
https://ntrs.nasa.gov/search.jsp?R=19710016933 2019-04-16T10:34:49+00:00Z



High-Temperature 
Oxidation-Resist ant 

COA'TINGS FOR PROTECTION FROM 
i 

OXIDATION OF SUPERALLOYS, 
REFRACTORY METALS, AND GRAPHITE 

Prepared by the 

Committee on Coatings 
National Materials Advisory Board 
Division of Engineering 
National Research Council 

NATIONAL ACADEMY OF SCIENCES / NATIONAL ACADEMY OF ENGINEERING 
Washington, D.C. 1970 



Committee on Coatings 

PROFESSOR G. M. POUND. Chairman, Department of Materials Science, Stanford Univer- 
sity, Palo Alto, California 94305. 

DR. J O H N  G A D  D, Manager, Technologicai Development & Control, Jet Ordnance Division, 
TRW, Inc., Harrisburg Works, 1400 North Cameron Street, Harrisburg, Pennsylvania 17105. 

DR. ROBERT I. J A  FFEE, Senior Fellow, Department of Physics, Battelle Memorial Institute, 
505 King Avenue, Columbus, Ohio 43201. 

M R .  DONALD L. K U M M  E R ,  Chief Ceramics Engineer, Materials and Process Department, 
McDonnell Douglas Corporation, Y.B. Box 5 16: St. Louis, Missouri 63166. 

DR. J A M E S  R. MYERS, Civil Engineering School, Air Force Institute of Technology, Wright- 
Patterson Air Force Base, Ohio 4M33. 

MR.  ROGER A. PERKINS,  Departn~ent 52-30, Palo Alto Research Laboratories, Lockheed 
Missiles & Space Company, 3251 Flanover Street, Palo Alto, California 94304. 

MR.  LAWRENCE SAMA, Mmilger i-ligh Temperature Composites Laboratory, Chemical & 
Metallurgical Division, S y l ~ u i a  I.'!ectric Products, Inc., Hicksville, New York 1 1802. 

PROFESSOR L. L. SEIGLE, Depa tment of Materials Sciences, College of Engineering, State 
University of New York, Story Brook, L.I., New York I 1790. 

M R .  F R A N K  TALBOOM, Project khtallurgist, Materials Development Laboratory, Pratt & 
Whitney Aircraft Company, East Hartford, Connecticut 06108. 

MR. JAMES M. TAU B, Group Leader-CMB-6, Los Alamos Scientific Laboratory, University 
of California, P.O. Box 'itr63, Lo1. Alamos, New Mexico 87544. 

DR. HERBERT V O L K ,  hr,ala Tech l i d  Center, Carbon Products Division, Union Carbide 
Corporation, P.O. Box 6 1 16, Cle: eland, Ohio 44101. 

MR.  J O H N  C. W U R S T ,  Depactment of Ceramic Engineering, University of Illinois, Urbana, 
Illinois 61801. 



LIAISON REPRESENTATIVES 

MR. N C  RM A N  GEY E R ,  Code MAMP, Air Force Materials Laboratory, Wright-Pattersoq Air 
Force Base, Ohio 45433. 

MR. S .  J .  G RISAFFE,  Materials & Structure Division, Lewis Research Center, NASA, 2 1000 
Brookpark Road, Cleveland, Ohio 441 35. 

M R .  M U R R A Y  M .  JACOBSON, Code AMXMR-ED, Army Materials and Mechanics Research 
Center, Watertown, Massachusetts 02172. 

M R .  I R V I N G  MACH L I N ,  AIR-520312, Materials Division, Naval Air Systems Command, 
Department of the Navy, Washington, D.C. 20360. 

M R .  JOSEPH MALTZ,  Code RRM, Materials Engineering Branch, Research Division, National 
Aeronautics & Space Administration, Washington, D.C. 20546. 

M R .  ELDON E. MATHAUSER,  Head, Structural Materials Branch, Structures Research Divi- 
sion, National Aeronautics & Space Administration, Langley Research Center, Hamptorl, 
Virginia 23365. 

PROFESSIONAL S T A F F  

D R .  JOSEPH R. LANE,  Staff Metallurgist, National Materials Advisory Board. 

EDITORIAL COMMITTEE 

The contributions of Committee members were organized and edited by D R .  R .  I .  JAFFEE.  

MR. ROGER A .  PERKINS, and PROF. G .  MARSHALL POUND. Mr. Perkins did a major 
share of necessary rewriting. The final product was reviewed and approved !-y the full 
Committee. 



PBtBemm6 PAGE BLANK NOT F l L m  

Contents 

General Conclusions and Recommendations 1 

CONCLUSIONS 

RECOMUENDATIONS 

1 Background and Summary of the Program 3 

INTRODUCTION 3 
OBJECTIVES OF THE PROGRAM 4 
METHOD O F  OPERATION 4 
TASK GROUP SUMMARIES 5 

Fundamentals of Coating Systems, 5; Applications of Coating Systems, 7; 
Manufacturing Technology, 15; Testing and Inspection, 17 

2 Fundamentals of Coating Systems 20 

INTRODUCTION 20 
ANALYSIS O F  COATING SYSTEMS 20 

Intermetallic Compounds, 20; Oxidation-Resistant AUoys, 21; Noble Metals, 22; 
Oxides, 22 

LIMITING FACTORS IN COATING BEHAVIOR 22 
Oxidation Kinetics, 22; Vaporization, 34; CoatingSubstrate Interactions, 46; Defects, 54 

REFERENCES 57 

3 State of the Art of Coating-Substrate Syskems 60 

INTRODUCTION 60 
SUPERALLOY s 60 

Coating Systems, 60; Coating Techniques, 60; Existing Coatings for Superalloys, 66; 
Evaluation of Existing Coatings, 67; Recent Research on Coatings for Superdoys, 69; 
References, 70 

CHROMiUM .. 7 1 
Introduction, 71; The Status of Chromium AUoy Development, 71; 
Protection Systems, 72; Summary and Conclusions, 79; References, 79 



COLUMBIUM 79 
Introduction, 79; Coating Formation Methods, 80; History of Developments, 80; 
Comparative Performance Characteristics, 89; Applications of Coated Columbium 
Alloys, 93; Discussion and Recommendations, 96; References, 97 

MOLYBDENUM 99 
Introduction, 99; Factors Governing Coating Technology, 100; Mel-lc Coatings, 101; 
Alurninide Coatings, 101; Silicide Coatings, 102; Oxide Coatings, 106; Summary, 106; 
References, 107 

TANTALUM A N D  TUNGSTEN 1 0 8  

Introduction, 108; Tantalum Alloys, 108; Tungsten Alloys, 109; Evaluation 
Programs, 110; Summary, 110; References, 110 

Review of Work up to 1964,112; Recent Coating Developments, : 12; References, 113 

4 Applications for Coating Systems 1 1 5  

INTRODUCTION 1 1 5  

G A S  TURBINES 115 
Applications, 115; Environments, 117; Performance, 117; Manufacturing Technology, 120; 
References, 122 

CHEMICAL PROPULSION 1 2 3  
Introduction, 123; Launch (Booster) Engines. 123; Maneuvering and Control 
Engines, 125; References, 127 

HYPERSONIC VEHICLES 128 
Applications and Environments, 128; Performance, 141; Manufacturing Technology, 155; 
References, 158 

ENERGY-CONVERSION SYSTEMS 159 
Introduction, 159; Applications and Environments, 159; Analysis of the Coating 
Problem, 160 

INDUSTRIAL APPLICATIONS 161 
Introduction, 161; Applications, 162; References, 165 



5 Mamiacturing Technology 

INTRODUCTION 

CURRENT CAPABILITIES 

Cementation Processes, 167; El*c.trodeposition Processes, 130; Vapor Deposition, 180; 
Cladding Processes, 186 

6 Testing and Inspection 

INTRODUCTION 

CLASSIFICATION O F  TESTS 
TEST S T A N D A R D S  

TESTING METHODS 

Temperature Measurement, 194. Heating Methods, 194; Sthldard Characterization, 195 
NONDESTRUCTIVE EVALUATION O F  HIGH-TEMPERATURE COATINGS 

Background, 196; Nondestructive Test Techniques, 197; Development of 
Specifications for Reliability and Quality Assurance, 199 

SCREENING TESTS 

Furnace Oxidation Testing, 199; Torch Testing, 200; Low-Pressure Oxidation, 201; 
Step-Down Tests, 201; BurneriRig Tests, 201; HotCorrosion Testing, 202; 
Thermal-Fat gue Testing, 202; Damage Tolerance, 203; Hot-Abrasion Testing, 203 

SIMULATED ENVIRONMENTAL TESTS 

Re-entry Simulation. 203; Gas-Turbine-Engine Simulation, 204 
REFERENCES 

Bibliography 

Members of Task Groups 

index 

vii 



General Conclusions 
and Recommendations 

CONCLUSIONS 

la. Based on the performance of simple shapes and test 
coupons, the current generation of coatings for superalloys 
and refractory metals meets the basic requirements for 
existing applications. These applications have been designed, 
however, to operate within the limitations of the available 
coatings. Fer example, reusability may not be required, and 
the operational envelope may therefore be restricted so as 
not to exceed the coating's temperature capabilities. At the 
hardware stage, characterization and evaluation of existing 
refractory-metal coating systems are not adequate. In addi- 
tion, improvements in'the processing of large or complex 
shapes may be required. 

lb. The current generation of coating systems is not ade- 
quate for the advanced applications that are predicted to 
evolve within the next five to fifteen years. Major advances 
will be required in oxidation behavior, microstructural sta- 
bility, manufacturing technology, and overall system reli- 
ability. The prospect of developing adequate systems is not 
favorable, and a reappraisal of design concepts and perfor- 
mance requirements is therefore indicated. 

2. There is a dearth of sound approaches to the develop- 
ment of new or improved coating systems. Current tech- 
nology depends solely on the formation of A1203 or SiO, 
as the protective oxide. Coatings that form complex oxides, 
spinels, or dense glasses are needed to provide a major ad- 
vance in performance capabilities. These coatings also must 
possess a self-healing mechanism for reliability in service. 
Coatings of the fused-sluriy type are regarded as having the 
best potential for meeting future needs. 

3. A fundamental understanding of the factors that gov- 
ern the performance of dxistiiig coatings is needed to pro- 
vide a sound basis for developing of advanced coating 
systems. To date, only a minimal understanding of a few 
very simple systems has been attained, and significant ad- 
vances are required in this area. It is known that the useful 
life of most coatings is a small fraction of the maximum 
attainable under ideal conditions. Performance of most 
coatings is established and controll~d by random defects. 
In the absence of defects, coating life is limited by diffu- 
sional processes at low temperature and by vaporization or 
melting at high temperature. 

4. Specific conclusions related to general areas of applica- 
tion are as follows: 

a. Gas Turbines 
(1) Coated alloys in advanced engines must have a 

twofold t c  threefold increase in useful life and a 2 0 0 " ~  in- 
crehse in maximum temperature capability, i.e., to 2 2 0 0 ' ~  
maximun~. 

(2) The ability to coat small internal passages is not 
adequate, and manufacturing improvements are required. 

(3) Recoating processes result in excessive substrate 
attack, and improved methods are required. 

(4) The current techniques for nondestructive test- 
ing are not satisfactory, and improved methods are needed. 
, b. Chemical Propulsion 

(1) Available coating systems are adequate for exist- 
ing applications. 

(2) Currently, there is no need for major advances in 
this area. 
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c. Hypersonic Vehicles 2. New approaches to the development of oxidation- 
(1) The current generation of coatings is adequate resistant coatings should be explored. Specifically: 

for :xisting and near-term future applications. 
(2) The reuse capability of coated parts will extend a. Compositions that form complex oxides, perovskites, 

to one or two flights. Current test and performence data are or spinels on oxidation should be investigated as coating 
inadequate to permit a better assessment of reuse capability. materials. 

(3) Coated columbium alloys are limited to a 2500°F b. Preference should be given to single-layer coatings 
maximum operating temperature (coating lifetime of 150- applied by slurry processes. 
200 hr) by creep properties. Inadequate creep resistance, 
not coating technology, limits the use of these materials. 3. A basic understanding of the mechanisms that govern 

(4) Satisfactory coatings do not exist for use on coating behavior should be obtained for current systems. 
molybdenum or tantalum alloys above 3 0 0 0 ' ~  and on tung- Specifically: 
sten above 3300°F. Further work on silicide-base coatings 
to extend the service temperatures of these alloys is not a. The origin of critical defects should be determined. 
warranted, and a new approach to coating must be taken. Factors governing rhs nature, size, and distribution of de- 

d. Energy Conversion Systems fects must be defined 
(1) Oxidation-resistant coatings generally are not b. Layer growth and diffusion studies should be made 

needed. One excepti~n is the platinum coating on radioiso- %h existing systems to establish basic ieuels of stability 
tope thermoelectric generating (RTG) systems. Current and kinetics of compositional changes. 
technology is satisfactory for this application. c. Phase diagrams (equilibrium), thermodynamics, and 

e. Industrial Applications kinetics of oxidation processes should be established for 
(1) Use of coated metals is limited, and current repiesentative coating systems. 

tectmology appears to be adequate. 1 .  The physical chemistry of deposition (cementation) 
processes should be studied for silicide and aluminide coat- 
ings. 

RECOMMENDATIONS 

1. The minimum performance capabilities and reliability 
of existing coatings for superdloys and retractory metals 
should be upgraded by means of processi~lg improvements. 
Specifically: 

a. The mitigation and control of defects s5ould be 
studied. 

b. New coating deposition processes, particularly 
suited to large surfaces and complex shapes, should be 
developed. 

c. Field repair techniques should be devised. 
d. Recoating processes that reduce substrate loss 

should be developed. 
e. Processes for the coating of small internal passages 

should be improved. 
f. Automated manufacturing processes should be con- 

sidered. 

4. Existing coatint ~ystems si:oul4 be more fully charac- 
terized and evaiuated at  the hardware stage. Specifically: 

a. A statistical andysis of perfixmance (and failure) in 
relation to coating defects ehould be made. 

b. Nondestructive test procedu! , should be perfected , 

for process control and prediction of coating behavior. 
c. Flight environment tests of hardware should be con- 

ducted. 
d. Accelerated coating-life tests for prediction of long- 

term performance should be developed. 
e. Mechanical and oxidation test methods should be 

standardized. 
f. Comprehensive hardware studies should be made to 

establish the basic levels of quality, reproducibility, and 
performance for existing coating systems. 



Background and Summary 
of the Program 

INTRODUCTION 

Coatings to protect struc.tura1 materials against oxidation at 
elevated temperature have become important only in recent 
years. In the past, superalloys based on nickel or cobalt con- 
taining about 20 percent chromium were used where both 
strength and oxidation resistance were required, as in the 
turbine s,ntion of aircraft jet engines. In these alloys, 
strength faha off at elevated temperatures somewhat more 
rapidly than does oxidation resistance. Thus, the turbine in- 
let temperature has been maintainzd below about 1600°F, 
where strength begins to fall off. High-temperature oxida- 
tion is not a matter of concern at this temperature, and 
superalloys could be used in gas turbines for thousands of 
hours without incurring significant oxidation or sulfidation 
damage. 

In recent yeals, stronger superalloys have been developed 
based on increasing the aluminum and titanium content 
needed to form strel~gthening 7' precipitates at the expense 
of chromium content. This has resulted in a new generation 
of s t r o ~ ~ g  superalloys containing about 13 percent chromium 
that can be used at higher temperatures without losing 
strength. Unfortunately, they have significantly poorer hot- 
corrosion resistance than the 20 percent chromium alloys. 
To combat this problem, coatings were developed, largely 
based on monoaluminidek produced by diffusion with the 
substrate alloys. These coatings provide improved oxidation 
and sulfidation resistance and have been remarkably suc- 
cessful in some applications, even with the increased turbine- 
inlet temperatutes (up to 2200°F) that have been made 

possible through the use of bypass air-cooling of the hot 
components. 

Other developments that have prompted increased con- 
sideration of high-temperature coatings are glide re-entry 
and hypersonic vehicles. These advanced aerospace systems 
have become of serious interest only in recent ?'.:ars, starting 
in the early 1960's. Aerodynamic heating of lift and control 
surfaces require structural materials that can operate for 
short periods of time (minutes to hours) at 2500-300C0~, 
depending upon the re-entry corridor of the vehicle. Refrac- 
tory metals afford an excellent basis for fabrication of such 
advanced structures. During the early 1960's,.a ilational 
capability was developed in the United States for producing 
mill products of strong refractory metal alloys based on 
columbium, tantalum, molybdenum, and tungsten. In a 
remarkably short time, mill products of aircraft quality and 
size were produced. The Materials Advisory Board (MAR)* 
provided guidance during this e f i ~ r t  rhrou@. tile MAB Re- 
fractory Metal Sheet Rolling Panel (M . eport ?12M, 
March, 1966). Coatings based on disil . . ')lid monoalu- 
rni~ides capdble of protecting refract31 .. d alloy struc- 
tures during typical glide re-entry enviionme~ts were dalrel- 
oped concurrently. 

In future aerospace systems, projected require men,^ for 
coatings for refract-3ry metals will be much more w e r e  than 
was the case for the early re-entry vehicles of the Dynasoar 
and ASSET classes. In 1965, the Materials Advisory Board 
Aerospace Applications Requirements Panel forecast that 

*Since January 1969, the National Materids Advisory Board. 
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TIME lHRl 

FIGURE 1 Requirements and performance of thin coatings on refractory metals. 

future aerospace vehicles would require coatings for refrac- 
tory metals that would operate in oxidizing environments 
at the temperatures and times given by the vertical bars i !~  
Figure 1. As at present, the future coatings would be thin 
(<0.005 in. thick) and would have to withstand thermal 
cycling. On the same figure are plotted the capabilities of 
oxidation protective coatingi as they stood in 1965. The 
diagonal line represents the best performance of thin disili- 
cide or monoalumicide coatings on co~umbium or molyb- 
denum tested under laboratory conditions in still air. In 
addition, a few points on the figure give laboratory perfor- 
mance data for a number of coatings on tungsten. These fall 
in line with the performance line for coated columbium and 
molybdenum. Compared with future systems requirements 
in aerospace vehicles, the performance of state-of-the-art 
coatings falls considerably short, even under the maximum 
performance conditions found in the laboratory. 

It is apparent that coatings for high-temperature materials 
will become increasingly important as time passes. The Na- 
tional Aeronautics and Space Administration (NASA), there- 
fore, requested that the Materials Advisory Board convene a 
committee to ieview the status of coatings for high-tempera- 
ture 1 -terials, including superalloys, refractory metals, and 
graphite; t o  consider the present research and development 
under way; and to recommend modificxiions in scope and 
emphasis. 

OBJECTIVES OF THE PROGRAM 

The Coating Subpanel of the Refractory Metal Sheet Rolling 
Panel recommended in 1966 (M AB-2 12M) that a new Panel 
on Oxidation-Resistant Coatings be established. In line with 
their recommendations, amplified by later experienck, the 
following objectives were established to guide this panel 
study: 

1. Define current and future applications for coated 
superalloys, refractory metals, and graphites. 

2. Define the perfo~mance requirements for these ap;:i- 
cations. 

3. Review basic coating concepts and current status. 
4. Define k ~ y  technical problem areas in performance, 

manufacture, and testing in the light of cbirent and future 
requirements. 

5. Define possible approaches to the solution of key 
problems. 

6. Indicate the nature or direction of research and devel- 
opment studies for producing major'advanms m coating 
techlology. 

METHOD O F  OPERATION 

Work of the Panel on High-Temperature Oxidation-Resistant 
Coatings was divided into two major phases: 

Phase I--Review of the currcjnt status and future reoulre- 



merits for coatings on superalloys, refractory metals, and 
graphite. 

Phase 11-Detailed analysis of coating concepts, methods 
of protection and failure, applications tecl~t~olop' manufac- 
turing processes, testing, and inspection. 

In Phase I, individual members of the main panel and DOD 
liaison representatives, in acc~rdacce with their special in- 
terests or abilities, conducted a cursory review of various 
aspects of coating technology as shilwn in Table 1. The re- 
sul!s of tlus study were published in 1968 as a first progress 
report (M AB-234). 

The analysis of Phase I results indicated the areas in which 
more detailed studies would be required to satisfy program 
objectives. Task groups were organized, as shown in Table 2, 
to implement the studies. Leading experts in related fid;l% 
from industry, government, and education were appok~iec: 
to the task groups. Each task group met to establish individ- 
ual assignments for study and analysis. The sections of 
each subpanel report were submitted to the task group 
chairmen, who prepared the final input for the main panel 
report. 

Tine main panel met periodically to review the subpanel 
reports and concl~sions. Each task group was requested to 

TABLE 1 Phase 1 Study Assignments 

Coating concepts 
Testing and standards 
Coatings for superalloys 
Coatings for chromium 
Coatings for columbium 
Coatings for molybdenum 
Coatings for tantalum and tungsten 
Coatings for graphite 
Require-ents for hypersonic aircraft 
Glide re-entry requirements 
Requirements for ramjets 
Requirements in energy conversion sy 
Requirements for rocket nozzles 

L. L. Seigle 
J. C. Wurst 
J. R. Myers 
S. J. Grisaffe 
J. D. Gadd 
R. A. Perkins 
L. Sama 
H. Volk 
E. E. Mathauser 
L. Sama 
I. Machlin 

stems R. I. Jaffee 
S. J. Grisaffe 

TABLE 2 Phase 11 Task Groups 
-- - 

Task Group Chairman 

Concepts 
Gas-turbine applications 
Rocket propulsion applications 
Hypersonic vehicle applications 
Energy conversion applications 
Industrial applications 
Manufacturing techniques 
Testing and inspection 

L. L. Seigle 
J. R. Myers 
H. F. Volk 
D. L. Kun~mer 
R. I. Jaffee 
S. J. Grisaffe 
J. D. Gadd 

c. Wurst 

, Background and Summary of the Program 5 
i 

submit to the main panel for consideration five primary 
recomn~endations related to key technical problems in their 
respective areas, plus any additional secondary recommenda- 
tions it wished to make. These reports were reviewed and 
disctlssed at the last panel meeting. Draft copies of each task 
group report were reviewed and discussed also by the main 
panel at its last nleeting. 

An editorial committee was comn~issioned to assemble 
the final report and to prepare the overall conclusions and 
recommendations; its menlbers were G. hf. Pound, R. 1. 
Jaffee, and R. A. Perkins. 

The documcnts that have teen generated under this pro- 
gram provide a very broad and comprehensive review of 
technology for high-temperature oxidation-resistant coatings. 
The information should be of great value to the National 
Aaionsillics and Space Administration, the Department 
of Defense (DOD), and industry representatives who are 
charged with the responsibility of applying coating tech- 
nology to the design and manufacture of a wide range of 
devices, structures, power plants, and vehicles. The method 
of operation selected by the paiiel to meet its objectives 
proved to be extremely effective. All members of the panel 
and all task groups are to be commended for the thorough- 
ness in which they carried out their respective assignments. 
The wealth of information that has been assembled. ana- 
lyzed, and correlated attests to the sincerity of their efforts 
and the overall effectiveness and worth of this study. While 
the data and conclusions refer to  the period 1967-1969, 
when the Committee was active, there has been relatively 
little work supported since that time, and the findings re- 
main valid. 

TASK GROUP SUMMARIES 

FUNDAMENTALS OF COATING SYSTEMS 

S U M M A R Y  A N D  CONCLUSIONS 

Coatings developed for protecting refractory metals against 
oxidation may be classified as (a) intermetallic compounds 
that form compact or glassy oxide layers, (b) alloys that 
form compact oxide layers, (c) noble metals that resist oxi- 
dat~on, and (d) stable oxides that provide a physical barrier 
to the penetration of oxygen. Successful coatings exhibit 
certain characteristics, among which the following are im- 
portant: 

1 .  Low growth rate of the protective oxide layer 
2 .  Resistance to cracking 
3 .  Low evaporation rates of the protective oxide and 

other coating constituents 
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4. Low rates of coatings-substrate reaction 
5. Self-healing ability 

It may be stated as a general principle that because of 
higher activation energies, vaporization processes tend to 
predominate over diffusion processes at very high tempera- 
tures, and, conversely, diffusion processes tend to predomi- 
nate at lower temperatures. This applies to the silicide and 
aluminide coatings as well as to Tho2. For example, at tem- 
peratures above approximately 30W°F, the evaporation 
rate of Si02 becomes significant, as do the vapor pressures 
of SiO in equilibrium with Si + Si02 and of Si in equilibrium 
with the higher silicides. With aluminide coatings the vapor 
pressure of A1 is appreciable at higher temperatures. The 
role of vaporization in coating degradation is also enhanced 
by low ambient pressures, which not only allow more rapid 
vaporization but may even lead to circumstances under 
which a protective oxide layer does not form at all. 

The occurrence of defects in coating systems makes 
Lifetimes in practice fall far short of those theoretically 
achievable with a flawless coating. In silicide and aluminide 
coatings, cracks seemingly are always introduced during 
application of the coating or are formed during exposure. 
Thermal cycling enlarges these cracks until they pnetrate 
through the coating to the substrate, causi ig localized fail- 
ures in a fraction of the time required for the coating as a 
whole to deteriorate. Different susceptibilities to cracking 
exist in different systems; silicide coatings are prone to the 
formation of such defects, while aluminide coatings on 
superalloys are more resistant to cracking. Methods to ame- 
liorate the influence of cracking upon coating lifetimes have 
been developed, such as the use of a liquid Sn-A1 phase to 
seal cracks, or the use of complex silicides, fused to the sur- 
face, that resist or tolerate cracking. In general, however, not 
enough is known about the nature and distribution of cracks - 
in various coating systems and the mechanisms of crack 
propagation and crack healing. 

From experience gained in practical ~ating development, 
as well as from theoretical analysis of \ dating behavior, it is 
possible to draw some corclusions about the concepts that 
underlie or may lead to the development of successful coat- 
ings. For an oxide to be protective it must resist transport 
of both metal and oxygen ions. This implies not only low 
intrinsic diffusivities of the ions bu: a composition which 
remzins close to stoichiometric and a minimum of lattice 
defects. Oxides other than Si02and M203 are known to 
possess these characteristics-e.g., MgO, CaO, and BeO-d- 
though they msy be unsuitable for other reasons. Complex 
oxides with a spinel or perovskite structure may exhibit low 
diffusivities. These are largely unexplored. 

The ideal protective oxide would form a sound and co- 
herent layer over the substrate. Preservation of such a layer 
is aided by :lie dass-forming ability of the oxide, as with 

Si02, since glassy oxides can flow and acconir~lodate nie- 
chanical strain and heal defects. Other glass-forming oxides, 
such as B2O3, may prove useful. The known procedures for 
enamel-coating development may be of assistance iir develop- 
ing glassy oxide coatings which resist cracking. 

Since it is difficult to form a protective oxide that re- 
niains absolutely sound under all conditions, the self-healing 
capacity, i.e., the ability of a coating to regenerate its pro- 
tective oxide layer in case of surface ciacking, has proven to 
be of great importance. This capability is reiated to the pres- 
ervation of an active reservoir of protectivesxide-forming 
substance (e-g., disilicide or dialuminide) in the coating. 
Minimizing diffusion into the substrate is an important step 
in preserving this layer; hence diffusion barriers are a useful 
concept in coating development. The reservoir layer, how- 
ever, is often shart-circuited by the penetration of cracks 
formed during processing or exposure; thus the ability of 
this layer itself to resist cracking is of the greatest impor- 
tance. Such crack resistance may be obtained by raising the 1 
fracture strength of the layer through development of a fine- ! .. 
grained structure or by increasing the plasticity of the layer i 
by the introduction of fluid or plastic constituents. f 

! 
The concept of employing oxidation-resistant, nonstruc- I 

turd alloys such as Hf-Ta or Nb-Ti-MCr, to coat refrac- 
tory metals has had some success. Such coatings can deform 

i 
! 

without cracking, and they afford a means of protection 1 
i 

against foreign-object damage. t-. - 

I~~termetallic Compounds i 
! 

The penetration of cracks is a highly important factor in i 

determining the lifetime ofa coating, but even in the ab- i 
sence of cracki~ig, a protective coating would ultimately fail I 

due to the inevitable progress of oxidation, diffusion, and 1- 
f .. 

evaporation reactions at high tempe:atures. Ana!ysis of :kse I 
~aechanisms of deterioration indicates that different pro- 1 
cesses are important in different coating systems at different 1 
temperatures. In simple silicide and aluminide coatings, used i 
at or near 2500°F, it appears that coating-substrate inter- 1 

\ -- 
diffusion is the important degradation process in air at 1 atm ! 
pressure. This occurs more rapidly than either growth or 
evaporation of the oxide film and leads to a theoretical 
coating ijfetime in the absence of cracking of the order of 1 . -  

1,000 hr, more or less, depending upon the spccific sysiem* 1 for a :Ms (+-id) coating. It would take about iiis iong 
for a 5-mil disilicide or aluminide layer to be converted to 
lower silicides or aluminides. Observed coating lifetimes 
under test conditions are, of course, much shorter than the 
theoretical lifetimes, a result of cracks that develop during 
processing or testing and penetrate the silicide or aluminide 
layers. These cracks cause local failures before a large frac- 1 - -  

tion of the layers has reacted with the substrates. i - 
*Theoretical lifetimes are geater for siiicide than for aluminum \ . . 
coatings. , . 
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Oxidation-Resistant Alloys 

Although the data are incon~plete, interdiffusion between 
coatings and substrate is believed to be a ~iiajor factor in the 
degradation of Ni- and Co-based superalloy coatings on the 
refractory metals. In any event, these coating are limited to 
temperatures below about 2100'~ because of possible oc- 
currence of low-me!ting consJituents in the diffusion zones. 

Noble hfeials 

From the available data, it appears thai at tenlperatures in 
the vicinity of 2000"C, evaporation of the rtoble (Pt-group) 
metals is an important deteriorstion process since this seems 
to occur, at least for Ir on W, niuch more rapidly than mter- 
diffusion with the substrate. A 10-mil coating, for example, 
would evaporate in about 10 hr in low-pressure air at 2 0 0 0 ~ ~  
but would require hundreds of hours to diffuse into the sub- 
strate 

Stable Oxides 

Evaporatioli also becomes important for stable oxides, such 
as Tho2 on W, at the very high use temperatures contem- 
plated for such coatings. Calculati~..~ indicate that it wou!d 
require only minutes for evaporation of a 10-mil Tho2 layer 
at 2500°c, while the rate of reaction of Tho2 with W is 
negligible at this temperature. On the other hand, at elevated 
temperatures, the diffi~sion of oxygen is, surprisingly, many 
times more rapid in Tho, than in Si02 or A120,, 2nd diffu- 
sion of oxygen through even s coherent layer of Tho2 could 
be a life-limiting factor in a certain temperature range, per- 
haps just below 2500°C. At higher temperatures, however, 
it is clear that evaporation theoretically becomes predomi- 
nant. 

RECOMMENDATIONS 

The five most important recommendations of this subpanel 
are: 

1. That a thorough study be made of the origin and con- 
trol of defects during the formation of coatings and during 
their use in service. 

2. That the influence of defects on coating lifetimes be 
defined quantitatively by the use of statistical analysis. 

3. That layer growth studies and diffusion measurements 
in successful complex coating systems be made in order to 
identify the reasons for zuperior performance. 

4. That new oxides be sought, around which to design 
new coatings. 'omplex oxides with the spinel or perovskite 
structures are particularly recommended for investigation. 

5. That further information be obtained about the phase 
diagrams, thermodynamic properties, and ,.inetics of reac- 
tions of coating constituents with substrates and oxygen, 
including the substrate-oxide-coating-oxide system. 

A striking fact that emerges from this study is the serious 
lack of phase diagram, thermodynamic, and/or diffusion data 
for the systenis of interest, necessary for a complete under- 
standing of coating behavior at high temperatures. This is 
particularly true when the combination oxygen-coating- 
substrate represents a ternary or higher order system. While 
sporadic attempts have been made from tinic to time to ob- 
tain portions of this information, it is clear that a fairly large 
and sustained effort is fieeded to do the job more rapidly 
and completely. Since data of this type are often lacking in 
fields of materials technology, attention should be given by 
federal agencies to the organization of a sufficiently large 
and systematic effort to  obtain such data on a continuing 
basis. It is clear that information of this type is not now 
being obtained quickly enough. It is also clear that there is 
little hope of changing the situation without an effort such 
as that recommended. 

For protective coatings, even in the absence of complete 
data on diffusion, etc., it seems clear that much useful infor- 
mation can be obtained by carefully studying the behavior 
of practical coatings, using metallographic, x-ray diffraction, 
micrcprobe, and other techniques, to investigate the reac- 
tions occurring and the structures developed in the coating 
system and to relate these to  the success or failure of the 
coating. For example, it would be particularly valuable to  
ascertain the reasons for the superior perfomlance of the 
fused-silicide coatings. Investigations of this type should be 
included more often as part of the coating evaluation process. 

Finally. certain approaches to improving existing coat- 
ings, as well as to developing r.ew types of coatings, are indi- 
cated. These include the development of means to eliminate 
or inhibit cracking in silicide and alumhide coatings and of 
means to prevent diffusion into the substrate. New oxide 
systems should be sought, around which to design r,ew coat- 
ings. The possibilities in complex oxides merit further in- 
vestigation, as does the development of means to decrease 
the point defect concentrations in such refractory oxides as 
Zr02 and Tho2. Glass-forming oxides, such as B203, may 
be worth further study. Further considera:ion of the use of 
oxidation-resistant alloys as coatings or parts of coatings 
also seems to be desirable. 

APPLICATIONS O F  COATING SYSTEMS 

GAS TURBINES 

Summary and Conclusiotts 

a. Applications and Envimnment Gas-turbine engines 
are being developed for numerous industnal, marine, and 
vehicular applications. Industrial engines, which already 
provide some primary electrical power generation and 
standby power for larger electric generating facilities, will 
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be used more treque11:ly ill future yeari lor J variety of pur- 
poses. Marine engines are being, an? v,ill continue to be, 
employed to power high-speed bcats ~ n d  ships, including 
relatively large vessels in ~ubn*uine-chaser and transport 
classifications. Efficient and Lcni~omical engines will be 
developed for large commerci~l and military trucks and 
military tanks. Gas turbiws rnay also be used to powei high- 
speed ground transportation systems. These newer applica- 
tions and the increawd denland tor improved performcnce 
in commercial and mi'.tary -rcraft engines will result in un- 
precedented growth i;i gas-turbine engine technology and 
production during the next i 5 years. 

The requirement; frr i~icreased performance undoubtedly 
will result in higher ttl-bine-inlet temperatures. Such tem- 
peratures are expctei, lo ieach 24000 to 2700°~, as com- 
pared with the 210' tc 230OSF maximum currently 
reached. Howet ?r, lircovling schemes wiil maintain turbine 
blades in the 18M0t' regine and turbine vanes at 2000°F 
maximum. This meta: smperature level indicates that super- 
alloys will have to b~ used for some time for turbine hard- 
ware. 

The phenomena that cuntribute to the deterioration and 
failure of hot-section o.mponents in gas-turbine engines are: 

1. Oxidation and sulfidation (hot corrosion)-Sulfidation 
is an accelerated form of high-temperature corrosion asso- 
ciated with the presence of Na2S0,. Sulfur from the fuel 
reacts during combustion with ingested sodium chloride 
from the air to form the Na2S0,. 

2. CreepCerltrifugal loac'ing at high temperatures can 
cause extension of rotating blades; gas pressure differentials 
can carlse bowing of stationary vanes. 

3. Thermal fatigue-This is a form of low-cycle fatigue; 
grain boundary oxidation can contribute to the initiation of 
thermal fatigue cracks. 

4. Erosion-Carbon particles, dust, and ,tier ingested 
particular matter can cause premature removal of engine 
components. 

5. Foreign-object damage @OD)-Damage from debris 
ingested by the engine, or failure of upstream components, 
is a major reason for replacing turbine blades and vanes. 

6.Overtemperature-Re-solution of alloy constituents 
and incipient mzlting seriously affect the structural integrity 
of the components. 

Cooling techniques are necessary to lower metal tempera- 
ture of many components, since turbine-inlet mperatures 
exceed about 190O0F. Refractorv iileial alloys 3f Mo, Cb, 
W, or Ta probably sill not be used to any large extent in 
near-future engines because sufficiently ieliable, oxdatioll- 
resistant coatings for these materials are not available. The 
same would be true of chromium-base alloys in the event a 
suitable alloy were available. Therefxe, for the lcng life ex- 

pectancies required for future engines, high-temperature 
~o~rosion 111ust be minimized; protective coatings appear to 
be the most promising approach. In addition to nliiiinliziilg 
the hot-corrosion problem, advanced coating systems may 
also be beneficial in reducing thermal and mechanical fatigue 
and improving erosion and FOD resistance. 

b. Perfortnat~ce and Reliability The basic requirements 
for a coating for superalloy substrates in gas-turbine engines 
dictate that: it must resist the thermal enviro~~rnent; it  nus st 
be metallurgically bonded to the substrate; it should be thin, 
uniform, light in weight, reasonably low in cost, and rela- 
tively easy to apply; it should have some self-healing charac- 
teristics; it should be ductile; it shovdd not adversely affect 
the mechanical properties of the substrate; and it should 
exhibit diffusional stability. 

A number of organizations have developed high-tempera- 
ture protective coatings for superalloys, and many of these 
coatings have been used effectively in gas-turbine engines to 
extend the life expcte~cies of hot-section components. All 
of the currently important coatings ar: t ~ 2  don the use of 
aluminom as the primary coating constituent. Processes 
used to obtain these aluminum-rich coatings are: pack ce- 
%entation, hot-dipping, slurry, and electrophoresis. Regard- 
'ess of processing techniques, however, basic similarities exist 
among the current coatings in that they are predominantly 
composed of NiAl (nickel-base alloys) or CoAl (cobalt-base 
alloys) with minor additions of an alloying element, usually 
chromium. 

Although the current coadngs do not satisfy all the basic 
performance iequirements mentioned above, aluminide-type 
coatings successfully extend the life expectancies of gas- 
turbine engine blades and vanes. Because the advantages 
obtained from using coatings outweigh the disadvantages, 
several hundred thousand superalloy blades and vanes for 
military and commercial aircraft gas-turbine engines are 
coated by the engine manufacturers and coating vendors in 
the United States each month. 

However, future coatings for superalloy, hot-section coni- 
ponents will have to exhibit performance capabilities supe- 
rior to those of the currently available aluminide coatings. 
With improved coatings, blade and vane life expectancies 
hopefully will exceed 12,000 hr at metal temperatures of 
1 7 0 0 ~ ~  and 1850°F, respectively. A twofold to threefold 
improvement in life may be expected in the higher tempera- 
ture military gas-turbine engines. 

For achievement of these goals, future coatings should 
possess the following characteristics: improved diffusional 
stability; improved resistance to oxidation, su:fidation, and 
hot-gas erosion; improved ductility; a 200°F increase in 
operating-temperature capability; improved resistance to 
thermal and mechanical fatigue; improved resistance to 
thermal shock; minimum adverse effect of the mechanical 
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properties cf the substrate; some self-healing capability; and 
f compatibility with brazing alloys. 

c. dfatz14jicr1rritzg Tecln~ology Large-scale coating pro- 
duction for superalloy substrates has been limited primarily 
to individual turbine blades and vanes, varying in length 
from about 1.5 to 6 in. A variety of nickel-base and cobalt- 
base alloys are involved, as well as the various coating pro- 
cesses previously mentioned. 

Engine hardware often requires specialized coating tech- 
r ;  niques, often difficult to apply properly. Blade root sections 
-' ' generally are not coated and so require suitable masking 1 ..; - 

I j' techniques. Coating internal cooling passages is difficult, 
j particularly with certain coating processes. Recoating engine- 

I %, operated hardware is another requirement. Large hot-section 
components, up to 48 in. in diameter and 10 in. deep, have 
been coated experimentally, but processing difficulties were 
evident. 

- Future needs indicate that, iq addition to an increased 
- 2  

i 
production capacity requirement, a capability to coat engine 

i components other than turbine blades and vanes will be 
needed. Several produc;ion problenls must be solved, in- 
cluding processing of large ~ n d  very snlall components, 
adaptation of process to more and newer alloys, recoating, 
coating of internal passage, better process control, and 
newer coating techniques. Nondestructive test and inspec- 
!ion prxedures must also be included. 

Recomme~tdatio~zs for Advmcitlg the State of ?he Art 

It is believed that a number of research and development 
programs can be outlined that will greatly assist in the de- 
velopment of advanced coating systems for superalloys to 

.- - be used in future gas-turbine engines. The primary recom- 
mendations of the Subcommittee are as follows: 

I 
1 

1. Conduct studies to evaluate thoroughly the potential 
(i.e., to determine advantages and limitations) of newer 
coating techniques for depositing advanced coatings on 
superalloy components used in gas-turbine engines. Pro- 
cesses to be considered should include: cladding, electro- 
deposition from fused salts, pyrolytic deposition from 
orgailometallic vapors or solutions, and physical vapor de- 
position, especially as applied to alloys. Successful research 
results in developing new coating processes probably will be 
necessary in order to permit deposition of advantageous 
coating alloys. 

2. Develop a recoating capability that will minimize (or 
eliminate) substrate-metal loss. 

3. Develop nondestructive testing methods for process 
control and for predicting the useful remaining life of coated 
turbine-engine components. Techniques should measure or 
~dentify defects, corrosion damage, coating thickness, extent 
of coating-substrate interdiffusion, fatigue damage, and wall 
thicknesses of cooled components. 

4. Develop manufacturing techniques for the reliable 
coating of extremely small-diameter internal cooling pas- 
sages used in convection and transpiration cooling. 

5. Deve!op automated manufacturing processes in order 
to improve coating reproducibility and reliability. 

In addition, a number of secondary recommendations 
are made to point out areas of study on a more specific 
basis: 

1. Conduct research to define statistically the effect of 
modifier elements (e.g., rzre earths) on resistance of alu- 
minide coatings to oxidation and sulfidation. 

2. Determine the effect of alloyingelements on the com- 
po.sitiona1 range of NiAl (CoAl). If certain elements can be 
added that will increase the aluminum content of this inter- 
mediate phase, the larger reservoir of available aluminum 
could increase coating life expectancies. 

3. Determine oxidation and sulfidation kinetics (using 
both kinetic and static tests) for promising binary, ternary, 
and quaternary alloys in order to find a replacement coat- 
ing for the basic currently used aluminides. These alloys 
should have some inherent ductility in order to be consid- 
ered for use as future coatings. 

4. Attempt to raise the melting point of the nickel- or 
cobalt-poor, alumnum-rich diffusion zone in currently used 
aluminide coating systems. Modifier elements may prove 
effective in satisfying this necessity for future aluminide 
coatings. 

5 .  Conduct additional research to develop a coating for 
dispersion-strengthened alloys that will function for long 
periods at temperatures above 20oo0F. 

6. Continue the preliminary studies of adding discrete 
particles (e.g., A1203) to the coating to improve resistance 
of aluminide coatings to oxidation and sulfidation. 
7. Develop a simplified procedure for coating turbine- 

blade tips to provide for oxidation and sulfidation resistance 
at thus location after minor blade-length modifications have 
been made to coated blades during engine fit-up. 

8. Determine the effect of coating-process variables, 
coating chemistry, and postcoating heat treatments on 
(aluminide-type) coating ductility. 

9. Establish the effect of long-time service on the me- 
chanical properties of coated components, especially thin 
sections. 

10. Continue research on the use of diffusion barriers (or 
elements added to the coating to reduce thermodynamic 
activities of diffusing species) to minimize interdiffusion 
between the coating and the substrate. 

11. Obtain a more comprehensive and fundamental under- 
standin& of the degradation phenomena for coated compo- 
nents. 
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ratory program. The coating for these engines consisted of 
pure MoSi2 and was applied by pack-cementation. Coating 
life is limited more by abrasion during handling than by 
oxidation. Earlier spalling problems have been solved by im- 
provements in coating technique. Molybdenunl engines have 
performed well thus far, and future engines will probably 
use the same pure MoSil coating. The principal reservation 
to the use o i  molybdenum nozzles centers on the inherent 
brittleness of the metal, not on coatingperformance. 

Graphite is generally used uncoated in rocket engines. 
Exceptions are the Scout and Lance missiles, which use a 
flame-sprayed zirconia coating on polycrystalline graphite. 
This coating is thermodynamically unstable and functions 
only because of the short firing times. Graphite engines with 
a Sic coating have also been evaluated, but the performance 
of this coating is limited to approxinlately 3 0 0 0 " ~  (1 650°C). 
This very limited use of coated graphite results from the fact 
that, at present, there are no operational coating systems 
that can protect graphite from oxidation in the 4200"- 
4700°F (2300"-2600°C) temperature region, where graphite 
reaches its highest strength. Iridium coatings may potentially 
protect graphite up to the eutectic temperature of 4140°F 
(2280°C), and an Ir-30 percent Re alloy may offer protec- 
tion to 4500°F (2480°C). Substantial efforts have been 
made to develop tungsten coatings for graphite for use in 
solid-fuel engines, but none of these coatings appears to  be 
in use. 

Future coating requirements for maneuvering and attitude- 
control engines are probably somewhat limited. Some use of 
coatings may be made with hybrid engines and tactical sys- 
tem engines. Attituie control may in the future be achieved 
by monopropellant hydrazine engines, which operate most 
efficiently at approximately 1800°F (980'~). Uncoated 
superalloys, e.g., cobalt-based L605, perform successfuliy in 
this application. Alternatively, coated molybdenum or co- 
lumbium engines, or the uncoated beryllium engine, could 
also satisfy future attitude-control requirements. 

Increased maneuverability requirements in the future, 
i.e., capability to throttle and re-start, may require the use 
of storable liquids, hybrids, or re-start solids as fuel for tac- 
tical missiles. For these advanced requirements, pyrolytic 
graphite coatings on polycrystalline graphite have shown 
promise in the laboratory. Some designers favor a "hard" 
throat for high-perfarmance missiles. Tungsten is a csndi- 
date metal, especially if it could form a protecthe coating 
with some metal that had been infiltrated into it, possibly 
zirconium or hafnium. Such "hard" throats should be useful 
with fluorine or Flox oiidizers, perhaps with hybrid rockets. 

Cottc!usiotts artd Recontmendations 

Present regeneratively cooled liquid-fueled booster engines 
do not require coatings. Future booster engines still in the 
conceptual design stage will operate at much higher exhaust- 

gas temperatures and will require thermal insulation coat- 
ings. Coated hardware requirements for these engines are 
still several years in the future. NASA has been funding 
work on oxide based (Zr02, Tho,) thermal-insulation coat- 
ings for superalloys. Eventual operational requirements en- 
visioned are a gas temperature of 6000°F (3310°C), coating 
surface temperature of 4000°F (2200°C), coating-metal 
interface temperature of 1800°F (980°C), and metal back- 
face temperature between 0' ar~d -200"~. 

A number of liquid-fueled space-maneuver engines utilize 
coated molybdenum or columbium throats. The MoSiz coat- 
ings for molybdenum engines are adequate, and reservations 
to the use of these engines are based on the brittleness of 
the metal, ?ot on coating performance. The modified silicide 
coatings for columbium also perform well, with a present 
operational limit at approximately 2800°F (1 540°C). The 
development of improved silicide coatings for columbium- 
alloy engines is largely dependent on the "fallout" from 
similar coating work for re-entry protection andlor jet en- 
gine blades. This is unfortunate because the trade-off con- 
siderations are different in these cases. 

The Scout and Lance missiles use polycrystalline graphite 
engines with flame-sprayed zirconia coatings. T!lesr: coatings 
appear to perform well, principally because of their low 
thermal conductivity and short firing times. Other graphite 
engines are used uncoated, because at present there is no 
operational coating system that can protect graphite for an 
adequate time period in the 4200°47000F (2300-2600°C) 
temperature region, where graphite reaches its highest 
strength. Iridium coatings may eventually protect graphite 
up to 4 1 4 0 " ~  (2280°C), and iridium-rhenium coatings 
could extend the protection to 4500°F (2480°C). How- 
ever, the high price and limited availability of these metals 
will likely restrict their use to the most critical applications. 

HYPERSONiC VEHICLES 

Summary and Conclusiorts 

The hypersonic vehicles and related propulsion systems that 
will require the use of high-temperature coatings are: 

Mafined hypersonic aircraft 
Lifting re-entry vehicles 
Hypersonic missiles 
Air-breathing propulsion systems 

Manned hypersonic vehicles will require modest amounts 
(relative to superalloys) of coated refractory metal for use 
in radiative-cooled heat shields and in structures. The coated 
refractory metals will operate at peak temperatures in the 
range of 2000' to 3 0 0 0 " ~  and must have as long life as pos- 
sible to be econonlic. This class of vehicle will be reflown 
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many times. Superalloys will be used for both heat shields 
and structures. However, the payoff for coating the super- 
alloys is not obvious because present-day coatings are not 
generally weight-effective. That is, the oxidation rate of the 
superalloy is sufficiently low that it can be used without a 
coating. In many cases, the amount of metal that is oxidized 
will not equal the coating weight until after 50 to 150 
flights. The manned hypersonic vehicle is not likely to be- 
come a flight system before the year 2000. 

Lifting re-entry vehicles are likely to become operational 
in tile near future. Coated refractory metals and superalloys 
will be used for the same purposes as previously mentioned 
for the manned hypersonic vehicles. The maximum tempera- 
tures are likely to  be somewhat higher for lifting re-entry 
vehicles (3200°F); however, the vehicle life is considerably 
shorter. Therefore, it is less likely that superalloys will re- 
quire oxidation-protective coatings. However, the lifting 
re-entry vehicle life (50 to 100 flights) probably exceeds the 
capabilities of current coating systems for refractory metals. 

Hypersonic missiles are currently under development. 
Although the environment in which they would operate is 

I more hostile than that encountered by manned hypersonic 
aircraft, service time is shorter (up to a few minutes) in a 

I single flight. Present-day silicides have potential for service 
to about 3200°F, and hafnium-tantalum coatings or c k l  
dings to 4000°F. Higher temperature capability is desired, 
paiticularly for propulsion systems where flame tempera- 

I tures exceed 60OO0I7. 
Air-breathing propulsion systems (scramjet) generally 

would be used for the manned hypersonic vehicles. Very 
high heat rates are attained in the inlet area, so regenerative 
cooling is required. Thus, the most likely coating need is for 
thermal insulation to reduce the coolant requirement. 

Currentl3-, the superior oxidation-protective coatings for 
refractory metals for use on hypersonic vehicles are the 
silicides. This class of coating is most likely to be used in 
the near future for coating all refractory metal alloys. The 
aluminides have received considerable use to date because 
of their processing advantages. However, they are not com- 
petitive with the silicides for long life and, in some cases, 
for maximum temperature resistance. Also, the recently 
developed fused-slurry silicides have essentially the same 
processing advantages as the slurry-applied aluminides. 

A reasonably good coating capability exists for colum- 
bium, molybdenum, and tantalum alloys for use up to about 
2800" to 3000°F. There is n o  doubt about our current 
ability to satisfactorily and reliably coat most hypersonic- 
vehicle heat shields and structures for one or two flights. 
The real questions are how many flights the coating will 

\survive, what the part design constraints are, and what the 
CGS effectiveness of coated refractory metals is, compared tslr- t o  o 1 lieat-shielding approaches such as ablators. Answers 
to  these qu~stions are highly dependent, of course, upon 
mission requirements. 

The life of present-day coatings cn hypersonic-vehicle 
components most likely will be determined by the coating 
defects or thinly coated areas present. The state-of-the-art 
coatings gene~ally fail because of defects or thin spots, with 
the time required for the defect or thin spot to induce fail- 
ure being considerably less than the intrinsic life of the 
coating. Hypersonic-vehicle components fabricated from 
refractory metals will tend to be relatively large, of com- I, 

plex geometry, and made from thin-gauge material. There- 
fore, the probability of a coating defect or thin spot, or of a - 

number of defects or thin spots, is much greater than for I 
the typical test coupon normally used for coating-life deter- 
minations. In spite of the probable occurrence of coating 
defects or thin spots, the chances of a coated refractory 
metal part surviving one or two Eights in a hypersonic 

I 
i . ,  

airframe application are extremely good, because an early 
coating defect or thin spot is not likely to cause functional 
or structural failure of a part until after one or two addi- 
tional flights. After the local coating failure occurs, it is 

I ,  i 

more readily detected, and repair or replacement may take f '  

place as appropriate. The fused-slurry silicide coatings have 
been prone to thinly coated areas, but have not shown a 
tendency toward such classical defects as variable composi- 
tion, holes, or large edge crevices. 

The re-use capabilities of the better present-day coatings 
have not yet been accurately determined. To acquire such 
data, the coatings must be applied to representative flight 
hardware and tested in simulated flight conditions where 
the important environmental factors, including temperature, 
pressure, stress-strain, and time are simultaneously dupli- 
cated. Testing of this kind will also reveal the effects of 
manufacturing processes and part design on coating and 
part life. Furthermore, it will establish the defect tolerance 
of coated refractory metal parts. 

Because coating defects are likely to be the factor that 
controls the life of coated refractory metal parts, coating 
compositions and processes that are less prone to defects 
should be emphasized for future development. The fused- 
slurry silicides are considered the most promising coatings 
currently available for meeting all the requirements for 
hypersonic-vehicle applications. This general tendency for 
defects or thin spots to govern the useful life of state-of-the- 
art coatings makes nondestructive testing (NDT) very im- 
portant. Detection of defects and thin spots prior to flight, 
and of early local failures after flight is necessary for maxi- 
mum utility of the coatings. 

Recommendations f i : . ‘ ;  
The five major recommendations for research on coatings 
for hype'rsonic and re-entry vehicles are as follows: - .  , . 

1. Determine the capabilities of the most promising cur- 
. - 

rently available coating systems for refractory metals by 1. : ..: 
I . -  



testing representative hardware under the flight environ- 
mental conditions that have the greatest influence on coat- 
ing performance. Accurate hypersonic-flight simulation is 
required. 

2. Improve the reproducibility and reliability of the most 
promising coating systems when applied to :presentative 
hardware. The deficiencies to be corrected will be idsntified 
by the testing recommended above. Improvements should 
include all influencing aspects of manufacturing technology 
and processing, as well as design considerations. 

3. Improve NDT methods for use in process control, in- 
spection after coating application, and inspection in service. 

4. In future development, emphasize simple (nonmulti- 
layer) coatings applied by a fused-slurry method Lecause 
they are considered to have the greatest potential for meet- 
ing the majority of future needs for oxidation-protective 
coating of refractory metals. Fused-slurry silicide coatings 
for use to 3200°F should be further developed for tantalum 
and molybdenum alloys. Exploratory research on new coat- 
ing systems inherently more reliable than silicides should be 
encouraged. Desired characteristics include coating ductility 
at ambient and elevated temperatures and diffusional sta- 
bility in contact with substrates. 

5. In coating large surface areas, weight usually is a criti- 
cal factor; therefore, thin coatings (-1 mil) that have a long 
service life (-1,000 hr for superalloys) are needed and should 
be developed. 

The following discussion concerns specific recommenda- 
tions for selected coating systems: 

1. Difftrswn Cbatings for Refractory Metals. Before un- 
dertaking any further coating development effort, present 
coatings should be clearly defmed in terms of their ability 
to protect representative prototype flight hardware reliably 
and reproducibly. This evaluation must be made in thermal 
and mechanical environments that correspond to service use. 
It is only quite recently, after significant progress had been 
demonstrated by conventional lab~ratory specimen testing 
(such as furnace, "slow cyclic," and low-pressure oxidation 
exposures), that such advanced simulated service environ- 
mental testing has become warranted. But intensive testing 
under mission-oriented, vehicledesign, constrained test 
parameters is now appropriate. It will permit us to obtain a 
clear picture of current coating limitations before embark- 
ing on ambitious coating or processing improvement pro- 
grams. This recommendation is generally applicable to all 
categories of diffusion coatings considered for hypersonic 
vehicles. 

Future develojments should primarily advance the prac- 
ticality and reliab.ility of the better coatings already devel- 
oped. Specifically, it is recommended that efforts be 
concentrated on improving the reliable cyclic life of fused- 
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slurry silicide coatings for fabricated columbium compo- 
nents for use at temperatures up to 2500°~. Work to 
improve higher temperature capabilities of columbium 
coatings should be deferred until columbium sheet alloy of 
higher creep strength is available. At tem%ratures above 
about 2500°~,  creep of the columbium appears more limit- 
ing than the coating for long-life, multimission vehicles. 

Similarly, more effort is required to establish and im- 
prove the reliability of reusable fused-slurry coatings for 
tantalum and molybdenum alloys for use up to 3200°F. 
Work should be done to adapt the more refractory silicide 
compositions as fused coatings for these substrates. Pro- 
cessing times and temperatures need to be minimized fo; 
coating molybdenum to avoid ductile-brittle transition 
problems. Significant improvements in coating emittance 
compared to available pack silicides appear feasible by 
slurry composition adjustments for molybde~xm. 

For vehicle structure and heat-shield applications, the 
emphasis should continue to be on fused-slurry coatings, 
because of their inherent advantages for coating large com- 
ponents and complex geometries. To minimize the likeli- 
hood of incurring localized coating defects on parts where 
reusability is critical, pack or sintered coatings should be 
avoided, if possible; multilayer (multiple-process) coatings 
should be considered only as a last reszrt, with simple one- 
step coatings accorded priority. 

In processing, further work is needed to obtain uniform 
coating thickness on simple and complex parts and assem- 
blies. Process specifications incorporating good quality- 
assurance provisions are also required. It is essential to 
define the scope of applicability for available NDT methods 
and to devise apparatus and techniques amenable to the 
field inspection of "flight" hardware. Techniques for reli- 
ably and quickly detecting small local coating failures after 
flight exposures are desired. Special attention must be given 
to the inspection of the interior surfaces of complex fabri- 
cations, such as closed corrugations. 

Specific effort should be directed to the field repair of 
coatings. Feasibility for coating repair has been established 
in the laboratory, but more work is needed to define the 
limits of repairability and the degree of confidence merited 
by repaired coatings-i.e., how large and what type of defect 
can be repaired and how long will the repaired coating be 
protective? Research is required on quality control and in- 
spection methods for "patch" coatings. 

No truly satisfactory diffusion (silicide) coating is avail- 
able for the protection of molybdenum or tantalum at tem- 
peratures much beyond 3000°F, or for tungsten beyond 
about 3300°F. Moreover, based on considerable past effort, 
it does not appear that additional work along the silicide 
coating approach is warranted for these very high tempera- 
tures unless the operation time is short. It is recommended, 
therefore, that no further work be undertaken on diffusion 
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coatings for the protection of refractory alloys at 3500°F 
or above. Other concepts for very-high-temperature protec- 
tion are needed. 

2. Supera1lo.v~. There is a definite need for improved pro- 
tective coatings for superalloys used in gas-turbine engines. 
Therefore, it is recommended that research and develop- 
ment efforts for satisfying this objective precede work in 
coating technology for hypersonic flight and re-entry ve- 
hicles. This approach is considered logical because much of 
the information it would provide for developing protective 
coatings for gas-turbine engines would be directly applicable 
to the other application if the need should arise. 

It is also recommended that improved oxidation-resistant 
alloys having adequate high-temperature properties be devel- 
oped. (Such alloys would significantly reduce the need for 
protective coatings on hypersonic flight and re-entry vehi- 
cles.) A promising approach for obtaining these alloys is 
through minor compositional modifications of existing 
superalloys and TD-Ni slloys. For example, rare-earth metal 
additions are known ?o improve the oxidation resistance of 
several superalloys, and additional progress can be antici- 
pated if this area of research is more completely exploited. 

3. Platinum-group metal coatings. Advanced development 
studies for Pt-group metal protective coatings are recom- 
mended only if a specific need occurs, or if no other coating 
system can be used. If it is found necessary to develop Pt- 
group metal coatings further, the following considerations 
should apply: 

a. Future research should be limited to Ir and Rh and 
alloys of these metals. 

b. Additional research on diffusion barriers (particularly 
oxides) is recommended. 

c. Research on metallic substrates should be limited to 
those that will not oxidize catastrophically in the event of 
localized coating failure. 

d. Additional research is recommended on applying Ir- 
and MI-base coatings by pyrolytic deposition from organo- 
metallic vapors and solutions, or by fugitive vehicle slurries. 

e. Continued research on Ir-base coatings for protecting 
nonmetallic materials (e.g., graphite) is believed to be 
worthy of additional consideration. 

f. Any of the above recommended research efforts 
should be limited to relatively low monetary expenditures. 

4. Hafnium-tantalum coatings. Hf-Ta and Hf-Cb alloys 
should b: studied exte~lsively to develop their full potential 
both for shoit-time and multihundred-hour service as coat- 
ings a~ld  cladding, as well as free-standing bodies in oxidiz- 
ing dnvironments. Detailed understanding should be ob- 
tained of: oxidation and degradation mechanisms; alloying 
for combined oxidation resistance, ductility, and strength; 
properties o i  optimum coatings and claddings on Cb alloys, 

Ta alloys, and graphite substrates; and component design, 
fabrication, performance, reliability, and design aIlowables. 

5. Coatings forgraphite. Practical coatings, having a tem- 
perature capability comparable to graphite, are required if 
graphite materials are to be utilized to any extent for hyper- 
sonic vehicles. 

6. Oxide coatings. New ideas and approaches are re- 
quired for the reliable utilization of oxide ceramic coatings 
as thermal insulatiorr fo. hypersonic vehicle structures. 

ENERGY CONVERSION SYSTEMS 

Summary 

Jackground Energy conversion systems are used to con- 
vert heat or chemical energy into electrical energy. Their 
efficiency depends on the maximum temperature of the 
heat source and the lowest temperature at which heat may 
be rejected. A considerable advantage is associated with the 
use of high temperatures, which may be translated into 
weight s a l ~ g  in the energy conversion devices. Efficient 
energy conversion systems requiring high-temperature ma- 
terials are needed for auxiliary power units (APU'S) for 
orbital and space vehicles. Nuclear APU'S are designated by 
the acronym SNAP (systems for nuclear auxiliary power) 
and are of two types: odd number SNAP systems which use 
radioactive isotopes as the heat source and thermoelectric 
generators as the energy conversion systems, and are desig- 
nated RTG systems (see below); and even-number SNAP 
systems, which employ turbine-alternators and operate as 
gas, Brayton-cycle or vapor-liquid, Rankine-cycle syste~ns. 
The coating requirements irl these various energy conversion 
systems are summarized below. 

Nuclear Reactors Fuel elements for high-temperature 
nuclear reactors employ coatings to isolate the fusl elements 
from the heat-transfer fluid and to retain the gaseous fission 
products that are released. Coatings for firel elements have 
received a great deal of concentrated attention from the 
Atomic Energy Commission and its contractors. However, 
they are not considered as coming under the scope of 
oxidation-resistant coatings for energy conversion systems. 

Radioisotope thermal Generators (RTG'S) Tl~cse de- 
vices are fueled by radioactive isotopes of such elements as 
plutonium, polonium, curicm. The amount of isotopic ma- 
terial used per ca;dule is selected to produce a suitable oper- 
ating temperature for a thermoelectric converter-about 
700°C for PbTe and 1000°C for SiGe. The radioisotope 
containment capsule is geneia!!y rnuitilayered for high- 
temperature applicatiofis, with tungsten forming the inside 
of the capsule, an intermediate layer of high-strength tart- 
talum alloy, and an outer layer of oxidation-protection 
material, either superalloy or platinuril-ba~e alloy. Lower 
temperature radioisotope sources are contained in a shell of 
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high-strength, oxidation-resistant superalloys. Another RTG 
requirement is that coatii:qs must enhance thermal emissivity 
from the nuclear heat source to a dynamic system. 

The chief safety hazards in the operational cycle of an 
RTG occur in ground handling, !&finch, space operation, and 
during and after re-entry f rop  orbital fll&t. It is imperative 
to provide oxidation protection to maintain fuel container 
integrity and not disperse fuel into the atmosphere. Require- 
ments include stability against interaction with the fuel 
during its lifetime, which can extend to hundreds of years. 

Thermoelectric Systems Thermoelectric generktors have 
secondary applications for coatings, including insulation and 
diffusion barrier coatings. 

Turbine-Alternator Systems High-temperature turbines 
intended for space power will not have to be protected 
against oxidation, since they operate in the vacuum of space. 
It is considered too risky to use oxidation-resistant coatings 
for ground testing in air, and such systems are tested in large 
vacuum chambers. 

In turbine-alternator converters, coatings are used ch.::?y 
in the radiator section to enhance heat loss by radiation. 
Thus, they must have high emitth Ice. 

Thermionic Diodes Coatings would be needed in therm- 
ionic diode syste~ns for improving electronic emission and 
for insulation purposes. In this case, however, the coating 
problem is not considered as critical as the many other prob- 
lems associated with these devices. 

Conclusions and Recommendations 

Coatings are important to the achievement of long life and 
high efficiency in energy conversion systems. However, they 
are used principally for such secondary purposes as main- 
taining stability of thermoelectric materials, electrical insu- 
lation, barriers against diffusion, and thermal emissivity on 
radiator surfaces. RTG systems have a critical coating re- 
quirement <or protecting the radioisotope core during 
launch and space operation and during and after re-entry 
into the earth's atmosphere. The heavy sheathings of 
oxidation-redstant alloys probably constitute the best coat- 
ing system that could be used for this purpose. Coating 
nuclear fuel elements was considered to be a special case, 
not within the scope of the Committee. 

The rel  -1.1 group had no recommeniations for future 
research :.-.,id developmalt, since the main coating rf.quire- 
ments are for secondary purposes, and'tne only oxidation- 
resistant coating appeared to be as good as could be de- 
veloped. 

INDUSTRIAL 

Coatings for high-temperature service must clearly offer 
improvements in process or component performance before 
their additional cost can be justified by an industrial user. 

Coatings are most widely used in the metal- and glass- 
producir~g industries, where they frequently offer the only 
way to operate economically and successfully. For example, 
glass and metal producers must protect their molten product 
against contamination frorn the crucible and also protect 
their control thermocouples from corrosion. In metal forg- 
ing and extrusion, coatings provide thermal insulation that 
prevents heat loss from the workpiece and so insures opti- 
mum fabricability. Such coatings also protect the hot metal 
against atmospheric contan~ination. 

Elsewhere, high-temperature coatings are used to extend 
the lives of critical components of a wide variety of products. 
Home furnace burners, automotive exhaust-control devices, 
and parts of petroleum crzzking plants are a few of the 
many applications of thew protection systems. 

While the industrial application of high-temperature coat- 
ings is not extensive at present, their use by selected indus- 
tries was found to be more widespread than expected. As 
more industries increase processing temperatures, the use of 
the coating technology base established by defense and space 
research can be expected to expand considerably. 

MANUFACTURING TECHNOLOGY 

SUMMARY A N D  CONCLUSIONS 

A thorough survey was made of all industrial and laboratory 
organizations in this country that are active in the applica- 
tion and development of high-temperature, corrosion- 
resistant coatings. Each organization was requested to pro- 
vide information relative to its coating processes, substrates 
protected, coating'designations and chemistries, coating 
facility sizes, and process status (production or develop- 
ment). About 80 percent of the organizations responded to 
the questionnaire. The principal coating organizations did 
reply, and the information collated represents a good sum- 
mary of the manufacturing capabilities available for the 
application of coatings to high-t~nlperature materials. 

Nine basic coating processes were defined. Comments 
pertinent to each of these processing categories are sum- 
marized below. 

Puck Processing 

Pack coating involves immersion of the material to be 
coated in a grmular pack medium, and a thermal cycle 
which is performed in a nonoxidizing environment. The 
coating is formed by vapor transport and diffusion. For the 
refractory metals, several promising coating systems are 
pack-applied; and, for the limited requirements for coated 
refractory metals, adequate coating facilities are generally 
available. Only experimental or low production quantities of 
coated aerospace and aircraft gas-turbine components have 
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been required; consequently, little impetus has been pro- 
vided for establishi~~g reproducible and reliable production 
coating methods. Shoula demand for productior. coating of 
refractory metal components arise, a major effort would be 
required to advance current processes to the required tech- 
nological level. Silicides are the principal coatings that are 
pack-applied to refractory metals. An unresolved problem is 
reliable repair methods for pack-applied silicide c3atings. 

Pack-aluminizing of nickel-alloy and cobalt-alloy tcrbine 
airfoils is a large-scale manufacturing activity in the gas- 
turbins industry and is the major pack-ccating requirenicnt 
for high-temperature nonrefractory alloys. At present, ade- 
quate facilities are available in the industry for treating the 
hundreds of thoirsands of airfoils processed e a ~ h  month. 
The principal manufacturing problems related to coating 
nonrefractory metal alloys are (a) coating of component 
air-cooling passages and internal holes, (b) masking during 
coating, (c) processing of large-size components such as gas- 
turbine transition ducts, (d.) processing capability for coat- 
k g  dispersion-strengthened alloys, and (e) processes and 
facilities for aluminide recoating of service-operated. gas- 
tu~bine components. The irdustry has directed its efforts 
primarily to the aluininizing of non-air-cooled blades and 
vanes; consequently, the problem areh; outlined above will 
require substantial attention in future R&D effbrts. A sig- 
nificant need for pack-coating capabilities beyond those re- 
quired by the aerospace and gas-turbine industries was not 
identified in this survey. 

Slurry Processes 

Slurry coating entails the application of a siurry mixturr 
containing the coating elements on a substrate surface, gen- 
erally by dipping or spraving, followed by a thermal treat- 
ment in a protective environment. Coating formation is 
achieved by vapor transport, liquid reactioa, or solid-state 
sintering. Slurry processes have been widely used for the 
formation of high-temperature coatings on refractory met- 
als, e.g., aluminidcs, suicides, and noble metals. A major 
problem with slurry-applied coatings has been thickness 
control. From a manufacturing standpoint, +he lacl-i of sig- 
nificant rcquirements for coated refractory metals przcludes 
the need for expanded manufa4:tuAng capabilities. Labora- 
tory development of improved coatings ana improved slurry 
application methods is recommended. 

Slurry application @f aluminide coatings to superalloy 
blades and vanes is a large-scale production activity in the 
gas turbine industry. Automation of the slurry approach to 
aluminizing blades and vmes would be required to make 
this method economically competitive with pack processing. 
For the aluminide coating of large nickel alloy ACT compo- 
nents, such as combustors aild transition ducts, the slurry 
approach may offer advantages over pack processing. In this 

event, development of methods for appiying uniform slurry 
coatings to large complex shapes will be .squired. 

Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is an entirely gaseous 
process in which the coatiog elements are transported to 
the substratr surface in vapor form and are deposited or1 
the surface by chemical or pyl ~litic reduction of the gaseous 
compound. This process has been successfull employed to 
apply many high-temperature ~ o t e c t i v e  coatings; however, 
the available facilities are predominately of laboratory scale. 
Substantial problems are encountered in depositing uniform 
coatings on complex shapes by CVD. Until a demand exists, 
and significant advantages are def ied  for CVD depc~sition 
of certain coatings, a specir~c effort aimed at developing ex- 
panded CV:, manufacturing capabilities is not warranted. 

An immediate problem in the aerospacx field where C"D 
may be applicable is the deposition of a tungsten barrier 
layer coating on tantalum C.jvs. Add:tional R&D effort in 
this area is recommended. 

Electrolyiic Deposition 

Electrolytic deposition includes conventional aqueous elec- 
troplating, electrolytic deposition from fimd-salt baths, and 
electrophorcsis. The last-named techmque involves depod- 
tion of chalg~d particles from a liquid suspension onto an 
oppositely charged substrate. AqUeOUS electroplating !s not 
widely used for forming high-temperature coatings, and 
specific development efforts in this area are not recom- 
mended. Electrolytic depositwn from fused salts has heen 
successfully cinployed on a laboratorv scale for depositing 
many high-temperature coating. However, owing to the 
problems associated with scaline-up fused-salt coating meth- 
c-ds .--, the abseuce of clearly rr:.ined advant.~ges for this 
. .. .:< i manufacturing develoyn~ent in this area is not 
rec0mme:tde.d. 

Elclectrophormis ~ r w i d e s  an excellent means of applying 
unifo~m slurry coatings to complex shapes. I t  is the most 
promising approach to resolving the problem of uniforn~ly, 
reproducibly, and economically applying slurry coating: to 
high-ternperahre materials. Fused-silicide coatings can be 
electrophoretically deposited, and consideration should b;: 
given to this coating method in future programs. 

Fluidized Bed 

Fluidized bed processing hvolves immersion of the matelial 
to be coated in a fluidiu:d gmular me&;lm of the coating 
elements or inert materials. Fluidization is accomplished 
with on inert or reducing gas and/or a gas containing a halide 
form of the coating species. The process is a variation of 
chemical vapor deposition. Facility expense and high operct- 
ing costs are disadvantages of this technique. No immediate 
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need for process development exists for the fluidized bed 
& coating method. 

Plasma and Fhme Spray hcesses  

! Coating deposition with arc plasma or gaseous fuel-oxygen 
flame torches has proved extremely successful for the appli- 
cation of hardfacing and wear-resistant materials. These 
techniques have not been used extensively for applying high- 

! temperature protective coatings, owing to problems related 
to density, bonding, thickness control, cost, and so on. I-:h 1 Althougfi expansion of manufacturing capabilities in these 
areas is not warranted currently, the use of such techniques 

. .... 
1 . 2  for the deposition of coatings not easily formed by diffusion 

methods should be explored. 
Y 

Hot-Dippitqg 

Hot-dip coatings are formed by immersion of the part to be 
coate. in a mdten bath containing coating elements. Hot- 
dipping has been widely used to apply coatings to ferrous 
and nickel-base doys;however, the family of high-tempera- 
ture cmtings applicable to these materials are better formed 
by other methods. Adequate hot-dip manufacturing capa- 
bilities are available for current high-temperature coating 
needs. 

This process ertails sandwiching a structural high-tempera- 
ture material between d a c e  layers of a protective high- 
temperature alloy. Edge closure is a major problem asso- 
ciated with the cladding application of high-temperature 
coatings; conseq~ently, little effort has been directed to 
applying this approach to high-temperature coating develop 
ment. For the refractory metals, very few protective systems 
are amenable to dadding application; therefore, manufactur- 
ing development in this area is not warranted. In the case of 
superalloys, heat-resistant coatings not easily fornled by dif- 
fusioncontrolled processes may be applied by cladding, and 
this approach should be co~sidered. 

Vacuum vapor deposition encompasses all methods asso- 
ciated with the physical vaporization and deposition of 
coating materials. lhis p&ss has been widely used for the 
deyosition of thbfilm coatings on such things as mirrors, 
ornaments, and reflectors. Recently, methods have been 
developed for the deposition of 3.5-mii-thick high-tempera- 
ture coatings on supeniloys and refractory metal substrates. 
The flexibity of this method for depositing coatings not 
amenable to formation by nonconventional diffusion pro- 
cesses makes it attractive for further development. Since 
relatively expensive facilities are required, llboratory dein- 
onstration of the capabilities of this technique must be 
provided. 

PRIMARY RECOMMEN ATlONS ON MANUFACTUR- 

ING TECHNOLOGY 

1. Demonstrate the reliability and reproducibility of 
available protective coating systems on refractory metal 
hardware. 

2. Develop reliable and reproducible methods for refur- 
bishing service-operated aluminii. 3 superalloy hardware, 
and assess the influence of coatings and recoating operations 
on the mechanical properties of these hardware materials. 

3. Develop reliable methods for applying coatings to the 
internal passageways of air-cooled gas-turbine hardware. 

4. Study the physical chemistry of current coating pro- 
cesses to provide a sound basis for process control and im- 
provement. 

5. Develop field repair methods for diffusion-coated 
refractory metals and superalloys. 

SECONDARY RECOMMENDATIONS 

1. Establish manufacturing methods for applying Cr-A1 
protective coatings to large dispersion-strengthened (TD-Ni 
and TD-Nix) components. 

2. Develop reproducible processing techniques for de- 
positing a tungsten-barrier layer coating on complex tanta- 
lum alioy shapes. 

3. Establish improved electrophoretic techniques for 
depositing a wide range of slurry coatings on complex re- 
fractory metal and superalloy hardware. 

4. Develop vacuum vapor deposition methods for apply- 
ing complex, heat-resistant alloy coatings to nickel- and 
cobalt-based superalloys. 

5. Introduce automation into high-volume coating activi- 
ties, such as the aluminizing of superalioy turbine blades 
and vanes, for cost reduction and improved process repro- 
ducibility. 

6. Promote communication between hardware desib~en 
and coating suppliers to assure the design and fabrication of 
coatable components. 

TESTING AND INSPECTION 

The successful development of an effective high-temperature 
protective coating depends, to a great extent, upon the 
proper application and interpretation of tests at critical 
stages during the development phase and in the final evalu- 
ation of the finished product. The technology of testing 
and inspection is broad and h~terdisciplinarj. This discus- 
sion is concerned with only one aspect of this technology, 
that which pertains to the evaluation of high-temperature 
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protective coatings for service above 1800°F. Consideration 
of only those applications above 1800°F virtually eliminates 
all industrial coatings. Aerospace and propulsion systems 
are the primary areas where such high service temperatures 
are normally encountered. Reviews of current testing proce- 
dures for this temperature range show them to be profoundly 
influenced by the data requirements that lead directly or 
indirectly to the design of coated components for aerospace 
and propulsion systems. 

Coating evaluation procedures fall into four general 
classes: standard characterization, nonde. tructive testing, 
screening, and environmental simulation. Standard charac- 
terilation tests are those that measure basic characteristics 
of a coating and/or the coating-substrate composite. This 
would include the measurement of such properties as hard- 
ness, thickness, density, melting point, esttance, thermal 
conductivity, tensile and creep strength, elastic modulus, 
and fatigue strength. Many of these measurements are 
routine procedures for there are ASTM standard tests. 
Nondestructive testing (N DT) includes any inspection or 
measurement technique that neither disturbs nor alters the 
physical or chemical characteristics of a coating system. 
Nondestructive testing is frequently employed in process 
control to measure coating thickness and to detect non- 
visible coating flaws. These techniques employ dye pene- 
trants, ultrasonic transmission or emission, eddy-current 
emission, radiography, infrared emission, and thermoelec- 
tive response. The technology of NDT is advancing rapidly 
and will have a significant influence upon the character of 
future testing and inspection techniqws. 

Screening tests are generally designed to provide a pre- 
liminary evaluation of the capability and potential of a 
coating system for a given application. Usually the data 
derived from srrcl~ tests are of a comparative or relative na- 
ture. The test environment ordinarily includes only one or 
two independent variables, and the emphasis is on high- 
volume-high-rate testing rather than on environmental simu- 
lation. While screening tests normally involve a minimum 
of equipment, some facilities, notably those which are used 
to screen gas-turbine coatings, may represent capitd invest- 
ments exceeding $50,000. Perhaps the most common screen- 
ing test for hif1-temperature coating is the so-called cyclic 
oxidation test in which small coated tabs are subjected to a 
series of isothermal air exposures until the original lot of 
specimens has failed. This test, like other screening tests, can 
be quite effective in eliminating from further consideration 
ineffective coaiings, thereby minimizing the number of can- 
didate coatings that must be carried into advanced proof 
testing. Simulated environmental tests are those in which 
the use environment is simulated in the laboratory. This 
description is somewhat of a misnomer, since most aero- 
space and propulsion environments are either too severe or 
of *m long duration to be realistically simulated. Most 

"simulated environments" arz abbreviated representations 
of the real environment, and frequently significant param- 
eters must be ~mitted because it is physically impossible to 
simulate them. 

Laboratories are in general agreement regarding the per- 
formance requiren~ents for evaluating coatings for a certain 
class of applications, for example, gas-turbine hardware. 
There is almost total disunity, however, with respect to the 
tests employed and the significance of data obtained from 
these tests. This lack of agreement stems principally from 
the independent evolution of testing procedures by different 
laboratories in an atmosphere of limited communication. i t  
is virtually impossible to compare test results from different 
laboratories. This has been the cause of substantial duplica- 
tion of testing efforts. The procedural difficulties of high- 
temperature testing have contributed to the nonuniformity 
of evaluation techniques. At elevated tempratures, even 
simple measurements of temperature and strain are difficult, 
and none of the several techniques now employed is com- 
pletely satisfactory. Problems with high-temperature reac- . . 

, 
tions between coatings and specimen-support media and the 
unavailability of simple inexpensive furnaces for long-term i 

operation in air above 3000"~ have further complicated tnc ! 
situation. i 

Another elusive factor which complicates interlaboratory I 
i 

data comparisons is failure criteria. The appearance of sub- 
strate oxide has been generally regarded as evidence of coat- \ 
ing failure. However, the amount of oxide that accumulates 
to constitute a failure is a subjective quantity and will vary 
from laboratory to laboratory. Moreover, this faiiure crite- 

1 -  \ 

rion is strictly artificial and may have no relevance to what i 

would constitute a service failure. 1 - 
i 

The first step toward elimination of the current confu- f 
sion in evaiuating coatings would be establishment of mean- 
ingful test standards. An effort of this nature was the subject 
of an earlier MAB study.* Establishment of test standards 
for high-temperature protective coatings is currently being 

i ! 

investigated by AS rM&mmittee C-22. The M A B  test pro- I-. 
cedures have received only limited acceptance; the progress i 

of ASTM C-22 has been relatively slow. This is due, in part, i 
to the reluctance of laboratories to discard selfdeveloped I 
test procedures in favor of new and unfamiliar routines. 
Eventually, tests will be standardized, but not in the near 
future. 

I The confusion and inefficiencies caused by the current i -, 
<>- 

lack of test uniformity can only worsen as coating require- i? :: 
ments become more stringent. Higher operating tempera- 1 

tures, longer service life, and greater reUability will be de- 1; - 
! - 

manded of future coatings. Improved measurement tech- , ; .  , .  

niquc, refined reliability analyses, and more effective NDT : i -  r 

must be developed so that the ability of coated parts to I 

*fiocedures fw Evattmting Coated Refractory Metal Sheet. Report 
MAB2OI-M, August 3,1964. 

: .  
I 

!- * - -  



provide satisfactory performance for extended periods in 
hostile environments can be demonstrated with a high 
degree of confidence. Unified test standards must be cwp- 
eratively evolved by testing 1aborato:ies to minimize un- 
necessary duplication of effort. Furthermore, as service 
lives increase, meaningful accelerated tests that can be inter- 
preted accurately in terms of service life will be ~equired. 

RECOMMENDATIONS ON TESTING AND INSPECTION 

In anticipation of these future requirements, the following 
recommendations are made: 
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1. Standardize test methods, including standard charac- 
terization, nondestructive inspection, screening, and simu- 
lated environmental tests. In the i11tc:im. cooperation among 
coating vendors and evaluation groups must be e~~conrzged 
for the purpose of unifying current testing procedures and 
eventually standardizing all tests. 

2. Develop new and improved NDT methods that yield 
quantitative data. Exploitation of reliability analyses and 
nondestructive characterization techniques should proceed 
as an integral part of new coating development programs. 

3. Develop meaningful, accelerated coating-life tests that 
are thoroughly correlated with service performance. 
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INTRODUCTION 

Protective coatings for refractory metals have been per- 
fected over the past two decades largely through empirical 
development. From the body of experience thus obtained, 
a rationale has evolved concerning the basic concepts under- 
lying the development of successful coatings, and knowledge 
has been accumulated regarding the mechanisms of coating 
failure. The purpose of this survey is to review the basic 
concepts and principles of protection, as well as mechanisms 
of coating failure, in order io summarize our knowledge of 
those subjects, in the expectation that this will be of assis- 
tance in the development of new coating systems. 

This chapter begins with a general discussion of concepts 
and principles. Next, oxidation, evaporation, and coating 
substrate reactions are considered as mechanisms of coating 
degradation. Finally, the predominant role of defects and 
flaws in the failure of coatings is analyzed. 

ANALYSIS OF COATING SYSTEMS 

The five types of coatings used to protect metallic systems 
at elevated temperatures are: 

1. Intermetallic compounds that fbrm compact oxide 
layers. 

2. Intermetallic compounds that form glassy oxide 
layers. 

3. Alloy coatings that form compact oxide layers. 

4. Noble metals and alloys that either do not react with 
the environment or react very slowly forming volatile oxides. 

5. Stable oxides that provide a physical barrier. 

Much of the technology developed in coating hi&-tempera- 
ture components has been concerned with refmments and 
modifications of the basic functions of the coating t y p s  
listed. 

The following paragraphs analyz the successful develop 
ment of protective coatings and attempt to answer the ques- 
tions: \my were the coatings successful? What were the 
predominant basic factors involved? 'Ibis type of p~t h c  
reasoning serves as an introduction to the more traditional 
scientific approach of predic'hg from first principles, de- 
scribed in later sections on ri~&anism of failure of protec- 
tive coatings. 

INTERMETALLIC COMPOUNDS 

C R Y S T A L L I N E  O X I D E  F O R M E R S  

The most important of the protective coatings in this cate- 
gory are durninides on superalloy substrates. The aluminides 
oxidize preferentially to form a layer of crystalline AlzOj 
because of the high activity of aluminum relative to the 
more noble constituent. Aluminum oxide is an excellent 
protec!ive layer because the rate of diffusion of aluminum 
cations from the substrate aluminide though Al,03 to  the 
surface to react with oxygen is very slow. Transport of 
oxygen anions through the layer also is very slow. As a re- 
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sult, the oxide film remains thin, with consequent good 
adherence and mechanical characteristics. Indeed, the most 
probable failure mechanism is diffusion of aluminum into 
the metallic substrate. As long as an aluminide layer is 
present as a reservior of aluminum, mechanical defects in 
the Al,03 oxide layer are not detrimental. However, me- 
chanical defects in the aluminide layer itself that permit the 
substrate to be exposed are a source of failure. A special 
class of aluminide-type coating with a built-in self-healing 
mechanism is the tin-aluminum coating that is applied to 
refractory metal substrates. These coatings employ a molten 
tin vehicle which flows to repair any defect that might form 
during service. Otherwise, the mechanism of selective oxida- 
tion of aluminides formed by reaction with the substrate 
remains unchanged. 

Many other crystalline oxides have the melting points and 
stability to be potentially useful, including the oxides of 
beryllium, chromium, thorium and rare earths. In the course 
of empirical development, these other systems have been 
tried, and, for one reason or another, have failed. Some of 
the reasons for failure of systems forming protective oxides 
other than A120J are obvious. For example, the oxides of 
Group :Va (titanium, zirconium, and hafnium) and Group 
Va (niobium and tantalum) do not grow as a compact 
layer during oxidation, thus permiting gaseous transport of 
oxygen to the substrate. Chromium-rich alloys and com- 
pounds produce a Cr203 layer, but this forms volatile CrO, 
on further oxidation. Reasons for the failure of beryllium 
or beryllides to form a useful family of coatings is not so 
clear. It appears that the large mismatch of volume and 
thermal expansion between beryllides and metallic sub- 
strates is the cause of the difficulty. Also, bzryllium oxide 
reacts with water and water vapor. Other deficiencies of 
beryllide coatings are the occurrence of low-melting eutec- 
tics with the substrate and high diffusion rates of beryllium 
into the substrate. Crystalline oxides based on cobalt and 
nickel probably are not used beczuse metal cation diffusion 
through the scale is too rapid. On the other hand, the oxides 
of Th and Zr exhibit quite high rates of oxygen diffusion, 
rendering them of questionable value for thin high-tempera- 
ture coatings. 

GLASSY OXIDE FORMERS 

Silica is the predominant oxide that can form a glass, 
although other oxides, such as boron oxide, might be con- 
sidered as a basis for forming glassy oxides. The silicide 
coatings have been very successful for protection of refrac- 
tory metal substrates. It is found experimentally that, of 
the silicides, only the disilicides are effective in producing 
continuous glassy oxide layers on the surface. Lower sili- 
cides are much less effective, probably because the silicon 
activity is too low to produce preferential oxidation of 

silicon. Silica glass coatings have a tendency to lose silicon 
through the formation of gaseous SiO at low pressure, either 
by direct ditsociation of Si02 or by reaction with silicon in 
the disilicide. 

Glassy oxide coatings can flow and .:ccommodate me- 
chanical strain, healing over the mechanical defects formed 
in the coating. The art of silicide coating of refractory 
metals may be based in part on the use of elements that 
form oxides that modify the glassy range by lowering the 
flow point, decreasing the viscosity, and enlarging the range 
over which defects may be healed more effectively. Self- 
healing is limited at lower temperatures where cracking of 
the glass may occur. 

Diborides form a family of intermetallic compounds that 
have good oxidation resistance at very elevated temperature. 
It is possible that the basis for oxidation resistance of the 
diborides is the formation of B203 @ass modified with other 
oxides. Thus far, however, diborides have not been success- 
ful as coatings, perhaps because of d i l u t i o n  of boron into 
the substrate. Another factor is the high volatility of B203, 
which would be undesirable in the case of a thin coating. It 
appears that insufficient effort has been expended in the 
development of diboride coatings to permit an adequate a p  
praisal of their potential. 

When MoSi, is used as a coating, the molybdenum triox- 
ide that may be formed evaporates, leaving a relatively pure 
SiO, glass. If the silicide coating contains other elements 
that form nonvolatile oxides (ia., Cb203), these may enter 
and modify the glass. The more effective coatings are bal- 
anced in composition to provide glasses that give the best 
protection and possess self-healing characteristics. The devel- 
opment of fused slurry processes permits a broad range of 
compositions to be applied as coatings and is considered a 
major advance in coating technology. 

OXIDATION-RESISTANT ALLOYS 

Most of the work in this category is based on oxidation- 
resistant, nickel- and cobalt-base alloys. The basis for oxida- 
tion resistance in these alloys is the formation of compact 
oxides in which the diffusion of metal cations is inhibited. 
The most desirable oxide layers are those that are thin 
enough or plastic enough not to fail mechanically during 
service. Cobalt- and nickel-base alloys for high-temperature 
application generally contain substantial amounts of chro- 
mium. The mechanism for the enhancement of oxidation 
resistance by chromium appears to be the formation of a 
dense spinel oxide layer of the type CoCr204 or NiCr204. 
The rate-controlling process is believed to be chromium ion 
diffusion through the spinel, which is vastly slower than 
cobalt or nickel ion diffusion through COO or NiO scales 
(e.g., the alloy scale formed without chromium or at low 
chromium levels). 
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It is possible to use superalloys as coatings on refractory 
metals. Here, their maximum use temperature is limited by 
the possibility of eutectic melting between the superalloy 
coating and the refractory metal substrate. However, the 
eutectic temperatures are somewhat higher than the useful 
temperature range for oxidation resistance and thus are not 
the ultimate limiting factor in the use of superalloy coat- 
ings. A secondary limitation is diffusion of nickel or cobalt 
into the refractory metal substrate, particularly in the case 
of the Group VIa metal substrates. Diffusion of these ele- 
ments reduces the recrystallization temperature and gener- 
ally causes the base metal to deteriorate. Brittle intermetallic 
diffusion zones also may be formed. Thermal expsnsion mis- 
match is another factor that has limited lhis approach. 

