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Research Progress on Non-destructive Testing Method of Thermal Barrier Coatings
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Abstract: Thermal barrier coatings (TBCs) are widely used in gas turbine engines to increase the gas inlet temperature of
turbines and improve hot end component service life. TBCs are multi-phase, multi-interface and heterogeneous, and their
service conditions are harsh and complex. Finding a non-destructive test method, which can reflect the coating quality and
predict remaining life by characterizing coating microstructure, defects, thermal properties, stress, etc., is critical to the safety
and reliability of the hot end components of the engine. In this paper, the principles of ultrasonic testing (UT), acoustic
emission technology (AE), infrared thermography (IRT), impedance spectroscopy (IS) and photoluminescence piezo
spectroscopy (PLPS) were summarized and their applications in nondestructive testing of thermal barrier coatings were
presented. The terahertz time-domain spectroscopy (THz-TDS) technique and its application in thermal barrier coatings were
introduced in detail. Finally, the detection abilities of the above non-destructive testing methods were summarized, and the
non-destructive testing methods of thermal barrier coatings were prospected.

Keywords: thermal barrier coatings (TBCs); nondestructive testing (NDT); ultrasonic testing (UT); acoustic emission (AE);
impedance spectroscopy (IS); infrared thermography (IRT); photoluminescence piezo spectroscopy (PLPS); terahertz time

domain spectroscopy (THz-TDS)
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Fig.2 Configuration of ultrasonic pulse-echo test and a typical
return signal from a TBC specimen®”!
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PLPS Stress state of the TGO
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3R OE BERURSERE, Rl = e, ISR, Kl

B 2 A IR S R e, HAR L 5
Wk, N HERAZM, 2R, AR
fil, TG B O DB AR T e TR J2 2R A 5
DAL A 3525 MBS vi 2 B oAl B il 2L
MRS EANE LRI, W FEHAR M T & 5
BLIRFE I R AR IR SR A SO A, , A TIRJZIR
SRR TR, e i 22 0T R AR S
I8, ABANIRAFAE—E R 220, JFAERH IR
T H S RN — 20 ORI 22

B — A SRR TC RS I AT A BELR I E
M R O 2% o AR PERE R T A INEI R, n
JREERI Ve AT, AT BB . TGO M &
JRERE FURIN A, AR EOR 2 MR 4
ARERFPERIBETEIT A MBI R o IRBETRE R0
PRI AR K SRS, FRITIE A H A7 7R B

LA HRAL B R AN S8 25— RS R, [ MR
S HLH i B TR R T R, AR
S TR ARl 4 21 50 3R AR D7 2 R B R R
B, WIZEEESE, I B EORTEA ™ i 3k
TR, I W ICAR S T RN HI 2850

Li LTI, JCRUS N H A AR TR J= TR RE
fiE FEBCARAS PG AR AR A7 N G 22,
e AR 2 AT P O HER B T Bl i XA
SRICI RGN HE A A B Uik J2= AU 5 0 114 S 25
[ BT, Xk oA e PR 3% 2% T A0 AG: I 52 A BIF 58 1 1 ]
KIEFEHJEEUNT .

(1) TER RS RE . RS T R 2803 B e G
TR, IHESH TRALN N . 2D A et
PO, e LA O ;A A SCIRZ T
SER-VERE-TCHUR DN (5 5 R AL, SRR TR



%24

A, AF PARSRZE TCH I BT T 23

JE B ORI L TS 6, HESIHR S EORAE TR FE
I VAR 2 B PG s T AR AR

(2) KT LR IRIZ TR AE LIS HOAR -
RJERIZ T 5 T2 e b LA B, 52
EIEMTRZIR L SRR AR AR A
SHR R O B SRS IR Z GRS AL
M SR ], fT ZS R

(3) A JETCHUIN (55 A BEEAR B s Ak #17
ik, MR R OGRS
IABETR RS SREE A EICHURS IR 5 Ab B4
A, AR M, B AR IR 2 R AR 5
9 Kl Ak BT v, A SRR TR TR TG AR T K
JE, $5SIREVERERIEVEA

