount of printed matter and the variety of inks
used, some of which are quite acidic. High-speed printers require
closer machine tolerances and coatings that promote longer com-
ponent life. These coatings, applied to paper-contact surfaces such

Fig. 23 An array of planar microwave devices and substrate fabricated by
air plasma spraying



as rollers and doctor bars, protect against increased wear in these
machines. Specific applications are described as follows.

Engraver Rolls

Engraver rolls are used to transfer ink to paper and historically
have used finely scribed lines or engravings to provide a surface
that is readily wetted by the inks. These rolls have very tight
dimensional tolerance requirements, and the surface must remain
clear of any defects. In recent years, plasma sprayed ceramic-
coated ink transfer rolls have found greater acceptance. The
ceramic is tougher, provides increased surface area for improved
wetting, and offers additional corrosion resistance. The rolls are
produced with as-sprayed surfaces of ceramic, generally, a 3 or
13% TiO,-Al,O, or chromium oxide (Cr,0;). Very fine powders
are used, and the coatings must be applied uniformly. Some rolls
may have engraver lines prescribed in the roll, and the coating
must conform to those lines. Others may use only the texture of the
coating. Still another approach uses laser engraving of the lines
after the ceramic coating has been applied. This is typical for ther-
mal spray coated anilox rolls. Anilox rolls are used in the printing
industry to transport a precisely determined quantity of ink in flex-
ographic printing machines. The rolls, which are manufactured
from stainless steels, feature an APS bond coat (Ni, NiCr, or Ni-
Al) and a topcoat of Cr,O, alloyed with titanium oxide and silicon
oxide. The topcoats are also applied by APS. The large size of the
anilox rolls makes it difficult to process in a chamber, such as
LPPS or inert plasma spraying. The topcoating is ground and pol-
ished, engraved with a laser, and polished prior to service. A thor-
ough review of surface engineering of anilox rolls can be found in
Ref 16.

Plate and Blanket Cylinders

These items are used on web presses and frequently suffer
attack from corrosive inks. Historically, these rolls have been fab-
ricated from solid stainless steel or with stainless steel weld over-
lays or electroless nickel. Recently, though, inks have become
more acidic, and improved corrosion resistance has been desired.
At one time, combustion-wire sprayed molybdenum coatings
were used, but the visible porosity plus the lack of a cosmetic
appearance curtailed its use.

More recently, Hastelloy C alloys have been applied to these
rolls by either APS or HVOF. This material meets both the appear-
ance and corrosion-defense criteria.

These cylinders have a slot in their surface parallel to the axis in
which the blankets are fixed. Coatings must conform to that slot
yet maintain their integrity. The cylinder is ground to final dimen-
sion after coating, but the slot may be simply stoned to remove the
rough surface.

Draw Rolls

A number of rolls used in printing presses are textured to grip
the paper and draw the sheets through the press. These varied-size
rolls are fabricated from hardened steel and grit blasted to provide
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the necessary “tooth.” Such rolls wear, oxidize, and go out of spec-
ified dimensions, however, necessitating repair and restoration.

Plasma sprayed coatings of nickel-chromium hardfacings have
improved their performance. These coatings are available in a
range of controllable textures by carefully selecting the feedstock
powder size and process parameters used, and they exhibit much
longer service lifetimes. Very close tolerances in finished rolls are
a must; it is possible to remove taper in the roll itself by control of
the deposition process.

Processing Industries and Corrosion Control

This section focuses on a rather large group of industries
involved in the production of materials, ranging from organic to
inorganic, as used by consumers or by various industrial cus-
tomers. This includes mining, logging, and drilling (oil and gas)—
the industries that provide basic material resources. It also
includes the refining of these resources (ore extraction; refining of
coal, oil, and gas; pulp making; and chemical processing) and the
manufacture of the final products, such as paper, basic metals and
metal alloys, organic and inorganic chemicals, and plastics.

These industries all have similar needs and often make use of
the same equipment, that is, tanks, pressure vessels, pumps,
valves, centrifuges, mills, and related peripheral equipment.
Therefore, much of the maintenance needs and the coatings that
can be used to protect the equipment against harsh environments
is often similar. For instance, Stellite No. 6 and Colmonoy (a
spray-and-fuse-type coating) are frequent requests, because their
performance has been often proven, and they are well known in all
these industries. A list of applications includes:

Wear prevention

Dimensional restoration
Thermal insulation and control
Corrosion resistance
Lubricious films

Seals

Among these materials processing industries, there has been a
steady growth of new products, made possible by gains in materi-
als science and related processes. As a result, their market vision
is constantly changing, along with their traditional ways of con-
ducting business! Whereas plants were formerly constructed for
long-term (perhaps 30 years) life with a minimum of modification,
today’s rapidly changing technology no longer makes such plan-
ning economically attractive. It now makes more sense to design
for ongoing modifications, and coatings are being viewed as one
means of rapidly and economically adapting existing plant equip-
ment to new processes, thereby reducing capital costs. By way of
example, quotations in 1986 (approximately the beginning of the
new vision) showed that a 7600 L (2000 gal) processing vessel
constructed from Hastelloy C-276 would cost approximately $1.2
million and require up to 1 year lead time. Replacing bulk mate-
rial with explosion-clad material would reduce both the price and



202 / Handbook of Thermal Spray Technology

lead time to $750,000 and 18 months, respectively. A plasma
sprayed application of C-276 on a ferrous-constructed vessel of
the same size could, however, reduce the total cost to less than
$100,000 and delivery to less than 3 months. Factors likely to
favor the decision to use a thermal spray coating include:

Rapid entry into the product market

The likely short product life

Reduced capital expenses improving the margins

The ability to reapply the selected coating or another coating to
the substrate

The corrosive environments encountered by such equipment
require the utmost care in application of the coating and the proper
selection of the sealing agents used. In fact, the sealer will make
the apparatus very product-specific, because, unlike the bulk con-
struction, the range of pH, the amount and nature of organic sol-
vents, and the phase of the corrosive environment encountered
will all be sealer-dependent.

Coatings for Use in a Corrosive Environment

Splat boundaries often dominate the corrosion properties of
thermal spray coatings. Effectively, such interfaces leak; that is,
there are clear, albeit tortuous, paths through these interfaces to the
substrate that cannot be entirely eliminated, regardless of coating
thickness, without some additional treatment. Some types of mate-
rials may also exhibit a shift in corrosion potential as a function of
these interfaces, regardless of how tight they may be. Several solu-
tions are discussed as follows.

The issue of galvanic cells was discussed in an earlier section,
“Noble versus Sacrificial Coatings,” in this article. Coatings of
interest to these process industries are noble relative to the sub-
strate. The galvanic couple formed by the contact of both the fer-
rous substrate and the noble coating with an electrolyte will result
in a rapid attack of the ferrous metal, that is, the substrate.
Unsealed areas of the coating, stress fractures, or other inadver-
tently exposed edges will, unfortunately, ensure such exposure.
Generally, the removal of the coating by such corrosion is rapid,
because gases will build up beneath the coating, causing it to lift
away (debonding or spalling) from the substrate, and these bub-
bles will eventually crack and spall away from the component they
are supposed to protect. It is even possible that with an improperly
chosen, applied, and treated coating, a galvanic cell may be estab-
lished that actually hastens the demise of a piece of equipment
more rapidly than if it had been left uncoated. Therefore, some dis-
cussion is essential on how best to implement these coatings for
the processing industries.

Substrate surfaces must be well prepared for the application
of any thermal spray coating. Among the first things to be consid-
ered is the geometry of the surfaces to which the coating must be
applied. Much of today’s equipment used in the processing indus-
tries is crudely manufactured or certainly not intended for use with
coatings or linings. Such equipment includes sharp edges, reduced
nozzles, rough welds, and other sites that make for difficult appli-
cation of thermal spray coatings. Frequently, therefore, equipment
modifications are essential. At the very least, all edges must be

well rounded, because these act as stress raisers during production
cycles, and such stresses may increase the possibility of coating
cracking and corrosion.

Substrates that have been previously attacked by any corrosive
media must be thoroughly cleaned, and fresh (white metal) sur-
faces must be exposed. Frequently, the corrosive attack may be at
grain boundaries, where residues of the media are still lodged.
Unless this material is removed to uninvolved structure, the
applied coating will be subject to attack from above and below,
with little hope of long-term survival.

A special condition known as hydrogenation (or hydrogen
embrittlement) is caused by corrosion that generates molecular
hydrogen that resides within the microstructure of the attacked
metal. The metal is usually of a different texture when ground,
often exhibiting a brittle nature, with microfractures occurring as
a result of the collection of nascent hydrogen in any porosity. If
thermal spray coatings are applied over this substrate, the same
nascent hydrogen will debond the coating after a short period of
time.

Frequently, it is necessary to remove sections of the substrate
that have been chemically attacked in the manner discussed previ-
ously. New material is then added by welding, and welds must be
smoothed to provide proper coating geometry. It is important to
note that welding itself can induce hydrogen penetration into cer-
tain substrates, cast iron and titanium being among them. Welding
technologies and materials that eliminate this danger do, however,
exist and should be used in these cases.

Proper substrate preparation includes aggressive grit blasting to
remove all corrosion product residuals and includes cleaning and
degreasing with proper agents to assure the absence of oils and
grease.

Coating selection should begin with the review of corrosion
data and tables as found in various handbooks, manufacturer’s lit-
erature, and in the customer’s library of experience. However, it
should not be limited to these resources, because aside from the
issues of through porosity in thermal spray coatings via the
microstructure, the rapidly solidified anisotropic deposits often
behave differently from reported data, which are often for bulk or
monolithic materials. The latter is usually taken on fully devel-
oped (forged, heat treated, hot rolled, etc.) microstructures.

Coupons that incorporate the various coating candidates and
candidates for sealers are frequently tested under laboratory con-
ditions simulating production conditions. In the absence of that
capability, samples may be inserted with wands or wired into loca-
tions within the piping, vessels, or even pumps for timed periods
and periodically evaluated for wear and/or corrosion. Knowing the
wear rates (millimeters/year or inches/year) is important, because
they determine how thick the coating needs to be in order to pro-
vide the desired equipment life.

Sealing is the traditional method of handling through porosity
(or “holidays”) in coatings. All manner of sealer systems have
been used, including carnauba wax, epoxies, polyesters, furans,
anaerobics (which harden in the absence of air), sodium or potas-
sium silicates, phosphates, and even sugar (heated to turn it into
carbon).

The nature of coating morphology assures a very high length-to-
diameter ratio for the interlinking of the splat interfaces. This is



both a curse and a blessing for applications in corrosive environ-
ments. On the positive side, sealers can be very well anchored if
they penetrate into the coating. Penetration can be aided by estab-
lishing a vacuum around the coated part, allowing the sealer to
enter the coating structure, and even adding some overpressure to
force it into the pores—a method often used to seal castings. Pre-
heating the coating also aids sealing by forcing some of the air out
of the pores and perhaps reducing the viscosity of the sealer. The
use of sealers with solvent agents to lower the viscosity is also com-
mon. The nature of splat interfaces causes the holidays to have very
high length-to-diameter ratios, so sealers will tend to lock in place.

The negative side concerns the corrosion activity of the sealer.
The sealer material must be chosen with care, taking into consid-
eration the environment it will likely encounter. Moreover, if the
sealer is likely to be attacked, then it can be chosen so that the cor-
rosion products still act as an effective sealer, an attribute that is
enhanced by the high length-to-diameter ratios of the coating
splats. Furan resins, for example, are often capable of being con-
verted to carbon during chemical attack and will remain locked
into the interstitial spaces as an effective sealer.

Sealers also have temperature limitations, because most are
organic. Sealer selection must be based on the manufacturer’s
data, including corrosion behavior at elevated temperatures, if that
will be the exposure.

Large surface areas that cannot be easily evacuated or heated
intensify the problem of sealers. The only approach then is multi-
ple applications of a product that is chemically compatible,
endeavoring to use it in the lowest viscosity form. The sealer can-
not depend on heating for its curing; therefore, a two-part sealer,
such as an epoxy, is necessary.

Post-heat treats are applicable to smaller-sized pieces of
equipment. Atmospheric or vacuum heat treatments will alter the
coating splat morphology and can improve bonding of the coating
to the substrate. This makes the choice of coating material more
difficult, because the CTE must more closely match the substrate
as well as have favorable corrosion characteristics. Graded inter-
faces, however, have been used to overcome the CTE problems
encountered during such heat treatments.

Not all coating systems effectively sinter to reduce porosity. It
may be necessary to add sintering aids to the coating system, and
these may impair corrosion resistance.

