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Preface

xv

Thermal barrier coatings (TBCs) are fi nding increasing application in the 
most demanding high-temperature environment of aircraft and industrial 
engines. They have the capability to improve the durability of engines by 
reducing the surface temperature of the underlying components. The use 
of TBCs, along with internal cooling of the underlying superalloy compo-
nents, has thus enabled advanced gas turbine engines to operate at tem-
peratures even above the melting temperature of the superalloy, thus 
achieving a remarkable increase in the effi ciency and performance of 
engines. This technology has been regarded as one of the most important 
and effective developments in efforts to improve the propulsion effi ciency 
of advanced aero engines.

The TBC components must withstand the harsh environment coupled 
with high temperature, large temperature gradient, complex stress condi-
tion and corrosive atmosphere. No single coating component is able to 
satisfy these multifunctional requirements. As a result, a complex TBC 
structure has been developed. Research since the 1970s has been focused 
on a preferred coating system primarily comprising three separate layers 
on the substrate, so as to achieve long-term effectiveness in oxidative and 
corrosive environment at high temperatures, i.e. a ceramic top coat layer 
with low thermal conductivity to provide excellent thermal insulation for 
the hot components, a bond coat layer above the substrate to hold the 
ceramic coat on the substrate, and a thin thermally grown oxide (TGO) 
layer to provide adhesion between the ceramic top coat and the bond coat. 
The TBC component is expected to last over thousands of take-offs and 
landings in aero engines. However, the complexity and diversity of TBC 
structures and the severity of operating conditions give rise to premature 
TBC failure. This premature failure has slowed down the use of TBCs and 
compromised the ability to take full advantage of the energy effi ciency and 
service lifetime potentially offered by TBCs. In view of this, fundamental 
investigations into TBC materials and processing principles and assess-
ments of TBC performance, lifetime prediction and failure mechanisms 
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have been systematically conducted. The multidisciplinary subjects of mate-
rials science, physics, chemistry, mechanics, computation science and ther-
modynamics are involved in this research fi eld.

At present, the TBC industry is key in the fi eld of aero engines worldwide. 
It is necessary to make the theory and the applications of TBCs known to 
both researchers and graduate students, and this is the purpose of this book. 
The aim is not only to provide a clear and thorough presentation of both 
fundamental principles and applications of TBC systems in the aero engine 
industry, but also to prepare the way for future TBC systems by reviewing 
previous achievements. There are 15 independent chapters in this book, in 
which progress in TBC materials, advanced processing technologies, physi-
cal and chemical phenomena such as oxidation, diffusion, fatigue, thermal 
conduction and sintering, failure mechanisms and non-destructive evalua-
tion of TBCs and their life prediction have been described.

A general description of the background, processing technology of elec-
tron beam physical vapor deposition (EB–PVD), oxidation and thermal 
cycling performance of TBCs manufactured by EB–PVD is given in 
Chapter 1. The selection principles and the progress of ceramic top coat 
materials in TBC systems are introduced in Chapter 2. Several proposals 
on the development trends in ceramic top coats are raised in this chapter. 
In Chapter 3, the emphasis is placed on a comparison of the processing and 
oxidation resistance of various metallic coatings. As a newly developed TBC 
system, the nanostructured TBCs are introduced in Chapter 4, including the 
fundamental principle of formation of nanostructure, microstructure fea-
tures and associated properties, and several potential applications of nano-
structured TBCs are suggested.

Two main processing technologies are generally used in the manufacture 
of TBCs, namely plasma spraying (PS) and electron beam physical vapor 
deposition (EB–PVD). The principles, microstructure characteristics and 
applications of PS and EB–PVD are addressed in Chapters 5 and 6, respec-
tively, giving guidance in the selection of processing technology for the 
production of TBCs to meet different industrial purposes. In Chapter 7, 
plasma-sprayed TBCs are presented with the emphasis on thermal physical 
properties, mechanical properties, durability and failure mechanisms. The 
properties of plasma-sprayed TBCs can be further improved by modifi ca-
tions to the TBC structure. This fact was particularly evident in Chapter 8, 
in which a modifi ed TBC structure with high segmentation crack density is 
proposed. In Chapter 9, the structure, characteristics and properties of TBC 
systems prepared by a so-called detonation plasma spray method are 
presented.

One of the primary tasks for TBCs is to effectively protect the underlying 
superalloy substrate from hot corrosion and high-temperature oxidation. 
The high-temperature oxidation and hot-corrosion behaviors of TBCs are 
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described in Chapter 10. The emphasis is focused on failure mechanisms of 
TBCs associated with cracking of TGO grown on the metallic bond coat 
and comparison of several kinds of metallic bond coating materials which 
are practical use in engineering design. In Chapter 11, the behaviors of 
TBCs under thermal-mechanical coupled loads are presented, and a failure 
mechanism is also put forward. Recently, non-destructive evaluation (NDE) 
methods have been used for the premature failure detection of TBC systems. 
Chapter 12 reviews the fundamentals and application of different NDE 
methods with particular emphasis on the latest results in the promising area 
of emission spectroscopy NDE used for in situ TBCs failure inspection. The 
inter-diffusion between the bond coat and the underlying substrate under 
high temperatures has signifi cant infl uence on the mechanical properties of 
superalloy, oxidation resistance and durability of TBCs. This is clearly stated 
in Chapter 13.

Chapter 14 deals with life prediction of TBCs. The ability to foresee, 
theoretically, the lifetime of TBCs is fundamental in improving the safety 
of TBC components in industrial applications. In this chapter, three visco-
plastic constitutive models are developed for TBC systems. Failure mecha-
nisms of TBCs are discussed and a fatigue life model is set up for life 
prediction of TBC vanes.

In the fi nal chapter, new TBC materials and processing technologies are 
reviewed and some possible directions for the development of TBCs in the 
future are suggested.

The author acknowledges all the contributors to the successful comple-
tion of this book. The author would also like to thank Dr Dongbo Zhang 
in North China Electric Power University (NEPU) for his contribution to 
Chapter 1, Dr Wen Ma in Inner Mongolia University of Technology (IMUT) 
for his contribution to Chapter 2, Dr Xiao Peng in Institute of Metal 
Research (IMR) in Chinese Academy of Science (CAS) for his contribution 
to Chapter 3, Professor Chungen Zhou and Dr Qinghe Yu in BUAA for 
their contribution to Chapter 4, Dr Jinlin Xu and Professor K.A. Khor in 
Nanyang Technological University (NTU) for their contribution to Chapter 
5, Professor Shengkai Gong and Dr Qiong Wu in Beihang University 
(BUAA) for their contribution to Chapter 6, Dr Liqiang Chen in China 
University of Petroleum (CUP) for his contribution to Chapter 7, Professor 
Hongbo Guo, Miss Rui Yao and L. Zhou in BUAA for their contribution 
to Chapter 8, Drs Yingna Wu, Peiling Ke and Chao Sun in IMR of CAS for 
their contribution to Chapter 9, Professor Chungen Zhou and Dr Yinxue 
Song for their contribution to Chapter 10, Dr Chunxia Zhang in Baosteel 
Group Cor poration (BGC) and Dr Chen Chen in BUAA for their contribu-
tion to Chapter 11, Dr Guofeng Chen in the Northwestern Polytechnical 
University, China, for his contribution to Chapter 12, Dr Rudder Wu in 
National Institute for Materials Science (NIMS) Japan for his contribution 



xviii Preface

© Woodhead Publishing Limited, 2011

to Chapter 13, Professors Hongyu Qi and Xiaoguang Yang in BUAA for 
their contribution to Chapter 14, and Mrs J. Wu for her contribution to 
Chapter 15. The authors will be grateful for all readers’ comments.

 Huibin Xu
 Beihang University, China
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1
Thermal barrier coatings prepared by electron 

beam physical vapor deposition (EB–PVD)

D. Z H A N G, North China Electric Power University, China

Abstract: Thermal barrier coatings (TBCs), which offer excellent 
properties in terms of high-temperature operating, thermal barrier 
and fl ow- and wear-resistance, have been developed for application in 
hot-section components of gas turbines. Research in this area has 
become a new direction in the surface engineering fi eld. Electron beam 
physical vapor deposition (EB–PVD) has received much research 
attention in recent years since it offers many advantages for TBCs.

This chapter introduces the structure and preparation processes of 
TBCs. Two-layer structured TBCs were prepared by EB–PVD on 
superalloy IC10/IC6. The behavior of TBCs under thermal cycling was 
investigated. The roughness of the bond coat was found to have a 
signifi cant effect on the lifetime of TBCs, the lifetime clearly decreasing 
during thermal cyclic testing as the roughness average (Ra) of the bond 
coat increased. The thickness of the pre-oxide layer also affected the 
lifetime of TBCs, the lifetime decreasing during thermal cyclic testing as 
the pre-oxide layer thickness increased. Graded thermal barrier coatings 
were prepared by EB–PVD on superalloy and the thermal cycling 
behavior was investigated.

Key words: thermal barrier coating, EB–PVD, thermal cycled, two-layer 
structured TBCs, GTBCs.

1.1 Introduction

There are many methods of preparing thermal barrier coatings (TBCs), 
such as electron beam physical vapor deposition (EB–PVD), plasma spray, 
high-velocity oxy-fuel (HVOF), sol-gel, laser chemical vapor deposition, 
and so on.1–8 At the time of writing EB–PVD and plasma spray have 
become popular preparation methods. Plasma spray has a simpler equip-
ment structure than EB–PVD, and thermal spray has a higher spray rate 
than EB–PVD.

For plasma spray, it is not necessary to heat the substrate, and the deposi-
tion rate is much faster than that of EB–PVD. However, coatings prepared 
by EB–PVD are different from those prepared by plasma spray. EB–PVD 
TBCs have better surface roughness than those produced by plasma spray, 
which means that EB–PVD TBCs have good aerodynamics. EB–PVD 
TBCs have a columnar crystal microstructure and those produced by plasma 

�� �� �� �� ��
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spray a laminated structure. Due to good resistance to spallation from the 
substrate, TBCs with the columnar structure obtained by EB–PVD have a 
longer lifespan than those with the laminated structure obtained by plasma 
spray during thermal cycling. Therefore, EB–PVD TBCs are likely to 
become popular in the future.

1.1.1 Electron beam physical vapor deposition (EB–PVD) 
technology and its equipment

Since the 1980s, EB–PVD has been investigated for preparation of TBCs. 
A signifi cant development in the 1990s was the invention by Paton Electric 
Institute of Welding in Ukraine of a new EB–PVD technology which 
decreased the preparation cost of EB–PVD TBCs. This technology has been 
widely applied in the production of TBCs.

The electron beam has a very important role as the thermal source of 
EB–PVD technology. EB–PVD is capable of depositing any type of mate-
rial. The deposition mechanism consists of an electron beam formed at 
2000 °C in an electron gun (either a Pierce gun or an electromagnetism 
defl exion gun), followed by acceleration of thermal electrons under high 
voltage. When the high-speed electrons hit materials in the ingot, energy is 
generated suffi cient to melt and convert material into vapor and then 
deposit it onto the substrate. Compared to other preparation methods, this 
method has a higher deposition rate. Moreover, deposition parameters can 
be easily controlled and the surface is very smooth with a Ra surface value 
of about 1–2 μm. There is a strong adhesion between the substrate and 
coatings after deposition by EB–PVD. Process parameters are easily modi-
fi ed and the deposition rate can be accurately controlled.

The EB–PVD equipment is more complex compared to other methods. 
Figure 1.1 gives a diagram of EB–PVD equipment (UE205). There are four 
electron guns, two sets of sample fi xtures (one vertical and one horizontal), 
three ingots, and two chambers (one of which is a pre-vacuum chamber) in 
this EB–PVD system. Three electron guns are used to heat the materials in 
the ingots, respectively, and one electron gun to heat the substrate (work-
piece) to achieve the right deposition condition which is able to ensure good 
adhesion between substrate and coatings. During depositing, the sample 
fi xture keeps rotating to get a stable substrate temperature and uniform 
coating thickness. Three ingots can deposit from one to three types of mate-
rial and prepare coatings of different structures. There is a shaft below the 
material in the ingot. During depositing, the shaft pushes the material up 
to the ingot, thus increasing the deposition rate. EB–PVD equipment of 
different types with different structures can prepare TBCs of different 
shapes and structures. For example, some EB–PVD equipment (UE-206, 
UE204U) has six electron guns and more power.

�� �� �� �� ��
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1.1 EB–PVD equipment (UE205).

Work piece 

Rotate 

Vertical fixture 

Horizontal fixture 

Electron gun 

Chamber 

Ingot 

Pre-vacuum chamber 

Electron beam 

Shaft

1.1.2 Thermal barrier coatings (TBCs): structure

There are three types of EB–PVD TBCs: two-layered, graded, and multi-
layered. As shown in Fig. 1.2, two-layered structured TBCs are traditional 
TBCs comprising a bond coat with MCrAlY(M = Ni, Co) and a ceramic 

(a)

Top coat 

Bond coat 

Superalloy 

(c) 

Superalloy 

Sealed coat 

Oxide-resistant coat 
Ceramic coat 

Ceramic coat 

Bond coat 

(b)

Graded coat 
Bond coat 

Superalloy

Top coat 

1.2 TBC structures: (a) two-layered; (b) graded; (c) multi-layered.
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top coat with 6–8 wt% Y2O3 stabilized ZrO2. Graded TBCs (GTBCs) can 
relax the stress between the top coat and the bond coat which is brought 
by different coeffi cients of thermal expansion. In the GTBCs system, there 
is a transition layer with Al2O3 between the bond coat and the top coat. 
Multi-layered TBCs are usually used for specialist applications. In the future, 
it is likely that nanostructure TBCs will have an important role because 
they have the capacity to enhance the effectiveness of the thermal barrier.

1.2 Preparation process and parameters

TBCs should be prepared under optimum preparation conditions and 
parameters. Many preparation parameters can affect the quality of TBCs. 
Amonst these, three – vacuum pressure, substrate temperature, and deposi-
tion rate – can have a signifi cant effect.

1.2.1 Vacuum pressure

O2 pressure dictates the vacuum pressure in the chamber. If O2 exists in the 
chamber, it will decrease the background vacuum. This is because O2 can 
result in fi lament oxidation of the electron gun which will affect its lifetime. 
If the background vacuum pressure is low during MCrAlY depositing, 
oxygen will enter into the bond coat, inducing inter-oxidation which will 
decrease the effectiveness of the bond coat. The background vacuum pres-
sure should be in the range 10−2–10−3 Pa during deposition.

1.2.2 Substrate temperature

When the electron beam strikes the materials, the resultant transfer of high 
energy will generate suffi cient heat to create vapor which rises and is depos-
ited on the substrate. There are two possible states during solidifi cation of 
liquid phase on the substrate. One is that material vapor deposits, adheres, 
and then diffuses into the substrate, and the fi ne coating forms after deposi-
tion. The other is that material vapor deposits onto but debonds with the 
substrate. In that case, the coating cannot combine with the substrate. Sub-
strate temperature is an important factor in obtaining the fi ne coating. To 
increase the adhesion between coatings and the substrate, the substrate 
should be heated to a high temperature during depositing. Substrate tem-
perature can also affect the crystal structure. Palatnik et al. investigated the 
relationship of substrate temperature and coating crystal structure. If the 
substrate temperature (Ts) is lower than 2/3 of the melting point (Tm) of 
the material, the depositing material solidifi es immediately. When it is 
higher than 2/3 of the melting point, the depositing material vapor changes 
into the liquid state, then crystallizes, and fi nally changes into the solid 
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state.9 Movchan and Demchishin investigated the relationship between 
substrate temperature and coating crystal structure, then created a model 
of substrate temperature and coating crystal structure10,11 as shown in 
Fig. 1.3.

When the relationship of substrate temperature and the melting point of 
the depositing material is Ts/Tm < 0.3 (Zone I), the coating has a structure 
of columnar crystals with a round top surface. Because of the ‘self-shadow 
effect’ and uniform diffusion, there are a lot of holes between the grain 
boundaries. If the substrate temperature is low, the coating has a large 
cooling rate during depositing. The result is that the size of the columnar 
crystals in the coating system is small. As shown in Zone I in Fig. 1.3, there 
is a transitional region between zone I and Zone II, which is composed of 
columnar crystals with fi brillation.

When the relationship of substrate temperature and the melting point of 
the depositing material is 0.3 < Ts/Tm < 0.5 (Zone II), the coating has a 
structure of compacted columnar crystals. Due to diffusion and concreting 
on the surface, compacted columnar crystals are formed as shown in Zone 
II in Fig. 1.3. In the range 0.3 < Ts/Tm < 0.5, the columnar crystals will grow 
with the increasing Ts.

When the relationship between substrate temperature and the melting 
point of the depositing material is 0.5 < Ts/Tm < 1 (Zone III), the recrystal-
lization structure resulting from diffusion at high temperature can be seen 
in zone III. As the substrate temperature increases, the cooling rate of the 
coating decreases and large columnar crystals are formed. In order to 
obtain the desired crystal structure, the substrate temperature should be 
between 800 and 900 °C during TBCs deposition.

Zone I

Zone II

Zone III

T

1.3 Relationship between substrate temperature and coating structure.
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1.2.3 Deposition rate

For EB–PVD, both the voltage and the current are important parameters 
of the deposition rate. Deposition rate affects the size of the columnar 
crystals and the size and number of holes between the grain boundaries. As 
the deposition rate increases, the size of the columnar crystals and the holes 
between the grain boundaries also increase. For example, UE205, subject 
to 20 KV and 2 A, has a deposition rate of 1 μm/min, which is the optimum 
deposition condition needed to obtain the desired crystal structure in TBC 
systems.

1.3 Preparation processes of two-layered thermal 

barrier coatings (TBCs)

Traditional EB–PVD TBCs have a two-layered structure, comprising a 
8YSZ top coat and a MCrAlY bond coat. Due to their simple structure and 
stability, they are currently used in turbine systems. The preparation process 
is described in detail below.

 1. Treatment of substrate surface: To achieve good surface roughness and 
adhesion, EB–PVD requires a smooth surface to deposit coatings. The 
substrate surface is treated with different types of abrasive paper to 
ensure that Ra is about 1–3 μm before deposition. Since surface cleanli-
ness can affect the adhesion between substrate and coatings, substrates 
are cleaned using acetone and alcohol in an ultrasonic bath.

 2. Preparation of MCrAlY: To avoid oxidation, the background vacuum is 
about 10−3 Pa before deposition. Substrates should be uniformly heated 
to 800–900 °C. Substrate temperature plays an important role in obtain-
ing perfect coatings. If it is not suitable for deposition, the bond coat 
will debond from the substrate. During deposition, sample holders 
should rotate to achieve uniform thickness and deposition rate. The 
deposition rate should be 1 μm/min and the thickness of bond coat 
about 60–90 μm.

 3. Anneal for diffusion: After the bond coat is deposited, bond coat and 
substrate have an extremely weak adhesion. To make it stronger, samples 
should be annealed at high temperature for several hours. For NiCo-
CrAlY, the required temperature is 1050 °C and the annealing time is 
2 h. At the high temperature, elements diffuse between the coating and 
the substrate, after which the interface between the coating and the 
substrate becomes a metallurgical bond. During annealing, the back-
ground vacuum should be at 10−3 Pa to avoid oxidation, and the rate of 
heating and cooling should be about 3 °C/min.

 4. Shot peening: After annealing, samples should be shot blast in order to 
make the crystal structure more compact. There are two reasons for this. 
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First, grains grow during annealing and this decreases resistance to oxi-
dation. To increase oxidation resistance the grain size needs to be small, 
and shot blast with suitable pressure (shot rate) and ball size can achieve 
this. Second, coatings prepared by EB–PVD have a lot of holes which 
allow oxygen ingress. After samples are shot blast, some of these holes 
are closed and hence oxidation resistance increases. The size of blast ball 
should be about Φ250 μm and the pressure 3 atm.

 5. Pre-oxide step: Thermal grown oxides (TGO) comprise a compacted 
Al2O3 fi lm formed between the top coat and bond coat which prevents 
oxygen from entering the bond coat and protects the bond coat from 
oxidizing. The fi lm should be about 1–2 μm thick.

 6. Top coat deposition: A top coat with ZrO2–8wt.% Y2O3 is deposited on 
the surface of the bond coat. During depositing, the substrate is heated 
to 800–900 °C and the background vacuum should be at 10−2 Pa. Since 
there is oxygen in the ZrO2–8wt.% Y2O3, the background vacuum is not 
very high. The deposition rate is 1–2 μm/min, and the top coat should 
be about 120 μm thick.

Thermal cycling tests are carried out to evaluate the resistance of coatings 
to thermal shock using the following method: the specimens are exposed 
to air for 0.5 h at 1323 K or 1373 K, and then cooled to room temperature 
within 5 min by forced air cooling.

1.3.1 Traditional TBCs

As an example, traditional two-layered structured TBCs are prepared by 
EB–PVD equipment comprising four electron guns heating Ni3Al-based 
alloy IC6.12 Intermetallic compound (IC) based alloys have been the subject 
of research for potential application in hot-section components13–15 and a high-
performance cast Ni3Al base alloy, alloy IC6, has recently been developed 
for turbine blades, vanes of advanced aero-engines, and other high-
temperature structural components.16 The sample of alloy IC6 used was 
rectangle-shaped with dimensions about 15 mm × 10 mm × 3 mm. The 
TBCs top coat was 8wt.%Y2O3 stabilized ZrO2 (YSZ) about 150 μm thick. 
Both bond coats were about 50 μm thick. Isothermal oxidation was carried 
out at 1373 K in air, and a thermal cycling test was performed by exposing 
the sample to air at 1373 K for 30 min followed by forced air-cooling to 
room temperature within 5 min. A TG-328A thermal analytical balance was 
used to measure the weight gain of the specimens during oxidation. Scan-
ning electron microscopy (SEM) with energy disperse spectrum (EDS) was 
employed to study the microstructure of the coatings and the composition 
distribution across the bond coat and the interface between the bond coat 
and the alloy IC6.
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Oxidation of TBCs

Figure 1.4 shows the isothermal oxidation curves of the alloy IC6 with and 
without coatings. Being exposed to air at 1373 K for 300 h, the weight gain 
is only about 0.359 mg/cm2 for the alloy with TBCs, which is much less than 
that for the alloy without coatings. This indicates that the current TBC 
system forms an excellent oxidation protection layer. On the other hand, 
even though it is well known that only the bond coat in a TBCs system has 
a role in oxidation protection, the oxidation weight gain for the alloy with 
TBCs is also lower compared to that coated with only a MCrAlY layer. 
Therefore, the alloy with TBCs results in lower oxidation weight gain.

Figure 1.5 is a set of cross-sectional SEM images of alloy IC6 coated with 
MCrAlY after being isothermally oxidized at 1373 K for 0 h and 60 h. The 
Mo content in the coatings is 1.3wt.%. From Fig. 1.5(a) and the EDS results, 
it can be seen that, even in the as-deposited state, a clear interdiffusion zone 
can be observed between the substrate and the MCrAlY layer. Moreover, 
some cavity-like images were also observed, which might be brittle phase 
caused by the diffusion and action of Mo, Ni, and Si.16,17 The composition 
analysis also shows that the Mo content in the MCrAlY layer was about 
1.3wt.%. After being isothermally oxidized for 60 h, as shown in Fig. 1.5(b), 
the interdiffusion zone thickened to as much as ca 20 μm. However, cavity-
like images observed in the as-deposited coatings disappeared. The EDS 
results show that Mo diffused into the MCrAlY layer not only in the inter-
diffusion zone, but also in the outer layer where the content was higher than 
7wt.%. It is considered that such a high Mo content will be one of the causes 
of the spallation of the ceramic top coat.
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1.4 Isothermal oxidation curves of alloy IC6 with and without 
coatings.12
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(a) (b)

MCrAlY

MCrAlY

Substrate Substrate

10 μm
25 μm

1.5 Cross-sectional SEM images of alloy IC6 coated with MCrAlY: 
(a) as-deposited; (b) after isothermal oxidation at 1373 K for 60 h.

(a) (b)

Substrate SubstrateMCrAlY MCrAlYYSZ YSZ

20 μm 20 μm

1.6 SEM cross-sectional micrographs of two-layered TBCs: (a) after 
thermal cycle testing at 1373 K for 30 h; (b) after thermal cycle testing 
at 1373 K for 300 h.

Figure 1.6 shows a cross-sectional SEM image of TBCs with MCrAlY as 
the bond coat after a thermal cycling test at 1373 K for 30 h and 300 h. From 
Fig. 1.6(a), it can be seen that a thin and uniform TGO layer formed at the 
interface between YSZ and MCrAlY after the thermal cycling test at 1373 K 
for 30 h. Figure 1.6(b) shows the cross-sectional SEM image of TBCs after 
the thermal cycling test at 1373 K for 300 h. It can be seen that a thick TGO 
layer formed at the interface between YSZ and MCrAlY, which would 
result in the spallation of YSZ.

1.4 Factors affecting thermal cyclic behavior of TBCs

1.4.1 Effects of pre-oxide layer thickness on thermal cyclic 
behavior of TBCs

Typical TBCs consist of a MCrAlY bond coat and an yttria stabilized zir-
conia (YSZ) ceramic top coat.18 In such two-layered TBC systems, a TGO 
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layer always forms at the surface of the bond coat, because the YSZ is 
transparent to oxygen at high temperatures. The TGO layer plays an impor-
tant role in TBCs performance.17,19–21 It is recognized that the failure of 
TBCs prepared by EB–PVD almost always occurs at the TGO layer with 
a critical TGO layer thickness of about 5 μm.22,23 The spallation of the YSZ 
top coat from the bond coat is reported to be caused by stresses arising 
from the formation of the TGO layer and a thermal mismatch between the 
metallic bond coat and the YSZ top coat.24 However, the thermal cycling 
test is not only a process for the accumulation of internal stress, but also a 
process that causes fatigue of the oxide layer and changes the interfacial 
adhesion, which would affect the thermal cyclic lifetime of TBCs. Conven-
tional two-layered TBCs were prepared by EB–PVD. The substrate mate-
rial in this study was a Ni-based superalloy. After vacuum annealing at 
1323 K for 2 h and before ceramic deposition, the bond coat was heated to 
1323 K in air for different times to obtain pre-oxide layers of about 2.5 μm, 
3.0 μm, and 3.1 μm measured from SEM images. TBCs vacuum annealed 
for 2 h were also prepared with a pre-oxide layer about 1 μm thick. Two-
layered TBCs, with pre-oxide layers of different thicknesses, were prepared 
by EB–PVD to investigate the effect of pre-oxide layer thickness and TGO 
layer microstructure on the thermal cyclic lifetime.

Figure 1.7(a) is a typical cross-sectional SEM image of the as-deposited 
conventional two-layered TBCs with the bond coat vacuum-annealed for 
2 h. A thin pre-oxide layer about 1 μm thick can be seen between the top 
coat and the bond coat. Figures 1.7(b), (c), and (d) show the cross-sectional 
SEM images of as-deposited TBCs with pre-oxide layers about 2.5 μm, 
3.0 μm, and 3.1 μm thick after exposure to air for 6 h, 14 h, and 20 h, respec-
tively. The interface between the bond coat and the pre-oxide layer is 
smooth and the pre-oxide layer is intact. By comparing with Fig. 1.7(a), it 
can be seen that there is no distinct difference with the images except that 
the thickness of the pre-oxide layer is different.

Figure 1.8 is a set of cross-sectional SEM images of TBCs with different 
pre-heating times after they had been thermally cycled at 1323 K for 100 h. 
The TGO layer thickened in all specimens but at different growth rates 
which accelerates with increasing pre-oxide layer thickness. The uniformity 
and the degree of intactness of the TGO layer did not show changes in 
samples with a pre-oxide layer less than 3.0 μm thick. However, cracks near 
the interface of TGO layer and the bond coat were observed, and the TGO 
grains became quite coarse in the sample with pre-oxide layer about 3.1 μm 
thick as shown in Fig. 1.8(d), implying that the TGO layer is very brittle.

After the coatings had been thermally cycled, the thermal cycling lifetime 
changed with pre-oxide layers of different thickness. The thermal cyclic 
lifetime decreased from 730 h (1460 cycles) to 400 h (800 cycles) and the 
increment in TGO layer thickness for TBCs samples thermally cycled to 
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1.7 SEM cross-sectional micrographs of two-layered TBCs 
as-deposited: (a) a pre-oxide layer thickness of 1 μm; (b) a pre-oxide 
layer thickness of 2.5 μm; (c) a pre-oxide layer thickness of 3.0 μm; 
(d) a pre-oxide layer thickness of 3.1 μm.

failure increased from 5.6 μm to 6.7 μm with the increasing pre-heating 
time. The mean growth rates were about 2.1 × 10−12 m·s−1, 3.0 × 10−12 m·s−1, 
3.9 × 10−12 m·s−1, and 4.7 × 10−12 m·s−1 for the TBCs with pre-oxide layers 
1.0 μm, 2.5 μm, 3.0 μm, and 3.1 μm thick, respectively. The higher mean 
growth rate implies that cracks or fracture were easily formed in the thicker 
TGO layer. The total TGO layer thickness increased from 6.6 μm to 9.8 μm. 
The increment of oxide layer thickness results in an increase in internal 
stress during the thermal cycling test, and the internal stress caused by the 
increment of the TGO layer increased with the increase in the pre-oxide 
layer thickness. Given that the total oxide layer of the TBCs thermally 
cycled to failure also increased its thickness with the pre-heating time, at 
the thermal cycling to failure stage, the total internal stress would be higher 
for the TBCs pre-heated for a longer time compared with those pre-heated 
for a shorter time. If the TGO thickness were the only reason for the failure, 
the thermal cyclic lifetime would be much shorter than the present result 
(for example, 400 h). Therefore, other factors for failure have to be taken 
into account.

Figure 1.9 is a set of cross-sectional SEM images of Ni-based superalloy 
coated with TBCs with different pre-oxides after thermal cycling to 
spallation at 1323 K. After thermal cycling, the three kinds of TBCs had 
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(c) (d)
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1.8 SEM cross-sectional micrographs of two-layered TBCs after 
thermal cycling testing at 1323 K for 100 h: (a) a pre-oxide layer 
thickness of 1 μm; (b) a pre-oxide layer thickness of 2.5 μm; (c) a pre-
oxide layer thickness of 3.0 μm; (d) a pre-oxide layer thickness of 
3.1 μm.

different lifespans. From Fig. 1.9, it can be seen that the thickness of the 
TGO layer increased, evidently along with the increase in thermal cycling 
time among the three kinds of TBCs. For the thinner pre-oxide layer, the 
TGO layer structure was dense, even, and intact, and, with a thicker pre-
oxide layer thickness, the TGO layer had a loose, uneven, and cracked 
structure.

Two-layered TBCs with pre-oxides of different thickness were prepared 
by EB–PVD on Ni-based superalloy. As the pre-oxide thickness increased 
from 1 μm to 3.1 μm, the thermal cyclic lifetime of TBCs decreased from 
730 h to 400 h. The growth rate of the TGO layer increased during the 
thermal cycling test as the pre-oxide layer thickness increased.

1.4.2 Effect of bond coat surface roughness on thermal 
cyclic behavior of TBCs

The TGO layer plays an important role in TBC performance.25,26 It is well 
recognized that EB–PVD TBCs almost always fail at the TGO layer near 
the bond coat. In the present study, two-layered thermal barrier coatings 
were prepared by EB–PVD. The rectangle-shaped specimens of Ni-based 
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1.9 SEM cross-sectional micrographs of two-layered TBCs after 
thermally cycled to spallation at 1323 K: (a) a pre-oxide layer thickness 
of 1 μm; (b) a pre-oxide layer thickness of 2.5 μm; (c) a pre-oxide layer 
thickness of 3.12 μm; (d) a pre-oxide layer thickness of 4.25 μm.

superalloy DD3 with dimensions 15 mm × 10 mm × 3 mm were used as 
substrate materials. The YSZ (8wt.%Y2O3-stabilized ZrO2) top coat and 
MCrAlY (Ni–24Co–15Cr–8Al–1Y, in wt.%) bond coat were about 120 μm 
and 60 μm thick, respectively. Before ceramic deposition, three different 
values of surface roughness (Ra) – 0.82 μm, 1.57 μm and 3.76 μm – were 
created by blasting the surface of the bond coat with different sizes of Al2O3 
sands.

After ceramic deposition, the Ra values of the top coat were 1.51 μm, 
1.71 μm, and 2.93 μm, respectively. Due to the growth of ceramic columns, 
the surface roughness of the top coat changed during ceramic deposition. 
Surface roughness of the top coat was not consistent with that of the bond 
coat.

Figure 1.10 shows the weight gain of TBCs vs the thermal cycling time 
for the specimens with surface roughness of 0.82 μm, 1.57 μm and 3.76 μm. 
It can be seen that the weight gain increases and the thermal cycling lifetime 
decreases with the increase in surface roughness. Higher roughness gives a 
larger surface area which results in larger weight gain during the cyclic 
testing. Generally, a rougher surface will increase the net area. Therefore, 
with the same oxidation rate, the weight gain per unit area will become 
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1.10 Thermal cyclic weight gain curves for three types of TBCs.25

larger because the area used for the calculation was fi xed according to the 
shape of the specimen. This means that the TGO thickness does not signifi -
cantly increase with surface roughness. Compared with the lifetime of 730 h 
(1460 cycling times) for the specimen with bond coat surface roughness of 
0.82 μm, the thermal cycling lifetime for the specimen with bond coat 
surface roughness of 3.76 μm was only 530 h (1060 cycling times).

1.5 Preparation of graded thermal barrier 

coatings (GTBCs)

Traditional two-layered structured TBCs for turbine blades consist of an 
oxidation protective bond coat and a thermally insulating YSZ top coat.27,28 
The coating is thermally unstable under long exposure at elevated tempera-
tures due to a TGO scale caused by the formation of alumina at the bond 
coat/YSZ top coat interface during selective oxidation of the bond coat.29–32 
Stresses arising from different thermal coeffi cients between the TGO and 
the bond coat lead to coating failure along the interface between the TGO 
and the bond coat. Compared with the traditional two-layered coating, a 
continuously graded coating has the advantage of forming a continuous 
microstructure along the cross-section of the coating and consequently 
avoiding stress concentrations in the coating.

There are many traditional approaches preparing GTBCs. For example, 
they have been prepared by the co-deposition of a tablet comprising a 
mixture of Al2O3–YSZ and YSZ onto NiCoCrAlY bond coat by means of 
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EB–PVD. A Ni–22Co–21Cr–8Al–1Y coating about 40 μm thick was fi rst 
deposited onto the substrate. Subsequently, a tablet pressed from a mixture 
of powders of Al2O3–YSZ and an ingot of ZrO2–8wt%Y2O3 was evaporated 
by EB–PVD. As the vapor pressures of the tablet ingredients varied at the 
evaporation temperature, selective evaporation of the molten tablet of 
Al2O3–YSZ took place: fi rst Al2O3 and then YSZ. Figure 1.11 shows the 
preparation diagram. As-deposited coatings were heat-treated for 4 h at 
1323 K. EM with EDS was used to analyze the composition distribution 
across the thickness of the coating and transmission electron microscopy 
(TEM) to observe the microstructures. The phases in the gradient coating 
were analyzed by X-ray diffraction (XRD) with CuKa radiation.

Figure 1.12 shows the SEM micrograph across the thickness of the GTBC 
along with the EDS analysis. In the gradient coating, the left side is a NiCo-
CrAlY bond coat, followed by a transition layer about 10 μm thick. In the 
YSZ top coat, a typical columnar microstructure was observed. The EDS 
analysis revealed that the distribution of elements such as Ni, Al, O, and Zr 
changed continuously across the thickness of the coating. The transition 
layer consists of t–ZrO2 phase and α-Al2O3 phase. In addition, γ + γ′ phases 
from Ni-based solid solution in the NiCoCrAlY bond coat can be detected. 
Figure 1.13 is a magnifi cation of a cross-sectional micrograph of the transi-
tion layer. In the transition layer, a thin Al2O3 layer, less than 2 μm thick, 
and a two-phase ZrO2/Al2O3 region, about 5 μm thick, are observed and 
the outer layer is YSZ top coat. The microstructure of the GTBC moves 

Blade 

40 KW electron gun 

Rotate 

Al–Al2O3–YSZ 

YSZ NiCoCrAlY 

Pre-vacuum

chamber

Shaft 

1.11 Preparation of graded TBCs.
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3 μm

1.12 Cross-section micrograph of the as-deposited gradient coating.

1 μm

1.13 SEM cross-sectional micrograph of the transition layer in the 
as-deposited gradient coating.

gradually from the metallic bond coat to the YSZ top coat, due to the for-
mation of the transition layer.

1.5.1 New investigations on bond coat

For new generation engines with a high thrust ratio, the turbine inlet tem-
perature (TIT) could reach up to 2000 K.33 In such a case, the traditional 
TBC materials, including YSZ as the ceramic top coat and MCrAlY as the 
metallic bond coat, might not be adequate. Recently, many efforts have 
been made to explore new TBC materials that can work at higher tempera-
tures than traditional TBC materials. As a promising high-temperature 
material with the potential capability of working at 1473 K, NiAl could 
be exploited as the bond coat material in TBC systems to replace the 
currently used MCrAlY (M: Ni/Co or Ni+Co) bond coat.34–38 Besides high-
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temperature oxidation resistance, inter-diffusion between the bond coat 
and the superalloy substrate should be well controlled in order to prevent 
the formation of the so-called secondary reaction zone (SRZ), especially in 
the case of Ni-based single-crystal superalloy substrate. In view of this, NiAl 
coatings have been modifi ed by adding doping elements such as Pt and 
Hf.35,37 Also, a double-layered structure was applied, where the NiAl was 
used as the outer layer, while PtAl, RuAl, and Cr formed the interlayer 
between the NiAl and the substrate.39–43

1.5.2 New investigations on top coat

6–8 wt% yttria-partially stabilized zirconia (YSZ) has been widely used as 
the top coat material for TBC in past decades due to its low thermal con-
ductivity and high thermal expansion coeffi cient (TEC) which is compatible 
with that of the underlying superalloy substrate.44,45 Recently, new ceramic 
candidates46–58 for TBC application to replace the current YSZ have been 
increasingly studied, with the aim of developing TBCs with a higher tem-
perature capability, a lower thermal conductivity, and longer life time. The 
microstructure of YSZ TBCs has also been modifi ed to improve these 
properties.59,60 The thermal conductivity of zirconia TBCs is signifi cantly 
lowered by adding as dopants yttria and niobia.61 Also, La2O3 has been 
selected as an additive to YSZ because it can signifi cantly suppress densi-
fi cation of YSZ. The EB–PVD La2O3–YSZ coating demonstrates an 
extremely low thermal conductivity as well as high resistance to sintering, 
and the coating is characterized by feather-like sub-columns and nanopores, 
which contribute to limiting thermal transport.62 It has been suggested that 
a thermodynamic database be established for the ZrO2–Y2O3–Gd2O3–Al2O3 
system in order to explore its implications for TBCs.63

1.6 Failure mechanism

The failure mechanism for TBCs can be considered to be the combination 
of internal stress accumulation as the TGO layer thickness increases and 
fatigue of the TGO layer during thermal cycle testing. It is believed that 
sintering of the ceramic top coat is also one of the reasons for failure of 
EB–PVD TBCs. The formation of a TGO layer and sintering of the top coat 
will increase residual stress and brittleness of the coating and weaken the 
adhesion of the top coat to the bond coat. Two-layered TBCs prepared by 
EB–PVD always fail between the bond coat and the TGO layer. As shown 
in Fig. 1.14, the SEM image indicates that the bond coat and the TGO layer 
debonded. When the TGO layer thickness exceeds some certain value, the 
interface adhesion weakens and cracks form between the bond coat and 
the TGO layer.
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20 μm

1.14 The typical cross-sectional SEM of two-layered TBCs failure.

1.7 Conclusion

Thermal barrier coatings prepared by EB–PVD have a very important role 
in protecting superalloys operating in high-temperature environments. Dif-
ferent top coat (ceramic coat) and bond coat materials will come into use 
in order to improve high-temperature performance. Rare earth materials 
with lanthanum and cerium being doped into zirconate are being investi-
gated as elements for incorporation into EB–PVD-prepared top coat. The 
composition, crystal structure, and cyclic oxidation behaviour of these coat-
ings are being studied. For the bond coat, NiAl, PtAl, and RuAl are pre-
pared by EB–PVD and their resistance to oxidation when subjected to high 
temperatures is being investigated.
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2
Ceramic thermal barrier coating materials

W. M A and H. D O N G, Inner Mongolia University 
of Technology, China

Abstract: This chapter gives a summary of the use of ceramic materials 
such as the standard yttria stabilized zirconia (YSZ) and some further 
candidate materials, Al2O3, TiO2, mullite, CaO/MgO + ZrO2, 
CeO2 + YSZ, Y2O3 + HfO2, zircon, La2Zr2O7, La2Ce2O7, LaMgAl11O19, 
SrZrO3, etc. as TBC materials. The thermophysical properties and 
corrosion-resistance characteristic of the TBC candidate materials 
and their thermal cycling behavior are discussed. The primary future 
development directions for ceramic TBC materials are also given in 
this chapter.

Key words: ceramic TBC material, YSZ, thermal conductivity, thermal 
expansion coeffi cient, thermal cycling.

2.1 Introduction

Some ceramic materials possessing low thermal conductivities have been 
used as thermal barrier coating (TBC) materials to increase turbine inlet 
temperatures since the 1960s. With increasing engine effi ciency, they can 
reduce metal surface temperatures and prolong the lifetime of the hot sec-
tions of aero-engines and land-based turbines. The fi rst application of TBCs 
in aerospace was developed by the National Advisory Committee for Aero-
nautics (NACA) and the National Bureau of Standards (NBS). The coating 
of calcia stabilized zirconia on the exhaust nozzle of the X-15 manned 
rocket plane in 1960s was believed to be the fi rst use of TBCs in manned 
fl ight.1 The ceramic coatings were fi rst successfully applied to turbine section 
components in research engines in the mid-1970s,2,3 and by the 1980s they 
were applied in the turbine section components of certain commercial gas 
turbine engines.4 With further development, several ceramic materials such 
as YSZ (yttria stabilized zirconia), Al2O3, TiO2, mullite, CaO/MgO + ZrO2, 
CeO2 + YSZ, Y2O3 + HfO2, zircon, La2Zr2O7, La2Ce2O7, LaMgAl11O19, 
SrZrO3, etc. have been evaluated as TBC materials. Some detailed reviews 
on ceramic materials for TBCs have been contributed by Cao et al.,5 Levi,6 
Schulz et al.7,8 and Clarke and Phillot.9

The selection of TBC materials is restricted by some basic requirements, 
such as high melting point, no phase transformation between room tem-
perature and operating temperature, low thermal conductivity, chemical 
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inertness, thermal expansion matching with the metallic substrate, good 
adherence to the metallic substrate and low sintering rate of the porous 
microstructure.10,11 So far, no one material can fulfi ll all the requirements 
mentioned above; instead, only some of them can be satisfi ed. The proper-
ties of some ceramic materials which have been evaluated as TBC materials 
are listed in Table 2.1. Thermal expansion coeffi cient (TEC) and thermal 
conductivity seem to be the most important properties for TBC materials 
selection. These data are collected from different references and hence may 
not be complete. The number before YSZ represents the weight percentage 
of Y2O3 in ZrO2. The advantages and disadvantages of some TBC materials 
are listed in Table 2.2.

2.2 State-of-the-art ceramic thermal barrier coating 

(TBC) material – yttria stabilized zirconia (YSZ)

Prior to 1975, pure zirconia (ZrO2) was of very limited interest as a struc-
tural or engineering ceramic, and its use was restricted to refractory applica-
tions.12 This is attributed to the displacive tetragonal (t) to monoclinic (m) 
phase transformation, which occurs at ∼950 °C on cooling in pure ZrO2 and 
is accompanied by a shear strain of ∼0.16 and a volume expansion of ∼4%. 
The change of shape with the transformed volume can result in catastrophic 
fracture and hence structural unreliability of fabricated components. 
However, ZrO2 has other intrinsic physical and chemical properties, includ-
ing high hardness, good wear resistance, low coeffi cient of friction, chemical 
inertness, ionic conductivity, low thermal conductivity and high melting 
point, which make it attractive as an engineering material. The focus of 
continued effort is to understand and improve its mechanical behavior.13 
The dramatic increase in its industrial applicability has been brought 
about by the discovery that the t → m phase transformation can be con-
trolled by suitable materials processing to become the source of transforma-
tion plasticity and transformation toughening in tailored, two-phase 
microstructures.14

Pure ZrO2 experiences the following phase transformations:

monoclinic m tetragonal t cubic c( )← →⎯⎯⎯ ( ) ⎯ →⎯⎯1170
950

2370º
º

ºC
C

C (( )
⎯ →⎯⎯2680ºC liquid

Pure ZrO2 at ambient pressure is polymorphic, exhibiting cubic (c) (fl uo-
rite) structure (Fm m3 ) at high temperatures (>2370 °C), tetragonal (t) 
structure (P42/nmc) at intermediate temperatures (1200 °C–2370 °C) and 
monoclinic (m) symmetry (P21/c) at low temperatures (<950 °C). The t → 
m phase transformation in pure ZrO2 commences at ∼950 °C (referred to 
as Ms) on cooling and is reversible at ∼1150 °C on heating.15 The t and m 
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structures can be described in terms of distortions of the fl uorite structure, 
with the major distortion associated with the t → m phase transformation 
corresponding to a shear of ∼9° parallel to the basal plane of the t unit cell, 
to defi ne a monoclinic β angle of ∼81°. It is the apparent displacive nature 
of the structural change, together with the morphology of the m product, 
which has invited the application of the theory of martensite crystallogra-
phy to the transformation.

The suitable addition of the stabilizing oxides such as CaO, MgO, Y2O3, 
CeO2 and selected rare earth oxides, combined with relatively high cooling 
rates from sintering and solution treatment temperatures, permits meta-
stable tetragonal ZrO2 (t′) to be retained at room temperature in the form 
of an equiaxed polycrystalline aggregate. Y2O3 stabilized ZrO2 (YSZ) is 
discussed in this section while other oxides stabilized ZrO2 are discussed in 
other sections. The mechanism of phase transformation toughening in ZrO2 

involves two aspects, both related to the diffi culty of nucleating the mar-
tensitic transformation.16 First, the Ms of t–ZrO2 can be reduced to below 
room temperature by controlling the stabilizer concentration in this phase. 
More importantly, the Ms of the particle or grain size of this phase decreases 
with decreasing size. Zhu and Yan17 and Basu et al.18 have reported that 
0.4 μm is the critical grain size for the thermally induced phase transforma-
tion of the YSZ ceramics, and that no thermally induced transformation is 
observed in the t–ZrO2 materials having grain size fi ner than 0.4 μm.

Second, however, such fi ne particles undergo martensitic transformation 
in the stress fi eld of propagating cracks. The volume change resulting from 
the stress-induced transformation in these fi ne t–ZrO2 particles in a zone 
around the crack creates favorable tractions on the crack faces, which 
impedes further crack propagation and signifi cantly increases the fracture 
toughness. For increasing fracture toughness, the t-phase transformability is 
the critical factor. The key is to maximize the retention of t–ZrO2 at room 
temperature or application temperature with suffi cient transformability in 
a tensile stress fi eld. According to the above idea, partially stabilized ZrO2, 
a mixture of the c and m phases, is produced by controlling the amount of 
stabilizer added (about 6–8 wt% Y2O3) with a consequence of an obvious 
improvement of the thermal-shock resistance compared with pure and fully 
stabilized zirconia materials.19,20

The initial YSZ TBCs contained from 12 to 20 wt% of Y2O3, which was 
added to fully stabilize the c-phase. Later, Stecura21 showed that better 
performance could be achieved by lowering the Y2O3 level to between 6 
and 8 wt%. So far, 7–8YSZ has been the TBC material studied and used 
most widely. It has a lot of good properties such as: a high melting point of 
∼2680 °C which makes it suitable for high-temperature applications; low 
thermal conductivity of ∼2.1–2.2 Wm−1 K−1 in bulk material at 1000 °C; high 
TEC of ∼11 × 10−6 K−1; low density of ∼6.4 g/cm3 which can reduce the 

�� �� �� �� ��



30 Thermal barrier coatings

© Woodhead Publishing Limited, 2011

weight of the turbine components; low elastic modulus of ∼40 GPa; high 
hardness of ∼14 GPa which enables the turbine components to possess a 
better erosion resistance. Consequently, 7–8YSZ has been used frequently 
in turbine and diesel engines.22,23 Furthermore, it has been proved that 
7–8YSZ coating is more resistant against the corrosion of Na2SO4 and V2O5 
compared with CaO or MgO stabilized ZrO2 coating.24

Although 7–8YSZ has plenty of advantages for TBC applications, there 
are also some disadvantages. First, a major disadvantage of 7–8YSZ is the 
limited operating temperature (<1200 °C) for long-term operation. At 
higher temperatures, phase transformations from metastable tetragonal 
(t′) to tetragonal and cubic (t + c) and then to monoclinic (m) occur, giving 
rise to the formation of cracks in the coating.10,25

Second, 7–8YSZ is sensitive to the hot corrosion.26–28 It has a better cor-
rosion resistance if the clean fuel is used, whereas the corrosion problem 
becomes more serious when using fuel containing a certain amount of S, 
Na and V elements. The chemical reactions between Na2O, SO3 or V2O5 in 
the fuel and the stabilizer of Y2O3 in 7–8YSZ result in the degradation of 
the coating. In particular, the deposit salt of V2O5 reacts with Y2O3 to get a 
product of YVO4, resulting in depleting Y2O3 and degrading 7–8YSZ TBCs, 
and preventing its applications in marine gas turbine engines. The reactions 
may be summarized as follows:

Y2O3 (in YSZ) + 3SO3 (in Na2SO4) → Y2(SO4)3 (in Na2SO4) [2.1]

Y2O3 (in YSZ) + V2O5 → 2YVO4 [2.2]

Third, the SiO2 impurity (even as low as 1 wt%) in 7–8YSZ coating has 
a strong detrimental effect on the thermal cycling lifetime.29 Firstly, in bulk 
ZrO2-base ceramics, SiO2 segregates at grain boundaries with excessive 
amounts collecting at triple points. SiO2 at the grain boundaries leads to 
changes in the size and shape of grains and it may also dissolve Y2O3 from 
the 7–8YSZ grain boundaries leading to a localized degradation. Secondly, 
SiO2 can also cause ZrO2 polycrystal superplasticity, dramatic increase in 
sintering rates and decrease in electrical conductivity. Thirdly, it may also 
lead to increased creep rates, as what has been observed within ZrO2-base 
ceramics.

Furthermore, these coatings possess a high concentration of oxygen ion 
vacancies, which at high temperatures assist oxygen transport and the oxi-
dation of the bond coat at the ceramic bond/coat interface, namely the 
formation of thermally grown oxide (TGO) on the bond coat surface. This 
leads to a spallation of the ceramic, and such failure mechanism of the TBC 
is predominant when the coatings are thin as in gas turbines. This problem 
has been overcome to a large extent by providing oxidation-resistant bond 
coats such as alumina and mullite.30
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2.3 Zirconia doped with one or more oxides

In addition to Y2O3 stabilized ZrO2, other oxides, such as CaO, MgO, CeO2, 
Nd2O3 or Sm2O3, are also investigated as the stabilizers for ZrO2. First, CaO 
(3–5 wt%) stabilized ZrO2 (CaO–ZrO2) coating prepared by atmospheric 
plasma spraying (APS) has between four and three times lower thermal 
diffusivity compared with that of a sintered ZrO2 at a temperature below 
1027 °C.31 This coating experiences a sintering effect above 1027 °C, result-
ing in a remarkable decrease of the thermal insulation effect. CaO–ZrO2 
did not prove to be a viable material for the more advanced TBC applica-
tions. The problem with this material is related to ‘destabilization’ from 
c–ZrO2 that is observed in the as-sprayed coating to m–ZrO2. Although the 
CaO is added to ZrO2 with the intent of extending the high-temperature 
c-phase fi eld down to room temperature, it is now known that the c-phase 
is actually not stable below 1140 °C.32 However, it proves that the addition 
of CeO2 in the CaO–ZrO2 system conveys excellent thermal-shock resis-
tance at 1000 °C and 1200 °C, which is superior to that of 5 wt% CaO–ZrO2 
coatings.33 Moreover, no destabilization of c/t–ZrO2 phase occurred during 
thermal shock tests.

Second, MgO (15–24 wt%) stabilized ZrO2 (MSZ) has an ability to avoid 
the detrimental t → m phase transformation of ZrO2,34 with the equilibrium 
phases of c–ZrO2 and MgO. MgO (24 wt%)–ZrO2 has a relatively high TEC 
of 12.3 × 10−6 K−1.15 For diesel engines operating with low-quality fuels, 
which yield liquid salt deposits on the ceramic-coated components, the MSZ 
system has better properties than the YSZ system in these environments in 
which the corrosion resistance to vanadate attack is better, but problems 
with sulphidation of the MgO cannot be ruled out. The MgO reacts readily 
with SO3 to form the melt-soluble MgSO4, with the reaction of MgO in 
contact with molten NaVO3 even at very low partial pressures (10−7 bar) of 
SO3.35 Extensive formation of MgSO4 leading to the degradation of the 
MSZ TBCs in low-quality fuel burner rig tests has also been reported.36 
Moreover, thermal cycling to only 1000 °C/1050 °C has revealed a progres-
sive destabilization of the MSZ coatings, apparently as the result of rapid 
coarsening of the tetragonal MSZ grains followed by spontaneous t → m 
phase transformation.37 In addition, the MSZ system has a lower strength 
and erosion resistance.38 Although the MgO is added to ZrO2 with the 
intent of extending the high-temperature c-phase fi eld down to room tem-
perature, it proves that the c-phase is actually not stable below 1400 °C.32 
Toriz et al. gave 950 °C as the practical upper-use temperature for MSZ in 
gas turbine applications.39 Therefore, these shortcomings combine to make 
MSZ an unpromising candidate for naval ship engine applications.

Third, stabilization of t–ZrO2 in the CeO2–ZrO2 system (CeSZ) can 
be kept over a wide range of compositions, 16–26 wt% CeO2, with the 
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preferred composition being 25 wt% CeSZ. CeSZ displays considerably 
greater moisture stability than YSZ under similar environmental condi-
tions.40,41 Although the attainable fracture strength of (21 wt%) CeSZ is not 
as high as that of YSZ, the toughness can be considerably greater (maximum 
fracture toughness for YSZ is ∼10 MPa⋅m1/2, whereas that for CeSZ is 
∼17 MPa⋅m1/2).42 Some tests also indicate that CeO2 reacts less readily than 
Y2O3 with molten vanadate–sulfate systems.35,43,44 Miller 45 has reported that 
12–20 wt% CeO2 stabilized ZrO2 exhibited instability, indicating they could 
never be realistically considered as TBC materials for gas turbines. The 
CeO2(25 wt%)–ZrO2 material offered some benefi ts as its thermal and 
mechanical properties were reasonable, but independent erosion tests 
showed that its erosion resistance was signifi cantly inferior to that of the 
YSZ systems. However, the plasma-sprayed CeO2(25 wt%)–ZrO2 yields 
t′-phase which is retained even after 100 h annealing at 1600 °C, and does 
not undergo a t → m phase transformation under low-temperature cycling.46

Furthermore, Lee et al. has reported the same system with some different 
results.47 CeSZ TBCs prepared by APS with 16 and 18 wt% CeO2 consist 
of only t′-phase with high CeO2 content, whereas the CeSZ coatings with 
20–26 wt% CeO2 consist of a mixture of t′-phase with high CeO2 content 
and some amount of metastable cubic (c′) phase with low CeO2 content. 
During thermal cycling at 1130 °C, the t′-phase and the mixture of the 
t′-phase and the c′-phase decompose to c-phase with high CeO2 content and 
t-phase with low CeO2 content. Some of the t-phase transforms to the 
m-phase on cooling. More m-phase is observed to develop in the CeSZ 
coatings with 16 wt% CeO2 than those with 18–26 wt% CeO2, and the 
CeSZ coatings lifetimes with 18–26 wt% CeO2 are longer than those with 
16 wt% CeO2. The tolerable amount of CeO2 in ZrO2 alloy required for 
TBCs is >16 wt%. This material is proposed for ultra-high temperature 
TBCs, although it may be lacking in erosion resistance as compared to YSZ. 
Another disadvantage for this material as a TBC material is that CeO2 has 
a potential to be reduced to Ce2O3 with much decreased melting point.

However, it appears that even in melts such as NaVO3 where the V2O5 
activity is too low for direct reaction, CeSZ may nonetheless be destabilized 
by a mineralization effect. In burner rig tests with Na, S and V impurity 
additions, CeSZ suffered chemical attack, forming both cerium sulfates 
(mostly in the lower temperature tests at 700 °C) and CeVO4; it was diffi cult 
to be certain, perhaps because of the high V and S levels used, that CeSZ 
was signifi cantly more resistant than YSZ to hot corrosion in these particu-
lar tests.36

YSZ coating doped with CeO2 is supposed to bring an improvement in 
thermal cycling lifetime, due to the higher TEC and the lower thermal 
conductivity of CeO2 compared with that of YSZ. A remarkable improve-
ment in thermal shock tolerability was attained by the addition of CeO2 
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into YSZ.48–50 The CeO2-doped YSZ coating has a better thermal-shock 
resistance mainly because of 51: (i) little phase transformation between the 
t-phase and m-phase in this coating; (ii) a smaller stress generated by the 
bond coat oxidation in this coating due to the better thermal insulation; (iii) 
a larger TEC in this coating. However, the addition of CeO2 into YSZ has 
some negative effects similar to those found in the CeSZ system, such as 
the decrease of hardness and the stoichiometry change of the coating due 
to the vaporization of CeO2,50 the reduction of CeO2 into Ce2O3 and the 
accelerated sintering rate of the coating.52,53

Fourth, some rare earth oxides have also been reported as the stabilizers 
of ZrO2 besides Y2O3 and CeO2, which are Dy2O3,8 Nd2O3, Er2O3, Sm2O3,54 
Yb2O3,8,55 Sc2O3,56–58 Gd2O3,59 Ta2O5, Nd2O5

60,61 and so on. The different sta-
bilizers have various levels of the stabilizing ability, together with the varied 
stabilizing mechanisms, that are closely correlated with cation migration at 
high temperatures. The stabilization ability of different oxides has been 
summarized by Raghavan et al.,60 and it has an increasing tendency with the 
cation radius increase from Sc3+ to Y3+, whereas it decreases with further 
increase of the cation radius from Y3+ to La3+.

Rare earth oxide stabilizers such as Dy2O3 and Yb2O3 behave similarly 
to Y2O3: a 4 mol.% addition creates a t′-phase while a 12 mol.% addition 
creates a c-phase. A reduction of ∼40% in thermal conductivity was achieved 
with an optimized version of 12 mol.% DySZ. The cyclic lifetimes of these 
new electron beam physical vapor deposition (EB–PVD) TBCs were com-
parable to that of YSZ.8 Zhang et al.55 have studied the thermal cycling 
behavior of a ZrO2 coating stabilized by Yb2O3, and proved that the cyclic 
lifetime of the 2.6 mol.% Yb2O3–ZrO2 coating is increased by ∼30% com-
pared with that of YSZ (3.4 mol.% Y2O3) under the same conditions.

Khor and Yang54,62,63 have studied coatings of ZrO2 stabilized by Nd2O3 
(NdSZ), Er2O3 (ErSZ) and Sm2O3 (SmSZ), respectively. Grinding of the 
three plasma-sprayed coatings in the 4–6 mol.% Nd2O3, Er2O3 or Sm2O3 
revealed no t → m phase transformation. In the 2–3 mol.% Nd2O3, Er2O3 
or Sm2O3 composition, there is t′-phase in different levels, respectively. Due 
to the fast cooling effect of the APS process, all the three coatings mainly 
have the t′-phase which would not transform into the other phases after 
mechanical treatment in contrast with t–ZrO2. The stabilization ability of 
the t′-phase against heat treatment has the order of NdSZ < ErSZ < SmSZ, 
and it is supposed that this phenomenon may result from the fast diffusion 
speed of Nd3+ and the low diffusion speed of Sm3+ at high temperatures.54

Compared with the YSZ coating, the ScSZ coating (Sc2O3–ZrO2) has a 
higher corrosion resistance against the vanadates and sulfates, and the 
t′-phase is more stable at high temperatures.56 Jones et al.57,58 have demon-
strated that the Sc2O3, Y2O3-stabilized ZrO2 (SYSZ) with 7 mol.% of total 
amount of stabilizer (the stabilizer contains 2.5–20 mol.% Y2O3) gives 
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signifi cantly better t′-phase stability at 1400 °C than either pure Y2O3- or 
Sc2O3-stabilized ZrO2 .Sc2O3-rich SYSZ powder shows 5–10 times better 
resistance to vanadate-induced destabilization and better high-temperature 
phase stability than YSZ powder. This suggests that SYSZ could be a pos-
sible candidate for ultra-high temperature TBC application.

Wu 59 has explored the Gd2O3–ZrO2 (GdSZ) system (with chemical com-
position of 0.15GdO1.5 · 0.85ZrO2) as a TBC candidate material. The thermal 
conductivity of GdSZ is ∼30% lower than that of 7YSZ, and it is chemically 
stable at high temperatures in contact with α-Al2O3 (main composition in 
TGO). However, the thermal cycling lifetime of EB–PVD GdSZ TBC is 
shorter than that of 7YSZ.

Raghavan et al.60,61 have investigated ZrO2–Y2O3–Ta2O5/Nb2O5 as the 
TBC candidate materials. After choosing specifi c compositions, single-phase 
(t-phase) and dual-phase (t-phase + c-phase) compositions that are stable 
despite ageing at 1500 °C for 200 h and having a thermal conductivity as 
low as the 6–8YSZ were synthesized. In particular, a 16.6 wt% YO1.5 + 
16.6 wt% TaO2.5 stabilized ZrO2 composition was insensitive to the t→m 
phase transformation upon thermal cycling, and it also showed only slight 
evidence of corrosion in vanadate–sulfate melts after 500 h, compared with 
the extensive attack and spallation within much shorter time (50–100 h) for 
7YSZ. Properly designed co-doping thus circumvents the problems of 
thermal and chemical destabilization in 7YSZ.64

Matsumoto et al. 65,66 have studied the infl uence of some oxides additives, 
namely Al2O3, CoO, SrO, La2O3, Pr2O3, Nd2O3 and Er2O3, on the densifi ca-
tion of YSZ compacted powder, and found that the addition of Al2O3 or 
CoO gives signifi cant increase in density. In terms of sintering, these com-
pounds will be deleterious for YSZ TBC if they are used in secondary phase. 
In contrast, the addition of SrO, La2O3, Pr2O3 and Nd2O3 decreases density. 
Among those, La2O3 has the greatest effect on suppression of densifi cation, 
followed by SrO, Pr2O3 and Nd2O3. The addition of Er2O3 has little effect 
on densifi cation. The La2O3 doped YSZ plasma-sprayed coating has been 
investigated and reveals a low thermal conductivity even after high-tem-
perature annealing. However, too much La2O3 addition leads to decreased 
t′-phase stability and cyclic lifetime of the coating; the optimum amount of 
La2O3 is about 1 mol.%.