In the case of refractory metals there has been an inter- 
esting and moderately successful use of oxidation-resistant 
nonstructural alloys to coat high-strength substrate alloys. 
The advantage of this approach is that the concentration 
gradient for diffusion is much less than in the case of coat- 
ings that are chemically very different from the substrate. 
Some columbium-base alloys containing high concentra- 
tions of titanium, aluminum, and chromium have good oxi- 
dation resistance in the 800"-1200°C range, aproaching 
that of the oxidation-resistant superalloys. Their high- 
temperature strength, however, is inferior to that of super- 
alloys. Hence there has been little incentive to use them. 
However, such an oxidation-resistant compatible cladding 
over structural columbium-base alloys could comprise an 
interesting coating system. Furthermore, in gas-turbine 
applications, where foreign-object damage is an environ- 
mental threat, the ductile columbium-oase alloy affords a 
means of protection through plastic deformation without 
cracking. The mechanism for protection of columbium by 
large additions of titanium or zirconium is the formation of 
complex oxides of the type ChO,  *Ti$ and Cb20, .6Zr02. 

Another example of a compatible oxidation-resistant re- 
fractory metal coating is the use of Ta-Hf alloys to clad 
structural columbium- and tantalum-base alloys. The Ta-Hf 
alloys oxidize with a parabolic growth rate, indicating 
diffusion-controlled oxidation. The oxidation rate is rather 
high so that thick Ta-Hf coatings are necessary for protec- 
tion. 

NOBLE METALS 

The noble metals, particularly platinum and iridium, may be 
used to protect refractory metal substrates and graphite. 
The maximum temperature and time of usefulness can be 
estimated from the loss of the noble metal through evolu- 
tion of volatile oxides; this loss is strongly dependent on the 
flow rate of oxygen. No mechanism of self-healing is avail- 

able, so that the coatings must be perfect in order to be pro- 
tective. A secondary concern is interdiffusion with the sub- 
strate. Substrate interdiffusion may be avoided through the 
use of a relatively thick barrier of nonreactive oxide. For 
example, platinum-coated molybdenum and tungsten com- 
ponents are used in glass-melting, in which the noble metal 
is simply a sheath over the refractory metal substrate from 
which it is separated by all oxide barrier layer, usually 
AI,O,. The noble metal coating merely serves as a barrier 
to keep out oxygen and does not contribute structurally. 
Thus, applications for this system are limited to low stresses, 
where transmissior. of shear stress across the coating- 
substrate interface is minimized. 

OXIDES 

Oxides inert to the substrate may be used in coatings as a 
physical barrier to oxygen. The mechanism of failure is dif- 
fusion of molecular oxygen through pores or cracks in the 
oxide coating to the substrate. Protection is based on maxi- 
mizing the diffusion length for molecular oxygen, and such 
coatings tend to be rather thick. The technology involved in 
the development of such coatings is based on avoidance of 
shortcuts to molecular diffusisn, such as might occur at 
large cracks in the oxide coating. A typical example of such 
a high-temperature protection system is sintered Tho2 over 
tungsten. The application technique employs a metallic 
mesh or network that reduces the area of oxide "tiles" to 
that which can accommodate thermal stresses without 
cracking. 

I t  is also effective to add fluxing agents to the oxide to 
form a frit, or enamel-type coating. There are many exam- 
ples of successful use of enameled metals, but most of these 
are for relatively low temperatures, below the solidus tem- 
perature of the frit. The mechanism of failure of enamel 
coatings is the same as that for sintered coatings, namely, 
molecular diffusion of oxygen through cracks to the ex- 
posed substrate. 

LIMITING FACTORS IN COATING 
BEHAVIOR 

OXIDATION KINETICS 

Metals are thermodynamically unstable with respect to 
their oxides over such a broad range of temperatures and 
oxygen pre;sures that the widespread use of metals (or me- 

. . 
. . 
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tallic materials in general) as structural materials would be , i-- 

precluded except for the intervention of chemical kinetics. , - . , , .. 
Fortunately, once an oxide has formed on the surface of a 1 ". I : 



metallic material, it acts as a barrier to further reaction by 
inechanically separating the two reactants. Oxidation can 
then proceed only by transport of metal atoms to the 
oxide-ambient interface, by transport of oxygen atoms to 
the oxide-metal interface, or by breakage or physical re- 
moval of the oxide film. The purpose of this section of the 
report is to define as precisely as possible the minimum 
oxidation rates that are theoretically attainable in projected 
reentry or engine environments. Consideration of the loss 
of an oxide barrier by vaporization will be deferred to the 
next section. The minimum rates are generally defined by 
the rate of transport of reactants through mechanically 
stable and structurally sound oxide fdms. In practice, attain- 
ment of minimum r-.tes may be hampered by spallation, 
breakaway, or defective oxide structures. A vital intermedi- 
ate problem to which some attention must be directed thus 
involves means for achieving maximally effective oxide bar- 
riers. In the following paragraphs a brief summary is pre- 
sented of the current state of understanding of oxidation 
mechanisms. The next four sections deal in turn with coat- 
ings of silicides, aluminides, refractory oxides, and oxidation- 
resistant alloys. For each of these types of coating, the ideal 
long-range potential is assessed and compared with the be- 
havior of current state-of-the-art systems. Finally, pertinent 
directions for future developmental efforts are considered. 

MECHANISMS 

In general, a study of the oxidation behavior of any system 
begins with some measurement of the extent of conversion 
of the original system to oxide as a function of time, t, 
under selected conditions of temperature and oxygen pres- 
sure. The specific measurement might be weight change, 
oxygen consumption, thickness of oxide fdm, recession of 
the original metallic system, or some combination of these. 
The data are then analyzed to yield a rate law, which for the 
sake of clarity can be expressed in thz form 

where x is the thickness of the oxide film and f(x,t) is some 
function of film thickness and time. For a large nu~~iber of 
systems, the function f(x,t) assumes one of a number of 
fairly simple forms. If f(x,t) is constant, f(x,t) = k, and the 
system is said to oxidize linearly-i.e., the loss of metal 
proceeds at a constant rate independent of time and inde- 
pendent of the amount of previous oxide buiidup. Clearly, 
when a linear rate law is observed, the oxide is not function- 
ing as an effective barrier'. If f(x,t) = kp/2x, the syst ?m is 
said to oxidize parabolically, where kp is the parabolic r:+- 
constant, and the rate of oxidation declines with time as the 
oxide builds up-i.e., the thicker the oxide film at any point 
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of time, the slower the rate of subsequent oxidation. If 
f (x,t) = (k log t), the system is said to oxidize logarithmi- 
cally, and the rate of oxidation dezreases with time, although 
at a different rate, of course, than when the parabolic rate 
law is followed. The linear, parabolic, and logarithmic rate 
laws are by no means sufficient to describe the experimental 
rate data for all of the systems that have been studied. How- 
ever, systems that obey other rate laws are best considered 
individually, since the rate-controlling processes frequently 
are quite complex. 

For purposes of engineering design, oiidation rate data 
as summarized in the rate equation are often sufficient. For 
purposes of rational materials development, it is highly 
desirable to gain some underst~nding of the rate eqwtion 
in terms of a reaction mechanism. 

The linear rate law, which implies continuous contact 
between solid and gaseous reactants, need not concern us. 
While it is conceivable that, over a finite period, slow linear 
oxidation may lead to less recession of material than rapid 
parabolic or even logarithmic oxidation, mechanisms lead- 
ing to linear oxidatior, are still essentially nonprotective. 
When a transition is observed from a parabolic to a linear 
rate law, as a resdt of spallation of a thick oxide film or 
breakaway, then it is important to explore means for re- 
taining the protective oxide intact. 

In inmy ways, the most significant insight into oxidation 
rrechcriism has been provided by the Wagner theory of 
parabolic oxidation. Wagner showed that if the rate- 
determining step in an oxidation process is volume diffusion 
of reacting ions (or corresponding defects) through a com- 
pact oxide scale, a parabolic rate law results. The derived 
relationship between the parabolic rate constant kp and 
the diffusion coefficients of anions and cations in the oxide 
is as follows1 : 

where 

M,Ob = the chemical formula for the oxide 
c, and c, = concentrations of oxygen and metal ions 

as calculated from the density of the oxide 

?M&b 
= the molecular weight of oxide 

V = the equivalent volume of the oxide 
k = Boltzmann's constant 



24 High-Temperature Oxida tion-Resistant Coatings 

T = absolute temperature 
P = the density of the oxide 
m = the valence of the metal ions 

and Do = diffusion coefficients for metal and oxygen 
atoms 

po and pM = chemical potentials of the respective ions 

and the integration is between the metal oxide and the oxide- 
ambient interfaces. The diffusion coefficients must be rele- 
vant to the oxidati~n experiment in the sense that, for p-type 
oxides, the diffusion coefficient must be measured for an 
oxide in equilibrium with oxygen at the same partial r-es- 
sure used to determine k, and for n-type oxides, the diffu- 
sion coefficient must be measured for the oxide in equilib- 
rium with the metal. It has been pointed out by Brett et aL2 
that the expression relating kp and Di (the diffusivity of the 
principal migrating species) can be simplified by making 
various assumptions about the nature of the defect gradient. 
The usual assumption2 for oxides that form n-type metal- 
excess semiconductors (BeO, ZrO, Zr02) is that the concen- 
tration of dissolved metal at the oxide-oxygen interface is 
approximately zero (C, = 0), while the assumption for metal- 
deficit, p-type semiconductors (Cu20, U02, NiO) is that 
the concentration of cation vacancies in equilibriu--1 with 
the metal is very small compared with that in equilibrium 
with the oxide-oxygen interface (C, = 0). 

These assumptions can be combined with the assumption 
that the selfdiffusion coefficient of the diffusing ion in the 
oxide is related to the defect diffusivity by D = D~C, where 
c i s  the average defect concentration. Then we may write 

x2 - = k, = 2Di (C, - C,). 
t 

If the defect concentration is linear, we have = 112 (C, + 
C,) and 

4D(C, - C,) 
= 4D when C, or C, = 0. (4) 

kp = (C, + C,) 

Alternatively, if there is a uniform concentration of defects 
across the oxide and C, = 0, then 

since the average concentration is the same as that at the 
interface when the defects originate. The more exact ex- 
pression2 reduces to the simplified expressions in the case 
of monovalent ions and also yields the relationship k = 2D 
(C, - C,) for divalent ions. 

The observation of a parabolic rate equation is not proof 
that a Wagner mechanism applies unless it can also be shown 
that the parabolic rate constant is properly related to the 
diffusion coefficients in both magnitude and temperature 
dependence. Nonetheless, it seems self-evident that if a 
transport mechanism controls the effectiveness of an oxide 
barrier, minimum rates of oxidation should be correlated 
with minimum diffusion coefficients. This statement as- 
sGmes, of course, that grain boundary and short-circuit dif- i 
fusion paths have been eliminated so that only lattice dif- 

I 

fusion is possible. For comparison of systems for potential I - 
I 

oxidation resistance, diffusion coefficients in the propused 
proter'ive oxide should provide a good criterion for identi- 1 
fying the most promising systems. 

The logarithmic rate law characterizes the room-tempera- I 
t 

ture oxidation of aluminum, which everyone agrees is the 
ideal oxidation-resistant material. Unfortunately, it func- 

1 '  
tions over too narrow a temperature range. The extensive f ,  

i work on aluminides is probably largely motivated by a desire 
to find something that behaves at high temperatures as alu- : .. 
minum does at room temperature. If one compares the inte- I 
grated forms of tile parabolic and !ogarithmic rate equations !- 

as follows: i 
x2 - xz = k, (t - to) (Parabolic) (6) 1 

x-x, = k,(log t - log to) (Logarithmic) (7) I--. - 

where an oxide thickness of x, is assumed at a time to, the 
logarithmic behavior is clearly advantageous for long-term 
oxidation resistance. At sufficiently long times, the oxide 
will grow as f i i f  the parabolic rate law is followed, but 
only as log t if the logarithmic rate law applies. Thus, regard- 
less of the values of the rate constants, kp and k,,,, the 
logarithmic rate law will ultimately lead to slower rates of 
oxide growth. 
Thz logarithmic room-temperature oxidation of alumi- 

num was associated by Mott3 with a mechanism involving 
field induced transport through a thin oxide fdm. When the 
oxide is sufficiently thick that the electrostatic field due to 
adsorbed oxygen ions at the oxide-ambient interface can no 
longer influence the outward mikiation of A P 3  ions from 
the metal, oxidation virtually ceases. At higher tempera- 
tures, of course, when thermal transport becomes compa- 
rable with field-induced transport, a transition to parabolic 
kinetics is expected. A logarithmic rate law, due to a Mott 
type of mechanism, is thus highly unlikely at the elevated 
temperatures within the scope of this report. Fortunately, 
as is discussed below, normal lattice diffusion through alu- 
minum oxide is also fairly slow, so that while aluminides at 
high temperature do not behave like aluminum at room 
temperature, they are still comparatively resistant to oxida- 
tion. 

L 
I-. , 



An exhaustive treatment is not attempted here of the 
numerous oxidation mechanisms thai have been proposed 
when, as frequently happens, neither the Wagner mechanism 
nor the Mott mechanism can account for the experimental 
results, although other ideas may be introduced in discussing 
specific systems. It is important to be constantly aware of 
the fact that the oxidation mechanism may be different in 
different temperature-pressure regions. It is not possible to  
extrapolate results obtained in air at atmospheric pressure 
over a limited temperature range to predict behavior at 
lower or higher pressures or at widely different tempera- 
tures, unless it can be demonstrated that no change in oxi- 
dation mechanism occurs. 

The silicide, duminide, and oxidation-resistant alloy coat- 
ings all depend for their oxidation resistance on the in situ 
formation ~f a protective oxide diffusion barrier. The alter- 
native approach of direct application of a protective oxide 
barrier introduces no new principle. In every case, one tries 
to design for slow diffusion rates across an ~ x i d e  barrier. 

The remarkable oxidation resistance of molybdenum disili- 
cide coatings on molybdenum has led to extensive investi- 
gation of an enormous number of other binary and more 
complex silicides as coatings for virtually all of the refrac- 
tory metills and alloys. When a binary silicide was found to 
exhibit relatively poor high-temperature oxidation resist- 
ance, as in the case of CbSi, , TaSi, , TiSi, , ZrSi, , and CrSi, , 
improvement was often obtained by the addition of other 
elements. For all of these systems, however, the mechanism 
of oxidation both before and after the addition of the 
"doctoring" elements is almost certainly quite different 
from that of molybdei~um disilicide, and hence the ultimate 
potential will also be different. 

The oxidation resistance of molybdenum disilicide coat- 
ings is due to the formation of a swface layer of pure or 
very nearly pure silica, through which diffusive transport of 
reacting elements is slow. The silicides that can be discussed 
as a group, and whose ultimate potential oxidation resis- 
tance should be similar, other things being equal, are those 
that, like MoSi,, owe their oxidation resistance to the for- 
mation of a pure silica scale. This group should include 
\VSi, , ~ e ~ i ~ ,  and the platinum group disilicides, where 
either the metallic element is more noble tban silicon, so 
that the silicon is oxidized preferentially, or the oxide of 
the metallic element is volatile, so that only SiO, remains 
in the condensed phase. A similar oxidation mechanism 
should also apply to Sic and to pure Si, although in the 
latter case the low meltkg point of the element, rather than 
a deterioration of the diffusive properties of the oxide, 
limits the overall oxidation resistance of the system. 

The sequential steps in the protective oxidation of sai- 

-* 
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cides and the respective steady state fluxes, Fj, when an ap- 
proximately pure silica film provides the protection are 
summarized by Krier and Gunderson4 from the work of 
Deal and Grove5 as follows: f 

.4 

1. Transport of oxygen from the gas phase to the surface 
of the silica scale where either adsorption or reaction occurs: 
F, =h(C* -C,). 

2. ~ r a n s ~ o r t . o f  the oxygen through the scale from the 
silicalambient to the silicalsilicide interface: 
F2 = D,, (C, - Ci)/x. 

3. Reaction with silicon and/or metal at the silicidelsilica 
interface: 
F, = ~C?C:~,~. 

In the case of silicides for which an intermediate layer of 
reduced silicon content develops between the original sili- 
cide and the SiO, scale: 

4. Transport of silicon across the intermediate layer to the 
reaction zone: 
F4 = Dsi(Csi, - csi,sia) 

where, with reference to Figure 2 

C* = the concentration of oxygen in silica in 
equilibrium with the ambient gas 

C~ = the concentration ~f oxygen in the outer 
surface of the silica at any time 

Ci = the concentration of oxygen at the silica- 
silicide interface 

CSili = the concentration of silicon at the silica- 
silicide interface 

Original 
Silicide 

- Csi, o 

Ambient 
Gas 

FIGURE 2 Model for the oxidction of sllicides. 

Silica Silicide 
x Sublayer 

ct.-, ,- -- Xs 

- 
- Ci 

"Csi,i 
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x = the thickness of the silica film 
a and b = constants that define reaction order 
h = a gas-phase transport coefficient 
k = the reaction rate constant 
Deff = the effective diffusion coefficient for oxygen 

in the silica scale 

XS = the thickness of the irdermediate silicide 
layer 

Csi,, = the concentration of silicon at the interface 
between the two silicides 

Dsi = the diffusion coefficient of silicon in the 
intermediate silicide. 

In the oxidation of silicon, Deal and Groves found that the 
interface reaction 3 is not fast compared to the transport 
reaction, one of the requirements for a Wagner mechanism 
to apply. The interface reaction should be of at least com- 
parable importance in the cxidation of silicides. 

The equilibrium concentration C* was assumed to be re- 
lated to the ambient oxygen pressure Po2 by a Henry's law 
relationship: 

where k is the Henry's law constant. The final equation 
derived for the rate of growth of silica on silicons is 

where 

The quantity x, is the thickness of .he silica scale at time 
t = 0, after which the equation is valid; N, is number of 
oxygen molecules per cubic centimeter in the oxide as cal- 
culated from the density of the scale; and k' is the rate con- 
stant for step 3 in the case of pure silicon. 

By considering the rate of growth of the silica scale after 
the formation of some initial oxide thickness x,, Deal and 
GroveS circumvented the complicated problems involved in 
the very first stages of growth. This simplification is particu- 
larly pertinent to the oxidation of silicides, where generally 
both the metal and the silicon are oxidized concurrently in 

the initial stages and protective oxidation is not established 
until a continuous, coherent silica scale covers the entire 
surface of the s3,nple. For assessing the maximum potential 
effectiveness of silica as a protective barrier, it is convenient 
to separate out the problem, albeit nontrivial, of establish- 
ing such a barrier rapidly. In accordance v.. th the findings of 
Deal and Groves on t$e oxidation of silicon in dry oxygen, 
we assume x, = 250 A in analyzing the data for silicides. 

When an intermediate silicide is formed, and step 4 above 
assumes significance, tlie Deal and Grove analysis requires 
modification. Once steady state conditions have been estab- 
lished, the fluxes permitted by the various rate-determining 
steps should be equal. Under most flow conditions of prac- 
tical interest, h >> k, and equilibrium is established at the 
silica-ambient interface, so that C, - C* and F, = 0. From 
tiic conditions F2 = F3 and F3 = F4, one can solve for the 
instantaneous steady-state concentrations Ci and CSili in 
terms of the dii.,sion coefficients, the fixed concentrations 
C* and CSi,,, the rate constant k, and the instantaneous 
thicknesses x and x,. We will assume that the reaction at the 
silica-intermediate-silicide interface is first-order in 50th 
oxygen and silicon so that a and b in the expression for F3 
(p. 25) are both equal to one. The equation for Ci becomes 

and Cshi is determined as the solution to the quadratic 
equation 

The general expression for CSif derived from Equation 
(15) is complicated and leads to a differential equation for 
oxide film thickness, x, which is not readily integrable. 
Hence, simplified solutions for particular values of the 
parameters will be considered. 

In the case of a material such as Sic where an interme- 
diate silidde layer does not form, x, = 0, and hence Csi,i = 
Csi,,, and from Equation (14) Ci = C*ll  + (kx Csi,,/Deff)- 
The differential equation for the rate of growth of the silica 
scale then becomes 
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Equation (16) is the same as that developed by Deai and 
Grove for ti,, ~xidation of silicon, except that the rate con- 
stant k' in the Deal and Grove development, with h >> k', 
is here replaced by (kcsi,,). The solution to Equation (16) 
is thus the same as that given by Equations (9) through (12) 
if k' is set equal to (kcsi,,) a?d l/h is considered negligible. 

Now let us consider the case of MoSi2 where oxidation 
results in the formation of MoSSi3between the silica scale 
and the disilicide. If a silica scale of thickness x is formed 
via the reaction 

then the corresponding thickness x, of the Mo5Si3 layer is 
given by the following relationship: 

where the densities are psi,, = 2.32 glee and pMo Si = 7.4 
5 3 

glcc, and My is the molecular weight of Y. 
The diffusion coefficient of silicon in Mo5Si3 was deter- 

mined by gartlett and Gage6 from experiments on the rate 
of growth of Mo5Si3 between MoSi, and Mo. '3. Due to 
uncertainties in silicon concentrations, the rf .s were ex- 
pressed in the form 

86,000 -- 
R* cm2 

Dsi = 1.3e- - 
AC sec 

where LC is the difference in silicon concentration in moles/ 
cc between the MoSSi3/MoSi2 interface and the Mo5Si3/ 
Mo3Si interface. On the basis of equilibrium vapor pressure 
measurements? the activity of silicon, asi, in equilibrium 
with Mo5Si3 and MoSi, is 0.1 ; the corresponding activity 
over the two-phase region Mo3Si-Mo5Si3 is 0.005. If it is 
assumed that activity is proportional to concentration, we 
may estimate Csi = Ciiasi where Cgi, the concentration of 
silicon in pure solid silicon, would be given by C$ = psi/M,-i = 
2.4128 moleslcc. Hence in Equation (18) AC = Cg (Aa) = 
(2.4128) (0.1-0.005). The final expression for Dsi becomes 

and from the work of Deal and Groves at 100O0C an6 an 
oxygen pressure of one atmosphere, 

In accordance with the above discussion, 

To get a feeling for the relative orders of magnitude of the 
coefficients in Equation (15) as applied to molybdenum 
disilicide, let us consider a temperature of 100Ci"C. From 
Equations (19) and (20), we calculate Deff = 2.34 X lo3 and 
Dsi = 1.07 .Y 10-5 p2/hr. For the experiments otl pure siliccn, 
Deal and Grove defiied the flux F3 by means of the expres- 
sion F3 = ktCi. Our expression for F3 is F3 = k Ci Csi,i. Since 
in the Deal and Grove experiments CSili is a constant, which 
we may calculate as 5.15 X 101° atoms/p3 from the density 
of silicon, we may assume that kt = 5.15 X 10 lo xk. Deal and 
Grove measured k' = 3.6 A lo4 plhr at 1000°C in oxygen, 
and hence we may assume k = 0.7 X Referring to the 
parameters in Equation (IS), we thus find for MoSi2 at 
1000°C and an oxygen pressure of one atmosphere 

&C* (k) (0.42 x) C* - -  - = 1430x (25) 
Dsi Dsi 

On the basis of these parameters, the linear term in Equation 
(15) may be neglected and, to a good approximation. the 
expression for CsiJ becomes 

Substituting for C,,,, in Equation (14), we find 

From the work of Norton? 
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Finally, the differential equation for the growth of the 
silica scale on MoSi, becomes: 

which integrates to 

where 
4 

As before, xo = 250 A is the thickness oC the silica film at a 
time t = 0, when the mechanism described becomes effective. 

At relatively long times, such that Ax1l2 >> 1 and t >>T, 

Equation (30) reduces 10 the form 

which is simply a parabolic rate equation with the parabolic 
rate constant given by (2C* DeB)N1. The Deal and Grove 
equation, Equation (9), reduces to sxactly the same form 
with the same parabolic rate constant. Note that the final 
parabolic rate depends only on the properties of the silica. 
scale. At short times, near t = 0, Equation (30) takes the 
foim 

which, like the Deal and Grove equation for short times, is 
a lineal rate equation. However, the linear rate constants 
for the two equations are not the same. 

As a consequence of the limiting Equation (34), one pre- 
dicts that once the oxiuation of a silicide has become para- 
bolic, the parabolic rate constant should have approximately 
the same temperature dependence as Den (AEa 27 kcall 

moie) and the same prejsure dependence as C* f;in\.ar). 
Des is at most weaidy pressure-depe~~dent and t* is approx- 
imately independent of iemperature. 

From the data available on thc oxidstion resistance of 
silicide-coated xfractory metals, it is virtually impossible to 
draw conclusio~~s about the oxidation mechanisms. Data are 
reported, for the most part, in terms of "pro.. :tive lii^etimeW 
under given conditio~ls of temperature and pressure. It does 
seem clear however, from the relatively shorl lifetimes re- 
ported, that oxidation as discussed sbove is not the limiting 
factor. Monolithic molybdenum disilicide heating elements, 
for example, can t e used continuously in air at 1 650°C for 
2000 hr, during which time the oxide scale thickness is of 
the order of 20 p. This compares with a thickness of 10 p 
calculated from Equation (54) and constitutes remarkable 
agreement. In contrast, s 1.5-mil-thick layer of Disil-l, a 
molybdenum-disilicide-based coating, on hlo-0.5 Ti showed 
edge failure after 15 hr at 1460°c. The possibility of edgc 
failure is emsentially excluded from the mechanistic discus- 
sion give,. ab~ve ,  where oxidation is treated as a one- 
dimensional phenomenon. The s p e d  problems of edges 
and corners are ver; familiar to coating developers ar,d can 
sometimes be reduced by building up the coating at the 
edges and/or by avoiding sharp edges. The qroblem is not 
primarily an oxidation problem, but rather a structural prob- 
lem of obtaining a smooth adherent oxide fdm ihat "fits" 
satisfactorily around the edges without dev 'oping undbe 
stresses. Even in the absence of edge f ilurt, however, the 
limiting factor in coating performance is probably diffusion 
of silicon into the substrate and attendant ccating loss 
rattler than oxidation. 

Metcalfe and Stetson studied the oxidation resistance of 
arc-melted monolithic MoSiz and WSi, in air at  tempera- 
tures of 815°C and 1315°C. At the iower temperature, 
WSi, failed by "pest," which has recently been shown to be 
due to  enhdced oxida.ion a t  +he tips of Griffith flaws un- 
der the influence of residual ~t resses .~  MoSi, exhibited a 
fairly low weight gain of n.03 mg/cm2 in both 16 hr and 
96 hr, but the observation of a porous black oxide pre- 
cludes the diffusion-controlled oxidation mechanism pro- 
posed abow. At 131s°C, the net weight gains for MoSi, 
were 0.33 and 0.86 ng/cm2 after 16 and 96  hr respectively. 
However, since the net weight change combines a weight 
loss due to  volatilization of Moo3&) and a weight gain due 
to formation of a silica film, the results are not readily trans- 
latable into oxide film thichlcss. The WSi, weight chnges 
were too small lo measure. In both cases, however, protix- 
tive behavior seemed to  have beer, established. 

The lower silicides, Mo,Si3 and Mo,Si, shown by 
Berkcwitz-Mattuck and Dilsto to have excellent oxidation 
resistance anr e a continuous "'lica film is established, have 
generally bern found ansatisfactory f ~ r  aatings because of 
the large amount of the silicide which must be consur~wd 
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prior to establishment of such a continuous film. The pre- 
oxidizing of silicide coatings to form a silica layer prior to 
use has never beer, satisfactory in practice, since the silica 
glass cracks on cooling. lntroduction of a degree of room- 
temperature ductility into the silica might improve this situ- 
ation. However, the dream of ductile ceramics has long been 
with us with no real prospect of being realized. 

For those silicides that do  form pure Si02 scales, the 
~necbanism discussed earlier will probably be proved correct 
if the right experiments are done and the right parameters 
measured. Berkowitz-Mattuck and Dils,Io Glushkv et dl. , I 1  

and Wirkus and Wilder," who studied the oxidation of 
monolithic molybdenum disilicide, did not continue their 
experiments for sufficiently long times to insure that they 
were in the diffusion-controlled region. By fitting their 
oxygen-consumption or weight-change data to an empirical 
rate ?quation, these workers obscured the complexity of 
the overall oxidation process. If further work is done, the 
initial stages, when both molybdenum and silicon are oxi- 
dized simultaneously, must be cleariy separated from the 
steady-state oxidation process, which should be obyrved 
once a compact, adherent silica scale of about 250 A in 
thickness has been formed. 

Other silicide coatings, such as Cr-TiSi, which do not 
provi.1~ protection by formation of a pure silica scale but 
rather by formation of a much more complex oxide, defy 
analysis at the present time. Ternary diffusion problems in 
general require far more study and analysis before they be- 
come tractable. Nonetheless, since th- complex silicides do 
provide protection by an essentially different mechanism 
than that of the molybdenum or tungsten silicides, a fairly 
basic study of the mechanism of oxidation of some of the 
empirically developed formulations could iesult in elucidat- 
ing new fundamental principles for providing oxidation 
resistance in coatings. 

if the oxidat'3n resistance of aluminides can be axribed to  
the formation of a pure or nearly pure M203  barrier scale, 

TABLE 3 Self-Diffusion Coeffic 

and if a Wagner mechanism is valid, then the minimum pos- 
sible oxidation rates should be calculable for diffusion data 
on aluminum oxide from Equations (2), (4), or (5). Alumi- 
num oxide has generally been con ,dered an n-type metal- 
excess semicond~ctor, '~ but this point of view has been 
challenged by Pappis and Kingery,'" who suggest that at 
1300"-1750°C A1203 is c-type at low oxygen pressures 
(iess tha. atm) and p-typ.: at high oxygen pressures. 
The self-diffusion data on A1203 that have been reported 
in the literature are summarized in Table 3 and plotted in 
Figure 3. 

Between 1600" and 2050°c, the melting point of alurni- 
num cxide, DA1 >> Do, and hence the outward migration 
of aluminunl is expected to determine the parabolic rate 
constant in diffusion-controlled kinetics. It is interesting to 
note that Doherty and Davis's demonstrated that crystal- 
line A1203 at 600°C grows beneath an amorphous film by 
inward diffusion of oxygen. This mechanism is perfectly 
consistent with the extrapolated relative diffusion rates of 
A! and 0 at the lower temperature. 

On the basis of the simplified relationships of Equations 
(4) and (5) between diffusion coefficient and parabolic rate 
constant, one would predict that the rate of growth of 
A1203 on aluminides that tend to form pure A1203 scales 
should be given by a rate equation of the form 

x2 = 4Dt (linear defect concentration) (36) 
or 

x2 = 2Dt (uniform defect concentration). (37) 

One of the first and most interesting practical aluminide 
coatings for refractory metals is the Sn-Al coating developed 
by Sylcor.16 In the context of the present discussion, the 
Sn-Al coating owes its oxidation resistance to the formation 
of a pure A1203 scde. In anticipation of some of the prob- 
lems discussed below that have been encountered with other 
aluminide coatings, it should $e noted that under some con- 
ditions the Sn-A1 coating is liquid; therefore, the A1203 
scale floats on a liquid reservoir. T~I ;  introduces difficulties 
at  low oxygen pressures, which are taken up in the next 

5ents in Alumina 

Temperature 
Diffusing Species Do, cm2/sec AE,, caiimole Range PC) Notes . 
A1 28 1 14,000 1670-1900 Annealed in air 

6.3 X lo4 57.6~- 4600 Results varied with 
heat treatment and 
impurities 
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1 pK X 103 

FIGURE 3 Sclfttifusion in A1203. 

section, but under ordinary atmospheric conditions the coating 34s on Ta-IOW are presented in Table 4, and the 
presence of the liquid sublayer serves to eliminate stresses results are compared with the prediction of Equation (4). 
in the outer protective oxide and hence to naintain its struc- At the higher temperature, agreement between the experi- 
turd stability. mental and predicted results is quite good. At the lower 

Data at 1370" and 1540°C for the Sylcor 50 Sn-50 Al temperature, the expedmental results are higher than those 
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: predicted by a factor "f about ten. The slight decrease in 
. weight at the lower temperature beth;en 70 and 90 hr also 

indicates that something other than a simple diffusion me- 
; chanism is operative. It is important to note that the data 
: given in Table 4 were taken under isothermal conditions. 
. Under cyclic exposure at the same two temperatures, where 
;. the oxide probably fractures on cooling, weight changes are 
f : very much greater. 
F Kofstad and Espevik studied the oxidation behavior of a 

r $ TaA1,-@.I coating on tantalum at an o&ygen pressure of 0.1 

I:t 
T0rr.l.; Preferential oxidation to A1203 was observed, and 
protective behavior was established between 1000" and 
1600°C. Below 1000°C, breakaway was observed, so that 

f 
short-circuit diffusion paths were opened up, and there is 

i no reason to expect oxidation rates to be related to diffu- 

i sion coefficients. In Table 5, ilata 3t 1400", 1500", and 
i 1600°C are compared with the theoretical diffusiorl- 
6 controlled oxide thickness calculated from Equatiorl(4) 

. 5 and (5). We note first of all that the observed oxide thick- 
nesses are greater than the predicted values by a factor of 
about five, so that the potential of N,03 as a protective 
barrier does not seem to have been realized. Of course, tile 
diffusion data were obtained for A120, annealed in air, 
while the correct data to be applied to aluminide oxidation 
would be for AI2O3 in equilibrium with aluminum. This 
might account for the discrepancy. Unfortunately, there 
are no data to prove this conjecture. Alternatively, since 
breakaway is knowr. to occur at lower temperatures, short- 
circuit diffusion paths may ope9 up at the higher tempera- 
tures too, although to a lesser extent. To test this possibility, 
it would be very worthwhile to  develop methods for study- 
ing the structure of the growing oxide film. The data of 
Kofstad and Espevik are approximately parabolic, as shown 
by the relative constancy of the ratio of oxide thickness to 
square root of time at each temperature, Table 5, column 6. 

t TABLE 4 Oxidation Behavior of 50 Sn-50 M (Sylcor 34s) on 
Ta-IOW 

Weight Gain Oxide 
Time, hr mg/cm2 Thickness, a &6G 

The average parabolic rate constants calculated from the 
data are plotted in Figurc 4 and lead to an activation energy 
of 83.2 kcal/mole. This is to be compared with a value of 
114 kcallmole for the self-diffusion of aluminum in alumi- 
num oxide. The agreement is reasonable and the discrepancy 
might be ascribable to one or another of the factors said to 
explain differences in absolute rates. 

OXIDES 

It is generally conceded that iiie coating systems of greatest 
promise are those of the reservoir type with a built-in me- 
chanism for repair or self-healing. The aluminides and sili- 
cides discussed above are examples. Nonetheless, serious 
attention has been paid to spraying or otherwise depositing 
protective oxide barriers onto refractory substrates. Natu- 
rally, the oxides of greatest interest are those that exhibit 
the lowest oxygendiffusion rates. This assunles of course 
that oxidation resistance will result if the oxygen activity at 
the substrate-oxide interface is sufficiently low. If by chanc: 
the substrate atoms should diffuse rapidly through the 
outer oxide, so that they become subject to attack at the 
oxide-ambient interface, the efficacy of the entire concept 
of an oxide barrier could be lost. If the problem of metal 
atom diffusion through the oxide is ignored for the moment, 
the best possible protection that an oMde barrier can give is 
determined by the oxygen diffusion coefficient through a 
structurally perfect oxide. Valucs for oxygen diffusion in a 
number of refractory oxides are plotted in Figures 5 and 6. 
The numerical values must be applied with some caution in 
attempting to predict oxidation kinetics. First of all, as 
poinied ou: above in the discussion of the Wagner mecha- 
nism, the diffusion coefficient pertinent to oxidation kinet- 
ics must be obtained for the oxide in equilibrium with the 
ambient oxygen pressure of the kinetics experiments. 
Secondly, oxygen that does diffuse through the oxide can 
react with the substrate to form a new oxide, which may 
in turn react with or modify the properties of the original 
barrier. Fhally, if short-circuit difzusion paths are present 
in the original oxide barrier, or if they develop during expo- 
sure, the effectiveness of the oxide as 2 diffusion barrier 
will be greatly reduced. 

Among the single oxides, minimum diffusion rates are 
found for A1203, MgO, and CaO. These oxides exhibit only 
small deviations from stoichiometry and have low point- 
defect concentrations. Zirconia, a very stable refractory 
oxide, generally has a large concentrstion of oxygen point 
defects as it is ordinarily prepared and hence it must be con- 
sidered unsatisfactory as a diffusive barrier. The situation 
could be very different if the defect concentration could be 
reduced by some mechanism. Diffusion in complex oxides 
is largely unexplored, although the few data available sup 
gest that oxides with a spinel or perovskite structure should 
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TABLE 5 Oxidation of  Ta Coated with TaAI3-A1 
---- 

Oxide 
Temperatura°K Time, hr Thickness, p I 1 0 3 / ~  kp, a".. p2/hr 

exhibit low diffusion rates. In any case, a real questi~n ex- 
ists about the practical utility of a single-layer oxide barrier. 
Oxides are generally brittle, and a sing!e-layer barrier has no 
mechanism for repair or self-healing in the case of rupture 
or failure. Furthermore, the oxide would have to 5e applied 
as a compact, pore-free, and coherent layer, which is ex- 
tremely difficult within the framework of current tech- 
nology. 

Since singe-oxide barriers are much less attractive than 
reservoir systems, very few are being seriously considered 
for application. One exception is Tho, sintered onto tung- 
sten. While Thoz is one of the most refractory oxides 
(thermodynamically stable, with a high melting point and 
a low vaporization rate), and while it is chemically com- 
patible with tungsten, the diffusion coefficient for oxygen, 
as shown in Figure 6, is not particularly low. It is orders of 
magnitude higher than diffusiorr through -4120,, for ex- 
ampie. The real question, however, is what happens to the 
oxygen when it arrives at the W-Tho, interface. Presum- 
ably, it reacts rapidly with tungsten. Nonetheless, since the 
oxygen activity will be greatly reduced compared with that 
of the ambient gas, it is not clear that such oxidation will be 
immediately deleterious to the properties of the entire sys- 
tem. Thus WO, (g), for example, would probably not build 
up to a level sufficient to rupture the outer layer of thoria. 
Furthermore, with both thoria and zirconia, the intrinsic 
diffusion that might be obtained at lower point-defect con- 
centrations should be very much less than that indicated in 
Figure 6. Test results on Tho2-W systems have been re- 
ported.18 

OXIDATION-RESISTANT ALLOYS I 
Intermetallics and oxides share one unfortunate property: ; 
They tend to be brittle at room temperature. For this 
reason, if for n9 other, metal alloys as coatings or mono- 
lithic bodies would be vastly more atiiactive than the ma- 
terials considered thus far, provided that comparable oxida- 
tion resistance could be assured. Certainly, the idea of devel- 
oping oxidation-resistant alloys based on the refractory 
rnctals that might be used in the uncoated state was aban- 
doned long ago, after many years of optimistic experimen- ' 

tation. Nevertheless, the superalloys and the Hf-Ta alloys 
remain as highly exciting developments over the range of 
conditions where they provide satisfactory oxidation re- 
sistance. 

The Hf-Ta fystem displays a rather complex oxidation ,' 

behavior. Three regions can be distinguished in oxidized 
specimens: a dense, adherent, fully oxidized outer layer 
that appears to be tantalum-stabilized Hf02; a subscale con- 
sisting of stringers of HfO, interspersed with stringers of 
oxygen-saturated 0-tantalum; and a two-phase oxygen con- 
tamination zone consisting of oxygen-saturated P-Ta and a 
hafnium-rich phase. Thus, the factors that must be con- 
sidered in attempting to analyze oxidation behavior in the 
Hf-Ta system are diffusion through the external oxide scale, 
solution of oxygen in the tantalum phase, and internal 
precipitation of HfOz. A theoretical analysis of a general 
model of oxidation processes for internal oxidation in com- 
bination with a parabolically thickening external scale has 
been given by Maak,lq but it has not been applied to the 
Hf-Ta case. There is experimental evidence that the temper- 
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ature of the aUoy controls the rate. Also, if a gradient exists The superalloys are multicomponent systems, generally 
within the oxide so that the external surface is hotter than developed with specific properties for defined structural 
the interior, abnormally low overall oxidation rates are ob- applications. Within the design specifications, they usually 
served.20 The general problem of internal oxidation and the function extremely well. The large number of components 
effect of internal oxide precipitates on oxidation behavior irlvolved in each system and the significant differences be- 
would seem to merit further investigation. tween alloys makes a general discussion of oxidation behav- 
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FIGURE 5 Oxygen diffusion in refractory oxides. 

ior impossible. Each system must be an&jzed separately. 
The work of Wlodek on Rent? 41 and Udimet 7002' is an 

VAPORIZATION 

example of what should be done to understand complex The alloys of interest as structural materials for advanced 
systems. There is no question that some understanding of aerospace applications are, in order of increasing tempera- 
the rate-controlling oxidation mechanisms can be helpful ture capability, those based on columbium (B-66, D-36, 
in suggesting a direction for the development of improved D-43), molybdenum (TZM), tantalum (Ta-IOW), and tung- 
alloys. sten. If these materials are to be used in an oxygen-contain- 
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FIGURE 6 Oxygen diffusion in refractory oxides. 

ing atmosphere, all require a protective coating-the colum- A consideration of vaporization problems associated with 
bium and tantdum alloys because they dissolve large coatings under development gives an insight into the kind of 
amounts of oxygen with consequent embrittlement, and vaporization data required for evaluating the potential of 
the molybdenum and tungsten alloys because they are new materials. 
rapidly vaporized by the formation of volatile oxides. The Five distinct vaporization processes can influence the 
primary function of the protective coating is, of course, to behavior of protective coatings: 
prevent, or at least retard, oxygen access to the substrate. 
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Simple evaporation of the original coating, either through 
the protective oxide or prior to the establishment of a pro- 
tective oxide 

Simple evaporation of the outer protective oxide 
Formation of high-temperature gaseous species at internal 

interfaces within the coating system as a result of chemical 
interaction between adjacent phases 

Formation of an aerodynamic boundary layer at the 
coating surface that limits oxygen access to the surface 

Formation of volatile products by reaction between 
ambient gases and the outer surface of the coating system 

In the following paragraphs, the influence of each of 
these factors on coatings currently under development is 
discussed. It is shown that the data required to evaluate 
each of these factors are (a) equilibrium rates of vaporiza- 
tion of each pure component of a coating system into 
vacuum, (b) activities in any solid solutions or compounds 
that form, (c) stoichiometry of important reactions, a d  
(d) geometric configurations, flow veL.cities, and gaseous 
diffusion coefficients. 

SILICIDES 

The pack-silicide coating for molybdenum is one of the 
oldest and best-studied coating systems. The coating is 
primarily molybdenum disilicide, MoSi2, which oxidizes 
with the formation of silica glass. The Si02, as discussed 
above, acts as a diffusion barrier to oxygen. The MoSi, is 
mechanically compatible with both molybdenum and SiO, 
and oxidizes very rapidly to form the protective silica layer. 
In oxygen or air at one atmosphere and at temperatures be- 
low 1700°C, the protective coating is stable and effective 
for hours. At low oxygen pressure and at temperatures above 
1700°C vaporization processes occur that can lead to coat- 
ing failure. These processes, which characterize silicide 
coatings in general, are: 

1. Evaporation of the silicide itself during exposure in 
vacuum or inert atmosphere, prior to the establishment of 
an oxide barrier 

2. Simple evaporation of the protective SiO, layer 
3. Reaction between the silicide and the SiO, to form 

gaseous SiO(g) at the silicide-oxide interface 
4. Failure to form a protective Si02(g) layer at all due to 

an insufficient oxygen supply at the silicide surface 

Each of these processes will be discussed in relation to 
MoSi,, in particular, and will then be generalized to other 
silicide systems. 

Direct Evaporation of Silicide Coatiugs 

Silicide coatings are normally applied in such a way that the 
silicide of highest silicon content is formed. In the Mo-Si 
system, this is MoSi, .* If the MoSi, surface is heated in 
vacuum, silicon tends to evaporate with the formation of a 
surface layer of MoSSi3. The rate of evaporation can be 
estimated by means of the Langmuir equation22 from the 
equilibrium vapor pressure data of Searcy and Tharp7 on 
MoSi, and MosSi3. T4e Langmuir equation, based on the 
kinetic theory of gases, relates 2, the rate of vaporization 
from a solid surface at temperature T, to p, the equilibrium ! 

vapor pressure over the solid at the same temperature, as 
follows: i 

I 

where M is the molecular weight of the vaporizing species, 
a is the evaporization coefficient, and the units consiste~t 
with the coefficient of 44.4 are given in parentheses. The 
evaporation coefficient a equals one when molecules evapo- 
rate at the equilibrium rate and is less than one when there 
are kinetic barriers to  evaporation. Of coltrse, the maximum 
evaporation rate for any system is obtaix,, i for the condi- 
tion a = 1. Maximum rates of evaporation of silicon over 
the two-phase regions MoSi2-Si, Mo,Si3-MoSi, , and 
Mo3Si-MosSi3 are plotted in Figure 7. In practice, the ini- 
tial rate of evaporation of an MoSi, coating may be gov- 
erned by the pressure of silicon over MoSi2-Si. As the sur- 
face becomes converted to MosSi3 via the rsaction MoSi2+ 
115 MosSi3 + 715 Si(g), the rate of silicon loss will diminish 
until it becomes controlled by the silicon pressure over 
Mo,Si3-MoSi,. In an inert atmosphere, silicon will also 
evaporate from MoSil and leave behind a surface layer of 
MoSSi3, but the rate of conversion will be less than in 
vacuum23 by from one to several orders of magnitude. 

If exposure conditions prior to oxidation have resulted 
in extensive conversion of MoSi, to MosSi3, the silicide 
coating will not be nearly as effective in providing oxidation 
resistance. Eventually, a protective layer of silica does form 
over Mo,Si3, but the volume of Mo,Si3 oxidized prior to 
formation of the protective layer is about six times that of 
Mo~i, . lo Expressed in another way, an Mo,Si3 layer would 
have to be about six times thicker than an MOB, layer to 
afford equal protection. 

To evaluate the effect of coating loss by vapori;zation in 

*since MoSi2 is thermodynamically unstable in mntact with molyb- 
denum, one normally finds layers of Mo5Sig, Mo3Si, and the termi- 
nal solid solution of silicon in molybdenum between the outer layer 
of MoSi2 and the molybdenum substrate. For kinetic reasons, one or 
another of these layers may be missing. 
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FIGURE 7 Evaporation rate of Si over MoSi2-Si, Mo5Si3-MoSi2, and Mo3Si-Mo5Si3. 

i 

vacuum on oxidation protecti k n, one must know t 0th the sparse. The dissociation pressures of silicon at 1765OK were 
equilibrium :aporization behavior of the coating r laterial measured over the two-phase regions, WSi2-Si(W) solution, 
and the oxidation behavior of the depleted coatin::. Fer the WSi2-W5Si,, and WsSi3-W(Si) solution.24 Although a high 
Mo-Si system, fairly complete data are available.' ' For the uncertainty for temperatures was reported, a comparison of 
W-Si system, both vaporization and oxidation data are tungsten and molybdenum results suggests lower silicon 
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vapor pressures in the W-Si system than in the Mo-Si sys- 
tem at comparable temperatures and compositions. In other 
words, a WSi, coating would be more stable in vacuum with 
res2ect to conversion to the next lower silicide (W5Si3) than 
an h S i ,  coating would be under the same conditions. Oxida- 
tion of WSi, and W5Si, was studied briefly by B e r k o ~ i t z . ~ ~  
She found that both materials are superior to MoSi, in oxi- 
dation resistance. A coating of W,Si3 woulil have to be 
about three times thicker than o l e  of WSi, t o  provide the 
same protection for the substrati . 

For the Cb-Si and Ta-Si systems, vaporization data are 
completely lacking, as is comparative oxidation data fur the 
various silicides. 

The possible deleterious effects of inert gas or vacuum 
exposures on ultimate performance of coating systems in 
oxidizing environments has not received sufficient attention. 
The performance characteristics of W/WSi, coatings on 
Ta-IOW, for example, were shown to be seriously degraded 
by an hour's preheating in helium, even at temperatures as 
low as 1000°C.26 

Simple Evaporation o f  the SiOz Layer 

The loss of a silicide coating by evaporation, as discussed 
above, is important only if the coated metal is exposed to 
vacuum without a protective layer of oxide. If, for example, 
IvloSi, is exposed to oxygen to form a protective layer of 
SiO, , and the oxidized sample is then subjected to vacuum 
at the same temperature, vaporizqtion of silicon from MoSi, 
is retarded. However, loss of tne surface oxide by evapora- 
tion could be very significant. As shown in Figure 8, the 
rate of vaporization of SiO,(c) is similar in vacuum and in 
pure oxygen at 0.2 atm, although the vapor species are main- 
ly SiO(g) and O,(g) in vazuum, and Si02(g) in oxygen. In 
oxygen, oxidation to form additional solid SiO, call par- 
tiaily balance evaporation losses. In vacuum, depending 
upon the temperature, pressure, and time of exposure, the 
SiO, layer could be lost altogether, and the silicide evapora- 
tion discussed above could assume importance. In any case, 
upon re-exposure to oxygen, additional oxidation of the 
silicide coating would be necessary to reestablish the pro- 
tective layer of silica. Thus, if a system coated with MoSi, 
were to be cycled between vacuum and atmospheric oxygen, 
a thicker coating would be required than if the system were 
simply held in oxygen. 

The protective oxide formed in the high-temperature 
oxidation of MoSi, and WSi, is pure Si02(c). Hence the 
loss of oxide in vacuum would be the same for both mate- 
rials at the same temperature. In the case of CbSi, and 
TaSi,, it  is likely that the protective oxlde contains both Cb 
(or Ta) and Si. Since the vaporization behavior of these 
mixed oxides is unknown, their rates of loss carrnot be cal- 
culated at present. 

Formation o f  Gaseous SiO(g) at the Silicide-Oxide Interface 

Metallic silicon can react with solid silicon dioxide to form 
gaseous silicon monoxide. In the case of a coating system, 
for the phase boundary between SiO, and a silicide of silicon 
activity as,, th'n reaction can be written in the form 

Si(asi) + SiO, (c) -, ZSiO(g). (39) 

The presaure of SiO(g) due to Equation (39) can be calcu- 
lated from the standard free energy of the reaction and the I 

silicon activity in the silicide: 

If the SiO(g) pressure at the silicide-oxide interface be- 
ccmos conlparable with the ambient pressure, disruption of 
the protective SiO,(c) layer can be expected. For silicon at 
unit activity, the equilibrium pressures of SiO(g) calculated 
for reaction Equation (39) bre plotted in Figure 9. In MoSi, 
the silicon activity is between O.! and 1; in Mo5Si3 it lies 
between 0.1 and 0.005; in Mo3Si it is about 0.004. The 
effect of the activity change in the pressure of SiO(g) is also 
shown in Figure 9. At atmospheric pressure an MoSi, coat- 
ing is expected to fail by evolution of gaseous SiO(g) at 
temperatures around 2000°K when the pressure of SiO(g) 
is of the order of 1 atm. Ai lower pressures, failure would 
occur at lower temperatures. This is in accord with experi- 
mental  observation^.^^^^^ In like maruler, a protective layer 
of SiO, (c) over Mo5Si3would be stable to higher tempera- 
tures than a similar layer over MoSi, because of the lower 
silicon activity in the alloy. This too has been verified ex- 
perimentally 

The few thermodynamic data crrailable2 for WSi, suggest 
that the silicon activity in WSi, is less than that in MoSi, 
by perhaps a factor of two. Iience, a WSi, coating should be 
useful at lower pressures and higher temperatures than ? 

MoSi, coating. Recent findings seem to confirm this con- 
~ l u s i o n . ~ ~  

Silicon activities or silicon vzpor pressures have not been 
measured in the columbium and tantalum siliddes. Further- 
more, Equation (40) may not be strictly applicable because 
the protective oxide probably contains Cb or Ta. Thus, cur- 
rently available thermodynamic data do not permit an anal- 
ysis of the low-pressure failure of Cb or Ta silicides due to 
gaseous SiO(g) formation at the silicide-oxide interface. 

Fajlure to Form a Protective Oxide Due to Insufficient 
Oxygen Supply 

The importance of the vaporization processes discussed so 
far call be assessed from equilibrium thermodynamic data. 

1- ' -  ; 

In silicide coatings, however, it has bcen found that a pro- ';, ; 
I ,  i.- 
1 - :  
I 
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FIGURE 8 Rate of vaporization of Si02 in vacuum and in oxygen c~t 0.2 atm. 

tective layer of SiO,(c) fails to form at all, even at ambient 
oxygen pressures for which the oxidation reactinn is 
strongly favored on thermodynamic grounds. Similar be- 
havior has been observed in the oxidation of In 
the case of MoSi,, an oxygen pressure in excess of 5 Torr is 
required to form a protective SiO,(c) layer. At lower pies- 
sures, the oxidation is linear, and no condensed phase oxide 
is observed. In the analogous case of pure silicon, it was 
shown by Wagner30 that aerodynamic considerations be- 

come significant. At any temperature, there is a finite pres- 
sure psio(eq) of SiO(g) in equilibrium with silic. .n and Si02, 
given by Equation (40). Unless that pressure is exceeded, 
SiOz cannot cond.ense on a silicon or silicide surface. Wagner 
showed that the formation of a condensed layer of SiOz 
is dependent on the rate of transport of oxygen 2nass a 
baundary layer of gaseous SiO(g) formed via reaction Equa- 
tion (39). 

If piio, the pressure of SiO(g) at the surface of a silidde 
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FIGURE 9 cquilibriurn pressures cf SiOb) over Si(s)-SiC 2(s) as a function of silicon activity. 

of activity asi, is less than the equilibrium partial pressure Since oxygen should react readily at a bare silicide surface, 
psio (eq) for reaction Equation (39), a condensed oxide oxidation in the active region will be characterized by 
will not form. (In general, p, represents the pressure of x at pG2 << where p& is the oxygen partial pressure 
the solid surface.) The condition for a protective Si02(s) in thC ambient gas stream. 2 From boundary layer theory, 
film to form: or in Wagner's terminolo~, tIie point of the rate of transport of oxygen toward the surface will be 
sition be' a een active and passive oxidation is given by 
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where the _ :~n denotes motion towards the surface, 
Do2 is the <if,-usion coeffic~ent for 0, mc'-eules, C0 .- 

0 2  
pO /RT aad 6 is the bounda~y layer th..nness for mab 

0 2  0 2  4 tawport of 0,. Similarly, the rate ~i ,ransport of oxygen 

t i  away from the surface as SiO(gj is given by 

f In the steady srite, there will be no net oxygen transport, 

f and therefore 

f 
- c C~o=2(~so1~o,)C~2/D,,~C~2- 

Wagner appiovimates the ratio of the boundary layqr thick- 
nesses by (6s,/60 ) = @sio/bo'o,)l". Then, setting pf, = 

2 
pao(es), he futlally solvcs for the nuximum ambient oxygen 
pressure coinpatGle with a bare silicide surface: - 

. . 

I . . - 
p82 (max) = 1!2 so(q) =: O - ~ P ~ ~ ( ~ ) -  (45) 

The ratio of diffusion ax! iicleilts is estimated by Wagner to 
be (Dsio/Do ) = 0.64. The equilibrium pressure, pSio(,,), 

2 
for reaction f pation (39) is plotted in Figure 9 as a func- 
:ion of temperature for various activities of silicqn. Calcda- 
tions were based on the data given in the J A N A F  Tables.31 

In the range where the rate of gaseous diffusion is slow 
wmpred to the rate of surface oxidation, the oxygen par- 
tial pressure at the solid surface is very much less than that 
in the Sirlk gas. Thus, at 1963F~ ,  according to the Wagner 
theory, sa oxygen pressure of 20 Tom is required in the 
bulk gas to form a layer of SiO,(c) on a silicide with a 
silicon activity of 0.1. This is the approximate silicon activ- 
ity over the two-phase region MoSi2-MoSSi3. Experimen- 
:ally, it was found that at 19600K aid 2 Torr, the oxidation 
of MoSi, is linear and leads to ihe formation of gaseous 
,nroducrs only-Moo3&) and SiO(g). At 1960"K, a con- 
densed film of BU2 did form on an MoSi2 surface at an 
oxygen pressure of 13 Torr, in reasonable agreement with 
theoretical prediction.' O 

T: ere is r hysteresis in the transition point between ac- 
tive and passive oxidathn. The above discussion was con- 
cerned with the failure to form a protective silic . film as a 
function of amhienr - Kysen pressure. Once an SiC2(<) film 

has been rormed, the ambient oxygen pressure may be per- 
mitted io fall well below p&2 (max) before oxidative pro- 
tection is lost. Wagner's analysis30 gives the lowest ambient 
oxygen pressure p:2 (inin) at which a layer of Si02 formed 
at higher pressure is $table. The final equation is 

Dsio 
po2 (min) = 112 n1/4)213 + (l/2)L~3) K213 - , (46) 

Do2 

where K is the equilibrium constant for the reaction 

Values of pg (min) based on JAN A F thermodynamic data 
2 

are plotted against 103/T in Figure 10. According to Figure 
10 even at 40OO0F, a silica film once formed should he 
jtablc down to oxygen pressures of 4.7 Torr. 

The influence of an aerodynamic boundary layer on 
effective oxygen pressure must be considered for d l  silicides. 
In general, at any givcn temperature, thz ambient oxygen 
pressure requirsd to form a condensed-phase silicon dioxide 
on a sil'cide surface increases ~ i t h  increasing silicon activity 
of the alloy. For a given silicide, the required oxygen pres- 
sure increases with temperature. 

In the Sn--A1 coati~gs, a protective layer of A1203(c) is 
formed on a liquid Sn-AI substrate. The vaprization pro- 
cesses that can have a deleterious effect on coating perfor- 
mance are analogow to those discussed above for silicidks: 

Evaporation of the F ' 1 substrate 
Evaporation of the &,a, protective barrier 
Aerodynamic effects 

In the case of the silicides, the equilibrium vaporization of 
silicon from the alloys is not suE.cient to rupture a film of 
SiOz under any projected service conditions. In the case of 
the AI-Sn coatirgs, the vapor pressures of both Sn and Ai 
are of the order of 0.1 atm at 1800"~. At ambient pressures 
in the millimeter range, the protective A1203 layer could be 
destroyed by vaporization of Sn and A1 at temperatures in 
the vicinity of 1300°C. As in the silicide case, the data re- 
quired to identify possible conditions of failure are activi- 
ties of Sn and Al over molten Sn-Al alloys as a funchon of 
temperature. 

Evaporation of the protective layer of H203 would not 
shorten coating lifetime significantly at temperatures below 
about 2200°C. 
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FIGUkE 10 Minimum oxygen pressure at which solid Si02 is stable as a 
function of temperature. 

A possible aerodynamic effect that might preve7t ferma- 
tion of condensed A1203 on the liquid substrate at low 
oxygen pressures is analogous to the effect observed in the 
oxidation of zinc. At temperatures where zinc has an a p  

* preciable vapor pressure, oxidation to form solid Z.iO(c) 
occurs primarily in the gas phase. in  other words, oxygen 
reacts with zinc vapor at some distance from the metal 
surface to forin a cloud of condensed particles of ZnO(c), 
and th, surface of the metal remains bare of condensed 

oxide. This phenomenon has never been observed experi- 
mentally with Sn-A1 coatings. However, following 1 Turkdogan et we find that in a stream flowing at 
80 cm/sec, an ambient or bulk oxygen pressure of 100 Torr ., 
might be required in order to condense AI2O3(c) on an 
Sn-A1 substrate held at as low a temperature as 1 liM°C. At 
lower flow velocities and the same substrate temperature, i 
lower oxygen pressures would suffice. At higher tempera- 
tures, for a given conilguration anc; flow velocity, higher 
bulk oxygen pressures might be required. 

I .  ti- 
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TABLE 6 Vaporization of Simple Refractory Oxides 

Temperature CC) for Vaporization 
Refractory Melting in Vacuuln at -- 
Oxide Point PC) 1 millhr 10 milslhr Vaporization Reaction 

Temperature ("C) for 
Vaporization in 0.2 atm 
of O2 at 10 milslhr 

uo, 
CaO 

see text 

see text 

see text 

For Sn-Al coatings, the reaction analogous to reaction 
Equation 39 for silicides would be formation c.' gaseous 
A120(g) or AlO(g) at the alloy-oxide interface. However, 
the pressures due to this resction ale not expected to be of 
practical importance. 

OXIDES 

Simple Oxides 

The oxides known to have melting points in excess of 
2 0 0 0 ~ ~  are listed in Table 6 in order of increasing volhtility. 
Column 3 defines the temperature at which the oxide vapor- 
ization rate in vacuum is equal to 1 milihr. Column 4 gives 
maximum service temperatures in vacuum for each oxide if 
a loss of 10 milslhr is tolerable. Column 5 gives mode of 
evaporation in cases where it is known. For oxides which 
vaporize primarily to the elements, evaporation will usually 
be suppressed by the presence of oxygen. Column 6 gives 
the temperature at which a maximum loss of 10 milslhr can 
be expected at an ambient oxygen pressure of 0.2 atm. 

In the case of U02(c), Cr203(c), and probably A1203(c), 
the oxygen enhances, rather than suppresses, the rate of 
vaporization of the oxide. in the case of U02(c), a reaction 

with oxygen occurs to form the gaseous species U03(g). In 
the case of Cr203(c), Cr03(g) is formed. In the case of 
A1203(c), it has been postulated that other vaporization 
reactions become dominant at high oxygen pressures. 

The presence of water vapor in the environment .las been 
shown to increase the rate of vaporization of Be03' and 
Mg034 by the formation of gaseous hydroxides. Most of 
the other oxides have not been investigated. 

It should be pointed out that we are discussing here only 
the effect of oxygen and water vapor on the position of 
thermodynamic equilibrium. From an aerodynamic point of 
view, vaporization rates are generally suppressed by the 
presence of a finite environmental pressure.23 On the basis 
of the results presented in Table 6 there are six simple 
oxides that have vaporization rates of less than 10 rnilslhr 
at 2000°C: Hf02, Tho2, Y203, ZrO,, A1203, and BeO. 
Of these, only A1203 and Y,03 appear promising as diffu- 
sion barrier mate~ials.~ We are led, therefore, to consider 
vaporizatiorl behavior in complex oxides. 

Complex Oxides 

Although there is considerable uncertainty about the vapor- 
ization rates of simple refractory oxides, some experimental 
data are available for most of them, and recession rates can 
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probably be estimaitd to at least an order of magnitude. 
For complex oxides, there are virtually no vaporization 
data. Frequently, the complex oxides cannot be purchased 
from a conlmercial supplier. For the most part, they have 
been discovered as intermediate compounds in phase studies 
of the binary oxide systems. A complete study of -4aporiz:- 
tion behavior in even a single mixed-oxide system at tern 
peratures close to 2000°C is a costly and time-consuming 
job. It is extremely valuable, therefore, to be able to tstimate 
rates of vaporization of mixed oxides from the phase dia- 
grams and the available data for simple oxides. Such esti- 
mates car; serve as guides to the seleciion of useful exped- 
ments and can also aid In interpreting experimental data. 

Figure 11 shows the liquidus curve of a typical binary 
system AB having an intermediate line compound of molar 
composition A, -> Bx .39 According to the Wagner-flauffe 
d e v e l ~ p r n e n t , ~ ~ - ~ ~  the activities of A and B at the melting 
point of the intermediate compound A, -xBx are related to 
the activities at any point along the liquidus in the neighbor- 
hood of the compound by the equations 

Mcte Fraction B 

FIGURE 11 Liquidus curve for a two-component system. 

ln a: (x, 8 )  = In a: (Xp6) - 

In a: (x, 8) = In a: (X, 0) - 

where a: (x, 8)  is the activity of B in a liquid of mole frac- 
L I O ~  x at temperature 8;  8, the temperature along the liq- 
uidus; x, the mole fraction of B; Tmx, the congruent melt- 
ing point of the intermediate phase; AKf, the heat of fusion 
of the intermediate compound; R, the gas constant; and X, 
the deviation from stoichiometry. The development of i 

Equations (48) and (49) is based almost entirely upon equi- i 
librium thermodynamic arguments. The additional assump- j 
tions are: I 

1. The heat and entropy of fusion of the intermediate \ 
phase, AHf and ASf, are independent of temperature over . . .  

the temperature range of interest. [ 
2. The solid that separates out dong the liquidus is the t 

intermediate phase of interest, A,-xBx, i.e., there is no 4 f 
appreciable solid solubility. $; 

3. The activities in a melt of composition AI-xBx are 
independent of temperature. f 

i. 
Equations (48) and (49) define the activities in the mixed x 

oxide relative to the activities a(x, 6 )  along the liquidus. In 
order to obtain absoiute values for the mixed oxide, single 
values of a: and a: must be known at one (x, 8) point (not 
necessarily the same poiht, of course) for both A and B. For . . 

a simple system like that of Figure 1 1, we know that at 
(x, ,TEI I ,  the sutectic between pure A and fix, the 
activiry of A is unity; i.e., aX(x,, TEI) = 1. At (xZ, TE2), 
the eutectic between pure Band the compound, we h o w  

. -- 
that a: (X,, T,,) = 1. Thus, by substituting x = x, , T = TE1 
i~ Equation (49), we can calculate the activity of  A in the 
intermediate phase; substituting x = x2, T = TE2, ir. Equa- > 

, . , .. 

tion (48), we get an equation for computing the activity of 
. . \ .  

B in the intermediste phase. The integraIs in Equations (48) ,. . 
. . - ,  

and (49) may be evaluated graphicdly. In many practical 
cases, the liquidus curve in the neighborhood cf its mzri- 

_ mum may be fitted to  a good approximation by a parabola 
of the form (Tmx-8) = k(X-x),, where k is a positive .. . 
constant. 

, . 
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On the basis of Equations (48) ;;.d (?P), the artivities 
will be small in systems where (a) the melting point of the 
intermediate is very much higher than that of the eutectic 
mixture, i.e., Tmx >>>TE1, TE2: and (b) t:ic eutectic com- 
positions are closl to the composition of the intermediate 
phase, i.e., x, , x2 = X. Conditions (a) and (b) imply a large 
value of k. In short, :he most stable intermediate compounds 
in a binary system are those with the sharpest peaks in the 
liquidus curve in the neighborhood of the compound. 

Unless the pure oxides vaporize without decomposition 
of any kind, it is invalid simply to multiply the activity of a 
component in a mixed oxide by the total rate of evaporation 
of the pure oxide to get the total rate of evaporation of that 
component from the mixed oxide. Assuming congruent and 
stoichiornetric vaporization of the oxides and an evapora- 
tion coefficient of unity, it may be show11"~ that the foliow- 
ing relationships describe the rates of loss o; XO and YO in 
moles/cm2/sec due to vaporization of the atoms X, Y, and 0: 

and 

where the superscripts refer to standard states, p is vapor 
pressure, M is molecular weight, and a is activity. 

i t  mig!!t be interestiqg to consider a number of special 
cases of Equations (50) and (5 1). If for one of the elements, 
say X, we do have ZxjZg % axo, then for Y we must have 
Zy/ZG = Jw &. The latter is greater than 
ayo if (ayo + aX3) < I, and less than ay if (ayo + axo) 
> 1. If one of the pure components vaporizes to the ele- 
ments to a greater extent than the other, say p; >>> p;, 
then we will have Zx/Zg = 6 and Zy/Z$ = (pG/pg) 
(&I*) (ayo/&). Since axo G I, we wiU have, 
in this case, Zx/Zg > a,,, and unless axo is very small, 
Zy/Z; < ayo. In other words, compound formation wiU 
reduce the rate of vaporization of XO to !nolecular XO(g) 
by a fraction ax*, but will reduce the rate of vaporization 
of XO to the elements X(g) and O(g) by a fraction 6. 
The rate of vaporization of YO from the complex oxide as 
molecular YO(& will be reduced by a fraction aye. The 
rate of vaporization of YO to the elements will generally be 
reduced by a factor less than ayo. Physically, the high 
oxygen pressure due to  vaporization of XO (as the elemefits) 
suppresses the vaporization of YO to the elements. 

As discussed above, minimization of activity in a binary 
system minimizes the partial pressures of the component 
molecules in the vapor but does not necessarily minimize 
total vapor pressure. To calculate total vapor pressures, one 
must know in addition the concentration of any mixed 
species in the vapor and the dissociation energies of the 
components of the binary system in the vapor. It should be 
pointed out that the phase diagrams for binary oxide sys- 
tems are usually obtained in air or oxygen at one atmo- 
sphere. if the phase relations change with l.ressure, activities 
calculated from Equations (48) and (49) may be slightly 
different from experimental partial pressures obtained-in 
vacuum. 

The foregoing considerations have been applied to the 
known complex oxides with melting points above 2200°C 
and appear to give reasonable predkti~ns.~ 

Thus far, only simple oxides and binary mixed oxides 
have been considered. Ternary, or more complex systems, 
have not been discussed at all, but may yet be very impor- 
tant. Dudley,'" for example, reports that at 1 100"C, the 
binary oxide composition 413aO:A1203 vaporizes at a rate 
of 290 pg/cm2 Isec, while the ternary 4Ba0: 2CaO:A12 03  

vaporizes almost ten times m ~ r e  slowly, at a rate of 35 
pg/cm2/hr. Far more work is required on the potential of 
complex oxide systems for providing oxidation protection. 

NOBLE M E T A L S  

The oxidation of the platinum metals at elevated tempera- 
tures, like the oxidation of bare Mo or W, leads almcist ex- 
clusively to the formation of volatile oxide products. 
Alccck and Hooper studied rates of loss of iridium and 
rhodium into oxygen by means of transpiration measure- 
ments in the range 1000°-16000C.42 For iridium at 
14@0°C, the transpiration experiment yielded a metal 
weight loss of 6.3 X mglcm2/hr. In contrast, the 
oxidation kinetics data of Krier and Jaffee43 indicated a 
weight loss of 5.3 X mg/cm2/hr at the same tempera- 
ture. The apparent usefulness of' iridium coatings in prac- 
tical aerospace environments, in spite of the high volatility 
of the oxide. is almost certainly due to boundary layer 
effects, which prevent the establishment of true chemically 
controlled surface reaction rates. 

Criscione et a1.44 calculated diffusion-controlled rates of 
oxidation of iridium for an altitude of 66,000 feet and tem- 
peratures of 1400~-2000~C from the boundary layer equa- 
tions developed by Scala and VidalePs Predicted recessions 
are less than inlhr. Kaufman and Clougherty per- 
fonned similar calculationsp6 based on a simplified bound- 
ary layer treatment, and found that the rate of weight loss 
m from 2 nose radius RB at a total stagnation pressure P, is 
given by an equation of the form 
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The experimentally observed recession rates of iridium are 
consistent with the diffusion-controlled mechanism. 

The extent to which vaporization will be a limiting factor 
controlling'coating lifetime can be predicted quite satisfac- 
torily in most cases, if a modicum of thermodynamic and 
ciiffil~inn data is axtilablc. On the uii~er hand, meaningful 
screening tests, involving perhaps a series of low-~ressure 
exposures for specific times at defined temperatures, are 
difficult to devise, and the exposure conditions selected can 
easily fail to include the range where problems might be 
encountered. 

The questions that must be asked with respect to the 
vaporization behavior of a coating system include the fol- 
lowing: 

1. Csn the coating be heated in an inert or vacuum envi- 
ronment without deterioration of its properties due to 
evaporation losses? 

2. Can the vapor pressure of the original coating exceed 
the ambient pressure under any of the projected service 
conditions? 

3. When the oxidation resistance of a coating system 
depends upon the formation of an outer protective oxide 
barrier, how rapidly will such an oxide evaporate at the 
temperature - and oxygen pressures anticipated in service? 

4. Do an. of the possible interface reactions lead to the 
generation of gases at pressures in excess of the ambient 
pressure? 

5. What is the nature of the aerodynamic boundary layer 
under concjitions of coating use, and how does it influence 
coating loss by evaporation? 

If no compounds are present in the vapor phase, the first 
and second qutstions can be answered from a knowledge of 
the activities of the coating components and of the vapor 
pressures of the pure elements. The vapor pressures are 
fairly well established. The activities can be determir~c? ex- 
perimentally. A check should be made by high-temperdture 
mass spectrometry for ti,e presence of compounds in the 
vapor phase. If they are present, some measure of their 
thermodynamic stability must be obtained to fully estab- 
lish the vaporization behavior of the coating. 

The third question, pertaining to the vaporization of 
oxide barriers, can be answered at present for pure oxides 
vaporizing into vacuum. More work would be useful on the 
possible stabilization of new oxide vapor species at high 
oxygen pressures and on the decrease of evaporation rates 
in the presence of inert gases. The prediction of vaporiza- 

tion rates of complex oxides from phase diagrams merits 
further exploration. 

The fourth question requires both a knowledge of the 
possible chemical reactions and information about the activ- 
ities of romponents at interfaces within the coating system. 
Reasonable guesses with respect to the stoichiometry of im- 
portant chemical reactions can probably be made in most 
cases. The activities .ire largely unknown, but perfectly fea- 
sible to obtain within the framework of present technology. 

Finally, the coupling of aerodynamic 2nd chemir?t f a c  
tors can be quite subtle, and there is no question that mnre 
fundamental understaqding in this area would be of great 
assistance both in the interpretation of laboratory evalua- 
tion tests and in the design of new tests of greater relevance I 

to particular end uses. 

! 
COATING-SUBSTRATE INTERACTIONS i 

i 
i \ '. 

INTERMETALLIC COMPOUNDS I 
i 

With intermetallic coatings in general, corrosion failures i 3 
based mainly on coating-substrate diffusion re~ctions are 
difficult to single out. Other limiting factors, perhaps more 1 
important, may be melting, evaporation, crack propagation, 1 I 

and oxidation. If these other factors could be isolated and + 
minimi~ed, then substrate reactions might be found to be f . 
limiting. It appears that diffusion provides secondary detri- f 
mental effects such as inxrstitial embrittlement or reduc- 1 

tion of strength in thin sheet. Further limiting effects are 
the dilution of the protective surface compounds by inter- 1 
diffusion with the substrate, e.g., MSi2 + M -+ M,Si, and I 
MAIS t M -+ M,AI,. In general, these lower silicon and ; 

' 

aluminum compounds are less oxidation-resistant, particu- 
larly in the simple binary systems. To illustrate the fife po- i 

: 

tential of various coatings, the diffusional development of i 
1 

;,~wer compounds is plotted in Figures 12 and 13 and dis- 
cussed in the following paragraphs. 5 -:. 

In the case of pure disilicides, extrapolations can be made to 
show when the MSiz layer will be completely consumed. 
The assumption that this occurrence will lead to loss of pro- 
tection due to M5Si3 formation is probably true for most 
cases. Figure 12 suggests theoretical order-of-magnitude 
limitations on coating life as affected by diffusion. These 
are: (a) for Mo, about 100 hr at 2800°F and 500 hr at 
2500°F; (b) for Cb, about 5,000 hr at 2500°F; and (c) for 
Ta, about 2,000 hr at 2800°F and 10,000 hr at 2500°F. 
The estimates for Mo appear to be in line pith practical 
coating behavior, probably because with successful systems 
such as W-3 neither the coatings nor the alloys are heavily 
modified. In practice, lives far shorter than theoretical are 

1 
I - :  
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FIGURE 12 Growth of MSSij phase in MSi2 coatings on Mo, Cb, and Ta. 
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FIGURE 13 Growth (interface migration) of aluminide and beryllide coatings. 

obtained with Cb and 'Fa alloys and coatings, which are more 
heavily modif?. ' This fact shows that 'diffusion i s  not life- 
limiting for (-' . id Ta coatings and that other r,lt?chanisms 
are major factors. Practical coatings for W are bafed pri- 
m&ly on fairly pure or'lightly modified disilicides. Accord- 
ingly, diffusion behavior should be close to that of pure 
silicides on tungsten or molybdenum. 

A more complex situation exisis with Cb and Ta alloys 
because their silicide coatings are more heavily tnociified 

than silicide coatings on W and Mo. From analytical investi- 
gations of several silicide coating systems, it appears that 
diffusion effects are considerably changed within the coat- 
ing. and within the substrate to the extent that its surface is 
modified, particularly within zones that have been titanized. 
Examples are the Ti-W-Si coating for Ta alloys and the 
Ti-Cr-Si coating for Cb alloys. The entire character of the 
silicides is changed because the substrateelement concentra- 
tion in the silicide is lower than the modifiers. The coating 
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becomes very complex, consisting of mixed MSi2 phases 
plus varying amounts of MSSi3. Interdiffusion rates with 
the substrates are increased because of the presence of a 
highly alloyed titanium-rich layer; there is also sonic in- 
crease in solubility for silicon. 

Although diffusion rates are higher in the heavily modi- 
fied silicides, their overall protectiveness is increased over 
the simple disilicides of Ta and Cb because of their superior 
oxidation behavior over a wide temperature range and their 
resistance to thermal cycling. However, superior coating 
protection does not necessarily equate with very low ox is'^ 
tion rate. The interrelation between protectiveness and 
oxidation rates is complex because of (a) the discontinuities 
in oxidation rates with temperature; (b) the development 
of more than one oxide: and most significantly, (c) the pro- 
tection afforded in cracks in the silicide layer. The past- 
named effect is the most important and the least understood. 

For heavily modified silicides it is very difficult to assess 
theoretical coating-life limitation due to diffusion effects 
because of the poorly defmed coating-substrate interface 
and the complexity of composition. It cannot be assumed 
that the consumption of disilicide phases will readily lead to 
failure. 

The fused s i l i~ ides~ ' -~~  represent a class of highly modi- 
fied silicides that illustrate complexities in defining limita- 
tions due to coating-substrate interactions. These coatings 
consist of several layers, with the outer layers varying in 
mixed MSi, plus MsSi3 zones and inner layers alternating 
between Cb or Ta and modifier-rich M5Si3 zones. The inner 
layers are sufficiently well defined to permit measurement 
of their growth during high-temperature exposure. It cannot 
be assumed, however, that protectivity declines with the 
consun.9tion of the disilicide phase, because some of these 
coatings are primarily MSSi3 to begin with. Limited data 
indicate that the inner Cb5Si3 ad Ta5Si3 phases grow morc 
slowly than in the pure silicide, as shown in Figure 12. 

A promising new coating system for tantalum all0ys5~-5~ 
is difficult to assess from a diffusion standpoint. This coat- 
ing consists of a prous tungsten alloy layer impregnated 
with silicon to form a disilicide coating. It has proven diffi- 
cult to reproduce, but it appears to have no discontinuities 
in oxidation behavior as a function of temperature, has good 
life at high temperatures, and may prove to be limited in life 
by diffusion. The existence of porosity at the silicide- 
substrate interface may act as a barrier. This system suggests 
that other dissimilar combinations of coating compound and 
substrate should be sought that have, or lack, unique inter- 
actions. It also suggests that a completely dense coating may 
not always be desiraL-!e. 

Aluminides 

Less is known about refractory metal alurninide compounds 
and their diffusional behavior than about the silicides. The 

compounds WA12, MoA13, Mo3Al, CbA13, Cb2Al, and 
Cb3Al have been identified. TaA13, Ta2Al, and Ta3N ap- 
pear to be identified, but Kofstadl indicates that a com- 
pound between TaA13 and Ta2Al exists. 

The major difference between silicides and aluminides in 
regard to diffusional behavior appears to  be rclated to  the 
larger concentration gradients that exi. t in the alumhides 
and to their lower melting points. The higher aluminum 
compowlds are of the MA3 type and are generally followed 
by M2Al or M3Al. Accordingly, it would be expected, and 
is indeed found, that more rapid diffusion occurs than with 
silicides. Also, substrate metal losses and grain-boundary 
attack are more common than with silicides. The formation 
lstes of lower aluminide and beiyllide compounds are illus- 
trated in Figiue 13. 

Tungsten Although the compound WAIl has been re- 
ported, no W-WA12 diffusion data are available. WA12 ap- 
pears to form slowly even at 1650°C, i.e., at a rate of about 
0.25 mils in 5 m h 2  However, aluminum sometimes attacks 
tungsten intergranularly. Sn-Al coatings behave similarly, 
but they can be protective against oxidation almost to  the 
melting point of A1203.53 The texture of the substrate, e.g., 
wire or sheet, appears to affect grain boundary attack. 

Brett et al.2 found with Mo-Mo,AI-W couples that little 
or no Al diffuses into the W side at 1950°C in I hr. This 
suggests that W may be a good barrier and Mo,AI a suitable 
overlay coating. It is not clear from the literature, however, 
whether Mo3Al has suitable oxidation resistance to act as a 
coating at temperatures above 180O0F. 

Molybdenum Although considc'able work was done 
some years ago in applying and evaluating Al and AI-CrSi 
coatings, most of the evaluation was done at 1800' and 
2000O~,5~ relatively low temperatures compared with !hose 
required today. Examination of micrographs where (MOC~)~ 
(AlSi) was identified as the inner layer of the c o a e g  showed 
the growth of thus layer to be quite rapid at 1800°F, as 
 show^^ in Figure 13 and superimposed in Figure 12 for com- 
parison with MoSSi3 growth. It is seen that at 1800°F, 
Mo3AI modifted by Cr and Si grows rapidly enough that 
its life is limited to about 1000 hr, if 10 mils of Mo3AI is 
assumed to be a limiting value in the consumption of the 
MOM, . A weakness in this assumption is that it is not clear 
whether Mo3Al, modified or otherwise, is oxidation- 
resistant at 1800°F. It is significant that the growth rate 
of Mo3& at 1800°F is of the same magnitude as that of 
MosSi3 at 25W°F. 

Tantalum Data for an A1-5Cr-5Ti coatings5 were used 
as a basis for approximating the diffusion behavlor shown in 
Figure 13. The original TaA13 layer converts completely to 
a lower aluminid4 of unidentified composition in 1 hr at 
2500'~. If an oxide layer is formed concurrently, the coat- 
ing continues to protect during subsequent exposure at 
2500°F. Otherwise, this co~npound is not protective in 
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itself. The,hext compound, Ta2Al(?), grows more slowly. 
The dataltaker. from n~icrographs are uamewhat scattered 
but when extrapolated iudicate that protection might theo- 
retically extend to several thousand hours at 2500°F. ?'his 
is at least several times less than with silicides of Ta. At 
higher temperatures, Perkins and Packer find with Sn-Al 
coatings that intergranular attack may be a limiting factor.56 

Columbium The growth of Cb2Al, which has no oxida- 
tion resistance by itself, is approximated from substrate 
interface migration measurements taken from Sn-Al-coated 
samples. Diffusion is relatively rapid, compared with sili- 
cides, and a limiting life of 500-1000 hr at 2500°F appears 
likely. This suspicion was verified .in practice to some ex- 
tent at General Electric ANP.57 Tht: silicides, by comparison, 
have a theoretical multithousand-hour life. General Electric 
dso found that Cb-Ti-Al-base allo!ts with approximateiy 
50 a10 Al had excellent oxidation resistance but when clad 
on Cb interdiffwd very rapidly at 2500°F. 

Nickeland Cobalt The situation with regard to Xi- and 
Co-base superalloys is siqificilntly different, compared with 
the refractory me:&. Al~ .Jddes  are the major coating 
systems, and w;r:ed gjs-tr+ine hardware, for example, has 
demonstrated a piiXhd iife of thousands of hours under 
service conditiora. Tnerefore, neither diffusion nor oxida- 
tion limitations he1.s ?revented the utilization of these 
coated materials. However, maximum continuous operating 
temperatures have been around 1500°-19000~. With the 
projected need for hlgt~er-temperature duty and the avaii- 
ability of stronger cast nickel-base alloys to suit these needs. 
the qw stions regarding diffusion and oxidation stability 
now become important. 

Most superalloy aluminide coatings are of the NiAl or 
CoAl t y p ~ ,  :n all cases modified deliberately or by the 
presence cf Cr and other additives in the substrate. The 
substrates are complex, consisting of nickel or cobalt and 
chromium together with solid-solution strengtheners and 
ca~bide formers such as the refractory metals W, Mo, Ta, or 
Cb (and in the case of nickel-base alloys, precipitation 
strengtheners such as Ti and Al). Therefore, coating- 
substrate reactions can be rather complicated. 

A great deal of testing has been done, but diffusion data 
are not readily available from these tests. The tests are 
accelerators and promote failure by ccrrosion atta~k; the 
coatings are compared on a relative ordersf-merit basis. 
A recertt evaluation program at General E l e ~ t r i c , ~ ~  how- 
ever, presented electron-probe analyses, as-coated and after 
50 hr of hot corrosion at' 18W°F, for four different coat- 
ings and four different substrates (two cobalt-base and two 
nickel-basej. All coatings were of the approximate composi- 
tion MeAi but contained small amounts of a second phase; 
in addition, there was a two-phase diffusion zone which ap- 
peared to contain appreciable Me3A1. Slow growth of this 
zone can be detected at 1650 '~  in 150 hr, and the zone be- 

conles significantly large in the 1800°-20000~ range in 50- 
150 hr. However, pore formation at the coating interface 
also becomes appreciable in the Ni alloys. This porosity 
leads to spalling on severe thermal cycling. 

Since considerable hot-sait corrosion takes place at the 
higher temperatures, even with MeAl present. it is obvious 
that the lower alurrinide Me3Al presents a real "no go" 
composition level. More signific~qtly, there appears to be a 
gradual increase in concentration of refractory metal ele- 
ments in the diffusion zone that present a less protective 
corrosion and oxidation barrier in the event of coating pene- 
tration and/or crzcking due to thermal cycling. 

In general, from practical coating evaluation work, it can 
be concluded in the case of superalloys that diffusion and 
oxidation may not be limiting for multithousand-hour oper- 
ation at temperatures up to approximately 1600'~. How- 
ever, both hot corrosion (sulfidation) and diffusion become 
limiting factors at somewhat higher temperatures, 180O0- 
2000'~. Therefore, the simple theoretical analogies used 
for the refractory metals appear to be somewhat optimistic 
when applied to the supralloys. For example, if the simple 
system of NiAl on TD Nickel is used for comparison pur- 
poses, the growth of Ni3Al, when extrapolated in the plot 
of Figure 13, indicates a maximum potential life of 5,000 hr 
at 2100°F. In some cases, however, interface porosity as- 
sumes greater importance and may be life-limiting. Obvi- 
ously, this is a highly optimistic extrapolation and represents 
ul unlikely goal for the superalloys as presently constituted. 
Higher temperature performance by superalloys, in the 
2000~-2200~F range, becomes even more impractica!, not 
only because of strength limitations but also because of the 
formation of eutectics between these substrates and alu- 
minides (particularly with the nickel-base alloys). 

Bery llides 

lhese compounds have much more rapid initial diffusion 
rates than aluminides on Ta.55 The data are penetration 
measurements since the system is quite complex. There are 
six c rpounds: TaBe 3, fa2 Be ,,, %Be,, TaBe,, TaBe2, 
and Id3Be2, the two higher ones being considered oxidation- 
resistant. Accordingly, it is difficult to make assumptions 
for calculating theoretical lives based on dii '*$ion behavior. 
It is sigiiificant that the Ta-1OW alloy substrate has con- 
siderably lower diffusion rates. No data are available for 
Mo, W, and Cb alloys. 

Interstitial Diffusion 

There is little evidence that contaminant gases such as nitro- 
gen and oxygen diffuse at significant rates through alurni- 
nides and silicides. Usually, interstitial access IS through 
flaws or cracks, or it occurs after coating failure. 11' the caa  
of chromium alloys, nitrogen diffusion may be considered 
life-limiting because of its embrittlhg effects. These effects 
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occur in a relatively short time at 2100~-2400~F. Aluminide 
coatings eliminate this behavior but substitute embrittie- 
ment with interdiffusion with the s u h ~ t r a t e . ~ ~  Accordingly, 
some sort of diffusion barrier is required to tie up the 
aluminum. 

An interesting aspect of interstitial diffusion effec'i 
the reverse diffusion of carbon from Cb alloy subet~s'.es 
into coatings containing titanium-enriched sublayers,S9 i.e., 
the "interstitial sinveffect which lowers high-temperature 
strength by eliminating carbides. Strength losses occur at 
2500°F in a matter of hours. It may be speculated that this 
general phenomenon can be put to good use through the 
in siru formation of a compound to act as a diffusion barrier 
for other elements at the coating-substrate interface. The 
coating would provide one element and the substrate the 
other to form the compound. 

O X I D E S  

Ceranuc coatings are understood to be layers of refractory 
oxides, applied by troweling and sintering, flame-spraying, 
or other deposition methods, that rely for their protective- 
ness upon their inertness to both the oxidizing atmosphere 
and the underlying substrate. Examples are Tho2 on W, 
zircon-glass on W and alumina-glass on Cb. The only such 
coating that appears to be actively considered at the present 
time is Tho, for the protection of W at very high ternpera- 
tures (> 3500°F). It is obvious that for inertness a the 
coating-subst:ate interface, the substrate metal should not 
reduce the oxide coating. The free energy of formation of 
the oxide coating should therefore be much more negative 
than that of the oxide of the base metal, a condition that is 
clearly fulfilled by Tho2 or Zr02 on all of the refractory 
metals. Even in the absence of a simple replacement reac- 
tion, however, a degree of interaction between coating and 
substrate can occur, depending upon the specific thermo- 
dynamic and kinetic properties of the oxide-metal system 
under con~ ide ra t ion .~~  

For example, at the very least, the coating must dissolve 
to a small extent in the substrate, at a rate dependent upon 
the solubility relaticnships and diffusion coefficients of the 
coating comfonents in the base metal. A more drastic inter- 
action would be formation of a compound phase such 2s :: 
complex c-.ide or an intermetallic compound involving bcch 
metals at the interface. Such an occulrence could seriously 
influence the course and extent of the coating-substrate 
interaction, particularly if the compound were liquid at 
operating temperature. 

In principle, it is possible to predict the nature and ex- 
tent of the coating-substrate interactions from a knowledge 
of the phase diagrams, thermodynamic properties, and diffu- 
sion constants of the systems inv~lved.7~ Since, even in the 
simplest cases, these are ternary systems (oxygen plvs two 

metals), the amount of basic information required for a 
complete description is quite large. A cursory survey reveals 
that only a fraction of this information is at hand, and ii is 
necessary to resort to empirical approaches in order to de- 
fine the coating-substrate interactions in most systems. 

4 number of studies of the behavior of various corrlbina- 
tingo of metals and oxides hested in contact have been 
n,;ideb"-:i; TI,C2 and Zr02 and Mo, W, Nb, and Ta. It has 
bo,:r. rei~orted, mainly on the basis of microscopic observa- 
tion, that "little" or no ieaction occurs between thzse 
oxides and Mo and W after times varying from 1,000 hr at 
1540°C to  a few minutes at 3000°C. No intermediate 
phases are reported to form at the metal-oxide interface in 
these systems, and it appears that the solubility of the oxide \ 

I 

in the metal is not extensive at high temperatures. I 

?he "little" reaction that occurs in th* above systems is 
presumably a slow dissolution of the oxide into the ~,..tal. 

i 
Insufficient data are reported to determine the observed rate 
of this reaction, but the problem can be approached theo- 

i 
i 

retically, as shown by the following illustration using the 1~ 
W-Tho system as an example: On the nssumption, for pur- 
poses of simplification, that the amount of W  dissolved in 

I 
the Tho2 is negligible, an equilibrium exists between 
l'h02(s), Th disso!ved in W ,  Th (a), and O dissolved in . 

W ,  0 (a) at the metal-oxide interface. This equilibrium is 
dqfmed tby Th02(s) = Th (a) + 23 (a), for which the equi- 

I 
libriun~ constant 1 

t 

Letting aTh = yThxTh 'od a, = yox0, where a, y, and x are 
I 

the activity, the activity ,.oefficient, and the mole fraction, 
i 

respectively, 

As shown by Kubas~hewsk i~~ ,  the values of K: yTh, and yo 
can be obtained from a knowledge of the standard free 
energy of the formation of Tho2, the fre: energy of disso- 
ciation of 0 2 ,  and free energies of mixing of thorium and 
oxygen in W. If the la+.zr are not known exactly, they may 
be estimated from solubility or other data; theref&;, r 
tionship can be obtained between tf 0 and Th conce1. a- 

tions in W at the Tho2-W interface at a given temperature. 