Laser glazing is a technology in its infancy, yet the U.S. Navy
and private industry have successfully used it on large process
equipment. Both high-power (kilowatt range) continuous-wave
(CO,) and pulsed lasers have been successfully used. The advan-
tage is that CTE mismatches are not as critical, and the average
temperature encountered by the substrate will not have adverse
effects on structural welds or material properties.

Laser glazing has limitations, however, because it fails to work
on some metals systems where the thin glaze has substantially dif-
ferent properties from the base metal, resulting in “mud cracks” in
the surface.

The LPPS and HVOF processes are being researched to pro-
duce dense, corrosion-resistant overlays for these industries.
While it is true that many of the coatings required involve very
large surface areas (>46 m2, or >500 ft2), the technology is avail-
able to produce certain coatings. However, to be successful, these
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processes must yield holiday-free coatings. This has been demon-
strated in the laboratory, and there are encouraging reports from
field operations involving HVOF equipment modified with inert
gas shrouds.

Process Industry Maintenance Applications

Thermal spray coatings have been associated with the mainte-
nance and repair sectors of various processing industries. Classic
(and historical) applications are pump seals (shafts and sleeves),
compressor rods, rotary airlocks and feeders, conveyor screws, and
a variety of other components. Materials employed range from
tungsten carbides (plasma sprayed), chromium oxides or alumina
(plasma, combustion flame, or rod sprayed), to MoNiCr (plasma
sprayed), and NiCrBSi (combustion flame spray and fuse).

Dimensional restoration of a number of components, including
pump housings, back plates, compressor bores, compressor pis-
tons, and centrifuges, can be carried out by thermal spray processes
that include twin-wire arc, flame, plasma, and HVOF spraying.
Materials used are generally of the NiAICr variety or sometimes
bronze, if corrosion is not a particular problem. Machining to final
dimensions can be performed with these coatings.

A particular example of the success of thermal spray is the
restoration of very large (and expensive) pump housings using
twin-wire arc. Bronze and other materials have been used to fill
cavitation damage 20 mm (0.75 in.) deep. The restoration is com-
pleted by the use of HVOF to apply carbide surfaces.

Chemical Process Industries

Coatings for pressure and storage vessels can provide major
savings in process industries. Linings of interest include Hastelloy
(B, C, D, and G), various Monels, Inconel (600, 625, 718), and
Nickel 200. To a lesser extent, linings of tantalum and molybde-
num are also of interest.

These are all costly alloys to use, requiring special forming and
welding techniques. Most of these materials are available as
claddings, but ordering materials for construction requires very
long lead times.

Low-carbon steel fabrications with corner radii large enough to
allow thermal spraying are readily fabricated. Air plasma sprayed
coatings are being successfully employed as corrosion barriers for
a variety of chemical processing components. Even ceramic lin-
ings such as alumina or chromium oxide are of interest, particu-
larly where chemical attack is combined with aggressive abrasion.

While it is desirable to coat large items of chemical process
equipment in a controlled thermal spray facility, this is usually not
practical. Therefore, on-site application is frequently necessary.
Every effort should be made to automate the coating process as
much as possible, but hand-spray operations may be required for
certain pieces of equipment.

In Europe, inert atmospheres have been established for large
pieces of chemical apparatuses using inflatable warehouse struc-
tures inflated with inert atmospheres such as argon. Under these
conditions, some automation and robotic work has been demon-
strated, with plasma sprayed tantalum being the coating of choice.

Pressure vessels of up to 7600 L (2000 gal) capacity have been
APS coated with Hastelloy C, Hastelloy B, and Inconel 600, and,
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in all cases, the lifetime of these coated units has greatly exceeded
the design life. Similar linings have been applied to larger pumps,
centrifuge housings, and filter housings.

Coatings for heat-affected zones (HAZ) offer a solution to a
critical problem in the chemical process industries. Many of the
process vessels require water jacket construction about the lower
tank head and up the sidewalls to control the temperature of the
process inside the vessel, either through the use of steam heating
or cold-water cooling. Higher temperatures in a vessel, particu-
larly at localized sites, can cause accelerated corrosion that may
not have been predicted by pilot-plant or laboratory-scale obser-
vations. Furthermore, many alloy systems exhibit problems with
the metallurgy at welded seams, in which certain species of car-
bides or other unwanted elements segregate at grain boundaries.
This is evidenced by accelerated corrosion attack on both sides of
the weld and, in some cases, removal of several inches from the
seam.

Thermal spray deposits, especially plasma and HVOF, are rap-
idly solidified, which means that the homogeneity and the grain
development are such that carbides and unwanted species will not
segregate at the grain boundaries. Such coatings can be applied
over metals in the HAZ, thereby preventing the advanced corro-
sion attack.

A special case exists for 6061 and 3003 aluminum alloys as
used in very large nitric acid tanks. These welds corrode at an
accelerated rate, making it necessary that such tanks be frequently
reworked. Plasma sprayed niobium, doped with small percentages
of palladium to prevent a galvanic cell problem, has been found to
reduce or eliminate this weld corrosion. Spraying of either of the
aluminum alloys, however, offers no benefit, because it would
require heat treating of the deposits to render them resistant to the
acid.

Glass-lined equipment, found in some chemical reactors, is
another specialized niche for APS. Much of the chemical process
industry uses such vessels and storage tanks for their corrosion
resistance against strong acids in combination with organic sol-
vents or their release properties for various polymers and com-
pounds being produced.

This equipment is highly susceptible to glass breakage caused
by localized thermal shock (during acid neutralization, for exam-
ple), foreign objects being dropped into the reactor, or accidental
chipping during cleaning of the vessel.

The standard repair procedure for damaged linings is the instal-
lation of a tantalum plug gasketted with a synthetic fluorine-con-
taining resin. For larger areas, tantalum sheets are used with tan-
talum bolts and capnuts. Large areas and geometric contours,
however, render this repair method unsuitable for a sizable num-
ber of damages.

On-site APS has been used to repair damaged glass linings with
tantalum deposits, followed by an overlay of chromium oxide
ceramic. The tantalum, being foremost among the corrosion-resist-
ant materials, bonds directly to the glass. Great care has to be used,
however, because the glass is highly stressed, and interparticle
bonding of the inner glass layers is rather low. Air plasma spray has
worked best in this application, because it offers minimal thermal
shock, and the deposition rates and particle velocity can be kept

quite low. The exposed steel substrate is coated first with NiCrMo,
which s alow-stress deposit that can fill in corrosion damage, espe-
cially in seal areas. The ceramic topcoat protects the edges of the
tantalum/glass attachment and generally strengthens the patch
against abrasion, cavitation, and other types of erosion. Inciden-
tally, chromium oxide is an equally corrosion-resistant material;
picric acid is the only acid reported to corrode it.

Tantalum repairs of any kind are subject to gross failure if
chromium- or nickel-bearing alloys are placed into the vessel with
some form of electrical connection to the tantalum. Under low-pH
conditions, tantalum will become sacrificial to those elements;
however, a very small addition of platinum, mechanically blended
with the tantalum powder during spraying operations, maintains
the noble aspect of the patch under these conditions.

Pulp and Paper*

There are many opportunities in this industry for thermal spray
coatings to extend the service life of the equipment used during the
manufacture of paper and cardboard. Aside from the common
items such as pumps and rolls (Fig. 24), there are usually areas
where special handling occurs that leads to unusual wear and cor-
rosion problems. In the analysis of such opportunities, coating
practitioners should be aware of the closed water systems now used
in the pulp-making process. In these systems, microbial corrosion
can occur, because the continual reuse of the water supply without
proper treatment can cause a buildup of microorganisms. Even
with treated water, regions may exist in certain pieces of equipment
or piping where the water stagnates and does not receive the
required amounts of antibacterial chemicals.

The decaying bodies of bacteria that become embedded in the
grain boundaries of various metals cause bacterial corrosion.
Commonly found in situations where there is a great deal of
energy expended within a small area, these decaying bodies (car-
bon) create a galvanic cell that weakens the microstructure of the
metals involved. Subsequent mild erosion, cavitation, or abrasion
attacks the weakened microstructure, and rapid wear results. On
inspection, abrasion/erosion/cavitation appears to be the root
cause, but all attempts at providing corrosion-resistant hardfacings
fail. A positive test (of the water) for the type of bacteria known in
these processes usually reveals the real cause of such failures.

Machine knives, such as slitters and guillotines, benefit from the
application of WC/Co coatings. Such knives work against a sec-
ond blade, usually a blade having a 90° geometry, trapping the
fiber between the rotating or shearing point and the fixed bed
knife. The dulling action occurs when sheared material trapped
between the two blades causes abrasive wear of the slitter or guil-
lotine, the wear occurring just behind the contact point. As the
metal thins, support for the sharpened edge gives away, and it sim-
ply rolls over (Fig. 25). High-velocity oxyfuel or even air plasma
sprayed carbide applied to the eroding edge, usually the flat side,
protects against this activity. The deposits do not have to be thick;

*The discussion “Coating of Large Center Press Rolls for Paper Machines” was
contributed by William J. Lenling, Thermal Spray Technologies Inc.



coating thicknesses of 13 um (0.0005 in.) have been shown to be
effective. Blades are then resharpened by grinding the opposite
side only.

Coating of Large Center Press Rolls for Paper Machines.
Center press rolls (Fig. 26) are at the heart of many papermaking
machines. The center press roll is the last in a series of rolls that is
used to mechanically remove water from the paper as it is being
made. It is very important to remove as much water from the sheet
using mechanical forces, because it is more economical than using
thermal energy. Thermal energy is used after the center roll posi-
tion to remove the remainder of the water from the sheet of paper.

Paper has a tendency to stick to the roll after coming out of the
nip, due to the high solids content. When the material sticks to the
roll, the sheet tears, and production time is lost. Equipment dam-
age can also occur, because the material buildup can deflect or
damage mechanical parts. Rolls made from more common mate-
rials, such as steel and cast iron, have major sticking problems and
cannot be used in the center press position where they might
directly contact the paper. For many years, the standard in the

(b)

Fig, 24 Examples of thermal spray coatings deposited on pulp and paper

processing components. (a) Roll used in the paper industry being
coated with tungsten carbide to provide a traction coating. (b) Suction roll that
has been coated with tungsten carbide. Courtesy of ASB Industries Inc.
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paper industry for center press rolls was granite rock. Granite
press rolls, however, have their disadvantages. The first issue was
that making a precision roll from solid granite was very expensive.
Some center press rolls are 1 m (3 ft) in diameter and 10 m (30 ft)
long. Another disadvantage was that as paper machines advanced
in design, the production speeds became faster and faster. The
higher machine speeds put more stress on the granite rolls. Even-
tually, rolls exploded on some machines, causing thousands of
dollars in damage and downtime. In a few cases, there was loss of
life. Because of these problems, granite roll substitutes needed to
be developed.

Plastic ribber Grinder blade
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Undercutting of edge:
edge rolls over
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Fig. 25

Fig. 26 Center press roll used in papermaking machines. These rolls are
coated with nonstick ceramic coatings by plasma spraying.
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Today’s state-of-the-art center press roll is made with the help
of thermal spraying. Cast iron or steel roll bodies are coated first
with a corrosion-resistant bond coating approximately 40 um
thick, and then a ceramic coating of alumina-titania or chromium
oxide is applied. The ceramic coating is approximately 80 wm
thick after the coating is ground to achieve a desired surface fin-
ish. Typically, the bond coat is deposited by the HVOF process,
and the ceramic coating is plasma sprayed.

Both alumina-titania and chromium oxide were found to have
excellent paper release properties (as good as and, in many cases,
better than granite). The thermal spray coating properties have
allowed for improved production on some machines. The use of
thermal spray, along with a gray iron or steel roll bodies, provides
a much safer design to handle the higher running speeds of today’s
paper machines.

Yankee drier rolls used in the manufacture of tissue paper can
be resurfaced on-site using thermal spray processes. Such rolls are
usually hollow castings operating with high-temperature steam to
provide a drying action to the wet fiber. The ideal situation is to be
able to match the performance (thermal conductivity) of the cast
iron but eliminate the rusting, which requires continual machining
of the surface and eventual roll replacement. Stainless steels can
obviously aid the corrosion problem, but their reduced conductiv-
ity also reduces productivity of the drying process. Molybdenum
offers better thermal performance, and so, stainless steel coatings
with high molybdenum contents are often used, applied by HVOF
for maximum density. Approximately 34,000 kg (75,000 1b) of
material is used annually for this application. Reportedly, the sav-
ings to the plant site is in the six figures.