Zhu and Miller67 have investigated the thermal properties of ZrO2-based 
TBCs stabilized by co- or multi-dopants, namely YSZ–Nd, YSZ–Yb, YSZ–
Nd–Yb, YSZ–Gd–Yb and YSZ–Sm–Yb. YSZ and YSZ with one more 
dopant show typically higher thermal conductivities than the YSZ coatings 
with paired dopant additions. The total dopant concentration affects thermal 
conductivity as well. A low thermal conductivity regime was observed for 
plasma-sprayed TBCs in the range 6–15 mol.% total dopant concentration 
and about 10 mol.% for the EB–PVD coatings. Multi-component cluster 
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oxide coatings were thermal cyclic tested at 1160 °C and showed longer 
cyclic lifetimes than YSZ at given dopant concentrations. The coating cyclic 
lifetime generally decreased as the total dopant concentration was increased. 
Ternary additions of Gd/Yb/Sc and Nd/Yb/Sc did not further improve the 
thermal insulation property.

2.4 Yttria stabilized hafnia and other alternative 

ceramic TBC materials

2.4.1 Yttria stabilized hafnia

HfO2–Y2O3 (in ∼19 mol.%, ∼25 mol.% and ∼38 mol.%) coatings prepared 
by EB–PVD have been studied by Singh et al.,68 and the thermal conductiv-
ity of HfO2–25 mol.%Y2O3 was found to be the lowest (1.1 W/mK) among 
the three compositions. HfO2–25 mol.%Y2O3 exhibited a relatively low 
conductivity rate increase at high temperatures due to its good sintering 
resistance as compared with 8YSZ. In addition, the HfO2–25 mol.%Y2O3 
plasma-sprayed coating also has a better sintering resistance than YSZ 
coating.69 Zhu et al.70 compared the 1650 °C sintering and cyclic behavior of 
the HfO2–18 mol.% (Y, Gd, Yb)2O3 coating with that of HfO2–5 mol.% 
Y2O3 and HfO2–15 mol.% Y2O3 coatings. The advanced multi-component 
HfO2-based coating had a relatively slow conductivity increase during the 
fi rst 20 h of steady-state testing, as well as a good water-vapor-stability. It 
also showed essentially no cracking and delamination during subsequent 
testing of 100 30-min cycles at 1650 °C, indicating excellent sintering resis-
tance and cyclic durability.

Ibegazene et al.71 have studied the infl uence of HfO2-addition on the 
structure and mechanical properties of 8YSZ coatings prepared by APS. In 
the coating, only the t′-phase existed; this phase transformed into the 
mixture of t + c phases during annealing at 1200 °C and the t-phase would 
further transform into the m-phase. Young’s modulus increased with 
increase in the HfO2 content.

2.4.2 Al2O3

Al2O3 did not prove to be a viable material for the more advanced TBC 
applications, primarily because of its relatively high thermal conductivity 
and low TEC compared with YSZ.72 The plasma-sprayed Al2O3 coating 
contains mainly unstable phases such as γ- and δ-Al2O3. These unstable 
phases will transform into stable α-Al2O3 during thermal cycling, accompa-
nied by a signifi cant volume change (γ → α, ∼15%) which results in micro-
crack formation in the coating.73,74 The doping of transition metal oxides 
such as Cr2O3, Fe2O3 or TiO2 into Al2O3 can only partially stabilize the 
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α-Al2O3. Even though Al2O3 alone is not a good TBC candidate, its addition 
to YSZ can improve the hardness and bond strength without substantial 
modifi cation of Young’s modulus and toughness, as well as the oxidation 
resistance of the substrate.75–77 A gradient coating of 8YSZ–Al2O3 has a 
much longer thermal cycling lifetime than that of the 8YSZ coating.78

2.4.3 Mullite

Mullite (3A12O3 · 2SiO2) is an important ceramic material because of its low 
density, high thermal stability, high chemical stability in severe environ-
ments, low thermal conductivity and favorable strength and creep behav-
ior.79 Compared with YSZ, mullite has a much lower TEC and a higher 
thermal conductivity, and is much more oxygen-resistant than YSZ. Mullite 
contains a larger amount of amorphous phase resulting from the rapid 
cooling of molten mullite on a cold substrate during the APS process.80 The 
amorphous phase in the coating crystallizes in a subsequent exposure to 
high temperature (750–1000 °C), accompanied by a volume contraction, 
causing cracking and debonding.30 For applications such as diesel engines 
where the surface temperatures are lower than those encountered in gas 
turbines and the temperature variations across the coating are large, mullite 
is an excellent alternative to ZrO2 as a TBC material. Engine tests per-
formed with both materials show that the lifetime of the mullite coating in 
the engine is signifi cantly longer than that of the YSZ coating.81,82 Above 
1000 °C, the thermal cycling lifetime of the mullite coating is much shorter 
than that of YSZ.30 Furthermore, mullite is the most promising coating 
material for SiC substrate because their TECs are similar.80

Gilbert et al.83,84 have investigated the thermal fracture of mullite–YSZ 
composite TBCs under thermal shock by both experimental and numerical 
studies. They demonstrated that the mullite–YSZ composite coatings 
reduced the driving force for coating delamination. When compared to the 
monolithic YSZ coatings, the composite coatings have a higher threshold 
temperature for both surface and horizontal crack initiation. Since the 
mullite–YSZ composite coating has a higher thermal resistance compared 
to the monolithic mullite coating, it is an excellent candidate for applica-
tions where high temperature and temperature gradients are present.

2.4.4 Pyrochlore oxides (A2B2O7)

Pyrochlore oxides (A2B2O7) are relatively new TBC candidate materials 
and have been paid much attention recently, because several zirconate 
pyrochlores have lower thermal conductivities than YSZ.85 The crystal 
structure of pyrochlores consists of the corner-shared BO6 octahedra 
forming the backbone of the network and A ions fi ll the holes which are 
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formed by six BO6 octahedra. It can largely tolerate vacancies at the A, B 
and O sites without phase transformation. Both A and B sites can be sub-
stituted by a lot of other elements with similar ionic radii when the electrical 
neutrality is satisfi ed, resulting in the potential to tailor their thermal prop-
erties. The pyrochlores are also attractive because many are refractory up 
to temperatures well in excess of 1500 °C and thermally stable. Of particular 
interest are the zirconates of the larger lanthanides (Gd → La) – an 
increased level of substitution relative to the co-doped compositions (from 
<15% to 50%MO1.5) and the use of cations with a much higher atomic mass 
contrast with Zr than Y86 are expected to yield a substantial reduction in 
thermal conductivity to 7YSZ.85 Thermal conductivities ranging from 
∼1.1 Wm−1K−1 to ∼1.7 Wm−1K−1 at temperatures between 700 °C and 1200 °C 
have been reported for zirconates of Gd, Eu, Sm, Nd and La.87–92 Co-doping 
of pyrochlores on both A and B sites has been proposed to further reduce 
their thermal conductivities and also to modify their TECs. Some success 
has been achieved, at least up to ∼800 °C, as exemplifi ed by studies in which 
La2Zr2O7 was doped with 30 at.% of Nd, Eu or Gd and the thermal con-
ductivities were reduced from ∼1.55 Wm−1K−1 to ∼0.9 Wm−1K−1 for Gd 
doping.92 Similar results for single- or double-oxide doped La2Zr2O7 have 
also been reported by Zhu et al.70 who found that La1.7Yb0.3Zr2O7 and 
La1.7Gd0.15Yb0.15Zr2O7 had lower thermal conductivities than the undoped 
La2Zr2O7 and that the Gd2O3 and Yb2O3 co-doped materials showed the 
lowest thermal conductivity.

Although La2Zr2O7 has a lower thermal conductivity than YSZ, its coating 
did not give a longer thermal cycling lifetime than YSZ which might be 
explained by its relatively low TEC and poor toughness.93 However, the 
double-ceramic-layer coating of YSZ/La2Zr2O7 has increased thermal 
cycling lifetime and can even be used in higher temperatures compared with 
YSZ coating.94,95 It has been proved that La2Zr2O7 can be toughened by 
addition of Y3Al5O12 or BaTiO3 (both volume percent up to 20%),96,97 which 
might give a positive infl uence for TBC applications. The addition of CeO2 
into La2Zr2O7 (La2(Zr0.7Ce0.3)2O7) can improve its sintering resistance, 
reduce its thermal conductivity to some extent, as well as prolong its thermal 
cycling lifetime by applying the La2(Zr0.7Ce0.3)2O7/La2Zr2O7 coating.98 
Unfortunately, even though Nd2Zr2O7, Eu2Zr2O7 and Gd2Zr2O7 have larger 
TECs than La2Zr2O7, the thermal cycling lifetimes of their single-layer coat-
ings are very short, similar to that of the La2Zr2O7 coating.95,99

The zirconates of Dy, Er and Yb with fl uorite structure are also listed 
here, because they are very similar to the above-mentioned rare earth zir-
conates with pyrochlore structure. The thermal conductivities of Dr2Zr2O7, 
Er2Zr2O7 and Yb2Zr2O7 range from ∼1.3 Wm−1K−1 to ∼1.6 Wm−1K−1, which 
are comparable to the other zirconates with pyrochlore structure, allowing 
them to be considered as TBC candidate materials.100
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2.5 Lanthanum compounds, silicates and 

rare earth oxides

2.5.1 Lanthanum cerium oxide

Lanthanum cerium oxide (La2Ce2O7) has been proposed as a new TBC 
material, which has a higher TEC and a lower thermal conductivity than 
YSZ.101,102 La2Ce2O7 is a solid solution of La2O3 in CeO2 having fl uorite-type 
structure with 1/8 O sites as vacancies. It has a good phase stability either 
from room temperature to 1400 °C or after annealing at 1400 °C even for 
384 h. The higher TEC of La2Ce2O7 (∼12.3 × 10−6 K−1, 300–1200 °C) com-
pared with that of 8YSZ (10.5–11.5 × 10−6 K−1, 30–1000 °C) 50 makes it pos-
sible to relieve thermal stress during thermal cycling. The thermal expansion 
improvement can be attributed to the large size of Ce4+ and the partial 
reduction of Ce4+ to Ce3+ at elevated temperatures. The minimum TEC of 
La2Ce2O7 at ∼250 °C is a result of the formation of oxygen vacancies. The 
addition of some oxides, such as Ta2O5 and WO3, results in an increase in 
the TECs of La2Ce2O7 below 400 °C.103 The thermal conductivities of 
La2Ce2O7 range from ∼0.5 Wm−1K−1 to ∼0.6 Wm−1K−1 due to the varied 
densities, which are obviously much lower than those of YSZ.

Thermal cycle testing of La2Ce2O7 coating at 1250 °C has indicated that 
this coating has a much better thermal-shock resistance than the La2Zr2O7 
coating and even better than the 8YSZ coating.101 Moreover, it has been 
proved that double-ceramic-layer coating system of La2Ce2O7/8YSZ has a 
much longer thermal cycling lifetime than the La2Ce2O7 coating alone.104 

It is worth noting that proper control of coating composition is 
critical for a good thermal cycling behavior, because the coating with a 
composition more close to stoichiometric La2Ce2O7 has a better thermal-
shock resistance.

Another fl uorite structure material, namely neodymium cerate 
(Nd2Ce2O7), has also been proposed as a new TBC material.105 It is ther-
mally stable in the temperature range of interest for TBC applications 
(1200–1400 °C). The TEC of Nd2Ce2O7 is higher than that of YSZ, and even 
more interesting is the TEC change as a function of temperature paralleling 
that of the superalloy bond coat. Moreover, the thermal conductivity of 
Nd2Ce2O7 is ∼30% lower than that of YSZ. The thermal-shock resistance of 
Nd2Ce2O7 coating prepared by APS is inferior to that of La2Ce2O7.

2.5.2 Silicates

There are few reports on silicates as TBC materials rather than as environ-
mental barrier coatings. Only the spraying of zircon (ZrSiO4),106 natural 
zircon sand107 and wollastonite (CaSiO3)108 have been reported. Zircon has 
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a low TEC (4.99 × 10−6 K−1, 25–1400 °C) and a high thermal conductivity 
(3.46 Wm−1K−1, 90–1500 °C).15 It is chemically very stable especially at lower 
temperatures. With the exception of concentrated hydrofl uoric acid, zircon 
is not generally attacked by acids but by basic materials at elevated tem-
peratures. Zircon has a dissociation line at 1676 °C from phase diagram of 
the ZrO2–SiO2 system,109 so that it is not possible for zircon to form from 
liquid phase, but via solid–solid reaction of zirconia and silica. During 
plasma spraying, zircon dissociates and consequently its coatings are com-
posed of a mixture of crystalline ZrO2 and amorphous SiO2. When zircon 
is used as TBC for diesel engines, the decomposed SiO2 in the coating may 
cause problems due to the evaporation of SiO and Si(OH)2.110 Ramaswamy 
et al.107 have studied both natural zircon and a combination of zircon and 
Y2O3. The t–ZrO2 phase substantially destabilized when the as-sprayed 
zircon coatings were annealed at 1200 °C, followed by recombination of 
ZrO2 and SiO2 to form ZrSiO4. However, the t–ZrO2 phase was completely 
stabilized in the coatings of the zircon and Y2O3 mixture upon annealing at 
1400 °C. A greater amount of Y2O3 addition (up to 20 mol.%) into zircon 
decreases the zircon formation in the coatings, resulting in less porosity in 
the coating even after annealing at 1400 °C, thereby improving coating 
stability and adhesion.111 Both coatings exhibited good thermal-shock resis-
tance and thermal barrier characteristics and are supposed to be suitable 
for TBC applications.

As to CaSiO3 coating,108 crystalline CaSiO3, glassy phase and tridymite 
(SiO2) were observed in the as-sprayed coating. Tridymite (SiO2) likely 
reacted with other composites such as CaO and glassy phase to form crys-
talline CaSiO3 when the coating was heated at about 882 °C. After the fi rst 
thermal cycle (from 20 and 1000 °C), the TECs and the thermal diffusivities 
of the coatings are 6.3–8.5 × 10−6 K−1 and 3.24–3.72 × 10−3 cm2/s, respectively. 
Therefore, the APS CaSiO3 coating may be used as TBC on substrate such 
as titanium and titanium alloys.

2.5.3 Rare earth oxides

The melting points of rare earth oxides are above 2200 °C. Except for the 
valence-changeable elements such as Ce, Pr, Eu and Tb, the other rare earth 
oxides have similar chemical, physical and mechanical properties. Coatings 
of rare earth oxides (La2O3, CeO2, Pr2O3 and Nb2O5 as main phases) have 
lower thermal diffusivities and higher TECs than ZrO2.112 No further 
reports about these materials are available. Most of the rare earth oxides 
are polymorphic at elevated temperatures,113 and the phase instability will 
certainly affect the thermal-shock resistance of their coatings to some 
extent. Rare earth oxides are commonly used as dopants or partial starting 
materials of TBC materials with the consequences of reducing their thermal 
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conductivities, improving phase stability as well as increasing thermal 
cycling lifetimes.5,6,9

2.5.4 Y3Al5O12

Y3Al5O12 (YAG) has a rather complex cubic structure with 160 atoms per 
unit cell (Z = 8) with the chemical formula A3B2(CO4)3, where the A cation 
(Y3+) is in a dodecahedral coordination site, the B cation (Al3+) is in an 
octahedral site and the C cation (Al3+) is in a tetrahedral site.114 Padture 
and Klemens 115 were the fi rst to propose YAG as an oxygen barrier in a 
TBC system due to its low oxygen diffusivity (∼1010 lower than that in YSZ) 
and its comparably low thermal conductivity (3.2 Wm−1K−1, 1000 °C) at high 
temperatures. YAG also possesses a low creep rate, a low electrical conduc-
tivity, a phase/thermal stability (up to its melting point of 1970 °C) and an 
isotropic thermal expansion. Therefore, it is a promising candidate as TBCs, 
or as oxidation and erosion-resistant material, which can be used in gas 
turbine engines.116 However, the relatively low TEC (9.1 × 10−6 K−1) and the 
low melting point of this material seem to be the major problems. The YAG 
coatings prepared by different processes are reported extensively.117–120

2.5.5 Lanthanum aluminates

Oxides with magnetoplumbite structure of the general composition, 
LnMAl11O19 (Ln = La to Gd; M = Mg, Mn to Zn), have high melting points, 
high thermal expansion and low thermal conductivities which make them 
suitable for applications as high-temperature TBCs. Also, sintering in these 
oxides is suppressed due to the low ionic diffusion in magnetoplumbites.121–124 
In particular, the values of average TECs of LaMgAl11O19, SmMgAl11O19 
and GdMgAl11O19 are about ∼9.5–9.7 × 10−6 K−1 from room temperature to 
1500 °C.124 Thermal expansion behavior of all these oxides appears to be 
independent of the composition, indicating that the thermal expansion of 
these oxides is controlled by their basic magnetoplumbite crystal structure 
rather than having a composition based on the individual rare earth ele-
ments present. The thermal conductivities of these materials range from 
2–3 Wm−1K−1 from room temperature to 1150 °C exhibiting little tempera-
ture dependence. The SmMgAl11O19 and GdMgAl11O19 compositions have 
lower thermal conductivities than LaMgAl11O19. Doping with Yb in the Ln 
site in GdMgAl11O19 can effectively reduce its thermal conductivity. Thermal 
conductivities of plasma-sprayed LaMgAl11O19 and LaMnAl11O19 coatings 
after 20 h exposure to temperatures up to 1600 °C did not change, indicating 
good sintering resistance. The microhardness of all LnMAl11O19 coatings is 
higher than that of hardened steel but is below the hardness of ZrO2, and 
the elastic behavior of the coatings is superior to YSZ because of the lower 
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indentation modulus.122 However, the La-containing magnetoplumbites are 
not highly stable at elevated temperatures in water-containing atmosphere, 
such as in the combustion environment of turbine engines, and show sig-
nifi cant continuous weight loss.70

2.5.6 LaPO4

Lathanum phosphate (LaPO4) has a monoclinic structure with four formula 
units of LaPO4 in the P21/n unit cell. This material has been proposed as a 
TBC candidate material by Morgan and Marshall125 and Sudre et al.,126 
because it has a high-temperature stability (melting point, ∼2070 °C), a high 
TEC (9–10 × 10−6 K−1) and a low thermal conductivity (∼1.8 Wm−1K−1 at 
700 °C), as well as a low Young’s modulus (133 GPa). In addition, LaPO4 is 
expected to be relatively inert to molten salts containing sulfate or vanadate 
because the basic lanthanum cation is strongly bonded to the acidic phos-
phate group. It does not react with alumina, which is a positive attribute, 
but bonds poorly to it, which is a limitation on its application. In contrast, 
LaPO4 is a line compound that melts congruently, but small deviations from 
stoichiometry change its solidus temperature from ∼2070 °C to 1580 °C on 
the La-rich side or to 1050 °C on the P-rich side. From this point of view, 
much attention must be paid to controlling the coating process parameters 
and/or starting material compositions (feedstock for the plasma-spraying 
process and target material for the EB–PVD process) to get the desired 
coating composition.

Another monazite-type material CePO4 has very similar properties to 
those of LaPO4.127 The linear TEC and thermal conductivity of the CePO4 
ceramics are 9–11 × 10−6 K−1 (200–1300 °C) and 1.81 Wm−1K−1 (500 °C), 
respectively. Such properties make it suitable for consideration as a TBC 
candidate material. However, the CePO4 ceramics are cracked or decom-
posed by acidic or alkaline aqueous solutions at high temperatures, which 
is a limitation in TBC applications.

2.6 (Ca1–xMgx)Zr4(PO4)6 (CMZP), perovskite oxides and 

metal–glass composite

2.6.1 (Ca1–xMgx)Zr4(PO4)6
(Ca1–xMgx)Zr4(PO4)6 (CMZP) is synthesized by incorporating Mg2+ with 
CaZr4(PO4)6 and belongs to a well-known NZP family possessing an ultra-
low TEC.128 The crystal structure of NZP is a hexagonal structure with a 
R c3  space symmetry, and is built up of PO4 tetrahedra and ZrO6 octahedra 
which are linked at corners to form a strong three-dimensional network. 
CMZP has a lower thermal conductivity (lower than ZrO2 by a factor of 
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approximately two) and its TEC is near zero.129–131 Furthermore, this mate-
rial is less dense than ZrO2 with theoretical density of 3.2 g/cm3. Moreover, 
no strength-loss after air quenching from temperatures up to 1500 °C was 
observed, showing a good thermal-shock resistance. Therefore, the light-
weight ceramic could be used as thermal protection systems for space 
shuttles and for fi lter systems such as the fi ltration system for molten metals 
and hot gas clean-up, rather than as a TBC material in turbine engines.

2.6.2 Perovskite oxides (ABO3)

The ideal perovskite ABO3 is cubic symmetry, in space group Pm m3 . The 
structure is commonly visualized as a three-dimensional network of regular 
corner-linked BX6 octahedra, the B cations being at the center of these 
octahedra and the A cations being centrally located in the spaces between 
them. The most commonly occurring distortion in perovskites is octahedral 
tilting. This means the tilting of the BX6 octahedra about one or more of 
their symmetry axes, maintaining both regularity of the octahedral (approx-
imately) and their corner connectivity (strictly). Such tilting allows greater 
fl exibility in the coordination of the A cation, while leaving the environment 
of the B cation essentially unchanged. It is also a major contributor to 
structural variability in perovskites.132

Such perovskites are usually characterized by a melting point higher 
than 2000 °C. Furthermore, the TEC has values typically greater than 
8.5–9 × 10−6 K−1 and thermal conductivity of less than 2.2 Wm−1K−1, which 
are advantageous for being used as a heat insulating layer.133 Perovskites 
additionally offer the potential for extensive substitution of ions at A and/
or B site, which enables the properties of the materials to be selectively 
infl uenced.134

So far, only some materials with perovskite structure have been studied 
as TBC candidates, such as SrZrO3 and BaZrO3, as well as two complex per-
ovskites Ba(Mg1/3Ta2/3)O3 (BMT) and La(Al1/4Mg1/2Ta1/4)O3 (LAMT).

89,135–137 
The TECs of SrZrO3, BaZrO3, BMT and LAMT are 8.7–10.8 × 10−6 K−1 
(200–1100 °C), ∼7.9 × 10−6 K−1 (30–1000 °C), 9.6–11.3 × 10−6 K−1 (200–1200 °C) 
and 8.2–10.6 × 10−6 K−1 (200–1200 °C), respectively, which are comparable to 
that of YSZ except BaZrO3. The thermal conductivities of these materials 
(except BaZrO3) are below 2.8 Wm−1K−1 at 1000 °C, with the sequence of 
BMT > YSZ > SrZrO3 > LAMT. The fracture toughness of SrZrO3 is half of 
that of YSZ, whereas the values of BMT and LAMT are four times lower 
than that of YSZ. Finally, the Young’s moduli of the above-mentioned mate-
rials are all lower than that of YSZ.

Some preliminary thermal cycling results indicate that the single-layer-
coatings of these materials have shorter cycling lifetime, whereas the 
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double-ceramic-layer coatings of SrZrO3/YSZ and LAMT/YSZ have similar 
cycling lifetime compared with YSZ at the surface temperature of ∼1250 °C. 
Doping Yb2O3 or Gd2O3 in SrZrO3 can reduce the thermal conductivity of 
SrZrO3,138 and a very promising result is that the double-ceramic-layer 
coating of Yb2O3 doped SrZrO3 in combination with YSZ has ∼25% longer 
cycling lifetime than that of the optimized YSZ coating at the surface tem-
perature of ∼1350 °C.

2.6.3 Metal–glass composite

A new concept for TBC systems based on a mixture of metal and glass is 
called metal–glass composite (MGC).139–141 In the MGC system, the TEC 
depends on the metal–glass ratio and varies from 9.5–12.3 × 10−6 K−1. 
Another advantage of the gas-tight composite coatings is their ability to 
protect the bond coat from severe oxidation with a consequence of long 
lifetimes in oxidation tests. The MGC coatings have long thermal cycling 
lifetimes, which are supposed to be due to their high TECs, good adherence 
to the bond coat and the absence of open porosity. Such a coating does not 
have open pores, preventing the oxidation of bond coat from corrosive 
gases.

2.7 Future trends

The quest for new ceramic TBC candidate materials possessing low thermal 
conductivities is a major research area. This can be fulfi lled by means of 
reducing phonon conduction of the materials. In real crystal structures, 
scattering of phonons occurs when they interact with lattice imperfections 
in the ideal lattice. Such imperfections include vacancies, dislocations, grain 
boundaries, atoms of different masses and other phonons. Ions and atoms 
of different ionic radius may also scatter phonons by locally distorting the 
bond length and thus introducing elastic strain fi elds into the lattice. The 
effects such imperfections cause can be quantifi ed through their infl uence 
on the phonon mean free path. Moreover, materials having a large mean 
atomic mass, a low Young’s modulus and randomly distributed point defects 
at a suffi ciently high density favor reducing the phonon mean free path with 
the consequence of low thermal conductivity. In addition, materials with 
fi ne grain size in nanometer dimensions have proved to have a lower 
thermal conductivity resulting from much intensifi ed grain-boundary 
scattering.

It is a time- and cost-consuming process to investigate the vast range of 
chemical compositions of all refractory oxides and minerals in order to 
identify promising compositions. The most rapid progress will probably only 
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be made by using a combination of intuition about crystal structures and 
complementary atomic-level simulations to guide experiments. This is well 
practiced by Schelling et al.142
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Metallic coatings for high-temperature 

oxidation resistance

X. P E N G, Chinese Academy of Sciences, China

Abstract: This chapter reviews metallic coatings with the ability to 
thermally grow a protective layer of chromia or alumina, together with 
the coating techniques. First generation coatings are developed using 
chemical vapour deposition techniques (CVD); adding small amounts of 
reactive elements (e.g., Ce, Y, La) or adding noble elements such as Pt 
can further enhance performance. Second-generation coatings of the 
alumina-forming M–Cr–Al–Y overlay type bring the advantages that 
composition can be tailored to specifi c environments and to match the 
composition of matrix alloy, in order to minimize the interdiffusion 
between coatings and matrix.

Key words: diffusion coating, chromized coating, aluminized coating, 
overlay coating, nanocrystalline coating, Pt modifi cation, reactive 
element effect, high temperature oxidation.

3.1 Introduction

On being exposed to a high-temperature environment, almost all kinds of 
metals will spontaneously form a scale of thermally grown oxides (TGOs), 
which functions as a barrier between the underlying metals and environ-
mental corrosive substances. A TGO scale with the desired degree of pro-
tectiveness will have high thermal stability, good compactness and slow 
growth rate, as well as strong adhesion to the metallic matrix. If a non-
protective scale forms, the oxidation will cause rapid metal recession, 
which greatly reduces the mechanical properties and service lifetime of 
the metallic workpieces. Among the TGO oxides, chromia and alumina are 
two kinds which kinetically and thermodynamically meet the requirement 
of resistance to high-temperature oxidation. In general, chromia scale is 
ideal against oxidation below 1000 °C and Type II hot corrosion (700–
800 °C), and alumina scale (particularly in its α phase form) is best against 
high-temperature oxidation above 1000 °C and Type I hot corrosion 
(800–950 °C).

Unfortunately, most conventionally coarse-grained (CG) commercial 
alloys cannot ensure the formation of chromia or alumina scales, because 
of some limitation of the Cr and Al content (e.g., high content would 
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increase the brittleness of alloy and decrease its hot strength or creep resis-
tance). To improve the oxidation resistance of alloys, the addition of high 
Cr and/or Al coatings has become a preferred choice in most cases. The fi rst 
generation of these coatings comprises well-known diffusion chromizing 
and aluminizing coatings, which are usually manufactured by chemical 
vapor deposition (CVD) pack cementation.1,2 The second-generation coat-
ings are so-called overlay coatings, the majority of which are of M–Cr–Al 
type (M = Fe, Ni, Co, or their combinations) containing a small amount of 
yttrium. Compared to the diffusion coatings, overlay coatings have the 
advantage that their composition can be specifi cally designed and manu-
factured to match specifi c environment conditions.3 For a M–Cr–Al coating 
to be resistant to high-temperature oxidation, the chromium content is 
normally in the range 16–24 wt% and that of aluminum in the range 
13–18 wt%.3 M–Cr–Al overlay coatings, which will be explained in more 
detail later, have been fabricated using various techniques.4–10

Recently, grain refi nement, without any increase in Cr or Al, has been 
considered to be another approach to increasing the oxidation resistance 
of alloys because, in some specifi c cases, it can promote the formation of a 
protective scale of chromia or alumina.11 Since the late 1990s, oxidation of 
nanocrystalline (NC) coatings has received considerable attention.12–23 Most 
investigators agree that the promotion of the selective formation of chromia 
or alumina scales is a primary reason for the superior oxidation resistance 
of NC coatings. So far, the intrinsic reason for the rapid formation of 
chromia or alumina scales during the initial oxidation period has not been 
experimentally established. However, the greatly enhanced diffusion of the 
corresponding oxide-forming component through the numerous grain 
boundaries in NC coatings during oxidation is believed to be one of the 
main causes.

So far, the maximum temperature for practical applications of metallic 
coatings is generally below 1100 °C. For metals which need to be exposed 
to higher temperatures, such as the nickel- or cobalt-based superalloys used 
as structural materials in gas turbine engines, thermal barrier coatings 
(TBCs) are normally used.24–27 A typical TBC is yttria-stabilized zirconia 

(YSZ). The application of TBCs, of which the thickness traditionally ranges 
from 100–500 μm, along with internal cooling of the underlying superalloy 
component, offers a 100–300 °C reduction in the surface temperature of the 
superalloy. This allows the superalloy-made workpieces to be operated at 
environmental temperatures above the melting temperature of the superal-
loy (∼1300 °C), thereby improving the engine effi ciency and performance. 
The YSZ is not applied directly onto the superalloy but deposited onto an 
oxidation-resistant metallic bond coat which is pre-treated on the superal-
loy. The bond coat is typically M–Cr–Al–Y-type overlay coating or Pt-
modifi ed aluminide diffusion coating.24,25,27
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3.2 Oxidation-resistant metallic coatings and 

their fabrication techniques

3.2.1 Diffusion coatings

Diffusion coatings are fabricated using CVD. This involves the dissociation 
and chemical reactions of gaseous reactants in a stimulant (heat, light, 
plasma) environment, which is followed by the formation of a stable solid 
product. The deposition involves homogeneous gas phase reactions that 
occur in the gas phase, and heterogeneous chemical reactions which occur 
on a heated surface and result in the formation of powders or fi lms, respec-
tively.28 Pack cementation is a variation of CVD where the volatile gaseous 
reactants are generated within the powder packing as compared to the 
usual vapor generation routes in CVD. Metals for pack cementation are 
usually embedded in a powder mixture of a pure metal or alloy source (e.g., 
Al, FeAl, Cr, Si, depending on what element will be coated), a halide salt 
activator (e.g., NaCl, NaF, NH4C1) and an inert fi ller material (e.g., Al2O3). 
A controllable atmosphere, usually Ar or H2/Ar, surrounds the pack as it is 
heated to a temperature at which the master metallic powder reacts with 
the halide salt activator to form volatile metal halide species of signifi cant 
partial pressures. Suppose NH4Cl is used as the activator, the reaction will 
be given below:

M(s) + xNH4Cl (s,g) = MClx(g) + xNH4(g) [3.1]

where M is the element to be coated. Several different vapor substances 
may be formed for aluminizing (e.g., Al, AlCl, AlCl2 and AlCl3) and for 
chromizing (e.g., Cr, CrCl2, CrCl3 and CrCl4). Afterwards, partial pressure 
gradients are established between the powder and the metal for coating, 
which support vapor transport for each of the vapor substances to the metal 
matrix surface. On the surface, deposition of the desired coating element 
occurs via dissociation or disproportionation of the halide molecules, or by 
a displacement reaction with the matrix. Finally, the coating element inter-
diffuses and reacts with the matrix, bringing some specifi c phase, composi-
tion and microstructure on the surface. On this basis, the pack cementation 
can be summarized as four interrelated steps:29 (i) a thermodynamic equi-
librium between the activator and the powder of the master metal or alloy, 
which determines the vapor pressures of the active gaseous substances in 
the pack; (ii) the gaseous diffusion of the metal halides from the pack to 
the alloy matrix surface; (iii) reactions on the surface to deposit the coating 
elements and form the products with vapor substances; and (iv) solid-state 
diffusion of the coating elements into the matrix. Aluminized coatings and 
chromized coatings are two traditional diffusion coatings that have been 
extensively used for almost a century.
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Aluminized coatings

Aluminized coatings are used to extend the life of metals in service in high-
temperature environments by thermally growing a protective scale of 
alumina, a process which conventionally uses the pack-cementation method. 
The powder mixtures for pack aluminizing are usually composed of a pure 
metal or alloy (e.g., Al, FeAl), an activator (typically, a halide salt) and an 
inert alumina fi ller. The fi rst public description of pack-cementation alumi-
nizing was by Van Aller in a US patent fi led in 1911 and in a 1914 presenta-
tion by Allison and Hawkins, all of whom are from the General Electric 
Research Laboratory.24 In the 1940s, pack-cementation aluminizing low-
alloy steel for a combustion chamber was reported by Franz in Germany, 
and pack aluminizing of cobalt-based alloy for gas turbine vane airfoils was 
reported around the 1950s.24 Diffusion aluminized coatings were also fab-
ricated by hot dip aluminizing,30 slurry aluminizing31 and vacuum pulse 
aluminizing,32 etc. Since 1970, most vane and blade coatings have been 
applied by pack cementation and the more recently developed ‘out-of-
contact’ CVD processes.24, 32–35

For aluminized coatings formed by pack aluminizing, it is generally 
accepted that their growth mechanisms can be divided into two categories:36 
(i) inward growth under the condition of low-temperature, high-activity 
pack; and (ii) outward growth under the condition of high-temperature, 
low-activity pack. The transformation temperature for the growth of alumi-
nides from inward to outward is not easily measured, and it is affected by 
pack chemistry. In general, when the temperature is below 950 °C, the alu-
minide coating grows inwardly, forming a MxAly matrix (y � x; M = Ni, Fe 
or Co depending on what metal matrix is used for coating). At a higher 
temperature, the aluminide coating grows outwardly, forming a MAl matrix 
(e.g., β-NiAl on Ni-base metals).

When exposed to high-temperature environments, the thermally grown 
alumina scale on the aluminized coatings always suffers stresses which are 
induced by thermal cycling and oxide formation and growth. These can 
result in loss of the adherence and spalling of the scale. However, a small 
concentration of a reactive element (e.g., Y, La, Hf, Ce) can improve the 
adherence of alumina scale. This phenomenon is referred to as the ‘reactive 
element effect’ (REE). Theories associated with the REE have been 
reviewed elsewhere.37–39 It is generally accepted that the addition of RE 
or RE oxide particles improves the oxidation resistance of alumina 
formers through enhancing the alumina scale adhesion to the underlying 
metals by means of several mechanisms: (i) ‘pegging’ alumina scale to the 
underlying metal; (ii) preventing the coalescence of vacancies at the scale–
metal interface; and (iii) eliminating dissociated sulfur at the scale–metal 
interface.
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Different routes have been used to add reactive element into aluminized 
coatings. LePrince et al.40 used a highly active process with a powder mixture 
of pure source elements to co-deposit Al and Hf onto Ni-base fi bers, devel-
oping an aluminide coating (β-NiAl) with the precipitation of Ni5Hf. The 
Ni5Hf-precipitated aluminide coating showed improved oxide scale adher-
ence during cyclic oxidation testing. Rapp et al.41,42 proposed two methods 
which can be used for doping of a minor element (e.g., Zr or Y) onto the 
surface of an aluminide diffusion coating produced by a single-step pack 
process. One is to add a small amount of an oxide source of the desired 
element (e.g., ZrO2 or Y2O3) into the pack powder mixture, instead of some 
inert fi ller. In this case, the oxide dopant must be converted into high 
halogen activity within the pack to produce additional metal halide species 
according to the following equation:

xMOy(s) + yAlXx(g) = xMXy(g) + yAlOx(s) [3.2]

where M is Zr or Y. The other is to add certain amounts of reactive element 
chlorides (e.g., ZrCl4, YCl3, or HfCl4) as activator source. The chlorides can 
react with the master metal (or alloy) to produce AlClx species according 
to the equation given by:

Al(s) + RECly(g) = AlClx(g) + RECly−x(g) [3.3]

where RE indicates a reactive element. Applying the single-step pack 
cementation at 1150 °C for 24 h, RE-doped aluminide coatings were devel-
oped on IN 713LC matrix. The isothermal oxidation at 1100 °C in air showed 
that the RE-doped aluminide coatings compared to RE-free coatings had 
formed α-Al2O3 scale with decreased growth rate but increased resistance 
to cracking and spalling.43

Tu et al.44 produced a Y-modifi ed aluminide coating by aluminizing fol-
lowed by yttrizing. The coating consisted of an external aluminide layer with 
Y enrichment near the surface and along the grain boundaries. Yttrium was 
deposited in a pack powder mixture of pure Y, NH4Cl activator and an Y2O3 
fi ller which was heated at 1050 °C for 4 h. Through a ‘two-step’ method 
(Ni–La2O3 co-electroplating followed by aluminizing at 930 °C for 2.5 h), 
Peng et al.45 fabricated a La2O3-dispersed β-NiAl coating. Compared to the 
La2O3-free β-NiAl developed on electrodeposited pure Ni, this coating 
exhibited decreased oxidation kinetics at 1000 °C in air. It has been pro-
posed that during oxidation lanthanum ions from the La2O3 particles would 
incorporate the growing θ-alumina scale, where the lanthanum ions pre-
vented the formation of microcracks in the scale by retarding the θ–α 
transformation, and suppressed outward aluminum diffusion for the scale 
growth by the segregation to the scale grain boundaries.

β-NiAl coatings developed on Ni or Ni-base alloys have low oxidation 
kinetics because they exclusively grow an external scale of alumina. It was 
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found in the 1970s that addition of Pt can further improve the adhesion of 
the scale to the coating matrix.46 Some recent studies have contributed an 
enhanced understanding of the effect of Pt addition on scale adhesion. Pt 
addition has been found to decrease the number of voids formed at the 
oxide/metal interface47 and to minimize the segregation at the interface of 
sulfur (which, as a common impurity in metals, typically 1–10 ppm, usually 
segregates to the interface during oxidation and consequently weakens the 
interfacial bonding).48,49

Pt-modifi ed nickel–aluminide coatings, which typically have a surface 
layer of either PtAl2 or (PtAl2 + (Ni,Pt)Al), are normally fabricated by 
means of a ‘two-step’ method (Pt electroplating followed by pack aluminiz-
ing).50–52 A low-Al-activity CVD processing enabled a single-phase (Pt,Ni)
Al coating to be developed.53 Compared to the Pt–Al coatings, the available 
results53,54 indicated that the single-phased (Pt,Ni)Al coating fabricated by 
pack cementation exhibited improvements in cyclic oxidation and hot cor-
rosion resistance, thermal stability and ductility. First-principle calculations 
show that the presence of Pt in the B2-type NiAl intermetallic compound 
brings the surface electronic energies to a higher state, which results in an 
increased surface energy. This will increase the void nucleation energy, thus 
making void formation a more diffi cult process,55 which may explain the 
benefi cial effect of Pt on cyclic oxidation. Some studies also showed that 
the Pt-modifi ed aluminide coatings were much more resistant to hot corro-
sion than the Pt-free aluminide coatings,56–58 a result which is not yet fully 
understood. Some investigators have indirectly attributed it to the benefi -
cial effect on the scale adhesion of Pt.57,58

Chromized coatings

Kelley fi rst produced chromized steels by means of pack cementation in 
1923.59 Samuel and Lockington60 and Drewett61 published a comprehensive 
review of chromized coatings on steel in the early 1950s. In 1953, Gibson 
patented aluminizing of chromized steels with aluminum paints and heat 
treatment to improve high-temperature oxidation resistance.24 In general, 
chromized coatings on nickel-base metals have good oxidation resistance, 
which can be further improved by the introduction of CeO2 particles by the 
‘two-step’ method (Ni–CeO2 co-electroplating followed by pack chromiz-
ing).62–64 However, chromized ferritic steels do not have the desired oxida-
tion resistance, particularly in the thermal cyclic condition. One important 
reason is that the chromization of the steels inevitably causes the formation 
of a surface chromium carbide layer,62–67 because carbon has a strong chro-
mium affi nity, which has a detrimental effect on the oxidation resistance of 
chromized steels.63,64 To mitigate or exclude the carbon effect, one promising 
route that has been suggested but not yet fully reported is the design of a 
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precursor fi lm on the steels as an electrodeposited Ni–RExOy fi lm (RE = 
Ce, Y, La, etc.).62–64

M–Cr–Al type diffusion coatings

M–Cr–Al-type diffusion coatings, which have a composition similar to that 
of overlay coatings fabricated by means of the other techniques (see below), 
may be developed through pack-cementation methods such as simultane-
ous chromizing–aluminizing, aluminizing followed by chromizing (or vice 
versa). Geib and Rapp68 simultaneously chrome–aluminized low-alloy 
steels and got a coating with a surface composition of 11–20 wt%Cr and 
4–9 wt% Al. However, reports on the oxidation of M–Cr–Al type diffusion 
coatings are still rare.

Low-temperature pack cementation

The temperatures at which conventional oxidation-resistant chromized and 
aluminized coatings are developed by pack cementation are very high 
(>1000 °C for chromization and >900 °C for aluminization). Such high tem-
peratures signifi cantly exceed the heat treatment temperatures for ferritic 
steel workpieces (normally below 700 °C), resulting in noticeable grain 
growth and carbide precipitation which has a detrimental impact on the 
mechanical properties, particularly in decreasing their high-temperature 
strength and creep resistance. Therefore, reducing the pack-cementation 
temperature is generally required for widespread application of these coat-
ings to the steels. To achieve this goal, it is essential to enhance low-
temperature chromizing and aluminizing kinetics, which are mainly 
determined by the diffusion of the coating element in the metal matrix. 
Metal grain boundaries (GBs) normally act as ‘short-circuit’ diffusion paths 
because of a reduced atomic density compared to the perfect crystal lattice. 
NC metals consist of a large volume fraction of GBs. Even when GB diffu-
sion is dominant in the latter,69–71 metallic diffusion in a nano-grained poly-
crystalline metal would be enhanced by orders of magnitude in comparison 
to the diffusion in its conventionally coarse-grained (CG) counterparts with 
the same chemical compositions at a given temperature. The enhancement 
lies in a different structure which comes from an enhanced diffusivity along 
the triple junctions between three GBs, and a reduced concentration of 
impurities in comparison to the GB in CG metals. Therefore, the nanostruc-
ture of steels is likely to be a promising approach for fabricating chromized 
and aluminized coatings at the desired low temperatures.

Recently, Zhang et al.72 developed an oxidation-resistant, low-
temperature chromized coating on a mild carbon steel using the ‘two-step’ 
method: fi rst, electrodeposition of NC Ni matrix fi lm with dispersion of CeO2 
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nanoparticles; second, pack cementation at 700 °C in a traditionally halide-
activated pack mixture. The positive effects of the CeO2 nanoparticles during 
chromization may be summarized as follows: (i) retarding the growth of the 
nickel nanograins at high temperatures by anchoring the movement of GBs; 
(ii) producing numerous Ni/oxide interphase boundaries, which would be 
additional ‘short-circuit’ paths other than GBs for chromium transport 
during chromization; and (iii) distributing the oxide more homogeneously 
with the particles in nano-scale instead of in micron range. Figure 3.1 shows 
the electron probe microanalysis (EPMA) of cross-sections of chromized 
coatings on a CG Ni (mean grain size: 30 μm) and CeO2-dispersed NC Ni 
fi lm (mean grain size: 56 nm). Clearly, the chromized CG Ni cannot form a 
continuous chromium coating on the surface. In contrast, the chromized 
Ni–CeO2 fi lm formed a surface layer 25 μm in thickness with a uniform 
distribution of Cr. Thus, the chromizing kinetics on the nanograined metal 
was greatly promoted. Moreover, CeO2 particles are found to randomly 
disperse in the chromized coating, which tends to decrease the oxidation 
rate of the coating through the REE mentioned above.72

Compared to chromizing, aluminizing has greatly increased coating 
growth rate at low temperatures when the reaction of Al with the metal 
matrix such as Ni, Fe and Co increases the inward diffusion of Al. However, 
the temperature of aluminizing kinetics is still quite low. For example, Xiang 
and Datta73 developed aluminized coatings 30 μm in thickness (η-Fe2Al5) 
on P92 ferritic steels at 650 °C for 8 h in a pack of 4Al–2AlCl3–Al2O3 (wt%). 
Zhan et al.74 reported that the thickness of the aluminized coating reached 
∼50 μm when prepared in a pack of Al–NH4Cl–Al2O3 for only 30 min at 
560 °C with the assumption of the steel matrix nanograined by ball milling 
through a severe plastic deformation mechanism. Recent studies have also 
shown that, for 5 h pack cementation at 600 °C in a powder mixture of 
45Al–5NH4Cl–Al2O3 (wt%), the aluminide (δ-Ni2Al3) coating formed on a 
∼20 μm-grained Ni 18 μm in thickness, while the thickness of the aluminide 
on a ∼60 nm-grained Ni–CeO2 fi lm was increased to ∼58 μm. Moreover, the 
low-temperature aluminized coating on the NC Ni matrix had a dispersed 
CeO2 and ultrafi ne-grained structure,75 which exhibited excellent spalling 
resistance during cyclic oxidation in air at 1000 °C.75 It was suggested that 
this result occurs because the dispersed CeO2, together with the ultrafi ne-
grained coating structure, helped prevent the formation of cavities at the 
coating interface.

Pack cementation is a simple, inexpensive and reproducible method for 
uniformly coating metallic components of different sizes and with complex 
shapes. However, the method has some limitations summarized follows:24,42 
(i) easy incorporation of contaminants; (ii) labor-intensive with respect to 
cleaning the coated components after pack cementation; (iii) large amount 
of pack powder wasted together with the cost of powder disposal; and (iv) 
relatively long processing time.
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3.1 The back-scattered image, the corresponding elemental X-ray 
mappings of cross-sections for chromized samples on a coarse-
grained Ni (left) and nanocrystalline Ni-base with dispersion of CeO2 
nanoparticles (Ni X-ray mapping not presented) (right).72

3.2.2 M–Cr–Al(–Y) overlay coatings

M–Cr–Al–Y overlay coatings emerged in 1960s, probably beginning with 
an alloy having the composition Fe–25%Cr–4%Al–1.0%Y, from G.E. 
nuclear programs, that exhibited exceptional alumina adherence in cyclic 
oxidation.24 A model composition Fe–Cr–Al–Y, with 10–15% aluminum, 
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was applied as a coating to Ni-base superalloys by electron beam physical 
vapor deposition (EB–PVD).76 Because workpieces in industrial turbines 
are conventionally made of Ni- or Co-base structural superalloy, Ni-, Co- 
and NiCo-based M–Cr–Al–Y overlay coatings have been widely investi-
gated, with the focus on oxidation and hot corrosion properties.8–10,18,24,77–83 
Compared to the Ni–Cr–Al–Y-type overlay coating, the Co–Cr–Al–Y-type 
overlay coating has generally decreased oxidation resistance but increased 
hot corrosion resistance. For this reason, NiCo-base overlay coatings with 
a compromise in oxidation and hot corrosion performance were developed. 
For example, the nominal composition Ni–23%Co–15%Cr–12.5%Al–
0.5%Y had adequate oxidation and hot corrosion properties which proved 
to be satisfactory for the protection of blade airfoils in the current Pratt 
and Whitney commercial aircraft engines.24 In industry, many more complex 
Ni–Co–Cr–Al–Y compositions containing additions of Ta, W, Ti, Nb, Re, Zr, 
etc., singly or in combination, have been developed for specifi c purposes. A 
comparison between oxidation and hot corrosion resistance of overlay coat-
ings of various types is presented in Fig. 3.2.3,84

Oxidation and hot corrosion resistance also depend on the concentration 
of Cr. 16–24 wt%Cr in the overlay coatings favors not only an increase in 
low-temperature hot corrosion (Type II corrosion in a temperature of 
650–800 °C) resistance but also oxidation and Type I hot corrosion (800–
950 °C) resistance by promoting the formation of Al2O3 scale, through the 
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so-called third element effect according to Wagner theory.85 Therefore, the 
overlay coatings exhibit greatly enhanced resistance to oxidation and cor-
rosion compared with the simple and Pt-modifi ed aluminide coating of the 
fi rst generation. The overlay coatings can be specifi cally developed through 
various coating techniques, including EB–PVD,18,76 plasma spray,80 magne-
tron sputtering,81,82 high-velocity oxyfuel (HVOF),8,20,83 laser cladding,10 etc. 
A typical Ni-base commercial overlay coating is EB–PVD ATD10 
(Ni–20Cr–11Al–0.3Y).

M–Cr–Al–Y overlay coatings always contain a small amount of yttrium. 
The purpose of adding yttrium is to increase the resistance of the protective 
scale (mostly alumina) to oxidation through the so-called REEs which have 
been explained in detail above.37–39 Interestingly, it was found that nano-
crystallization of M–Cr–Al-based alloys without yttrium has an infl uence 
which is somewhat similar to that of yttrium additions in that it increases 
the adhesion of the developed alumina scale by means of several mecha-
nisms as summarized by Peng et al.,11 including forming interfacial ‘oxide 
micropegs’, minimizing the concentration of condensed cation vacancies 
and the segregation of sulfur at the scale/metal interface and increasing 
oxide diffusion creep by favoring the formation of a fi ne-grained scale 
structure. The alloy’s nanocrystallization may also favor an exclusive devel-
opment of a protective scale (mainly alumina), without increasing the con-
tents of Cr and Al. This has made the synthesis of oxidation-resistant NC 
coatings an active fi eld of research since the 1990s.11–23

Several researchers have studied the oxidation of Ni–Cr–Al-type NC 
coatings prepared by sputtering. Chen and Lou86 found that a three-com-
ponent NC coating containing concentrations of both Cr and Al as low as 
5 wt% can develop into alumina scales. For the Ni–20Cr–xAl NC coating, 
only 2.4 wt% Al is needed for selective development to an α-alumina scale 
at 1000 °C, while the minimum content for conventionally coarse-grained 
three-component alloys is 6 wt% Al. Below this concentration limit, the CG 
alloys form an external layer of Cr2O3 and NiCr2O4 spinel with deep internal 
Al2O3 particles underneath.17 An increased ability to selectively form 
alumina scales was also repeated for the oxidation of NiCrAl-type NC coat-
ings prepared by HVOF using cryomilling-produced NC powders.20

The M–Cr–Al-type NC coatings are mostly fabricated by magnetron 
sputtering. The coating species (mainly atoms), which are randomly sput-
tered by Ar ions from the target material, are deposited onto the anode in 
a vacuum chamber. Due to the high-temperature state of the sputtered 
atoms, those arriving at the much cooler anode surface can be effectively 
quenched at a rate approaching 1015 °C/s.87 Such a high quenching rate, 
together with a quick reduction of the stored energy of the sputtered atoms 
by collision in the fl ying track or on the sample surface, does not permit 
adequate time to rearrange the adatoms on the metal matrix through 
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surface diffusion to form an alloy whose phase composition can be pre-
dicted according to bulk thermodynamic criteria. Therefore, the adatoms 
are locally accommodated to assemble a NC solid solution. In other words, 
the non-equilibrium characteristic of sputtering deposition fabricates a NC 
alloy coating with a chemical composition similar to, but phase composition 
dissimilar to, the target alloy. Most recently, a nanograined Ni–Cr–Al coating 
was fabricated by co-electrodeposition of NC Ni matrix and nanoparticles 
of Cr and Al.88 Compared to ternary composites assembled with Cr and Al 
microparticles and conventionally coarse-grained alloys of similar composi-
tion, the nanocomposites exhibited a greatly increased ability to thermally 
develop chromia or alumina scales. The result constitutes a frame of refer-
ence for manufacturing novel oxidation-resistant Ni–Cr–Al-type coatings 
through simple electrochemical deposition, which is a sophisticated tech-
nique with the merits of simple processing, low expense, high productivity 
and good compositional control.

3.3 Metallic coatings as bond coats for thermal 

barrier coatings (TBCs)

Figure 3.3 shows a normal and practical TBC system,25 which has three 
layers made of different materials with specifi c properties and functions; 
from bottom to top, they are (i) bond coat, (ii) TGO (normally Al2O3) and 
(iii) ceramic top coat (mostly YSZ). The bond coat is an oxidation-resistant 
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3.3 Cross-sectional morphology of an EB–PVD TBC coating onto a 
turbine blade, which consists of a top ceramic coat (YSZ), a TGO layer 
(alumina) and a bond coat. (Reprinted from reference [25] with 
permission from Copyright Clearance Center. INC)
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metallic layer 100–200 μm in thickness. Currently, two typical bond coats 
are M–Cr–Al–Y alloy (such as Ni–Cr–Al–Y or Ni–Co–Cr–Al–Y), which is 
deposited using plasma spray or EB–PVD, and Pt-modifi ed aluminides, 
which are deposited by Pt electroplating in combination with pack alumi-
nization or CVD. In many cases, the TBC damage is correlated with the 
oxidation and mechanical properties of the bond coat and the TGO. Driven 
by compressive stresses in the TGO, brought about by oxidation-induced 
volume increase following the Pilling–Bedworth ratio (growth stress) or by 
differences in the coeffi cient of thermal expansion (CTE) between TGO 
and bond coat (thermal stress), the TGO may crack and the TGO/bond 
coat interface may delaminate, which is currently the key reason for spall-
ation failure of the TBC system.25,89

3.3.1 Pt-modifi ed aluminide bond coats

Contemporary commercial gas turbines usually have more advanced 
coating systems, e.g. platinum aluminides (or M–Cr–Al–Y, etc.), on fi rst 
stage blades, and it is estimated that more than 80% of airfoils are coated 
by pack cementation or CVD aluminizing or chromizing processes.24 Since 
the 1990s, aluminide coatings have been recognized as useful bond coats 
for some types of TBCs, capable of offering oxidation resistance.90

Pt-modifi ed Ni–Al coatings are susceptible to the development of surface 
undulations (surface ‘rumpling’) when thermally cycled at elevated tem-
peratures.90–93 Figure 3.4 shows a typical evolution of surface rumpling of a 
Pt-modifi ed Ni–Al coating on René N5 single crystal superalloy by plati-
num electroplating followed by a low-activity CVD aluminizing during 
cycling in air at 1200 °C.91 The rumpling was considered to be local volume 
reduction of the aluminide due to the depletion of Al by oxidation.91 This 
surface rumpling could cause premature coating failure during service, 
which normally occurs in the form of cracking and spallation of the protec-
tive oxide scale along the rumpled ridges and accelerated oxidation.

For a Pt-modifi ed Ni–Al bond coat/EB–PVD YSZ TBC system, the 
growth of the TGO and the mechanical behavior of the bond coat are 
believed to play an extremely important role in determining the life of the 
system. The rumpling of the bond coat can lead to signifi cant out-of-plane 
displacement of the bond coat/TGO interface, which is associated with local 
separations and delamination of the top ceramic coat and overall TBC 
failure. Moreover, other factors, such as surface roughness and defect size 
as well as sulfur impurity of a (Pt,Ni)Al bond coat, can infl uence the damage 
to the top YSZ.25,89 Pt-modifi ed Ni–Al bond coats fabricated by different 
routes will have different structure, chemical composition and surface mor-
phology, which causes damage to the TGO/bond coat according to different 
mechanisms.
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3.4 Rumpling of the bond coat surface polished with 400-grit under 
cyclic loads in air at 1200 °C (1 h cycles): (a) 1 cycle; (b) 10 cycles; 
(c) 50 cycles.91
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3.3.2 M–Cr–Al–Y bond coats

In M–Cr–Al–Y overlay coating systems, Ni–Cr–Al–Y or Ni–Co–Cr–Al–Y 
are two typical coatings used as bond coats. They are normally deposited 
with low-pressure plasma spray (LPPS) or EB–PVD.25,89 The bond coats 
usually consist of γ-Ni solid solution matrix and β-NiAl phases, although 
minor precipitates of γ ′-Ni3Al and σ-(Cr, Co) phases have additionally been 
shown to exist.89,94–96 The concentration of the yttrium added is normally 
around or below 1.0 wt%. The yttrium addition can improve the adhesion 
of the TGO, mainly through scavenging the interface sulfur segregants, 
which would promote the growth of exiting interface voids97 or weaken 
interface bonding.98

The failure mechanism of the Ni–Cr–Al–Y or Ni–Co–Cr–Al–Y bond 
coat/YSZ TBC system is less well understood, because the YSZ top layer 
often fails catastrophically by large-scale delamination.94,99 The dominant 
delamination mode has been reported as separation along the TGO/bond 
coat interface after high-temperature exposure.89,94,99 The interface separa-
tion depends on the synergistic effect of several factors or parameters, 
such as the amount of stored energy in the TGO, the interface chemistry 
(e.g. sulfur concentration), the interface imperfections (e.g., physical defect 
size, yttrium-rich oxide protrusions) and the mechanical behavior of the 
bond coat. The original interface defect is normally considered as one 
important reason for the separation of the TGO from the bond coat. When 
the interface defect (e.g., void and delamination) grows to a critical size, 
local TGO buckling occurs. The critical interface fl aw (c ) of buckling can 
be given by100,101

c
h E=

−( )
π

ν σ
ox ox

ox ox2 3 1 2
 [3.4]

where hox, Eox, νox are the thickness, elastic modulus and Poissons’ ratio of 
the TGO, respectively, and σox is the stress generated in the TGO. It has also 
been reported that oxide intrusions (normally containing reactive element 
such as yttrium) with a range of size and wavelength can be the source of 
the initial oxide delamination.102 In addition, it is noteworthy that a continu-
ous γ-Ni layer can form at the TGO/bond coat interface because of the 
depletion of Al from the β-NiAl during oxidation. The evolution of the γ 
layer strongly depends on the oxidation temperature as well as the number 
of thermal cycles.94 The alumina scale/γ-Ni interface has low toughness, 
especially when segregation or contamination is present in combination 
with moisture in the surroundings.103,104 In most cases, the failure mechanism 
of the TGO/bond coat system follows a route of interface delamination, 
TGO buckling and fi nally the failure of the TBC system.
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3.4 Conclusions

Metallic chromia- or alumina-forming diffusion coatings, which are referred 
to as the fi rst-generation coatings, have been extensively used in gas turbine 
engines for aero-jet propulsion, land-based industrial power generation and 
in industrial boilers for electric generation to prevent oxidation of the 
structural metals in service in high-temperature environments. Compared 
to chromized coatings, aluminized coatings have more application advan-
tages because they can form alumina scales that not only grow slowly but 
are also more thermodynamically stable at high temperatures (over 
>1000 °C) as well as in wet atmospheres. To further improve the oxidation 
resistance, composition modifi cation of aluminized coatings by addition of 
specifi ed elements has been extensively investigated. Compared to conven-
tional NiAl coatings, platinum- and RExOy (Re = Y, La, etc.)-modifi ed 
nickel–aluminide coatings exhibit excellent resistance in thermal cyclic oxi-
dation and hot corrosion. The enhanced adhesion of the alumina scales has 
been proposed as one of the main reasons. Grain refi nement through struc-
tural tailoring may be another approach to further increase the adhesion 
of the alumina scales on aluminide coatings, by preventing the formation 
of large cavities at the oxide/metal interface, an effect for which the funda-
mental reason has not yet been fully explored. Fine-grained aluminide 
coatings can be developed on metals which are nanograined through special 
surface treatment or pre-deposited with a nanocrystalline metallic fi lm such 
as Ni, by means of conventional pack aluminization but at much lower 
temperatures than normal. This processing method enables the fabrication 
of aluminide coatings on ferritic steels at the temperatures below the 
maximum temperature allowed by conventional heat treatment.

Compared to alumina-forming diffusion coatings, alumina-forming M–
Cr–Al–Y overlay coatings (second-generation coatings) have the advan-
tages that their composition can be specifi cally designed and manufactured 
to match not only the particular environment conditions but also the main 
compositions of matrix alloys, making it possible to minimize the inter-
diffusion between coatings and matrix. Inter-diffusion can be best avoided 
by adding nanocrystalline M–Cr–Al-type coatings, because an alumina-
forming M–Cr–Al NC coating may have concentrations of Cr and Al which 
are close to those in conventional M–Cr–Al-base alloys used as the matrix 
for coating. Oxidation of M–Cr–Al NC coatings has been widely investi-
gated since the mid-1990s. For engineering applications, more works on the 
thermal stability and long-term oxidation performance of NC coatings 
should be conducted in the future.

TBCs (typically YSZ) are the third-generation coatings and have the 
most complex structure. The YSZ coat is normally deposited onto a bond 
coat, a metallic coating that is preferentially coated onto the matrix alloys 
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to increase the adhesion of the ceramic during oxidation. The bond coat is 
normally an alumina former, because the alumina TGO has a very low 
growth rate at high temperatures and is phase compatible with YSZ. Two 
major categories of bond coats which have been developed are the Pt-
modifi ed Ni–Al and M–Cr–Al–Y alloys. The rumpling of Pt-modifi ed Ni–Al 
bond coat and TGO buckling of M–Cr–Al–Y bond coat are the major 
mechanisms for damage to the TGO/bond coat interface, which is consid-
ered as an important reason for the mechanical failure of the TBC system 
at high temperatures.
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4
Nanostructured thermal barrier coatings

C. G. Z H O U and Q. H. Y U, Beihang University, China

A bstract: Thermal spray zirconia–8 wt% yttria (YSZ) deposits have been 
employed as thermal barrier coatings (TBCs) in the hot sections of gas 
turbines. The use of nanostructured YSZ represents an alternative for 
improving the performance of these coatings. Before spraying, 
fi nely dispersed particles must be agglomerated. Air plasma-sprayed 
nanostructured zirconia coatings consist of only the non-transformable 
tetragonal phase and the microstructure is composed of nanozones 
(unmelted or partially melted particles), splats, microcracks and high-
volume spheroidal pores. The results indicate that the microhardness, 
elastic modulus and roughness of the nanostructured zirconia coatings 
exhibit the following trends: the smoother the roughness, the higher the 
microhardness and elastic modulus. The decrease of thermal diffusivity 
of the nanostructured coating was attributed to the increase of grain 
boundaries, micropores and defective crystal structure. The smaller the 
micropores are, the more interfaces are produced, and the effect on 
the phonon scattering is higher, resulting in the reduction of thermal 
diffusivity. Meanwhile, the nanostructured TBC also exhibits the 
promising thermal cyclic oxidation resistance.

Key words: nanostructured YSZ coating, air plasma spraying, 
agglomeration, mechanical performance, thermal property.

4.1 Introduction

Since the late 1990s, nanostructured zirconia TBCs have become a hot 
research fi eld due to their low thermal conductivity, high coeffi cient of 
thermal expansion and excellent mechanical properties.1–7 These improved 
properties are caused by the modifi cation to the structure.8–16 The microstruc-
ture and the properties of plasma spray coatings depend on various process 
parameters, and are markedly affected by the characteristics of the feeding 
powder, because the nanostructured powders clearly improve the deposit 
effi ciency, coherence strength and hardness of the coatings.17,18 However, 
the individual nanoparticle is so fi ne that it cannot be used for plasma spray. 
Before spraying, fi nely dispersed particles must be agglomerated to a size 
of about 30–100 μm. The microstructure, density and grain size of the 
powders determine the quality of the coating.19,20 Meanwhile, phase trans-
formation of as-sprayed zirconia coatings in the service environment is 
believed to be an important factor affecting the durability of the 
coating.21–23
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The spray drying process of compositing the powders, the phase stability 
and the mechanical and thermal properties of the nanostructured YSZ 
coating are discussed in this chapter. The fi rst section is about the spray 
drying process of compositing the ceramic powders. In the following section, 
the phase composition and microstructure characterization of the nanostruc-
tured as-sprayed zirconia coatings are studied; the infl uence of annealing 
temperature and time on the phase stability and grain growth are also 
discussed. In the next section, the mechanical properties of nanostructured 
YSZ coating are discussed. In the last section, the thermophysical properties 
and the failure behavior of the plasma-sprayed nanostructured TBCs are 
illustrated.

