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The characterization of mechanical properties of coating/substrate

system with strong adhesion

Ban-Quan Yang (Major: Engineering Mechanics)
Directed by Professor Guang-Nan Chen

Abstract

The (fracture) toughness of the brittle coating and interfacial adhesion between the coating and
substrate are crucial factors for determining performances and reliability of coating/substrate system. In
this paper, these crucial factors of a hard and brittle electroplated chromium coating on a ductile steel
substrate with strong adhesion have been investigated. Also, the fracture mechanical property of
coating/laser pre-quenched steel substrate system is characterized. The results and findings are
summarized as follows:

1. A new experiment setup is developed for characterization (or measurement) of mechanical
properties of the coating/substrate system. The tensile test, compression test, shear test, bending test,
torsion test, indention test and bulge test can all be performed through this experiment setup. Also, it is
equipped with acoustic emission setup and CCD setup. The acoustic signals corresponding to the
damage and fracture of the coating/substrate can be obtained by using the acoustic emission setup, and in
situ observation of surface and cross-section of the coating/substrate can be realized by using the CCD
setup.

2. An interface layer between a brittle coating and ductile substrate is presented to investigate the
fracture behavior of the brittle coating on the ductile substrate under the tensile load. Using a modified
shear-lag model, the analytical solutions for the distribution laws of the tensile stress developed in the
coating, the shear stress developed along the interface and the relationship between the crack density of
the brittle coating and the applied strain of the substrate can be obtained. Based on the theoretical results,
a tensile experiment with acoustic emission (AE) signals inverse analysis and in situ observation of the
cracking of the coating and interface is carried out to evaluate the toughness and interfacial shear
strength of the hard and brittle electroplated chromium coating on ductile steel substrate. Using a
mechanical model, the toughness of the electroplated chromium coating can be determined, and the yield
or fracture shear flow stress level of the ductile steel substrate can only serve as a lower bound estimate
on the ultimate shear strength of the interface.

3. The cross-sectional indentation test is performed on the cross section of the substrate near the
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interface to investigate the adhesion. The cross-sectional indentation test results presented in this work
shows the cracking of the electroplated chromium coating occurs prior to the interfacial decohesion, and
it can be used semi-quantitatively or qualitatively to evaluate the adhesion of the brittle coating on the
ductile substrate. Also, it can be found that the adhesion can be obtained by using the lateral force and its
corresponding displacement during the cross-section indentation test.

4. Under the thermal fatigue load, a parameter for characterization of the interfacial adhesion, i.e., the
capability of the saturated crack density of the coating is presented in this work, and it is used to
qualitatively evaluate the adhesion of the electroplated chromium coating/ductile steel substrate and the
electroplated chromium coating/laser pre-quenched steel substrate. The results show that the crack
density of the chromium coating of the latter is lower than that of the former throughout this experiment,
and capability of the saturated crack density of the coating of the latter is larger than that of the former.
This means the latter has higher adhesion than that of the former.

5. A mechanical model presented in this work can allow us to derive analytical solutions that can be
used to quantify the laser pre-quenched effect on fracture behavior in coating/pre-quenched steel
substrate system. The analytical solutions obtained from this mechanical model can not only be used as a
means to predict the crack driving force of the coating/pre-quenched steel substrate system, but also
serve as a baseline for further experimental investigation of fracture toughness of this material system,
accounting for the laser pre-quenched effect.

6. From the viewpoint of strength and toughness of the interfacial adhesion, some diagrams and
analysis of the failure mode and mechanism of the coating/substrate system have been built, and they
can help us deeply understand the failure modes and mechanisms of the coating/substrate system when
adhesion test is conducted.