The operation requires on-site grinding or other machining to
prepare the cast iron surface and to finish the coating surface. Cus-
tom-designed equipment must be constructed that is capable of
holding exacting tolerance and providing excellent finishes.

Blow tanks are large storage bins that receive high quantities
of wet pulp at various stages of the papermaking process. The
abrasive wet mixture, often containing sand and other particulate
debris, is blown into the vessel at high rates, which results in a
short bin life unless the walls are suitably protected. One method
of protection has been the welding of ceramic tiles over the walls,
but these have been known to break readily and further contribute
to the damage. Recently, it has been determined that on-site appli-
cations of HVOF sprayed WC/Co coatings work well as a wear-
resistant surface. Related equipment, including large pipe elbows,
could benefit from the same treatment.

Metals Processing Industries

Mold coatings for foundries offer significant benefits to cast
metal products by serving as thermal barriers. Thermal barrier
coatings can control the flow of heat within a permanent mold and
retard rapid chilling, which gives rise to defective microstructures.
Also, with TBCs, initial casting runs to preheat the mold are no
longer necessary. Therefore, productivity for the mold is
improved.

The most common solution within the industry is to use ladle
washes, which are aqueous suspensions of various ceramic parti-

cles that are applied by brushing or spraying and are often pre-
heated to consolidate the film. Wash coatings are never long-lived
and require frequent replacement, with accompanying losses of
production and labor costs. In addition, they are not all that effec-
tive as thermal barriers.

In the absence of O,, most molten metals respond well to coat-
ings of ZrO,-7 wt% Y ,0, or even MgO-ZrO,., but if O, is present,
a slag forms, and very aggressive corrosion processes fail most
ceramics. Yttria proves, however, to be resistant to slag attack and
can be used as a very effective barrier against corrosive melts that
might otherwise attack molds. A three-layer system (NiCrAlY/7
wt%Y ,0,-7r0,/Y,0,) is successful in withstanding the slagging
corrosion and offers the slight retardation of freezing that is
desired. This coating functions successfully for ferrous, bronze,
aluminum, and several noble metal cast products.

High-temperature wear coatings are also of interest in the
foundry environment, because some molds have areas of small
cross section or delivery channels that are prone to hot-metal ero-
sion. Other molds have protruding pins and risers that also suffer
from hot-metal erosion. Thermal spray hardfacings that retain
toughness while remaining hard at higher temperatures can effect
a longer life for such components. Many of the same coatings used
in the aerospace industry for turbine engine wear, such as nickel-
chromium/chromium carbide, have proven beneficial in such
applications.

Ancillary equipment used in foundry operations can also be
improved through the use of high-temperature wear and corro-
sion-resistant coatings. Examples include conveyer rollers, bear-
ing boxes, and ladle pivots.

Casting salvage is another area in which thermal spray opera-
tions contribute to the foundry industry. Large castings, some-
times weighing several tons, are expensive items. Subsequent
machining of surfaces may expose porosity that effectively com-
promises the casting utility. Localized grinding of the porosity to
open all cavities and expose possible reentrant geometries is fol-
lowed by repair of the damage. Both twin-wire arc and plasma
spray techniques have been successfully used to fill in these voids
with appropriate metal. Re-machining of the surface completes the
salvage. This technique has been used on large machine tool cast-
ings, diesel engine block castings, large castings for the process
industries, and the permanent molds for tires, shown in Fig. 27.

Molten metal containment and delivery constitutes a major
difficulty for many of the newer processes. Rapid solidification
processes, such as spin melting, ribbon casting, and powder pro-
duction facilities using spray atomization, have serious problems.
New techniques of injection molding and pressure casting also
have similar needs. The remarks made earlier regarding the
ceramic compositions are pertinent for these applications. Cru-
cibles and ladles are routinely coated with Y,0, and hold molten
metals as diverse as uranium and titanium + titanium diboride.
Many container materials are suitable for the application of ZrO,
or Y,0, coatings. Alumina, zirconia (for yttria lining), platinum,
graphite, molybdenum, and other refractories have been used.

Steel mill roll coating services are conducted on-site with
thermal spray coatings designed specifically for both wet and dry
mill environments. Although these coatings will protect the cold
mill from deterioration (giving up to three years of service life),



their main benefit is to the strip product. Production rates are
greatly enhanced by the reduction of sheet slippage. Rolls are gen-
erally coated with tungsten carbides, with choices of several alloy
matrices (cobalt, nickel, cobalt-chromium), depending on the
nature of the mill corrosion. Coated rolls must be finish ground
on-site.

Within the purview of strip mills (steel), there are applications
for rolls that contact molten aluminum or molten zinc, which are
used for aluminizing or galvanizing the sheet steel. In these appli-
cations, ceramic coatings—some multilayered for better perfor-
mance—are used. The proprietary materials are chosen to reduce
adherence of dross while permitting even dispersal (wetting) of
the molten metal over the surfaces of the strip.

Uncoated rolls in this application may experience failure within
three days of production time. Life extension averages more than
one month are achieved for coated rolls.

Hearth rolls, also devices for galvanizing and aluminizing, can
make use of special-purpose ceramic coatings as well. The coat-
ings resist wear, slippage, and withstand the thermal shock that
would cause checking or cracking in an uncoated roll. Dross also
does not accumulate on the roll to such a point as to become
embedded into the surface of the strip.

Other rolls often coated include stabilizer rolls, sink rolls, guide
rolls, and tower rolls. The preferred coating is HVOF tungsten car-
bide, because it greatly minimizes wear and promotes higher-qual-
ity strip.

Electrical Utilities

Coal-Fired Magnetohydrodynamic (MHD) Generators.
The MHD generators have demonstrated approximately a 15%
gain for coal-fired electrical power plants when used as the initial
stage in coal combustion. The MHD is essentially a gigantic Hall-
effect cell using seeded coal gas as the doped semiconductor. A
magnetic field applied orthogonally causes the generation of an
electric field in the remaining rotational direction. Direct current is
extracted from the electrodes that form the channel for the hot
plasma gases.

Two approaches are common: a cold-wall version using water-
cooled copper electrodes, and a hot-wall system that requires con-

Fig, 27 A large tire mold cast in an aluminum alloy that has been
reclaimed by filling in the porosity
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ductive ceramics to withstand the 2000 °C (3630 °F) temperature.
The cold-wall version suffers from intense electrical discharges,
which will ultimately cause failure of the electrodes. Plasma
sprayed platinumup to 1 mm (0.04 in.) thick has been used to reduce
such damage. The cold-wall approach, however, while being less
sensitive to material problems, is made economically unattractive
by the extensive use of platinum, and theoretical projections indi-
cate that the hot-wall method has efficiency advantages.

The early hot-wall MHD electrodes were constructed from a
variety of conducting ceramics, including lanthanum chromate,
magnesium-manganese spinel, and magnesium-manganese fer-
rous ferrites. The electrodes were formed using conventional
press-and-sinter ceramic processing techniques but suffered fail-
ure due to thermal shock and delamination from the copper bases,
caused by CTE mismatches.

Air plasma spray proved to be very successful, because its
attributes permitted the correction of CTE problems through the
use of graded interfaces, the control of morphology to improve the
thermal shock resistance, and the use of stoichiometry control to
adjust thermal conductivity and electrical parameters during elec-
trode construction. Many electrodes were fabricated in several
layers, with some plasma sprayed deposits being 7 mm (0.28 in.)
thick (Fig. 28). These devices withstood coal gas containing slag
and potassium carbonate seeding at 2000 °C (3630 °F), with
velocities of the effluent exceeding Mach 2.

Dielectric spinels (1:1) were used as an electrical insulator to
separate the electrodes in the array. These coatings ranged from
1 to 2 mm (0.04 to 0.08 in.) thick and withstood the rigors of the
environment quite successfully.

Fluidized-Bed Coal-Fired Boilers. Such units burn a finely
divided mixture of coal and limestone particulates. In recent years,
they have found application as small electricity-generation facili-
ties on industrial sites.

Vertical-mounted steam pipes and boiler walls are eroded at
high temperatures by the coal and limestone particulates. The 20
wt% Cr;0,-Al,0, (solid solution) ceramic coatings have been
found to be excellent coatings (with a NiCrAlY bond coat) to
withstand this activity at higher temperatures, with little impact on
thermal efficiency. Coatings are usually applied on-site.

Fig, 28 A magnetohydrodynamic electrode set. These items were con-

structed as a series of layers deposited on copper. In order of
deposit: Hastelloy B-4 (graded to lanthanum chromate), platinum (which also
was applied to the electrode sides), and topcoated with CeO
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Conventional Coal-Fired Boilers. Utility boilers suffer from
high wear and corrosion caused by coal slagging. In recent years,
there has been substantial research showing extended life for such
boilers when corrosion/wear zones are coated either by plasma
spray, twin-wire arc (Fig. 29), or HVOF with Inconel systems or
other proprietary alloys. Most are now coated with wire-arc appli-
cations of high-chromium alloys or chromium-nickel alloys that
effectively protect them from high-sulfur corrosion for periods of
up to five years. It is estimated that 4650 m? (50,000 ft?) of new
surfaces are coated each year.

The Textile and Plastics Industries

There are similarities in the textile and plastics industries,
because many of the textile products contain organic fibers. For
the purpose of brevity, thermal spray coating applications com-
mon to both are discussed.

ot

T T T B

(b)

Fig, 29 Economizer tube bends being coated with a high-chromium steel
alloy using the twin-wire electric arc process (a). The tubes after
coating are shown in (b). Courtesy of ASB Industries Inc.

Knives. A variety of cutting edges is used for slitting, chop-
ping, pelletizing, and grinding fibers and extruded plastic shapes.
These blades have single edges; that is, the taper is ground only on
one side, and the other side remains flat. Some of these knives
operate against opposing edges (Cumberland grinders, pelletizers,
and shears), while others may cut against a rubber or paper roll.
Extremely corrosive environments or the high mineral contents
in the fibers or plastics may dictate that blades are fabricated out
of solid carbides, although metal blades can exhibit significant
life extension with properly applied tungsten carbide coatings.
The nature of knife blade wear was discussed in an earlier section
(see also Fig. 25), noting that this wear is caused by lack of point
support.

This same type of wear can occur on the anvil knife (or bed
knife) that operates in conjunction with the shear/grinder/pel-
letizer blades. Once again, the applications of tungsten carbide
coatings to the surfaces normal to the opposing blade provide
longer service lives between sharpening and replacement.

High-energy air plasma systems or HVOF spraying are gener-
ally used to apply the more successful coatings.

Extruder Dies. A common method of forming plastic pellets
and chopped fibers is to extrude molten material through a die
plate that has carbide-lined holes of appropriate size. Rotating
blades operating against this die plate cut the product to the
desired length. This operation is often performed under water.

A common wear problem exists, with the blades and debris
eroding the stainless steel surfaces of the die, leaving raised edges
on the tungsten carbide inserts. Thermal spray WC/Co coatings
similar to those applied to knife blades greatly retard this action
and extend the life of the die plates.

Textile Rolls. A number of roll variants are used in these
industries to produce the proper fiber characteristics. Chromium
oxide ceramics and tungsten carbides seem to predominate as
coatings, but white alumina and the various TiOzix-Alzo3 materi-
als are also used. Air plasma spraying has been the process of
choice, although the use of HVOF is growing. The carbide rolls
are generally ground smooth, but very special surface treatments
are applied to the oxide coatings to generate appropriate finishes
that impart certain characteristics to the fibers. These treatments
may include using abrasive flap brushes, grit blasting, or combi-
nations of these.

Recent Developments in Thermal Spray
Application Technology

There are a number of key areas of industrial research and
development that are contributing to the increased use of thermal
spray processes and coatings. Examples of some of these are:

e The use of thermal spray coatings as replacements for electro-
plated hard chrome coatings

e The use of thermal spray polymer coatings as replacements for
paints

e The use of the thermal spray process to remove lead-base
paints



e New applications resulting from the development of the ther-
mal spray forming process

e New applications resulting from the development of the cold
spray process

Each of these, with the exception of chrome coating replacement,
is discussed in this section. The section “Aerospace Applications”
in this article describes the use of thermal spray coatings as
replacements for hard chrome deposits. Of course, there are many
other new applications that are being developed on an almost daily
basis. These new applications areas, which are the result of
improvements in both processing and feedstock materials, are
described in numerous articles in the literature (refer in particular
to papers published in the annual International Thermal Spray
Conference, as discussed in the article “Guide to General Infor-
mation Sources” in this Handbook).

