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Abstract

In order to investigate the fundamental process of residual stress development in thermal barrier coating during thermal spray,
a model experiment was conducted using a paraffin wax. Melted paraffin wax was dropped onto a circular substrate of type
430 stainless steel, and strain and temperature were measured on the back surface of substrate. The model experiment revealed
that tensile quenching strain was developed during solidification and adhesion process and it was increased with the number of
droplets. Development of the quenching strain and failure of paraffin coating were significantly influenced by substrate
temperature. The lower substrate temperature caused the larger quenching strain, and facilitated cracking, delamination and
debonding of the coating. Findings in a series of the model experiments showed some similarities to actual phenomena during
thermal spray, and will provide a helpful suggestion to optimize various process parameters in thermal spray.

Keywords : Thermal barrier coating, Model experiment, Paraffin wax, Residual strain, Quenching strain, Cracking,
Debonding, Delamination

1. #

BT AL —E L ORIBEM OREIZIL, SREMEZRETANOIET D087 v 7 AROER 2 —
T4 7 (TBC) WS, ZORBEIIIRKQET 7 A~EES (Air-plasma-spray, APS) 23A< HWHALTWD
(Padture etal., 2002, Lietal., 2017). APS OJFEL, MARIKOMERL -4 77 XA~ T = v M Tl L 3wl
RREE THIEA L, ZORI7-Z 0 TR E 0 Clie, 2mAH), BE, HESE0ThD. HAX—E
OEMTNIE, 200 TBCIZHA, Eih, MESEOHRENE T DD, 5 OBEITIREIEHI A U 5 RO
HZEREND T2 (Kurodaetal., 1992), & DFERIGS) OREBFEDIRAN KD H TN 5.

VRS R DTS, W 7 a2 A TRAT D0 O DIGhOERE DY E L TEL 5 GiidHt, 2006) .
F9°, B L CREE9 DVEEHRL I EAEA~ORZEIC & b 722 D WES EAMICHIR S, R T-PICIEB IR D o2
Jt~ 77 (quenching stress) 73¥87E3 5. fll 2 DIRGTRLFIZE U A RMICIINRET 52 LIk, FHE I LIEN
(ZIIHEREIG /T (deposition stress) 2SFEET D, IEHNKD D &, b & EIIT E HICRIBE CTHAMAEAIS NS 23,
Z DIBFETITIERS & ORI EIC L AL (thermal stress) 234 U 5. H&#%1C, HEREIS ) & BYSHOFD
DFEREIS T (residual stress) & U CRBICRD. 728, LRGBS, HEIEH, BUSH, BRI, v

il
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bR E DI DERIC ) TH DD, AR TIRER CHEBEICHW ST D 25 ORI > T XA
T5.

AR AT IS OFHII R % 72 5 ETRA DTV S, 72 & 21, Kuroda © (1995) X° Sampath © (2009)
W, PR BICEAS LB O M I O W R AT OBRFHAIL, BIENIGHERIET S 2 & T, AR T
S8RV, WENSFE CIEMEORIENIG IR RAET 5 Z L2 W E LTS, ZOBRIEOFREIL, H—00 Rk 1
THRAETDHRABICHOBROFME R TH S LHE S TS, K ICRET I8N TS X BREE
(Matejicek and Sampath, 2001) <°7 ¥ Z /L HI{GFHESVE (Sebastiani etal., 2012) % HWZHIENS THIL TV DA,
FTH BRI OREERICIRE LIS HERE LI b O TH D, FREN U7 BR8N b S22 L CRaumEEE 3 51
FECORBIC T DOFRERENE, B & ~HED A — iV N ST E 5720, sRHlIBIEEHRE S Tunan

FSNRIRE OVRGPRL7- DS B A RN 5720, VIR 12458 L 7oABk 2 N C, ki O 182 - GElE - 555 & FR
L7 T VERNTON T\, =& 21E, Ghafouri-Azar 5 (2003) 1%, @ L7- Sn 2 A7 U AMRICH T
L, f8%¢ L7 ORR L TESTRL O IR A i L7z, B8RS (1999) 3 L OWER & (2001) 1%, CudB LN K
OB MRE FFEBREZIT, B OMEEECEESINCET 2MAE2 5. &b, @RiM ETorI7Iv s
WA ORI ELY 5 2 RO HITo72 (HF, @A, 1999, 2000, HFfh, 2002). FHo (2007)
%, KELSAIE (Sn60%-Pb40%) O FHHTE FatBR 21T\, WKL 7 OEE) = R /L X — R R A 7T > b
DOFEREIZG 2 5B LN Lz, ZROOFIETIE, H—hi - OEZEEEE-CRERE L 721k O RO 575 7H
FEIZDOWTHEERIFRDBGOIVTWD A, RifOEEE - ZEIRFE TORMIS T ORIEIF THhir TV