4.2 Spray-drying process making powders

Due to its lower inertia force, the nanopowder cannot penetrate the hot gas 
downstream. Even if it can penetrate into the plasma plume, particles will 
be easily vaporized because of the low mass. This is the reason why the 
particle needs to be agglomerated. Spray-drying is a process by which a 
fl uid feed material is transformed into a dry powder by spraying the feed 
into a hot medium.

Spray-drying is a complex process, but we now propose a simple mecha-
nism to describe the spray-drying process of ceramics with four steps as 
illustrated in Fig. 4.1:24 (i) droplet formation; (ii) evaporation and balloo-
ning; (iii) explosion; (iv) particle formation. The drying gas is introduced 
through the ceiling to the drying chamber. When the suspension is pumped 
into the drying chamber, it is separated into small droplets immediately by 
the compressed feeding gas. Then, the droplet shrinks because of the fast 
evaporation of the solvent. During the process of liquid moving from the 
inside to the outside of the droplet, the solid particles are carried along. 
Inside the droplet, a void is produced when the evaporation rate inside the 
droplet is higher than the diffusion rate through the droplet surface. When 
the pressure inside the droplet reaches a certain level, explosion is unavoi-
dable. In the fourth step, the particle is plasticized by the loss of solvent and 
the addition of organic binder. The plasticized droplet shrinks continuously 
due to the effect of surface tension until it is totally dried. The particle size 
should be mainly determined by the third step at which most of the solvent 
has been lost and a soft shell is formed.

Figure 4.2 shows microphotographs of some spray-dried powders.24 
SPL10 (3YSZ) (Fig. 4.2a) has a smooth surface, explaining why this powder 
has a good fl owability. The particle is an agglomeration of a large amount 
of small particles which are tightly combined with each other by organic 
binder. Figure 4.2b shows the microstructure of SPL17 (3YSZ + 6 wt% 
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Drying gas

Particle formation

Explosion

Ballooning

solid moving

Droplet formation

Feeding gas Suspension

4.1 Spray-drying process of ceramics.

Al2O3). Particles of this powder have much larger hollow centres than those 
of SPL10 (3YSZ) with a low bulk density (1.56 g/cm3) and large mean size 
(39.8 μm). Although its particle size is large, this powder is not suitable for 
plasma-spraying because of its low density. Figure 4.2c shows SPL18 (3YSZ 
+ 6 wt%Al2O3) with its starting powder densifi ed by calcination at 1200 °C 
for 10 h before drying. The particles are much smaller and more spherical 
than those of other powders. Figure 4.2d shows SPL19 (3YSZ + 1.8 wt% 
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(a) (b)

(c) (d)

SPL10-3YSZ 30 μm

30 μm 20 μm

30 μmSPL17-3YSZ + 6 wt% Al2O3

SPL 18-3YSZ + 6 wt% Al2O3, 1200°C SPL 19-3YSZ + 1 wt% EC17.6.99

4.2 Scanning electron micrograph s of spray-dried powders: (a) SPL10 
(3YSZ); (b) SPL17 (3YSZ + 6 wt% Al2O3); (c) SPL18 (3YSZ + 6 wt%Al2O3, 
starting powder calcined at 1200 °C, 10 h); (d) SPL19 (3YSZ + 1.8 wt% 
PEI + 1 wt% ethylcellulose).

PEI + 1 wt% ethylcellulose). Most of the particles are not spherical having 
a cotton-like appearance due to the swelling or crack of cellulose. The mean 
particle size and bulk density of this powder are 7.3 μm and 1.27 g/cm3, 
respectively. The controlling factor of the property of spray-dried powders 
is the suspension preparation. In order to prepare a powder with high 
density, large particle size and good fl owability, the solid content in the 
suspension should be high enough, and the starting powder should be den-
sifed at an appropriate temperature before drying if it is porous.

4.3 Phase composition and microstructure of 

nanostructured thermal barrier coatings (TBCs)

4.3.1 Phase composition

The mean grain sizes of the matrix t-ZrO2 phase in heat-treated coatings 
were roughly estimated using the Scherrer equation25–26

B
D

p 2
0 9θ λ

θ
( ) = .

cos
 [4.1]
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where D is the average dimension of crystallite, Bp(2θ) the broadening of 
the diffraction line measured at half maximum intensity and λ (0.154 nm) 
and θ denote the wavelength of the X-rays and the Bragg diffraction angle. 
The correction for instrumental broadening is taken into consideration in 
the measurement of the peak broadening by comparing the widths at half 
maximum intensity of X-ray refl ection of the sample with the single crystal-
line Si standard, and then Gaussian correction is used to remove the instru-
mental broadening to obtain the true crystal broadening

B B Bp h f
2 2 22 2 2θ θ θ( ) = ( ) − ( )

where Bp(2θ) is the true half maximum width and Bh(2θ) and Bf(2θ) are 
the half maximum widths of the sample and the single crystalline Si stan-
dard.27 The theta value of 2θ = 30° is selected to calculate the crystallite size 
and the peaks belong to ZrO2.

Figure 4.3 shows the X-ray diffraction patterns of the powder and as-
sprayed coating.28 It can be seen that there is no new phase in the coating 
and no clear difference in the peak intensities between the powder and 
coating. Both the powder and coating are composed of pure tetragonal 
zirconia, which is the stable phase in the middle temperature. However, the 
X-ray pattern of the coating has two more peaks than that of the powder, 

(a)

(101)

(101)

(110)

(200)

(211)

(202) (220)

(b)

(110)

(002) (103)

(200)
(211)

(202) (220)

20 40 60 80

4.3 XRD patterns of (a) starting ZrO2 powder and (b) as-sprayed ZrO2 
coating.
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which indicates that the coating has a better crystal structure than the 
powder.

4.3.2 Microstructure

The transmission electron microscopy (TEM) image reveals the grain size 
of primitive particles and the as-sprayed coating, as shown in Fig. 4.4.29 It 
can be seen that the non-molten phase of the coatings is composed of fi ne 
grains with sizes ranging from 30–50 nm. No smaller grains were found in 
the TEM image. Details of the microstructural features before and after 
annealing were examined through scanning electron microscopy (SEM) 
observation on the surface of top coat.29 Figure 4.5 presents the surface 
morphology of nanostructured zirconia coatings in the as-sprayed state and 
after 15 h heat-treating at different temperatures. The as-sprayed microstruc-
ture is composed of the nanopowders and micropores between the nano-
powders. The size of the nanopowders increases after annealing at different 
temperatures for 15 h. Further details of the microstructural features of the 
nanostructured zirconia coating after annealing were examined through 
fractured surfaces of coating.

The measured surface-connected porosity of the freestanding nanostruc-
tured zirconia coating is 13% and the median pore diameter (volume) is 
0.3524 μm.30 Figure 4.6a shows the cumulative porosity distribution of the 
coating measured by mercury intrusion porosimetry. Figure 4.6b illustrates 
the compositions of porosity based on the result of the porosity measure-
ment in Fig. 4.6a. The result reveals a bimodal pore size distribution, similar 

(a) (b)

50 nm 50 nm

4.4 TEM image of the primitive nano YSZ particles (a) and the 
as-sprayed coating (b).
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SE 10-Jan-05 WD 6.2 mm x15 k 2 μm

2 μm

(a)

SE 10-Jan-05 WD 6.1 mm x15 k 2 μm

2 μm

(b)

SE 10-Jan-05 WD 6.1 mm x15 k 2 μm

2 μm

(c)

SE 10-Jan-05 WD 6.1 mm x15 k 2 μm

2 μm

(d)

SE 10-Jan-05 WD 5.6 mm x15 k 2 μm

2 μm

(e)

SE 10-Jan-05 WD 5.5 mm x15 k 2 μm

2 μm

(f)

4.5 Surface morphology of the nano YSZ coatings at different 
temperatures after heat treatment for 15 h: (a) as-sprayed state; 
(b) 600 °C; (c) 800 °C; (d) 900 °C; (e) 1000 °C; (f) 1150 °C.

to that in the conventional zirconia coatings.31,32 Micropores contribute a 
larger percentage of the total porosity than macropores. The fi ne micropo-
res, with diameters smaller than 1 μm, include intrasplat microcracks, inters-
plat gaps resulting from poor adhesion and small voids originating from the 
unmelted particles. A spot of macropores or large defects, with pore sizes 
of even up to 100 μm, are also present in the coating, which could be mainly 
attributed to macrocracks such as branching cracks, interlamellar pores due 
to improper adhesion and globular pores as a result of gas entrapment. The 
level of coating porosity is signifi cantly connected with the spray conditions 

�� �� �� �� ��



82 Thermal barrier coatings

© Woodhead Publishing Limited, 2011

(a) (b)

0.035

0.030

0.025

0.020

0.015

0.010

0.005

0.000

0.035

0.030

0.025

0.020

0.015

0.010

0.005

0.000

0.0035

0.0040

0.0045

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000C
u

m
u

la
ti
ve

 i
n

tr
u

s
io

n
 (

m
L

/g
)

500 100 10 1 0.1 0.01

Diameter (μm)

C
u

m
u
la

ti
ve

 i
n

tr
u

s
io

n
 (

m
L

/g
)

Total pore Micropores Macropores

Specimen

Cumulative intrusion
Incremental intrusion

In
c
re

m
e

n
ta

l in
tru

s
io

n
 (m

L
/g

)

4.6 Porosity distribution of the as-sprayed nanostructured zirconia 
coating (a), and composition of the total porosity (b).

such as powder sizes, spray distance, spray angle, etc. To some extent, the 
unmelted powders in the nanostructured coating help increase the number 
of micropores.

4.4 Mechanical properties

4.4.1 Hardness and elastic modulus

The nanostructured PSZ (ZrO2-7 wt% Y2O3) experimental powder Nanox 
4007 (Inframat Corp., North Haven, CT, USA) was plasma sprayed under 
different parameters in air on mild steel substrates with a 40 kW, standard 
SG100 plasma torch (Praxair, Appleton, WI, USA). The substrates were 
grit-blasted with alumina just before thermal spraying (Ra = 4.1 ± 0.3 μm). 
The substrates were not pre-heated. Typical coating thickness was 
0.9–1.1 mm. The spray parameters applied are listed in Table 4.1.33

Vickers microhardness measured on cross-section and top surface for 
1000 g is shown in Fig. 4.7.33 The value measured at top surface has slightly 
lower values than that measured at cross-section. Microhardness measure-
ments in thermal spray coatings with respect to the planar or cross-sectional 
aspects of individual splats will correspond with area measurements on 
circles or ellipses. The planar hardness values were normalized with respect 
to the cross-section hardness values for indenting loads of 1000 g. Knoop 
microhardness values measured using 1000 g on the cross-sectional area are 
given in Fig. 4.8.33 The Knoop values are lower than the Vickers values at 
the same load. In addition, the variation in Knoop values is higher than that 
in Vickers. Both phenomena are probably related to the difference in geo-
metry of the two indenters, which provide different force fi elds in the 
coatings.

Observing Figs 4.7 and 4.8, leads to the following trend. Following the Ra 
axis from left to right, from spray parameter 1 to spray parameter 6, the 
torch power is decreasing and the spray distance is increasing. When the 
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Table 4.1 Spraying parameters used for PSZ coatings

Parameters Set 1 Set 2 Set 3 Set 4 Set 5 Set 6

Power (kW) 40 40 40 40 32 24
Current (A) 800 800 800 800 800 600
Voltage (V) 50 50 50 50 40 40
Ar fl ow plasma (slpm) 48 38 48 38 48 48
H2 fl ow plasma (slpm) 5 5 5 5 4 4
Ar fl ow carrier gas (slpm) 5 5 5 5 5 5
RPM-Hopper (%) 30 30 30 30 30 30
Spray distance (cm) 6 6 8 8 8 8
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4.7 Vickers microhardness–roughness relationship (1000 g load) for 
different sets of spray parameters (Table 4.1).

plasma torch power is decreased, particle temperature and velocity will 
tend to drop, which will impede a larger spreading of the sprayed droplet. 
The values of elastic modulus and their relationship with roughness are 
shown in Fig. 4.9. Again the same trend is observed: the smoother the 
coating is, the higher the Knoop microhardness and elastic modulus are. A 
dashed line was placed in Figs 4.8 and 4.9 as a ‘guideline for eye’ to show 
this trend. The elastic modulus slightly changes from spray parameters 1 to 
4, where the same plasma power was applied for different H2/Ar ratios and 
a difference in spray distance of 2 cm. This experimental observation agrees 
with the elastic modulus measurements of PSZ coatings via the four-point 
bending method, which shows that the PSZ coatings did not present a 
signifi cant change in elastic modulus values as varying the spray distance 
by 2 cm maintained the same plasma power.
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4.8 Knoop microhardness–roughness relationship (1000 g load) for 
different sets of spray parameters (Table 4.1).
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4.9 Elastic modulus–roughness relationship for different sets of spray 
parameters (Table 4.1).

4.4.2 Coeffi cients of thermal expansion (CTE)

Figure 4.10 shows the thermal expansion coeffi cient of nanostructured zir-
conia coating.34 The average thermal expansion coeffi cient of the zirconia 
coatings at the fi rst thermal cycle and second thermal cycle from room 
temperature to 1200 °C are 11.0 and 11.6 × 10−6 °C−1, respectively. The 
thermal expansion coeffi cient of the zirconia coating increased in the begi-
ning and then decreased from room temperature to 300 °C in the fi rst 
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4.10 Coeffi cient of thermal expansion (CTE) of the nanostructured 
zirconia coating.
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4.11 Compression creep strain of nanostructured samples under 
different stresses at 1000 °C.

thermal cycle. This behavior is ascribed to the oxygen loss phenomenon in 
ceramic coatings prepared by atmospheric plasma spraying. When the as-
sprayed zirconia coating was heated in atmosphere, the oxygen atoms were 
added to the vacancies of the coating again. The phenomenon disappeared 
in the second thermal cycle. During the second thermal cycle, the coeffi cient 
of thermal expansion increased linearly according to the increasing 
temperature.

4.4.3 Creep

Figures 4.11 and 4.12 show the creep strain of nanostructured coatings 
under a range of stresses and temperatures over two days.35 It is clear that 
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4.12 Creep strain of nanostructured samples at different temperatures 
under ∼4 MPa compressive stress.

this nanostructured coating, in spite of applying much lower stresses, exhi-
bits an order of magnitude higher creep strain than the hollow spherical 
YSZ deposits. As was observed for the hollow spherical YSZ samples, the 
nanostructured deposits exhibit primary and secondary creep. As load and 
temperature of the test conditions are increased, the amount of creep strain 
rises accordingly. Again, temperature has a more signifi cant effect than load, 
as is clear in Fig. 4.12.

From the creep data, using the power-law creep (Ô = Aσn) and Arrhenius 
(ε = Aexp − Q/RT) equations, stress exponents and activation energies for 
the coatings were calculated where Ô is creep strain, A a constant, s applied 
stress in MPa, ε strain rate, Q activation energy, R gas constant and T tem-
perature in Kelvin (Fig. 4.13).35 The nanostructured deposit shows a slightly 
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4.13 Calculation of activation energy of nanostructured and hollow 
spherical YSZ samples, 165 ± 40 and 192 ± 25 KJ/mol, respectively.
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lower activation energy of 165 ± 40 KJ/mol compared with 192 ± 25 KJ/mol 
for the hollow spherical YSZ sample; however, as to the interval of values, 
they may not be very different.

4.5 Thermophysical properties and the failure 

behavior

4.5.1 Thermal diffusivity

Figure 4.14 presents the thermal diffusivity of the as-sprayed nanostructu-
red zirconia coatings and conventional zirconia coating as the temperature 
rises from room temperature to 800 °C. It can be seen that the thermal 
diffusivity of both coatings decreases slightly as the temperature increases. 
The thermal diffusivity of the as-sprayed nanostructured zirconia coating 
was in the range 2.15–2.75 · 10−3 cm2/s during the temperature change from 
room temperature to 800 °C , while the thermal diffusivity of conventional 
zirconia coating was 2.35–2.96 · 10−3 cm2/s. The thermal diffusivity of the 
plasma-sprayed nanostructured zirconia coating is lower than that of con-
ventional zirconia coating. The decrease in the thermal diffusivity is attri-
buted to the micropores in the nanostructured zirconia and the decreased 
grain size of nanostructured zirconia coatings. When the temperature is 
below 1200 °C, phonon transport dominates the heat conduction through 
zirconia. For conventional materials, the grain boundary contribution to 
phonon scattering is thought to be small.36,37 However, when the grain size 
is of the same order as the mean free path for phonon scattering, grain 
boundaries can have a signifi cant effect. Kabacoff37 investigated the infl u-
ence of nanograin size on the phonon conductivity of zirconia-7 wt% yttria 
as a function of temperature. It was found that the thermal conductivity is 
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4.14 Thermal diffusivity of the as-sprayed nanostructured zirconia 
coating and conventional zirconia coating.
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drastically reduced for fi ne-grained materials, particularly when the grain 
size is of nanometer dimensions.

A cyclic oxidation test was performed to investigate the cyclic oxidation 
kinetics of nanostructured TBC. Figure 4.15 shows a plot of the weight 
change per unit area vs number of cycles for the test performed at 1050 °C 
in static air.38 The nanostructured TBC had a weight gain of approximately 
1.2–1.6 mg/cm2 after 300 cycles, indicating a low oxidation rate. Moreover, 
the abrupt loss in weight for the nanostructured TBC did not occur until 
after approximately 600 cycles. The result indicates that the thermal cyclic 
lifetime of the nanostructured TBC is about 600 h for 1 h cycles at 1050 °C. 
The nanostructured TBC exhibits promising thermal cyclic oxidation 
resistance.

4.5.2 Failure mechanism

Table 4.2 shows the thermal cyclic life of two different TBCs under different 
thermal cyclings. It was found that the number of thermal shock cycles to 
failure at 1150 °C of the nanostructured TBCs was about two to four times 
larger than that of the conventional TBCs after thermal cyclic testing for 
300 cycles at 1000 °C, and exhibited little increase after the isothermal oxi-
dation for 100 h at 1000 °C.39 These facts indicate that the infl uence of the 
low-temperature thermal cycling on the thermal cyclic lifetime is larger 
for the conventional TBCs than for the nanostructured TBCs. Figure 4.16 
shows the cross-sectional micrograph of the failed nanostructured 
TBCs subjected to thermal cyclic testing at 1150 °C. The sample shown in 
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4.15 Kinetics of nanostructured TBC during 1 h cycles at 1050 °C.
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Table 4 . 2 Thermal cycles of nanostructured and conventional TBCs

Type Nanostructured TBCs Conventional TBCs

Pre-treatment 1000 °C × 300 
cycles

1000 °C × 100 h 1000 °C × 300 
cycles

1000 °C × 100 h

Life 19 38 38 23 36 45 7 10 10 24 29 35

Mean life 32 34 9 29

(a)

(b)

50 μm

50 μm

4.16 Cross-sectional micrograph of the failed nanostructured TBCs. 
(a) The sample experienced 38 cycles at 1150 °C after 300 cycles at 
1000 °C; (b) the sample experienced 36 cycles at 1150 °C after 
isothermal oxidation for 100 h at 1000 °C.
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Figure 4.16a has experienced thermal cyclic testing for 300 cycles at 1000 °C 
before the thermal cyclic test at 1150 °C, while the sample in Fig.4.16b expe-
rienced isothermal oxidation testing at 1000 °C for 100 h. The two nanostruc-
tured TBCs samples withstood a further 38 and 36 thermal cycles at 1150 °C, 
respectively. The failure of the coatings in two nanostructured TBC samples 
occurred within the top coat through spalling of the YSZ within YSZ coating 
close to the YSZ/thermal growth oxide interface. The failed cross-sectional 
microstructure of the conventional TBCs is shown in Fig. 4.17. It was noted 
that the failure also occurred within the top coat above thermal grown oxide 
(TGO), which indicates that the failure of the nanostructured TBCs is 
similar to the failure scenario of the conventional TBCs.40–42 However, it was 
found that the TGO adheres well to the underlying bond coat. Possibly, such 

(a)

(b)

50 μm

50 μm

4.17 Cross-sectional micrographs of failed conventional TBCs. The 
sample experienced 29 cycles at 1150 °C after isothermal oxidation for 
100 h at 1000 °C. (a) and (b) taken at different zones in the failed 
interface.
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well-adhered TGO can be attributed to the nanostructure of the bond coat, 
which promotes the rapid formation of a uniform Al2O3 scale on the bond 
coat surface during the pre-heat treatment.43–47

Moreover, it can be seen in Fig. 4.18 that the buckling of the nanostruc-
tured YSZ top coat occurred before it spalled out. The buckling may suggest 
the possible sealing of the YSZ top coat surface through sintering. Although 
the failure mechanism of the TBC deposited by nanostructured YSZ in the 
present study is not yet clear, it is possible that the sintering of the nanosized 
YSZ fraction in the coating during high-temperature cyclic testing is respon-
sible for the failure of the top YSZ coat.48,49 This effect is possibly associated 
with the infl uence of the thermal cycling at 1000 °C on the thermal shock 
life of two different TBCs owing to much less sintering and possibly sustai-
nable higher strain tolerance of the nanostructured TBCs.

4.5.3 Sintering of nanostructured Al2O3-yttia stabilized 
zirconia (YSZ) coating

Figure 4.19 shows the cumulative porosity distribution of the free-standing 
coating specimens which is determined by mercury porosimetry (MP). 
Cumulative porosity is the pore content normalized to the volume of the 
sample. In Fig. 4.19, it is clearly shown that the sintering of the coating leads 
to a lower porosity, as the annealing treatment time increased from 0 to 
300 h, and the cumulative porosity decreased from 23.8 to 18%. The poros-
ity is composed of micropores (diameter < 4 μm) and macropores (diameter 
> 4 μm). The presence of macropores above 4 μm in the coating reduced 
fractionally from 5.9 to 5.8% after heat treatment at 1100 °C over 0–300 h. 
However, the micropores below 4 μm reduced from 17.8 to 12.2% after 
annealing at 1100 °C over 0–300 h. After heat treatment at 1100 °C for 25 h 
and 100 h, the percentage of the small pores in the sintered sample is 14% 
and 17%, respectively.

The sintering resistance of the nanostructured Al2O3–YSZ coating can be 
understood by the shrinkage of the porosity.50 During the sintering process, 

2 mm

4.18 Cross-sectional micrograph of the failed nanostructured TBCs 
showing the overview of a buckle. The samples experienced 36 cycles 
at 1150 °C after isothermal oxidation of 100 h at 1000 °C.
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4.19 The cumulative porosity variation of the nanostructrued 13AlYSZ 
coating before and after heat treatment at 1100 °C for 25 h, 100 h and 
300 h.

due to the presence of nanostructured particles and porosity, the porous 
nanozones are under a higher driving force for sintering and densifi cation,51 
which leads to a fast sintering. Therefore, the nanozones tend to densify 
rapidly and the porosity of the coating decreased from 23.8 to 22.1% after 
annealing treatment for 25 h. With the annealing treatment ongoing, the 
velocity of sintering is reduced, and the porosity dropped to 21.8% after 
annealing treatment for 100 h. This is caused by the grain growth and the 
precipitation of Al2O3. The grain growth leads to a lower driving force for 
sintering and the precipitation of Al2O3 pins the boundaries, making sinter-
ing diffi cult. When the annealing time increases to 300 h, the porosity 
decreased to 18%. The slightly greater reduction in porosity per unit time 
from 100 to 300 h may simply be an experimental error since it is very dif-
fi cult to measure the porosity level in a coating very accurately. Usually, an 
accelerated sintering occurs in the early stage, i.e. 25 h in this work, because 
the initial higher porosity and fi ner particle sizes contributed to sintering. 
As a result, an apparent shrinkage is observed at this stage. In this study, 
about 6% porosity decreased in the sintering process, similar to the ten-
dency for the sintering of traditional 7 wt%Y2O3-stabilized ZrO2 ceramic 
coating.52

4.6 Conclusion

Studies on nanostructured air plasma-sprayed YSZ coatings have shown 
that it is paramount to carefully control the spray parameters in order to 
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avoid the complete melting of the nanostructured YSZ agglomerates in the 
plasma jet, thus preserving and embedding part of the nanostructure of the 
agglomerates into the coating microstructure. Those coatings were produ-
ced from microscopic porous spray-dried particles formed via the agglome-
ration of individual nanosized YSZ particles. The semi-molten agglomerates, 
once embedded in the coating microstructure, created a bimodal feature, 
which consisted of a structure formed by the resolidifi cation of agglomera-
tes that had been fully molten in the spray jet combined with zones resulting 
from the incorporation of semi-molten material. By controlling the amount 
of previously molten and porous semi-molten particles embedded in the 
coating microstructure, it was possible to change considerably the mecha-
nical response of the coating. Therefore, this bimodal microstructure affec-
ted the mechanical behavior of the coating. In recent years, new classes of 
ceramic materials having very low thermal conductivity and better high-
temperature stability have been identifi ed as potential successors to YSZ. 
In order to lower thermal conductivity, YSZ coatings have been modifi ed 
by doping with several additives, such as Al2O3, NiO, Nd2O3, Er2O3, Yb2O3. 
However, these new materials have not yet been matured for practical 
application because of their poor mechanical and/or chemical properties. 
In the future, nanostructured YSZ coatings modifi ed by Al2O3, La2O3, HaO2, 
etc. will be extensively investigated.
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5
Plasma spraying for thermal barrier coatings: 

processes and applications

J. L. X U and K. A. K H O R, Nanyang Technological 
University, Singapore

Abstract: Plasma spraying processes are utilized for a wide range of 
industrial applications. This chapter reviews some fundamental aspects of 
plasma-spraying technology with the aim of understanding and 
controlling particular processes and mechanisms governing the 
formation and properties of plasma-sprayed coatings. The chapter mainly 
highlights the current status of plasma spraying in the biomedical fi eld 
and the problems associated with plasma spray coating of 
hydroxyapatite which has shown promising effects on rapid bone 
remodeling and suitable functional life in orthopedic and dental 
applications.

Key words: plasma, plasma spraying, coating, biomaterials, 
hydroxyapatite, in vitro.

5.1 Introduction

Thermal plasma spraying is a process whereby a powder feedstock is 
injected into a high temperature plasma jet in which fi nely divided metallic 
and non-metallic materials are deposited in a molten or semi-molten state 
on prepared substrate.1,2 It has been used as an effective and economical 
method for producing ceramic coatings on metallic substrates and produc-
tion of bulk powders from spheroidisation. This has been motivated mainly 
by the strong drive for high-performance materials and the growing need 
for new material-processing technologies. Particles injected into plasma 
zone will experience extreme heating rates and temperatures as high as 
10 000 K. Since plasma spraying is a very high-temperature process, the 
injected particles with varying size distribution will melt to yield an aerosol 
of molten droplets. Particles above critical size range may experience only 
partial melting while small particles may have a layer of vaporised materials 
surrounding the liquid droplets.3 Hence the plasma processing of a material 
with its stringent requirements needs to be carefully controlled to produce 
the desired results. Thus, the full potential of plasma technology depends 
on our ability to achieve the optimal match between the process require-
ments and the characteristics of the plasma source and reactor design used. 

�� �� �� �� ��



100 Thermal barrier coatings

© Woodhead Publishing Limited, 2011

The plasma process has evolved over the years into a highly fl exible coat-
ings system capable of applying a wide range of materials. A major applica-
tion of plasma spraying is to protect aircraft engine components by 
deposition of aerospace coating such as thermal barriers of zirconium/
magnesium or alumina on metal substrates. Recently, it has also been used 
as a tool to process bio-ceramic materials such as hydroxyapatite (HA) as 
both coatings and powders.4–12 In this chapter, a brief review of applications 
of plasma processing in biomaterials will be presented.

5.2 Basic plasma concepts

When we use the term plasma in daily life, normally plasma TV will come 
to mind, but what is plasma and how does it work? Apart from its applica-
tion in plasma fl at panel display, plasma processing has actually been used 
in many areas such as plastic bags, automobile bumpers, airplane turbine 
blades, artifi cial joints and semiconductor circuits. In physics and chemistry, 
plasma is defi ned as the fourth state of matter, the other three being solid, 
liquid and gas. Plasma is a partially ionised gas consisting of charged par-
ticles which have high kinetic energy and are normally at very high tem-
peratures, of the order of ∼10 000 K.1,2 A better understanding of the plasma 
beam can be obtained from a simplistic explanation of the plasma from gas 
mechanics. The properties of a gas are primarily dependent on the move-
ment of its molecules. During this movement, the molecules continually 
exchange energy and pulse through collisions with one another. When a 
certain amount of energy is supplied to a gas, the velocity of its molecules 
increases, the collisions become more frequent and the temperature of the 
gas increases. If the velocity is increased suffi ciently, the molecules of the 
gas disintegrate into atoms upon mutual collisions, a process known as dis-
sociation. When higher energy is applied, for example from a high electrical 
fi eld, even the electrons forming the atomic shells are forced out. This 
process is known as ionisation. Upon ionisation, the electron released is in 
a higher state of energy and will soon return to its original path to minimise 
its energy. This stabilises the electron and releases energy in the form 
of kinetic or electromagnetic energy, which is the difference between 
the energy of the ionised electron and the energy of the electron in its 
original path.

The fi nal result of the whole dissociation and ionisation process is plasma, 
which contains electrically charged particles. However, the plasma is out-
wardly neutral as it will contain the same number of electrically positive 
and negative charges. Also, the processes of dissociation and ionisation are 
thermally balanced. This means that it is dependent on temperature, where 
equilibrium between the dissociation and ionisation processes and the 
appropriate reverse reactions are achieved. Another reaction, known as the 
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recombination process, also takes place continuously in the plasma. Depend-
ing on the way energy is released in the recombination process, several 
basic mechanisms of electron recombination can be categorised. Some of 
these are:12

 1. Recombination with emission of radiation

A+ + e → A + h.v

 2. Recombination with doubled excitation, when releasing energy causes 
displacement of two electrons with the formation of a neutral atom

A+ + e → A**

 3. Recombination at triplex, which is collision with electron, charged par-
ticle and neutral particle

A+ + e + K → A + K

To start the whole dissociation and ionisation process, it is fi rst necessary 
to supply an external force. This can be in the form of high temperature or 
by the action of a high electric fi eld.

A plasma jet can be generated by passing a gas through an electric arc. 
Ionisation of the gas then takes place and this gas stream is in turn con-
verted into an extremely hot plasma jet once a process called ‘electrical 
breakdown’ takes place. The output, temperature and velocity are the main 
characteristics of the plasma beam. The temperature is dependent on the 
ionisation degree, which is then dependent on the kind of plasma gas and 
the parameters employed in the plasma torch. As an approximation, the 
mean temperature of the plasma can be calculated by dividing the mean 
enthalpy of the plasma by the gas volume, assuming that all heat is uni-
formly distributed over the gas volume.

The velocity of the plasma beam can be approximated by applying fun-
damental gas mechanics laws for gas fl ow through a cylindrical tube, during 
its simultaneous heating. The dependence of velocity after heating can then 
be approximated from the equation of constant fl ow rate and the state 
equation of the gas, provided the gas pressure is assumed constant. Due to 
the kinetic and thermal effects of the plasma beam, the source material 
entering the plasma is accelerated and, depending on the input of thermal 
energy, conditions arising from plasma–particle interactions such as a great 
variety of phase changes take place. The fi rst phase change takes place after 
the solid powder is injected into the plasma torch, i.e., melting. It has been 
pointed out that the degree of melting is very important for the fi nal density 
of deposits. When the particles leave the plasma, they quench very quickly 
to produce, depending on different working conditions, non–equilibrium 
and different amounts of both crystalline and amorphous phases.12 From 
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the practitioner’s point of view, these phase changes can sometimes be 
benefi cial; at other times, they are detrimental. Hence, it is important to 
study all of the possible phase changes occurring during plasma spraying.

5.3 Plasma spraying

There are several principal plasma generating devices currently used in 
material processing. These include direct current (DC) plasma torches, DC 
transferred arcs, radio frequency inductively-coupled plasma torches and 
hybrid combinations of them. DC plasma torches are the most commonly 
used plasma generation devices (about 99% of the market). In most cases 
(about 95% of the plasma spray market), DC plasma guns are working in 
air at atmospheric pressure. Ar, He, N2 and their mixtures are the most 
commonly used gases. Figure 5.1 shows a typical DC plasma jet generated 
by striking a DC electric arc between two electrodes within the torch. Gas 
fl owing between the electrodes can be heated up to temperatures of 
6000–10 000 K. The electric arc partially ionises the gas to form the plasma.

In a material processing through plasma spraying, the material to be 
deposited (feedstock), typically in powder form but sometimes a liquid or 
suspension or wire, will be injected through an external feed-port or inter-
nally in the high-temperature plasma. Melting takes place almost instanta-
neously. The molten particles are then accelerated rapidly towards the 
substrate. The deposits consist of a multitude of pancake-like lamellae 
called ‘splats’, formed by fl attening of the liquid droplets. As the feedstock 
powders typically have sizes from micrometers to above 100 μm, the lamel-
lae have thickness in the micrometer range and lateral dimension from 
several to hundreds of micrometers. Due to the signifi cant difference in the 
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5.1 Schematic of plasma-spraying system.
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temperature of the liquid droplet and the substrate, the spreading of the 
droplet on impact will be limited mainly by the solidifi cation process that 
is taking place simultaneously. Typically, the cooling rate of the droplets is 
∼106 Ks−1 or greater. Adherence of the adjacent discs will likely take place 
through various contact points made prior to complete solidifi cation. The 
microstructure of the coatings is therefore related to the nature of the 
interface between randomly stacked lamellae and the internal structure 
with each lamella produced by the rapid solidifi cation process.

Some of the inherent defects of plasma-sprayed coating are voids, inclu-
sions and poor adhesion of the lamellae. These may have arisen due to 
variation in the plasma-spraying process. Among them are fl uctuations in 
powder feedrate, spraying cross-head speed and spraying distance. Other 
causes are incomplete melting of large particles and splashing of droplets 
on impact. In addition, due to the extreme conditions, transformations 
involved with feedstock related to physical and even both physical and 
chemical changes involving melting and rapid solidifi cation, vaporisation, 
condensation and other chemical reactions might take plae. A popular 
application for plasma-spraying processes is to produce a coating material 
on a substrate, depending on its composition and desired coating perfor-
mance. Figure 5.2 shows a schematic diagram of particles impinging onto a 
substrate during the process of building up a coating. Examples of plasma-
sprayed coatings can be found in a wide range of industry types where 
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5.2 Process of building up a coating.
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coatings are used to provide protection against various forms of wear and 
corrosion or to give thermal protection or some desired physical character-
istics such as electrical insulation.

5.4 Applications of plasma spraying

5.4.1 Application in biomaterials

A biomaterial is a material in contact with fl uids, cells and tissues of the 
living body utilised to evaluate, repair or replace any tissue or organ of the 
body.13 A prerequisite for any synthetic material implanted in the body is 
that it should have good mechanical strength, high chemical stability, high 
corrosion resistance, very low toxicity and high biocompatibility.13 Metals 
such as titanium, titanium alloys, stainless steel and CoCr-based alloys are 
popularly used as implant materials for their superior properties in terms 
of static and dynamic mechanical strength. In the past few years, researchers 
have been trying to improve on these mechanical properties and to develop 
new series of materials that can guarantee not only superior mechanical 
performance but also an excellent biological response. For this purpose, 
different materials have been produced to meet almost every conceivable 
need. Yet not all the problems connected with these implants, such as dis-
tance cell migration, breakage, stress shielding, reactivities and growth 
restriction, have been solved.14 Moreover, the surface of the metal implant 
can become corroded and discolored and in some instances release metallic 
elements to the surrounding tissues when used in the corrosive environment 
of a human body. Ti–6Al–4V alloys show many desirable features, such as 
biocompatibility, high corrosion resistance, excellent strength-to-weight 
ratio and so on, and they have been widely used in aerospace and orthope-
dic applications. Their corrosion resistance can be attributed to a passiv-
ation layer on the surface. However, it can be easily worn out and 
wear-corrosion failure can occur because of electric cell reactions between 
the passivated and non-passivated layers.15

Biomedical coatings generally have to satisfy specifi c requirements such 
as high crystallinity, high coating adhesion and suitable porosity.16 It is nec-
essary to enhance biocompatibility, accelerate post-operative healing and 
improve adhesions. Coatings have specifi c functions ranging from improv-
ing fi xation by establishing strong interfacial bonds, shielding the metallic 
implant from environmental attack or leaching effects, promoting fast tissue 
growth and interaction by the presence of a catalyst material and minimis-
ing adverse reaction by the provision of a biocompatible material.

Bone is mainly composed of mineral components, water and collagen 
fi bers. A schematic anatomical view of a long bone is shown in Fig. 5.3.17 
The major subphase of the mineral consists of submicroscopic crystals of 
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5.3 Organization of a typical bone.

an apatite of calcium and phosphate, resembling HA in its crystal structure. 
A typical wet cortical bone is composed of 22 wt% organic matrix, 69 wt% 
mineral and 9 wt% water. It has been known that HA can form strong 
biological bonds with bony tissue without the presence of soft fi brous 
tissues. The provision of a high-calcium and phosphorus-rich environment 
promotes rapid bone formation within the vicinity of the HA implant. HA 
also establishes strong interfacial bonds with titanium implants. Its excellent 
biointegration makes it an ideal choice for use in orthopedic and dental 
applications.18 Some authors claimed that HA may act as a biological barrier 
to reduce toxic responses caused by the release of metallic ions from the 
metal substrate into the bone.19

The chemical formula of HA is presented as Ca4(I)Ca6(II)(PO4)6(OH)2 
(Ca10(PO4)6(OH)2). The Ca(I) atoms are on the fourfold symmetry 4(ƒ) 
position and the Ca(II) atoms are in the sixfold symmetry 6(h) position.19 
The OH groups occupy disordered positions above and below the triangles 
formed by the Ca(II) atoms. The disorder of the OH groups gives rise to a 
‘macroscopic’ space group P63/m (as determined by X-ray diffractometry), 
which is lost at the level of the individual columns.20

As shown in Figs 5.4 and 5.5, biological HA has a hexagonal lattice 
with the space group of P63/m21 with dimension a = b = 9.432 Ǻ and 
c = 6.881 Ǻ.. The apatite structure of HA is represented by two sets of hex-
agonal cells shown in Fig. 5.5: OH atoms, represented by the solid dots, form 
the HA unit cell and Ca atoms, represented by the open dots, form a smaller 
hexagonal cell (without an indentical point in the center). The size ratio of 
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5.4 Crystal structure of HA:21 a = b = 9.418 Ǻ and c = 6.884 Ǻ .

5.5 (0001)-plane of HA at z = 3/4.

the HA unit cell to the Ca cell is about 3. The crystal data of HA and 
some other physical properties are shown in Table 5.1. The ideal Ca:P ratio 
of HA is 10 : 6 and the calculated density is 3.21 g/cm.

HA promotes rapid bone growth and bonding between bony tissue and 
implant surfaces. Thermodynamically, HA is the most stable calcium phos-
phate compound at any given pH, temperature and composition of physi-
ological fl uid. However, the poor mechanical properties of bulk HA ceramics 
have provided impetus to research in HA coatings on metallic substrates 
in order to maintain biocompatibility and to improve mechanical proper-
ties. Thermal-spraying processes with their wide array of operating param-
eters are fl exible manufacturing tools in production of bioactive HA 
coatings. Direct current (DC) plasma spraying of HA, in particular, since 
1980s has been carried out by many researchers.22–29 However, many chal-
lenges have been met. HA, in the light of its biomedical application, demands 
stringent processing conditions before a successful outcome is achieved. 
Consequently, several critical issues have been recognised concerning the 
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Table 5.1 Physical properties of HA

Molecular weight 1004.8
Space group P63/m
Lattice constants a = 0.9423∼0.9418 nm, c = 0.6881∼0.6884 nm
Chemical unit number Z = 1
Theoretical density ∼3.156 g/cm3

Thermal diffusivity ∼5 × 10−3 cm2/s

plasma spraying of HA. Some have been extensively studied, thus overcom-
ing the problem and establishing new knowledge and understanding of this 
class of calcium phosphates. However, many remain to be addressed. Some 
concerns regarding the plasma spraying of HA include:

 1. induced chemical changes resulting in deviation from stoichiometry and 
decomposition;

 2. amorphisation upon spraying;
 3. induced stresses due to rapid heating and cooling;
 4. full quantifi cation of phases (including amorphous phase) after 

spraying.

5.4.2 Decomposition and chemical changes

Plasma spraying, being a non-equilibrium process, is bound to produce 
changes to the starting material after processing. When HA is introduced 
into the plasma, which is typically 15–20 × 103 K, it generally undergoes 
decomposition, melting and even vaporisation. The degree of these pro-
cesses depends on a large number of factors, including initial size and size 
distribution of feedstock powders, chemical purity, pressure, feed rate, the 
power used for spraying and stand-off distance (for coatings). Even though 
the residence time of particles in the plasma is approximately 2–3 millisec-
ond, the heat input is high enough to cause decomposition and partial 
melting of HA. Decomposition of HA after plasma spraying has been noted 
by several authors:30–34

Ca10(PO4)6(OH)2 → 3Ca3(PO4)2 + CaO + H2O
 (above 1200 °C)  [5.1]

Ca10(PO4)6(OH)2 → 2Ca3(PO4)2 + Ca4P2O9 + H2O
 (above 1400 °C)  [5.2]

2Ca10(PO4)6(OH)2 → 5Ca3(PO4)2 + Ca4P2O9 + CaO + 2H2O
 (above 1400 °C)  [5.1] + [5.2]

Ca10(PO4)6(OH)2 → Ca10(PO4)6O (oxyapatite)
 (above 1400 °C)
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There are also fi ndings that the formation of the higher temperature phases 
such as α-tricalcium phosphate (TCP) and tetracalcium phosphate (TTCP) 
occurs subsequent to the formation of oxyapatite (OAp).34 The loss of water 
is also thought to produce a solid solution of HA and OAp in which the 
chains of OH− are replaced by O2− and vacancies. The formation of CaO in 
the as-sprayed HA also suggests that P2O5 depletion occurs during the 
powder-spraying process.

Other than decomposed phases, the as-sprayed HA also contains amor-
phous material. This amorphous material has been seen as a problem by 
some in HA coatings, especially when the amorphous content is concen-
trated at the interface between implant and coating.35,36 It is also the view 
of several researchers that the presence of the amorphous phase in plasma-
sprayed HA coatings is detrimental not only to the interface between the 
coating and substrate but the coating and the implanted area in the biologi-
cal environment.37,38 Others such as Gross and Berndt, however, believe that 
the presence of the amorphous can be useful for absorbing mechanical 
mismatch and the promotion of bone remodeling.34,39 In DC plasma spray-
ing, the formation of the amorphous phase is thought to be related to the 
rapid heating and cooling experienced by material undergoing plasma 
spraying. It was noted too that formation of the amorphous phase is also 
related to the partial dehydroxylation of HA during spraying.39 Gross and 
Berndt have presented a model to highlight the changes to HA after plasma 
spraying which gives an idea of what phases can be present in the as-sprayed 
powders.39

It is also known that the cooling rate has an important role in the forma-
tion of the various calcium phosphates. In plasma processing the cooling 
rate is so high that equilibrium phase transformations are a near impossibil-
ity. However, depending on the thermal treatment, different amounts of 
decomposition and amorphisation can take place. Other than temperature 
(thermal treatment), partial water vapor pressure also determines 
the thermal stability of HA, and hence the level of decomposition it 
experiences.39,40

It was reported that the comparative dissolution behavior of different 
monophasic calcium phosphates in increasing order is as shown below:

HA << β-TCP < OHA < α-TCP < CaO < TTCP << ACP

where ACP is amorphous calcium phosphate. Since the dissolution behavior 
of the coatings refl ects their phase distribution, the presence of metastable 
components (e.g., TCP, TTCP) in turn leads to an increase in instability of 
the coatings. Therefore the phase balance of the plasma-sprayed coating 
may affect its long-term behavior under in vivo conditions.
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5.4.3 In vitro tests

The growth of apatite crystals on the surface determines the characteristics 
and performance of a number of biomaterials. Because body fl uid is highly 
supersaturated with respect to apatite, apatite deposition may occur on the 
surface of any biomaterial immersed in body fl uid. For biomaterials that 
could be used in contact with bone, it is desirable to enhance growth of 
apatite on the implant surface. This will subsequently result in the formation 
of a chemical bond between bone and biomaterial. Figure 5.6 presents the 
proposed bonding between bone and implant. The precipitated apatite 
layer will serve as a substrate for subsequent protein adsorprtion and bone 
cell attachment. The proteins from the body serve as cell receptors, and 
adsorb onto the apatite surface (cell ligand), thus enabling cells to attach 
onto the implant.

These biological properties of biomaterials should be tested before 
medical application. However, considering the inconvenience involved in 
testing within the living organism (in vivo test), many studies seeking a 
comprehensive understanding of the factors that control the biomechanical 
properties have been conducted through in vitro studies. Actually, in vitro 
(Latin: within the glass) testing refers to the technique of performing a given 
procedure in a controlled environment outside of a living organism.

In some in vitro studies, the material is immersed in a protein-free and 
acellular solution that has an ion concentration nearly equal to that of 
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5.6 Schematic showing the proposed mechanism facilitating the 
bonding of bone to certain implants.41
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human blood plasma; i.e., simulated body fl uid (SBF). Because its chemical 
composition is close to that of human blood plasma, the bioactivity of an 
artifi cial material can be evaluated by examining the formation of apatite 
on its surface following immersion in SBF. It has been suggested that the 
effi cacy of apatite nucleation is dependent not only on the composition of 
the biomaterial, but also on its concentration and structural arrangements. 
After soaking in SBF for a period, an HA sample is negatively charged 
immediately due to OH− and PO4

3− and the positively charged Ca2+ ions in 
the fl uid. As the calcium ions accumulate, the surface imparts a positive 
charge, and thus combines with negatively charged phosphate ions in the 
fl uid to form ACP. This phase is metastable, and eventually transforms into 
stable bone-like apatite. The apatite layer formed incorporates carbonate 
ions from the solution into its lattice by substituting phosphate groups. This 
substitution promotes the differentiation of marrow stromal stem cells into 
osteoblasts (bone-producing cells) that are responsible for the formation of 
bone. After immersion in SBF for 12 days, Yu et al.42 reported the formation 
of a dune-like layer consisting of small granules on the as-sprayed HA 
coating (Fig. 5.7). With continued immersion, the layer became denser and 
the granules gradually grew.43

Cell culture is another in vitro technique in cellular biology that is carried 
out in a Petri dish. It is used not only to test material cytotoxicity (cell 
poisoning), but also to investigate surface-dependent responses of bone-
forming cells. The quality of the bone where cell cultures are to be grown 
is taken into account in in vitro study. This kind of approach concerning in 
vitro research requires models that simulate the in vivo conditions: the 
study of primary osteoblast (bone-forming cell) behavior seems relevant to 
this purpose. Such a cell culture experiment provides evidence of enhanced 
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5.7 SEM micrograph of as-sprayed HA coating.
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adhesion of osteoblasts on the nanophase HA. Moreover, cell culture work 
provides information on cell proliferation, alkaline phosphatase activity 
and concentration of calcium in the extracellular matrix. In vitro cellular 
models have been used to determine the effi cacy of HA to serve as bone 
prostheses.44,45 A study by Khor et al. shows that the osteoblasts proliferated 
well on a HA coating surface.46 All cells spread well and grew favorably 
across the coating surfaces. As observed, the cells are seen to be fl attened 
and to attach tightly onto coating surfaces with their fi lopodium and lamel-
lipodium, suggesting good cell viability on HA coatings.

5.5 Conclusions

Investigation of the current state-of-the-art in plasma-spraying technology 
has indicated that opportunities exist to signifi cantly improve upon modern 
plasma-spraying systems. One such opportunity is the tailoring of pore 
morphologies to improve the insulative properties of the coatings. Sche-
matically, based on the current studies on CaP biomaterials, potential future 
development of new CaP biomaterials will mainly be obtained via nano-
technologies. There are several recommendations for future studies in 
this fi eld:

 1. Future researchers should give careful consideration to selecting the 
appropriate approach to synthesise nanostructured CaP materials. This 
judicious selection would help to transfer the technology from labora-
tory- to industrial-scale application.

 2. In addition to the currently required characterisation, broader assess-
ments of the new biomaterials should be conducted. For example, an 
evaluation of the strengths and weaknesses, short-term and long-term 
successes and failures through in vivo study would be extremely helpful 
with respect to medical application within the human body.
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Processing, microstructures and properties of 

thermal barrier coatings by electron beam 
physical vapor deposition (EB–PVD)

S. G O N G and Q. W U, Beihang University, China

Abstract: Thermal barrier coatings (TBCs) produced by electron beam 
physical vapor deposition (EB–PVD) have exhibited some advantages 
over those produced by plasma spraying, being the most promising 
protective coatings for hot components used in rotation condition. In 
this work, the physical principles of EB–PVD technology are described. 
Processing, microstructures and properties of EB–PVD TBCs are 
reviewed. The failure mechanisms of EB–PVD TBCs subjected to 
thermal cyclic loads are also discussed.

Key words: thermal barrier coatings (TBCs), electron beam physical 
vapor deposition (EB–PVD), microstructure, property, processing.

6.1 Introduction

The major objectives of the turbine industry are to increase the engine 
combustion temperature, to double the thrust to weight ratio, and to 
improve the thermal effi ciency of turbine components under severe envi-
ronmental conditions at elevated temperatures.1,2 The use of nickel-based 
superalloy materials has resulted in an increase of almost 100 °C in engine 
operational temperature in the past 50 years.3 However, the limits of thermal 
stability have been reached. It has been suggested that a reduction in metal-
lic temperature of 30–60 °C can produce a twofold increase in the life of 
turbine components. Thermal barrier coating (TBC) systems, as a means of 
protecting metallic substrates from high temperatures, can decrease the 
metallic temperature and improve the service life of turbine components. 
Therefore, through reducing the thermal conductivity of the TBCs by alter-
ing the microcomposition or by microstructural modifi cations, the life of 
turbine components can be prolonged.4

The typical TBC consists of two layers: an outer insulated ceramic top 
coat (TC), with its main function of reducing the heat transfer to the metal-
lic substrate; and a metallic bond coat (BC) which mainly affects oxidation-
resistance and is the actual thermal barrier. These are deposited directly 
onto the surface of the metallic components, BC fi rst followed by TC. 
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During operational service, a thermally grown oxide (TGO) is formed 
between BC and TC as a result of oxidation of the BC at high temperatures. 
Since the top ceramic layer can endure a higher temperature than the 
metallic substrate, the engine operating temperatures can rise, prolonging 
the life of metal components when subjected to high temperature and pres-
sure and reducing their cooling requirements, thus providing benefi ts in 
performance, effi ciency and durability of the engine.5–10

Thermal barrier coatings deposited onto turbine components using the 
electron beam–physical vapor deposition (EB–PVD) process usually have 
unique columnar structures capable of narrowing the technological gap 
between insulation/life extension and reliability.5

The TBC materials and structures, processing techniques, properties and 
associated failure mechanisms have been briefl y demonstrated in this 
chapter. Herein, we would present the processing, microstructures and 
properties of TBCs by EB–PVD in detail.

6.2 Description of the physical principles of electron 

beam physical vapor deposition (EB–PVD)

EB–PVD is widely used in the preparation of thick coatings as one of a 
variety of coating manufacturing methods in vacuum. In this method, a 
high-energy electron beam which is able to achieve rapid melting and 
evaporation is focused on target materials. Then the vapor is deposited onto 
certain substrates where it can evaporate both metals and ceramics. The 
high rate of deposition makes it popular in a wide range of application 
markets, such as optical prisms, fi lters, semiconductors and a high-value 
thermal barrier coating device, etc. The fi rst system for the preparation of 
thermal barrier-coated EB–PVD in gas turbine blades was developed by 
the German company Leybold-Heraeus in the late 1960s.11

Since the 1980s, the USA, the UK, Germany and the former Soviet Union 
countries have been investigating the physical vapor method of deposition 
to prepare TBC. The early EB–PVD technology is mainly used for the 
preparation of MCrAlY coatings. As the equipment is expensive and the 
production cost is relatively high, the development of EB–PVD technology 
has had to cease. In the early 1980s, the American company, Airco Temescal, 
prepared a reproducible, high-quality TBC in the laboratory using EB–
PVD technology for the fi rst time. In the mid-1980s, P & W, GE and other 
companies began to utilize the EB–PVD method for the processing of 
TBCs in rotor blades and guide vanes in aviation turbine engines. During 
the same period, the Soviet Union also used the EB–PVD techniques and 
successfully made TBCs for rotor blades in military aircraft. In the mid-
1990s, the Paton Welding Institute in Ukraine produced low-cost EB–PVD 
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equipment, which was applied in the USA and Europe, and the EB–PVD 
TBC technology reached a new peak.

The electron beam is used as a heat source in EB–PVD. Since the evapo-
rating rate is high, almost all the materials can be evaporated, and the 
interfacial bonding between the deposited coating and substrate is much 
stronger than plasma-sprayed coatings. As the processing parameters, such 
as electron beam power, beam spot size and location, can be controlled 
accurately, it is feasible to obtain a uniform coating thickness. Reactions 
between evaporation materials and crucible at high temperature can be 
avoided since the crucible is water-cooled, and it will not contaminate the 
coatings. The main processing procedures in the EB–PVD method are as 
follows: the electron beam with high energy density focuses on the target 
surface under magnetic or electric fi eld and heats the target to a suffi ciently 
high temperature to cause evaporation, then the evaporative atoms from 
the melted target move to the substrate surface and fi nally solidify to form 
fi lms in a low-pressure environment.

The substrate is usually heated during the process of preparing the 
coating, in order to activate the surface of the substrate and then to improve 
the bonding between coating and substrate. When the atoms of the vapors 
impinge on the surface of the substrate, they may exist in several states: 
completely depositing onto the substrate, diffusing into the substrate and 
reacting with elements of the substrate, or re-evaporating from the sub-
strate. All of these states can be controlled by changing the conditions of 
the substrate or the processing parameters of EB-guns.

The variable parameters include substrate temperature (Ts), shape, struc-
ture, composition and cleanliness as well as the electrical potential differ-
ence between the source of evaporation and the substrate. The substrate 
temperature plays a key role among these parameters. When the thickness 
of the fi lms exceeds a few hundred nanometers, the crystal structure of the 
sediments depends on the substrate temperature. If the temperature of the 
substrate is Ts < 2/3Tm (Tm–metal melting point, K), the metal atoms directly 
condense from vapor into solid phase; when Ts > 2/3Tm, the metal atoms 
change from vapor into a liquid phase (droplets); once the droplets reach 
a certain size they can be crystalloid.12

The following relationship exists between the substrate temperature and 
the microstructure of the coating, which is recognized as the classic EB–
PVD coating-structural relationship model.

 1. When Ts/Tm < 0.3, the coating presents as a dome of columnar structure 
due to a self-shadowing effect and an inadequate diffusion of the depos-
ited atoms in the surface of the substrate. The grain boundary has more 
pores.

�� �� �� �� ��



118 Thermal barrier coatings

© Woodhead Publishing Limited, 2011

 2. When 0.3 < Ts/Tm < 0.5, a dense columnar grain structure forms and 
the coating structure forms owing to the condensation controlled by the 
surface diffusion. In this context, as Ts increases, the grain size of the 
columnar crystal also increases. A transition zone exists between zones 
I and II, which comprises close-packed fi brous grains.

 3. When 0.5 < Ts/Tm < 1, a recrystallization structure forms which is mainly 
controlled by volume diffusion.

6.3 Manufacturing of thermal barrier coatings (TBCs) 

by EB–PVD

The EB–PVD method (illustrated in Fig. 13.1) is mainly used for the prepa-
ration of gas turbine engine blades, and its industrial production system 
consists of a central vapor deposition chamber (main chamber) and two 
target storage rooms (pre-vacuum chambers), equipped with a total of 2∼6 
electronic guns; one gun is used to pre-heat the substrate and other guns 
are used for heating target materials and causing evaporation of the materi-
als. There are three water-cooled copper crucibles in the main vacuum 
chamber. The target material (bar) can be fed slowly by the lower transmis-
sion components. Three guns can heat three individual crucibles, respec-
tively. In the evaporation chamber, the substrate can rotate or tilt 
simultaneously according to the needs of the workpiece geometry and 
coating thickness distribution. There are valves between the deposition 
chamber and the pre-vacuum room, so that the workpiece can be fed into 
the deposition chamber. While one workpiece is being deposited, the other 
is kept in a warm condition. When the deposition is fi nished, another pre-
heated workpiece passes into the deposition chamber, thereby achieving 
continuous production.

Multipurpose EB–PVD equipment is illustrated in Fig. 6.2. There are six 
electron guns and four water-cooled crucibles equipped in the main vacuum 
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6.1 Industrial production system of EB–PVD:13 1. main chamber; 
2. pre-vacuum chamber; 3. horizontal transmission and rotation 
components of workpiece; 4. transmission components for target 
material; 5. vacuum chamber.
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6.2 Multi-purpose EB–PVD equipment:13 1. main chamber; 2. electron 
guns and housing; 3. horizontal transmission for shielding; 4. vertical 
transmission for workpiece; 5. transmission for target material; 6. pre-
vacuum chamber; 7. horizontal transmission for workpiece; 8. vacuum 
chamber.

chamber, and the device has only a pre-vacuum chamber, which is different 
from the industrial production system. This device also has a workpiece-
supported structure which could rotate around the vertical axis and feed a 
frame used for vacuum melting in the horizontal direction. Therefore, it can 
be used not only in coating but also in preparing multi-layer fi lm and a 
variety of coatings, including depositing coatings in the C/C fi bers, deposit-
ing superconducting coatings in conventional wire and preparing a new 
alloy or melting metals and alloy with electron beam.

The coating processing is fi nished in the vapor deposition chamber. 
Because coating material vapor needs to be uniformly distributed, the 
speed of coating materials, the activated gas pressure and electron beam 
scanning on the target must be precisely controlled.

It is very important to pre-heat the vanes before the deposition of the 
coatings.14 The pre-oxidation of the bond coat before deposition of the 
ceramic coating can not only improve the combinational strength between 
the ceramic coating and the bond coat, but can also decrease the oxidation 
rate. The metal substrate temperature strongly infl uences the microstruc-
ture and life of the coating. Vanes are usually heated to 1073–1323 K before 
deposition. Since the sizes and qualities in various parts of the blade are 
different, and more heat is absorbed in the thick roots, the electron guns 
for warming should stay in the roots longer. Pre-heating procedures are 
designed according to the size and quality of a blade in order to ensure that 
the temperature of every part is uniform, rising to 1323 K within 15 min. 
Pre-heating blades with electron guns could heat one part precisely and 
achieve a uniform temperature fi eld. It could increase the heating speed, 
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which boosts the rate of deposition in the coating. If the conditions are 
well-controlled, the blade surface temperature fl uctuation will be ∼10 K.

6.4 EB–PVD TBC microstructure and its advantages 

over plasma-sprayed coatings

The state-of-the-art TBCs consist of a ceramic top coat, typically 7 wt% 
yttria-stabilized zirconia (7YSZ), which has low thermal conductivity, is 
chemically inert in the combustion condition and has a relatively high coef-
fi cient of thermal expansion which is reasonably compatible with Ni-based 
superalloys.15 There are two main categories of metallic bond coat: one is 
the NiCoCrAlY-based system and the other is the Pt-modifi ed diffusion 
aluminide. As 7YSZ is essentially transparent to oxygen at a high tempera-
ture, a TGO layer, mainly comprising thin, dense and continuous α-Al2O3, 
is formed between the bond coat and the YSZ top coat, thus providing 
oxidation protection.16 The top coats can be deposited by EB–PVD or by 
atmospheric plasma spraying (APS). The highly porous microstructures 
presented in EB–PVD and APS top coats reduce the inherent thermal 
conductivity. Thus, the differences in shape, orientation and pore distribu-
tion are the cause of the different values of thermal conductivity between 
EB–PVD and APS coatings.17,18

Strain-tolerant TBCs are deposited with two methods, namely EB–PVD 
and APS. EB–PVD evaporates the oxide and directs the vapor onto the 
pre-heated component from an ingot. A columnar grain structure is formed 
during EB–PVD deposition (Fig. 6.3a).6 In the case of plasma spray, the raw 
material powders are melted and accelerated until they impinge upon the 
substrate at very high speed, rapidly solidifying to form a ‘splat’ (a fl attened 
particle). The successive impingement of the molten particles and inter-
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6.3 SEM micrographs of cross-sections of EB–PVD coating (a) and 
APS coating (b).
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bonding among the splats develops to deposit coatings.19,20 The deposition 
is designed to incorporate inter-splat porosity with a network of crack-like 
voids that provide strain tolerance again, while lowering the thermal 
conductivity (Fig. 6.3b). Plasma spray (PS) deposition is a lower cost 
alternative.6

In the EB–PVD process, the coatings developed by vapor condensation 
offer superior strain tolerance and thermal shock resistance. The resistance 
to oxidation and corrosion is also better than APS coatings, and thus service 
life is prolonged.21,22 The interface in EB–PVD is integrated mainly by 
chemistry bonding. Furthermore, the surface fi nishing is smoother, cooling 
hole closure is avoided and an aerodynamic design of the blades is main-
tained. The columnar microstructure of EB–PVD coatings has been found 
to offer the superior performance and durability necessary for gas turbine 
blade applications.1,2 However, one disadvantage of EB–PVD coatings 
arises from the columnar structure, which leads to high thermal conductivity 
compared to that of APS coatings. APS coatings have a splat-based layered 
structure which offers advantages over EB–PVD in terms of insulation and 
cost-effectiveness.24

Plasma spray TBCs have been applied to commercial parts of jet engines 
since the 1980s because of the relatively simple and inexpensive equipment 
required. Plasma-sprayed coatings are still used in combustors and other 
hot-gas path components although they have a porous and extensive 
cracked structure. Studies have shown that during thermal loading, the 
coating integrity could be lost as a result of damage propagation within the 
coatings.2

All major gas turbine engine manufacturers have used EB–PVD to 
produce TBCs. With further understanding of TBC systems, we would be 
able to improve maintenance scheduling, allow more positive usage and 
design systems with improved reliability and capability. Deposition param-
eters such as chamber pressure, substrate temperature and rotation speed 
have infl uenced the morphology and density of the columnar microstruc-
ture of EB–PVD TBCs accordingly.25 The low thermal conductivity and 
high values of strain tolerance in the ceramic top coat are due to its intrinsic 
columnar microstructure. The effi ciency of thermal insulation is closely 
related to the porosity of TBC materials. In the EB–PVD process, an elec-
tron beam heats the source material, then the vapor is produced and the 
evaporated atoms condense onto the substrate. Crystal nuclei form on the 
favored sites, growing either laterally or in the through-thickness direction, 
so as to form individual columns, resulting in a high degree of inter-
columnar porosity.26,27 This specifi c coating structure provides more stress 
release with low in-plane Young’s modulus under thermomechanical load-
ing. Also, the structure can adapt to thermal stresses due to the coeffi cient 
of thermal expansion (CTE) mismatch. In addition, the microstructure and 
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texture throughout the thickness of the coating are variable during deposi-
tion, since growth depends on competitive processes.28

6.4.1 Typical microstructure of the conventional TBCs

Due to its intrinsic columnar microstructure, the EB–PVD TBC exhibits 
low thermal conductivity and high values of strain tolerance. It has a unique 
microstructure containing individual primary columns, which grow on the 
substrate in a preferred crystallographic direction by adding atoms to the 
vapor phase. The growth of this column produces an inter-columnar open 
porosity which provides the TBCs with high strain tolerance. Substrates 
rotation during vapor deposition-processing produces an additional intra-
columnar closed porosity. Furthermore, a feather-like subcolumnar struc-
ture forms at the periphery of each primary column with surfaces 45–60° 
inclined toward their growing axis due to over-shadowing (Fig. 6.4). The 
total porosity increases and therefore the thermal conductivity of the mate-
rial is low. Finally, the secondary columns, so-called feather-arms, lie inside 
the columns due to the rotation of the specimens during the vapor deposi-
tion process, and an additional intracolumnar closed porosity inside the 
primary columns is produced as well (Fig. 6.4).25,28

The YSZ–TBC shows a typical columnar structure which is normal to the 
BC surface. One column is generally believed to be a single crystal that 
grows continuously from the substrate. A single column consists of several 
different misorientated fi ne subcolumns, with nanopores along subcolumn 
boundaries. The YSZ plate-like grains in each subcolumn are stacked peri-
odically along the growing direction of the subcolumn with a constant 
spacing. The nanopores at the subcolumn boundaries are perpendicular to 

BFI 100 nm

6.4 TEM showing the feather-like microstructure of EB–PVD YSZ 
coating.

�� �� �� �� ��



 Processing, microstructures and properties of TBCs by EB–PVD 123

© Woodhead Publishing Limited, 2011

the growth direction of the subcolumns. Such nanopores are formed due to 
the misorientations of YSZ plate-like grains between subcolumns.25,29

It is well accepted that the deposition parameters such as chamber pres-
sure, substrate temperature and rotation speed can accordingly infl uence 
the morphology and density of the columnar microstructure of EB–PVD 
TBCs. Schulz and Schmucker30 investigated microstructural properties of 
ZrO2–4at% Y2O3 coatings deposited with different thicknesses and at dif-
ferent substrate rotation speeds. The 0 rpm specimen consisted of simple, 
straight columns. The 1 rpm specimen had a wavy microstructure. In con-
trast, specimens deposited at higher rotation speeds consisted of straight 
columns with banded structures. Nanosized pores less than 50 nm in diam-
eter could be observed in the columnar grains. All the coatings had a 
columnar microstructure with gaps between columnar grains. The grain size 
of the columns increased with increasing coating thickness and speed of 
rotation. The total porosity of the coating layers increased with increasing 
substrate rotating speed.