Use of Thermal Spray Polymer Coatings as a
Replacement for Paints (Ref 12)

Polymer spraying has gained significant commercial attention
within the United States since the mid-1990s. Its acceptance as a
replacement for paint is due to:

No need for a primer

A one-step process with no need for multiple passes
No need for a topcoat

Virtually zero volatile organic compounds
Improved weathering resistance

Excellent impact resistance

Thermal spray technology is also well suited for automation and
can be adapted to existing robotic and automatic applicators. Poly-
mer spraying is a one-coat process that acts as both the primer and
the sealer, with no additional cure times, unlike the traditional
multicoat painting processes. Thermal spraying is ideally suited
for large structures that otherwise could not be dipped in a poly-
mer suspension. Thermoplastic coatings can be repaired by simply
remelting or applying extra material to the desired location. In
addition, reports have shown that functionalized polyethylene
polymers, such as ethylene methacrylic acid copolymer and ethyl-
ene acrylic acid, can be applied in high humidity as well as at tem-
peratures below freezing.

Polymer Powders and Process Parameters. Polymer pow-
ders are specified by their chemistry, morphology, molecular
weight distribution or melt-flow index, and particle size distribu-
tion. Spray parameters must be selected to accommodate each par-
ticular polymer formulation. A narrow particle size distribution is
preferred to produce a homogeneous coating structure. A larger
thermal input is required to melt larger particles and higher-molec-
ular-weight organics. A large particle size or molecular weight
distribution will facilitate the formation of numerous hetero-
geneities within the coating microstructure, creating voids, a range
of splat aspect ratios, and degraded material. A processing win-
dow therefore exists for each polymer, where poor particle coa-
lescence defines the lower limit and pyrolization defines the upper
limit. It is also important to note that the polymer may also cross
link, undergo chain scission, and/or oxidize during processing.
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Polymer powder is axially fed into the combustion zone via a
carrier gas. The polymer particulates are propelled through the
flame where, on melting, they become droplets and are transported
to the preheated substrate. As the molten particles impinge on the
substrate, they deform and solidify, forming an interlaced network
of splats. Porosity within the coating depends on the nature of the
substrate surface, polymer melt viscosity, and decomposition
products. The thickness of the coating is governed by the number
of repeated passes of the spray gun across the substrate.

The heat source of the thermal spray torch can be a plasma,
combustion flame, or combustion exhaust, as in the HVOF
process. The technique is chosen on the basis of the polymer-melt-
ing characteristics. A simple combustion torch is well suited for
low-melting-point polymers with a large processing window, such
as polyethylene. High-melting-point polymers may require
plasma deposition for maximum quality to melt the polymer with-
out causing oxidation. Therefore, processing parameters must be
selected for each polymer chemistry and deposition technique.

Two sets of distinct processes illustrate two fundamentally dif-
ferent spheres of polymer coatings. Both processes can generically
be referred to as thermal spray; however, one process relies on a
propane torch, and the other class of processes uses the heat source
of either a direct current plasma torch or a HVOF gun. Thermal
spraying of polymer powder is a 100% solids process. Polymers
that can be applied using this process are listed in Table 9 and also
include polyaryletherketone, fluoropolymers, polyesters, and oth-
ers.

Intrinsic properties of the polymers of interest include melt
processability, high chemical and impact resistance, electrical
insulation, low coefficient of friction, ductility, and high tough-
ness. Certain polymers also exhibit stability at elevated tempera-
tures up to 300 °C (570 °F).

Applications. Thermal spraying of polymers is receiving
increased attention in military and civil engineering sectors. The
ability to apply thin (approximately 0.13 mm, or 0.005 in.) and
thick (up to 6.4 mm, or 0.25 in.) coatings of polymers onto a vari-
ety of metals, ceramics, and composites of complex geometry pro-
vides solutions to component manufacture and on-site or factory

Table 9 Selection of polymers applied as coatings via
thermal spray processes

Maximum temperature resistance

Polymer °C °F
Ethylene methacrylic acid 40-60 105-140
copolymer (EMAA)
Polyethylene (PE) 40-80 105-175
Polypropylene (PP) 70 160
Nylon 6,6 (PA) 65 150
Polyphenylene sulfide (PPS) 110 230
Polyethylene-tetrafluoroethylene 160 320
copolymer (PE-TFE)
Polyetheretherketone (PEEK) 125 255
Liquid-crystal polymers (LCPs) 250 480
Phenolic epoxy 130 265
Polyimide (PI) 300 570

Source: Ref 12
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rehabilitation. The development of complex coating chemistries
then may be dual phase; for example, composites of plastics and
metals or plastics and ceramics is an area that needs further
research.

Applications of polymer coatings currently include snowplow
blades, pump impellers, tank linings, external pipe coatings, struc-
tural steel coatings, transfer chutes, and vacuum systems. Here,
the intrinsic properties of polymers—such as high chemical resis-
tance, high impact resistance, and high abrasion resistance—are
used to advantage.

Use of Thermal Spray Process to Remove Lead-Base
Paint (Ref 12)

An alternative means of surface preparation, patented by the
U.S. Army Corps of Engineers, is on-site vitrification of haz-
ardous waste. Thermal spraying of specially developed molten
glass is used to encapsulate and chemically stabilize lead-base
paint and rust. The encapsulant is then removed by chipping off
relatively large chunks, which are readily removed for disposal.
The objective has been to develop technology and guidance for
maintenance where work will involve the removal of a coating
material containing lead-base paint or other hazardous waste.
Spray techniques, glass deposit chemistries, and encapsulation
effectiveness are being tested and optimized.

Thermal Spray Vitrification Process. The U.S. Environmen-
tal Protection Agency (EPA) regulations have necessitated the
removal and containment of toxic lead from lead-oxide-containing
organic paints. Traditional grit blasting of hydraulic structures and
highway bridges potentially involves the wide distribution of lead
contaminant some distance from work sites and inflicts unaccept-
able health risks. The thermal spray vitrification process (TSVP)
is an elegant technique that has been proposed to alleviate this
problem. The TSVP is a “green technology” that seeks to provide
an economic solution to the maintenance of existing structures, for
example, bridges and other infrastructure. In this process, glass
powder is melted in a high-temperature flame and sprayed onto the
lead-painted surface. On impact of the molten glass droplet, lead
diffuses and dissolves from the paint into the glass and forms a
stable glass network that is resistant to lead leaching by acid
attack.

Principles of the TSVP. When a molten droplet of glass
strikes a lead-painted surface, the following phenomena occur.
First, the droplet will spread, splatter, and deform to form an inti-
mate contact layer between the glass and the painted surface. The
molten glass, will penetrate and fill the pores and cavities in the
surface by capillary transport. Mass transport rates and extent of
reaction will depend on the properties of the molten glass, such as
surface tension, kinematic viscosity, and heat-transfer coefficient,
and on the properties of the coated surface. Next, there is diffu-
sion, dissolution, and natural and forced convection of lead into
the molten glass. The kinetics of this reaction will be controlled by
the diffusivity of lead in the paint. The temperature and vapor
pressure of the lead, as well as the pore structure of the glass, are
the deciding factors for this phenomenon. There may also be solid-
state interdiffusion of cationic species at the interface between the
glass and painted surface, and the reaction layer will grow into the

glass and the substrate surface. The cation with the lowest diffu-
sivity will be the rate-limiting specie for this reaction. In summary,
the lead can be absorbed into the glass by gas-phase transport, dis-
solution into liquid slag, and solid-state interdiffusion of cationic
species.

Dissolution and diffusion of lead into the glass are determined
by the time duration for which the glass particles remain molten
and at high temperature, respectively. In thermal spray processes,
the coating material is melted in a flame and then quenched on
impact onto a cold underlayer. The heating and cooling of the par-
ticles depend on the thermophysical properties of the particles in
their liquid and solid states and their processing environments.

The composition of the glass basically decides its thermophys-
ical properties. Selection of the glass composition for the lead-vit-
rification application should follow the following three criteria:

e [ead dissolution into the glass should follow the congruent
path of the phase equilibrium diagram.
The kinematic viscosity should be low.
The glass should be stable in the desired range of lead concen-
trations.

Glass modifiers, such as alkali oxides, break the glass network
and thereby reduce the melt viscosity. However, breaking of the
network also weakens the glass structure and affects the stability
of the glass. Intermediate oxides, such as alumina, titania, and lead
oxide, for example, increase the stability of the glass, but because
they increase the surface energy of the melt, the kinematic viscos-
ity of the glass melt also increases with the addition of the inter-
mediate oxides. Thus, the composition of the glass should be opti-
mized so that it will have high lead absorptivity and lead-leaching
resistivity.

The processing environment that decides the rate at which the
lead and momentum transfer to and from the particle is controlled
by a large number of spray-process parameters, such as the oper-
ating power level, stand-off distance, powder feed rate, gas flow
rates, carrier gas flow rate, and gun traverse. A considerable
amount of information already exists on the effect of spray vari-
ables on the properties of the coatings.

Applications of the Thermal Spray Forming Process
(Ref 17)

While the thermal spray technology described in this article and
throughout this Handbook originated primarily as a coating or sur-
facing process, thermal spray processing can also be used for
forming freestanding materials/structures. Early applications
included zirconia A-oxygen sensors and bulk ceramic materials for
crucibles. More recent research has dealt with spray forming of
superconducting (high-critical-temperature) oxide ceramics and
the synthesis of diamonds. Two growing and related areas for ther-
mal spray forming of materials are the direct production of solid
free-forms and tooling manufacture and repair.

Tooling Applications. Solid free-form fabrication has been
demonstrated using a computer-aided design (CAD) model in
conjunction with thermal spray deposition to fabricate freestand-
ing solid parts. Successive planar layers have been deposited using



the wire arc spray process to incrementally build up three-dimen-
sional shapes without the need for preformed mandrels. The wire
arc spray process has also been used to replicate metallic, wooden,
or polymeric tool and die patterns produced using CAD/rapid part
prototyping techniques such as stereolithography (SLA). Materi-
als sprayed for this application include zinc and aluminum alloys.
Zinc is particularly attractive because of its low shrinkage on
solidification, but it is limited by compatibility of the final appli-
cation with relatively soft tooling. More demanding applications
require the spraying of tool steel, which can damage thermally
sensitive polymeric SLA models. Wire arc sprayed Kirksite-type
alloys as the tool surface have also been proposed as a means of
reducing tooling costs for many plastics molding processes,
including structural foam, injection molding, compression mold-
ing, and vacuum forming. This approach is attractive for short pro-
duction runs in which the cost of traditionally machined tooling
can be very high. Coating thicknesses of 1.5 to 2 mm (60 to 80 mil)
are typical, with reported cost savings ranging from a half to a
twentieth of that of conventionally produced tooling.

A recent development in this area was the unique combination
of spray forming of tool steel using nitrogen as the atomizing gas,
with in situ shot peening to incrementally eliminate distortion due
to stresses in the sprayed deposit. Tools and dies have been pro-
duced from 0.8% C steel, 13% Cr steel, M-2 tool steel, and 18/8
stainless steel using this technique.

Thermal spray forming of materials is also being used for the
repair of tooling subsequently used in other metalforming
processes. Air plasma sprayed coatings consisting of 70 vol% YSZ
+ 30 vol% CoNiCrAlY have been successfully applied to the sur-
faces of cast centrifugal casting molds. Service life was reportedly
extended from 20 to 200 runs, with reduced product rejection rate.

Applications of the Cold Spray Process*

The cold spray process produces a well-defined and high-parti-
cle-density spray footprint. This has been exploited for producing
near-net shapes and parts of various materials such as aluminum
alloys. In general, it is difficult to produce uniform metal-matrix
composites (MMCs) when the matrix and dispersant materials
have widely varying characteristics. Cold spray can be used to
produce any MMC coating and bulk form of these MMCs by sim-
ply blending the matrix and dispersant material and using the
blend as spray feedstock. Apart from these noncoating applica-
tions, cold spray produces ultrapure coatings with unique charac-
teristics that can be used for specific industrial applications, some
of which are discussed as follows. Additional information on this
process can be found in the article “Cold Spray Process” in this
Handbook.

Brazing/Metal Joining Applications. Cold sprayed pure
metal coatings have been studied for applications in brazing/metal
joining processes. Two avenues have been studied. In one, a pure
metal coating such as aluminum is cold sprayed onto the mating
surfaces (e.g., steel), and then brazing flux is applied and brazed
using conventional techniques. In the other technique, the brazing

*This section was contributed by J. Karthikeyan, ASB Industries Inc.
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flux itself is cold sprayed onto the mating surfaces, followed by
heat treatment to join the parts.