DD X1z, W7 ot ADIEIIRAE A T =X DIRBIFA O3 30, AFTETIE, BREDHRIES
259 ZHWTHEN 7 0 ® 2227 /M LT=3EBRE1TV, TBC OIREHFHICH R+ Tl & TWAYHBIR AL
MZTHZEEARNE Lz, WERLT-A D 25T T LR G, BMEmIEET 20T AE0THT—TT
BIEL, WEOEER - BAERE CHRAET H28MOTAHAOREREZFM L. £z, EMRENRHOTHOR
EEIRFRCRREIRF A AE T 2 BN ORI S 5 2 DB B LT

2. R B A &

2-1 REREE

AR TIIEBE S & LTAD (I A=, 155) A0, BELIEA D 2&REMICTHE 5 2 & TEs
ZETIMELT. A I3RS 60 CRRETH D720, R MBGEREIC X - CRBC &, SIBUTHE CTOREH
BREERDICHBTE 5. 72, SRR & T 2 ERE CAMENMRN 2, BEE - HEEEE TOER
HEEOBBNHHFTE 5.

FERIEE O A X 1 (TR d. ZOEETIE, FESmL OF 7 ARE Ry NOIMNZ b —F Z&RE DT,
MEL - RS2 9 2 Xy FNIZRFFL, [TEOEINLEBEM O P IITHE N5, EMITIXESR 95
mm, EX 0.5mm, EKEHE Rg=38nm ® SUS430 M2 AWy, SEEA M ER CHMSCR L7z, ERRpidik
MR Z —EIRO7o ), BEZEWEY v 7y MHEIRAKE (R¥Y~F v, SR Y—/L BT-100) OHIZHH
ZEE L7z, (HIRM OSBRI AT 2 & THANDOELKEZGBHILE. B2y F EEIZITE T2y &
L, TEOEZEENy MIEVIAR, AHOZIEMIC 1 IO FCTE5L512L7. BXy FFiont
HEAAFITIC IR R 0.32 mm O K FUEVGE S (MISUMI, MSEN0.32) & BV 1) Ciiii T4 255 9 OIRE ZHl# L
7o MmO PR IICIE 3 B 2 O s — GRS 2, KFG-1-120-D16-11 L3M3S) ZALfFL, A9
DREE « BHEICBWTEMERICAEC2O0THRERE L. 72, EMERORE S A ZHES 5720, Ei
HFrdes e 2.6 mm, 15mm, 30 mm, 39.7 mm OEFTIC K UEVEST 2 ARy MNEETIR Y (777, FRFnofr
BECONIEEL T, T, Tr, w9 5. EMFREREIN CHHISNAEETHIBEI L. 228, OTAHhLIREX
F—Xnjj— (HEEHE ATV o l—LR8431) ZHVC0.01 s MR THIE Lz, Z OFEBREE L, AR
EREEZZLIED 2 & TEMOPEIRE OFEL, WRIFHOR T S TR OEZSHE %, MO oM
BaZbs¥D 2 & TEM L RIEOMBE DB L BETT 52 LN TE 5.



2.2 EEREH

ARFZETIE, FEMEREREZE 25 °C £ LT 15 s O—EMETA D & ~F Lzilpei FEBRE, g
DOFEMIBENREREIZRD £ T TBIROA D Zi F LWk FEBRO 2 ME2FEE L7 (£12
D . WTIOFERCHIE TR SIL200mm & L, i FA0&EIT 1 #EHIZY 253 mg T, 1 FRFORRFOMEEIEL 100°C &
L7z Wi T EBR COREMBREEEIZ0°C, 5°C, 10°C, 15°C D45 E Lz, WFhOFBRETHIE
L7=AITEZ 02mm DT 4 AV MRITIED -T2, EERHIIEZIEORERE - HHFERREEZ Z OLBIZE L, RIEOER - H|
BiEzEh L 2 O A O BEIZ OV TRFT L 7=,

2-3 A50HEPICELCHIBUVTHOBRE

AWFIETIE, 5 9 OBEIESRR TRAET 28M0TH () ZMETDHZ L2 HNE LTS, LiL, EMEH
THESNDUTH (o) 1TI1F, FM EOTHRT =V OBIZREIEGEIC L DBOT A () & EMAOIRE A
ICEERLZBOTH (o) BNEEND. ZNHOOTHOMOBRITRATRENS.