6.4.2 Multi-layered and graded TBCs

To overcome the disadvantages of YSZ, candidate materials that can with-
stand higher gas-inlet temperatures have been investigated, and multi-
layered and graded structures have been produced. It has been shown that 
the thermal cycling lifetimes of the multi-layered coatings are two or three 
times longer than those of the single ceramic layer coatings.31 The multi-
layered and graded structures are introduced below.

• Multi-layer system: Since thermal barrier coatings must endure arduous 
environments, such as corrosion, oxidation and thermal shock, it is nec-
essary to develop a multi-layer system with several functions. Multi-
layer systems generally consist of bonding layer, ceramic thermal barrier 
layer, anti-corrosion layer and diffusion barrier layer. The dense layer 
and barrier layer on the outside protect the inner layer from the diffu-
sion of corrosive salts and other deposits into the metallic bond coat. 
Since there are a series of problems that remain unsolved in this multi-
system, it has not yet been put into practical use. However, it is quite 
promising if the design of the system can be optimized.

• Gradient-layer system: In this system (shown in Fig. 6.5), the transition 
from metal layer to the ceramic layer is continuous and gradual.32 The 
sharp interface between metal and ceramic disappears. As a result, the 
premature spalling of TBCs due to the metal/ceramic thermal expansion 
coeffi cient mismatch is avoided. This coating structure design is consid-
ered to be the best solution in prolonging the thermal cycling lifetime 
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while ensuring thermal barrier insulation.33 According to G. Zinsmeis-
ter’s theory, when the electron beam evaporation power is constant, the 
vapor pressure of each phase in the mixture is dependent on the fraction 
of each phase in the mixture. Following this idea, a NiCoCrAlY/NiAl/
Al2O3/YSZ gradient TBC was produced by co-evaporation and deposi-
tion of the mixture of Al–Al2O3–ZrO2.33–37 During the processing, since 
PAl > PAl2O3 > PZrO2, the Al phase was fi rst evaporated from the source 
of the mixture. As the temperature increased, the evaporation rate of 
Al2O3 increased gradually. Finally, the evaporation of ZrO2 phase was 
also fi nished. As a consequence, a continuous structure and the transi-
tion of the composition between the bond coat and YSZ topcoat were 
realized. Afterwards, the deposited coatings were annealed in vacuum. 
During annealing, inter-diffusion between the bond coat and the transi-
tion layer occurred, resulting in the elimination of the interface.

On thermal exposure during service, the porous coatings will sinter, 
caused by ageing under service conditions, bringing about changes in the 
distribution and morphology of the open and closed porosity. The driving 
force for this process is the decrease in surface energy. The gaps between 
the individual columns were narrowed and even disappeared. The number 
of gaps between the subcolumns decreased. The sharp gaps observed in the 
as-deposited coating became blunted, as shown in Fig. 6.6. Also, the nano-
pores inside each column revealed spheroid morphology.

There are two important factors which affect the performance of the 
entire system. The fi rst is that the thermal conductivity as one of the key 
functional properties of TBC will increase. Both inter- and intra-columnar 
porosity decrease as a result of sintering inducing reduction of the surface 
area. The columns join together to form blocks separated by cracks perpen-
dicular to the interface. The cracks originate near the substrate/coating 
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6.5 SEM micrograph of cross-section of gradient thermal barrier 
coating (GTBC) produced by EB–PVD (a) and related element profi le 
across the thickness of the GTBC (b).34
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interface and run parallel to the interface, affecting the thermal conductiv-
ity. Thermal conductivity increases due to the alteration of the porosity 
distribution, size and morphology and the decrease in the amount of poros-
ity.28 Additionally, the in-plane strain tolerance is reduced after the columns 
sinter together to form bridges at the contacting points. The phases also 
change from the initial metastable tetragonal phase into a mixture of tetrag-
onal phase in the case of the Y–PSZ coatings at high temperature.38

6.5 Hot-fatigue behavior and failure mechanisms 

of TBCs

Thermal cycling lifetime is one of the most important properties for TBCs, 
which actually governs the duration of hot components in engines. However, 
there is lacking a reliable and precise method for evaluating damage and 
predicting the service life of TBCs based on thermomechanical character-
istics.39 The unique columnar microstructure of EB–PVD ceramics exhibits 
a higher strain tolerance, but failure still occurs by spallation.40,41 The failure 
of TBC systems usually occurs near the vicinity of the TGO scale, at the 
TGO/bond coat interface, within the TGO and at the YSZ/TGO inter-
face.16,42–45 The failure mechanism is typically associated with buckling and 
spallation of the ceramic top coat from the TGO or at the TGO/bond coat 
interface.46–49 Final spallation of the TBC involves edge-cracking resulting 

1 μm

6.6 TEM image of EB–PVD YSZ coatings after 100 h heat-treatment at 
1373 K.
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from oxidation and stress singularity, buckling and a ‘link-up’ of micro-
cracks at the TGO/bond coat interface with the pre-existing microcracks at 
the YSZ/TGO interface.49,50

For EB–PVD TBCs with PtNiAl bond coats, several mechanisms leading 
to TBC failure have been observed, including buckling, accelerated grain 
boundary oxidation, excessive TGO thickness and interfacial instability 
such as rumpling and ratcheting.51 There are several phenomena responsi-
ble for the spallation of YSZ after thermal cyclic oxidation, including forma-
tion and thickening of TGO resulting from oxidation of the bond coat; 
formation of the spinel such as Ni, Co-rich oxides; phase destabilization of 
YSZ coating; densifi cation of YSZ coating by sintering; sulfur segregation; 
formation of voids at the TGO/bond coat interface.49

In general, the TGO plays a signifi cant role in affecting the thermal 
cycling life of EB–PVD TBCs.38,49 The TGO layer has two types of mor-
phologies: regular undulation and irregular imperfections of thickness. The 
growth of the TGO layer follows the kinetics of parabolic law. Rumpling 
of the TGO/bond coat interface could cause localized cracking at the YSZ/
TGO interface. Surface rumpling of the TGO occurs due to formation of 
voids at the TGO/bond coat interface and phase transformation of the bond 
coat. Formation of spinel is attributed to depletion of Al in the bond coat. 
The stress distribution in the direction of the thickness of the TGO layer is 
not uniform. The stress near the ceramic top coat is smaller than that close 
to the metal bond coat due to the stress in the direction of thickness.

TBCs tend to spall when they are subjected to thermal cycling due to 
thermal stresses generated by thermal expansion mismatching with the 
underneath metal substrate as well as the temperature gradients, residual 
stresses during deposition, phase transformations, progressive sintering of 
the ceramic top coat and environmental corrosion and erosion.53 The stress 
in the TGO layer is signifi cantly affected by the composition and structure 
of the top coat and bond coat, the creeping behavior of the bond coat and 
the morphologies and phase constituents of the TGO.38

TBCs reveal different failure modes when they suffer from different 
serving conditions. These serving conditions are usually combinations of 
temperature gradient, mechanical loads and atmospheres coupled with oxi-
dation and hot corrosion. There are two predominant failure modes for 
EB–PVD TBCs on turbine airfoils according to the engine-operating condi-
tions. TBC failure typically occurs by cracking at one of the divides by the 
TGO interfaces (TBC/TGO or TGO/BC) when the TGO reaches a critical 
thickness of more than 5 μm under long-cycle, low-temperature operating 
conditions (cyclic oxidation). Under short-cycle and high-temperature con-
ditions (isothermal oxidation), the damage to the interface would accumu-
late and the TBC failure would fi nally occur when fragmentation takes 
place. This type of failure is named ‘ratchet’. The TGO undergoes displace-
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ment instability when the TBC system is subjected to thermal cycling, being 
manifested as a localized penetration of the TGO into the bond coat at 
periodic sites along the TGO/BC interface.53 Cracks form and extend later-
ally, due to the normal strains induced by the cycles by the downward dis-
placements after being cycled. The cracks eventually coalesce, and then 
failure happens at one or two of the critical TGO interfaces. There is typi-
cally around 25% oxide layer debonding in length once the oxide approaches 
a thickness of 5∼6 μm. The thermal expansion mismatching between the 
TGO and the substrate becomes a governing contributory factor in deter-
mining the failure under thermal cycling conditions rather than isothermal 
conditions.54

In Section 6.3 we have mentioned that the initial oxidation of the bond 
coat surface before deposition can improve bonding between ceramic layer 
and the bond coat, and decrease the oxidation rate in service. Experimental 
observations relating the effect of bond coat pre-oxidation to TBC life have 
been described.55 It has been shown that pre-oxidation of the bond coat 
under a selected range of partial oxygen pressures can improve the TBC 
life by more than two-fold as compared to a TBC without pre-oxidation. 
However, in both cases, the TBCs reveal similar failure mechanism, and the 
fi nal TGO thickness and the depth of TGO penetration into the bond coat 
are nearly the same.54 One explanation is that pre-oxidation can reduce the 
rate of ratcheting, thus decreasing TGO growing rate. The grains of the 
oxide formed in pre-oxidation processing are fi ner than those formed in an 
uncontrolled condition. As a result, the TBC after pre-oxidation treatment 
exhibits lower oxidation rate and much prolonged life.54

It is also recognized that the failure mechanism of TBC is dependent on 
the type of bond coat. For TBCs with β-PtNiAl bond coats, the TGO thickens 
and elongates under high-temperature oxidation, which will lead to dis-
placement instabilities. If the bond coat is relatively soft, the displacements 
are concessional, which would cause cracks to form in the TBC part above 
the TGO. Thus, the instabilities and TBC cracks propagate on a cycle-by-
cycle basis, by a ratcheting mechanism. Another common system comprises 
a two-phase (β + γ ′) NiCoCrAlY bond coat, which reveals a different TGO-
based failure mechanism.56 More than fi ve metal elements exist in this bond 
coat. As a consequence, the TGO develops thickness heterogeneities which 
are a main feature of this system. The TGO contains various oxides rather 
than pure α-Al2O3, such as yttrium aluminum garnet (YAG) and other 
spinels. Both the magnitude of the ‘pegs’ and related geometric imperfec-
tions are sensitive to the composition of the bond coat, the deposition condi-
tion and the porosity, as well as the surface condition. The infusion of Pt into 
the surface can ameliorate these imperfections. In some cases, spinel oxides 
occur within the ‘pegs’, often accompanied by localized TGO cracks. These 
cracks seem to be confi ned to the region around the imperfections. However, 
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whether these localized cracks can be extended beyond the imperfections 
to cause delamination still remains to be ascertained. The PtNiAl system 
delaminates primarily along the interface between the TGO and the bond 
coat. In the NiCoCrAlY bond coat system, the cracks extend through the 
TGO only at the locations of the ‘pegs’, which do not enter into the TBC 
layer. A dominant delamination-cracking not only extends along the inter-
face between the TGO and the bond coat but also traverses the ‘pegs’, 
leaving the TGO islands embedded in the bond coat.57 The delamination 
cracks nucleate at occasional large ‘edge’ imperfections. Once the imperfec-
tions are formed, they will extend along the interface and fi nally result in 
failure of the TBC during the subsequent thermal cycles.57
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7
Processing, microstructures and properties 

of thermal barrier coatings (TBCs) 
by plasma spraying (PS)

L. C H E N, China University of Petroleum, China

Abstract: A review is given of the process, microstructure and properties 
of plasma-sprayed thermal barrier coatings (PS–TBCs). The chapter fi rst 
summarizes the main process methods, parameters and model of PS–
TBCs before introducing the basic microstructural characteristics – splat, 
porosity and microcrack – and main properties – modulus, bonding 
strength and thermal conductivity – of PS–TBCs. The chapter goes on to 
discuss the relationship between the microstructure and mechanical 
properties of PS–TBCs and plasma-spraying parameters. In conclusion, 
some likely future trends in the fi eld of PS–TBCs are described.

Key words: plasma spray, thermal barrier coatings, process methods, 
process parameters, process model, splat, porosity, microcrack, modulus, 
bonding strength, thermal conductivity.

7.1 Introduction

Plasma-sprayed thermal barrier coatings (PS–TBC) were invented in the 
1960s to reduce the surface temperature of hot components by as much as 
100–200 °C. Since then, they have been widely used in the fi elds of diesel, 
aerospace and land-based gas turbines and jet engines.1,2 Typical PS–TBCs 
usually consist of three layers, namely top coat (partially stabilized zirco-
nia), an overlay of bond coat (M CrAlY) and the substrate. Partially stabi-
lized zirconia (PSZ) containing 6–8 wt% of Y2O3 coatings (YSZ) 
demonstrates excellent thermal shock resistance, low thermal conductivity 
and relatively high coeffi cient of thermal expansion (CTE). The bond coat 
(MCrAlY) provides oxidation resistance.

The thermomechanical properties of TBCs are the key features making 
these materials useful. Notably, the porous, defected, layered microstructure 
of the plasma-sprayed coatings can substantially reduce the already low 
intrinsic thermal conductivity of YSZ by as much as 60% (typical thermal 
conductivities of plasma-sprayed YSZ are about 1 W/mK compared to the 
bulk value of 2.5 W/mK).3,4 Furthermore, the porosity, cracks and myriad 
arrays of interfaces also confer mechanical compliance on this system, 
enabling thermomechanical compatibility during cyclic thermal exposure 
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to operating temperatures between room temperature and over 1000 °C. 
Finally, the YSZ system is also noted to have superior fracture toughness, 
adequate erosion resistance and thermochemical compatibility with the 
underlying bond coats and the dynamically evolving alumina scale at the 
interface.

By the 1990s, a second type of deposition process, electron beam physical 
vapor deposition (EB–PVD) TBC, had been successfully brought into com-
mercial use. TBCs deposited by EB–PVD have been characterized as having 
a higher strain tolerance, smoother surface coating and better ability to 
control the microstructure of the deposited ceramics component to those 
deposited by plasma spraying. However, the PS–TBCs are currently the 
main preparation method in the fi elds of aerospace and power generation 
gas turbines because of their low cost, high production effi ciency, adjustable 
and large range of coating thickness, easy control of ingredients and so on.5 
The microstructure of a typical plasma-sprayed thermal barrier is illustrated 
in Fig. 7.1 and compared with that produced by EB-PVD, shown in Fig. 7.2.

Evolution of the complex microstructure and properties of plasma-
sprayed coatings is related to a number of processing variables related to 
device, feedstock, process, deposition, etc. Despite scientifi c and technical 
progress on many fronts, the extraordinary complexity of the process and 
material variables has stymied both scientifi c understanding of the process–
structure–property relationships and industry/application-related attri-
butes, such as coating design, property characterization and, perhaps most 
importantly, reliability. In this chapter, the process, microstructure and prop-
erties and their relationship to PS–TBC will be mainly discussed.

20 kV ×200 100 μm

7.1 Cross-sectional micrograph of a current state-of-the-art plasma-
sprayed zirconia–yttria/MCrAIX TBC showing a porous and 
microcracked ceramic layer over a relatively dense metallic bond coat.
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7.2 Processing of thermal barrier coatings (TBCs) by 

plasma spraying (PS)

Plasma-spray processing utilizes electrically generated plasma to heat and 
melt the feedstock material, a very intensive process requiring signifi cant 
electrical power. It offers a method of depositing a feedstock material which 
is plasma-sprayed as a solid coating over an underlying target material. 
Deposits having a thickness from just a few micrometers up to several mil-
limeters can be produced using a variety of feedstock materials, including 
metals and ceramics. In the plasma-spraying process, the material to be 
deposited, typically as a powder but sometimes as a liquid suspension, is 
introduced into the plasma jet emanating from a plasma torch. In the jet, 
where the temperature is about 10 000 K, the material is melted and pro-
pelled towards a substrate. Then, the molten droplets fl atten, rapidly solidify 
and form a deposit. Usually, the deposits remain adherent to the substrate 
as coatings. There are a large number of technological parameters infl uenc-
ing the interaction of the particles with the plasma jet and the substrate and 
therefore the deposit properties. These parameters include feedstock type, 
plasma gas composition and fl ow rate, energy input; torch offset distance, 
substrate cooling, etc. A typical plasma spray system consists of the 
following:
• spray torch (or spray gun) – the core device performing the melting and 

acceleration of the particles to be deposited;
• feeder – for supplying the powder or liquid to the torch;
• media supply – gases for generating the fl ame or plasma jet and carrying 

the powder, etc.

7.2 Cross-sectional photomicrograph of a current state-of-the-art 
EB–PVD YSZ/MCrAlX TBC showing a columnar ceramic over a 
relatively dense bond coat.

�� �� �� �� ��



 Processing, microstructures and properties of TBCs by PS  135

© Woodhead Publishing Limited, 2011

• robot – for manipulating the torch or the substrates to be coated;
• power supply – often for the torch only;
• control console(s) – either integrated or individual for all of the above.

7.2.1 Process method

The durability and failure mechanisms of PS–TBC are strongly dependent 
on the interfacial and microstructural features of the TBC system which 
are, in turn, linked to the method employed to deposit the individual layers. 
At present, there are several main processes for plasma spray preparation 
of TBC, such as atmospheric plasma sprayin g (APS), low-pressure plasma 
spraying (LPPS), laser cladding plus plasma spraying and solution precursor 
plasma spraying (SPPS), etc.

Atmospheric plasma sprayin g (APS) is a coating process carried out at 
normal pressure, which is usually applied to the ceramic coating on metallic 
structural components. In plasma-sprayed coating deposition, particles melt 
in the process of being deposited and when they impinge on the substrate, 
they fl atten, undergo rapid solidifi cation and form deposits known as splats, 
as shown schematically in Fig. 7.3.6 The high energy associated with the 
plasma-sprayed torches, and hence the impinging particles, gives rise to a 
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7.3 Schematic of air plasma spray process.6
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rather rough and wavy interface which is fundamentally different from that 
produced by other methods such as EB–PVD. Furthermore, the presence 
of microstructural defects in the ceramics, i.e. porosities, generally intro-
duces a long-term reliability problem as they tend to sinter after prolonged 
exposure at high temperatures leading to an increase in the coating elastic 
stiffness.

In order to overcome the limitations of APS, LPPS and vacuum plasma 
spray technologies are being developed. In the LPPS coating process, 
plasma spray gun, work piece and running machine are put in an airtight 
room with a low-vacuum environment. A low-pressure environment 
decreases the rate of oxidation of the feedstock powder as it melts in the 
plasma plume, and it also provides increased acceleration of the melted 
powder due to the decreased air resistance. The lower pressure also extends 
the length of the plasma arc, so that spray distances can be increased from 
3–5 inches for normal plasma spray to 11–13 inches for LPPS. Compared 
with the ordinary APS coating, the LPPS coating is characterized by uniform 
and compact microstructure, low porosity, high purity, without oxide inclu-
sion and smooth surface. The coating oxidation resistance performance is 
also distinctly enhanced.

At present, laser re-melting of the superfi cial layer of TBC prepared by 
PS may further remove the pores, inclusions, microcracks and other coating 
defects and enhance the coating quality and service life. Roughness results 
demonstrate a signifi cant decrease after laser glazing.7

It is widely recognized that deposition of small, melted particles achieves 
a fi ne microstructure, which in turn leads to improvements in certain desir-
able mechanical properties such as strength and hardness. Unfortunately, it 
is generally impossible to feed powders fi ner than 5–10 μm due to the 
effects of surface forces on powder fl ow. Recently, the suspension plasma 
spray (SPS) process has been developed, partially to overcome this limita-
tion. In this process, nano-sized particles are suspended in a liquid before 
being injected into the plasma plume, thus circumventing normal feeding 
problems.

Recently, a relatively new spraying technique, solution precursor plasma 
spray (SPPS), has been developed to deposit highly durable thermal barrier 
coatings. Similar to the existing plasma deposition methods, SPPS is based 
on the injection of liquid chemical precursors into a plasma jet and forming 
of a ceramic by pyrolysis in the plasma jet. In this process, an aqueous solu-
tion of the constituent metal salts (Zr and Y) is atomized and injected into 
a direct current (DC) arc plasma jet. The ceramic is formed by pyrolysis in 
the plasma jet before reaching the target material or, in some cases, after 
reaching the surface. This spray method is identical to APS deposition with 
the substitution of a solution atomizer for the solid powder feeder. The 
atomization characteristics can be varied, but it involves initial droplet sizes 
between 20 and 50 μm at various velocities up to 100 m/s. Plasma torch 
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operating power and gas fl ow rates are in the same range as used for depos-
iting APS coatings.8

However, the primary difference attribute between SPPS and other 
methods is that the feedstock material is in the form of a liquid solution 
rather than a powder or a powder suspension. As a result, the SPPS process 
is able to deliver fi ne splats without the diffi culties and limitations of both 
fabricating and feeding fi ne solid powders. Instead, SPPS has the challenges 
of formulating high-molarity solutions and engineering their chemical and 
physical properties.

7.2.2 Process parameters

The properties of TBC systems prepared by plasma-sprayed technology are 
dependent not only on the material being used and its microstructure but 
also on the process method and its parameters. There are many process 
parameters that infl uence plasma spray coating microstructure and proper-
ties. These parameters (summarized in Table 7.1.9) can be categorized into 
four groups: (i) plasma characteristics, such as plasma power, plasma gas 
fl ow rate, and plasma gas species, and geometry of the electrodes; (ii) 
powder feed parameters, such as size and shape of the powder, fl ow rate of 
the powder and carrier gas and powder injection site; (iii) plasma jet param-
eters, such as jet velocity and temperature, particle velocity and tempera-
ture, particle trajectories; (iv) particles at impact, such as particle velocity 

Table 7.1 Processing parameters in plasma spraying9

Plasma characteristics Power supply
Plasma gas
Mass fl ow rate plasma gas
Cooling
Mass fl ow rate cooling gas
Nozzle geometry

Powder feed Powder fraction and shape
Thermal properties of powder material
Carrier gas fl ow rate
Injection geometry

Plasma jet Jet velocity and temperature
Particle velocity and temperature
Particle trajectories

Particle impact Particle velocity at impact
Particle impact angle
Molten state of particle at impact
Substrate type
Substrate temperature and roughness
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at impact, particle impact angle, molten state of particle at impact, substrate 
type, roughness and temperature. Those parameters are not independent 
and they interact with one another.

Research has indicated that power input, substrate temperature, coating 
thickness and spray distance are closely correlated with the coating micro-
structure. The coating porosity may be reduced through enhancing power 
input, pre-heating substrate, reducing spray coating distance and adjusting 
appropriate spray angle. In order to reduce the hot corrosion attack of 
TBCs by oxidizing environments, some studies have tried to seal open pores 
on the TBC surface with organic materials, while others have used hot 
isostatic pressing (HIP) and laser remelting to post-treat the TBCs. These 
methods attempted to create a dense layer on the coating surface or a dense 
coating to prevent the oxidizing environment entering into the coating. On 
the other hand, studies have shown that inserting a graded coating between 
the ceramic and bond coat or changing the chemical composition of the 
ceramic coating can reduce the thermal stresses building up within the 
coating.

The average particle temperature and velocity distribution determine 
coating bond strength, porosity and coating inclusions such as oxides. It is 
generally accepted that higher velocities result in higher particle/droplet 
impact energy. This high kinetic energy leads to higher degree of particle 
deformation, producing better coating bonding strength and higher coating 
density. The temperature, velocity and environmental interactions of the 
particles are related to the particular jet velocity, temperature, resultant 
particle dwell time, all of which determine the subsequent coating micro-
structure and properties.

The dwell time of particles is controlled by gas velocity and powder par-
ticle characteristics. Gas velocity in turn is determined by the total gas fl ow 
through the nozzle and the gas characteristics. Particle velocity is then a 
function of jet velocity coupled with particle characteristics – that is, size, 
morphology and mass. The temperature of a given particle is thus a function 
of enthalpy, velocity, trajectory and its own physical and thermal 
properties.

The degree of melting particles in the plasma jet depends on their trajec-
tories. The temperature and velocity vary considerably in the plasma jet, 
the most signifi cant factor being the difference in temperature between the 
hot core of the jet and its relatively cold surrounding environment. The 
temperature drop from the jet core to the boundary is typically several 
thousand degrees over a few millimeters. This drop in temperature causes 
a corresponding drop in gas velocity and an increase in viscosity toward the 
outer boundaries. Temperature and velocity also decay as the jet exits the 
nozzle, so there are both radial and axial gradients of gas temperature, gas 
velocity and gas viscosity. Distributions of particles traveling in these 
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thermal jets are accelerated by the gas-velocity distributions through a 
distribution of temperature. Therefore, velocities and temperature of the 
particles in the plasma jet are dependent on the trajectories. Those particles 
injected into the core of the jet will melt and form splats to impact the 
substrate, while those with trajectories along the periphery of the jet will 
not melt or only partially melt. The unmelted or partially melted particles 
may be incorporated into the deposit causing lower deposit densities.

7.2.3 Process modeling

Due to the complexity of the phenomena, the process remains highly empir-
ical, even after the practical use of plasma spraying for many years. The 
production of coatings is still based on trial and error approaches, depend-
ing on the experience and the instinctive feelings of the researchers. The 
irreproducibility of a high-quality plasma coating therefore continues to be 
a major problem for the rapid expansion of this technology. The main 
reason for this is the lack of understanding of the underlying physical pro-
cesses during plasma spraying.

In order to create a higher reliability of coating production, it is necessary 
to gain a scientifi c understanding of different processes, namely the fl uid 
dynamics of the plasma jet, the plasma–particle interactions and the particle 
impacts onto the surface. During the last years, many efforts by different 
authors have been made to gain knowledge of the interdependencies of 
plasma-spraying parameters and coating characteristics. However, the 
process is rather complex and only some of the phenomena involved were 
described suffi ciently in the past. Reasonable tools to close this lack of 
understanding are simulation models as well as measuring and diagnostic 
techniques. Some comprehensive models that involve major physical mech-
anisms for plasma spray, i.e. transport phenomena of plasma fl ame, particle 
heating, acceleration, evaporation and oxidation, have been developed 
for predicting coating characteristics independent of selected spray 
parameters.9

7.2.4 Plasma jet modeling

A range of models has been proposed to calculate plasma jet temperature 
and velocity distributions. These models start with the results of the calcula-
tions described in the previous section or calculate temperature and veloc-
ity distributions at the nozzle exit consistent with the plasma gas fl ow rate 
and enthalpy. The codes consist of momentum and thermal energy equa-
tions for the multicomponent fl uid mixture, continuity equations for each 
component of the mixture, taking into account the mixing with the sur-
rounding atmosphere but usually neglecting chemical reactions, and state 
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relations for an ideal gas mixture with temperature-dependent specifi c heat, 
enthalpy and transport properties.10–12

The large velocity difference between the plasma jet and its surrounding 
atmosphere results in a large-scale engulfment of the outside gas which has 
been corroborated by shadowgraph, CARS spectroscopy measurements 
and probe sampling of the plasma jet. A multiphase model for turbulent 
fl ow could reproduce these effects. Such a model has been developed for 
an argon plasma jet fl owing into an argon stagnant environment. The plasma 
jet is considered as a two-fl uid mixture consisting of hot, out-moving frag-
ments and cold, in-moving fragments. The results obtained for the axial 
distributions of temperature and velocity are in good agreement with 
measurements.12

7.2.5 Particle in fl ight modeling

The modeling of particle acceleration and heating in the fl ow uses the con-
ventional equations for droplet motion in fl ows and heat transfer. However, 
some effects specifi c to the thermal plasma environment must be taken into 
account. The main effects are due to the high temperature gradient prevail-
ing in the boundary layer surrounding the particles, strongly varying plasma 
properties, non-continuum conditions, thermophoresis, turbulent disper-
sion, evaporation and possible chemical reactions on the particle surface. 
The models based on the heat conduction equation are generally one-
dimensional and allow the tracking of the melting, evaporation and possible 
resolidifi cation front in a particle. However, recent work has shown that the 
large difference in velocity between the fl ow and particles can induce con-
vective movements inside the particles.12

In the modeling of the plasma spray process, the injection conditions of 
the particles in the fl ow govern the particle trajectory distribution and 
therefore their treatment. Thus, these conditions must be as realistic as pos-
sible and involve the particle size, injection velocity and direction distribu-
tion at the injector exit. The description of powder injection that implicates 
a stochastic aspect is still a challenging problem.12

7.2.6 Splat formation modelin g

With regard to splat formation, analytical models have been proposed for 
droplets impacting at 90° onto a smooth surface. They express the fl attening 
degree as a function of dimensionless groups characteristic of the impact 
and spreading process: the Reynolds number that quantifi es the viscous 
dissipation of the inertia forces, the Weber number that expresses the con-
version of the kinetic energy into surface energy and a heat transfer param-
eter, the Peclet number, used to characterize the solidifi cation rate. The 
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most popular analytical model provided by Madejski attempted to include 
viscous force, surface tension and crystallization kinetics. It can be simpli-
fi ed by assuming that the spreading is complete before solidifi cation 
becomes signifi cant and that the surface tension effects can be neglected. 
Surface tension effects are generally acknowledged to be minor under 
thermal spray conditions, except perhaps for droplet size <10 μm and at the 
end of the fl attening process. Similar expressions with different constants 
have been established from analysis analogous to that of Madejski or from 
the fi t of the results of numerical modeling.12

Over the last years, various numerical studies have dealt with the impact 
of a thermal-sprayed particle on a smooth surface. The majority assume a 
two-dimensional geometry and the most advanced solve the fl ow equations 
taking into account convective, viscous and surface tension effects. They 
track the material deformation during impact and involve the solidifi cation 
process and heat interaction of the droplet with the underlying surface 
through an interfacial thermal contact. Such models enable the evaluation 
of the effect of particle parameters at impact on splat formation.12,13

7.3 Microstructures of TBCs processed by PS

At present, the TBC topcoat is typically sprayed either by APS or LPPS. 
The plasma spraying process results in unique TBC microstructures which 
are greatly different from those of bulk materials and, consequently, many 
coating properties differ hugely from those of the corresponding bulk mate-
rials. The inherent complexity of the plasma spray process and the TBC 
microstructures represents a great challenge to the establishment of 
process–microstructure–property relations. A fundamental understanding 
of the microstructure properties is essential for process optimization and 
microstructural control.

The coating microstructures can be summarized as complex porous 
lamella structures consisting of a broad range of features, as shown Fig. 7.4. 
The pancake-shaped splat, about 1–50 μm in thickness and 10–50 μm in 
diameter, is the basic structural unit of a coating.14 A few layers of splats 
form a lamella which extends horizontally inside the coating, and distinct 
boundaries exist between lamellae. Inside a lamella, columnar grain struc-
tures which grow through splats can be observed. This indicates that the 
gradient direction of heat conduction is perpendicular to the spraying 
surface. An integral coating is made up of numerous lamellae.

Besides the layered structure, another prominent microstructural feature 
of a thermal spray coating is the ‘random’ distribution of a huge number of 
ubiquitous pores and voids of various sizes and shapes throughout the 
coating, which makes the coating appear sponge-like under scanning elec-
tron microcopy (SEM). To be precise, the pore distribution is actually 
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pseudo-random because the pores are more likely to be oriented close to 
the direction parallel or perpendicular to the deposition surface than to be 
at a much slanted angle. A truly random pore distribution will result in an 
isotropic coating with reduced stiffness.

Besides round, oval and elliptical pores, numerous long sharp crack-like 
horizontal delamination and vertical microcracks are visible. The delamina-
tion may lie either along the lamella boundaries (inter-lamella) or on the 
boundaries of splats in a lamella (infra-lamella). The vertical microcracks 
are caused by weak adhesion between lamellae or between splats. They 
usually initiate from the low-adhesive grain boundaries or some initial 
defects in the coatings and are believed to be caused by quenching and 
subsequent stress relaxation during the coating cool-down process when 
high biaxial tensile residual stresses are induced in the deposition surface.

This whole gamut of features encompasses a range of macro-, micro- and 
even nano-length scales. In this section, microstructural characterization 
across length scales of PS–TBCs will be discussed.

7.3.1 Splat formation

The basic characteristic of a PS–TBCs lies in its layered nature. As such, it 
is quite different from a bulk material. Since the deposit is a stack of layers, 
there is an inherent porosity associated with the structure. Also, this type 
of stacked structure introduces anisotropy in terms of microstructure and 
properties. The interfaces between layers play an important role in modify-
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7.4 Schematics of typical plasma-sprayed coating: 1. Substrate; 
2. Adherence defect; 3. Coating stratifi cation (coherence defect) due to 
torch passes; 4. Coating stratifi cation (coherence defect) due to 
relaxation of the residual stresses; 5. Cracks inside lamellae; 6. Vertical 
cracking resulting from residual stresses and open pores; 7. Closed 
pores; 8. Fully molten particles; 9. Unmelted particles; 10. Bad contact 
between lamellae.14
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ing any property along the cross-sectional direction. Within a single spray-
ing process, the differences in parameters generate a variety of particle 
temperature–velocity histories which in turn introduce a great amount of 
inhomogeneity within a coating. This layered coating structure is thus built 
up of a splat structure in which it is important to study an individual splat 
which is the building block.

Splats represent unit cells of plasma-sprayed coatings and their morpho-
logical and microstructural characteristics affect the properties of the 
coating. Many properties of the sprayed coatings, especially the adhesive 
strength to the substrate, depend remarkably on the splat behavior of the 
individual particles; hence splat morphologies become an important aspect. 
Splats are formed upon impact and fl attening of molten droplets. The 
droplet size and impact velocity play important roles in the kinetics of the 
fl attening and splat morphologies obtained. Flattening and cooling begin 
immediately after, and in some cases simultaneously with, droplet impinge-
ment. This fl attening process includes spreading and solidifi cation.

When a particle hits the substrate, the sudden deceleration causes a pres-
sure build-up at the contact area. The high pressure forces melted material 
to jet laterally away from the point of impact. This causes fragmentation of 
splats and generates different morphologies. The liquid spreads outward 
from the point of impact and forms a splat. A very low kinetic energy means 
poor contact with the substrate and causes the splat to bounce off whereas 
a very high kinetic energy will cause it to splash. The arresting of spreading 
results from the conversion of particle kinetic energy into work of viscous 
deformation and surface energy, and it may also be effected through solidi-
fi cation. The spreading kinetics of the impacting droplet governs the splat 
shape and thickness.

Splat formation is also subject to the surface topography, wettability and 
reactivity of the substrate. Wetting affects the contact thermal resistance at 
the splat–substrate interface.12 Under the same spray conditions, porosity 
increases if wetting is poor.15 If the surface of the substrate layer is rough, 
the fl attening is also affected and the splats formed are thicker. The ability 
of the sprayed material to fi ll existing voids affects the quality of contact 
between the splat and the underlying layer, thereby controlling local cooling 
rate and overall heat transfer. Solidifi cation and mechanical constraints can 
interfere with the fl attening process.15

The study by Fukumoto et al. described the mechanisms of formation of 
fragmented splats and disk splats on room-temperature and high-tempera-
ture substrates.16 For a splash splat at room temperature, the bottom part 
of the splat solidifi es rapidly after impacting onto the substrate and a porous 
microstructure is formed. This microstructure decreases the ability to trans-
fer heat and acts as a heat insulator. Then the inside of the splat solidifi es 
slowly and the viscosity increase is slow: therefore, the droplet fl attens 
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rapidly with low viscosity. According to Raleigh–Taylor instability, the 
periphery of the splat becomes unstable and a splash splat forms. For a disk 
splat at high temperature, the contact condition is good owing to the good 
wettability and because the formation of the porous solidifi cation layer is 
suppressed. Following this, the inside of the splat solidifi es quickly. There-
fore the viscosity of the droplet increases and most of the kinetic energy 
effectively is transferred to the viscous energy. The droplet thus fl attens at 
lower velocity, resulting in the formation of a disk splat.

Splat morphology can be quantifi ed in terms of properties such as splat 
fl attening ratio and splat fragmentation index. Fragmentation degree in a 
way defi nes the degree of splashing and is given by P2/4πA where P is the 
perimeter of the splat and A is the splat area. Flattening degree describes 
how well the splat has undergone spreading and this is given by a ratio of 
diameter D of the splat over diameter d of the droplet.

Another important aspect of a single splat is the residual stresses that are 
generated upon its deposition and rapid solidifi cation. Quenching of the 
impinging splat and restricted contraction lead to tensile stresses. Plasticity 
upon impact causes compressive stresses. Thermal mismatch between the 
coating and the substrate can be either tensile or compressive. Relaxation 
of these tensile stresses leads to microcracking of splats, a phenomenon 
more characteristic of ceramic splats than metallic splats.

An assemblage of millions of such splats consolidates to form the deposit. 
Therefore the coating structure is dependent on the details of solidifi cation 
and resulting microstructure and morphology of splats. The physical 
phenomena involved in this process include heat and mass transfer, melt 
undercooling, selective nucleation of stable and metastable phases, non-
equilibrium kinetics of crystalline growth, solidifi cation, thermal resistance 
at the splats/substrate and splat/splat interfaces and substrate melting and 
resolidifi cation.

In most cases, heterogeneous nucleation takes place at the contact 
between the molten splat and the colder substrate. The crystalline nuclei 
then grow into the undercooled melt in all directions and quickly form a 
solid layer covering the substrate surface followed by columnar growth 
normal to the substrate surface. A large temperature gradient exists in the 
solidifi ed parts because of the high rate of heat transfer from the splat to 
the substrate. This rate can vary with substrate surface roughness, substrate 
temperature and substrate thermal properties, and also varying thickness 
regions of the substrate. Cooling rates in excess of 106 °C/sec result in solidi-
fi cation front velocities greater than 10 cm/sec with interface controlled 
heat transfer. This results in a stable solidifi cation front leading to columnar 
solidifi cation.17 Another study verifi es that a stable planar interface does 
exist when the interfacial heat transfer coeffi cient across the melt and the 
substrate interface is large.18
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It has been shown before that spreading of a splat generates a core and 
a rim region. In the core region, where the particle droplet fi rst comes in 
contact with the substrate, heat is extracted through the substrate and the 
solid liquid interface moves essentially upwards resulting in a columnar 
grain structure. In the case of the peripheral areas, the heat is extracted 
through the core region leading to radially elongated grains.19

Chraska and King studied single splats of YSZ using transmission elec-
tron microscopy (TEM), and a rapid solidifi cation model was proposed for 
the observed narrow columnar grain structure: the heterogeneous nucle-
ation and epitaxal growth mechanisms involved in the formation of fi rst 
two splat layers are described for the YSZ ceramic coating. Nucleation in 
the second splat was seen to start at a signifi cantly smaller undercooling 
than in the fi rst splat.20,21

7.3.2 Porosity

In addition to a ‘brick-wall’ structure, the thermal-sprayed coating also 
exhibits defect features such as globular pores, interlamellar pores, cracks, 
etc. Incomplete contact between successive splats and the presence of 
unmelted particles lead to the formation of voids. Rapid solidifi cation and 
high-velocity impact of the molten particles give rise to inter-lamellar pores, 
while cracks are formed due to solidifi cation thermal stresses and relaxation 
of tensile quenching stresses. Knowledge of the extent of these imperfec-
tions is critical since they may infl uence a wide range of coating properties 
and behaviors in service. Globular pores introduce porosity compliance 
which might be the origin of failure. Inter-lamellar pores enhance the 
thermal barrier effect but are also a source of delamination. The vertical 
microcracks in the splat relieve residual stresses, which are the fi rst to sinter 
during thermal cycling. The sintering effects signifi cantly change the pore 
architecture, with healing of intra-splat microcracks and enhanced inter-
splat bonding. These are accompanied by pronounced grain growth. These 
changes lead to signifi cant increases in both in-plane stiffness and through-
thickness thermal conductivity. The latter is sensitive to increased inter-splat 
area, while the former is affected by both microcrack healing and improved 
inter-splat bonding.22 An illustration of how both inter-splat voids and intra-
splat microcracks can coarsen and partially heal via sintering phenomena 
at elevated temperature is provided by the pair of micrographs shown in 
Fig. 7.5. While the temperature used for the heat treatment to which the 
coating in Fig. 7.5b was subjected was relatively high (1400 °C), the period 
concerned (10 h) was short compared to those common under service 
conditions.

Cipitria et al. have used a model to predict changes in pore architecture 
during sintering, and also the build-up and relaxation of global elastic 
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strains and stresses. While being stored, elastic strain energy levels in these 
coatings arising from (in-plane) inhibition of sintering shrinkage tend to 
remain low, while those from differential thermal expansion can be high 
immediately after a temperature change, particularly after being cooled to 
a temperature at which stress relaxation rates are slow. It has been shown 
that such strain energies, when converted to strain energy release rates per 
unit area for typical coating thicknesses, could exceed the fracture energy 
of the interface, and thus make spallation energetically favorable, particu-
larly if the coating stiffness has been raised by sintering.23

The amount of porosity, pore shape and distribution in TBC play an 
important role in its performance. Porosity is engineered into TBC to 
provide strain tolerance for the coating and to optimize thermal cycle life. 
If a TBC does not have adequate porosity then it may spall off because it 
cannot accommodate strains induced upon thermal cycling or by residue 
stress. If a TBC has too much porosity (by which the thermal resistivity is 
increased, but the mechanical bonding with the bond coat is decreased), 
then it has the potential to spall off due to oxidation of the bond coat. The 
pore shape (such as circular, oval, cylinder or cubic) and distribution (elon-
gated transversely or longitudinally) also strongly affect the properties and 
performance of TBC. For example, if elongated pores are transversely dis-
tributed in TBC, the fracture energy is higher, thus TBC has higher resis-
tance to spallation. However, TBCs with this kind of pore shape and 
distribution have higher thermal conductivity. Vice versa, if elongated pores 
are longitudinally distributed in the top layer, the TBC would be easier to 
delaminate due to lower fracture toughness, but may decrease the damage 
of the bond coat incurred by oxidation or hot corrosion and possess a lower 
thermal conductivity.24

15 kV ×1000 10 μm 15 kV ×1000 10 μm

(a) (b)

7.5 SEM micrographs of fracture surface of a YSZ coating produced 
by APS; (a) as-sprayed; (b) after heat treatment for 10 h at 1400 °C.
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Many efforts have been made to classify the origin of different pores and 
estimate the pore size and shape distribution quantitatively.25 The porosity 
rate of a coating is usually from 1 to 20%, varying largely with different 
coating methods. The porosity of APS ceramic coatings is, in general, 
between 3 and 20%. Generally, industry-standard TBC with 10–15% poros-
ity is accepted. The existence of so many pores greatly reduces the elastic 
modulus and thermal conductivity of the coating. For example, the elastic 
modulus of a ceramic coating is only about one fourth or less of that of bulk 
ceramic, i.e. the ceramic coating is much more compliant.26 Besides the 
reduced stiffness, many coatings also exhibit a certain degree of anisotropy 
or, to be precise, transverse isotropy. Five independent elastic constants 
exist for a transversely isotropic coating. The anisotropy is partially induced 
by the afore-mentioned pseudo-random distribution. Reduction of the 
coating stiffness in the direction perpendicular to the deposition surface is 
usually more signifi cant, i.e. the effective modulus measured in that direc-
tion is often smaller than the effective modulus measured in the direction 
parallel to the deposition surface.

Microstructural characterization of thermal spray coatings involves 
quantitative measurements of geometrical features such as porosity (the 
form of voids, cracks and other defects) and analysis of material aspects in 
the coatings such as splat structure, interfaces, phases, etc. Various methods 
are employed for measurement of porosity, a prevalent feature in the micro-
structure.27 Lavigne et al. and others have presented a reliable and repro-
ducible procedure for characterization of porosity in PS–TBC using SEM 
and image acquisition (IA).28 They have enlisted the methods used for 
metallographic preparation and SEM IA. Certain image analysis techniques 
have been employed to divide the net porosity into classes, such as globular 
pores and crack network.

7.3.3 Crack and fragment

As a key microstructure feature of PS–TBC, microcracks determine the 
performance and service lifetimes of the coatings by infl uencing their 
thermal conductivity and mechanical properties. In this section, crack for-
mation in plasma-sprayed microstructures and its effects on mechanical and 
thermal properties are discussed.

Thin bonded layers on rigid surfaces show the familiar mud cracking 
pattern of meandering cracks intersecting to fragment the layer into inde-
pendent pieces under  biaxial stress. It is often seen on ceramic glazes, dry 
earth and tectonic plates. Three processes are involved in the formation of 
these features: vertical through-thickness cracking of the fi lm, lateral elon-
gation of this vertical crack and cracking parallel to the interface within the 
fi lm, interface or substrate causing delamination.29
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The residual stresses induced in the fabrication process of PS–TBCs are 
associated with crack and fragment. In addition, they will strongly infl uence 
the coating adhesion strength, resistance to thermal shock, life under 
thermal cycling and erosion resistance.30 Residual stresses are believed by 
many researchers to affect TBC integrity in high-temperature applica-
tions.31 Some experiments conducted show that the thermal fatigue lifetime 
of some TBCs is directly related to the magnitude of the residual stresses. 
As another example, the compressive residual stresses were sometimes 
thought to be the cause of coating spallation from the ceramic bond inter-
face. The mechanisms which cause residual stresses in thermal spray coat-
ings have been discussed extensively.32 Generally, three distinct processes 
have been singled out as the most conspicuous mechanisms active in induc-
ing residual stresses in the coatings. These are (i) phase transformation of 
ceramic in the cooling process; (ii) primary cooling of the hotly melted spray 
particles from their impinging temperature to the elevated substrate tem-
perature (deposition temperature), namely, the solidifi cation process of 
splats; (iii) secondary cooling of the coating system, including substrate, 
from the elevated deposition temperature to room temperature, i.e. the 
thermal mismatch effect.

The fi rst mechanism concerns phase transformations. For example, unsta-
bilized pure zirconia which cools down from an impinging temperature well 
above 2500 °C to room temperature will transform from tetragonal phase 
to monoclinic phase. This phase transformation will bring about an internal 
volume increase of about 8% inside the zirconia and vice versa. Conse-
quently, very large residual stresses will appear. However, in real applica-
tions, pure zirconia is rarely used. Instead, PSZ, for example, ZrO2–6∼8 wt% 
Y2O3 where yttria is added as stabilizer, is used.33 The added stabilizer can 
minimize the phase transformation effect and keep the highly disruptive 
volume change at bay. Moreover, a small amount of phase transformation 
in the coating is thought to actually ‘toughen’ the coating and render major 
cracks less likely to form. This phenomenon is called the ‘transformation 
toughening effect’.34 The benefi t of transformation toughening is to render 
the PSZ coating superior to the fully stabilized zirconia coating, but there 
have been few theoretical analyses to explain the physics of such a 
phenomenon.

The second mechanism is the solidifi cation process of the molten coating 
powder on top of its substrate after exiting from the nozzle of the spray 
gun. This process is usually called quenching or primary cooling. The tem-
perature (T) of the molten powder is usually between 2500 and 3000 °C. 
Since the cooling rate of the spraying particle is very high, typically about 
106 °C/sec, it takes only about 1 μs for a very thin splat (a few micrometers 
in thickness) to contract and condense on the underlying material which is 
extremely thick relative to the splat. Therefore, the underlying substrate can 
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be regarded as rigid compared to the impinging and condensing thin layer 
of splat. Consequently, the ensuing residual stresses (quenching stress) in 
the condensing splats due to solidifi cation are tensile stresses. The magni-
tude of the tensile residual stress from the above scenario can be estimated 
from σ = E ∗ α (T − Tdep), where E and α are the  elastic modulus and the 
coeffi cient of thermal expansion (CTE) of the splat, respectively, and Tdep 
is the deposition temperature (200–400 °C). According to such a formula, 
the stress can reach as high as 200 MPa.

The above estimation is purely theoretical. In practice, residual stresses 
due to solidifi cation are not so signifi cant since other ongoing processes 
reduce the tensile residual stress. First, the tensile stress inside coatings will 
inevitably induce microcracking and other structural degradation which in 
turn can reduce the tension inside the coatings. This process is similar to 
stress relaxation and the stress relaxation of a NiCrAIY coating has been 
studied.31 On the other hand, the continual deposition of material on top 
of the previously deposited laminar coating will induce compressive stress 
underneath the current layer of deposition. As the coating thickness builds 
up, much of the tensile residual stress induced during solidifi cation might 
be compensated by the compressive stress. These facts imply that the actual 
residual stress due to primary cooling is much smaller than that predicted 
theoretically. Some authors have even argued that solidifi cation is quite 
insignifi cant in terms of generating residual stresses in coatings.35

The third mechanism is secondary cooling where the coated substrate 
cools down from the deposition temperature to room temperature after 
thermal spraying is accomplished. The mismatch of the CTEs of different 
materials is the major reason that large residual stresses ensue after 
cooling. In fact, the thermal mismatch effect can be so great that it may 
constitute the major source of the residual stress in the coatings. Consider 
a common ceramic/bond coat/substrate system. The residual stress due to 
thermal mismatch will be largely compressive in the ceramic coating under 
ambient conditions because of the relatively low CTE possessed by the 
ceramic coating. Such compressive stress is in contrast with the tensile 
residual stress generated by the solidifi cation/quenching process. It should 
be noted that the residual stress in the bond coat due to secondary cooling 
is also tensile. Secondary cooling is the only mechanism of residual stress 
generation.

Residual stresses develop in TBCs during processing and thermal cycling 
as a result of the thermal expansion mismatch between the thermal grown 
oxide (TGO) and the underlying metal and because of bond coat oxidation. 
These stresses provide the driving force for the failure of TBCs.

The residual stresses in TBCs can be distinguished according to their 
origin: stresses developing during oxidation at high temperature are called 
growth stresses; stresses which develop during cooling due to the difference 
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of the thermal expansion coeffi cient of the metallic substrate and the oxide 
are called mismatch stresses. The ambient stress status in each layer of a 
TBC will change with the variation of TGO thickness, TGO/bond coat 
interface morphology and material properties.36,37

For APS TBCs, the coating usually fails within the ceramic top coat and 
near the YSZ/TGO interface.38 Therefore, the stress state, especially the 
stress normal to the YSZ/TGO interface, in the APS YSZ coating is of great 
interest in the understanding of coating failure mechanisms and life predic-
tion modeling. The stress distribution within the YSZ depends on TGO 
thickness, material properties of YSZ and YSZ/TGO/bond coat interfaces 
morphologies.39–43 When the TGO is thin, the YSZ on top of the peaks of 
the wavy interface is in tension, whilst the YSZ above the trough is in com-
pression. With the thickening of TGO, the stress of YSZ above the peaks 
transforms from tension to compression, while the stress status of YSZ on 
top of the trough (about the same altitude of the peak) transfers from 
compression to tension. It was found that the maximum tensile stress 
occurred around the shoulder of the peak.43,50

The stress in the TGO has an important infl uence on TBC failure. There 
are two main sources of stress: one from the thermal expansion misfi t upon 
cooling and the other from TGO growth. Ambient temperature measured 
by the photo-stimulated laser piezo-spectroscopic technique indicates that 
the TGO is in compression (3–6 GPa).44–47 The stress in TGO may be allevi-
ated by TGO creep or TGO/bond coat interface rumpling and redistributed 
in the vicinity of imperfections.48,49

The stress normal to the YSZ/TGO and TGO/bond coat interfaces is 
related to TGO thickness and interface morphology. It has been shown that 
for a thin TGO layer, the stress at the YSZ/TGO interface is tensile at 
convex locations and compressive at concave locations.50 With the thicken-
ing of TGO, the normal stress at the YSZ/TGO interface is usually compres-
sive. For the TGO/bond coat interface, the convex locations are always in 
tension while the concave places are in compression.50

Residual stresses can be measured by monitoring the bending curvatures 
of free-standing as-sprayed coatings.51 A more accurate method is X-ray 
diffraction. However, conventional X-ray diffraction is only able to measure 
the residual stresses at a depth within 10 μm of free surface. Any measure-
ment of deep residual stresses requires chemical or mechanical removal of 
layers.

Bond strength and thermal fatigue life are strongly related to the thermal 
mismatch strains within the TBC and between the TBC and the substrate 
materials. One way of reducing the thermal mismatch strain is to form 
functionally graded materials (FGMs). The gradient layer can be continu-
ous on a microscopic level. FGM coatings can be laminates comprising 
gradients of metals, ceramics or just a variation in porosity/density, etc. They 
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have superior properties to duplex coatings. The bond strengths for FGM 
and duplex coatings are about 18 MPa and 9 MPa, respectively. The thermal 
cycling resistance of the FGM coating is six times that of the duplex coating.52

7.4 Properties of TBCs processed by PS

There are a number of mechanisms identifi ed for the failure of TBC in 
service. Coating-delamination failure is closely related to the thermal 
stresses (including the internal stresses of the top coat, stresses inside TGO 
and mismatch in the coeffi cients of thermal expansion between top coat 
and bond coat) in the coating systems as well as the oxidation of the bond 
coat and substrate. Coating failure may be further accelerated by shrinkage-
cracking and elastic-modulus increase from ceramic sintering and creep 
with an associated density increase at high temperatures.

Ceramic coating sintering and creep at high temperatures are among the 
most important issues for the development of advanced TBC. Sintering and 
creep not only can result in considerable coating thermal conductivity and 
elastic-modulus increase that will lead to reduced thermal insulation and 
increased thermal stresses, but they can also cause shrinkage-cracking, 
eventually leading to spallation of the coating. The densifi cation and defor-
mation of porous, microcracked ceramic TBC due to sintering and creep 
involve stress and thermally-activated diffusion and mechanical compac-
tion processes. Faster shrinkage rates are observed initially, followed by 
slower but relatively constant rates for longer sintering times. Higher tem-
peratures and compressive stresses will lead to a higher sintering/creep rate.

7.4.1 Modulus

The sintering densifi cation process also results in an increase in the elastic 
modulus of the porous ceramic coating at high temperatures. Depending 
upon the actual temperatures and stresses experienced by the coating, a 
signifi cant elastic modulus gradient will develop and evolve with time under 
high heat fl ux conditions. The surface of exposed TBC ceramic coating 
showed very fast modulus increase rate while much longer time is required 
for the inner layers of the ceramic coating to attain the maximum modulus 
value. The coating modulus increase results from the coating sintering and 
densifi cation.

Measuring the properties as well as internal stresses of a thermal spray 
coating always represents a challenge since the coating itself is usually very 
thin and attached to a substrate. Any effort to separate the coating from its 
substrate may alter the internal stresses and even some properties of the 
coating. Only a brief introduction to various experimental methods for 
modulus and yield strength is presented here.
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There are several methods for measuring Young’s modulus of plasma-
sprayed TBGs. These include indentation, four-point bending and ultrasonic 
techniques. Subsized and nano-indentation techniques are often used to 
measure mechanical properties at the surface of thin fi lms. The nano-inden-
tation technique was originally developed to measure Young’s modulus and 
hardness of materials by interpreting the load–penetration response of the 
sample. It has subsequently been widely used for measuring properties of 
bulk materials and thin fi lms.

In combination with analytical and/or numerical models, a load–displace-
ment curve formed by the load and penetration depth in a sub-sized inden-
tation test can be used to estimate mechanical properties. As the area tested 
by nano-indentation only samples a very small region of material with a 
typical size of less than one grain, mechanical properties determined by this 
technique are in general in a probability distribution, affected by a variety 
of factors such as defects. To describe the consistency of materials, a Weibull 
distribution based on the weakest-link principle is usually adopted to inter-
pret the nano-indentation results.

Using micro-/nano-hardness indentation to determine mechanical prop-
erties of materials such as modulus and yield strength is largely an empirical 
technique based on some well-derived data from known materials. In most 
cases, the correlation is realized in a form of H∼C *σ, where H is some 
micro-/nano-hardness measure, C is a constant or function of material prop-
erty and σ is the material property of interest. When applied to an ‘unknown’ 
material, it becomes invalid. Moreover, as the indentation size is typically 
much less than the material grain size, the experimental results are sensitive 
to the microstructural characteristics in the vicinity of the tested area, which 
may cause a scattering of test results.

Although they are widely used to reveal materials properties, subsized 
and nano-indentation techniques are not suitable for characterizing the full 
range of desired mechanical properties of bond coats as a function of tem-
perature. The Vickers microindentation technique has been used to esti-
mate strengths of different bond coats at room temperature.

Four-point bending techniques have been used extensively in the char-
acterization of various mechanical properties of metallic and ceramic mate-
rials, including Young’s modulus, strength, fracture toughness, stress 
relaxation interfacial fracture resistance and fracture strain. Figure 7.6 is a 
schematic of four-point bend testers. Load and displacement of the cross-
head are recorded for measurement of properties. A typical load–displace-
ment curve obtained in a four-point bendin g  test is shown in Fig. 7.7. 
Young’s modulus and yield stress were derived from the following 
equations:

E = 2D3 ΔP/(3 I Δy) [7.1]
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7.6 Schematic of four-point bend testers.
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7.7 Typical load–displacement curve obtained in a four-point bending 
test.

σy = Py D t/(4 I) [7.2]

where E is modulus, σy is the yield stress, D is the distance between the 
loading and supporting point, I is moment of inertia, ΔP/Δy is the slope of 
‘elastic’ portion of the load–displacement curve, Py is the yielding load and 
t is the thickness of the specimen.

Althoug h four-point bending techniques are convenient to measure a 
variety of mechanical properties of different materials, their application on 
thin-foil layers (<250 μm) generally needs an addition of a much thicker 
substrate whose properties are well known. Moreover, the statistically 
determined properties are impinged on by various parameters such as 
residual stress, layer thickness and substrate temperature. All these factors 
mean that four-point bending techniques are not appropriate for accurate 
measurements of the properties of (Ni,Pt)Al bond coats, especially at ele-
vated temperatures.
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7.4.2 Bonding strength

Typically, grit-blasted, rough substrate surfaces are used for thermal spray 
coating deposition because of the established relationship between sub-
strate surface roughness and coating adhesion.53 The surface roughness 
effect on mechanical interlocking by calculations which show that a higher 
maximum pressure is generated at particle impact after increased substrate 
surface roughening. Alternatively, other researchers have demonstrated the 
importance of chemical bonding by showing comparable adhesion of 
thermal spray coatings onto smooth surfaces that were laser surface pre-
pared, during deposition, to remove native oxides.

In general, the inter-atomic forces for particle bonding after impact 
during thermal spray deposition can range from weak van der Waals forces 
to strong chemical bonding forces, i.e., ionic, covalent or metallic bonding. 
For the case of air plasma spray deposited coatings, where complete particle 
melting leads to malleable particles impacting the substrate, mechanical 
interlocking must also be considered for long-range (1–10 μm) bonding.

Mechanical interlocking as a theory for thermal spray coating adhesion 
arises from the early observation that coatings adhered best to roughened 
substrates. Mechanical interlocking is evident as the penetration of impacted 
particles into valleys of the substrate or previously deposited layers. This is 
an especially important bonding mechanism for molten particles, which 
easily deform upon impact, even at the high strain rates occurring during 
thermal spray deposition.

While mechanical interlocking may be a primary bonding mechanism for 
molten powders, it does not adequately explain the adhesion of partially 
molten or non-molten ceramic YSZ particles. When unbonded surface zir-
conium, yttrium and oxygen sites on Y2O3-stabilized ZrO2 particles meet 
with other unbonded atoms within a 0.15 nm distance at elevated tempera-
tures, a fraction of the unbonded sites will chemically bond. The close inter-
atomic distance required for chemical bonding is considered to be traversed 
by solid-state and liquid phase diffusional transport of atoms.54 The kinetics 
of diffusional transport must be evaluated in order to fully analyze the 
bonding mechanism.

Although there is no agreement on how to explain all observed coating 
failures, it is agreed that choosing an appropriate measurement to gauge 
the bonding strength of a thermal spray coating is of utmost importance 
in order to quantitatively calibrate aspects of coating integrity such as 
failure strength and fatigue lifetime. Such a bonding strength measurement 
will be essential for designing a thermal spray coating. So far, the widely 
accepted measurement of coating bonding strength has been the average 
debonding stress from the standard tensile adhesion test stipulated in 
ASTM C633-01.55,56
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The average debonding stress is without doubt simple to obtain, but it 
ignores the fact that a thermal spray coating is full of defects such as pores 
and cracks. It was found that there was a large variability in the bonding 
strength determined by the tensile adhesion test.57 It is well known that 
existence of a crack will reduce the debonding stress, and the larger the 
crack the lower the debonding stress. Obviously, the diffi culty of applying 
the debonding stress according to ASTM C633-01 is that it does not account 
for the structural defects inherent in the coating. Therefore, the debonding 
stress may not be an appropriate measurement of coating bonding strength. 
Instead, the fracture toughness which accounts for the interior coating 
defects is recommended as the measurement of coating bonding strength.

The fracture toughness of a YSZ coating has also been studied by Heintze 
and McPherson.58 Coating toughness was found to be related to the com-
position of transformable tetragonal phase, i.e., addition of stabilizer such 
as yttria changed the toughness of zirconia coating.

The term ‘fracture toughness’ is sometimes ambiguous in context. It is 
often referred to as the critical stress intensity factor (SIF) since the SIF is 
an old and more understood fracture mechanics concept. However, by this 
reckoning, the fracture toughness implies the critical energy release rate 
which is more appropriate than the critical SIF because of the inherent 
mixed-mode situation encountered in the multi-layered thin coatings.

7.4.3 Thermal conductivity

The temperature- and time-dependent change in coating thermal conduc-
tivity is one of the most important parameters required for   coating design 
and life prediction. The increase in thermal conductivity due to ceramic 
sintering can result in reduced coating thermal insulation and increased 
bond-coat/substrate oxidation.