High-Performance Applications. In the cold spray process,
powder particles do not get heated to high temperature, and hence,
deleterious high-temperature reactions such as oxidation, decom-
position, and so on are avoided. Cold-spray-produced inclusion-
free metal and alloy coatings have been studied for many high-per-
formance applications, such as electrical/thermal conductivity,
high-temperature oxidation protection, and corrosion resistance
(Ref 18). Aluminum and oxygen-free high-conductivity copper
coatings have been used as electrical conducting layers. The
MCTrALIY coatings are studied for oxidation protection in turbine
and other industries. Ultrapure metal coatings, such as aluminum,
titanium, and zinc, and alloy coatings, such as stainless steel,
Inconel 625, nickel-chromium alloys, and others, are being
researched for corrosion-resistant applications in many industries,
including petrochemicals and electric utilities. Moreover, noble
metal coatings such as niobium are used as diffusion barriers. Cold
spray produces high-thermal conductivity layers, and this has been
exploited in the commercial production of cold-spray-coated heat
sinks, as shown in Fig. 30. Researchers have developed a nickel-
aluminum bronze coating for tribological applications in corrosive
wear environments of naval ships (Ref 19).

In the automobile industry, cold sprayed coatings are stud-
ied for various applications, such as copper coatings as current-
carrying thick films, preparation of linear electrical machines by
sequential spraying of metallization, soft and hard magnets and
leads, zinc coatings for selective galvanizing to protect weld
seams and hems, production and repair of rapid tooling, and ther-
mal management layers (Ref 20).

Aerospace Applications. Because cold spray produces high-
performance coatings, aerospace industry is keenly interested in
adopting this technology (Ref 21). Typical applications studied

Fig. 30 Cold sprayed heat sinks



212 / Handbook of Thermal Spray Technology

Fig. 31 Cold spray processing of a rocket engine manifold

include oxidation-resistant MCrAlY bond coats; high-thermal-
conductivity coatings for thermal management; and production,
refurbishment, and repair of critical components and parts. Figure
31 shows cold spray processing of a rocket engine manifold. This
high-thermal-conductivity layer has resulted in protection of the
manifold from the heat flux received from the combustion product
by transferring the heat to the liquid hydrogen and oxygen.

ACKNOWLEDGMENTS

This article has been revised and updated from “Selected Appli-
cations” by Doug H. Harris, Lesson 5, Thermal Spray Technology,
ASM International, 1992. Contributions to the revision were pro-
vided by Daryl E. Crawmer and William J. Lenling, Thermal
Spray Technologies Inc.; Joseph P. Stricker, St. Louis Metallizing
Company; Leo Glass, APS Materials Inc.; Richard Knight, Drexel
University; D. Lee, Deloro Stellite Co. Inc., Stellite Coatings; and
X. Chen and Z. Mutasim, Solar Turbines Inc. Additional credits
are provided in footnotes within the article.

REFERENCES

1. R.A.Miller, Thermal Barrier Coatings for Aircraft Engines—
History and Directions, Thermal Barrier Coating Workshop,
March 1995 (Cleveland, OH), NASA Center for Aerospace
Information, 1995, p 17-34

2. R.L. Jones, Thermal Barrier Coatings, Metallurgical and
Ceramic Protective Coatings, K.H. Stern, Ed., Chapman &
Hall, 1996, p 194-235

3. R.K. Schmid, F. Ghasripoor, M. Dorfman, and X. Wei, An
Overview of Compressor Abradables, ITSC 2000, First Inter-
national Thermal Spray Conference, May 2000 (Montreal,
Quebec, Canada), ASM International, p 1087-1093

4. F. Ghasripoor, R.K. Schmid, and M.R. Dorfman, Develop-
ment of Advanced Materials for Clearance Control Applica-

10.

11.

12.

13.

14.

15.

16.

17.

18.

tions up to 850 °C, Ninth Cimtech World Forum on New
Materials, Symposium I, Surface Engineering, P. Vincen-
zini, Ed., Techna Stl, 1999, p 641-650

. “Bearing and Bushing Alloys—Chemical Composition of

SAE Bearing and Bushing Alloys,” SAE J460, Society of
Automotive Engineers International

Y. Nava, Z. Mutasim, and M. Coe, Abradable Coatings for
Low-Temperature Applications, Thermal Spray 2001: New
Surfaces for a New Millennium (Proceedings of the Interna-
tional Thermal Spray Conference), C.C. Berndt, K.A. Khor,
and E. Lugscheider, Ed., May 2001 (Singapore), ASM Inter-
national, 2001, p 263-268

. Z. Mutasim and Y. Nava, Development and Performance

Evaluation of Thick Air Plasma Sprayed Thermal Barrier
Coatings, Thermal Spray: Surface Engineering via Applied
Research (Proceedings of ITSC 2000), C.C. Berndt, Ed., May
2000 (Quebec, Canada), ASM International, 2000, p
1325-1330

. Y. Nava, Z. Mutasim, and M. Coe, Ceramic Abradable Coat-

ings for Applications up to 1100 °C, Thermal Spray 2001:
New Surfaces for a New Millennium (Proceedings of the
International Thermal Spray Conference), C.C. Berndt, K.A.
Khor, and E. Lugscheider, Ed., May 2001 (Singapore), ASM
International, 2001, p 119-126

. Y. Nava, “Flame Impingement Tests at 982 °C of YSZ,

CaTiO; and CeO,-TSZ Ceramic Coatings,” International
Thermal Spray Conference (Orlando, FL), ASM Interna-
tional, May 2003

B. Walser, The Importance of Thermal Spray for Current and
Future Applications in Key Industries, SPRAYTIME, Vol 10
(No. 4), fourth quarter, 2003, p 1-7

W.H. Hunt and D.B. Miracle, Automotive Applications of
Metal-Matrix Composites, Composites, Vol 21, ASM Hand-
book, ASM International, 2001, p 1029-1032

M.L Berndt and C.C. Berndt, Thermal Spray Coatings, Cor-
rosion: Fundamentals, Testing, and Protection, Vol 13A,
ASM Handbook, ASM International, 2003, p 803-813

R.H. Unger, Thermal Spray Coatings, Corrosion, Vol 13,
Metals Handbook, 9th ed., ASM International, 1987, p
459-462

H. Herman and R.A. Sulit, Thermal Spray Coatings, Welding,
Brazing, and Soldering, Vol 6, ASM Handbook, ASM Inter-
national, 1993, p 1004—-1009

T. Peterman, The High Volume Production of Plasma
Sprayed Dielectric Coatings, International Thermal Spray
Conference 2003, Thermal Spray: International Advances in
Coatings Technology, C.C. Berndt, Ed., ASM International,
2003, p 309-320

L. Pawlowski, Technology of Thermally Sprayed Anilox
Rolls: State of the Art, Problems, and Perspectives, J. Therm.
Spray Technol., Vol 5 (No. 3), Sept 1996, p 317-334

R. Knight and R.W. Smith, Thermal Spray Forming of Mate-
rials, Powder Metal Technologies and Applications, Vol 7,
ASM Handbook, ASM International, 1998, p 408-419

J. Karthikeyan, T. Laha, and A. Agarwal, Microstructural and
Electrochemical Characterization of Cold-Sprayed 1100 Alu-



19.

20.

21.

minum Coating, to be presented at International Thermal
Spray Conference 2004, May 2004 (Osaka, Japan)

R.B. Bhagat, M.F. Amateau, A. Papyrin, J.C. Conway, Jr., B.
Stutzman, and B. Jones, Deposition of Nickel Aluminum
Bronze Powder by Cold Gas Dynamic Spray Method on 2618
Al for Developing Wear Resistant Coatings, Thermal Spray:
A United Forum for Scientific and Technological Advances,
ASM International, 1997, p 361-367

R. McCune, Potential Applications of Cold-Spray Technol-
ogy in Automotive Manufacturing, Thermal Spray: Advanc-
ing the Science and Applying the Technology (Proc. ITSC
2003), (Orlando, FL), ASM International, 2003, p 63-70

J. Haynes and J. Karthikeyan, Cold Spray Copper Applica-
tion for Upper Stage Rocket Engine Design, Thermal Spray:
Advancing the Science and Applying the Technology (Proc.
ITSC 2003), (Orlando, FL), ASM International, 2003, p
117-122

SELECTED REFERENCES

G. Barbezat, S. Keller, and K.H. Wegner, Rotaplasma Applica-
tions in the Automotive Industry, Thermal Spraying—Current
Status and Future Trends, Vol 1, High Temperature Society of
Japan and Japan Welding Research Institute, 1995, p 9-13

R.A. Carello, D.M. Parks, and J.A. Apostolos, “Development,
Testing and Field Application of Metallized Cathodic Protec-
tion Coatings on Reinforced Concrete Substructures,” Report
FHWA/CA/TL-89/04, State of California, DOT, Division of
Construction, Office of Transportation Lab, May 1989

J.R. Davis, Ed., Handbook of Materials for Medical Devices,
ASM International, 2003

D.H. Harris, “Tailored Dielectrics,” final report, U.S. Army-
ECOM R&D, TR-ECOM-0201, U.S. Department of Defense,
April 1974

D.H. Harris, Practical Aspects of Ultra-Thick Thermal Barrier
Coatings, Surface Modifications and Coatings (Proceedings of
the International Thermal Spray Conference, 1985), R.D. Sis-
son, Jr., Ed., American Society for Metals, 1986, p 91-96
D.H. Harris, “Bio-Inert CP-Ti and Ti-6Al-4V Coatings by the
Arc-Plasma Spray Process,” Titanium Development Assoc.,
Dayton, OH, 1990

D.H. Harris, Overview of Problems Surrounding the Plasma
Spraying of Hydroxyapatite Coatings, Thermal Spray
Research and Applications (Proceedings of the Third National
Thermal Spray Conference, 1990), T.F. Bernecki, Ed., ASM
International, 1991 p 419-423

D.H. Harris and F. Rosenbaum, “Ferrite/Dielectric High

Selected Applications / 213

Power Phase Shifter Development, Part IV: Arc-Plasma Spray
Fabrications and Material Studies,” final report, Contract
F33615-72-C-1034, AFAL-TR-73-250, Department of De-
fense, Aug 1973

R. Hillary and B. Pilsner, “Thermal Barrier Coating Life Pre-
diction Model,” final report, Contract NAS3-2343, NASA,
1988

A.V. Levy, The Performance of Ceramic Coatings on Diesel
Engine Combustion Zone Components, Thermal Spray Tech-
nology: New Ideas and Processes (Proceedings of the Second
National Thermal Spray Conference, 1988), D.L. Houck, Ed.,
ASM International, 1989, p 263-272

M. Naylor, “Development of Wear Resistant Ceramic Coat-
ings for Diesel Engine Components,” final report, Contract
86X-SAS581C, U.S. Department of Energy, Aug 1991

M.C. Nestler, G. Prenzel, and T. Seitz, HVOF Spraying vs.
Hard Chrome Plating—Coating Characteristics and Aircraft
Applications, Proceedings of the 15th International Thermal
Spray Conference, May 1998 (Nice, France), ASM Interna-
tional, 1998, p 1073-1078

R.C. Novak, A.P. Matarese, and R.P. Huston, Development of
Thermal Barrier Coatings for Diesel Applications, Thermal
Spray Technology: New Ideas and Processes (Proceedings of
the Second National Thermal Spray Conference, 1988), D.L.
Houck, Ed., ASM International, 1989, p 273-281

A. Ohmori, K.C. Park, and Y. Arata, Photoelectrochemical
Properties of Plasma Sprayed TiO, Coatings, Thermal Spray
Research and Applications (Proceedings of the Third National
Thermal Spray Conference, 1990), T.F. Bernecki, Ed., ASM
International, 1991, p 509-515

A.R. Parks, Aluminum Sprayed Coatings onboard U.S. Navy
Ships: A Ten Year Overview, Thermal Spray: Advances in
Coating Technology (Proceedings of the First National Ther-
mal Spray Conference, 1987), D.L. Houck, Ed., ASM Interna-
tional, 1988, p 389-392

W.J. Pejryd, Thermal Barrier Coatings—Why, How, Where
and Where to, Proceedings of the 15th International Thermal
Spray Conference, May 1998 (Nice, France), ASM Interna-
tional, 1998, p 1531-1542

P.W. Schilke, A.D. Foster, J.J. Pepe, and A.M. Beltran,
Advanced Materials Propel Progress in Land-Based Gas Tur-
bines, Adv. Mater. Process., Vol 141 (No. 4), April 1992, p
22-30

R.H. Unger, Thermal Spraying of Bridges, Thermal Spray:
Advances in Coating Technology (Proceedings of the First
National Thermal Spray Conference, 1987), D.L. Houck, Ed.,
ASM International, 1988, p 399-406






Introduction to Testing and Characterization, as published in
Handbook of Thermal Spray Technology
J.R. Davis, editor, p 217-223

ASM International and the Thermal Spray Society, 2004
Copyright © 2004 ASM International®

Introduction to Testing

and Characterization

Walter Riggs, TubalCain Company Inc.