(4) K1 K T2 BRSPS T vk AR A%
FRAT PSRRI . BT ILRUS B, ZR5 % Bl
AR AR i i v o 2R A sl S R RS2 A
PR TR R A5 i, BE T I R JC A P 155
KR AL, R IR IR AR e WAL, 4
S ICAHI B AT E R R M BCR S EAL FP AR o

(5) IRBRIRZTCHUCIN A0 REAL . R RETCbi
A BIBRUR R B, EOW S 5t 2R J= 8 B T 1)
GRS R 5 22 0 2 TN T8 RE A5 44
A, SEBURIZ S RAR 5 1 A S A o

B3R

[1] XU H B, GUO H B. Thermal barrier coatings[M]. Cam-
bridge, UK: Woodhead Publishing Limited, 2011: 1-328.

(2] VBRAR, . IAREIRZ AR B ST L], Al 44
B4R, 2018, 38(2): 32-42.

SHI J D, HE Q. Service environment simulation test method
of thermal barrier coatings[J]. Journal of Aeronautical Mater-
ials, 2018, 38(2): 32-42 (in Chinese).

[3] MEYE, T, A s LWL Ee Tt i SR )2 N

SRR AR FIR D). s dil i EE R, 2017, 534(15): 534-
567.
CHENG Y X, WANG L, YUAN F H. Key technologies and
problems of thermal barrier coating application on aeroen-
gine turbine vane and blade[J]. Aeronautical Manufacturing
Technology, 2017, 534(15): 534-567 (in Chinese).

[4] EVANS A G, CLARKE D R, LEVI C G. The influence of
oxides on the performance of advanced gas turbines[J].
Journal of the European Ceramic Society, 2008, 28(7): 1405-
1419.

[5] LEVICG, HUTCHINSONIJ W, VIDAL-SETIF M H, et al.

Environmental degradation of thermal-barrier coatings by

[6]

(71

[81]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

molten deposits[J]. Mrs Bulletin, 2012, 37(10): 932-941.
KEMPSHALLA B W, SOHNA Y H, JHAA S K, et al. A mi-
cro-structural observation of near-failure thermal barrier
coating: a study by photo-stimulated luminescence spectro-
scopy and transmission electron microscopy[J]. Thin Solid
Films, 2004, 466: 128-136.

NYCHKA J A, CLARK D R, SRIDHARAN S. NDE assess-
ment of TBCs: an interim report of a photo-stimulated lumin-
escence ‘round-robin’ test[J]. Surface & Coatings Techno-
logy, 2003, 163-164: 87-94.

HARADA S, IKEDA Y, MIZUTA Y. The inspection of
delaminated defects in ZrOz coated material by infrared ther-
mography techniques[C]. Proceedings of the International
Symposium on Thermographic NDT and E Techniques Sym-
posium, 1995: 47-52.

SAITOH M, ITOH Y, ISHII J. Evaluation of thermal barrier
coating using infrared thermography[C]. Proceedings of the
International Symposium on Thermographic NDT and E
Techniques Symposium, 1995: 53-58.

ANTONELLI G, MARIA L D. Turbine forum-advanced
coatings for high temperatures[M]. France, 2004: 21-23.
LI'Y, CHEN Z, MAO Y, et al. Quantitative evaluation of
thermal barrier coating based on eddy current technique[J].
NDT & E Iternational, 2012(50): 29-35.

RINALDI C, MARIA L D, CERNUSCHI F, et al. An integ-
rated approach with innovative ndts for thermal barrier coat-
ing assessment: optical and frequency scanning eddy current
testing (F-SECT) combination with pulsed thermography[C].
In ASME 8th Biennial Conference on Engineering Systems
Design and Analysis, Torino, Italy: ASME, 2006: 903-911.
CROWTHER P. Non destructive evaluation of coatings for
land based gas turbines using a multi-frequency eddy current
technique([J]. OR Insight, 2004, 46(9): 547-549.

ZHANG D, YU Y, LAI C, et al. Thickness measurement of
multi-layer conductive coatings using multifrequency eddy
current techniques[J]. Nondestructive Testing and Evalu-
ation, 2015, 31: 1-18.

JAAe, PRI L, B 5. PRIR)ZIE IR A H AR5
[71. fizs A RL2EAI, 2006, 26(3): 353-354.