There are three possible sources of heat conduction: lattice vibrations 
(phonons), photons and electrons. In dielectric materials, phonons domi-
nate thermal transfer. They can be scattered by other phonons, crystal 
imperfections and surfaces. Phonon conductivity is the proportionality con-
stant that relates the rate of heat fl ow per unit area and the temperature 
gradient. Thermal conductivity depends on the phonon mean path and the 
velocity as well as the lattice heat capacity. The phonon mean free path is 
the average distance traveled between scattering sites. Porosity, cracks and 
lattice defects all serve as phonon scattering centers, decreasing the phonon 
mean path and its conductivity. As discussed above, porosity and micro-
cracking are typical microstructural features found in plasma-sprayed 
coating, which tend to lower thermal conductivity.

Pore shape and orientation, as well as percentage of porosity, affect 
coating properties such as thermal conductivity and elastic response. 
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Inter-splat porosity can be thought of as parallel cracks oriented perpen-
dicular to the heat fl ow. Cracks oriented parallel to the direction of heat 
fl ow do not affect a material’s thermal resistance, whereas those oriented 
perpendicular to the heat fl ow direction provide the maximum reduction 
in conductivity. It is clear that a low thermal conductivity coating should 
possess porosity oriented perpendicular to the temperature gradient, i.e., 
parallel to the substrate. Thus plasma-sprayed coatings are quite suitable 
for thermal barrier applications due to the lamellae structure.59 

There are two mechanisms by which thermal resistance can be enhanced 
via interfaces in multi-layer structures: (i) process of phonon reversal and 
(ii) interfacial resistance. The dominating operating mechanism depends on 
the individual layer’s thickness. The process is only likely to occur given a 
layer thickness on the order of nanometers. For example, a TiO fi lm on a 
fused silica substrate with a moderate interfacial resistance of 10−7 (m2·K)/W 
was experimentally found to decrease the thermal conductivity in a 1 EuN 
fi lm by 50% relative to a bulk material.60 There was further reduction in 
conductivity with thinner fi lms on the order of 10 nm thick. On the other 
hand, interfacial resistance can contribute in systems with micron thick 
layers. Since boundaries serve as phonon scattering sites, the degree of scat-
tering will theoretically increase with the number of interfaces in a given 
volume of material. This enhanced phonon scattering is the underlying 
source of interfacial resistance. The general theory of improving thermal 
resistance by layering has been studied using plasma-sprayed interfacial 
resistance. The theory is commonly determined experimentally by measur-
ing the thermal conductivity of layered materials with varying numbers of 
interfaces.61

This interfacial phenomenon has also been observed for internal bound-
ar i es within a given material. Thermal conductivity of heat-treated plasma-
sprayed YSZ coatings has been found to be higher than that of as-sprayed 
coatings.61 Microstructural evaluation indicates that sintering during heat 
treatment eliminates many inter-splat interfaces. The increase in thermal 
conductivity has been caused by a decrease in the number of boundaries 
between splats and pores.

7.5 Conclusion

Since the 1960s, the development of PS–TBC technology has made reason-
able progress and achieved considerable economic effi ciency. However, it 
is far from being able to meet the demand for technological progress in 
terms of spraying equipment conceptualization, spray craft optimization, 
coating evaluation and coating life forecast as well as functional coating. In 
the future, research in PS–TBCs technology should concentrate on the fol-
lowing aspects: (i) Online monitoring technology should be used to measure 
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the hydrodynamics characteristic of powder in plasma fl ame – this will assist 
in achieving a thorough understanding of the forming process of TBC and 
the mechanism by which various spray parameters infl uence TBC structure 
and performance. Multi-scale simulation and advanced test methods should 
be used to study the physical, chemical and mechanical behaviour of PS–
TBC and to consolidate understanding of correlation failure theory for 
coating material and structure in a high-temperature environment. (ii) An 
established method and standard for PS–TBC is required along with devel-
opment of testing technology for physical and chemical properties. (iii) The 
direction of progress in plasma-spraying equipment is likely to be in the 
development of high-energy and high-speed plasma spray along with 
powder feeding techniques, multi-purpose integrated technologies and real-
time control technology. (iv) Establishment of a spray parameter database 
and model will allow the design and optimization of PS–TBC to continue. 
Functional gradient coating will develop and will enable controllability of 
coating performance. This new generation of TBC has evolved from an 
understanding of improvements to the structure, properties, processing and 
failure modes of earlier TBC systems. Such understanding will continue to 
improve TBC performance.
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Plasma-sprayed thermal barrier coatings with 

segmentation cracks

H. G U O, R. YAO and L. Z H O U, Beihang University, China

Abstract: Plasma-sprayed thermal barrier coatings (TBCs) have been 
widely used on stationary components in turbine engines. The thermal 
shock resistance of such coatings is usually limited by their typical 
lamellar structure. In this work, a segmented structure was induced in 
the plasma-sprayed yttria stabilized zirconia (YSZ) coatings by using a 
‘hot’ spraying condition. The thermophysical properties, mechanical 
properties and thermal cycling behaviors and associated failure 
mechanism of the segmented TBCs were addressed. The segmented 
TBCs exhibited very promising potential in improving the thermal 
cycling lifetime as compared to traditional non-segmented TBCs.

Key words: plasma spray, thermal barrier coatings (TBCs), segmentation 
cracks, thermal cycling, thermophysical property.

8.1 Introduction

Plasma-sprayed thermal barrier coatings (TBCs) have been extensively 
used to protect the components of gas turbines including combustion cham-
bers, vanes and transition pieces from hot gases. The utilization of TBCs, 
accompanied by internal cooling, can achieve a temperature reduction of 
up to 300 K on the surface of the superalloy, which greatly extends the 
duration of its components.1,2 Moreover, this enables engines to operate at 
temperatures above the melting point of the superalloy, and thus their 
effi ciency and energy performance are tremendously improved.

An increasing demand for engine effi ciency and performance in a context 
of higher operating temperatures and lower emissions is propelling the 
rapid development of TBC technology. Current interests focus on plasma-
sprayed TBCs that comprise an yttria stabilized zirconia (YSZ) top coat 
and a NiCoCrAlY bond coat. These are usually used in crucial hot sections 
of gas turbines to increase the turbine inlet temperature (TIT), hence 
enhancing the effi ciency and performance of the turbines. However, sinter-
ing and progressive destabilization of the YSZ top coat caused by mis-
matched thermal stresses and the formation of thermally grown oxide 
(TGO) may lead to spallation failure of the plasma-sprayed TBCs.3–7
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Although TBCs thicker than 1 mm have better thermal barrier capability 
than thinner ones, such as those with a thickness of only a few tenths of 
1 mm, some critical problems remain to be solved in the present work.8–16 
One serious problem is that thick TBCs present low thermal shock resis-
tance when exposed to a high-temperature environment. An increase in 
coating thickness causes greater thermal gradients in the transient phase 
across the coating, and consequently leads to higher thermal stresses in the 
coating. Also, thick coatings will store more elastic strain energy, hence 
increasing the rate of energy release in a crack. These two factors have 
caused spalls of the thick TBCs, tensile cracks or chippings in the bulk of 
the coating materials. This failure mechanism is different from the conven-
tional interface delamination failure that is mainly caused by thermal 
stresses resulting from differences in the thermomechanical properties 
between the coating and the substrate. Another factor that infl uences the 
performance of the thick coatings is the edge effect, defi ned as stress sin-
gularities resulting from moments and shear stresses at the coating edge. 
The stress will approach a singularity at the edge of the TBCs, especially 
those having a thickness of more than 500 μm. However, the edge effect 
might be avoided by optimization of the sample edge.

To improve the thermal shock performance of thick TBCs, some methods 
such as fabricating coatings with graded porosity or gradient layer structure 
have been attempted.17–19 Recently, macrocracks or segmentation cracks in 
TBCs that are perpendicular to the substrate have been reported to be 
conducive to an increase in the thermal shock resistance of plasma-sprayed 
TBCs, mainly because they can accommodate the stresses resulting from 
the different thermal expansions between the coating and the substrate.14,20–24 
These macrocracks can be induced through post treatment such as laser 
glazing, or directly introduced during the deposition by applying large heat 
input to the substrate and using a high lamellar thickness.11,12

Segmented TBCs have a higher amount of microcracks and lower Young’s 
modulus and can tolerate greater strains.14,23 Those features that determine 
the thermal shocking behaviors of segmentation cracks TBCs are greatly 
ameliorated compared to the traditional non-segmented TBCs. This chapter 
addresses the manufacturing, thermophysical properties, mechanical prop-
erties and thermal cycling behaviors and associated failure mechanism of 
segmented TBCs.

8.2 Manufacturing of segmented thermal barrier 

coatings (TBCs)

When the coating is subjected to biaxial tensile stress, segmentation cracks 
may start and develop in the deposition phase because of stress relax-
ation.13,25,26 During spraying, the molten droplets impinge on the surface of 
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the substrate and quickly begin to solidify as a splat. When the solidifi ed 
splat cools, shrinkage, usually associated with the decrease in temperature, 
is inhibited because the splat is attached closely to the substrate, and thus 
in-plane stresses are generated in the splat as a result. However, these 
stresses may be released immediately by the initiation of microcracks in the 
fi rst splat.25–27

It is well accepted that the temperature of a substrate is the primary 
factor determining the development of segmentation cracks.13,20 When 
spraying is conducted on high-temperature substrate, the difference in tem-
perature between the fi rst splat and the following splats will be large enough 
to remelt the surface of the fi rst splat, thereby creating good connections 
among the splats. Then, the tensile stresses developing in the second splat 
will be released by the proliferation of the microcracks pre-existing in the 
fi rst splat. This circle continues until the spraying process is fi nished. In 
other words, the microcracks propagate in the fi rst lamellae throughout the 
thickness. In the deposition of the second lamellae, contacting areas still 
exist between the fi rst splat in the second lamellae and the fi nal splat in the 
fi rst lamellae, even if the heat input is not high enough to remelt the under-
lying splat. Because of these connections, some of the microcracks in the 
fi rst lamellae propagate and penetrate into the next lamellae, and conse-
quently initiate segmentation cracks. Such cracks remain all along the fol-
lowing processes and eventually develop into segmentation cracks.20

Nevertheless, if the spraying is performed with low substrate or particle 
temperatures due to a long spraying distance, the heat from the new liquid 
splat is not high enough to create a good bonding to the underlying splat. 
Therefore, the real area of the connection between the splats is rather 
limited and estimated to be approximately 20%.28 If so, a large number of 
horizontal cracks will present in the form of inter-splat an interlamellar 
delaminations, leading to obvious stress relaxation. Additionally, micro-
cracks will form continuously within each splat and cause further tensile 
stresses, rather than propagating from splats to splats because of the poor 
bonding between the splats.13,20

Passage thickness is another signifi cant parameter affecting the density 
of the segmentation crack.20,27 The density is found to increase along with 
the increase in passage thickness. In one study, passage thickness is con-
trolled by the plasma gun speed and the powder feed rate. It has been 
shown that segmentation cracks are much denser when the passage is fab-
ricated thick by using a low plasma gun speed. It is generally accepted that 
when the plasma gun passes across the substrate materials at a low speed, 
more heat is transferred to the substrate resulting in a higher substrate 
temperature. Moreover, to a given coating thickness, the number of inter-
lamellar delaminations decreases accordingly, owing to the increased lamel-
lar thickness resulting from the low plasma gun speed. However, if controlled 
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by a powder feed rate, the segmentation crack density is not as sensitive to 
the passage thickness as that controlled by plasma gun speed. As shown in 
Fig. 8.1, the difference in segmentation crack density is not as much for the 
coatings sprayed with different passage thickness. A high feeding rate 
usually leads to thicker lamellae when hundreds of particles are deposited 
during one pass. These particles are probably still rather hot, so the cooling 
of the substrate leads to reduced tensile strain difference among the adja-
cent lamellae, thereby reducing the possibility of microcrack formation. 
However, it has been reported by Guo et al.29 that an overhigh powdering 
rate tends to decrease the density of the microcrack slightly compared to 
the low powder feeding rate, which may be attributed to incomplete melt 
of the powders at such a high feed rate.

The particle sizes of the powder feedstock have critical effects on porosity 
and growth of segmentation cracks in the coatings.13,14 As discussed above, 
the coatings sprayed at a high plasma power and short spraying distance 
tend to have a high segmentation cracks density. It has been shown that 
since 20∼45 μm powders have higher depositing effi ciency and better capa-
bility of producing segmented coatings than commercially available, wide 
size distribution powders, they are considered to be preferable for process-
ing segmented TBCs. Diagnostics of the in-fl ight particles demonstrates that 
the 20∼25 μm powders yielded higher heat transmission because of their 
greater specifi c surface area compared to larger powders. This leads to more 
heat input to the substrate and a higher top coat temperature, as well as a 
higher velocity of the fi ne powders. Thus, the coatings sprayed from the fi ne 
powders exhibit a lower porosity, primarily due to the decrease of the 
volume of the inter-splat gaps and voids.
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8.1 Segmentation crack densities of YSZ coatings sprayed with 
different feeding rates.
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The type of feedstock tremendously infl uences the properties of the 
sprayed YSZ coatings because different powders interact diversely in a 
plasma fl ame, thus affecting the development of the microstructure.13,14,29 
Generally, the coatings sprayed from hollow powders contain more 
unmelted particles because their particle size is broadly distributed. As a 
result, the sprayed coatings had a relatively higher segmentation crack 
density than the coating with high porosity because the origin and propaga-
tion of segmentation cracks are mainly hindered by delamination cracks 
and large defects. Therefore, the fused and crashed powder has greater 
capability of producing segmentation cracks in the coatings compared with 
the hollow powder.

Cooling rate during deposition is also one of the main parameters deter-
mining the development of segmentation cracks. High cooling rate is con-
ducive to the generation of segmentation cracks.

8.3 Microstructure of segmented TBCs

Figures 8.2a and b are the scanning electron microscope (SEM) micro-
graphs of the cross-section of the YSZ coatings sprayed from the HOSP 
feedstocks. The number of segmentation cracks in the coating sprayed 
with a longer spraying distance and lower plasma power is rather limited 
(Fig. 8.2a). In contrast to this, the number of the segmentation cracks of the 
coating sprayed with a higher substrate temperature (Fig. 8.2b) increased 
enormously, with most passing throughout the coating thickness.

In Figures 8.3a and b, the polished surfaces of the above YSZ coatings 
are compared. From the surface appearance, the non-segmented coating 
contains a large amount of micrometer-sized pores, while the segmented 
coating has a fi ne segmentation crack network with a diameter in the order 
of 0.5 mm−1.

Figures 8.4a and b show the fracture surfaces of the cross-sections of 
the YSZ coatings. Some pores larger than 1 μm are presented in the non-

(a) (b)

300 μm 300 μm

8.2 SEM micrographs of cross-sections of YSZ coatings: 
(a) traditional non-segmented; (b) highly segmented.
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(a) (b)

200 μm 200 μm

8.3 Surface morphologies of YSZ coatings: (a) traditional non-
segmented; (b) highly segmented.

(a) (b)

15 kV 10 μm×1000 15 kV 10 μm×10009000-1160

8.4 SEM micrographs of fracture cross-sections of YSZ coatings: 
(a) traditional non-segmented; (b) highly segmented.

segmented coating, as shown in Fig. 8.4a. These pores usually result from 
unmolten particles and gas entrapment during spraying. The segmented 
coating was apparently denser than the non-segmented coating, because 
fewer inter-splat gaps and voids are visible in the coating. Furthermore, the 
columnar grains go through several lamellae. Moreover, the contact between 
the lamellae is signifi cantly improved, as shown in Fig. 8.4b.

8.4 Thermophysical and mechanical properties of 

segmented TBCs

The thermal diffusivities of the YSZ coatings were measured by laser fl ash 
apparatus. The thermal diffusivity values for the non-segmented coating 
range from 0.002–0.006 cm2 s−1 between room temperature and 1200 °C, 
while the segmented coating exhibits a perceptible increase in thermal dif-
fusivity compared to the non-segmented coating. The difference indicates 
that the values of the thermal diffusivity largely depend on the microstruc-
ture of the coatings.
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Thermal conductivity is calculated using the equation: K(T) = α(T)·CP·ρ 
where K(T) is the thermal conductivity, α(T) is the thermal diffusivity, 
CP is the specifi c heat and ρ is the bulk density of the coating. The thermal 
conductivity of the segmented coating, with an increase of nearly 20% 
compared to that of the non-segmented coating,14,23 is approximately 1.75 W/
mK.

Plasma-sprayed TBCs reveal a two-dimensional microcrack network: one 
is defi ned as a horizontal microcrack, resulting from the fl awed contacts 
between the inter-splats of the coatings; the other is oriented vertically, 
primarily resulting from the microcracking of the splats during cooling. The 
former is particularly effective in reducing the thermal conductivity of the 
sprayed coatings, because the interfaces formed by such cracks are perpen-
dicular to the main heat fl ux. Among the coatings mentioned above, the 
segmented coating has a lower porosity than the non-segmented coating, 
and thus has a better connection between the splats, which contributes to 
reducing the amount of horizontal microcracks. This explains why the seg-
mented coating tends to have a slightly higher thermal conductivity com-
pared to the non-segmented coating. Moreover, dispersed spheroid 
microporosity is also helpful in lowering the thermal conductivity of the 
YSZ coatings. It is worth noting that branching cracks are also introduced 
when the spraying is performed with thick lamellae, accompanying the 
generation of segmentation cracks. The branching cracks play a role in 
lowering the thermal conductivity of the segmented TBC.20

Both the non-segmented and segmented coatings reveal very similar 
thermal expansion when heating to 1200 °C from room temperature, despite 
the different processing parameters and microstructure between the coat-
ings. The average values of the thermal expansion coeffi cient (TEC) are in 
the range 10∼11.2 × 10−6 K−1.

8.5 Thermal shock resistance and associate 

failure mechanism

Thermal shock testing was conducted using a gas burner rig with natural 
gas and oxygen to evaluate the thermal shock resistance of the coatings (see 
Fig. 8.5). The temperatures of the coating surface and the back side (sub-
strate) were measured using a pyrometer and a thermocouple fi xed at the 
back of the substrate, respectively. During the test, the gas burner has a 
broad fl ame in order to produce a homogeneous temperature distribution 
in the center of the sample. The sample was heated to a desired temperature 
within 20 s, and then maintained at the temperature for 5 min. The back 
side of the sample was cooled by compressed air in order to keep a con-
trolled temperature gradient across the thickness of the sample and, in this 
case, the temperature gradient was nearly ∼500 °C. The burner was removed 
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8.5 Burner rig set-up for thermal shock testing.

automatically from the coating during the cooling, and the sample was 
cooled for 2 min using compressed air at a rate of more than 100 °C/s. The 
lifetime of the coating is defi ned as the number of thermal cycles when the 
spallation of the coating is clearly visible to the naked eye.

The segmented specimen had a thermal cycling lifetime of more than 
2000 cycles at 1200 ± 50 °C (surface)/1000 ± 50 °C (substrate), while the 
non-segmented one had a lifetime of less than 500 cycles. The segmented 
coating exhibited a much improved thermal shock resistance. Figure 8.6 
gives a photograph showing the surface morphology of the segmented TBC 
after 3200 cycles of thermal shock testing. Spallation of the YSZ coating 
occurred starting from the edge of the specimen, which is a typical failure 
mechanism caused by oxidation of the TBC, as shown in Fig. 8.7.

The traditional non-segmented specimen is usually spalled off from the 
substrate by cracking at the interface between the YSZ top coat and the 
bond coat.30–36 This is a typical failure mechanism of plasma-sprayed TBCs 
caused by thermal stresses deriving from the mismatch of thermal expan-
sions between the ceramic top coat and the superalloy substrate. In the 
segmented specimen, some chippings on the surface of the top coat were 
observed before bulk spallation. The failure of the segmented coating then 
started from the edge of the specimen and propagated to the center. Finally, 
partial spallation of some segments rather than spallation of the whole 
coating occurred, which is quite different from the failure mechanism 
observed in traditional TBCs.13,20,31,37,38

Segmented TBCs have a much longer thermal cycling lifetime than tra-
ditional non-segmented TBCs and a distinct failure mechanism, to which 
the contribution of the segmentation crack network should be attributed. 
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8.6 Photograph of the segmented TBC after thermal shock resistance 
of 3200 cycles.

YSZ

Mixed zone

Spinel

α-Al2O3

NONE COMPO 20.0 kV ×1000 10 μm WD 11.0 mm

8.7 SEM micrograph of cross-section of the segmented TBC after 
thermal shock testing, showing the morphology of TGO.
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These cracks can improve the straining tolerance of the coatings by opening 
during tensile loading and closing during compressive loading, just like the 
behavior of the inter-column gaps of electron beam physical vapor deposi-
tion (EB–PVD) coatings. The straining tolerance may be seen as a reduc-
tion of the stress concentration that existed at various edges of a TBC 
specimen. In particular, at free edges, such as at the rim of a disk specimen 
or around the periphery of each segment in the segmented coating, shear 
stresses at the interface between the coating and the substrate will develop 
because of different thermal expansions, hence placing TBCs in lateral 
tension or compression depending on the instantaneous temperature as 
well as the specimen’s thermal history. The thickness and the area of each 
coating are the geometrical factors that can determine the magnitude of 
the maximum shear stresses at the edges. To a constant coating thickness, a 
smaller area will lead to smaller stresses. Therefore, it is reasonable to 
anticipate that a highly segmented specimen can generate relatively small 
shear stresses compared to a non-segmented specimen, and hence the force 
to produce an interface crack is also signifi cantly reduced.

Several factors, such as porosity and other horizontal cracks, may affect 
the thermal properties of TBCs, but it is found in the present study that 
segmentation cracks dominate the lifetimes of TBCs. Some other factors 
that are related to the changes of materials microstructure still need further 
investigation.

Plasma-sprayed 8YSZ coatings mostly consist of a non-equilibrium 
tetragonal phase (denoted as t′) resulting from the rapid cooling during the 
spraying process.7 Nevertheless, exposure to high temperature leads to the 
decomposition of t′-phase. During the high-temperature stage, the t′-phase 
fi rst transforms to the stable tetragonal phase (t) with low yttria content, 
and then to the monoclinic phase (m) during the cooling stage. The phase 
transformation of t′ to m is associated with a volume expansion of up to 
5%, which will deteriorate the integrity of the YSZ top coat and can hence 
cause the failure of TBCs.

For the segmented coating sprayed under ‘hot’ condition, the issue of 
concern was the phase stability of the YSZ coating. Only a small amount 
of monoclinic phase was detected in both the as-sprayed coating and the 
coating after thermal shock testing.3,4,7,37 The presence of the monoclinic 
phase in the as-sprayed coating could be ascribed to the special processing 
condition for spraying highly segmented coatings, in which the substrate 
temperature could reach as high as 1273 K. It can be inferred that the 
coating surface temperature was even higher than the substrate tempera-
ture during the spraying. Therefore, it is possible that the phase transforma-
tion of t to m occurred just in the as-sprayed coating. As for the TBC 
specimen after thermal shock testing, the maximum temperature that the 
specimen was exposed to is lower than 1523 K. It is well recognized that 
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the decomposition of the t′-phase in 8YSZ TBCs is very slow at tempera-
tures below 1523 K. Therefore, it can be predicted that decomposition of 
TBC phase could not cause severe damage to the integrity of segmented 
TBCs.

As shown in Fig. 8.7, a TGO layer of about 5 μm thickness was formed 
on the bond coat and some horizontal cracks were developed in the top 
coat close to the TGO. The TGO consists of three zones: the α-Al2O3 zone 
close to the NiCoCrAlY bond coat; the spinel zone above the α-Al2O3 zone; 
and the mixed zone of spinel oxide and ZrO2. The formation of spinel oxides 
is related to depletion of Al in the bond coat.7,39–41 In the case of the seg-
mented TBC, it usually survives hundreds of hours under a hot gas environ-
ment. As a result, severe oxidation inevitably occurs and a thick TGO is 
formed between the YSZ top coat and the bond coat. With the qualitative 
analysis given above, we currently believe that the geometrical effects of 
reducing stresses by segmentation cracks do indeed play a dominant role 
in prolonging the thermal cycling life of TBCs, but further quantitative 
investigations should be carried out in the near future.

Thick TBCs with different levels of segmentation crack densities can be 
produced by controlling the heat input to the substrate. The thermal cycling 
lifetimes of the sprayed TBC are strongly dependent on the segmentation 
crack density. Highly segmented TBCs achieve a signifi cant improvement 
in thermal cycling lifetime as compared to TBCs without segmentation 
cracks. It has been shown that the segmentation crack network is quite 
stable during thermal cycling testing. No segmentation cracks disappear 
during sintering of YSZ coatings.

Segmentation cracks can be also applied to quite thin coatings. As shown 
in Fig. 8.8, a thin YSZ TBC with segmentation cracks was produced and 
exhibited a very satisfactory thermal shock resistance as compared to the 
traditional TBC. The failure of the thin coating was governed by the oxida-

100 μm

8.8 Optical micrograph of cross-section of the thin TBC with 
segmentation cracks after 2320 cycles thermal shock testing.
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tion of the bond coat because the temperature of the bond coat in the case 
of the thin TBC was almost 50∼100 °C higher than that in the case of the 
thick TBC.

8.6 Future trends

With the development of technology, the production of highly segmented 
TBCs with high segmentation crack densities has become possible by using 
advanced processing methods. Even higher segmentation crack densities, as 
well as a high porosity level and hence low thermal conductivities, can be 
obtained by using suspensions as feedstock for the plasma-spraying process. 
One problem associated with the plasma-spraying process is the blocking 
of the cooling holes during deposition, and the search for solutions to over-
come this problem is still in progress.
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Detonation gun sprayed thermal 

barrier coatings

P. L. K E, Y. N. W U and C. S U N, Chinese Academy of Sciences, China

Abstract: Detonation gun spraying (D-gun spraying) is believed to be a 
promising new spraying technology in thermal barrier coatings (TBCs) 
for application to aircraft turbines. This chapter focuses mainly on two 
issues of aircraft turbine applications. It discusses fi rst the low thermal 
conductivity of the new type of D-gun sprayed YSZ top coating. The 
failure mechanism of thermal shock cycling aimed at improving the 
lifetime of D-gun sprayed TBCs is then described.

Key words: thermal barrier coatings (TBCs), detonation gun spraying 
(D-gun spraying), thermal conductivity, thermal shock cycling, failure 
mechanism.

9.1 Introduction

Gas detonation gun (D-gun) technology and equipment were originally 
developed and patented in 1955 by Union Carbide (now Praxair).1,2 These 
approaches and capabilities, have not, however, been opened to the public 
until recently. Even so, in the 1960s, the Institute of Materials Science and 
Welding Institute of Ukraine, SSR managed to utilize D-gun technology, 
and eventually developed D-gun equipment. With the disintegration of the 
Soviet Union, D-gun spraying technology and equipment were offered for 
sale and thus made known to the research fi eld. Since then, D-gun-sprayed 
coatings have found wide application, especially in the aircraft industries of 
the USA, Japan and the former Soviet Union.3–5 In light of this promising 
processing method, Beijing Institute of Aviation Materials, China, began to 
launch independent innovations in D-gun technology and equipment in 
1985, but there remains a large gap compared with Ukraine. At the time of 
writing, there are about ten D-gun facilities in use in China, most of which 
were imported from Ukraine, and the technology has been studied system-
atically since the 1990s.6–11 D-gun technology has now gained an ever-
extending application in various engineering fi elds, such as the medical, 
aircraft, agricultural and machinery industries, especially for surface 
strengthening and modifying of machinery components.
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A schematic representation of a D-gun spraying device is given in Fig. 
9.1. The main feature of D-gun spraying is that high-velocity particles, typi-
cally 800–1200 m/s, are accelerated by the detonation wave during spraying; 
therefore, higher bond strength, higher hardness and lower porosity of the 
coating can be achieved. This method allows the deposition of quality coat-
ings for various purposes using various powder materials. Alloy(s), oxides, 
hard metal, carbide cermets as well as composite materials can be sprayed 
to form coatings with properties of wear-resistance, friction-reduction, ther-
mal-resistance, insulation, conduction and thermal shock resistance. These 
are extensively used as wear-resistance coatings or seal coatings. The dura-
tion of parts can be extended several dozen fold by application of D-gun-
sprayed coatings on the top coat.

The two processes in commercial use for thermal barrier coating (TBCs) 
are air plasma spraying (APS) and electron beam physical vapor deposition 
(EB–PVD). APS TBCs have lower cost and thermal conductivity compared 
with EB–PVD TBCs, but at the expense of durability.12–14 One means of 
improving the quality of TBCs, is to try to modify the current APS and 
EB–PVD techniques. The alternative is to develop a new generation of 
deposition technology, such as D-gun spraying. This might be a promising 
technology with the potential to solve some technical diffi culties, such as 
the low torch temperature and very short heating time for ZrO2–Y2O3 
(YSZ) ceramic particles during the spraying process. Until 1999, Kim et al. 
had utilized D-gun spraying equipment to obtain TBCs successfully for the 
fi rst time through optimizing the spray parameters, especially the ratio of 
C2H2 to O2.15–16

Spark plug

Detonation wave

Powder feeders

Ceramic powder Metal powder Specimen

moving direction

Nitrogen Acetylene Oxygen

2nd shot 1st shot

9.1 Schematic illustration showing the principle of the D-gun spraying 
process.16
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9.2 Detonation gun (D-gun) sprayed thermal barrier 

coatings (TBCs)

9.2.1 Microstructure of as-sprayed D-gun TBCs

It is known that the D-gun-sprayed TBCs have a typical layer structure 
similar to that of coatings deposited using other thermal-spraying processes. 
D-gun spraying offers the highest particle velocity amongst all the thermal 
spraying technologies which means that it is able to achieve satisfactory 
lamellar bonding at the interfaces between the fl attened particles. Based on 
the work of Wu and Ke,17–19 it is clear that as-sprayed D-gun YSZ top coats 
have a unique microstructure with vertical cracks, splats, unmelted particles 
and a rough bond coat surface with protrusions on the top coat. The 
unmelted particles, the porosity and especially the through-thickness cracks 
are all benefi cial in imparting strain-tolerance to the TBC, while the poros-
ity helps reduce the thermal conductivity. Moreover, it is generally agreed 
that a rough bond coat surface can increase the duration of a typical plasma-
sprayed TBC system during thermal cycling. It has been assumed that the 
roughness of the bond coating provides mechanical interlocking at the 
interface between the top and bond coat; however, a recent theoretical 
analysis showed that periodic undulations of the surface of the bond coat 
can provide oscillatory energy-release rates, which would cause cracking in 
the top coat to be exposed locally, which, in turn, prevents or postpones 
TBC spallation. Inter-splat porosities and splat boundaries can also be seen 
under the protrusions in the bond coat around the interface. These can 
possibly provide a pathway for oxygen ingress into the bond coat when 
connecting to the interface of a relatively porous structure typical of the 
YSZ top coat.

9.2.2 Thermal conductivity

When designing a TBC, a thermally protective TBC layer with a low thermal 
conductivity is introduced to maximize the thermal drop across the thick-
ness of the coating in order to protect the substrate alloy. Much research 
work focuses on how to further decrease the thermal conductance, espe-
cially from the initial ZrO2 (between 2.5 and 4.0) to YSZ (2.3–2.6 in the 
dense form). Generally, there are three approaches to lowering the thermal 
conductivity of TBCs: (i) to lower the thermal conductivity of the coating 
material; (ii) to lower the thermal conductivity by increasing the porosity 
of the coating; and (iii) to increase the thickness of the coating. In this 
section, we will deal with two YSZ powder materials – normal solid ZrO2–
8%Y2O3 (NSP–YSZ) and hollow spherical ZrO2–8%Y2O3 (HSP–YSZ) –
sprayed by D-gun with a low thermal conductivity.
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The thermal conductivity of TBCs is related to the microstructure and 
density of the YSZ. A relation which has been derived for calculation of 
the thermal conductivity (λ) values of YSZ coatings is20

λ α ρ= ⋅ ⋅Cp  [9.1]

where α, Cp, ρ are thermal diffusivity, specifi c heat and density, respectively. 
With regard to the normal widely used solid powder of YSZ (NSP–YSZ), 
it has been reported that D-gun-sprayed YSZ free coatings had a thermal 
conductivity (1.0–1.4 W/mK) approaching that of the plasma-sprayed coat-
ings (1.0–1.5 W/mK17), and much lower than their EB–PVD counterparts 
(>2.0 W/mK18).

In order to obtain a top coat with even better thermal insulation Ke 
et al.21 introduced HSP–YSZ as a new top coat powder material. Different 
from the NSP–YSZ, as shown in Fig. 9.2, HSP–YSZ has a high closed poros-
ity (>10 vol. %), which is advantageous in increasing the effectiveness of 
thermal protection and enhancing thermal shock resistance. Correspond-
ingly, the thermal conductivities of the freestanding NSP–YSZ and HSP–
YSZ ceramic coatings were 1.0–1.4 W/mK and 0.8–1.2 W/mK from 200 °C 
to 1200 °C, respectively. In short, HSP–YSZ ceramic coating by D-gun 
spraying has lower thermal conductivity. Reducing thermal conductivity 
will help (i) to improve TBC durability by reducing the metal temperature 
and retarding the thermally-activated processes responsible for failure and/
or (ii) to improve engine effi ciency at higher temperatures.

Hasselman analyzed the effect of cracks of various orientations on 
thermal conductivity and showed that the maximum reduction in thermal 
conductivity could be achieved when all cracks were oriented perpendicular 
to the direction of heat fl ow.22 Moreover, cracks oriented parallel to the 
direction of heat fl ow have negligible effects on thermal conductivity. 
Similar to a plasma-sprayed coating, a D-gun sprayed coating is formed by 

(a) (b) (c) 

10 μm 2 μm 100 μm 

9.2 SEM images of YSZ powders; (a) surface view of HSP; (b) cross-
sectional view of HSP; (c) cross-sectional view of NSP.
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a succession of molten and partly-molten droplets impacting on a substrate 
followed by lateral fl attening, rapid solidifying and cooling, resulting in a 
ceramic top coat with a regular and thin lamellar microstructure. The lamel-
lar intervals are applicable to the cracks oriented perpendicular to the 
direction of heat fl ow. As a result, the thermal conductivity of D-gun YSZ 
coatings is lower than that of bulk materials and EB–PVD YSZ coatings 
which have a columnar microstructure parallel to the direction of heat fl ow.

9.2.3 Failure mechanism of D-gun TBCs during thermal 
shock cycling

For plasma-sprayed TBCs with a rough bond coat, failure occurs during 
crack evolution in the TBC itself, which occurs on planes nominally parallel 
to the substrate. Conversely, EB–PVD coatings are deposited on smooth 
bond coats and failed, typically, by loss of adherence at the thermal grown 
oxide (TGO)/bond coat interface. In both cases, failure is initiated by the 
energy density in the TGO and exacerbated by sintering of the TBC. This 
occurs because a thin, highly stressed TGO develops beneath the TBC. The 
specifi c mechanisms that contribute to failure of D-gun TBCs are described 
in this section, with a view to enabling the design of TBCs with greater 
reliability and durability.

Stress within the TGO exerts a crucial infl uence on TBC failure.23 Under-
standing the stress distributions is important to any failure mechanism 
model, and curvature and X-ray residual stress evaluation are the methods 
most commonly adopted.24 However, curvature methods are not usually 
appropriate for stresses between alternate layers and thus may not lead to 
any bending of the multi-layer as a whole. Whether X-ray diffraction pro-
vides a measure of the stress in the top layer only, or an average over many 
layers, curvature methods depend largely on the layer thickness. Moreover, 
problems include peak broadening for very fi ne grained coatings, loss of 
peak intensity and a depth of penetration (some tens of micrometers) which 
can be on a scale equal to the surface roughness for thick coatings. Other 
methods such as Raman spectroscopy have also been used. One particularly 
promising method is photo-stimulated luminescence spectroscopy (PSLS)25 
since it is non-destructive and it produces a direct measure for local elastic 
strain energy in the TGO.

There are two main sources of the stresses.26,27 (i) thermal expansion 
mismatching upon cooling; and (ii) TGO growth. Studies have indicated 
that growth stresses range from near zero to about 1 GPa, and laser piezo-
spectroscopic measurement shows that thermal expansion misfi t results in 
compressive stresses ranging from 3–4 GPa. The stresses within the TGO 
layer are non-uniform, but all compressive stresses use Eq. [9.2] which is 
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similar to that given in reference25 but modifi ed to refl ect one-axis stress 
within the cross-sectional TGO layer

Δ Πυ σ= 1
3

ii  [9.2]

where Πii is the trace of the piezo-spectroscopic coeffi cient tensor with a 
value of 7.6 cm−1/GPa, Δυ is the frequency shift (cm−1) of a Ruby (R2) line 
at about 14 430 cm−1 and σ is the stresses in the TGO scale. Most of the 
stress values (thermal stresses together with growth stresses) ranged from 
1–3 GPa. A low stress in these coatings provides little strain energy to drive 
failure and can be seen as the primary reason for their long spallation life 
under excessively severe thermal cycling conditions applied in D-gun-
sprayed TBCs.

It should be noted that relatively higher stresses (4–5 GPa) were also 
found when measurements were taken where Ni, Cr-rich oxides were over-
laid on the Al2O3 layer while 2–3 GPa was found in regions consisting of 
complete Al2O3. This higher stress in the TGO with Ni, Cr-rich oxides is not 
well understood. A possible reason is that the measured stresses may cover 
not only the thermal stress, caused by thermal expansion mismatches 
between metals and oxides, and growth stresses but also phase stresses due 
to thermal expansion misfi t between Al2O3 and Ni, Cr-rich oxides.

The combination of stress distributions in the TGO layer and damage 
which occurred during thermal shock cycling together with the proposed 
failure mechanism for the damage to D-gun TBCs, which occurs strictly in 
the ceramic layer and at the TGO/YSZ interface close to the Ni and Cr-rich 
oxides, is illustrated in Fig. 9.3.

• Undulated TGO formed at the interface during thermal shock cycling 
results in microcracking at the YSZ/TGO interface and the formation 
of voids, decreasing toughness between TGO and YSZ (Fig. 9.3a).

• As a result of depletion of Al due to severe internal oxidation within 
the bond coat, voluminous breakaway oxides containing Cr and Ni 
formed at the interface, especially around protrusions into the top coat 
(Fig. 9.3b). Strain caused by thermal expansion misfi t during cooling and 
tensile stresses in the oxides resulted in formation of cracks and voids 
within the non-alumina oxides, leading to delamination of the outer 
ceramic layer and failure of the coating at the regions where chemical 
failure has occurred.

• The nucleation and propagation of the cracks in the ceramic coat along 
the splat boundary due to the D-gun intermittent spraying process 
as well as cracks normal to the interface will induce wedge-shaped 
spallation areas, even in the entire ceramic coat. (Fig. 9.3c)
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9.3 TBCs deposited through arc ion plating (AIP)/D-

gun two-step technology

As noted above, the primary failure mechanism of D-gun TBCs involves 
the depletion of Al in the bond coat and formation of non-alumina break-
down oxides within the TGO layer at the bond coat and ceramic top coat 
interface. With regard to durability and reliability, the challenge is to 
improve the oxidation resistance of the bond coat at high temperature. 
Many attempts have been made to deposit metallic coatings other than 
MCrAlY in order to improve substrate properties. Here we will give one 
example, an arc ion plated (AIP) NiCoCrAlYSiB alloy coating, designed to 
confer a better oxidation resistance.

Arc ion plating (AIP), also referred to arc plasma deposition (APD), is 
a well recognized method of producing protective coatings due to its high 
ionization effi ciency and excellent fi lm adhesion. It is a promising method 
for depositing oxidation-resistant coatings on gas turbine components. This 
novel composite two-step AIP/D-gun method has been designed to produce 
TBCs with better oxidation resistance and thus better thermal shock 
resistance.28

9.3.1 Bond coatings obtained by AIP

TGO growth is the dominant factor in controlling durability; therefore, 
the chemistry and microstructure of the bond coat are crucial, because of 

TBC 

Bond coat

TGO

Degradation

interface 
Voids 

Bond coat

TGO

TBC 

(a) (b) (c) 

TBC 

Bond coat 

TGO 

Spalling areas

9.3 Schematic illustrations showing progressive microstructural 
evolution and damage accumulation during thermal shock cycling 
leading to spallation failure of the TBC: (a) interface delamination due 
to undulation development-induced cracking at the YSZ/TGO interface 
and formation of voids; (b) internal oxidation in bond coat and 
formation of Ni/Cr-rich oxides due to Al depletion – crack initiation 
and voids formation within the non-alumina oxides caused by strain 
evolving from thermal expansion misfi t and tensile stress in non-
alumina oxides; (c) wedge-shaped spalling areas caused by the 
propagation and linkage of the cracks along the splat boundary and 
vertical cracks in the ceramic coat.
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their infl uence on the structure and morphology of the TGO. In this case, 
alloy coatings acting as bond coat deposited using AIP will be described 
below.

The provided NiCoCrAlYSiB bond coat has a relatively rough surface. 
Different sizes of particles were dispersed on the surface with smaller 
particles nucleating on larger ones. The larger particles were of different 
morphologies while smaller ones were globular. According to the X-ray 
diffusion (XRD) results, the as-deposited bond coat was composed mainly 
of γ ′-Ni3Al and γ-Ni phase. Within the as-deposited TBCs obtained by the 
AIP/D-gun two-step method, there was a uniform and dense NiCoCrAlY-
SiB bond coat (generally 35–40 μm thick) with good adhesion to the sub-
strate and the top coat.

As expected, the TGO scale is only Al2O3 phase during the thermal expo-
sure of AIP/D-gun TBCs. Raman luminescence spectra on the TGO scale 
reveal additional peaks, together with α-Al2O3 peaks, after 1 h thermal 
exposure. These additional peaks are arrowed in Fig. 9.4, and reported to 
coincide with that of θ-Al2O3, indicating the co-existence of θ-Al2O3 and 
α-Al2O3 in the TGO at the early stage of oxidation. XRD analysis also 
confi rmed this result. At 1100 °C, θ-Al2O3 and α-Al2O3 co-exist after 1 h 
oxidation. However, after 5 h oxidation only a weak θ-Al2O3 peak was 
identifi ed, and α-Al2O3 was the dominant phase present in the oxide scale; 
extended oxidation causes no further change in phase composition of the 
TGO scale, only increasing the intensity of the α-Al2O3 peaks. This is borne 
out by Brumm and Grabke29 who identifi ed a region of phase co-existence 
at about 850–1200 °C.
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9.4 Typical R1 and R2 fl uorescence spectra for α-Al2O3, and an 
additional peak coinciding with θ-Al2O3.
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9.3.2 Stress distributions of thermal grown oxide (TGO)

Equation [9.3]25 is used to estimate internal stresses in the TGO when 
the TGO is assumed to be untextured and polycrystalline under 
biaxial-stresses:

Δ Πυ σ= 2
3

ii  [9.3]

Spectra were recorded from samples that were thermally exposed for dif-
ferent times at 1100 °C. On the basis of the observed frequency shifts of the 
R2 line, the corresponding biaxial compressive stresses can be produced by 
inverting Eq. [9.3]. The measured stresses were varied. It should be noted 
that the transformation of metastable θ-Al2O3 to α-Al2O3 is generally 
accompanied by volume shrinkage of about 13%, creating a tensile stress 
(or decreasing compression). Therefore, compressive stresses of TGO 
during the transient oxidation period from the metastable θ-Al2O3 to the 
stable α-Al2O3 (∼5 h) were at a lower level. After the transient period, the 
average stresses ranging from 0.5–1.5 GPa were almost independent of 
oxidation time. However, at long oxidation times (thermally exposed for 
500 h), the stresses appeared to decrease due to the spallation failure.

9.3.3 Microstructure evolution during thermal exposure

The changes in coatings microstructure with increasing oxidation time, 
especially at the TGO/TBC and TGO/bond coat interfaces shown in Fig. 
9.5a–f have four features. (i) a more undulated and thickened TGO layer; 
(ii) separation between the bond coat and the TGO; (iii) cracks running 
across the TGO; and (iv) cracking within the top coat and along the TGO/
bond coat interface. Initial cracking across the TGO was commonly observed 
around all undulation crests in those TBCs thermally exposed after 200 h, 
which can be seen from Fig. 9.5e. Meanwhile, the cracks within the top coat 
increased in length over time. It has been suggested that their eventual 
linkage would lead to the spallation of the lamellar TBC in the ceramic 
coat, which may account for the thinner top coat, with thickness of 70 μm 
for the sample after 400 h thermal exposure (as shown in Fig. 9.6a) com-
pared with ∼200 μm for the as-received samples. AIP/D-gun TBCs after 
500 h decayed by instant peeling of the ceramic top coat from the substrate 
on cooling to room temperature (Fig. 9.6b). The ceramic top coat split into 
thin pieces and peeled off, although some YSZ still adhered to the substrate. 
Energy dispersive X-ray (EDX) composition analysis of the spallation area 
in the plan view (Fig. 9.6c) implied that the light region consisted of some 
remaining YSZ, while the area where TBC had been spalled off during 
cooling to room temperature was Al2O3 TGO layer (the grey black region) 
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Univ.B'ham SEI 15.0 kV ×1500 10 μm WD 9.8 mm Univ.B'ham COMPO 15.0 kV ×5000 1μm WD 9.1 mm

Cracks 

Thickness Imperfections

Cracks 

Cracks 

Cracks 

15 kV 10 μm 10  60  SEI 15 kV 10 μm 10  60  SEI

15 kV 20 μm 10  60  SEI 15 kV 20 μm 10  60  SEI
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(c) (d)

(e) (f)

9.5 Change of coating microstructure with thermal exposure at 
1100 °C for (a) 1 h; (b) 5 h; (c) 10 h; (d) 25 h; (e) 200 h; (f) 300 h, 
showing the TGO thickening and becoming more undulated, cracks 
running across the TGO and debonding damage along the bond coat/
TGO interface.

and bare bond coat (Ni/Cr rich indicated by arrows). The fracture surface 
from the sample suggested that the failure of the AIP/D-gun TBCs occurred 
at the TGO/bond coat interface, leading to lamellar spallation of TBC and 
even peeling of the entire ceramic top coat.
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9.6 (a) Cracking sequence caused by growth misfi t, followed by 
cooling to ambient and the radial crack penetrating through the TGO 
at its inner edge. (b) Surface images of sample after 500 h cooling to 
ambient from macro-view. (c) Back scattered electron image of 
spallation area.

9.3.4 Failure mechanism of AIP/D-gun TBCs during 
thermal exposure

Compared with the thermal mismatch stresses (generally 3–4 GPa), the 
stresses in AIP/D-gun TGO were much lower. The exact cause for this was 
not well understood. Possible reasons could include different instrumenta-
tion as well as different methods of analyzing the recorded spectra. However, 
a reasonable deduction might be linked to greater strain tolerance of the 
HSP–YSZ top coat and better oxidation resistance in AIP/D-gun TBCs 
compared to D-gun TBCs with a NSP–YSZ top coat.

The fact that the stress values after the transient oxidation period did not 
change much with thermal exposure time, together with a slight decrease 
for the sample after 500 h thermal exposure, and the occurrence of cata-
strophic spallation failure at ambient temperature after cooling, suggests 
that spallation failure might be determined by an environmental-driven 
sub-critical crack along with the increase in the growth along the bond coat/
TGO scale interface. Therefore, we could fi nd that the decrease in biaxial 
stress at long oxidation times was a direct result of the growth of debonding 
damage at the TGO/bond coat interface which would result in stress relief 
as the materials expanded.

9.4 Future trends

Better thermal insulation of the hot path components is needed in state-of-
the-art gas turbines and in diesel engines because of the increasing demands 
created by high process temperatures. As previously described, taking 
advantage of the higher closed porosity for HSP–YSZ, HSP–YSZ D-gun 
TBCs with HSP–YSZ have a lower thermal conductivity than those TBCs 

�� �� �� �� ��



186 Thermal barrier coatings

© Woodhead Publishing Limited, 2011

with NSP–YSZ obtained by D-gun, PS and EB–PVD. Thus the next step in 
the development of D-gun TBCs should be aimed at lowering thermal 
conductivity and increasing coating thickness, thick TBCs being an attrac-
tive option. One problem in the application of thick coatings which needs 
addressing is the tensile stresses within a coating system. It is important to 
note that D-gun TBCs have been found to be a compressive stress state 
within the coatings system, which has potential for thick (TBCs).

It is a fact that the failure of the conventional duplex TBC systems is 
mainly caused by the thermal expansion mismatch between the ceramic top 
coat and metal bond coat of the systems. One method of solving this 
problem is to introduce the concept of functionally gradient material 
(FGM) into TBCs, which are referred to as ‘FGM–TBCs’; however, the 
fabrication of a fi ne mixture of ceramics and metals with a compositional 
gradient is quite diffi cult. Several processing techniques have been explored, 
such as plasma spraying, powder metallurgy, and in situ synthesis, but fi nding 
the optimum process for the fabrication of FGM–TBCs still remains a chal-
lenging task. Despite the diffi culty, a new approach (a ‘shot control method’) 
in D-gun spraying with the potential to achieve an excellent FGM–TBC 
was successfully developed by the work of Kim et al.16 The FGM layer of 
the FGM–TBCs prepared using this method exhibited a well-mixed micro-
structure of metals and ceramics with a desired compositional gradient in 
the thickness direction. Microhardness measurements and XRD analyses 
revealed that the ceramics and metals mixed in the FGM layer maintained 
their individual properties without severe oxidation or phase transforma-
tion. The expected improvement in the thermal shock resistance due to the 
realization of a functionally graded layer between the ceramic and the 
metal coating layers in TBC systems was also proved, as shown by thermal 
shock tests using a burner rig tester.

Another viable method is to produce nano-structured coatings because 
of their extraordinary properties. Novel properties of nano-structures have 
been widely reported. For example, nano-sized powder materials, nano-
composite or nano-scale multi-player thin fi lms frequently exhibit novel 
properties that cannot be implemented in materials of conventional micro-
structures, demonstrating enhanced properties, including hardness, strength, 
ductility and toughness, and nano-structured YSZ coatings have low thermal 
conductivity, high coeffi cient of thermal expansion and excellent mechani-
cal properties.30–32 Therefore, use of nano-structure materials is expected to 
improve the performance of TBCs.

One of the biggest challenges in thermal spraying of nano-materials is to 
retain the pre-existing nano-structure of the feedstock. During the plasma 
spraying of ceramics, it is necessary to partially melt the powder particles 
in order to achieve the necessary physical conditions for cohesion and adhe-
sion. If nano-structured powder particles are fully melted during spraying, 
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then the traditional behavior of thermal spray particles, such as solidifi ca-
tion, nucleation and growth, will take place. Such processes will destroy the 
original nano-structured features of the feedstock. D-gun spraying technol-
ogy has advantages over both plasma spraying and high-velocity oxygen 
fuel (HVOF), since it has a moderate fl ame temperature for melting 
nano-materials instead of a high velocity to produce high-performance 
coatings.

9.5 Conclusion

In aircraft turbine applications, the spallation resistance and the thermal 
conductivity of the coating system are the main properties. This chapter 
focused on these two issues. The results showed that D-gun-sprayed TBCs 
with a lamellar structure had a low thermal conductivity, close to the thermal 
conductivity of the plasma-sprayed YSZ and much lower than their EB–
PVD counterparts, due to microstructural difference.

Different process methods lead to different microstructure features 
which are associated with different failure mechanisms. Unlike PS where 
failure occurred due to crack evolution in the TBC itself and EB–PVD 
where failure, typically, occurred at the TGO/BC interface due to loss of 
adherence, the events that lead to the failure of D-gun sprayed TBCs are 
motivated by chemical failure and occur strictly in the ceramic layer and at 
the TGO/YSZ interface near Ni and Cr-rich oxides. Regarding TBCs modi-
fi ed by a two-step AIP/D-gun process, spallation failure might be deter-
mined by an environmental-assisted sub-critical crack with growth along 
the bond coat/TGO scale interface.
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10
Oxidation and hot corrosion of thermal barrier 

coatings (TBCs)

C. G. Z H O U and Y. X. S O N G, Beihang University, China

Abstract: Thermal barrier coatings (TBCs) with a two-layered structure 
consisting of an oxidation protective bond coat and a thermally 
insulating yttria stabilized zirconia (YSZ) top coat are used to provide 
thermal insulation and oxidation resistance to metallic components from 
the hot gas stream in gas turbine engines used for aircraft propulsion, 
power generation and marine propulsion. The oxidation behavior of the 
bond coat, including both MCrAlY and Pt aluminide coating, has a 
major impact on the life of the TBCs. The oxidation behavior and failure 
mechanisms of TBC systems are summarized. In addition, the 
degradation mechanisms experienced by TBC systems exposed to 
deposits are also discussed.

Key words: thermal barrier coatings (TBCs), oxidation behavior, failure 
mechanism, degradation mechanism.

10.1 Introduction

Oxidation is a phenomenon whereby metallic elements of materials exposed 
to oxygen or oxygen-containing atmospheres at elevated temperatures are 
converted into their oxides.1 The successful application of many materials 
requires excellent high-temperature properties. Surface stability of the can-
didate material is necessary in order to prevent rapid material consumption 
at high temperatures. In general, this indicates that the exposed material 
should be able to form a slow-growing, stable, adherent surface scale, which 
would protect the underlying substrate material. The most important and 
effective scales are oxides; they are easily produced through reaction with 
oxygen in the air or with oxygen-containing molecules such as H2O, CO2 or 
CO in other gaseous environments. The most sought-after oxide scales are 
Al2O3, Cr2O3 and SiO2 because of their outstanding protective qualities. 
Many of the high-temperature components used in aircraft and ground 
power gas turbines rely on these scales for protection.2

When materials are exposed simultaneously to oxygen and some other 
environmental constituents such as CO2 and SO2, fused or molten salts and 
solid particles, the interaction between these environmental constituents 
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and the materials results in corrosion and erosion.1 Hot corrosion is a 
serious problem in power generation equipment, gas turbines, internal com-
bustion engines, fl uidized bed combustion, industrial waste incinerators and 
the paper and pulp industries. This phenomenon has been noticed in boilers, 
internal combustion engines, gas turbines, fl uidized bed combustion and 
industrial waste incinerators since the 1940s. However, it was not until the 
late 1960s, when gas turbine engines in military aircraft suffered severe 
corrosion while operating over sea water during the Vietnam confl ict, that 
it became a topic of importance and general interest.3,4 Although there are 
some alloy compositions that require a long initiation time, during which 
the hot corrosion process moves from the initiation stage to the propagation 
stage, there is no alloy which is immune to hot corrosion attack indefi nitely. 
Superalloys have been developed for high-temperature applications. 
However, these alloys are not always able to meet the requirements of both 
high-temperature strength and high-temperature corrosion resistance 
simultaneously. To achieve both strength and resistance to environmental 
degradation, these two functions should be separated. The load capability 
is provided by the substrate alloy, while the oxidation and corrosion resis-
tance is achieved by the application of coatings. The high-temperature 
protection system has to meet several criteria, such as providing adequate 
environment resistance, being chemically and mechanically compatible with 
the substrate and being applicable in practice, reliable and economically 
viable.5

10.2 Oxidation of thermal barrier coatings

Typical TBCs have a two-layered structure consisting of an oxidation pro-
tective bond coat and a thermally insulating yttria-stabilized zirconia (YSZ) 
top coat.6 The metallic bond coat not only provides a surface for the top 
coat to bond to, but also prevents oxidation and corrosion of superalloy 
substrates as YSZ coating is essentially a porous layer that is transparent 
to oxygen penetration.

It has been determined that the oxidation behavior of the bond coat has 
a major impact on the life of the TBCs. Several factors can affect oxidation 
resistance of the bond coat, including: (i) bond coat and substrate materials; 
(ii) bond coat and substrate interdiffusion; (iii) characteristics and mor-
phologies of the thermal grown oxides (TGO); (iv) phase transformation 
and cracking of the coating.7–12 There are two different types of bond coats 
currently used in TBC systems, namely the MCrAlY bond coat, where M 
is a metal such as Ni and/or Co, and the platinum-modifi ed nickel alumi-
nides. The purpose of both coating types is to provide oxidation and corro-
sion resistance as metallic coatings. Thus, a brief overview of oxidation will 
be presented.
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10.2.1 Oxidation mechanisms of metals and alloys

There are two means of oxidation of metals and alloys: metal atoms diffuse 
outwards from the metal and react with oxygen at the outer surface of the 
oxide, or oxygen diffuses and reacts with metal atoms at the metal oxide 
interface. Additionally, oxides can form subsurface precipitates instead of 
a discrete layer; this type of oxidation is especially common for high-
temperature alloys exposed to an oxidation environment for extended time 
periods.13 In some cases, the diffusion of both metals and oxygen is signifi -
cant and new oxides can form within the oxide layer.14 The growth of oxides 
thus forms a continuous, slow-growing scale.

In a binary alloy A–B, the more reactive element may be preferentially 
oxidized, either internally or externally, depending on content. It is possible 
that the oxidized element will form a protective scale on the surface of the 
alloy, so that the other elements will not be oxidized. The growth of a pro-
tective scale requires a suffi cient supply of the metal that is oxidizing. In 
order to keep the protective scale growing, the rate of metal consumption 
due to oxide scale growth has to be slower or equal to the rate at which the 
metal atoms can diffuse to the scale.13

Stress can be generated in a metal/oxide system due to either the volume 
the oxide takes up being different from that of the metal it replaces, or dif-
ferences in thermal expansion coeffi cients between the metal and the oxide, 
or more complicated mechanisms taking place, especially when alloys are 
considered. For an oxide that grows at the oxide/metal interface, the com-
pressive stress slows down the fl ux of anion vacancies; thus the diffusion of 
oxygen ions to that interface15 can be slowed down. An additional oxidation 
mechanism may cause stress due to oxygen going into solution in the sub-
strate. Some metals have a very high solubility for oxygen, causing a large 
dilational strain that can lead to tensile failure of the oxide.15

10.2.2 Oxidation behavior of thermal barrier coatings (TBCs)

When a MCrAlY bond coat is used, the TGO frequently exhibits an inho-
mogeneous morphology and/or composition, especially in the early stages 
of oxidation.16 This is caused by the multi-phase character of the MCrAlY 
coating, which generally consists of γ-Ni and β-NiAl; depending on composi-
tion and temperature, further phases, such as γ ′-Ni3Al, α-Cr, Ni–Y and/or 
σ-CoCr, may appear.17 By fi rst exposing to a high temperature, i.e., during 
heat treatment, coating manufacturing and/or actual service, every indi-
vidual phase prevailing in the coating will tend to form a different type of 
oxide, e.g., α-Al2O3, θ/γ-Al2O3, Cr2O3, NiO, (Ni,Co)(Cr,Al)3O4, etc.16 The 
transition of this heterogeneous scale into a stable α-Al2O3-based layer can 
lead to stress initiation and/or result in formation of cracks, which may be 
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the starting points for failures during high-temperature service, especially 
during thermal cycling.

The addition of precious metals, such as Pt, Ru or Ir, to aluminide coating 
allows the formation of an adherent α-alumina scale and improves resis-
tance to oxidation and hot corrosion. Since the early 1970s, Pt–aluminide 
diffusion layers have been successfully deposited as protective layers on 
high-temperature components.17 However, initially, these coatings served 
exclusively for protecting metals from high-temperature oxidation and hot 
gas corrosion, and therefore did not consist of a ceramic top coat for insula-
tion. The application of Pt–aluminide coatings as a bond coat was fi rst 
mentioned in 1993 in the patent of Duderstadt and Bangalore.18 These 
layers are normally produced by initial electrodeposition of a Pt layer 
8–10 mm thick followed by a diffusion treatment, either as a separate 
thermal treatment or combined with the aluminizing step. The aluminiza-
tion is performed using a pack cementation or a chemical vapor deposition 
(CVD) process.19 The outer layer of the modifi ed aluminides comprises one 
of the intermetallic phases PtAl2, Pt2Al3, PtAl20 or Pt in solid solution, 
depending on the deposition parameters such as thickness of the Pt layer, 
duration and temperature of the thermal treatment or the activity of Al 
during the pack cementation process. According to Tawancy et al.,9 Pt 
excludes refractory metal strengthening elements out of the layer. This 
promotes the selective oxidation of Al.

Pt-modifi ed aluminide bond coats have shown substantially improved 
oxidation resistance for TBCs, but they are prone to ‘rumpling’, during 
which TGO can initiate cracks, leading to spallation of the top coat.20–24 A 
rumpled bond coat has a very negative effect on TBC adhesion as shown 
in Fig. 10.1.25 In addition, Pt lacks adequate strength at high temperature,26 
and the cost of Pt is much higher than that of other noble metals. As 

80 cycles

Crack nucleation
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10.1 Rumpling on a NiAl bond coat after thermal cycling.25
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Fig. 10.2 illustrates, the addition of Ir to Pt-modifi ed aluminide coating can 
be one means of retarding surface rumpling.27 In addition, it was reported 
that PtIr-modifi ed aluminide coating could enhance type I hot corrosion 
resistance, as shown in Fig. 10.3.28 On the other hand, adding Ru to Pt-
modifi ed aluminide coating is of interest also because the addition of Ru 
to Ni-base superalloys has been proved to have the capacity to improve 
creep strength.29
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It has also been proposed that Pt group metals, such as Ru, can potentially 
act as diffusion barriers preventing the migration of detrimental elements 
toward the BC/TGO interface, thus possibly minimizing the interdiffusion 
effects.30–32 Recently, the replacement of Pt with Ru in the bond coat system 
has been investigated to fabricate a creep-resistant bond coat.33 These 
experiments showed that Ru-modifi ed aluminide bond coats offered less 
favorable oxidation resistance and oxide adherence in comparison with 
conventional Pt-modifi ed aluminides.29,33

In order to utilize the benefi cial creep properties of RuAl34,35 without 
impairing the oxidation resistance of the bond coats, Tryon et al. investi-
gated the hybrid Ru/Pt-modifi ed bond coatings fabricated by electron beam 
physical vapor deposition (EB–PVD). It was found that these hybrid coat-
ings exhibited comparable cyclic oxidation resistance and better creep 
properties compared with traditional Pt-modifi ed coatings.36 Three-layered 
Pt/Ru-modifi ed aluminide coatings were developed by electrodeposition 
followed by the conventional aluminizing process. The Pt/Ru-modifi ed alu-
minide coating showed better thermal cyclic oxidation resistance than Pt-
modifi ed aluminide coating since Ru provided an increase in the creep 
strength of the bond coat, with the result of retarding the rumpling phe-
nomenon. The addition of Pt and Ru to aluminide has also been proved 
capable of increasing the surface concentration of Al and retarding the 
interdiffusion of the alloying elements.37

10.3 Failure mechanisms of TBCs

Experimental observations have shown that the failure of TBC systems is 
very complex and mostly affected by a superposition of different mecha-
nisms. Previous experiments38–42 have demonstrated that oxidation of the 
bond coat and thermal mismatch stress43,44 contribute to the rapid degrada-
tion of TBCs. The major cause of TBC failure is delamination of the outer-
most coating layer from the bond coat to which it is applied.