ASSESSING THE USEFULNESS OF THERMAL SPRAY
COATINGS requires understanding, developing, and utilizing
appropriate testing and characterization methods. While the mate-
rials resulting from thermal spray processes are often very differ-
ent from their wrought, forged, and cast counterparts, standard
testing and characterization methods used to test them have been
largely borrowed from the other materials science disciplines.

At the time of the original writing of this Section of the Hand-
book (as a lesson in the 1992 ASM education course Thermal
Spray Technology), a limited amount of work had been carried out
to understand how these “borrowed” tests interacted with thermal
spray coatings, and how the coatings responded to the tests. Little
data were available to understand how sensitive the coatings were
to variations in test parameters (e.g., how much pressure must be
applied when grinding and polishing coatings metallographi-
cally). Since the original publication, much has been accom-
plished in the field of metallography, both by way of experimen-
tation and by way of round-robin comparative testing. As a result,
a consensus has been emerging regarding the true microstructure
of coatings.

In the article “Metallography and Image Analysis” in this Sec-
tion, examples are given to show the response of coatings to the
metallographic methods used; specific procedures are recom-
mended for achieving good metallographic results. (Note that
more than one metallographic procedure can be used to produce
the desired results; the authors are merely providing recom-
mended procedures.) For metallurgical and materials engineers,
understanding the true nature of coating microstructures is essen-
tial and a prerequisite to formulating material processing/
microstructure/property relationships, which are critical to the
mechanical engineering community and applications designers. It
is imperative that applications designers be provided with materi-
als with consistent properties and the necessary tests to evaluate
those properties. Hence, it is hoped that these updated articles will
help the thermal spray community to gain further insight into these
materials.

This Section of the Handbook is intended to help the reader to:

e Understand the more common test methods applied to thermal
spray coatings
Identify the critical attributes in the tests
Explain how the materials themselves respond to the various
test methods

Other Sections in this Handbook discuss the raw materials
(powders) and the use of various thermal spray systems to process
those powders. This Section focuses on the test methods them-

selves, including those test parameters that can be varied and the
influence of each on the results obtained. While some recommen-
dations will be given for common coatings of interest (to consis-
tently and correctly reveal the measured attributes), it must be
understood that these are suggestions or recommendations only,
and that governing authorities’ requirements for their specific test
methods for coatings must be adhered to.

This Section deals with the more commonly used test and char-
acterization methods: metallography, image analysis, hardness
(superficial hardness and microhardness), tensile adhesion testing,
x-ray diffraction, nondestructive testing, and powder characteriza-
tion (particle size distribution and chemistry). Some advanced test
methods, such as erosion, abradability, and wear, are not covered;
references, however, are provided so that the reader can inde-
pendently investigate those methods.

Finally, it is important to understand that this Section does not
present “recipes” for each test method. Rather, the intent is to ini-
tiate an understanding of the test methods themselves, to introduce
readers to the arena of testing and characterization in general as
response-generating methods that must be as well understood as
the results themselves, and to provide, where appropriate, funda-
mental laboratory guidelines.

Metallurgical and Materials Nature of Thermal
Spray Coatings Compared to Wrought, Forged,
and Cast Materials

Thermal Spray Coating Formation. Thermal spray coatings
are produced by the injection of powders, usually in the range of 5
to 50 wm (0.0002 to 0.0020 in.) diameter, and/or wires and rod
feedstocks into a hot gas jet, through which they travel and are
subsequently deposited onto a relatively cool substrate. The total
dwell time for particles, which travel at speeds ranging from
approximately 75 m/s (250 ft/s) to almost 1000 m/s (3000 ft/s) for
the higher-velocity processes, is on the order of 1 ms (1/1000 s) or
less. During this time, the particles must undergo a change from
ambient, or room, temperature to slightly above their melting tem-
perature (at least on their periphery) and, upon impact with the
substrate (which is usually below 150 °C, or 300 °F), cool quickly.
The particle heating/melting/resolidification/cooling steps must
take place at rates near or exceeding 5 x 10° °C/s (10° °F/s). As
such, thermal spray processes are usually considered to be rapid
solidification processes. In the case of metals, the ability of the
resolidifying material to first form grains, then undergo grain
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growth, is suppressed. As such, grains present in thermal spray
metallic coatings are typically 1 wm or less.

Formation of Wrought, Cast, and Forged Materials. By
comparison, wrought, cast, and forged materials remain at elevated
temperatures for considerable periods of time. Some steel castings,
for example, are known to take longer than 1 h to complete the
solidification process; thereafter, they are cooled slowly to room
temperature. Nickel-base superalloys are subjected to complex
heat treatments to produce “gamma prime” and other precipitates
of the correct size and shape, and these heat treatments can take
longer than 24 h. Considerable energy and time are invested to
bring materials to the proper bulk temperature prior to forging, and
many forging temperatures are above 1095 °C (2000 °F).

Grain Sizes. The result of these comparatively long solidifica-
tion times and exposures to high temperatures is that grain sizes
are much larger than those found in thermal spray coatings. This
conclusion is obvious in that the grains produced are usually
observable at relatively low magnifications via light optical
microscopy, whereas electron microscopy is usually necessary to
see grains in thermal spray coatings; for example, a 0.5 um diam-
eter grain would have to be magnified 25,000 times to be seen as
a 12.5 mm, or 0.5 in., grain on a Polaroid micrograph. Such obser-
vations are usually the province of scanning electron microscopy
(SEM).

The ASTM grain size chart is shown in Table 1. Notice that a
grain size of 12, considered extremely small, is on the order of
6 um, which is still 10 to 100 times larger than most grains formed
during thermal spray processing. This significant difference in
grain size also has consequences when the materials are deformed.
(Most testing methods discussed herein will necessarily involve
coating deformation.) Figures 1 to 3 show typical grain sizes for
wrought, cast, and forged materials, and Fig. 4 shows grain size
typical of plasma spray processing.

Interfacial Strengths. The differences between thermal spray
materials and wrought, cast, and forged metals goes far beyond
their grain sizes, however. The latter material types usually solid-
ify from the molten state by a competitive process, wherein clus-
ters of atoms either exceed a certain critical radius by gaining
additional atoms (exceeding the critical radius is necessary to

Table 1 Comparison of grain-size measuring systems
ASTM No.  Grains per mm? at 1X (per in.2 at 100X)  Average grain diameter, mm
-3 1 (0.06) 1.000
-2 2(0.12) 0.750
-1 4(0.25) 0.500
0 8 (0.5) 0.350
1 16 (1) 0.250
2 32(2) 0.180
3 64 (4) 0.125
4 128 (8) 0.091
5 256 (16) 0.062
6 512 (32) 0.044
7 1024 (64) 0.032
8 2048 (128) 0.022
9 4096 (256) 0.016
10 8200 (512) 0.011
11 16,400 (1024) 0.008
12 32,800 (2048) 0.006

lower the total free energy of the cluster) and nucleate new grains,
or the cluster loses atoms to the surrounding liquid and thus dis-
appears. As solidification continues, the surviving grains grow
into the surrounding molten metal until they encounter another
growing grain, where they stop. There is usually a difference in
orientation of the crystalline structures between adjacent grains.
The strength of these materials is lower than that of a single,
defect-free crystal (i.e., a single grain), which has been estimated
for some materials to be in excess of 70,000 MPa (10,000 ksi).
However, their strengths are still quite high. High-strength steel
castings can have tensile strengths exceeding 1,700 MPa (250 ksi),

20 um

Fig, 1 1045 steel bar normalized by austenitizing at 1095 °C (2000 °F) and

cooling in air. Structure is pearlite (gray) with a network of grain-
boundary ferrite (white) and a few side plates of ferrite. Picral etch. Magnifi-
cation, 500x

50 um

Fig, 2 ASTM A 27 steel, grade 70-36 (0.26 C, 0.71 Mn), 150 mm (6 in.)

thick, normalized by austenitizing at 900 °C (1650 °F) for 6 h and air
cooling. The microstructure consists of lamellar pearlite (gray and black) and
ferrite (white). Nital etch. Magnification, 250x



the tensile strengths of superalloy forgings are typically above
1,200 MPa (175 ksi), and even high-strength low-alloy (HSLA)
steels—which are low-carbon steels containing the least amount
of alloying element that still provides proper yield strength with-
out heat treatment—have tensile strengths in the range of 340 to
550 MPa (50 to 80 ksi).

In comparison, thermal spray coatings generally have tensile
strengths in the range of 27.5 to 55 MPa (4 to 8 ksi), with techno-

Fig, 3 4047 steel forging (longitudinal section, 16 mm, or 0.625 in., thick)
austenitized at 830 °C (1525 °F), cooled to 665 °C (1225 °F)

and held 6 h, furnace cooled to 540 °C (1000 °F), then air cooled. Ferrite

(white) and lamellar pearlite (dark). 2% nital etch. Magnification, 500x

Fig. 4 Thin section of a vacuum plasma-sprayed nickel-base alloy coating

(Metco 700) as observed by transmission electron microscopy. The
microstructure displays fine, equiaxed, recystallized grains. RG, recrystallized
grains. AT, annealing twins
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logical developments bringing an incremental evolution to slightly
higher strengths (nearer to, or slightly exceeding, 83 MPa, or 12
ksi). It should be noted that these strengths are determined by test-
ing a sample of the coating epoxied to test bars, as will be dis-
cussed in the article “Testing of Coatings” in this Section; the
coating is not a freestanding shape, and as such does not afford
gripping directly, as do wrought, cast, and forged materials.

Bonding of Thermal Spray Materials. Coatings owe what
strength they have to mixed-mode bonding between the splats
(i.e., a mixture of the three types of bonding, explained in the fol-
lowing). Bonding of thermal spray coatings is distributed among
three types:

e True metallurgical bonding, where heat from an arriving
depositing particle is sufficient to cause a local rise in the tem-
perature of the substrate material or previously deposited par-
ticle, allowing remelting and/or diffusion/mixing, or simply
diffusion

e Mechanical interlocking of arriving particles with either a pre-
viously roughened substrate or the rough topography of previ-
ously deposited particles

e Weak physical bonding, via van der Waals forces, between
particles

Various estimates have been made of the degree of each type of
bonding; it can be concluded that the degree of true metallurgical
bonding is typically low; otherwise, the tensile strengths would
approach those of the other materials discussed previously. When
fractured and observed via SEM, most splats appear separated
from their neighbors (Fig. 5), evidence of a lack of metallurgical
bonding between them. The buildup of a thermal spray deposit is

Fig. 5 Fracture surface of a plasma spray coating. Magnification, 3000x
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illustrated in Fig. 6. Depending on their size, chemistry, phase, and
trajectory in the spray jet, arriving particles will be either fully or
partially molten or unmelted. (Evidence has been presented and
defended that some powders even evaporate, so that vapor
“clouds” arrive at the substrate and form a part of the buildup.)
The resulting network is a heterogeneous patchwork of deposited
particles, or splats, somewhat akin to a stone wall built using dif-
ferent size stones, the mortar being deposited haphazardly and
sparingly. Various types of microstructure exist within each splat,
as shown by Fig. 7. The flat, outer (“pancaked”) perimeter, having
been thoroughly melted, spreads out quickly to the surrounding
topography, while the cooler core, if molten, is much more viscous
and resists spreading/wetting. (If not molten, then the core is pos-
sibly heated to a more ductile state than those particles that remain
totally unmelted, and therefore undergo some deformation upon
impact.) The theory of partially molten particles arriving at the
substrate is defended by Fig. 8, which illustrates a particle cap-
tured midstream at the spray distance. The columnar structure
suggested by Fig. 7 in the outer, pancaked regions is supported by
Fig. 9, which shows the columnar structure within a fractured sur-
face, as observed by SEM.

Interfacial Chemistry of Thermal Spray Coatings. The final
difference between thermal spray coatings and their wrought, cast,

Oxidized
particle

Unmelted
particle

Roughened
substrate

Fig. 6 Schematic showing the buildup of a plasma spray coating. Molten

particles spread out and splatter as they strike the target, at first
locking onto the irregularities of the roughened surface and then interlocking
with one another. Voids result as the growing deposit traps air. In some cases,
particles overheat in the flame and become oxidized; other particles may not
melt and simply get embedded in the deposit.

