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Preface

Thermal barrier coatings (TBCs) are finding 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 efficiency and performance of
engines. This technology has been regarded as one of the most important
and effective developments in efforts to improve the propulsion efficiency
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 efficiency 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

XV
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XVI Preface

have been systematically conducted. The multidisciplinary subjects of mate-
rials science, physics, chemistry, mechanics, computation science and ther-
modynamics are involved in this research field.

At present, the TBC industry is key in the field of acro 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 modifica-
tions to the TBC structure. This fact was particularly evident in Chapter 8,
in which a modified 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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Preface XVil

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 significant influence 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 final 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
S, Professor Shengkai Gong and Dr Qiong Wu in Beihang University
(BUAA) for their contribution to Chapter 6, Dr Ligiang 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 Corporation (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
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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

© Woodhead Publishing Limited, 2011



Part |

1.1
1.2
1.3

1.4
1:5
1.6
17
1.8

21
2.2

2.3
24

2:5
2.6

2.7
2.8

Contents

Contributor contact details
Preface

Materials and structure

Thermal barrier coatings prepared by electron beam
physical vapor deposition (EB-PVD)

D. ZHANG, North China Electric Power University, China
Introduction

Preparation process and parameters

Preparation processes of two-layered thermal barrier
coatings (TBCs)

Factors affecting thermal cyclic behaviour of TBCs
Preparation of graded thermal barrier coatings (GTBCs)
Failure mechanism

Conclusion

References

Ceramic thermal barrier coating materials

W. MA and H. DoNG, Inner Mongolia University of
Technology, China

Introduction

State-of-the-art ceramic thermal barrier coating (TBC)
material — yttria stabilized zirconia (YSZ)

Zirconia doped with one or more oxides

Yttria stabilized hafnia and other alternative ceramic
TBC materials

Lanthanum compounds, silicates and rare earth oxides
(Ca;_ Mg,)Zr,(PO,)s (CMZP), perovskite oxides and
metal-glass composite

Future trends

References

© Woodhead Publishing Limited, 2011

Xi
xv

11
16
19
20
20

25

25

26
31

35
38

41
43
44



Vi

3.4
35
3.6

4.1
42
43

44
4.5
4.6
4.7

Part Il

5.1
5.2
53
5.4
5.5
5.6
5.7

6.1
6.2

Contents

Metallic coatings for high-temperature
oxidation resistance

X. PENG, Chinese Academy of Sciences, China
Introduction

Oxidation-resistant metallic coatings and their
fabrication techniques

Metallic coatings as bond coats for thermal barrier
coatings (TBCs)

Conclusions

Acknowledgements

References

Nanostructured thermal barrier coatings

C. G. Zunou and Q. H. Yu, Beihang University, China
Introduction

Spray-drying process making powders

Phase composition and microstructure of nanostructured
thermal barrier coatings (TBCs)

Mechanical properties

Thermophysical properties and the failure behavior
Conclusion

References

Processing and spraying techniques

Plasma spraying for thermal barrier coatings:
processes and applications

J. L. Xu and K. A. KHOR, Nanyang Technological
University, Singapore

Introduction

Basic plasma concepts

Plasma spraying

Applications of plasma spraying

Conclusions

Acknowledgements

References

Processing, microstructures and properties of
thermal barrier coatings by electron beam physical
vapor deposition (EB-PVD)

S. Gong and Q. Wu, Beihang University, China
Introduction

Description of the physical principles of electron beam
physical vapor deposition (EB-PVD)

© Woodhead Publishing Limited, 2011

53

53

55

64
68
69
69

75

76

78
82
87
92
93

97

99

99
100
102
104
111
111
111

115

115

116



6.3

6.4

6.5
6.6

7.4
7.2

7.3
7.4
7.5
7.6

8.1
82

8.3
8.4

8.5
8.6
8.7

9.1
9.2

9.3
9.4

9.5
9.6

Contents

Manufacturing of thermal barrier coatings (TBCs) by

EB-PVD

EB-PVD TBC microstructure and its advantages over
plasma-sprayed coatings

Hot-fatigue behavior and failure mechanisms of TBCs
References

Processing, microstructures and properties of
thermal barrier coatings (TBCs) by plasma
spraying (PS)