Era =€, +E,+E, (1)

£, & ZMIET D720, 55 &6 FLTWRWEMZIE - MAIL T, JbF & O HT — P OMIERREE
I LTz, JE SN2 OTHEIRE DRSS LT 2 IRT. EM A Fy b ZFRITEL LIz E, 20°C Aitkic e
—7 &b RO /o7, RERTIE, S/ I K> THROLNT 60 % oa DDA LBV,

Air Electronic
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Fig. 1 Schematic illustration of experimental setup.

Table 1 Experimental condition.
Experimental type Continuous drop test Discontinuous drop test
Interval time [s] 15 100-200"1
Substrate temperature [°C] 25 0,5,10,15(£0.2)
Number of droplets 4 2 or 3%

*1 Until cooling down to the controlled temperature
*2 Until debonding or delamination



20 T T T T T T
— Measured strain SUS430 plate Paraffin wax
0F — Fitting curve 4
|z oil
3 L _
~ 20 Substrate
p |
: 40t . oA
wn -60 , \
Strain gauge Thermocouple
-80 | 4
-100 s 1 L 1 L 1 L 1 L 1 L 1
-10 0 10 20 30 40 50 60 Fig. 3 Schematic illustration of experimental
Temperature (°C) setup for compensation for ;. Oil film
was inserted between the thin plate and
Fig. 2 Measured strain due to thermal expansion mismatch between the substrate in order to prevent a
the SUS substrate and strain gauge. development of &;.

FEMANOIESARER LEZBAOT R () 1E, A9 25NE F S CRE EF U780 & P ORI EE sE I 3
RKENDZLICE-THELD. ZOFEMOBOT HEMMIET D720, M HRE FETaCIIE L CHMPNIZIEE
DHEAEY, TOLEOOTAHALRELRE L. ZORETIE, FES 0.5mm OFEM O EIZ[F L SUS430 #o/FE
X 0.1 mm OFARZEFHE L, %9%@?Lt%@a%%ﬁbt(l3ﬂ%y Tl &, Hb &SRO
28R, EMEMEIZ A 9 OBEIHECER T 2 8m 0T Z e, BEAE LRI SIZ L. 2D, ZOFES
THESNDOT T e, & e DFUNTR D, JIESNTZOTHNGX2 TR LTz 6, 222 L IWIZFER, 6 13546
PIREE A D 1 IRBEER E L CIRATEREND Z & bh Tz

g, =-a{0.107(T, - T,)+0.245(T, - T,)— 0.00441(T; — T, )} )

T, ag i SUS4A30 UM ORMERRITH Y, a=104x10° /°C & L7z, AW T, EMEROOTHL —
PTHESNEOPTR (eow) DD ea & e 22 LFE, BIHOTRH () 2RO, Z0 g lTEMERTOOT 4
OPEMZ S LI LT DD, FINFEM O EICHEBRIELRED BRI/ SOV B L TS 5EA1TIE, &
MEEHOFIROT IEFEFOSIBEOT AR L, ME ORIZIZIEDOEBEA L Y 52> (Timoshenko, 1925). A&
g ClE, (1) DHRED e ZHWT, EEE - BEBRE CREFICAE 28000 AE#Em T 5.