Key words: Coating/substrate with strong adhesion; toughness of the coating; interfacial adhesion;
fracture toughness characterization of a coating/laser pre-quenched steel substrate system; failure mode

and mechanism
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Fig.1.1 The predominant failure mode of the chromium coating in a gun tube
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Fig.1.2 Schematic illustration of the tensile test
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Fig.1.3 Stresses distribution of a coating fragment
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B 1.4 ALO, Tl S H) 1 AL-5%Mg 34 i) FF 8845 L)
Fig.1.4 Fracture of the Al,O; and interface decohesion between A1203/A1-5%Mg[16]

AR AR ALO; BIEEE A 0.1um, FEAKERE X Imm. BEMIIIEEEF
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REEIVREME. EFREERIEES, AT E IS FRIRG T E e AR S
N4y AR, R X IR L0 7 LA 28K AR 42 B DL T
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ChenZ VISR AL J5 VR T B T B B 20 1.3um A TINS5 5 30440 B4k ) LT 45 & 0
B, FIRABAIS BRI EET TIBIE, 8T TINEE A R N B R H 4 & 58
J ()20 . Shieuw SR A7 LB T B B 40 1um I SiO 43 5 7E AufI Cudi ¢ |
R GEAIREE . BAb, RS H K T 24 5 B8 Bk (0 VR SR B L T (R BY B3R

BIELAR, SongP KA B AR AN E T HEa)REN TS & RE, i)
7R A IR BN Zaig B AR TR B A B mE 1L55R.

1.5 AR kg Zn BER TS & REN B F EARE

Fig.1.5 The interface cracking of the Zn coating on steel substrate during the tensile test?
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c_+0 c. -0
O = x2 y+\/( x2 y] +72, (1.4)

AR, B AR REOUE T I e SR B KT R AR, B
BETHIVE, FEMNRAESF NS SRENELETRFERRNER, MIAREN
BIREH KT RBEGNRRENN, WERTENERESEBEFRANATS G
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SR EE)RITHBIVIRE .

© R ITIRIYEE A (pull-off test) %, S R K S ML SRR R A
QEREU ) H vk R R RS B AR R — RS 7 ISR A |, HnhcSkaT S, s
YRR — b Es, HorERILELG.

SSAT il

il oy

, HAk
TIT 7777777777777

K1.6 FEHR kAR
Fig.1.6 Schematic illustration of the pull-off test
WEFME A RO E S SR AR 8, BIARIR IR 5 5k i ST T T e
RLEIBRHT F, BRUIRE SRR BT 4, BIPISRh 30 2 R 45 4 10 h s
E. 8L N

Ly
A

g =

(1.5)

KR ITVANIUF SO T RS BT MR B 8 1 R 4 2 i B e, (B
MR amEEE —RE, BN/ TFooMPa), RN, SHFITHEE 4R
REBLT BREFIER BB DN T IRE SHRAR IR IRE, e SRR, X
LT ELAR ] FL AR B HY Vi (tape test)!')s [RIIME, SRR S0 v e ) BB S T i e 2
BRI R AR R R E A TR E SRAMR 0 R R AR TR A . X T3l
7%, Turanen¥ PSR T ABAQUSH FR TR MHERIZFI Sc06, M0 IZERIE I L T 7
ANEERAEBRTG, EREARAMNARN g e, RN ET M
HEEAR S RIVERAR P R JU B 45 R, 15 M SRR P S R R 1 25 & BB RE Y
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W F AR R HRRR T AR B BRI R E LA &R, ERKNERZE N
PeFeAR. L0 Harry P PR AN PR AN E TR BB, Hhik
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(1) (n,) o’
S =
G/ =—— {F( )+ } (1.6)

Her: ESRME HRARBEESEANBERE, » ARENEE, o ARENEF

HE LR — P RE, XLEEA
FESCHR[34]F 3k 3. HBIRENIRFRERNELZE, BRENFIERTEL 25X
K, =.EG, (1.7)