ZHOU J H, XU K B, GE Z L. Study on thickness of thermal
barrier coatings with eddy-current testing technology[J].
Journal of Aeronautical Materials, 2006, 26(3): 353-354 (in
Chinese).

LESCRIBAA D, VINCENT A. Ultrasonic characterization
of plasma-sprayed coatings[J]. Surface & Coatings Techno-
logy, 1996, 81: 297-306.

7. B P AR S R BOS RAER IR Z RS [D]. K
¥ KEEH TR, 2010.


http://dx.doi.org/10.1016/j.jeurceramsoc.2007.12.023
http://dx.doi.org/10.1557/mrs.2012.230
http://dx.doi.org/10.1016/j.tsf.2004.02.046
http://dx.doi.org/10.1016/j.tsf.2004.02.046
http://dx.doi.org/10.3969/j.issn.1005-5053.2006.03.090
http://dx.doi.org/10.3969/j.issn.1005-5053.2006.03.090
http://dx.doi.org/10.1016/j.jeurceramsoc.2007.12.023
http://dx.doi.org/10.1557/mrs.2012.230
http://dx.doi.org/10.1016/j.tsf.2004.02.046
http://dx.doi.org/10.1016/j.tsf.2004.02.046
http://dx.doi.org/10.3969/j.issn.1005-5053.2006.03.090
http://dx.doi.org/10.3969/j.issn.1005-5053.2006.03.090

24

b @3 x T T

= 2019 4

(18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

(28]

ZHAO Y. Ultrasonic characterization for surface coatings
using pressure reflection coefficient spectrum of bulk
wave[D]. Dalian: Dalian University of Technology, 2010 (in
Chinese).

SUGASAWA S. Measurements of elastic properties of
plasma-sprayed coatings using bulk ultrasonic pulses[J]. Ja-
panese Journal of Applied Physics, 2004, 43(5B): 3109-
3114.

ROGE, B, FAHR A, GIGUERE J S R, et al. Nondestructive
measurement of porosity in thermal barrier coatings[J].
Journal of Thermal Spray Technology, 2003, 12: 530-535.
FAHR A, ROGE B, THORNTON J. Detection of thermally
grown oxides in thermal barrier coatings by nondestructive
evaluation[J]. Journal of Thermal Spray Technology, 2006,
15: 46-52.

CHEN HL R, ZHANG B W, ALVIN M A. Nondestructive
detection of delamination in thermal barrier coatings using
ultrasonic technique[C]. Proceedings of ASME Turbo Expo
2009, Power for Land, Sea and Air, 2009: 925-932.

CHEN H L R, ZHANG B W, ALVIN M A, et al. Ultrasonic
detection of delamination and material characterization of
thermal barrier coatings[J]. Journal of Thermal Spray Tech-
nology, 2012, 21(6): 1184-1194.

ARAL. U2 P AR OB TE A A I 5 AL H AR B FE[D]. Jb
5t AU TR, 2015.

LIN Q. Research on ultrasonic nondestructive testing and
characterization of coating properties[D]. Beijing: Beijing In-
stitute of Technology, 2015 (in Chinese).

LIJC,LINL, LI X M, et al. Ultrasonic characterization of
modified Cr203 coatings by reflection coefficient spectro-
scopy[J]. Transactions of Nonferrous Metals Society of
China, 2010, 20: 418-424.

kAl DR, mSIE, 55, 2 IESLBR AN AR AR A P REIR 2
It st o S P A I (BB (D], R ISR T TR, 2017,
30(3): 115-121.

ZHANG W, MA Z Y, GAOJ Y, et al. Ultrasonic testing nu-
merical simulation of debonding defect in thermal barrier
coatings considering void microscopic parameters[J]. China
Surface Engineering, 2017, 30(3): 115-121 (in Chinese).

MA ZY,ZHAO Y, LUO Z B, et al. Ultrasonic characteriza-
tion of thermally grown oxide in thermal barrier coating by
reflection coefficient amplitude spectrum[J]. Ultrasonics,
2014, 54(4): 1005-1009.

ZHAO Y, CHEN J W, ZHANG Z Z. Nondestructive charac-
terization of thermal barrier coating by noncontact laser ul-
trasonic technique[J]. Optical Engineering, 2015, 54(9): 1-7.
SHANKAR N R, BERNDT C C. Acoustic emission from

thermally cycled plasma-sprayed oxides[J]. America Ceram-

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

ic Society Bulletin, 1983, 62(5): 614-619.