3. R B & B

3-1 EMETRERTRETI2H0TH

TR O &[RRI — E MR CEMITRL 72350 T SNTZBRICHAET D ¢ ZRET D72, 25 °C OEHIC
59 % 15 s BEIZ 4 fiEfemE F L7 :@@fﬁﬁ?ﬁﬁ?%ﬁﬁf‘?ﬁ”ﬁéﬂf:@fﬁ (o) EFMIBE T, T, T,
Ty DRMRZX 4 17T, 2 WIER S — Y ORMOHINTZFE L noTled, —HDT—Z&ZRLTN5D.
I, RERBRTOBE —~ZA 7T v NNDIG % $E|W< “CZ(?)E) k%ilﬁ%b“(b\é 23 HiDHETRAS
DT (g) ZRDIAEREZK 4 ICHF R THETORT. I TERZL Lrﬁﬂﬁ@%/AUTﬁ (&) DIFAELTWVDHNR,
ZAUTFEMHRIE S5 ) O EE AR TR 3 2 I\ IER 2 BV O T do 5 7o O AW FE Tldigm L2V, Z O JER) 72+
MO DkEFN & RIFFZ, JEM I i%%m#&ﬁ%iL/4ﬁH®ﬁT& TSROV 203 20 pst FREEITHE
HELTW5. Kuroda 5 (1995) < Okajima & (2013) &, ICP (In-situ Coating Property) & FRIEI 524 2 T,
I 7 0t A CONYREM O Y B2 DFIE L, S/ SR E S RWIMEE 2 &3 5 A0 R
THIEERALNIL TS, 22 TRl SN EMEEOLIIRERIL, X4 TR LI M E R Tl S5
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2 20 — Quenching strain (¢,) g
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Fig. 4 Measured strain (1) and quenching strain (g,) during the continuous drop test. g, is developed by every droplet. This
result is similar to the deformation measured by in-situ curvature method by Okajima et al. (2013).
ROTHEFERT, WL EIET OGRS RITHST 5. T70bb, A9 O oLV, EihEfE <o
H—277 v MIBAETLEMOTHLERAT T v FORERIZ L 2B OTHAOREENFHRTE L EFAD. 05,
Z O FEERTIE, 478 B OW TR S S 9 BIROFINORBEHIBIR Sk o T

32 MiATRERTRETI280FTAHLEEEDE N - RIEk

HGERE N IERTIT 1Ss MR TR T L7222y, 2 OMRBIIEMIRE B ERE E TR T 2123 +0 T3k, #
THOFEMIBED—EIZ /2 D RNIIROWR A T SD. £ 2T, BRI ET 20T ORI S ZFHlC
Rt 578, EANRENRERE E TR T T 204240, BMHREIZA S 2 1{ET SWierIlcm - s
7.

3-2-1 EHMREERE15 CDHEE

FEMERETRE 15 °C OWisii FER CREMERICRAE L2 OT R () SIRE I ZRE OB E LTK S
T LT E O T4 5s BRERRE LoD B, M EREIZIT 15 pst OSROTHRRBAE L. 20k, Hbfak
FEREN 15 CIRT LT 2 MEZM FT 25 &, 1{HEEFRUXIICTHOGEREOT A EL, TORES
WX 1B SIRIERREIC o7, £, 3B EMTFTHE0TARIL0IC72o7-.
ZIHOOTHOERZEENT, A 5 BHERET 5 7= N5 R ORBOT AR U8 FER (X 4 25
XD, ZOZERL, Wikil NEBRTIX, MRS CE RN HIBED A U CRIENICERE S L0
HO—HBFRE NI Z EICERT 5. i FEOAIREEZBILETHE (K5 F), 1HEEORH FZRIZIEA H I3
MIZER L T ezt L (K 5@ 0), 2 1 B Ofi F&RISITNM O ERICHBEL, FROOT T — 0k
FHIAEEDE LI kAT (K5b)ZR). £, 3B LM M2 &5/ RERETA 9 B5ERIZ @ EL T
(K 5(c)z /) . e FEERCZ 0 L 5 2R HBENBIE S e o BRI, FPHRE SR ERE K T3 5 a0
WOWIRDNE N D720, HEEORALZ S EE ZTOIZH07e OTARERE I N -T2 LITRRT 5. 72
B, TOHEMIESE 15°C OFM T & BE 2 S M OMEETUTBE S e ho 7z