The spallation of the TBC top coat is a very destructive event, as it will 
generally result in failure of the substrate in a relatively short time due to 
a large increase in the surface temperature of the metal. TBC spallation is 
initiated by cracking either at the TGO/bond coat interface or at or near 
the TGO/TBC interface.45 It is widely accepted that once enough cracks 
form, they eventually coalesce into a crack large enough for the TBC to 
buckle and spall. In most cases, the cracking is attributed to the mechanical 
forces that result from the changing from a planar to a non-planar interface. 
During thermal cycling, progressive roughening of the bond coat/TGO/top 
coat interfaces occurs due to cyclic creep of the bond coat.46 Such roughen-
ing, often termed ‘ratcheting,’ occurs only under thermal cycling, but not 
during isothermal exposures. It also requires an initial surface-geometry 
imperfection of some minimum dimension and the progressive lengthening 
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of the TGO caused by TGO cracking or in-plane growth during oxida-
tion.47,48 For a nominally fl at bond coat/TGO interface (EB–PVD TBC), this 
roughening is manifested in the form of TGO penetrating into the bond 
coat.25,49 In an already undulated interface, the undulation amplitude is 
amplifi ed – atmospheric plasma spraying (APS) APS TBC.20 All of these 
geometrical factors result in out-of-plane stresses normal to the metal/
ceramic interface, the severity of which increases with thermal cycling. 
These stresses, in combination with the interfacial imperfections, are pri-
marily responsible for the TBC failure. The relative locations of the tensile 
stresses that form around a perturbation are shown in Fig. 10.4.50

Damage initiation and progression in the form of microcracks can occur 
in several different ways in TBCs, depending on the particularity of TBC, 
the portion of spallation life already consumed and the thermal cycling 
environment. The coalescence of these cracks results in the ultimate spall-
ation failure of the TBC.51 The initiation of cracks close to the interface 
between the TBC and the bond coat seems to be fully explained by the 
residual stress calculations made by Chang et al.52 and others.25,53–55 Mean-
while, numerous models based on different conceptions have been pro-
posed, which might qualitatively explain how cracks propagate.20,25,38,56 All 
models consider oxidation at the rough interface between TBC and bond 
coat as well as the phenomena resulting from reasons such as the redistribu-
tion of residual stresses induced by volume growth or morphological insta-
bility of the TGO layer15,56–60 as the driving force of crack propagation. A 
fracture mechanics approach was developed,61 by which cracks are modeled 
in the critical areas of the TBC system and assessed by using the modifi ed 
crack closure integral method to determine the mode-dependent crack 
loading. The crack propagation capability is then predicted by using a 
recently-implemented mixed mode failure criterion and proper fracture 
toughness data.

The growth of the TGO during engine operation is the most important 
phenomenon responsible for the spallation failure of TBCs. TGO 
growth sometimes results in a constrained volume expansion that leads to 
compressive ‘growth’ stresses59 persisting at all temperatures. Upon cooling, 
the thermal-expansion mismatch between the TGO and the bond coat leads 

Tensile stress
TBC

TGO

Bond coat

10.4 Tensile stresses in the TBC resulting from a surface 
imperfection.50
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to very high ‘thermal’ compressive residual stresses in the TGO which reach 
a maximum at ambient temperature.62,63 The strain energy in the TGO scales 
linearly with the TGO thickness and quadratically with the TGO stress, and 
drives fracture. In addition, a coeffi cient of thermal expansion mismatch 
between bond coat and ceramic topcoat can exacerbate a coating failure 
during thermal cycles.64,65 It is seen that bond coat exhibits a higher coef-
fi cient of thermal expansion than ceramic top coat.

Evans et al.66 provided an in-depth analysis of the various failure mecha-
nisms of TBC systems. The mechanical failure mechanisms are the result of 
heterogeneities of TGO thickness in an otherwise planar interface, the 
formation of interface undulations or foreign object damage. The chemical 
failure mechanisms which result in the formation of Ni-rich oxides such as 
spinels are attributed to either Al-depletion, where the spinel forms below 
the alumina layer, or Ni diffusing through the alumina to form spinel on 
top of the alumina layer. In either case, the failure occurs within the spinel 
layer. The formation and growth of the α-Al2O3 TGO result in the depletion 
of Al in the bond coat. The Al depletion, if severe, results in the formation 
of other oxides, such as Ni- and Co-containing spinels, Y3Al5O12 and Y2O3.67,68 
The formation of these phases compromises the structural integrity of the 
TGO and accelerates localized oxidation by providing fast oxygen-diffusion 
paths.

The detailed failure mechanisms in the two classes of TBCs (APS and 
EB–PVD) are discussed separately.51 There are at least four primary failure 
mechanisms in APS TBCs driven by the out-of-plane stresses, which are 
shown schematically in Fig. 10.5a.38,69,70 As the TGO thickens, the tensile 
stress at the bond coat/TGO interface increases, which causes cracking at 
the bond coat/TGO interface at crests (mechanism I in Figs. 10.5 a and 
b).71,72 The thermal expansion mismatch between the top coat and the metal 
(bond coat/superalloy) puts the top coat in overall compression at room 
temperature. Because of the highly undulating nature of the metal/ceramic 
interface, out-of-plane stresses result in the vicinity of the TGO/top coat 
interface: tension at the crests and compression at the troughs.73 The tension 
causes fracture along the TGO/top coat interface at the crests (mechanism 
II in Figs. 10.5 a and b) and cracking within the highly brittle top coat in 
the vicinity of the crests (mechanism III in Figs. 10.5 a and b).69,70 Beyond 
a certain TGO thickness, the thermal expansion coeffi cient of the bond 
coat/TGO composite becomes lower than that of both the top coat and the 
bond coat, which converts the compression force in the top coat undulation 
troughs into the tension force.70,74 This reversal causes cracking within the 
top coat in the ‘valleys’ between the crests (mechanism IV in Figs. 10.5 a 
and b).70

There are three main types of failure mechanisms in EB–PVD TBCs, two 
of which are schematically shown in Fig. 10.6a. Mechanism I is the separa-
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tion of the bond coat/TGO interface, which is the same as that described 
in the APS TBC case (mechanism I in Fig. 10.5). The crests in the case of 
EB–PVD are ‘ridges’ present on the bond coat surface before top coat 
deposition (Fig. 10.6b).75 Mechanism II in Fig. 10.6a is separation of the 
TGO/top coat interface and penetration of the TGO into the bond coat 
resulting from one or more of the following mechanisms: (i) progressive 
TGO roughening caused by bond coat cyclic creep (Fig. 10.6b);25,49 (ii) 
accelerated growth of embedded oxides due to localized TGO crack-
ing;46,68,76 and (iii) cavity formation in the bond coat.46 For EB–PVD TBCs 
with relatively fl at and defect-free interfaces, the compression in the TGO 
causes large-scale buckling.75,77
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Bond coat
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10.5 (a) Schematic diagram showing the four cracking mechanisms in 
APS TBC. (b) Cross-sectional SEM of a failed APS TBC showing the 
various cracking mechanisms illustrated in (a).51�� �� �� �� ��
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10.6 (a) Schematic diagram showing two of the three cracking 
mechanisms in EB–PVD TBC. (b) Cross-sectional SEM of a failed 
EB–PVD TBC showing the cracking mechanisms illustrated in (a).51

10.4 The degradation mechanisms experienced by 

TBC systems exposed to deposits

Corrosion induced by molten salts in an oxidizing gas at elevated tempera-
tures is called ‘hot corrosion’.78–81 It occurs when metals and alloys are 
covered with salt fi lms at a temperature typically between 700 and 925 °C. 
According to Hancock82 and Eliaz et al.,83 hot corrosion is an accelerated 
form of oxidation that occurs when metals are heated in the temperature 
range 700–900 °C in the presence of sulphate deposits, which are formed as 
a result of the reaction between sodium chloride and sulphur compounds 
in the gas phase surrounding the metal.
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Corrosion which occurs above the melting point of the salt is called ‘type 
I hot corrosion’, while the corrosion at the lower end of the temperature 
range is called ‘type II hot corrosion’.1 The range of the two types of hot 
corrosion measured in terms of metal loss under the impact of temperature 
is schematically illustrated in Fig. 10.7.1 In both types of hot corrosion, 
fl uxing with corroding salts defeats the protective oxide scale that formed 
on superalloys and coatings. Once the protective scale is rendered ineffec-
tive, the substrate alloy or coating becomes vulnerable to internal oxidation 
and sulphidation. There are generally two stages of hot corrosion. The fi rst 
stage is the initiation stage that involves the breakdown of protective oxide 
scale. The second stage is known as the propagation stage, in which the salts 
have access to the unprotected metal and corrosion continues deteriorating 
at exceedingly high rates.

The degradation mechanisms experienced by TBC systems exposed to 
deposits during service may be manifold. Deposits may affect both the 
zirconia top coat and the bond coat, and their effect may be predominantly 
either chemical or mechanical in nature. Molten salt can penetrate into the 
YSZ coatings along pores and cracks in YSZ and it reacts with the metallic 
bond coat.84–88 The formation of monoclinic zirconia and/or the accelerated 
sintering of zirconia in the presence of oxides resulting from the chemical 
reaction of the deposits with the stabilizing phases in the zirconia top coat 
lead to the degradation of TBCs.89–93 Basically, both the formation of mono-
clinic zirconia and enhanced sintering contribute to the increased stress 
build-up within the zirconia layer. Transformation of metastable tetragonal 
zirconia into the monoclinic phase results in a volume expansion of approxi-
mately 4% which, given a signifi cant occurrence in a coating, can lead to 
signifi cant degradation of the structural integrity of the ceramic coating. 
Sintering of the zirconia coating increases its Young’s modulus, and thus 
adversely affects its mechanical properties.94 In addition, infi ltration of 
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10.7 Schematic illustration of temperature effect on rate of damage to 
superalloys based on type I and II hot corrosion superimposed on 
contribution due to oxidation.1
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molten deposits into the microstructure of a YSZ porous coating would 
cause additional stresses because of a thermal expansion mismatch between 
the deposits and the zirconia.95,96 It has been suggested that TBC damage 
from the deposits will only be signifi cant if the deposits melt and infi ltrate 
the ceramic coating. Non-infi ltrating deposits were considered benign as 
they do not impose additional stress on the TBC. However, it is possible 
for a chemical reaction of yttria from the YSZ coating to give rise to a 
tetragonal-to-monoclinic phase transformation. Borom et al.96 proposed a 
damage map consisting of four in-service failure regimes for APS YSZ 
TBCs (Fig. 10.8). They categorized the regimes as infant mortality, particle 
erosion, infi ltration of molten particles and thermochemical phenomena, 
such as, sintering, phase changes and bond coat oxidation, etc. Notably, for 
APS TBCs, hot corrosion attack of the bond coat seemed to play a signifi -
cant role only after a very long operating period. In comparison, infi ltration 
could affect the integrity of the ceramic coating in the range of several 
hundred to a few thousand hours, depending on TBC surface temperature 
and extent of deposit load.
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10.8 Hypothetical in-service failure regimes for air plasma-sprayed 
YSZ TBCs shown schematically on a plot of TBC surface temperature 
vs log of hours to failure.96
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For sustained hot corrosion, a model that requires a negative solubility 
gradient has been proposed by Rapp and Goto,97 i.e.,

{d(oxide solubility)/dx}at the oxide–salt interface < 0

where x is the distance from the oxide–salt interface. This mechanism does 
not consume the molten salt and therefore will not be sustained until either 
the melt becomes more basic and oxide ions are not produced or the oxide 
scale is completely removed and the metal becomes accessible to the salt. 
The self-sustaining corrosion process can prevent the formation of continu-
ous and protective Al2O3.

The salts involved in hot corrosion are typically alkali and alkaline earth 
sulphates. The exact composition of the salts depends on the particular 
industrial process, impurities involved and the fuel, air and coolant composi-
tions. Khanna and Jha98 reported on the chemistry of formation of salt 
during the combustion of coal/fuel. According to them, the sulphur present 
in coal and fuel oils yields SO2 on combustion, which can be partially oxi-
dized to SO3. NaCl (either impurity in the fuel or in the air) reacts with SO3 
and water vapor at the combustion temperature to yield Na2SO4, which 
deposits on the metal/alloy surfaces and would be present as liquid at a 
suffi ciently high temperature. Small amounts of vanadium present in the 
fuel, on combustion, form V2O5, which can react with Na2SO4 to form low 
melting sodium vanadates which are highly corrosive. At high temperatures, 
deposits of Na2SO4 are molten (m.p. 884 °C) and can cause accelerated 
attack on the Ni and Co-base superalloys.

Accelerated corrosion can also be caused by other salts, viz. vanadates 
or sulphates–vanadate mixtures or in the presence of solid or gaseous salts, 
such as chlorides.99 Vanadium and sodium are common impurities in low-
grade petroleum fuels. Molten sulphate–vanadate deposits resulting from 
the condensation of combustion products of such fuels are extremely cor-
rosive to high-temperature materials in combustion systems.100 DeCrescente 
and Bornstein86 were the fi rst to demonstrate that a sodium sulphate deposit 
must be fused rather than solid in order to cause a signifi cant attack. With 
regard to experiments conducted in air, Goebel et al.101 found that basic 
fl uxing in combination with sulphidation could cause the hot corrosion of 
Ni. The cyclic oxidation behavior of TBC exposed to NaCl vapor shows that 
the failure of the TBC occurs within the top coat and close to the YSZ/TGO 
interface. The formation of voluminous and non-protective oxide scales and 
the increased TGO thickness may be responsible for the accelerated failure 
of TBC.102

A fi nite element analysis was employed to analyze the stress distribution 
in the coatings.103 The computed result showed that: (i) maximum stresses 
occurred at the bond coat/TGO interface near the edge of the sample; 
(ii) the increased TGO thickness caused an increase in stress in the TGO/
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YSZ interface, as shown in Fig. 10.9, and (iii) the spinel TGO resulted in 
signifi cantly higher stresses than Al2O3 TGO, which implies that the forma-
tion of spinel plays a dominant role in shortening the coating cycling life-
time. Reese and Grabke104 investigated the effect of NaCl on the oxidation 
of high-Cr and Ni–Cr steels. It has been found that the presence of NaCl(s) 
leads to the formation of voluminous, non-protective layers. The oxides 
grow according to the mechanism of active oxidation in which Cl plays a 
catalytic role.104 Similar results have been found for Fe–Cr–Ni and Fe–Mn–
Al alloys with NaCl deposits.105–107 After several cycles, depletion of Al in 
the coating surface occurs. Due to the depletion of Al, Ni and Cr react with 
oxygen to form NiO and Cr2O3. The resultant NiO and Cr2O3 react with 
each other to form NiCr2O4 spinel. The oxide scale consisted of NiCr2O4 
spinel, NiO and Al2O3. Moreover, the TGO thickness is higher in the pres-
ence of NaCl (g) in dried air.108 Therefore, the decrease in thermal cycling 
resistance for the TBC can be attributed to the increased TGO thickness 
and the signifi cant formation of voluminous spinel, which result in higher 
residual stresses in the coating.

The synergistic effect of NaCl and water vapor shortened the cyclic oxi-
dation life of NiCrAlY+YSZ coating at 1050 °C as illustrated in Fig. 10.10.109 
The failure of the coating mainly occurred near the interface between bond 
coat and YSZ. There was no phase transformation of ZrO2 in NaCl plus 
water vapor. The thickness of the TGO became larger in the presence of 
water vapor and the amount of Cr and Ni in the TGO increased. The pres-
ence of water vapor accelerated the failure of TBC, which is in accordance 
with Wang et al.’s research into the corrosion behavior of Ti60 alloy,110 
1Cr11Ni2W2MoV steel,111 pure Cr,112 Fe–Cr alloy113 and K38G superalloy114 
in O2 plus water vapor.
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10.10 Corrosion kinetics of TBC at 1050 °C in NaCl vapor and NaCl 
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10.5 Conclusions

Oxidation is a common phenomenon when metallic elements are exposed 
to oxygen or oxygen-containing atmospheres at elevated temperatures. 
Thermal barrier coatings (TBCs) are used to provide thermal insulation 
and oxidation resistance to metallic components from the hot gas stream 
in gas turbine engines used for aircraft propulsion, power generation and 
marine propulsion. The oxidation behavior of the bond coat, including both 
MCrAlY and Pt-aluminide coating, has a major impact on the life of the 
TBCs. The failure of TBC systems is very complex and mostly affected by 
different mechanisms, wherein the oxidation of the bond coat and thermal 
mismatch stress contribute to the rapid degradation of TBCs. When metals 
and alloys are covered with salt fi lms at elevated temperatures in an oxidiz-
ing gas, hot corrosion occurs. The degradation mechanisms experienced by 
TBC systems exposed to deposits were discussed.
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Failure mechanism of thermal barrier 

coatings by electron beam physical vapor 
deposition (EB–PVD) under 

thermomechanical coupled loads

C. Z H A N G, Baosteel Group Corporation, China and 
C. C H E N, AV I C Commercial Aircraft Engine Co. Ltd, China

Abstract: This chapter discusses the failure mechanism of thermal barrier 
coatings (TBCs) in service in gas turbine engines. A service environment 
simulation system was established in order to examine the failure 
behaviour of TBCs subjected to a gradient temperature fi eld coupled 
with complex mechanical loadings. The experiment took the form of a 
fi nite element analysis accompanied by non-destructive evaluation 
(NDE) in order to analyse the TBCs failure mechanism.

Key words: thermal barrier coatings, failure mechanism, 
thermomechanical loadings, non-destructive evaluation, service 
environment simulation.

11.1 Introduction

Ceramic coatings have emerged as vital constituents of hot section compo-
nents in aero-propulsion systems. These act as both thermal (TBC) and 
environmental (EBC) barriers.1,2 Most coated components are actively 
cooled from the back side, resulting in temperature gradients along the 
through-thickness direction during operation.3–9 Moreover, during engine 
shut down, the surface of coatings can cool quite rapidly, which causes 
additional gradients. At the same time, the coating is also subject to tem-
perature gradient along the surface direction due to the non-uniform 
heating of the combustion chamber. Therefore, TBCs in the service environ-
ment are subject to temperature gradient in both the through-thickness and 
the surface direction. Accompanied by non-uniform thermal loading, TBCs 
coated gas turbines also underwent complicated mechanical loading, includ-
ing tension, compression, fatigue and so on.

However, most studies are focused on the degradation of TBCs subjected 
to either uniform temperature fi eld or mechanical loading. Few investiga-
tions have been applied to the evaluation of TBCs subjected to coupled 
thermomechanical loading. Recent observations can be made only on 

�� �� �� �� ��



216 Thermal barrier coatings

© Woodhead Publishing Limited, 2011

engine components which have been removed from service.10–12 In order to 
observe the failure mechanism of TBCs in service, an effective service 
environment simulation system is required and the corresponding failure 
mechanism of TBCs subjected to coupled thermomechanical loading must 
be studied.

Non-destructive evaluation (NDE) techniques, including acoustic emis-
sion (AE), photo-simulated luminescence spectroscopy (PSLS) and imped-
ance spectroscopy (IS), are widely used to study the degradation of TBCs. 
IS, in particular, is an effi cient, quick and powerful testing method for 
ceramic materials.13–15 Voltage and current responses, on application of an 
alternating current (a.c.) with varying frequency, relating to yttrium stabi-
lized zirconia (YSZ), thermal grown oxides (TGO) and mixed oxide layers 
have been observed in the impedance spectra.13,15 The infl uence of changes 
in the thickness and conductivity of the TGO layer on the impedance 
spectra has been identifi ed by both experimental and modelling results.16 
In this investigation, TGO and interfacial microcracks were studied in situ 
using IS.

Due to the complexity of the thermomechanical coupled effect and non-
uniform temperature fi eld, fi nite element (FE) analysis was also introduced 
to simulate the stress fi elds in the whole experiment, including the heating, 
temperature dwell and cooling procedures. The simulation results are in 
good agreement with the NDE and scanning electron microscopy (SEM) 
observations during the degradation of TBCs. By this means, the failure 
mechanism of TBCs subjected to thermomechanical loading is attained.

11.1.1 Commentary

Thermal barrier coatings are widely used as the protective coating in gas 
turbine engines and their reliability is a matter of much concern. In order 
to predict the lifetime of TBCs during in-service operation, the fi rst require-
ment is a thorough investigation of the failure mechanism of the coating. 
In the service environment, TBCs are subject to high temperature, non-
uniform heating along both the through-thickness and the surface direction, 
fast heating and cooling, hot corrosion and complicated mechanical load-
ings. Due to the lack of effective service condition simulation, most inves-
tigations are focused on the failure mechanism of TBCs either in a uniform 
temperature fi eld or subjected mechanical loading. Therefore, simulation of 
the coating and gas turbine engines in service and the corresponding failure 
mechanism is considered to be one of the most important directions for 
future research.

Some research has been carried out on failure mechanisms of TBC under 
a temperature gradient fi eld.9–11 It has been reported that the failure mode 
in this circumstance is different from that which is found under isothermal 
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heat treatment.10,17 Subjected to a temperature gradient fi eld, delamination 
occurred in the ceramic coating instead of the TBC bond coat interface. 
Subjected to a thermal gradient, isolated cracks parallel to the interface are 
envisaged, that experience an energy release rate and exfoliate.17 However, 
under conditions of isothermal oxidation, most failure occurred at the 
bond coat/TGO or TGO/TBC interface.8 A situation comprising three-
dimensional temperature gradient fi elds is more close to the real service 
conditions of TBCs in gas turbine engines.10,12,17,18 This suggests that further 
study of the failure mechanism of TBCs under a temperature gradient fi eld 
is required.

In order to obtain the temperature gradient fi eld, some simulation systems 
have been reported, such as furnace cycling and burner rig testing.18–20 Using 
such equipment, a temperature gradient along the through-thickness direc-
tion can be obtained. However, very few reports are concerned with the 3D 
temperature gradient fi eld, which encompasses a temperature gradient 
along both the through-thickness direction and the in-plane direction (par-
allel to the surface of the coating). In this investigation, hollow tube samples 
coated with EB–PVD TBC were employed to simulate turbine blades. 
Infrared light was focused on a very small area of the TBC surface, accom-
panied by compressed air through the tube to cool the substrate, by this 
means, thermal gradients along both the axial and radial directions were 
obtained.

The usual procedure for heating furnaces is not capable of satisfying the 
high heating and cooling rates, which are considered to occur during engine 
start-up and shut-down, respectively.20 In order to simulate the service 
temperature gradient fi eld and high heating rate of a gas turbine, an infrared 
thermal shock testing system was employed in this investigation. Using the 
infrared heating system, an average heating rate of 55 °C/s was attained.

In this chapter, the results obtained from this gas turbine service environ-
ment simulation system are analyzed, accompanied by fi nite element (FE) 
modeling. Hence, the method of studying the failure mechanism of TBCs 
and the corresponding laws governing failure are established.

11.2 Establishment of gas turbine service environment 

simulation system

11.2.1 Thermomechanical loading test system

In the investigation, a thermomechanical loading system was employed in 
order to simulate the service condition of a gas turbine blade. The basis is 
a mechanical loading system coupled with a thermal shock system using 
focused infrared light. The photo and schematic of the system are shown in 
Fig. 11.1.
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(a)

(b)

3 7
1

8

2

6

5

2
4

1: Loading system

2: Infrared heating

3: AE in-situ monitor

4: Video camera

5: Cooling air

6: Sample

7: Corrosive steam inlet

8: Silica tube

11.1 TBCs service environmental performance simulation test system: 
(a) photograph; (b) schematic diagram.

An Instron 8803 was employed in the mechanical loading system. The 
maximum load was 250 kN, while the maximum alternate loading frequency 
was 40 Hz. WaveMakerTM software was used to programme and apply the 
loading wave pattern in the experiment.

In the thermal shock system, the infrared light was generated by four 
4 kW bulbs, and focused on the sample using concave mirrors. Therefore, 
the heated length of the sample which could be controlled was only 20 mm. 
Taking advantage of such a small heated area, the temperature gradient 
along the axial direction was obtained.

Heating and cooling took place in three stages:

• Heating procedure: the surface temperature is increased to 1100 °C from 
room temperature – the high heating rate of the system (55 °C/s on 
average) enables this to be done in less than 20 s:

• Temperature dwell procedure: the temperature is kept at 1100 °C for 
5 min;
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• Cooling procedure: the infrared lights are switched off and the sample 
is cooled to room temperature using compressed air.

In the experiment, the surface temperature was controlled by the power 
of the infrared light, which was calibrated by thermocouple.

11.2.2 Sample description

In this investigation, Ni-based superalloys were used as substrate materials. 
The specimens were fabricated into cylinders with both ends screwed to fi t 
the grips of the mechanical loading machine, as shown in Fig. 11.2. The 
diameter of the specimen was 8 mm, and the length of the coated part 
50 mm.

The samples were heated using an infrared heating system with a control-
lable heating rate. The heated length along the axial direction was 1.5 mm. 
In the specimen, the centre of the heated zone is indicated as No. 3, as 
marked in Fig. 11.2. The edges of the heated zone are indicated as Nos. 2 
and No. 4, and the area far from the heated zone as Nos. 1 and 5. The desired 
temperature was reached in 20 s. In this case, the surface temperature of 
the specimen was around 1373 K. After holding at this temperature for 
5 min, the heating power was reduced to 0 in 20 s, and then the specimen 
was cooled down to room temperature in 3 min by compressed air.

It can be seen from Fig. 11.2 that standard tensile samples have been used 
in order to facilitate fi tting to the mechanical loading system. It should be 
noted that an acoustic probe can be also embedded at the end of the sample. 
Hence crack propagation during the experiment can be successfully moni-
tored in situ. However, this is not included in this investigation.

11.2.3 Experimental parameters

Different mechanical loadings were applied to the sample, and the param-
eters and loading types are illustrated in Table 11.1. In this investigation, 
samples S1 and S2 denote the solid cylinder samples, while H1 and H2 
denote the tube-shaped samples.

1 2 3 4 5 1 cm

11.2 Photograph of the sample. In the thermal shock test, infrared 
light is focused on the area marked as No. 3.
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During mechanical loading, the samples were heated by focused infrared 
light. The highest thermal loading and mechanical loading were achieved 
at the same time in order to simulate the whole engine operation procedure, 
from engine start-up to temperature dwell and then shut-down.

In this investigation, FE analysis was performed using the ANSYS 9.0 
software developed by ANSYS Inc., Canonsburgh, PA, USA. In the simula-
tion, PLANE 13 (four-node quadrilateral element) was selected for cou-
pled-fi eld thermal structure analysis.

Material parameters employed in the simulation were assumed to be 
isotropic and temperature-dependent and are illustrated in Tables 11.2–
11.5. It should be noted that in the simulation, only elastic deformation was 
considered. Material evaluation during thermal cycling was not included in 
the simulation.

Table 11.1 Experimental parameters for thermomechanical loading test

Sample code S1 S2 H1 H2

Mechanical loading (MPa)* 99.5 119.4 143.3 132.3
Mechanical loading 

description
Constant tensile 

loading
Fatigue loading

Temperature/power 45% 50% 50% 50%
Cycling 1670 1670 660 180
in Section 11.3.1 11.3.2 11.4.1 11.4.1

* The mechanical loading value in fatigue loading denotes the peak value in the 
loading curve.

Table 11.2 Parameters for super alloy*19

T(K) 293 473 573 673 773 873 973 1073 1173 1273 1373

k(W·m−1·K−1) 9.67 11.47 13.44 14.99 16.79 17.96 19.63 19.51 19.43 19.00

c(J·Kg−1·K−1) 385 427 456 481 498 506 506 489 473 443

α(×10−6 K−1) 12.36 12.91 13.15 13.41 13.98 14.49 15.01 15.93 16.94

E(GPa) 127.6 124.0 121.0 118.0 114.0 110.0 105.0 100.0 93.5 84.0

ν 0.33 0.33 0.34 0.34 0.36 0.36 0.37 0.38

* T = testing temperature, k = thermal conductivity, α = thermal expansion coeffi cient, E = Young’s 
modulus, ν = Poisson’s ratio.
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Table 11.3 Parameters for NiCoCrAlY bond coat19

T(K) 293 473 673 873 1073 1273 1373

k(W·m−1·K−1) 5.8 7.5 9.5 12.0 14.5 16.2 17.0

α(×10−6 K−1) 13.6 14.2 14.6 15.2 16.1 17.2 17.6

E(GPa) 200 190 175 160 145 120 110

ν 0.30 0.30 0.31 0.31 0.32 0.33 0.33

Table 11.4 Parameters for TGO layer19

T(K) 293 473 673 873 1073 1273 1373

k(W·m−1·K−1) 10 7.8 6.0 5.1 4.4 4.4 4.0

α(×10−6 K−1) 8.0 8.2 8.4 8.7 9.0 9.3 9.6

E(GPa) 400 390 380 370 355 325 320

ν 0.23 0.23 0.24 0.24 0.25 0.25 0.25

11.3 Failure mechanism of EB–PVD TBC under 

in-plane thermal gradient coupled with 

mechanical loading

11.3.1 Failure mechanism of EB–PVD TBC under 
in-plane thermal gradient coupled with constant 
tensile loading

In this experiment, a constant load of 99.5 MPa was applied to the sample 
during testing. The test was carried out using INSTRON 8803. After 1670 

Table 11.5 Parameters for YSZ top coat19

T(K−1) 293 473 673 873 1073 1273 1373

k(W·m−1·K−1) 1.9 1.8 1.7 1.6 1.6 1.7 1.7

α(×10−6 K−1) 9.0 10.0 9.7 9.8 10.0 10.3 10.3

E(GPa) 48 47 44 40 34 26 22

ν 0.10 0.10 0.10 0.11 0.11 0.12 0.12
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cycles of thermal shock testing, the specimens were cut into fi ve pieces cor-
responding to those parts marked in Fig. 11.2, respectively. The impedance 
spectroscopy of the cycled specimens was measured at 673 K using an 
impedance analyzer (Solatron ® 1260 coupled with 1296). Zview software 
was used for impedance spectroscopy analysis. Platinum wire was fi xed to 
the superalloy substrate as an electrode, and the silver paint on the top coat 
functions as another electrode.

Failure modes during thermal shock testing

Figure 11.3 shows optical micrographs of the specimen. Surface morphology 
varies whith the position of the sample along the axial direction. Few cracks 
can be observed on the coatings at the two ends of the specimens (Nos. 1 
and 5). Crack networks are observed on the surfaces of the coatings at the 
edge of the heated zone and in the hottest zone. It should be noted that the 
coating surface in the hottest zone is denser and smoother than those at the 
edge of the heated zone, possibly due to sintering of YSZ coating at high 
temperature.

Figure 11.4 shows SEM micrographs of cross-sections from different 
parts of the specimen. It can be seen that in Parts 1 and 5 which are far 
away from the heated zone the YSZ top coats are still intact and well 
bonded to the bond coat. However, a large number of vertical cracks 
running perpendicular to the coating surface can be seen at the edge of the 
heated zone (Nos. 2 and 4). Moreover, some horizontal cracks propagated 
along the interface between YSZ top coat and bond coat. Cracks along the 
interface are not observed in the hottest zone (No. 3), although the coating 
was exposed to the highest temperature. This suggests that the surface 
temperature is not the dominant reason for the failure of TBC. The largest 
temperature gradient along the axis direction is attained at the edge of the 
hottest zone (Nos. 2 and 4), which causes higher thermal stresses. Conse-
quently, cracks of the TBCs are initiated due to the thermal gradient coupled 
with the constant tensile mechanical loading.

The formation of vertical cracks in the coatings can be attributed to the 
temperature gradient through the coating thickness. Transient tensile 
stresses were generated at the surface of the coatings on cooling from high 
temperature to room temperature. Generation of the horizontal cracks was 
partly caused by the temperature gradient along the axial direction.

Evaluation of impedance spectroscopy

Figure 11.5 shows the impedance spectroscopy results for the specimen 
after thermal shock. Figure 11.5a shows the lg|Zl–lgf curve of the Bode plot, 
Fig. 11.5b the θ–lgf curve of the Bode plot and Fig. 11.5c is the Nyquist plot. 
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There are three kinds of zones in the specimen, as mentioned in Figs. 11.2 
and 11.4. The impedance spectroscopies are rather different from each 
other, depending on the zones measured. In the low-frequency range, the 
resistance values obtained at the edge of the heated zone are the highest, 
while those from the far ends are the lowest. The resistance value in the 
low-frequency range (0.01 Hz–100 Hz) detected from the hottest zone is 
almost constant. Also, in the θ–lgf plot, the curve corresponding to the 
coating from the hottest zone is kept at zero degree. This means that the 
electrical characteristics make the largest contribution to the resistance 
value at the low end of the frequency range.

It can be seen from the SEM micrographs that the coating in the hottest 
zone shows the thickest TGO layer. Assuming all the coating structures to 
be the same, the resistance value of the coating corresponding to No. 3 
should be the largest. However, the actual experimental results are different 
from those expected. There are three reasons for this:

 1. Nos. 2 and 3 are at the edge of the heated zone. The surface temperature 
in these zones is around 1200 K. At this temperature, the bond coat was 
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11.5 Impedance spectra of different parts of the sample after 
thermomechanical loading:21 (a) |Z|–f; (b) phase angle–f; (c) Z″–Z′.
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oxidized. The TGO in these zones is only a little thinner than that in the 
hottest zone.

 2. Sintering of the ceramic coating occurred at the centre of the heated 
zone. This gave rise to increased coating conductivity, with consequent 
decrease in the value.

 3. Nos. 2 and 4 experienced the largest thermal gradient along the axial 
direction. As a result, more cracks and defects, such as horizontal cracks, 
were generated in the coating, which contributed to the increased resis-
tance value.

It can be concluded that the failure mechanism of the TBC-coated cylin-
der specimens subjected to thermal load coupled with mechanical load was 
investigated. The failure modes of the TBC after thermal shock were evalu-
ated by impedance spectroscopy together with SEM. Thermal gradients 
across the coating thickness and parallel to the coating plane, rather than 
coating surface temperatures, are the most important factors responsible 
for the formation of vertical and horizontal cracks which eventually led to 
the failure of the TBCs.

11.3.2 Failure mechanism of EB–PVD TBC under in-plane 
thermal gradient coupled with cycling fatigue loading

Failure modes

Cross-sectional microstructures of the sample after thermomechanical 
loading tests at different positions are shown in Fig. 11.6. The morphology 
varies greatly with different testing positions and temperatures. In the low-
temperature zone (position 5 in Fig. 11.2, also position 1 in Figs 11.2 and 
11.6) few cracks and little failure can be seen either in the ceramic coating 
or at the interface between the ceramic coating and the metallic coating. 
At the mid-temperature zone (position 2 or 4 in Figs 11.2 and 11.6), which 
is at the edge of the heated zone, vertical cracks are present in the ceramic 
coating and these emerged as horizontal cracks. It should be noted that, in 
this area, the vertical cracks emerged in the ceramic coating, rather than at 
the TBC/TGO interface, which has always been considered to be the 
weakest part in the TBC system. Compared to other positions, the highest 
crack density in the ceramic coating occurs in this area. At the same time, 
it can be seen in Fig. 11.6 that interfacial failure occurred at the highest 
temperature zone, with both delamination of the ceramic coating and TGO 
growth shown. At the low temperature zone, however, TGO is much thinner 
(hardly visible even) and no apparent interfacial failure occurs. It can be 
easily seen that TGO growth is correlated with testing temperature. TGO 
tends to attain a higher growth rate at the heated area, which results in 
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thicker TGO in the higher temperature region. TGO growth coupled with 
mechanical loading caused dislocation and slipping of grains at the inter-
face, which is considered to result in stress concentration.

Impedance evaluation

Interfacial failure after thermomechanical testing at different positions of 
the sample was evaluated using impedance spectroscopy. Figure 11.7b 
shows a Bode plot (phase angle vs frequency) and Figure 11.7c shows a 
Nyquist plot (imaginary impedance (Z″) vs real impedance (Z′)) from 
impedance measurements of sample S1 at different positions subjected to 
thermomechanical loading. It was reported that the relaxation process is 
correlated with the electrical resistance and capacitance of each equivalent 
element, which is considered to represent the electrical properties of each 
layer.20,21 In the TBC system, the TGO relaxation process is presented as a 
Bode plot (phase angle vs frequency) at a frequency of around 103 Hz.20

Fig. 11.7a illustrates the impedance resistance moduli at different posi-
tions, a clear trend of the resistance modulus increasing with testing tem-
perature can be seen. A higher electrical resistance modulus is obtained in 
the area tested at higher temperature. In Fig. 11.7b, different electrical 
responses are exhibited at different positions. From positions 2–4, which 
were subjected to higher temperature, a relaxation process at a frequency 
of around 103 Hz is observed, while in the positions at the low-temperature 
zone, position 5 in Fig. 11.7, no apparent relaxation process is observed. This 
suggests that the TGO at the low temperature zone is so thin that it makes 
little contribution to the electrical relaxation.

From Fig. 11.7c, it can also be seen that the electrical resistance measured 
at the high temperature zone is much higher compared to the low-temper-
ature zone. From the low-temperature to the high-temperature zone, the 
increasing electrical resistance of the TGO denotes increasing TGO thick-
ness. It is considered that thicker TGO tends to form at the high the tem-
perature zone rather than at the low-temperature zone.

TGO growth

As the infrared heating light was focused on a small area of the sample, the 
temperature varied according to position during the thermomechanical 
loading test, resulting in the TGO thickness varying according to distance 
from the heated area. These phenomena can be seen from the cross-sec-
tional microstructure of samples after the thermomechanical loading test 
– a result confi rmed by the impedance measurements at different positions. 
The simulated temperature profi les along the axial direction at the TGO/
TBC interface and the TBC layer are illustrated in Fig. 11.8. Comparing the 
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11.8 Simulated temperature profi le at the TGO/TBC interface (a) and 
the TBC layer (b) along the axial direction during thermomechanical 
loading experiment. y on the x-axis denotes the distance from heated 
centre; the heated length in the model is 2.5 mm. Temperature 
profi les for each experimental stage are shown.

temperature profi les of both TGO/TBC interface and TBC layer at 70 s, 
which is also the temperature dwell procedure in the test, no apparent 
difference is obtained. This implies that the temperature gradient along the 
radius direction can be ignored, compared to that along the axial direction. 
At the same time, an obvious temperature drop takes place along the axial 
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direction in the range 70–200 °C. This is considered to be the dominant 
reason for TGO at the heated area being much thicker than that at the cold 
end. The higher growth rate of TGO at the heated zone is considered to be 
one of the reasons responsible for the failure of TBCs.

Stress analysis

The simulated equivalent stress distribution profi le, as a function of distance 
from heated centre along the axial direction obtained from interfaces and 
TBC layer, is illustrated in Fig. 11.9. It can be seen from the fi gure that, 
except for the substrate/bond coat interface, the highest stress level is 
present at 70 s, which is the temperature dwelling procedure. No apparent 
stress drop along the axial direction is observed in each interface and metal-
lic layer, which is considered to be a consequence the high thermal conduc-
tivity the metallic layers. However, in the TBC layer, a clear temperature 
drop is present at the edge of the heated centre, particularly during the 
heating procedure (at 20 s).

Stress profi les along the radial direction in each interface and ceramic 
coating are illustrated in Fig. 11.10. In each fi gure, a stress peak is present 
at the edge of the heated zone, which changes from tensile stress to com-
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11.9 Stress spatial distribution at interfaces and in ceramic coating vs 
axial position at different periods of cycling: (a) substrate/bond coat; 
(b) bond coat/TGO; (c) TGO/YSZ; (d) YSZ layer.
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11.10 σr spatial distribution of interfaces vs axial position at different 
times for cylinder specimen with loading: (a) substrate/bond coat; 
(b) bond coat/TGO; (c) TGO/YSZ; (d) YSZ layer.

pressive stress. This implies that a large shear stress along the radial direc-
tion is present in this area. The shear stress profi les along the axial direction 
are shown in Fig. 11.11. It can be seen from Fig. 11.6 that, at the edge of the 
heated zone (position 3), a large number of cracks are present, particularly 
vertical cracks. This is considered to be induced by the shear stress along 
the radial direction in this area. With the emerging of vertical cracks, hori-
zontal cracks are formed, which will fi nally result in delamination of the 
ceramic coating.

This stress trend is also illustrated in a normal stress profi le along the 
axial direction in Fig. 11.12. Looking at the lowest testing temperature at 
the non-heated area, no failure or cracks should occur. However, it can be 
observed from the microstructure of the sample that a large number of 
vertical cracks are present in the area. This can be attributed to the large 
tensile stress applied on the coating, making it very likely that cracks will 
propagate along the through-thickness direction following mode I 
fracture.

As is the case for the stress profi le along the radial direction, a stress peak 
at the edge of the heated zone can also be seen in the shear stress profi le 
along the axial direction. This might be responsible for the formation of 
horizontal cracks and the delamination of the coating.
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The shape of the stress profi le in the TBC system suggested a possible 
failure mechanism of the coating. The shrinkage of the substrate is inevi-
table when it is subjected to tensile stress along the axial direction σy 
coupled with compressive stress along the radial direction, σr. It can be seen 
from the simulated stress profi les that the highest values of both σy and σr 
are obtained in substrate at the heated centre. Therefore, the shrinkage of 
the substrate in the radial direction will result in a defect between bond 
coat and substrate, which is also considered to be de-cohesion between 
bond coat and substrate.

Subjected to applied mechanical loading, due to the large thermal mis-
match between TBC and bond coat, the stress concentration in the TGO 
layer is enormous. It can be seen from Fig. 11.11 that the shear stress level 
in TGO-related interfaces is much larger than in other layers. This enables 
the crack to propagate along the interface following mode II fracture. The 
interfacial failure is observed in the heated centre, where TGO is thickest 
in all positions due to high temperature during the thermomechanical test.

Failure mechanism

Subjected to in-plane thermal loading with mechanical loading, the sub-
strate is under compression caused by the coupled effect of normal axial 
tensile stress σy and radial compressive stress σr. The highest values for the 
both are presented at the heated zone, which enhances the contraction of 
the substrate. Hence, defects occurred at the interface between substrate 
and bond coat, which is a possible reason for the de-cohension of the 
interface.

Due to high temperature and mechanical fatigue loading, plastic defor-
mation and slip bands occurred in the metallic bond coat. These defects in 
the ceramic coating gave rise to the formation of the oxidation penetration 
paths. Consequently, abnormal oxidation in the bond coat and oxidation at 
the surface of the bond coat are observed.

Stress concentration in the TGO layer is one of the most important 
reasons for the failure of TBCs. An order of 1 GPa is shown at both bond 
coat/TGO interfaces and TGO/TBC interfaces. Delamination and crash of 
the TGO are also observed.

11.4 Failure mechanism of EB–PVD TBC under 

3-D thermal gradient coupled with 

mechanical loading

In this investigation, a tube-shaped sample was employed. Subjected to 
infrared heating at a local area of the sample surface coupled with cooling 
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air through the hollow in the sample, a temperature gradient fi eld along 
both radius and axial directions was obtained.

11.4.1 Failure modes

The cross-sectional microstructure of the sample at different positions is 
illustrated in Fig. 11.13. Failure mode varies according to the position of the 
sample along the axial direction.

It can be seen from Fig. 11.13 that at the area far away from the heated 
zone, no apparent damage can be observed in the coating. No obvious 
cracks are present in the ceramic coating and the interfaces. It can also be 
seen that the coating is well attached to the substrate by means of the bond 
coat. As the testing temperature at this area is relatively low, accompanied 
by a low stress level, failure hardly occurred in this area. The corresponding 
stress level details are discussed in Section 11.4.2.

As the test area moves towards the heated centre, failures present in the 
TBC layer at the edge of the heated zone. The arrows in Fig. 11.13 denote 
the vertical cracks present in the ceramic coating in this area. The mecha-
nism of nucleation and propagation of the vertical cracks will be discussed 
in detail using simulated stress analysis in Section 11.4.2. However, the 
fi gure clearly shows that vertical cracks emerged in both the ceramic coating 
(mark 3) and the TBC/baud coat interface (mark 2), and these are consid-
ered to result in the local delamination of TBC. In the low-temperature 
area and in the TGO layer (mark 1 in Fig. 11.13), very few interfacial failures 
can be observed. This suggests that in this situation, the ceramic coating has 
good adhesion with the metallic coating and the stress concentration in the 
TBC layer is of more concern.

At the heated centre, three kinds of failure mode are observed. At the 
edge of the heated centre, both vertical cracks (arrows denoted) and local 
spallation (mark 3) caused by vertical cracks emerging can be observed. At 
the same time, severe interface delamination occurrs at this area (mark 2). 
Compared to the interfacial failure shown at the edge of the heated zone, 
the interface delamination shown in this area is induced by the decrease in 
interface adhesion rather than by the emerging of vertical cracks. The 
decrease in adhesion is considered to be induced by the growth of TGO 
during heat treatment. It should be noticed that, in the heated area, failure 
in the bond coat occurrs (mark 4), which is different from that in other 
positions. The same phenomena are widely observed in this area and shown 
in Fig. 11.14.

It is well known that the fracture toughness of the bond coat is much 
higher than that of the ceramic coating. As a large number of slip bands are 
present in the metallic coating, plastic deformation occurrs at the tip of the 
cracks, leading to a compressive stress fi eld at the crack tip, and fi nally 
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resulting in the inhibition of crack propagation. It is considered that when 
subjected to thermomechanical coupled loading, creep of the bond coat is 
accelerated. Therefore, the plastic deformation of the metallic coating is 
completed at a relatively early stage of the test. Consequently, during the 
following cycling test, there are insuffi cient slip bands in the metallic coating, 
which presents as a decrease in fracture toughness.

Compared to the failure mechanism of the solid cylinder sample sub-
jected to the thermomechanical loading test, some differences are shown 
in the tube sample. In the tube sample, the outer surface is locally heated, 
while internal cooling is done using cooling air. Therefore, a thermal gradi-
ent along both the radial and the axial direction is obtained, which is con-
sidered to be responsible for the failure of TBCs. However, in the solid 
cylinder sample, the thermal gradient along the radius direction is ignored. 
Therefore, in the solid cylinder sample, only the thermal gradient along the 
axial direction is considered.

Consequently, different failure modes are present in the solid cylinder 
sample and the tube sample. In the solid cylinder sample, vertical cracks in 
the ceramic coating and the emerging of vertical cracks near the TBC/TGO 
interface are the dominant phenomena. However, in the tube sample, crack 
propagation along both the through-thickness direction and the interface 
direction are observed. This is considered to be responsible for the delami-
nation of the coating.

11.4.2 Stress analysis

In the stress analysis, a tensile stress profi le ranging from 0–160 MPa was 
applied to the sample, in accordance with the experimental parameters. The 
periodicity of the stress profi le corresponds to that of the infrared heating. 
Equivalent stress profi les along the axial direction of each layer and inter-
face are shown in Fig. 11.15. In each part of the fi gure, the heating procedure 
takes place over 0–20 s and the temperature dwell procedure over 20–70 s. 
Cooling to room temperature is reached at 120 s.

It can be seen from the stress profi le in the bond coat/substrate interface 
that the highest stress occurred in the heated area and that stress increased 
with temperature. At the same time, the equivalent stress shows a large drop 
at the edge of the heated area. This can be attributed to the coupled effect 
of applied tensile stress and the temperature-induced thermal expansion.

The highest stress level is shown in the TGO-related interfaces due to 
the high Young’s modulus of the TGO layer, and the stress trend along the 
axial direction is similar to that which occurs in the substrate/bond coat 
interface. However, it can be seen in Fig. 11.15b that the stress level at the 
edge of the heated zone is the lowest in the whole profi le. This explains why 
few interfacial failures are observed in this area (Fig. 11.13).
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A different phenomenon is shown in the stress profi le in the YSZ layer, 
where the highest stress peak value is present at the edge of the heated 
zone. In this layer in the heated area, the stress value is slightly decreased 
towards the edge of the heated area, and no obvious stress gradient is shown 
in the non-heated area along the axial direction in the whole experimental 
procedure. Comparing the stress value in the heated area with that in the 
non-heated area, no obvious difference can be seen. It should also be noted 
that in the whole experimental procedure, the stress level change is not so 
much as in other layers. This suggests that fatigue failure is not the dominant 
reason for the failure in the ceramic coating.

The stress distributions along the radial direction in each layer and the 
interface are illustrated in Fig. 11.16. A stress value peak is present at the 
edge of the heated zone, whereas a relatively low stress level is shown in 
other positions along the axial direction. It should be noted that the stress 
status changed from compression to tension at the edge of the heated zone, 
where the lattice distortion is much larger than at other positions, and hence 
large lattice strain energy was stored. Therefore, crack formation and sub-
sequent propagation occurred releasing the induced strain energy. At the 
same time, it can be seen from the stress profi les along the axial direction 
that, except at the edge of the heated centre, the stress value is not high 
enough to cause any failure.
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at different times for hollow cylinder specimen with loading: 
(a) substrate/bond coat; (b) bond coat/TGO; (c) TGO/YSZ; 
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The in-plane normal stress distribution along the axial direction is illus-
trated in Fig. 11.17, and the stress is as the same order as equivalent stress. 
This implies that σy is the dominant stress component in equivalent stress. 
Regarding the texture of EB–PVD TBC, the in-plane fracture toughness of 
the ceramic coating is lower than that in the through-thickness direction. 
Hence σy is of great concern as the dominant cause for cracks along the 
through-thickness direction. The presence of vertical cracks causes a 
moment to be applied on the ceramic column due to applied in-plane stress 
which acts as the driving force behind the propagation of horizontal cracks.

The shear stress profi les are illustrated in Fig. 11.18 which shows a trend 
similar to that as the stress distribution along the radius direction. The stress 
level is relatively low in most positions except at the edge of the heated 
zone, where a stress peak value is presented. This suggests that occurrence 
of fracture is highly possible at this area.

11.4.3 Failure mechanism

Subjected to high temperature coupled with fatigue load cycling , substrate 
and bond coat are under tension, σy, with the highest stress level being 
150 MPa. At the edge of the heated area, the substrate and bond coat 
underwent shear stress over 10 MPa caused by non-uniform thermal 
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times for hollow cylinder specimen with loading: (a) substrate/bond 
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times for hollow cylinder specimen with loading:22 (a) substrate/bond 
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loading. Therefore, slip bands formed in the bond coat at an angle of 45° 
from the interface. Cracks induced at these defects tend to propagate in the 
bond coat, since the slip bands will be blocked at the interface. Hence, the 
bond coat is internal oxidized.

Stress concentration in the TGO layer is one of the most important 
reasons for the failure of TBCs. An order of 1 GPa is shown at both bond 
coat/TGO interfaces and TGO/TBC interfaces. Delamination and crash of 
TGO is also observed.

Subjected to mechanical loading, normal stress, σy is at a relatively high 
level, accompanied by radius stress and shear stress, and residual stress in 
the ceramic coating increases. During the experiment, the coating is exposed 
to high temperature, so the strength of the ceramic coating decreases, par-
ticularly at the area with the highest temperature gradient. Therefore, verti-
cal cracks and delamination in the ceramic coating are considered to be the 
most important reason for the failure of TBCs.

11.5 Conclusions

The failure mechanism of the sample subjected to thermomechanical 
loading was obtained using microstructure analysis and impedance spec-
troscopy accompanied by stress simulation. Some conclusions are drawn as 
follows.

Cracks initiated and propagated in ceramic coating are considered to be 
the dominant reason for the failure of TBCs. This is entirely different from 
the failure mechanism in a uniform temperature fi eld without mechanical 
loading. It is also proved by FEM stress analysis that the degradation of the 
ceramic coating is accelerated under applied mechanical loading.

The highest crack density in ceramic coatings occurred at the edge of the 
heated area, which is also considered to be the area with the highest tem-
perature gradient. According to the results obtained by impedance spec-
troscopy, the highest electrical resistance was presented at the area with the 
highest temperature gradient rather than the highest temperature. This is 
induced by the vertical crack density.

In the tube sample, the temperature gradient along both the radius 
and the axial directions was obtained. In this situation, vertical cracks 
occurred in the ceramic coating. At the same time, delamination of the 
ceramic coating was also observed. The emerging of vertical cracks and 
delamination of the coatings are considered to be responsible for the failure 
of TBCs.

In the solid cylinder sample, only the temperature along the axial direc-
tion was considered. Subjected to applied mechanical loadings, accompa-
nied by thermal stress, cracks along the through-thickness direction are the 
dominant reason for the failure TBCs.
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12
Non-destructive evaluation (NDE) of 

the failure of thermal barrier coatings

G. C H E N, Northwestern Polytechnical University, China

Abstract: This chapter discusses the development of non-destructive 
evaluation (NDE) methods used for the detection of premature failure 
of thermal barrier coatings (TBCs) systems. The fundamentals and 
application of different NDE methods are reviewed, with particular 
interest focused on the latest results with regard to the promising 
emission spectroscopy NDE method used for in situ TBCs failure 
inspection.

Key words: thermal barrier coatings (TBCs), non-destructive evaluation 
(NDE), high-temperature oxidation, gas turbine.

12.1 Introduction

A large number of coatings have been developed and are widely used to 
protect a variety of structural engineering materials from corrosion, oxida-
tion, wear and erosion. Of them all, thermal barrier coatings (TBCs) have 
the most complex structure. TBCs are applied to the hot-section compo-
nents of gas turbines and they are required to operate under the most 
demanding conditions encountered by the structural components. The 
demand for improved performance has led to the increasing use of TBCs 
in gas turbines, and they are the most important materials on the technology 
roadmap in that fi eld. The function of TBCs is to provide thermal insulation 
and oxidation protection simultaneously, and TBCs have become the crucial 
element in the pursuit of improved effi ciency, longer lifetime and reduced 
environmental impact.1–9

The state-of-the-art TBCs consist of an yttria stabilized zirconia (YSZ) 
top coat, a thin thermally grown oxide (TGO) reaction layer and a metallic 
bond coat on a superalloy substrate. The thermal insulation is provided by 
an outer YSZ layer deposited by either electron beam physical vapor depo-
sition (EB–PVD) or plasma-spaying (PS) techniques. The oxidation protec-
tion is provided by a thin TGO layer. Since superalloys are not generally 
optimized for oxidation resistance, a bond coat (BC) is usually used to 
develop a durable oxidation barrier, and it must be designed to maintain a 
stable TGO over the life of the system. The schematic representations of 
TBCs prepared by EB–PVD and PS are illustrated in Fig. 12.1, which shows 
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12.1 Schematic representation of TBCs obtained by EB–PVD (a) and 
PS (b).

the different structures obtained by EB–PVD and PS. In the modern TBCs 
system, the TGO layer is the source of the major strain incompatibility that 
leads to failure.2,6 Evolutionary processes in the surrounding layers have 
deleterious effects that converge on the TGO, further aggravating the 
problem. The adhesion and growth kinetics of a TGO layer and hence the 
system life can be strongly infl uenced by the composition and/or morphol-
ogy of the bond coat.

The application of TBCs in conjunction with internal cooling of the 
underlying superalloy component can provide a surface temperature reduc-
tion of 50–150 °C, with potential of over 170 °C.9 This has enabled the opera-
tion of modern gas turbines having combustion gas temperatures in excess 
of 250 °C above the melting temperature of the protected superalloy com-
ponents, thereby improving turbine effi ciency and performance. Alterna-
tively, TBCs help reduce metal temperature and make gas turbine 
components more durable at lower operating temperatures. Therefore, the 
growing reliance on TBCs to increase the gas inlet temperature of gas tur-
bines requires that TBCs must be ‘prime reliant’, and must not fail over the 
life of the components. However, lack of reliability and concern over pre-
mature failure have slowed the general application of TBCs in gas turbines 
and, even where used, the benefi ts offered by TBCs, such as the temperature 
advantage, and hence energy effi ciency and operating lifetime, have not yet 
been fully realized.4 The exact failure mechanisms of TBCs are still not clear 
due to the many contributing factors. The type and fabrication procedures 
of the bond coats, as well as the TBCs, may result in different behaviors 
that could complicate understanding of TBCs failure even more.2

Due to the severity of TBCs failure, early detection of TBCs degradation 
and failure is becoming critical to prevent catastrophic failure as more 
advanced gas turbines depend on TBCs for their high-temperature opera-
tion. TBCs on turbine hot-section components, therefore, require regular 
maintenance. A typical periodic maintenance is a visual inspection of the 
TBCs for cracks, spallation, erosion or other damage that will indicate the 
remaining TBCs life. These visual inspections require the gas turbine to be 
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taken out of service and to be partially disassembled to provide access to 
the TBCs by boroscope. This type of maintenance is costly because it 
requires skilled labor and the interruption of service. Moreover, in most 
cases only the regions with very large spalled area can be seen visually, and 
this is the basis for boroscope inspection today. Therefore, for the reliable 
application of TBCs, it is highly desirable to have non-destructive evalua-
tion (NDE) methods that can detect the presence of small defects in TBCs 
at an early stage, monitor their growth and predict the remaining life of 
TBCs.

The present chapter summarizes the current status of understanding of 
TBCs failures and the development of failure detection methods; particular 
interest will be concentrated on the NDE methods and the latest develop-
ment of in situ NDE of TBCs failure during gas turbine operation.

12.2 Failure of thermal barrier coatings (TBCs)

As mentioned above, the actual TBCs failure mechanisms are complex and 
diffi cult to understand due to the large number of contributing factors. Even 
so, some general failure models have been produced based on a large 
number of results.2,6,9,10 The present topic of NDE development for TBCs 
failure evaluation/detection does not allow the author to give a detailed 
introduction to each failure mechanism of TBCs, therefore, a general 
summary of TBCs failure will be presented in terms of TBCs materials, 
structure and application, in order to facilitate a basic understanding of the 
different NDE methods used in this chapter. For more information readers 
should refer to Chapters 8, 11 and 13.

12.2.1 Materials

Bond coat

Bond coat is recognized as the most crucial component in TBCs and a 
critical factor affecting the stability and durability of TBCs.4,6,9 Its chemistry 
and microstructure are dependent on the compositions and preparation 
processes, and then have signifi cant infl uence on the durability through 
the structure and morphology of TGO formed in service. TBCs failure is 
often observed either at the interface between the bond coat and the TGO 
or between the TGO and the YSZ, or within the TGO or within the YSZ 
near the TGO, and the failure is dependent on the bond coat used. Thus, 
increasing the adhesion and integrity of the interfacial TGO layer may 
greatly contribute to the reliability of TBCs. Generally, the onset of TBCs 
spallation is triggered by some form of microstructural imperfections at or 
close to the TGO layer. These imperfections in or around the TGO convert 
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the misfi t stress, which results from the different mechanical properties 
of different layers in the TBCs, into a driving force for failure by crack 
initiation, propagation at the interface and fi nal large-scale buckling of 
TBCs. Two principal failure models have been proposed, even though the 
relative importance of these two mechanisms has not been established for 
different bond coats. One is the development of undulations with thermal 
cycling, in accordance with wrinkling and ratcheting mechanisms.11,12 Such 
imperfections develop primarily in bond coats most susceptible to visco-
plastic deformation. They induce cracks in the superposed TBCs that extend 
laterally and link together to cause failure. The other is the extent of oxida-
tion, which leads to heterogeneity of the TGO layer thickness.13 These 
imperfections give rise to failure by decohesion of the interface between 
the TGO and the bond coat, which may be accelerated by impurity 
segregation.14,15

At present, bond coat materials are in two categories, one of which is 
based on NiCoCrAlY and the other is Pt-modifi ed diffusion aluminide. 
Both of them result in distinct TGO features as well as differing tendencies 
to plastic deformation. Accordingly, the failure mechanisms are often dif-
ferent.16 Both TGO growth and inter-diffusion with the substrate contribute 
to the bond coat change in terms of chemistry and phase structures and 
have a similar effect. Undulations can be promoted by softening or local 
volume changes arising from phase transformations in the bond coat.11,17 
Impurities migrating from the substrate can embrittle the interface or 
produce local oxide penetrations. In the extreme case, Al depletion from 
bond coat/substrate inter-diffusion can reduce the ability of bond coat to 
sustain protective Al2O3 growth and destabilize the Al2O3 layer by introduc-
ing unwanted elements in favor of the formation of inter-phases with lower 
toughness or adherence.18 Under some circumstances, thermal stress relax-
ation by plastic fl ow of the bond coat can lead to cracking of the TGO upon 
reheating, giving rise to local oxide penetrations.19

Yttria stabilized zirconia (YSZ) insulation layer

Durability and stability concerns in the YSZ layer arise primarily from the 
anticipated increases in surface temperature in advanced gas turbine tech-
nologies. The consequences are increased susceptibility to morphological 
changes of the pore structure as well as densifi cation of the compliance-
enabling features, i.e. the columnar structure YSZ produced by EB–PVD, 
with attendant degradation of the insulation effi ciency and strain tolerance. 
Moreover, current YSZ layers are becoming more susceptible to destabili-
zation of the ‘non-transformable’ tetragonal ZrO2 structure (t′) as the 
higher operating temperature reduces the diffusional hindrance to parti-
tioning,20 while the effect of the subsequent monoclinic transformation is 
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generally considered undesirable. The problem can be further aggravated 
by chemical reaction with molten salt deposits from the combustion envi-
ronment, mostly vanadates, sulfates and silicates.21–23

12.2.2 Structure

As seen in Fig. 12.1, two different TBCs microstructures can be produced 
by EB–PVD and PS methods. A columnar TBCs grain structure with 
multi-scale porosity produced by EB–PVD has much more strain tolerance 
capability than the splat structure produced by PS, while the inter-splat/
intra-splat porosity and a network of crack-like voids in the PS TBCs can 
provide much lower thermal conductivity compared to that of EB–PVD 
TBCs. Both of them make different contribution to the failure of TBCs in 
the initiation or propagation of the defects/imperfections. A more detailed 
description of the failure from EB–PVD and PS TBCs can be found in 
Reference 6.

12.2.3 Application

TBCs applied in aero gas turbines for propulsion will experience numerous 
thermal cycles whereas TBCs in industrial gas turbines for power genera-
tion will have a long isothermal history. For the latter, much longer service 
lifetime will be demonstrated with the same TBCs, and the failure process 
model is also different. Another issue occasionally encountered is the 
mechanical degradation of TBCs by foreign object impact and/or erosion.24 
Usually this effect will contribute along with other factors to the failure.

12.3 Development of failure inspection methods

With the application of TBCs in the early 1980s, a method of evaluating 
TBCs failure has been sought, proposed and developed. The major impetus 
of this thrust for TBCs failure inspection was to improve the integrity and 
performance during service of the coatings. Acoustic emission (AE) was 
the fi rst method applied to qualitative and quantitative evaluation of the 
cracking process within the YSZ in TBC systems.25–27 The AE method can 
be used for destructive and non-destructive testing. Indentation, tensile 
adhesion tests and four-point bending test coupled with AE can be taken 
as the destructive way. In situ AE evaluation can also be applied to the 
inspection of micro- and macrocracking initiation and propagation in TBCs. 
This method is focused only on the detection of the defects in the form of 
cracks due to the limited lifetime exhibited by the TBCs at that time.

However, there are numerous defects present in well-developed TBCs, 
such as delamination, spallation and TGO development. Thus, infrared (IR) 

�� �� �� �� ��



248 Thermal barrier coatings

© Woodhead Publishing Limited, 2011

thermography was developed to evaluate effectively the delamination 
defects in TBCs.28,29 Besides the delamination defects, IR thermography was 
also used to inspect the degradation of YSZ in TBCs, because there existed 
a correlation between YSZ degradation and TBCs lifetime.30,31 For this 
technique, the sample is usually heated from front or back surfaces by a 
fl ash of radiation, and the thermal image is captured using an IR camera. 
Delaminations, large internal cracks or changes in thermal diffusivity all 
result in a non-uniform temperature distribution and hence image 
contrast.

With the development of TBCs materials and preparation processes, 
more and more results suggested that the TBCs lifetime has a close relation 
with the reaction layer of TGO. The evaluation of the formation of TGO is 
important and non-destructive evaluation and detection of these coating 
failures at the TGO layer is necessary. All the previously mentioned NDE 
methods, however, did not take the TGO layer into account. Therefore, 
some new NDE methods were developed, e.g. electrochemical impedance 
spectroscopy (EIS)32–35 and photo-stimulated luminescence spectroscopy 
(PSLS).35 These methods consider the role of TGO in the determination of 
defects evolution and eventual failure of TBCs. EIS can determine the 
evolution of YSZ as well as TGO,33 whereas PSLS focuses only on the state 
of TGO.35 Recently, a new kind of NDE method has been proposed by 
doping marker ions in the YSZ layer in TBCs system; in situ evaluation of 
TBCs failure during engine operation could be made, demonstrating its key 
and promising role in determination of the failure of TBCs.36,37

Based on the above-mentioned methods, the techniques used in NDE of 
failure of TBCs can be categorized into four groups based on different 
aspects of TBCs discussed in detail as follows:

 1. crack or delamination development in TBCs;
 2. thermal property change of TBCs;
 3. TGO development and its interface with YSZ and bond coat;
 4. doping ions in YSZ.