2 X T ~  Xo = const. (55 )  

The rate of diffusion of 0 and Th, and therefore of Tho2, f 

I 



into W depends on the diffusion coefficients Do and DTh as 
well as on the interface concentrations xTh and x,. A second 
relatioilship is required to define both xTh and x,, and this 
can be obtained from the fact that the Tho2 layer is as- 

$ sumed to remain essentially pure. Thus, !he number of 
moles of 0 ,  No dissolved in the W substrate at any t imer 
is just twice the number of moles of Th, NTh. Using stan- 
dard solutions of the one-dimensional diffusion equation 
for the boundary conditions of constant interface concen- 

I tration and semi-infinite space, 

In the above equations, d is the density of the substrate 
in moles/cm3, and Do and DTh are the diffusion coefficients 
in W of 0 and Th, respectively. Equations (55) and (56) 
define the interface concentrations; with these known, the 
amount of Tho2 dissolved at any time can be obtained from 
Equation (56). Application of these equations requires that 
the free energies, activities, and diffusivities fbr the com- 
pound and its elements be knoun. From expressions for 

and AGO, given by K u b a s ~ h e w s k i ~ ~  the equilib- 
r i u ~ ~  constant K in Equation (53) is obtained as 

RTln K = -412,400 + 43.6 T. (58) 

The solubility of T11 in W is not known exactly but is re- 
ported to be "very slight," suggesting a value for rlh >> 1. 
The solubility of oxygen in W is reported as about 0.a6 at. 
%at 1700°C.62 Using this piece of information in conjunc- 
tion with the known value of the free energy of formation 
of W02 aird assuming thc s a r x  behavior of oxygen as in Mo, 
we ;nay estimate that yo r : at 2 5 0 0 ~ ~ .  In the neighbor- 
hood of 2000°C, DTh = 1.0 exp [(-I 20,MO)/RT] .74 Do is 
not known, but the diffusion coefficient of carbon is given 
as D, = 0.3 1 exp [(-59,00O)/RT] , and Do should be of simi- 
lar 4 . ; of magnitude. If these data are used, values of the 

IS at 'iSQtl°C are estima.ed to be as follows: 
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With these values, the constant in Equation (55) becomes 
about % 1 0-jO. 

From Equations ( 5 5 )  and (57), thc values of mole frac- 
tions of Th and 0 dissolved in W in equilibrium with Tho2 
at thc Tho2-W interface are caladated to be xTh Y 2 X 
and x0 a 10-ll. The ncmber of moles of Th, and hence of 
Tho,, dissolved at any time can now be abtained from 
Equation (56). From this, one may compute the rate of 
decrease in thickness of the Tho, layer at 2 5 0 0 ~ ~ :  

According to these calculations, it would require about 1014 
hr at 2500OC for the thickness of the Tho2 layer to de- 
crease by one mil as a result o. dissolution into the W. These 
rough calculations confirm our belief in the great inertness 
of Tho2 with respect to Wand demonstrate that reaction 
of the oxide with the subctrate is not a factor in the deteri- 
oration of this coating system. 

The behavior of Thg2 and Zr02 on Ta and Cb his been 
less ccmpletely defined; the available data suggest, however, 
that there is more rapid reaction of the oxides on these 
metals than on Mo aild W. While no reaction between Tho2 
and Cb or Ta was reported after 1,000 hr at 1540°C,6% 
"slight" reaction botwcen Tho2 and Cb was reported after 
15 min at 1800°C.66 On the other hand, Zr02 reacted 
"violently" with Cb at 1 8 0 0 O ~ , ~ ~  and Hf02 reacted strongly 
with Ta at 2200°C with the formation of an intermediate 
phase.67 More extensive and complex interaction of the 
oxides with Cb and Ta might be expected for st,eraI reasons. 
First, the free energies of formation of Cb and Ta oxides 
are considerably lower than those of Mo and W64 and there- 
fore are nearer those of Tn02 and Zr02. Secorld, oxygen is 
much more soll~Me ir. Cb and Ta than in Mo and W.67 Third, 
both Ta205 and Nb20, are appreciably solutle in ZrO,, 
and complex oxides with relatively low meltin? poi~its oc- 
cur in these systems. It should be possible to use thermo- 
dynamic analysis to show how the above factors influencc 
the reactivity of the oxides with the met&. However, in 
the presence of eitensive solid solubility and intermediate 
phase formation, the calculations become more complex 
than those for the previous axample of Tho, on W. Methods 
for solving tlus problem have not yet been worked ~ u t ;  the, 
would be a good subject for future investigation. 

N O B L E  METALS 

The platinum-group metals have been considered ss protec- 
tive cnptings, particularly Ir. Since a conibination like Ir on 
a refractory metal represents a binary system. a knowledge 
of tile reactions that tend t o  occur at  the coating-substrate 
inte~faces can be obtained directly from tbe equilibrium 
diagrams. These are known for at least the systems Mo-Pd, 
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Pt, Rh; W-lr, Pd, Pt, Rh: Cb-Pd, Pt; and Ta-Ir, Pt, It 
can be seen f r ~ ~  the phase diagrams that all of the Pt ., :tal- 
refractory-metal systems contain intermediate phases that 
form eutectics or peritecti~s with aach qther or with the 
terminal phases. The equilibrium diagrams indicate imme- 
diately at which temperatures liquid phases can be expected 
lo  form at the coating-substrate interface and thus indichfe 
where a catastrophic rate of reaction is ant1dpa:cd. These 
temperatures are listed in Table 7. 

At lower temperatures diffusion zones are for:,~ed con- 
taining layers of the various intermediate compounds found 
in tllc respectille systems. The rate of fxmation of these 
layers is go11erned by the diffusion coefficients and equilib- 
riam interface concentrations for each phase. These quanti- 
ties have been well defined by microprobe studies for the 
interdiffusion of 11, XI,  and Pt into W at 1?00°-20000C,69 
and the data are therefore available for an exact calcc1>.tion 
of the rates of reaction at the interfaces in these systems. 

Much poorer informaticn is found fo: the olz.er combina- 
tions of interest. Tllz width of the diffhsion zone after onp 
hour at 1700'C was estimated by microscopic and hardness 
studies for the systems W-Ir, W-Rh, W-Pt, Ta-Ir, Ta-Rh, 
Ta-Pt, Mo-Ir, Mo-Rh, Cb-Rh, and Cb-Pt.7O The results are 
given in Table 8. Fro7.1 the data of Rapperport et it 
can be simply calculbted that the width of the diffusion 
zone (layer of intermediate compcunds) between Ir and W 
should be about 0.0005 in. after 1 hr at 2025°C. A 10-mil 
layer of Ir would last for about 400 hr at this temperature. 
However, Ir can take up to about 20 percent W into solid 
solution, and the dfiusion of W through the Ir layer may be 
an important factor in this system. The limitation imposed 
by this process could, in principle, be calculated from 
Rapperport's da'd. 

QXiDATION-RES1ST.iNT ALLOYS 

These ,-nay be coatings  superall alleys and also Hf-Ta. Phase 
diagrams are available for the systems Mo-Cr, MoXo, 
Mo-Ni, W-Cr, W-Cc, Hi-Ni, Cb-Cr, Cb-Co, Cb-Ni, Ta-Cr, 

TABLE 7 Minimum Melting Points CC) ifb Pt-Metal-Refractozy- 
Metal Systems 

Refractory Metal 
-. -- 

Pt Metal M. W Cb 7a 

TABL!: 8 Width of Diffusion Zone (inches) sfto? 1 hour at 1700°C 

Intermcdi~ re Total 
System Phases Diffusion Zone 

M 1-Ir 
Mo-Rh 
V-1 r 
W-Rk 
W-P t 
Cb-Rh 
Cb-Pt 
Ta-Ir 
Ta-Rh 
Ta-Pt 

"Derived from  assm more.'^ 
Further results fol the interdiffusion of Ir with Mo, W, and Cb may 
also be found il: a report by Rexer.71 

Ta-Co, end Ta-Ni, as well hs for all four refractory metals 
with Hf.68 1, addition, portions of the ternjry systems 
Mo-Cr-Ni, Mo-Cr-Co, W-Cr-Ni, W-Cr-Co, CbFr-Ni, and 
Ts-Cr-Ni are available.68 

It is rc: . .nat.lc to expect that the presence of an exten- 
sive region clf 1iq::id ?haw at low temperatures in tne equi!ib- 
rium diagram is  a dangerous situation. A eutectic occurs at  
1 165°C in the Ta-Cr-Ni system. Extensive regions of liquid 
phase ; 1 - 111 the W-Cr-Ni system zt 1400°C. Further- 
mere, eutectics are found in the various bina: /stems at 
temperatures as follows: Cb-Co, 1235°C; Cb-Ni, 1175"~ ;  
Mo-Co, 1340°C; Mo-Ni, 13509C; Tit-Co, 1275°C; Ta-Ni, 
1360°C; W-Co, 1465°C; W-Ni, 1495°C; NiCr, 1345'~. 
It would be dangerous to use superalloy coating above these 
temperatures. 

The phase diagrams of the refractory metals with Ni, Co, 
atad Cr shaw the existence cT a variety of intermediate 
phases in these systems. I? is expecied, therefore, that inter- 
metallic compounds wili form at ihe interface between a 
superailq qoating and a refractory metal. While consider- 
able information is avadable concerning diffusion rates in 
the terminal J i d  solutions, virtually nothing is known 
about diffusion in the internzec~ite phases. Therefore, a 
ccmp:ete theoretical andpsis of h.terdiffusion rates in these 
systems is not pos,.ble. .'i might be expected that, due to  
the low melting points of many of the constituents in the 
phase &agrams, fairly rapid interdifferion between coating 
and subsuate would occur, and this has been mentioned as 
one of the observed major shortcomings d N i -  and Co-bas 
~ o a t i r r g s . ~ ~  

Some references to availzble diffusion data ars as foUows: 
Diffusion r ~ r '  a wriety of elemetlts in W w s  surveysd by 
Lement?4 D (; 100~-1 300°C) in 95-100 p -::ent NI has 
been measured zfter 1 Sr at  i7W°C bjr i%ssrn~,rc;?i Din 
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95-100 percent Co has been measured by Darin et al. (see 
Sn~ i the l l s~~) .  At the W-rich end, the self-diffusion coeffi- 
cient of W has been measured (ref2rence 75, p. 644) as has 
:he diffilsion coefficiellt o i  Fe in W at 1927"-2527'~. 
According to smith ell^,'^ the self-diffusion coefficient of 
Mo from 1850"-2350~~ and the tracer diffusion coefficient 
of Co in Mo at 1850'-?330°C, D in 90 percent Co at 1000"- 
1300"C, and D in 90 pe~-,ent Ni at 1000°-13000C are known. 
In addition, Fugardi et al., have measured diffusion zone 
thicknesses in Ni-Mo couples after 1-10 days at IOOOOC 
(reference 63, p. 53). Sefranek has measured diffusion zone 
thicknesses in Cr-Mo couples after interdiffusion for 1-1000 
hr at 870"-1320°C. in Ni-Mo couples from 1-1000 hr at 
870'-1 200eC, and in Co-Mo from 1-100 hr at 900°-12750~ 
(see reference 63, p. 54). Composition-distance curves for 
simultaneous interdiffusion of Ni and Cr into Mo after 
600 hr at 1 l00'C are given by Couch et al. (reference 63, 
p. 55). Byron reports D for Co-MO at 9 0 0 ~ - 1 7 0 0 ~ C . ~ ~  

In the system Cr-Cb, D values for all phases from 1100"- 
1 6 0 0 ~ ~  are given by Rapperport et al. 69 An electron-probe 
study of CrCb  and NiCb at .lOO°C is also given by Birks 
et a1.T7 Fugardi et al. report thicknesses of diffusion zones 
from 1-10 days at 100il°C in Ni-Cb couples (reference 63, 
p. 53). Smithells (reference 75, p. 645) gives the self- 
diffusion coefficient for Cb from 900"-2400°C; Dc, in Cb, 
1550~-2030"C (p. 650); and D for CrCb, all phases at 
1 100°-170O0C (p. 664). 

smith ell^^^ gives the self-diffusion coefficient for Ta at 
1200~-2300~C (p. 645) and Dw in Ta at 930"-1240"~ 
(p. 650), Cr-Ta diffusion couples were studied by Passmore 
et al. for 1 hr at 1 2 0 0 ° C . ~ ~  The diffusion of Ni in Ta at 
1 100°C was studied by Birks and S e e b ~ l a . ~ ~  

Although data are insufficient for a rigorous treatment of 
the multiphase-multicomponent diffusion problem pre- 
sented by the coating-substrate reaction in these systems, 
some information might be gleaned from the binary diffu- 
sion data, as well as frcm various empirical studies of layer 
growth rates in certain systems. Table 9 gives the approxi- 
mate widths of several diffusion zones after 100 hr at 
1 200°C. 

The data suggest that thin superalloy coatings might pro- 
tect for times of the order of 100 hr at 1200"~ .  At this tem- 

TABLE 9 Width of Diffusion Zones in Various Systems at 1200°C 

System Width of Diffusion Zone {in.) Reference 

Mo-Ni 0.015 
M o C o  0.003 
MoCr 0.002 
Cb-Ni 0.003 
CbCr > 0.005 

perature, a close competition between oxidation and 
coating-substrate reactions as degradation processes might 
be expected, necessitating a closer comparison to  decide 
wluch is most important. 

With regard to Hf-Ta alloys as coatings, phase diagrains 
are available for the Cb-Ta, Ta-Hf, Mo-Hf, Mo-Ta, W-Hf, 
W-Ta, and portions of the W-Ta-Hf systems.68 While the 
minimum melting point in the Ta-Hf system is 2100°C, 
eutectics occur in the Mo-Hf and W-Hf systems at 1950c 
and 1930°C. 

In the system of greatest interest. Ta-Hf, complete solid 
solubility exists at high temperatures. Interdiffusion rates 
between Ta and Hf have been approximately defined by 
Hill et over the temperature range 1300"-180C"~. 
These can be expressed in the form 

~2 2 x 104 
log - (cmZ sec-I) = - ----- + 3.5, 

2t TCK> (60) 

where x i s  the width of the diffusion zone observed. At T = 
2 0 0 0 " ~ ,  x2/2t = 3 X cm2 sec-I , and after I00 hours x 
Z 0.10 in. Hill's results suggest that diffusion between Hf-Ta 
alloys and Ta proceeds a little more slowly than between 
Hf aild T?, due to an exi.=ctcd increase in D with Ta content. 

For a complete analysis of coating-substrate reactions, 
information is required about phase relationships, thermo- 
dynamic properties and diffusion coefficients in the systems 
of concern. Although sufficient data often exist for binary 
systems, this is generally not true for ternary and higher 
order systems. Even when fundamental data are lacking, 
hqwever, much useful informztion can be derived from 
studies of layer growth at the coating-substrate interface, 
which are not too difficult t o  perform. Examples of the 
latter are Perkins' study of the reaction of MoSi, on Mo61 
and the investigation of Passmore et al. of the behavior of 
Thoz on W.70 Such studies are recommended, therefore, as 
a normal part of the coating evaluation process. 

From the data on hand it appears that coating-substrate 
reactions may be life-limiting with beryllide coatings and 
possibly with aluminides, but not necessarily with silicide 
coatings. I t  is expected, on theoretical grounds, that the 
rapidity of layer growth should increase as the melting point 
of the intermediate phases decreases. In the refract0.y metal 
systems, silicides have the highest melting point, followed 
by the aluminides and beryllides, which may explain the 
observed rates of reaction. It may be stated as a general 
principle that high intermediate-phase melting points (low 
diffusion coefficients), as well as restricted solubility in such 
phases, are desirable to minimize coating-substrate reactions. 
It appears that interdiffusion between coating and substrate 
is also an important factor in the degradation of superalloy 
coatings on the refractory metals. Here again, fairly rapid 
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diffusion rates at the coating-substrate interface may be 
associated with the presence of relatively low-melting phases 
in the pertinent systems. 

In contrast to the above, Ir seems to react with W quite 
slowly, and the oxides Tho, and ZrOl very slowly, so that 
coating-substrate reactions do not appear to be life-limiting 
factors in these systems. At the temperature of interest, 
other processes, such as evaporation or permeation of oxy- 
gen through the protection iayer, seem to be much more 
critical. 

DEFECTS 

Coatings for high-temperature metals act as a barrier to ex- 
clude reactive gases such as oxygen or nitrogen from the sur- 
face. The mode of protection with few exceptions is based 
on the selective oxidation of an element in the coating (i.e., 
Ai or Si) to form a protective oxide film on the surface. 
Theoretically, coating life should be governed by the kinetics 
of this oxidation process. That is, life at any temperature 
should depend upon the rate of oxidation of the coating 
and coating thickness. 

As previously discussed, the useful life of coating systems 
is usually only a small fraction of the theoretical life based 
on oxidation kinetics of the coating. One of the reasons for 
tius behavior is the fact that the composition of a coating 
changes with use. Diffusion of elements in the coating out- 
ward to the oxide scale or atmosphere and inward to the 
substrate, as well as diffusion of elements from the sub- 
strate into the coating, occurs at high temperature. This re- 
sults in dilution of the co~ting and a shift to less oxidation- 
resistant forms. The kinetics of the diffusion reaction tend 
to be far more rapid than those of the surface oxidation 
process. The latter is governed by diffusion through an oxide 
scale, which is slow compared to atom diffusion in metal 
matrices. Thus it is not surprising to fmd in many cases that 
coating life depends on interdiffusion of coating and sub- 
strate rather than on surface oxidation process. 

Even in this case, theoretical studies reveal that actual 
coating life is again only a fraction of that predicted from 
considerations of interdiffusion. This fact is illustrated for 
MoSi, coatings on Mo in air at 2500°F in Figure 14. The 
life of this system is known to depend on the time required 
to convert the coating to MoSSi3 by diffusion of silicon 
into the s u b ~ t r a t e . ~ ~ ~ ~ ~  The calculated life for a 2-mil-thick 
coating based on this process is 40 hr at 2500°F. As shown 
in Figure 14, the actual life of a 2-mil-thick coating is only 
18 hr.81 'The coating in fact behaves as if it were 1.25 mils 
thck rather than 2.0 mils thick. The experimental and cal- 
culated curves have the same shape. but the experimental 
performance nt all thicknesses is less than predicted. The 
basic failure m3de is the same as that assumed in the calcu- 

lation; it is the depletion of silicon by diffusion to the sub- 
strate that causes ultimate failure. The coating fails when 
MosSi3 replaces MoSi2 at the oxidizing surface. 

The difference between calculated and experimental re- 
sults in this case is due to random defects (in the form of 
cracks and fissures) that reduce the coating thickness in 
local regions. The minimum or effective coating thickness 
based on random defects that initiatc failure is only 60 to 
65 perccnt of the actual thickness. The defects penetrate 
the outer third of the coating and only the inner two-thirds 
of the coating actually provides protection. This fact was 
demonstrated experimentally by removing a third to a half 
of a coating with such defects by polishing without effecting 
any change in coating life.82 For this particular coating and 
environment, the life is governed by a specific type of ran- 
dom defect, and the life is said to be randomdefect- 
controlled. 

AU coatings contain microscopic defects; an ideal defect- 
free coating for high-temperature metals has yet to be devel- 
oped. Typical defects that are to be found in oxidation 
resistant coatings are illl~strated in Figure 15. Coating defects 
can be separated into two broad classifications: defects in- 
troduced during application of the coating, and defects in- 
troduced during manufacture, assembly, and use of the 
structure or part. All of the coating defects illustrated in 
Figure 15 can be introduced during application of the coat- 
ing. However, the only defects that are introduced during 

COAPNG THICKNESS (mil) 

FIGURE 14 Effect of coating thickness on the life of MoSi2-Mo 
systems at 2500°F. 
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A - INTERIETALL!C INCLUSIONS 
B - THICMESS \'P RIATION 
C - SHALU)\\' EDuE CRACKS 
D - SUBSURFACE MOLES 
E - IMBEDDED GRIT 
F - INTERNAL WROQTY 
G - ABSOLUTEEWECRACKS 
H - HAIRLINE FISSURES 
I - INTERFACIAL CRACKS 
J - COhlPOSITION VARIATION 
K - INTERFACE SEPARATION 

FIGURE 15 Representative random defects in coatings. 

manufacture and use are cracks that result from thermal 
expansion mismatch, excessive mechanical strain, or impct. 
In many cases, the basic crack patterns are introduced dw- 
ing application of the coating, and the service environments 
or thermal cycling merely serve to increase the number or 
severity of these defects. 

The existence of coating defects has been recognized 
from the earliest days of coating development work Ir: tiye 
early 1950's, B l a n ~ h a r d ~ ~ . ~ ~  observed that imbeddsd g : : 
and large carbide particles produce defects in AlCr-Si coat- 
ings on Mo. He also noted that  harp corners increasz &(: 
probability of failure due to formation of edge cracks. The 
presence of crack-type defects has been reported by ali in- 
vestigators of silicide and aluminide coatings. In 1963 
Jefferys and Gadd84 stated that cracks and pinhdes 01. 
porosity often are the origin of coating failure. Most inw ,ti- 
gators during this period noted that defects exist ig coatings 
and generally have a detrimental effect on performance. 

The effect of coating defects on performance -Inat be 
clearly defmed. It is a function of the specific coating- 
substrate combination and the environment of use.82*86 
Bch  coating system has its own spcific set of variables 
that will influence coating life. Thus, whereas a given type 
and severity of defect will reduce the performance in one 

environment, it may have little or no effect in another. For 
example, hairline cracks and fissures in silicide coatings on 
Mo and Cb tend to govern life at atmospheric pressure, 
while at low pressure such defects tend to have little effecLa2 
Wide V-type edge defects in these coatings can be healed at 
atmospheric pressure but, on the other hand, are a predomi- 
nant source of failure at low pressure. Variations in coating 
thickness tend to have a far greater effect on the performance 
of silicide coatings at low pressure than at high pressure.82 

The temperature of service also can have a pronounced 
effect on the contributions of coating defects to perfor- 
mance. For example, as shown in Figure 14, the life of 
MoSi2/Mo coatings at 2500°F is less than that predicted by 
diffusion data. This is due to the fact that crack-type defects 
reduce effective coating thickness. However, as shown in 
Figure 16, the life of these coatings at 3000°F exceeds that 
predicted from diffusion data. In this case, a viscous SiO, 
film effectively heals coating defects. Also, the Mo,Si3 
phase that causes failure at 2500°F is oxidation-resistant at 
3000°F. Mo,Si3 performs as well ss MoSi as a coating ma- 
terial at 2850°F or ab~ve .~ l*~O 

Considerations such as these make any assessment of the 
role of coating defects a difficult if not in~possible task. As 
a general rule, coating thickness has the greatest effect on 
performance, and any factor that tends to reduce effective 
thickness will reduce life. This effect is shown graphically 
for a diffusion-controlled system (MoSi,-Mo at 1 atm) in 
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FiGURE 16 Effect of coating tl~ieli~iess on the Life of MoSi2-Mo 
systems at 3000°F. Solid curve, calculated MoSi2-Mo; dashed curve, 
experimental W-2-Mo-5Ti. 
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Figure 17. Increasing the thickness from 1 to 3 mils pro- 
duces a nine-fold increase in life at 2500°F. A 2-mil-thick 
coating with a 1-mil-deep defect behaves in effect like a 
1-mil-thick coating (dashed curve). However, broad general- 
izations of this type tcnd to be misleading and may be erro- 
neous. The defect tolerance of a coating is variable within 
broad limits and must be defined in terms of a specific appli- 
cation. Failure modes are governed both by the basic coat- 
ing system and by the environment of use. 

In the past few years, attention has been given to the 
development of nondestructive testing methods to identify 
and characterize coating d e f e c t ~ . ~ 6 ~ ~  Thermoelectric and 
eddy current techniques can be used effectively to measure 
variations in coating thickness. Eddy currents also can be 
used to monitor the growth or change of coatings t;y diffu- 
 ion.^^ This method is particularly suited to inspection of 
large, flat areas. The thermoelectric process, on the other 
hand, is well suited to the detection of thin regions at 
edges.4s Radiography will reveal internal porosity, while 
dye penetrants can delineate basic crack patterns. 

The available nondestructive testing methods can indi- 
cate the nature, size, and distribution of most critical defects 
found in coating systems. By and large, however, Ldustry 
is not ready to apply many of these techniques to process or 
product control. This reluctance results from the fact that 
the defect-tolerance limits for various coating systems have 

TEMPErUTURE ('F) 

FIGURE 17 Experimental versus calculated life of MoSiz-MG 
coating systems. 

not been determined. Thus, although defects can be de- 
tected and measured, a basis for acceptance or rejection has 
not been established. Basic and applied research on the role 
of defects in the performance of coating systems in represen- 
tative environments meat be undertaken. 

Statistical analysis of performance provides an effective 
tool for studies of this type. Wurst and Cherryss have pio- 
neered in the use of statistical methods to evaluate coating 
behavior. Using the Weibull function, these investigators 
have been able to determine under what conditions defect 
control of performance will occur for various coating sys- 
tems. The next step is to establish which defects in the sys- 
tem govern observed behavior. Basic studies of this type are 
yet to be made. It should be noted that even where a bum- 
out (nonrandom defect) mode of failure is indicated by 
statistical data, defects still may be the basic cause of failure. 
For example, a uniform distribution of cracks and fissures 
produced by thermal cycling can result in an apparent failure 
of the entire coating. Each individual failure, however, still 
occurs at a defect site. Defects need not be random to de- 
grade coating performance. 

The majority of defects in coatings are introduced in the 
manufacture of coated parts. Accordingly, in any program 
to reduce o qontrol coating defects, attention must be given 
to the basic coating processes. Many defects are merely the 
result of carelesscess or inadequate process controls. Thus, 
imbedded grit, subsurface porosity, large edge fissures, inter- 
facial separation, and coating composition variations nor- 
mally can be controlled or eliminated by adjustments in 
processing. For example, edge cracks can be mitigated by 
proper rounding of edges and by controlling coating thick- 
ness and the rate of coating deposition. In general, defects 
such as these do not present major problems with the ad- 
vanced coating systems in use today. 

A major problem with coating defects arises from the 
hairline cracks or fissures that develop during the thermal 
cycling of a coating system. A thermal expansion mismatch 
between a brittle coating on a ductile substrate results in a 
craze-type cracking of the coating. The cracks tend to form 
on cooling when tensile stresses are developed in the coating 
in a temperature range where ductility is low. On heating, 
the coating is placed in compression and the craze cracks 
tend to be closed. 

The susceptibility to and tolerance for this type of defect 
varies widely between different coating systems. Silicide 
coatings are very prone to the formation of such defects. 
The basic crack pattern in these coating syst .ns is estab- 
lished during the application process when coated parts are 
cooled to  room temperature. Subsequent thermal cycling in 
service tends to enlarge the fissures and generate additional 
cracks. The aluminide coatings on Ni- and Co-base super- 
a l l~ j s ,  on the other hand, are very resistant to the genera- 
tion of hairline cracks or fissures. These coatings, as pro- 

a 
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duced, do not contain cracks. After extended thermal 
cycling in service, however, cracks do develop, and defects 
that reduce coating life are generated. 

Most investigators recognize the fact that thermal cy- 
cling reduces useful coating life and that the formation of 
cracks due to thermal-expansion mismatch is the primary 
cause of this behavior. Cox and Brown,84 for example, 
demonstrated that hairline fissures introduced during ther- 
mal cycling reduce the life of a MoSi2-Mo coating system at 
1 8 3 2 ' ~  from 6 months under steady-state to 10 hr under 
thermal-cycling conditions. Blumenthal and Rothmango 
studied the growth of hairline fissures in MoSiz coatings on 
Mo during cyclic oxidation. Fissures initially 0.03 to 0.1 mil 
wide grew to 0.1 to 0.6 mil wide on cyclic operation. 

These defects probably have the greatest effect on coat- 
ing ptrformance. They are not random but are found over 
the entire surface. Their effect is often masked by the fact 
that the coating appears to fail all at once instead of at ran. 
dom sites. Although coatings may appear to fail by wear-0th 
mode, the failure is usually due to the generation of a coat- 
ing defect that reduces useful life. This type of defect is 
without a doubt the most difficult to control or eliminate. 
The mitigation of such defects is one of the most challeng- 
ing technical problems in the field today. 

Surprisingly little work has been undertaken on the elimi- 
nation or control of hairline cracks or fissures in coatings. 
Two promising approaches to the solution of this problem 
have appeared in the past several years. One used by investi- 
gators at Battelle Memorial Institute in is a 
novel method in which a liquid Sn-Al phase is used to  seal 
all cracks 2nd fissures; the porous silicide coating is impreg- 
nated with an Sn-Al phase. The approach has been used 
successfully on Mo and Cb alloys. The basic limitations of 
this approach are related to compatibility (liquid phase) 
problems and the high vapor pressure of tin. A more promis- 
ing and practical approach has to do with alloying of a basic 
silicide coating to produce a highly complex structure that 
has improved resistance to the formation of such defects 
and improved tolerance for defects once f ~ r m e d . ~ ~ ~ ~ ~  The 
exact mechanism by which these coatings provide enhanced 
defect tolerances is not clear at this time. The coatings are 
applied as slurries and fused onto the surface. The fact that 
a truly alloyed coating is produced is probably a contribut- 
ing factor. These coatings also offer greater protection to 
faying surfaces, where coating defects often arise with pack- 
cementation-type processes.87 R r  more detailed and basic 
studies are needed to  fully develop the potential of systems 
such as these. Results to  date indicate good promise for 
effecting basic changes in defect patterns and for increasing 
the tolerance for random defects. 
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State of the Art of 
Coating-Substrate Systems 

INTRODUCTION 

To form a basis for consideration of future research and de- 
velopment, the Committee on Coatings reviewed the state 
of the art of various coating-substiate systtins. Results are 
presented in the present chapter organized under the various 
substrates, including superalloys, chromium, columbium, 
molybdenum, tantalum and tungsten, and graphite. 

COATING SYSTEMS 

Coated superalloys have been successfully used in a wide 
variety of turbine engine applications for many years.lg 
Originally developed to obtain improved hi&?-temperature 
oxidation and erosion resistance, coatings are now used to 
achieve a number of product improvements, including 
(a) resistance to corrosion (sulfidation), (b) wear-resistance, 
(c) improved creep xesistance (e.g., reduced stretch in tnr- 
bine blades), (d) reduction of warpage and distortion (e.g., 
minimized bowing in turbine vanes), and (e) reduction of 
thermal and mechanical fatigue. Numerous coating systems 
have been developed that satisfy many of these objectives, 
but the increasing turbine gas inlet temperatures and the 
lower chromium contents in modern superalloys (to obtain 
the required strength or metallurgical stability at high tem- 

*hepared by J. R. Myers and N. M. Geyer. 
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pcratures) necessitate significallt improvements in coating 
technology. 

The basic requirements of a coating !br superalloy ma- 
terials dictate that (a) it must resist the thermal environ- 
ment, or meet one or more of the special features described 
above; (b) it must adhere (be bondedj to the substrate; 
(c) it should be thin, uniform, light in weight, reasonably 
low in cost, and relatively easy to apply; (d) it should have 
self-healing characteristics; (e) it should be ductile; and (f) it 
should not adversely affect the meshanical properties of the 
substrate. Since no single coating system can possibly satisfy 
all of these requirements, a large rlumber of coatings have 
been developed in recent years. 

Coatings that are mechanically bonded to the superalloy 
substrate generally do not provide the required adherence. 
Therefore, diffusion-type coatings that produce a metallur- 
gical bond at the coating-substrate interface are much more 
desirable. Mechanically bonded coatings produced by such 
techniques as electroplating, spraying, or hand-troweling are 
not reviewed in this report. Rather, attention is directed to 
those coatings that are metallurgically bonded to the sub- 
strate. 

COATING TECHNIQUES 

The important currently available processes for applying 
metallurgically bonded coatings to  superalloy substrates are 
(a) pack-cementation (including "halogen-streaming" and 
"slippack" techniques), (b) slurry, (c) hot-dipping, (d) chem- 
ical vapor deposition (CVD), (e) fused-salt (both electrolytic 
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and electroless), (f) vitreous or glassy-bonded refractory, 
(g) physical vapor deposition, and (h) electrophoresis. The 
basic features of each of these coating processes, including 
the coating metals frequently applied, are summarized in 

, Table 10. Of these six techniques, probably the most impor- 
: tant is pack cementation. However, a number of commercial 
I coatings are applied using slurry, hot-dipping, vitreous or 
/ glassy-ceramic, and electrophoresis processes. 

sisting of +) the coating metal(s) in elemental or combined 
form, (b) a halide compound (activator), and (c) an inert 
filler material to prevent sintering of the powders. In moi: 
cases, the reaction chamber (retort) containing the coating 
ingredients is evacuated or filled with an inert atmosphere to 
prevent oxidation of the object to be coated and the metal 
powders. Some processes also use an additional compound 
(e.g., urea) in the powder mix to control the retort atmo- 
sphere. The sealed pack system is heated to an elevated tem- 
perature where the halide gas, generated by the decomposing 
halide compound, reacts with the coating metal(s) to form a 
metal-halide gas. At tzmperature, this gas either reacts with, 
or is chemically reduced at, the surface of the object to be 

I j 
-.. PACK-CEMENTATION PROCESSES~-" 

1 The basic pack-cementation process is accomplished by 
I ? packing the object to be coated in a powdered mixture con- 

TABLE 10 Summary of Important Cwrent Coating Processes for Superalloys 
.--.- -- 

j Process Steps Atmosphere Remarks 

Pack cemen~dtion (includes 
"halogell-streaming" and "slip 
pack" processes) (Al, Cr, AlCr,  
Be, AICr-X) 

Frequently one, but could Generally inert at start; 
involve two (or more) then supply halide (usually C1) 

at temperature. At least one 
PrOceSi uses vacuum at start 

Pack supports component 
being coated and eliminates 
need for special holding 
f i ~ t u r e s . ~  Disadvantage of 
process is long heat-up and 
cooldown times. Compon~nt 
must be supported in slip- 
pack process 

Rocess avoids long heat-up 
and woldown times. Needs 
special holding fixtures 

Slurry (Al, Cr, AlCr ,  AI-Cr-X) Multiple Both inert and vacuum are 
used in heating cycle. May want 
to apply slurry in va ~.. lrn --.I .a? 

obtain good coverage 

Hotdipping (Al, AI-X) Generally multiple (2) Flux or inert Short reaction times. Process . .- umical' is limited to Al- or 
AI-X-1, :a coatings 

Generally 2 Vacuum or inert Ssrnewh;~t similar to pack- 
cemcfi;ction, except hal~de 
carrier is generated externally. 
Special holding fixtures 
needed. Can get undesirable 
directional depositions 

Chemical vapor deposition 
(cVD) (Mostly Cr and Al, 
but no real limitations) 

! Fused-salt (Includes electro- Could be one or two. 
lytic a d  electroless processes) steps could be 

(Numerous metals, Including needed to deposit multi- 

rare earths) component systems 

Inert Scale-up could be a problem. 
Technique is not limited by 
mating material 

Vitreous or glassy-bonded Usually multiple 
refractory 

D 

Air or inert Brittle, relatively thick coatings 
which are limitel to about 
1860°F in servi. e 

Physical vapor deposition Generally 2 
(PVD) (Al, Cr, Si, various 

Vacuum Poor throwing power and 
expensive scale-up. Not 
readily repairable 

Electrophoresis (Al-rich) Multiple Organic dielectric solvent Limited to relatively small 
components 
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coated. During the coating process, the deposited metal@) 
diffuses into the substrate. (This frequently requires a long 
hold-time at a high temperature, that can adversely affect 
the mechanical properties of the substrate.) The coatings are 
solid solutions or intermetallic compounds (or both) com- 
posed of alloys of the coating metal(s) and the substrate. 
They are an integral part of the base material and have ex- 
cellent bonding strength. The properties of these coatings 
can be controlled by a careful choice of coating metal(s) and 
proper conirol of the time-temperature cycle during coating. 

A modification of the pack-cementation technique, as de- 
scribed above, is a method known as "halogen streaming." 
In halogen-streaming, the halogen gas is introduced into the 
retort from an external source. Otherwise, the two processes 
are identical. Some of the advantages claimed for the 
halogen-streaming technique over the use of a halide com- 
pound added to the powder mix are17 (a) regulation of the 
gas-flow rate and halogen content in the retort, (b) timely 
introduction (and discontinuation) of the halogen into the 
retort, (c) elimination of extraneous elements associated 
with the hs'ide compound, (d) possibility of using different 
halogen gases during one coating cycle (at any desired tem- 
perature),* and (e) provision for purgitg the retort with an 
inert gas at any time during processing. 

Still another modification of the basic pack-cementation 
process is especially advantageous for the economical coat- 
ing of large objects. This process, known as the "slip-pack" 
technique, involves the use of a slurry consisting of the coat- 
ing metal(s) (with or without a halide compound and an 
inert material) suspended in some vehicle such as water or 
lacquer. The slurry is applied to the substrate by dipping, ', . -ushing, or spraying and then allowed to dry. When the 
slurry contains the halide compound, the component to be 
coated is heated, usually in an inert atmosphere, to the ele- 
vated temperature where the coating process occurs. If the 
slurry does not contain the halide compound, the slurry- 
coated object is placed in z retort and supported by an inert 
.efractory oxide powder (e.g., A1203). A quantity of halide 
c mpout:d placed on the bottom of the retort provides the 
h ide gas required for the coating process. !i 

nfortunately, processins details on the various pack- 
ceme f tation coatings for superalloys are considered propri- 
etary 1 formation by the coating vendors. Since there is no 
free ex ange of process inforwation by the developers of 
pack-ce entation coatings, it follows that progress in pro- 
ducing o imum coating systems has been seriously impeded. 

Some ;$: b sic information on the pack-cementation chro- 
mizing of dckel and nickel-biise alloys is given by Samuel 
and Lockington.lS~l6 They report that nickel and nickel- 
base alloys (Inconel, Hastelloy B, and the Nimonic series) 

*Such use would permit the deposition of different elements using 
the optimum halogen and deposition temperature for each metal. 

can be chromized by using modifications of the methods de- 
veloped for ferrous materials. One pack composition de- 
scribed by these nuthorslS consists of 2 parts chromium 
metal powder, 1 part unvitrified kaolin (filler) and 0.5Wlo 
ammonium iodide. Using this pack and a circulating stream 
of purified hydrogen gas, chromium reportedly can be de- 
posited on nickel at coating temperatures of 1050°C cr 
above. (Kelleys cautions that nickel can be chromized pro- 
viding the deposition temperature does not exceed about 
1300°C, where Mi-Cr eutectic melting occurs.) Samuel16 
proposed, from thermodynamic considerations, that it is un- 
likely that the coatirig process occurs by interchange at the 
substrate surface (e.g., Ni + CrAl, + NiCl, + Cr). Rather, 
he believes the relevant re~ctions are CrX, + Hz = 2HX + Cr 
(depositing on Ni)-a reductim process; and CrX, = X, + Cr 
(depositing on Ni)-a thermal decomposition process, where 
X is some halide. These conclusions apparently were con- 
firmed by experimental results. The same authorslt also re- 
port that most of the features discussed for nickel apply 
equally to the chromizhg of cobalt and cobalt alloys; how- 
ever, the diffusion rJte in cobalt is lower than for nickel, 
and thinner coatings are obtained. 

Some of the coating systems that can be deposited on 
superalloy substrates using pack-cementation processes are 
Cr, -41, Al-Cr, Al-Cr-X, and Be, where X is some additive 
metal. A typical modern-day pack-cementation process for 
applying these coatings is outlined below. 

1. Deburr (round corners). 
2. Grit blast with 100-mesh A1203. 
3. Glass-bead hone. 
4. Degrease in trichloroethyiene. 
5. Pack component in retort containing powder mixture 

of: 
70 to 80 percent A1203 

8 to 10 percent A1 
20 to 30 percent Cr 
about 0.25 percent halide activator (NH4Cl or NH,I) 

6. Seal in double-wall retort (glass seal). 
7. Heat to 1600" to 1 8 0 0 ' ~  and hold for 15 to 18 hr. 
8. Remove reton frem fi;inac~ air-cool. 
9. Light dry hone to rew i. - ny adhering pack powder. 

S L U R R Y  METHOD 

The slurry method18*19 of applying protecti\?e coatings to 
superalloy components is advantageous for coating large 
sizes and reasonably complex shapes. Thc slurry, formed by 
mixing the coating metal@) in powder form with some liq- 
uid carrier, is applied to the substrate by brushing, dipping, 
or spraying. After the coating suspension (bisque) has dried, 
it is given a djffusion anneal in an inert atmosphere (or vac- 
uum) at some elevated temperature (the bisque may or may 
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not melt, .;<pending on the process used). A liquid carrier 
that wili decompose on heating without the formation of 
undesirable carbides is generally used. Organic liquid carriers 
that have been used successfully include acetone, collodion- 
butyl acetate, and nitrocellulose lacquers (a mixture of 2 
parts coll1)dion and 1 part butyl acetate will suspend alumi- 
num compositions satisfaqtorily). To avoid excessive agglom- 
eration and surface roughness problems, it is usually recom- 
mended that the particle size of the coating metal(s) be 
relatively small (e.g., -325-mesh). 

For superalloy substrates, the slurry technique has been 
successfully used to apply a number of coating metals, in- 
cluding Al, Cr, AI-Cr, and Al-Cr-X, where X is a third ele- 
ment. A typical sequence of events used in aluminizing a 
nickel-base superalloy substrate is given below. 

1. Vapor-degrease substrate. 
2. Sand'olast with 100-grit garnet. 
3. Apply 0.006 to 0.008 in. of slurry. 
4. Dry at 200°F. 
5. Fire 10 min at 1400°F in N,. 
6. Remove flux by immersion in hot water (160" to 

2 0 0 " ~ )  for 5 to 30 min. 
7. Water-air blast. 
8. Dip in 10V/o HN03 (140°F) for 15 to 60 sec. 
9. Water-air blast. 

10. Diffuse 4 hr at 2100°F in argon. 
1 1. Vapor-hone with 200-grit Alundum. 

HOT-DIPPING 

Hot-dip c ~ a t i n g s l ~ l ~ ~ ~ ~  are applied by immersing the sub- 
strate in a molter! bath of a coating metal or alloy that melts 
at a temperature significantly below that of the object being 
coated. The molten bath is covered with a flux (frequently 
a halide type) to prevent oxidation. Excessive dissolution of 
the substrate can occur through prolwged exposure to the 
molten metal, so the immersion time is generally short (e.g., 
up to 5 min). Since the short immersion time does not per- 
mit sufficient diffusion of the coating metal(s) into the sub- 
Etrate, the coated object is normally given a subsequent dif- 
fusion annea; at some elevated temperature. Usudlly, the 
diffusion anneal is accomplished in an inert atmosphere or 
vacuum. 

Poor reliability of hot-dip coatings has been attributed to 
(a) dili~culty in obtaining uniform coatings, (b) poor cover- 
age on corners, (c) difficulty in coating deep recesses, and 
(d) inclusions in the coating caused by the dipping operation. 
The quality of these coatings is strongly related to the skill 
of the operator. For sheet material and wire, the hot-dipping 
process is quite successful and is colisidered one of the sim- 
plest and least costly coating methods. 

The hot-dip coating technique has been used su-:cessfully 

in applying aluminum coatings to superalloy substrates. It 
reportedly can also be used LO apply ..:ufi~inum-alloy coat- 
ings. The process outlined below is iy;lcal of those used in 
applying a hot-dip aluminized ccatinr, to a !lickel-base super. 
alloy substrate. 

1. Vapor-blast substrate. 
2. HCl clean. 
3. Water rinse. 
4. 4 min in salt flux at 1 300°F. 
5 . 8  to 10 sec in 2-S alurninum bath at 1325"~ .  
6. 15 sec in salt flux at 1300" F. 
7. Spin in air to remove :;urplus aluminum. 
8. Heat 3 min at 1 3 2 5 " ~ ;  air coo:. 
9. Scrub with fiber brush.. 

10. Immerse 30 to 40 sec in 10 to lSW/o HN03 at 100" 
to 185°F. 

11. Immerse 1% hr in SW/o HCl. 
12. Diffuse: 4 hr at 2100°F; lir cool. 

4 hr at 1975°F; air cool. 
16 hr at 1400°F; air cool. 

13. Light vapor blast. - 

CHEMICAL V A P O R  DEPOSITION ( C k D )  

Chemical vapor d e p o s i t i ~ n l ~ - ~ ~  (sometimes referred to as 
vapor plating) is accomplishecl by heating the object to be 
coated in a chamber containing an inert gas at reduced pres- 
sure. When the substrate reaches the desired temperature, a 
flowing stream of gaseous metal halide or organometallic 
compound nixed with an inert carrier gas (sigon or nitro- 
gen) is introduced into the chamber. The halide or organo- 
metallic compound thermally decom~oses at the substrate 
surface, depositing the costing metal. Frequently, the depo- 
sition temperature is st~ificiently high to permit diffusior 9f 
the coating metal into the surface of the substrate. Other- 
wise, the substrate must be given a sgbsequent diffusion 
anneal. A mod~~ication of this process is accomplished by ! 

! 

chemical reduction instead of thermal dec,mposition. In i 
i 

this process, purified hydrogen is mixed with the coating- 
metal gas. 1 

The basic requirement in producing coatings by Cv D is 
i 

that the coaling metal form a compound that can be vapor- 
ized at some low temperature without depos., ion, and then 
be sufficiently unstable at elevated temperatures to ther- 
mally decompose or reduce at the heated substrate surface. 
A significant amount of information on this coating process 
has been compiled in a Defense Metals Informati,. ; R e p  i 
prepared by Krie~.~"he process is capable of producing 
reasonably smooth and uniform coatings on conr?lex shapes; 
however, some investigators report that a coating buildup is 
frequently observed on sectioris of the substrate that face 
the flowing gaseous mixture. "Dead-spots' in the coating 
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can also occui where there is no flow of gas. The main dis- 
advantage of the cv D process is that it requires conlplex 
equipment and is presentiy limited to reasonably small ob- 
jects. Although the process is not widely used for producing 
coatings on superalioy substri' a typical CVD process for 
depositing alunlir~unl on a nicks1 oase alloy is described 
below. 

1. Vapor-blast substra~e. 
2. HCI clean. 
3. Water rinse and air dry. 
4. Place specimen in CVD chamber. 
5. Preheat specimen inductively for 5 rnin at 500°F in 

flowing argon. 
6. Maintain specimen at 500°F and introduce tri- 

isobutyl alun~inunl vapor into chamber. 
7. Deposit aluminum for 5 :o Iri e~:!.). 
8. Discontinue deposition and begin diffusion anneal. 
4. Diffuse 4 11r at ? 100°F; cool to 1 9 7 5 " ~  and hold 

4 hr; cool to 1400°F and hold 16 hr; air cool to room tem- 
perature. 

10. Lightly vapor-blast coated specimen. 

1 U S E D - S A L T  P R O C E S S E S  

A fused-salt bath19.2'-22 can be used to deposit various 
coatings on suyeraUoys without the use of an external cur- 
rent. In many cases, an external current is used to cathodi- 
cally deposit the coating metalfs) on the substrate. Both of 
these fused-salt techniques will be described. 

When an external current is not used, the fused-salt 
caating technique is somewhat sindar to the basic pack- 
cementation pracess. Coatings are applied by preparing a 
fused-salt bath containing a metal halide salt of the coating 
metal (e-g., CrC12 or T i l , )  m d  selected salt additives (e-g., 
NaCI and BaCI2). Metal chips of the coating metal are gen- 
erally added to the bath to replenish the metal deposited 
and to keep the salt in s divalent state. The bath is protected 
by an inert atmosphere. Sometimes the bath is agitated by 
bubbling argon through the melt. The deposition mechanism 
probably occurs by a disproportionation reaction of the 
type 

MCI, + M t MCI, , 

where M is the dewsiting metal and x is a higher valence 
state. Advantages claimed fcr this process, compared to the 
pack-cementation method, include good coating uniformity, 
versatility of coating composition, and possibly faster depo- 
sition rates. Disadvantages incl~de scale-up problems. the 
need for special handling fixtures, and possibly siower dif- 
fusion rates. A typical sequerce of events for chromizing 
pure nickel using a noaelectn ic fused-salt bath foUows. 

1 .  Properly deburr and clean subttrate. 
2. Prepare fused-sa!t by melting in crucible under argon 

atmosphere: 
30 percetit CrCI; (could vary from 5 to 30 prcent)  
49 percer.t RIICI, 
2 1 percent NaCl 
Sufficient Cr fl3ke tc cover crucible bottom 

3. Introduce spcimen under argon atmosphere when 
fused sa t  reaches operating temperatu:e (about 1200" F). 

4. Hold specin~en in fused-salt bath for 1 to 6 hr. 
5. Renlove specimen and ccol to room temperature 

under argon 

A fused-sal: bath can also be used to electrodeposit 
diffusion-type coatings on superalloy substrdtes. With a high- 
temperature fused-salt bath, aluminum can tx electrodepos- 
ited on nickel by using a molten bath consisting of 440 g 
NaCI, 560 g KCI, and 150 g cryolite (sodium aluminum 
fluoride) at a temperature of about 1830°F. Using a curreni 
density of 100 to 203 amp/ft2 and a tungsten anode, alumi- 
nun) is readily deposited from this bath. The high tempera- 
ture of the bath permits the aluminum to Cffuse into the 
nickel and form an AI-Ni dloy diffusion coating. For sub- 
strates other than pure nickel, the surface of the object to 
be coated niay need nickelenrichment treatment to obtain 
the desired coating compositicn. 

Recen: work at the General Eiectric Research and De- 
velopment Center provides the ability to form diffusion 
coatings on metds through the use of molten alkali and 
alkalineearth fluorides in an electrolytic process operated 
at 600" to i 2W°C in an inert atmosphere.23 Among the 
metals !hat can be diffusioncoated on a variety of substrates 
by the G.E. process are Be, B, At, Si, Ti, V, Cr, Mn. Ni. Ce, 
Y, Zr. and the rare earths. Reportediy, combinations of 
these nietals can be deposited simultaneously or sequentially. 
Advaniages claimed for the G.E. technique, compared to 
pack-cementation and hot-dip techniques, are (a) accurate 
control of coating thicknesses, (b) excellent coating uni- 
formity, (c) fast diffusion rates, (d) freedom from restriction 
to metals that form gaseous compounds or that have Icw 
melting points, and (e) continuous-process possibilities. 

V I T  REOIIS  O R  G L A S S Y - R E F R A C T O R Y  T E C H N I Q U E  

High-temperature vitreous or glassy-refractory coatings are 
applied to superalloy substrates by using modifications of 
existing enameling  method^.^*'^*'^-^^ Vitreous coatings are 
smooth, nonporous, bonded coatings that are resistant to 
temperatures ul; to about 1800°F for long periods. Improve- 
ments in vitreous coatings are made by adding refractory 
oxides (e-g., ZrO,, TiO,, Cr203, or .U203) to  the basic 
coating formulation. This results in "matte" fmish coatings 
that can protect from temperatures approaching 2200"~.  
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Frits are prepared by smelting and quenclli~lg in water. 
The frit, with or without refractory-oxide additions, is ball- 
milled in water to the proper part~cle size (2CO to 325 
mesh). (During milling, additives such as barium chloride, 
citric acid, chromic acid, and ~~agnesium sulfate are gener- 
ally added to the mix in order to stabilize the slip or increase 
tht "set" of the coatlng formulation.) The coating is applied 
to tlle prepared substrate by spraying or dipping arid allowed 
to airdry (it is sometimes dried artificially at temperatures 
up to 450°F). The coating is produced by firing (generally 
in air) at some elevated temperature for 1 to 30 min. Vitre- 
ous coatings are usually fired at 1050" to 1600°F. while the 
glassy-refractory coatings are fired at temperattires above 
1500°F. Usually, several layers of coating are buzt up on the 
substrate surface by adtiitiona! coating-firing operations. 
A typical coating process for applying a glassy-refracior, 
coating to a nickel-base superalloy is described below. 

1. Lightly sandblast substrate. 
2. Clean in acetone or bemene. 
3. Clean in boiiing solution of commercial cleaner. 
4. Rinse in hot water (100" to 110°F). 
5. Pickle for 20 min at 120" f 5°F (100 g FeC13 

6H,O + 50  n ~ l  conc. HCI + 850 ml H20). 
6. Rinse in hot running water (100" to 120"~).  
7. Dry at 220°F. 
8. (Possibly give substrate a 10-min heat treatment in an 

oxidizing atmosphere at 1800°F to develop a thin oxide 
layer that sometimes improves adherence.) 

9. Ball-mill coating mixture in waier to proper particle 
sue. 

Typical Cmti~~g Cot~~positio~~. it: parts by weight 
70 NBS-332 frit 
30 chromic oxide 

5 Green Label Clay 

NH-332 Frir Con~positic~ ..I pnrts by wight 
1.5 aluminum hydrate 

56.6 barium carbonate 
1 1.5 boric acid 
6.3 calcium carbonate 

37.5 quartz 
5.0 zinc oxide 
2.5 zirconium dioxide 

10. Ada water to adjust specific gravity of coating mix 
to about 1.7. 

11. Apply about 0.001-in. deposlt of coating to substrate 
by spraying (or dipping). 

12. Fire at 1900' to 1 9 5 0 ' ~  far about 5 to 7 min. 
13. Repeat steps 11 and 12 to apply second layer. 
14. Repeat step 13, as desired. 

P H Y S I C A L  VAI'OK D E P O S I T I O N  ( P V D )  

Sollleti~lles referred to as vacuum metallizing, physical vapor 
d e p o s i t i o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  is performed in a chamber evacuated to 
a pressure of to 10" mm Hg. A sufficient vacuum 
would be one where the mean free path of resid~lal gas mole- 
cules is greater than the distance from the evaporation 
source to the object being coated. The coating metal (or al- 
loy) is wrapped around a helical refractory-metal fi!=ent 
(or placed in a refractory boat or crucible) and heated (usigg 
external heating coils, induction. electron-bean1 bombard- 
ment. or by passing current through coating-metal con- 
tainer) to a temperature where its vapor pressure is suffi- 
ciently high to permit its evaporation. Temperatures creating 
coating-meta! vapor pressures greater than a out 0.01 mm 
Hg rre generally not used because the:. tend to produce 
spongy, nonadhererit deposits. (For this reason, the evapo- 
ration teinperature will be defined as the temperature at 
which the vapor pressure becomes 0.01 rnm Hg.) Evapora- 
tion temperatures and deposition rates for elements that can 
be deposited on su~eralloy substrates in order to develop 
protective coatings are given below: 

Evaporation Deposition Rate, 
Elenlent Temperature ("C) glcm2/sec 

Since transfer of the coating material is ;iccomplished by 
physical means, physical vapor &position coatings must 
subsequently be heat-treated to  provide bonding with tile 
substrate. Coatings are generally quite thin, which is one sig- 
nificant limitation of this coati1.g prccess. Another impor- 
tant limitation of PVD is that it is a "line-of-sight" coating 
process. Maneuvering of the part within the chamber can un- 
prove exposure, but complicated shapes are usually not 
coated by the physical vapor deposition technique. One ad- 
vantage of this coating process is that certain oxidation- 
resistant alloys (including Nichrome Inconel and FeCr-Ni) 
can be deposited by vacuum metallizing. A typical physical 
vapor deposition process for aluminizing a nickel-base super- 
alloy substrate follows: 

1. Degrease using alkaline cleaner, water rinse, and scrub 
with hot water. 

2. Place in vacuum chamber and evacuate to a pressure of 
lo4 to 1 mm Hg. 

3. IIeat coating metal to about 1200°c, using helical coil 
of W or alurein117 nitride boat to hold aluminum. 
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4. Coa! to desired thickness (depositim rate is about 
7.88 X 13" g'cm2/sec). 

5. Remove specinicn and diffusion anneal using time- 
combination similar to that reported for hot-dipping, CVD, 
or electrophoresis techniques. 

ELECTROPHORESIS  

Electrophoretic are produced wiian colloi- 
dal particles of the coating material in a liquid mediurn mi- 
grate in an electric field and deposit. The liquid suspensioti 
is generally a solution of various organic dielectric solvents 
and usually contains selected proprietary additives for im- 
proving the green strength of the 2s-deposited coating. Or- 
ganic liquids are used in order to prevent gas evoiution at 
the electrodes. The suspension should have the fbllowing 
characteristics: low viscosity, low electrical conductivity, 
low evaporation rate, and high dielectric constant.27 Parti- 
cles of the coating material added to the suspension are gen- 
erally prepared by ball-milling them to a diameter of 0.5 
to 4 0  p. 

The substrate tc .,c coated is properly cleaned and chemi- 
cally etched or sandblasted tu improve coating adherence. 
Proper polarity is selected, depending upon the electrical 
charge of the colloidal particles, and a potential of 50  to 
150 Vdc (current density may be 0.05 to 0.30 amp/ft2) is 
applied between the specimen and an auxiliary electrode. 
During ueposition. the liquid bath is vigorously agitated to  
provide a uniform distribution of colloidal particles. After 
coating to the desired thickness, the specimen is removed 
from the bath and dried. Since the coating as deposited gen- 
erally has poor green strength and is of lower than desired 
density, it is densified by isostatic presskg and sintering. 
Frequently, the coating is sintered without isostatic pressicg. 

Adkantages of coating by electrophoresis include uni- 
formity; thickness contrd; deposition of metals, alloys, 
cemets, oxides, and other nonmetallic substances with 
composition contrd; metallurgical bonding (after sinter- 
ing); highdensity coatings (after isostatic pressing); rapid 
deposition of thick castings; low power consumption; and 
excellent throwing power.19 

In one electrophoresis process, coating of Ni-Cr alloys 
has been accomplished by first depositing oxides of chro- 
mium and nickel on the substrate surface.27 The alloy is 
produced by heating the specimen to 1 100°C and reduchg 
the oxides in purified hydrogen. 

Mostly aluminum-rich coatings are being electrophoreti- 
cally deposited in order to provide oxidation-sulfidation re- 
sistance to current nickel-base superaiioys. Although the 
electrophoresis process is generally limited to relatively 
small components (e-g., bolts and nuts), it reportedly has 
been used successfully to coat combustion chamjers of air- 
craft turbine engines. A typical electrophoresis process for 

producing an aluminum-rich coating on a nickel-base super- 
alloy turbxe engine component is described below. 

1. Clean substrate as for conventional electroplating. 
2. Chemically etch or sandblast substrate. 
3. P!ace specimen in agitated, colloidal suspension of 

volatile organic solvents containing about 2 to 5 W/o solids 
of coating material (average particle size of about 10 p). 

4. Apply 50 to 150 volts between electrodes for about 
40 sec. 

5. Remove specimen from sdution and air dry. 
6. Diffusion anneal for about one hour at 1400' to 

1600°F. 

The green coating may be isostatically pressed at 10,000 
to 100,000 psi prior :o sintering. 

EXISTING COATINGS F O R  SUPERALLOYS 

Some of the various metals and metal combinations that 
have been or are being developed for coating super alloy^^^ 
include: 

Aluminum by hot-dipping, chemical vapor-deposition, 
and pack-cementation processes 

Alumitrum with unidentified nonmetallics by a pack- 
cementation technique 

Aluminum with unidentified alioying elemerrts by a pack- 
cementation process 

Aluminun~-chromium by various pack-cementation 
processes 

Aluminum-chromium-nickel by a pack-cementation 
process 

Aluminum-chromium-silicon by pack-cementation and 
by electroplating plus hot-dipping techniques 

Aluntinum-cobd: by a spray plus diffusion process 
Alumitmm-iron by slurry and pack-cementation processes 
Aluminum-nickel by slurry, fused-salt, and pack- 

cementation processes 
Aluminum-silicon by a slurry process 
Aluminum-tantalum by a slurry technique 
Beryllium with unidentified alloying 4 iiiCZ.rtS by a pack- 

cementation process 
Zircnnium and zirconium-chroinium by a pack- 

cementation technique 
Aluminum-rich by electrophoresis techniques 

The following industrial organizations are developing 
high-temperature protective coatings for superalloys: 

Alloy Surfaces Co., Inc. (Mr. W. R. Hudson), 
100 S. Justison St., Wilmington, Del. 19801 
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Chromailoy Division (Mr. Richard Wachteli) 
Chromalloy American Corp. 
West Nyack, N.Y. 10994 

Martin Metals Co. (Mr. i. I. :Cane) 
Martin-Marietta Corp. 
Wheeling, 111. 60090 

United Aircraft Corp. (Mr..F. P. Talboom) 
Pratt & Whitney Div. 
East Hartford, Coan. 06 108 

High Temperature Composites Lab. (Mr. L. Sama) 
Sylvania Electric Products, Inc. 
Cantiague Road. P.O. Box 35 
Hicksville, N.Y. 1 1802 

National Bureau if Srmdards (Mr. J. '. Richmond) 
Department of Car nerce 
Washington, D.C. 2 7234 

Wall Colmonoj Ccrp. (.Mr. Forbes Miller) 
19345 John It. St 
Detroit, Mich. d i203 

General Electric Co. (Mr. M. A. Ixvenstein) 
Advanced Engine Technology Dept. 
Cincinnati, Ohic 452 15 

Allison Div., Genera' Motors Corp. (Mr. George Sipple) 
Materials Laboratory 
Indianapolis, lnd. 46206 

Mixo Precision Castlllg Co. (Mr. R. A. Martini) 
1 16 Gibbs Street 
Whitehall, Mich. 49161 

Solar Division (Mr. A. R. Stetsr.~~), International 
Harvester Co. 
2200 Pacific Highway 
San Diego, Calif. 92 1 12 

The Calorizing Corp. (Mr. B. J. Sayies) 
400 Hill Ave. 
Pittsburgh, Pa. 15221 

TRW Equipment Laboratories (Dr. J. D. Gadd) 
23555 Euclid Ave. 
Cleveland, Ohio 44 1 17 

Union Carbide Corp., Whitfield Works (Mr. Robert Puyear) 
1 Paul Street 
Bethel, Conn. 06801 

Lycoming Division AVCO Corp. (Dr. S. Baranow) 
550 Main Street 
Stratford, Corin. 06497 

Vitro Laboratories (Mr. Martin Ortne~) 
200 Pleasant Valley Way 
West Orange, N.J. 07052 

Tile important coatings abdabie from thcg 3 r v s  at tile 
present time are descri4ed in Tahle 11. Inspection of 
Table 11 reveals that (excluding the vitreous or glassy- 
refractory coatings) nearly ail of the existing coating are 
based on aluminum as the primary coating metal. The ex- 

ceptions are the WL-6 beryllium coating produced by Union I 

Carbide Corporation and ihe two Nicrocoats of Will Cd-  ! 
monoy Corporation. Processes used to obtain these alumi- f 

num or aluminum-rich coatings are packcementation, hot- 
dipping, slurry, and electr~phoresis. There probably is some 3 redundancy among the 35 aluminum-rich coatings available 1 

from the 14 vendors producing these coatings. Such overlap 
cannot be determined, however, because of the problems 
wociated with handling proprietary infonration. 

Many of the coating described in Table I ! are W i g  
used to coat a variety of high-temperature superalloy com- 
ponents in commercial and military gas-turbine engines. Al- 
though they have successfully increased the useful life for 
many of these components, fu r th~r  extensions are desired. 
Accomplishing tnis objective requires that existing coatings 
be employed, or that new coatings be developed. 

EVALUATION OF EXISTING COATINGS - 3 
.:$ - 

Extensive testing of existing (and expeiu..sntal) coating has 'f 
been conducted in a large number of laboratories. The ma- I 
jcrity of this evaluation work has consisted of testing static f 

or cyclic oxidation (weight-gain or  weight-loss), mechanical i d 

properties, thermal fatigue, thermal shock, hot-gas erosion, 
sulfidation, and impact. Many of these data are summarized 
in the report by Jackson and Hall.lb Comparison of these 

f 
I 
! 

data is virtually impossible since the various investigators 
used difierent testing techniques and rarely repr ted  on how 
their coatings compared with others-without coding the 
names of the competitive  coating^.^ Also, comparisons are 
frequently unrealistic because a coating developer will usu- 
ally optimize his coating process based on a given test tech- 
nique and then evaluate his compztitors' coatings using the 
same test. 

Some meaningful comparative test data are available, 
however, for environmental conditions where coated supcr- 
alloys may be used in service. Using an oxidationerosion 
test apparatus, Allison Division of General Motors has ob- 
tained results for several coating systems on a Hzstelloy X 
substrate and has investigated the effect of applying the 
Alpak coating (aluminized coating applied by a pack- 
cementation process) to a number of superalloy sub- 
s t r a t e ~ . ~ ~  Figure 18 describes the oxidationerosion of 
various bare and Alpak-coated turbine-blade superalloys 
w k a  they were subjected to high-velocity air (2,000 ftlsec) 
at 2000°F. The oxidationerosion characteristics of various 
commercial coatings on a Hastelloy X substrate exposed to 
high-velocity air (2,000 ftlsec) at 2 1 0 0 " ~  are given in Fig- 
ure 19*. Commercial coating systems compared in this fig- 

*Test conditions simulate service conditions for thermocouple 
probes used to monitor temperatures in gas turbine engines. 
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TABLE 11 High-Tempenturc Coating for Supenlloys 

Designation Vendor Coating Type Process 

Pack-cementation 

Alloy Surfaces Proprietary ("vapor 
deposition") 

Nicrowat 1 10 
Niaowat 130 

Wall Colmonoy 
Wall Colmonoy 

Type 701 
606B 

Lywming Div. AVCO 
Lywming Div. AVCO 

Al-rich 
C r - M i  

Vacuum pack-cementation 
Cr-plate + notdip AM1 

WL- 1 
C-9 
c-12 
WL-8 
WL-14 
WL4 
c-20 
c-3 
WL-9 
I AD 
WL-6 

Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 
Union Carbide 

Akich 
Ahich (Al-Fe) 
Ahich 
Al-rich 
Al-rich 
Al-SiCr 
Al-cr 
H i  
Al-Si 
Al 
Be 

Packamentation 
Pack-cementation 
Padr-cementation 
Pack-cementation 
Pack-cementation 
Pack-cemntation 
Pack-cementation 
Pack-cementation 
Pack-cementation 
Hotdip 
Pack-cementation 

Pack-cemntation 

Codep A 
C d e p  c 

General Electric 
General Electric 

Al-Ti 
AI-Ti 

AUison Div.. GMC 
Allison Div., GMC 

Hotdip 
Pack-cementation 

Diffusion-annealed CVD Martin Metals 

Ratt & Whimey 

MDC-1 
MDC-I A 
MDC-6 
MDC-7 
MDC-9 

Misco Recision Casting 
Misco Recision Casting 
Misco Recision Casting 
Misw Recision Casting 
Misco Recision Casting 

Al-rich 
Al 
Q-Ai 
At-rich 
Al-rich 

Pack-cementation 
Pack-cementation 
Pack-cementation 
Pack-cementation 
Pack-cementation 

UC 
SUD 
SAC 
UDM 

Chromalloy 
Chromalloy 
Chromalloy 
Chromalloy 

AlCr 
Al-rich (Al-Fe) 
M r S i  
Al-rich 

Pack-cementation 
Pack-cementation 
Pack-cementation 
Pack-cementation 

TRW 
TRW 
TRW 

Vacuum pack-cementation 
Slurry 
Vacuum pack-cementation 

Solar Di. Int. Harvester 
Solar Div. Int. Harvest% 

Al-Fe 
BariumSicate 

GIass+Additives 
Modified S521G2C Solar Div. Int. Harvester 

NBS A-418 NBS Frit 332+Cr203 

Vitro 
Vitro 

Electrophoresis 
Electropk~oresis 
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1.0- LO 3.0 
EROSION TIME. HR 

FIGURE 18 Oxidationerosion of various bare and Alpak-coated 
turbine-blade superalloys exposed to 2.000 ftlsec air at ~ o o o ~ F . ~ ~  

EX#IGURE TIME. HR 

FIGURE 19 Oxidationerosion of various commercial coatin son  
Hastclloy X substrate exposed to 2.000 ftlsec air at 2100°F. 2% 

ure are Misco MDClA (Al, applied by pack cementation), 
Alpak, Haynes C-9 (Al-Fe applied by pack cementation), 
Haynes C-3 jAl-Ni applied by pack cementation), Chromal- 
loy SUD (Al with undisclosed alloying elements applied by 
pack cementation), Chromalloy SAC (PJ-CrSi applied by 
pack cementation), and Misco MDC6 (Cr-A1 applied by an 
undisclosed process). 

RECENT RESEARCH ON 
COATINGS F O R  SUPERALLOYS 

The National Aeronautizs and Space Administration (Lewis 
Research Center) has a number of active progaras to de- 
velop or evaluate coatings for superalloy substrates. These 
include an in-house evaluation of available coating; an 
evaluation prqram at the Solar Division of the International 
Harvester Company, where commercial coating are being 
tested using an engine-type test rig; a program with Westing- 
housc Electric Corporation to develop controlied-viscosity 
glasses; a program with Battelle Memorial Institute to de- 
velop Nichrome-type claddings for superalloys; and pro- 
grams with Illinois Institutr: ~f Technology a d  Sylvania 
Electric Products, Inc., to develop, respectively, cladding 
materials and techniques to apply them to dispersion- 
strengthened alloys. 

Pratt & Whitney Aircraft Division of United Aircraft 

Corporation has completed research on experimeiltal coat- 
i n g  {or various super alloy^.^^ This research was sponsored I 
by the Air Force Materials Laboratory. A Ta Co-Al coating 
(Ta was applied by a variety of techniques including vapor 
deposition and the Co-Al was applied by a slurry process) I 

appeared to exhibit an increased temperature capability 
when compared with other coating, but the coating was not 
sufficiently repreducible to warrant further investigation. 
The Air Force Ma:erials Laboratory presently sponsors no 
research on high-temperature coatings for superalloy sub- 
strates. I t  does plan to  support research in the immediate 
future to develop improved coating that will have both in- 
creased useful lives at current operating temperatures and 
increased temperature capabilities. 

Research sponsored by the United Kingdom's Ministry of 
Aviation at the National Gas Turbiile Establishment (Pye- 
stock, Faaborough, Hants) is directed at determining the 
upper useful operating temperatures for aluminized and 
chromized coatings on nickel-base alloys in simulated gas- 
turbine exhaust. Although this work started in 1965, no 
known reports \.rere available as of November 1967. 

Phillips Petroleum Company, under contract with the 
U.S. Naval Air Systems Comnand, has studied the effect of 
JP fuel composition on the hot corrosion of superalloys, in- 
cluding several coated alloys. Coatings involved were Misco 
MDC-1 on Inconel 713C3I and Misco MDC-1, MDC-7, and 
MIX-9 on Inconel 713C.32 
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In addition, it is known that various coating vendors are 
developing improved coatings in their own laboratories using 
corporate funds. Engine manufacturers are evaluating many 
of these coatings for possible use in advanced propulsion sys- 
tems. Unfortunately, because of the highly proprietary na- 
ture of the coatings industry, these data are not available 
for this report. 
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INTRODUCTION 

Chromium alloys are potentially attractive for high- 
temperature use in aircraft gas turbines as turbine buckets 
and vanes. The melting point bf chromium is about 3400°F. 
This is about 700°F higher than that of either nickel 
(2650°F) or cobalt (2720°F), which are the base elements 
for the superalloys. Thus, while superalloy engine compo- 
nents begin to lose useful strength near 2000°F (approx. 
0.7 mp), chromium alloy components could be expected to 
retain useful properties to at least 2400°F and provide a 
margin of safety in case of engine over-temperature. Fur- 
thermore, chromium alloy components offer a savings in 
engine weight because the density of chromium is 20 per- 
cent less than that of either nickel or cobalt. 

Below a certain critical temperature, however, chromium 
alloys are brittle.' This ductile-to-brittle transition tempera- 
;we (DBTT) is slightly above room temperature for con- 
mercially pure chromium. Unfortunately, nitrogen contami- 
nation increases the DBTT to considerably higher values. 
For example, chromium alloys exposed to air at high tem- 
peratures may have DBTT'S in excess of 1100°F.' Thus, 
successful long-time cyclic service of chromium components 
in an aircraft gas turbine is primarily dependent on the so- 
lution of the nitrogen embrittlement problem. 

Rare earth and yttrium additions help minimize nitrogen 
embrittlement in chromium and chromium  alloy^.^ These 
metals preferentially react with nitrogen and remove it from 
solution in chromium. They may also improve oxide scale 
adherence and decrease the nitrogen permeability of the 
scale. Unfortunately, the solubility of these desirqble addi- 
tions in chromium is.03 the order of only 0.5 ~ t % . ~  Greater 
amounts cause chr&nium alloys to have poor high- 
tnmnerature strength. Thus, in allowable levels, such addi- ar . 
tions d6 ;ot prdvide ade;lziaf?&pacity to scavenge nitrogen 
from chromium during long-time high-temperature air ex- 
posures and thereby eliminate nitrogen embrittlement. 

Coatings and claddings offer possible ways to prevent 
nitrogen from contaminating chromium. Such protection 
systems also offer a means of minimizing the oxidation of 
chromium alloy 5 becomes significant above 2 100" F. 
if  by inter6i4hsion the coating or clad itself embrittles the 
chrortiium alloy, its primary purpose is, of course, defeated 
even though it protects against oxygen and nitrogen. 

This section reviews the status of protection systems for 
chromium. The bulk of the work has been conducted at the 
Lewis Research Center of NASA or has been supported con- 
tractually by the Center. The protection system studies are 
part of a larger effort to determine the feasibility of fabri- 

*Prepared by S. J. Grisaffe. 

cating, protecting, and using chromium alloys in advanced 
jet engines. Since limited prior work existed on the protec- 
tion of chromium, metal clads, metal coatings, aluminide 
coatings, and silicide coatings were all studied. The initial 
goals for protecting chromium alloys against air oxidation 
and nitrogen embrittlement were set at 600 hr for tempera- 
tures up to 2400°F, b % ~ d  on anticipated needs. Results to  
date have shown that none of the coating systems studied 
adequately met the goal of preventing nitrogen embrittle- 
ment without at least partially embrittling the substrate 
themselves. One purpose of this paper is to document the 
many approaches that have been tried in order to indicate 
their shortcomings and to stimulate further research to solve 
these problems. 

THE STATUS O F  
CHROMIUM ALLOY DEVELOPMENT 

Currently there are no commercially available chromium 
alloys on which to examine protective coating systems. 
However, experimental chromium alloys with properties of 
interest for turbine-engine applications have been developed 
by researchers in both Australia and the United  state^.^$^ 
In Figure 20, a current experimental chromium alloy (Cr- 
4Mo-0.05Y-0.6Cb-0.4C) described by Clark5 is compared 
at various temperatures to one of the strongest nickel-based 
commercial superalloys (IN-100) and to disprsion- 
strengthened nickel (TD-Ni) on the basis of 1000-hr stress 
rupture values normalized for density. In this figure the 
shaded areas represent the approximate strength ranges 
needed for turbine blade and vane requirements. Figure 2 0  
shows that for the turbine bucket application, the wrought 
chromium alloy offers a potential temperature advantage of 
almost 2 0 0 ' ~  over the cast superalloy. For vane applica- 

tw BUCKET 

1000-HR STRESS 

RUPTURE 

ITRENGTH- DENSITY 40 1 . \ \, rTD-Ni Sf ET 

I I I I I 

16 18 20 22 24 26x10~ 
TEMP. OF 

FIGURE 20 Comparison of high-temperature strengths of 
chromium- and nickel-base alloys. 
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tions, it is stronger than rolled dispersion-strengthened 
nickel up to at least 2300°F. 

The tensile DBTT of the above chromium alloy was ap- 
ploximately 350°F in the stress-relieved condition and 
about 400°F in the as-recrystallized condition. This lack of 
ductility at low temperatures could lead to problems in en- 
gine operation. Above 4 0 0 " ~ ,  howcver, this alloy has quite 
satisfactory ductility. At 600°F it has a tensile elongation of 
10 percent, and at 21 00°F the elongation is 26 percent. 

I Thus, the current stage of chromium alloy development is 
capable of achieving competitive strength with current super- 

I alloys, etc., in the 1900" to 2300°F range. Further develop- 
ment work is still needed to improve ductility in the low- 
temperature region. 

PROTECTION SYSTEMS 

The high-strength alloys were being developed concurrently 
with the coatings, and since no chromium alloys are avil- 
able commercially, almost all NASA-supported work to date 
used a simple, easy-to-roll prototype experimental alloy of 
nominal composition Cr-5 W/o W - 0.1 W/o Y.6 As-rolled to 
60-mil sheet, its bend DBTT was between 400" and 650°F, 
depending on the heat tested. 

In general, the coating development effort can be divided 
into two main categories: ductile metal clads or coatings, 
and intermetallic compound coatings. Each area is briefly 
reviewed in the following paragraphs. 

DUCTILE M E T A L  C L A D S  A N D  C O A T I N G S  

Since it was expected that chromium alloys would be notch- 
sensitive, ductile oxidation-resistant clads and coatings were 
studied to minimize the effects of surface notches. 

Nickel-Chromium- Dpe Clads 

Here, rather elaborate systems were studied7 that involved 
an oxidation-resistant clad and several intermediate layers of 
metal foils, all isostatically hot-pressure-bonded to each 
other and to the substrate. Two nickel-chromium clads were 

! 
selected for study. A Ni-30 Cr alloy was selected because of j 
its good oxidation resistance and because it remains ductile 
after long-time oxidation exposure. A Ni-20 Cr-20W alloy 
was also selected, even though it has only modest oxidation 
resistance, because of the possibility that it might provide a !j 

.F 

better barrier to nitrogen than Ni-30 Cr. . :  
Because of anticipated interdiffusion between the nickel- 3 

chromium alloys and the substrate and the possibility of 
forming hard solid solutions, or brittle phases, refractory 
metal diffusion barriers were employed. Their selection was 
made on the basis of simple diffusion calculations. Their 
function was to limit interdiffusion between the nickel- 
based clads and the chromium substrate for at least 600 hr. 

' 4  
In some cases, compatibility layers of either platinum or 3 9 .  

vanadium were inserted between the clad and the diffusion .I 1 barrier. The purpose of the platinum compatibility layer was i. 
to retard the diffusion of tungsten into the clads because 
tungsten lowers the solubility of chromium in nickel- 
chromium alloys. It was thought that if too much tungsten 

1 
were present, brittle chromium phases might precipitate. 
Vanadium was introduced to serve as a sink for nitrogen. 

In some cases the clads were pack-aluminized after sys- 
tem assembly to form a surface aluminide intermetdic. 
A homogenization anneal sewed to dissolve this layer and 

I 
cause the entire clad to contain 2 to 4 percent aluminum. % 

These aluminum-enriched clads were also ductile but had ;, j I 

improved oxidation resistance as compared to the original 
clads. 

i' 
i : 

The arrangement of the various layers in these clad sys- ' ,  

tems is presented in Table 12. 

TABLE 12 Description of Coatings on a Chromium AUoy 

Oxidation- 
Diffusion Compatibility Resistant Surface 

Substrate Barrier Layer Ductile Clad Treatment 

Cr-5W-O.l Y Usually W. Usually Pt Either Ni-?OCr, Aluminize, 
Also tried when used. or Ni-20Cr-20W homogenize 
were W-2 V also studied 
Percent 
Tho2, W-25Re, 
or Mo 

1-2 mils 112 mil 5 mils 1 mil 
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{ A )  S Y S T E M  I ( 8 )  SYSTEM II 
ICr-5Wl:W:Ni-ZOCr-20W+AI ~ C r - 5 W ~ : W : P t : N i - 2 0 C r - 2 0 W + A l  
5 - 9 MILS BETWEEN PITS 4 - 8 MILS BETWEEN P I T S  
0 - 4 MILS S U B S T R A T E  2 - 6 MILS S U B S T R A T E  
CONTAMINATION C O N T A M I N A T I O N  

FIGURE 21 Alicrostnrctarcs of clad-sitbstmtc cms: sections after 600 hr In air at 2100°F. 100X. 

When the clad alloys were tested by themselves f ~ r  
200 hr at 2~00'F or 100 11r at 2300°F in air, the alulninized 
and l~onlogenized Ni-30 Cr and Ni-20 Cr-20 W alloys and 2MIO 

the Ni-30 Cr alloy witI~ollt durninum retained 3T bend duc- 
tility at room temperature after test. TI~ese materialsgained 
less than 4 mglcm2 even at the higher temperature. 

After 600 Ilr in air at 2100 '~  (201r cycles), so~ne of the 
best clad-substrate systems showed similarly low weight 
gills. As shown in Figure 21, the substrates showed so ni- 
triding. However, the tl~ermal cycling caused cracks to de- 
velop in the tungsten diffusion barriers. 

The extent of the pitting beneath these cracks and the 
substrate contanrination due to interdiffusion are also 
shown in Figure 21. Both pitting and substrate contamina- 
tion are more scvere in System 11, wllich contains platir~um. 
At these discontinuities, electron rnicmprrbe analyses slww 
that nickel andjor platinum llad diffused several nlils into 
the substrate. Wtlcrc no cracks existed. only small amounts 
of nickel. duomiurn, andlor platinum had diffused into the 
tungsten, and little nickeI or platinum had reached the sub- 
strate. Figure 21 also shows separatio~l at the clad-barrier 
interface in Systern I and at the barrier-substrate interface 
in System 11. 

Figure 22 sl~ows that both the unprotected substrate and 
tlte clad systenls are ernbrittled aftcr exposure in air a t  
2100°F. The as-received material had a DBTT of around 
GOO%, but air exposure raised it to 1 200°F after only 25 hr. 
The clad substrates were Illare resistant to cnlbrittlernent 

i than the substrate alone. Still, both System I and 11 sl~owed 
significant embrittlement after 300 hr it1 air at 2100°P. Sys- 
tetu 11, wbic!~ showed more embrittlement, was tlre one that 

1 N1-20Cr-20WCMD 
I cr - f iw-arv  
I IMI 
h OR MORE 

\ - -u 
AIR €XPOSED AT: 221000 1: 2X@ F 

FIGURE 22 Bend DBTT of Cr-52V-0. IY, bare and clad aftcr various 
higlt-temperature air exposures. 

contained platinum. In both cases, system cmbritthement ap- 
pears related t~ cracking of the diffusion barrier layer and 
the more cracking observed (System 11), the greater ?he em- 
brittlernent. Sinlaar DBTT levels were obtained after argon 
exposures, Indicating that interdiffusion and not nitrogen 
must be the prime cause of embrIttlemeot. 

After 2300°F exposurc for times uf from 40 to 240 hr, 
gross substrate +riding was observed in all clad systems. 
This is reflected in Figure 22 by the fact that all systems 
were brittle at 1600°F. 

Tllcse nickel-chroainrn-type clads with tungsten diffu- 
sion barriers have good alr oxidatiot~ and nitrogen resistance 
but do not confer protection from substrate ernbrittle~rient 
at 2100°F. They apparently are not satisfactory for poten- 
tial turbine service. The localized fslure of the diffusion 
barriers and the resultant difiusion-induced embrittlement 
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TAIllLE 13 Protaction nad Interaction Botrvecn R-25Cr-4AI-1 Y C h d s  on Cr-SW-O.lYa 

Exposure Diffision Hardness. KHNaoD - ncnd Zonc - 
Tcmp, Time, a\V, DBTT, Tllickness, Diffuzton 

Condition 'I: Hr mplcm2 'I: mils Clnd Zone rivh Corn 

Cyclic 2100 100 +0.84 -1000 3.2 260 427 205 
Furnncc 
air, 5 each 
2041r 
cycles 

Cyzlic 2100 300 +1.43 -1050 5-0 282 440 210 
Furnace :500 ncar 
air, 8 coch substrate) 
20-hr 
cycles and 
2 each 
TO-lrr 
cycles 

"As-received DBTT = 425°F. 

eventually lead to DRTT's that are nGt much lowe: than 
those of the unprotected substrate after Iligll-temperature 
expomrc. 

Iron-Chvonzium-A lumkum-Qpe C M  

Preliminary studies at Lewis Research Centers showed that 
10-n~il-thick Fe-25 Cr-4AE-IY alloy clads are protective 
against oxidation and, as judged from visual evidence, 
agaillst nitrogen contamination for times up to 3F0 hr at 
21 00'~. These clads are less embrittling than tlu Ni-Cr 
clods. 

Table 13 indicates that the isostatic hot pressure bonded 
specim,ns have a DBTT about 2130°F lligller t L a ~  that of the 
#*-received material used in the study. Some of this increase 
k, of course, dee to recrystallization during the cladding 
process. This as-clad condition exhibited only a small inter- 
diffusion zone with some Ilardening in that zone. 

After 100 hr of cyclic exposure to air at 2100'F, the 
wei&t gain was only 0.84 mg/an2 IEowever, the system 
bend : ITT incwcl~cd to approximately 1000'E. and the 
diffusion zone became thicker and hrder. SimiiarIy, after 
300 hr at 2i00°F, nitridation was still minor: a weight gain 
of only 1.4 lag/c1n2 was measured. The diffusion zane he- 
came still thicker and harder. From the zone thickness data 
lhc growth rate appears parabolic. Similar indications of 
hardening in iron-chromium binary nlloys have been re- 
ported previously .9 

Figure 23 sl~ows a pl1otomicrognpI1 of a cross section of 
tlrts syste~n aftcr 300 hr in air at 2100°F. The clad still con. 

K'"'42oo8 

f 
282 I 
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. . - 
* 

DIFFWSTON - . j  ZONE 
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'I 
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FIGURE 23 Iron-25 0 - 4  A!-JY clad Cr-51V-O.IY after 300 %rat 
2100°F. 250X. 

tains numerous yttrium-rich particles that were dlso ob- 
served in the as-received clad material. The diffusion zone 
appearssingle-phased, and this point was cor~firmed by 
electron microprube analysis. Etch pits can be seen in the 
substrate. 

Examinatiml of the bend-tasted specimens showed crack 
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development in the hardened diffusion zone on the tensile 
side of the bend. These cracks apparently were the source 
of substrate cracking at failure. 

Here, too, interdiffusion of the protective system, ratlicr 
than nitrogen, produced system embrittlement, even thollgh 
the protection system minimized oxidation, and no visual 
evidence of nitrogen contamination was seen. 

Metal Coatings 

Platinum and palladium were considered as protection sys- 
tems for chromium in a study at the Lewis Research Cen- 
ter.1° These tloble metals appeared attractive due to their 
inherent oxidation resistance and thcir extremely low solu- 
bility for nitrogen. 

Foils of these metals withstood a 100-hr exposure at 
2 0 0 0 ' ~  in nitrogen with little or no attack, confirming their 
inertness to nitrogen. Thin platinum and palladium coatings 
$ere satisfactorily deposited by electroplating. Screening 
tests showed that platinum readily dissolves in the Cr-5 
W-0.1 Y substrate at temperatures as low as 2000°F. Palla- 
dium appeared much less reactive; thus, only palladium 
coatings were studied completely. 

011 a weight gain basis, the air exposure resistance of 
1 mil palladium electrodeposits, diffusion annealed to the 
substrate prior to test, was satisfactory at 2000°F. At 
2 2 0 0 ° ~ ,  after 100 hr, spalling of the heavy surface oxide 
caused a 3 mglcm2 weight loss. At 2100"~ ,  serious nitriding 
produced a 9 mgj'cm2 weight gain even after the oxide scale 
spalled. 

Based 011 microstructures qnd ductiiity retelltion, how- 
ever, this coating was unsatisfactory even at 20;0°F. 
A weight gain of 3.5 mgr'cm2 in 100 hr was measured. At 
2000°F, chronliurn penetrated the palladium layer and 
Cr203 formed both at the surface and within the palladi3.m. 
A!so at 2000°F, the ductiiity retention was not satisfk- ,.I:: 

since some nitrogen contamination occurred, as shown in 
Table 14. This table shows that diffusion a~nealitig in argon 
increased ti.. bend DBTT about 1 5 0 " ~ .  During this anneal, 
there was a slight increase in the nitrogen content to 45 ppm 
as a result of reaction with nitroge.. impurity in the argon 
used. Air expozure at 2000°F for only 100 hr raised the 
DBTT to !250°F and the nitrogen level to 86 ppnl. Thus, 
the 1-mil palladium coating was not protective even at 
2000°F. Since even a 1-mil plladium is expensive, it does 
not appear that the relative merits of a 7-'to 10-mk-thick 
palladium coating (similar in thickness to the clads pred- 
ously described) warrant study. 

Poterztia! Clads cr Metal Coatings 

Generally, the ductile clad or coating systems studied of- 
fered some oxygen and nitrogen protection to the chromium 
alloy but embrittled the sllkstrate through interdiffusion. 
The least embrittling of these systems was the one that con- 

TABLE 14 DBTT and Nitrogen Content of 1 ldtl Palladium-Coated 
Cr-SW-.O.lY 

Condition 
Bend DBTT, Nitrogkn Col~tent:' 
" F ppri 

As received 450 27 

Asp! ed 450 27 

Platcd and argon- 600  47 
annealed, 20  111 at 
2000°F 

Plated, argon-annea!ed, 1250 86 
and exposed for 100 hr 
in air at 2000°F 
(20-hr cycles) 

Uncoated and exposcd >1 300b 205 
for 100 hr in air at 
2000°? (20-hr cycles) - -- --- 

O ~ f t e r  coating or scale mechanically reaowd. 
* ~ i m i t  of DBTT appald~s?. 

tained the most chromium and had a body-centered cubic 
crystal structure similar to the substrate, i.e., the Fe-Cr- 
A1-Y clad. Extended further, cladding with very high chro- 
lniuls alloys may further miniln~ze interdiffusion. There are 
some relatively weak chromium alloys that retair. duztility 
after exposcre to high-temperature air and a l a  do not oxi- 
dize too severely. These were also studied in the contract1.d 
cllromiunl alloy development p r ~ g r a m . ~  

Air oxidstion resisra~ce and nitrogen contdminction re- 
sistallce data for these alloys are presented in Table 15. The 
table sllows that at lcast for 100 hr at 2 1 0 0 ~ ~  the Cr-Y al- 
loys appear to offer some potential, with higher yttrium 
con~ents (still below 1,: 0.5 percent so!ubility limit) p 

learing more resistant to both oxidation and nitrogen con- 
tmi~z t ion .  The Cr-Y-Hf-Th alloy appears to be very resis- 
tant to bntb oxidation and nitrogen contamination. This 
type of material warrants further study as a cladding for 
some of the advanced chromium structural alloys. 