3:2-2 EMBEERE0 °CODEHEE

FEMFRETRE 10 °C O TITo T2 Wilelii FEBTORMOT A (o) & FEAREE T ORIERE R4 R 2w o
BIEHER L OFRE T 61 RT. 1A OR FIZE Y 22 ust DF R ORBOTHAREL, 1 F22HF30 s 41
12 pust FTRBICIAD L7c., ZAUE, 1 H OREE - # 5 CRBEICHERIN A4 L Z LICERT 5 (X 6(b)
ZH). K 6T &L 91T, # FEZICITHEEIUIFIE L2720, M 6t s TR 6T L 972k
UERIAUS | ARRAE LT, 2 MEER T 5 &, A 913 OuEE N HE AN HEE L (K 6(c), 3
T E O FERZICA D ITBRICHEEL (K e(d), OTAIL0IT/o7. £z, ZORESM T 1B OREEH
FECHEEINATEST D 600D, 2, 31 BICHERE L7-5 9 \ZITHERIUIRAE Lo 72 (K 6(c), (HBH).
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Fig. 5 Variation of the quenching strain (&) during discountinuous drop test at 15 °C. Developed ¢, after 1% droplet was about 15
ust. Partial debonding was observed after the 2™ droplet and entire debonding was taken place after 3™ droplet.
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50 - T - T - T - T - 50
= 40k — Quenching strain (¢,)
é — Temperature T 440
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Fig. 6 Variation of &, during the discontinuous drop test at 10 °C. &, was developed up to 22 pst after the 1% droplet, and rapidly
decreased due to the cracking. Partial and entire debonding were taken place after the 2 and 3™ droplet, respectively.



3-2-3 EMBEEERES COHE

FMEEIRE S °C OFMTIT o 72 Wifelifi T IBROFERZ X 71277 1B O FIZL Y 26 ust DSIHEY D&
WOTHPFEZEL, B F22HH 15 s BT 11 pst FTRIUICOT AW Uiz, Ziug, FEMERERE 10 °C D5k
B L RIERIZ, 13 H OBERE - BAER CRBICHERIN A E L 2 SICERT 2 (K 7@)Z2M). 2 B2
e, AOTHMFEERE CTREAICHEEL, OTAAL0ICRo7. ok, K705, 1B O FkichtEin
2 AFEAL, 2 W EHOW FRIZA D BEM N DIRTZERICHEEL TV D 2 En3bnd. 1B FZOEIn3E
A X DOTHOBDZEE 2K 74 EICIER L TR OFTHOBAR 2 EACTEY, 2K 7@ICA N
% 2 A ROENBMAICREA LR EEBEZOND.

3:2-4 EMBEREO COHFEE

FEMEEIRE 0 °C DS TIT o 72 Wifelifl T EBROFE R A 8 12”7, 1 H O FIZL Y 11 pst BREDSHED
DREOTBHNRFEEL, PO 13s 112 6 pust FREE £ TR Lz, Zhvd, EMBEEE 10°C<5°C
DFE LFRRIC, T T DI s BRI BICHEEIN AR A L2 2 SICERT . EhoRAEICL 50T RO %
8 A5 LIZIER L CTORT. M7 A EOIEKRKE T 5 L, OFTHOBNCET HRMNELS 2oTEBY, 20
RS TITHERINL DI E & Z U & b7 O O T O DNERGANCIAE LT Z LoD . FEERIZA 5 Rl dD
BEERE R L, K 8@EOITRTEIIZ, 1 HE O FRICEVHEEINDSMRA IZEL, #Fhb+HEs %
WCRAETIEE 7. ZOLEDERILIS K Tho7-. £7-, 2MAEZMFT5 & AEDRERTRalcHEEL (M
8(c) ), U AIHIFIZ 01T L.

E 30 50
> O
5°C = B
50 — T T T & 2130
_ — Quenching strain (¢,) o g
7 40 - — Temperature T, ET5] £
Z g S 40 _
L (a) Crackin 3
o,f‘ 30 & 3 195750 75 10.0 12% Qci
.g 20 L Time (s) 30 %
$—
= (b) Entire s
%0 10 oy debonding 120 &
g g
5  of =
S =
5 410
& -10 F
20 L— — : :

L 1 L L 1 L L O
-50 0 50 100 150 200 250 300
Time (s)

Fig. 7 Variation of &, during the discontinuous drop test at 5 °C. &, was developed up to 26 pst after the 1% droplet, and rapidly
decreased due to the cracking. Entire debonding was taken place after the 2°¢ droplet.
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Fig. 8 Variation of &, during the discontinuous drop test at 0 °C. &; was developed up to 11 pst after the 1 droplet, and rapidly
decreased due to the cracking. Entire debonding was taken place after the 2" droplet.