BERNDT C C, HERMAN H. Failure during thermal cycling
of plasma-sprayed thermal barrier coatings[J]. Thin Solid
Films, 1983, 108(4): 427-437.

BERNDT C C, MILLER R A. Failure analysis of plasma-
sprayed thermal barrier coatings[J]. Thin Solid Films, 1984,
119(2): 173-184.

YANGL, ZHOU Y C, LU C. Damage evolution and rupture
time prediction in thermal barrier coatings subjected to cyc-
lic heating and cooling: an acoustic emission method[J]. Acta
Materialia, 2011, 59(17): 6519-6529.

YANGL, YANG T T, ZHOU Y C, et al. Acoustic emission
monitoring and damage mode discrimination of APS thermal
barrier coatings under high temperature CMAS corrosion[J].
Surface & Coatings Technology, 2016, 304: 272-282.

PARK J H, KIM J S, LEE K H. Acoustic emission character-
istics for diagnosis of TBC damaged by high-temperature
thermal fatigue[J]. Journal of Materials Processing Tech,
2007, 187(12): 537-541.

RENUSCH D, SCHUTZE M. Measuring and modeling the
TBC damage kinetics by using acoustic emission analysis[J].
Surface & Coatings Technology, 2007, 202(4): 740-744.

ITO K, KURIKI H, WATANABE M, et al. Detection of AE
events due to cracks in TBC during spraying process[J]. Ma-
terials Transactions, 2012, 53(4): 671-675.

ITO K, KURIKI H, ARAKI H, et al. Detection of segmenta-
tion cracks in top coat of thermal barrier coatings during
plasma spraying by non-contact acoustic emission method[J].
Science & Technology of Advanced Materials, 2014, 15(3):
035007.

ITO K, KURIKI H, ARAKI H, et al. Evaluation of genera-
tion mechanism of vertical cracks in top coat of TBCs dur-
ing APS deposition by laser AE method[J]. Journal of
Thermal Spray Technology, 2015, 24(5): 848-856.

NEWAZ G, CHEN X. Progressive damage assessment in
thermal barrier coatings using thermal wave imaging tech-
nique[J]. Surface & Coatings Technology, 2005, 190(1/3): 7-
14.

EB B, XN, E/NE, & LLAMPGRIUE AW
JZBRBEBETE T B RBL I D] Az BRI, 2012, 32(3): 91-
95.

WANG Z Y, LIU Y T, WANG X H, et al. Application of in-
frared thermography in research of radar absorbing coating
defects[J]. Journal of Aeronautical Materials, 2012, 32(3):
91-95 (in Chinese).

Standard Practice for Infrared Flash Thermography of Com-
posite Panels and Repair Patches Used in Aerospace Applic-
ations. E2582-07[S]. USA: ASTM international, 2007.