INTERMETALLIC C O M P O U N D  C O A T I N G S  

dluminide Coatings 

The protective ability of simple and modified aluminide 
surface conversim coatings on chromium has also been 
studied." Moriifiers inciuded iron and titanium. Iron was 
studied in an effort to improve coating toughness and mini- 
mize the inward diffusion of aluminum. Titanium was in- 
corporated in an attempt t s  improve the ductility of chro- 
mium alloys by scavenging nitrogen either from the sub- 
strate or as it diffused inward to the substrate from tile air 
environment. 
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TAB1.E 15 Potenthi Clads for Chromium APloys 

Air Exposure Hardiness. 
Total Nitride Depth- 

Temp. Time, AW Layer, Hardened, 
DPHl00 

~ l l o y  OF hr nlgjcm2 mils mils Surf. Core 

TABLE 16 Bend DBTT and Nitrogen Content of Uncqated and 
Aluminide-Colted Cr-5W-O.l Y 

4 . b  2(P I , , Average Bend 
DBlT (105' <) 

Material and Condition OF N2. ppx 

0  
Cr-5W-0.I Y 

as re~ ived  750 60 
2100°F/100 hrlair 900 - 
2400°F/100 hrlair Specimen - 

sintegration 

I-Phase coating 
C- as coated 900 - 

I 2100°/100 hrlair >1600 - 
2400°/100 hrlair >I600 - 

FIGURE 24 Weight change of uncoated and aluminide coated Cr- 
SW-O.IY at 1 8 W ,  2100°, and 2400°F for times to 200 hours. 19 = 
single-phase solid solution, 29 = surface aluminide plus solid solution. 

All systems were applied by pack-cementation tech- 
niques. 111 some cases a two-step process was employed to 
first deposit a modifier element and then aluminize the pre- 
alloyed surface. 

Cyclic furnace air exposure testing at 1 800°, 2 1 00'; and 
24W°F produced the weight change information plotted in 
Figure 24. These plots include uncoated Cr-SW-O.1Y data 
as well as data for a single-phase all~minum solid solution 

24hase coating 
as coated 825 - 
coated + stripped 800-1000 63 
coating thermal - 800-1000 80 
21 00°/1 00 hrlair >I600 - 
2100°/100 hrlargon > 1600 83 
2400°/1 00 hr/dr >I600 - 
2400°/100 hr/a:gon >I600 130 

Fe-A1 coating 
as coated 
coated + stripped 
mated thermal .- 
2100°/100 hr/air 
2100°/1 00 hriaxgon 
2400°/100 hriair 
2400°/100 hrlargon 

coating, designated by Ip, and a CrsAls coating, designated 
by 214. (The latter data are quite similar to those for an Fe- 
Al system deposited in two steps.) At 1800' and 21W°F, 
both the lp and 2p coatings were protective. Even at 
2400°F, the air exposure weight gains of at  least the 2p 
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( A )  BARE C r - 5 W  ( B )  S l M P l E  S l L l C l D E  
500 HR IN A I R  A T  2100' F 500 H R I A F R ~ ~ E Q O ~  F 

16) BARE Cr-5W 
90 ~ ~ 1 ~ 1 ~ 1 2 4 0 0 "  

:D? SIMPLE S 1 L I C I D E  .C 

loo I - I R ! A I U ~ ~ ~ ~ ~ ~  F 
FIGURE 25 TIIC cffcctsof air oxidation on uncoated and simgle silicidc.coated 0-515'-Q.lY. 

coating were not prohibitive in 200 hr  of furnace tcst. High- 
veIocity gas stream oxidation tests ar 71 00°F. howzver. in- 
dicated that these coating degraded much more rapidly 
than in f~~rnace testing 

As with so many other systems, the bend ductility was 
not satisfactory (even though the A1,0, oxide scales 
formed an the mating prevented serious nitrogen con- 
tamhalion), as shown in Table 16. Tlte rlncoated material 
is compared with Iq, 2p, and Fe-A1 systems. Generally, ex- 
posure in either argon or air caused serious embtittferncnt. 
as evidenced by thc DBTT values at or above 1600" F. This 
embrittlemerit was primarily related to tile rapid inward dif. 
fusion ofaluminum (16 mils in 10 hr at 2400°F). as estab- 
lished by electron microprobe analyses. 
Some earlier workE2 invoIved tile deposition of nickel: 

prior to duminizing The system was son~cwl~at protective 
in the 16U0° tu 1 9 0 $ ~  range, but problems were encoun- 
tered with the interdiffusion af nickel and chromium and 
the resuItant subsurfacc'tardening. 

SiliciA Coatings 

One simple siticide coating and a variety of complex ones 
have been evaluated on chromium a!loys. A corltractural 
programa3 explored the effects of simple siliciding and 
sificiding of sequentially deposited layers of Mo. V, and Ti. 

These elements were selected for a number of reasons. 
hi<ilyhdenu!n improves tile silicide expansion match with 
chromium alloys and forms a a  oxidation-resistant ~ilicide. 
Vanadium and titanium preferentially react with  nitrogen 
to prevent i t  froin conta~ninati~lg the substrate. Also, these 
elements improve tile 1400°-1S000F oxidalion resistance 
of silicide coatings. This is a range ivl~ere simple silicide 
coating on Mo, Ta, -' , and Nb alloys tend to Tail cata- 
stroplicalty because of silicide pest. 

Molybdenum was deposited by vapor deposition from 
the cl~loride. The titanium and vanadium were either pack- 
cementation-deposited or applied by fused-salt eIectrolysis. 
Siliciding rvas generally acco~nplisl~ed by pack cemcntation. 

The simple silicidc coatirgs on chron~ilium showed no 
nitrogen contamination and l o w e d  no pest problem at 
1500°F. They offered protection from visible nittogen con- 
tamination for 500 hr  at 210Q°F, but the nitrogen content 
rose from 22 ppm as coated to 67 ppm during test. At 
2400°F, protection was unsatisfactory after only 100 Izt, as 
shown in Figure 25. Tllc bare material. however, is severely 
attacked by nitrogen at both time-temperature conditions. 
in Figure 26, weight change and selected nitrogen content 
data are presented as z function of time for tests of both 
simple and complex s~licides after 1 50O0, 210D0, and 2400°F 
exposure. TMi tigurr! sl~ows that the simple silicide coatings 
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WEIGHT 
CHANGE. 
r n g l ~ ~ 2  

FIGURE 26 \g'eigl~t cl~angc versus time Tor uncoated and silicide- 
coated Cr-S\V-O. IY. 

were protective a t  both I 500°and 2 100°F. Even at 2400'F 
. - tlre simple silicide was lea severely attacked than any other 

system. 
Although the concept of modifying silicides to impart 

improved properties i s  3 good one, t:~is layered-depmitien 
approacI~ of incorporating tile desired modifiers was unsatis- 
factory. in those systems containing molybdenum or vana- 
dium. any crack in the outer coating produced catastropl~ic 
rrxidatio~~ of thc coating and substrate- 

Tile above prograni did not include DBTT tests, but sub- 
sequent tests on simply silicfded Cr-SIV-0.1 Y have S I I O W ~  
the at-silicided condition to have a DBTT somewvhat above 
1300" F-an unacceptably Idgh value. 

Subsequent in-l~ouse work on silicide coatings for clrro- 
rniurll alloys llas shown more promise.I4 This work has in- 
volved the initial slurry deposition of an element or mixture 
of elements, diffusion annealing to partially sinter and bond 
the material to the sf hstrate, and subsequent siliciding-a 
technique originally developed Fm the protection of tanta- 
h m  alloys. L S  A number of different elements an. :Inaent 
mixtures have been applied and silicided. One of tlie better 
systems has involved an iron slurry plus siIiciding. Cyclic fur- 

FIGURE 27 Microstructures of iron-modifid sllicides an two 
cl~romiun~ allofs after 100 hr at 2100°1:. 250x. 

# 

aEND 
OBTT 
TEMP 
OF 

1Wc UMCORTEOl AIR EXPOSED. t COATED ,i21Dl0 Film HR 

FIGURE 28 Effect of iron-modified silicidc on DB7T of two 
cl~romirrm alloys. 

nace oxidation tests at 2100°F for lC!'J hr have sllorvn this 
system to gain only 2 rng/cm2. Micros:ructures of this coat- 
ing after the above test can be seen in Figure 27. These pho- 
tomicrographs show a hard, somewhat porous outer coating, 
a softer subsilicide Iayer, and the substrates: Cr-O.17Y and 
Cr-5W-O.1 Y. These coatings arc lnucli Iess detrimental to 
the ductility of chromium alloys than the simple silicide 
coating described above. Figure 28 shows tlie bend DRTT of 
both alloys in the recrystallized, air-exposed, coated, and 
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coated and exposed conditions. In both cases the DBTT of 
the coated lnaterial is no more than 100°F above the as- 
recrystallized DBTT. Air exposure raises this no more than 
another 180" F. Furthermore, the figire sl~ows that chro- 
mium with only minor yttrium additions is less affected by 
the coating thzn the material with tungsten and yttrium. 
For this reason, it may %e possible to combine the most 
promising clad with this type of silicide coating to produce 
a fail-safe protection system for chromium. 

SUMMARY AND CONCLUSIONS 

Many exploratory approaches have been taken in an effort 
to protect chromium alloys from both nitrogen embrittle- 
ment and high-temperature oxidation. Metal clads, metal 
coatings, and silicide and aluminide coatings have been de- 
posited and evaluated. in most cases the system-. studied of- 
fered partial protection but at least partially embrittled the 
chromium alloy through interdiffusion of one or more con- 
stituents. Thus, there are currently no systems available that 
appear ready for the jet engine environment. 

Modified silicide coatings have provided the best combi- 
nation of environmental protection (during 100-hr cyclic 
furnace oxidation tests at 2100"~)  and subsequent ductility 
retention. Further work in this area appears worthwhile. 
Also of interest are chromium alloys containing very minor 
percentages of reactive elements such as Y, Th, and Hf. 
These, by themselves, appear to retain ductility after limited 
cyclic furnace oxidation exposure at temperatures up to  
2400°F. Perhaps a combination of modified silicide coatings 
and clads of such materials would prove worthwhile. 

To date, almost all evaluation of coatings for Cr alloys 
has involved only furnace tests in static or low velocity air. 
As promising protection systems are developed, they will be 
evaluated in facilities more closely simulating the high- 
velocity gas flow to which aircraft engine components will 
be exposed. 

COLUMBIUM* 

INTRODUCTION 

Columbium-base alloys are prime candidates as structural 
materials for advanced aerospace vehicles and flight- 
propulsion systems. With a melting point of 437g°F, a den- 
sity nearly equivalent to that of steel, and strength potential 
to 3000°F, columbium provides the basis for a fabricable 
class of alloys suitable for a multitude of high-temperature 

*Prepared by J. D. Gadd. 
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applications. However, columbium and its alloys suffer se- 
vere degradation in elevated-temperature, oxidizing environ- 
ments; and columbium oxide (Cb,OS) melts as low as 
2690°F. Protective coatings atz therefoye required to permit 
the exploitation of the high-temperature structural proper- 
ties of columbium alloys. Depending upon the application, 
these coatings may be required to  provide resistance to: oxi- 
dation, thermal fatigue, hot-gas erosion, particle abrasion, 
impact damage, strain-induced cracking, and other phenom- 
ena in both atmospheric and reduced pressure environments. 

A review is presented of the coating systems and coating 
processes developed for the higbtemperature protection of 
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co1umbiun1-base materials. The bulk of the effort on coat- 
ings for columbium has been conducted over the past 10 
years, and the work has been predominantly government- 
sponsored. Materials requirements for re-entry vehicle ap- 
plications have motivated the majority of these programs, 
although a number of the more recent activities have been 
directed to the aircraft gas turbine. 

COATING FORMATION METHODS 

Many techniques have been utilized to form protective coat- 
ings on colu~nbium alloys. Each method is described below, 
and reference is made to these process definitions in the 
subsequent discussion of specific coating systems. The pro- 
cesses are: 

Pack cenzetztation-immersion of the material to be 
coated in a pack consisting of inert filler, metal coating ele- 
ments, and halide activator. Heat treatment is conducted in 
hydrogen or an inert atmosphere. Coating is formed by 
Epor transport and diffusion. 

Vacuum pack-immersion of material to be coated in an 
all-metal pack of coating elements plus halide activator. Heat 
treatment is performed in dynamic vacuum or under a par- 
tial atmosphere of inert gas. Coating is formed by vapor 
transport and diffusion. 

Slip pack-similar to the two processes above-substitu- 
tion of thin disposable bisque for massive pack. Bisque is 
sprayed, dipped, or otherwise applied to the substrate 
surface. 

High-pressure pack cementation-similar to the first two 
methods, with utilization of inert gas pressure in excess of 
1 atm. 

Fused sluny-uniform application of a metal (alloy) 
slurry to  the substrate surface, followed by fusion of the 
slurry in an inert gas or vacuum environment. Coating forms 
by liquid-solid diffusion. 

SIuny-sinter-spray or dip application of metal particles 
(plus binder) to substrate surface, followed by solid- or 
liquid-phase sintering in vacuum or inert environment. 

Fused salt-electrolytic or nonelectrolytic deposition of 
metal ions from a fused-metal-salt solution (fluorides, chlo- 
rides, bromides, etc.) on the substrate material. Pure or al- 
loy coatings are formed. 

Electrophoresis-deposition of charged metal particles 
from a liquid suspension onto a substrate surface of oppo- 
site electrical potential. Synthesis of particulate deposit 
generally involves isostatic compaction followed by vacuum 
or inert-atmosphere sintering. 

Electroplating-aqueous-electroplating of metal ions 
from aqueous solution. Process can involve suspension of 
particulate materials in electrolyte and occlusion of these 
particles in metal deposit. 

Fugitive vehicle-involves spray or dip application of 
metd slurry onto the substrate surface, followed by vacuum 
heat treatment. Slurry contains coating elements and a fugi- 
tive vehicle that is molten at the firing temperature. Fugitive 
vehicle has high solubility for coating elements and velv low 
solubility for substrate. Coating forms by transfer of e~c- 
ments from the liquid solution to the substrate surface, with 
subsequent diffusion growth of the coating phase. Fugitive 
vehicle is eventually removed by evaporation. 

fluidized bed-immersion of the material to be coated in 
a heated fluidized bed of coating elements, using as the 
fluidizing gases mixtures of reactive halogen gases and hy- 
drogen or argon. Coating forms by disproportionation of 
gaseous metal halides on substrate surface, followed by dif- 
fusion alloying. 

Chemical vapor deposition (C VD)-entirely gaseous p r e  
cess. Metal halide gases (plus argon or hydrogen) pass over 
surface of metal to be coated. Coating forms by hydrogen 
reduction or thermal decomposition of metal halide at sub  
strate surface, followed by diffusion-controlled coating 
growth. 

i'acuurn vapor deposition-evaporation of a metal (or 
alloy) from a filament, liquid bath, or other source, fol- 
lowed by condensation of the metd vapor onto a cold or 
hot substrate surface. Postdiffusion treatment is optional. 

Hotdipping-immersion of material to be coated in a hot 
liquid bath of the molten coating elements. Coating forms 
by liquid-solid diffusion. 

Hydride and oxide reduction-spray or dip application of 
metal hydrides or oxides on substrate surface, followed by 
vacuum or hydrogen reduction, respectively. 

Plasma arc-spray deposition of particulate metal or 
oxide particles using conventional plasma-arc facility. 

Detonation gun-Linde patented gundetonation process. 
Gun metallizing-utilization of conventional wire or 

powder metallizing equipment. 
Cladding-bonding of metal cladding (thin sheet) to  sub  

strate surface by diffusion bonding, forging, rolling extru- 
sion, etc. 

HISTORY OF DEVELOPMENTS 

Development of protective coatings for columbium alloys 
has been pursued energetically for about 10 years. Iaforma- 
tion emanating from government-funded activities, with the 
exception of the AEC, is readily available in the literature, 
and several summary documents have been prepared that 
provide details of coating processes and related coating 
properties.I4 This review is a more uptodate survey of the 
technology than is available in the referenced publications; 
however, the treatment is very gzneral owing to the large 
quantity of technical data published on coatings for co- 
lumbium. 



Six categories of coating systems are defined: (a) heat- 
resistant metals and alloys of the iron, nickel, and cobalt 
class; (b) oxides and ceramic composites; (c) intermetallics 
other than aluminides and silicides, e.g., zinc base. beryl- 
lides, borides; (d) noble metals; (e) aluminides; and (f) sili- 
cides. Silicides have heavily dominated the development ac- 
tivity, and nearly 1 systems that have survived application- 
oriented evaluations have been of the silicide type. Table 17 
is a concise summary of the coating developinent efforts; the 
various coating systems are discussed in more detail below. 

I HEAT-RESISTANT METALS AND ALLOYS 

Hirakis's work at Horizons in 1959 represents the first sig- 
nificant program aimed at developi~lg coatings for colurn- 
bium.5 A number of coating formation techniques were ex- 
plored by Hirakis: electroplating, fused-salt deposition, hot- 

i dipping, ceramic and metal spraying, pack deposition, elec- 
trophoresis, and gun metalling. Electroplating was used to 
deposit Ni, Cr, and Fe coatings containing Si, Al, Cr, Tic, 
FeB, NIB, Si02, A1203, and Tho, occlusions. Gun metal- 
lizing (spraying) was employed to develop a number of sys- 
tems including the components Ni, Fe, Cr, Al, B, Si, CrSiz, 
TiSi,, TiCr,, and Mo. Electrophoresis was also explored as 
a means of depositing particulate materials, but with little 
success. The majority of these systems containing Fe, Ni, 
and Cr showed little potential above 1800"-2000°F, owing 
to rapid oxidaticn, porosity, poor adherence, and a ten- 
dency t o  form low-melting phases and intermetallics with 
the columbium base. These coatings protected columbiunl 
from oxidation for only 4-6 hr at 2500°F. 

Wlodek en~ployed gun metallizing, p!asma-arc spraying, 
and the gundetonation process to apply a variety of Fe, Ni, 
Cr, Si, and AI base materials as protective  coating^.^ Chro- 
mium, 302SS, and Nichrome V were most effective a t  tem- 
peratures below 1750°F, while plasma-sprayed LM-5 
(40Mo-40Si-8Cr-lOAI-2B) was the most promising system 
at temperatures above 1750°F. Chromium coatings tended 

d 
t o  leak oxygen at  temperatures above 1750°F. The LM-5 
coating, utilized in combination with a flame-sprayed Cb- 
Ti-Cr-Al-Ni intermediate layer, reportedly afforded up to 

I 1,000 hr protection at  2100°F and 100 hr at 2700°F. Major 
difficulties associated with these systems included difficulty 
of applicatio~ to  practical shapes, nonuniformity, relatively 
thick layers required, porosity, and the formation of dele- 
terious phases with the columbium substrate. In spite of 
these deficiencies, the properties of LM-5 make it the most 
promising coating system emerging from the very early coat- 
ing development efforts. 

Beach and Faust explored the use of Cr, Cu, Fe, Au, Ni, 
and Pt plates from aqueous solutions as protective coatings.' 
Exfoliation of the xnetallic plates produced early failure of 
all coatings, while difficulties with chromium plating and a 
low-melting Au-Cb eutectic were additional problems. 
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No other significant research was found in the literature 
relative to the use of heat-resistant metals and alloys as pro- 
tective coatings for columbium. 

OXIDES AND CERAMICS 

A relatively minor effort has been devoted to the utilization 
of oxide- and/or ceramic-type protective coatings for co- 
lumbium. Spretnak and Speiser initiated an investigation 
into the use of niobates as protective oxide films on colum- 
b i ~ m . ~ ~ ~  This approach was shortly abandoned owing to the 
very low melting points (below 2000°F) of all niobates for 
which data were aveilable. 

General Electric developed a glass-impregnated A1203 
coating (System 400) produced by flame-spraying alumina 
powder, followed by sealing with a baria-alumina-silicate 
glass System 400 demonstrated average protec- 
tive lives of 500 hr at 2300°F and 100 hr at 2500°F on co- 
lumbium alloys; however, the thickness requirement of 
12-16 mils and the application limitations imposed by the 
flame spray operation rendered the coating relatively im- 
practical. Poor resistance to impact and strain and a rela- 
tively high application temperature (2700'~) were addi- 
tional disadvantages of System 400. 

North American Aviation cieveloped an A1203- 
aluminide composite coating (NAA-85) for the protection 
of columbium alloy aerospace c ~ m p o n e n t s . ~ J ~  A slurry 
mixture of alumina and aluminum powders was cold-spray- 
applied and subsequently fired at 1900°F to  produce a 
CbA13-bonded A1203 coating. Only short-term protection 
at temperatures above 2000°F was afforded by the NAA-85 
coating system-less than 5 hr s t  2600°F. 

Oxide- or ceramic-type coatings have been categorically 
unsuccessful for the protection of columbium alloys. Poros- 
ity, poor resistance to  strain, permeability to oxygen, and 
application difficulties have rendered the systems poor can- 
didates for the protection of columbicm alloy aerospace 
and aircraft gas-turbine components. 

INTERMETALLICS 

Aluminides, silicides, and zincides comprise the intermetallic 
coatings investigated for the protection of columbium alloys. 
The aluminum- and silicofi-base compounds are discussed 
later. 

Sandoz, with Brown et al, has performed the only sig- 
nificant work on the utilization of zinc-base coatings for the 
protection of columbium alloys.12-l4 Vapor-plating, hot- 
dipping, electroplating, and cladding were employed to  form 
zinc-base intermetallic coatings. An exceptional self-healing 
capability is exhibited by the zinc intermetallic, owing to  
zinc vapors migrating t o  a fissure in the protective zinc oxide 
and effecting repair. Zinc-base coating provide reliable pro- 
tection to columbium for hundreds of hours at  temperature 
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to 1800°F; how eve^, decomposition of the Cb-Zn intkr- 
~netal!ics establishes a service temperature liniit of this sys- 
tem of 2000°F. No practical use of'tlie zinc-base coating for 
columbium has been reported. 

N O B L E  METALS 

The remarkable corrosion resistance of the noble metals 
make them excellent candidates for protecting colun~bium 
at elevated temperatures. Work is reported for the investiga- 
tion of gold, silver, platinum, iridium, and rhodium as pro- 
tective surface layers on columbium. The melting points of 
gold and silver are too low for their use as primary coatings 
above 1800~-200O"F; however, silver has been used in con- 
junction with aluminum and silicon. 

Under Navy sponsorship, Texas Instruinents conducted 
two programs studying the use of ductile noble metal coat- 
ings for the protection of c o l u m b i u ~ n . ~ ~ ~ ~ ~  The columbium 
alloy material was eqcased in platinum and platinum- 
rhodium alloy sheet by a diffusion-bonding technique. Plati- 
nun1 or platinum alloy claddings 2-3 mils thick failed in less 
than twenty hours at 2550°F as the result of interdiffusion 
between the platmum cladding and the columbium substrate. 
Formation of platinum-columbium intermetallics produced 
paths for accelerated oxidation of the refractory metal sub- 
strate. Major emphasis was placed on exploring W, Re, Hf, 
IrlW, Sic, ZrO,, A1203, MgO, Au, Al, and BN as diffusion 
barrier layers; however, none was effective. Interdiffusion 
and difficulties with the application of the platinum clad- 
dings to useful shapes render these coatings relatively im- 
practical for protecting columbium alloy hardware. 

Iridium coatings for the protection of columbium have 
been studied by Union Carbide.17 Fused-salt electrolytic 
deposition was employed to form iridium coatings on co- 
lumbium. A nickel strike was required prior to iridium de- 
position because of reactivity of columbium with the fused- 
salt bath. Although life expectancies of several hundred 
hours at temperatures up to 3200°F were calculated by 
Union Carbide for 5-mil iridium coatings, factors such as 
porosity, defects, and oxygen permeability of the iridium 
layers rendered the coatings substantially less protective. 
Application of reliable iridium coatings to complex shapes 
is not currently feasible witF this processing method. 

ALUMINIDES 

Aluminides rank second to silicides in their utility for the 
protection of colum5ium-base alloys. Although the alumi- 
nides exhibit shorter protective lives and a lower tempera- 
ture ceiling than the silicides, their ease of application has 
made them useful for the protection of heat shield corn- 
ponents on re-entry vehicles designed for relatively mild 
flight regimes. 

Foldes18 and C a r l ~ o n ' ~  of General Electric conducted 
some of the earliest work on the application of aluminide 
coatings by I ~ o t - d i p p i n g . l ~ * ~ ~  Coatings were formed on co- 
lumbiltrii by dipping it in molten baths of Al-Si-Cr alloys, 
rollnwed by diffusion treating to convert all free aluminum 
to Cb-A1 intermetallics. An Al-l1Si-2Cr bath proved op- 
timum. Precoats of electroplated silvbr and sprayed and 
vacuum-heat-treated A1203 and TiH provided marginal im- 
provement in the performance of the aluminides. Self- 
healing was affected by the silver addition. All of the alu- 
minide coatings exhibited reliable short-term protection 
(2 hr) for columbium at 2500°F. 

Luft continued the General Electric aluminide coating 
development effort in response to the coating needs of the 
McDonnell-General Electric Refractory Metals Structural 
Development Prograni.l0 Hot-dipping was pursued initially; 
however, the problems associated with dipping large com- 
plex shee4 -.:tal configurations into molten aluminum baths 
prompted General Electric to develop a slurry application 
technique. This latter development was designated the LB-2 
process. The optimized LB-2 slurry composition 10Cr- 
2Si-A1 was spray-applied and fired in vacuum at 1 9 0 0 " ~  to 
produce the aluminide surface compounds. Protective lives 
up to 24 hr at teniperatures to 2200°F, 2 hr at 2500°F and 
34 hr at 2750°F were exhibited by 2-3-mil-thick LB-2 coat- 
ings. This coating process proved adequate to meet the needs 
of the columbium structure development program. Air 
Force sponsorship of other columbium alloy structures pro- 
grams continued at McDonnell Aircraft with the ASSET and 
BGRV vehicles. In support of these programs, Mcoonnell 
continued to utilize and improve the LB-2 aluminizing pro- 
cess for coattng the very large structural segments of these 
vehicle~.~O-*~ Improved slurries, spraying techniques, and 
firing sequences and the utilization of vacuum-dipping for 
applying the slurry to large corrugated body sections pro- 
duced a reliable manufacturing process for aluminizing co- 
lumbium alloy components of all required configurations. 
The LB-2 process represents a practical manufacturing-scale 
coating method for protecting columbium alloys in an oxi- 
dizing environment for several hours at temperatures to 
25003F, atid for shorter tl,nes at temperatures to 2800°F. 

Vac FIyd Corporation now offers a commercial alumhide 
coating applied by a process similar to LB-2.23 The coating 
is designated Lunite 2. 

Sylvania Electric Products, Inc. conducted research on 
silver-modified aluminide coatings (Ag-Si-Al) for the pro- 
tection of columbium alloya.2*23*24 Fused-slurry and hot- 
dipping techniques were employed to form 6-8-mil-thick 
coatings that provided in excess of 100 hr protection for 
columbium in static air at 2500°F. The presence of a liquid 
phase in the duminide and the excessive coating thickness 
make these coatings unattractive for aerospace and gas- 
turbine airfoil applications. Sylvania also investigated the 
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use of the Sn-A1 coating system developed for tantalum as 
a orotective system for columbium.2 Protective lives of the 
Sn-Ai coating at temperatures to 2500qF were typical of 
slurry-applied alu~ninide coatings on columbium. 

Boeing utilized the hot-dipping methcd to form alumi- 
nide coatings on columbium alloys.' Coatings formed in an 
Al-Si bath and diffused at 2 2 0 0 ' ~  protected columbium 
for about 1 hr at 2 6 0 0 ~ ~ .  

Chronlalloy Corporation employed pack cementation to 
form alunlinide coatings on columbiu~n.~ Protection was af- 
forded for up to 25 11r at 2500°F; however, the alunlinide 
7oatings were reportedly p~rmeable to oxygen. 

Pratt and Whitney Aircraft Company CANEL also de- 
veloped hot-dipping techniques for aluminizing columbium 
alloys.' Performance data for these coatings were not re- 
ported. 

Silicides have proved to be the most thermally stable diffu- 
sion alloy coatings av; ,lble for the protection of colum- 
bium alloys. Virtually all of the coating application methods 
defined earlier have been employed to form silicide coatings 
on columbium. A chronological discussion of the various 
coating development activities directed to silicides is prc. 
sented below. 

Aves of Vought Astronautics (Ling-Temco-Vought) con- 
ducted two of the earliest programs concerning the pack 
cementation application of silicide coatings to colum- 
bium.25*26 In the first program, two-step inert gas pack 
cementation processes were employed to deposit Si-Cr-A1 
and Si-Cr-B coatins on columbium. Silicon was deposited 
in a first cycle, followed by the codeposition of Cr-AI or 
Cr-B, to produce 2-4-mil-thick disilicide coatings. Average 
oxidation protective lives of 9 and 11 hr were realized at 
2600°F with the Si-Cr-A1 and Si-Cr-B coatings, respec- 
tively. The Si-Cr-A1 system was found sensitive to the low- 
temperature silicide pest phenomena, while the Si-Cr-B 
coating was reportedly resistant to pest. In a second pro- 
gram, efforts were conducted by Vought to extend the 
utility of these pack-cementation silicides for coating co- 
lumbium hardware. Alternative processing techniques such 
as slip pack, halogen gas streaming through the pack, segre- 
gation of the pack activator from the hardware, and the use 
of exothermic reaction heat sources for local c~dt ing appli- 
cation were investigated. Slip-pack processing was report- 
edly tlle ni..st versatile technique developed for silicidir~g 
columbium hardware, owing to improved heat transfer, 
elimination of the bulky coating pack, and adaptability of -- 
the technique to local coating repair. Considerable work was 
also done C.I the codeposition of elements such as Ti, Hf, Ir, 
V, Y, Re, and Mn with silicon by the slip-pack method. 
Only titanium effected any improvement in silicide perfor- 

mance; however, no data were available to confirm :hat de- 
position of the modifier elements with silicon was actually 
achieved. 

Fansteel Metallurgical Corp. developed two silicide coat- 
ings for columbiun~, the S-2 conversion coatin:, and the 
M-2 duplex s y s t e n ~ . ~ ~  The S-2 silicide was formed by re- 
acting the columbiu~n surface with a SiC14-H2 gas mixture 
at 2550°F, using induction heating of the substrate. The 
M-2 system was formed in three steps: (a) deposition of 
MOO, from a liquid bath at 1470°F, (b) hydrogen reduction 
of the MOO, at 1470°F, and (c) gas-phase siliciding (SiC1,- 
H,) to produce a MoSi, surface coa!ing over tlle substrate 
silicides. The systems were typical of simple refractory metal 
silicides, providing 29-40 hr of life in air at 2300°F but 
poor resistance to pest oxidation. 

Early work at Chromalloy Corporatiul~ prvduced the 
modified W-2 and Chromized N-2 pack-cementation silicide 
coatings for columbium.28 Both systems were formed in a 
hydrogen atmosphere that embrittled :he co!umbium sub- 
strate. Very little data were available for either system. 

Chromizing Corporati011 produced a similar sirr.ple sili- 
cide system termed Durak KA.'8 Short-term life at tem- 
peratures in the range 2500~-?.950~F and susceptibility to 
pest oxidation failure were characteristic of Durak KA. 

The most successful ar.d widely evaluated protective 
coating system for columbium alloys is the Cr-Ti-Si coating 
developed by Jefferys and Gadd of TRW.28*29132 The con- 
cept for the duplex Cr-Ti-Si coating system was motivated 
by the need to circumvent two problems associated with 
simple silicide coatings on columbium: (a) susceptibility to 
pest oxidation and (b) rapid substrate oxidation at the base 
of cracks in the brittle silicide. It was learned from early at- 
tempts to increase the oxidation resistance of columbium 
that columbiun! alloys containing chromium and titanium 
were among the most resisiant compositions developed, al- 
though their utility as structwal materials was nil. Alloying 
:he columbium substrate beneath the surface silicide with 
chromium and titanium was therefore a logical step to 
achieving a subsurface defense against oxidation at the base 
of silicide cracks. Modification of the columbium disilicide 
with chromium and titanium was also a route to intro- 
ducing pest resistance 'nto the primary silicide layer. Hence, 
the two-cycle Cr-Ti-Si coating. 

The TRW Cr-Ti-Si coating system is applied to colum- 
bium by a two-cycle vacuum-pack process, utilizing all- 
metal granular packs. The optimized parami :rs for pro- 
ducing the system involve codeposition of chromium and 
titanium from a halide-activated prealloyed 6Kr-40Ti alloy 
pack at 2325OF, followed by siliconizing in a halide- 
activated pure silicon pack at 2100°F. A tnuitilayered 2-4- 
mil coating is formed, involving a primary (Cb, Cr, Ti . . . ) 
Si2 outer layer, two lower silicide 'ntermediate I:~yers, and 
a substrate region alloyed substantial quantities of 
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DISTANCE - MICRONS 

FIGURE 29 Concontration profile for Cr-Ti-Sbcoatcd D-43 alloy 

1, 
chromium and tltanlum. In some cases, this diffus!on zone In the first two p r o g a r n ~ ? ~ 1 ~ ~  TRW developed and op i eontairs r e s i ~ d  Laves phasc (Cb, Ti) Cr? remaining froin t i m i d  the vacuum*pack Cr-Ti-S! coating proces5. Emplla. 

' tlre Cr-TI precoat. Figure 29 is a pl~otornicragraph and sis ,)as placed on s lplifying the process to pornlit the 1 

ele,.ron microprobe data for a typical Cr-Ti-Si coating. dilizatior of conventional vacuumleat-treating furnaces. 
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I11 a third program,30 the process was advanced to a pilot 
production-scale facility. The protective reliability of the 
system was demonstrated in J series of statistically designed 
oxidation tests; and the performance of the Cr-Ti-Si sys- 
tem was assessed in a range of elevated-temperature- 
reduced-pressure environments. The fourtll program3' pro- 
vided a detailed study of the basic factors associated with 
tlle diffusion forniation and oxidation protection of the 
Cr-Ti-Si system: A tllorc ~ g l l  oxidation and ~necl~anical 
property study was performed on Cr-Ti-Si-coated colt~~n- 
biu~ll alloys, and a slippack technique for application of the 
Cr-TiSi coating was developed. 111 the final program,32 
manufacturing processes were developed for forming the 
Cr-Ti-Si coating on large colu~rbiu~n alloy components em- 
ploying both the vacuum-pack and vacuunl-slippack coat- 
ing techniques. A vacuum facility wit11 hearth dilnensio~ls 
of 48 ia. diameter X 54 in. high was amployed in this latter 
program. The five development prograins evolved a reliable 
and reproducible manufacturing cwting process that will 
produce Cr-Ti-Si coatings capable ~i'vretecting colu~nbiam 
alloys for well in excess of 300 hr at temperatures to 
2300°F, 100-200 hr at 2500°F, 50-100 hr at 2600°F, and 
up to 20-30 hr at 2700-2800°F. Tile very attractive prop- 
erties of tne Cr-Ti-Si coating conlposition prompted many 
investigators to seek alternative and/or simplified ways of 
producing the coating system on colutllbium alloys. 

Pfaudler Company conducted two progranls ?inled at 
developing "practical" techniques for forming simple and 
Cr-Ti-modified silicide coatings on colu~nbium  alloy^.^^.^^ 
The iluidized bed was employed to deposit a simple silicide 
coating on :olumbium, and a nonelectrolytic fused-salt 
technique was gsed in an attempt to form tlle Cr-Ti-Si coat- 
ing system. A laboratgry fluidized-bed apparatus was de- 
veloped for forming typical disilicide coatings on CGIUIII- 
bium. Efforts to form the Cr-Ti-Si coating in three steps by 
fused-salt deposition wvere unsuccessful bccause of corrosion 
of the titanium precoat during cl~romium and silicon de- 
position. 

Electrophoresis was investigated by Vitro Corporation 
as a means of applying the Cr-Ti-Si coating to colum- 
b i ~ m . ~ ~  The Cr-Ti precoat was electrophoretically depos- 
ited, isostatically pressed, and sintered in vacuum ai ap- 
proximately 2550°F. Silicon was electrop~~oretically 
deposited in a second cycle and treated in argon at 230O0- 
24000~ to produce the Cr-Ti-n~odified siiicide. Cr-Ti-Si 
coatings resistant to pest in the 1200-2000"~ rcgion and 
capable o t  protecting columbium for average lives of 56 hr 
at 2600°F and I6 hr at 2700'~ wvere produced by the Vitro 
teclx~iques.~~ Thus, Cr-Ti-Si coatings equivalent in oxida- 
tion protection to the vacuu~n-pack version were produced 
by the electrophoretic method; however, the h~gher appli- 
cacon temperatures and the isostatic pressing requirement 

render this process less practical ti.sn the vacuu~n-pack or 
slip-pack application methods. 

Chemical vapor deposition wvas enlployed by Texas In- 
struinents for the kpositicln of Cr-Ti-Si coatings on co- 
lunlbiu1n.3~ Three-, two-, and single-cyrk icpcsition pro- 
cedures were developed, all of wvliich produced Or-Ti-Si 
coatings comparable in air oxidation protection to the 
vacuum-pack C. -Ti-Si version. A single-cycle method ca- 
pable of fornling the entire coating systenl in 10 minutes 
was develo~ca on a laboratory scale. Ths speed of the CVD 
process and its versatility for varying coating cl~emistry and ' 

n~orpl~ology are unique assets of this coating method. Howv- 
ever, the difficultizs associated wit11 uniformly cozting large 
complex shapes exhibiting sharp edges and ~e-entrant sur- 
faces are practical limitctions to the cvD coating of aero- 
space hardware. 

Boeing developed both vacuum-pack zr~d fluidized-bed 
methods for applying silicide coatings to colu~nbiurn al- 
l o y ~ . ~ ~ - ~ ~  Typical simple silicide coatings were formed by 
vacaum-pack siliconizing at temperatures as low a 330°F. 
At1 18 in. fluidized bed was successfully operated to form 
the Disil-simple silicide coating on colu~nbiu~n Itardware. 
Fluidized beds 4 in. in diameter wvere operated to  form va- 
nadium and Cr-Ti-modified silicide systems. The V-Si sys- : . ; tern produced by presiliconizing, vanadizing, and postsili- 
conizing wvas three times more protectwe than the simple 
silicide. Codeposition of Cr-Ti in an initial cycle followed 
by siliconizing produced Cr-Ti-Si coatings comparable in 
260O0F oxidation protection to vacuum-pack Cr-Ti-Si 
coatings. Excellent heat transfer, rapid coating deposition, 
and coating uniformity are advantages of the fluidized-bed 

i - 

process, while high construction and operating costs are 
major disadvantages. Boeing's primary effort on fluidized- 
bed coating wvas aimed at coating components for the Dyna- 
soar (X-20) structure. 

Undcr Air Force sponsorship, Solar (Division of Inter- 

i I 

national Harves4?r Co.) investigated four techniques for the I 
i 

formation of Cr-Ti-Si coatings on colun~bium: (a) high- 
pressure pack, (b) elec~mless fused salt, (c) slurry deposi- 

i 
i 

tion, and (d) vacuum-pack cen~entation.~~ High-pressure 
pack processing involved the use of halide-activated Cr-Ti- 
Si metal powders similar to the TRW vacuum-pack process; 
I~owever, the pack was heated in a sealed retort that had 
been purged with argon, and a static argon-halide pressure 
of 900 Torr was maintained througl~out the coating cycle. 
Cr-Ti-Si coatings similar in microstructure to the vacuum- 
pack coatings, but inferior in performance, were produced 
by this method. 

Electroless fused-salt deposition was acco~nplished by the 
sequential deposition of Ti-13-Si and by codepositing Cr- 
Ti and Ti-Si. Facilities limitations reportedly proh'5ited the 
use of sufficiently high b a 4  temperatures; consequently, 

. * .  
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very inferior Cr-T-Si coatiilgs were produced. Solar con- 
tinued its development efforts on fused-salt deposition of 
the Cr-Ti-Si system under separate governnlent sponsorship; 
however, a reliable and reproducible technique for forming 
the Cr-Ti-Si coating was not de~e loped .~~  Corrosion during 
the deposition process, and nonuniforrnity of the deposit 
were specific problems. 

Solar's slip-pack or slurry deposition of the Cr-Ti-Si 
coating was generally unsuccessfi~l owing to failure to 
acllieve the proper coating chemistry and morphology for 
the Cr-Ti-Si coating. Solar's final approach to applying the 
Cr-Ti-Si system, the vacuum pack method, produced coat- 
ings comparable in micros:rl;ctural characteristics and per- 
formance to the TR\V vacuum-pack Cr-Ti-Si coatings. 

A recently completed Solar program was directed to the 
problenl of the extremely tow ductility exhibited by the 
available silicide coatings for co lun~b iun~ .~~  The program 
approach was to produce protective coatings that included 
at least one ductile layer that would absorb strain induced 
by impact, deformation, or thermal stress. Ductile layers 
brsed on Cb-A1 and Ti-A1 binaries and bcc alloys of the 
Fe-Cr-A1 type were considered. For silicides, potentially 
ductile intermediate layers such as Cr-V-Cr, Cb-Ti-Mo, 
Cb-Ti-\V, and Cb-Ti-Cr were investigated. Deposition dif- 
ficulties prevented the formation of the majority of these 
silicide coating systems, particularly those involving molyb- 
denum or vanadium without titanium. Diffusional instabil- 
ity of the Fe-Cr-AI/Cb couple at 2400"-2500°F rendered 
the bcc system incapable of protecting columbium. Vana- 
dium modification of the Cr-Ti-Si system proved to be the 
only effective coating system evolving from t5e program. 
Vanadium served as a substitute foi titanium, thereby re- 
ducing formation of the brittle TiCr2 intermetallic phase; 
vanadium is also a less active interstitial sink than is tita- 
nium, exhibiting a lesser tendency to getter interstitials 
from the substrate by reducing the oxide and carbide hard- 
ening precipitstes in the columbium zl:oy matrix. 

A follow-on effort to the Solar program was conducted 
by TRW, with 3mphasis placed on developing coatings for 
improved performance at intermediate  temperature^.^^ 
Molybdenum and vanadium deposition problems encoun- 
tered by Solar were pursued initially. A reproducible 
vactu~nl-pack method for vanadizing columbium was de- 
veloped; however, no practical technique other than CVD 
was developed for depositing molybdenum. Several modi- 
fied silicides including V-Cr-Ti-Si were produced and 
evaluated. Only the V-Cr-Ti-Si system proved comparable 
in protective capabilities to the Cr-Ti-Si system, and in 
view of the added vanadizing cycle, this modification of the 
basic Cr-Ti-Si chemistry was not attractive. 

Work by Solar on coatings for tantdurn nozzle vane a p  
plications has brought forth a unique coating system that 

shows excellent potential for protecting colu1nbium.~2~~~ 
Designated TNV-12, the process involves applying a par- 
ticdate t:11:;ture of Mo-STi to the substrate surface, fol- 
lowed by vacuum sintering to produce a porous product 
and subsequent pack siliciding to eli~ninate interconnected 
porosity and produce MoSi2. The surface is subsequently 
sealed with a barium borosilicate glass, producing a multi- 
layered coating of approximatell. '-8 mils thickness. The 
system has looked promising for gas-turbine applications, 
based on good performance in erosion-oxidation and 
thermal fatigue tests.45 

Sylvania has recently developed one of the more success- 
ful coating systems for columbiun~, the fused s i l i ~ i d e s ? ~ - ~ ~  
A number of elements and internletallics have been studied 
as modifiers to the basic Si-2OTi and Si-20Cr eutectic sili- 
cide compositions. Fusion of the sprayed or dipped silicide 
slurry requires vacuum firing at 2500'-2600°F. The com- 
positions Si-20Cr-STi and Si-20Cr-2OFe have looked most 
promising. The fused silicide process is particularly adapt- 
able to coztiag hardware and for coating repair, and the 
process is scaled up for coating large hardware components. 

The National Gas Turbine Establishment of Great Britain 
(NGTE) has reported good success with a glass-sealed sili- 
cide coating as a potential system for gas-turbine applica- 
t i o n ~ . ~ ~  The silicide is applied by a pack or CVD method 
and is subsequently sealed with a fused glass slip. The final 
coating consists of approximittely 4-5 mils of silicide plus 
2-3 mils of glaze. 

Battelle-Geneva has also explored the use of silicide 
coatings for protecting columbium in gas-turbine applica- 
t i o n ~ . ~ ~  The most unusual system consists of applying a 
porous columbium or Cr-Ti-modified disilicide layer by a 
pack or CVD process, follo\ved hy impregnating the porous 
matrix with a Sn-A1 slurry. Thz Sn-A1 alloy remains fluid 
at the use temperature (above 2000°F)~ thereby providing 
a self-healing capability to the coating. The porous matrix 
is effective in preventing washing of the liquid phase during 
shear loading of the surface. 

Work on silicides for protecting columbium is also re- 
ported by American Machine and Foundry and Pratt and 
Whitney CANEL.24 Both laboratories employed pack- 
cementation techniques to form modified silicides coatings; 
however, no data are available at this time to describe the 
capabilities of these coatings. 

COMPARATIVE PERFORMANCE 
CHARACTERISTICS 

Owing to the several anticipated applications for coated 
colunlhium alloys, many performance characteristics have 
been evaiuated by coating developers and potential users. 
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These include oxidation resistance, mechanical properties, 
impact resistance, law-pressure behavior, erosion resistance, 
thermal fatigue tolerance, and others. I t  is beyond the scope 
of this report to present comparative data for all of these 
performance criteria; however, an effort is  made to delin- 
eate those trends in performance that generally describe the 
stale of the arr of coatings for colurnb~urn altoys. 

CYCLIC OXIDATION 

Cyclic or static oxidation resistance in latm air has been 
the yardstick for screening protective coatings for colum- 
bium. Since cne segment of a coated component may ex- 
perience Tow-temperature service while other regions are 
exposed to a very high-temperature environment, coated 

cofumbium has bwn evaluated at temperatures over the 
range 1 200'-3000' F. The general protec~ive behaviors of 
the various categories of coating systems are presented sclle- 
matically in Figure 30. The simple aluminides exhibit re- 
liable short-term protection for columbium at temperatures 
from 1 200"-280O0F, with a gradual decrease in lifc with 
increasing ~ r n p e r a t u t e . ~ ~ -  M v  L1* l  8-22.50-53 PerrneabiIily of 
suminides to oxygen and a pest-type oxidation behavior at 
lower temperature produce the slight perturbation in pro- 
tective capability with decreasing temperature. 

The simple silicides are particularly susceptible to pest 
oxidation at temperatures below about 2000°F. Conse- 
quently, these systems will generally afford less protec- 
tion at lower temperatures than in the raltge 2000'- 
2 6 0 0 " ~ . ' ~ * ~ ~ - 2 ~ ~ 5 ~ 6  The formation of a continuous 
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silica film at temperatures above 2000°F and the increasing 
ductility of the silicide-silica co~nposite contribute to the 
improved higher temperature life. 

The zinc-base coatings exhibit a remarkable self-healing 
capability, and therefore a very reliable protective perfor- 
mance, for hundreds of hours at temperatures uelow 
2000°F.12-14 However, decomposition of the Cb-Zn inter- 
metallics at temperatures above 2000°F establish, -s a tem- 
peratitre limit for this system. 

Work on the heat-resistant alloys of the iron, nickel, and 
cobalt class, and also the platinum-group metals, has been 
relatively limited in comparison with that on the intermetal- 
lic systems. Many of these materials show potential for pro- 
tecting colunlbium at temperatures below 2000°F, wlule at 
higher temper-+ ztcs intermetallic formation with the co- 
lumbium -1 . $c?, porosity, application problems, and 
0 t h ~  iac i~ :  > rtave generally produced coatings inferior to 
the ~ i l i c i d e s . ~ - . " ~ ~ ~ - ~ ~  potential use of ductile, noble 
metal, or conventional alloy coatings at lower temperatures, 
particularly in the gas-turbiile industry, is an area that shows 
promise and requires exploration. 

The complex silicides such as Cr-Ti-Si, V-Cr-Ti-Si, and 
the fused silicides have been by far the mGst effective pro- 
tective coatings for columbium. Absence of the silicide pest 
problem with these systems has provided coatings that ex- 
hibit increasing protecthe life with decreasing exposure 
temperature, producing lives increasing from 1-4 hr at 
3000°F to 100-200 hr at 2500°F to many hundreds of 
hours at temperatures below 2200°F.1-4~23~24~28-32~35-58 
Complex silicides containing Cr, Ti, V, Fe, and Cb have 
proved to be the most oxidation-resistant coatings available 
for protecting columbium. Studies directed at identifying 
the oxidation products and modes of oxidation degradation 
o; these compiex silicide systems are reported by Bracco 
et al.'j8, Gadd3', Perkins and Packer59 and others.40*42*43*47 
The four protective coating systems now most widely used, 
or considered for use, in the aerospace and gas-turbine areas 
are: 

System Process Developer 

Cr-Ti-Si Vacuum pack TRW 
V-Cr-Ti-Si Pack Solar 
2OCr-5Ti-Si Fused silicide Sylvania 
1OCr-2Si-N LB-2 slurry McDonnell-Douglas 

Reliability of silicide coatings has been a point of major 
concern to potential columbium alloy users, and the low 
ductility of silicides, coupled with the relatively high inci- 
dence of structural defects, has discouraged their use. Many 
statistical studies have been performed on the oxidation re- 
sistance of silicide-coated columbium; examples of the 

Weibull method of plotting failure data are shown for Cr- 
Ti-Si-coated D-43 alloys in Figures 31 and 32. 

Efforts to compare large populations of oxidation test 
data generated on various coating/base metals by different 
laboratories has been found virtually impossible. Batch-to- 
batch variations in coating quality and significant deviations 
in oxidation test procedures have produced very wide vari- 
ations in performance for individual coating systems. The 
relative performance'trends shown in Figure 32 are real; 
however, it has been difficult to  delineate precise, reliable 
values for the protective capabilities of the various coating 
systems on columbium alloy hardware. 

REDUCED-PRESSURE OXIDATION 

The use of coated columbium alloys in aerospace applica- 
tions will involve high temperature exposure in reduced- 
pressure oxidizing environments. Upon exiting from the 
earth's atmosphere, aerodynamic heating can increase the 
skin temperature of a coated columbium alloy heat shield 
to well in excess of 2000°F. Based upon the tirtciing~ of 
perk in^?^ loss of silicide coatings by silicon monoxide 
vaporization will occur at substantial rates under the 
temperature-pressure conditions subsequently experienced 
by the vehicle in outer space. 

Reduced-pressure oxidation studies have been performed 
by several laborato5es on the major silicide coatings applied 
to columbium alloys, including both isothermal exposure 
and temperature-pressure profile t e s t~ .3~**~  42-43s46*47*59960 

Degradation of the protective silica film via SiO vaporization 
leads both to  removal of the silicide reservoir and to internal 
contamination by the ingress of oxygen through the inter- 

1 

metallic matrix. In the case of the pack-applied Cr-Ti-Si and 
V-CrTi-Si coatings, substantial chromium loss is also ex- 
perienced by vaporization, a factor which both disrupts the 
surface oxide film and opens paths for the acceleratsd trans- 
port of oxygen throltgh the silicid:: coating. Figure 33 is a 
photomicrograph showing this phenomena for a Cr-TiSi- 
coated Cb-752 alloy material exposed at 2500°F and 10-2 I 
mm pressure.30 Even though this mode of degradation pro- 
ceeds at a significant rste, coatings of the Cr-Ti-Si type pro- 
vide protection for times well in excess of those required for 
currently anticipated re-entry vehicle missions. 

Reduced-pressure isothermal and simulated re-entry 
profde tests performed on fuszd silicide coatings have shown 
an excellent resistance of these coatings to degradation in 
reduced pressure environments. Figure 34 is an example of 
the behavior of the Sykania R5 12E (20Cr-20Fe-Si) fused 
silicide on Cb-752 alloy.61 At temperatures below 2600°F, 
reliable life for periods acceptable for re-entry applications 
are demonstrated at all pressures, while above 260C°F, pro- 
tective rife is significantly decreased, even though coating 
life generally increases with increasing environmental pres- 
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UFE- HOURS 
FIGURE 31 \ireibuil plot of 2S00°F cyclic oxidation test results of Cr-Ti-Si coating on D43 alloy. 

sure (above 1 Torr). iiquation of columbium oxide above . 
2 6 0 9 ~ ~  is the major reason for t!:c abrupt dccrease in pro- 
tective life. 

The requirement for utiliation of silicide coating in 
high-temperature-reduced-pressure environments is unique 
to the aerospace industry. Based on current data, the coili- 
plex silicide coatings and the LB-2-type aluminides for spe- 
cific applications are capable coating systems for the pro- 
tection of columbium alloy components in reduced-pressure 
re-entry environments. 

MECHANICAL PROPERTIES 

The mechanical properties of pr~tective coated columbirrm 
alloys are a major concern to the designers of hardware for 
Iugh-temperature applications. Silicide and aluminide coat- 

ings exhibit negligible or no ductility at low temperatures. 
It has been shown that a brittle surface layer can influence 
the properties of substrate materials to a considerably 
greater degree than would be anticipzted, based upon the 
percentage of the composite &oss section that the coating 
assumes.62 Owing to this recognized mecl~anical behavior of 
coated materials, a number of programs have been conducted 
to assess the mechanical properties of protective coated co- 
lumbium alloys.SO-53~62~63~65~66A typicaf representation of 
the mechanical property data for Cr-Ti-Si-mated B-66 alloy 
is presented in Figures 35,36, and 37. 

The influence of brittle protective coatings on the me- 
chanical behavior of columbium alloys is quitc consistent 
with theoretical considerations. At low temperature, where 
intermetallics are brittle, very sharp notches are generated 
in strained intermetallic coatings. These notches tend to 

, . 
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UFE- HOURS 
FIGURE 32 IVeibull plot oE 2700°F cyclic oxidation test results of Cr-Ti-Si coating on D-43 alloy. 

propagate fracture paths through the colum5ium alloy 
matrix, particularly the notch-sensitive alloys such as Cb- 
132M, Cb-752, and XB-88, thereby reducing yield strength, 
tensile strength, and tensile ductility. This notch introduc- 
tion from the brittle surface layer also significantly reduces 
the bend ductility of coated columbium alloys. 

in stress rupture and creep, the influence dprotective 
coatings is far less significant. At elevated temperatures, 
ductility is restored to tik silicide and aluminide coatings, 
and their influence on fracture behavior is nil. However, the 
creep strength of columbium alloys may be significantly in- 
fluenced by the presence of coating systems such as the 
Cr-TiSi composition. Titanium, owing to its strong affinity 
for interstitials, will operate as a "sink" for interstitials con- 
tained in the columbium matrix.6' Oxides and carbides that 

contribute to the high-temperature creep resistance of co- 
lumbium alloys will be reduced by the titanium "sink," 
thereby seriously weakening the columbium alloy. This high- 
temperature phenomenon must be given careful consider- 
ation when designing with precipitation-strengthened alloys 
such as Cb-752, Cb-I32M, and B-56. 

APPLICATIONS OF COATED 
COLUMBIUM ALLOYS 

Aerospace vehicles and aircraft gas turbines are the primat:[ 
areas for the application of protective coated columbium al- 
loys. About the earliest serious effort to develop columbium 
as a structural material was a joint program of McDonnell 
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FIGURE 33 Cr-TiSi-coated D-14 alloy after indk21.J I-atm 2%: 

rcduccd pressure exposures. 250X. 

Aircraft and General Electric, completed in 1961 .to The 
program was directed at fabricating and testing a siniulated 
structural component of a manned re-entry glide vehicle. 
The LB-2 slarry aluminide coatingwas a direct outgrowth 

of this program, while this general philosophy of utilizi~~g 
rerractory metals I'or consrructing space vehicles provided 
the impetus for the majority of the coating developrl~ent 
programs co~lducted over the ensuing 6-8 years. 

The ASSET (Aer~t~~erm~dynarniclelastic Structural Sys- 
tems Environmental Test) program followed at McDonnell 
Aircraft, and glide reentry vehicles fabricated from colum* 
bium alloys and other refractory and  onre refractory ma- 
terials were constructed and flight-tested.b9 1 B-Zcoated 
columbium alloy heat shields. Cr-Ti-Siacoated leading edge 
segments, and approximately 2,000 Cr-Ti-Sf-coated colum- 
bium alloy fasteners were employed in each vehicle. Recov- 
ery of a flight-tested structure demonstrated the reuse ca- 
pability of coated columbiun~ allays fot aerospace vehicles. 

A third structures program nearing completion at 
McDonnell involves the fabrication and Mght-testing of co- 
lumbium alloy boost glide re-entry vehicles t BGRV).2Z 
Truncated cone-shaped body scctiol~s up to 30 in. in diame- 
ter and 5 ft hi&, fabricated from Cb-752 alloy. are being 
protected by the LB-2 aluminide. Cr-Ti-Si-coated colum 
bium alloy fasteners attach various body components. 

Coated columbium alloys were evaluated by Aerojet- - - 
C~neral Corporation for Apollo and Transtage exit cones.70 
The Apollo cone is  8 i t  high and 8 ft in diameter, wldle the - 
Transtage conc is 2 ft hidl and 4 ft in diameter. Simple alu- 
minide and silicide coatings exhibited the required capabili- 
ties for them applications. -- -+ 