Particle Snra
before =PIy
; direction
impact

Fig. 7 Splat results when a microscopic droplet of molten coating material

strikes a surface, flattens out, and solidifies. As a splat solidifies, heat
is lost to the substrate beginning at the center, which strikes the surface first.
A solidified core forms, and remaining melt spills off it and hardens into a
raised rim.

(b)

Fig, 8 Powder particle captured midstream in plasma plume illustrating the

outer molten layer, in addition to preferential intercellular melting.
Both (a) and (b) are SEMs of René 80 collected powder particles, sandwiched
in nickel plate.



and forged counterparts is the interfacial chemistry between
splats. As a result of spray jet fluctuations brought about by power
supply fluctuations (among other sources), air, containing oxygen,
nitrogen, and traces of other gaseous molecules, is entrained into
the spray jet. Since the outer surfaces of molten metallic particles
are at a high temperature, depending on the free energies of for-
mation and the kinetics of reaction, oxides and nitrides may form.
While x-ray diffraction, a bulk material evaluation method, will
easily detect bulk phases in the coating, detection of periodic sur-
face oxides and nitrides is more difficult. Oxides and nitrides may,
however, significantly affect coating properties. They may impede
or stop the diffusion of metal atoms from the impacting particle
into the substrate or previously deposited particle, greatly influ-
encing coating strength and performance.

Summary. The methods of formation, grain sizes, and interfa-
cial strengths and chemistries of thermal spray coatings are
remarkably different from their wrought, cast, and forged coun-
terparts. That these differences should have a significant impact on
properties as measured by various test methods is no surprise. It
would be expected, for example, that if the degree of metallurgi-
cal bonding could be improved, or if chemical purity could be
obtained/maintained at particle surfaces, strengths would improve
significantly. Indeed, they do, as evidenced by plasma spraying in
a low-pressure controlled-atmosphere chamber: Oxide and nitride
formation is significantly reduced, allowing very clean interfaces.
If the substrate is sufficiently preheated prior to coating, room-
temperature strengths approaching 70% of wrought materials can
be obtained. If these materials are then post-spray heat treated,
strengths equaling or exceeding wrought materials can be
obtained. The impact of the differences described above for air

Fig. 9 SEM of fractured surface of plasma spray coating showing columnar
grains
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plasma spray coatings (not low-pressure, chamber-sprayed coat-
ings) on testing and characterization methods will become appar-
ent in the following discussions.

Testing and Characterization Methods as
Response Generators

Having demonstrated that the nature of thermal spray coatings
is very different from other types of materials, the nature of the test
methods themselves must be discussed. Test methods are response
generators. This means that the test method uses loads or applies
some signal, stress, or other stimulus to the coating. The material
responds to the load, signal, or stimulus, such as heat, in a way dic-
tated by its physical, chemical, and structural properties. A tool
steel specimen, for example, responds to the load of a hardness
indenter much differently than a bronze specimen. A solid bronze
specimen responds to the indenter much differently than a porous
bronze specimen. A porous polymer, such as a styrofoam coffee
cup, responds to the application of heat much differently than a
metal, such as aluminum; the styrofoam cup keeps the coffee hot
and your hand cool, while the aluminum cup does the opposite. A
sample of pure copper will have different ultrasonic wave veloc-
ity and attenuation than a block of wood.

Test methods, then, are processes that load the material being
tested, or apply some signal or stimulus to it, and have the capa-
bility of measuring the material’s response. For example, a hard-
ness testing machine applies a load via an indenter and measures
the distance traveled by the indenter after application of the load,
giving a measure of relative hardness. An ultrasonic transducer
both sends and receives signals. A tensile test machine loads the
specimen and records the pressure required to cause failure. In this
way, the test methods are known as “response generators.”

The result of practically every test method is a number: hard-
ness, tensile strength, percent porosity, dielectric strength, ultra-
sonic wave velocity, electric potential with respect to some refer-
ence, and so on. The numbers generated from tests are presumed
to be representative of some useful property, such as resistance to
buckling load for a beam in a structure, resistance to corrosion for
a buried coated pipeline, or resistance to wear. In order for the
numbers, and thus the tests and materials being tested, to be use-
ful, some degree of confidence is required. The usual measure of
confidence is expressed statistically as the results of a significant
number of tests; for a high degree of confidence, minimal variance
or standard deviation from the average value should be exhibited.

For example, from typical numbers for the tensile strength of
high-strength tool steels (more than 1700 MPa, or 250 ksi), a
design engineer might be encouraged by the high average tensile
strengths, but might be disheartened if the range of the tests were
from 340 to 5100 MPa (50 to 750 ksi), with no explanation for the
variance. Fortunately, the grouping of test responses for wrought,
cast, and forged materials is much tighter. The spread of values for
thermal spray coatings can be much different: Some recent tensile
tests for one coating system sprayed three times using the same set
of parameters varied from approximately 27.5 MPa (4 ksi) to more
than twice that.
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Effect of Metallurgical Bonding and Interfacial Chemistry
on Test Results. As discussed, thermal spray coatings likely con-
tain varying degrees of metallurgical bonding, as well as differ-
ences in interfacial chemistries if oxidation and nitridation occur.
It can be expected that the numbers generated by tests will vary as
a function of these factors. If some unknown parameter, such as
the radial location of the powder injector port, is both uncontrolled
and significant, then the degree of metallurgical bonding and inter-
facial chemistry can vary considerably, and the numerical results
of tests applied to such coatings could also be expected to vary. In
addition to process parameter variations, the initial powder size
distribution, chemistry, and phase composition may also vary
from time to time during the process. It is also to be expected that
a region of the coating free of oxide clusters, unmelted particles,
and porosity will respond differently than an adjacent area con-
taining such features.

With such low percentages of true metallurgical bonding, ther-
mal spray coatings should, from a first principle standpoint, be con-
sidered from an individual splat response. Each splat and its asso-
ciated metallurgical/mechanical/physical bonding are loaded
either by the test (for splats near the surface) or by adjoining splats
(for splats in the center of the coating volume or away from the sur-
face being loaded). Depending on their degree of bonding and their
local neighborhood splat network, splats might be expected to
respond similar to a homogeneous wrought material if movement
were prohibited. As an example, consider microhardness testing in
a metallurgical mount: If the coating were very dense, those parti-
cles under the load of the indenter would be constrained to move,
resisting the movement of the indenter and giving an indication of
high hardness. If the material were less dense, however, some of the
splats could move under the applied load, allowing the indenter to
penetrate further, giving an indication of lower hardness.

It is to be expected that individual splats are able to respond to
loads such as those applied during metallographic polishing in a
variety of ways:

e By resisting the load and not moving (high degree of metallur-
gical bonding or constraint of the surrounding splat network)

e By rotating about the metallurgical bond as the surrounding
splat network allows (lower-density coatings, lower degree of
metallurgical bonding)

e By deforming plastically and being translated by the test load
(i.e., along the polished surface in metallography)

e By being totally removed from the coating (little or no metal-
lurgical bond)

In addition, it should be noted that ceramic constituents within
coatings, such as oxides, would not be expected to be plastically
deformable, but in fact are subject to fracture, owing to very low
fracture toughness, and upon fracture, leave behind a void or pore.

Summary. Testing and characterization schemes as applied to
thermal spray coatings are very complex. The tests used are re-
sponse generators that both impart loads, signals, or other stimuli to
materials, and allow for the measurement of the material’s re-
sponse; the coatings themselves respond to the tests as individual
splats (and as cumulative individual splats across the entire splat
network). Compared to wrought, cast, and forged materials, the
testing of thermal spray coatings is very complex, and both the test

method and the nature of the coating material must be well under-
stood.

Testing and Characterization as a Diverse
Materials Engineering Opportunity

The testing and characterization of thermal spray coatings is a
diverse field of study covering all types of materials: metals,
ceramics, polymers, composites, cermets, and so forth. In addi-
tion, a variety of scientific and engineering disciplines are
involved, including metallurgical engineering and materials sci-
ence, mechanical engineering for the design of loading devices,
and electrical engineering for the design of electrical test methods.

Regarding metallurgical and materials science, as an example,
in the metallographic preparation of coatings for microscopic
observation, the coating and the substrate onto which it is
deposited must first be prepared for sectioning; this may involve
encapsulating it in a suitable protective film of epoxy (polymer).
The prepared sample is then subjected to sectioning using abrasive
wheels made of aluminum oxide or silicon carbide (ceramics)
bonded to a rubberlike or polymeric backing material or diamond
blades comprising synthetic diamonds cemented to a metallic
blade. The sectioned sample is then mounted either in a ther-
mosetting or thermoplastic hot mounting material, or in a room-
temperature curing epoxy, where polymer chain formation and
cross-linking are important.

Following this procedure, the cured mount is then subjected to
abrasion using silicon carbide or aluminum oxide papers or pro-
prietary lapping disks with rolling abrasives, followed by polish-
ing using aluminum oxide, diamond, colloidal silica, or other
materials embedded or deposited on various polishing cloths with
a wide range of naps, resiliencies, etc. In the process of metallo-
graphic preparation, one must consider material deformation
processes, including metallic slip, twinning, shearing, ceramic
fracture modes, and polymeric responses to the abrading and pol-
ishing mechanisms.

The tensile adhesion test offers another example. Usually, an
uncured epoxy is applied to the coating and adjoining test bars at
room temperature. The assembly is cured at an elevated tempera-
ture, and then tested in a standard tensile test machine. The curing
cycle (temperature, time, and possibly rate of heating and cooling)
is critical to ensuring correct polymeric chain formation and cross-
linking, just as in the preparation of metallurgical mounts.

Many engineers and scientists devote their entire careers to test
methods development. An understanding of the nature of the
materials being tested, the nature of the test method as a response
generator, the accuracy of the response measuring/recording
device, and some knowledge of the expected range of measured
responses (i.e., a statistical understanding of the process) must all
be developed.
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Metallography and Image Analysis

Walter Riggs, TubalCain Company Inc., Ken Couch, Protech Lab Corporation, and Kristen Larson, Hitemco

METALLOGRAPHIC EXAMINATION is a critical step in the
assessment of thermal spray coating characteristics; yet, the het-
erogeneous or composite nature of the thermal spray deposit can
make choosing a metallographic preparation process very difficult.
Hard versus soft phases, brittle ceramics, and mixtures of many
phases can create a variety of challenges for the metallographer.

Prior to starting a discussion of metallographic methods as
applied to thermal sprayed coatings, it is important to give credit
where it is due. While the authors have spent several years testing
and characterizing these specific materials, two particular refer-
ences are used extensively in this article. Readers are encouraged
to consult these references for a more in-depth review of metallo-
graphic methods, including equipment, consumable materials,
response of the material being prepared, and so on. Each has a
comprehensive bibliography that serves to expand even further in
particular areas. The references are:

e L.E. Samuels, Metallographic Polishing by Mechanical Meth-
ods, 4th ed. (Ref 1)

e G.F. Vander Voort, Metallography: Principles and Practice
(Ref 2)

This article draws from these standard references, supplementing
them with practical experience with thermal sprayed coatings.

Having previously alluded to the sensitivity of thermal sprayed
materials to metallographic procedures, it is now necessary to
undertake a thorough discussion of the metallographic process, the
materials and equipment used as part of the process, the variables
encountered (i.e., parameters that may be varied), and the
responses of thermal sprayed coatings to the polishing materials,
equipment, and variables. Samuels (Ref 1) correctly states in his
book that “Any experimenter who wishes to obtain reliable infor-
mation by the use of optical metallography must first become pro-
ficient at specimen preparation.”

The aim of metallographic preparation of thermal sprayed coat-
ings is to present the true, original, undisturbed microstructure for
observation. As Samuels (Ref 1) puts it, “All the structural fea-
tures characteristic of this plane must be detectable, and no false
structures must be observable.” Even Henry Clifton Sorby, one of
the pioneers in this field, recognized as early as 1887 that materi-
als showed sensitivity to preparation technique:

“It was, however, found that in many cases no good results could be
obtained by polishing directly after using fine emery paper, because
the surface was so much modified by the scratching. This exterior
surface was, therefore, ground off by using fine-grained water-of-
Ayr stone and water, until all trace of the scratches was removed. It
was then polished on wet cloth stretched flat on a piece of wood,
using in the first place the finest-grained crocus, and lastly the very
best and finest-washed rouge, so as to obtain a beautiful polish,
almost or altogether free from microscopic scratches, without any of
such surface disturbance as is caused by a forced polish. This latter

usually looks far better, because the minute cavities and other irreg-
ularities are hidden.”