4 = =

4.1 BARAVTHIRIEZFTEMREIEDTE

32 TR K DT, Wikeld FEEBRT 1 i B O MRICEMERICRAE L2 OT 2L, W oEMiE
JETH 15~25 ust RE DG [IROT A ThH o7, ZORBOTRITIE, A 9 ik OB ~OFZIT & 2 ERE IHE
WCERT 25RO AL, HELEOGBERTE TEM - IR ORI R R T 5 5 RO B0 B
BEND. ZO2HOOTHE BT HI121E, EE - HBEBRETOA O OIREZA EMICEHIIL, IREITRE
L7255 OYMHEZ R T 2 LER H DA, KL TIEINO6 200 30Tl 5.

A9 % 1 T L7eBRICRAT 28Mm 0T B0 B — 7l & AR EIREE 0~15 °C D 4 STl L7/ R 4 4
9IRT. AMOTHADORKE SIFEMBERIE KT L, 15°C Tl 15 ust, 10°C TIX 22 ust , 5°C TIX 26 pst,
0°C TIX 1l ust THY, BHOTHOE—ZEITFEMERERE 5 °C TRRKERo72. EMEERED 15 °C, 10
°C, 5°CLIERTTHI2E b TRAVOTADEITHEMLTEY, ZOFERIE, EMEEREMINE A D DN
[E « HELTHOLDORERTENRELRY, 595 & EMOBERREZEIC L o> TRAETL2BO0THNRE LA
STl B NS, —F, BMEERE 0°C DAL, OTHOE— 7 ENEMERERE 5°C DG XD/
S rolz. ZOFRRTE, SWOTHRERIIEET DRNHEFEINIHEL, BRENOS RIS DRI S -7
HEEZLND.

4-2 A505%E - #HEBETEL SN & FIEE
AR TIL, 4 FROEMHRERE TENLEN 6~9 [BIOWHKHE T ERAZIT 727, WTFHOERTH A 9 Dk
[E - A « RO CHEEILORIBEZ & ORISR NI STz, FRE TITo 72T R COFEBRICOWT, #l
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Maximum quenching strain (pst)

0

-5 15 20

Temperature (°C)

Fig. 9 Maximum quenching strain after thel* droplet as a function of substrate temperature. The strain was increased with the
reduction of substrate temperature. A small value at 0 °C was mainly due to the cracking during the cooling process.

Debonding

» 3¢ 00 0coceee eee0e | M..l..........
i‘é_ | Substrate |
5 Delamination
=S W rererree I
g 2nd oNoRoX X ¥ ) AAOOOO®O® AAAAAOGO AAAArOGOOO
*g | Substrate |
E x Cracking
= 4 Partial debonding

1st XX X XX X XX XXX XX X X X X X A Partial delamination

® Debonding
POROBOB® (OIRICINIGICIY) [OIISIAIGIGIV) DORPO®®DO®Q® | 5 Delamination
0°C 5°C 10°C 15°C

Fig. 10 Summary of debonding, delamination and cracking observed during the discontinuous drop tests. Cracking was
introduced below 10 °C. Debonding and delamination were likely to occur at lower temperature.

REINTWEHREE LOTH1017T. X 10 OIS 5 O FETH Y, T OO~@ITAIEAE TORER
@i&%i@ﬁ‘ ::’Ci BRSNS %, FIEREICEINARE LSS (X)), %ﬁ/&ﬂ%ﬁﬁf“ﬁﬁ/\éﬁ
CHIBEL 72 5mE (A, %ﬁ/ﬂiﬂ%ﬁﬁ“(% ICHEEL 7256 (@), BIROBEHF THORICHBEL25E (L),
&H%@FF’?“(%‘JH’ELK & (O) IZHBELTRRLEL TS, WIRbBRE SR T5E 3R & L'Cl/\é.

4-2-1 A5KREDEN

4 91 TRF & 91T, AMRREIRE 10 °C LU N Wi FEERTIE, WIHoORMAETS 11 H O FRICEN
FAE LTS, SRR 15°C TiXEIBlE s e o7e. £z, FEMREIRE 10°C LT O TRAELE
T, WP BIEE N1 23 10~15°C E TR F L7z & SITRAE L. Zhud, A DKM AT #ZE U CEERE -
EAE L, TOBRBAISNTOBRRICEWT, 7128 10~15 °C 1Z5E L7 Bk CRIBENER O =805 1 & A J51a o
BRIE NN O TOA 5 OFEREA B2 7= Z L2 BWT 5. 728, KR TOREIOIAEZREZ i L
THDE (M6, 7, 8B, EMREILEDMENE ERN ORI, BINSEEE L 55E12135~10 s
DO A 77—V CEBENCEIUMFRAE - HE L= 2 L35, Ziud, EMERERE MRS T L RIENES
\HAET DEIRAMINNINKEL 2D, ZORE RIS EMRIT D12 DI OENDOFRENLETH ST
LEZBND.