12.3.1 Inspection of crack or delamination in TBCs

In the early stage of TBCs development, crack development plays a major 
role in determining the lifetime of TBCs.26,27 Failure-related cracking in the 
YSZ is of great concern; its initiation and evolution can give rise to noise 
and so can be monitored by the AE technique, whereby the noise response 
can be correlated with the evaluation of the coating and its lifetime pre-
dicted. Acoustic emission (AE) is a term describing a class of phenomena 
whereby transient elastic waves are generated by the rapid release of energy 
from localized sources within a material.38 Studies on AE responses during 
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the thermal cycling of plasma-sprayed TBCs have shown that the type of 
cracking and the AE responses may be infl uenced by a number of factors, 
such as the porosity, the presence of metastable phases, the thermal expan-
sion mismatch between substrate and coating and the anisotropy of thermal 
expansion among the phases. A stable microcracking network can be gener-
ated for TBCs with good adhesion strength. These coatings remain effective 
even after the formation of a microcrack network. In contrast, catastrophic 
failure occurred because of unstable crack growth. A ‘crack density func-
tion’ (CDF),39 considering both the number and size of cracks, has been 
proposed, and it is found that macrocracking events tend to occur at low 
values of the CDF. One of the shortcomings is that this method provides 
temporal information of cracking in the system, but no spatial 
information.

With the development of TBCs including material for TBCs as well 
as the process methods used in the preparation of TBCs and their increas-
ingly wide application, crack detection no longer effectively predicts the 
failure of TBCs. Interest has moved to the delamination of the top YSZ 
coat at the interface or in itself which would lead to the spallation of the 
top layer partly or totally, eventually causing the TBCs failure. Harada 
et al.28 and Saitoh et al.29 proposed an evaluation method for delamination 
effects using infrared thermography, and further work has since been carried 
out to study the use of this technique to predict TBCs failure.30,31,40 The 
detection of the delamination in TBCs with the infrared thermography 
method is always coupled with measurement of the thermal properties of 
TBCs components; detailed information will be given in the following 
section.

12.3.2 Inspection of thermal property change of YSZ 
in TBCs

Changes in all kinds of coating properties after long-term operation may 
degrade the performance of the coatings. The thermal barrier performance 
of TBCs (in other words, the thermal resistance of TBCs) can be degraded 
by means of decreases in TBCs thickness, rises in TBCs density and peeling 
of TBCs. Thermal properties are usually treated as just basic material 
parameters and have not been utilized widely in TBCs characterization and 
failure analysis. This ageing process can alter the thermal properties of the 
coating (through phase transformation and microstructure change) and 
introduce defects like cracks, delaminations and spallations. Thermal trans-
port properties such as thermal conductivity and thermal diffusivity are 
closely related to the microstructural changes of the TBCs. Therefore, it is 
highly desirable to have an evaluation technique sensitive to the coating 
properties as well as the thermal contact with the substrate.
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A variety of measurement techniques have been developed to determin-
ine the thermal properties of coatings. Measurements are distinguished by 
a wide variety of methods employed for heating and temperature sensing. 
Several photothermal methods utilize front surface temperature sensing, 
and these include photoacoustic measurements,41 IR thermography,31 
defl ection method,42 etc. in which IR thermography can be used to non-
destructively inspect the TBCs failure.43–46 In this method, a laser heats the 
part to be inspected and the surface temperature of the heated part is 
measured using a radiation thermometer or infrared camera. The thermal 
resistance of the TBCs is evaluated based on the measured temperature. 
An important requirement in this non-destructive inspection method is 
to divide the heating wavelength and measuring wavelength in order to 
remove the infl uence of the refl ected light. Another requirement is to 
perform the heating and measurement of the target part continuously and 
at a fi xed speed. This method is believed to be effective for complex-shaped 
metal parts of actual gas turbines coated with TBCs. Also, the TBCs thick-
ness can be evaluated by the IR method.31,43–46 Further related information 
about optical NDE techniques for TBCs can be found in Ellingson et al.47

Recently, a new generation of NDE IR method, phase of thermal emis-
sion spectroscopy, has been developed for TBCs failure analysis.48 Phase of 
thermal emission spectroscopy is a technique whereby harmonic heating is 
induced in the coating by laser excitation and the resulting temperature 
fi eld is detected through its thermal emission. The thermal emission comes 
from the volume of the coating experiencing transient temperature varia-
tion and carries information regarding heat transport through the TBCs 
related to the coating’s thermal properties, thickness, the thermal contact 
(delamination) with the substrate and the substrate thermal properties. By 
changing the laser modulation frequency, the thermal penetration depth 
relative to the coating thickness is altered. Therefore, phase of thermal 
emission spectroscopy can be used for characterization of the coating prop-
erties over a large range of thermal penetration depths. A combination of 
features makes phase of thermal emission spectroscopy unique and poten-
tially superior to existing IR techniques for coating property measurements. 
This technique does not require any special sample preparation and requires 
access only to the top surface of the coating, permitting non-destructive 
measurements to be made on coatings in almost any condition with arbi-
trary substrate shape and dimension. The method can simultaneously 
provide thermal conductivity and volumetric heat capacity of the coating 
as well as the thermal contact resistance of the interface. This method is not 
sensitive to environmental temperature, and therefore can be utilized at the 
high operating temperatures of the coating.

Impedance spectroscopy (IS) has also been used for NDE of TBCs.32,33,49 
Impedance spectroscop y  is a method for the evaluation of defects and 
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degradation of materials using the AC frequency response of the electrical 
impedance of a material. The impedance characteristic of a material depends 
on temperature, thickness or area of the coating, formation of reaction layer 
or delamination. These degradations and defects are evaluated by measur-
ing the variation of impedance caused by these microstructural changes. 
Therefore, the IS method enables the thickness reduction of TBCs, initia-
tion of defects, formation of oxide fi lm and coating delamination to be 
detected by these resistance and capacitance data.32 Moreover, defects such 
as delamination, spalling and cracking and other forms of material damage 
can be detected using voltage and current response when alternating current 
with varying frequency is applied. Changes of both resistance and capaci-
tance associated with the degradation can be measured. Thickness reduc-
tion of TBCs has already been successfully evaluated by IS.33 Impedance 
spectroscopy is a cheap, quick and powerful testing method, which is par-
ticularly useful for ceramic materials. Voltage and current responses, on 
application of an alternating current with varying frequency, relating to 
YSZ, TGO and mixed oxide layers were observed in the impedance 
spectra.34 These responses can be modeled using equivalent circuits soft-
ware. In all, IS is a powerful NDE method capable of detecting different 
types of defects mentioned above; changes in other physical properties and 
even the formation, growth and thickness of the TGO can also be moni-
tored by IS.49,50

Compared to the ‘dry’ IS technique (tested at high temperatures of 
200–350 °C, EIS was developed as a NDE technique for the life-remaining 
prediction and quality control of TBCs.51–53 Electrochemical impedance 
response was acquired at room temperature and analyzed with an AC 
equivalent circuit. EIS is an NDE technique that measures electrochemical 
impedance of materials using an applied voltage with varying frequency. 
The electrochemical impedance characteristics of TBCs may depend on the 
thickness and microstructure of the YSZ coating, the thickness and micro-
structure of the TGO and, potentially, the damage at critical interfaces in 
the vicinity of TGO.35

12.3.3 Inspection of thermal grown oxide (TGO) and its 
interface with YSZ and bond coat

Although these above-mentioned non-destructive inspection techniques 
can characterize the degradation of TBCs, studies on NDE of the detrimen-
tal infl uence of the TGO reaction layer are limited. Moreover, only a few 
attempts have been made at NDE of the TBCs lifespan. The formation of 
the TGO layer in TBCs and its evolution and damage play an important 
role in determining the life of TBCs in service. There is a real need for non-
destructive tools to evaluate whether TBCs are damaged and, on the basis 
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of the damage detected, determine how much life remains before failure 
will occur. Once the TBCs have buckled or spalled they can generally be 
seen optically, but it is essential to develop a tool capable of detecting 
damage evolution before it reaches the critical buckling size. Thus, it is a 
prerequisite that the non-destructive tool is able to probe through the thick-
ness of the TBCs to detect any damage related to the TGO. The evaluation 
of the TGO reaction layer can be realized by using the IS method.33,35,50 The 
physical properties, the formation and the thickness of the reaction layer 
can be evaluated using this method together with sensitivity analysis. The 
other promising method is PSLS since it is non-destructive and produces a 
direct measure of local elastic strain energy in the TGO.54–68 This process 
also provides a basis for the quantitative determination of the extent of 
local damage prior to the spalling from an analysis of the shape of the 
luminescence spectra.

The application of PSLS as a NDE technique for TBCs was pioneered 
by Clarke and refi ned by some other researchers.54,55 This technique is con-
centrated on the stress state of the TGO. Adhesion of the TBCs to the bond 
coat has been shown to be dependent upon a good bond being maintained 
between TGO and bond coat. The thermal expansion mismatch between 
the metallic bond coat and the alumina TGO is such that the TGO is under 
a large compressive stress (about 4 GPa) at room temperature. Laser exci-
tation of small amounts of Cr ions in the TGO causes fl uorescence to occur 
and the spectral response is pressure (stress) dependent. If the TGO 
becomes detached, the stress would be reduced and this in turn results in 
a peak shift in the fl uorescent spectra, which is illustrated in Fig. 12.2.

In α-alumina the R-line fl uorescence is split into a doublet (R1, R2) by 
crystal fi eld effects. Of the two lines, it has been found that the R2 line has 
a more linear pressure dependence and is also more isotropic for different 
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12.2 The typical R1/R2 fl uorescence spectra for chromium containing 
stress-free and stressed α-Al2O3.
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crystallographic orientations. Hence, the stress measurements reported 
have been primarily based on measurements of R2. For polycrystalline 
materials where the sample volume probed is large compared with the grain 
size, the frequency shift, Δν, of the R2 line is given by:

Δν = 2.54 (cm−1 GPa−1)σ [12.1]

and for the case of a scale which we take to be stressed in only two dimen-
sions, Eq. (12.1) becomes:

Δν = 5.07 (cm−1 GPa−1)σ2D [12.2]

where the biaxial stress, σ2D , is taken to be homogeneous.
However, the spectra observed from aged TBCs were not usually similar 

to the clear doublet observed in single-crystal material. The shape and posi-
tion of the R1R2 doublet for the measured TGO luminescence spectra 
changes with stress, temperature, oxidation time and even Cr3+ ion concen-
tration,69–71 and therefore allows quantitative information on these condi-
tions to be extracted from analysis of the fl uorescence spectrum.67 Some 
spectra can be described as being due to two stress states in the material 
– physically interpreted as being due to bonded (stressed) and de-bonded 
(unstressed) material. More often, although there may be dominant contri-
butions from two stress states, there is evidence that there may be a distri-
bution of stressed states present. This makes the extraction of quantitative 
data complicated.

A program was developed to separate the contribution from the different 
stress states.70 Each spectrum is considered to consist of an underlying linear 
baseline (due to background signal and instrumental effects) together with 
multiple R1R2 curves. The R1 peak is used to obtain an initial estimate of 
the parameters for fi tting to a single doublet, and the optimization routine 
uses a sequential quadratic programming method combined with a line 
search to fi nd the best-fi t parameters subject to constraints on the intensity 
ratios, half-width ratios, R1 and R2 shapes and R1–R2 separation. If the fi t 
to a single doublet is deemed unsatisfactory, a fi t to two doublets is imple-
mented, with the parameters from the fi t to a single doublet utilized to 
obtain an initial estimate of the parameters for the optimization routine – 
the typical de-convoluted spectrum is demonstrated in Fig. 12.3. The appro-
priateness of the fi tting program was compared in an international 
round-robin67 and the present program was demonstrated to be in agree-
ment with that used by other leading workers in the fi eld.

Figure 12.4 shows the stress map for EB–PVD/Pt-aluminide after 400 1 h 
cycles at 1100 °C in the fast cool ageing test, EB–PVD/MCrAlY after 4000 h 
at 1000 °C in the slow cool ageing test and after 1175 1 h cycles at 1000 °C 
in the fast cool ageing test. Based on the stress analysis, the detachment of 
the top TBCs coat can be extrapolated. For example, the highly stressed 
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12.3 The de-convolution of the fl uorescence spectrum.

regions with dark area represent the attached TBCs and low stressed 
regions are detached TBCs.

12.3.4 In situ inspection by doping in YSZ

Substantial savings in gas turbine maintenance could be obtained if the 
TBCs materials could be made to emit signals that contain information 
about their deterioration (cracking/spalling) and instrumentation could be 
developed to detect these signals in situ during gas turbine operation. An 
exciting development in rocket engine health monitoring shows great 
promise for application in in situ, real-time TBCs health monitoring.72 The 
technique consists of optical detection of species in the vapor phase inside 
the chemically reacting or expanding fl ow. Species originating from the 
deteriorating TBCs would appear as atomic vapor, oxides and/or hydroxide 
species in the engine fl ow path. During fl ow expansion through the turbine 
and nozzle, these species equilibrate, typically by collisional de-excitation 
or emission of radiation. This radiation can be monitored anywhere in the 
engine where optical access can be designed into the engine components. 
The use of fi ber optics as light guides facilitates the optical access and could 
allow the design of low-cost, in situ TBCs health monitoring equipment.

An ideal engine monitoring system would correctly identify the engine 
part before it fails. It is desirable to detect and track the TBCs failure 
throughout the life of the component. Therefore, TBCs can be doped with 
signature marker materials that can be monitored optically in the combus-
tion gas or the exhaust. The marker materials can be incorporated in 
the area where the failure is generally initiated, which is the inner YSZ at 
the TGO/YSZ interface in the case of the plasma-sprayed TBCs. From the 
presence of the marker species in the combustion gas or the exhaust, deter-
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12.4 The stress map for EBPVD/Pt aluminide after 400 1-h cycles at 
1100 °C in the fast cool ageing test (a), EBPVD/MCrAlY after 4000 h 
at 1000 °C in the slow cool ageing test (b) and after 1175 1-h cycles at 
1000 °C in the fast cool ageing test (c) in their high stress component 
(R2B).
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mined by a spectroscopic interpretation of the observed optical emission, 
the mechanical condition and deterioration of TBCs can be inferred.

Our preliminary research demonstrated the feasibility of using spectro-
scopic in situ NDE to monitor the deterioration of Li2O-doped TBCs.36 The 
intensity of characteristic luminescence response of lithium ions at its wave-
length of 670.8 nm can be used to extrapolate the degradation degree of 
TBCs, which is demonstrated in Figs 12.5 and 12.6. In these fi gures, the top 
YSZ layer was drilled out in the samples in order to expose the bottom 
Li2O-doped layer and simulate coating spallation. The fi gures show a linear 
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12.5 Effect of fl ame temperature and number of 1 mm diameter holes 
on the intensity of slurry dip-processed 1 wt% Li2O-doped YSZ/YSZ 
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12.6 Emission intensity measured at 1320 °C vs fraction area spalled 
(drilled out) for the slurry-dip processed 1 wt% Li2O-doped TBCs.
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increase in the emission intensity with increasing extent of spallation under 
the condition that there is a certain amount of Li dopant. It demonstrates 
the viability of using Li emission spectroscopy as a tool to monitor the 
health of TBCs.

However, this technique requires that the addition of Li2O in the YSZ 
layer would not impair the performance of TBCs compared with the widely 
accepted normal plasma-sprayed TBCs during application, particularly 
regarding the stability and durability of TBCs in service. Therefore, the 
actual confi guration design for the plasma-sprayed TBCs was also carried 
out. Plasma-sprayed TBCs with a Li2O-doped YSZ inner layer and a regular 
YSZ outer layer confi guration could be an option for the modifi ed TBCs 
used in emission spectroscopic failure analysis. Thermal cycling tests at 1125 
and 1150 °C indicated that the modifi ed plasma-sprayed TBCs with a 1/9 
(the thickness of the inner and outer YSZ layer in mil, 1 mil = 25.4 μm) 
confi guration doped with medium Li2O concentration of 1 and 3 wt% 
exhibited longer durability,37 which can be seen in the Tables 12.1 and 12.2.

Another in situ doping NDE method has been proposed, but it is still in 
its infancy.73 It consists of an inner layer of the coating doped with a chro-
mophore adjacent to the bond coat. Where the coating is intact, the doped 
region is buried and so can only be probed with a laser wavelength to which 
the coating is transparent. Where the coating has spalled away or has been 
eroded, the doped layer is exposed and can be illuminated with a laser in 
the UV as well as in the visible. As the TBC erodes away, successive doped 

Table 12.1 Thermal cycling results for the plasma-sprayed TBCs tested at 1115 °C

Confi guration 0.3 wt% Li2O 1 wt% Li2O 3 wt% Li2O 5 wt% Li2O

5/5 2 2 Failed in 
annealing

Failed in 
annealing

1/9 NA 35 >75 NA

Note: Standard no Li2O doped sample failed after 75 cycles and annealing was 
performed at 1150 °C in Ar + 5H2 atmosphere for 4 h, all the samples were subject 
to annealing before thermal cycling.

Table 12.2 Thermal cycling results for the plasma-sprayed TBCs tested at 1150 °C

Confi guration 1 wt% Li2O 3 wt% Li2O

1/9 22 >22
2/8 20 19
3/7 20 3

Note: Standard no Li2O doped sample failed after 22 cycles.
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layers will be removed and so the visible luminescence will characterize the 
remaining layers, enabling the remaining thickness of the coating to be 
assessed.

12.4 Future trends

With the development of TBCs, new kinds of materials will be applied in 
TBC systems to make the next generation of TBCs more reliable and 
durable. These include a more stable TBCs insulation layer with much lower 
thermal conductivity and, higher temperature capability as a substitute for 
the current YSZ8,74 and more reliable bond coat materials.9 In the mean 
time, a deeper and more comprehensive understanding of the failure of the 
new TBCs will be generated and the life of TBCs will be easier to predict. 
Concurrently, new kinds of NDE methods for assessing TBCs degradation 
will be developed and matured, for example, femtosecond laser-induced 
breakdown spectroscopy75 and microwave76 to detect thickness loss in TBCs. 
Even so, more issues will need to be addressed relating to the full develop-
ment of currently proposed NDE methods and considerable attention 
should also be paid to NDE instrumentation and application for fi eld 
inspection of the TBCs coated gas turbine vanes/blades.
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13
Substrate and bond coat related failure of 

thermal barrier coatings

R. T. W U, National Institute for Materials Science (NIMS), Japan

Abstract: The current chapter describes research aimed at improving 
understanding of the high-temperature degradation mechanisms of 
thermal barrier coating (TBC) systems on different bond coats and 
single-crystal superalloys. The fi rst part presents a systematic study 
aimed at demonstrating that the compatibility of modern nickel-base 
single-crystal superalloys with TBC systems is infl uenced strongly by the 
content of alloying element additions in the superalloy substrate. This is 
followed by a detailed study of the bond coat effect on TBC 
degradation, based on an electron beam physical vapour deposition 
(EB-PVD) yttrium stabilized zirconia (YSZ) top coat and a substrate 
material of CMSX-4 superalloy.

Key words: nickel-based single crystal superalloys, thermal barrier 
coatings, compatibility, oxidation, interface, residual stress, rumpling, 
interfacial adhesion, fracture toughness.

13.1 Introduction

The success of turbine technology can be largely attributed to the develop-
ment and utilization of Ni-base superalloys as the material for hot-section 
turbine components. Following the Kyoto Protocol aiming at mitigating 
CO2 emission to prevent global warming, there has been a considerable 
international effort aimed at improving the effi ciency of the gas turbines 
used for jet propulsion and electricity generation, due to the price of fossil 
fuels and widespread environmental concerns about the effects of CO2 
emissions. As is widely known, high-temperature materials are important 
in this respect, since fuel economy and rate of emissions scale directly with 
the temperature of the hot gas stream exiting the combustor regions; this 
effect explains the incentive to raise the operating temperatures experi-
enced by the turbomachinery in these engines. In fact, a substantial enhance-
ment of the engine is based on the increase of the maximum turbine entry 
temperature over the years as shown in Fig. 13.1.1 It is not surprising there-
fore that all the major original equipment manufacturers (OEMs) possess 
research programmes which seek to develop new grades of a l loy for use in 
their engines.
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Ni-base superalloys1–4 play a vital role in this, since they have emerged as 
the materials of choice for the turbine blades, nozzle guide vanes and hot-
section seals in the very hottest parts of these engines. These are amongst 
the most complex of the alloys produced by man, owing to the addition of 
many different alloying elements such as Co, Cr, Mo, W, Al, Ta, Re, Ru, 
which are added to provide a balance of properties, e.g. creep resistance, 
tensile strength, fatigue capability, oxidation resistance, corrosion resistance 
and castability. While the alloy designer must consider all of these proper-
ties in order to meet the turbine design specifi cations, advanced 4th and 5th 
generation Ni-base single crystal superalloys tend to exhibit improved 
creep resistance at a cost of sacrifi cing high-temperature oxidation resis-
tance. Thus, advanced thermal barrier coatings (TBCs) – usually based on 
yttria stabilised zirconia (YSZ) – must now be applied to the surface of 
alloy components as a functional material to further enhance the tempera-
ture capability of the turbine blade aerofoils.

With the introduction of TBCs onto the surface of the alloy substrate 
being exposed to the high-temperature environment, the composite struc-
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13.1 Evolution of the high-temperature capability of the superalloys 
over a period of 60 years since their emergence in the 1940s.1
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ture results in a complex interplay between the inter-diffusion and internal 
stresses due to mismatches in coeffi cients of thermal expansion (CTE). 
Thus, TBC-coated components are subjected to several potentially inter-
related failure mechanisms due to their structural complexity.5–10

In the fi rst experimental section of this chapter, TBC systems on different 
single-crystal superalloys will be presented. This section will focus on 
substrate-related failure of TBCs, aiming at demonstrating that the compat-
ibility of modern Ni-base single-crystal superalloys with TBC systems is 
infl uenced strongly by the content of alloying element additions in the 
superalloy substrate. The results can be explained by postulating that the 
fracture toughness parameters controlling de-cohesion are infl uenced 
strongly by small changes in composition arising from inter-diffusion with 
the bond coat, which itself inherits elemental changes from the substrate.

The second experimental section of this chapter involves a comparative 
study of different bond coats (two β-structured Pt–Al types and a γ /γ ′ Pt 
diffusion type) in TBC systems based on an electron beam physical vapour 
deposition (EB–PVD) YSZ top coat and a substrate material of CMSX-4 
superalloy. Generation of stress in the thermally grown oxide (TGO) on 
thermal cycling, and its relief by plastic deformation and fracture, have been 
the subject of detailed experimental investigation.

13.2 Substrate related failure of thermal 

barrier coatings (TBCs)

Single-crystal (SC) superalloys1 have traditionally been designed with the 
priority of optimising the creep, fatigue, oxidation and corrosion-resistant 
properties. However, as the demand for more fuel-effi cient turbine systems 
continues, the substrate materials must now be coated with TBCs11,12 to 
enhance the high-temperature capability of critical turbine components 
such as turbine blades and guide vanes. Yet, it is known that TBC-coated 
Ni-base superalloys are prone to spallation;13 for this reason, several bond 
coat technologies have been developed as a means to enhance the mutual 
compatibility of the two by improving the oxidation resistance of the coated 
specimens.

Unfortunately, little work14,15 has been reported to elucidate the compat-
ibility issues of superalloys with the TBCs. More importantly, the infl uence 
of the substrate composition on the TBC spallation life is not well under-
stood. This is despite much progress which has been made to determine the 
micromechanics of the failure mode of TBCs.16 In particular, the approach 
in modeling TBC failure17–20 generally relies on the treatment of the oxida-
tion-induced stresses that drive TBC spallation, despite the fact that it might 
reasonably be assumed that the TBC life and the modes of failure (i.e. 
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location of interfacial failure) are also infl uenced signifi cantly by the inher-
ited chemistry of the underlying superalloys.

In this section, the compatibility of a number of Ni-base SC superalloys 
with TBC systems will be discussed to demonstrate that the compositions 
of these alloys play an important role in determining TBC spallation 
resistance.

13.2.1 Experimental details and background information

Fully heat-treated (solution and primary-aged) SC alloys of SRR99, 
CMSX-4, TMS-82+, PWA-1484 and TMS-138A processed using conven-
tional investment casting methods into cylindrical rods (10 mm in diame-
ter), with the long axis of each aligned close (±5°) to the 〈001〉 axis, were 
used as substrate materials for this research. The chemical compositions of 
the alloys considered are given in Table 13.1 (major elemental additions) 
and Table 13.2 (trace elements). These chemical analyses were conducted 
by Cannon Muskegon Corporation using LECOTM Carbon & Sulfur Deter-
minator, X-ray fl uorescence (XRF) and inductively coupled plasma mass 
spectrometry (ICPMS) methods, to industry leading levels of precision (i.e. 
ppm levels). Three different bond coats, a high-temperature low-activity 
Pt–Al (HT Pt–Al), a low-temperature high-activity Pt–Al (LT Pt–Al) and 

Table 13.1 Nominal chemical composition, wt%, of the Ni-based superalloys 
considered

Element Co Cr Mo W Al Ti Ta Hf Re Ru C Ni

SRR99 5.0 8.0 – 9.5 5.5 2.2 2.8 – – – 0.011 Bal.
TMS-82+ 7.8 4.9 1.9 8.7 5.3 0.5 6.0 0.1 2.4 – – Bal.
PWA1484 10.0 5.0 2.0 6.0 5.6 – 8.7 0.1 3.0 – – Bal.
CMSX-4 9.6 6.5 0.6 6.4 5.6 1.0 6.5 0.1 3.0 – – Bal.
TMS-138A 5.8 3.2 2.8 5.6 5.7 – 5.6 0.1 5.8 3.6 – Bal.

Note: – means that the element is not included in the chemical analysis.

Table 13.2 Levels of trace elements in the superalloy substrates examined, as 
determined by XRF, LECO and ICPMS methods (in ppm by weight)

Element S B O N P Zr

SRR99 2 2 2 4 2 4
TMS-82+ 2 1 2 2 11 13
PWA1484 3 2 2 1 6 19
CMSX-4 2 8 2 2 4 7
TMS-138A 2 3 2 1 18 3
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a Pt-diffusion bond coat, were subsequently deposited onto the fl at surfaces 
of all substrate materials.

The HT Pt–Al and the LT Pt–Al bond coat specimens were prepared by 
fi rst electrodepositing a thin layer of platinum of 5 and 7 μm, respectively, 
followed by a vacuum heat treatment applied at 1100 °C for 1 h. Next, 5 h 
vapour phase and 20 h pack-aluminisation processes were applied at 1080 °C 
and 870 °C, respectively. Both the vapour phase and pack processes involve 
the generation of vapours containing Al, which are usually halides due to 
their high vapour pressures. The vapours fl ow and react with the substrate 
surface upon contact forming the aluminide coating. In the aluminisation 
process, specimens are either embedded in a pack mix (i.e. LT Pt–Al) or 
suspended in a vapour-fi lled environment (i.e. HT Pt–Al) in a heated 
chamber.

The Pt-diffusion bond coat specimen was fi rst electroplated with a 10 μm 
layer of platinum and then a vacuum heat treatment at 1150 °C for 1 h was 
subsequently carried out. No aluminisation process was applied in this case. 
All specimens were further heat-treated for 1 h at 1100 °C in an argon 
atmosphere and a ZrO2/7 wt% Y2O3 (YSZ) top coat 175 μm in thickness 
was then deposited by EB–PVD. A further vacuum heat treatment (1100 °C, 
1 h) and ageing (870 °C, 16 h) were applied to all specimens before testing.

The TBC coated disc-shape specimens were then subjected to cyclic oxi-
dation testing in a purpose-built rig (see Fig. 13.2). Each thermal cycle 
involved 1 h at a furnace temperature of 1135 °C (approximately 10 min to 
reach the peak temperature); after which, the specimens were removed 
automatically from the rig and fan-cooled by laboratory air for 1 h. Five 
individual specimens of each TBC system were cycled to failure to deter-
mine the average TBC spallation lifetime, in order to evaluate the scatter 
in the experimental results. In addition to the cycled to failure test, 
additional specimens were removed from the rig at specifi c intervals for 

(a) (b) (c)

13.2 Pictures showing the use of the thermal cycling furnace (a), the 
placement of specimens on the sample stage (b) and the heating/
cooling conditions (c).
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luminescence measurements (see below) and then returned for further 
thermal cycling. Some specimens were withdrawn from cycling, mounted in 
epoxy, cut through by an abrasive alumina blade to reveal the cross-section 
and polished to mirror-fi nish for microstructural characterisation. An addi-
tional three coated disc-shape specimens were isothermally heated at 
1135 °C in the same rig for 150 h.

Microstructure characterisation was carried out in a fi eld emission gun 
scanning electron microscope (FEG–SEM) equipped with energy disper-
sive X-ray (EDX) using the secondary electron detection mode at a working 
distance of 15 mm and an accelerating voltage of 20 kV. For high-resolution 
quantitative elemental analysis, a prototype fi eld emission electron probe 
microprobe analyser (FE–EPMA) was used for analysis by wavelength 
dispersive X-ray spectrometry (WDS). A probe current of 5.0 × 10−8 A was 
applied within a probe diameter of about 0.25 μm, at an accelerating voltage 
of 20 kV.

13.2.2 Characterisation of coating cross-sections – as 
received condition

Scanning electron micrographs illustrating the microstructures of the three 
coatings in the as-received condition are given in Fig. 13.3. In all cases, the 
YSZ top coat layer had almost the same thickness. Discernible differences 
can be seen between the microstructures and the thicknesses of the bond 
coats. Pt–Al bond coat systems produce a single-phase β-(Pt,Ni)Al micro-
structure (i.e. NiAl with Pt in solid solution) next to the YSZ. Below the 
grit-line (residual Al2O3 particles remaining from the grit-blasting process 
prior to Pt plating) is the inner multi-phase layer of the coating consisting 
of precipitates rich in refractory metals (Ta, W, Mo) in the β phase matrix. 
The Pt-diffusion bond coat consists of a two-phase γ and γ ′ microstructure 
both above and below the grit-line; the β-NiAl phase is completely absent 
since the aluminisation step was absent. Al and Pt EDX concentration line-

LT Pt–Al HT Pt–Al Pt-diffusion

10 μm 10 μm 10 μm

13.3 The cross-section microstructures of the bond coats (LT Pt–Al, HT 
Pt–Al and Pt-diffusion) in the as-received coatings on CMSX-4.
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13.4 EDX concentration line-profi le of Pt (a) and Al (b) in the 
as-received bond coats.

profi les of these coatings are shown in Fig. 13.4. As can be seen, the alumi-
nisation process signifi cantly increases both the Al concentration and the 
bond coat thickness in the Pt–Al systems. The main difference between the 
LT Pt–Al and HT Pt–Al bond coats is in the Pt profi le. The LT Pt–Al has 
a higher Pt concentration within the fi rst 20 μm, whereas the HT Pt–Al 
bond coat has a higher Pt concentration at 30–60 μm. The Pt-diffusion bond 
coat, on the other hand, inherits the original Al content from the superalloy 
substrate and has higher Pt concentration than the Pt–Al systems due to 
the thicker electroplated Pt prior to the diffusion-heat treatment process. 
In all cases, the post-processing heat treatment resulted in the formation 
of a thin thermally grown oxide (TGO) layer, which shows as a thin dark 
line between the bond coat and YSZ, even before any thermal cycling had 
taken place. The microstructures of Pt-diffusion coatings on superalloy 
substrates are also shown in Fig. 13.5.21 Again, the TBC top coats were 
prepared to similar thickness.

Based on the results of the thermal cycling experiment, it was found that 
coating life varied signifi cantly with the composition of the superalloy 
substrate as illustrated in Fig. 13.621 with the error bars indicating ± one 

20 μm20 μm 20 μm 20 μm 20 μm

(SRR99) (TMS-82+) (CMSX-4) (TMS-138A) (PWA-1484)

13.5 The microstructures of Pt-diffusion coatings on the superalloy 
substrates in the as-received condition.
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standard deviation in the lifetimes of each set of fi ve specimens. For instance, 
TBC-coated PWA1484 exhibited spallation lifetimes at least three times 
superior to those of fi rst-generation superalloy SRR99 regardless of the 
type of bond coat being applied, suggesting that strong chemical effects 
were inherited from the substrate. In addition, the spallation resistance of 
TBC-coated fourth generation TMS-138A behaved signifi cantly better than 
that of SRR99 and comparable to that the second-generation superalloy 
CMSX-4, suggesting that no detrimental effect is inherited from ruthenium 
addition to the substrate, at least for the Pt-diffusion coating. It should be 
noted here that the thermal exposure of PWA-1484 specimens coated with 
Pt-diffusion bond coat was interrupted at the 1000th cycle as the purpose 
of demonstrating TBC spallation resistance had been fulfi lled. These fi nd-
ings confi rm a dependence of the TBC spallation life on the superalloy 
composition, and can be explained only by the different degradation mech-
anisms taking place in the bond coat or near the TGO interfaces (since the 
bond coat and the ceramic top coat were prepared in the same way on all 
different substrates).

In terms of the bond coat technology, it was demonstrated in general that 
the type of bond coat being applied had less infl uence on the TBC spallation 
life than did the substrate. It was shown as well that Pt-diffusion bond coats 
outperformed both Pt–Al systems.

Pt-diffusion
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13.6 TBC spallation life for cyclic oxidation testing (1 h thermal cycling 
to peak temperature) of TBC coated superalloys. The error bars 
indicate ± one standard deviation in the lifetimes of each set of fi ve 
specimens.
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13.2.3 Mechanism of TBC failure

As previously demonstrated, the composition of the superalloy substrates 
has a larger infl uence on the TBC spallation life than that of the bond coat 
materials. For this reason, attention is focused in this section on how the 
substrate affects the mechanism of TBC failure, at a fi xed TBC preparation 
condition. Pt-diffusion bond coat was chosen for this investigation as it 
showed the largest substrate effect on the coating spallation life.

SEM images of the fracture interface for each of the fi ve substrates are 
shown in Fig. 13.7.21 It was found that de-cohesion occurred at a position 
which depended on the substrate composition. In particular, it was observed 
that specimens with shorter TBC spallation life tended to fail at the TGO/
bond coat interface; while more spallation-resistant coatings failed within 
the TGO. In addition, by importing higher magnifi cation fi les of these SEM 
images into imaging software, the thickness of the TGO at failure for each 
of the specimens could be quantised by making boundary selections (i.e. 
defi ning the top and bottom TGO interfaces) and calculated with reference 
to the scale bar of these images. These TGO thicknesses were plotted along 
with the TBC life for comparison as illustrated in Fig. 13.8.21

Based on these results, it can be seen that the TGO thickness at failure 
in TMS-138A is considerably thicker than that of the TMS-82+, even though 
TBC-coated TMS-138A offered slightly longer TBC spallation life than 
TMS-82+. Moreover, despite the fact that the TBC lifetimes of CMSX-4, 
TMS-138A and TMS-82+ were within a few cycles of each other, their TGO 
growth kinetics are very different. Thus, it seems that there is little correla-
tion between the oxide growth kinetics and the TBC spallation life.

YSZ top coat

TGO

Bond coat /

substrate

Epoxy-filled

crack

Epoxy-filled

crack
Epoxy-filled crack

Epoxy-filled

crack

20 μm

20 μm 20 μm 20 μm

20 μm

(SRR99) (TMS-82+)

(CMSX-4) (TMS-138A) (PWA-1484)

13.7 SEM micrographs illustrating the location of interfacial spallation 
failure of TBC (Pt-diffusion bond coat) coated superalloys.
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13.2.4 High-resolution analysis and mapping by electron 
probe microprobe analyser/wavelength dispersive 
spectroscopy (EPMA/WDX)

Elemental compositions of the TGO layers on the three bond coats were 
characterized using WDS analysis (see Table 13.3). The results are quoted 
only for specimens with TGO thickness greater than the spatial resolution 
of the FE–EPMA/WDX technique (∼1 μm). Chemical mapping of the bond 
coat near the TGO interfaces was also carried out to determine the elemen-
tal chemical distributions on specimens after 100 cycles thermal exposure 
as shown in Figs 13.9–13.13. The results suggest that for all specimens, the 
oxide layers are primarily of Al2O3. However, it has also been observed for 
some specimens that either islands or continuous layers of Ni, Cr and or 
Co-rich oxides are present above the primarily Al2O3 layer. For example, 
CMSX-4, TMS82+, TMS-138A and PWA1484 all contain islands which are 
rich in Cr; while TMS82+, TMS138A and PWA1484 further contain islands 
rich in Ni. In addition, the presence of Co-rich regions has also been noticed 
on TMS-82+ and TMS-138A. For SRR99 specimens, fairly continuous Ni, 
Cr and Co-rich oxides are present. However, it should be recognised that 
the number of spinel phases in the TGO is very small in any of the TBC-
coated systems; the TGO thickness upon failure varies between different 
alloys and is essentially a measure of the amount of alumina.
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13.8 TBC spallation life vs the thickness of TGO upon failure; 
illustrating no clear correlation between the two.
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Table 13.3 Elemental compositions (wt%) of the TGO layers measured by WDS 
FE–EPMA analysis

Element Pt Zr Y Co Re Ta Mo Al Ni Ru W Ti Cr O

SRR99 0.3 0.8 0.1 0.1 – 0.0 – 51.6 0.5 – 0.1 0.0 0.2 46.2
TMS-82+ 0.5 0.7 0.1 0.1 0.1 0.1 0.0 51.6 0.6 – 0.1 0.0 0.1 45.9
PWA1484 0.5 0.9 0.1 0.1 0.1 0.1 0.0 51.6 0.7 – 0.1 – 0.1 45.6
CMSX-4 0.3 0.9 0.1 0.1 0.1 0.1 0.0 48.8 0.7 – 0.0 0.0 0.1 48.7
TMS-138A 0.4 0.8 0.1 0.1 0.1 0.0 0.0 51.7 0.6 0.0 0.1 – 0.0 46.0

Pt 2 μm Zr 2 μm S 2 μmO 2 μm

CP 2 μm Co 2 μm Re 2 μmY 2 μm

Mo 2 μm Al 2 μm Ni 2 μmTa 2 μm

W 2 μm Ti 2 μm Cr 2 μmHf 2 μm

Top coat

TGO

Bond coat

13.9 Quantitative WDX maps of the TBC coated SRR99–Pt-diffusion 
system following 100 cycle exposure at 1135 °C.

At the TGO/bond coat interface, an enriched layer (i.e. a bright line) of 
Ni, Cr, Al and Ti was observed in the SRR99 specimen. TMS-82+ and 
CMSX-4 also have enriched layers of Ni and Cr near the interface. Both 
TMS-138A and PWA1484, in contrast, had no noticeable enrichment of 
alloying constituents.
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Top coat

TGO
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Pt 2 μm Zr 2 μm S 2 μmO 2 μm

CP 2 μm Co 2 μm Re 2 μmY 2 μm

Mo 2 μm Al 2 μm Ni 2 μmTa 2 μm

W 2 μm Ti 2 μm Cr 2 μmHf 2 μm

13.10 Quantitative WDX maps of the TBC coated TMS-82+–
Pt-diffusion system following 100 cycle exposure at 1135 °C.

Top coat

TGO

Bond coat

Pt 2 μm Zr 2 μm S 2 μmO 2 μm

CP 2 μm Co 2 μm Re 2 μmY 2 μm

Mo 2 μm Al 2 μm Ni 2 μmTa 2 μm

W 2 μm Ru 2 μm Cr 2 μmHf 2 μm

13.11 Quantitative WDX maps of the TBC coated PWA1484–
Pt-diffusion system following 100 cycle exposure at 1135 °C.
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Top coat

TGO
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W 2 μm Ti 2 μm Cr 2 μmHf 2 μm

13.12 Quantitative WDX maps of the TBC coated CMSX-4–Pt-diffusion 
system following 100 cycle exposure at 1135 °C.
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13.13 Quantitative WDX maps of the TBC coated TMS138A–
Pt-diffusion system following 100 cycle exposure at 1135 °C.
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13.3 Compatibility issues of nickel-based single-crystal 

superalloys with thermal barrier coating systems

The studies presented here provide new insights into the current under-
standing of TBC systems. Traditionally, it is considered that TBC spallation 
occurs by the accumulation of local damage to form a weakly bonded area 
that can be susceptible to buckling.22–24 Choi et al.22 have studied the com-
peting failure processes of TBCs, such as edge delamination and small/
large-scale buckling. Their results show that the failure mechanism depends 
strongly on both the thickness and in-plane modulus of the YSZ top coat. 
Assuming the in-plane elastic modulus for the EB–PVD top coat is in the 
range 0.05–0.25 times the bulk modulus of dense YSZ24 and taking the top 
coat to be approximately 175 μm in thickness as is the case in the current 
study, substantial suppression of TGO buckling is believed to be present. 
Therefore, the fi nal failure mode is more likely to be associated with edge 
delamination or wedging25 irrespective of the initiation process.

Consider that TBC spallation occurs as the stored elastic energy of the 
TGO and top coat, which stiffens with time due to sintering, exceeds 
the interfacial adhesion between the TGO and bond coat. In the case of the 
steady-state energy release rate, a driving force G exists for the delamina-
tion of the multilayer TBC as:24
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where Ei, hi and νi are the elastic modulus, thickness and Poisson’s ratio of 
each layer i, respectively and σ0 is the equi-biaxial residual plane stress. The 
general argument is that the driving force for spallation G increases as the 
TGO thickens; delamination occurs when G reaches the critical interfacial 
fracture toughness Gc. In fact, as the EPMA mapping has revealed, the 
segregation of Ni, Cr and Co-rich oxides above the Al2O3 increased the 
overall TGO thickness and, thus, further increased this misfi t strain energy.

However, the fi ndings have conclusively confi rmed that the resistance of 
TBC to spallation during thermal cycling is strongly dependent upon the 
composition of the superalloy substrate upon which the TBC system is 
placed. Since there is little correlation between the oxide growth kinetics 
and the TBC spallation life and the levels of trace elements present (e.g. 
sulphur) do not vary substantially from alloy to alloy, any differences in 
TBC lives will be attributable to differences in major elemental additions 
rather than trace elements.

The presence of Ti as an alloying element in SRR99, TMS-82+ and 
CMSX-4 is suggested to have shortened the TBC life. EPMA mapping of 
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Ti shows a concentration-enriched layer (i.e. a bright layer) near the TGO/
bond coat interface in the coated SRR99 system. In fact, previous studies26,27 
have suggested that fast diffusion of Ti to the surface leads to the formation 
of Ti-rich oxides, potentially weakening the adhesive strength at the TGO/
bond coat interface. In addition, Ti4+ ions, reported28 to substitute for Al3+ 
ones to create Al vacancies within the alumina scale, may also degrade the 
properties of the TGO/bond coat interface. Thus, it is not diffi cult to ratio-
nalise the reason why SRR99, among the alloys considered, exhibits the 
fastest oxidation rate and the shortest TBC life. TMS-138A and PWA1484, 
in contrast, have no detected enrichment of alloy constituents at the TGO/
bond coat interface and represent the two most spallation-resistant systems.

Regarding the spallation mechanisms as mentioned previously, it appears 
that the more spallation-resistant coatings failed at the top coat/TGO inter-
face or tended to fail within the TGO; while specimens with shorter TBC 
spallation life preferentially failed at the TGO/bond coat interface, which 
again is the interface most likely to be affected by diffusion of harmful ele-
ments from the superalloys. This leads to a proposed argument that the 
TGO/bond coat interfacial adhesive strength of TBCs, which controls the 
TBC lifetime, is a dynamic materials property dependent on and infl uenced 
considerably by the composition of the substrate materials (i.e. superalloys). 
This situation can be qualitatively represented by a schematic drawing (Fig. 
13.14) which illustrates the possible variation of the driving force G and the 
interfacial fracture toughness Gc with the time of thermal exposure.

Based upon the steady-state energy release rate equation for the delami-
nation of the multi-layer TBC, the driving force G increases with TGO 
thickness, which is assumed to grow parabolically with time t, then thermal 
cycling at higher temperatures will accelerate the kinetics. The possible 
variation of Gc is also shown. At the beginning, for any choice of bond coat, 
Gc is assumed to be roughly the same for all alloy systems consistent with 
the identical processing conditions employed. However, upon thermal 
exposure, as the harmful elements such as Ti diffuse to the TGO interface, 
the value of Gc is believed to decrease – rapidly for a substrate system such 
as the SRR99 and modestly for PWA1484 with other alloys under consid-
eration falling somewhere between the two.

It should be recognised that studies published so far have tended to 
consider just a single substrate composition with a TBC placed upon it; thus, 
any infl uence of the substrate chemistry is then factored out from the 
experiment. It would appear that the superalloy composition has a major 
infl uence on the lifetime of the systems, potentially due to the sensitivity of 
the interfacial fracture toughness to substitutional elements diffusing 
through the bond coat system from the superalloy substrate beneath it. 
These fi ndings have implications for the design of TBC systems for the 
protection of the turbine blade aerofoils used for high-temperature applica-
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13.14 Schematic illustration of the proposed variation of driving force 
G and interfacial fracture toughness Gc during thermal cycling.

tions. Traditionally, Ni-base SC superalloys have been designed with their 
mechanical properties – particularly in creep and fatigue – in mind. However, 
as the operating conditions of modern gas turbines continue to become 
more aggressive and use of TBCs for the provision of thermal insulation is 
increasing, a further property of the superalloy substrate is then required: 
that of compatibility with the TBC system which it is required to support. 
In particular, the infl uence of different alloying elements present in the 
superalloy on the TBC’s interfacial fracture toughness needs to be better 
understood.

13.4 Bond coat related failure of TBCs

Traditionally, the study of TBCs has been focused on the investigation of 
individual bond coat systems.29–32 However, as the operating temperature 
of advanced gas turbines increases, new bond coats based on existing 
ones are required to meet this demand and suit different applications.33,34 
Thus, it becomes necessary not only to understand how a coating system 
performs but also to know how and why existing coating systems behave 
differently.

Little work35 has been reported in which the modes of degradation 
responsible for TBC spallation are compared for different bond coats. This 
is despite much progress that has been made on the micromechanics of the 
failure of aluminide bond coat systems.30,31 In particular, the usual approach 
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to modelling TBC failure36–41 concentrates on the treatment of the oxida-
tion-induced stresses that drive TBC spallation-despite the fact that it is 
likely that the modes of failure33,42,43 and evolution of the residual stress are 
infl uenced considerably by the bond coat systems.

The work reported here was carried out with these factors in mind. Three 
different representative bond coat systems were deposited on SC CMSX-4 
substrates and then subjected to identical (industry standard) EB–PVD 
YSZ coating processes. It has been shown that both the evolution of the 
residual stress in the TGO and the mode of TBC failure depend on the 
bond coat composition. FEG-SEM and EDX analysis were used to study 
the composition and microstructure changes occurring near the TGO/bond 
coat interface.

13.4.1 Experimental details and background information

The TBC spallation life (defi ned as detachment of top coat by approxi-
mately 20% in area) in thermal cycling conditions was found to be slightly 
dependent on the type of bond coat system used (see Fig. 13.15). Pt-
diffusion bond coat specimens achieved a mean TBC life of 384 cycles; 15% 
and 23% longer than for LT and HT Pt–Al bond coats. It should be pointed 
out that, although the three bond coats differed signifi cantly in composition 
and were prepared by different coating manufacturing processes, all three 
systems showed remarkably similar spallation life. However, it was found 
that depending on the type of bond coat, de-cohesion of the TBC occurred 
at different interfaces. Since the substrate and the ceramic top coat were 
prepared to be identical, this can only be explained by the different behav-
iours of the bond coats, as will be discussed later.

13.4.2 Residual stress measurement by 
luminescence spectroscopy

Residual stress in the TGO can be measured by piezospectroscopy which 
acquires Cr3+ luminescence spectra30–33 emitted from α-Al2O3 as a result of 
excitation by a laser beam. The details for luminescence experiments are 
given in Levi.33 Luminescence spectra were acquired using a Renishaw 
Raman optical microprobe (model 2000) fi tted with a motorised mapping 
stage. The luminescence from the TGO is due to the photo-stimulation of 
trace Cr3+ impurities present within the alumina. The spectrum has a fea-
tured intense doublet, the R1 and R2 lines, where R2 represents the peak 
with the higher wave number and lower integral peak area.34 The charac-
teristic R-line luminescence is a phenomenon resulting from the non-
phonon radiative decay from the Cr3+ fi rst excited state to the ground 
state within the d orbital.35 The laser source was a green Ar+ laser with a 
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13.15 TBC spallation life for cyclic oxidation testing (1 h at 1135 °C) of 
TBC systems. The error bars indicate ± one standard deviation in the 
lifetimes of each set of fi ve specimens.

wavelength of 514.5 nm, which is focused on the specimen surface through 
an objective lens. The focused spot size can be adjusted by using different 
objective lens, with a minimum spot size of approximately 2 μm. However, 
upon incident on the specimen surface, the laser beam scatters within the 
YSZ top coat and consequently, results in an effective spot size at the TGO 
of approximately 20 μm.35,36 The light scattered back from the specimen was 
then collected by the objective lens, dispersed by a 1800 lines/mm grating 
and then received by a charge coupled device (CCD) detector.

An air conditioning unit was used to maintain a stable room temperature 
at 22 ± 0.3 °C. An acquisition time of 1 s was used for each spectrum. Mea-
surements (121 per specimen) were taken on a square grid of 200 × 200 μm 
with a pitch of 20 μm located in the centre of the fl at face of the disk speci-
men. Before and after each measurement, the spectrometer was calibrated 
by taking a spectrum from a strain-free SC sapphire sample. The residual 
stress in the TGO was estimated from the R2 peak shift assuming a planar 
equi-biaxial stress: σ(GPa) = 5.07Δν (cm−1). Transition phases of alumina 
(e.g., θ-Al2O3) produced luminescence lines at 14 260 cm−1, 14 330 cm−1, 
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14 546 cm−1 and 14 626 cm−1, which are distinguishable from the R1 and R2 
lines of α-Al2O3.44 However, no signifi cant transition phases were seen in 
the TGO for all the cases in this study. Five individual specimens of each 
TBC system were used for the above analyses to ensure consistency of the 
experimental results.

Luminescence measurements illustrating the evolution of residual stress 
in the TGO layer are given in Fig. 13.16. It was found that that the evolution 
of this stress was substantially different between the Pt–diffusion and the 
Pt–Al bond coat systems, despite the fact that they all had similar initial 
stress level in the as-coated condition. The Pt-diffusion bond coat systems 
began with a compressive stress of 2.8 GPa that gradually increased to 
3.5 GPa over the coating lifetime, while those of the Pt–Al coatings 
decreased from an initial compressive stress of about 2.3 GPa to between 
1 and 1.5 GPa during the fi rst 75–100 thermal cycles, before maintaining a 
steady level to near the end of life. The error bars in Fig. 13.16 represent ± 
one standard deviation of the 121 measurements made at each timestep. It 
is therefore notable that the standard deviation increases signifi cantly for 
the Pt-diffusion bond coats just before failure.
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13.16 Compressive residual stress in the TGO shift vs number of 
cyclic oxidation tests of the bond coat systems.
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13.4.3 Microstructure imaging of thermal cycled specimens 
using a fi eld emission gun scanning electron 
microscope/energy dispersive X-ray (FE-SEM/EDX)

Cross-section scanning electron micrographs illustrating the microstruc-
tures of the three coatings after 10, 30 and 200 thermal cycles are shown in 
Fig. 13.17. Based on these SEM images, the oxidation kinetic (TGO thick-
ness vs time) curve is plotted in Fig. 13.18. A few observations can be made 
with regard to the thermal-cycling-induced degradation. First, it can be seen 
that the TGO morphology evolved quite differently for the three bond 
coats. For example, the TGO interfaces in the Pt–diffusion system remained 
intact on thermal cycling for most of its spallation life. In contrast, local 
interfacial separation of the TGO in the Pt–Al systems occurred at less than 
30% of their lifetimes. Furthermore, fi nal spallation occurred at the TGO/
YSZ interface for the LT Pt–Al bond coat but at the TGO/bond coat inter-
face for the Pt-diffusion system. The HT Pt–Al bond coat system showed a 
mixture of the two failure modes. Finally, the waviness of the TGO layer in 
Pt–Al systems appears to amplify signifi cantly upon thermal cycling.
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13.17 A series of SEM micrographs illustrating the near-TGO 
microstructure of the coatings after 10, 30 and 200 thermal cycles.
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13.18 TGO thickness vs number of thermal cycles (1 h at 1135 °C) for 
the three bond coat systems.

13.4.4 Quantifi cation of rumpling at the thermally 
grown oxide (TGO)/bond coat interface

Measurement of the interfacial waviness was carried out by tracking the 
normal displacement along the TGO/bond coat interface in a cross-section 
SEM image over a distance of approximately 640 μm with a step size of 
1 μm. Each position on the interface was represented by a pair of X (dis-
tance parallel to the specimen surface) and Y (distance normal to the speci-
men surface) co-ordinates. Figure 13.19 shows the evolution of the TGO/
bond coat interface morphology for each of the three bond coat systems. 
The amplitude of waviness was quantifi ed by determining the standard 
deviation (STD) of each profi le. Figure 13.20 shows the standard deviation 
from the mean for each profi le as a function of the number of thermal 
cycles. Results of isothermal tests were also plotted for reference. As can 
be seen in both Figs 13.19 and 13.20, the LT Pt–Al system exhibited a 
marked increase in TGO/bond coat interfacial waviness with thermal 
cycling. The HT Pt–Al bond coat also demonstrated a tendency to roughen 
with thermal cycling, but at a considerably slower rate. In contrast to the 
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13.19 TGO/bond coat interface profi les of: (a) LT Pt–Al; (b) HT Pt–Al; 
(c) Pt-diffusion bond coat at stages of the thermal cycling history.
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13.20 Standard deviation of interface amplitude profi le (i.e. magnitude 
of rumpling) as a function of the number of thermal cycles for the 
three different bond coat systems.

two Pt–Al systems, the Pt-diffusion bond coat showed no detectable 
roughening.

13.4.5 Chemical analyses of TGO layers and interfaces

Elemental compositions of the TGO layers on the three bond coats were 
characterised using WDS analysis after 200 thermal cycles (see Table 13.4). 
The results are quoted only for locations having TGO thickness greater 
than the spatial resolution of the FE–EPMA/WDS technique. The results 
show that for all specimens, the oxide layers consisted of more than 99 at% 
Al2O3. Less than a total of 1 at% of other elements originating from the 
top coat, bond coat and substrate was detected in the oxide layer, possibly 
due to solid solution and particle segregation within the alumina scale. In 

Table 13.4 Elemental compositions (at. %) taken using WSD FE–EPMA analysis 
of the TGO layer from specimens at 200 thermal cycles

Bond coat Pt Zr Y Co Re Ta Al Ni Ti Cr O

LT Pt–Al 0.04 0.21 0.01 0.04 0.01 0.01 37.05 0.23 0.01 0.04 62.35
HT Pt–Al 0.02 0.20 0.02 0.04 0.00 0.02 38.60 0.29 0.02 0.04 60.75
Pt-diffusion 0.04 0.23 0.02 0.02 0.01 0.01 37.75 0.21 0.01 0.02 61.68
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13.21 A series of Al EDX maps illustrating the microstructural 
evolution of the bond coat systems after 30 and 200 thermal cycles.

addition, high-resolution Al-mapping (Fig. 13.21) of the bond coat near the 
TGO interfaces using FE–SEM/EDX revealed how the different bond 
coats respond to the Al loss resulting from TGO growth and inter-diffusion 
with the substrate. Both Pt–Al bond coats showed a progressive phase 
transformation from the as-deposited single-phase β-(Pt,Ni)Al to a two-
phase β-(Pt,Ni)Al and γ ′-(Pt,Ni)3Al microstructure. These images reveal 
that the phase transformation in the Pt–Al systems was detectable within 
the fi rst 30 thermal cycles and the rate of transformation in the HT Pt–Al 
bond coat appeared to be faster. The Pt-diffusion bond coat, on the other 
hand, showed a distinct γ ′ to γ phase transformation near the TGO/bond 
coat interface. Upon thermal cycling, a continuous γ layer was eventually 
formed directly below the Al2O3 layer and thickened as the Al depletion 
continued.

13.5 Effect of bond coat on the TBC 

degradation mechanisms

The results presented here provide a detailed comparison of the progressive 
degradation of TBCs with three different bond coat systems upon thermal 
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exposure. The results show that the three TBC-coated bond coat systems 
failed with quite different characteristics, despite having similar lifetimes. 
In particular, the location of the TBC spallation interface varied strongly 
with type of bond coat employed. In addition, both the bond coat rumpling 
and the TGO residual stress measurements showed signifi cantly different 
behaviour for the different bond coats. Since the substrate and the ceramic 
top coat were identical for all three systems, these differences can only be 
explained by the different processes taking place in the bond coats.

Quantifi cation of the bond coat/TGO interfacial roughness indicated that 
rumpling was detectable within the fi rst 30 cycles of thermal exposure in 
the Pt–Al systems. Upon further thermal cycling, the undulation in the TGO 
amplifi ed in the LT Pt–Al system and resulted in localised vertical separa-
tion between the YSZ (which remained at its initial roughness) and the 
TGO, as can be clearly seen in Figs. 13.17g and k. TGO rumpling is capable 
of relieving the residual stress in the TGO by increasing its waviness,45 
which explains the reduction of the TGO residual stress in the Pt–Al 
coatings. In contrast, the absence of rumpling in the Pt-diffusion bond coat 
system helped in ensuring that the YSZ/TGO and the TGO/bond coat 
interfaces remained intact over the majority of the coating lifetime. Conse-
quently, when there was signifi cant rumpling (i.e. the LT Pt–Al system), 
coating de-cohesion took place primarily in the YSZ/TGO interface. In the 
absence of rumpling as in the case of the Pt-diffusion system, spallation 
eventually occurred at the bond coat/TGO interface. The HT Pt–Al bond 
coat system showed a mixture of these two failure modes, presumably due 
to the fact that its rate of rumpling was considerably less than that of the 
LT Pt–Al system.

In addition to the observed consequences of rumpling, the mechanism by 
which rumpling occurs is also of importance. In particular, the dependence 
of rumpling on the properties of the bond coat materials must be consid-
ered. Upon depletion of Al, a phase transformation from the as-deposited 
single-phase β-(Pt,Ni)Al to a two-phase β-(Pt,Ni)Al and γ ′-(Pt,Ni)3Al 
microstructure takes place in Pt–Al bond coats. It has been proposed46 that 
this phase transformation induces non-uniform volume changes of the bond 
coat and thus leads to rumpling.30,32,44,47–49 However, this mechanism does 
not appear to play a major role in inducing bond coat rumpling, at least in 
the current study, for two reasons. First, according to the proposed mecha-
nism, the LT Pt–Al bond coat, which exhibited strongest rumpling behav-
iour in the current study, should correspondingly have the fastest oxidation 
kinetics (i.e. fastest Al-depletion rate). However, the present results showed 
that it had the slowest oxidation rate among the three systems studied. 
Second, the lower-Al containing Pt–Al bond coat (HT Pt–Al), according to 
the proposed mechanism, should be more sensitive to Al depletion and, 
thus, prone to the phase transformation-induced rumpling than its high-Al 
Pt–Al counterpart (LT Pt–Al). However, results showed the opposite, in 
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that the rate of rumpling in the HT Pt–Al system was considerably lower 
than that of the LT Pt–Al system.

Based on these considerations, it is suggested that rumpling is not primar-
ily induced by the phase transformation associated with the Al-depletion, 
but depends on the high-temperature mechanical properties of the bond 
coats. Thus, it is hypothesised that the rumpling behaviour observed in this 
study may be controlled by the high-temperature resistance to plastic defor-
mation of these bond coat materials. The fact that the magnitude of rum-
pling was lower in the isothermal conditions suggested that the rumpling 
mechanism may be mainly due to micromechanical interactions of the TBC 
systems and strongly related to the resistance of the bond coat materials to 
plastic deformation at elevated temperatures; but not the temperature and 
time-dependent phase transformation process. The Pt-diffusion bond coat, 
which inherited the two-phase γ and γ ′ microstructure of the superalloy, 
should be more resistant to plastic deformation at elevated temperatures 
than the single-phase β-(Pt,Ni)Al Pt–Al bond coats. Similarly in the Pt–Al 
system, a previous study50 has suggested that a strengthening effect (i.e. high 
value creep index and activation energy) can be attributed to the precipita-
tion of fi nely dispersed γ ′ within the β matrix. The extent of γ ′ phase pre-
cipitation depends not only on the Al depletion by inter-diffusion or 
oxidation, but primarily on how close the composition is to the β/β + γ ′ 
phase boundary (Fig. 13.22)50 at elevated temperatures. The HT Pt–Al 
system, leaner in both Pt and Al near its rumpling interface, is situated 
closer to the β/β+γ′ phase boundary than the LT Pt–Al system. Thus, one 
would expect the HT Pt–Al system to be stronger in creep than the LT 
Pt–Al system, due to a higher volume fraction of precipitated γ ′. This expla-
nation is consistent with the observation that the Al-rich Pt–Al (LT Pt–Al) 
bond coat exhibited a considerably faster rumpling rate than the 
low Al-containing one (HT Pt–Al). Clearly, further studies need to be 
done to clarify the role of high-temperature plasticity in the rumpling 
phenomenon.

13.6 Conclusions and future trends

The importance of superalloy substrate composition in determining the 
oxidation kinetics and the cycling life of TBC systems has been demon-
strated here. The TBC spallation life was found to vary by a factor of up to 
three, depending upon the chemical composition of the superalloy substrate 
even though the bond coat and top coat were nominally the same. This 
effect implies that considerable chemical effects are at play. By comparison, 
the choice of bond coat among common types has a smaller effect in deter-
mining TBC spallation life. The experimental results can be explained only 
if the fracture toughness parameters controlling de-cohesion (i.e. the frac-
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ture toughness of the TGO and the fracture toughness of the interfaces 
bounding it) are infl uenced strongly by small changes in composition arising 
from inter-diffusion with the bond coat, such that they are degraded during 
thermal cycling. Chemical analysis shows that trace elements such as sulphur 
(on the basis of bulk chemical analysis) in the superalloy substrate are not 
responsible for the effects reported, indicating that major elemental addi-
tions, such as Ti in particular, are the cause.

Although results obtained here provide some insight to assist the design 
of advanced superalloys or oxidation-resistant coatings, further work needs 
to be carried out to elucidate more detailed mechanisms associated with 
the degradation of TBCs.

The importance of substrate composition on the lifetime of TBCs was 
highlighted. The relationship between substrate composition and the com-
position of the Pt-diffused layer is central to the benefi cial effect of Pt-
modifi cation in the context of diffusion coating technology. The Pt-diffusion 
bond coat is resistant to rumpling and results in an enhanced TBC life, 
but this effect is diminished in alloys containing elements that have an 
adverse effect on adhesion at the bond coat/YSZ interface. In view of this, 
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13.22 Ternary Ni–Al–Pt phase diagram at 1100 and 1150 °C21 showing 
the two Pt–Al bond coat systems considered in the current study.
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future use of the Pt-diffusion bond coat requires a more considered 
approach towards the chemistry of the underlying superalloy and the com-
position of the Pt-diffused substrate prior to top coat application. For 
optimum turbine blade aerofoil characteristics in service, it may now be 
necessary to balance the mechanical behaviour of the substrate and its 
compatibility with the TBC systems in order to improve the performance 
of the system as a whole.