General Dynan~ics evaluated the use of TRV. 2r-Ti-Si 

Range of performance 
failure Data for Cb-Bare 

~~~d~~ failure Attoy systems studied in 
AFML-TR-65-351 

0 Cb7521R512R-Random and total faiZure - I I 

2400 
0.01 0.1 1 to 100 

Air Pressure {Turr) 

FIGURE 34 Maximum temperature for 4-hr lifetifie for Cb 7521RS12E and R512R system.61 
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FIGURE 37 Tensile elongation of uncoated and coated 30-mil B-56 alloy sheet.64 

and Vac Hyd Lunite 3-coated Cb-752 alloy as heat shield 
materials for a thermally insulated support structure appli- 
cable to hypersonic and re-entry vehicles.71 Corrugated 
panel sections up to 20 in. X 20 in. were coated, assembled, 
and evaluated under simulated re-entry conditions. 

A major columbium alloy structures program was the 
ASCEP (Advanced Structural Concepts Experimental Pro- 
gram) conducted by Martin Marietta C o r p ~ r a t i o n . ~ ~  A 113- 
scale model wing-fuselage- sryogenic tank section of a hidl 
LID winged re-entry vehicle was fzbricated from D43 co- 
lumbium alloy. Brazed-honeycomb heat shield panals up to 
16 in. wide and 38 in. high, and other substructural hard- 
ware, were Cr-Ti-Si-coated prior to assembly. Incompati- 
bility of the Cr-Ti-Si coating with residual titanium braze 
alloy and nonoptimized manufacturing-scale coating appli- 
cation conditions produced a high incidence of defects in 
the Cr-Ti-Si protective coatings. Repair of the Cr-Ti-Si- 
coated panels with fused silicides proved very successful. 

The use of coated columbium alloys for the fabrication 
of gas-turbine components has been explored for over 10 
ysars as a means of increasing the o?erating temperatures of 
turbine hot section parts. Blades, v: .nes, combustors, and 
other components subjected to ten peratures approaching 
the turbine inlet gas temperatures isre candidates for the use 
of coated columbium. Pratt and Whitney Aircraft has been 

most active in evaluating coated columbium alloy turbine 
materials. In two recent Air Force-funded p r o g r a m ~ , 5 ~ 1 ~ ~  
Pratt and Whitney evaluated all potential coating systems 
far protecting columbium blade and vane alloys. Testing in- 
cluded the asszssment of properties such as oxidation, hot- 
gas erosion, impact, thermal and mechanical fatigue, creep- 
ruptur~, tensile, and melting point. In oxidation-erosion, 
silicides of the Cr-Ti-Si type proved most protective, whi!e 
in thermal fatigue, the TNV-12 and R-512 fused silicides 
were superior. An engine test of fused-silicide-coated colum- 
bium alloy vanes culminated the program. 

DISCUSSION AND RECOMMENDATIONS 

A very large number of faboratory and hardware evaluation 
studies have been performed on coated columbium alloys, 
both by the coating developers and by independent labora- 
tories and potential users. A tremendous quantity of test 
data ha been generated in these programs, and many of the 
coating systems discussed in the previous sections have 
shown excellent potential for utilization in aerospace and 
aircraft gas-turbine applications. The bulk of these data is 
noncomparative because of the lack of standardized test pro- 
cedures; however, the laboratory tests have demonstrate6 
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that several coating systems can meet the hypothetical per- 
formance goals established for these requirements. Although 
the high expense of hardware programs is well recognized, 
flight or test-bed evaluation of actual coated hari~wrzre is 
vitally needed to assess the true capabilities and reliability 
of these coating systems. Many of tile lab tests, particularly 
those inteilded to simulate propulsion system environments, 
are incapable of ~~tablishing certain critical conditions en- 
countered in service. Coatings are frequently optimized 
around these laboratory tests, a id there is no assurance that 
the test results can be related directly to service perfor- 
mance. Careful analysis must certainly be made of the labo- 
ratory data that have been generated, and real performance 
criteria must be established to permit judicious screening of 
the available systems. Subsequent hardware evaluation of 
coating systems would then represent a major step forward 
in assessing the state of the art of coatings for columbium 
alloys. 

The early walk on heat-r~sistant alloys of the iron- 
nickel-cobalt class. and more recent work on the ductile 
noble metals, was ~~lsuccessful primarily as a result of inter- 
diffusion between the substrate and coating elements. Deg- 
radation of base metal properties, eutectic and intermetallic 
phase formation, and premature coating failure were the 
salient consequences. The barrie.-layer approach appears to 
offer the only way to circumvent deleterious interdiffuoion, 
and work in this area should be renewed or continued. 

Many of the silicide-type coatings have demonstrated ex- 
ceptional corrosion wearout capebilities and, in many cases, 
rather surprising tolerance to  mechanical abuse. The basic 
deterrent to  their more extensive use is the lack of repro- 
ducibility and reliability of the systems. The Cr-Ti-Si com- 
position has demonstrated an excellent inherent resistance 
to oxidation. However, none of the many meth9ds investi- 
gated for its formation, including vacuum pack, fused slucry, 
fused salt, and CVD, has been su?cessful in producing Cr- 
Ti-Si ccatings that mcet the reliability standards expected 
of structural materials. This deficiency should be attacked 
from a more fundamental viewpoint. 

Sylvania's relatively recent fused-silicide coatings show 
excellent capabilities for protecting columhir-lm. The wet- 
tability of the braze-type coating, makss it particularly 
adaptable to coating complex hardware with faying surfaces 
and to utilization as a repair coating method. Again, thick- 
lless control, poor resistance to mechanical abuse, and the 
effect of the coating process on base metal properties 
hamper its promotion for many applications. 

Other relatively untested systems that have demonstrated 
unique protective characteristics are (a) the Solar TNV-12 
porous silicide coating (glass-sealed) in which the porous 
structure appears to  mitigate thermal and mechanical 
stresses in the coating, while the glass seals the coating sur- 
face; (b) the Battelle-Geneva Sn-Al-impregnated silicide 

coating, which provides self-healing, possibly FOD toler- 
ance, and yet an apparent capability for operation under 
high gas flow conditions; and (c) the N G T E  glass-sealed 
silicide coating which reportedly sllows promise for gas tur- 
bine applications. 

The several silicide-type coatings discussed in the past 
few paragraphs are being further optimized and evaluated by 
their respective developers; but, generally, these programs 
are broad in nature, and the paths they follow are left to the 
discretion of the developers. It would seem more appropri- 
ate to conduct application-oriented programs aimed at op- 
timizing certain systems for specific applications and specific 
environmental criteria and culminate such programs with a 
service or hardware evaluation. Further modification and 
optimization of existing coating systems for columbium, 
based on laboratory evaluation, does not appear fruitful. 

Another area deserving of attention is thf: tailoring of 
coating systems to substrate materials and the use of a bi- 
metal structural concept whereby a very "coatable" colum- 
bium alloy is employed as a surface material on the struc- 
tural shape, and a strong, less corrosion-resistant columbium 
alloy is l~tilized as the core. The performance and reliability 
of the coating would be greatly enhanced by the coatable 
substrate. Such a program aimed at gas-turbine applicstions 
of columbium is currently in progress.'3 

Standardization of evaluation tests is vitally needed if 
efficient and ~ffective use of laboratory test data is to be 
achieved. ASTM committee C-22-VI is currently working on 
this problem, and the N M A B  has made recomme;ldations in 
this area in the past. The effort should be accelerated and 
program-sponsoring agencies should recommend the utiliza- 
tion of such test procedures in order to implement the 
standardization program. 

Finally, there is a definite need for basic data in the 
broad area of high-temperature coatings, alloys and corro- 
sion. Data on diffusion rates, melting ;loints, identification 
of complex phases and alloys, vapor pressures, and gas- 
metal reactions are grossly lacking in the literature. The de- 
velopment of coating formation and degradation mecha- 
nisms and the establishment or prediction of material 
limitations are severely hampered by this lack of data. Two 
areas should be pursued-one aimed at the generation of 
basic properties for high-temperature elements, alloys, inter- 
metallics, oxides, etc, and a second effort directed specifi- 
cally to characterizing existing promising coating systems to 
provide data that would aid in the further optimization of 
these coatings. 

REFERENCES 

1. Krier, C. A. Nov. 24, 1961. Coatings for the protection of re- 
fractory metals from oxidation. DMiC Report 162. 



98 High-Temperature Oxidation-Resistant Coatings 

2. Gibeact, W. A., and E. S. Bartlett. January 10, 1964. proper ti:^ 
of coatcd refractory n~etals. DMIC Report 19:. 

3. Klopp, W. D. January 15, 1960. Oxidation behavior and pro- 
tective coatings for colunibiom and columbium base alloys. 
DMIC Rcport 123. 

4. Coated refractory lnctal technology. 1965. MAB-210-M. 
5. Hirakis, E. C. Feb. 1959. Research for coatings for protection 

of niobium against oxidation at elevated temperatures. WADC 
TR 58-545. 

6. Wlodek, S. T. Feb. 1961. Coatings for coli~mbium. Electrochem. 
soc. 

7. Beach, J. G., and C. L. Faiist. Mdy 24, 1955. Electroplated 
metals on niobium. BMI 1004. 

8. Spretnak, J. W., and R. Speiser. June 15,1957. Protection of 
niobium against oxidation at elevated temperatures. NRL 467- 
15. 

9. Spretnak, J. W., and R. Speiser. March 15, 1958. NRL 467- .6. 
10. Neff, C. W., R. G. Frank, and L. Luft. Oct. 1961. Refractw:~ 

metals striictutal development program. ASD TR 61-392, 
Vol. 11. 

11. Peterson, L. E. Sept. 11, 1963. Oxidation resistant coating pro- 
gram for colun~bium in Apollo and transtage exit cones. 
AD 439102. 

12. Brown, B. F., ei at. Nov. 1960. Protection of refractory n~etals 
for high temperature service. NRL Report 5550. 

13. Brown, B. F., etal. Jan. 31,1961. Protection of refrttctory 
metals for hcgh temperature service. NRL Report 5581. 

14. Klopp, W. D., and C. A. Krier. March 1961. Zinc coatings for 
the protection ot ~olumbium from oxidation at  elevl;!ed tem- 
peratures. DMIC Memorandum 88. 

15. Buchinski, J. J., and F.. H. Girard. Oct. 1964. Study of ductile 
coatings for the oxidation protection of columbium and 
molybdenum alloys. AD 608135. 

16. Girard, E. H. . D. Clarke, and H. Breit. May 1966. Study of 
ductile coatings for the protection of columbium and molybde- 
num alloys. Contract NOW 65-0340-f. 

17. Rexer, J. Aug. 1968. High temperature protective coatings for 
refractory metal:. Final Report, Carbon Products Division, 
Union Carbide Corporation. Contract NAS N-1405. 

18. Foldes, S. Nov. 1960. Oxidation resistant fusion coatings on 
F-48 columbium alloy. FPLD, General Electric. R60-FPD-620. 

19. Carlson, R. G. 1960. Oxidation resistance of aluminum dip- 
coated (Aldico) columbium alloys. Columbium Metallurgy 
Symposium. 

20. Culp, 3. D., and B. 3. Fitzgerald. Aug. 18, 1964. Recent re- 
fractory rnetal coating studies at  McDonnell Aircraft. Presented 
at the Refractory Components Working Group Meeting. 

21. Culp, J. D., B. G. Fitzgerald, and J. C. Sargerlt. Api l  12, 1965. 
Recent refractory metal coating activities at  McDonnell Air- 
craft. Presented at the Refractory Composites Working Group 
Meeting. 

22. Culp, J. D. Oct. 17,1966. Protective coatings for refractory 
metal hardware. Presented at  the Refractory Composites Work- 
ing Group Meeting. 

23. Wurst, Cherry, Gerdeman, and Gecht. June 1967. The evalu- 
ation of n~aterials systems for high temperature aerospace ap- 
plication. AFMLTR-67-165. 

24. Cox, J. D. Dec. 31, 1964. An evalnation of Cr-Ti-Si protective 
coating for columbium alloys 8-66 and D-43. CDA-ERR-AN- 
707. General Dynamics/Astronactics. 

25. Aves, W. L., et al. June 1964. Diffusion coating process for 
colun~bium base alloys. ML-TDR-64-71. 

26. Aves, W. L., snd G. W. Bourland. Aug. 1965. Investigation and 
development of techniques to extend the utility of pack pro- 

cesses and con~positions for coating-mc~lybdenum and coliltn- 
bititn alloys. AFML-TR-65-272. 

27. Lorenz, R. P., hnd A. B. Michael. Oct. 1966. Oxidation rcsis- 
tant silicide coating for columbium and tantalum alloys by 
vapor phase reaction. Presented at 118th Mecting of Electro- 
cllcraical Society, Houston, Texas. 

28. Jefferys, R. A,, and J. D. Gadd. Kay 31, 1961. Developnlcnt 
and evaluation of high temperature protective coatings for co- 
lumbiunl alloys. ASD TR 61-66 Pt. I and 11. 

29. Cadd, J. D., and R. A. Jefferys. Nov. 1962. Advancement of 
high temperature protective coatings for colombiun~. ASD-TR- 
62-934 Pt. I. 

30. Warmuth, D. B., J. D. Gadd, and R. A. Jefferys. April 1964. 
Advancement of high temperature protective coatings for co- 
lumbium alloys (1 1). ASD-TDR-62-934 Pt. 11. 

31. Gadd, J. D. April 1965. Ad~ancenlent of protective coating 
systems for columbium and tantalum alloys. AFML-TR-65- 
203. 

32. Fisch, H. A., and J. D. Gadd. May 1968. Manufacturing meth- 
ods for high temperature coating of large col~imbium parts. 
Contract AF-33(615)-2018, AFML-TR-68-134. 

33. Zupan, J., et al. Sept. 1963. Development of practical tech- 
niques for applying protective coatings to columbium alloys. 
RTD-TDR-63-4063. 

34. Zupan, J., et al. Dec. 1964. Investigation of practical techniques 
for coating refractory metals. ML-TDR-64-304. 

35. Ortner, M. H., and K. A. Cebler. June 1965-Dec. 1966. Electro- 
phoretic deposition of refractory metal core:ngs. Contract AF 
33(615)-3090, IR 8-344 (I-VI). 

36. Wakefield, G. F. Dec. 1966. Final report on "Refractory metal 
coatings by chemical vapor deposition." AFML-TR-66-397. 

37. Batiuk, W., et al. April 1967. Fluidized bed techniques for 
coating refractory metals. AFML-TR-67-127. 

38. Dec. 26, 1963. Development of oxidation resistant coatings for 
columbium alloys-fluidized bed process. D-:! 81 108-1, Contract 
AF 33(657)-7132. 

39. Dec. 27, 1963. Developnlent of oxidation resistant coatings for 
columbium alloys. vacuum pack process. D2-81108-2, Contract 
AF 33(657)-7132. 

40. Stetsoo, A. R., and V. S. Moore. June 1965. Development and 
evaluation of coating and joining method? for refractory metal 
foils. RTD-TDR-63-4006, Pt. 111. 

41. Stetson, A. R., et at. July 1965-June 1966. Refractory metal 
coatings by the fused-salt process. Contract AF 33(615)-3173, 
RDR-1395-1, 2,3,4. 

42. Stetson, A. R., and A. G. Melcalfe. Sept. 1967. Developnlent of 
ductile coatings for co1umbiun1-base ~1:oys. AFML.TR-67-139, 
Pt. I. 

43. Nejedlik, J. F., and J. D. Gadd. Oct. 1968. Coatings for long- 
term intermediate temperature protection of columbium alloys. 
AFML-TR-68-170. 

44. Wimber, R. T., and A. R. Stetson. July 1967. p. 100 it1 Develop- 
ment of coatillgs for tantalum alloy nozzle vanes. Contract 
NAS 3-7276, NASA Cr-54529. 

45. Holloway, J. E. 1965-1967. Eb.r uation and improvement of 
coatings for columbium alloy gas turbine engine components. 
Contract AF 33(615)-2117, Progress Reports 1-10. 

46. Priccman, S., and L. Sama. Sept. 1965. Development of slu~ry 
coatings for fantalum, columbium and mulybdenum alloys. 
APML-TR-65-204. 

47. Priceman, S., and L. Sama. Oct. 1965-July 1967. Development 
of fused slurry silicide coatings :or the elevated temperature 
oxidation protection of colun~bium and tantalurt~ alloys. STK- 
66-5501,14,17,20,25. 



State of the Art of Coating-Substrate Systems 99 

48. Restall, J. E. Aug. 1967. Oxidation-resistant coatings for re- 
fractory nietals on aircraft gas-turbine enblnes. Met. Mat. 

43. Stecher, P., and B. Lux. iune 1968. Protection contre l'oxy- 
dation d'alliages de niobium. 6th Plansee Seminar. 

50. Wurst, J. C., and J. A. Cherry. Sept. 1964. The evaluation of 
high-temperature materials. ML-TDR-64-62. 

51. Wurst, J. C., J. A. Cherry, P. A. Gerdeman, and N. L. Heclit. 
July 1966. The cvaluat )p of materials systems for high tem- 
pcrat~~re aerospace applications. Ar'ML-TR-65-339, Pt. I. 

52. Wurst, J. C., J. A. Cherry, W. E. Berner, and D. A. Gerdeman. 
June 1967. The evaluation of materials for aerosaace applica- 
tions. AFML-TR-67-165. 

53. Gerde~nan, D. A., J. C. Wurst, J. A. Cherry, and W. E. Berner. 
March 1968. The evalu~tion of aerospace materials. AFMLTR- 
68-53. 

54. Crimm, F. C. July 1962. Evaluation of Pfaudler coding for oxi- 
dation protection of colunibium alloys. Report 8886.hlcDonnell 
Aircraft Corporation. 

55. Stein, B. A., and W. B. Lisagor. Aug. 1964. Preliminary results 
of a study of 12 oxidation-resistant coatings for Cb-1OTi-52. 
columbium alloy sheet. 9th Meeting of Refractory Composites 
Working Group. 

56. Cox. f .  D. Dec. 1964. An evaluation of a Cr-Ti-Si pratective 
coating for columbium alloys B-66 and D-43. GDA-ERR-AN- 
707. General Dynamics Corporation. 

57. Hauser, H. A,, and J. F. Holloway, Jr. July 1966. Evaluation 
and improve~nent of coatings for columbium alloy gas-turbine 
engine components. AFML-TR-66-186, Pt. I. 

<:.. Hauser, H. A., and J. P. Holloway, Jr. hfay 196;. Evaluation 
and improvement of coatings for colu~~ibium alloy gas-turbine 
engine components. AFML-TR-66-186, Pt. 11. 

59. Perkins, R. A., and C. M. Packer. Sept. 1965. Coatings for re- 
fractory metals in aerospace environments. AFML-TR-65-351. 

60. Lavendel, H. W., et 01. Aug. 1965. Investigation of modified 

MOLYBDENUM* 

INTRODUCTION 

Development of cxidation-resistant coatings for molybde- 
num and its alloys has been pursued on an active basis for 
we/! over 20 years. During this period, the nature and di- 
rection of development efforts have shifted dramatically as 
(he major requirements and applications for coated molyb- 
den~nr  have changed. As a result, more is known today 
about the f~ndamefital ar~d applied coating technology far 
molybdenum than for any of the other refractory metals 
and alloys. 

The first major programs 3n coatings for molybdenum 
were undertaken in the late 1940's when designers sougllt 
materials for use at temperatures beyond the rmge for Ni- 
and Co-base superalloys in high-performance ram-jet and 
aircraft gas-tvrbine engines. These early efforts largely cen- 
tered on the t,se of oxidation-resistant metal plating, or 
cladding, and intermetallic compoc. 's such as oxides, alu- 
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minides, a ~ d  silicides to protect molybdenun! substrates. 
A useful class of coatings based on molybdenum disilicide 
Legan to evolve in the early 195Vs just about the time that 
interest in refractory metals for air-bre~thing propillsioa 
systems declined. 

In the late 1 9 5 0 ' ~ ~  a need for refractory -vlatal heat 
shields on lifting re-entry and hypersonic flight vehicles 
arose. Applications in this area expanded rapidly, and a 
mpior research and development effort on coated molyb- 
Jznum alloys *AYS initiated. Work for the most part centzred 
nn the promising silicide-base coating systems. Cor.lpositions 
were optimiled, large-sc:+!2 manufacturing processes were 
developed, coating systems were fully characterizru both in 
the laboratory and in test flight vehicles, and fundamentals 
governing the performarlce and failure of the coatings were 
investi2ated. The period frorn 1958 to 1968 was one of 
high-level activity that provided a sound technological basis 
for the use of coated molybdenum and its alloys in a wide 
range of applicstions. 

Unfortunately, the anticipated applications did npt ma- 
terialize, and interest in coated molybdenuin had declined 
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rapidly by the late I Llh:) s. TI:: ~ecl~noltlgq. tbal kd been 
dcvelupcrl R:a bccn u~cd soc.c.cssit~lly trt llicel l i ~ l ~ i t c d  rt- 
quircmcnts ill diemir.al ruikcl pn,p~~lsiuti systrnls and 3 

- ashcr oi itidustrial applications, Ar presctlf. howe\cr. 
.out s large-scale ticid uiappllcrrriun ti!r coated 1111tlyb. 

I !m, litr'lc. i f  any. c f f i ~  rrr ctmsiden~ion i s  being givc~l 
10 furtller 3drarlcing ~ h c  'c of rt1c art Tllc purposc uT this 
section is tu revicirt rhr Rs~l r  ct:oaril,p tec~~uulugy fur nlrllyb- 
denum and i ts  all41ys !Ivr has crolvcd ovcr t l~c  past O years. 
lo dcscribc rhc ruating capabililiss rhe~ esist today. attd tu 
indivatc tlie possible direction Tor hr u ~ e  el iulis in intprnb,- 
ing overall r;lpabilitics. 

FACTORS COVERSISG 
COATING TECllSOLOGY 

Coilring tc~I~iltrltlgy is guvr'rnel! by wuc iruportant charac- 
teristics oirnrdybdrni~m 2nd its ai?uys: r ~ ~ ~ d ; l t i r ~ t ~ .  ~trengtlt- 
ening r.~cchanism. du~tilc-ru-brittle imnsititln. and fabri- 
cabiiit): The adid solubility for usygcn a3;d nitrugen is 
txtremcly 'tow. TIlcsc cltmcnrs do nut tend to cause em- 
BrittIerncn! by diffusiun inh) mdybdenum 2nd i ts alloys % 
the mangler chanrteristir rrf rhe n)Fumbiurn and rantalum 
aliays. Hen;%. dulv leakage tbruua t l ~ c  coating is no1 neces- 
sarily detrimental. and the use rd parous fceca~nic) coatings 
can he considered. The oxide of nlafvbdenunl t hioQ3)  melts 
at tdfrf. F svll; 3s a high bdwr pressure. At normal service 
renlpentureq t XNOc-3400'F) thc oxide i s  a gas \!%en a 
coating I: cubstrate oxidizrc rapidly artd ;s uonvcrtcd 
to a gasppi: p a d .  Hrales ricvclvp is the substn~e as shown 
in Figure 38. Coating failrtre~ on rnolybderlun~ --re charat- 
IP=;ZCJ bv hole formation E.! earh failure site. At carly 
gages these failures are di f icul l  lo derert. sincz the crjating. 
may appear 19 bc intact while the substrate i s  cnidized 
underneath. 

Molc.hdenum lriaxidc mc: ts ar 1460cF and the liquid is 
a good rlc.  lor other oddcs, Liquid oxide formation can 
accelerate ~2~fir .g failures in Illis temperature range- At 
higher temperatures. the oxide volafizes as fast as i t  rosms 
and sigaiticant volcmes of I q ~ i d  oxide cannot be formed. 
This aspect of behavior pemiits coated molybdenunl to be 
used at mach higher temperatures :han coated Cb or Ta. 
Coatings on these rnat:tials whose oxides are not volatile 
can Fail catastrophicarly at rernperafcrcs w l  ;re liquid oxides 
are f~rrned. 

Kolybdenun: s5eet a1lq.s Wo-0-5Ti. TZM, TZC) are 
strengthened hy strain hardening arid dispersed csrbiile 
phases. Strain hardening alsq i s  used to Iorvet the ductile- 
twbrittle !ransition temperature. Coafings must he applied 
at ternperatura betow the recrystallization temperature to 
preselve hrgh stre~gth and ductilit: Maximum coating de- 
positir.!~ rrrnperatures are in the rang- oC 2000°-2?00QF For 

I-IGCRI'. 38 Hole in TZM rubr!ratr devclopcd at  a local dcftcr fad- 
urc in sn lloSiZ coating. 

short t'me proc'esscs. Tljt coating, in general, shauId nut 
cantai;] strung carbide forr~ting, elements. In S U C ~  CB+I..  an 
interstiti k effect can occur wherein the casting re- 
moves carou~t from the substra!e with resultant weakening 
of rhr alloy. 

Molybdenum and its alloys are notch sensitive. Brittle 
coatings applied to the surface generate sharp notches and 
raise the d!~ctiie-to-brittle transition temperature. The effect 
is most pronounced in bending and in impact. Fatigue prop 
erties also are reduced. Ductile fietallic coatings are re- 
quircd for rnaximun: toughness and ductility of the corn- 
pasite. Rrts coated with intermetallic compounds are brittle 
at mom temperature under many loading condit ions. 

Molybdenum and i t s  alloys are difficult to fabrica:~ 
Sheet products tend to delaminate in the plane of the sheet 
if improprly cut or drilled. The coating of edges is particu- 
l a ~ l y  difficult. Many diffusion coetings open tip &lamina- 
tions. and ,eiects duc to edge defects are high.. ;laa:En$ 
need to bc formulated for good edge protectioc. Molybde- 
num normally is not welded, because of  recrystallization 
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softening and embrittlement. Parts are joined by ~llecilanical 
fasteners. Protection of faying surfaces at joints is difficult, 
and coatings  nus st be for~nulated to penetrate deeply icto 
contact areas. Coating processes  nus st be applicable to treat- 
ment of both detail parts and complex assenlblies, since in 
some cases (e.g., riveted joints) parts must be rccoated after 
assembly. 

The foregoing discussion serves to  point out that the 
coating technology for nlolybdenum has been developed to 
suit the particular cl~aracteristics of this material. The coat- 
i~?g is not mcrely a paint. Icstead, it is an i n t e g ~ l  part of the 
substrote and has a significant effect on mechanical proper- 
ties and behavior. The substrate, in turn, has an effect on 
coating behavior. With molybdenum, this interplay becomes 
very critical and has been a significant factor in guiding 
coating development. 

METALLIC COATINGS 

Ductile nletallic overlays were among the first materi*!s in- 
vestigated as coatings for molybdenurrl. Tlle ntaterials and 
processes used are sunlmarized in Table 18. Reviews of past 
work are presented in References 1-3. Nickel and nickel- 
base alloy ccatings gave useful protection tc, 2 2 0 0 ~ ~ .  +-t- 

irq lives of 100 to 5OU hi were rcatized st ?WOOF and 3e- 
low. In general, however, reliability of plated systems was 
poor. A tilerma1 expansion mismatch hetween Ni and Mo 
causes spalling on therlnnl cycling. Interdiffasion results in 
formation of brittle intern~etallics at the coating-substrate 
interface, wvl~ich also contribute tc? spalling. Nickel and its 
alloys in generzl are not suitable for direct application to 
molybdenum. 

rllromiilln is the most promising of the metallic coating 
for n~olybdenuni. It affords excellent ~xidation protection 
and is compatible with the substrate. Chromiam, ho\vever, 
is eniurittled by nitrogen and will crack and spa11 on re- 
peated thermal cycling. A nickel or nickel-alloy overlay will 
protect chromium from nitridation. l w s ,  a duplex coating 
of Cr plus Ni or NiCr will give good service on molybdenum. 
The tnaxiiilum service temperature is limited to about 

TABLE 18 Metallic Coatings for MoIybdenum 
--- 

Thickness 
Ranee 

Process Type Materials (mils) 

Electrodeposition Cr, Ni, Au, Ir, Pd, Pt, Rk 0.5-3.0 
Flame-sprayed Ni-Cr-B, Ni-Si-B, Ni-Cr, Xi-Sfo 5-10 
Clad or bonded Pt, Ni, Ni-Cr, Pt-Rh 2-20 
Molten bath Cr 0.5-1.0 - 

25"0°F by the oxid;\tion resistance of the Ni alloy overlay. 
This system has considerable merit for use ill the lower tem- 
perature range. It is not self-healing, however, and presents a 
number of design and fabrication restrictions in the use of 
coated parts. 

Noble metal coatings (Pt, Ir) can be used on nlolybdenuln 
at temperatures to about 2600°F.4 They provide a signifi- 
cantly longer usefitl life at all temperatures than the duplex 
Cr-Ni coatings. The life of these coatings is limited by inter- 
diffusion with the m o l y b d ~ ~ ~ u ~ n  fubstrare, and studies have 
been made on the use of diffusion barriers to extend life. 
Hsfnium and iridium plus tungsten barriers show so~nc 
promise. Coating life also is governed by a therma: expansion 
mismatch, and cyclic use will degrade !ife. Thick coatiugs are 
required (3-5 mils) for good performance. This results in a 
costly systeln and limits potential applications. The low 
emittance (0.2-0.3) of noble metal coatings is another factor 
that limits utility in many applications. 

ALUMINIDE COATINGS 

Coatings based on compounds with aluminum received con- 
siderable attention during tile early 1950's in initial attempts 
to develop lnolybdenum parts for aircraft gas turbines. Suc- 
cessful coatings formed from Al-Cr-Si, Al-Si, and Al-Sn 
alloys wvere developed by a number of con~panies, as indi- 
cated in Table 19. Background information and general re- 
views of the techndogy developed are presented in Refer- 
ences 1 and 3-7. 

The aiuminide coatings are applied as thick overlays using 
a variety of spray or dip processes (Table 19). Fack-diffusion 
processes currently used to apply aluminide coating to Ni- 
and Co-base alloys apparently were not used in coating mo- 
lybdenurn. The reason for tius is not clear, but i t  may be 
due to the fact that pack processes in general are used to 
prepare unalloyed or slightly modified watings, wvhereas the 
aluininide coatings for nlolybdenun~ were highly alloyed. 
It is significant that alurninide coating for molybdenum 
wvere investigated before many of the coating processes in 
use today were fdly devzloped. Many of the deficiencies of 
alutninide coatings are found t o  be due to poor processing 
practices arid lack of control of coating characteristics. The 
advances in process technology and inspection that ensure 
high-quality coatings today were not developed until after 
the interest in coatings for molybdenunl had shifted from 
an aluminide to a siiicide base. It is likely that aluminide 
coatings of greatly improved performance and reliability 
could be developed for molybdenum with the i~nproved 
process techtdogy that is available today. 

Of all the brittlz intermetallic coatings tested on molyb- 
dendtn, aluminide coatings have the least degrading effect on 
mer!,anical properties. This is particularly true for the .,:. ,'J 
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TABLE 19 Aluminide Coatings 

T~ PC Composition 

Thickness 
Rage  

Deposition Process (mils) Developer 

Al-Cr-Si 20% A1 + Flana spray 7-10 Climax 
80% (55Cr-40%-3Fe-1A1) 

Flanle spray 0.5-7 NRC 
hot-dipped 

Slurry- 2-8 Sylcor 
dip or spray (G. T. & E.) 

TABLE 20 Silicide Coatings 

Type Trade Name Developed by Deposition Process 
1 

MoSi2+Cr, B Durak-B 
w-3 

MoSi2+Cr, Al. B Vought 11, IX 

McDonnell-Douglas 
Linde 
Vitro 

Chromalby 
Chron~izing 
Pfaudter 

Chromizing 
ChromrUoy 

Chance Vought 

Battelle-Geneva 

Fluidized bed 
Pack cementation 
Slip pack 
Plasnla spray 
Electrophoresis 

Pack cementation 
Pack cementation 
Pack cementation 

Pack cementation 
Pack cementation 

Slip pack 

Cementation and impregnation 

coating in wliich the aluminide layer is covered by a ductile 
metallic Sn-A1 alloy. TIiis coating system appears to have 
superior Cree? and fatigue behavior. The coating also has ex- 
cellent self-liealing characteristics by virtue of the metal al- 
loy reservoir, which is liquid at service temperatures. Use in 
low-pressure envirotiments is limited, of course, by the vapor 
pressure of tin. This coating is the only aluminide coating 
con~mercially available today. It finds wide use as a coating 
for ta~italu~ri and its alloys, and current technology can be 
used to apply the coating to  molybdenum. 

In general, the a!un~inide coatings provide good oxidation 
protection t~ nlolybdenum at temperatures up tci  2800°F. 
Life at higher temperatures is very short (less than 1 hr), 
probably as a result of rapid i~iterdiffusion. The performance 
at lower temperatures overlaps &at of the silicide-base coat- 
ing systems. insufficient work has been done to adequately 
characterize the oxidation behavior of aluminides on molyb- 
deaumt and overall performance and reliability, by-and- 
large, are not known. It is very likely that performance will 

be degraded in air at reduced pressure; however, no studies ! 

have been made to evaluate environmental effects. 

SiLICIDE COATINGS 

Interest in coatings for molybdenum shifted from an aIu- 
minide to a silicide base in tile niid-1950's. The evolution of 
the W-series of coatings by Chromalioy Corporation in 
i953-1954 promised a far greater potential for the develop- 
ment of a reliable high-pe'ri'~rmayce coating system. At least 
a dozen varieties of the basic silicide coatirlg have been de- 
veloped by nearly as many different conlpanies in tile suc- 
ceeding years, as shown in Table 20. Reviews of oxidation 
and nlechanical behavior are given in References 1,3,5, 
and 8-10. 

i 
W~th few exceptions, tt~ost of the silicide coatings are 

deposited by pack-cementation diffusion processes. Tile 
basic nature of the process Iir~iils the size and conlplexity of 

i 
? *  . 
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I I . . 

Type I Type Ila Type Ilb 
Unalloyed M&i2 MoSi2 + Cr. & MoSi2 * Cr. B, At 
(Oisil, PFR-6. W-2, Durak-MG) (Durek-B, W.3) (Vought 1 1 , l  X) 

I :.+ FIGURE 39 Rcprevntatire structuresof silicidc coating on molrbdcnum. 

parts that can be coated. The largest parts coated to dalte ale 
18 in. in the Iongest dimensi0n.l ' - I 2  Retorts with two large 
dimenstons (4 X 6 ft) can be processed provided the third 
dimension is limited to 15-18 in.t3 Large three-dimensional 
retorts require excessively long heating rimes and are not 
practical for thc manufacture of unifqrnlly coatcd parts. Tile 
fluidizerl-bed process overcomes this difficulty. Tlte largest 
bed designed and operated successfully was 18 in. in diarne- 
ter.I2ti4 Itis equipment, however, is not operable today. 
Although limited in size, the technology fc- silicide coating 
or nwlybdenum h-s been developed to a very advanced 
state. HigIiquality reproducible parts can be manufactured 
cn a routine production basis. 

The deposition processes also are limited to the manu- 
facture of fairly simple unalloyed or Iigl~tly modified silicide 
coatings. Rle slurry processes that were developed for de- 
positing higjily alloyed coatings on columbium have not 
been used to any great extent Tor coating molybdenum. This 
is due to the Fact that columbium and its alloys largely dis- 
placed molybdenum in hot-structural arid gas-turbine appli- 
cations due to better fabricabifity, tougl~ness, a d  ductility 
at Icw temperatures. Tile slurry proccsses could be applied 
to molybdcnnnl if the nerd arose for more liighly athyed 
coatings. 

aJic silicide coating on .nolgbdenum have a fairly simple 
structure as shown in Figure 39. The majority of coatings 
are unalloyed or lightly modified and have a Type 1 struc- 
ture consisting of 1.5-3.0 mils of MoSil over a fractional- 

mil interface layer o f  Mc,Si3. Boron-modified alloys of 
Type l ia or Ilb also have a 1.5-3.0-ma-thick layer of MoSi,. 
As shown in Figure 39, however, these coatings have a more 
complex interfacial zone and contain one or more dispersed 
phases. As a result of this simple structure, the behavior of 
silicide coating has been comparatively easy to characterize. 
More is known of the fundamentals that govern protection 
and failure for these simple systems than for any other high- 
temperature coating ~ y s t e r n . ~ . ~ - ~ ~  This basic understanding 
of behavior has been an important factor in the deveIop 
ment of high-performance coated hardware and the effective 
utilizniion of coated molybdenum alloys in a wide rang rfr' 
applications. 

As discussed above, the useful life of silicide coatings for 
molybdenum is directly proportional to coating tluckness 
(parabolic function) and inversely proportional to tempera- 
ture (cxpo~ential function). This is  due ro the fact that 'ife 
in most applications is governed by interdiffusion wit11 the 
substrate. As shown in Figure 40, an MoSi, coating i s  com- 
pletely co,,:erted :o Mo,Si3 in Iess than 2 hr at 3000°F. 
Alt::ough the coating thickness is doubled, it will fail when 
all of the MoSi, is converted to Ma,Si,, since *!re lower 
silicide is less oxidation-resistant. Diffusion data and layer 
growth measurements can be used to predic~ coating life, as 
shown in Figure 41. The theoreticnl curves of life versus 
temperature we:c calculated for three different cozting 
thicknesses from layer growth measurement data.Ib I t  can 
be seen that thc acmal life of many different silicide coat- 
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FIGURE 42 The effect of air pressure on the maximum temperature for a 4-hr life of silicide-coated refractory materials. 

ings on molybdenum with thickness of 1-3 mils is in excel- 
lent agreement with calculated limits. Each plotted point is 
a pubiished test value for a specific coating system. At least 
six different systems are representcd by these data. This 
of curves presents a realistic estimate of life that can be ::.- 
petted f r o ~  the best available silicide coatings on molyt- 
denurn. 

These data show a range in coating life of about 1 % cy- 
cles at any temperature. For example, at 2400°F, published 
d;ta show a range of lifetimes front 10 to 150 hr. fhis, in 
most cases, is the direct result of variations in effective coat- 
ing thickness. The effective thickness usually is less than the 
actual (total) thickness as a result of defects (cracks, fissures, 
etc.) in the coating. In most s;,;cide coatings on molybde- 
num, V-shaped cracks penetrate the outer half of the coat- 
ing in many areas. Failures occur first at the root of these 
cracks when all the MoSi, is converted to Mo5Si,. The ef- 
fective coating thickness in many cases is only 50 percent of 
the total thickness. In one case, performance of a coating 
system was not changed by removing the outer one half of 

the silicide layer before testing.1° Performance of these 
coating systems is largely defect-controlled. Significant ad- 
vances in performance and reliability can be realized if coat- 
ing defects can be mitigated or removed by improved 
processes. 

A novel approach to the control of defects is provided in 
a new coating system developed by Battelle-Geneva." in 
this system, a porous MoSiz coating is deposited on molyb- 
denum and subsequently infdtrated with a Sn-A1 alloy. The 
coating, in effect, is a combined silicide-aluminide coating. 
The defect pattern is altered by this process, and the liquid 
Sn-A1 alloy (at temperature) effectively coven coating de- 
fects. Coating lifetimes are comparable to those obtaked 
with fully dense MoSi, coatings at temperatures of 180O0 
to 3200°~. Reproducibility, however, appears to be better 
for the porous infiltrated systems. 

A major deficiency in the performance of silicide-base 
coatings appears when the system is used in low-pressure 
e n v i r o n r n e n t ~ . ~ ~ ~ ~ ~ * ~ ~  As shown in rigure 42, silicide coat- 
ings that will protect TZM substrates for four hours at 
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TABLE 21 Oxide Coatings 
- - 
Type Designation Deposition Process Ti~ickness Range Developer 

Zr02-Glass - Frit (enamel) 5-30 NBS 
Cr-Glass - Frit (enamel) 5-10 NBS 
Cr-A1203 GE 300 Flame spray over Cr plaie 8-15 General Electric 
A1203 Rockide-A Flame spray 1-100 Norton 
Zr02 Rockide-Z Flame spray 1-100 Norton 
2r02 ZP-74 Troweling 100-300 Maiquardt 

3000' to  3200°F in air at I atm cannot be used a h v e  
2700°F in air at pressure of 0.1 to  1.0 Torr. This dtgrada- 
tion in performance is common to  all silicide coatings on all 
refractory metai substrates and is the result i f  loss of silicon 
to the atmosphere in the form of Si, SiO, and Si02 vapors. 
Recent studies with coated Cb alloys indicate that heavy 
modificati~n of silicide coatings by alloying can improve the 
performance at low pressure.20 In no instances, however, 
has the attack been eliminated. The low-pressure attack of 
MoSi2 coatings occurs preferentially at hairline cracks and 
fissures. Thus, the control and mitigation of coating defects 
is another approach to improved performance in low pres- 
sure environment. 

In spite of these shortcomings, silicide coatings on mo- 
lybdenum are still the best systems available for high- 
temperature service from an oxidation point of view. These 
systems are in the most advanced state of development and 
are commercially available today for a wide variety of ap- 
plications. In general, performance capabilities and reliabil- 
ity satisfy current requirements for the majority of applica- 
tions in which ~nolybdenlim alloys can be used. Problems 
with fabrication, toughness, and ductility are the major fac- 
tors that lin-iit the applicability of silicide-coated molybde- 
num alloys. 

OXIDE COATINGS 

Xefractory oxides (ceramics) are the only materids suitable 
fcr the oxidation protection of molybdenum above 3000"~. 
Thg types of oxide coatings that have been used on molyb- 
denum are summarized in Table 21. The deposition pro- 
cesses used result in the formation of comparatively thick 
coating compared with the Intermetallic diffusion coatings. 
Marly . "he oxide coatings tend to  be corous and are used 
as tr ; . . ~verlays to provide adequate protection. .Use, many 
were aevnloped initially as thermal insulating coatings with 
oxidation protection as a secondary c~nsideratlon.~' 

Ceramic coatings suffer from one common problem: 
They crack on thermal cycling and tend to  spall from the 
substrate. For short-time {minutes), sifigle-cycle use (e.g., 

rocket motors), they can provide very useful protection 
from oxidation to 3500'~ (A1203) and to 4000'~ (Zr02). 
For long-time (hours) or multiple (cyclic) use, the metallic 
reinforced and attached systenls developed by Marquardt2' 
show considerable promise. Although the coatings are not 
impervious to oxygen, they reduce the partial pressure at  
the metal surface to  values sufficiently low that oxidation 
rates can be tolerated. 

SUMMARY 

The performance capabilities of various coatings for molyb- 
denum based on useful life in static air at atmospheric pres- 
sure are summarized in Figure 43. The time to failure and 
temperature limits for metallic coatings and aluminides 
overlaps the performance range for silicides. The silicides 
have the broadest range of applicability and provide the 
most versatile coating systems. Silicide coatings are in the 
most advanced state of development of all coatings for mo- 
lybdenum. High-quality , reliable coatings can be applied 
commercially to  large, complex shapes and assemblies. 

None of the coatings for molybdenuln will provide uni- 
versal protection. All are subject to the forn.ation of defects, 
and oxidation behavior is largely defect-controlled. Perfor- 
mance will be degraded undei conditions of cyclic use and 
in low-pressure environments. In spite of their many short- 
comings, the coatings for molybdenum will provide ade- 
quate protection foi the many applications in which mo- 
lybdenum can be used. The problem is not one of developing 
an adequate coating system. Instead, it is one of selecting 
the most suitable coating system on the basis of design, fab- 
rication, and end-use considerations and of characterizing 
the minimum levels of performance and reliability in simu- 
lated and actual service environments. hlechanical limitations 
with respect to forming and joining, a tendency to brittle 
fracture, and the dependence of strength and dnctility on a 
strain-hardened state are the major factors that limit the use 
of coated molybdenum alloys in high-temperature applica- 
tions today. 
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TEMPERATURE (T) 

FIGUKE 43 Performance capabilities of coatings for molybilcnum in air at atmospheric pressure. 
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TANTALUM AND TUNGSTEN* 

INTRODIJCTION 

I 

I 
In early worl nt Sy l~an ia ,~  aluminide and beryllide coat- j 

ings were investigated. Beryllides were applied through the 
vapor phase at 1300'~. Although offering protection, their 
major drawbacks were cracking due to expansion mismatch, 

The following represents an up-to-date survey of protective ccmplexity in coating layer formation, and rapid interaction 
coatings for TI and W alloys with sufficient comment for wit11 the substrate at 2 5 0 0 ' ~  or above. Diffusion was much 
reference purposes. The emphasis is on government- slower in Ta-1OW than in pure Ta. Aluminides were first ap- / sponsored work and reports, since very little work has been plied by hot-dipping and pack cementation. Later, a series 4 
financed and published by private industry. For conven- 

of Sn-Al-Mo-base slurry coatings were developed6 and 
I 

ience, the coatings are divided into three classes: intermetal- 
scaled up to commercial size.7 These coatings are limited 

lics, metallics, and ceramics. There is a small section devoted ! primarily by poor resistance to reduced pressure and erosion 1 to evaluation programs, since several large programs have 
at very high temperatures. fallen exdusively into this latter category. Practically all 

Kofstad in Norway made a basic study8 of the behavior signific.i~~t pagrams have been initiated since 1960. A DMIC 
1 

rep:-rr' g l ~ ~ . ;  a good survey of the field to that time. of vacuur-hot-dipped samples of Ta and Ta-lo\' in A1 and 
A1 alloys over a range of temperatures and at reduced pres- P - 

TAKTALUM ALLOYS 

Much of the work on Ta alloys was the outgrowth of ap- 
proaches :aken with columbium alloys, which in turn fol- 
lowed inolybdenum-alloy work. Accordingly, the davelop- 
ment of coatings is of relatively recent vintage. Most of the 
emphasis was on the diffusional growth of intermetallic 
layers, and this field, ac:ordingly, represents the bulk of the 
ulork done to date. A number of commercial coatings have 
been successfully developed. 

One of the earliest programs was that at Battel le?~~ where 
the applicatiqn of silicides by pack-cementation techniques 
was investigate3 using single- and two-step processes. At 
least three alloy substrates were used, in addition to pure 
Ta. The most effecfive coatings developed were two-step 
processes, Si + B, Si 9 Mn, and Si + V. However, "pest" was 
very prevalent, except fc: the Ta-30Cb-7.5V substrate. 
Fairly good lives could be obtained with this substrate even 
with an unmodified coating. No commercial or semicom- 
.aercial coatings have survived from this work. 

The Battelle program was followed up by Solar: where 
a two-step pack-cementation process was evolved that has 
the se~nicommercial desigilation Pa-8. This consists of 
heavily titanizing the snrface from a 90Ti-IOW pack, fol- 
lowed by straight siliciding. 

sures. Al-Cr-coated samples appeared to give best results. 
This was not intended as a commercial coating development. 

Studies of electrophoretically deposited binary disilicides i 
have recently been performed at ~ i t r o ?  where combina- 
tions of Mo or W with V, Cr, and Ti were covered. Tests 
were at  1500°F and 2400"~ .  Only the Mo-V system showed 
no "pest." Wand Re bar~iers were also studied. This process 
can be considered commercial for small parts. 

At Boeing,l0 a fluidized-bed three-step Si-V-Si process 
was deveioped for Cb and Ta-1OW alloys. Although tests at 
1 atm and reduced pressure were more successful on Cb al- 
loys, the process can be considered semicommercial for 
tantalum alloys also. i 

Recent and continuing work at Solar1 aimed at Ta-alloy 
turbine vanes has led to  the successful development of com- 
plex Ti, Mo, W, and V modified silicide coatings applied by 
a two-step method: a slurry plus high-temperature sinter of 
an alloy layer followed by a straight silicide pack. Protection 
for hundreds of hours at  1 6 0 0 " ~  and 2400°F in furnace 
tests has been obtained. 

Present development work at  TRW12 is concerned with 
obtaining a scaled-up process for applying W over Ta alloys 
as a barrier layer for subsequent siliciding. This type of coat- 
ing is being further evaluated on another progam,13 where 
development work is proceeding in the invexigation of 
metal oxide composites as future coatings for extremely high 
temperatures. These are very complex systems with up to 
five components. 

Recent Air Force-sponsored work at S y l ~ a n i a ~ ~ , ~ ~  re- 
sulted in the development of a fused-silicide coating system 

'Repared by L. Samn and S. R i c e m n .  ~ o p y f i f i t  @ 1969, Amerian for Cb and Ta alloy; that appears practical for coating large, 1 .  

Society for Metals. complex aerospace sheet.meta1 components. One composi- 



State of the Art of Coating-Substtnte Systems 109 

tion, Si-20Ti-1OMo (RS12C), is under advanced evalu- 
ation.I6 The coating is protective to Ta alloys for hours at 
temperatures to 3000°F and for over 150 hours at 2000"~ .  

Primary attention in recent years has beer, giva? :o ihs rle. 
velopment of hafnium-bast alloys and of the platinum rnei- 
als as possible coating or clrdding candidates for very-hi%\- 
temperature protection. At IITRI, this course was pursued, 
beginning with a study of blnary Hf-Ta and 11-base alloy 
oxidation behavior1' and progressing to claddingI8 studies 
of Hf-Ta on Ta and Ta-IOW and finally to the deveiopment 
of Hf-Ta slurry coatings.19 

Related alloy oxidation c,tudies were made at Solar20 on 
Hf-Ta, Hf-Ni, and Hf. However, more emphasis was placed 
on 11-RII and 11-Pt alloys. Diffusion couple studies were also 
made. This ytudy progressed to a second program2I wherein 
diffusion barriers of W were utilized and 11-Rh coatings ap- 
plied by fused salt-bath deposition. Hf02 overlays were used 
to enhance emittance, but limitations in the form of ther- 
mal cycling cracks in the composites were encountered. 

In a recent program ai Syl~an ia?~  attempts were made 
to increase the short-time protective life of Hf-Ta slurry 
coatings through the use :;f Al, Cr, and Si additives. '4 more 
successful method of impro:.ing intermediate temperature 
life was developed by means c;Ta duplex coating consisting 
of a sintered HfB2-MoSi, layel c.verlaid with a Hf-Ta slurry. 
However, the maximum temperature capability of Hf-Ta 
was lowered to 3300" -3400°F. 

CERAMICS 

In relation to ceramic coating development, which led to 
the Pa-8, ba;ic studies were concmrently carried out at 
Solar.23 T'nese involved measurements of expansioc coeffi- 
cients o: bulk oxides mofi:led with various alloying sddi- 
tives. In addition, the compatibility of possible oxide-barrier- 
reservoir systems was studied: e.g., Hf-Hf9, reactions. 

TUNGSTEN ALLOYS 

Most cf the coating work on tungsten has Seen aimed dt 
service temperatures above 3000°F and has utilized pure 
tungsten as a substrate. Success in practical coating develop- 
ment has beer, quite limited, and consequently a consider- 
able amount of effort has been devoted to more funda- 
mental studies. 

INTERMETALLICS 

The major approach has been with pure or slightly modified 
silicides. The use of tungsten wires as substrates was found 

convenient in early work at New York U n i ~ e r s i t y ~ ~  and 
General Telephone and Electronics L a b o r a t ~ r i e s . ~ ~  Both in- 
vestigatior~s encountered the "pest" problenl over a consid- 
erable te~nperature range. However, the disilicide was found 
protective to 3300"~ .  

Later development work at TRW26*27 was lnore exten. 
sille, and tungsten sheet samples were utilized as substrates. 
in  til; fir, : pogra.n, pack coatings were investigated in 
" t , ~ ~ l c  w d  rnu!tiple cycles. The more successfi~l approaches 
were to modify the siiicides with W, Zr, and Ti, reportedly 
to generate a ~nodified complex oxide on subsequent oxida- 
tion or in special oxidation treatments. The more promising 
systems were further developed in a second program. A cur- 
sory examination was made of the effect of IlfB2 and other 
compound additives applied by plasma spraying. It appears 
that a W-modified silicide pack coating of colnmercial avail- 
ability was obtained from this work. 

Alth~tigli platinum n1et:d develnpmant work discussed pre- 
viously was aimed at tsstalu!~," t h ~  use of tungsten as a 
diffusion barrier makes the study significantly applicable to 
tungsten substrates. 

Some practical coating work on tungsten has been re- 
pcrted by Consclidated Controls28 for a "Multi-Element- 
Umbreila" type, consisting of iridium electrodeposited from 
a fused-salt bnih foliowed by a plasma-sprayed Zr02 kiyer 
to prevent volatl!ization losses during very-high-temperature 
oxidation. Low-weight losses were obtained ia 9 hr at 
3270°r. Some cracking of the oxide overlay occurs because 
of thermal cycling. 

Since the ma;?r interest in tungsten is for very high tem- 
peratures, little atta.~tion has been given to the use of more 
common oxidation-resistant alloys as clads or coatings. How- 
ever, in d program at (;enera1 Electric, the practicality of 
using nickel-base braze materials29 as protective coating for 
1500°F or so was esta~lished. 

Early work was done at the University of Illinois,3O where 
tungsten wires were coated with oxide-plus-glass mixtures 
by resistance heating and then torch tested above 3 0 0 0 ~ ~ .  
It was reported that a glass-plus-zirronia, a silicide, and a 
combination of tkc two gave protection. No commercial 
coatings were developed. 

In a study at  Gulton I n d u s t r ; . : ~ ~ ~  comp!ex glass ;erdmic 
frits were applied, but problems in bonding and expansion 
mismatch were encountered and little success or actual data 
were reported. 

EL was recognized early by the Air Force that a compre- 
hensive program would have to be devoted to the develop- 
ment of very-high-temperature coatings for tungsten. Ac- 



1 
1 10 High-Temperature Oxidation-Resistant Coatings 

I 

I 
cordingly, a more funda~l~ental study was let to GT&E 
Laboratories, where, in a series of reports3"-j4 released over 

I a 4-year period, the basic problems were attacked from a 
! 

theoretical standpoint. The rnajor problem was essentially 
resolved to be linlitations in the stability of potential pro- 
tective oxide films, primarily from a diffusional standpoint. 
From a more practical point of view, it appeared difficult to 
generate potentially attractive co~nplex oxides from various 

f types of reservoirs. This work was supplemented by assists 

t f from A. D. Little on oxide vaporization studies and from 
ManLabs, where interdiffusion effects were investigated 
from a reservoir-substrate standpoint. 

The GT&E Laboratories work has been followed up by 
a program at Battelle.35 Several classes of complex oxides 
representing different crystal structures are being studied on 

p;. the basis of thermal stsbility related to vapc~ization and dif- 
'3r fusion effects. These oxides have been primarily rsre earth- g 
5- 

zirconia combinations. 
Related oxide studies have been carried out by Tern- 

Pre~s.~"n which the stability of complex oxides containing 
tungsten was investigated. 

One of several more practical development programs was 
recently completed at Solar,37 where nose-cap lnaterials 
were under study. These consisted of Tho, and Hf02 over- 
lays 011 various types of W and Ta substrates. Best results 
wcre obtai~?ed with Thoz over a W wire mesh, to 5300CF, 
and with I.lf02 to 4900°F. Ta required an intermediate pro- 
tective coating. 

An earlier NASA progrdm was carried out at IITR138 in 
connection with W for use in rocket engines. Various nitride, , 
carbide, and metal oxide combinations were developed and 

1 evaluated. The most promising were metal oxide systems 
. . - - I  

1 consisting of layers of W and the oxides Hf02, Y2 03, and 

I SnZrO, applied by plasma spray. 

EVALUATION PROGRAMS 

A limited evaluation was carried out at Marquardt" with 
three commercial silicide packs on Ta-lOW, a Marquardt 
vapor-deo!)s&i?d Sic on Ta-IOW and W, and a Marquardt 
ZrB2 plas3.:-sprayed on Ta-IOW. Some development work 
was done with TaN, Bn, and MoC coatings on both types of 
substrates. In a later programPo six commercial co~tings 
were evaluated on Ta-1OW to 3000'~. 

More extensive evcluations were performed on Sn-AI- 
coated T- 1 1 1 fuit at Convsir,'?l SolarP2 and D o u g l a ~ . ~ ~  
Electrophoretic coatings of WSi2 on T-222 and Ta-IO\V 
fasteners were tested at Standard Pressed 

Evaluation programs of more limited extent have been 
in progress at M a n L a b ~ ~ ~  for WSi2 on W rods arid Sn-A1 on 
Ta-1OW rods for temperatures above 3 0 0 0 " ~  and at 
~ c ~ o n n e l l $ ~  where three l a  allo:/s with W plus VSi2 coat- 
ings were tested to 3600°F. 

In related coating evaluation work, GT&E Laboratories 
and Sylvania recently conlpleted an extensive ar~alysis of 
comn~ercially available coatings on both W and Ta sub- 
strate~."~ 

SUMMARY 

Modified silicide coatings represent the most useful class of 
coatir~gs on tantalum alloys. in general, they require 
moderate-to-heavy modification by metallic elements other 
than tantalum. Considerable practical evaluation and testing 
is still required for most of these, since most development 
programs have dealt with restricted test types at only a few 
temperatur~s. With moderate modification the silicides are 
capable of protection to about 3 0 0 0 ~ ~  for several hours 
with son16 increase in life at lower temperature;-on the 
order of 10 hr at 2800°F and 500 hr at 2000"~.  More 
heavily modified coatings have demonstrat~d either longer 
lives at temperatures below 2500"r' or some increase in tem- 
perature capability above 3000"F, hut not both. No silicide 
coatings have proven capable of more than 1 hr at 3500'- 
3600°F. The practicality and reliability of processing com- 
plex parts has not been proven for most systems but is fea- 
sible, depending on part complexity, size, and coating pro- 
cess. For protection up to 1 hr at 3800°F. it has been 
demonstrated that Hf-Ta coatings are feasible and may be 
practical for certain applications. 

A more restrictive situation exists with tungsten. Essen- 
tially, only the pure disilicide itis emerged as useful, and it 
appears protective for a short time to  3500'-3600FF. In the 
2000°-30000~ range in simple tests, apparent lives of 10- 
50 hr are attained. The major problem is to prepare sample - 
that do not laminate. Accordingly, the entire problem of 
protecting tungstcn is stili ac; -1emic. 

However, tungsten may be poterltially attractive as a 
diffusion-barrier layer on other metals, sir,. its silicide has 
potentially the highest temperature capnbrtl~y, i~terdiffusion 
with other metals is slow, and it is less reactive with the 
platinum-group metals. Although little practical coating 
work has been demonstrated, it may be feasible t c  obtain 
longer lives ~ n d  higher temperatures-f~r e.vample, with 
iridium overlays on tungsten diffusion barriers. Hcw practi- 
cal this type uf system would be remains to be demonstrated 
with particular service applicatioils. 

REFERENCES 

1. DMIC F-eport 162. November 24,1961. Coatings for the pro. 
tection of refractory metals from oxidation. Defense Metals 
Information Center, Battelle Memorial Inst. 

2. Klopp, W. D., et gl. March 1962. Development of protective 
coatings for Ta-base alloys. ASD-TR-676. Battel!s Report to 
ASD WPAFB, Contract AF 33(616)-7184. 



State of the Art cf Coating-Substrate Syst Yms 1 1 1 

3. Hallowell, J. B., D. 1. Maykuth, and H. R. Ogden. April 1963. 
Coatirgs for Ta-base alloys. Battelle Report ASD T!)R-63-232 
to ASD WPAFB on Contract AF 33(657)-7909. 

4. Stetson, A. R., H. A. Cook, tnd F.  S. Moore. June 1965. De- . 
velopn~cnt of protective coatings f,r Ta-base alloys. Solar 
Reporr to AFhlL No. TR-65-205, Part 1 on Contract AF 
33(657)-11259. 

5. Lawthers, D. D., and L. Sam*. 1961. High tcmperatnrc oxida- 
tion resistant coatings for tantalum base alloys. Sylvania- 
Corning Report No. ASD-TR-61-233 to  ASD WPAF6 on Con- 
tract AF 33(616)7462. 

6. Sarna, L. February 1963. High temperature oxadation resistant 
ccatings for Ta-base alloys. GT&E Labs Report No. ASO-TDR- 
63-160 to ASD on Contract AF 33(657)-7;39. 

7. Sama, L., and B. Reznik. August 1966. Development of pra- 
duction methods for high temperature coating of Ta parts. Syl- 
vani~ Report to AFML No. AFML-TR-66-217 on Contra~t hF 
33(657)-11272. 

8. Kofs:ad, P. April 1966. Mechanisms oi' protection and failure in 
aluminide coated T,i and Ta base alloys. Central Ins:. for Ind. 
Research, Oslo, Norway. Repcrt No. AFML-TR-66-60 to  AFML 
on Contract AF 61(05?)-834. 

9. Ortner, M. H., and S. J. Klach. qecember 1\66. Developme*.t 
of protective coatings for T-22? alloy. Vitro Labs Repo-t No. 
NASA CR-54578 to NASA on Contract NAS 3-7613. 

10. Batuck, S., et al. April 1967. Fluidized bed techniques for 
coating refractory metals. Boeing Co. Report No. AFML-TR- 
67-127 to AF?IL on Contract kF 3?(615;-1392. 

11. Wimber, R. T., and A. R. Stetson. July 1967. Development of 
coatings for 1$ alloy nozzle vanes. Solar Report No. NASA-CR- 
54529, RDR-1196-3 to NAS4 on Contrsc! NAS 3-7276. 

12. Kmieciak, H. A., and J. D. GaCd. May 1 to July 31,1967. 
Mznufacturing techniques for application of duplex W/Si coat- 
ing on Ta componrn:s. Fourth Interim Progress Report No. ER- 
6970-4, TRV Inc. to AFML on Contract AF 33(615)-5405. 

13. Ebihara, W. T., and K. C. Lin. October 1 to December 31,1466. 
Developme~lt and c'laracterization of high temperature coatings 
for Ta alloys. TRW Second Inferin1 Progress Report ";. EK 
6972-2 io AFML on Contract AF 33(615)-5011. 

14. Priceman, S., and L. Sama. Sept. 1965. Developinent of slurry 
coatings for Ta, Cb, and Mo alloys. AFML-TR-65-204, Sylvania 
Electric Products to AFML on AF 33(615)-1721. 

15. Priceman, S., and L. Sama. Dec. 1966. Development of fused 
sluzry silicide ca,tings for the elevated teinperature oxidation 
protection of Cb and Ta alloys. Annual Summary Report STR 
66-5501.14, Sylvania Electric Pooucts to AFML on AF 
33(615)-3252. 

16. Yaffe, M. L. Januzry 1,1968. ?z.~talum ele~on t.,uil: for 3003°F 
test. 4viat. Weak Space Techno]. 

17. Rausch, J. J. Nov. 1964. Protective coatings f a  'fa base alloys. 
IIT Research Illst., Report No. hFML-?R-64-354 ;a AFML on 
AF 33!657)-11258. 

18. Hilt, \I. L., and J. i. Rausch. Januxv 196%. "rotective coatings 
for Ta base alloys. IIT Research Inst., Report AFML-TR-64- 
354, Pt. 11, to AFML on Contract AF 33(657)-11258. 

19. Hill, V. Lo, ai:d J J. Rausch. September -966. Protective coat- 
ings for T. base alloys. IIT Research Inst. Report s\I:ML-TR- 
64-354, Pt. 111, to AFML on Contract AI: 33(657)-! 1258. 

20. Wimber, R. T. N wember 1965. Dc' :lopment of prctective 
coatings for Ta bdse alloys. Solar Report No. ML-Tr ---64-294. 
Part I1 to AFML on Contract 33(657)-11259. 

21. Dirkson, D. T., R. T. Winibler, and A. R. Stetson. October 1966. 
Ve-y high temperature c;atings for Ta alloys. Sola- Report No. 
AF?rL-TR-66-317 to AFML on Contract AF 33(615)-2652. 

2, Lawthcrs, D. L,, and L. Sama. March 1 to May 31, 1967. De. 
velop~i~ent of coating for protection of high strength tantaltun 
alloys in severe high temperature environments. Sylvariia Rc- 
port No. STR-67-5601.1 L ,  Frogress Report #4, to AFML on 
Contract AF 33(615)-508b. 

23. Ohnysty, d., et al. January 29, 1965. Task 1,-developnie~~t of 
technology applicable to coatings used in the 3000-4300°F 
t-.tnperatt. : rasp .  Solar Report No. ML-TliR-64-294 to AI:ML 
on Contr.lc t liF 33(657)-11259. 

21. Coetzel C. G., and P. Laudler. March 1961. Refractory coatings 
for tungste;). N.Y.U. R~searcl; Di\. t o  WADD, Repurt No. 
WADD TR-60-825 on Coniract AF 33(616)-6868. 

25. Pranatis, A,, C. ivhitman, and C. Dickinson. 1961. Reactjons 
and protective systsnis involving tungsten and refractory corn- 
pounds-Part 11, protection of tungsten against oxidation at  
elevated temperaiures. GT&E Labs Report at Fifth Meeting of 
Refractory Composites Work Group, Dallas, August 8-10, 
1961. 

26. Noltin:, H. J., and R. A. Jeffervs. !4ay 1963. Oxidatio*l resis- 
tant high temperature protcct~ve coatings for tungster. TRW 
Report Nc ' -0-TDR 63-459 to  AFML cl, Contract A17 
33(616)-blcd. 

27. Nolting, H. J., and R. A. Jefferys. Jilly 1964. Oxidation resis- 
tant high temperatcrt protective coatings for tungsten. TRW 
Report ML-TDR-64-22: io AP?.ii sn Contract AF 33(657)- 
11151. 

28. Engdahl, R. E., and J. R. Bedell. 136?. Two protective systems 
for refrxctory metals operating in air at high temperatures. Can- 
:.:;da::d Controls Corp., presented at  13th Refractory Com- 
punite Ntork'.:g Group Meeting, Seattle, Wasl~., July 1967. 

29. Baxter, W. G., and F. H. \Czlch. July i961. Fhysical anti me- 
chanical properties and rxidation resistant coatings for a 
-unpstea-base alloy. APEX-623 G. E. NMPO and FPLD to AF 
.. .d AEC on Contract AF 33(600)-38062 and AT (11-i)-171. 

30. Bergeron, C. G., et al. August 1960. Prc ive coatings for re- 
fra~tory metals. University of Illinois Report to WADD KO. 
WADC TR-59-526, Part I1 on Contract AF 33(610)-573j 

31. Rabin, W. J., and H. P. Tripp. iflarch 1961. Development of 
corrosion resistant coatings for use a t  high temperatures. Gulton 
Industries Report No. WADD-TR-60-495 to WaDD on Contract 
AF 33(616j-6374. 

32. Nicholas, M. ti., et al. April-Dectmber 1961. The analysis of the 
basic fact.31~ invo1vc.d in the protection of tungsten against oxi- 
dation. GTSrE Labs Report ASD-1DR-62-295, Part I, to ASD 
on Contract AF 33(616)-8175. 

33. Dickinson, C. D., nnc! L. L. Seigle. July 15, 1963. Experimental 
tudy of f9cto.s cc~trolling the effectiveness of high tempera- 

tule protective coatings for tungsten. GT&E Labs Report ASD- 
TI?%-63-741 to ASD on Contract AF 33(6,7)-8787. 

34. Brett, J., and L. L. Seiple. Aug. 1965. Experimental study of 
factors controllisg the efift:tivenebs of high temperature pro- 
tective coat in;^ for tiu~gstcn. GT&E Labs Report AFML-TR-64- 
392 to r.PML :)n AF 33(657)-8787. 

35. Phalen, D. I., et 01. July 14,1967. Investigation of Oxidic-type 
materials as high temperature protective coatings for tungsten. 
liattellc Third Progress Report to AFhlL on Contract AF 
33(516)-5249. 

36. Phillips, B., et al. 1965-1966 R e s e ~ d ~  on critaia bjr selection 
of alloys and surface treatments for inhibition or  : ~ngsten cxi- 
dation. Tem-Press Research Corp., State College, Pa., Report 
MIX'TDR-64-230. Part il, August l s o J  and Part II ,  August 1966, 
;I, ;..FMI un Contract AT; 33(555j-11235. 

3; 1.iccizrdellc, M. R., dnd B. Olinyit). April i"67. Developn~ent 
of ccmnod:e structures for Iiig,~ 'omperature operation. Sola1 



1 12 High-Te~i~perature Oxidatiotl-Resistarit Coatings 

Report No. AFFDL-TR.67-54 to AFFDL on Contract AF 
33(615)-1831. 

38. Bliton, J., et al. October 1963. Protective coatitlgs for refractory 
111ctals in rocket engines. IIT Research Inst. Report No. B237-12 
to NASA on Contract NAS 7-113. 

39. Cox, P. B., etal. Fcb. 15, 1963. Phase I sumalary technical re- 
port of the calendar year 1962, Air Forcrt-hlarquardt contrib- 
uting engin-ering program. Report 25,065, VQI. VIII, Marquardt 
Corp. on Contract AF 33(600)-40809. 

40. Kallup. C., and S. V. Castner. 1965. Cyclic therrl~al testing of 
coated refractciry metals. Marquardt Report, presented at 67th 
Annual Meeting of Anlerican Ceralnic Society. Philadelphia, 
Pa., May 1965. 

41. Kerr. J. R., and J. D. Cox. February 1965. Effect of environ- 
lnental exposure on ll~cch,tnical properties of several foil gage 
refractory alloys and superalloys. General Dyna~nics/Convair 
Report AFML-TR-65-92 to APML on Contract AF 33(657)- 
1 1289. 

42. Moore, V. S., and A. R. Stetson. 1964-1965. Evaluation of 
coated refractory ti~etal foils. Solar Report RTD-TDR-63-4006, 

GKAPHITE 

REViEW O F  WORK UP TO 1 9 6 4  

Several comprehensive reviews on refractory coatings ror 
grap!iite liiive been published. In 1963, Chown et al. re- 

I viewed (73 references) tlie performance of coatings rnade of 
various refractory carbides, borides, and silicides. They cor- 
cluded that Sic, MoSi, , and Sic in combination with ZrB, 

1 
or TiB, arc the most oxidation-protective coating systems. 
In the same paper, the failure mechanisms of Sic and MoS& 
coatings were also analyzed. The status in 1964 was reviewed 
by Criscione et aL2 (209 references) and by Schulz et 01. 
(63 references). In addition to reviewing the then-existing 

I coating systems for graphite, Criscione and Schulz and their 
 colleague^^^^ considered the actual or anticipated perfor- 
mance limitations of the various classes of refractory ma- 
terials, e.g., metals, oxides, carbides, borides, and nitrides. 
It was concluded that while SiC coatings perform satisfac- 
torily to approximately 1650°~ ,  any breakthrough in coat- 
ing technology for protection at substantially hgher tem- 
peratures must come in one of two ways: fa) coating with a 
noble metal, e.g., iridium; or (b) multilayer coatings con- 
sisting of an outer layer of a refractory oxide and an inner, 
or carbon-barrier, layer of a refractory carbide or boride. 
If all coating components are refractory and stable, the ulti- 
mate performance limit of double-layer coatings would be 
predictable fro111 a knowledge of the diffusion rates (either 
grain boundary or bulk diffusion) of oxygen through the 
oxide and/or of carbon through the barriei layer; other 
mechanisms, however (e.g., spallinq due to thermal expan- 
sion mismatch), could lead to much earlier failures. Tlie 
Russian work, again up to 1954, has been reviewed by 

Part I1 to AFML 011 AI: 331657)-9443, Dccenlber 1964;also 
Part 111 of sa~lle report on tiF 33(615) 2044, June 1965. 

43. Leggett, II., etal. August 1965. Mechan~cal and physical prucer- 
ties of super ajloy and coated refractory alloy foils. Douglas Air- 
craft Report AFML-TR-65-147 to AFMLon AF ?3(657)-11207. 

44. Roach, T. A., an& E. F. Gowen. Septernbcr 1966. Structural 
fasteners for extreme elevated temperatures. Standard Pressed 
Steel Report AFFDL-TR-66-107 to AFFDL on Contract AT: 
33(657)-11684. 

45. Kaufn~an, L. June 1967. Stability characterization of refractory 
n~aterials under high velocity atnlospheric f&ht conditions. 
Manlabs Inc. Progress Report #3 to AFML on Contract AF 
33(615)-3859. 

46. Jackson, R. E. May 1 to Aug. 1967. Tantalum sy;tem cvalu- 
ation. McDonnell Astronautics Interim Technical Report #5 to 
AFFDL, Contract AF 33(615)-3935. 

47. Bracco, D. J., et 01. May 1966. Idcntificatio~l of microstructural 
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fractory nletal systenls. CT&E Labs Report AFML-TR-66-126 
to AFML on Contract AF 33(615)-1685. 

Samsonov and Epik4 (149 references almost exclusively ta 
Russisn literatare). Samsonov's article is divided into several 
chapters dealing with boride, carbide, nitride, and silicide 
coatings on mat,ls, a cliapter on coatings for graphite, and a 
chapter on the properties of high-temperature compounds. 
As far as coatings for graphite are concerned, Samsonov re- 
veals, of course, nothing that is particularly new. One does, 
however, get the impression that, at least up to  1964, Rus- 
sian engineers and scientists were following the same iesson- 
ing and were struggling with the same proble~ns as their U.S. 
counterparts. 

Due to the extensiveness of the cited reviews (particularly 
References 1,2, and 3) only the newer work, mostly aimed 
at  obtaining protection for graphite at  temperatures substan- 
tially above 1.650°C, is discussed further. 

RECENT COATING DEVELOPMENTS 

LITERATURE SEARCH 

Tlie more recent literature (since mid-1964) pertainir~g to 
coatings for graphite is iisted in References 5 through 36. 
To make this reference list more useful, a few words sum- 
marizing the content of the paper have been added in most 
cases. Work on relatively low-temperature coatings for com- 
mercial applications, nuclear-fuel-element coatings, and 
other work believed to  be outside the interests of the Com- 
mittee on Coatings has not been included. Progress reports 
are listed only where appropriate summary reports are not 
yet available. Papers that present only work discussed in 
more detail in contract repoits have also been omitted. 

Recent graphite coating developments are principally 
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directed towards two applications: (a) re-entry protection 
for structural parts and (b) graphite rocket-nozzle liners. 
The Russian work for re-entry protection5-8*"*20-24*25 still 
appears centered around the various carbides and nitrides, 
although this may simply be a reflection of the time lag or 
secrecy inherent to  Russian publications. Most current 
American work on re-entry protection for graphite involves 
the use of iridium and iridium alloys. 

IRIDIUM COATINGS FOR GRAPHITE 

The research on iridium coatings for graphite is discussed in 
References 26-28. It has been shown that iridium is virtually 
impervious to  oxygen diffusion up to 2100°C26; that irid- 
ium does not form a carbide and that diffusioil at  the 
iridium-graphite interface is negligible26.27; that the highest 
temperature at which iridium will protect graphite is the 
eutectic temperature of approximately 22S0°C2?r2P; that 
minor amounts of impurities (B, Si, Fe) can lower the eutec- 
tic temperature by as much as 200°C; and that the protec- 
tiveness of iridium coatings is limited only by the rate of 
oxidation of indium, which was determined as a function of 
temperature, oxygen partial pressure, and gas flow rate.26-28 
It was also shown that the thermal expansion characteristics 
of iridium require the use of graphite substrates with a high 
thermal expansion ~ o e f f i c i e n t ~ ~  and that iridium can, in 
principle, be applied to  graphite by slurry-dipping and 
~intering:~ ~iadding:~ ~ a p o r - p l a t i n g ? ~ . ~ ~  and electro- 
~ l a t i n g . 2 ~  

In an effort to extend the upper temperature linlit t o  
which iridium coatings can be used, Harmon29 investigated 
selected iridium-osmium-rhodium, iridium-osmium- 
platicum, and iridium-rhenium-rhodium alloys, determining 
melting points, carbon eutectic temperatures and composi- 
tions, and thermal expansion characteristics of these alloys. 
He found that additions of rhenium and osmium increase 
the eutectic temperature with carbon, while iridium- 
rhodium and iridium-platinum alloys have lower carbon 
eutectics than pure iridium. An iridium alloy containing 
30 mole% rhenium exhibited the highest eutectic tempera- 
ture with carbon (approximately 2480'~). The thermal ex- 
pansion characteristics of t h a e  alloys were found to be 
similar to those of pure iridium. 

Present follow-up contracts to the work discussed in 
References 26-28 are concerned with improved methods of 
depositing iridium on graphite. Wright et al.30-34 prepared 
pore- and crack-free iridium coatings that exhibited good 
adherence by plasma deposition followed by isostatic hot- 
pressing. The method now preferred34 for coatings of pure 
iridium consists of nine steps: 

1. Outgas graphite at 2 0 0 0 ~ ~ .  
2. Plasma-arc-deposit iridium. 

3. Outgas at 2000°C. 
4. Wrap specime!l in graphite foil (previously outgassed I 

at 2000°c). 
5. Enclose wrapped specimen in thick-wall, mild-steel i 

container. 3 
6. Electron-beam-weld container vacuum-tight. 1 
7. Gas-pressure-bond at 1 0 9 0 " ~  for 2 hr at 10,000 psi. 
8. Re~nove specimen from container specimen by ma- 

chining and grinding. 
9. Buff specimen to  remove graphite foil. 

In addition to  optimizing deposition and processing 
parameters, Wright et al. also determined the influence of 
various graphite grades on coating p e r f ~ r m a n c e ? ~ - ~ ~  the 
emittance of iridium in both air and vacuum to  2000°C?2*34 
and the use of Tho2 andlor Hf02 additicns to  the iridium 

i 
~ o a t i n g . ~ ~ . ~ ~  Simultaneously with the work of Wright et al., 
Macklin and bMar35-36 investigated other methods for 
depositing iridium on graphite, including vapor deposition, 
electroplating from fused-salt and aqueous solutions, and 
thermal decomposition of iridium resinate. Certain prob- 
lems were encountered with each method. A combination 
coating consisting of a thin inner layer deposited from irid- 
ium resinate and an outer layer deposited from a fused- 
cyanide electrolyte is at present under more detailed evaiu- 
a t i o r ~ . ~ ~  i' i 

I 
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Applications for Coating Systems 

INTRODUCTION 

Oxidation-resistant coatings for superalloys, refractory 
metals, and graphites have been developed to the point 
where adequate performance and reliability can be realized 
in a wide range of high-temperature applications. Processes 
for the manufacture of complex parts and assemblies have 
been scaled up to commercial production levels, and high- 
quality components have been manufactured and tested 
successfully. A large number of coated parts are in use today 
in high-temperature propulsion systems and structural appli- 
cations. The pattern of use for coating systems that has 
evolved during the past 20 years and the projected use of 
current and more advanced coating systems are reviewed in 
this section of the report. 

Success in using coated metals requires a careful match- 
ing of design features, manufacturing procedures, and ser- 
vice environments to the characteristics of specific coating 
systems. No one system has universal applicability, and the 
performance of all coating systems is determined by a com- 
plex interrelation of many factors. Even the best coating 
system has an imposing rumber of limitations with respect 
to its use. This chapter presents an objective analysis of the 
capabilities and limitations of various coaiing systems in 
terms of specific applications. Particular attention is devoted 
to the factors in each application that govern performance. 

GAS TURBINES 

APPLIC AITIONS 

Gas-turbine engines are being developed for numerous indus- 
trial, marine, and vehicular applications. industrial engines, 
which already provide some primary electrical power genera- 
tion and stand-by power for larger electric-generating facili- 
ties, will be used more frequently in future years for a 
variety of purposes. Marine engines are used to power high- 
speed boats and ships, including relatively large vessels in 
the submarine-chase and transportation classifications. 
Efficient and economical engines ril l  be developed for large 
commercial and military trucks and military tanks. Gas tur- 
bines may also be used to power high-speed ground-transpor- 
tation systems. These newer applications and increased 
demand for improved performance in commercial and mili- 
tary aircraft engines will result in unprecedented growth in 
gas-turbine engine technology and production during the 
next fifteen years. 

LAND-BASED 

Engines to be used in trucks and tanks will probably be in 
the 1,000- to 2,000-hp class. They will be exposed to heavy 
dust and foreign-particle damage. Alonk seacoasts they will 
ingest appreciable qvantities of corrorive salt-!sdcn air. In 
colder climates, ingestion of salt from road de-icing will 
cause serious corrosion problems. i t  is anticipated that most 
of the technology required for perfecting these engines will 
come from knowledge gained in the development of small 
aircraft gas-turbine engines. 
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Marine engines will be used for both electrical power genera- 
tion (shipboard and shore-based) and s!lip propulsion. Horse- 
power ratings of these engines will r ang  up to  30,000 hp. 
Engines will operate in air containing appreciable quantities 
of salt. The developnlent of these engines also will depend 
upon aircraft gas-turbine engine technology. 

AIRCRAFT 

Lifting-type gas-turbine engines are being developed to 
power various vertical takeoff and landing (v r o ~ )  aircraft. 
Three designs are being considered: direct-lift, lift-cruise, 
and a combination of direct-lift and lift-cruise. In direct-lift 
powered aircraft, the lifting engines will be used only during 
takeoff and landing operations. iluring normal flight, addi- 
tional gas-turbine engines will power these raft. Lift- 
cruise powered aircraft differ in that the sanic: engines power 
the aircraft during its entire flight profile. Utilization of both 
direct-lift and lift-cruise engines possibly will be most ad- 
vantageous. Both types of engines will ingest reasonably 
large quantities rf just and other foreign matter during 
takeoff and laading operations from unprepared landing 
sites. 

Direct-lift engines will most likely be mounted vertically 
inside the aircraft (perhaps in the fuselage). They will be 
used to  raise atid lower the aircraft above the landing site. 
At altitude, other engines will take over and power the air- 
craft (and the lift engines will be shut down). Lift engines, 
therefore, must be short in length, light in weight, and ca- 
pable of high performance. These requirements may be 
achieved at a sacrifice in efficiency. Engines will be used for 
about 3 min during each takeoff or landing. Nearly 8 0  per- 
cent of their total operating time will be of a cyclic nature. 
I t  is anticipated that the first-generation direct-lift engines 
will have a time between overhaul (TBO) of about 50  hr; 
eventually, this will be increased to  100 hr or more. The 
compression ratio of these engines will be about 10: 1 for 
fighter aircraft and IS:l to 20: 1 for transport-type aircraft. 
Design engineers want to use a minimum of air cooling in 
the turbine section of these engines. They also desire to  use 
as high a turbine-inlet temperature as possible. (The latter 
will depend upon availability of materials.) It is anticipated 
that the turbine-inlet temperatures will be sornewhere be- 
tween 2400" and 2700°F. Without cooling, metal tempera- 
tures could approach the turbine-inlet temperatures. The 
use of cooied superalloys is considered lo be iite rrlvst prac- 
tical epproach for solving the materials problem at the 
present time. It is planned to  cool turbine blades to about 
1800°F. Vanes will be cooled to about 2000°F, although 
these con~ponents may have local hot-spots that approach 
the gas temperature. Cooling techniques being considered 
include: simpIe convection, impingement cooling (i.e., the 

coolant gas impinging against the inside of the leading 
edge), and film cooling (transpiration). It is anticipated that 
engine-performance requirements will dictate film cooling, 
although the problems associated with using this cooling 
techtiique are severe. 

Lift-cruise engines will not only provide the power for 
vertical takeoff R I I ~  landing, but they will be capable of 
being maneuvered into position for horizontal flight. Their 
design will be somewhat similar to advanced versions of 
currently used (cruise-type) gas-turbine engines. Time be- 
tween overhaul for these engines will be up to 2,000 hr. 
Initial compressor ratios of 25: 1 will eventualiy approach 
40: 1. Turbine-inlet temperatures will increase from about 
2400"-2500~~ in 1970 to about 2750~-2950"~ by 1980. 
The 2400°F gas temperature will result in a metal tempera- 
ture of about 2200"~.  Because of the long life- .:pectsncy 
requirement, lift-cruise engine designs probably will employ 
cooled superalloys. 

Rapid performance improvements are also programmed 
for conventional cruise-type aircraft gas-turbine engines. 
The trend in future engines will be toward higher pressures 
and higher bypass ratios. Increases in turbine-inlet tempera- 
tures are required for optimum cycle efficiency. For long- 
time service (in excess of 10,000 hr required for commercial 
aircraft) the maximum permissible turbine-inlet temperature 
with uncooled blades and vanes is approximately 1800°- 
19C0°F (Figure 44). With air cooling, turbine-inlet tempera- 
tures as high as 2200" to  2 3 0 0 ' ~  are permissible, even for 
long-term service. More sophisticated cooling systems (fdm 
cooling) may permit turbine-inlet temperatures to  be in- 
creased to 2700°F. It is expected that cruise-type engines 
having increasingly higher turbine-inlet temperatures will be 
developed. Various cooling techniques will be used to  lower 
the metal temperature sufficiently to  permit the use of ad- 
vanced superalloys. 

AVERItE VANE Q#LEO 

TURBINE INLET TEYPERATISE. % 

FIGURE 44 Design criteria for first-stage blades and vanes. 
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ENVIRONMENTS 

The phenomena that contribute to the deterioration and 
failure of hot-section components in gas-turbine engines are: 
oxidation and sulfidaticil (hot corrosion), creep, t!i?rmal 
fatigue, erosion, foreign-object damage, and overtempera- 
ture damage. 

Sulfidation (sometimes referred to as hot corrosion or 
"black plague") is an accelerated form of high-temperature 
corrosion associated with the presence of Na2S04. Sodium 
chloride (ingested by the engine from air) at temperatures 
above 1 1 0 0 ~ ~  is converted by SO2 and SO3 (from combus- 
tion of sulfur impurities in fuel) to Na,S04. Condensed 
Na2 SO, (sodium sulfzte vapor-air mixtures are innocuous 
to superalloys, in contrast to solid or liquid sodium sulfate) 
is the cause of sulfidation.' Disruption or dissolution of 
protective oxides followed by sulfide formation, chromium 
depletion in the substrate, and accelerated exidation de- 
scribes the phenomenon in general terms. On airfoils, sulfi- 
dation is characterized by heavy blistering 01 swelling in the 
leading-edge x e a  (heaviest attack generally occurs at loca- 
tions where the temperature is greatest), acconlpanied by 
preferential cracking of the oxide layer at the leading edge 
in a spanwise direction parallel to the blade a x k 2  Because 
(for a given NaCl content in the air) Na2S0, can condense 
at higher temperatures as the pressure increases, it is ex- 
pected that sulfidation attack will become more serious as 
engine compression ratios increase. The increased occurence 
of sulfidation attack in service is also related to the lower 
effective chromium contents of recently developed high- 
strength, creep-resistant nickel-base superalloys. Optimum 
high-temperature mechanical properties for these nickel- 
base alloys are obtained by compositional nlodifications 
that include lcwering the chromium content. This reduction 
in chromium content reduces the hot-corrosion resistance of 
these alloys. Although cobalt alloy development is not as 
advanced as development of the nickel-base alloys, cobalt 
alloys are far more resistant to hot corrosion than the high- 
strength n~ckel-base alloys. 

Creep is another factor that sometimes limits the useful 
life of a turbine blade or vane. Centrifugal loading at high 
temperatures can caue  extension of (rotating) blades; pres- 
sure differentials between the concave and convex surfaces 
can cause bowing of (stationary) vanes. This problem 
prompted metallurgists to  develop a family of superalloys of 
lower chromium content that have excellent high-tempera- 
ture strength and creep properties, but at a sacrifice of hot- 
corrosion resistance. 

Thermal fatigue (a form of low-cycle fatigue) is frequently 
responsible for the cracking observed in hot components in 
gas-turbine engines. Flameholders, turbine blades and vanes, 
transition ducts, afterburnel leaves, and combustion liners 
are typical of the components that can fail by thermal 
fatigue. it is reasonable to believe that oxidation, particu- 

larly at grain boundaries, can produce sites for the initiation 
of thermal-fatigue cracks. 

Erosion by carbon particles and ingested particulate mat- 
ter removes protective oxides at airfoil leading edges and 
promotes premature failure of engine blades and vanes. 
Maximin erosion of blades and vanes generally occurs at a 
point near the midspan, where the highest temperatures 
occur. It appears that short-run sircraft experience more 
erosion dzmage than do long-run aircraft. This is logical 
since more frequent takeoffs and lantings generate a larger 
quantity of carbon particles. 

Foreign-object damage (FOD) from debris ingested by 
the engine (or segments from the breakdown of components 
upstream in the engine) is regarded by many manufacturers 
as a major reason for replacing turbine blades and vanes in 
current gas-turbine engines. As aircraft operation from un- 
prepared runways increases, a corresponding increase in the 
frequency of FOD is expected. 

Over-tempeiature damage (e.g., resolution of the alloy 
constituents and incipient melting) can occiir during a mo- 
mentary temperature overshoot. Frequently associated with 
"hot-starts," such an overshoot can seriously affect the 
structural integrity of many turbine components. 

Since superalloys are being used in engines where metal 
temperatures sometimes exceed 85 percent of their melting 
points, cooling techniques will be necessary to lower the 
metal temperatures of many components as turbine-inlet 
temperatures exceed about 1900°F. I t  is not believed that 
refractory mepal alloys of Mo, Cb, W, or Ta will be used to  
any large extent in near-future aircraft engines because 
available oxidation-resistant coatings for these materials are 
not sufficiently reliable. The same would be true of 
chromium-base alloys if an otherwise suitable alloy were 
available. Since superalloys will continue to be used in air- 
ciaft gas-turbine engines for many years, it is necessary to  
develop alloys and techniques for minimizing the deteriora- 
tion and failure of hot-section components. To achieve the 
long life expectancies required for future engines, it is man- 
datory that sulfidation and oxidation be minimized. Al- 
though future alloy development may assist in reducing 
these ddeterious effects, protective coatings appear to  offer 
the most promising approach. In addition to minimizing the 
hot-corrosion problem, advanced coating systems may also 
be beneficial in reducing thermal and mechanical fatigue 
and improving erosion and POD resistance. 

PERFORMANCE 

C U R R E N T  STATUS 

Life expectancies for hot-section components in aircraft gas- 
turbine engines depend to  a large extent upon the mission 
profile of the aircraft. Nonaggressive environments and 
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periodic descaling frequently permit uncoated blades in 
comnlercial aircraft engines to function for as long as 
12,000 hr without degradation by oxidation or hot corro- 
sion. In engines used to power antisubmarine-type aircraft, 
sulfidation can reduce blade longevity to about 1,200 hr. 
Uncoated blades in helicopter engines operating in South- 
east Asia can experience severe sulfidation after only 800 hr. 
The uncoated vanes in coln~nercial helicopter engines are 
so~netimes nearly destroyed by sulfidation after only 300 hr 
of operation from offshore oil drilling sites. High-tempera- 
ture protective coatings for superalloys in gas-turbine 
engines can significantly extend their life expectancies. 

The basic requirements of a coating for a superalloy sub- 
strate in gas-turbine engines dictate that: (a) it must resist 
the thermal environment; (b) it must be metallurgically 
bonded to the substrate; (c) it should be thin, uniform, 
light in weight, reasonably low in cost, and relatively easy 
to apply; (d) it should have sorile self-healing characteristics; 
(e) it should be ductile; (f) it should not adversely affect the 
mechanical properties of the substrate; and (g) it should 
exhibit diffusional stability with tile substrate. 

A number of organizations have developed high-te~npera- 
ture protective coatings for superalloys. Many of these coat- 
ings have been used effectively in gas-turbine engines to 
extend the life expectai~cies of hot-section  component^.^-^ 
The important coatings available at the present time are 
described in Table 11, p. 68. Inspection of Table 11 reveals 
that (excluding the vitreous or glassy-refractory coatings) 
all of the currently important coatings for superalloy com- 
ponents in gas-turbine engines use aluminum as the primary 
coating constituent. Processes used to obtain these aluminum- 
rich coatings are: pack cementation, hot-dipping, slurry, 
and electrophoresis. (In addition, some experimental coat- 
ings are being applied by physical vapor deposition and 
cladding.) There probably is some redundancy among the 
38 alun~inurn-rich coati~lgs available from the 14 vendors. 
Such redundancy cannot be determined, however, because 
processing details are generally regarded as proprietary in- 
formation by the coating developers. 

Regardless of the process, all of the aluminum-rich coat- 
ings are based upon the interdiffusion of aluminum (with- 
out or in conjunction with added elements) and the sub- 
strate. For nickel-base alloys, processing parameters are 
adjusted so that tha coating consists primarily of a relatively 
thin (0.0005 to O.OC1 in.) layer of nickel aluminide (NiA1).6 
Resistant to  both sulfidation and oxidation, this high- 
melting-point intermetallic phase exists over the range 23.5 
to 36 wt% aluminum. It is important that the aluminum 
content of the coating be within these compositional limits 
because al.'minum contents greater than 36 wt% result in 
the formo.lon of a brittle, low-melting-point Ni2A13 (delta) 
phase; aluminunl contents less than 23.5 wt% favor the 
formation of Ni3Al (gamma prime) phase, which has rela- 
tively poor hot-corrosion resistance. 

Nearly all currently available coatings are modified by 
the addition of small amounts of an alloying elenlent or 
elements to the NiAI. This may be accomplished by code- 
position of the alloying element or elements wit11 the 
alu~liinum or by prealloying the substrate surface prior to 
aluminizing. Although various coating-performance im- 
provements reportedly result from the use of these alloying 
elements, no definite conclusions regarding the role of a 
particular additive have been made at this time. 

Similar coatings also are available for cobalt-base alloys. 
Compared to nickel-base alloys, however, higher coating 
temperatures arid longer diffusion times are required to  
form equivalent coating thicknesses on cobalt-base alloys. 

Extensive testing of currently available coatings for 
superalloys has been conduc:-d. The majority of this evalu- 
ation work has consisted of testing isothermal and cyclic 
(static or dynamic) oxidation (weight-gain or weight-loss), 
mechanical properties, low- and high-cycle fatigue, thermal 
shock, hot-gas erosion, sulfidation and impact. A significant 
amount of these data are summarized ill a report by Jackson 
and Hall.' Comparing them is virtually impossible, unfortu- 
nately, because the various investigators used different test- 
ing techniques, and rarely reported how their coatings com- 
pared with others without coding the names of competitive 
coatings?*7 Also, comparisons frequently are unrealistic be- 
cause a coating developer may optimize his coating process 
based upon a given test technique and then evaluate competi- 
tive coatings using the same test. Regardless of these factors, 
aluminide coatings definitely improve the oxidation-erosion 
resistance of super alloy^.^ 

The work of Hamilton et aL2 shows that an aluminide 
coating can have no deleterious effect on the stress-rupture 
behavior of IN-100 and Alloy-71 3C nickel-base alloys 
(Figure 45). However, the effect of coatings on stress- 
rupture behavior is controversial. Recent testing at Lycom- 
ing Division of AVCO Corporation9 shows that the stress- 
rupture properties of uncoated thin sections are about 50 
percent of those obtained by using thick-sectio:~ test bars; 
coatings can reduce the stress-rupture properties of the thin 
sections by another 25 percent. The stress-rupture testing of 
thin sections (which will simulate thin trailing-edge situa- 
tions and cooled-blade and vane designs) is also favored by 
other engine manufacturers. Additional work has shown 
that the thermal fatigue and mechanical properties of various 
superalloy substrates are not adversely affected by alumi- 
nizing.6 Bartocci,lo however, reports that diffusion coatings 
(or the thermal cycle used during their application) have a 
detrimental effect on high-temperature fatigue properties 
and may also affect the stress-rupture properties of some 
nickel-base ailoys. Thus, the exact effect of protective coat- 
ings on various substrate properties is not well known. It is 
known that coatings can be "tailored" to perform well in a 
given test, and many of the discrepancies reported in the 
literature probably result from this effect. Lack of stan- 
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dardized testing practices, particularly in regard to the effec- 
tive cross-sectional area of coated samples, is another signif- 
icant factor contributing to  variable results. 

It is agreed by various investigat~rs~*~*'O-l~ that 
aluminum-iich diffusion coatings can significantly improve 
the sulfidation resistance of superalloys used in aircraft and 
marine gas-turbine engines. The same conclusion is obtained 
from in-service engine performance data. Allison Division of 
General Motors Corporation13 reports that coatings at least 
double the time at which sulfidation becomes a serious prob- 
lem for blades and vanes used in engines powering fixed- 
wing antisubmarine aircraft. Lycoming Division of AVCO 
Corporation9 reports that the life expectancies for super- 
alloy blades and vanes in helicopter engines operating in 
environments conducive to  hot corrosion are doubled to 
tripled by the use of aluminum-rich coatings. Similar results 
are forecast from preliminary data obtained at General 
Electric Company.14 For over ten years, the Pratt and 
Whitney Aircraft Cotnpany has successfillly used protective 
coatings on turbine components to extend the life of hard- 
ware.15 

Even when sulfidation is not a problem, aluminum-rich 
coatings are used to extend the life expectancies of super- 
alloy blades and vanes. (At least one manufacturer uses a 
coating to  ensure the successful performance of a first-stage 
vane alloy.) For commercial engines, coatings can at least 

double the life expectancies of blades and vanes used in gas- 
turbine engines. In addition. for suitable performance, ad- 
vanced superalloys require coatings. 

None of the current coatings can satisfy all of the basic 
performance requirements established earlier for protective 
coatings for superalloys. Existing coatings are limited to use 
temperatures of less than 2000°F. At 2175" to 2200°F, 
melting may occur in the diffusion zone of aluminum-rich 
coatings applied to nickel-base substrates. Fusion in the dif- 
fusion zone occurs at about 2300°F for aluminide coatings 
applied to cobalt-base alloys. Thermal stability is also a 
problem for current aluminum-rich coatings at tempera- 
tures exceeding 2000°F. Aluminide coatings deteriorate 
with time when they are exposed at elevated temperatures. 
It is suspected that the breakdown mechanism occurs as 
follows: In the temperature range 1560" to 1830°F, the 
mechanism appears to be the outward diffusion of alumi- 
num, while beyond 1830°F the additional inward diffusion 
of aluminum becomes an important f a ~ t o r . ~  Conversion of 
aluminum to aluminum oxide and spallation of this oxide, 
which thus requires continued use of the aluminuln reservoir, 
is the major cause of coating failure below 2000°F. Another 
factor that limits the performance of aluminide coatings is 
inadequate ductility.1° hluminide-type coatings exhibit low 
ductility and therefore are highly susceptible to foreign- 
object damage. Coating thickness is another factor affecting 
the performance of currently available aluminide coatings. 
Although thin coatings (0 .~01  to 0.003 in.) are necessary to 
minimize thermal spalling, thicker coatings would provide a 
larger reservoir of aluminum and would be expected to per- 
form for longer times before coating breakdown. 

In spite of these limitations, aluminide-type coatings 
successfully extend the life expectancies of gas-turbine 
engine blades and vanes. Because the advantages obtained 
by using coatings outweigh the disadvantages, several hun- 
dred thousand superalloy blades and vanes for military and 
commercial aircraft gas-turbine engines are coated each 
month by the engi:le manufacturers and coating vendors in 
the United States. 

FUTURE NEEDS 

Compared to the currently available aluminide coatings, 
future coatings for superalloy hot-section components in 
gas-turbine engines will have to  exhibit superior performance 
capabilities. With the development of these significantly 
improved coatings, it is hoped that blade and vane life ex- 
pectancies in commercial aircraft engines can be increased 
to more than 12,000 hr. (Average temperatures associated 
with the blades and vanes in these engines will be about 
1700" and 1850°F, respectively.) Even for higher tempera- 
ture hot-section components in military gas-turbine engines, 
a twofold to threefold improvement in life expectancy 
should result from the use of these new coatings. 
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There is reason to believe that superalloys with improved 
temperature capability will be developed; this would create 
the need for coatings having a life expectancy in excess of 
500 hr at 2100°F. TD-Ni and TD-Ni-Cr alloys are available, 
and these materials poss~bly could be used for flameholders, 
spray bars, combustion chambers, transition ducts, and 
turbine vanes in gas-turbine engines if oxidation-resistant 
coatings were available that could function reliably for long 
times at 2200"~.  Therefore, it is desired that the maximum 
use temperature of coatings be increased from 2000" to  
2200°F. Even a 100°F improvement would be beneficial. 
However, if aluminide coatings are to be used at these higher 
operating temperatures, there is a need to increese the melt- 
ing point of the nickel- or cobalt.poor, aluminum-rich diffu- 
sion zone. 

Improved diffusional stability is a necessity if advanced 
coatings are to achieve these longer life expec:ancies and in- 
creased .~se-temperature capabilities. For example, with 
aluminide coatings, diffusion barriers (or alloying elements 
added to the coating that will decrease the thermodynamic 
activity of aluminum) may bc necessary to prevent excessive 
inward diffusion of aluminutn o: outward dif!: sion of nickel 
or cobalt. Inward diffusion of certain necessary additive el - 
ments in future coatings also must be avoided if they pro- 
mote the formation of undesirable quantities of sigma phase 
in the substrate. It may also be necessary to prevent the out- 
ward diffusion of certain elements that are needed in the 
substrate but undesirable in the coating. 

Improved coatings must possess increased ductility. This 
will greatly improve their resistance to foreign-object damage 
and reduce unintentional coating damage during component 
handling. A ductile coating, or a coating with a relatively 
ductile intermediate diffusion zone, would be effective in 
retarding the initiation or propagation of surface cracks. 
Such a coating could significantly reduce damage and failure 
related to both mechanical and thermal fatigue. 

Futurc coatings must be reasonably thin. The coating 
thickness for blades end vanes should be within the range 
0.001-O.CO5 in. Coating thickness is most important at the 
trailing surfaces of blade and vane airfoils (especially the 
miniblades and vanes used in small gas-turbine engines) 
because excessive coating buildup at this location reduces 
the effective gas-path cross-sectional area. Care must be 
exercised that excessive interdiffusion does not result in a 
serious reductian in the load-carrying capability of the sub- 
strate. In addition, thin coatings will be required, if it is 
found necessary to coat the internal passages of complex 
cooled components in order to prevent oxidation and sulfi- 
dation. 

In summary, it is desired that future coatings for super- 
alloys used in gas-turbine engines possess the following 
characteristics: improved diffusional stability; improved 
resistance to oxidation, sulfidation, and hot-gas erosion; 

improved ductility; a 2 0 0 " ~  increase in operating-te . I p era- 
ture capability; improved resistance to thermal and mechanl- 
cat fatigue; inlproved resistance to thermal shock; minimum 
adverse effect on the nlechanical properties of the substrate; 
and some self-healing capability. 

MANUFACTURING TECHNOLOGY 

C U R R E N T  STATUS 

Large scale coating of superalloy substrates has been limited 
primarily to individual gas-turbine cngine blades and vanes. 
These vary in size from about 1 .5 to 6 in. in lengih. One 
engine manufacturer does coat vane sections (X-40 vanes 
with L-60.5 rails) that are about 2.5 in. X 4 in. X 10 in. in 
size. Oiiier hot-section components that a:e coated on a 
more or less routine basis are thermocouple tubes (used to  
measure turbine-inlet temperatures), and Hastelloy X as 
cast stainless-steel fuel nozzles. 

The aluminide coatings for these production items are 
applied using conventional pack cementation, vacuum-pack 
cementation, slip-pack cementation, Gr-plate followed by 
hot-dipping, 2nd slurry techniques. Certain inherent manu- 
facturing advantages and limitstions are associated with each 
oi'tf~c co&ing processes, and these are thoroughly reviewed 
in Chapt:: 5. 

Briefly, conventional pack cementation is advantageous 
in that ttri pack suppovts the compocent being coated and 
eliminates the need for special holding fixtures that can 
cause -blind spots" in the coating. A large number of blades 
and/or vanes can be coa J simulta~~eously. (One manufac- 
turer loads ten 4 in. X !2 ill. X 20 in. retorts into a single 
furnace.) If the retort is evacuatad before being placed in 
the furnace, the process is referred to as vacuum-pack 
cementation. The vacuum process appears to improve cost- 
ing "throwing power" and may be advantageous if the inside 
walls of long, small-diameter holes in cooled blades and 
vanes are to be protected from oxidation and sulfidation. 
Other advantages associated with properly conducted con- 
ventional and vacuum-pack cementation processes include 
uniformity of coating t.llickness and structure, economy 
(based upon pack reusability), reproducibility, simplicity of 
processing procedure and ease of control, and simplicity 
and low cost of processing equipwent and facilities (exclud- 
ing vacuum). Both cementation processes do have the dis- 