A current example of the previous discussion, over 100 years
later, is the following. A previously prepared metallurgical mount
of a tungsten carbide/cobalt plasma sprayed coating was taken to
a leading laboratory and photographed (Fig. 1). The coatings engi-
neer remarked that the microstructure was not typical for that coat-
ings facility, and that he thought that the mount had been improp-
erly prepared. The laboratory supervisor agreed, whereupon the
engineer asked the supervisor to reprepare the mount (without
remounting), using the laboratory’s best procedure. The supervi-
sor complied and a few minutes later photographed the coating
again (Fig. 2). The engineer this time remarked that the new
microstructural appearance, while indeed interesting, was also not
typical; the typical microstructure was much more dense than
either of the two representations already seen.

The supervisor, then aware of what the engineer wanted to see,
took the mount again and reprepared it using a quite different pro-
cedure. He presented the micrograph shown in Fig. 3, much to the
delight of the engineer. Having demonstrated the sensitivity of the
coating system to metallographic procedure variance, the engi-
neer, now being curious, subjected tungsten carbide/cobalt coat-
ings from another high-energy plasma spray process and from a
high-velocity oxyfuel (HVOF) process to the same procedures. It
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Fig, 1 Plasma sprayed tungsten carbide/cobalt coating in as-received con-
dition. Original magnification 200x



was found that neither of these coating types exhibited the sensi-
tivity of the first type of material.

Figures 4 and 5 show the other plasma sprayed coating (Fig. 4
corresponds to the metallographic procedure that generated the
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Fig, 2 Plasma sprayed tungsten carbide/cobalt coating shown in Fig. 1 after
repreparing (regrinding and repolishing). Original magnification
200x
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Fig. 4 High-energy plasma sprayed tungsten carbide/cobalt coating pre-
pared similarly to the coating shown in Fig. 2. Original magnification
2.200x
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more porous structure for the coating first shown in Fig. 2, while
Fig. 5 corresponds to the procedure shown in Fig. 3). Figures 6 and
7 show the corresponding extremes for the HVOF coating system.
The engineer concluded that while some coating systems exhibit

100 um

Fig. 3 Plasma sprayed tungsten carbide/cobalt coating shown in Fig. 2 after

second regrind/repolish. Original magnification 200x
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Fig, 5 High-energy plasma sprayed tungsten carbide/cobalt coating pre-

pared similarly to the coating shown in Fig. 3. Original magnification
3. 200x
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extreme sensitivity to the metallographic procedure used, others
appear relatively immune; the probability, then, was either that the
first coating was not dense to begin with, or that the particle splats
for the first coating were very loosely bonded.

It is seen in the following discussion that many parameters are
involved in the metallographic processing of coatings. As dis-
cussed in the introductory article “Introduction to Testing and
Characterization” in this Section of the Handbook, thermal sprayed
coatings should not be expected to respond similarly to wrought,
cast, and forged materials. As the reader progresses through this
article, an appreciation for the inherent sensitivities of various
types of coating materials should be gained.

All the procedures discussed in this article are intended to be
performed using automatic grinding and polishing equipment.
Manual grinding and polishing methods should be avoided, sim-
ply because pressures and speeds are not repeatable and/or cannot
be calibrated. While some metallographers have demonstrated the
ability to prepare specimens that are very appealing (i.e., very
dense microstructures, minimal disturbance, etc.), the fact remains
that individual techniques may indeed not be consistent, and their
methods are not readily transferable.

The following sections are considered important as topics
within themselves: sectioning, mounting, grinding, polishing, op-
tical microscopy, and image analysis. Following these sections, a
brief discussion of etching to reveal grain structure is presented,
and recommendations for some standard coatings are given.

—
100 um

Fig, 6 A high-velocity oxyfuel sprayed tungsten carbide/cobalt coating pre-
pared similarly to the coating shown in Fig. Original magnification 2.
200x

Sectioning Techniques

Prior to encapsulating the specimen in some form of mounting
material, it is usually necessary to reduce the size of the specimen;
this is accomplished by sectioning. Abrasive cutting using rotating
wheels or discs is now almost universally the standard method of
sectioning.

Figure 8 shows an abrasive cutoff machine. The specimen to be
cut or sectioned is held firmly by some form of grip, the wheel or
disc is rotated by an electric motor at either a fixed or variable
speed, and either the wheel or the specimen is translated to per-
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Fig, 7 A high-velocity oxyfuel sprayed tungsten carbide/cobalt coating pre-
pared similarly to the coating shown in Fig. Original magnification 3.
200x

Fig, 8 High-speed cutoff machine. The specimen is fed into the wafering
blade at a constant rate and force that are controlled electronically.
Courtesy of Struers, Inc.



form the cut. Translation may be either manual or automatic. The
wheels themselves, either silicon carbide or aluminum oxide, are
available in a variety of sizes (up to 300 mm, or 12 in., in diame-
ter) and thicknesses (up to 15 mm, or 0.6 in.). The abrasive wheels
use either resin or rubber for bonding. Resin-bonded wheels are
used for dry cutting, while rubber-bonded wheels are used for wet
cutting and are therefore preferred for metallographic work.

These consumable abrasive cutoff wheels are available with
different levels of bonding; that is, the amount of porosity is var-
ied to control hardness. A soft wheel has a relatively porous rub-
ber bond that allows the wheel to be consumed at a fast rate. A soft
wheel is desirable for cutting hard materials, because breakdown
of the wheel exposes fresh cutting abrasive more frequently. Hard
wheels contain little porosity, break down at a slower rate, and
thus are preferred for cutting soft materials. Therefore, for optimal
cutting action, the wheel and its cutting rate must be matched to
the hardness of the material being cut.

Sectioning Damage

With regard to the sectioning of thermal sprayed coatings, it
should be remembered that these coatings consist of a heteroge-
neous splat network with varying degrees of metallurgical bond-
ing that may deform via a variety of modes under an applied load.
Care must be taken to avoid damaging the coatings to significant
depths. Table 1 shows that the damaged or deformed layer for
abrasive cutoff is 700 wm, or 0.0276 in., for a 70:30 brass alloy.
The table also contains information for other processes, including
abrasive grinding using silicon carbide papers and water, a com-
monly used technique. The deformed layer in 70:30 brass is 77 um
(0.003 in.) for 220-grit paper and still ~22 pm (0.00087 in.) for
600-grit paper. This final deformed zone must be removed by pol-
ishing to reveal the true microstructure.
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One method sometimes used to minimize sectioning damage is
a low-speed diamond saw, as shown in Fig. 9. The abrasives used
in this sectioning process are synthetic diamonds attached to a thin
metallic disc. Rotational speeds are significantly lower than those
of the abrasive cutoff machines. The pressure used for the dia-
mond saw is measured in grams of force, and wheel thicknesses
are much less than typical abrasive wheels; thicknesses of 0.15 to
0.38 mm (0.006 to 0.015 in.) and diameters of 75 to 125 mm (3 to
5 in.) are common.

Sectioning of the coating must begin through the outermost
layer of the coating, inward and through the substrate, rather than
the opposite. Sectioning beginning at the outermost layer of the
coating will produce a compressive, rather than a tensile, stress
within the coating, and the compressive stress capability of coat-
ings is generally much greater than their tensile stress capability.

In the most critical applications, to avoid damage to the coating
specimen, it can first be encapsulated in a cold-mount-type epoxy
prior to sectioning. Such encapsulation virtually guarantees mini-
mal damage to the specimen but is very time-consuming and usu-
ally found to be unnecessary.

A combination of the aforementioned techniques will minimize
coating damage due to sectioning: presectioning encapsulation in
a protective epoxy, using a low-speed diamond saw, and cutting
through the coating compressively. The damage depths as listed in
Table 1 can be minimized by following these practices.

Mounting Materials and Techniques

Prepared specimens, in order to be metallographically
processed, are usually encapsulated in cylindrical polymeric
mounts. Mounts allow gripping either by hand or in a holder for

Table 1 Depth of the plastically deformed layer produced on annealed polycrystalline 30% Zn brass by abrasive
machining processes
Abrasive Depth, pm
Significant Deformed layer
Process Material Grade Conditions(a) Cutting fluid Scratches deformation (D)(b) (Dy)(b)
Cutoff wheels Aluminum oxide 60 mesh Proprietary oil-water 4 16 700
emulsion
Diamond wheel (c) - Proprietary fluid 1 14 -
Belt surfacing Aluminum oxide 100 mesh Specimen hand held None 15 35 250
Silicon carbide 80 grade Specimen hand held Water 10 45 240
120 grade Specimen hand held Water 5.5 25 190
240 grade Specimen hand held Water 35 15 95
400 grade Specimen hand held Water 1.2 5 60
Abrasion on Emery 1/0 grade Hand abrasion Kerosene 1.8 7.5 45
abrasive papers
2/0 grade Hand abrasion Kerosene 1.0 7.0 38
3/0 grade Hand abrasion Kerosene 0.4 4.0 30
4/0 grade Hand abrasion Kerosene 0.3-1.0(d) 3-10(d) 20-50(d)
Silicon carbide 220 grade Hand abrasion Water 2.0 7.5 77
400 grade Hand abrasion Water 1.5 6.5 43
600 grade Hand abrasion Water 0.8 5.0 22
Abrasion on fixed- Aluminum oxide 10-20 um Hand abrasion None 0.3 3 16
abrasive laps grade

(a) Specimen pressure, approximately 20 kPa (3 ksi). (b) Maximum depth beneath the roots of the surface scratches or machining marks. (c) Low-speed metal-bonded disc. (d) The higher values

result when the paper is loaded with abrasion debris. Source: Ref 1
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use in automatic grinding/polishing devices. Many materials and
associated processes are available for mounting; a review of the
requirements of the mount material is given as follows, prior to
discussing the materials themselves.

Desired Characteristics of Mounting Materials

The first requirement of mounting has already been mentioned:
to allow gripping of the specimen by hand or automatic devices.
This can be subdivided into two basic requirements: The mount
itself must be capable of being held, and the mount itself must
firmly hold the specimen. Castable plastics or polymers have been
found to fulfill these requirements and are very easy to work with
(i.e., they are not skill-intensive).

A second requirement of mounting materials is that they should
not respond in a significantly different manner than the specimen
during grinding and polishing; otherwise, in a relatively short
time, the specimen will protrude beyond the mount surface. Table
2 lists abrasion rates for common metals and alloys, while Table 3
lists the abrasion rates for commonly used mounting materials.
The abrasion rates for the common mount materials—phenolic,
acrylic, and epoxy—are very similar and are an order of magni-
tude higher than those for metals; consequently, the mount will
recede during abrasion and polish more quickly than the speci-
men. Figure 10 illustrates this effect for different mount materials,
abrasive papers versus laps, and types of specimen being
processed. Note that aluminum is less affected than chromium.
Table 2 indicates that the abrasion rate for aluminum is ten times
higher than that for chromium. The higher abrasion rate for alu-
minum results in less of a difference between mount and speci-
men. The consequence of the mount material responding differ-
ently than the specimen is shown in Fig. 10 as rounding of the
specimen at its outermost edge. It would be expected from Table
3 that phenolic mounts would abrade and polish faster than
polyvinyl chloride, and, as shown in Fig. 10(c), that expectation

Fig. 9 Low-speed cutoff machine. The specimen is fed into the diamond
wafering blade by the force exerted by a deadweight. The blade rota-
tion is fixed at 500 rpm. Courtesy of Buehler Ltd.

holds true. The phenolic material has a more protruding specimen;
the edge of the protruding specimen interacts with the abrading
and polishing devices, causing rounding of the outermost edge.
Edge rounding is very important, especially when microstructural
evaluation of the outermost layers of a coating material is needed
(usually at 50 to 500x magnification).

Figure 11 illustrates the effect of edge rounding for a plasma
sprayed coating as viewed through a microscope. Referring again
to Table 3, it would be expected that the addition of alumina, espe-
cially in sintered pellet form, would significantly decrease the rate
at which the mount material abrades and polishes, resulting in less
edge rounding. Figure 11 shows the cumulative effects of a mount
material (softer than the coating), use of a high-napped cloth, and
alumina (the softest abrasive polishing material used). Significant
edge rounding occurs.

A third requirement is that the mounting material and the
process used to form the mount must not physically damage the
specimen or cause the specimen to be heated significantly. This
requirement is very crucial for thermal sprayed coatings and is the

Table 2 Abrasion rates obtained with various metals that
cause little deterioration of abrasive papers

Metal or alloy Abrasion rate(a), pm/m

Hardness, Silicon Aluminum  Diamond
Description HV carbide, P240  oxide, P240 220
Aluminum:
High purity, annealed 24 2.61 1.93 1.76
Alloy, heat treated 105 1.29 0.85 0.65
Cadmium: co