http://dx.doi.org/10.1143/JJAP.43.3109
http://dx.doi.org/10.1143/JJAP.43.3109
http://dx.doi.org/10.1361/105996303772082279
http://dx.doi.org/10.1361/105996306X92587
http://dx.doi.org/10.1007/s11666-012-9811-9
http://dx.doi.org/10.1007/s11666-012-9811-9
http://dx.doi.org/10.1007/s11666-012-9811-9
http://dx.doi.org/10.1016/S1003-6326(09)60156-4
http://dx.doi.org/10.1016/S1003-6326(09)60156-4
http://dx.doi.org/10.1016/j.ultras.2013.11.012
http://dx.doi.org/10.1016/0040-6090(83)90123-2
http://dx.doi.org/10.1016/0040-6090(83)90123-2
http://dx.doi.org/10.1016/0040-6090(84)90532-7
http://dx.doi.org/10.1016/j.actamat.2011.06.018
http://dx.doi.org/10.1016/j.actamat.2011.06.018
http://dx.doi.org/10.2320/matertrans.MBW201118
http://dx.doi.org/10.2320/matertrans.MBW201118
http://dx.doi.org/10.1007/s11666-015-0247-x
http://dx.doi.org/10.1007/s11666-015-0247-x
http://dx.doi.org/10.3969/j.issn.1005-5053.2012.3.016
http://dx.doi.org/10.3969/j.issn.1005-5053.2012.3.016
http://dx.doi.org/10.1143/JJAP.43.3109
http://dx.doi.org/10.1143/JJAP.43.3109
http://dx.doi.org/10.1361/105996303772082279
http://dx.doi.org/10.1361/105996306X92587
http://dx.doi.org/10.1007/s11666-012-9811-9
http://dx.doi.org/10.1007/s11666-012-9811-9
http://dx.doi.org/10.1007/s11666-012-9811-9
http://dx.doi.org/10.1016/S1003-6326(09)60156-4
http://dx.doi.org/10.1016/S1003-6326(09)60156-4
http://dx.doi.org/10.1016/j.ultras.2013.11.012
http://dx.doi.org/10.1016/0040-6090(83)90123-2
http://dx.doi.org/10.1016/0040-6090(83)90123-2
http://dx.doi.org/10.1016/0040-6090(84)90532-7
http://dx.doi.org/10.1016/j.actamat.2011.06.018
http://dx.doi.org/10.1016/j.actamat.2011.06.018
http://dx.doi.org/10.2320/matertrans.MBW201118
http://dx.doi.org/10.2320/matertrans.MBW201118
http://dx.doi.org/10.1007/s11666-015-0247-x
http://dx.doi.org/10.1007/s11666-015-0247-x
http://dx.doi.org/10.3969/j.issn.1005-5053.2012.3.016
http://dx.doi.org/10.3969/j.issn.1005-5053.2012.3.016

%24

2o, S ABRIRIZ BRI £ AR 5T 25

[41]

[42]

[43]

[44]

[43]

[46]

[47]

[48]

[49]

[50]

[51]

SHRESTHA R, KIM W. Evaluation of coating thickness by
thermal wave imaging: a comparative study of pulsed and
lock-in infrared thermography-part I: simulation[J]. Infrared
Physics & Technology, 2017, 83: 124-131.

TANG Q J, DAL J, LIU J, et al. Quantitative detection of de-
fects based on markov-pca-bp algorithm using pulsed in-
frared thermography technology[J]. Infrared Physics & Tech-
nology, 2016, 77: 144-148.

JEEREE. SiC U2 BR I B Ik 21 ANPGRS BB
WFFE[D]. MR IG/RIE Tl K%, 2014,

TANG Q J. Research on the key technology of SiC coating
defects detection using pulsed infrared thermal wave non-de-
structive testing method[D]. Harbin: Harbin Institute of
Technology, 2014 (in Chinese).

BISON P, CERNUSCHI F, GRINZATO E. In-depth and in-
plane thermal diffusivity measurements of thermal barrier
coatings by IR camera: evaluation of aging[J]. International
Journal of Thermophysical, 2008, 29(6): 2149-2161.

2L TBC MR EHIAI B LLAMIEII[D]. Jb5t: 5 #RIm
R, 2013.

LI G. Infrared inspection of thermal cycled thermal barrier
coatings[D]. Beijing: Capital Normal University, 2013 (in
Chinese).

o, SEMG, AL, S BCBUIRBCEREE T BRI 2 B0
PR LLANEAAGIN B AR [T). o E i TR, 2013, 26(4): 19-
26.

HE Q, WU P, WANG R J, et al. Infrared thermography in-
situ inspection for damage trend of tbes in simulated service
environment[J]. China Surface Engineering, 2013, 26(4): 19-
26 (in Chinese).

OGAWA K, MINKOV D, SHOJI T, et al. NDE of degrada-
tion of thermal barrier coating by means of impedance spec-
troscopy[J]. Ndt & E International, 1999, 32(3): 177-185.
ZHANG J, DESAI V. Evaluation of thickness, porosity and
pore shape of plasma sprayed TBC by electrochemical im-
pedance spectroscopy[J]. Surface & Coatings Technology,
2005, 190(1): 98-109.

BYEONJ W, JAYARAJ B, VISHWESWARAIAH S, et al.
Non-Destructive evaluation of degradation in multi-layered
thermal barrier coatings by electrochemical impedance spec-
troscopy[J]. Materials Science & Engineering A, 2005,
407(1): 213-225.