advantage of long heating-up and cooling-dovm times that 
can adversely affect the mechanical properties of the sub- 
strate. (Post-coating heat treatments have been used success- 
fully to improve the substrate mechanical properties of 
coated components.) In the slip-pack cementation process, 
the thermal-cycle time can be reduced if the component to 
be coated is not supported in a retort containing inert refrac- 
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tory oxide powder that must be heated and cooled during 
;he coating process; this process, however, necessitates the 
use of special supporting fixtures. The slip-pack cementa- 
tion process is especially advantageous for the economical 
coating of large objects. Slurrycoating processes also are 
advantageous for coating relatively large components and 
csmplex shapes. Melting slurries have the added advantagas 
of high fluidity ar~d the capability to coat areas of limited 
accessibility. The slurry process is quite versatile: It utilizes 
simple equipment, heating-up time is relatively short, and 
masking of areas where no coating is desired is very simple. 
In addition, the process is adaptable for coating repair by 
local slurry application. The nlain disadvantages associated 
with slurrycoating processes are difficulties in coating the 
inside walls of long, small-diameter holes and in the control 
of coating thickness. 

At present, turbine-blade alloys being coated include 
Waspaloy, IN 100, Udimet-700 (cast and wrought), B-1900, 
Alloy-713C, and Udimet-500. Turbine-vane alloys being 
coated include Rend 41, Alloy-71 3C, X-40, WI-52, MAR- 
M30::, B-1900, and Udimet-700. 

Although blade shrouds are coated, the root sections 
generally are not, because the presence of a coating can lead 
to fit-up proble~ns. In addition, several engine manufac- 
turers believe that the relatively brittle aluminide coating 
can promote fatigue cracking in the root section. The root 
section generally is masked prior to coating using mechanical 
devices or sprayed-on (CaO-base) temporary coatings. At 
least one engine manufacturer coats the entire blade and 
then removes the coating from the root section by grinding. 
The question as to whether fatigue cracks are promoted by 
the presence of a coating at the root section is controversial; 
one engine manufacturer reports that although the coating 
may become cracked, the cracks do not propagate into the 
substrate. 

Most of the engine manufacturers and coating vendors do 
not intentionally coat the inside walls of holes in cooled 
blades and vanes. One engine manufacturer using a vacuum- 
pack cementation techx~ique reports that coatings can be 
reliably deposited inside small-diameter holes to a thickness 
approximately one-half that deposited on the outside. 
Another manufacturer states that holes having a diameter of 
0.030 in. can be uniformly coated to a depth of 2.5 in.; 
0.010-in.-diam holes car be coated to  a depth of 0.5 to  1 in. 

Gas-turbine engine vanes are routinely recoated and 
placed back into service. Many vanes are still in use after 
being recoated 8 to 12 times. The technique of recoating 
blades is not as well advanced, but it appears that these com- 
ponents may be capable of being recoated more than twice 
before excessive substrate metal (especially at  the trailing 
edges) is lost by grinding andlor interdiffusion. In addition, 
blades are sometimes recoated without removing the used 
coating. 

Larger hot-section components, generally for marine 
engines, have been successfully coated on an experimental 
basis. Some of these itains have included 32-inasdiameter 
Hastelloy X transition ducts, Hastelloy X combustion 
chambers, and Hastelloy X cross-file tubes. Components 
as large as 36 to 48 in. in diameter and 1 to 10 in. deep 
!lave been successfully coated experimentally. 

F U T U R E  N E E D S  

It is anticipated that, in addition to increased production of 
coated blades and vanes, protective coatings for superalloys 
will bs applied to other gas-turbine engine components. 
This practice will b; mandatory for marine engines. Larger 
hot-section components that may require coatings include 
conlbustion chambers, transition ducts (if they are used), 
afterburner liners, nozzle flaps, flameholders, spray bars, 
fuel-nozzle shrouds, cross-fire tubes, and flameholder beams 
(support for the flameholder). Several manufacturers use 
integrally cast turbine wheels (i.e., the disk and blades f L l i  

each stage are cast as one section) and integrally cast nozzles 
(i.e., the vanes and rails for each stage are cast as one sec- 
tion). The integrally cast complex sections are abou: : 5 in. 
in diameter and 4-5 in. deep. Another component that also 
may require coating in the near future is a cooled, 14-in.- 
diam, 4-in.-deep bearing support for a developmental tank 
engine. 

increasing component size is not the only manufacturing 
problem that must be solved. Pliniature blades and vanes for 
smaller gas-turbine engines may require protection, and the 
successful coating of these components may prove even 
more difficult. Ill addition to the problems associated with 
extremes in component size, coating technology must be 
extended to include a growing list of newer gas-turbine 
engine alloys. Some of the additional alloys that have to be 
coated include B-1910, MAR-M421, Nimonic ! 08, Nimonic 
105, Nimonic 80A, C-1023, Rend 77 (Udimet-700 with 
phase-composition control), Rend 80, TD-Ni, and TI?-Ni-Cr. 
Coating process variables generally vary froin alloy to alloy, 
and there may he a need for a manufacturing specification 
for each specific coating-dlcy combination. 

An increasing amo. .' ' f recoating work is dcsirea, and 
improved stripping tt : :rn will be required. In many 
repair cases, it may J:. - ecessary to con.pletely remove 
the old coating. For e ~ .  ..,.e, lowactivity pack-cementath 
packs are known to be beneficial for many coating-repair 
operations. 

If it is established that the long. small-diameter walls of 
internal passages in cooled gas-turbine engine components 
must be coated, significant improvements in currently avail- 
able coating processes will be required. Although slurry, 
conventional-pack cementation, and slip-pack cementation 
coating techniques probably will not bc satisfactory, itn- 
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provements in the vacui~m.pack cementation process may 
provide for the reliable deposition of thin coatings inslde 
these holes. The thin-walled sections associated with cooled 
com?onents create another manufacturing problem, in that 
coating repair work will be even more difficult because of 
the unavailability of adequate material for reworking, espe- 
cially at trailing surfaces. 

In general, improved process control for the various coat- 
ing techniques will be required. Th-'s will be difficult because: 
(a) Concentration requirements that give adequate diffusion 
rates for current coating processes lead to diffusion imbal- 
ance and Kirkandall voids, (b) the inherellt limitations of 
the currently used coating processes make it difficult to 
control the coating composition perfectly, (c) thermo- 
dynamic and kinetic factors limit freedom in the codeposi- 
tion of many multiple-element combinations, (d) the sub- 
strate composition must be included as part of the coating, 
and (e) all of the current coating processes are diffusion- 
controlled. 

It may be possible to obtain improved coatings by using 
the fluidized.bed vapor-deposition technique. Essentially a 
pack process (where the pack is fluidized by a high flow of 
inert gas), this technique provides high rates of uniform 
heating. Unfortunately, limitations associated with this 
process are numerous, and include: (a) the need for large 
volumes of inert gas when coating iarge components (or 
high-production items) that necessitates a gas-recycling 
capability, (b) difficulty in coating limited-access areas, 
(c) the need for an adequate heating source to maintain the 
required temperature profile in the fluidized bed, (d) difi'i- 
culty in maintaining a uniform bed composition, (e) the 
need for techniques to prevent distortion and damage to 
components from the bed action, and (f) relatively costly 
scale-up. 

It should be clear that better techniques than conven- 
tional pack cementation are needed for applying high- 
temperature cr?tings to superalloy substrates. Some en- 
couraging results are being obtained by using claddings and 
the physical-vapor-deposition (PVD) coating technique. 
Newer processes, such as pyrolytic deposition from organo- 
metallic vapors or solutions and electrolytic deposition 
from fused salts, are too experimental to be evaluated at 
this time; they should not be discounted, however, as pos- 
sibly effective means of depositing protectivc coatings on 
superalloy substrates. 

For the near future, it is believed that most coating im- 
provements will be realized by the addition of modifiers io 
basic aluminide coatings using established (but probably 
multiple) coating processes. Encouraging data are reported 
already for coatings composed of Cr-Al-Cb-Y,03 and 
Fe-Cr-Al-Y.15 The concept of adding oxide particles (e,g., 
A1203) to alurninide coatings is relatively new, but it is be- 
lieved that titanium (or other metals) in the coating may be 

able tc reduce the Al, 0, chenically and release addit;.,,:al 
alumilzum iil eider to prolong the integrity of the surtace 
oxide layer u!' the coatings.14 

Other futclre malzufacturing requirements will include 
automated coating processes to reduce coating costs and the 
use of nondestructive testing (N DT) methods capable f 
predicting the useful remaining life of hot-section compo- 
nents. 

One additional future manufacturing requirement can be 
mentioned, but the possibility of its solution is considered 
remote compared to the others. A need exists for a simpli- 
fied procedure to coat turbine-blade tips (e.g., a "brush-011" 
coating that ceuld be "cured" at about 800°F).9 This need 
occurs because when blade tips are coated new, the blade 
tip must be finished-i.e., machined before it is coated. 
Thus, it is not possible to make minor adjustments in blade 
length during engine assembly (fit-up). If a simplified coat- 
ing procedure were available, coated blade lengths could be 
changed and the tips recoated to provide the necessary oxi- 
dation or sulfidation resistance. 
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CHEMICAL PROPULSION 

Illis section reviews the US of ~:.la\f::g systeins in ~nissile 
and spacecraft propulsion engines. The review covers liquid- 
and solid-fueled rocket engines with inissions rartging from 

- launch to orbital or flight-pat11 control. Nuclear space pro- 
puision systems are also reviewed. The requirements envi- 
sioned for future coatings applications in all of the above 
areas are considered, with rnost emphasis directed toward 
rocket engines. 

Selection of rocket engine inaterials presents a difficult 

I 
problem since, upon ignition, combustion products instan- 
taneously fill a ;ocket chamber and nozzle. Gas tempera- 
tures rise to  values as high as 9 W ° F  (approximately 

I 5 0 ° C ) ,  while clranlber Fressures increase by f i ~ c l  tens to 
hundreds of atmospheres. The engine experiences both 
ther~nal a~id n~ecl~anical shock. During operation, which 

- I lasts frorn a few seconds to hundreds of seconds, the h iwy  
reactive combustion products exhaust at very high velocities. 

1 
Multiple reuse requirements further complicate the prob- 
lem. C~rreatly, two general approaches are employed to 

I allow rocket engines to  survive long enough for mission 

/ completion. The first involves cooling the nozzle to allow 

i the use of easily fabricable structural materials, such as stain- 
less steel or alun~inum. TIUS approach is most commonly 
u s d  in liquid-propellant rockets, especially in launch appli- 
catioxs. Oxidation-resistant coatings generally are not used 
in these engines. The second appraacl~ involves insulated or 
radiation-cooied hot structures. Tbse must be coated, in 
many cases, to meet performance requirements. 

Nozzle cooliiig in liquid-fueled rackets is most often 
achieved by pumping the liquid fuel through longitudinal 

j tubes that con~prise its internal surface. The cold fuel re- 
: moves sufficient heat that the tube surfaces in contact with 
: the hot exhaust are kept at temperatures beiow that at 

which strength is lost and chemical reactions become serious. 

i 
This approach is called regenerative cooling. It can be sup- 
plemented by depositing n thermally insulative coating over 
the tube surfaces. The I: .Ing produces a further thermal 
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drop across the gas-nozzle interface and so either mini~nizes 
the coolant pu~nping requirements, makes possible a higher 
combustion temperature, or allows longer firing tinles. 
Another technique used to cool nozzles in liquid-fueled 
rockets involves film-cooling. Here, fuel is injected directly 
into the chamber in such a way as to form a cool, gaseous 
layer along the engine's surfaces. in solid-fueled rockets, 
some internal surface cooling is achieved by ablation, which 
is the controlled thermal decomposition of organic compos- 
ites. The decomposition absorbs heat r;zdother~nically, 
providing the surface cooling. Finally, thermal lag coatings 
have been used to keep both liquid- and solid-fueled rocket 
engines cool. Thermal lag coatings suffice if the firing times 
are short enough for t'te coating to slow down conductive 
heat transfer to the point ihat the material beneath does not 
overheat during firing. 

in the second rocket engine construction approach, com- 
mot~ly used for attitude-control rockets, the nozzles are 
made of superalloys (e.g., L-605), refractory metals (Mo, Ta, 
or Cb), or graphite and are allowed to run hot. With the re- 
fractory metals, corrosion is a major concern, and coatings 
based on compou~~ds of silicon or aluminum have been 
found to be adequately protective. Because of the relatively 
short operation times, rocket engines of the other materials 
are generally coated with materials of high emittance s,? that 
structural temperatures are controlled by enhanced radiative 
heat loss. 

LAUNCH (BOOSTER) ENGINES 

C U R R E N T  STATUS 

In almost every case, the nozzles used on Izrge, regenera- 
tively cooled booster-rocket engines, which range from the 
Atlas to  the F-I (the first stage engine for the Saturn V), are 
not coated. These engines generally have relatively low ex- 
pansion ratios and, for the most part, are not very Iong. With 
proper design, shorter lengths ordinarily can be adequately 
cooled regeneratively by the fuel, with or without supple- 
mental film-cooling. With adequate cooling providing 10Wc 
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design reliability, there is no need to consider coatirigs, with 
their additional problems of cost arid variable reliability. 
The general procedure is to shorten the nozzle and then 
attach an extension skirt that is either ablatively or radia- 
tively cooled. 

The engines used in tlie second and third stages of launch 
systems are also generally uncoated. Most of these engines 
have high expansioit ratios, making regenerative cooling ntore 
difficult. However, the RL-10 and the 5-2 engines, both 
being considered for second- and third-stage use on the 
Saturn V, are uncoated. This is possible because liquid Iiy- 
drogen is the furtl, and it hrs adequate heat capacity to cool 
the longer lengths. One exception is the Agena D angine 
used with Atlas to launch the Lunar Orbiters, Ninibu: 
weather satellites, etc. This engine has a 10-mil alumina 
flame-sprayed coating on its titanium thrust cone, to pro- 
vide a thermal lag, and its aluminum alloy combustion 
chamber is sprayed with tungsten carbidc. Another excep- 
tion is the trans-stage of the Titan 11, which employs a 
thermal instilative coating consisting of a proprietary metal- 
oxide mixtrlre that is plasma-sprayed onto the nozzle tubes. 
The second stage of the Titan II also uses a11 ablative pro- 
tection system for its skirt extension. 

Another of the few rocket engines currently employing 
regenerative cooling supplemented by an insulative coating 
is the XLR-99. This engine powered the X-15 experimental 
aircraft. In it, the stainless-steel nozzle tubes, cooled with 
ammonia fuel, are further protected by plasma-spraying with 
a graded zirconia-nickel chromium alloy mixture deposited 
on a plasma-sprayed molybdenum undercoating. Coatings 
extend the number of firings that nle possible for the 
XLR-99 engine. 

Most of the large solid-fueled rocket engines employ ab- 
lative protection for their nozzles. In most cases this ablator 
consists of a fiber-reinforced (silica or asbestos) phenolic 
resin. Such a technique is used for the large 26Gin.-diameter 
engine. it is also generally employed on a variety of launch 
systems for militarv applications. These include not only 
the long-range, lrt: , Gring-time systems but also some of the 
short-range systems if their firing times are great enough. 

When the firing times are very short in liquid- and solid- 
fueled rocket engines for short-range missiles, thermal lag 
coatings may be used. These coatings slow down the con- 
ductive heat transfer during the short firing time (frequently 
less than 5 sec), so that the heat from combustioti does not 
degrade t1.c mechanical properties of the light-weight struc- 
tural alloys. They also provide short-time corrosion protec- 
tion. For example, the Bullpup air-to-ground missile employs 
flame-sprayed zirconia on both the aluminum combustion 
chamber and the nickel-chromium alloy precoated copper 
nozzle in order to combat thermally induced mechanical 
degradation and corrosion-erosion from the exhaust pses 
of over 4000'~ (2200°C). The solid-ftieled Scout missile 

has a flaiiie-sprayed zirconia coating to protect its Z1'A 
graphite nozzle from corrosive arid erosive attack. I11 the 
Lance surface-to-surface missile, a metal-graded zirconia 
thermal lag coating is employed. 

FUTURE NEEDS 

In contrast to current practice, in niany of the sdvanced 
regeneratively cooled rocket-engine concepts, thermally in- 
sulative coatings are envisioned as an integral part of the 
engine. In such concepts, gas temperaturzs, chamber pres- 
sures, and heat transfer rates are higher than those presently 
encountered because of either higher performance engine 
designs or the use of higher energy fuels such as LH2/I.F,. 
Thus, higher heat fluxes to the structure and to tlie coolant 
can be expected. The advanced concepts will probably nor 
use refractory metals in regeneralively cooled engine struc- 
tures. Nickel alloys, Type 347 stainless steel, and Inconel-X 
will probably continue to be used as stcucturd mate-'al ,I s as 
they have been with the lower energy propellants (LO,ILH, 
or N,04 hydrazine). Contintied use of these metals, how- 
ever, will make it necessary that the lieat fluxes be reduced. 
The problem of reducing them may be compounded by de- 
signs that incorporate fuels with low specific heats, by de- 
signs thdt provide insufficient cooling for the engine, or by 
designs in which film-cooling is in~practical. 

The several possible approaches to this problem of heat 
flux control include transpiration cooling, improved film- 
cooling, flame liners, thermal barriers, and various combina- 
tions of these. At this time, however, thermal barrier coat- 
ings appear most promising. This approach has already had 
some success in the X-15 engine. Thermal barrier coatings 
may include refractory oxides, refractory metals, or mix- 
tures or graded layers of both. Also being considered are 
the refractory metal carbides, nitrides, and borides. These 
coatings may be applied by plasma-spraying or slurry appli- 
cation procedures. Undercoatings of intermediate melting 
point may also be incorporated into the coating design to 
relieve thermal shock and improve coating adherence to  the 
engine structure. If coatings are the means of achieving the 
mandatory reduction it1 the heat flux to the engine struc- 
ture, then any coating loss will bring about local overheating 
and early, if not catastrophic, engine failure. Furthermore, 
since the combustion products of the high-energy propel- 
Illis are highly corrosive to the anticipated structural ma- 
terials, the coatings must also provide corrosion resistance. 
Thus, both environmental and coating design factors are of 
critical concern. 

The anticipated rocket engine environments in the many 
advanced engine concepts are as varied as the concepts 
themselves. As in the past, thermal shock, gas erosion, me- 
chanical stress transients, thermal cycling, nonuniform coat- 
ing thickness and combustion that lead to hot spots, and 
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mechanical vibration are major problems to be faced. Deg- 
radation by chemical reaction with the combustion prod- 
u ~ r s  may also become of serious concern. Such reactions 
could change the thermal properties of a coating and move 
it off the design value, as occurs if zirconia is partially re- 
duced by hydrogen. The substoicluomnetric oxide has higk~er 
thermal conductivity than the starting material. Reactions 
could also induce metal embrittlernent. 

For nozzles ranging from 3 in. in diameter to very large 
boosters, H2-0, ccimbustion will develop environments con- 
taining H, Hz, 0, 02, and OH with gas temperatures of 
about 5900°F (about 3250°C). Chamber pressures will 
range from 1,000 to 2,000 psia. Single firing times greater 
than 2 min with multiple reuse of the regeneratively cooled 
nozzle are desired. Under these conditions, coating surfaces 
may reach 4000°F (2290°C). Coatings having thermal resist- 
ances of from 120 to 250 in.2 sec-"R/Btu will be expected 
to drop heat fluxes to the nozzle from 60 B t u l ~ e d n . ~  (cal- 
culated for an uncoated nozzle cooled with liquid hydrogen) 
down to around 20 Btulsec-in.? for a coated nozzle similarly 
cooled. The latter heat flux will allow the liquid hydrogen 
to keep the. tube surfaces under the coating cooler than 
1600°F (approximately 870°C) and thus structurally sound. 

For small second-stage engines, 3 to 5 in. in diameter at 
the throat, the eventual use of the high-energy combination 
of Flox (liquid oxygen containing 76 wt% fluorine) and 
liquefied gases, such as propane, is attractive. The highly 
reactive combustion products will include H, HF, F, F2, 
and 02. Gas temperatures will be about 7 0 0 0 @ ~  (about 
3900°C), while co~ting surface temperatures will reach 
4000°F (approxhately 2200°C). Chamber pressures will 
be around 100 psia. For such applications, firing times of 
50 sec with a maximum nozzle life of 35 firings are sought. 
Here, coatings with thermal resistances to 1400 in.2 
see-'RIBtu, will be needed to decrease heat fluxes from 
6 to 3 Btulsec-in.2 

The regeneratively cooled booster engines all have turbo- 
pumps to deliver the propellants to  the injector. The super- 
alloy wrought turbine blading experiences heat shock on 
start-up, but while peak start temperature txcursions may 
exceed 2000°F (1 10o°C), operating temperatures are around 
1600°F (870°C). For future engines, it does not apsar  that 
improved turbine blading will require coatings to minimize 
corrosion and thermal fatigue, mainly because of the short 
operating times involved. 

In the selection of coatings, many design trade-offs are 
necessary to achieve all of the desired coatings properties. 
The coating systems may becoae quite complex. Multicom- 
ponent coatings for the advanced systems may be graded in 
composition or layered and so may be difficult to dcposit. 
PIasma-spray, slurry, and other deposition techniques capa- 
ble of handling multicomponents and metering them into 
the coating in the proper ratios must be improved. Also, the 

problems involved in the characterization of a graded, multi- 
component system and in the development of nondestruc- 
tive testing techniques to insure 100 percent conformity to 
design thickness and cowpositions need more attention. 

On large advanced solid rocket boosters, there is no ap- 
parent necessity to use coatings on either the graphite 
nozzles or the carbon-phenolic or silica-phe~olir: exit cones. 
This is true because on large boosters (such as the 260-in. 
booster), any given loss of nozzle material results in a rela- 
tively small percentage increase in nozzle diameter; thus, 
little tffect on performance is observed. For tactical rockets 
and others with smaller nozzle diameters, the same loss of 
graphite nozzlz material has a much larger effect on per- 
formance. Here, tungsten or carbide coatings are needed. 
For example, the Polaris A3 (first stage) has tungsten in the 
throat and a tungsten liner below. 

Re-use of h ~ g e  booster nozzles for the 260-in.-diam solid 
propellant rockets could be achieved if a water-cooled, 
alumina-coated nozzle design under study by NASA is per- 
fected. This nozzle and coating will experience thermal con- 
iitions similar to those listed for the Hz-0, liquid fuel sys- 
tems, but the exhaust will contain HCl, C12, 0, H20, OH, 
CO,, etc., as gaseous species. In addition, the presence of 
liquid AkO3 in the exhaust products fillihel threatens coat- 
ing life. 

MANEUVERING AND CONTROL ENGINES 

CURRENT S T A T U S  

Rocket engines for space propulsion use a wide variety of 
materials for chambers, throats, and nozzle extensions, with 
the specific choices dictated by mission requirenments, fuel 
system, and operating tempeiatcres and characteristics. 
Materials now in actual or conte~nplated use include abla- 
tives; stainless steel and superalloys; pyrolytic graphite and 
pyroly tic graphite cornpositas; JTA and similar graphite 
~omposites; carbides and hypereutectic carbides; borides; 
molybdenum, columbium, and tantalum alloys; and poly- 
ckystalline graphite. Of these materials, only the last four 
mentioned are custotnarily coated for oxidation protection. 

Rocket motors of up to 300-lb thrust incorporating Cb 
alloy nozzles or nozzle extensions are now under advanced 
evaluation. The lunar excursion module will utilize a Cb-103 
alloy nozzle with a TRW aluminide coating and ablative 
throat nozzles. The Apol!o servics module has ablative 
throat engines with a Cb-103 extension nozzle coated with 
a NAA 85 modified aluminide slurry. A 100-lb-thrust Cb-103 
nozzle, coated with Sylvania's Sylcor R 51.2 A (Ti, Cr, Si) 
slurry coating, forms the backup system to a similar molyb- 
denum engine for the Apollo command module. The coating 
systems for columbium nozzles were originally developed 



1 26 High-Tcmpe~.atura Oxidation-Resistant Coatiilgs 

for the protectbr; of re-entry hardware and thus exhibit the 
problems ard limitations discussed in the section entitled 
"Hypersof,ic Vehicles." However, the relati-ia importance of 
the variaus ~ o b i e m s  is not necessarily the sitme. Low- 
1enipr:ature degradation is not a serious problem with nozzle 
coatings, while degradation of the alloy, particularly a rais- 
ing of the ductile-brittle transition temperature (due to 
coating-substrate interaction), is a very serious considera- 
tion. Sillzide coatings degrade the ductile-brittle transition 
tern; erature of all columbium-base alloys. Cb-103 is one of 
the least affected by coatings and is widely used for this 
reason. 

Development of improved coatings for columbium rocket 
engines appears to be feasible. Vac-Hyd Processing Corpora- 
t im states that , diffusion-bonded slurry-applied silicide 
dating (VH No. 19) has protected Cb-103 alloy for 6 hr at 

3 100°F (approximately 1700°C) in noncyclic operation.' 
Sylvania states that their Hf-Ta coating (R515) has a tem- 
pe~ature capability to 3600°F (about 1 9 8 0 " ~ ) ~  provided 
the columbium alloy is first precoated by a vapor-deposited 
layer of tantalum? Rexer3 recently determined the rate sf 
depletion of iridium coatings oir columbium Ihrougn inter- 
metallic compound formation and found that a O.665-iii.- 
thick iridium coating will last at least 2n3 h at 1780°C 
(3236°F). Iridium coatings on columzlium should be useful, 
therefore, to  the eutectic temperature ot 1&90*20°C 
(3346+36"~)$ and their performance would essentially be 
determined by the oxidation and corrosion resistance of 
iridium, which is known to be very A substantial 
amoiint cf fabrication development and testing, with em- 
p::asis on NDT during fabrication and after firing, stiU re- 
mains to be done before these recent developments can be 
translated into improved coatings for columbium rocket 
nozzles. The work, however, does point out that the per- 
formance characteristics, particularly the operating tempera- 
ture, of columbium eilgines could be substantially increased 
if this should become necessary. 

Small MoSi2-coated molybdenum engines are used in 
present space programs. The Apollo program utilizes molyb- 
denum engines of 50-100-lb thrust for attitude control on 
the command module and for the LEM module. Similar 
engines of 100 and 22 lb thrust are envisioned for the 
Manned Orbiting Laboratory program. The larger (100-lb) 
engines are fabricated by pressing, sintering, and forging and 
have an uncoated L605 (cobalt-base alloy) extension bo!ted 
to the nozzle. Maximum operating temperature for the 
nozzle extension is 2 3 0 " ~  (1 150°C). The smaller (22-lb) 
engines arc fiibricatsd from bar stock (pressed, sintered, and 
extruded). Coating application and performance are re- 
portedly ideeti:al for but!. ncrzz!es. The coating consists of 
pure MoSi2 and is applied by Chromizing Corporation via 
a pack-camenlation process. Both the 100-lb and the 22-lb 
engines generally use monomethylhydrazine and N204, 

with a maximum operating temperature of 2700"~  (approxi- 
mately 1430°C). The 100-lb engine can be operated with 
Aerozine 50. Coating life is limited more by abrasion (dur- 
ing handling) than by oxidation. Earlier spalling proble~iis 
have been solved by improvements in coatirag technique. 
Molybdenum engines have so far performed well despite 
apprehensions about them. Future engines will use the same 
pJre MoSio coating, and there appears to be little need or 
incentive for further coating development. The principal 
reservation to the ust of molybdenuni nozzles centers on 
the relative brittleness of the metal, not on coating per- 
formance. 

For many rocket engine applications, graphite in its 
various forms is generally used uncoated, but in a few cases 
coatings hve been applied. The Scout and Lance missiles 
use a polycrystalline graphite nozzle with a flame-sprayed 
coating of zirconia. Tests have been performed on attitude- 
control nozzles of polycrystalline graphite coated with 
silicon carbide. The very limited use of coated graphites is 
due to  the fact thpt there are at present no operational 
coating systems th*t can protect graphite from oxidation in 
the 4200"-4700~F (2300"-2600°C) legion, where graphite 
rezches its Ilighesr strength? Operational cdaiiilg systems, 
principally based on silicon carbide, @:: - 4iable protection 
only to approximately 2900"-3000~~ (1600°-1650z~j.~j.".Q 
Pl~sma-sprayed coatings of A1203 or Zr02 are capable of 
protection at higher temperatures, but only for very short 
time periods. These oxides are thermodynamically unstable 
with respect to graphite, and protection is in part due to 
the low thermal conductivity of the oxides. 

iridium coating have the potential to  protect graphite up 
to the eutectic temperature of 4140°F (228O0C).lO-l2 It is 
known that iridium is virtually impervious to o ~ y g e f i , ~ ~  
that it does not form a carbide, and that diffusion at the 
graphite-iridium interface is Pore- and crack- 
free iridium coatings that adhere well on graphite have been 
prepared by plasma deposition followed by isostatic hot- 
pressing.13 iridium alloys may offer protection at even 
higher temperatures. The eutectic temperature of !r-30 per- 
cent Re with carbon was found to be 4500°F (2480°C).14 
The high price, very limited availability, and high density of 
iridium, however, will probably prevent the usc of iridium 
or iridium alloy coatings for any but the most critical appli- 
cations. 

Substantial efforts have been made to develop tungsten 
coatings for graphite for use in solid-fuel engines, although 
none of these coatings appears to be in use yet. Tungsten is 
normally applied by plasma-spraying or vapor depos i t i~n?~- l~  
The latter method provides denser and stronger deposits. 
Most vapor deposition work involves reduction of WF6 by 
hydrogen. in a recent stgdy, Berkeley et al. l5 found that 
the addition of carbon monoxide to  the H2-WF6 gas mix- 
ture resulted in co-deposits of tungsten and W2C, with 
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Knoop hardness values (1OO.g load) ranging from 1,600 to 
3,300, while the hardness of pure tungsten deposited under 

: otherwise comparable conditions ranged from 500 to 670. 
The hardest deposit had a carbon content of 1 . I  wt%, cor- 
responding to a W,C content of approximately 35 percent. 
While higher room-temperature hardness does not neces- 
sarily indicate improved performance in a rocket nozzle 
environment, the observation is interesting and should be 

. followed up. 
I - 

f 
i : FUTURE NEEDS 

Future coating requirements for maneuvering and attitude- 
i control engines are likely to be limited. S9me use of coat- 

. ings could possibly be made with hybrid engines and tacti- 
; cal system engines. High-energy final stages are needed for 

kick engines, orbital transfer engines, and descent or ascent 
! engines for extraterrestial exploration. Typical engines are 

the Agena, Transtage, Apollo Service Module, and the Lunar 
Excursion Module. The skirt extensions on all the engines 
are of the radiative type and are coated with oxidation- 
resistant coatings. 

Because of their high specific impulse, restart capability, 
and throttleability, hybrid propulsion systems have some 
appeal for future upper stages. For example, the high flame 
temperature of Floxllithium fuel hybrid of approximately 
8 5 0 0 ~ ~  (4700JC) imposes a severe heating environment. 
The nozzle is submerged in the motorcase to reduce stage 
length and to improve combustion efficiency. The nozzle is 

. - ablative with a pyrolytic graphite .hroat. Since there are no 
solids in the exhaust products, and fluorine compounds do 
not react with carbon, erosion is reduced in comparison to 

-- 
the problem encountered with solids. For very high tem- 
peratures in hybrids (7000~-9000~F, 3400~-5000~~), it is 

. . surprising that the pyroIytic graphite nozzles have not ex- 
perienced difficulties in such regimes. i t  is unlikely that 
coatings could be found for adequate protection at these 
temperatures. 

Monopropellant hydrazine rocket engines are attractive 
for vehicular and satellite attitude control and will probably 
supersede bipropellent systems. Decomposition of hydrazine 
with Shell-405 catalyst occurs spontaneously and at low 
temperature. Temperatures can be controlled and for thrust 
optimization will be around 1 8 0 0 ~ ~  (980°C). Superalloys 
such as L-605 cobalt-base are being successfully used with- 
out coatings for such operation. 

For tactical missile propulsion in the past, primary con- 
sideration has been given to compactness, storability, and 
low cost. But in the future, maneuverability by means of 
throttling and start-restart capability will be required. To 
attain these ends, storable liquids, hybrids, and start-restart 
solids will probably be considered for tactical missile pro- 

Graphite is today's leading rocket nozzle material, but it 
does have some drawbacks. Its ultimate tensile strength is 
low. Brittleness makes graphite mechanically inadequate 
even under moderate loads. Promise is held out for pyrolytic 
graphite deposited on polycrystalline graphite. For high- 
performance lnissiles there appears to  be a requirement to 
use "something better" than graphite. Some designers favor 
a "hard" throat. For instance, tungsten is a candidate metal, 
especially if it could form it protective coating with some 
metal that had been infiltrated into it-infiltrated possibly 
with zirconium or hafnium metals. Such a "hard" throat 
should be useful with fluorine or Flox oxidizers, perhaps 
with hybrid rockets. 
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HYPERSONIC VEHfCLES 

APPLICATIONS AND ENVIRONMENTS 

In this section, the important aspects of coatings for hyper- 
sonic vehicles are discussed. These include vehicle charac- 
taristics and missions that delineate the requirements and 
structural design and structural materials that provide con- 
straints on coating usage, characteristics, capabilities, and 
application methods. Many different types of hypersonic 
vzhicles with significantly different characteristics and mis- 
sions were available for detailed examination; however, the 
discussion presented here was narrowed to focus on three 
essentially different types of vehicle that encompass most of 
the important variations associated with hypersonic vehicles. 
These are :he mannzd hypersonic aircraft, manned or un- 
manned lifting re-entry vehicle, and unmanned single-flight 
hypersonic missiles. The attendant air-breathing propulsion 
systems common to all three types of vehicles are also con- 
sidered. 

STRUCTURES 

Ma!mned Aircraft 

Considerable interest has existed in manned hypersonic air- 
craft for the past few years, and studies have been made 
recently by both governmental dgencies and industry to 
define major problem areas and t o  estimate feasibility. 
Because of the severe environmental conditions that will be 
experienced by hypersonic aircraft, the availability of suit- 
able protective coatings appears to  be an important con- 
sideration in determining feasibility. Factors that have an 
important bearing on the need and the type of protective 
coating selected include possible configurations and missions, 
flight environment and structural srlrface temperatures, and 
examples of typical structural designs. Structural-materials 
requirements and materials selection are reviewed to provide 
a background for the discussion of protective coatings for 
hypersonic aircraft. Many of the details presented relative 
to configuration, emironmeni, and structural design are 
taker. from Reference 1 and updated. -4dditional informa- 
tion on structures and nraterials problems appropriate to 
manned hypersonic aircraft is given in References 2-8. 

At present, certain efforts are under way to develop 
technology that, it is hoped, will make manned hypersonic 

reduction of tungsten hexafluoride. Battelle Memorial Institute 
Final Repori, C.S. Navy Bureau of Naval Weapon. 

19. Beller, W. 1960. Tungsten nozzies by vapor deposition. Missiles j 
and Rockets 7:23-29. I 

i 

aircraft feasible at some future date. No approved program I 
for the development of such aircraft is known to exist. 
Major technological advances in aerodynamics, propulsion, 
structures, and materials appear necessary before such air- 
craft become practicable, reliable, and economical. I Three types of missions and configurations are illustrated . 

for hypersonic aircraft in Figure 46. The vehicle shown in 
the upper portion of the figure applies to commercial trans- 
portation with a flight speed of Mach (M) 6 to 8. For space- 
craft launching, a Mach 3 to 12 vehicle is shown. For mili- 
tary missions, a vehicle with a speed from Mach 8 to 12 is 
indicated. The vehicles for all of these missions art? large aad 
would probably utilize liquid hydrogen for fuel. Missicil 
times would range from several minutes to more than an 
hour. A typical hypersonic aircraft configuration is shown 
in Figure 47. The length of scch a vehicle may be on the 
order of 300 ft with a gross takeoff weight in excess of 
500,000 lb. The lower surface heat shields would protect 
the underlying primary structure from the severe thermal 
environment. The tamperatures that these vehicles would 
experience would depend strongly on the flight trajectory, 
configuration, and performance, as is discussed later. 

A typical flight corridor fgr hypersonic drcraft is indi- 
cated in Figure 48. The aircraft operates within some dy- 
namic pressure limits at the lower flight velocities; for higher , 

velocities, temperature limits would further restrict the 1 i 

flight corridor. The highex value of dynamic pressure (1,500 
lb/ft?) defmes the lower boundary of the flight corridor. 
The 400O0F temperature line applies to a hemispherical 
nose of 1 ft radius with an emittance of 0.8. Figure 49 indi- 
cates equilibrium surface temperatures achieved during 
sustained flight at Mach S at 88,000 ft. The temperatures 
shown are the steady-state values expected in a flight of 
several minutes' duration and are those at which the radia- 
tion cooling of the surface is in equilibrium with the aero- 
dynamic heating. Note that only s m d  portions of the struc- 
ture such as the nose.and engine inlet are heated to tempera- 
tures in excessof 3 0 0 0 ~ ~  and that most of the wing, 
fuselage, and tai~-~ortic?s expeiiences temperatures below 
2000'~. The temperatures indicated in Figure 56 can be 
varied significantly by chanp;ir?g the aircraft configuration 
and performance. Blunting the ' i p e  or leading edges or 
reducing the cruising speqditr the dynamic pressure will 
reduce the temperature~hnd make the coating problems 
easier to solve (see  able 22). 

The successful utilption of coatings on sheet metal 
\ 
\ 
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COMMERCIAL TRANSPORTATION 
M = 6 - 8  

MILITARY OPERATIONS 
M=8-12  

FIGURE 46 Missions and configurations of hypersqnic aircraft. 

YELAGE:TRUCTURE TAIL STRUCTURE 

CREW7 PASSENGERSANDCARGO 7 
UID HYDROGEN TANKS (-423 O F )  

LOWER SURFACE HEAT SHIELDS 

WING STRUCTURE 

AIR INLET AND PROPULSlON  UNIT^ 
FIGURE 47 Total hypersonic ahcraft configuration. 

structures is strongly influenced by the design details of the 
structure. As indicated in Figure 54, large sections of the 
structure may require the use of surface'heat shields (that 
may be coated) to protect the underlying stmcture. The 
remainder of the structure may operate successfully with- 
out heat shields. The general arrangement and structural 
details of a typical wing structure without heat shields are 
shown in Figure 50. The entire wing structure is shown 
schematically on the left; wing details are shown in the 
other views. The structure consists of an array of ribs 

and spars. A waffle configuration skin panel is indicated. 
In areas of the vehicle where the temperature limits of 

the load-carrying structure are exceeded, or where fuel tanks 
are used, the structure must be protected by insulation and 
heat shields as shown in Figure 51. In this view the load- 
carrying structure is protected by insulation, and the insula- 
tion in turn is protected from the airstream by heat shields. 
Details of a possible heat shield are shown in Figure 52. The 
corrugations are oriented in the streamwise direction and 
are attached to the load-carrying structure by clips. Special 
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ALTITUDE, FT 
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RADIUS = I FT 
EMITTANCE = 0.8 
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FLIGHT VELOCITY, FT/SEC 
FIGURE 48 Typical flight path for hypersonic aircraft. 

FIGURE 49 Equilibrium surface temperatures during sustained fiight at Mach 8 at 88,000 feet. 

attention has been given to the details of the attachment 
clips to permit application of coatings for protection against 
oxidation or embrittlement and to minimize thermal stresses 
and distortions. 

In view of the wide range of missions that hypersonic 
aircraft may perform, detailed materials requirements that 
are applicable to all vehicles cannot be specified; however, ' 

it is assumed that certain common requirements such as long 
life and multiple reuse capability are mandatory for this 
class of vehicles. Mifiimum capabilities fcr different types 

of materials that are expected to be utilized in hypersonic 
aircraft are suggested in Table 23. The materials are specified 
in terms of the application or location on the vehicle. The 
maximum temperatures and the desired life or exposure 
time without refilrbishment are also indicated. 

Superalloys are indicated for the primary structure with 
the maximum temperature below 1600"~.  Structural heat 
shields that operate in the 1600" to 2000°F range are also 
noted to be superalloys. The superalloy sheet thickness for 
both primary structure and heat shields is minimum gauge, 
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TABLE 22 Representative Surface Equilibrium Temperatures on Hypersonic Aircrafta 

Equilibri\lm Temperature, OF 

Wing and Tail 
Nose inlet Leading Edge Leading Edge Lower Wing Surface 
(q = 2,200 psf) (R = 114 in., A = 0') (q = 2,200 psf, A = 70') (X = 20 ft) 

Mach - - - 
No. R = 114 in. R = 6 in. q = 2,200 psf q = 500 psf R = 114 in. R = 1 in. q = 2,200 psf q = 500 psf 

"Emissivity = 0.8, angle of attack = 4" 
q = dynamic pressure 
R = radius of curvature 
A = sweep angle 
X = streamwise distance from leading edge 

-CORRUGATED WEB 

RIBS ANF SPARS 

FIGURE 50  General arrangement and details of wing structure for hypersonic aircraft. 

generally on the order of 0.008 in. to  0.020 in. The leading 
edges may be fabricated from refractory metals or cooled 
supeta!lcys. Several materials are listed for the nose cap, in- 
clllding ceramics, graphite, refractory metals, and cooled 
superalloys. Titanium alloys are suggested for the fuel tanks 
(hydrogen), and cooled superalloys with a maximum temper- 
ature of 1600°F are indicated for the propulsion system. 

The various types of materials suggested indicate that 
protective coatings will be required for 'certain areas of this 
type of vehicle. For much of the load-carrying structure, 
temperatures below 1600°F are noted, and the need for a 
coating is open to question, As operating temperatures for 
superalloys approach 2000~F, coatiilgs may be mandatory, 
particularly for thin sheet material, in order to prevent 
destructive loss of metal thickness from oxidation and em- 

brittlement. Also, a high surface emittance must be main- 
tained on the external surfaces to aid in structural cooling 
by radiation. Most superalloy materials will exhibit high 
surface emittance at high temperatures, provided that care 
is taken in preparation of the oxidized surface. The applica- 
tion of certain coatings may lower the effective emittance 
and produce a hotter surface. 

In the design process, materials are selected that will 
meet the life and reliability requirements and at the same 
time provide minimum weight. To accomplish this, a com- 
parison is made between the weight of the uncoated mate- 
rial with proper allowances for loss of effective thickness 
due to oxidation and corrosion against the weight of coated 
metal required to meet the specified performance. The 
lower weight should dictate the approach selected. The 
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CORRUGATED ACCESS HOLE AND PLUG 
EFRACTORY -METAL 

HEAT SHIELD 

FIBROUS 

(BEADED CORRUGATION) 
FIGURE 51 lnsulatcd wing structure with cormgated ~erractory-metal heat shidd. 

I 
\ ----- - - .  OUTER SURFACE 

FlGURE 52 Corrugated refractory-metd (Ta-1OW) hemt shield. 

coating thickness for the thin superalloy sheet must be the 
smallest practicable value to avoid excessive weight penal- 
ties. As an example, for an aluminide-type coating, the 
weight of 1 mil of coating on each side of the sheet of the 
hypersonic aircraft wetted surface exceeds I ton. Each mil 
of coating applied would thus decrease the payload do the 
order of 5 percent. 

One additional factor needs to be considered: namely, 

design approaches that require frequen* refurbishment are 
not feasible for the thin superalloy sheet that comprises the 
major portion of the surface area of the vehicle. Conversely, 
for h e   cost severely heated portions, which comprise only 
a very snall fraction of the vehicle surface, various design 
approael~es are potentialIy possibie, and frequent refurbish- 
ment IT,;:. be tolerated. Because of these considerations, the 
coating requiremects for the supedloys that experience 
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TABLE 23 Suggested Minimum Temperature-Time Capabilities - 
Application Material Temp., OF Exposure Time, hi. 
-. 

Primary structure Superalloy s Below 1600 5,000 

Heat shields Superalloy s 

Leading edges Refractory metals 
Superalloys (cooled) 

Nose u p  Ceramics 
Graphite 
Refractory metals 
Superalloys (cooled) 

Hydrogen tank Titanium alloys 

Propulsio~i system Superalloys (cooled) 

LID = LID = 1.5 
H? - 10 
M - 2  

LID = .25 - .5 
GEMINI APOLLO 

FIGURE 53 Maneuver performance of  lifting reentry vehicles. 

relatively moderate temperatures pose a challenge of com- 
parable magnitude to that indicated for the more severely 
heated areas, such as the nose, leading edges, and underside 
of the vehicle. 

.:fling Re-entry 

Flexible approaches for returnitlg niannad and unmanned 
space vehicles from orbital or suborbital missions are re- 
quired to reduce recovery delays and to minimize the ex- 
pense associated with the deployment of expensive tracking 
and recovery forces. Lifting re-entry vehicles, in utilizing 
aerodynamic maneuveririg to achieve a wide latitude it1 re- 
entry flight path, make it possible to significantly reduce 
logistics problems and costs associated with recovery. They 
also provide the benefits of a conventional horizontal land 

ing and a more or less conventional approach to maintain- 
ing the vehicle in a condition suitable for reflight (Figure 53). 
Vehicle size, performance, and exact mission vary widely. 
However, high-performance lifting re-entry vehicles have 
numerous similarities. A hypersonic lift over drag of 2.0 to 
3.0 will be required to provide the necessary perfor~nance. 
Manned vehicle landing will probably be accomplished with 
the aid of variable-geometry wings and/or auxiliary jet en- 
gines. Rocket propulsion will normally be carried to  perform 
space and re-entry maneuvers. Except for details, materials 
applications will be cornmon to all designs for this class of 
vehicle. Discussion of recent programs investigating the con- 
cept of high-performance lifting re-entry vehicles appears in 
References 9 through 1 1. 

The time-temperature characteristics of high-performance 
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lifting re-entry vehicles vary wideiy, since they are depen- 
dent upon the re-entry path choscn. The development uf 
materials for such applications mt .~t  consider a broad eme- 
lope of environmental conditions until specifical!~ identi- 
fied with a vehicle and mission of defined performance 
characteristics. 

As an example, consider a 35-ft mann. ; I :-, :'. \ vehicle 
having a reradiative thermal protection system to i11u:itrate 
time and temperature characteristics. Figure 54 presents 
centerline thermal profiles at two locatio~~s on such a ve- 
hicle for LWO extreme conditions of re-entiy perform~nce. 
The sharp rise in temperature is caused by transition of the 
boundary layer from laminar to turbulent flow. It should be 
noted thit the left-hand curve indicates a higher overall tem- 
perature requirement for structural materials, whilz the right 
hand curve indicates a longer time at temperature for the 
3aterial and a higher total heat input. A specific vehicle 
may be required to perform either of these re-entries or, if 
mission flexibility demands, both of them. The maximum 
temperatures occurring on this vehicle during a nominal re- 
entry are shown in Figure 55. These temperatures are not 
reached simultaneously on all portions of the vehicle, as can 
be seen in Figure 54, nor are they constant for any long 
period of time; they are, therefore, representative of a non- 
equilibrium condition during re-entry. 

FIGURE 54 PPL-7h.K operational re-entry. 

Economic considerations dictute that a major portion of 
the vehicle must be reusable. Such basic subsystems as I:. . d- 
bearing structures, avionics, propulsion, thermal protection, 
and mi:sic?a ecjclipment must be ~ltilized for as many as 50 
to 100 times. The thermal protection system requires the 
major rl ui iishment, accounting for 70 u 80 percent of the 
between-111ght maintenance cost. Developmerit of tn inex- 
pensive, easily maintainea, and reliable nethod of protect- 
ing the internal portions of the vehicle front the heat of 
re-entry is, therefore, a major requirement in vehicle design 

The majorlty of vehicles under consideration at the pres- 
ent time utilize a main loadcarryi!~g structure seperate from 
the thermal protection system. The primary structure is 
maintained at a relatively low temperature by insu1s:ion or 
by insulation and active cooling. Thus. cor,vzr.tional alvmi- 
nuin airframe construrtion techniques car. be utilized for 
the main load-carrying structure. Figure 56 shoxs the layout 
of research version of the FIX.-7MC configuration deoigncd 
tc  grow in speed capability from an initial Mach 2 to Mach 7, 
and then to Mach I5 or greater. The use of a conventional 
skin and frame structure allows growth by merely replacing 
the outer thermal protection system. In addition to bcing 
readilv designed and fabricated, a cooled load-cnrrqjng struc- 
ture is the lowest in weight (Figure 57). 

Nonintegral tankage will be utilized for carrying internai 
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FIGURE 57 Thennostructural concept selection effect on average unit wtight of basic structure and 
thermal protection. 

fuel for most vehicles in the near future. Additional design 
and demonstration work will have to be done before integral 
tankage will be able to be cor~sidered for use in re-entry 
vehicles. Fin and wing structure such as that shown on the 
vehicle illustrated will probably be designed to be hot-load- 
carrying. Integration of hot and cool load-carrying struc- 
tures create; a design challenge but will generally provide 
the lightest weight structure. Cutouts in the structure will 
provide stowage of variable-geometry wings and the landing 
gear and allow equipment access. These nonoptimum con- 
siderations must be taken into account when designingthe 
structure and the thermal protection system. 

The greatest potential application for coatings is to pro- 
tect the sheet-metal radiative-heat shielding from oxidation 
at elevated temperatures during re-entry. Since the total 
mission life of this type of vehicle at  high temperatures is 
less than 100 hr, the requirement to coat superalloys does 
not seem likely. Refractory metal portions of the heat 
shield must be coated. 

The use of radiative thermal protection systems on re- 
entry vehicles faces considerable cornpetition from ablative 
thermal protection systems. Cost, reliability, and re-entry 
conditions are major factors that enter into the trade-off. 
Figure 58 indicates that a radiative system must be reusable 

I 
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FIGURE 59 Radiative heat shield materids distribution for FDL-5A. 

to be cost-effective. For-low traffic rates. an ablative shown in Figures 59 and 60, respectiveIy. If mission require 
radiative thermal protection system appears zo be attractive ments dictate re-entry at temperatures above the capability 
because if an ablator replaces the refractory me'fal, cost of coated refractory metals, alternative materials will have 

: effectiveness, through r&iab!lity and mission . exibility, is  to be used. lf,  however, competition i s  on a straight cost- 
enhanced- The distribution of radiative and radiativelabla- effective basis, ways must be developed to decrease the r 

; tive heat shield materials on a proposed configuration is manufacturing and installation costs of coated refractory 
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FIGURE 60 AblaIivcj.ciRadiativc heat shield rna t t i i~ ls  for FDE-5A. 

~netrls and to increase sharply the life and reliability of 
each part. The additional considerat~on of overlaying a 
radmtive thermal protection system with an ablative mate- 
rial has been generally dismissed because of difficulty in 
determining the proper ablative thickness and because of 
excessive ablative bondline temperatures and ablation at 
the bondline. 

Missiles 

The environments and materials requirements associated 
with I~ypersonic missiles are defined and predicated tn the 
basis that these vehicles are Enten2cd For single flights. The 
environment they encounter covers broad ranges of pres- 
sure, altitude, and temperature because the missiIes may 
operate at both high and low altitude in a single flight. The 
most severe conditions are encountered in the low-alritude, 
hypersonic-velocity portions of the flight. and these coadi- 
tions lead to the most stringent requirements for coatings. 
Altltough the environment is considerably mare hostile than 
that encountered by manned hypersonic aircraft, the flight 
time is much shorter, being measured in seconds up to a few 
minutes. Because of the expendable nature of llppersonic 
missiles, cost.effectiveness is an important factor in mate- 
rials selection and requirements. This factor requires careful 
consideration of such itcms as materials availability, Fabrica- 
tion case, 2nd the limited life requitenlent for structural and 
propulsion systems. Often, rhe short-life characteristic per- 
mits the use of materials at higher temperatures than allow- 
able for long-time use. AIso, insulating or ablative coating 
can be used more readily. 

Temperatures, pressures, and aerodynamic loads depend 

upon design configuration. speed. and altitude. One of the 
most challenging problems involves materials used on air 
inlets, wings, and control surfaces. In low-altitude flights. 
severe performance penalties result from unnecessarily bhnt 
stagnation areas. CoId-wall heat fluxes to 7000 Btu/f?'-sec 
with stagnation pressures over '00 psi and aerodynamic 
shear Ioads of 300 psi codd be encountered under extreme 
conditions, generating temperatures over 4000" F. Possible 
candidate materials for temperatures beyond the capabili- 
ties of supera1loq.s irlclude silicide-coated colunlbium alloys 
and silicidecoated tantalum alloy daddings or coatings on 
refractory metals or graphite. 

AIR*BREATHING PROPU LSlON (EAUJET) 

In this section, primary attentior: is  directed toward general 
material requirements for air-b1cathir.g propulsion systems 
applicable to llypersonic vehicles. For hypenonic aircraft, 
:he transition from subsonic to supersonic combustion in a 
ramjet engine is from Mach 6 to Mach 7. Because of high 
dynamic pressure considerations, supersonic combustion 
ramjet engines (Scramjet), rather than subsonic combustion 
ramjet engines, are most generally considered for uze in the 
hyperwnic speed range from Mach 5 to Mach 12. The fol- 
lowing discussion will, therefore, be concerned primarily 
with the material requirements and thermal protection cri- 
teria for Scramjet engines. 

The internal structure of a Scramjet engine may be 
shielded from a hostile thermal environment hy two funda- 
mental means-passive and active thermal protection. Pas- 
sive thermal protectian is based on the heat-sink, insulative, 
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FIGURE 6 3 Regencrativcly cooIed propulsion system. 

and radiative properties of materials. Active thermal protec- 
lion utilizes the Ilea(-sink capacity of engine fuel as a coolant 
far regeneratively cooled or mass-addition-cooled engine 
surfaces. The regeneratively coated ramjet engine is  usuaily 
~"ferred because of its multi-reuse capability. The ramjet 
propulson system poses a severe materials problem because 
of high pressures and temperatures. 

The regeneratively cooled ramjet is  shown schematically 
in Figure 6i . In tile upper p~r t ion of this figure a two- 
dimensional air inlet propulsion system is shown. The view 
in the lower portion shows a typical wall cross section. The 
air entering rhis type of propulsion system is compressed to 
high plessures and temperature. The useful net thrust of a 
Scrarnjet engine is produced by the contour. Captured air- 
flow is compressed by the inlet contour to a relatively high 
pressure. but the airflow is maintained at supersonic speeds. 
\%ire the air is at ths high pressure. heat is added by t h ~  
supersonic combustion uf fuel. which increases the local 
volume req~irernent for continuous expansion of the gas to 
ambient pressure. The engine contour confines the gas, re- 
sulting in locat compressio~i and a reduced expansiol~ tale. 
to gnc a net Forward component in wall pressure (net 
thrust) ovcr the complete engine. Consequently. the propul- 
sion aerothermo~~narnic requirements generally e~tablish 
the engine configuration. wluch, in turn, establishes the ma- 
terials design an3 utilization. The regeneratively cooled 
propulsion system applicable to a manned hyprsonic air- 
craft sl~own in Figure 61 is  subjected to high heat fluxes and 
temperatures. The air entering the propulsion system is com- 
pressed to as high a pressure as 10 atm, and heat fluxes in 

the combustor area may be of the order of 500 BtuiftZ-sec. 
These were thermal environments produce large tempera- 
ture differences in the structural walls. High thermal stresses 
that may result can produce thermal fatigue. The metal tem- 
peratures in the propuIsion system can be controlled, usu- 
ally by local sizing of the regenerative-cooling system, to 
accamrnodate the heat fluxes. The composition of the 
atmosphere in the propulsion system may be categorized in 
the following way: In the forward region, oxidizing condi- 
tions prevail because of the presence of oxygen in the air- 
strearr.. In the combustor and aft regions, the atmosphere as 
a rule consists primarily of combustion products with pos- 
sible traces of oxygen or fuel. 
One of the most challenging requirements of a Scramjet 

active cooling system is to provide adequate cooling, with 
the total coolant Row rate being maintained equal to, or 
less than, the engine combustion fuel-flow requirement. 
Since the available fuel heat sink is usually constant under a 
particular design condition, the best approach is to reduce 
the hot-gas-side heat flux. One technique for reducing the 
heat flux to the engine structure. without decreasing the 
coolant capacity from the regenerative system or cornpro- 
mising thrust performance (as in mass addition), is to pro- 
vide a hi&-thermal-resistance coating on the hot-gas side 
wall. Ceramic coatings are very effective as thermal-resistance 
materials at high heat fluxes. However, the effectiveness of 
insulating coatings decreases as heat flux decreases. 

When a Scramjet flight trajectory includes significant 
time at high Mach numbers, the inlet leading edge must be 
actively cooled because its small radius causes the heating 
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rate to be very high. One basic method of accomplishing 
this is with mass-addition cooling. As opposed to the more 
generous radii of lifting re-entry vehicles, the radii of lead- 
ing edges attendant with propulsion systems is dictated by 
aerodynamic efficiency of the powered vehicle and aero- 
dynamic efficiency of the engine cycle. 

On interior engine surfaces, the best available high- 
temperature structural materials would fail in a few seconds 
if left unprotected or uncooled even at moderate velocities. 
Certain exterior components, free to radiate to the atmo- 
sphere, may operate at somewhat higher velocities, but 
nearly all "buried" structure requires some degree of ther- 
mal protection. Passive thermal protection systems may be 
divided into two general classes: sacrificial and nonsacrifi- 
cial. Sacrificial systems are those in which chemical change 
or mass loss occurs during operation. Materials used in sac- 
rificial systems include charring ablators, ablating refrac- 
tories, and infiltrated refractories. Sacrificial systems are 
generally used for short-term operation in high heat-flux 
environments-for example, on high-velocity-high.-accelera- 
tion missiles on nonrecoverable missions that are accom- 
plished in a few seconds or minutes. Nonsacrificial systems 
utilize a materials heat-sink capacity and thermal insulating 
praperties to maintain underlying structure within desired 
temperature limits. The primary advantage of nonsacrificial 
systems is that the materials undergo no physical or chemi- 
cal degradation during use. Such systems, therefore, may be 
reusable and, in the case of radiation cooling, can operate 
continuously or for long periods. 

The mission requirements of a Scramjet engine strongly 
influence the selection of the thermal protection method. It 
is convenient to relate the thermal protection capabilities to 
the mission requirements by the flight trajectory variables 
of Mach number, altitude, and time. Generally, if the flight 
Mach number is low enough or the flight duration time short 
enough, a passive thermal protection system may prove ade- 
quate for the complete engine. For long-duration missions, 
active thermal protection for the Scramjet engine appears 
necessary. 

In summary, it can be seen that the propulsion system, 
integral with a hypersmic vehicle, will face an aerodynamic 
pressure and temperature environment more ~igorous than 
the vehicle because of the addition of heat (combustion) to 
an already hostile environment. The two major criteria, con- 
sequently, that determine the material requirements, are 
altitude-Mach number and geometry considerations. Thermal 
protection techniques, such as those shown in Figure 62, 
may be used in various sections of the propulsion system. 
Although approaches from superalloys to  insulated 
regenerative-coaling tech~iiques will be used, depending on 
the altitude and Mach number, most missions indicate the 
requirements of a regenerative system with coated or un- 
coated substrates (superalloy or refractory alloy) or an in- 

I STRIJCTURE 
AND/OR 
INSULATION 

A. RADIATION - COATED AND UNCOATED SUPERALLOY 
OR REFRACTORY M R A L  SUBSTRATE 

INSULATION 

SUBSTRATE I 

1 \ 

COOLANT 
CHANNELS 

B. REGENERATIVE - COATED AND C. INSULATED REGENERATIVE 
UNCOATED SUBSTRATE 

/INSULATION 
ABLATIVE 

SUBSTRATE 

D. PASSIVE - INSULATING E. PASSIVE - SACRIFICIAL 

FIGURE 62 Thermal protection tecl~niques. 

sulated and regeneratively cooled wall to reduce coola:~t 
requirements. Table 24 lists the candidate mater; Is for i 
these thermal protection techniques. Generally, the major 
classes of materials will be used as f o l l o w ~ ~ ~ - l ~  : coated re- 

and uncoated supera1lo)ls for substructure, regeneratively 

i 
fractory alloys for structure, walls, and leading edges; coated 

cooled walls, and actively cooled leading edges; steels and 
titanium for substructure; and graphites (coated), ceramics, 
and ablatives for thermal protection. : 

Coating requirements for the propulsion system are not i 

well established. It appears doubtful that present coatings 
can survive the high temperatures, thermal cycling and 1 

i 
straining, erosion, and corrosion associated with the propul- 
sion system. Continual improvement in coating capability ! 
is expected with further development; the rnost feasible ap- I 
proach, however, may be to use fuel cooling coupled with ! 

the selection of structural metals resistant to heat and ther- i 
I 

ma1 fatigue. Some refurbishment of the propulsion system 
materials may be required periodically. If coatings emerge I., 
that will improve the thermal fatigue characteristics and 
resistance to  oxidation and corrosion, substantial improve- [, 

ment in propulsion-system life and performance would be t . .  
i 

obtained. Emittance values for the coatings that may be 4 considered for the propulsion system are not particularly 
significant because the internal surfaces cannot be cooled 
by radiation. 1 
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TABLE 24 Candidate Materials for Hypersonic Air-Breathing 
hopulsion Systems 

Class - Typical Candidates ijesignation 

Refractory metals 
Tantalum alloys 
Columbium alloys 
Molybdenum alloys 
Tungsten alloys 
Hafnium-tantalum 

Superalloys 
Nickel-based 

Cobalt-based 
Steels and titanium 

Stainless steel 

Ta-low, T-Ill .  T-222 
D43, Cb-752,C-103, C-l32M, etc. 
%Ti-Mo, TZM 
Tungsten3Re 

Hastelloy X, Inconel 718, Udimet 700, 
IN-100, TD-Ni, TD-NiC 
L-605. MAR-M302 

High-strength steel ~ ~ 3 5 0 . 1 7 - 7 P h ,  etc. 
Titanium TidAlAV, Ti-7A1-4Mo 

Graphites 
Commercial bulk ATJ, JTA, AXF-5Q, etc. 
Pyrolytic graphite 
Graphite composites Carbitex, Pyrocarb, RPG, RPP 

Ceramics 
Zirconia 
Magnesia 
Alumina 
Honeycomb composites 

Ablatives 
Silica phenolic 
Asbestos phenolic 

PBRFORMANCE 

CURRENT STATUS 

Silicides-Mo Alloys 

The earliest development of protective coatings for refrac- 
tory metals was for molybdenum, and a significant coating 
capability now exists. All of the better coatings of interest 
for hypersonic vehicle application are based on the silicide 
system. Some of the available coatings are "straight silicides" 
(essentially MoSi2), although the majority are modified 
with metallic elements such as boron or chromium. It is 
generally agreed that such modifi~rs will improve coating 
performance;however, modifiers are not mandatory nor are 
they incorporated in as large amounts as for silicide-coated 
columbium. 

In hypersonic vehicle 'applications, molybdenum alioys 
are generally considered f ~ i  use at maximum "flight" tem- 
peratures of 2600' to 3500'~. At lower temperatures, 
columbium alloys compete with molybdenum. Tantalum 
alloys are the competitors for higher temperatures. Com- 
pared to columbium and tantalum alloys, molybdenum 
alloys are more difficult to form and join. Welding is seldom 

used because of embrittlement due to grain growth; however, 
aerospace structures have been successfully electron-beam- 
welded. lhese liniitations restrict the size and complexity of 
coated-molybdenum hypersonic structures. Coated molyb- 
denum has a ductile-to-brittle transition (DBTT) that can 
vary between wide extremes, necessitating careful handling 
after coating. Recrystallization resulting from exposure to 
elevated temperature (-2600' to 2800°F) also causes re- 
duced ductility and strength and will raise the DBTT. In 
spite of the shortcomings, there are applications for molyb- 
denum on hypersonic vehicles. Its elevated-temperature 
creep resistance is much better than that for columbium, 
and its strength-to-weight ratio is superior to that of tanta- 
lum over an appreciable temperature range. 

Because of the shortcomings mentioned earlier, less em- 
phasis was placed on the development and evaluation of 
coatings for molybdenum alloys during the past few years 
compared with the work on coatings for columbiunl alloys. 
Consequently, fewer dath are avaiiable for estimating the 
performance of silicide-coated molybdenum hypersonic 
vehicle structures than are avaiiable for coated columbium, 
even though the cozting technology for molybdenum is well 
established. The behavior of molybdenum disilicide has 
been studied extensively, and it is considered to be one of 
the most oxidation-resistant coating materials. When used 
as a coating for molybdenum, its performance is inferior to  
that of the bulk material. This is partly because microcracks 
and other such defects are created by the coating-base-metal 
thermal expansion mismatch, and because lower-order sili- 
cides are formed via diffusion of silicon into the substrate. 

Improperly processed molybdenum alloys tend to  delami- 
nate, and coating defects (fissures or crevices) are likely to  
occur at edges where delamination is readily produced, par- 
ticularly on the thin sheet used for hypersonic vehicle coni- 
ponents. Delamination-induced coating defects can be vir- 
tually eliminated by careful manufacturing and inspection. 
Also the "pedigreed" TZM alloy produced under the Refrac- 
tory Metal Sheet Rolling Program appears less subject to  
delamination than other commercial sheet produced at that 
time. However, most of the coating performance data avail- 
able are for the older "first generation" commercial TZM. 
The commercial TZM available today closely resembles the 
"pedigree" type and is considerably easier to form than the 
earlier materials. 

The cyclic oxidation protective life at  atmospheric Fres- 
sure and at  2 6 0 0 " ~  for coated commercial and pedigreed 
TZM sheet are given in T-.ble 25. In comparing lives, the 
differences in coating thickness should be noted because 
lifetime is generally proportional to coating thickness. The 
high incidence of edge failures shown by the data in Table 
25 is typical of the state of the art and points to an area re- 
quiring attention to  improve reliability and effective life. 
Edges are prepared for coating by radiusing, but this only 
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FIGURE 63 Maximum temperature for a 4-hr life of silicide coatings in air at reduced pressures. 
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minimizes the coating edge crevice formed, rather than elimi- 
nating it. Achieving an optimum radius is difficult, particu- 
larly on large and complex parts, and only a small radius can 
be produced on thin-gauge material. Also, a thick silicide 
coating will generally produce larger crevices that lead to 
early edge failures. The difference between the maximum 
and minimum life given in Table 25 is also significant. The 
early failures were due to defects generally located at edges. 
On hypersonic structures, the first coating failures observed 
are likely to correspond to the minimum test coupon lives 
because of part versus test coupon size considzrations. How- 
ever, the first mating failure, particularly if at an edge, is 
not likely to lead to  immediate structural failure of the part. 

The lifetime of siicide-coated molybdenum is substan- 
tially reduced when the oxygen partial pressure is below 
about 5 Torr as shown in Figure 63.17 Pressures in this range 
are common for hypersonic vehicles, and the low-pressure 
degradation substantially reduces the effective coating life. 
While most systems can survive one re-entry, this behavior 
severely limits reuse capabilities. Also, since lower pressures 
may exist on internal surfaces, coating hilures may be ini- 
tiated in limited-access areas that cannot be readily inspected. 

The thermal emittance of silicide-coated molybdenum 
and its alloys has been the subject of considerable contro- 
versy and uncertainty. One of the main reasons for this un- 
certainty is that emittance is a function of temperature, 
pressure, and exposure time. It appears that the total normal 
emittance of silicide-coated TZM alloy at 2500'~ and at 

( I )  TZM/PFR-6 - (2) TZM/DISIL 
(3) TEM/DURAK-8 
(4) Cb-152/PFR-32 
(5) Ch-152/CrTISI 
(6) 8-66/CrTiSi 
(1) la-lOW/Sn-Al - 

- 
LC------.----- .----- 

------_--_----CC -, --- z-------4**)/ ' 
/' 

/- 
&- yo ----c,.-,,,/~ 

- 

, , , .  I I 1 * 
0.10 1.0 10 100 

atmospheric pressure is normally between 0.G and 0.7. 
Emittance-improvement topcoatings have been devel- 

and show promise for increasing the emittance 
by 0.1 to 0.2 emittance units. 

AIR PRESSURE (MM Hg) 

Silicides-Cb Alloys 

Because of the earlier work on protective coatings for mo- 
lybdenum, the initial effort on columbium tended to follow 
along the lines of pack-siliciding. This war not strictly logical 
in view of the substantial differences in properties between 
these two metals and their silicide compounds. Inherent 
oxidation resistance of CbSi2 is relatively poor. In addition, 
the molar volume ratio of CbSi2 to Cb and the large mis- 
match in thermal expansion between this compound and 
its parent metal promote extensive cracking of pack-silicide 
coatings on columbium alloys. Nonetheless, widespread 
effort was expended in developing "modified" pack-silicide 
coatings. While a broad variation of behavior was noted 
among the several proprietary pack-silicide coatings, their 
relative performances were not consistent. The spread in 
performance is attributed to variations in processing, inas- 
much as chemical, x-ray, and electron microprobe ar~alyses 
have established that the one-step modified pack silicides 
were basically CbSi2. (CbSi2 has negligible solubility for any 
of the commonly tried pack additive "modifier" elements.) 
None of the basic pack-silicide coatings are commercially 
produced today, dthough any number of organizations have 
the capability for such application. 
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"ABLE 26 Rep~ese~ltative Test Results for Vacuum-Pack Cr-Ti-Si-Coated Columbium Alloys 
-- 

Average oxidation test lives at various temperatures 

Mean life (hr) - 
Temperature (OF) D.43 alloy B-66 alloy 

1800 No coating failures observed in >I50 hr No coating failures observed in >I50 hr 
2500 109 139 
2700 36 32 

Protective reliability at 2500°F (99 percent confidence) 

Life (hr) 
Probability (%) D 4 3  alloy B-66 alloy 

SO (Mean) 109 139 
75 91 120 
90 74 102 
95 64 91 
97.5 53 82 

Tensile strength properties of 30-mil D-43 alloy 

Test 
Uncoated As CrTiSi Coated After Creep Oxidationa 

Percent Percent Percent 
~ i i ~ e r a t u r e  (OF) UTS (psi) YS (psi) Elong. UTS (psi) YS (psi) Elong. UTS (psi) YS (psi) Elong. 

- - - - 

"100-hr creep exposure at 2500 psi, 2000°F resulted in approximately 44 percent elongation before tensile tests. 

The first reasonably reliable coating developed for co- 
lumbium was a chromium-titanium alloyed silicide (Cr-Ti- 
Si) applied by a two-step processing sequence. The original 
process involved vacuum-pack deposition: First, codeposi- 
tion of Cr and Ti from a master alloy pack to form a surface 
layer of (CbTi)Cr, with an underlying Ti-enriched diffusion 
zone, followed by vacuum-pack siliciding, during which a 
columbium-to-silicon ratio gradient is produced throughout 
a final coating best described as mixed (Cr, Ti, Cb) silicides. 

This coating has been repeatedly shown to provide pro- 
tection for times as long as 150 to 200 hi at 2500°F in static 
air furnace oxidation tests (with hourly air-cooling). Much 
longer protective lives are normally realized at lower tem- 
peratures. However, slow thermal cycling significantly re- 
duces coating life at all temperatures. Representative oxida- 
tion test results are shown in Table 26. Also included in the 
table are typical as-coated D 4 3  alloy strength properties. 
Effects of the thermal processing associated with the coating 
application, together with :h.e physical and thermodynarilic 
effects of the coating's presence, combine to reduce the ef- 
fective strength of carbide precipitation strengthened alloys 
such as D43 or duplex-annealed Cb-752 by as much as 
25 percent. Solid solution-strengthened alloys are not af- 
fected in the same way, although there can be adverse 
changes in ductility and fatigue strength. 

The Cr-Ti-Si coating has several limitations that require 

thorough consideration before it is used. The need for a 
vacuum process and the long proc5ssing time combine to 
make the coating expensive. For high temperature and !ong- 
time applications, such as in multimission re-entry vehicles, 
diffusion may degrade mechanical properties below a toler- 
able limit, especially for substr~tes !ess tlian 0.010 in. thick. 
Low pressure (below 5 mm Hg), combined with high tem- 
peratures (above 2500°F), appreciably ~horten coating life 
by chromium diffusion to the surface and subsequent 
vaporization.17 

Probably the most successful coating a p p ~  oach for co- 
lumbium has been the fused-slurry silicides. A number of 
elements and intermetallics have been studied as m~difiers 
to the basic Si--3 :Ti and Si-20Cr eutectic slurry composi- 
tions. Fusion or the sprayed or dipped slurry i ; ~  vacuum rc- 
sults in mixed silicide phases that provide high-temperature 
capability. The compositions Si-2OCr-STi and Si-2OCr- 
20Fe have received the most investigation and testing, but 
over forty coatings have been developed. Among the slurry 
coatir~gs studied, the Si-Ti-Cr and Si-Cr-Fe have received 
the most effort. Typical oxidation and mechanical-property 
data are shown in Tables 27 and 28. In general, it can be 
said that these coatings furnish protective lives as long as, or 
longer than, any coating formerly known, and do not de- 
grade mechanical properties of the substrate alloy. 

Extensive characterization of the fused-silicide type of 
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TABLE 27 Oxidation Properties of PusedSlurry Silicide-Coated Columbium 

Furnace oxidation life of Si-Cr-Fe-coated Cb75 2 

Test Conditions 
Temp. (OF) Cycles Protective Life (hr)" 

Isothermal 
16 cycles 
16 cycles to RT 
8 cycles to RT 
8 cycles t~ RT 
8 cycles to RT 

Hourly cycle to RT 
Hourly cycle to RT 
Hourly cycle to RT 
Ho'lrly cycle to RT 
Slow cycles each hour 

Oxidation aqd reentry simulation tests for fused-slurry-coateti alloys 

Reentry Simulation Cyclic Life  
(1-hr cycles to 250O0F Maximum 

Slow Cyclic oxidationb temp.) 
Substrate Lie (1-hr cycles to Low (internal) High (external) 

Coating Alloy 25000~ ~ a i i m u m  Temp.) ~ress"re ~riss&e 

"+indicates test stopped without failure; still protective. 
b ~ a n g e  of lives observed with only a few specimens tested at each condition. 

TABLE 28 Mechanical hoperties of Fused-Slurry Siticid-.?oated Columbium Alloys 

Tensile Properties of 18-mi! SiCr-TiCoated D-43 Colun~bium Alloy (2500°F test temperature) 

UTS (psi) YS (psi) Elot~g. (%) 

Uncoated, as received 17,800 10,400 48 
Coated with Si-2OCr-STi, as-coated 23,000 12,600 15 
Coated with Si-2OCr-STi, oxidized 8 hr at 2500°F 21,500 12,400 19 

Tensi!~ Properties of 30-mil Cr-Ti-SiCoated Cb752 Alloy 

Uncoated A qoated -- 
Test Temperature PF) UTS (psi) Elong. (%) UIS (psi) Elong. (%) 
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coatings has demonstrated the illherent superiority of this 
type in relation to \he other coatings for columbium. It is 
believed that the slow cyclic and re-entry simu1a;ion tests, 
given in Table 27, establish the basic protectivensss of the 
fused-silicide r~atings for mii1:imissiorl re-entry vehicle ap- 
plications, exc~,: that the effect of stress is not considered. 
Wettability and flowability experiments and den~onstrations 
of the ability of this type of coating to be applied to prac- 
tically any size or shape of structure have indicated that the 
full potential of this coating can be achieved in practice. As 
far as the combined effects of low pressure and high tem. 
perature are con~erned, re-entry silnulation testing com- 
bined with low-pressure studies show the fused.slurry silicide 
coating to be superior to all other coatings. Statistical reli- 
ability tests, defect tolerance tests, and repair studies also 
provide cvidence of tile practica;ity of this type of system. 

The reliability of the fused silicides can probably be at- 
tributed to several fa'ctors. First, as demonstrated in wet- 
tability tests, it is quite unlikely that uncoated areas may 
inadvertently result. It is hard to imagine a grossly inhc-A lo- 
geneous coating resulting from the reaction of a moltell al- 
loy, since a substantial part of the reaction takes place before 
solidification. In addition, it is not possible to have unreacted 
or partially reacted coating materials adhering to the part 
after processing-something that can readily happen with the 
pack-cementation process. In the fused-silicide process, all 
coating materials are reacted almost instantly; there is little 
danger of incompletely fusing the coating. However, this 
rapid reaction can cause the fornation of overly thick coat- 
ings on low-access surfaces where control of the dip-applied- 
slurry thickness is very difficult. 

There is little q~estion that the fused-silicide coatings will 
penetrate the faying surfaces of any joint better than any 
coating applied by other processes and will thereby afford 
greater protection to these joints. However, the extent to 
which the protective life of the coated joint approaches the 
basic protective life of the coating will depend upon such 
factors as the stiffness of the joint, the length of cantilevered 
faying sheet, the weld or rivet spacing, the faying surface 
gap? the flatness of faying sheets, and the thicknesses and 
thickness ratios of mating parts. These factors will determine 
whether the joint will be effectively sealed or if the faying 
surfaces will each have a separate tapered coating. It has 
been demonstrated that short stiff joints can be effectively 
coated and protected, but design limitations are undefined. 
Fused silicide coatings can now be applied to many re-entry 
vehicle components with confidence that they will satisfzc- 
torily protect the structures througb. severa! reuse cycles. 

Silicides- Ta Alloys 

Most of the early work on coatings for tantalum paralleled 
prr;vious columbium coating efforts. The same factors pre- 
viously discussed for columbium militate against successfui 

use of simple pack-bilicide coatitys. It shauld be recognized 
that the problem of identifying promising coatings for Ta is 
more difficult because interest in the structural use nf Tc 
occurs only for service temperatures greater than 2500" to 
2800°F. Over a peliud of several years, a series of investiga- 
tions explured the feasibility of two-step, modified-pack 
silicides. Boron, manganese, or vanadium additions were 
found to result in occasiu~,dlly long coating lives, but results 
were never consistently reproducible. The most effective 
pack process devised was a two-step coating, consisting of a 
heavy titanium precoat applied from a 9OTi-1CW pack, fol- 
lowed by pack-siliconizing. Test lives as long as 28 hr at  
2700°F were achieved. None of these developmer~ts resulted 
in commercially available coatings. 

The standard vacuum-pack Cr-Ti-Si coating des:ribed 
for Cb alloys has been applied to Ta with reasonzbil: lives at 
low temperatures but with an insufficient maximum- 
temperature capability. A fiuidized-bed, three-step process 
has been demonstrated in which tanthlurn is silicided, then 
vanadium is deposited, and finally the coating is resilicon- 
ized. Again, maxi~nutn service temperature is marginal, and 
the overly complex process is not considered practical. 

Studies of eleztrophoreti~ally deposited binary silicides 
have been conducted in which combinations of W or Mo 
with V, Cr, and Ti disi!:cide$ were included. The most iuter- 
esting combinations are either MoSi2 -TiSi20r MoSi2-CrSi, 
electrophoretically codoposited and sintered over a VSiz 
layer. The final step w. pack-siliconi~ing. These coatings 
have a potential 1i.k of several hundred hours, based upon 
both 1500" and 2400°F testing. Maximum test lives of up 
to 800 hr at 2400°F wete observed, but many short-!ived 
tests also occurred; very poor reproducibility wi. indicated, 
and no higher temperallre oxidation results were reported. 

Current work, aimed at Ta-alloy turbine vanes, has led to 
the successful development of a series of complex multicom- 
ponent (e.g., W-trio-Ti-V) silicides. The concept for these 
synems !nirolves applying a surface alloy !ayer by sir-rry 
plus vacuum sintering, to form a somewhat porous precoat.; 
this lsyer is then silicided by the conventional pack tech- 
nique, during which most porosity is filled or closed by 
volume increase within the layer. The thermal expansions 
of these complex silicides are fairly well rnatched to that of 
!he s~bstrate alloy, and some residual (closed) porosity 
serves to arrest cracks, so that exceptional thern.21-fatigue 
resistance results. Protective lives in excess of 600 hr at both 
1600" and 2400°F have been consistently observed for 
several coating compositions withirl this family of coatings. 
The W-Mo-Ti-V mc2 fier al loy have demonstrated the 
greatest potential for reliable long-life performance. Promis- 
ing coatings have resulted from surface impregnatioti with a 
slurry of barium borosil!cates glass to improve low-tempera- 
ture bsh ior. Work reported to date has not included oxida- 
tion testing at very high temperatures (i.e., 2800°F and 
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TABLE 29 Cyclic Oxiltion Protectiveness of Silicide Coatings on Tantalum Alloys 

Maximum cyclic oxidation life (hr) - 
Ti-modified pack-silicide coating Si-2OTi-lnYo slurry on T-232 

Test temperature (OF) on Ta-1OW alloy Ta alloyc 

a+ Indicates test stopped, samples not failed. 
bSorae 3200" samples failed immediately. 

above). No mechanical-property data are available for these 
coatings. Currently, these silicide coatings are more suited 
to use as turbine materials than to the hypersonic vehicle 
applications being considered in this section. 

Of particular interest is t5e recent effort to apply high- 
temperature WSiz coatings to Ta alloys by sequential deposi- 
tion of W and Si. Original efforts to embody this concept 
involved chemical vapor deposition of tungsten, followed by 
vacuum-pack siliciding. Such coatings, when applied on 
small coupons, had lives longer than 16 hr at 3000°F, 4 hr 
at 3 3 0 0 ~ ~ ~  and 1 hr at 3500"~ when furnace-tested. These 
promising early results have never been successfully repro- 
duced. The innate difficulty has been the application of a 
uniform, dense, well-bonded tungsten precoat. Recently, 
effort has been undertaken to apply tungsten coatings to Ta 
by slurry spray or electrophoresis plus sintering, and to date, 
consistent results have not been attained. Thus the potential 
of WSi2 coatings remains promising but unrealized. It is 
tentatively planned to tept a slurry-sinter W version of this 
system applied to a large experimental test component. 

The fused-slurry silicide coating technology developed 
for columbium has also been siccessfully applied to tantalum. 
A SiTiMo slurry coating has proven the most reproducible. 
The cyclic oxidation protection afforded tantalum alloys by 
the SiTiMo fused slurry is shown in Table 29. Maximum 
temperature capabiIity is 3200'~ or less at 1 atm. The slurry 
SiTiMo has been successfully applied to large evperlii~ental 
components and is under continuing evaluation. Despite 
considerable activity, coati~igs for tantalum are still at a 
rather preliminary stage pf development. 

Siiicides- i V  Alloys 

Most of the costing work on tungsten has been aimed at 
service temperatures beyond 3000°F and has involved un- 
alloyed tungsten as the substrate. A l ~ ~ o s t  all development 

activity has evolved around pack-silicide coatings, with a 
little work on ceramic coatings atid significant fu. ..lental 
efforts on the investigation of oxide properties directed 
toward the identificaticn of promising coating concepts for 
use at very high temperatures. Success in terms of practical 
coatings has been quite limited. Unlike silicide diffusion 
coatings on other refractory alloy substrates, tungsten disili- 
cide (WSi2) offers some promise for protection above 
3000°F, perhaps as high as 3500°F. Several investigators 
h a ~ e  obtained significant oxidation protection by pack- or 
vapor-deposited WSi, coatings to at least 3300°F. How- 
ever, a major problem has been recurrence of "pest oxida- 
tion" at lower temperatures (i-e., 1500' to 2500OF) where 
very short protective life is observed. 

In an investigation devoted to the study of "metal-bonded 
metal-modified oxide coatings," coatings were formed by 
sequentialIy vacuum-pack-depositing and diffusing a series 
of m,tdifier metals, including Ti, Zr, W, Si, and B, and the  
converting the surface to oxide in wet hydrogen. Subse- 
quent oxidation formed the dense protective oxides. The 
two most promising syztems identified were a coueposited 
silicon-plus-tungsten layer (apparentlv %'Si2) and a modifi- 
cation that included successive deposits of Ti and Zr fol- 
lowed by WSi. Extessive furnace oxidation testing showed 
these coz?ings to be protective for tirnes or. the order of 55 
io 100 hr at 3000°F, 16 hr at 330O0, 10 hr at 3400°, and 
2 to 5 hr at 3500" to 3600°F. Plasma-flame exposure for up 
to 2 hr at 3500°F and low-pressure tests for as long as 1 hr 
at 3500°F were also conducted. The original investigators 
reported x-ray diffraction identification of a tungsten ortho- 
silicate as the protective scale on these coatings; in several 
later studies, however, only WSi was found in the coating 
and SiO, in the oxide scale. In any event, vacuu-,I-pack 
silicide coatings that provide a reasonable degree of protec- 
tion to tungsten have been developed. The same coating has 
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also been successfully applied to rocket-nozzle i~lserts for 
firings, and a moditled coating has been used to protect 
molybdenum nor~le-throat inserts of attitude-control 
tlirusters for the S-IVB upper-stage Saturn launch vehicle. 
A laboratory study using only small, coupon-type speci- 
mens revealed the W-Si coating to have a 96 percent proba- 
bility of surviving 5 hr at 3500"~  in air at 1 atni. 

Limitations on forming of tungsten components and 
high ductile-to-brittle transition temperatures have com- 
bined to minimize the extent of practical work on coatings 
for tungsten that would have any applicability to hyper- 
sonic vehicles. Therefore, the foregoing narrative describes 
a very prelimhary state of the art, and no real performance 
capability or reliability can be said to exist for coated tung- 
sten structures. 

Aluminides-Refractory Metals 

Aluminide coatings are the second most widely developed 
and utilized type of coating for columbium and tantalum 
alloys. Alurninide coatings may be divided into two types: 
(a) primarily intermetallic layers such as CbA13 or TaA1, 
and (b) liquid-phase coatings such as tin-alu~inum and 
silver-silicon-alt~minum. Compared with the silicides, the 
aluminide coatings have lower temperature capabilities and 
shorter protective lives. Aluminide coatings have been used 
extensively for past and current aerospace vehicle applica- 
tions chiefly because of processing advantages. Vehicles 
such as ASSET and BCRV were designed for one flight only 
and did not require long-life coatings. A processing advan- 
tage was gained because most aluminide coatings are applied 
by the molten (fused) slurry process. This process permits 
the coating of large and complex assemblies, common to 
aerospace construction, that have faying surfaces and very 
limited access areas. 

The intermetallic aluminide coatings are not competitive 
in terms of service life with currently developed silicide 
coating systems. For example, the upper temperature limit 
for aluminide-coated columbium is 2800°F for very short 
times, and the average life at 2600'~ in I-atm air is about 
6 hr. Recent developments make it possible for silicide coat- 
ings to be applied by a molten-slurry process; thus the alumi- 
nides no longer offer an exclusive application advantage. 

The liquid-phase coatings have long and reproducible 
protective lives when used in relatively thick films. At 
2600°F in 1-atm air, the AgSi-Al coating has an average 
life of about 115 hr (1 hr cyclic) and a life of 95 hr for a 
95 percent level of reliability. Such performance is superior 
to the silicides; however, the Ag-Si-Al coating was 7.2 to 
13.6 mils thick, which is about four times greater than for 
the silicides. After correcting for thickness, the aluminide 
performance would be generally comparable to the better 
silicides; however, the reliability perhaps remains superior. 
The liquid phase that is present above about 2000°F pro- 

vides the high reliability of tlie liquid-phase aluminides; how- 
elrer, it also makes the aerospace use of this type of coating 
questionable, in view of high volatility and low resistance to 
aerodynamic shear. 

For future hypersonic applications involving a long ser- 
vice life and many reflights, the aluminide coatings have less 
promise than the silicides. Therefore, the silicide coatings 
have been discuss. ' in greater detail because they appear 
closer to meeting the future requirements. Where future re 
quirements include only one or two flights and tempera- 
tures below 2800°F, the present aluminide coating state of 
the art is satisfactory. 

Aluminides-Superalloys 

Current capabilities and lnanufacturing technology for dif- 
fusion coatings (aluminides) for superalloys are thoroughly 
discussed in Chapter 3, p. 60. That discussion suggests that 
it is doubtful that current aluminide coatings can satisfy the 
long-life and low-weight requirements predicted for future 
hypc~sonic flight vehicles where temperatures will exceed 
about 1800°F. For vehicles designed for relatively short life 
expectancy (e.g., up to 100 hr), it is questionable whether 
aluminide coatings for superalloys will offer any advantages 
with regard to oxidation andlor corrosion resistance for tem- 
peratures less than about 2 0 0 0 ~ ~ .  For all applications, an 
oxidation-protection coating should be used only when the 
coating weight is less than the weight of the metal lost by 
oxidation. Diffusion coatings are not practical for substrate 
thicknesses of 0.003 in. or less. 

Thick insulating oxide-type coatings for superalloys may 
be useful in shorter-life hypersonic engines; these have been 
discussed in this chapter under Chemical Propulsion. (p. 123). 
These coatings could be used for providing a AT where gas 
temperatures are in the 2000" to 3000"~  range and could 
thus permit superalloys to function at about 21000 to 
2000°F. 

Noble Metals 

In any discussion of the potential use of platinum-group 
metals (Pt, Pd, Ir, Os, Ru, and iUt) for high-temperature 
protective coatings, it is important to remember that they 
are, in general, very expensive materials. It is doubtful, there- 
fore, that any of these six metals will ever be used to coat 
large surface areas. Other factors that must be considered 
include (a) the physical properties of the platinum-group 
metals, (b) inherent oxidation resistance, (c) availability, 
and (d) interaction with substrate materials at elevated tem- 
peratures. 

Examination of the data in Table 30 suggests that the 
melting points of both Pt (1769°C.) and Pd ( 1 5 5 2 ~ ~ )  would 
somewhat limit their use as high-temperature protective 
coatings. On the basis of the melting-point criteria, only Ir, 
Os, and Ru could be used at temperatures above about 
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TABLE 30 Properties of Platinum-Group Metals Compared with Selected Other Metals 

Melting point Thermal expansiol~ (96) front 25°C to 
hletal "C O F  Density (g/cm3) indicated temp. - 
Pt 1769 3216 21.4 1.02 (1000°C) 1.67 (1500°C) 
Pd 1552 2826 12.0 1.36 (1000°C) - 
Ir 245 4 4449 22.5 0.77 (lOOO°C) 1.80 (2000°C) 
0 s  2700 4892 22.6 0.32 ( 600°C) - 
Ru 2500 4532 12.2 0.46 ( 6OO0C) - 
Rh 1966 3571 12.4 1.05 (1000°C) 1.79 (1500°C) 
Cb 2415 4379 8.6 0.81 (1000°C) 1.78 (2O0O0C) 
W 3410 6170 19.3 0.47 (1000°C) 1.07 (2O0O0C) 
Mo 2610 4730 10.2 0.56 (1000°C) 1.47 (2000°C) 
Ta 2996 5425 16.6 0.69 !IOOO°C) 1.53 (20OO0C) 
Cr 1875 3407 7.2 1.07 (1000°C) 2.1 8 (1 8OO0C) 
Co 1495 2723 8.9 1.80 (1000°C) - 
Ni 1453 2647 8.9 1.67 (lOOO°C) - 
Fe 1536 2797 7.9 1.17 (1000°C) 2.09 (1 390°C) 

1975°C. The high densities of Pt, Ir, and 0 s  would be of 
concern, especially if they were used to coat large surface 
areas of a metal with significantly lower density. Such a 
"weight penalty" might preclude the use of these metals as 
coatings for many space-vehicle applications. (Weight also 
affects the cost since a given volume of high-density 
platinum-group metal would cost significantly more than an 
equal volume of a lower-density metal.) The importance 
of the density factor is indicated by the following data on 
the surfrce area that can be coated to a thickness of 0.002 in. 
by 1 oz of platinum-group metal: 
- 

Surface Area Coated to a Thickness 
Metal of 0.002 in. by 1 oz of metal (ft2) 

The thermal expansion data in Table 30 suggest that many 
platinum-group metals would not be compatible with the 
metallic substrates on which they ilught be used as coatings. 
For example, there is a reasonably large thermal expansion 
mismatch between Rh (one of the more oxidation-resistant 
platinum-group metals) and Cb, W, Mo, and Ta. Such a mis- 
match would probably present problems in maintaining 
coating integrity during cyclic heating. The validity of this 
prediction is supported by the work of Coetzel eta[. ?0 

who encountered a thermal expansion mismatch problem 
when attempting to use electroplated Rh as a protective 
coating for W. The low emittance values generally associated 

with platinum-group metals may also prevent their use for 
those applications where radiative cooling is required.21 

At least two of the platinum-group metals (0s and Ru) 
are not sufficiently oxidation resistant to protect other ma- 
terials for long periods. This fact is evident from the data in 
Figure 64.22 In an oxidking atmosphere, osmium oxidizes 
at a rate similar to that observed for Mo or Re. The oxida- 
tion rate of Ru is only slightly lower than that reported for 
W. Ir and Rh are sufficiently oxidation-resistant to  be con- 
sidered for use as protective coatings. The same is generally 
true for Pt (which oxidizes at a rate between 4 X and 
4 X lo-" mg/cm21hr at 1425"~) and Pd. 

The data in Table 31 show that the United States is de- 
pendent upon foreign sources for its major requirements of 
Pt, Pd, Ir, Rh, and Ru. Sufficient quantities of 0 s  are pro- 
duced domestically to satisfy the nation's needs for this 
Pt-group metal. Assuming that only the U.S. Government's 
inventory would be available, sufficient quantities of Pt 
group metals would be available to cover the following sur- 
face areas wittl protective coating to a thickness of 0.002 in. 

Surface Area Coated to  a Thickness 
of 0.002 in. by U.S. Government's 

Metilt Inventory (ftft2) 

Additional amounts of Pt-group metal might, of cobsf?, be- 
come available to supplement that in the U.S. Government'; 



High-Temperature Oxidation-Resistant Coatirlgs 

Temperature, F 

Temperature, C 

w, K-1 Reciprocal Temperature T 

FIGURE 64 Effect of temperature on the oxidation rate of Os, Ru. Ir, and Rh compared to other 
refractory metals. (Data t >r Mo, Rh, Os, Ru, Ir, and Re are weight ~osses.)~* 
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invei~io~y; ilowever, these suppiemental quantities could 
be limited, especially in the event of a national emergency. 
Furthermore, it must be remembered that the abundance 
of Au in the earth's crust is five times that of Rh, Ir, Ru, 
or 

Another factor that must be considered when evaluating 
the potential use of Pt-group metals as high-temperature 
protective coatings is interdiffusion between the coating 
and the substrate. An investigation by Buchinski and 

confirmed the need for diffusion barriers between 
a 0.002-in.-thick coating and the substrate when Pt or a 
Pt-1ORh alloy is used to protect FS-82 (Cb-28Ta-1OW-1Zr) 
or TZM (Mo-O.5Ti-O.lZr) refractory metal alloys from 
oxidation for 100 hr at temperatures up to 1650°C. The 
need for diffusion barriers between PL or Rh and Mo or W 
had been predicted earlier by Pentecost.2' In the absence of 
a diffusion barrier, rapid interdiffusion resulted in early 
failure of the material systems. Attempts by Buchinski and 
his co-wor!cers to obtain a satisfactory diffusion barrier 
resulted in only marginal success. Research by Criscione 
et involved the use of electrodeposited (0.0025 to 
0.003 in. thickness) and clad (0.005 in. thickness) Ir on Mo, 
W, Ta, and Cb. Oxidation tests at 1850°C revealed that the 
loss of Ir was controlled by the rate of oxidation and the 
rate of interaction with the substrate. The integrity of a 
coated specimen was greatest for those substrates that re- 
acted slowly with Ir (an Ir-coated W did not fail in 117 hr 
at 1850°C). This work further established that interdiffusion 
is an important consideration when one attempts to protect 
various substrates with Pt-group'metals. Research by Dickson 
et revealed that a diffusion barrier of 0.003 in. of W 
(or Re) is  satisfactory for minimizing interdiffusion between 
Ta and Ir for times up to 1 hr at 2200°C). In the absence of 
such a diffusion barrier, Ir-Ta eutectic melting (1950°C) 
would be expected after sufficient interdiffusion had oc- 
curred. 

Oxiclation-Resistant Alloys 

Hafnium alloyed with 15-30 percent Ta reacts with oxygen 
at elevated temperatures and forms protective scales that are 
tenacious and thermal-shock-resistant. Three distinct layers 
are formed: (a) an outer oxide, (b) a subscale that is a com- 
posite oxide plus metallic alloy, and (c) a substrate zone 
that is interstitially hardened. The scales are protective to 
about 4000"~,although oxygen transport continues at rapid 
rates such that the scale grows to substantial thicknesses in 
short times (i.e., hundredths of an inch in 10 min). A mini- 
mum in the oxidation rate occurs at 20-25 Ta. The Hf- 
(10-15)Cb system also shows analogous oxidation resistance, 
although inferior to  Hf-20Ta, with compensating indication 
of superior ductility and fabricability. Oxidation behavior 
of Hf-Ta alloys is substailtially modified by addition of a 
few percent of elements such as Al, Cr, Si, B, Ir, and Pt. In 

static-furnace tests of Hf-Ta-Cr-B, Hf-Ta-Cr-Al, and 