TBC ¥ B A > 72 ZAVE TOWFIETIL, R OIERMRIEC M FRURE 72 EOIES N T A —& L K
TOMEFNIEAE & DREIZ DN T H W O DRFIA T, EMTEIRED BHT 5 LHtENn A TR9 <72
HEEZ LTS (Guo et al, 2006, Karger et al., 2011), F7/2—F TEMIBENME T2 EHERHNAETLT <
2B ENIFERBELN TS (Bengtsson and Johannesson, 1995, Xing etal., 2008). 7272, W HLDEA HfEEIN
Z R CE 2 DIXRGTRL 0388 S CEEMBIEIZ 2> e B BED T2, MEEINDSRBAET D44 I v 702 OttR



ZHENZ OV TOBRMRERIZE O TWRW. FIT TR, AE &2 AW COAER BT ORI BAEICH KT 515
FERADHZEIZHHFI L TODA (Itoetal,,2014), EHAT T v RO - BAERRE & FINRAEA =X L2
DWTIIRHAZR SN E . A TIE, 7 at 225 5 TET /ML LIZERICE Y, EE - 258 T
DENEB N EAEE I RRFET 5 2 &, ENRAEIC L0 REFOAGBOTHNEBEII SN Z L &3k
BRI SN Lz, 2 b OB S 2 IEREZEHMT 5120, A 2 Wi AN U CHMIZE ST 2 B O
ZREL, EOH%ROGHATER TR 4 %4 23 25 A 9 REORZRIRESC AR A2 IR E OB & L CEITET 5
WERH BN, AEIOEEBRCTH SN - T HBNTIES ST A — & L Rk & OBEIZ W T EE R ERE
5z 5.

4-2-2 A5REOHH

Wreli TERBRTIL, A9 28T 5 EWThORETH A 9 RIS RmE, 0L, A9 KEORE
M CHEENRAE L. D OREEHY, REEE AL 56 EEOHINAECLHEEICHEHTE DM, TOHEE
ZihrF DX 10 1 OITLL T ORENR T o b.

1) FIBE X2 7 B FLARE CRAET 2.

2) HMEREIREEDMEN NE L7 TRl HBE 5.

3) FMRREIRE MR T E BRI S L0,

FF, FHE D IZOWTELET S, BRI COIRTIREIZOWTIZNE TICE < DT’ ThivTE b,
PRIEZARIREL DR & WIS HSS EICHERE Lo BRI GE, RRRZ ) —ITHET 5 & FUEICITERE O mNE A
Wit /) 1. & B1IR Y OmAEEIST) 0. CREZR O S®5I077) 238495 (Suhir, 1989, #&5K, 1993, Chiu and
Liou, 1995). Z @ & & DI S150AG 2K 1IR3, 26 OISR I widm TRk & 72 0 2 2 Bk
NDHIZOIBA T %, E K. Buratynski (1998) (%, 3 FREAD BAS FAK CHERK S 4L D FEEH % Tri-Layer Model & FEE
NDEFRET LV CHELL, R CRAET D 0. TSRO TS, ZORERIZES L, Fbr R
HEUD 0. 0L, B BOERBENEE L TODRELY L 2 BOKBENEE L CWDIHAEDFNRKREL 2D, K
WIFE CBIER S T-Fab /IR CORBEY, RECAE LD 1. & o \CHE LT — F I+ OIRARID X 24817
THALEEEZONDN, 1 fHHOREE - BEICL > TEUDEINEREEN S OFBEEZHE T HITEITREL
72K, 2B ® DT 3 1 H R - B LB I U TR BRI OFIEERE & Eln o 72 L HEER S
2.