GOMEZ-GARCIA J, RICO A, GARRIDO-MANEIRO M
A, et al. Correlation of mechanical properties and electro-
chemical impedance spectroscopy analysis of thermal barri-
er coatings[J]. Surface & Coatings Technology, 2009,
204(6): 812-815.

SOHN Y H, JAYARAJ B, LAXMAN §, et al. The non-de-

[52]

[53]

[54]

[53]

[56]

[57]

(58]

[59]

[60]

(61]

[62]

[63]

structive and nano-microstructural characterization of
thermal-barrier coatings[J]. JOM, 2004, 56(10): 53-56.
JAYARAIJ B, VISHWESWARIAH S, DESAI V H, et al.
Changes in electrochemical impedance with microstructural
development in TBCs[J]. JOM, 2006, 58(1): 60-63.

WU N Q, OGAWA K, CHYU M, et al. Failure detection of
thermal barrier coatings using impedance spectroscopy[J].
Thin Solid Films, 2004, 457(2): 301-306.

YANG F, XIAO P. Nondestructive evaluation of thermal
barrier coatings using impedance spectroscopy[J]. Interna-
tional Journal of Applied Ceramic Technology, 2001, 21(7):
855-859.

ANDERSON P S, WANG X, XIAO P. Effect of isothermal
heat treatment on plasma-sprayed yttria-stabilized zirconia
studied by impedance spectroscopy[J]. Journal of the Amer-
ican Ceramic Society, 2005, 88(2): 324-330.

DENG L, ZHAO X, XIAO P. Characterisation of cracks in
thermal barrier coatings using impedance spectroscopy[J].
2007, 27(3): 190-206.

WR3CHe, XL, 3K B 7YSZ AR 2 miR S b B
M A RS RS 434 1], TP SR TR, 2016, 29(3):
48-56.

CHEN W L, LIU M, ZHANG ] F. Microstructure evolution
and impedance spectroscopy analysis of 7YSZ thermal barri-
er coating during high-temperature oxidation process[J].
China Surface Engineering, 2016, 29(3): 48-56 (in Chinese).
TS S, R, SREEE, S5 SRR MR IR R A A TR
SR Y TG I 7 [7]. fii s 244, 2012, 33(6): 1125-
1133.

ZHAO N Y, PENG H, GUO H B, et al. Influence of sub-
strate curvature on the bonding strength of TBCs via non-de-
structive testing research[J]. Acta Aeronautica et Astronaut-
ica Sinca, 2012, 33(6): 1125-1133 (in Chinese).

WU J, GUO H B, ABBAS M, et al. Evaluation of plasma
sprayed YSZ thermal barrier coatings with the CMAS depos-
its infiltration using impedance spectroscopy[J]. Progress in
Natural Science: Materials International, 2012, 22(1): 40-47.
HUANG H, LIU C, NI L, et al. Evaluation of TGO growth in
thermal barrier coatings using impedance spectroscopy[J].
Rare Metals, 2011, 30(1): 643-646.

YANG L, ZHU W, LI CF, et al. Error and modification in
thermal barrier coatings measurement using impedance spec-
troscopy[J]. Ceramics International, 2017, 43(6): 4976-4983.
WANG N G, LI CF, YANG L, et al. Experimental testing
and FEM calculation of impedance spectra of thermal barri-
er coatings: Effect of measuring conditions[J]. Corrosion
Science, 2016, 107: 155-171.