L. CHEN, China University of Petroleum, China
Introduction

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

Microstructures of TBCs processed by PS
Properties of TBCs processed by PS

Conclusion

References

Plasma-sprayed thermal barrier coatings with
segmentation cracks

H. Guo, R. YA0 and L. Znou, Beihang University, China
Introduction

Manufacturing of segmented thermal barrier

coatings (TBCs)

Microstructure of segmented TBCs

Thermophysical and mechanical properties of
segmented TBCs

Thermal shock resistance and associate failure mechanism
Future trends

References

Detonation gun sprayed thermal barrier coatings
P. L. KE, Y. N. Wu and C. Sun, Chinese Academy of
Sciences, China

Introduction

Detonation gun (D-gun) sprayed thermal barrier coatings
(TBCs)

TBCs deposited through arc ion plating (AIP)/D-gun
two-step technology

Future trends

Conclusion

References

© Woodhead Publishing Limited, 2011

vii

118

120
125
128

132

132

134
141
151
156
157

161

161

162
165

166
167
172
172

175

175

177

181
185
187
187



viii

Contents

Part Ill Performance of thermal barrier coatings

10

10.1
10.2
10.3
10.4

10.5
10.6

11

11.1
11.2

11.4

11.5
11.6

12

12.1
12.2
12.3
12.4
12.5

13

Oxidation and hot corrosion of thermal barrier
coatings (TBCs)

C. G. Znou and Y. X. SoNG, Beihang University, China
Introduction

Oxidation of thermal barrier coatings

Failure mechanisms of TBCs

The degradation mechanisms experienced by TBC systems

exposed to deposits
Conclusions
References

Failure mechanism of thermal barrier coatings by
electron beam physical vapor deposition
(EB-PVD) under thermomechanical coupled loads
C. ZnaNg, Baosteel Group Corporation, China and

C. CHEN, AVIC Commercial Aircraft Engine Co., Ltd,
China

Introduction

Establishment of gas turbine service environment
simulation system

Failure mechanism of EB-PVD TBC under in-plane
thermal gradient coupled with mechanical loading
Failure mechanism of EB-PVD TBC under 3-D thermal
gradient coupled with mechanical loading
Conclusions

References

Non-destructive evaluation (NDE) of the failure of
thermal barrier coatings

G. CHEN, Northwestern Polytechnical University, China
Introduction

Failure of thermal barrier coatings (TBCs)
Development of failure inspection methods

Future trends

References

Substrate and bond coat related failure of thermal
barrier coatings

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

© Woodhead Publishing Limited, 2011

191

193
193
194
198
202

208
208

215

215
217
221
233

240
241

243

243
245
247
258
258

263



13.1
13.2

13.4
13.5
13.6
13.7

14

14.1
14.2

14.3
14.4
14.5
14.6

15

15.1
15.2
15.3
15.4
15.5
15.6
15.7

Contents

Introduction

Substrate related failure of thermal barrier coatings
(TBCs)

Compatibility issues of nickel-based single-crystal
superalloys with thermal barrier coating systems

Bond coat related failure of TBCs

Effect of bond coat on the TBC degradation mechanisms
Conclusions and future trends

References

Life prediction of thermal barrier coatings

H.Y. Q1 and X. G. YANG, Beihang University, China
Introduction

The mechanical behavior of thermal barrier coating
(TBC) systems under elevated temperatures

Life prediction for TBCs

Future trends

Conclusion

References

New materials, technologies and processes in
thermal barrier coatings

H. Xu and J. Wu, Beihang University, China
Introduction

Chemically modified yttria stabilized zirconia (YSZ)
Alternate low thermal conductivity (k) materials
Microstructure modification

Advanced processing technologies

Future trends

References

Index

© Woodhead Publishing Limited, 2011

ix

263

265

276
278
286
288
290

294

294

295
305
314
315
315

317

317
318
319
321
322
325
325

329