Hf-Ta-Ir-A1 alloys, selected compositions exhibited up to 
450 hr of protective oxidation resistance at 2500'~. 

The principal application of Hf-20Ta alloys has beet) in 
the form of coatings or claddings for protection of short- 
life missile components at temperatures to 4000°F. Hf-Ta 
alloys roll-bonded to a Ta-1OW substrate have been used for 
nozzle inserts in small, uncooled-liquid rocket engines. 
Several nozzles successfully endured cyclic firing tests simu- 
lating engine restarts for 800 sec, utilizing 5000°F flame- 
temperature propellants. Also, in air arc-jet tests generating 
leading edge temperatures to ?900°~, Hf-Ta alloys when 
used as coatings on Ta-1OW and graphite, or a solid Hf-2MB- 
2Mo alloy, have demonstrated a capability for the retention 
of sharp edges. 

Oxides 

The primary attractiveness of ceramic-type coatings is based 
on their thermal insulating ability and chemical stability in 
oxidizing atmospheres. However, current oxide or ceramic 
coatings are generally limited to plasma-sprayed oxides or 
castable ceramics utilizing honeycomb or woven-wire rein- 
forcements. Due to the thermal stress sensitivity of these 
naterials, utilization is relegated to minimum-area, 
maximum-temperature zones, such as nose sections and 
possibly segmented leading edges of hypersonic vehicles. 
Reuse capability is usually limited to sne and possibly two 
cycles. Temperature capability is excellent for certain types 
of hypersonic vehicles, since 4000" to 5000°F all.owab1e 
temperatures may be sustained. 

Coatings for Graphite 

The principal attractiveness of graphites for hypersonic 
structures is an advantageous strength-to-weight ratio at 
elevated temperatures. However, because graphites are 
brittle, only limited utilization has been made of the mate- 
rial in hypersonic ve5cle design. For this reason, as well as 
for technoIogica1 reasons, development of oxidation- 
resistant coatings for graphite has been limited, and only a 
few coatings are available. Principally, these coatingsys- 
tems are based upon silicon carbide, iridium, and flame- 
sprayed oxides. Flame-sprayed oxides are only marginally 
referred to as a coating, since bonding, compatibility, and 
life are extremely limited. Of the two remaining coatings, 
neither provides long life or equals the temperature resist- 
ance of gaphite. Silicon carbide coatings are limited by the 
rate of Si02 vaporization at 3100°F. Iridium is more rate- 
limited; however, when emittance is taken into considera- 
tion, it is found that SiC!C can accommodate a higher heat 
flux for a given surlace temperature. The oxidation rate of 
iridium coatings limits their use only a few mission cycles at 
very high temperatures. Silicon carbide coatings would be 
useful for longer periods of time; their reliability is fair. 
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FUTURE NEEDS 

Intermetallics 

Comparison of the previously discussed requirements and 
coating capabilities reveals that present coating systems do 
not fully provide the life or reliability sought. In some cases, 
the coatings do not exhibit the desired temperature capa- 
bility. These disparities do not mean that available coatings 
are unacceptable for most of the foreseeable aerospace appli- 
cations. Rather, coated refractory metal parts a411 require 
careful inspe. ion, perhaps after each flight, and the parts 
may have to be repaired, refurbished, or repldced at more 
frequent intzrvals than is desirable from a practical or eco- 
nomic standpoint. Therefore, it is very desirable w inzrease 
the average l i e  and reliability of coatings so as to reduce the 
overall operating costs of reusable aerospace vehicles. 

The intrinsic (i.e., oxidation "wear out") coating life may 
in certain instances be improved by reduciug the rate of 
formation of nonprotective intermetallic Gtuses at the 
coating-substrate interface, or in othel cs es by retarding 
the rate of oxide formation and loss at the air-coating inter- 
face. The number and size of microcracks in the i~ iG: i tg~  
due to thermal expansion differences might be reduced, sit:? 
in some cases the rate of oxygen diffusion through the coot- 
ing should be lowered. Such factors are discussed in detail 
in Chapter 2. Of greater immediate importance is an im- 
provement in coating reliability-that is, reducing the spread 
between the present intrinsic "wear out" coating life and 
the average or minimum protective performance. Factors 
affecting coating reliability include: 

Tluckness uniformity 
Probability of compositional defects 
Probability of pinholes, cracks, etc. 
Edgz condition 
Design of the part to be coated 

It is evident that protective life is to some degree a func- 
tion of the coating thickness. Therefore, thickness should be 
accurately controlled for reproducible coating life from 
batch to batch or for uniform protection over a finished 
part. Lack of thickness control is no doubt one of the major 
reasons for premature coating failures and can be particu- 
larly troublesome f ~ r  aerospace structures, in view of their 
complexity and their fabrication from thin sheet metal. In 
particular, for fused-slurry silicide-coated columbium alloys, 
a good correlation bet-ween minimum nondestructively 
measured thickness and coating life has been established. 
In this example, the edges tend to be thinly coated in the 
event of inadequate control of slurry viscosity in dip pro- 
cessing or poor control of spray application. All coating 
systems have problems of thickness control to  varying 

degrees. The problem can be attacked by establishing bctter 
control of the coating process,. and by extensive use or 
nondestructive thickness-measurement techniques. Af~pfy- 
ing an excessive coating thickness to avoid this plobbm 
usually is not practicable because the consu~nption of thin. 
gauge substrate must be controlled, weight increase may be 
unacceptable, and excessively thick coatings can cause other 
problems, notably edge growth or thermal stress cracking. 

Certain coating system; (Puch as the G-Ti-Si system) 
are much more likely than others to encounter localized 
composition inhomogeneities. The probability and nature 
of compositional defects are thus important consideiations 
in bilecting or tailoring a coating system. In some coatings, 
small overall variations in composition are critica! to oxida- 
tion performance, while other coatings accept fairly wide 
ranges of composition without significant decrease in pro- 
tection. Coatings formed from fused (molten) slurries are 
least likely to suffer from local variability. Complex multi- 
layer coatings, deposited in two or more distinct processing 
steps, such as the Cr-Ti-Si system, are most likely to exhibit 
either gross or localized compositional defects or variability. 

Pinholes and macrocracks are less likely than the above 
factors to be a serious problem with diffusion coatings. 
Proper selection of the coating-metal system and careful 
control of cleaning, processing, and handling should virtu- 
ally eliminate this type of defect. Nondestructive inspection 
methods are available that permit rejection of any parts 
where such physical defects occur. 

Premature coating failures occur most frequently at 
edges. This can be due either to thinly coated areas or to 
the formation of edge fissures. To prevent, or at least mini- 
mize, edge fissures, the edges of the substrate generally are 
rounded or "radiused" prior to coating. Neglecting t a  pre- 
pare an acceptable edge condition on parts prior to coating 
can, therefore, be the cause o premature coating failures. 
This may be more crucial wit t! vapor-deposited coatings 
than with fused slurry systems. Improvement of edge pro- 
tection is desirable. However, this problem is much less 
critical than generally supposed, since sheet edge failures 
have minimal effect on the structural integrity of heat-shiald 
panel structures. Much more importance must be attgched 
to proper preparation, coating, and inspection of holes for 
fasteners, where coating faihre could be structurally critical. 

Aer~space components are usually relatively complex 
and are generally Iabricated from thin-gauge material. This 
accentuates the problems of coating-thickness control and 
edge condition. It may also reduce the efficiency of inspec-. 
tion. The component design, manufacturing sequence, and 
coating system must be very carefully integrated for maxi- 
mum coating performance. The coating carmot be expected 
to perform equally well for all designs. Some compromises 
between design and coating requirement may be necessary 
to achieve the most effective coated refractory metal struc- 
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ture. To provide additional data on design and coating rela- 
tionships, more extensive work is needed on re-entry- 
simulation testing of representative designs and construc- 
tions. Such testing should include inducing realistic threc- 
dimensional strains, such as ale provided in bending, to pro- 
vide correlation of actual flight and to test part behavior. 

For single-flight hypersonic vehicles, coatings do not 
overly restrict the use of coated refractory metals for heat 
shields and structures because their effective life is more 
than satisfactory. The major shortcoming in this case is 
usually the lack of very high-temperature resistance. For 
multiple-flight vehicles, however, coatings impose one uf the 
greatest single restrictions on the use of refractory metals. 
Inadequate reliability and a relatively short effective life are 
the major shortcomings. The reasons for these shortcomings 
have been previously discussed and one major factor is early 
coating failure due to defects. Premature coating failure is 
the factor which causes poor reliability; ir is now generally 
accepted, however, that small, isolated, coating-defect 
failures will not cause structural failure of a part during the 
"flight" on which the ~oating failure occurs. Nevertheless, 
it is important to locate the early failures as soon as possible 
so that the part may be replaced or repaired. Thus, NDT 
techniques will be important. However, because of limited 
accessibility, complete inspection will be difficult. 

Coated refractory-metal components are inherently ex- 
pensive, and the coating contributes to the high cost. The 
actual coatingapplication process makes less of a contribu- 
tion to total coating cost than the requirements for edge 
preparation, cleaning, inspection, and handling and joining 
restrictions. Although coatingrelated cost can be reduced, it 
is doubtful that a very large cost reductiol~ will be possible. 
If the coating life were very long, factors such as high initial 
cost would not be significant, because the cost could be 
spread over a large number of flights. The actual reuse capa- 
bility of state-of-the-art coatings is not accurately known 
and must be established before the situation can be properly 
assessed. 

Another coating limitation for refractory rnetal compo- 
nents for reusable hypersonic vehicles is temperature capa- 
bility for abort heating. If the flight of a lifting re-entry 
vehicle must Le aborted just before orbital velocity is 
reached, re-entry temperatures will be higher than for a 
normal re-entry from orbit. Therefore, the coating must be 
able to withstand these higher temperatures, in addition to 
providing a long, effective life for multiple normal re-entries. 
It is difficult for a coating to be optimal for both condi- 
tions. Usually the coating is selected that is nearly optimal 
for the normal re-entry, yet capable of one abort entry. 
Thus, the coated refractory metal parts must be replaced 
after one abort entry. This is not overly expensive, because 
such aborts would be very infrequent. Sometimes the antici- 
pated abort temperatures are higher than allowable for the 

longlife coatings. in such cases, thin ablative overlays are 
proposed. 

The major coating improvcment required is an increase in 
the reliable effective life for reusable hypersonic vehicles. 
This improvement must be acconlplishcd by (a) develop- 
ment of longer-life coating compositions and (b) increase in 
the effective life of present coatings when applied to typical 
hypersonic hardware. The problems involved in develop- 
ment of longer-life coatings are discussed in Chapter 2, and 
wilt not be considered further in this section. Emphasis. 
shoub. be placed on narrowing the gap between demon- 
strated potential and accomplished performance of available 
coating compositions. 

The first step toward improving the effect've life of coat- 
ings when applied to typical hardware is to define the coat- 
ing life accurately by testing representative constructions 
under simulated fli* conditions that include temperature, 
pressure, and stress as a function of time. Such testing, 
which is now within the capability of the state of the art, 
will permit the clear identification of specific coating-metal 
deficiencies, and these, hopefully, can lead to improving the 
effective coating life. 

improvement is likely to require better coating processes 
and process control to ensure more uniform coating thick- 
nesses and the eliminatiott of defects. For several coating 
systems, process and proc: ss control improvements appear 
feasible. Expanded use of NDT must be an important part 
of any overall improvement. The process improvement pro- 
gram should be broader than coating application per se and 
should include cleaning, edge preparation, part design, and 
manufacturing sequence. Careful integration of these factors 
will probably result in improved performance (life) of coated 
refractory metal parts for hypersonic vehicles and is also 
likely to provide some cost reduction. 

The major improvements reqdlred in oxidation-protective 
coatings for superalloys are (a) longer effective life (5,000 
hr) at temperatures of 1600' to 2200°F and (b) lower coat- 
ing weight. These improvements are required for manned 
hypersonic aircraft that will become operational in the more 
distant future. For the limited life requirements (100 hr) 
associated with lifting re-entry vehicles, it appears that 
oxidation-protective coatings are not required. It does not 
appear likely that coatings of less than about 0.003-in. 
thickness can be developed to provide oxidation protection 
for 5,000 llr in the vicinity of 2000°F. Therefore, the weight 
of coating will have to be traded off against more frequent 
replacement of uncoated heat shields and structures that 
operate at these high temperatures. 

Noble Metals 

Platinum-group metal coatings are not likely to be used for 
oxidation protection of metallic substrates to be vned on 
hypersonic vehicles. An exception may be their use for very 
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specialized application involving small areas and limited 
. . production. There does appear to be a role for the use of 

iridium-base coatings for high-temperature oxidation protec- 
tion of graphite materials. 

$ Oxidation-Resistant A1Ioys 

Hf-Ta alloys currently are ,of interest principally for the 
protection of refractory metals against oxidation in the 

. 3000~-4000~F range, where silicide or aluminide coatings 
are inadequate or useless. The protection provided by Hf-Ta 
alloys in this temperature range is of short (minutes to a fev: 
hours) duration, inasmuch as the HfO, protective oxide 
grows rapidly and eventually allows transport of oxygen to 
the substrate. Little is known of the mechanical properties 
of Hf-Ta alloys or their compatibility with refractory metal 

$ and graphite substrates. Considerable further work is neces- 

$ sary (a) to increase protective life, particularly at moderate 
<.. . temperatures, thereby broadening the field of potential 

applications; (b) to develop optimum alloy-substrate com- 
binations and reliable processing operations; and (c) to  
develop design data. Improvement of protective capability 
by allo. ing additions of Al, Cr, Si, B, and Ir has been dem- 
onstrated in the 2 0 0 0 ~ - 2 8 0 0 ~ ~  range in static air furnace 
tests. Increased life is therefore attainable, although ths 
mechanism has not been studied in detail. 

With regard to mechanical properties, hafnium-tantalum 
alloys have a potential for advantageous ductility. It may be 
difficult to obtain ductility at  ambient temperatures in 
alloys with desired oxidation resistance, but ductility is 
likely at elevated temperatures. It should therefore be pos- 
sble to develop refractory metals coated or clad with Hf-Ta 

. . . with attractive properties compared with silicide- or alumi- - -----j nide-coated materials. - -  1 Oxides 

The major limiting factors for oxide coatings are thermal 
shock and attachment means. A number of stabilized ceramic 
compositions are avaihble that exhibit excellent thermal 
shock resistance and temperature capability; however, the 
methods of applying these materials to  refractory metal or 
superalloy substrates are marginally useful and unreliable. 
The oxide coatings are considered primarily as thermal in- 
sulation ratlies than for axidation protection. Some progress 
in adherence and thermal stress resistance has been made 
through the development of graded plasma-sprayed coatings 
and foamed ceramics. A promising approach is through the 
use of composite structures so that the reliability of' metal 
reinforcements and the protection of oxide matrices may 
both be utilized. 

Coatings for Graphite 

For effective and realistic utiliz  tio on of graphite structures 
in hypersonic vehicles, the major requirement is the develop- 

ment of coatings having a temperature capability equal to 
the graphite. Sir~.:e the present coatings are temperature- 
limited, new compositions and techniques must be devel- 
oped. 

The most temperature-resistant coating is iridium, and 
new coating techniques are required to improve reliability 
and reproducibility. Fused-salt deposition is limited, both 
in size and coating efficiency. Plasma-spraying, due to the 
high cost of iridium, is extrelnely expensive, and the resul- 
tant coatings are not as protective as desired. 

Considerable progress has been made in recent years in 
the development of various composite graphite structures 
having improved mechanical properties. A major limiting 
factor in the utilization of these materials is the lack of long 
life and reusable oxidation-protective coatings. Although 
iridium offers considerable promise for hypersonic struc- 
tures, the extremely high cost ($126/ft2/mil thick) pre- 
cludes its use for all but minor or critical applications. The 
use of silicon-based coatings is restricted by their poor re- 
liability and low temperature limits. To provide satisfactory 
coatings for graphite, new coating-material concepts must be 
developed. Present programs investigating complex silicides 
and borides show promise of an increased temperature capa- 
bility compatible with graphite requirements. Additional 
studies are needed to  integrate the new coating-material 
concepts with graphite and to develop adequate manufac- 
turing techniques. 

MANUFACTURING TECHNOLOGY 

A thorough discussion of manufacturing technology is pre- 
sented in Chapter 5. The following are some of the major 
coilsiderations for the processing of hyperso;~ic vehicle 
structures. (a) Very thin substrate metal gauges will be used; 
(b) many structures will be relatively large and complex; 
and (c) a significant amount of small hardware, such as 
washers and threaded fasteners, will be required. The use of 
thin substrate metal demands close control over the amount 
of base metal reacted to form the coating. Complex struc- 
tures, such as single-faced corrugation-stiffened heat shields, 
will have faying surfaces and areas of limited access that 
must be coated. Not only is coating application on such 
assemblies restricted, but cleaning and inspection are made 
very difficult-in some cases impossible. Small hardware, 
such as fasteners and washers, presents a problem in hand- 
ling and racking during the coating; also, a high ratio of 
edge to  surface area exists for such items. 

In most cases, the coating application process is as impor- 
tant to producing effective coatings as the coating chemistry 
itself. This is particulariy true for some of the complex 
hypersonic vehicle structures. Improvements in reliability 
which will reduce ths disparity between inherent coating 
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oxid,.tion life and minimum coating operative life is the 
major advancement required for hypersonic vehicles. Ad- 
vances in manufacturing technology are an important part 
of achieving these improvements. There may be instances 
where the coating composition with maximum life should 
be compromised to permit use of a process that would im- 
prove the effective coating life, (i.e., the useful coating life) 
on hypersonic vehicle structures. Likewise, design compro- 
mises wili be required in order to be certain of achieving the 
longest reliable life and thereby the must cost-effective 
coated structure. 'Iata must be generated to show the dif- 
ference between design approaches in terms of coatability 
and, consequently, part survivability. 

Manufacturing technology considerations go beyond the 
process of coating application. Several manufacturing steps 
prior to actual coating application have a significant bearing 
on the performance of the coating. Tilose involved in coat- 
ings development and application must concern themselves 
with these related factors; otherwise, no concern for such 
aspects of processing will be manifested. These factors in- 
clud contamination due to welding and mr.!s:working, 
effect of welding parameters on faying surface cc. lition, 
edge preparation and inspection, cleanliness, and marking 
control, cleaning prior to coating, and handling after coat- 
ing. Many of these factors are particularly important for 
hypersonic structures because of the nature of their con- 
struction from sheet metal and because of their cornplexity. 
Considerable welding of various types may be performed. 
Mechanics must mark parts to build up an assembly. The 
parts will contact metal and nonmetal tooling. An assembly 
may be built up over a period of several months; when the 
assembly is complete, it cannot always be cleaned by the 
preferred methods because of inaccessibility-for example, 
the problem of acid retention in faying surfaces. If the sub- 
strate is not thoroughly clean, the desired coating may not 
form properly. Here again, the opportunity of a trade-off 
exists-minimum sensitivity of a coating system to contami- 
nation versus a coating which has maximum coating life, but 
only if applied under ideal processing conditions. 

INTERMETALLICS 

Pack cementation is the basic process used for the deposi- 
tion of silicide on Mo-base alloys aluminides on superalloys. 
This process and its subsequent modifications are discussed 
in Chapter 5 of this report. Initial attempts to apply these 
procems to  the coating of Cb- and Ta-b~se zlloys were 
largely unsuccessful. Because simple siiicide systems did not 
provide adequate protection, complex coatings had to be 
developd. This proccdure necessitated the development of 
a variety of new coating processes and a more sophisticated 
manufacturing technology. 

As previously mentioned, a two-step vacuum-pack procsss 

was employed for the deposition of complex coatings on 
Cb alloys. The vacuum-pack Cr-Ti-Si coating process has 
been scaled up for coating large parts and has been used ex- 
tensively to protect columbium test articles for several hard- 
ware prototype and fabrication development programs. 
Flight testing on the ASSET vehicles included a nose-cap- 
attachment bulkhead and aft leading edges fabricated of 
Cr-Ti-Si-coated D-14 Cb alloy. Many thousands of fasteners 
have been coated for the ASSET and BGRV vehicles by this 
process. The coating has been applied to virtually all avail- 
able Cb alloys in sheet thicknesses as thin as 0.006 in. In the 
past, there has been variability of performance among coat- 
ing batches. Usually, test specimens sustained over 100 hr 
at 250o0F in static oxidation; occasionally, however, a 
failure occurred prematurely as early as 30 111. Some of the 
representative flight hardware that was coated exhibited 
very early coating failure. The Air Force has supported con- 
siderable research to improve the reliability and reduce the 
scatter in the performance of the Cr-Ti-Si coating. As a re- 
sult, several of the process features contributing to  irre- 
productibility have been isolated and remedied, so that the 
current process (1969) is greatly improved over that of two 
years ago. Also, nondestructive inspection techniques have 
been devised to permit identification of imperfect coatings. 
Limitations of size and configuration of parts that can be 
properly coated have been eased by a recently completed 
manufacturing-methods program. However, parts with fairly 
deep blind holes or faying surfaces cannot be coated satisfac- 
torily by any pack process. 

Several organizations have worked on methods of apply- 
ing the Cr-Ti-Si coating, other than vacuum-pack cementa- 
tion. A two-cycle slurry-pack technique can be used to 
produce equivalent coatings. This process is essentially a 
variation of the vacuum-pack process in which the pack is 
applied as a thin bisque to the parts to be coated; deposition 
is more uniform wiln le~n likelihood of the pack particles 
sintering to the part. The problems of preparing, blending, 
handling, and heating through massive packs are also avoided. 
Properties of Cr-Ti-Si coatings applied bj this technique are 
basically the same as those. of vacuum-pack coatings, but 
with somewhat better reproducibility. 

Several other process approaches have been explored 
with varying degrees of success. Deposition of the Cr-Ti-Si 
coating system by a fused-salt process by both sequential 
and codeposition approaches has been pursued. However, 
reproducible formation of Cr-Ti-Si coatings comparable in 
properties to the vacuum-pack applied coating was not 
achieved by the fused-salt process. Electrophoresis was also 
investigated; the Cr-Ti coating was deposited electrophore- 
tically and subsequently was isostaticzlly pressed and sin- 
tered. Silicon was then generally applied in a second step by 
pack cementation. Cr-Ti-Si coatings comparable in protec- 
tive properties to  the vacuum-pack-applied Cr-Ti-Si coatink 
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werc fo:med by this method on small specimens and on 
fasteners. Fluidized-bed methods for forxing silicide coat- 
ings have been investigated extensively; the systems Si, V-Si, 
and Cr-Ti-Si received attention. Reproducible silicide coat- 
ings were formed on large heat-shield panels, but the 
Cr-Ti-Si composition could not be duplicated. Chemical 
vapor deposition has been explored as a means of forming 
the Cr-Ti-Si system on columbium. Both two-cycle and 
single-cycle laboratory procedures were developed; Cr-Ti-Si 
coatings comparable in properties to vacuum-pack-applied 
Cr-Ti-Si coatings can be deposited by the CVD process on a 
small scale. 

Work on coatings for tantalum nozzle vane applications 
has brought forth a unique coating approach that also shows 
excellent porcntial for protecting columbium. The prljcess 
consists o i  applying a particulate mixture of Mo-5Ti to  the 
substrate surface, followed by vacuum-sintering to produce 
a porous product and subsequent pack-siliciding to eliminate 
interconnected norosity and produce MoSi2. The surface is 
subsequently s-aled with barium borosilicate glass, produc- 
ing a multilayered system of approximately 6-8 mils thick- 
ness. The system appears promising for gas-turbine applica- 
tion but has not yet been evaluated for hypersonic flight or 
for re-entry vehicles. 

The evolution of fused-slurry processes for the applica- 
tion of silicide coatings has been one of the most significant 
developments in recent years. The fused-silicide process is 
particularly ~3aptable to coating t.. -dware; the process has 
been scaled L.p for large components, and numerous experi- 
mental parts have been coated and tested satisfactorily. 
Application of fused-slurry silicide coating ingredients is 
accomplished by dipping or spraying a slurry of elemental 
or alloy powders suspended in a nitrocellulose binder. The 
dried slurry-coat is then fired at 2500' to 2600°F in a 
vacuum furnace for 1 hr. During firing, the bisque melts, 
wets the surface, and flows into faying surfaces and other 
areas that may have been missed during application of the 
slurry. At this time, a small amount of the substrate refrac- 
tory alloy (about 0.001 in.10.003 in. of coating) is dissolved 
into the molten coating, and upon solidification, a dense, 
tight, uniform coating with a high remelt temperature is 
formed. The processing method makes it possible to coat 
large complex components; however, the control of coating 
thickness is difficuit on complex parts. Using a slurry con- 
position of Si-20Cr-5Ti as the pilot coating, assembled full- 
scale re-entry vchicle heat-shield panels alld various rocket- 
engine components have been coated and undergone test. 

A wide variety of coating compositions can be deposited, 
and the desired chemistry is vrell-maintained because of the 
nature of application. Several compositions have been devel- 
oped for various refractory alloys, and considerable latitude 
exists in tailoring of specific formulations for particular 
substrate alloys or test environments. Also significant is the 

fact that performance of the coatings is not grossly affected 
by small variations in composition-e.g., the Si-Cr-Pe sys- 
tem provides siiuilar oxidation over the entire range of 15 
to 40 percent Fe. 

NOBLE METALS 

Platinum-group metals can be deposited on refractory metals 
by using fused cyanide  electrolyte^.^^*^^ They can also be 
applied to many substrates by cladding and pressure- 
b ~ n d i n g . ~ ~ ~ ~ ~  A slurry sinter technique has been used to 
apply Ir to graphite, and a fugitive-vehicle slurry technique 
to coat tungsten or tantalum with Ir. A relatively new pro- 
cess that shows promise as a mzans of depositing Pt-group 
metals i~volves pyroiytic deposition from organometallic 
vapors or solutions.30 The potential of this technique will 
depend upon the development of suitable organometdlic 
compounds of the Pt-group metals. 

OXIDATION-RESISTANT ALLOYS 

Hf-Ta coatings and claddings have received relatively little 
development study. A fused-slurry coating process (Sylvania 
5 15) has been developed for applying ;ln Hf-20Ta-0.25Si 
coating (the silicon addition reduces the fusion temperature 
from 4000°F to 3 2 7 ~ " ~ ) .  A 15-min post-treatment in argon 
or vacuum provides a protective coating system with a use- 
ful life of about 1 hr at 3000' to 4000°F; approximately 
20 mils of coating are required for 1-hr protection at 4 0 0 0 ~ ~ .  
A duplex coating system has been deve!oped using ail initial 
coating of HfS2 containing 10 percent MoSiz bonded to 
the substrate by a 15-min cycle at  3 3 1 0 " ~  in a vacuum. 
Pores in this first layer are sealed by a second step using the 
R5 15 (Hf-20Ta-2.5Si) slurry as an infiltrant and overlay. 
This procedure yields a 15-20-mil coiting that is protective 
for 100 hr at 2500°F and 100 thermal cycles. In flame- 
testing at 3 3 0 0 ' ~  (brightness temperature), a 3-hr life is 
obtained. Equivalent or enhanced life is possible with 
reduced-pressure conditions. This fact is in contrast to the 
degradation of silicide and aluminide coating where volatile 
products exist at 1 Torr. 

Processes for cladding Ta-1OW alloy with Hf-Ta alloys 
have been developed for use in manufacturing nozzle inserts 
for small uncooled liquid rocket engines. A press-forged 
Hf-20Ta sheet bar was rolled to heavy plate, assembled 
into a five-layer sandvich with a Ta-1OW core and unalloyed 
Ta interleafs by edge-weldi,.g in argon, and subsequently 
hot-rolled into sheet at  2450°F. The roll-bonded sheet. was 
successf~~l1y spun into a nozzle configuraiion in air at 1800" 
to 2100°F. New alloys anit improved spinning techniques 
are under study, as well as tiit, prqduction of clad tubular 
spinning blanks by coextrusion. Satisfactory welding prac- 
tices for clad sheet also have been developed. 
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O X I D E S  

For the plasma-spraye ! and composite ceramics (rtlesh- or 
honey~omb-reinforced), current fabrication technology is 
moderately consister~t with some requirements for propul- 
sion-system thermal barriers. The major limiting factors, 
however, are reliable attachment and thermal shrinkage, 
partic larly for multiple-reuse capability. 

C O A T I N G S  FOR G R A P H I T E  

Current manufacturing capability for graphite coatings is 
limited to relatively small components. Silicon carbide coat- 
ings are limited primarily by furnace capabilities. Vapor- 
deposited silicon carbide coatings are even more limited 
(2-3-ft2 surface areas). Siliconized (in situ SiCj coatings 
can be applied to approximately 8-10-ft2 surface areas. 
Iridium coatings are formed by fused-salt deposition and 
plasma-spraying. 
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ENERGY-CONVERSION SYSTEMS 

Turbine-alternator systems 
liiermionic diode systems 

TRODUCTION 

+i.ergy-conversion systeins conyert heat or chemical energy 
into electrical energy. P ng as the s)'ctem is stationary 
and operates or  earth, where weight is not a problem and 
economy is not a major consideration, energy-conversion 
systbms operate at low temperature, and coatings are not 
needed or used in critical operation:. Efficient energy- 
conversion systems capable of producing large quantities 
of electrical cl:eigy at high energy-to-weight ratios, or 
smaller quantities reliably for long periods of time without 
attention, are need~d for orbital and space vehicles. These 
are called auxiliary power units (APU). 

A wide variety of power units exists, classified by energy- 
source or c o r  ersion principle. Where nuclear energy is the 
source, the systems are called by the acronym SNAP (Sys- 
tems for Nuclear Auxiliary Power) These are of two types: 
Those that use radioactive isotopes and thermoelectric gen- 
erators (RTC! are the odd-number SNAP systems, while 
those employing turbine alternators are the even-numb sr 
SNAP systems, tike SNAP$. Generally, the RTG'S are con- 
sidered for powe~ levels less than 1 kW, while the turbine 
generator-alternators are used where larger power levels are 
requi-4, such as 3 - 3 0  kW. 

h l a r  rddi-tion is used as the energy source in many other 
syste~r- "-me employ so-called solar concentrators in which 
mirror . solar eaerg). on an absorbing device that stores 
the heat for rransnlission to the eonversioii device. Others 
use banks of sdar cell: tc  generate power. 

Thermocoupie elements such as lead telluride or silicon- 
germznium arrayed in thermc~iles are uszd in conjunction 
with the radioisotope heat source and also with nuclear 
reactors to ger.erate power. Higher power levels may be ob- 
tained with thermionic alodes, which operate at the highest 
temperatures, 1600"-18(0@C, generaliy in conjunction with 
nuclear heat pources but also, in military mobile systems, 
with gas-fired heat sources. 

In other systems, particularly nuclear-reactor heat 
sources, turbine alternators are used. At present, thc highest- 
teqerature nuclear ~eactor operates at about 700°C-rather 
a low temperature for considering coatings in the turbine- 
alternator-radiator system. Coatings ar, needed for the 
reactor fuel elements themsehes to prevent corrosion and 
retain products of fission. 

The applicatisns of coatings in energy-cor.verslon systems 
appear to be the following: 

Nuclear reactors 
Radio~sotope therind genr.dtors 
Tl;etmoe!ectric generator systen~s 

These will be discussed in relation to time and temperature 
cf operation, stress, and environmental conditions to which 
the coatings are subject. 

APPLICATIONS AND ZNVIRONMENTS 

NUCLEAR REACTORS 

All high-temperature nuclear reactors that transfer thermal 
energy to ga ,  pressurized water, steam, or liquid xetai have 
a coating or jacket to isolate the fuel elements from :he heat 
transfer fluid. Generally, this coating is a relatively thick 
cladding of a corrosion-i~sistant metal applied by diffusion- 
honding or other n~etallurgical bonding systems. The clad- 
ding is probably best considered as an integral part of the 
fuel eleinent, which serves ss a pressure vessel to retain 
gaseous fiss~on products. The fuelelement cladding is scb- 
ject to the highest temperature of the nuclear fuel systems, 
with internal stresses often high enough to caltcc plastic 
deformation over a period of time (creep). This may :esu!t 
in fuel swelling ultimate failure of the fuel element. 
Cladding fzilures are intergranular and generalty occur at 
lowcr creep strains than in the absence of radiation. Some 
fuel e!ements, such as in the S8ER (SNAP-8 Experimental 
Reactor), have coatings in addition to the metallic cladding. 
Tile U-Zr-H fuel is surrounded by a 10-mil Hastelloy clad- 
ding, chromized with 1-2 miis of chromiurnenriched sur- 
face for the purpse of ilnproving the adherence of a glass 
coating applied to retain hydrogen released from the 
uianium-zirconium hydride fuel. The fuel element operates 
at about 750°C with very long operational tines up to, 
10,00' The stresses in the cladding are high enough to 
initiate pastic deformation. Requirements for reliability 
2nd integrity are very great. 

Lawrence Radiation Laboratory and Generd Electric 
NMPO are developing reactors for operation at much higher 
temperatures (i 100~-1700~~).  These reactors use a refrac- 
tory metal cladding, typically W-Mo-Re alloys instead of 
superalloys. The problems are expected to be somewhat 
similar. The environment will certainly he more difficult. 
High-temperature fuel-element coatings are a critical and 
unsolved problem. 

RADIOISOTOPE THERMAL GENERATORS 

These devices are fueled by metals and oxides of plutonium, 
poloni~m, curium, cobalt, etc., which, i i  released, would 
create a major safety problem. The amount of isotope ma- 
terial used per capsule is selected to produce a suitable oper- 
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ating temperature for a given thermoelectric generato*, say 
700°C for PbTe and IOOOOC for SiCe. 

Another application for isotopes is as a heat source for a 
cij-mmic power system; here, the operating te1w.xrature.s 
mql reach approximately 1 150°C. The radioisotope con- 
tainment capsule ia generally multilayered For high-tempera- 
ture applications with tuiigsten inside, then a layer of high- 
strength tan ta lu~  alloy, and an outer layer of oxidation- 
protection material. The low-temperature radioisotope 
sources have been contained in a shell of high-strength, 
oxidation-resistant superalloy. 

The chief safety hazards in the operational cycle of an 
RTG are the ground handling and launch operation and the 
re-entry from orbital flight. It is essential to provide oxida- 
tion protection to maintain fuel-container integrity during 
these times in order to maintain the RTG intact and not 
disperse fuel into the atmosphere. In addition to the func- 
tion of oxidation protection, the coating must not react 
with the primary containment material for the time neces- 
sary to insure safety of the source. This time is vary ions, 
say, ten half-lives of plutonium, which approaches 900 years. 
Thus, metallurgical stability of the oxidation-protection 
coating must be considered over this long life. With these 
requirements in mind, research workers are presently study- 
ing a platinum-aVoy coating. After a vehicle's re-entiy, the 
environment of the capsule cannot be assured; it may be air, 
soil, or water. Therefore, the selected protection material 
lilust resist all of the above environments and not just an 
oxidizing environment. 

The last requirement for heat-source coatings that myst 
be described here is a coating to enhmce thermal emissio~i 
from the source to a dynamic system. The coating is re- 
quired because testing, ground setup, and prelaunch check- 
outs of a system of this type require that pers~nncl have 
access to the power system. This requires that the radioiso- 
tope heat source not be an integral part of the power system 
and thus dictates that the heat-transfer mode from the source 
to the power-conversion system be radiation, ;?tliich requires 
a high-emissivity coating to achieve the highest efficie:!cv. 

THERMOELECTPIC SYSTEUS 

There are only secondary applications for coatings in thermo- 
electric generators. Insulating coating, such as boi-on nitride, 
separate the module cladding from an iron strap conductor. 
Typically, the BN coating is 10 mils thick and may be ap- 
plied by chemical vapor deposition. Tempcrature~ are about 
700°C. Stresses are mainly thermal; sewice times may be up 
to  20,000 hr. Coatings are also used to provide a diffilsion 
barrier against the iron second leg in thermoelectric pnera- 
tors to prevent deterioration and loss of efficiency by mech- 
anisms as yet not understood. Bare thermoelectrical surfaces 
deteriorate more rapidly than coated ones. 

TURBINE-ALTERNATOR SYSTEMS 

High-temperature turbines intended for space power do not 
have to be protected against oxidation, since they are started 
up in space rather than on the ground. It would be risky to 
use coatings for ground testing, so it is best to ground-test 
the system in vacuum chambers. 

Turbine power systems are of two varieties: Rankine and 
Brayton. The Rankine cycle employs a liquid metal, such as 
potassium, which is vaporized in a boiler, producing potas- 
sium vapor, which drives a turbine-alternator set. The work- 
ing fluid is condensed, cooled in a adiator, and returned to 
the boiler. The radiator operates by radiation and must have 
a high emissivity, which is generally provided by a coating. 
The conditions under which the coatii~g operates are not 
very severe, and failure would not be very detrimental, since 
it would only make the radiator somewhat less efficient. 

The second type of turbine system employs the Bayton 
cycle, which is a closed gas cycle, and is somewhs; simpler 
in operation, although the temperatures of o p  . t' ~ o n  are 
higher. The need for a high-emissivity coating in tile radiator 
is greater, since larger radiators are required for Brayton 
cycle systems than with the Rankine cycle, and the influ- 
ence of the coating is greater at higher temperatures, radii- 
tion being proportional to the fourth power of temperature. 

THERMIONIC DIODE SYSTEMS 

Thermionic diodes are intended for use in t k  highest power 
systems and employ very high-temperature heat sources- 
nuclear, solar concentrator, or chemical-operating at 1600~- 
1800~C. The emitting surface generally is made of refrac- 
tory metals ard is insulated from the collector surface. If 
the thermionic converter operates in vacuum, the gap be- 
tween the emitter and the collector is very small. If ionized 
cesium vapor is added to the gap, the space is considerably 
larger, and the insulating and dimensional requirements are 
less rigorous. The collector is cooled by radiation or a liquid 
metal system employing a radiator. T:lus, coatings on the 
.adiator surface are used to increase emissivity. Develop- 
ment of tbermioriic converters is not advanced; hopefully, 
they might operate ai hi&! power levels for thw~sands cf 
hours, but problems connected with the sweliing and sta- 
bility of the high-temperature rcractors are far from solved. 

ANALYSIS OF THE COATING PROBLEM 

From the previous discussion, it may be seen that coatings 
for energy-conversion systems are used primarily for second- 
ary purposes such as diffusiou barriers and electrid insula- 
tion, for maintenance of efficiency of therr., . . wtric ma- 
terials, or for enhancement of thermal emissi~~l from 
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high-temperature surfaces such as radiators. The only cur- 
rent application for oxidation protection is in connection 
with high-temperature refractory-metal isotope-containment 
capsules. 

Although the other coatings s? ;isfy secondary purposes 
and are not within the scope of this report, it should be 
pointed out that some problems exist for such coatings. The 
major problem with the sec ndary-purpose coatings is one 
of increasing the reliability and maximum operating tempr- 
atures. 

Since only oxidation-resistant coatings are covered in 
this report, and coatings for RTG'S are the only ones use1 
for this purpose in energy conversion, the balance of this 
discussion will be devoted to them. Metallic sheathings are 
used in RTG'S io protect against oxidation during prelaunch- 
ing operations, during re-entry, and for maintaining capsule 
integrity after return from orbit while the capsule must re- 
main intact to prevent fuel dispersal that would be a safety 
hazard. The operational temperatures for these heat sources 
may be as high as 1 150°C. The materials selected differ ac- 
cording to application, with oxidation-resistant superalloys 
being used at present on low-temperature systems; approxi- 
mately 20 mils of Pt-20Rh sheath is isolated from the re- 
fractory metal containment material by a refractory oxide 
to  prevent interaction. A silicide and aluminide coatiag 
would not be reliable for long-term operation because of 
the very long reaction exposure with the substzate at ;1 very 
high operating temperature. 

The Pt-20Rh coating and the diffusion barrier present no 
materials compatibility problem that can Ire foreseen at this 
time. However, fabrication deve1.-?nent d l 1  be required to 
apply the oxide barrier relidbly and to seal the Pt-20Rh ma- 
terial to  prevent any breach of capsule integrity. 

Unless a reliable venting system for fission gases is devel- 
oped, the maximum operating temperature of isotope heat 
sources will be limited try the ability, i.e., strength of the 
capsule, to retain fission gases. The fission gases can cause 
stress up to  approximately 15,000 psi within the capsules at 
elevated temperatures. 

INDUSTRIAL APPLICATIOKS 

INTRODUCTION 

High-temperature coatings serve to protect surfaces from 
degradation caused by corrosion, erosion, wear, etc., or the) 
control the flow of heat or electricity. Since aerospace and 
military applications frequently require that materials per- 
form near their upper temperature lirnits to allow maximiza- 
tion of system performance, coatings are oftell needed. 
These coatings must survive llostile environments ranging 

from those associated with military jet engines to rocket 
nozzles. Service temperatures can extend from 1000°F to 
4000°F. Performance is all-important, and cost of the 
coated parts (the total numbc: of which is usually small) 
is often of secondary concern. 

Industry, however, deals with large numbers of parts and 
so is much more concerned about unit costs. Indeed, per- 
formance optimization is always tempered by cost trade- 
offs. Since costs are usually lower when industrial processes 
are operated at low temperatures, industry generally avoids 
high-temperature operation a d  thus avoids the consequent 
requirements for high-temperature coatings. Even if higher 
temperatures increase thermodynamic efficiencies, product 
reliability, or pirt life, they are usually avoided because 
lugher-temperature operations frequently require changeover 
in processing equipment, increased maktenance costs, com- 
plex safety procedures, upgrading of process controls, and 
retraining of the labor force. Furthermore, process change- 
over must be supported by a strong technical backup in 
order to haye a smooth trai:sition. Most industries simply 
cannot afford to support such a technical staff. 

In some industries, product requirements or competition 
demands that operations be conducted at high teinperatures. 
These industries have either developed their own teckflology 
for coping with the high-temperature environments or they 
have taken advantage of aerospace-defense spin-off. Such 
technology transfer has been aided by efforts of the NASA 
Technology Utilization Program and by the publications of 
the Department of Defense Information Centers.'-" Such 
spin-off must first be converted to an economical procedure 
or process. This t aks  time-in some cases the lag may be 
five years or more. For example, plasma-arc spraying was 
introduced in the late fifties and was immediately put to use 
in coating rocket nozzles. It has been .~nly relatively recentv, 
however, that plasma spray-coated industrial products such 
as knife blades, soldering-iron tips, and furnace refractories 
have begun to appear on the market. 

Jnformation on industrial uses of high-temperature coat- 
ings was solicited from industrial, government, and univer- 
sity personnel, too numerous to mention specifically. Many 
applications were discovered. The economic barriers have 
apparently been overcome in these cases. The follr,ving re- 
view presents specifrc examples of industrid applications of 
high-temperature coatings. No attempt has been made, how- 
ever, to  identify and document every red or potential in- 
dustrial application. The proprietary nature of many ~ndus- 
trial processes and the vastness of American industry make 
such a task beyond the scope of this review. Rather, the 
industry has been sampled for the purpose of illustrating 
the variety of high-temperature coating applications now in 
ute or poteritially needed in the future. 
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It appears that the greatest use and the greatest potential 
for high-temperature coatings is with those organizations 
that produce materials-the melting, casting, refining, and 
primary metalworking industries. The hardware or manufac- 
turing industries appear to have less need for coatings except 
in high-temperature shaping or for improving the corrosion 
resistance of their individual products in service. 

The coatings listed in the following paragraphs do not 
always represent solutions that are completely satisfactory. 
Some coatings discussed are purely stop-gap measures await- 
ing better solutions, while others are strictly experimental 
approaches. 

GLASS MELTING 

In melting glass, great care must be taken to avoid melt con- 
tamination. Contamination, even in small amounts can 
produce unwanted coloration or alter other &!ass properties. 
For this reason, the glass processing industry uses large 
amounts of platinum to protect against contamination. 
Melt pots are lined with a thin layer of platinum foil, which 
doe's not contaminate the @als. Any utensils that are in- 
serted into the molten glass, such as stirrers (Pt on A1203- 
coated Mo) and heater electrodes (Pt on Mo), are platinum- 
coated. Patents have been issue for a process that circum- 
vents the problem of fragility of foil-gauge platinum 
melt-pot liners through the use of plasma-sprayed coatings 
of adherent, impervious platinum on bulk refractories. These 
coatings must be defzct-free and no thicker than the original 
foil liners, or their economic advantage is rapidly lost. 

Since the large use of platinum involves a substantial in- 
vestment in the metal, alternative protection schemes have 
been sought for some time For certain glass-melt composi- 
tinns, crucibles have been lined with mullite, calcium zir- 
conate, and magnesium zirconate. Instead of platinum 
coatings, silicide coatings have been tried for molybdenum 
melting electrodes. At best. however, coated molybdenum 
has a very short life in molten glass, and coating failure 
produces unacceptable molybdenum contamination cf the 
melt. Presently, some of the more advanced multicompo- 
nent silicide coatings are being evaluated for this task. Also, 
there has been considerable activity dirccied toward fmd- 
ing materials to replace platinum used in die b~zhings for 
glass-fiber production. 

Plasma-sprayed NiA! can be ground to a smooth finish, 
and tlis coating has been used to prc;tect glass pressure molds 
from corrosion. 

METAL MELTING A N D  CASTING 

Cildble materials for melting metals also mnst not contami- 
nate the melt. In some cases, cruciYes are cc.~structed from 

low-cost refractories and are coated with a lining that is inert 
to the metal being melted. This coating approach offers the 
potential of tailoring desirable features into the composite 
crucible through selective grading of thermal expansion and 
conductivity. Some crucible liners presently in use or being 
considered are listed below, along with some of the metals 
for which they are used. 

Liner Melt 

Tho, 
Mullite 
Magnesium zirconate 
ZrO, 
&2O3 
Clay-based 
TiN, ZrN 
AIN 
AIN and Sic 

Most metals 
Al 
U 
Ru, Rh, Ri, Cr 
Al, Ni, Co, Fe 
Fe, AI 
Ce, Fe 
Al 
Al 

In the production of aluminum, chlorine is sometimes 
bubbled through the melt to "clean it up." The steel tube 
that introduces the chlorine can reach 1200°F and ceramic 
coatings have served to prevent corrosive attack of the tube 
by eitha the chlorine or the aluminum. 

Casting hardware usually includes feeder tubes and 
troughs, molds, and mold inserts. In aluminum casting work, 
troughs of the following materials have been used with vary- 
ing degrees of shccess: Iron-based materials have been coated 
with A1203 and NiAI; tungsten has been used with silicide 
coatings; and N203 wash coats have been used on fused 
silica. Mold inserts of alumina-coated iron alloys have also 
been evaluated for the casting of aluminum. 

Die casting of aluminum involves the use of carefully 
machined high-temperature steel dies. The cost of these dies 
makes it mandatory that they serve for at least several hun- 
dred thousand injections. Dies have been coated with various 
oxide layers, either self-generated during "break-in" or by 
the addition of wash coats. Die cores of H-13 steel have 
Seen chromized prior to service in aluminum die-casting 
operations. Such chromized coatings extend the die life 
about three times, primarily by improving the thermal- 
fatigue resistance of the core materials. 

There is considerable effort these days to develop proce- 
dures to die-cast steel. Generally, uncoated tungsten or 
molybdenum aUoy dies have been considered, with only a 
mold wash lubricating spray prior to casting. 

FURNACES 

Coated resistance-heating elements are commercially avail- 
able for lug??-temperature op2ration in air. Th:se include 
aluminized superalloys, 18-3 stainless steel plasma-sprayed 
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with NiAl, siliconized refractory metals, Sic-coated graphite, 
and Si02-coated Sic. The coated superalloy and stainless 
steel elements are protected by a natural alumina scale, and 
these operate in the same range as the nickel-chron~ium and 
iron-chro~~~iurn-aluminum type e!enlcnts. The more refrac- 
tory materials operate up to 3000°F and depend on a silica 
film to resir,; oxidation. However, thermal cycling of the 
silicon carbide elements and slow heaticg of the others in 
the 1200" to 1600'F range where the protective silica layer 
cannot self-heal can cause prematarc failure. 

Induction furnaces also employ coatings to good effect. 
Primarily, electrical and thermal insulative coatings of 
A120,, etc., are troweled around or thermal-sprayed on t l ? ~  
induction coils to prevent their overheati~ig by radiation 
from the hot susceptor. Wher. metal or graphite susceptors 
are used in air, they are someti~nes coated to prevent oxida- 
tion. Again, superalloys zre alunlinized, refractory metals 
are silicided, and graphite is coated with silicon carbide. 

Furnace hardware, kiln furniture, etc., are frequently 
coated to extend their useful lives. Ferrous alloys coated 
with thermal-sprayed A1203 or ''NiAI" are used in kilns for 
holding and positioning ceramic ware. These coatings must 
not only provide oxidation resistance for the substrate; they 
must also be nonreactive to the ceramic ware. Nonreactivity 
is especially important in firing electronic ceramics. Zr0,- 
coated refractories are used in titmate firing, while A1203- 
coated Sic is used in ferrite processing. 

In heat-treating furnaces, similar coating systems are used. 
Steel annealing mill covers have been ~xccessfully protected 
against hot corrosion by being plasma-spray-coated with 
nickel-chromium alloys. Aluminized superalloys serve as 
fused-salt-bath fixtures and stress-rupture grips in materials 
tests. 

In general, the needs of coatings for heat-treatment facil- 
ities continue t o  exist, and better coatings could be used 
immediately. 

Industry is constantly seeking to lengthen the lives of 
thermocouple protection systems in order ta allzviate the 
need for frequent checking and replacement in process 
ft~r~laces. A number of protection systems are in use. 
Cllromel--alumel thermocouples have been successfuliy pro- 
tected from axidation to 2200°F with vitreous enamels. 
Protection tubes for thermncouples of silicon carbide- 
coated graphite, siliconized refractory alloys, aluminized 
superalloys, and NiAl plasma-sprayed iron alloys have been 
use$. For a variety of applications, including molten metal 
probing, two-layer ceramic protection systems are finding 
application. The substrate consists of an impervious, chemi- 
cally resistant structure, and this is coated with a porous, 
thermally insii~dtive outer layer. The porous outer layer 
allows short-term probing of molten metal pools without 
the problems of overheating or thermal sl-r~cking of the sub- 
strate. Problems still exist in thermocouple protection. 
Besides longer lives for the more common thermocouples, 

a requirement exists for protecting the newer W-Re ther- 
rnocouples and others that operate above 3000' F. 

Vitreous coatings are used to provide temporary protec- 
tion to alloys during heat treatment. It is desired that such 
coatings spa11 off during cooling. These coatings offer a 
unique means of low-cost processing of air-sensitive alloys. 
Exploitation of this process could, in some cases, eliminate 
the need for inert-atmosphere or vacuum-heat-treating 
processes. This approach is not widely employed, however, 
since the use of the coatings would require changes in ex- 
isting process equipme11 . 

METALWORKING 

The yield strength of metals and alloys decreases with in- 
creasing temperature. This situation allows heated n ~ t a l s  to 
be more extensively deformed than unheated metals in any 
given operation. Economically, then, hot-working is attrac- 
tive. However, heated metals are more prone to react with 
their surroundings. Thus, oxidation and reactions with tool- 
ing become a problem. Also, as tooling temperatures rise, 
tool mater:rrls l o ~ e  strength and deform during working. 
Coatings are being increasingly used in the metal-working 
industry to inhibit reactions and insulate the work-icces. 

In the extrusion process, extrusion dies and chamber 
liners suffer severe erosion from the passage of heated bil- 
lets. Segmented dies have been coated with thermally 
sprayed oxides applied over roughened surfaces or over 
metal undercoats to  improve adherence. For example, die 
coatings of A1203 and Zr02 have been used with some suc- 
cess in the extrusion of tungsten around 3200°F. The Air 
Force is seeking to improve on the performance of these 
materials and is evaluating ZrB2 and HfB2. 

Coating life usually is short, and after one or twd extru- 
sions tllc die parts must be recoated. Extrusion pressures 
reaching 100 TorrIin.2 and, under simila: !aboratory condi- 
tions, billzt temperatures as high as 5000~F compound this 
problem. The unfavorable combinatio~l of impact loading, 
mechanical stress, and thermal shock has not yielded tc 
coating technology, and industry is studying massive, ~ct .1-  

segmented dies and liilers made from refractory oxide;, 
refractory metals, intermetallic compounds, and combina- 
tions of the three. 

Extrusion lubricants are also desirable. Presently, glass 
coatings with chemically c~..~trolled viscosities serve as ex- 
trusion lubricants above 2 0 0 0 ~ ~ .  They wet the billet and 
provide adequate lubrication. After extrusion, however, 
these glasses are generally difficult to remove from the work- 
piece. Molten salts and metal coatings also can serve as high- 
temperature lubricants,.as can WS2, BN, and graphite-glass 
cloth. 

Coatings or clads are also commonly used to encapsulate 
or "cpf' the extrusion billet. Such surface protection pro- 
vides a means to apply controlled compressive stress on 
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brittle materials. Thus, canning is frequently used in refrac- 
tory material extrusion. As with glars lubricants, removal of 
these cans is sometimes difficult and tedious. 

Coatings are also being employed in forging processes. To 
successfully forge such materials as superalloys and titanium 
at temperatures of 1000"~ and above, part chilling artd sub- 
sequent surface cracking must be avoided. Parts must either 
be clad with thick (up to 1-135 in.) metal heat reservui~s or 
slurry-coated with thermal insulators such as aluminum 
oxide. (The only alternative is to forge oversized parts and 
then grind off a considerable quantity of surface material 
until all cracks have been removed-a very uneconomical 
approach.) Insulative coatings are especially important in 
csses where the part is in contact with the die for long times. 
Explosive forging is very rapid; steam-hammer forging, rela- 
tively so; mechanical press forging, moderately fast; and 
hydraulic press forging, relatively slow. The last-named 
process, normally used for large parts, benefits most, then, 
from insulative coatings. Also, since most insulative oxide 
coatings are brittle, they survive better under a slower forg- 
ing rate. 

Titanium parts are frequently glass-coated to provide pro- 
tection from surface contamination as well as insulation 
during forging. Some titanium alloys develop an undesirable 
alpha-phase surface layer without such coatings. When ex- 
posed to air, titanium alloys also form very abrasive oxides 
that shorten die life considerably. Glass coatings, however, 
are difficult to remove, and, when hot, vaporization of coat- 
ing constituents produces unwanted films of oxides on the 
forging equipment. Better glass coatings are necded to elimi- 
nate alpha-phase formation on titanium and to reduce glass 
constituent vaporization. These coatings would have to im- 
prove metal flow by approximately 20 percent to  be reliable 
and to provide consistent protection for a wide number of 
simiiar alloys before they would be widely accepted in com- 
mercial forging shops. 

High-temperature forging work frequently c r .  ploys 
nickel- or cobalt-base hardfacing on the dies to minimize 
die wear. When exposed to 1 100°F or above for my length 
of time, the die steels not so treated are tempered back from 
optimum microstructure, and die faces soften. Dies then 
easily deform, and tolerances can r:? longer be held to  preci- 
sion forging values. To alleviate this problem, die surfaces 
are frequently coated with super alloy^ by weld deposition. 
Superalloys have higher hot hardness and strength than the 
die steels, even ttough at room temperature, superalloys 
properties fall below the strength and hardness of die steels. 

At present, the forging of aluminum and magnesium 
alloys at temperaiures up to approximately 800O~  does not 
require coatings. D.;e steels are sufficiently strong and hard 
at these temperatures to perform satisfactorily. 

Rolling processes have not employed coatings to any 
great extent. Titanium has been thermal-spraycoated with 
"NiAl" to protect it against oxidation during hot-rolling. 

Alumina and zirconia have been plasma-sprayed or? the rolls 
of billet furnaces for contact with materials heated to above 
2000°F. Instead of insulating the specimen or rolls, the ma- 
terial being rolled is generally heated between passes. On 
continuous rolling, flash reheat furnaces can be located 
between roiling stations. Of course, when reductions are . 
greater than  bout 15 percent, some heat is gefierated in the 
miterial being rolled, which compensates partiaily for con- 
ductive heat losses to the rolls. Most rolls are no; highly pre- 
heated. Howeve~ . Sendzimir mills are being develeued for 
1000'~ operation. Thus, precision rolling may soaks involve 
the use of coatings similar to those employed in forg'ng. 

Of the governme~jt-funded aciivity on metalworkicg, the 
U.S. Air Force has sui.ported a great deal pF the research 
directeci toward the usk of coatings for metalworking apilli- 
cations. A good summarjr of much of that effort is presenred 
in a report on the AFML Metalworking Technology Sympo- 
sium, january 10-13,1967. at Las Vegas, Nevada. 

HOME APPLIANCES 

High-temperature coatings are used in ovens, stoves, and 
domestic furnaces. Aluminized steel is used up to approxi- 
mately 1250"~  in combustion chambers of space heaters, 
barbecne grills, flues, liners and burners of hot water heaters, 
range broiler baffles and boxes, clothes dryers, roasters, 
griddles, and incinerators. Chro~nized steel is used as an 
oxidation-resistant diffuser plate in the burner assemblies 
of gas ranges. At temperatures below 900°F, glass coatings 
sre also comrnonly used in hot water tanks and on range 
components. There is a need, however, for a higher-tempera- 
ture porcelain enamel for self-cleaning ovens that could 
operate reliably at temperatures above the current b i t  of 
900°F. 

In the field of transportation by gasoline or diesel powc:, 
here are a few applications far coatings in the 1200" t o  
1600"~  range. Presently, diesel engine pistons are being 
thermal-spraycoated with modified CeO to improve com- 
bustion efficiency. In marine service, diesel pistons are 
coated with Cr-Ni-B alloys to eliminate hot corrosion. 

Auto parts being coated include manifolds and ceramic- 
coated mufflers. Automotive smog burners for exhaust- 
emission control rely on afterburners to clean up combus- 
tion products. Silicide-coated refractory-alloy ignition coils 
and aluminized superalloy structures are used in combustors. 
Resistance to thermal cycling and a variety of corrosive 
gases is r prerequisite for satisfactory operation of these 
devices. Potential exL , for adding catalysts to ceramic 
coatings in mufflers, etc., to assist in the elimination of 
harmful exhaust collstitue~lts. 

When small gassturbine desigils for trucks and cars are 
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perfected, coatings will play a major role. These engines will 
require longlivcd oxidation- and hot-corrosion-resistant 
coatings for tile inexpensive alloys required to make this 
concept economically compet!tive. Coating problems and 
use will be similar to those discussed earlier in this chapter 
in the section on gas turbines. 

PETROCHEMICALS 

At present, the petrochemical industry appears to have little 
use for high-temperature coatings. Most of the chemical 
processes are conducted below I 100°F because of inability 
to control reactions abo!e this temperature and also because 
of the decomposition of some of the reactants and products. 
Thus, the prime concern seems to be with corrosion control 
at lower temperatures. Most solutions to corrosion prob- 
lems involve changes ir. structural niaterials. Coatings are 
ur~ally not even considered. Apparently, however, alumi- 
nized superalloys have been used in crac!cing units in the 
petrochemical industry. Also, some preliminary studies ap- 
pear to  have dealt with determining the feasibility of using 
tantaium-coated heat exchangers to  provide protection at 
less cost than solid tantalum construction. 

Many wear-resistant coatings or hard facing systems are ap- 
plied at  high temperatures by welding or thermal spraying. 
Wear-resistant coatings currently find limited use at  high 
temperatures. Ceramic-bonded calcium fluoride with a CaF 
overlay has been used as a solid-film lubricant for low- 

friction-wear a~plications for short times at 1900°F. The 
calcicm fluoride-barium fluoride eutectic system has indi- 
cated good lubricating characteristics and quite reasonable 
wear life at  1030°F. For 1000~  to 1500°F service in gas- 
turbine engine; wear-resistant coatings of 75 percent chro- 
mium carbide-25 percent nickel-chromiu~n alloy look 
promising. 

Electrical insulation that will stand high temperature is 
becoming of greater interest for uncooled motors, a variety 
of control systems, and various electronic purposes. Motor 
windings can be coated with aluminum oxide. Cerami.c coat- 
ings with dielectric top coats are being studied for insulative 
purposes. In vacuum tube construction, sintered A1203 
coatings provide a means of electrically insulating and mech- 
anically separating tungsten filaments. Alumina-coated 
asbestos insulators must be replaced freqcently when used 
near an arc plasma-jet cathode because of thermal degrada- 
tion from radiation. Such problems can only become more 
prevalent as pbwer generation by MHD gradually evolves. 
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INTRODUCTION 

This section describes the availability of laboratory and 
manufacturing processes and facilities for the application of 
high-temperature protective coatings to refractory metals, 
superalloys, and grapnite. A thorough survey was conducted 
of all known organizoiions in the country active in the ap- 
plication of high-temperature protective coatings. The or- 
ganizations contacted 2re listed below. 

Air Research Div., Garrett Corp. 
Allison Div., Generd Motors Corp. (Now Detroit Diesel, 

Allison Div., GMC:) 
Alloy Surfaces Div., Reeves Ir~dustries 
Arthur Tickle Engineering Works, Inc. 

*Atomics International 
*Battelle Memorial institute 
The Boeing Company 

*Bay State Abrasives Div., AVCO 
*Calorizing Corporation 
Chromalloy Div., Chromalloy American Corp. 

*Chromizing Div., Chromalloy American Corp. 
*Composite Metal Products 
E. I. du Pont de Nemours & Co., Inc. 
Engelhard Minerals & Chemicds Corp., Div. Engelhard 

industries 
Ethyl Corp. 
Fansteel MeLallurgical Corp. 

*General Dynamics, Inc. 
General Electric Co., Evandale 
Generai Technologies Corp. 

Howmet Corp. 
IIT Research Institute 
Linde Div., Union Carbide Corp. 
Lycoming Div., AVCO Corp. 

*Marquardt Corp. 
Martin-Marietta Corp. 
McDonnell-Douglas Aircraft Corp. 

*Metallizing Corp. of America 
*Metals & Controls, Inc. 
Metco, Inc. 
National Bureau of Standards 
National Lead Company 
North American Rockwell Corp. 
Olin Brass 
Plasmadyne Div., Giannini Scientific Corp. 
Pfaudler Co. (Ritter) 

*Pratt & Whitney Aircraft Co., Florida 
Pratt & Whitney Aircraft Co., Hartford 
Norton Company 
San Fernando Labs (Fansteel) 
Solar Div. of International Harvester Corp. 
Sylvania Electric Products, Inc. (High Temp Conip. Lab) 
Stellite Div., Union Carbide Corp. (Now Stellite Div., 

Cabot Corp.) 
*Texas Instruments, Inc. 
TRW, Inc. 
Union Carbide Corp. 

*United Nuclear Corp. 
Vac Hyd Processing Corp. 
Vitro Corp. LGbs 

*Vought Div., Ling-Temco-Vought 
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Walbar 
Wall Colmonoy Corp. 
Wesringhouse Electric Corp. 
Whitfi.eld Laboratories, Union Carbide Corp. 
Wilbur B. Driver Company 

Organizations denoted by an asterisk either failed to respond 
to our inquiry or responded negatively with regard tc pro- 
viding the solicited processing information. Each organiza- 
tion was requested to complete a table similar to those 
shown in Tables 38 through 46. All data in these tables are 
precisely as provided by the organizations. Nine process 
categories were defined, and these techniques are discussed 
individually in subsequent paragraphs. A brief description 
of each process is presented, along with a general discussion 
of the major coating systems available for each substrate. 
Process status is described briefly in each section. 

C LlRKENT CAPABILITIES 

C9M ENTATION PROCESSES 

PACK 

By far the greatest quantity of coated high-temperature 
hardware is produced by pack application of the diffusion 
alloy coatings. Packcoated materials have been predomi- 
nately aluminides for the iron; nickel- and cobalt-based al- 
loys, and simple and complex silicides for the refractory 
metals. Materials to be pack-coated are immersed in a granu- 
lar pack medium that may include the metdlic coating ele- 
ments, inert filler material, and an energizer or activator 
such as a halide salt. In conventional pack-cementation pro- 
cesses, the thermal cycle experienced by the pack is con- 
ducted under a flowing or static inert gas atmosphere, such 
as hydrogen or argon, or under an environment of relatively 
low oxygen potential produced by volatization of halide- 
pack additive. For the vacuum-pack process, the pack may 
be all metal or refractory-diluted, and the pack may or may 
not contain a halide activator. The thermal cycle for the 
vacuum-pack method may be conducted in a dynamic sys- 
tem (continuous evacuation) or under an itlert gas atmo- 
sphere introduced into the evacuated retort. 

For all pack-coating techniques, the coating elements 
may be provided from pure metal powder or from metallic 
alloys. d1oys or elemental powder mixtures are used both 
for codeposition of two or more elements and for control 
of the activity of the predominately depositing species. 
Inert diluents, such as Al2O3, ZrO,, and MgO, are employed 
to lower the activity of the depositing elements and to pre- 
vent the solid-state sintering of metal powders to the hard- 

ware surface. Transport of the metallic atonis from the 
source to the hardware is accomplished by chemical reaction 
with the halide additive or by physical vaporization, as in 
the case of the vacuum process. Diffusion growth of the 
coating occurs by a vapor-solid interaction at the gas-metal 
interface. The physical chemistry of the reaction occurring 
in pack-coating proci!sses has not been explored in depth; 
consequenii I ,  many of the data and theoretical consider- 
ations required for implementing improvements in pack 
processing are not available. 

One of the major limitations of pack processing with 
regard to hardware size is t ~ i e  limitation imposed by poor 
heat transfer in the granular pack. Severe thermal gradients 
exist in massive granular packs, causing hardware distortion 
and nonuniform coatings. Many small packs are generally 
used for the batch coating of large quantities of hardw~re; 
obviously, this approach is not feasible with large-size com- 
ponents. A second limitation of pack coatings is the inability 
of the process to adequately coat faying surfaces. Spot- 
welded, riveted, and other joint designs with faying surfaces 
sre not amenable to coating by pack techniques, thus limit- 
ing the available fabrication methods for producing pack- 
coated hardware. 

Table 32 presents the results of the survey conducted to 
ascertain the availability of sources for pack-coating high- 
temperature alloys. The refractory-metal and superalloy 
coating processes are discussed independently. All of the 
pack-applied diffusior. coatings offered by the industry for 
refractory metals are silicides. Large pack-coating facilities 
are available at the Pfaudler Company, Chromalloy Corpo- 
ration, TRW, Inc., and the Union Carbide Corp. for pack 
application of silicide caatings to refractory metals. Alumi- 
nide coatings may also be applied by pack deposition; how- 
ever, the limited need for aluminides on refractory metals 
and the relative ease of slurry aluminide application have 
eliminated tnost activity on pack-aluminizing of these 
materials. 

Simple and complex silicides have received wide use and 
acceptance for refractory metal aerospace hardware. The 
Chromalloy W-3 coating on molybdenum and the TRW Cr- 
Ti-Si coating on columbium alloys represent the most suc- 
cessful examples. The ", -st" oxidation phenomena exhib- 
ited by most simple silicides have promoted the development 
of complex silicide systems. A major concern with the use 
of pack-applied coatings to refractory metals is repair. Al- 
though coating repair in the pack is ferisible, the use of fused 
silicides for local repair has been very encouraging. The de- 
velopment of field repair techniques needs additional at- 
tention. 

Hundreds of thousands of iron-, nickel-, and cobalt-based 
turbine components are pack-coated monthly in support of 
the aircraft gas-turhi1.e business. Virtually all pack-applied 
coating systems employed on high-temperature materials are 
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I 'f 2 High-Temperature Oxidation-Resistant Coatings 

aluminides. Chromium, tantalum, titanium, and other ele- 
ments are predeposited or codeposited by pack techniques 
as aluminide modifiers. For a very limited number of appli- 
cations, chromium is also pack-deposited as a primary coat- 
ing. Each of the major gas-turbine engine manufacturers 
eithlsr applies its own proprietary pack aluminide or pro- 
cures a proprietary aluminide coating from one of several 
sources available in the industry. Adequate pack-coating 
facilities are available in the industry or can be made avail- 
able within several months for aluminizing the superalloy 
turbine componet~ts required by engine manufacturers. 
Automation in this industry is nil, however, and its absence 
is reflected in a relatively high cost for coating application. 

The pack-aluminide coatings have met the immediate 
need for reducing superalloy oxidation and thereby have 
extended the lives of turbine blades and vanes. Where sul- 
fidation or severe hot-corrosion conditions are prevalent, 
hoaever, the pack aluininides are only an interim cure for 
the problem. Coatings with properties superior to  those of 
existing aluminides are vitally needed to meet the challenge 
of hot corrosion (sulfidation) and higher engine operating 
temperatures. On the other hand, the need for pack alumi- 
nides is not likely to diminish over the next few years, since 
temperatures in other regions of the turbine will also in- 
crease with increasing turbine inlet temperatures, which 
means that coatings will be required where uncoated alloys 
currently suffice. 

Two immediate problems related to pack aluminides for 
superalloys currently require attention. First, air-cooling of 
turbine blades and vanes is the major approach to coping 
with increasing turbine gas temperatures. Hot corrosion in 
these internal cooling passages is anticipated, and reliable 
methods for aluminizing cooling holes are not 'presently 
available. The influence of coatings on thin-wall superalloy 
sections is a corollary problem area. Second, much of the 
aluminized nickel alloy hardware currently operating in the 
engines of the commercial and military jet fleets has accumu- 
lated thousands of hours of service. Refurbishing this hard- 
ware will be required; a substantial portion of it is struc- 
turally sound but wili require restoration of the coating. 
Although recoating of aluminized cobalt alloys (nonrotating 
parts) has been performed for several years, very little re- 
coating of nickel alloy camponents has been donducted. 
Studies in this area are under way by the engine manufac- 
turers and commercial coaters, but an accelerated effort will 
be required to meet the imminent hi& demand. Stripping 
and recoating versus overcoatiiig and the influence of re- 
processing on base metal properties are the primaiy problem 
areas. 

A manufacturing capabiIity for coating dispersion- 
strengthened materials also is needed. The Cr-A1 coating 
system has demonstrated excellent protective properties on 
TD Nickel and TD Nichrome, but little manufacturing ca- 

pability exists in the industry for applying this coating to 
these alloys. 

FLUIDIZED BED 

The fluidized-bed process is a variation of che~rlical vapor 
deposition that bears some similarity to pack coatings but 
eliminates thc major disadvantage of poor beat tra~sfer ill a 
porous pack medium. The fluidized state of the bed of coat- 
ing reactants gives rise to very high heat-transfer rates and 
rapid deposition. Any nlztal amenable to CVD or pack de- 
position can, in principle, be applied by fluidized-bed tech- 
niques. Two types of fluidized beds have been investigated: 
one in which the fixed bed consists of the coating metal and 
the fluidizing gases include a gaseous activator, such as io- 
dine; and the other consisting of "inert" bed material 
through which externally generated reactant vapors are 
introduced. 

Fluidized bads have been in commerciai use for years for 
heat-treating and in chemical processes such as the reduction 
of ore. The use of fluidized beds to apply high-temperature 
diffusion coatings was pioneered by Boeing (Table 33) for 
the X-20 (Dynasoar) program in an effort to improve coat- 
ing reliability and to reduce processing time for forming di- 
silicide coatings on molybdenum and columbium. These 
objectives were achieved, but after cancellation of the X-20 
program little further work was done. The production facili- 
ties formerly available have been dismantled. Some addi- 
tional work was done showing feasibility for multiple-layer 
de~osition-e.g., vanadium-modified silicide coating on co- 
lumbium. However, the very high capital equipment costs 
and the large daily operating costs of a high-temperature 
fluidized-bed coating facility make it appropriate that the 
process be used only where no other processing approach 
appears feasible. 

S L U R R Y  

This process consists of applying a paint or slurry to the 
part and then firing it at an ebvated temperature, usually in 
a protective atmosphere or vacuum. The major advantage of 
this process is the inherent ease of size scale-up for large 
sheet-metal components. There is no massive pack that re- 
quires major process modification due to poor heat transfer 
characteristics. The paint normdly contains a fugitive ve- 
hicle-powders that form the coating in themselves or by 
reaction or diffusion with the substrate, or, in the case of a 
slip-pack, an additive that transfers the coating elements 
through the formation of a vapor phase. If the-slurry melts 
and reacts vigorously with the substrate, coating coverage is 
enhanced. Slurry coating suppliers and processes are listed 
in Table 34. . 

There are several commercially available coatings and a 
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TABLE 33 Fluidized Bed Process Developed by the Boeing Co. 1 
Coating Facilities (Size and Type) 

Coating System 
Basic Substrates (Designation and Compositioii) Operating Planned (Date) Process Statut Commcnts 

Cb, Ta, Mo Disilicide coating "Disil" 5-in. diam fluidized None C The 5-inch fluidized 
W bed bed is an Engineer- 
alloys ing Laboratory 

facility 
Production facility 

including 18-in. 
beds have been 
dismantled and 
are no longer in 
use 

Cb. Ta, Mo Vanadium-modified 5-in. diam fluidized None AD 
W disilicide coating bed 
~ O Y S  "V-Disil" 

aAD, advanced developmen;; C, commercial. 

number in the preliminary and advanced development stages. 
The R505 Sn-Al-Mo aiuminide and R5 12 fused-silicide sys- 
tems developed by Sylvania have received wide evaluation 
for Cb and Ta alloys in a variety of applications; slurry coat- 
ings on Mo and W have been studied to a lesser extent. The 
R505 aluminide has been used extensively for small attitude- 
control engine thrusters. Moderate size capability is avail- 
able, with some future expansion planned. Vac-Hyd provides 
an aluminide system that has been used for Cb rocket-nozzle 
exhaust skirts and several silicides in the preliminary and 
advanced development stages. Fairly large components can 
be coated, and some size expansion is planned by Vadyd .  
McDonneU-Douglas has slurry coating capabilities for large- 
size hardware but has not indicated that these are readily 
available to outsiders. Solar has several slurry coating sys- 
tems for Ta and Cb alloys that are in various stages of de- 
velopment and that promise to bec0ru.e commercial in the 
near future. Size capabilities and expansion plans have not 
been reported. 

The commercial solar slurry coating listed for gas-turbine 
nickel-base alloys is the Pratt & Whitney Jo-Coat, which has 
been licensed to TRW. There is a large-volume capability at 
both Pratt & Whirney and TRW. Only Solar has a large line 
of cera~lic-type slurries for gas-turbine applications that 
have been used extensively on a commercial scale. The size 
capabilities of several of these systems are reported. 

A number of special-purpose coatings in the advanced de- 
velopment stages are available as a service or as starting ma- 
terials at Engelhard Industries. It is not clear from the infor- 
mation available how they can be used in high-temperature 
oxidation, since they would have to be adapted or modified 
to meet particular problems. Apparently, a variety of sub- 

strates can be coated, and size capability is dependent pri- 
marily on furnace availability. 

In summary, there is a fair commercial capability for 
coating refractory metal hardware with slurry-type coatings, 
although these processes arc restricted to a few suppliers. 
The primary problem in ootaining expanded facilities is 
furnace size, and this problem can be overcome in 6-9 
months for most requirements. However, the real problems 
lie in the hardware design-specifically, the complexity of 
the parts, including joined areas and the reliability with 
which they can be protected. Present programs aimed at 
these problems shot~Id provide increased reliability for fu-, 
ture applications. 'me requirements for nonrefractory metal 
slurry coatings are neither widespread nor critical, and ac- 
cordingly, little hes keen done or is planned for the future. 
With the incrensc ir, size of individual gas-turbine compo- 
nents, a need tbr 1 .ilurry process may evolve. However, it is 
not appropriate ar present to recommend the specific de- 
velopment of rslurry processes for this application. 

HOT-DIPPING 

The four sulrvey TCI- lies received on hot-dipping processes 
are listed in Table :.5. All are aluminizing processes and are 
commercial and w.ii1able as a service or possibly for licensing. 
The process ;s sh~ple, consisting essentially of cleaning the 
hardware suiriibly and dipping it into a molten aluminum or 
aluminutn-rich. batk:. A precoat may be applied for alloying, 
such as in the AVCO 606B process. An aluminide is formed 
with the substrate during dipping, or is formed in a later 
treatment by C'ffusion of the aluminum picked up in dip- . 
ping. Protective or cleaning fluxes may or may not be used 
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before or during dipping. Size capability is illustrated by the 
Arthur Tickle Engineering Works, Inc. facility, where parts 
up to 15 ft long can be handled. Usually, tubes and pipes are 
serviced in these sizes. Complexity of parts may be a prob- 
lem in large components. I-lowever, small gas-turbine com- 
ponents are handled readily. 

In general, hot-dipping has been successfully and widely 
used for ferrous metals and nickel-base alloys at many plants 
other than those listed. However, the more advanced and 
large-volume coatings for critical applications appear to be 
better applied by pack processes. Accordingly, there are no 
plans in the industry for expanding present hot-dipping 
facilities, nor is there any need for such increase. A similar 
lack of requirement for dipping facilities exists for refractory 
metals. A number of early aluminum-base coatings were ap- 
plied by hot-dip processes, but these gradually lost favor 
because of the superior capabilities of silicides. 

ELECTRODEPOSITION PROCESSES 

Electrolytic deposition includes aqueous electroplating, 
electrodeposition from fused salts, and electrophoresis. 
Aqueous electroplating involves the deposition of metallic 
ions from an aqueous solution onto a negatively charged 
workpiece. Electrodeposition from fused salts is arialogous 
to  electroplating, where the electrolyte is generally a mix- 
ture of fused chloride and fluoride salts. Electrophoresis, on 
the other hand, involves the electrodeposition of charged 
particles from a liquid suspension of these particles in an 
appropriate electrolyte. A summary of current capabilities 
is given in Table 36. 

For all three processes, proper shaping and location of 
the electrode and careful control of the solution character- 
istics are critical to effective electrodeposition. Dense pure 
metal and alloy coatings are deposited on cold substrates by 
aqueous plating; thus, a subsequent diffusion heat treatme~t 
or coating cycle is required to produce a bonded protective 
coating. Electroplating in a fused-salt bath is generally ac- 
complished at a sufficiently high temperature to produce 
diffusion growth of the coating. Dense solid-solution alloys 
and intermetallic coatings such as borides, silicides, and 
chromides are formed by this method. Relatively porous 
coatings are formed by electrophoresis, although particles of 
virtually any metal, alloy, or metallic compound can be de- 
posited by this method. Following deposition, a subsequent 
coating cycle, or isostatic pressing and heat-treating, is re- 
quired to densify the porous deposit. 

ELECTROLYTIC 

In the survey conducted for this committee, little activity 
was indicated for the use of aqueous electroplating as a 

method of forming high-temperature protective coatings. 
AVCO employs electroplating to chromium-pr~coat turbine 
blades prior to hot-dip aluminizing. Certainly there are large 
electroplating facilities throughout the industry, and these 
facilities could be adapted to the coating of high.remperat~!re 
hardware. At present, however, there are few high- 
temperature protective coating systems for which electro- 
plating would function as a coating-application step. 

Fused-salt electrodeposition has recently been promoted 
by General Electric, and several liceniees of the GE Metal- 
liding Process have been established. General Technologies 
Corporation indicated a currenl laboratory metalliding ca- 
pability with a planned expansion to a 12 ft diam X 24 ft 
facility. The fused-salt method of coating dzp-sition has 
also been investigated extensively by Solar and by Union 
Carbide. Fused-salt deposition permits the formation of a 
wide variety of very pure elemental and intermetallic coat- 
ings on high-temperature materials. Salt corrosion is a po- 
tential problem with this process, and some substrate- 
coating combinations are not possible by this method. The 
survey suggests that large production-scale facilities have not 
been established for fused-salt deposition of coatings, and 
considerable development work would be required to scale 
up this type of process from a laboratory-scale level. 

ELECTROPHORESIS 

Vitro Corporation has conducted the bulk of the research 
and development effort on electrophoretic deposition of 
high-temperature protective coatings. Large-scale facilities 
are indicated by Vitro for the application of coatings to 
both superalloys and refractory metals; however, the major- 
ity of these systems are only in the advanced development 
stage, thus requiring additional development work to render 
them commercial. The electrophoretic method is particu- 
larly amenable to the deposition of uniformly thick slurry 
coatings on complex shapes. At present, the electrophoretic 
method is being explored extensively for the application of 
low-temperature protective coatings to jet engine compressor 
components. The flexibility of this process for applying uni- 
form deposits of complex alloys or intermeta;Ccs to it.-c;gl;- 
lar shapes makes i t  particularly attractive for appl. :. those 
types of alloy coatings not amenable to  formatio if- 
fusion growth processes. The process has been u;: , '-iy 
for the coating of refractory metal f- aste~iers. 

VAPOR DEPOSITION 

CHEMICAL 

In all versions of chemicaI vapor deposition (CVD)-also 
variously referred to  as vapor plating or gas plating-a vola- 
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tile compound of the material to be deposited is brought 
into contact with a heated substrate, and the desired coating 
is built-up in molecular steps via either displacement reduc- 
tion, or thermal decomposition reactions of the plating com- 
pound at the surface of the workpiece. Both pack diffusion 
and fluidized-bed processes are special cases of chemical 
vapor deposition. In "pure" CVD the homogeneous vapor 
phase is allowed to impinge upon the heated substrate in a 
reaciior, chamber after external generation of the reactant 
vapors. Principal advantage of this process is that the deposi- 
tion parameters can be independently controlled. Variations 
of the basic CVD process could involve codeposition of sev- 
eral elements, with possibilities for continuous variation of 
composition or multiple-layer depositions. 

Producing a desired coating by CVD requires that the 
coating metal exist as a compo-cind thai tail tic readily vapcr- 
ized at a relatively low temperature without thermal deg- 
radation and that it then be sufficie~~tly unstable at some 
elevated temperature to be reduced or pyrolized ("cracked") 
to the desired metal with minimal side reactions. A wide 
variety of such compounds exist, ranging from several hal- 
ides to  various organometallics-including alkyls, aryls, aryl- 
alkyls, arenes, carbonyls, allyls, acetylacetonates, and cyclo- 
pentadienyls. A major limitation of many of the metalor- 
ganics is the tendency for carbon to be codeposited as an 
impurity. On the other hand, the pyrolysis of organometals 
can be conducted at significantly lower temperatures than 
the reduction or decoinposition of more commonly used 
halides. 

The CVD processes, wit11 proper selection of starting 
materials, can be used to deposit a variety of coating ma- 
terials under either reduced or atmospheric pressure (of 
inert or reducing gases) to  produce dense coatings purer 
than deposits abtainable by most other methods. However, 
the prerequisite thermodynamics and kinetic studies have 
been done for only a small number of the pertinent reac- 
tions; hence, the technology of CVD coatings is a t  very 
preliminary stage of development. There have been demon- 
strations of chromizing, aluminizing, and siliconizing by 
CVD, both with and without subseqtient diffusion heat 
treatments. If deposition is carried out at hip, enough tem- 
peratues, diffusion of coaiing elements occurs simultane- 
ously to form alloy or intermetallic coatings. Both silicon 
ar.d silicon carbide coating: have been applied to graphite 
by many investigatc .9 using CVD. Kesultant coatings are 
simiiar to  pack-diffusion coatings. Comnlercially , however, 
most graphite parts are coated using pack methods. Simi- 
larly, C v D  has been used in the laboratory to form silicide 
coatings for the refractory metals, but no commercid de- 
velopment has emerged. 

There has been considcrable interest in, and laboratory- 
scale investigation on, applying tungsten as a barrier layer 
on tantalum (or Mo on Cb) by cvD, to be followed by sili- 
dding. Considerable difficulty has been encountered in ob- 

taining uniform adherent deposits; problenis include thick- 
ness variation, inadequate bonding, and edge buildup ~f the 
W or Mo coatings. 

Reasonable success was met in a program to dev~lop 
CVD techniques for applying the complex Cr-T!-Si coating 
system to Cb alloys. Both two-wep processing (i.e., code. 
position of CrTi, followed by Si and codeposition of CrTi, 
followed by Si) and codeposition of all three elements in a 
single process produced coatings on laboratory samples that 
compared well with conventional two-step pack coatings. 
Investigatign of the feasibility of coating small hardware 
items by this process is continuing. 

As can be seen from Table 37, several organizations claim 
equipment and process capability to apply a variety of de- 
posits to the substrates of interest, including Si, Sic, BN, 
NbC, A1203, ZrO,, HfO, and refractory metal coatings for 
either graphiic or refractory alloy substrates; aluminum coat- 
ings for superalloys; and W or Mo depositions on almost any 
substrate. However, most of these coatings have not been 
utilized to coat hardware, with the exception of the refrac- 
tory metal coatings applied to rocket nozzles and tubing. 

PHYSICAL 

Vacuum vapor deposition processes encompass those meth- 
ods of applying a coatins that involve physical evaporatio,? 
of a coating material source and line-of-sight condensation 
of this vapor phase on the surface to be coated. Vacuum 
metallizing, vacuum evaporation, and sputtering are com- 
mon terminology for vacuum vapor deposition processes. 
In the case of vacuvm metallizing and vacuum evaporation, 
chamber pressures of the order of 10-4-10-7 Torr are re- 
quired to achieve a clean environment and adequate metal- 
lic evaporation. The source of coating e!ement(s) must bB 
heated by resistance, induction, electron beam, or  other 
means to promote evaporation. The rate of ewporation is 
cont~olled by the temperature and pressure conditions and 
is governed by the relative vapor pressures of the elements 
in the coating material source. The material t o  be coatel, 
may be heated during deposition to enhance diffusion 
bonding of the coating to  the substrate. 

Sputtering utilizes a principle different from that of 
evaporaiion. In sputtering, the source and material t o  be 
coated are mounted in parallel planes inside a chamber thh. 
can be evacuated to  10-4-10-5 Torr. After evacuation, the 
chamber is backfilled with an appropriate pressure of inert 
gas, such as argon. The material t o  bc deposited is charged 
negatively by a high-voltage dc power supply, thus becoming 
an electron emitter. Free electrons ionize t h ~  argon, and 
these high-energy positive ions in turn bombard the cathodic 
coating source. Atoms or molecules of coating material are 
ejected from the source and deposited on the substrate 
surface. 

The methods described above have been used primarily 
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186 High-Temperature Oxidation-Resistant Coatings 

TABLE 38 Vacuum Vapor Deposition Processes Developed by Pratt & Whitney Aircraft Company 

Coating Facilities (Size and Type) 
Coating System 

Basic Substrates (Designation and Composition) Operating Planned (Date) Process StatuE Comments - 
Ni and Co FeCrAlY 

alloys 

Fe, Cr, Cb, W, Mo, Ta Various metals and d o y s  
alloys 

6-8 parts batch AD Applicable to blades 
and vanes 

'AD, advanced develspment. 

for the de~osition of thin film coath@ on ornaments, mir- 
rors, senu~onductor components, camera lenses, and so on. 
Very little work has been done to employ these techniques 
lor depositing 1-4-mil-thick protective coatings on high- 
temperature materials. In the survey conducted for this com- 
mittee, only Pratt & Whicney Aircraft Company reported an 
active program directed to vacuum vapor deposition of high- 
temperature coatings (Table 38). Pratt & Whitney's principal 
effort is aimed at deposition of an FeCrAtY alloy on turbine 
blade and vane airfoils. The technique is in the advanced 
development stage, -with facilities available for the coating 
of 6-8 parts per lot. Details of the evaporation techniques 
and de-msition parameters are not presently available for 
publication. Organizations t b t  manufacture electron beam 
eqvipment, such as Temescal and Electron Beam Corpora- 
tion, are also currently exploring the deposition of high- 
temperature protective coatings by this method. 

The utility of this method for depositing thick (1-4 mil) 
coatings on high-temperature materials has been well demon- 
strated by Pratt & Whitney. Relatively sophisticated vacuum 
facilities aid evaporation techniques are required for this 
process, and a great deal of effort is needed to develop 
manufacturing methods applicable to coatmg blades, vanes, 
sheet panels, etc. The technique does, however, provide a 
meansfor dep~siting alloy coatings that developers have thus 
far been unable to deposit successfully by other means. 

CLADDING PROCESSES 

ROLL OR PRESSURE BONDING 

mill or a gas envelope, as in isostatic pressing. The latter pro- 
cess lends itself more readily to producing fmished hardware 
of moderately complex shapes but is limited in size as set by 
the combination of pressure and temperatures involved and 
the materials requirements of the pressure vessel. 

The process of hoi-roll cladding, 011 the other hand, is not 
applicable to finished hardware because of the problems 
involved in end and edge closures, as well as in bending and 
joining into structural shapes. The process is used in inanu- 
facturing sheet materials of sandwich construction in con- 
siderable amounts. Some fuel-element plates for nuclear re- 
actors are normally made this way. The fuel core (substrate) 
can h successfully sealed in. Welding wiih appropriate filler 
rods can also ue employed for edge sealing and other appli- 
cations. There are few, if any, commercial rollcladding 
facilities and processes for protecting refractory metals at 
high temperatures. None is reported here, but it is known, 
for example, that platinum-clad molybdenum rods are used 
as electrodes in glass-melting. Accordingly, for special lim- 
ited applications there may be a need for the development 
of simiiar precious metal claddings for other refractory 
metals. Apparently, there is commercial capabiiity to pro- 
duce large quantities of materials in lengths and widths of 
practical importance in moderately high-temperature appli- 
cations-i.e., the limits of superalloys. There are two pro- 
cesses under development for cladding tantalum and colum- 
bium d d ~ w i t h  Hf-Ta alloys. Applications of the resultant 
composites are at present limited to rocket nozzles. 

In general it can be concluded that roll-cladding processes 
are controllable and reliable, as evidenced by nuclear appli- 
cations, and materials are readily available, but most are not 
suitable for refractory metal applications. 

The processes listed in  able 39 involve the straightforward 
sandwiching of a protective metal or alloy around similar or 
dissimilar suhtrates by the application of heat and/or pres- PLASMA OR FLAME SPRAYING 

sure. Pressure can be applied explosively, as in Dupont's A more practical approach to cladding with coating ma- 
~ e t d a d  process, or it can be applied by means of a rolling terials involves their physical deposition on the surface by 
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plasma-arc or flame-spray techniques. Plasma- and flame- 
spray coatings are in wide use as hard, wear-resistant ma- 
terials applied to contacting or rubbing surfaces of iron-, 
nickel-, and cobalt-base alloys. Flame-spray coatings are 
deposited using an oxyacetylene or oxypropane gun-torch 
into which the coating material is fed as a powder or wire. 
The material being sprayed is heated to a highly plastic or 
molten state such that wetting andlor deformation inter- 
locking of the depositing material is accomplished as the 
particles strike the substrate surface. Flame spraying is lim- 
ited to materials with melting points below 4600'~.  Oxides 
can be sprayed with metallic binders to produce cermet-type 
deposits. 

Plasma sprziying of coatings is employed for applying 
high-melting-point materials not amenable to flame spraying 
and where a protective environment is required during de- 
position. Argon, argon-hydrogen, nitrogen, and nitrogen- 
hydrogen gases are used in plasma spraying, and a wide range 
of metal and oxide powders can be successfully deposited on 
a wide range of metal substrates. Only powders are sprayed 
by the plasma-gun method. 

A third, unique method of coating application in this 
category is the Linde detonation-gun technique. The metal 
and oxide powders are fired at high velocity from a detona- 
tion chamber, and upon impact with the substrate surface 
the plasticized particles produce a dense, hard deposit. This 
process is proprietary, and not for license or lease. 

Table 40 lists the plasma and flame-spray processes avail- 
able for applying high temperature coatings, based on the 

survey responses. A wide range of carbides, borides, alumi. 
nides. and oxides are available for coatings resistant to high- 
temperature wear, fretting erosion, abrasion, and corrosion. 
In general, the plasma- and flame-spray coatings have not 
exhibited corrosion-resistant properties equivalent to those 
of diffusion coatings, and certainly this approach to coating 
application would be more expensive than pack coating. 
However, the need for complex-alloy coatings not easily 
formed by diffusion methods lends impetus to  expanding 
these techniques for forming high-temy;,,.ure protective 
coatings. 

The responses from the organizations queried regarding 
flame and plasma spraying were extremely general, citing 
"unlimited" capabilities for the application of "all metals, 
alloys and oxides" to "various" and "all" metals and alloys. 
It is concluded that methods and facilities for plasma and 
flame spraying are currently adequate and that improved 
equipment is under independent development in the in- 
dustry. Since the composite material combinations that can 
be produced by these materials are virtually unlimited, the 
primary development effort should be directed at  utilizing 
these methods for producing coatings not amenable to for- 
mation by diffusion-growth processes. Compiex iron, nickel, 