FRANKE B. Non-Destructive evaluation of thermal barrier


http://dx.doi.org/10.1007/s10765-008-0421-1
http://dx.doi.org/10.1007/s10765-008-0421-1
http://dx.doi.org/10.3969/j.issn.1007-9289.2013.04.002
http://dx.doi.org/10.3969/j.issn.1007-9289.2013.04.002
http://dx.doi.org/10.1007/s11837-004-0292-2
http://dx.doi.org/10.1007/s11837-006-0070-4
http://dx.doi.org/10.1016/j.tsf.2003.10.009
http://dx.doi.org/10.1111/jace.2005.88.issue-2
http://dx.doi.org/10.1111/jace.2005.88.issue-2
http://dx.doi.org/10.1111/jace.2005.88.issue-2
http://dx.doi.org/10.1016/j.pnsc.2011.12.007
http://dx.doi.org/10.1016/j.pnsc.2011.12.007
http://dx.doi.org/10.1016/j.ceramint.2017.01.004
http://dx.doi.org/10.1016/j.corsci.2016.02.029
http://dx.doi.org/10.1016/j.corsci.2016.02.029
http://dx.doi.org/10.1007/s10765-008-0421-1
http://dx.doi.org/10.1007/s10765-008-0421-1
http://dx.doi.org/10.3969/j.issn.1007-9289.2013.04.002
http://dx.doi.org/10.3969/j.issn.1007-9289.2013.04.002
http://dx.doi.org/10.1007/s11837-004-0292-2
http://dx.doi.org/10.1007/s11837-006-0070-4
http://dx.doi.org/10.1016/j.tsf.2003.10.009
http://dx.doi.org/10.1111/jace.2005.88.issue-2
http://dx.doi.org/10.1111/jace.2005.88.issue-2
http://dx.doi.org/10.1111/jace.2005.88.issue-2
http://dx.doi.org/10.1016/j.pnsc.2011.12.007
http://dx.doi.org/10.1016/j.pnsc.2011.12.007
http://dx.doi.org/10.1016/j.ceramint.2017.01.004
http://dx.doi.org/10.1016/j.corsci.2016.02.029
http://dx.doi.org/10.1016/j.corsci.2016.02.029

26

b @3 x T T

= 2019 4

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

coatings with thermal wave imaging and photostimulated lu-
minescence spectroscopy[D]. Florida: University of Central
Florida Orlando, 2005.

CHRISTENSEN R J, LIPKIN D M, CLARKE D R, et al.
Nondestructive evaluation of the oxidation stresses through
thermal barrier coatings using Cr*" piezospectroscopy[J]. Ap-
plied Physics Letters, 1996, 69(24): 3754-3756.

MA Q, CLARKE D R. Stress measurement in single-crystal
and polycrystalline ceramics using their optical
fluorescence[J]. Journal of the American Ceramic Society,
2010, 76(6): 1433-1440.

ZHAO X, XIAO P. Residual stresses in thermal barrier coat-
ings measured by photoluminescence piezospectroscopy and
indentation technique[J]. Surface & Coatings Technology,
2006, 201(3): 1124-1131.

WEN M, ERIC H. J, Maurice G Analysis of localized dam-
age in EB-PVD (Ni, Pt) Al thermal barrier coatings[J]. Sur-
face & Coatings Technology, 2005, 200: 5193-5202.

WANG X, LEE G, ATKINSON A. Investigation of TBCs on
turbine blades by photoluminescence piezospectroscopy[J].
Acta Materialia, 2009, 57(1): 182-195.

SRAEE, R, XV, PURLARZ T2 PR A Sl Oy
IRFITHE R[], J12E244), 2013, 45(1): 45-60.

ZHU J G, XIE HM, LIU Z W. Research progress on the ex-
perimental measurement methods of mechanical properties
of thermal barrier coatings[J]. Chinese Journal of Theoretic-
al and Applied Mechanics, 2013, 45(1): 45-60 (in Chinese).
ALBERT MANERO II, SELIMOV A, FOULIARD Q, et al.
Piezospectroscopic evaluation and damage identification for
thermal barrier coatings subjected to simulated engine envir-
onments[J]. Surface & Coatings Technology, 2017, 323: 30-
38.

LIMA CR C, DOSTA S, GUILEMANY J M, et al. The ap-
plication of photoluminescence piezospectroscopy for resid-
ual stresses measurement in thermally sprayed TBCs[J]. Sur-
face & Coatings Technology, 2017, 318(25): 147-156.
YANG J, ZHAO H, ZHONG X, et al. Evolution of residual
stresses in PS-PVD thermal barrier coatings on thermal cyc-
ling[J]. Journal of Thermal Spray Technology, 2018, 27(6):
914-923.

SIEGEL P H. Terahertz technology[J]. IEEE Transactions on
Microwave Theory & Techniques, 2002, 50(3): 910-928.
SHEN Y C. Terahertz pulsed spectroscopy and imaging for
pharmaceutical applications: a review[J]. International Journ-
al of Pharmaceutics, 2011, 417(1-2): 48-60.