WIZ, 2) IZOWTHEET L. B3 EOFEBRFERTHLH LR L IS, EBE - BEERE CRAET L5 RaH0T
IFEMBENRNNZERE L 2D, ZOFRAHOT RIE, KERD 6, T 503, 20 o, BHENT 5 &
7. & 0 ML (Chiuand Liou, 1995), #IEfZ 5| Z i Z 98BN O S7e23 5. 70bh, FEFREE MR
GMETIE, R - BAERRE TRAT HRE RBWIGINC X 0 BIENOREEIN S5 SH, [RIRHCEA R
TORBELHELST S ol tEZ DD,

BRI, 3) IZOWTEET S, X105, FENTORMFBE MR CIRED 10°C UL FO&METRERAL,
M AMGE TR SN TOWABEAIEERAETIHENE N2 ENDN5. AOKRNT TICHERR L TVWE A9 F

V4
Coating /I\
O

Substrate

Fig. 11 Distribution of in-plane shear stress (z:z) and peeling stress (=) in coating along the coating/substrate interface. Both
stresses are the largest at the free end of coating.



S L7BRIZIE, 3 CICHERE L T D A D ORI Z —HEm S, Ao 08— Kb+ 5LE26N5. Lol
FEMAMRIRIRFF SN TWDEAICIE, LA I D52 b ABEITHERE L T\ 5 A 5 R OWE+4r
T2<, A9 OB THOREERENMGONT, HRELZA S OEREIMEIZ L H72 9 MG HIZ L >TAH D
JERCHEEST 5 B2 HD.

AFRSCCBIEE SV HIBERI G, W 1 2N ERE U7 OB FIZ 1 9o F A IR L7/ E LTAEL
T2bDTHY, BAHMIZAT T SER D FEOEFEE L TR 5. LLRR b, A9 KREOJEM CBlL
SIVT-FIBES, VSRR TRAT 2RERVERIC XIS T 5 LB 2 Hivd. FERO TBC IZRAT HEEEINICEST 5
WFFETIE, EREIRF O FA T ENR M HREE,  TASTR - OIR EECHERE R EE DS BRI B A B2 5 XA BT
% (Chietal,2008). 7=& zif, HEMPEVEEMEV T E (Kurodaetal., 1995, Widjajaetal.,2003), F7=, &4
BOBHBEIGEVE L (Widjaja et al., 2003) FEEISFAE LLT WD E WS HANGE LTS, Z OFAE,
FEM IR MRS E EHIBERS T AE LT < Ao o o AL COFTBRRER & & —87 5. TBC KEOREEIIIL,
WEEO M E2SWIRE S D — 7 CRIBEOFBEHAMEZAR T S 5720, MEWE L MAMED T A B[E LT
ERREI RO HNTND. 5%, AR TOET VIRZIR I, ERE - BEER TOIR ) OFREFE R
OMARFEN I JUT TR O FHEPEAMM S, B E ORI E A3 5 2 2 528 DU C O IR 72k R &
A BT, BEREMEO @ TBC B~ OREASEE AR O D L WIFRFTE 2.

5 &

ARFFETIE, WHT e R2ET UL LTCA D Ofif FEREZITV, RO - #aEfE CRAET 28m0 3
AR LTz, BARRIICIE, —EMMTA 5 28 T 2 miel I8 & i TR OSMEESBOEREIZR S
F TR TOBIROT F AT O Wiigelii TEBRZATV, ThEN TORNOT HOIEEZES) & SROE R - FIFES
RaBEL. TOME, UTOZERHLMNERoT.

-+ HEGEN FIEBRC LY, BB COR—AT'T v MR 28O T HOFE L SN A B 5 Z LN TE
Witcliel PSR CIT, EMEREREME T DI ERIBE RS 2 2mOT AR LTz, ZhuS, Bl e Bbf Ry
MARFRECGEI TR 2 BN OT RO NIRRT L BEZ b1,

Wiioeifé FoEER Tl AMEREIREDS —EIRELU T OSE, 1 B O TRIZA 9 BRI E T, £, S
AREREMMENRIHEESHOENDFAE LT, 2, FEMRREREDMEO R T LIPS 55 IR a
IR ELIRY, ZOREIRSVEAFRT DT OICZEDENDIAEN VI T > T2lcb LB Z Hivb.
Wrfocli FIRTIE, Fbt PR CORMED 2 3 B O FLBHIIAE L, FEMBOEREEMEN NE L7200 i T
THEAITHBELT.. Zhud, i FEE S, EMBTEREMERNE ERAT DRRISINRE 72V, Kbt B
St CRBEL | S ZIBEN ) b RE K RDTDOTH D EEALND. iz, EMBEEREIMENE 5 5 BiED
JERIOFEATREIMET L, JERREE L L < s T
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