It is believed that with the development of more sophisticated models, 
the important phase transformations and oxidation behaviour which govern 
the degradation of coated superalloys will be modeled, with the goal of 
developing a predictive capability which is presently lacking; this activity 
will require the identifi cation of the physical factors which dictate substrate/
coating interactions – it will also provide the basis for a chemistry-based 
approach to coating life prediction.

In terms of the work on the study of bond coat rumpling, the current 
study showed the different rumpling behaviours between the Pt-diffusion 
and Pt–Al bond coats. Both Pt–Al systems exhibited rumpling behaviour, 
but the LT Pt–Al bond coat system showed a signifi cantly faster rumpling 
rate than the HT Pt–Al bond coat system. The Pt-diffusion system, in con-
trast, showed no tendency to rumple. It would be of interest as a continua-
tion of the current work to study the effect of the substrate composition on 
bond coat rumpling. If such an effect is apparent, it would be interesting to 
correlate the TBC spallation life with the magnitude of rumpling.
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14
Life prediction of thermal barrier coatings

H. Y. Q I and X. G. YA N G Beihang University, China

Abstract: Three viscoplastic constitutive models were developed for top 
coats and substrate. Some important material properties were tested and 
evaluated under high temperature, and thermal fatigue experiments for 
atmospheric plasma spraying (APS) and electron beam physical vapor 
deposition (EB–PVD) were designed and carried out. A fatigue life 
model was set up and the lifetime of a vane with thermal barrier coating 
(TBC) was predicted.

Key words: APS, EB–PVD, viscoplastic constitutive model, thermal 
fatigue, life prediction, vane.

14.1 Introduction

At time of writing, mainstream turbine manufacturers provide an initial gas 
temperature level of 960–1100 °C for basic service and 1065–1300 °C for 
peak service. In military aircraft turbines, the gas temperature rises to 
1600 °C.1 The application of thermal barrier coating (TBC) is an effective 
means of protecting aero-engine blades from hot gas. Currently, there are 
two methods used for depositing TBC on substrate, namely plasma spray 
(PS) and electron beam physical vapor deposition (EB–PVD). A typical 
TBC system consists of two thin coatings: a ceramic coating and a metallic 
bond coat (BC).

Since the 1980s, the failure mechanisms of atmospheric plasma spraying 
(APS) and EB–PVD have been analyzed and spallation and local buckling 
found to be major failure modes. TBC failure results in a combination of 
oxidation and thermal fatigue.2–4 Most life prediction models are based on 
NASA’s initial work on phenomenological and macroscopic approaches.5 
However, the potential of TBC cannot be fully utilized due to the lack of 
a reliable life prediction method and accurate stress–strain results.

In much of the literature, methods based on elastic–plastic theory using 
an axisymmetric model have been used to analyze failure mechanism and 
life prediction. Additionally, by adopting fi nite element method (FEM) 
theory and simulative technology, many models such as an axisymmetric 
and elastic–plastic model with realistic oxide growth and an elastic–plastic 
model with creep of the bond coating, have been simulated and analyzed.6 
However, these ‘traditional’ models were not able to simulate exactly the 
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complex mechanical behaviours of TBC in a high-temperature environ-
ment. Some viscoplastic constitutive models, such as ‘Walker’ and ‘Willam–
Warnke’, have been developed for TBC systems. Compared to the classical 
model, the viscoplastic constitutive models allow both cyclic plasticity and 
creep deformation to be modeled within the framework of continuum 
damage mechanics. Viscoplastic constitutive models cover all aspects of 
inelastic deformation, such as monotonic and cyclic plasticity, strain-rate 
sensitivity, creep and creep relaxation.

Ability to operate in an increasingly high-temperature environment is a 
key performance indicator in the development of jet engines. With the 
extensive application of advanced technology, such as directionally solidi-
fi ed superalloys on hot sections, investigation of methods of analyzing the 
structures of complex heterogeneous materials as well as their failure mech-
anisms are becoming increasingly urgent. Spallation of TBC in service, 
deformation analysis and thermal fatigue life prediction methods for a vane 
with TBC have been intensively investigated and discussed.

14.2 The mechanical behavior of thermal 

barrier coating (TBC) systems under 

elevated temperatures

14.2.1 Introduction

Modern methods for life prediction of structures are based on inelastic 
analyses, which lead to large numbers of cycles of computation, especially 
under high temperature and cyclic loadings. In order to achieve a higher 
level of accuracy without increasing the computing time required, better 
constitutive equations need to be employed to describe material 
behaviour.7

An advanced constitutive model based on the Willam–Warnke fl ow 
surface has been developed for concreteness.8 The model has ability to 
describe non-equal yield stresses in compression and tension and rate-
independent features. Based on this model and the experimental data, Xie 
developed a genetic algorithm to optimize material constants. The FEM 
model for PWA 264 TBC with thermal grown oxide (TGO) has been simu-
lated and analyzed successfully.9

Using experimental data from NASA’s Hot Section Technology (HOST) 
program, and based on the Walker viscoplastic material model, an alterna-
tive unifi ed viscoplasticity constitutive model was adopted for EB–PVD 
coating. The substrate used is DZ40M, a kind of directionally solidifi ed 
superalloy. Based on the Chaboche constitutive model, an advanced visco-
plasticity constitutive model for orthotropic substrate was developed10,11 to 
describe behavior under high temperature.
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14.2.2 Material constitutive laws

TBC generally comprises a multi-layer structure with a top coat of brittle 
material while the bond coat and substrate are ductile material. Thus, when 
evaluating material behaviour with regard to temperature, each layer has 
its own specifi c constitutive law. The Willam-Warnke model was used for 
the APS ceramic top coat while the Walker model was adopted for EB–
PVD. The Chaboche constitutive law was used for the metal substrate.

Willam–Warnke model for the top coat by APS

A viscoplastic constitutive model based on the theory of fi nite deformation 
for PS TBCs able to describe characteristics of tension/compression asym-
metry, strain rate sensitivity and hydrostatic stress dependency has been 
introduced. The APS TBC exhibits non-equal yield stresses in compression 
and tension and non-linear rate-dependent behaviour under high tempera-
ture. In order to simulate realistic deformation characteristics, the viscoplas-
tic Willam–Warnke model was adopted for the top coat. The constitutive 
equations are as follows:8,9
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where f is the viscoplastic potential function, F is the three-parameter 
Willam–Warnke yield criterion, G is the recovery function, σij is a stress 
component; δij is Kronecker delta, Sij and Siq are the deviatoric stress com-
ponent and J2 is the second stress invariant. Because the second and third 
invariants of the deviatoric part of the Cauchy stress tensor are adopted, 
this Willam–Warnke model features the non-equal yield stresses in com-
pression and tension, rate and hydrostatic independence. �εij

I  indicates non-
linear strain rate tensor, aij indicates internal variables of non-linear 
kinematic hardening, C0∼C6 indicate functions of the stress and back stress 
tensors and their invariants and K, R, H, m, n, h, and μ are material 
constants.

Walker model for the top coat by electron beam physical vapor 
deposition (EB–PVD)

Within the framework of unifi ed viscoplasticity, the complete set of equa-
tions is given by Walker. This model offers a great deal of scope for the 
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description of temperature-dependent phenomena. The Walker model con-
tains one scalar internal state variable K, called drag strength, and an 
internal variable Ω called back stress. The viscoplastic potential was as 
follows:12,13
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where K and n are material parameters and p is internal state variable. In 
this formula J(σ − X) is the internal stress invariant. The viscoplastic strain 
rate was written as
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The drag stress was written as

K K K n p= − −( )
1 2

7e �  [14.6]

where �p is the rate of the accumulated inelastic strain:
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The evolution equation for the back stress tensor was shown as

� � � �Ω Ω Ωij ij
I

ij ij ij
In n n G= +( ) − − −( )1 2 1ε ε  [14.8]

where K1, K2, n1, n2, and n7 are temperature-dependent material 
parameters.

Chaboche model for the substrate

A modifi ed Chaboche constitutive model for directionally solidifi ed super-
alloy substrate able to describe characteristics of loading direction depen-
dency, creep, cyclic hardening/softening and mean stress relaxation has been 
developed. A fourth-order tensor Mijkl was induced for the viscoplastic 
constitutive law, which laid a foundation for achieving accurate stress and 
strain analysis on a turbine vane with PS TBC.

The substrate used for specimens and a vane in our work is DZ40M, a 
kind of directionally solidifi ed superalloy. Based on the Chaboche constitu-
tive model, an advanced constitutive model for orthotropic substrate has 
been developed.10,11 The constitutive relation is as follows:

f M X X R Kijkl ij ij kl kl= ′ − ′( ) ′ − ′( ) − −3
2

σ σ  [14.9]
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where f is the yield function, Xij, Xkl and R indicate internal stresses for 
kinematic hardening and isotonic hardening, respectively, and J(xij) is the 
internal stress invariant. In the general case of an initially anisotropic mate-
rial, a fourth-order tensor Mijkl was introduced. To simplify Mijkl, there are 
only three parameters, namely M11, M33 and M55. �εij

I  indicates the viscoplastic 
strain rate. The formula � � �p Mij

I
ijkl kl

I= −3 2 1ε ε  is called the accumulated plastic 
strain rate. K, n, k, a1, c1, a2, c2, β, m, r1, b and Q in the equations are tem-
perature-dependent parameters. This model is able to describe direction-
dependent characteristics, hardening properties, relaxation of the mean 
stress and cyclic creep.

14.2.3 Material parameters of TBCs under 
high temperature

Measurement of Young’s modulus for the top coat

While the thermal-sprayed coatings bring many advantages, there are still 
some aspects requiring further investigation and better understanding in 
order to improve performance and increase the scope of applications. One 
important property of thermal-sprayed coatings, which is diffi cult to deter-
mine, is Young’s modulus. An accurate Young’s modulus value is necessary 
to evaluate residual stresses, bond strength, fatigue crack growth rates and 
coating stress under in-service loading conditions.14

Because all coatings are used while they are bonded to a substrate, it is 
important to use a procedure capable of evaluating the Young’s modulus 
in situ. One of the problems encountered is that the ceramic top coat is 
usually thin, and therefore it is diffi cult to obtain a specimen entirely made 
of coating material to conduct a modulus test. Nowadays, by using warm 
hydrochloric acid, the top coat specimen of TBCs can be detached. However, 
it is diffi cult to conduct the measurement of the applied load and displace-
ment under high temperature.15

APS top coat was selected to measure the Young’s modulus using the 
resonant frequency method. The Young’s modulus of top coat under high 
temperature measured using the bending resonance method was the par-
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ticular focus. The testing system included both hardware and software 
components.

Specimens were produced using a METCO-7M APS of a CoNiCrAlY 
bond coat and a top-coat of ZrO2–6–8 wt% Y2O3. The bond coat thickness 
was about 120 μm, while that of the top coat was about 240 μm. Some 
specimens for the resonant frequency method were deposited onto 1Cr18
Ni9Ti stainless steel substrate. With approximate dimensions 120 × 5 × 
1.5 mm. The resonant fl exural frequencies were tested by suspending the 
rectangular beam specimens from hanging string at the node positions for 
the fundamental fl exural resonance.16,17 The modulus of the coating can be 
determined in a straightforward manner from the stiffness of the composite 
beam, which is equal to the sum of the stiffnesses of the components

E I E I E Ic s c s s s c c+ + = +  [14.13]

where E is the Young’s modulus, I is the moment of inertia and subscripts 
c + s, c and s refer to the quantity for composite beam with both coating 
and substrate, for coating only and for substrate only, respectively. Young’s 
modulus for a homogeneous rectangular beam is related to the resonant 
frequency by
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where L, h and t are the length, height and thickness of a homogenous 
specimen, respectively, T indicates a dimensionless shape factor (dependent 
on the specimen length, height and Poisson’s ratio), m indicates the mass 
and f indicates the resonant frequency of the fundamental mode of vibra-
tion. The combination of the two equations leads to the following expres-
sion for the modulus of the coating, Ec:
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Es is determined by the resonant frequency of the bar after the coating is 
removed and Ec could be deduced by the change in resonant frequency and 
sample dimensions between the composite beam with and without the 
coating.

A testing system was set up based on the resonant frequency and com-
posite beam theory. The system, shown in Fig. 14.1, consists of a high-tem-
perature furnace, a signal generator and a pair of hanging strings, together 
with DASP2005 signal processing software and so on. This system is able 
to measure the Young’s modulus of the fi lm of composite beam and lami-
nate at room temperature or at high temperature. The highest temperature 
bearable for the furnace is up to 1300 °C.
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14.1 Young’s modulus testing system.

Antioxidative properties are a key material parameter. If the substrate 
is oxidized, the resonance frequencies values will not be accurate. The sub-
strate used for the TBC system was 1Cr18Ni9Ti stainless steel, which is a 
kind of austenitic refractory steel extensively applied in many fi elds.18 A 
1Cr18Ni9Ti stainless steel plate was cut using a wire cutting machine, pol-
ished by abrasive paper for degreasing and derusting and treated by sand 
blasting so as to reach a specifi ed roughness. These samples were shorter 
than those for measuring Young’s modulus.

The oxidation of the substrate was designed and carried out at a tem-
perature of 200 °–1150 °C. The oxidation weight of the specimens was close 
to zero. The substrates after the oxidation experiment and without TBCs 
are shown in Fig. 14.2a. The experiment shows that, the 1Cr18Ni9Ti stainless 
steel could be manufactured for use as the TBC substrate material. Speci-
mens with TBCs are shown in Fig. 14.2b. After 2 h of testing using resonance 
frequencies, the ceramic top coat did not detach from the substrate and the 
experiment could be considered a success.

1150 °C 1000 °C 900 °C 800 °C

(a)

1150 °C 1000 °C 900 °C 800 °C

(b)

14.2 Specimens for oxidation experiment: (a) 1Cr18Ni9Ti substrate 
with no TBC; (b) specimens with TBC.
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Three specimens were fabricated with ceramic top coat. The resonance 
frequencies of the specimens were obtained at room temperature up to 
1150 °C, and every specimen was tested three times at each temperature. 
The average Young’s modulus of the ceramic top coat is shown in Table 
14.1, in which the Young’s modulus decreases as the temperature increases. 
From room temperature to 800 °C, the Young’s modulus decreases rapidly. 
However, at temperatures above 800 °C, it decreases slowly.

Evaluation of thermal conductivity for the top coat

Thermal spraying is a process whereby a stream of molten droplets impacts 
on the substrate followed by fl attening, rapid solidifi cation and cooling 
processes. The individual molten droplets spread to thin lamellae, the stack-
ing of which constitutes the deposit.19 Thermally-sprayed coatings generally 
have a lamellar structure. The properties of a thermally sprayed coating 
depend on its microstructure which, in turn, depends on the spraying process 
used. The relationship between the properties and structure of a coating is 
of key importance in determining whether a desirable coating can be pro-
duced. For the top-coat of a TBC system, the fundamental microstructural 
property may be the porosity. Currently, evaluation of porosity volume is 
the major analytical method for TBC microstructure.20,21

The TBC system under evaluation was a two-layer material system con-
sisting of a 7–8%Y2O3–ZrO2 top coating insulator over a CoNiCrAlY bond 
coat. The substrate material was 1Cr18Ni9Ti stainless steel. The Mcpherson 
model was used to study the relationship between the deposit structure and 
thermal conductivity properties in this work. The relative thermal conduc-
tivities can be derived by the following equation:22

λ
λ

α
π

δ αδ
π

c = +⎛
⎝⎜

⎞
⎠⎟

−2
1

2 1

a a
 [14.16]

where λc and λ are thermal conductivities of deposit and splat materials, α 
indicates the bonding ratio between lamellae, δ indicates the mean lamellae 
thickness and a indicates the size of bonding region. Obviously, the thermal 
conductivity also depends on the geometric dimensions of bond region.

Table 14.1 Young’s modulus under different temperatures

T (°C) 20 100 200 300 400

E (GPa) 62.5 59.6 55.7 50.3 44.9

T (°C) 600 800 900 1050 1150

E (GPa) 29.8 22.2 21.5 19.8 18.6
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The relationship between the microstructural parameters and the thermal 
conductivity was demonstrated experimentally. The mean lamellar thick-
ness δ = 9.12 μm, can be obtained by microscopic image test using a scan-
ning electron microscope. Some parameters of equation [14.16] are α = 0.32 
and a = 3.62. The thermal conductivity of 6–8%Y2O3–ZrO2 is given in Table 
14.2. The thermal conductivity at high temperature is higher than that at 
room temperature, the maximum relative value being 50%.

14.2.4 Finite element method (FEM) calculation 
and analysis

Although ABAQUS is a complete material library, the advanced constitu-
tive equation cannot be modifi ed in the ABAQUS/CAE interface. However, 
CAE software provides a development function allowing users to add a 
user-defi ned material model (UMAT) in order to fi nd accurate solutions to 
their practical problems. Three constitutive equations were developed in 
FORTRAN for APS, EB–PVD and metallic substrate, respectively.

Simulation for the top coat

Regarding the APS top coat, the Willam–Warnke model has the ability to 
describe the non-equal yield stresses in compression and tension for the top 
coat while incorporating strain rate dependency under high temperature. A 
FORTRAN program was implemented for the UMAT subroutine in 
ABAQUS, and the resulting developed UMAT code was successfully 
applied to describe the complex mechanical behaviors of material under 
high temperature. The material constants were from references.8 Some 
simulation results are shown in Figs. 14.3, 14.4 and 14.5.

Simulation for DZ40M superalloy

Because the Chaboche viscoplastic constitutive model is able to simulate 
the monotonic and cyclic behaviour of DZ40M relatively well, an ABAQUS 
UMAT subroutine was developed to implement it. Some comparisons are 
given in Figs. 14.6 and 14.7, which show advanced non-linear and anisotropic 
behaviour at 500 °C and cyclic behavior at 900 °C.

Table 14.2 Thermal conductivity of topcoat under high temperature

T (°C) 20 800 900 1000 1100

λc (W/mK) 0.59 0.84 0.91 0.99 1.18
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14.3 Stress–strain curves under incorporating strain rate dependency: 
(a) strain rate 1.0 × 10−3; (b) strain rate 1.0 × 10−4; (c) strain rate 1.0 × 
10−5.
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14.7 Cyclic behaviour under 900 °C.

14.3 Life prediction for TBCs

14.3.1 Life prediction model

Phenomenological fatigue life model

Based on the Manson–Coffi n model, the prediction model is as follows:

N b
f f= ( )−Δ Δε ε  [14.17]

where Nf is number of cycles to failure, Δε is strain range, Δεf is critical strain 
range and b is a material parameter.

Oxidation will be considered in this model due to its key signifi cance. 
When bond coating was oxidized for different lengths of time, Δεf decreased 
with the increase in TGO thickness and this value changed from Δεf0 to Δεf. 
The equation is as follows:23
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where δ is TGO thickness, δc is critical TGO thickness when TBC cracks are 
caused by oxidation only and c is a material parameter. Therefore, the life 
prediction model for TBCs is as follows:
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For Eq. [14.19], the parameters with the exception Δεf and δc, are deter-
mined by thermal testing and Δε is obtained by fi nite element analysis. The 
thermal fatigue life could be obtained by using Miner linear cumulative 
damage theory.

This approach, used by General Electric Company, employed time-
dependent, non-linear fi nite element modeling of the stresses and strains 
present in the APS TBC. The modifi ed model is expressed as:24

Δ Δε εRZ R N+ = −0 4 0 121 0 486. . .
f  [14.20]

where ΔεRZ is the shear strain range, ΔεR is the normal strain range and Nf 
is the number of cycles to failure. The subscripts R and Z represent two 
directions for the cylindrical coordinate system. The model is the only one 
to consider failure induced by edges.

An EB–PVD ceramic has a columnar structure as a result of the vapor 
deposition process. Failure in an EB–PVD TBC occurs in the TGO layer 
adjacent to the metallic bond coating. Compared to the failure mechanism 
of APS TBC, this model has extended the life prediction of the EB–PVD 
coating. On the other hand, the strain range of TGO will be adopted as an 
important parameter in the fatigue model.

Fatigue model based on imperfections

With respect to the imperfections in TBC system, the driving stress used 
for predicting cracking and failure is written as follows:25
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E h
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2 1
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where E is Young’s modulus, h is the TGO thickness and εg is growth strain 
at highest temperature. By equating the crack diameter 2R to the spacing 
2d between imperfections, a critical TGO thickness, hc yields

h
d K

RE
c

g Ic

g

=
−( )

−( )
2 1

1

2 3 2π ν ε
ε

 [14.22]

where KIc is the stress intensity factor. According to the kinetic oxidation 
model, the failure time is given by

t h kf c
2

p= 2  [14.23]

where kp is the parabolic rate constant, which is a strong function of tem-
perature and optimized using static oxidation experimentation. If the cyclic 
behavior dΔR/dN is specifi ed, the fatigue model is as follows:

N
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E N LR
f

Icd

d d
≈

−( )
( )

2 1 2 3 2π ν
Δ

 [14.24]
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In this formula, E is the Young’s modulus of the TBC with wavelength 2L 
imperfection and v  is Poisson’s ratio. The fatigue model has two features: 
(i) the model is based on microstructural imperfection and renders the 
physical meaning of failure mechanism more obvious; (ii) the parameters 
such as dΔR / dN which are required for TBC thermal fatigue experimenta-
tion are diffi cult to obtain. Further study is required for thorough verifi ca-
tion of the model.

Some other models based on fracture mechanics utilize such concepts as 
time-dependent interface toughness and strain energy release rate, with the 
emphasis placed within the TGO or at the TGO/bond coat interface. The 
durability of the TBC is controlled by the energy density in the TGO and 
the formation or presence of imperfections in the vicinity of the TGO.

Fatigue model based on damage mechanics

Busso quantifi ed the effects of different microstructural variables and 
service conditions on the local stresses induced by oxidation, sintering pro-
cesses and thermal cycling in a typical PS TBC system. The driving force 
σ22max was combined with a damage mechanics approach. Two boundary 
conditions for this fatigue model were set as D = 0 at the beginning of 
thermal cycling and D = 1 at thermal fatigue failure. The continuous evolu-
tion of microscopic damage with thermal cycles is given by26,27

d dD D D n= { }ˆ , ,max maxσ σ22 22  [14.25]

where n is the number of cycle under a load case, and can be expressed in 
functional form in terms of the maximum cycle stress, σ22max, the mean cycle 
stress, σ 22max, and the current microscopic damage state, D. This model was 
suitable only for measuring the thermal fatigue load.

14.3.2 Life prediction for plasma sprayed PS thermal 
barrier coatings

In order to set up a fatigue model for APS TBC, thermal fatigue experi-
ments were designed. The load case was designed using rapid heating 
(120 s) and rapid cooling (300 s), simulating the shut down of a turbine 
engine. By using induction heating and air compressor technology, the APS 
TBC structure was heated to 1050 °C and cooled to 100 °C. 

Instead of a vane, hollow cylindrical specimens were designed with inter-
nal radius 11 mm, external radius 15 mm and length 80 mm. The specimens 
were APS coated with the zirconia–yttria (6%∼8%Y2O3–ZrO2) on a nickel–
chromium–aluminum (Ni22Cr10Al1.0Y) bond coat. The metal substrate 
was Ni-based superalloy (DZ40M). The ceramic layer was 0.250 mm thick 
while the bond coat was 0.125 mm thick.
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Using macroscopic images and FEM simulation, the damage evolution 
of the TBC could be summarized as follows. Under thermal fatigue load, 
cracks nucleated in the TBC, which were initially in-plane Mode I and 
Mode II or mixed-mode tangential cracks. The crack in the ceramic layer 
was driven primarily by the normal stress or the in-plane shear stress. If the 
compressive stress along the axial direction occurs at the same time, then 
these cracks link together and protrusion occurs as shown in Fig. 14.8a. Due 
to induction heating, the length of the heated specimen is fi nite. The part 
far away from the heated section will provide displacement constraint 
similar to plane-strain constraint. Meanwhile, a temperature gradient exists 
along the axial direction. An axial compressive stress results from the tem-
perature gradient along the axis of the specimen and a mismatch in the 
structure. Based on the protrusion, the ceramic layer will buckle as shown 
in Fig. 14.8b. On the other hand, it should be noted that the circular stress 
in the specimen could be compressive stress. However, the temperature 
gradient along the circular direction is close to zero, so it is impossible for 
these specimens to be buckling. Simultaneously, the axial direction of the 
specimens is suffi ciently long compared to the diameter (circular direction). 
The buckling phenomenon is not only a function of force but also of dis-
tance; thus the buckling does not occur along the circular direction. Finally, 
TBC spallation occurs along the axial direction as shown in Fig. 14.8c.

(a)

(b)

(c)

14.8 Failure mode of APS TBC under thermal fatigue: (a) protrusion; 
(b) buckling; (c) spallation.
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In order to consider the TGO thickness and interface, the interface mor-
phology is conceptualized as a periodic array of wavy-type segments char-
acterized by co-sinusoidal interface in a FEM model. This interface between 
the bond coat and the ceramic top coat is introduced, with a period as well 
as peak-to-valley amplitude of 0.01 mm and peak-to-peak dimensions up 
to 0.04 mm. An axisymmetric model of this specimen was set up in Fig. 14.9. 
By introducing a co-ordinate system, an orthonormal basis {1, 2, 3} was 
defi ned, where directions 1, 2 and 3 denote the normal, axial and circular 
direction, respectively.

Many TBC life models were based on the assumption that oxidation and 
thermal strain range are important factors limiting the lifetime of the 
coating. The strain range was always defi ned as the equivalent strain range, 
such as axial strain or shear strain range. According to the failure mecha-
nism and coupling different strain ranges, a life model for TBC was set up 
in the present work:

N aRZ Z

b

= +( ) −⎛
⎝⎜

⎞
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+ ⎛
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⎞
⎠⎟

⎡
⎣⎢

⎤
⎦⎥

Δ
Δ Δ

ε
ε ε
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c c

1  [14.26]

where ΔεRZ and ΔεZ are the shear and axial strain range at critical location 
and δ is TGO thickness at any Nth cycles. a, b, Δεf0 and δc are parameters 
of this model. The fatigue life was predicted by the linear cumulative 

TCTGOBC

2

3 1

14.9 FEM model for TBC.
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damage hypothesis. According to this rule, the fatigue damage was Dm = 1/
Nm after one cycle. Applying nm cycles with thermal fatigue load k and cor-
responding fatigue life endurance Nm is equivalent to overall damage 
D n D n Nm

m k
m m m

m k

= ⋅ =
= =
∑ ∑

1 1, ,

. When the criterion D ≥ 1, spallation failure 

of the top coat occurs. The parameters of the fatigue predictive model were 
optimized and are listed in Table 14.3 and the predicted lives for APS are 
listed in Table 14. 4.

14.3.3 Life prediction for EB–PVD thermal barrier coatings

EB–PVD specimens with the same geometry size as APS samples were 
coated with zirconia–yttria (6∼8 % Y2O3–ZrO2) on a nickel–chromium–alu-
minum (Ni22Cr10Al1.0Y) bond coat. The metal substrate was Ni-based 
superalloy (DZ40M). The ceramic layer was 0.125 mm thick while the bond 
coat was 0.07∼0.08 mm thick. The load-case consist of a 2.5 min heating 
from room temperature to 1150 °C, a holding time of 0.5 min and a cooling 
time of 4.5 min.

As a result, the EB–PVD coating was reported to be more strain-tolerant 
in the direction perpendicular to the columns (in-plane coating direction) 
and thus more resistant to crack growth compared with the PS coatings. 
Another difference was the morphology of the bond coat/top coat interface, 
mechanical adhesion for PS and chemical adhesion for EB–PVD. The top 
coat/bond coat interface has been modifi ed by EB–PVD processing.

The failure location of EB–PVD TBCs was within the TGO (usually 
Al2O3) that formed between the ceramic coating and the bond coating. In 

Table 14.3 Parameters for the fatigue life model

a b Δεf0 δc

2.202 3.751 0.087 0.058

Table 14.4 Thermal fatigue data of APS

Specimen Pre-oxidation time (h) Lifecycle Predicted lifecycle

PL100a 100 430 398
PL100b 100 350 398
PL200a 200 280 306
PL200b 200 380 306
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14.10 Failure mode of EB–PVD TBC under thermal fatigue.

other literature, the failure location was in the TGO/bond coat interface. 
The failure mode of EB–PVD TBCs under cyclic thermal load is shown in 
Fig. 14.10. Compared with APS TBC, this difference in failure mechanism 
can primarily be attributed to the difference in the microstructure of the 
TBC. The EB–PVD TBC interface is relatively smooth, so the stress con-
centration is correspondingly small. Therefore, the stress or the strain state 
in the TGO is important and should be focused on. Because the TGO is 
very thin (less than 0.1 mm) and usually remains elastic during the load 
case, it is diffi cult to obtain the strain range from fi nite element analysis 
(FEA). It is assumed that the TGO has a negligible infl uence on mean 
stress/strain of the bond coating. The TGO strain will be determined based 
on the bond coating. The mean stress/strain can be obtained from FEA 
analysis. The formula for TGO strain calculation can be obtained as follows. 
First, the TGO expansion strain is given by:

ε δ α= ( ) = ( )∫
L T

L
T T

T

T

sf
d  [14.27]

where T is temperature and Tsf is the stress-free temperature. Assuming 
that the expansion parameters of Al2O3 change linearly with temperature, 
the TGO strain is:

ε ε ε δ
T T

L T
L

( ) ( )= − ( )
ss  [14.28]

Where εss(T) is strain of bond coating. For a cyclic load, the evolution of bond 
coating strain at given temperature can be calculated using FEA analysis. 
Then by using Eqs. [14.27] and [14.28], the evolution of TGO strain and the 
strain range can be obtained. The predicted lives are listed in Table 14.5.
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14.3.4 Life prediction for the vane with TBCs

In order to analyze the local stress–strain fi eld, a sub-model method, which 
is included in commercial FEM code, is always used for large and compli-
cated structures such as a vane which has a twist in its shape from the root 
to the end and a body which is thin and uneven at different positions. 
However the sub-model is not suitable for a vane with TBC because the 
top coat and bond coat are meso-scale. The sub-model will comprise a great 
many meshes for a part of a vane with TBC. So it is necessary to establish 
an equivalent way in which macro-scale stress state and meso-scale will link 
each other.

First, a cylinder-shaped sample with different inner radius was simulated 
in meso-scale. The results showed that different radius could not affect the 
stress–strain fi elds close to the interface. In other words, the sections at the 
leading and trailing edge could be assumed as samples with different radius. 
Thus the stress–strain fi eld at the leading and trailing edge could be 
neglected, which results in different radius.

Secondly two interfaces (such as straight and cosine interface) between 
top coat and bond coat were simulated for TBC. The local fi eld close to the 
interface and that far away from the interface were defi ned as ‘near-fi eld’ 
and ‘far-fi eld’, respectively. Compared to the results of macro-scale and dif-
ferent interfaces, there is a proportional factor to the strain range in near-
fi eld and far-fi eld.

The vane TBC was modelled and meshed using solid elements. The 
ceramic top coat was meshed into two through-thickness layers with 1100 
elements. The bond coat was meshed into one layer with 550 elements. 
Because the TGO thickness is very small, the interface between top coat 
and bond coat was neglected.

The initial state was set as 400 °C, a temperature at which the vane is in 
a stress-free state. The boundary conditions were applied to fi x the inner 
root of the vane. The heating and cooling times were 155 s and 109 s, respec-
tively. The two cyclic thermal mechanical behaviors of the vane were simu-
lated by the constitutive equation mentioned above.

Table 14.5 Thermal fatigue data of EB–PVD

Specimen Pre-oxidation time (h) Lifecycle Predicted lifecycle

EB50a 50 202 226
EB50b 50 250 226
EB100a 100 145 173
EB100b 100 200 173
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14.11 Critical locations at leading and trailing edge.
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14.12 Cyclic behavior of two critical locations.

The temperature fi eld of the vane with TBC is shown in Fig. 14.11. Gener-
ally, failure will occur at the top coat. Nodes 14942 and 15650 at the leading 
and trailing edge were selected as the critical locations for the vane with 
TBC. The ceramic stress–strain behavior was calculated for two cycles as 
shown in Fig. 14.12. After the second cycle, the cyclic behavior is stable. 
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According to the fatigue model and Miner’s law, the predicted life at the 
leading and trailing edge was 334 h and 255 h, respectively.

14.4 Future trends

 1. Life prediction methodology for the failure of the PS TBC under 
thermal fatigue loading condition has been studied in the previous 
work. There are two primary goals in developing semi-empirical models: 
(i) to include correct variables such as mechanical strain range; (ii) 
to quantify models for some processes, especially with regard to oxida-
tion behavior. The weight gained and thicknesses at high temperature 
were adopted by the NASA life model to describe oxidative damage. 
However, this describes only the diffusion of Al in bond coat towards 
the bond coat surface. In order to quantify oxidation damage totally, 
it is necessary to include the diffusion of Al towards the substrate. Our 
results confi rm that microstructural evolution is controlled by the dif-
fusion of Al towards the substrate as well as towards the TBC. A math-
ematical model of Al depletion has now been presented, which can 
provide a basis to develop a more accurate life prediction model in 
further work.

 2. For most thermal fatigue experiments, inductive heating was selected 
for specimens with TBC. During the heating of the specimens, it is very 
diffi cult to detect the damage evolution online because the temperature 
gradient decreases from the outer to the inner edges of the specimens. 
Although acoustic emission (AE) technology has been used for online 
damage evaluation and measurement, operating environments are often 
very noisy and the acoustic emission signals are usually very weak. Thus, 
signal discrimination can be very diffi cult, yet it is extremely important 
for successful applications. The next step is likely to be the design of 
fl ame heating methods to reduce acoustic noise.

 3. Based on the failure mechanism, the radial strain range was defi ned as 
an important parameter in the NASA life model. Presently, effective 
strain range is defi ned as axial strain, coupled shear and radial strain, 
respectively. In the future, more effective use will need to be made of 
strain range in life prediction.

 4. For blades and vanes with APS or EB–PVD coating, different scales 
means that it is very diffi cult to measure the strain range at the critical 
location. Because sub-model technology comprises a great many meshes 
for a part of a vane and blade with TBC, it should be further studied to 
fi nd how to calculate the stress–strain fi eld at a critical location.
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14.5 Conclusion

The TBC generally consists of a multi-layered structure. Every layer has 
different constitutive laws because the top coat is brittle material and the 
bond coat and substrate are ductile material. Viscoplasticity law for top coat 
and substrate has been developed and integrated in FEM code. The impor-
tant parameters of the top coat, such as Young’s modulus and thermal 
conductivity, have been tested and obtained at high temperature.

Generally, it has been shown in our work that the failure mechanism of 
APS TBC is mode I, mode II or mixed. The shear and axial strain range 
were selected as the parameters for the life model. Compared with the 
experimental data, the predicted life is considered adequate. For EB–PVD 
coating, the result is better. However, using those models for blade and 
vane, many important factors need to be studied further.
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New materials, technologies and processes 

in thermal barrier coatings
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Abstract: To meet the demand for advanced turbine engines, new 
materials and new manufacturing technologies for thermal barrier 
coatings (TBCs) applications heve been sought. Ceramic materials with 
high operating temperature capabilities and other excellent thermo-
physical and mechanical properties have been investigated by materials 
researchers, with the purpose of replacing the currently used yttria 
stabilized zirconia (YSZ). Also, several novel processing methods have 
been proposed recently by researchers to develop more reliable and 
durable TBCs.

Key words: thermal barrier coatings (TBCs), turbine engines, 
temperature capability, thermo physical property.

15.1 Introduction

Thermal barrier coatings (TBCs) are widely used in gas turbines to increase 
the turbine inlet temperature (TIT) or to reduce cooling requirements, thus 
achieving higher engine effi ciency, lowering emissions and increasing per-
formance goals.1–5 Currently, commercial standard TBCs are typically two-
layered structures, consisting of a ceramic top coat and a metallic bond coat 
deposited onto a superalloy substrate. The actual thermal barrier is the 
ceramic top coat with the prime function of reducing the transfer of heat 
to the metallic substrate. Owing to its excellent mechanical, chemical and 
thermal properties, 7–8 wt% (4–4.5 mol%) yttria stabilized zirconia (YSZ) 
is the primary industrially employed TBC, usually applied either by plasma 
spraying (PS) or electron beam physical vapor deposition (EB–PVD), pro-
ducing characteristic microstructures with certain desirable attributes.6–10 
While PS leads to the pores between the splats being oriented parallel 
to the substrate surface, revealing lower thermal conductivity (0.8–1.1 
W·m−1K−1), the columnar grain microstructure created by the EB–PVD 
process contains channels between the columns and pores within the grains 
which are oriented perpendicular to the substrate surface, exhibiting a 
higher thermal conductivity (1.5–1.9 W·m−1·K−1). Conversely, the columnar 
distribution of the grains allows an increase strain tolerance and, hence, 
EB–PVD TBCs present greater durability compared to PS TBCs.
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Nevertheless, the YSZ coatings, together with a considerable increase in 
these effects at 1200 °C and above, which affects the reliability and service 
life of the TBCs, suffer from both phase transformation and sintering, even 
at temperatures as low as 1100 °C.11–13 Therefore, different strategies are 
being investigated to replace the current YSZ coatings in order to develop 
more durable and reliable TBCs.14–17 The approaches can be broadly classi-
fi ed as chemically modifi ed YSZ,18–30 novel alternate low thermal conductiv-
ity (κ) materials and microstructurul modifi cations. Additionally, advanced 
processing technologies to produce TBCs with tailored microstructure are 
also essential. They will be addressed in more detail below.

15.2 Chemically modifi ed yttria stabilized 

zirconia (YSZ)

A key physical property of the ceramic top coat is its thermal conductivity 
(κ). Use of an appropriate dopant introduces vacancies due to the different 
valences of the host atoms. It also strains the lattice because of different 
atomic sizes. Both of these phenomena reduce the mean free path of the 
phonon scattering. Instead of one (yttria), the addition of two or more 
dopants to stabilize zirconia, i.e. chemically modifi ed YSZ, is then expected 
to incorporate a substantial amount of vacancies, providing an effi cient 
source of scattering phonons with lower κ.

Schulz et al. prepared ZrO2–25 wt% CeO2–2.5 wt% Y2O3 (CeSZ) TBCs 
by EB–PVD. The CeSZ has a lower thermal conductivity than YSZ and, at 
the same time, presents good corrosion resistance and superior phase stabil-
ity at high temperature. Cyclic tests carried out in a furnace at 1100 °C 
showed a higher thermocyclic resistance and a longer lifetime of CeSZ TBC 
compared to YSZ TBC.24–25

Nicholls et al. evaluated dopants including nickel oxide (NiO), neodymia 
(Nd2O3), gadolinia (Gd2O3), erbia (Er2O3) and ytterbia (Yb2O3) as both 
ternary and quaternary additions. It was found that Gd2O3, Nd2O3, Er2O3 
and Yb2O3 lowered κ of zirconia-4.5 mol% yttria (8 wt% yttria) when 
added at a 4 mol% level. NiO, the only divalent oxide addition used, pro-
duced only a small decrease. Er2O3 (4 mol%) reduced κ by 25% and colored 
the ceramic pink; Nd2O3 (4 mol%) lowered κ by 42% and colored the 
ceramic blue. The best system, Gd2O3, resulted in a thermal conductivity of 
0.88 W·m−1·K−1 (a 47% reduction), achieving thermal conductivities compa-
rable to PS TBCs in an EB–PVD system. In all cases, the ceramic crystal 
structure remained t prime phase, and the modifi ed EB–PVD TBCs had a 
columnar microstructure.26,28

Zhu and Miller developed the multiple co-doping of TBCs, being desig-
nated as ‘defect cluster systems’ and typically comprising Y plus two other 
cations, one smaller (Yb, Sc) and one larger (Sm, Nd, Gd). They found that 
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YSZ and YSZ with one or more dopant show typically higher κ than the 
coatings of ZrO2–Y2O3 with paired dopant additions. The total dopant con-
centration affects κ as well. A low κ regime was observed for the PS TBCs 
in the range 6–15 mol% total dopant concentration and about 10 mol% for 
the EB–PVD coaings. The multicomponent oxide clustering coatings were 
thermally cycled at 1160 °C and showed better cyclic lives than YSZ at the 
given dopant concentrations. The coating cyclic life generally decreases with 
increase in the total concentration. It was proposed that these added dopant 
oxides effectively promote the creation of thermodynamically stable, highly 
defective lattice structures with essentially immobile defect clusters and/or 
nanoscale ordered phases, thus reducing κ and improving coating sintering 
resistance.29,30

15.3 Alternate low thermal conductivity (κ) materials

15.3.1 Fluorite oxides

Fluorite oxides as candidates of TBCs mainly include HfO2, CeO2 and ThO2. 
Although CeO2 is not a practical choice because of its volatilization, reduc-
tion of CeO2 into Ce2O3 and the accelerated sintering rate of the coating 
at elevated temperatures,31–33 it has higher coeffi cient of thermal expansion 
(CTE) and lower (κ) than YSZ. Fluorite lanthanum cerate (La2Ce2O7), 
which is a solid solution of La2O3 in CeO2, does not present phase transfor-
mation after long-term annealing at 1400 °C and, at the same time, has a 
large TEC that is close to that of the bond-coat layer even at high tempera-
ture. Thermal cycling testing indicated that the single La2Ce2O7 (LC) coating 
has a thermal cycling life comparable to the conventional YSZ coating and 
in addition the La2Ce2O7/8YSZ double-ceramic-layer (DCL) systems 
showed improved thermal cycling life.34–36

HfO2-containing compositions have been widely investigated, both ZrO2-
based and ZrO2-free materials.37–39 It has been found that HfO2–Y2O3 TBCs 
display thermal cycling resistance comparable to 7YSZ, but at higher Y2O3 
compositions of up to 27 wt% when the crystal structure is fully cubic 
phase.38 The lowest thermal conductivity determined at 1316 °C has been 
obtained for ZrO2-free 25 wt% Y2O3-stabilized HfO2, with a value of 
1.1 W·m−1·K−1, which also has a low rate of conductivity increase, and good 
sintering resistance, as compared with YSZ.39

15.3.2 Zirconate pyrochlore oxides (RE2Zr2O7)

Rare earth (RE) zirconate pyrochlores (RE2Zr2O7) are of interest for use 
as TBCs due to their lower thermal conductivities than YSZ and thermal 
stability at high temperatures.16,40–43 It has been found that the thermal 
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conductivities at temperatures between 700 °C and 1200 °C for zirconates 
of Gd, Eu, Sm, Nd and La are in a range 1.1∼1.7 W·m−1·K−1, which is signifi -
cantly below that of 7YSZ.16,42,44–47 However, their CTEs are much lower 
than those of the metallic bond coat materials, which induced a reduction 
in the TBC thermal cycling properties. A double and graded layered TBC 
structure of La2Zr2O7/YSZ has been developed to overcome that problem, 
offering the potential for TBCs at temperatures higher than 1250 °C.16,48,49

15.3.3 Lanthanum hexaluminate (LaMgAl11O19, LHA)

Lanthanum hexaluminate (LaMgAl11O19, LHA), which displays the magne-
toplumbite structure, crystallizes in the habit of platelets. The magnetop-
lumbite structure is characterized by the highly charged La3+ cation located 
in an oxygen position in the hexagonal close-packed structure of oxygen 
ions. Ion diffusion is strongly suppressed vertical to the crystallographic 
c-axis, thus hindering sintering densifi cation. The low thermal conductivity 
of LHA is caused by its microstructure, i.e. a random arrangement of LHA 
platelets that build up a well-balanced microporous coating and the insulat-
ing properties of the material with its crystallographic feature. LHA is 
considered to be a promising competitor to YSZ for operations above 
1300 °C since the crystalline phase is stable to at least 1300 °C and its plate-
like structure enables excellent ageing behavior at 1300 °C (eight-fold less 
shrinkage than that of YSZ).50–52

15.3.4 Nanocrystalline materials

Nanocrystalline materials offer the potential of limiting thermal conductiv-
ity by incorporating grain boundary scattering as an extrinsic phonon-
scattering phenomenon. Additional benefi ts are provided for TBC 
applications because of the possibility of improving toughness and ductility 
compared to that of coarser-grained ceramics.53–55

Soyez et al. evaluated the thermal conductivity of nanocrystalline YSZ 
fi lms as prepared by metal-organic chemical vapour deposition (MOCVD). 
A signifi cant reduction in thermal conductivity in these fi lms compared to 
that of bulk YSZ is observed for grain sizes smaller than the phonon mean 
free path, and the observed changes in thermal conductivity are more likely 
to be attributable to the effects of grain size than the porosity.56

Nanocrystalline YSZ TBCs were subsequently investigated using stan-
dard plasma-spraying technology.57–73 It was found that nanostructured YSZ 
TBCs possessed higher hardness, higher CTE, lower thermal diffusivity and 
better thermal shock resistance compared to conventional TBCs, although 
the grain size tended to increase during annealing at elevated temperatures, 
which could result in substantial degree of sintered density. These results 
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demonstrated potential benefi ts of grain refi nement to the nanometer scale 
in TBC applications, but also indicated that extremely small grain sizes will 
need to be produced and stabilized against grain growth in order to obtain 
signifi cant improvements in thermal property.

15.4 Microstructure modifi cation

Considerable efforts have been made to develop EB–PVD TBCs with 
lower thermal conductivity and PS TBCs with improved strain tolerance by 
microstructural modifi cation through advanced processing technologies. 
They are summarized below.

15.4.1 Electron beam physical vapor deposited thermal 
barrier coatings (EB–PVD TBCs)

EB–PVD TBCs have three main porosity features.74 Columns and inter-
columnar gaps (type I) lead to an in-plane anisotropy which has a signifi cant 
impact on the strain tolerance of the EB–PVD TBC system.75–79 The other 
two arrangements of intra-columnar pores, aligned spherical pores (type II) 
and random spherical pores (type III), are much more effective at impeding 
heat fl ow through the coating as they are generally inclined to the heat fl ow 
direction.74 According to this, the changes in the parameters of the deposi-
tion process lower the thermal conductivity of TBCs by modifying the pore 
microstructure in the top coat. For instance, a decrease of 15% in YSZ 
thermal conductivity has been obtained by increasing the chamber pressure 
and decreasing the substrate temperature.80 More remarkable is the 40% 
reduction reached with a modifi ed microstructure based on inclined colum-
nar growth, known as the ‘zig-zag’ or ‘herringbone’ structures, varying the 
vapour incidence from the normal direction.81,82 Nevertheless, the erosion 
resistance decreases with the column angle and, therefore, depending on 
the specifi c application of the component, a compromise between the 
thermal conductivity and the erosion resistance will be necessary.

Recently, a new tailored microstructure of EB–PVD 8YSZ TBC has been 
proposed.83 By periodically interrupting the condensing vapor during the 
deposition process to create strain fi elds, the phonon and photon scattering 
processes can be enhanced, leading to a lower thermal conductivity and a 
higher refl ectance, respectively. The changes in the microstructure, mainly 
in the porosity and in the grain boundaries, lead to a reduction in thermal 
conductivity after 2 h testing at 1316 °C from 1.8 to 1.2 W·m−1·K−1 (∼30% 
reduction), and also to an increase in the refl ectance of up to 56%. Further-
more, an improvement of 100% in oxidation cyclic life as well as a better 
strain tolerance than the non-modifi ed 8YSZ TBC structure has been 
attained. The new tailored YSZ is expected to offer the potential within the 
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turbine industry of longer turbine component life and reduced fuel 
consumption.

15.4.2 Plasma sprayed (PS) TBCs

In air plasma-sprayed (APS) coatings, inter-splat pores are roughly aligned 
parallel to the substrate surface and are accompanied by microcracks and 
a fi ne grain size.84 This pore orientation is highly effective for impeding the 
fl ow of heat through the coating. Therefore, APS coatings have low thermal 
conductivities which are usually in the range 0.8–1.1 W/mK.14 However, this 
coating has less in-plane strain tolerance to accommodate the differences 
of strain between the metallic bond coat and the ceramic top layer during 
thermal cycling.84,85 This constrains their use in low thermal cyclic environ-
ments such as land-based power generation turbines. Modifi cations to the 
APS deposition conditions have enabled dense, vertically cracked (DVC) 
coatings to be deposited.86–93 The roughly equally spaced vertical cracks 
enable the coating to expand with the metal during heating, and they may 
become important for aero gas turbine applications in the years ahead. A 
new, potentially lower-cost, solution precursor plasma spray (SPPS) deposi-
tion process has also been recently proposed.94–96 It is claimed to have the 
potential for creating more durable TBCs with reduced strain compatibility 
limitations compared to conventional APS TBCs.

15.5 Advanced processing technologies

In order to develop ‘tailored’ microstructure, a processing approach must 
be identifi ed or developed for which coating architecture can be manipu-
lated and controlled. Several alternative methods have been proposed to 
develop more reliable and durable TBCs.

15.5.1 Solution precursor plasma spray (SPPS)

The SPPS process was fi rst reported and applied in the synthesis and depo-
sition of nano-powders and deposited by Herman et al.97–99 The process 
was then developed successfully in a joint effort by the researchers at the 
Institute of Materials Science and Mechanical Engineering Department 
at the University of Connecticut and the Inframat Corporation, making 
high-durability, low-thermal conductivity 7YSZ thermal barrier coatings 
needed for marine, aircraft and industrial engine applications.94–96,100–105

The SPPS process, which is schematically illustrated in Fig 15.1, is funda-
mentally different in that, instead of ceramic powder, an aqueous solution 
of zirconium and yttrium salts is injected into the plasma gas environ-
ment.94–96,100–105 Upon entrainment into the plasma, the subsequent vaporiza-
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tion of the water in the droplets and decomposition of the acetate and 
nitrite groups result in the formation of ceramic material, which contains 
the desired nano-structure in the fi nal coating structure.

The SPSS process enables the creation of some unique features and so 
makes it possible to manufacture high-strength TBCs, as shown in Fig. 15.2. 
The basic characteristics of the SPPS TBCs are: uniformly dispersed poros-
ity, absence of unwanted coarse splat boundaries and straining tolerance 
providing evenly spaced vertical cracks. Thermal cyclic durability tests of 
TBCs deposited by APS, SPPS and EB–PVD demonstrated that the spall-
ation times of SPPS coatings were 2.5 times longer than those by EB–PVD 
coatings and 1.5 times longer than the APS coatings under the same condi-
tions. During these tests, vertical cracks and ultra-fi ne splats in the SPPS 
coatings were found to remain stable.

15.1 Schematic illustration of the SPPS process.96
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15.2 SEM micrographs of polished cross-sections of the SPPS TBC: 
(a) low-magnifi cation; (b) higher-magnifi cation.
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15.5.2 Electron beam directed vapor deposition (DVD)

Some of the limitations of the traditional EB–PVD process conducted in 
vacuum include low coating rates, diffi culties in controlling and modifying 
microstructure and deposition limited to the line of sight.106,107 The last limi-
tation is alleviated by rotation of the substrate so that every point on the 
surface to be coated has a chance to receive the deposit. Many engineering 
components, however, have design features that give rise to shadowing of 
some areas of the components, resulting in vapor molecules being unable 
to arrive at those sites. Either the shadowed areas get no coating, or the 
deposited coating is thin with poor column orientation.

Researchers at the University of Virginia in the USA and the Fraunhofer 
Institute for Electron Beam and Plasma Technology in Germany have 
devised a modifi cation of the EB–PVD process called electron beam 
directed vapor deposition (DVD), which increases the deposition rate sig-
nifi cantly by improved mixing of vapors from multiple ingot sources. Addi-
tionally, the process can modify the microstructure, vary porosity and direct 
some of the vapor to the other shadowed areas of the depositing surface.

In the DVD process, material is vaporized by using a continuous high- 
voltage/medium-power (60 kV/10kW) e-beam gun (modifi ed to function in 
a low vacuum environment by incorporating differential pumping of the 
gun column and the use of a very small (∼3 mm) e-beam exit opening). The 
vapor is entrained in a carrier gas stream and deposited onto a substrate at 
a high rate ( >10 μm·min−1). Atoms in the carrier gas fl ow generate collisions 
with the vapor molecules. The collisions keep the vapor stream directed at 
the surface, including the shadowed regions to be coated. The collimating 
effect of the carrier gas has also been found to increase deposition rate. 
During processing of DVD, the carrier gas stream is created by a rarefi ed, 
inert gas supersonic expansion through a nozzle. The speed and fl ux of the 
gas atoms entering the chamber, the nozzle parameters and the operating 
chamber pressure can all be signifi cantly varied to lead to a wide range of 
processing conditions. These changes are expected to affect the morphology 
of porous coating structures.

The supersonic carrier gas stream, which is maintained by achieving a 
high upstream pressure (i.e. the gas pressure prior to its entrance into the 
processing chamber) and a lower downstream pressure (or chamber pres-
sure), is critical to the process. The ratio of the pressure from upstream to 
downstream along with the size and shape of the nozzle opening control 
the speed of the gas entering the chamber. The molecular weight of the 
carrier gas (compared to that of the vapor) and the speed of the carrier gas 
control its effectiveness in redirecting the vapor atoms via binary collisions 
towards the substrate. High molecular weight carrier gases are preferred, 
but they have a high electron scattering cross-section. Helium is therefore 

�� �� �� �� ��



 New materials, technologies and processes in TBCs 325

© Woodhead Publishing Limited, 2011

used for entrainment. High gas speeds are thus required to redirect the 
vapor toward the substrate with a minimal amount of gas fl ow. High gas 
speeds also facilitate the formation of a wall jet (i.e. a component of the gas 
speed generally aligned parallel to the substrate surface) through the inter-
action of the carrier gas jet with the substrate.

Compared to conventional EB–PVD processing, two major differences 
exist in DVD conditions. The fi rst is the use of an elevated chamber pres-
sure. Typical chamber pressures in DVD are between 0.1 and 1 Torr which 
have higher order of magnitude than those found in EB–PVD. The second 
is the high-speed carrier gas stream used to alter the direction and speed 
of the vapor species. The presence of the carrier gas strongly affects the 
incident angle of the vapor species during deposition and can thus modify 
the growing process. Recently, e-beam multisource evaporation, a plasma 
activation system to ionize the vapor and the gas stream, together with 
electrical biasing of the substrate were incorporated into the DVD process, 
which opened new possibilities for the creation of more desirable fi lm 
structures and compositions.

15.6 Future trends

To exploit the full potential of TBCs, further studies are required for sub-
stantial improvement of the TBC system. Up to now many of the newly 
developed EB–PVD TBCs have been introduced into service or ground 
testing with only an underlying standard YSZ ceramic layer. Future research 
must generate an increasing understanding of the processing–property 
interplay of these systems to provide reliable data for improved servce life.
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rumpling, 287

Scherrer equation, 78–9
segmented thermal barrier coatings, 

161–72
future trends, 172
manufacturing, 162–5
microstructure, 165–6
thermal shock resistance and 

associate failure mechanism, 
167–72

burner rig set-up for thermal 
shock testing, 168

cross-section of segmented TBC 
showing TGO morphology, 169

segmented TBC after thermal 
shock resistance, 169

thin TBC cross-section 
micrograph, 171

thermophysical and mechanical 
properties, 166–7

YSZ coatings
cross-sections micrographs, 165
fracture cross-sections, 166
segmentation crack densities, 164
surface morphologies, 166

shot control method, 186
silicates, 38–9
sintering, 151
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Solatron 1260, 222
solution precursor plasma spraying, 

136–7, 322–3
spallation, 198
splats, 120–1, 135, 163

formation, 142–5
modelling, 140–1

SPPS see solution precursor plasma 
spray

spray-drying, 76–8
stress concentration, 233, 240
stress intensity factor (SIF), 155
substrate related failure

coating cross-sections 
characterisation, 268–71

bond coats cross-section 
microstructures, 268

Pt and Al EDX concentration line 
-profi le, 269

Pt-diffusion coatings 
microstructure, 269

TBC spallation life for cyclic 
oxidation testing, 270

experimental details and background 
information, 266–8

alloys chemical compositions, 
266

superalloys trace elements, 266
thermal cycling furnace, 267

failure mechanism, 271–2
TBC interfacial spallation failure 

location, 271
TBC spallation life vs TGO 

thickness, 272
high-resolution analysis and mapping 

by EPMA/WDX, 272–6
TBC coated CMSX-4–Pt–diffusion 

system, 275
TBC coated PWA1484–Pt–

diffusion system, 274
TBC coated SRR99-Pt–diffusion 

system, 273
TBC coated TMS-82+–Pt–diffusion 

system, 274
TBC coated TMS138A–Pt–

diffusion system, 275

TGO layers elemental 
compositions, 273

thermal barrier coatings, 265–76
substrate temperature, 6–7
sulphates–vanadate, 205
suspension plasma spraying (SPS), 136

TBC see thermal barrier coatings
TGO see thermally grown oxide
thermal barrier coatings, 54

advanced processing technologies, 
322–5

electron beam directed vapour 
deposition, 324–5

solution precursor plasma spray, 
322–3

SPPS process illustration, 323
SPPS TBC polished cross-sections 

micrographs, 323
alternate low thermal conductivity 

materials, 319–21
fl uorite oxides, 319
lanthanum hexaluminate, 320
nanocrystalline materials, 320–1
zirconate pyrochlore oxides, 

319–20
degradation mechanisms of systems 

exposed to deposits, 202–7
corrosion kinetics in NaCl vapour 

and NaCl plus water vapour, 
207

hypothetical in-service failure 
regimens for APS YSZ TBCs, 
204

TBC with TGO axial and radial 
stress distribution, 206

temperature effect on superalloy 
damage rate, 203

detonation gun sprayed, 175–87
electron beam physical vapour 

deposition, 3–20
failure mechanism under 

thermomechanical coupled 
loads, 215–40

schematic representation, 244
technology and its equipment, 4–5
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factors affecting thermal cyclic 
behaviour, 11–16

bond coat surface roughness, 
14–16

pre-oxide layer thickness, 11–14
pre-oxide layer thickness of TBCs 

as-deposited, 13
TBCs after thermal cycling testing, 

14
TBCs after thermally cycled to 

spallation, 15
thermal cyclic weight gain curves, 

16
failure inspection methods 

development, 247–58
crack or delamination, 248–9
EBPVD/Pt aluminide stress map, 

255
effect of fl ame temperature and 

number of holes, 256
fl uorescence spectrum 

de-convolution, 254
in situ inspection by doping in 

YSZ, 254–8
Li2O-doped TBCs emission 

intensity, 256
plasma-sprayed TBCs thermal 

cycling results at 1115°C, 257
plasma-sprayed TBCs thermal 

cycling results at 1150°C, 257
R1/R2 fl uorescence spectra for 

chromium, 252
TGO and its interface with YSZ 

and bond coat, 251–4
YSZ thermal property change, 

249–51
failure mechanisms, 19–20, 198–202

APS TBC cracking mechanisms, 
201

EB-PVD TBC cracking 
mechanisms, 202

tensile stresses resulting from 
surface imperfection, 199

two-layered TBCs failure, 20
failure summary, 245–7

application, 247

materials, 245–7
structure, 247

gradient TBCs preparation, 16–19
as-deposited gradient coating, 18
diagram, 17
new investigations on bond coat, 

18–19
new investigations on top coat, 19
transition layer in as-deposited 

gradient coating, 18
life prediction, 294–315

future trends, 314
mechanical behaviour under 

evaluated temperatures, 
295–305

metallic coatings as bond coats, 64–7
EB-PVD TBC coating, 64
M–Cr–Al–Y bond coats, 67
platinum-modifi ed aluminide bond 

coats, 65–6
microstructure modifi cation, 321–2

electron beam physical vapour 
deposited thermal barrier 
coatings, 321–2

plasma sprayed TBCs, 322
new materials, technologies and 

processes, 317–25
chemically modifi ed yttria 

stabilised zirconia, 318–19
future trends, 325

non-destructive evaluation of failure, 
243–58

future trends, 258
oxidation, 194–8

behaviour, 195–8
corrosion kinetics for Pt-lr 

aluminide coatings and 
aluminised substrate, 197

mechanisms of metals and alloys, 
195

NiAl bond coat rumpling after 
thermal cycling, 196

specimens average surface 
roughness, 197

oxidation and hot corrosion, 
193–208
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plasma spraying processes and 
applications, 99–111

applications, 104–11
basic plasma concepts, 100–2
plasma spraying, 102–4

plasma-sprayed TBCs with 
segmentation cracks, 161–72

preparation process and parameters, 
6–8

deposition rate, 8
substrate temperature, 6–7
substrate temperature and coating 

structure, 7
vacuum pressure, 6

preparation processes of two-layered 
TBCs, 8–11

anneal for diffusion, 8
M–Cr–Al–Y preparation, 8
pre-oxide step, 9
shot peening, 8–9
substrate surface treatment, 8
top coat deposition, 9

processing, microstructures and 
properties by EB–PVD, 115–28

EB–PVD principle, 116–18
hot fatigue behaviour and failure 

mechanisms, 125–8
manufacturing, 118–20
microstructure and advantages 

over plasma-sprayed coatings, 
120–5

service environmental performance 
simulation test system, 218

structure, 5–6
two-layered, graded and multi-

layered, 5
substrate and bond coat related 

failure, 263–90
bond coat effect on the TBC 

degradation mechanisms, 286–8
bond coat related failure, 278–86
driving force and interfacial 

fracture toughness variation, 278
future trends, 288–90
nickel-based single-crystal 

superalloys compatibility issues, 
276–8

substrate related failure, 265–76
superalloys high-temperature 

capability evolution, 264
traditional, 9–11

after thermal cycle testing, 11
alloy IC6 coated with M–Cr–Al–Y, 

11
alloy IC6 isothermal oxidation 

curves, 10
oxidation, 10

typical microstructure of 
conventional TBCs, 122–3

thermal conductivity, 155–6, 167
thermal cyclic behaviour, 11–16
thermal cycling lifetime, 125
thermal cycling tests, 9, 12, 319
thermal emission spectroscopy, 250
thermal plasma spraying, 99–100

see also plasma spraying
thermal spraying, 301
thermally grown oxides, 9, 11–12, 53, 

116, 126, 269
thermomechanical loading test system, 

217–19
top coat, 19

atmospheric plasma spraying, 296
electron beam physical vapour 

deposition, 296–7
simulation, 302
thermal conductivity evaluation, 

301–2
under high temperature, 302

Young’s modulus measurement, 
298–301

specimens for oxidation 
experiment, 300

testing system, 300
under different temperatures, 

301
transformation toughening effect, 

148
turbine inlet temperature (TIT), 317
type I hot corrosion, 203
type II hot corrosion, 203

user-defi ned material model (UMAT), 
302
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vanadates, 205
Vickers microindentation technique, 

152

Walker model, 296–7
wavelength dispersive spectrometry 

(WDS), 268, 272–6
WaveMaker software, 218
Weber number, 140
William–Warnke fl ow surface, 295
William–Warnke model, 296, 302

X-ray fl uorescence (XRF), 266

YAG see yttrium aluminium garnet
Young’s modulus, 152, 298–301, 306

YSZ see yttria stabilised zirconia
yttria stabilised hafnia, 35
yttria stabilised zirconia, 26–30, 54, 

68–9, 176, 194, 317
activation energy calculation, 86
insulation layer, 246–7
nanostructured coatings, 75–93

yttrium, 63, 318
yttrium aluminium garnet, 40

zircon, 38–9
zirconate pyrochlore oxides 

(RE2Zr2O7), 319–20
zirconia, 26, 31–5, 203–4

thermal diffusivity, 87
Zview software, 222