B, SR, FIHE, 45, IR 2Z B AR K IR ().
T EDE SR DR, 2010, 3(3): 209-222.

[76]

[77]

[78]

[79]

(80]

[81]

[82]

[83]

(84]

[85]

CAI H, GUO X J, HE T, et al. Terahertz wave and its new
applications[J]. Chinese Journal of Optics and Applied Op-
tics, 2010, 3(3): 209-222 (in Chinese).

DESTIC F, BOUVET C. Impact damages detection on com-
posite materials by THz imaging[J]. Case Studies in
Nondestructive Testing & Evaluation, 2016(6): 53-62.
TRAAR, WIS, OB 2 B35 5 IR ). O 5 e 72t
J&, 2010, 47(2): 1-14.

ZHANG C L, MU K J. Terahertz spectroscopy and
imaging[J]. Laser & Optoelectronics Progress, 2010, 47(2):
1-14 (in Chinese).

FAN W H, BURNETT A, UPADHYA P C, et al. Far-in-
frared spectroscopic characterization of explosives for secur-
ity applications using broadband terahertz time-domain spec-
troscopy[J]. Applied Spectroscopy, 2007, 61(6): 638-643.
KOJIMA S, TSUMURA N, KITAHARA H, et al. Terahertz
time domain spectroscopy of phonon-polaritons in ferroelec-
tric lithium niobate crystals[J]. Japanese Journal of Applied
Physics, 2002, 41: 7033-7037.

COGDILL R P, FORCHT R N, SHEN Y, et al. Comparison
of terahertz pulse imaging and near-infrared spectroscopy for
rapid, non-destructive analysis of tablet coating thickness
and uniformity[J]. Journal of Pharmaceutical Innovation,
2007(2): 29-36.

FUKUCHI T, FUSE N, FUJII T, et al. Measurement of top-
coat thickness of thermal barrier coating for gas turbines us-
ing terahertz waves[J]. Electrical Engineering in Japan, 2013,
183(4): 1-9.

KRIMI S, KLIER J, JONUSCHEIT J, et al. Self-calibrating
approach for terahertz thickness measurements of ceramic
coatings[C]. Copenhagen, DENMARK, 41st International
Conference on Infrared, Millimeter, and Terahertz Waves.
IEEE, 2016.

CHEN C C, LEE D J, POLLOCK T, et al. Terahertz charac-
terization of interfacial oxide layers and voids for health
monitoring of ceramic coatings[C]. 34th International Con-
ference on Infrared, Millimeter, and Terahertz Waves. IEEE,
2009.

WHITE J, FICHTER G, CHERNOVSKY A, et al. Time do-
main terahertz non-destructive evaluation of aeroturbine
blade thermal barrier coatings[C]. American Institute of
Physics, 2009, 1096(1): 434-439.

WATANABE M, KURODA S, YAMAWAKI H, et al. Tera-
hertz dielectric properties of plasma-sprayed thermal-barrier
coatings[J]. Surface & Coatings Technology, 2011, 205(19):
4620-4626.


http://dx.doi.org/10.1063/1.117182
http://dx.doi.org/10.1063/1.117182
http://dx.doi.org/10.1016/j.actamat.2008.08.053
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.1007/s11666-018-0734-y
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.1366/000370207781269701
http://dx.doi.org/10.1007/s12247-007-9004-0
http://dx.doi.org/10.1002/eej.v183.4
http://dx.doi.org/10.1063/1.117182
http://dx.doi.org/10.1063/1.117182
http://dx.doi.org/10.1016/j.actamat.2008.08.053
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.1007/s11666-018-0734-y
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.1063/1.117182
http://dx.doi.org/10.1063/1.117182
http://dx.doi.org/10.1016/j.actamat.2008.08.053
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.3969/j.issn.1006-6616.2013.01.005
http://dx.doi.org/10.1007/s11666-018-0734-y
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.1016/j.ijpharm.2011.01.012
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.1366/000370207781269701
http://dx.doi.org/10.1007/s12247-007-9004-0
http://dx.doi.org/10.1002/eej.v183.4
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.3969/j.issn.2095-1531.2010.03.002
http://dx.doi.org/10.1366/000370207781269701
http://dx.doi.org/10.1007/s12247-007-9004-0
http://dx.doi.org/10.1002/eej.v183.4