and cobalt alloys, intermetallics, borides, etc., have demon- 
strated excellent corrosion resistance, but formation of these 
coatings by conventional methods has not been successful. 
The achievement of very dense, bonded coatings is a major 
requirement in this area. 



INTRODUCTION 

Testing and Inspection 

Testing and inspection procedures are integral to every phase 
of product development. Prom the initial evaluation of a 
material concept to in-service evaluation of finished prod- 
ucts, tests of various types are employeri to obtain informa- 
tion for decision-making. 

Testing technology is broad, interdisciplinary: and qrite 
complex. A comprehensive review of the entire testing field 
was considered both impractical and unnecessary. Therefore, 
this section is restricted to a review of testing and inspection 
procedures for coatings used principally to protect refrac- 
tory metal, superalloy, and graphite substrates from cor- 
rosion at service temperatures exceeding 1 800°F. The im- 
position of this lower limi. of use temperature eliminates 
most industrial coating applications except those involved 
with the processing of molten metals and ceramic materials. 
Conversely, there are many aerospace and propulsion appli- 
cations that require materials that can function satisfactohy 
at temperatures exceeding 1800°F. Gas-turbine engines, 
lifting re-entry vehicle panels and leading edges, and rocket 
engines are the princip'. rfstems that make extensive use of 
high-temperature coatiugs. Consequently, the review of 
testing methods was oriented towards these applications. 

CLASSIFlCATION OF TESTS 

Tor discussion purposes, testing and inspection procedures 
can be classified into four broad areas: 

Standar; characterization (property measurement) 
Nondestructive testing (NDT) 
Screening 
Environmental simulation 

Tests that could be classified as standard characterization 
are those that quantitatively measure such properties as 
hardness, density, thickness, and melting point. Tests that 
measure the coating-substrate properties of tensile and creep 
strength, elastic modulus, and fatigue life also fall into the 
category of property measurements. These latter tests are 
usually performed to determine if the physical presence of 
the coating or its application process affected the properties 
of the substraii. 

Micrographic cvaluation of sectioned samples to obtain 
a visual evaluation of coating thickness, microstructure dif- 
fusion zone depth, and flaw density can be classified as a 
standard characterization. Similarly, other evaluations in- 
volving sectioned samples, such as election microprobe 
analysis and microhardness traverses, would also fall in this 
category. 

Nondestructive testing (N DT) includes any inspection 
technique that does not disturb or alter the physical or 
chemical characteristics of a coating system. It is most fre- 
quently employed in process control to measure coating 
thickness and invisible flaws such as debonded regions, in- 
ternal cracks, inclusions, and thin spots. Many techniques 
are employed, including dye penetrants, ultrasonic emission 
or transmission, radiography, infrared emission, eddy cur- 
rent emission, and thermoelectric response. Nondestructive 
testing is a new and evolving technology that offers the 
promise of quick and inexpensive coating characterization. 
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Many of the techniques being developed are suitable for 
total inspection of p~utilction-line parts and in-service 
components. 

Screening tests are simple and inexpensive procedures for 
obtaining comparative performance data. There is usually no 
attempt to simulate a complicated service environment; 
rather, fixed levels of certain critical environmental parame- 
ters, such as pressure, temperature, or atmospheric compo- 
sition, that represent either peak or average values encoun- 
tered in service are selecteci. Intelligent use of screening tasts 
greatly reduces the probability that unsatisfactory materials 
systems m ill survive preliminary evaluations only to be sub- 
sequently disqualified in time-consuming and expensive 
proof tests. 

Screening tests ~:.iust be used properly; there are risks, 
some not so obvious, in their indiscriminate use. For ex- 
ample, it is not uncommon for coating syst-ms to become 
performance-optimized to the screening test employed dur- 
ing their development. This can have serious consequences 
if critical environmental parameters are absent from the 
screening lest. Moreover, periormance criteria in screening 
tests are often arbitrarily est-Slished and may be more or 
less severe than necessary. 

Perhaps the most difficult to classify are the simulated 
environmental tests. No laboratory test routine, regardless 
of its sophistication, can accurately represent the total en- 
vironment in which high-temperature coatings are used. 
Several factors militate against realistic environmental dmu- 
lation. In some applications, such as rocket propulsion and 
re-entry, duplication of the combined environment of pres- 
sure, temperature, atmospheric chemistry, and mechanical 
loading through multivariafit control of all significant en- 
vironmental parameters simply exceeds current technical re- 
sources. In long-term applications such as aircraft gas tur- 
bines, the snvironmental experiences of one engine lifetime 
comprise statistical events. The number of hot starts and 
temperat ' . a  overshocts and qumtities of abrasive and cor- 
rosive marerids ingested by an engine are indeterminant and 
cannot be standardized for laboratory evaluat~~n purposes. 

Consequently, most simulated environmental tests rep- 
resent a compromise between the actual use environment 
and tbat which can be achieved in the laboratory at a rea- 
sonable axpenditure of manpower, time, and materials. 
Generally, simulated environmental tests involve a greater 
number of test variables than screening tests, and the re- 
sultant data are more quantitative. 

TEST STANDARDS 

m e  comprehensive evaluation of n coating system can be an 
expensive and time-consuming procoss. To expedite the 

identification of a manageable number of potentially effec- 
tive coating systems from a large number of candidates, 
most laboratories depend upon published evaluation data 
from other organizations. Because there is 3n almost com- 
plete absence of conform~ty among testing laboratories, 
proper assessment of put!ished data requires a thorocgh 
knowledge of testing procedures employed, equipment con- 
figuration, specimen geometry, failure -+iteria, and evaht 
ation objectives. Unfortunately, such procedural details a;e 
rarely published. This lack of uniform test procedures can 
be traced back to the early years 3f coating development. 

Testing procedures for high-temperature coating,q evolved 
in an atmosphere of limited communication between labo- 
ratories. In the case of coated ~upe~alloys, testing precedents 
had been established by yews of experience with uncoated 
supe:alloys among organizations not inclined to exchange 
ideas with their competitors. 

Refractory-alloy and graphite coatings were oriented 
towards aemspace environments that could not be simu- 
lated in the laboratory. The compromises required to ,-. 
complish laboratory testing capability led to a pr~liferatio:~ 
of evaluation techniques. Some were well formulated and 
are still retained in the inventory of test procedures; others 
were quite unorthodox. For example, in the late 1950s, the 
ductility and impact resistance of coated moiybdenum was 
demonstrated by tying strip specime~s in knots, bv shooting 
coated panels with a shotgun, or by simply striking a speci- 
men with a ball peen hammer. Fortunately, none of these 
crude tests has ever achieved widespread acceptance. 

As late as 1961, confusion regarding test interpretation 
led Krierl to state: 

Procedures and techniques for evaluating coating systems are 
about as plentiful as the number of organizations working on the 
problem of protecting refractory r n ~ ~ , ~ l s .  mere are no standard!- ., 
tests to which costing syst*:: 4 7. O- i t ) '  ,:"tcd; conseq!~e~~ tiy. C ~ I I I ~  A,. 

son of results from differm r.;, .,::A. :IS is so~~letin~cs impossible, 
always difficult, and frequently dangerous c i a I Q  mis1eadi;y. 

The situation has since improved somewhat. In 1944, 
the Materials Advisory Boarci published a collectiun of rec- 
omr~iended testing procudures for coated refractory alloy 
sheet.2 It was illtended that this publication introduce some 
selrbla~ice of aniformity in the testing of refractory metal 
contir~gs, itrrd, to a degree, this objsctive was achieved. With 
rere exceptions, recent prograins in the devdopment anct 
evaluation of coatea refractory metal sheet have kcorpo- 
rated M AB recommendations in their testing proz ilures. 

In September 1965, a new subcommittee of ASTM Com- 
mittee C22 on Porcelain Ensunel and Related Ceramic-Metal 
Systems was formed. The scope of this subcommittee, desig- 
nated Subcommittee VI-High Temperature Protective Coat- 
ings, is as follows: 
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Forniulation of methods of tests and specifications needed for 
the evaluation of high temperature protective coating other 'han 
porcelain enameis. This will be accomplished by the review of exist- 
ing standards and data from any recognized source and by the initi- 
ation of nerr investigations as required. Close ivlordination should be 
maintained with all other standardizing agencies. 

The ultimate objective of Subcomnlittee VI is the estab- 
lishment of test standards to cover all aspects of high- 
temperature coating evaluation. While the subconlmittee has 
been quite active shcz its fon.~ation, no standard tests have 
becn published to date. 

TESTING METHODS 

A review of the literature makes it apparent that for a given 
coating application the gods of a comprehensive evaliiation 
are similar with Jifferent organizations. However, the means 
for achieving these goals through various test procedures will 
vary significantly. Regardless of the methods employed, 
there are twc fundamental considerations that must be re- 
solved in any high-temperzture test-the attainment of uni- 
form specimen heating and the accu1;;te measurement of 
specimen temperature. 

TEMPERATURE MEASUREMENT 

Temperature measurement presents certain problems, par- 
ticularly above 2500°F. Incompatibility between the ther- 
mocouple alloys and coatir,gs precludes the use of contact 
thermocouples. If isothermal conditions can be established 
it1 the hot test zotke, thermocouples strategicaiiy iocated 
near the specimen will provide fairly accurate measurements 
of specimen tempeature. 

Qeite frequently, specimen temperatures are measured . 

with radiation pyrometeis. Unless such measurements are 
made in a blackbody cavity (emittance = 1.0), tk~e emittance 
of the specimen surface must be known so that appropriate 
corrections can be applied to the pyrometer reading. Ac- 
cording to Perkins and Packer,3 a temperature error of 2 per- 
cent of the scale (50°F at 2500 OF) can result in an order of 
magnitude difference in coating life. It is quite important, 
therefore, to know the emittance of the specimen at the 
time pyrometer measurements are taken. It is not sufficient 
merely to estimate emittance (a fairly common practice) if 
truly accurate measurements are desired. 

Two-color pyronleters have been developed that are al- 
legedly insensitive to emittance effects. These pyrometers 
sense :he radiation output of a high-temperature source at 
two different wavelengths and combine the two signals elec- 

tronically to yield a voltage signal r. 2or!:lonal to true speci- 
men temperature. It is necessary t: t the temperature source 
radiate as a "'gray body" which implies an emittance inde- 
pendent of wavelength. Unfortunately, ~iiost materials do 
not radiate as gray bodies; the extent of deviation from 
gray-body behavior within the interval of the two measure- 
ment wavelengths determines the sznse and magnitude of 
two-color pyrometry errors. 

HEATING METHODS 

There are a variety of techniques for attaining uniform and 
reproducible hot test zones up to 3000°F in air. Electric re- 
sistance fumaces employing platinum wire, modified Sic, or 
modifiec! MoSii heating elements are commercially available 
at moderate coit and mill operate quite effectively io  ap- 
proximately 3000~ F. Gas-fired muffle furnaces and induc- 
tively heated susceptor furnaces of platinum, Sic, and com- 
mercial refractoiy composites such as Boride Z and JTA 
graphite have also been successFul!y used to 3000°F in air. 

Self-resistace heating is sometimes employed where 
space or equipment limitations prevent the use of other 
methods. This technique is very simple and works quite well 
with specimens of uniform cross section. Oppcsents of this 
technique argue that undetected hot spots due io substrate 
or coating thickness variations can result in localized failures. 
It is also ctJimed that in most applicatiui!~, coated hardwart 
is heated by convection or radiation and internal heat'ag 
thus represellts an unnatural situation that affects d..~u:ioii 
behavior and thermally induced stress.  It is also arpped 
that specimen temperatures measured at the surface are 
lower than substrate temperatures because of the insulating 
effect of the coating. Stress-ruptnre expetiments conducted 
by Davis et aL4 using both self-resistance and radiant-heating 
methods tend to confirm these objections. 

Induction heating, in which the specimen is ccupled 
directly to the induction coil, has all the inherent problems 
of self-resistance heating and is also susceptible to  shape ef- 
fects. The geometry of the heating co-i must match the 
shape of the spcimen to avoid localized overheating, par- 
ticularly at edges and corners. 

Special equipment is required for tesling in air at tem- 
peratures above 3000°F. Platinum, Sic, MoSiz, and the re- 
fractory composites that perform quite well at lower tem- 
peratures vaporize or are oxidized too rapidly. Low-cost 
refractories such as mullite and alumina soften and melt in 
the temperature range of 3000°-40000~ and are therefore 
unacceptab:~. 

Impervious zirconia muffle fumaces are used quite ex- 
tensively above 3000'~. The muffle tube is heated by a 
susceptor or a resistanceelement that surrounds the outside 
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of the tube. The heating element, usually a graphite tube, is 
protected from oxidation by an outer enclosure that is con- 
tinuously purged with an inert gas. Other methods for at- 
taining specimen temperatures above 3000°F in air include 
torch heating (arc plasma jet or combustion torch), self- 
resistance heating, and direct induction heating. 

Coatings for oxidation protection below 3000°F range 
in thickness from 1.0 to 3.0 mils and have reasonably high 
thermal conductivities. The insulating effect of these coat- 
ings is moderate and often can be neglected. Ir, contrast, the 
current series of coatings under development for service at 
temperature: above 3000 '~  are much thicker (5 to 20 mils). 
Many of these coatings are oxides, or form oxides when ex- 
posed to high-tenlperature air. The insulating effect of these 
systems can be appreciable. It is not surprising, therefore, 
that Hill and RauschS and others h ~ v e  found thst :he heat- 
ing method may have a profound effect upon test results. 

At equilibrium, specimens heated in an isothermal cavity 
are at constant temperature throughout their cross section. 
Coated spechens that are torch-heated on one side only 
will equilibrate at a surface temperature dependent upon 
the heat flux through the specimen. The thermal gradient 
through a torch-heated coating can reach several huitdred 
degrees. Therefore, at the same coating surface temperature, 
substrate-coating diffusional reactions can be much slower 
in torch tests than in isothermal furnace tests. 

Some coating systems, such as the Hf-Ta alloys, are 
thought to experience an exothermic reaction at the 
substratelcoating interface. in isothermal furnace tests, the 
interface temperature may rise significantly as a result of 
the insulating effect of the coating. This exothermic effect 
nlay not be as evident in torch tests because of heat transfer 
to  the cool side of the specimen. 

The problems inherent in internal heating of the substrate 
by- self-resistance or induction techniques are magnified by 
the presence of thick, insulative coatings. It is impossible to 
measure the cross-section temperature distributions using 
either heating technique; therefore, both methods are im- 
practical for all but the most crude oxidation tests. 

STANDARD CHARACTERIZA'IION 

MICROGRAPHIC ANALYSIS 

Micrographic examination is a very useful destructive tech- ' 
nique for evaluating the physic:d characteristics of coated 
specimens in the "2s receivedyy condition and after various 
environmental exposures. To achieve full benefit of micro- 
graphic analysis, proper specimen preparation is essential. 
This is a slow and painstaking operation because coatings 
are easily damaged by rough grinding and cutting operations 

and because the coating and substrate polish at different 
tates because of their difference in hardness. 

It is particularly difficult to preserve the outer edge of a 
coating during polishing because of rounding and pullout. 
Guard rings, cushion mountir~g, and metal plating have been 
successfuliy used to  mininuze this problem. 

Carefully prepared metallographic specimens can be em- 
ployed to measure coating thickness and the quality of cov- 
erage (e.g., the presence of cracks, voids, and irregularities in 
thickness). Reactions between the coating and substrate, 
which result in the formation of diffusion zones, can be 
characterized. Substrate dimensional change and microstruc- 
turd changes can also be determined. 

By sectioning through a failure site, the extent of corro- 
sive attack, including interstitial contamination (in the case 
of r~letals), can be readily evaluated by visual examination. 

Frequently, visual analysis is supplemented with micro- 
hardness measurements of the coating, substrate, and at the 
interface region. Such measurements cell provide informa- 
tion regarding diffusional migratioil of coating elements and 
corrosives into metallic substrates. 

Microprobe analysis can be considered a sophisticated ex- 
tension of micrographic analysis. This technique is often 
employed to identify the composition of complex coatings 
that form layered structures. It is also useful in establishing 
the kinetics of diffusion in a coated metal system. 

BEND TESTS 

Bend tests are empl~yed to evaluate the transition tempera- 
ture and ductility of coated refractory metals. Typically, 
such a test involves the 90" free-bend deformation of a rec- 
tangular specimen in a punch-and-die fixture. 

D~ctile-brittle transition temperature is generally defined 
as the lowest tempsature at which a ductile 90° bei:d can" 
be formed about a specified radius. Although this is a quali- 
tative test, it is quite useful in assessing the effect of a coat- 
ing, or coating process, on the ductile-brittle behavior of 
the substrate. Frequently, when the "as coated" alloy ex- 
hibits 90° bend ductility at room temperature, bend tests 
are employed in the evaluation of retained ductility after 
oxidation exposure. In this marlncr. loss of ductility due to 
inward diffusion of coating elements, "leakageyy of atmo- 
sphere contaminants, and other subtle effects not readily 
detectable by visual inspection can be characterized as a 
function.of tke time and temperature of exposure. 

Specifications for bend testing were included in the Ma- 
terials Advisory Board Report M - A B - ~ O ~ . ~  Since the publi- 
cation of this report, every organization in the mainstream 
of coating development or evaluation has adopted the pro- 
cedure. Of all the tests specified in M AB-201, the bend test +- 
has received the most unhersal acceptance. The only signifi- 
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cant deviation from specifications noted in the review of 
current work was the ram loading rate. While MAB-201 calls 
for a ram loading rate of 1 in./min, some organizations use 
a slower rate-either because of equipment limitations or to 
achieve better operator control of the test. 

TENSILE TESTING 

Specifications for room-temperature tensile testing of coated 
I alloys as outlined in MAB-201 and in appropriate ASTM - standards are being followed by most laboratories. At tem- 

peratues above 24V0°F, however, there are no standards. 
Consequently, test procedures vary widely among labora- 
tories. 

The problem of measuring strain at temperatures above 
2400°F is especially acute. Conventional clampon exten- 
soneters of nickel- and cobalt-base alloys that perform well 
at lower temperatures lack sufficient creep resistance and 

... hot strength. Mechanical extensonleters constructed from 
ceramics have been used with limited success. Problems arise 

I from the fragility of such devices and the loss of accuracy 
1 I due to sag and distortion of the strain transmission 

mechanism. 
Metals and ceramics in contact with a coating may pro- 

i duce undesirable high-temperature reactions that lead to 
premature failure. To deviate this problem, optical tracking 
devices have been used for strain measurements. This equip- 

I 
ment is expensive and requires frequent maintenance and 
calibration. Moreover, optical-path distortion through sight 
ports, sometimes due to target ccshimmer," can result in 
significant measurement errors. 

-f CREEP-RUPTURE TESTING 

I The problems with strain measurement i3 high-temperature 
tensile testing are compounded in creep testing of coated re- 

! 5 
fractory doys  because of the longer duration of these tests. 

1 Designers require creep data in the range of 0.1 to  I per- 
! 
I cent extension. Higher levels of creep-strain and stress- 

rupture data are useful only in making gross comparisons 
. ,  among different coating systems. Mechanical extensometry 

I with sufficient precision and accuracy to meet design data 

I requirements presents a multitude of technical problems. 
Oxidation failures arising from reactions between the coat- 

i ing and extensometer grips are more likely to occur as expo- 
sure time increases. Sag or creep of hot-zone components is 
frequentiy a source of serious error with these devices. As 
previously noted, optical strain measurements, either auto- 
matic or manual, circumvent the problems of mechanical 
systems, but this method is not entirely free of error- 
producing problems. To date, no completely satisfactory 
methods for hightemperature strain measurement have been 
devised. 

Most creep data are now derived from deflection of the 
load train measured outside the specimen hot zone. While 
:]us method may be convenient for estimating creep exten- 
sion, it is prone to serious error and is not comprtiible with 
design-data accuracy requirements. The analysis of creep 
data may be complicated in long-term tests by premature 
failure resulting fro111 coating failure and subsequent cata- 
strophic oxidation of the substrate. Thus, short-duration 
tests wi!l yield a clearer picture of creep behavior, since 
long-term tests tend to bcconie a combined test of creep 
resistance, strain tolerance, and oxidation resistance. 

Because of their inherent oxidat~on resistance and the 
lower test temperatures involved, coated superalloys do not 
pose as serious a problem. Nevertheless, the interacting in- 
fluences of oxidation and diffusion must be considered in 
long term exposures of coated superalloys. 

FATIGUE 

Most fatigue testing of coated alloys is performed on sheet 
and foil-gauge material at room temperature with tension- 
tension loading. The number of specimens tested is rarely 
sufficient to establisli the statistical aspects of fatigue be- 
havior. Usually, the data are sufficient to determine whether 
the coating has had any effect upon the fatigue character- 
istics of the substrate; however, a quantitative determination 
of this effect is generaliy not possible. Some programs arc 
carried a step farther, and rrtdimentary S-N diagrams are ob- 
tained, but not 6 t h  sufficient data points to perform a 
thorough statistical analysis. 

NONDESTRUCTIVE EVALUATION OF 
HIGH-TEMPERATURE COATINGS 

BACKGROUND 

Destructive test methods may have considerable value for 
understanding and characterizing a type of coating, but it is 
apparent that these methods cannot be applied directly to 
the actual components or systems that will be used in a spe- 
cific mission. It is also apparent that sampling techniques or 
the use of test tabs will not accurately represent d l  of the 
important variables (or their extent) that may be present in 
coated hardware. Indeed, it has been demonstrated on nu- 
merous occasions that components or specimens may fail 
catastrophically, while destructively evaluated test tabs from 
the sdme coating batch did not give any reason for suspect- 
ing this type of behavior. Further, the coating processes now 
being used most extensively may yield components with 
local are..s of variability that may lead to premature failure. 

Therefore, nondestructive test (NDT) techniques are es- 
sential for evaluating high-temperature coatings becausc of 
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the types of processes used in applying the coatings and the 
possibility of the catastrophic failure of a con~po~~ent or an 
entire system due to a localized imperfection. 

In general, the reliability problems associated with high- 
temperature coatings are a result of the following inade- 
quacies26 : 

Insufficient understanding of failure modes and mecha- 
nisms 

%adequate destructive test technology for properly and 
tht rghly characterizing coated systems under service- 
reie conditions 

1 ,k of no~~destructive tests for evaluating materials and 
proct ;s variabks known to influence service life and upon 
which to base reliable life predictions and quality acceptance 
decisions 

To properly and reliably utilize any coating, these inade- 
quacies must be eliminated. This may be done during the 
development phases by following a procedure such as that 
broadly outlined below: 

1. Obtain specimens of the candidate materials that rep- 
resent defined processes and raw materials. 

2. Sort out or screen specimens for compositional or 
structural variability and flaws using economical, rapid, and 
exhaustive NDT methods. 

3. Submit specimens representing extremes of variability 
to environmental simulation to determine which fail pre- 
maturely and which succeed. 

4. Analyze results of environmental tests to prove the 
significance of NDT results and to characterize failure- 
triggering variables. Submit counterpart specimens to metal- 
lographic analysis to identify and characterize the relevant 
variables. 

5. Revise and improve the NDT techniques to further 
characterize important variables, to  become more specific, 
or to  become more sensitive to the variables associated with 
fdure. 

6. Improve or adjust manufacturing processes to elimi- 
nate or reduce variability. 

This procedure was the basis for an Air Force Materials 
Laboratory program that has successfully identified relevant 
variables for several coatings and has resulted in the develop 
ment of effective nondestructive test  method^.^'-^^ It was 
concluded from this program that each typ of coating and 
coating process had its own specific set of variables 
(Table 47). It was also found that in addition to significant 
within-batch variability, batch-to-batch variability also ex- 
isted. The NDT was aIso of considerable value in predicting 
actual failure sites and in observing changes in the coating 
and substrate as a function of the exposure time in the high- 
temperature environment. From the latter, it was possible to 

correlate NDT measurenleilts with growth of the coating by 
diffusion and oxidation and to note the time at which coat- 
ing growth changed from parabolic to linear, indicating im- 
pending failure. 

A brief description of each of the successfully applied 
NDT techniques is given below, along with the relevant vari- 
ables detected and monitored by each. It should be borne in 
mind that this list is not con~plete and, as stated above, that . 

each type of coating has its own specific set of variables and 
that therefore, NDT techniques that are useful for evaluating 
one type of coating may have fittle value on another. 

NONDESTRUCTIVE TEST TECHNIQUES 

RADIOGRAPHY 

An x-ray or gamma-ray source is used in conjunction  wit:^ a 
sensitized film. Radiation pzssing through tile component is 
absorbed as a function of the density or chemistry variations 
within the component. Local coating areas of varying com- 
position and structure have been detected in some coatings 
with this method. Variations, such as pits and stringers, also 
have been seen in substrate materials. Two distinct disad- 
vantages of this technique are low sensitivity to coating vari- 
ations due to the very thin cross sectioa of coating 
(0.002 in.-0.005 in.) and the superposition of the top coat- 
ing, substrate, and bottom coating images. It is not possible, 
without extensive analysis, to separate the effects from each 
of these zones. 

BACKSCATTER RADIOGRAPrfY 

An x-ray or gamma-ray source is used to stimulate secondary 
x-ray or electron emission.30 In this case, the film is placed 
on the same side of the specimen as the radiation source. As 
the radiation passes through the film, it causes a slight expo- 
sure but also stimulates the emission of electrons from the 
specimen surface and secondary x-rays from both the sur- 
face and subsurface areas. These secondary emissions are low 
in energy but efficient in their interaction with the film 
emulsion, causing strong exposure of the film in accordance 
with the intensity of the emission. 

Local areas of coating variability in chemistry and struc- 
ture can be seen readily. No superposition of images takes 
place, and only a single coating side is evaluated at any time 
without interfering images from the substrate or lower coat- 
ing side. This txhnique is easy to apply and very sensitive to 
the variables mentioned above. A special vacuum cassette is 
necessary to place the x-ray film in close proximity to the 
specimer~ surface. Failure to  use a vacuum cassette results in 
fuzzy images of local coatingvariations. Local areas that are 
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TABLE 47 Use of NDT to Detect, Measure, a ~ d  hfonitor Coating Variables 
-- . - -  

Coating System 

Cr-Ti-Si on Cb 752 alloy 

Failure-infhencing Vari~ble - 
Chromium-poor areas 

Sensitive NDT Technique 

X-ray backscatter, dye 
penetrant, therm~lectric 

Above techniques 

Dye penetrant, thermoelectric 

Eddy current, micrometer 

Dye penetrant, microscope 

Eddy current, micrometer 

Thermoelectric 

Batch 1 

Batch 2 

Chromium-poor areas 

Porosity 

Thin coating 

w-3 

TZM alloy 

R512A 
M 6  alloy 

R522E 
Cb 752 alloy 

K51X 
Tantalum a!by 

RS12A 
P43  alloy 

Delaminated alloy 

Coaling thickness 

Coating thickness on edge 

Coating thickness on edge Thermoelectric 

Coating thickness on edge 
and surface near edge 

Thermoelectric 

Coating thickness Eddy current, thermoelectric 

Brazed area structure or 
chemistry 

No evaluation done 01: these 
problem areas on this program 

Thickness of coating 
(variations at  ed-1 

Thermoelectric test 

Thickness, chemistry 
variations 

Thcnroelectric test 

Zinc-iron 5508 stainless steel Thickness of coating Thermoelectric test 

chromium-poor can be detected readily in the Cr-TiSi-type 
coatings on columbium substrates. 

measure the thickness of siiicide coatings on refractory al- 
loys as a function of thermal gradients ia a coating pack and 
to indicate batch-tebatch variations. It is possible to apply 
this method to the evaluation of coatings as they become 
oxidized and diffused because of high-temperature oxida- 
tion and to observe incipient failure as the oxidation growth 
rate changes from parabolic to iinear. A disadvantage of this 
method is its !ack of adequate resolation on edges and at 
areas of severe curvature and irregular profde. 

This technique is being applied at several facilities for 
inspectkg finished components as well as for evaluating 
"green" coatings of the slurry type before they are sintered 
or fused. 

EDDYCURRENT 

An electrical field is induced into the coating using specially 
designed coil and electronic apparatus. The interaction of 
the electrical field and the coating material results in changes 
itt phase or amplitude of the field. These changes are con- . 
verted into appropriate electrical signals are read out on 
a meter or oscilloscope screen. Changes in meter reading or 
oscilloscope pattern can be correlated with'variations in 
coating thickness, composition (conductivity), or structure. 
Thr: selection of a proper frequency is necessary to assure . . 
that, for maximum sensitivity, the fieid is  projectedjnto the' * 

coating and only s l i m y  into the underlying substrate nia- 
terial. ~ngeneral, for silicide coatings ranging from 0.002:- . 

. , 
0.008 in. thickness, a test frequency of 2.0 -8~  MHz is ade- 
quate, As coating ihicknesses @creas6'beyond this rgnge, 
lower frequen6ies should be uied. Excelled commercial 
equipment is available'with numerous probe-coil shapes and 
sizes available. This method has bQn used to  sensitively 

- -  ,. - .  ._I 

THERMOELECTRIC 

A heated tip of metal, such as copper, tungsten, or stainless 
steel, is placed in contact with the coating surface, and an 
electromotive force is generated as a function of the couple 
whicfi is formed. The amplitude and sign (positive or nega- 

:.tive emois related to the chemical composition of the coat- 
ing at the local area of contact. The chemistry of the coating 



Testing and Inspection 199 

is directly related to processing variables and coating thick- 
ness. This technique has sensitively detected areas of tlun 
coatings on many substrates and has been used successfully 
to predict failure sites. It has b-en of special value in the in- 

: spection of slurry-applied coatings where thin areas at edges 
. are the most important variables that lzad to premature fail- 
; ure. Local areas of compositional variation (chromium-poor 

areas) in Cr-Ti-Si pack-cementation coatings on refractory 
] alloys have been detected by this technique. in addition, 

aluminide coatings on nickel- and cobalt-base superalloys .'[ 
have been successfully inspected for coatingthickness vari- 

f 
t ations using this technique. It is especialiy useful for evalu- 

atingedge areas, interior holes, and other constricted areas ' where it is necessary to have a very small probe and where ! * other techniques cannot be applied. A disadvantage of this 
technique is that the coating must be electrically conductive. 

: Oxidized coatings cannot be evaluated in this manner. 

. - DYE PENETRANT 

A dye, carried in a penetrating oil, is applied to materials 
and allowed to seep into fine cracks or porosity where it is 
held by capillary action. When the surface is flushed with an 
appropriate solvent or detergent and is treated with a finely 
divided developing powder, the entrapped dye gradually 
bleeds out or is pulled out of cracks and pores by the blot- 
ting action of the developer. The dye, delineating the dis- 
continuity, can then be observed against the developer back- 
ground, and cracks, pores, and other such defects of 
sufficient size can be readily detected. Dye material can 
either be a bright color or a fluorescing material activated 
by an ultraviolet light. Areas of delamination in a molyb- 
denum alloy have been detected with this technique, and 
porosity and cracking have been noted in some coatings. 
This technique is very simple to apply and very sensitive to 
coating discontinuities. However, it contaminates the sur- 
face with petroleum products and dyes, and it is very diffi- 
cult to remove all traces from the specimens. 

VISUAL AND OPPlCAL # 

t Use of the eyes to  evaluate materials in a qualitative fashion 
should not be deaigrated. Thorough documentation of visual 
observations by use of photographs and sketches can be of 

: considerable value. Aids to visual inspection include magni- 
fisrs, microscopes, ultraviolet light, and gloss meters. 

1 

I DEVELOPMENT OF SPECIFICATIONS FOR 
RELIABILITY AND QUALITY ASSURAKCE 

1 Nondestructive test techniques have been developed that 
have considerable value and should be applied in under- 
standing the role of processing variables; in evaluating and 

controlling processes; in inspecting and insuring quality of 
hardware; in monitoring the effects of high-temperature ex- 
posure to detect conditions of incipient failure; and in eval- 
uating refurbished and repaired hardware components. 

During the development phase of any new coating sys- 
tem or process, large numbers of specimens are usually pro- 
cessed and destructively evaluated. The information gained 
during this phase is normally used in characterizing the 
coatings and processes and eventually leads to the prepara- 
tion of specifications. It is during this early phase that non- 
destructive tests should also be developed and utilized for 
character~zing the coatings and for detecting variability nor- 
mally associated with processing parameters. Nondestructive 
test techniques can often be utilized with considerable ef- 
fectiveness at this stage for fast sorting and screening of 
large numbers of specimens so that appropriate units con- 
taining representative ranges of variability can be selected 
for the destructive analysis. This procedure can ultimately 
result in a considerable cost savings because it reduces the 
number of specimens needed to fully and accurately charac- 
terize the coatings and processes. 

Such things in the processes as reused coating materials, 
thermal gradients in the pack, coating continuity, and com- 
position at each stage in multistage coating processes should 
be monitored using NDT. In addition, processes developed 
for refurbishing and repairing materials-e-g., coating re- 
moval, recoating, heat treatment, weldments, or filler 
metal-should be checked by N DT . 

To obtain total quality assurance, NDT inspection of 
hardware for local coating variations should be accom- 
plished, with process specifications being written for each 
NDT process. These should outline all of the relevant vari- 
ables of interest and should detail each step of the technique 
to be used for detecting these variables. Limits of accep- 
tance can then be specified, based on realistic environmental 
and destructive test results. 

Examples of NDT procedures used in specific systems 
for detecting various conditions are shown in Table 47. 

SCREENING TESTS 

FURNACE OXIDATION TESTING 

Laboratory tests of oxidation resistance are integral to every 
development and evaluation program. The simplest of these 
is the so-called cyclic oxidation test for coated metals. In 
this test, groups of rectangular coated coupons (typically 
1.0 h. X 0.5 ir,.) are furnace-heated in slowly moving air. 
The number of specimens in a test group will vary. Usually, 
at least 3 and sometimes as many as 50 specimens ars in- 
volved. At periodic intervals, the specimens are removed 
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from the furnace and inspected for failure. At the first evi- 
dence of substrate oxidation, the specimen is considered 
failed and rntired from test. Testing is continued to a prede- 
termined time limit or until the entire lot of specimens has 
failed. 

In the evaluation of refractory alloy coatings, cyclic oxi- 
dation tests play a very important role, and in many pro- 
grams this is the only procedure used to measure oxidation 
resistance. Cyclic oxidation tests of refractory-alloy coatings 
are usually of relatively short duration (less than 200 hr) 
with frequent specimen inspection, usually at 1- or 2-hour 
intervals. Performance in the temperature range of 2000" to 
3000°F is emphasized. Exposures below 2000°F are usually 
conducted to  check for low-temperature sensitivity, and 
tests are not normally run io coating failure. 

Noncyclic or continuous furnace testing of coated re- 
fractory alloys is not a common practice. Generally, when 
this technique is employed, long-term exposures are in- 
volved. Tests are usually run for a predetermined time and 
may involve continuous weight-change measurements. 

Furnace oxidation tests (continuous and cyclic) of coated 
superalloys and refractory alloys for gas-turbine applications 
are employed primarily for screening purposes in coating de- 
velopment programs. Test temperatures rarely exceed 
2400°F; thus, problems with temperature measurement and 
control are minimal. Tests are frequently of long duration 
(600-1000 hr). Consequently, in cyclic exposures, the use 
of short-duration test cycles with frequent specimen inspec- 
tion becomes impractical. Generally, in a long test, speci- 
mens are examined at 1- or 2-hr intervals for the first IO- 
20 hr of test and then at longer intervals, perhaps 24 hr, as 
the test progresses. Specimens are usually tested in lots of 
2 to 5, and so the oxidation data are qualitative and not 
suitable for statistical anaIysis. 

Cyclic oxidation test data usually exhibit a large amount 
of scatter, and it is not unusual for the minimum and maxi- 
mum specimen lives to differ by a factor of 10 or more. 
Rarely is there good correlation of results between labora- 
tories, even when specimens from the same coating batch 
are tested. 

Undoubtedly, a number of factors contribute to the 
variability of these data. The test itself is a measure of the 
weakest site on the specimen, usually in the form of a thin 
spot, crack, or chip. Early failure could also be the result of 
a poorly formed coating over substrate imperfections, such 
as delamination, a surface contaminant, or an improperly 
finished edge. The density of life-shortening weak sites in a 
test specimen is a function of specimen size. It follows, 
therefore, that tests performed on different-sized specimens 
cannot be compared without normalizing to acconnt for 
size difference. Another sensitive factor, which probably 
contributes to  interlaboratory disparity of results, is the 
interpretation of specimen failure. 

Failure detection of the molybdenum alloys is relatively 

si~npl: because the oxide (Moo3) is volatile, and once the 
coating is penetrated, large substrate cavities form rapidly 
at test temperatures. In contrast, the oxides of columbium 
and tantalum are solid and frequently form various colored 
reaction products with coating constituents. Normal coating 
surface reactions can be confused with oxide growth 
through pinhole coating defects. Even when substrate oxi- 
dation is initiated and is recognized as such by the test op- 
erator, it is a matter of judgment as to when this condition 
becomes serious enough to constitute a failure. Quite often, 
suspected failure sites become evident many cycles before 
there is a positive visual identification of failure. 

Superalloys and chromium-base alloys do not oxidize at 
catastrophic rates upon coating penetration; visual examina- 
tion must, therefore, be supplemented with careful micro- 
graphic analysis to reveal more subtle forms of corrosion, 
such as intergranular and internal oxidation. In the case of 
chromium-base alloys, embrittlernent due to nitrogen leak- 
age through the coating may be the life-limiting factor. 
Bend ductility tests, micrographic examinations, and micro- 
hardness traverses of exposed specimens are employed to 
evaluate this aspect of coating performance. 

The duration of the test cycie has been shown to affect 
coating life. This result is apparently due to the thermal ex- 
pansion mismatch effects that crack the coating. 

Another factor that can influence cyclic ~xidation be- 
havior is the choice of support media. At temperatures 
above 2500"F, a reaction between the coating and its sup- 
port at the points of contact frequently cause prodems. 
Materials commonly used to support specimens include 
ZrO, , A12 03, SO2, and MoSi, . Mile most support-media 
reactioss result in catastrophic destruction of the specimen, 
it is quite likeiy that there are instances where such reactions 
are more subtle and simply act to shorten coating life at the 
points of contact. 

The,importance of factors such as specimen size, test 
cycle duration, failure identification, and support media 
have not been clearly defined. It is reasonable to assume 
that these factors and others influence cyclic oxidation be- 
havior. Studies to measure the relative importance of these 
variables individually and in combination are a necessary 
prerequisite for developing reasonable standards for this test. 

In this respect, the specifications for cyclic oxidation 
testing outlined in M A B - ~ O ~  probably allow too much lati- 
tude in the selection of specimen size. Furthermore, it is felt 
that more definitive specifications for failure identification 
and data analysis are necessary if interlaboratory cct~sistency 
of results is to be achieved. 

TORCH TESTING 

Closely related to the furnace cyclic oxidation test is the 
so-called cyclic torch test. In this test, relatively large flat 



specimens (typically 1 .S 'n. X 1.5 in.) are heated by the 
combustion flame of an cxyacetylene, oxyhydrogen, or 
oxypropane torch. Occasionally, arc plasma jets and rocket 
engines are also employed in torch testing. 

Specimens are usually sized such that the isothermal hot 
zone prodr!ced by the torch exceeds 0.5 in. in diameter but 
is contained within the boundaries of the specimen itsdf. In 
effect, edges aresexcluded in this test. 

Proponents of this test argue that for applications where 
there are no exposed edges and where the hot air stream is 
moving (hot-gas ducting would be one example of this), the 
torch test is a more realistic screening procedure than the 
furnace cyclic-oxidation test. On the other hand, the test is 
frequently criticized because the number of edge-free ap- 
plications is rather limited. Questions have been raised re- 
garding lateral heat transfer effects due to variations in grip- 
ping techniques and regarding the difficulty of maintaining 
an oxidizing combustion environment. Another problem is 
temperature measurement and ccntrol, which is always ac- 
complished by emittance-sensitive radiation pyrolnetry to 
avoid the difficulties of contact reactions with attached 
couples. 

A sizable investment in torches, timing devices, and 
safety equipment is required for high-volume torch testing, 
whereas furnace testing requires a substantially lower initial 
investment. For this reason, the popularity of torch testing 
has declined measurably in the past several years. Screening 
tests to measure oxidation resistance are now almost ex- 
clusively some form of furnace test. 

LOW-PRESSURE OXIDATION 

Wcrk by Perkins6 and others in the early 1960's revealed 
that silicide coatings are susceptible to low-pressure failures 
at elevated temperature. The failure nlechanism was identi- 
fied as volatilization of silicon monoxide at low pressure 
that prevented the formation of a stable protective glassy 
oxide on the coating surface. Publication of these finding 
initiated a flurry of activity in low-pressure oxidation 
testing. 

Testing procedures do not vary significantly among labo- 
ratories. Usually, a muffle-tube furnace is employed with 
one end of the tube connected to a vacuum pump and the 
other end to a control valve. Pressure is controlled in the 
muffle tube by operating the vacuum pump at maximum 
capacity and adjusting the control valve until air leakage 
tl~rough the tube equilibrates at the proper pressure level. 

Low-pressure oxidation tests are frequently noncyclic 
and are conducted for specified periods of time. Analyses 
of test results are oriented toward the thermodynamic be- 
havior of the coating system. This procedure is in contrast 
to  cyclic oxidation tests at atmospheric pressure, which 
emphasize the defect-controlled protective behavior of coat- ' 
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ings. Results of low-pressure tests are often specified in 
terms of a "go, no go" boundary of pressure and tempera- 
ture. 

STEP-DOWN TESTS 

Silicide coatings with good high-temperature oxidation re- 
sistance have been observed to fail preniaturely when sub- 
jected to cycling at progressively lower temperatures. In the 
step-down test, specimens are heated by a torch or a furnace 
for 30 min a: each of three decreasing temperatures and 
visually examined for f tilure at the end of each three- 
temperature cycle. Generally, each cycle is initiated by a 
30-min exposure at the maximum use temperature of the 
coating. This stage is followed by 30 min at 2200°F and 
30 min at 1400"~. Tests are usually terminated after five 
complete cycles. 

The step-down oxidation test has not achieved wide- 
spread use among laboratories-probably because the results 
are difficult to relate, except in a very qualitative sense, to 
potential coating applications. Data that have beer. pub- 
lished' show this test to bs a rather severe and damaging ex- 
p~rience for some coatings that perform quite well in con- 
ventional cyclic oxidation exposures. In applications where 
thermal cycling is anticipated, the step-down oxidation test 
is a convenient means for identifying potential coating 
problenls. 

BURNER RIG TESTS 

A test procedure frequently employed in the evaluation of 
the oxidation-erosion resistance of coated alloys for gas- 
iurbice applications is the so-called burner rig t e ~ t . ~ - l ~  In 
this test, wedge- or airfoil-shaped specimens are mounted in 
clusters of 3 to 16 on a rotating fixture and heated by a 
high-velocity c;ombus:or nozzle (Mach 0.5 to  0.8). Most 
burner-rig facilities are fueled with JP-4 or JP-5 at air-fuel 
ratios of 18 to 30; air-kerosene, air-natural gas, and oxy- 
propane are also usect.. Specimen design varies from simple 
wedge shapes machined from bar stock to rathei compli- 
cated airfoil shapes representative of blade and vane con- 
figurations. 

Since t b  specimens are larger than the hot gas stream, 
thermal gradients exist in the specimen. In the simplest 
burner rig tests, this temperature gradient is ignored, and 
the test is controlled as a function of highest pyrometer 
temperature measured at any location on the specimen. 
When more refined means of temperature measurement and 
control are desired, the specimen temperature gradient is 
characterized with calibration specimens containing internal 
hot hardness pins or thermocouples. Temperature-sensitive 
paints, radiation pyrometry, external spot-welded thermo- 
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couples, and infrared pt.otography have also been employed 
for this purpose. 

Temperature regi~lation during test is usually achieved by 
varying fuel-consutnption rate as a function of specimen 
tcmperatore, measured eithtr by radiation pyrornetry or an 
imbedded thermocouple. Neither method is completely sat- 
isfactory; coating-emittance changes and reflection from 
the hot gas stream can lead to significant errcrs in pyrome- 
ter readings. The slip ring configuration required to transfer 
thermocouple signals from the rotating specimen fixture to 
recording equipment can be troublesome and, unless prop- 
erly designed and maintained, is subject to significant mea- 
surement errcirs. Of the two, the internal thermocouple 
technique is believed to  be more likely to  give satisfactory 
results. 

The primary reason for specimen rotation is to  achieve a 
uniform environmental exposure of the specimens. In prac- 
tice, specimen rotational spedd varies from 12 to 1,850 rpm, 
with the most common value being 1,725 rpm. The selection 
of specimen-furture rotational speed is probably a function 
of electric drive motor availability and is not dictated by 
any other technical consideration. 

Oxidation-erosion testing is normally conducted at 
specimen temperatures ranging from 1800" to  2400°F. 
Tests run from 100 to 600 hr in total duration, with peri- 
odic cooling for weighing and inspection of specimens at 
20-30-hr intervals. Coating performance is judged by visual 
appearance, weight change. and micrographic analysis. The 
formation of visible substrate oxide, ccacks that extend into 
the substrate, coating spall, excessive diffusion of the coat- 
ing into the substrate, significant weight change, and general 
microstructural appearance are factors that are usually con- 
sidered in identifying a coatillg failure. 

HOT-CORROSION TESTING 

Burner-rig testing is also employed in evaluating the resis- 
tance of superalloy coatings to corrosives other than oxygen. 
Trace elemetlts of vanadium, lead, carbon, and sulfur in fuels 
are known to be potential sources of corrosion in gas-turbine 
engines. Corrosion by sulfur compounds has received par- 
ticular attention in recent years, and almost all current hot- 
corrosion evaluations are directed towards this problem. 
Sulfidation is most serious with lower chromium-content 
superalloys that operate in marine environments where in- 
gested sea salt reacts with the sulfur to form sodium sulfate. 

Burner rigs have been adapted for sulfidation testing by 
providing for the injection of artificial seawater in concen- 
trations on the order of 6-10 p p m . g ~ ' ~ * l ~  Testing proce- 
dures are similar to those employed in oxidation-erosion 
evaluations. Visual appearance, weight change, and micro- 
graphic examination are the principal methods of analysis. 

The duration of test cycles varies anlong laboratories from 
10 min to 20 hr. 

Allison Division of General Motors Corporation16 em- 
ploys a somewhat different procedure for sulfidation test- 
ing. Specimens consisting of actual turbine blades are 
mounted in clusters of 16 cja a spindle and rotated at 1800 
rpm in a natural-gas-fired furnacc. At periodic intervals, the 
spindle is cooled with an aspirated splay of a 1 percent so- 
lution of sodium sulfate in deionized water The test cycle 
consists of 1.5 min of heating and a 0.5-min cooling spray. 
The test is normally run for 500 cycles. 

Phillips Petroleum Company17 employs a fairly elaborate 
flame tunnel for hot-corrosion testing. The tunnel can ac- 
commodate six stationary specimeris, 2.38 in. X 0.5 in. X 
0.12 in., oriented at 45' to the direction of hot gas flow. 
The tunnel is operated on ASTM aviation type A turbine 
fuel at various air-fuel rations from 50 to 75. The fuel is es- 
sentialiy sulfur-free, sulfur content is adjusted to desired 
levels by additions to ditertiary butyl disulfide. Sea-salt 
simulation is achieved by additions of aqueous solutions of 
synthetic seawater (ASTM D665) to the gas stream in con- 
centrations of 2 to 10 ppm. The facility can be operated 
over a pressure range from 5 to IS atm; gas velocity and 
temperature at the specimen location can be vari~d from 
50 to 664 fps and 1200' to 2200'~,  respectively. 

The work cited in Reference 16 dealt with uncoated 
superalloys, with the principal evaluation criteria being 
weight change and microstructural appearance. Presumably, 
coated superalloys would receive a similar evaluation, with 
emphasis on the preservation of coating continuity as evi- 
denced by surface appearance. 

THERMAL-FATIGUE TESTING 

Burner rigs are also employed to evaluate the so-called 
thermal-fatigue characteristics of coatings for superalloys 
and refractory alloys. This test is quite similar to the 
oxidation-erosion test, except that rather short cyclic ex- 
posures, typically consisting of 1 min at peak temperature 
and 30 sec of air-blast cooling, are used. 

Burner rig testing is just one of many ways that the 
thermal-fatigue characteristics of blade and vane materials 
are evaluated. At least four other techniques are employed, 
and widespread disagreement exists among laboratories re- 
garding the merits of these various approaches. 

Glenny and Taylor18 employs a pair of fluidized beds for 
the cyclic heating and cooling of tapered discs. Cycle time 
varies from 1 to 10 min; the maximum and minimum tem- 
peratures can be varied, and either air or inert gases can be 
used for heating and cooling. Thermal-fatigue resistance is 
measured in terms of the number of cycles required to pro- 
duce a crack of arbitrarily specified dimensions. 
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General Electric CompanyI9 uses a rotag table upon 
which wedge-shaped specimens are mounted. Four burners 
and two cooling stations are located around the periphery 
of the table. Specimens are indexed into the heating and 
cooling positions for a specified period of time, usually 
10 sec. The burners are adjusted to produce a predetermined 
specimen temperature-time history. Thermal-fatigue resis- 
tance is rated in terms of the location, frequency, and length 
of cracks formed and by the number of thermal cycles re- 
quired to induce this cracking. 

Solar Division of International Harvester Co.19 has de- 
veloped a "hole-in-plate" thermal-fatigue test for coated 
superalloy sheet. As the name implies, this test employs a 
square plate specimen, usually 3 in. X 3 in. with a 0.5-in.. 
dian~ hole in the center. The specimen is locally heated 
around the periphery of the hole for 1 .S or 2 min with a 
torch and then cooled for 0.5 to 2 min with an air blast. 
Thermal-fatigue resistance is measured in terms of the num- 
ber of cycles to crack initiation as a function of the peak 
specimen temperature. Solar claims good reproducibility for 
this test and cites its low cost of setup and operation as one 
major advantage. 

Wall Colmonoy Corporation l9 is developing a simple, 
low-cost thermal-fatigue test in which up to 36 specimens 
(3 h. X 3 in. X 0.0625 in.) are mounted on a spindle and 
rotated past a burner. Test results are specified as the num- 
ber of cycles to the first crack and/or as crack length as a 
function of the number of test cycles. 

Glenny20 has summarized the salient features of more 
than thirty other approaches to the measurement of thermal 
fatigue. In general, these tests are similar to those discussed 
in this report. 

DAMAGE TOLERANCE 

A performance criterion that is frequently evaluated is the 
protective character of a coated part that has been damaged 
in some manner, such as by mechanical deformation, bal- 
listic impact, or abrasion. The tensile strain tolerance of 
coated refractory-alloy sheet can be evaluated, according to 
M AB-201, by prestraining tensile-type specinlens at various 
temperatures up to  2000°F, followed by oxidation testing 
at either 1800" or 2600'~. Strain tolerance is specified in 
terms of the maximum allowable prestrain for 2-hr life at 
the test temperature. In siinilar tests, Pratt & Whitney Air- 
craft Companyz1 has evaluated the strain tolerance of 
coated coluntbia~tl \liir stock. Solarz2 has used small cou- 
pons. prestrained by three-point bending and then furnace- 
tested. to  evaluate coating strain tolerance. 

Resistance to impact damage by ing~s~:d foreign objects 
is essential for gas-turbine engine materials. There are sev- 
eral techniques for evaluating the ballistic-impact resistance 

of coating. The simplest of these is the so-called "2" stamp 
test employed by Gereral Electric Company and others to 
measure the adherence and ductility of a coating. A metal 
die is used to imprint a letter in tlie coating. It is claimed 
that if this can be accom~lished without spalling damage, 
the coating will have good impact resistance. Test devices 
that employ a calibrated weight with a specific indentor 
geometry dropped from various heights are employed by 
Chromalloy Corporation12 and Allison Division of General 
Motors Corporation11 to obtain semiquantitative measure- 
ments of adherence impact resistance. 

Adherence is also measured by grit-blasting the coating 
surface at room temperature with fine glass beads, silicon 
carbide, or alumina. This is followed by a high-temperature 
furnace exposure in air to develop indications of debonding 
such as blistering, spalling, or substrate oxidation. 

A more direct measure of ballistic impact resistance is 
obtained by Pratt & Whitneyg and ~ t h e r s  by firing metal 
pellets of specified size and weight at heated specimens. 
Tests are conducted at several levels of pellet velocity and 
are followed by oxidation tests to evaluate the extent of 
impact damage. 

HOT-ABRASION TESTING 

Abrasion damage t o  coatings can occur in gas turbines from 
three sources: the erosive action of carbon particles resulting 
from incomplete combustion, the ingestion of fine dust and 
sand, and fretting wear at the point of attachment of the . 

turbine blades and wheel. 
Erosion by fine prticle abrasion can be evaluated in labo- 

ratory tests by heating coated specimens in a low-velocity 
flame tunnel or a furnace and impinging them with a high- 
velocity strearn of fine A1203 or amorphous hard carbon 
particles until coating penetration occurs. 

Fretting wear is usually evaluated at room or elevated 
temperatures i r ~  special test devices that produce a periodic 
displacement (vibratory or rotary) between two specimens 
preloaded against one another to some specified level. 
Fretting-wear resistance is related to  the level of specimen 
damage produced iil a specified period of time. 

S~IVIULATED ENVIRONMENTAL TESTS 

RE-ENTRY SIMULATION 

A variety of techniques has been employed to simulate the 
re-entry environment. Generally, three test variables are in- 
volved: temperature, time, and pressure. Potentially impor- 
tant environmental inputs, such as high mass flow, and 
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mechanical inputs, such as strain and vibration, are ~ ~ s u a l l y  
not considered. 

Sylvania Electric Products, InceZ3 employs a very silnple 
technique in which test coupons are cycled from 800' to 
2 5 0 0 ' ~  over a 1-hr period. The temperatu~e profile is a 
symmetrical bell-shaped curve. Pressore can be varied in the 
test chamber to sinlulate a typical re-entry. In the Solar 
f a ~ i l i t y ? ~  specimens stressed by dead-weight loading are 
subjected to an ssymn~etrical temperature profile repre- 
sentative of it re-entry temperature-time history. Pressure is 
held constatit dunng these tests at levels ranging from 0.5 to 
760 Torr with a bleed-valve-vacuum-pump arrangement. The 
test cllaniber is constructed so that a flow of high-velocity 
air passes over the specimen during test. 

McDonnell A i r ~ r a f t ~ ~  is evaluating coated refractory al- 
loys for glide-re-entry applications using a very sophisticated 
facility that can simultaneously vary temperature, stress, and 
pressure according to predetermined time profiles. 

GAS-TURBINE-ENGINE SIMULATION 

Some of the more elaborate burner rig facilities are repre- 
st?nted as turbine-engine simulators. In this report, however, 
these devices are classified as advance screening facilities. 

There is very little reported information pertaining to the 
procedures employcd by engine manufacturers for gas- 
turbine simulation tests. This is frequently considered pro- 
prietary information. At least one company uses a modular 
test engine into which experimental units can be mounted. 
Components can be tested in this manner without the ex- 
pense of prototype engine fabrication. 
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Ablative coatings, 136 
in "ypersonic vehicles, 12,1>6, 138 
for rocket nozzles, 124 
for Titan 11,124 

Abrasion, limiting coating lie, 126 
Accelerated testing, 19 
Active oxidation, 40 

hysteresis, 41 
Additives 

to  Hf-Ta coatings, 109 
to silicide coatings, 25,47,48,77 

Adhwcnce of coating, 203 
Advanced structural concepts experimental 

program, Cb aUoy structure, 96 
Aerodynamic boundary layer, 41 

effect on coating loss, 46 
Aerodynamic considerations, 39 
Aerodynamic effect, 42 
Aerodynamic heating, 3 
Aerodynamic layer, see Boundary layer 
AEP coating on Ki and Co alloys, 183 
Aerospace Applications Requirements 

Panel, 3 
Afterburners for exhaust emission 

control, 164 
AgSi-A1 coatings, 148 
Agena D engine, 124 
Aii-breathing propulsion (ramjet), 138 

systems, 11,12 
Aiicraft gas turbines (see also Gas 

turbines), 1 16 
M r - S i  (Climax) coating on Mo, 102 
Al-Cr-Si coatingson Mo, 48,102 
A1-5Cr-5Ti wating on Ta, 48 
A4Oj coating on Mo, 106 
AESi coatings on Mo, 102 
AI-Si (NRC) coating on Mo, 102 

Al-SiCr coatings on C3.35 
Alcermet coating on steel, 177 
Mpak Allison coating 

on superalloys, 67 
Alpak coating on Ni and 20 alloys, 171 
Alphatizing coatings on various metals, 170 
Alumicoat coating on ferrous alloys, 179 
Alumina 

as extrssion die coating, 163 
coating on graphite, 126,181 
diiuion rate of oxygen, 31 
glass, 50 
thermal lag coating, 124 
vaporization rate, 43 

Aluminide coatings, 41 
by electrophoresis, 66 
by hot dipping, 85 

- interdiffusian, 53 
on Cb and Ta, 85,108,148 
un columbium alloys by hotdipping, 86 
on Cr, 75 
on Mo, 101 
on refractory metals, 48 
on superalloys, 66,148 
on Ta, 108 
(Table), 102 

Aluminides 
ductility, 9 
fundamentals, 29 
melting points, 9 
on superalloy substrates, 20 
possible replacement for, Y 

Aluminum-chromium coatings 
on superalloys, 66 

Aluminum coatings 
on Cb, 81 
on Mo, 48 

Aluminum-cobalt coatings 
on superalloys, 66 

Aluminum-iron coatings 
on superalloys, 66 

Aluminum-nickel coatings 
on superalloys, 66 

Aluminum-silicon coatings 
on superalloys, 66 

Aluminum-tantalum coatings 
on superalloys, 66 

Aluminum-rich coatings on superalloys, 118 
Apollo 

coatings on exit cones, 94 
command module, molybdenum 

engine for, 10 
engines, 126 
service module, engine description, 10 

Applications 
for coatings, current and future, 4 
of coated columbium alloys, 93 
of coating systems, 7 

ASSET 
Cb structure, 3,94 
fasteners used in, 156 

Atlas, enginesfor, 123,124 
Attitude control engines, 11,126 
Automated coating processes, 9 
Auxiliary power units, coatings for, I59 
Avdilability of platinum-group 

metals (Table), 151 
AVCO 606B process, 173 

Backscatter radiography, 197 
Ballistieimpact resistance, 203 
Barium borosilicate glass, 89 
Barrier layer 

for Pt coatings, 22 
oxides, 31 



B-66, Cb alloy, 93 
BD a'-miaide coating on nickel alloys, 169 
Bend tests, 195 
Beryllia, rate of vaporization, 4 3  
Beryllide mating on Ta, 108 
Beryllide coatings, 21 

diffusion of, 53  
Beryllidcs, reaction with Ta, 49 
Beryllium 

attitude control engine, 11 
coatings on superalloys, 66, 67 

BGRV, fasteners used in, 156 
Bi-metal structural concept, 97 
Binary and complex silicides, 25 
Boost glide reentry vehicles, 94 
Borides ar thermal lag coatings. 124 
Boron nitride, 181 
Boundary layer 

effects on iridium vaporization. 45 
equations, 45 

Breakaway, 23,31 
Bullpup nlissile, 10, 124 
Burner rig tests, 201 

C-9 coating on Ni alloys, 170 
C-10 coating on Fe-base alloys, 170 
C-12 coating on Co alloys, 170 
C-20 coating on Ni, Co, and Fe alloys, 171 
Calcium oxide, diffusion rate of oxygen, 31 
Candidate materials for hypersonic 

air-breathing propulsion systems 
(Table), 141 

Capabilities 
and limitations of various coating 

systems, 115 
of coating systems for 

refractory metals, 12 
of oxidation protective coatings, 4 

Carbide 
and nitride coatings on graphite, 113 
nitride, and metal oxide 

conibinations on \V, lITRI study, 110 
strengthened alloys, effect of coating, 144 

Carbides as thermal lag coatings, 124 
Cb103 columbium alloy, 1 25, 126 
Cb-132M, Cb alloy, 93  
Cb-752, Cb alloy, 93  
Cb-Ti-A1 coating, diffusion rate, 49 
Cb-Ti-A141 coating for 

refractory metals, 6 
Cementation processes, 167 
Cerqmic coatings, 50, 152 

on Ta, 109 
on W, 109 

Ceramics, coatings on 
Palladium coating, 176 
Platinum coating, 176 

Ceramiotype slurries, 1 73 
Characterization tests, 18 
Chemical propulsion, 1, 123 

rocket engines, 10 
Chemical Vapor deposition, 16,63,80, 

157,163,180 

Cr-Ti-Si coatings on columbium, 88  
on superalloys, 60 
processes, (Table), 184 

Cluomacarb-cluo~~lium coating 
on steels, 169 

C!uomalloy-G coating on irons, 169 
Cluomalloy SUD coating on superalloys, 69 
Chromium, 7 1 

content of superalloys, 3 
in silicide on Cb, 89 
loss by vaporization, 91 
on Mo, 101 
transition temperature, 71 

Chromium alloy development, status of, 71 
Phro~~liunl alloys, clads for (Table), 76 
Chronlium alloys, coatings on 

aluminized, 72 
claddings, 72,74 
Cr-0.13Y clad, 76 
Cr-0.25Y clad, 76 
Cr-0.13Y-0.05 Hf-0.3Th clad, 76 
Fc~25Cr-4Al-lY dad, 74 
Iron-aluminum, 76 
lack of coatings for use in gas +t2rbineq 8 
Ni-20Cr-20W clad, 72 
Ni-3Kr clad, 72 
Pt and Pd, 75 

Chromium-base alloys, recommendation 
for research, 10 

Chromium coatings on Cb, 81 
Chromium oxide, 4 3  
Chromium silicide, oxidation resistance, 25 
Chromium-titanium alloyed silicide, 144 
Chromized N-2 pack-cementation silicide 

coatings for columbium, 86 
Cladding, 9,17,80 

Cb-Ti alloy on  Cb, 22 
Ir on graphite, 11 3 
on Cb, 97 
noble metals on Cb, 85 

Claddings 
on Cr alloys, 72,74 
on Mo, 101 

Classification of tests, 192 
Coating application, current capabilities, 167 
Coating defects, 54,55 

effect on performance, 55 
Coating failure, isolating cause, 46 

Coating failures, detection, 13 
Coating life, calculated from 

diffusion data, 103 
Coating performance, design of 

new tests for, 46 
Coating processes, isolation of variables, 197 
Coating repair, 8 9  
Coating requirements for future 

rocket engines, 127 
Coating-substrate interactions, 6,46 
Coatkg systems, analysis, 20 
Coating techniques, 6 0  
Coating technology on Mo, factors 

governing, 100 
Coating thickness, 13,54 

"effcctive", 105 
measurenlent of, 195 
superalloys, 120 

Coatings 
for forgings, 164 
for protection from 

surface contan~inations, 164 
for rocket engines, current status, 123, 125 
of internal passageways, 17 
on Cb, evaluation of, 96 
on chronlium alloys (Table), 72 
on superalloys, state-of-the-art, 60  
on superalloys, temperature limit, 119 
on W and Ta substrates, analysis, 110 

Cobalt alloys (seealso ;uperalloys) 
tcnlperature limit, 49 

Cobalt ,illoys, coatings on (ree also 
Superalloys, coatings on) 

AEP. 183 
Alpak, 171 
C-12, 170 
C-20, 171 
CODEP, 169,17 1 
HI-15,169 
[AD, 179 
IAS, 190 
VDC-7,171 
5 : i l L '  3,171 
AL-IOIA, 171 
S521@2C, 178 
S6100,178 
Tanchralizing, 170 
WGI, 171 
WL-6,170 
WL-8,170 

CODEP coatings on Ni and Co alloys, 171 
Columbium 

coating systems for (Table), 8 2  
diffusion of silicide coatings, 46 
embrittlement, 35 
evaluation of coatings, 96 
throats in liquid-fueled engines, 11 

Columbium alloys for hypersonic vehicles, 
138 

Columbium alloys, coatings on bee also 
Refractory metals, coatings on) 

Al-Si-Cr, 8 5  
aluminide, 48,49 
aluminum, 81 
AM&F silicide, 89 
Battelle-Gendva, silicide, 89 
Battelle-Geneva Sn-Al-impregnated 

silicide, 97,105 
Cb-Ti clads, 22 
chromiilm, 81 
cladding, 97 
copper, 81 
Cr-Ti-Si, 91, 92, 96, 182 
Durak B, 142 
evaluation a t  PWA, 96 
fused silicide, 97, 1011, 145 
gold, 81 
IIf-Ta clads, 188 
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iron, 8 1 
L-7, 142 
LB-2,91,174 
LM-5,8 1 
NA-85 aluminide, 175 
nichrome, 81 
nickel, 81 
noble metals clads, 85 
PFR-6,142 
PFR-30 silicide, 168 
PFR-32 silicide, 168 
platinum, 81 
PWA CANEL, silicide coating, 89 
R512E, 91 
Si-Cr-Al, 86 
Si-Cr-B, 86 
silicon, 81 
thoria, 5 1 
TNV-7, 175 
V-Cr-Ti-Si, 91 
VaeHyd coatings, 174 
vaporization of, 34 
zirconia, 51 

Columbium aluminide, 49 
Columbium carbide, 181 
Columbium oxide, melting point, 79 
Columbium rocket nozz.les, 125 
Columbium silicide, 38 

oxidation resistance, 25 
vaporization, 38 

Comparative performance characteristics, 
Cb coatings, 89 

Compositional variation of coatings, 199 
Consolidated Control Co., coating on W, 109 
Contamination coatings for hot working, 15 
Cooling of gas turbine components, 116, 

117 
Cooling passages, coating of, 9,16,121, 172 
Copper coatings on Cb, 81 
Cost 

as affected by temperature, 161 
of coatings, 154 
of iridium coatings, 155 

Cr (see also Chromium) 
Cr-A1203 (GE300) coatins for Mo, 106 
Cr-glass coating for Mo. 106 
Cr-Ti-Si coating 

by a fused-alt process, 156 
evaluation at General Dynamics, 94 
explnation, 29 
life, 144 
on F66,92 
on Cb, Ta, hlo, 167,168 
on columbium, 86,87,88,91,96,144, 

157,182,181 
on @43,91,96 
on refractory metals, 175 
on Ta, 146 
process, 156 
slurry-pack technique, 156 

Cr-Ti-Si composition, 97 
Crack propagation, 46 
Crack resistance of coatings, 5 
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Cracks in coatings, 55 
effect on lifetime, 6 
susceptibility, 6 

Cracks in silicide and aluminide coatings, 7 
Creep, 93 

in gas turbines, 8 
influence of Sn-A1 coating, 102 
of Cb alloys, 13 
of turbine blade or vane, 11 7 

Creeprupture testing, optical strain 
measurement, 196 

Crucible coatings, 15 
Crucible materials for metal melting, 162 
Crystalline oxide coatings, 20 
Cyclic oxidation, 90 

screening test, 18 
protectiveness of silicide coatings on 

tantalum alloys (Table), 147 
tests, 200 

D-600 coating on various metals, 185 
Damage tolerance, 203 
Defect concentration, 24 
Defect tolerance. 56 

limits, 56 
Defects in coatings, 6,7,54,154 

probability, 12 
Delamination, detection of, 199 
Detaclad, cladding process. 186 
Detaclad-applied coatings on various 

metals, 187 
Detonation gun, 80 
Diborides, 21 
Die coatings, 163 
Diffusion 

new coatings to nrinimize, 7 
of A1 in A&03, 29 
of A1 in Cr, 77 
of A1 into W, 48 
of aluminides, 48 
of Cb-cr, 53 
of Cb-Ni, 5 3 
of elements in W, 52 
of iridium in graphite, 11 3 
of Ir into W, 52.54 
of iron in W, 53 
of Mo-Co, 5 3 
of Mo-Cr, 5 3 
of modified silicides, 48 
of Mo-Ni, 53 
of MoSi2-Mo, 53 
of Ni in Cr, 77 
of oxygen, 7 
of oxygen in A1203, 29 
of oxygen in SiO, 41 
of orygen into W, 50 
of oxygen through iridium, 126 
of Pt into W, 52 
of Rh into W, 52 
of SiO, 41 
oiTh02-W, 53,54 
of thorium into W, 50 
of Zr02-W, 54 

Pt 111etals into refractory metals, 152 
self-diffusion of Cb, 5 3 
self-diffusion of Ta, 5 3 
self-diffusion of W, 53 
superalloys, 49 

Diffusion barriers, 9, 14,85 
W between Pt metals and refractory 

metals, 152 
W for MojAl, 48 
W on Cr, 72,73 

Diffusion coatings, 13 
on Ni alloys, 49 
on superalloys, 120 

Diffusion coefficient 
for oxygen in silica, 26 
of carbon, 5 1 
of silicon, 26 
of silicon in MoSSig, 27 

Diffusion coefficients, 24 
inWofOandTh,51 

Diffusion data, availability, 7 
Diffusion zones, ir~easurenlent of, 195 
Disil 

coating life, 142 
c~ating on Cb. 88. 10s 
coating on 'Mu, 102 
coating 011 refractory metals, 108, 173 
silicide ccaating, 28 

Disprsian-strengthened alloys, 9 
need for coating application 

developnxnt, 17 
Dissociation pressure of silicon, 37 
Double-layer coatings on graphite, 112 
DR aluminide coating on nickel alloys, 169 
Ductilebritt!e transition temperature, 195 
Ductile layers, 89 
Ductility 

of silica, 29 
of silicide coatings, 89 

Durak-B 
coating life, 142 
silicide coating on Mo, 102 

Durak KA, silicide coating on Cb, 86 
Durak MG, silicide coating on Mo, 102 
Dye penetrant inspection, 199 
Dynasoar, 3 

Eddy current for measurement of 
coating thickness, 198 

Edge failure, 28, 141,153 
torch testing, 201 

Effective coating thickness, 105 
Electrodeposition from fused salts, 9, 180 
Electrodeposition processes, 180 
Electroless fused-salt deposition, 88 
Electroliding, 16 
Electrolyti:: deposition, 16 

processes (Table), 182 
Electrophoresis, 66,80, 156, 180 

for application of slurry coatings, 16 
for applying the Cr-Ti-Si coating 

to columbium, 88 



Electrophoretically deposited binary 
disilicides, 108 

Electrophoretic coatir~gs 
of WSi2 on T-222 and Ta-lOW, 110 
on supcralloys, 61 

Electropl~oretic techniques, 17 
Ekctroplating, 180 

of Ir on graphite, 11 3 
aqueous, 80 

Embdttlement 
of Cb, 35 
of Ta, 35 

Emissivity, RTG systems, 1-5, 160 
Emittance, 140,143, 194 

iridium, 1 13 
of Mo coatings, 13  
of noble metals, 101 
of radiators, 15 
of superalloys, 131 

Enamel coatings, 22 
Energy conversion systems, 2, 14, 159 
Environmental simulation, 18 
Environments, 1 17 
Erosion, 8, 1 17 
Erosion testing, 203 
Evaluation 

of coated hardware, 97 
of existing coatings, 67 
of SII-Abcoated T-11 1 foil at Convair, 110 
of Sn-A1 coating at  Douglas Aircraft Co., 

110 
programs of W coatings, 110 

Evaporation, 46 
of silicide coatings, 36 
of SiOz layer, 38 

Exhaust emission control, coatings for, 15, 
164 

Exot'lermic reactions in Hf-Ta coatings, 
effect on temperature measurements, 195 

Extensometers for creep s r  tensile testing, 
196 

Extrusion lubricants, 163 

F-l engine, 123 
Failure 

criteria, 18 
detection, 200 
identification, 200 
modes, 197 
sites, 197 

Fasteners, coating of, 156 
Fatigue, 196 

effect of coating, 118 
influence of Sn-A1 coating, 102 
of coated superalloys, 121 

Faying surfaces, fused-silicide coated, 146 
Fe-Cr-Ni coating by physical vapor 

deposition, 65 
Field repair, 1 3, 17 
Flame spray process for coating deposition, 

1 7  
Flame spraying, commercial application, 

186 

Fluidized-bed coating 
for superalloys, 122 
on Cb and Ta, 108 
on colun~bium, 88 
process, 16,80,103, 172 

Fluidized-bed process (Table), 173 
Fluidized-bed process for forming silicide 

coatings, 157 
Foreign-object damage; 8, 1 17 

effect of ductility of coatings, 120 
Fretting, 203 
Frit coatings, 22 
Fuel elements, 14 
Fugitive vehicle, 80  
Furnace oxidation testing, 199 
Furnaces, need for coatings, 162 
Fused-salt-bath deposition, 109 
Fused-salt coating methods, 16 
Fused-salt coating 

of B, 64 
of Be, 64 
of Cr, 64 
of Ge, 64 
of Mn, 64 
of Ni, 64 
of Si, 64 
of Ti, 54 
of V, 64 
of Y, 64 
of Zr, 64 

Fused-salt coating process, 64, 80,88 
Fused-salt coatings on superalloys, 60 
Fused-salt electrodeposition, 180 
FuseC-silicidecoated Cb protective lives, 145 
Fused-silicide coating on refractory metals, 

175 
Fused-silicide coatings, 48,97 
Fused-silicide coatings on Cb, 96,97, 108 
Fused-silicide coating system for Cb and Ta 

alloys, 89,108 
Fused-slurry coating process for applying 

an Hf-20Ta-0.25Si coating, 157 
Fused-slurry process, 13,80,148 
Fused-slurry Frocesses for the application 

of silicidd coatings, 157 
Fused-slurry coatings 

behavior of faying surfaces, 146 
effect of low pressure, 146 
for tantalum and molybdenum alloys, 1 3  

Fused-slurry silicide coatings 
for columbium components, 13,144 
for Mo alloys, 1 3  
for Taalloys, 1 3  
in liypersonic vehicles, 12 

Gas turbine components, coating 
requirements, 118 

Gas-turbine-engine simulation, 204 
G*s turbine engines, futu:e needs for 

coatings, 119 
Gas turbines 

aircraft, I16 

coatings for, 7, 115 
conclusions regarding coatings, 1 
in antisubmarine service, 11 7, 119 
lack of coatings for refractory metals, 8 
land-based, 115 
marine, 1 16 

Glass-ceramic frits, 109 
Glass impregnation of coating, 146 
Glass melting, 162 
Glass-sealed silicide costing, 89, 157 
Glassy-oxide coatings, 2 1 
Glide reentry, 3 
GMS-chromium coating on various alloys, 

169 
Gold, 85 
Cold coatings on Cb, 81 
Graded coatings, 125 
Graphite 

current manufacturing capabilities for 
coatings, 158 

future needs, 127 
review of coating work, 11 2 
temperature limit, 126 
use in rocket engines, 11 

Graphite, coatings for 
hypersonic structures, 152 
rocket engines, 11 
rocket nozzle liners, 11 3 

Graphite, coatings on 
alumina, 126 
cost, 155 
depositing of, 113 
diffdsion of, 11 3 
emittance, 113 
noble metals, 22 
silicon carbide, 152, 155 
temperature Iimit, 113 
thermal hsuiation, 11 
tungsten, 11 
zirconia, 11, 1 26 

Growth rate of protective oxide, 5 
GT&E Laboratories 

analysis of coatings on W and Ta, 110 
study of tungsten protection, 110 

Gun metallizing for applying coatings, 80 

Hafnia 
application capability, 181 
overlays on Wand Ta substrates, 109, 110 
vaporization rate, 43 

Hafnium-base alloys as coatings, 109 
Hafnium-tantalum alloys as coatings on 

hypersonic vehicles, 14 
Hairline cracks or fissures in coatings, 

control of, 57  
Halogen streaming application techniques, 

62 
Hastelloy cladding in SNAP systems, 159 
Hastelloy X, coatings on, 67 
Haynes C-3 coating on si~peralloys, 69 
Haynes C-9 coating on superalloys, 69 
Heat shields, hypersonic vehicles, 132, 136 
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Heat treatment, coatings for protection 
during, 163 

Heat-resistant alloys as coatings, 91 
Hear-resistant metals and alloys on Cb, 

history, 81 
Heating elements, coatings for, 162 
Heating methods for testing, 194 
Henry's law constant. 26 
Hf, oxidation study, 109 
Hf-Ni, oxidation study, 109 
Hf-Ta, oxidation study, 109 
Hf-Ta alloys as coatings, 32,155 

on nozzle inserts, 152 
Hf-Ta alloys, oxidation behavior, 152 
Hf-Ta claddings on Ta, Cb, 188 
Hf-Ta coatings, 6,52 
Hf-Ta slurry coatings, 109, 157 
HI-15 coating on Ni,Co,and Fe alloys, 169 
HI-22 Cr cnating on various metals, 170 
High-pressure pack for Cr-Ti-Si application, 

88 
High pressure pack ccmentation coating 

technique, 80 
High-temperature coatings for superalloys 

(Table), 68 
High temperature vitreous or glassy- 

refractory coatings, 64 
Home appliances, coatings for, 164 
Hot-abrasion testing, 203 
Hot corrosion (see also Sulfidation), 49 

cobalt-base alloys, 49 
influence of Cr content, 3 
in gas turbine, 8,117 
nickel-base alloys, 49 
of aluminides, 49 
pack aluminides as cure, 172 
test of coatings on superalloys, 69 
testins, 302 

Hot-dip mat~gs,  63 
Hut-dipping 

coating formation method, 8G 
commercial availability, 17 3 
manufacturing capability, 17 
of superalloys, 60 
processes (Table), 179 

Hot gas erosi?n, 67 
Hot-roll cladding. i 86 
Hot-salt corrosion, 49 
Hot-working, coatings for protection during, 

163 
Hydride and oxide reduction, coating forma- 

tion method, 80 
Hypersonic missiles 

requirements for coating, I ! 
usefulness of present coatings, 1 2  

Hypersonic vehicles 
applications and en1 ironments, 128 
conclusions regarding coatings, L 
need for coatings, 3,11,12 

IAD coating on Xi, Co, and Fe alloys, 179 
IAS coating on Ni, Co, and Fe alloys, 190 

Impa~:t, 67 
damage, 203 

Inconel coating by physical vapor deposition, 
65 

Induction heating, for testing, 184 
Industrial applications 

needs for coatings, 2 
use of coatings, 15 

Industrial applications for coatings, 161 
Inhomogeneities in coatings, 153 
Insulative coating (XLR-991, 10 
Insuiative coatings 164 

for ramjets, 139 
for rocket engines. 124 

Interdiffusion in Pt coatings, 152 
Intermetallic coatings 

on Ta, 108 
on W, 109 

Intermetallic compounds 
coating-substrate interaction, 46 
principles of protection, 20 

Intermetallics 
future need b r  coatings, 153 
manufacturing technology in applying, 156 

In' nal cooling passages, coating of, 9,16, 
121,172 

Internal oxidation, 32, 33 
Interstitial diffusion, 49 
"Interstitial sink" effect, 50  
Interstitials, "sink" :or, 93 
Ir-base alloys, oxidation study, 109 
Ir-Pt alloys, oxidation studies at  Solar, 109 
Ir-Rh alloys, oxidation studies at  Solar, 109 
Iridium 

analysis of protective coatings, 22 
and iridium alloys on graphite, recent 

history, 11 3 
application on graphite, 113 
electrodeposited from a fused-salt bath 

followed by a plasma-sprayed ZrOZ layer, 
109 

umittance, 11 3 
oxidation, 45, 11 3 
reactions with relractory metals, 51 
recommendations for use, 14 
temperature limit, 11 3 
volatilization rf, 45 

Iridiui~~ coatings 
cost, 155 
for the proicctior. of columbiom, studies 

by Union Carbide Co., 85 
on Cb, 85 
on columbium, compound formation, 126 
ongraphite, 11,14,113 
on graphite, for racket engines, 126 
o:i graphite, fused-slurry application, 157 
on graphite, history, 112 
on W, 54  

Iridium-rhenium coatings on graphite, 11 
Iron, coatings on. See steel, coatings on 
Iron coatings on Cb, 81 
Iron-chromium-aluminum-type clads on Cr, 

74 

5-2 engines for Saturn V, 124 
Jo-Coat (PWA-47) coating on Ni alloys, 173, 

176,177 

Kinetics of reactions, need for data, 7 

L605 cobalt-base alloy, 126 
L 7  coating life, 142 
L-7 silicide coating 

on Mo, 102 
on Mo, W, 174 

LA-2 coating on various metals, 190 
LA-6 coating on metals, 190 
LA-7 coating on various metals, 190 
Lance missile 

coatings for, 1 0 , l l  
zirconia coating, 124 

Land-based gas turbines, capabilities and 
limitations of coatings, 115 

Langmuir equation, 36 
Launch (booster) engines, coatings for, 123 
Layer growth studies, 53 
LB-2 aluminide coating on Cb, 85,91,94 

reduced pressure operation, 92 
LPj-2 cuating on Ta, Cb, 174 
LC-1 qoating on various metals, 190 
LC-2 cmting on metals, 190 
LC-4 coating on metals, 190 
LC-5 coating on various metals, 190 
LEM module, Mo engine for, 10  
L i e  of coated commercial and pedigreed 

TZM sheet in cyclic oxidation at  2600°F 
(Table), 142 

Life of silicide coating as related t o  thick- 
ness, 103 

Lietime, influence of defects, 1 , 7  
Lit-cruise engines, capabilities and limita- 

tions of coatings for, 116 
L i t  engines, 1 16 
L i t  re-entry vehicles, requirements for 

coatings, 11,12 
Lifting re-entry, performai~ce characteristics, 

133 
Limiting factors in coating behavior, 22 
Linde detonation-gun, coating application 

technique, 191 
Linear rate law in oxidation, 23 
Liquid-phase ..luminide coatings, 148 
Little, A. D., Co., oxide vaporization 

studies, 110 
LM-5 coating on Cb, 81 
LM.4 silicide coating on Mo, 102 
J.h.1-6 coating on metals, 190 
Logarithmic rate law 

in oxidation, 23 
oxidation of Al, 24 

Low pressure 
effect on silicide coatings, 105, 143,201 
on fused-silicide coatings, 146 

LS-31 coating on metals, 190 
LT-1 coating on metals, 190 
LW-1 coating on various metals, 190 
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Lunar excursion module, aluminide coating 
on Cb nozzle, 10 

Lunite 2, Vac Hyd Corp. coating for Cb, 85 
LW-5 coating on various metals, 190 
LW-6 coating on metals, 190 
LZ-1 coating on metals, 190 

M-2 duplex systtrn, F a ~ ~ t e e l  coating for Cb, 
86 

Magnesia 
diffusion rate of oxygen, 31 
vaporization rate, 43  

Maneuvering and control engines, uses of 
coating systems, 125 

ManLabs 
evaluation programs (WSi2 011 W and Sn- 

A1 on Ta-low), 110 
interdiffusion effects on coatings on W, 

110 
Manned aircraft, coating for hypersonic 

vehicles, 1 1, 128 
Manned orbiting lab~ratory, applications of 

coating systems, 13 
Manufacturing technolclgy 

applications of coating systems in gas 
turbines, 9 

availaoility of commerci.~l faci'itios, 166 
current status, 120 
hypersonic vehicles, 155 
superalloy coatings, 120 
survey of coating organizations, 15 

Marbin. gas turbines, 115 
hfarquardt 

ceramic-metal coating system, 106 
evaluation of coatings on Ta and W, 110 

McDonnell, evaluation of coatings on Ta, 
110 

MDC coating on Ni alloys, 179 
MDC-1 coating on Ni alloys, 171 
MDC-1 A coating on superalloys, 69 
MDC-3 Cr coating on Pe and Ni alloys, 171 
MDC-6 coating on superalloys, 69 
MDC-7 coating on Inconel and Co alloys, 

69,171 
MDC-9 coating on Inconel Ni and Co alloys, 

69,171 
MDC 14 coating on Ni alloys, 179 
MDC 601 coating on Ni alloys, 179 
MDC-701 coating on Ni alloys, 171 
Mechanical pr )perties 

comparative performance of Cb substrates, 
92 

effect of coating, 17 
effect of exposure time, 9 
of fused-slurry silicide-coated colurabium 

zlloys (Table), 145 
of Mo, aluminidecoated, 101 

Mechanisms of oxidation, 23 
Melting as limiting factor in coatings, 46 
Melting points of Pt metals, 148 
Metal-bonded metal-modified oxide 

coatings on W, 147 
Metal coatings on Cr, 75 

Metal diffusion tiuough oxide, 2i  
!,fetal melting and casting, coated crucibles 

for, 162 
Metal oxide, nitride, and carbide combina- 

tions on W, IlTRI study, 110 
Metallic clads on W, 109 
Metallic coatings on Mo, 101 
Metallir substrates, research on, 14 
Metallics as cladding or coatings, 109 
Metalliding coatings on various metals, 180, 

183 
Metalworking, coatings for hot-working, 163 
Micrographic analysis for evzluation of 

coated specimens, 195 
Microprobe analysis, 195 
Minimum melting points in Pt-Metal- 

Refractory-Metal systems (Table), 5 2  
Minimum temperature-time capabilities for 

coatings (Table), 133 
Missiles, applications for coatings, 138 
Mixed oxides, estimation of vaporizati~n 

rate, 44 
hfolten-slurry process for application of 

silicide coating, 148 
Molybdenum 

applications, 99 
factors governing coating technology, 100 
in silicide coatings on Cr, 77 
in silicides on Cb, 89 
metallic coatings for (Table), 101 
rocket engines, 126 
sili~ide interaction, 46 
temperature capability, 34 
throats in liquid-fue! .I engines, 11 

Molybdenum alloys, coatings on see also 
Refractory metals, coatings 011 

Al-Cr-Si, 48,102 
AI-Si, 102 
alumina, 106 
aluminide, 48,101 
cladding, 101 
Cr-A1203 (GE300), 106 
Cr-glass, 166 
Disil, 28, 102, 142 
Durak-B, 102 
Durak-MG, 102 
enlittance of, 13  
fused-slurrv silicides, 13  
L7,102,174 
LM-5, 102 
NiAl, 162 
oxide, 106 
PFR-5,102 
PFR-6,102,168 
platinum, 162 
Rockide-A, 106 
Rockide-Z, 106 
silicides, 102 
tin-aluminum, 102 
Vought 11,102 
Vought IX, lm 
w-2,102 
W-3,46,102,142 

zirconia, !06 
zirconia-glass, 106 
ZP-74, 106 

Molybdenum alulnh~ide, diffusional 
behavior, 48 

Molybdenutn silicide, 48 
effect cf pressure, 38 

Molybdenum trioxide, melting point, 100 
Most2. 38 
Mo5Si3, 38 
Mott mechanism of field-induced transport, 

24 
"Multi-Element-Umbrcllam-type coatiilg on 

W, 109 

NAA-85 aluminide coating on Cb, S!, 125, 
175 

Nb-Ti-Al-Cr coatings on refractory metals, 
6 

NBS 418 coating on steels, 181 
NC-1OIA coating on Ni and Co alloys, 17 1 
NC-300 coating on TD Ni, 176 
NGTE glass-sealed silicide coating on Cb, 57 
NiAl coatings for glass melting, 162 
Ni2AI3 (delta) in coatings on supetalloys, 

118 
Ni3AI (gamma prime) in coatings on super- 

alloys, 11 8 
Ni-base alloys, temperature limit, 49 
Nichronle coating by physicai vapor 

deposition, 65 
Nickel alloys, coatings on (see also super- 

alloys, coatings on) 
GE-CODEP, 169 
PWA-47,176,177 

Nickel aluminide in coatings on superalloys, 
118 

Nickel and cobalt, coating-substrate inter- 
actions, 49 

Nickel-base braze material on W, work at 
G.E., 109 

Nickel-chronium-type clads on Cr, 72 
Nickel coatings on Cb, 8 1 
Nicrocont coating on various albys, 176, 

177 
Nitride, carbide, and metal oxide combina- 

tions on W, IITRI study, 11 0 
Nitrides as thermal lag coatings, 124 
Nitrogen 

diffusion in Cr alloys, 49 
effect on chromium ductility, 71 

Noble metal coatings (Pt, Ir) on  
molybdenum, factors governing coating 
technology, 101 

Noble metals (see also Platinum retale, 
iridium) 

as coating systems, 22 
deposition of, 157 
on Cb, history of development, 85 
properties of, 148 
reactions with substrates, 51 
usefulness as coatings, 7 



use on hypersonic vehicles, 149, 154 
volatilization and oxidaticn, 45 

Nondestructive evaluation of high- 
temperature coatings, 196 

Nondestructivr :est techniques, 197 
Nondestructive testing 

for coating evaluation, 18 
importance in hypersonic vehicles, 12 
isolation of variables, 197 
need for, 9 
recomniendations, 19 
recommend,,ions for research, 1 3  
specifications fur, 199 
to identify and characterize coating 

defects, 56 
Noroc coatings on various metals, 189, 190 
Nose cap stsdy (Solar), 110 
Notch introdoction from brittle surface 

layer, 93 
N-type oxides, 24 
Nur!o;lr reactors, coatings for, 14, 159 

Overtemperatnre, effect on gas ~urbines, 8, 
117 

Oxidation 
cyclic, 67 
failure of coatings due . . 4 6  
of platinum metals, 4.' 
of Ta coated with raAi3-A1 (Table), 32 
of zinc, 42 
static, 67 

Oxidation behavior of 50 Sn-SO A1 (Syicor 
345) on Ta-1OW (Table), 31 

Oxidation-erosion testing, 67 
Oxidation kinetics, 9,22 
Oxidation mechanisms, 28 
Oxidation products, 91 
Oxidation properties of fvsed-slurry silicide 

wict~d columbium rrable), 145 
Oxidation rate 

minimum obtainable, 23 
minimum, of A1203, 29 

Oxidation resistance of Pt metals, 149 
Oxidation-resistant alloys 

applications and performance, 152 
coating-substrate interaction, 52  
future needs, 155 

Oxidation-resistant alloy: as coatinps 
basic factors involved, 21 
effect of interdiffusion, 7 
on refractory metals, 6 
potential and state-of-the art, 32 

Oxide-barrier-reservoir systems, 109 
Oxide coatings 

application on substrate, 155 
future needs, 155 
manufacturing technology, 158 
on molybdenum, 106 
recommendations for, 14 
(Table), 106 

Oxideplus-glass mixtures as coatings on W, 
109 

Oxides 
coating-substrat.; interaction, 5 0  

influence of stoicliiometry, 6 
Umiting factors as coatings, 3 1 
performance as coatings, 15;: 
vaporization (Table), 43 
volatility of, 43 

Oxides and ceran~ics on Cb, history of 
rnating development, 81 

Oxides as coatings, basic factors, 22 
Oxygen, solubility in Mo, 100 
Oxygen diffusion 

in iridium, 1 13 
in oxide coatings, 22 
through refractory oxides, 31 

Oxygen pressure 
at surface of silicide, 41 
influence of aerodynamic layer, 41 
to condense AlzOj on Sn-AI, 42 

Oxygen transport throagh coating, 21 

P-type oxides, 24 
Pa-8, Solar coating 011 Ta, 108, 109 
Pack cementation, silicide coatings on 

columbium, 86, 102 
Pack-cementation coatings on superalloys, 

60,61,86 
Pack-cementation process, current 

capabilities, 167 
Pack-cementation processes, 61,80 

(Table), 168 
Pack-cementation processing, summary of 

manufacturing technology, 15 
Palladium 

coating on ceramicv, 176 
on Cr, 75 
coating-substrate interactions, 51 

Paraboxc rate constaqt 
for silica, 28 
oxidation kinetics, 23 
hysteresis, 41 

Passive oxidation, 40 
Per.'ormanw 

of ("atings for liygersonic applications, 
141 

of thin coatings on refractory metals, 4 
Performance requirements 

for evalusting coatings, 18 
hypersonic vehicles, 12 

Perovskite 
diffusivity, 6 
use ia new coatings, 7 

Pe~ovskite structure, diffusion rate, 31 
Pest 

in S-2 and M-2 systems, 86 
in Si Cr-A1 and Si-Cr-B systems, 86 

Pest oxidation 
of monolithic silicides, 28 
of simple silicides, 167 

Pest resistance 
of coatings on Ta, 108 
of coatings on W, 109,147 
of Cr-Ti-Si .-'em, 86 
of Durak KP. coating, 86 

Pest-type oxidation of Cb coatings, 90 
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Petrochemical industries, need for coatings, 
165 

PPR-5 silicide coating on Mo, 102 
PFR-6 coating life, 142 
PFR-6 silicide coating on Mo, 102, 168 
PFR-30 silicide coating on Cb aUoys, 168 
PPR-32 siUclde coatin: on Cb alloys, 168 
PPR-50 silicide coating on Ta alloys, 168 
Phase diagrams, need for, t7 
Physical chemistry of coating processas, 17 
Physical vapor depositi~n 

of coatings on superalloys, 65 
on superalloys, 61 
potential coating tec;..\iques, 9 

Pinholes as c~at ing defects, 55 
Plasma and flame spray promsscs 

summary of manufacturing tt.*hi!ology, 
17 

(Table), 189 
Plasma arc fc: depositing ccatings on Cb, 80 
Plasma spraying, commercial application, 

186 
Platinum, coating-sbbstrate reactions, 51 
Platinum coating on ceramics, 176 
Platinum coatings 

basic factors, 22 
for glass melting, 162 
onCb, 81,85 
on Cr, 75 

Platinum metal coatings 
for hypersonic vehicles, 154 
03 Ta, 109 
on W, 109 
recommei..(\..:ions for dewlr.pment, 14 

Platinum-m, la1 silicideb, 25 
Platinum-m?tals 

as coating on Cb, 91 
coating technology, 157 
in hypersonic vehicles, 148 

Point defects in Zr02 and Tho2, 7 
Polaris A3 first-stage engine, 10 
Porosity 

coating defect, 55 
effect on coating life, 49 
in silicidesubstrate boundary, 48 

Porous silicide coating on CL, and Mo, 57 
Porous tungsien coating sysiem for tantalum 

alloys, 4: 
PC it-bond-applied coatings on various 

metals, 187, 188 
Potential life limited by interfacn porosity, 

4 3  
Preoxir'k~ing of silicide coatings, 29 
Preparation for coating, 156 
Presrurc, effect in oxidation ~f Si, 39 
Pressure bonding processes (Table), 187 
Projected use of coating systems, 115 
Properties of platinum-group metals com- 

pared with selected other nretals (Table), 
149 

Protective lifetime of silicide coatings, 28 
Pt-alloy cladding for RTG systems, 160 
Pyrolytic deposition from organornetallic 

vapors or sdutions, 9 
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R505 coatink on refractory metals, 174 
R505 Sn-AI-Ma Sylvania aluminide coating, 

173 
R508 coating on refrdctory mstals, 174 
k512 coatiilg on refractt.:. ' !Is, 174 
R512 ~ylvania fused-s: Ing, 96, 

I73 
R512C Sylvania Si-2P"-zCa~u coating, i09 
R512E Sylvania c~;;ti*tg on Cb, 91 
R515 Sylvania Hf-Ta coating, 126,157 
R-5 16 coating on Ta alloys, 174 
Radiegnphy, 137 
Radioiwtop thernral generators, 14, 159 
Ramjet, : .aterial rcguirt!n~ents for, 138 
Rareearth a&ditions to superalloys, 14 
Rare earth and yttrium adctions to  Cr, 71 
Rare earth oxides as pt-ntiai coatings, 21 
Rare earths in aluminide coatings, 9 
Randarn defects in coatingq, 54 
Rate idw in oxidation, ?I 
Recoating, 172 

gas turbine components, 9,121 
Recommendations for work on coatings, 2 

on key technical problems. 5 
Recommended testing procedures, 193 
Reduced-pressure oxidation, 91,102 

coatings oil Cb, 91 
Reentry, graphit* applimtims for, 1 i 3  
Reentry simuhtion, 91,203 
Refractory Metal Sheet RoUir~g Panel, 3 
Refractcry metals, coatings on (see atso 

Columbiur?, Molybdenum, Tantalum, 
Tungsten) 

Cr-Mi, 168, I75 
DdOO,185 
Disil. 173 
fused silicides, 175 
glassy-oxide, 21 
GMS, 169 
metailidinp ceatins, 18s 
porous silicide, 57 
RSM, 174 
RS08,174 
R512.174 
thcrmal ins-*lation 14155,158 
V-Disi:, I73 
WL-3,168 

Refractoiy oxides as thermal lag coatings, 
124 

Refurbishing hprdware, 17 
Regenerative cooling, 10 
Reliability of coating performance, 91,153 
Reliability 2nd ieproduc;t.lity of coatings, 

13,17 
Reliability problems associated with . 

high-t".~perzture coatings, 197 
RenC 41 oxidation behavior, 34 
Repair 

of Cr-Ti-Si coatings, 96 
of silicide coaiitlgq 16,167 

'i presen:ative tt i results for vacuum-pack 
Cr-Ti-Si-mated coiuinbium alloys 
(Table), 144 

Reprouncibility and reliability of coatings. 
13,17 

Requirements 
and performance of thin costings on 

refracfory metals (Figure), 4 
for gas turbiFe components, 8 

Research on coatbigs for supralloys, 69 
Reservo'- See Self healing 
Xeseerv ,-stem:: 31,3 
Re-use capabilities, 12 
Revcrse diffusion of carbon, 50 
Rhenium silicidc, 25 
Rhodium, volatiiization of, 45 
Rllodiun~ coatings, 14 

*,n Cb, 85 
ractions with substrate, 51 

RL-10 engines for Sature V, 124 
R r ~ k c t  engines, coatings for, I23 
Rocket-nozzle liners, graphite, I1  3 
Rockide-A coating for Ho, 106 
RccEt?e-Z coatkg f x  Mq 106 
Rol! or pressure bonding, 126 

S-2 Rnsteel silicide conversion costing for 
Cb, 86 

S-1166-107A coating on 300-series stainless, 
178 

S-i I74 coating on Ti, i 77 
S-5210-2C coating on Ni,Co, and Fe alloys, 

178 
S-6100 mating a n  Ni, Co, and Fe base 

alloys, 178 
S-GIODM coating on steels, 182 
SAC alumin~de coating on nickel alloys, It59 
Sacrificial cc-ding systems, 140 
S-turn V, eriifics for, 123 
Sc.>ut missil2 

nou!e caatinz, 1% 1 1 
zir.o.6a coating, 12A 

Scramjer 
internal structure. I38 
need for insulation coatings, 12 

Screening tests, 97 
cost, 18 
definition, 193 
dwcriptio~i of, 199 
for coatings, 18 
for low-pressure exposure, 46 

Selective oxidaticn, 54 
Self-diiusion 

of A1 in A12U3. 31 
oICb, 5 3  
GF Mo, 53 
of Ta, 53 
of W, 5 3  

Self-diffbsion coefficients in alamina, 29 
(Table), 74 

Self herling, 6,31 
mechanisms, 21 
of oxides, 32 

Self-reri~fnnr~. h~+!inx, f 94 
Scz~netel coating on various alloys, 182 
Short-circuit diffusion paths, 31 

Si-Cr-A1 coatings on Cb, 86 
Si-Cr-B c~atings on Cb, 86 
S K I - R  slurry coating on Cb, 144 
Si-Ti-Cr slurry coating on Cb, 144 
Si-Tihlo slurry coating on Ta, 147 
Si-V-Si tluidized-bed coating on Cb, 108 
Silica 

equilibrium pressure, 40 
on WSi2, 38 
over MoSiZ. 38 
over Mo5Sig, 38 

Silica film, oxidation resistance, 28 
Siliride-coated molybdenum, enlittance of, 

143 
Siicide coatings 

molten slurry application, 148 
an Cb alloys, 143 
on Cr. 77 
on Mo alloys. 102,141 
on Ta alloys, 146 
on Ta .alloys, cyclic osidation. 147 
(TaEe). 102 
on Ta multicomponent, 146 
on ;N alloys, 147 
production of glassy axide, 2!. 
structure, I03 

Silicide pest, effect of composition, 86,91 
Siicides 

coating-substrate reactions, 46,53 
intermediate, 26 
limiting factors in coaticg behavior, 2.5 
lower, 28 

Silicideson Mo, current status, 141 
Silicideson N, TRW development of 

modiied, 109 
Silicon 

by chemical vapor deposition, 181 
equilibrium pressure, 40 
oridation of, 39 

Sicolr actibity 
in Cb silicides, 38 
in SOi, 41 
in Ta silicid- 78 

Silicon carbiu 
coatings on graphite, 126,152 
deposition technology, 181 
effect on oxide rim, 26 
oxidation resistance, 25 

Silicon coatings on Cb, S 1 
Silicon monoxide formation, 38 
Silve- coatings on Cb, 85 
Silver-modified aluminide coating 

(Sylvania) for protectbn of cdlumbium 
alloys, 85 

Silver-Si-A1 coatings, 148 
Simulated environmental tests, 18,193 
Simulated service testing, 154 
Single-layer oxide barrier, utility of, 32 
SiO vapori~rion, 91 
Sintelii~g of Ir on graphite, 11 3 
Slippack 

coating pro:ess on Cb, SO 
or slurry deposition of the Cr-TSi 

coating, 89 
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processing af silicide coating on Cb, 86 
technique process, description of, 62 

Slurry application of aluli~inides on Cb, 85 
Slurry coztily 

of super alloy^. 63 
processes (Table!, 174 
technolog) ,172 

Slurry coati1 gs on Ta, 78 
Slurry deposition for CrLi'iiSi costing on 

Cb. 88 
Slurry dippirg of Ir coating on graphite, 113 
Slurry nicth~d of applying protective 

coaiings to supenUoys, 62 
Slurry processes 

for coating: on Cb, 103 
summary of manufacturing technology, 16 

Slurry-sinter for applications of coatings on 
Cb, 80 

SwA! (SYLCOR) coating on Mo, 102 
Sn--41 coating!, vaporization of, 41 
SNAP systems 159 

coatings tor, i4 
Solar, eva1uatic.n of Sn-A1 coating, I10 
--lubitity 

of Cb20s iit Lr02, 51 
of oxygen in Cb, Ta, Mo, and W, 5 1 
of Ta205 in i!1a2, 5 1 

Spallinz, 23, 1C6 
due to pore B.mnation, 49 
in molybdenl~m engines, 11 
of coatings on No, 126 

Specifications for reliability and quality 
assurance, 1 39 

Spccimcn size, 200 
Spinel 

diffusion rate, 31 
diffusivity, 6 
formation on !uperalioys, 21 
use in new coatings, 7 

Sputtering, manl~facturing teclmolo_py, 181 
Stable oxides as wz!ings, 7 
Standa~d characterization of coatings, 195 
Standardization of evaluation tests, 97 
Standardized test methods, 19 
Steel, coatings on 

Alcermet, 177 
Alumicoat, 179 
C-10,170 
C-20,171 
Chromacarb, 169 
ChromaUoy-G, 169 
Detaclabpplied, 187 
Hi-15,169 
IAD, 179 
IAS, 190 
MDC-3,171 
NtiS 418,182 
Posit-boml-applied coatings, 187,188 
S-1166107A, 178 
S 521&2C, I78 
S61OOM, 182 
S6100,178 
Tanchralizing, 170 

VEP-201,182 
VEP-301, 182 
VEP-304.182 
\VL-2,171 
WL-5, 170 
558A, 182 

Stepdown oxidation tests. 201 
Stress rupture, influence of coating, 9 3  
Stress-rupture behavior, effect of coating, 

118 
Structure of l~ypersonic vehicles, 128 
SUD aluminide coating on Hastelloy, 169 
Salfidation (seealso Hot corrosion), 67 

description of, 117 
efrect of rare earths, 9 
influence of coating, 119 
kinetics, 9 
of gas turbine components, 8,118 
testing, 202 
vahe 3f aluminide coating, 172 

Superalloys (see also NickeEbase alloys, 
Cab2!t-b3~ alloys) 

as coatings, coating-substrate interactions, 
52 

as oxidation-resis:ant aUoys. 32 
coatings 

AEP. 182 
Alpak, 67, :71 
Alphatizing, 170 
aluminum, 615 
aluminum-cluomium, 66 
aluminum-cobalt, 66 
aluminom-iron, 66 
aluminum-nickel, 66 
aluminum-rich, 1 18 
aluminum-silicon, 66 
aluminum-tantalum, 66 
BD, 169 
beryllium, 66,67 
C-3,69 
C-9,69,170 
C-20,171 
chemical vapor deposition, 60 
CODEP, 169,171 
DR, 169 
electrophoretic, 61 
fluidized bed, 122 
fused salt, 60 
HI-19,169 
HI-22,170 
hot-dipping2 60 
IAD, 179 
IAS, 190 
insulation, 11,155,158 
JoCoat (PWA-47), 176,177 
LA-2.190 
LA-6,190 
LA-7,190 
LC-IB, 190 
LC-2,190 
LC-4,190 
LC-5,190 
LXi4,190 

LS-31. -90 
LT-I, 190 
L\V-I, 190 
LW-5.190 
L\V-6,190 
LZ-I, 190 
him-I, 171 
MDClA, 69 
MDC-3,171 
MDC-6.69 
MDC-7,69 
MDC-9,69,171 
him-14,179 
XIW-601,179 
MDC-701,171 
NC-IOl A, 171 
NC-300,176 
Nicrocoat, 176, 177 
pack cementation, 60,61 
PWA TaCo-Al, 69 
PWA-47,176,177 
recoating, 121 
S 5210-2C, 178 
S6100. 178 
SAC, 169 
Sermctel, I82 
slurry, 60 
spallicg of, 23 
stattc-of-theart, 60 
SUD, 69,169 
Tanchralizing. 170 
temperature limit, 119 
Ta-Co-A1 (PWA), 69 
thoria, 11 
UC, 168 
varietie-, 66, 1 18 
VEP 302.182 
VEP 303,182 
VacPac701,168 
Vac @ac 703,168 
Vac Pac 708,168 
vitreous, 61 
WL-I, 171 
WL-4,171 
WL6,170 
WL-9, 170 
WL-14,170 
zirconium, 66 
61.2,179 
6C6B, 179 

Cr content, 3 
oxidation beliavior, 33 
recommendations for coatings for gas 

turbine engines, 14 
Support media for oxidation specimens, 200 
Surtce equilibrium temperatures on hyper- 

sonic aircraft (Table), 131 
Sylcor 34s coating on Ta-IOW, 30 
Sylcor R 512A slurry coating on ApaUo 

engines, 125 
System 400, G.E. coating 011 Cb, 81 

Ta-Hf, coati :g-substrate interactinns, 53 
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Ta-Hf alloys, oxidation rat$, 22 
Tanchralizing-coating 011 Ni. Co, and Fe 

alloys, 170 
Tantalum 

mating of nozzle vane, 157 
coating-substraie interactions, 47 
diffusion behavior of Al-5Cr-5Ti coating, 

48 
enibrittlenicnt, 35 

Fant,!un~ 3''0ys, coatings on (see also 
Refractory metals, coatings on) 
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