MER, MITRANRTEMET EEN 1.8um KESWEKBIRTIMERMERE R 16um
HES- TR IR R MRS, L4 B4 0.2MPam'” #1 1.0MPam'?,

1.42 599k

BT (shear test)® Vi I TIMEEREN A TR, ExBEWE 1.7 5
o
FP

K 1.7 Byl EE
Fig.1.7 Schematic illustration of the shear test

XL B A, BRI E# B0HR0E T 6 e M E A+
7, M R B EA F, BE R T 3B e A A BT YR R AT 4% (.8) it H



FBRE SRBERRN N 2R

FP
r=—2 (1.8)

Hef FORRBEREIMHIG REA, D ARG ERIN LRENER), 1 hRE

TR CROBE . TGRSR LR, A TR AR, i
HR[35] 55 (36197 T H B0 2 B B 45 51240 3000um 1 200um. B, HT 4 3%
Bam B JLpm) T RS THESME. FAER SRR TR g A fev R 1 B
R PY, SXAEE R R ET AR M IS, B S0YEW, WIEE R
RAETRIEHRE B B RN IR, 5 T BRI, e
AT T — 2 E R,

BY YRR T AT LSRR I BT V)R FOAR AN, ST L PSR S &
BIEIPESRHE, Guo SOURM—ERMT “@%” M, WmE 1.8 Fix.

Support
Block

Speciman

Bl 1.8 “fty” H{fdoREL
Fig.1.8 Schematic illustration of the loading fixture utilized for the barb pullout test
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h 2 2
Gi ~ sz’ o-sub + hthc' O-tbc (1 .9)
b

Hep: o, Mo, HHHEERRENKHENT, E,,ME,, 75 AZEENRE K5
WAEE, h, b, SRAREIGRENEE, o, Mo, BHERT2HH

P P

’ O-lbc =
2hsub wsub 2 htbc wtbc

O-sub -

Horp w,, Mw, 2B AR RRENTERE . REE2IRERES

P? 1 1
—(  + 2
4 E sub hsub wsub E h W,

the"*the 77 the

G, ~

) (1.10)

AT TR iZ P YR 2 ) S 1T 2L B (I 5 B B R R ) EZ R 70]/m” .
1.4.3 ZTHhix

25 i (bending test) V2 N T ERE SRANAEL SR BE
AMERARERT . ST M5 AE . WEPSRARERERILE SRS
BRI E T EEL 3um 19 TIN BBAE Ti B4 LA ERE. 1Es8 g — 8K
AEs, DR AR N KU EIELSE NS, BN EHESRENFEKSES
Ak, RIEEESHBHENE, #—SIEERTITREE. Oettel F SR AN ST
BRI E T EE R 3um 2246 1 TIN BIEENEE ERE &R .

Zhang FY R A BE RRAFLEFERFNBNET ALO; WERESRE4E
R M smE. HraERunE 1.9 .

A ATt 2 SR 75 R BRSSPI STl 15 T 3R, AR B J LA RO A0 5 i 1
I SRR PRSI Y s S AT B T LA E T T 45 & R (R . XM VAN R Z A RAE
B MR ELE S AR, NMRESAmINERNES, SFEESRKL
FERIARAIFRES . MATAMBELEESERA LREIR TR R
MBATHIRA, FERTRESFERSINIRAEA, JHERRA

1-cosé E-h-b S
cos’0 F,

P

=

iV e R
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Fig.1.9 Schematic illustration of the cantilever beam model
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HHE, hERERNEE, FREM, bERERNEE, u2Ek54REMk

MBS RA. B, b T @G nack SR RAIEED, KRSyl M S s il 8%
WRADRBERF LIRS . 540, ZMFTEES TRENBRE, XhFANWE
WEREIAE] Smm, XTFRERRE, XL FERERH. BRHGERE, ik
R BEFRM EAREH TS SBREEREMER. 55, RERKEEREET
SRE, MANMTRENGRE, THRSEREN, RASMETINES. Beydon %W
AT —M=EE&HN="E MRkl ERmESRE. LREEAE 1.10.

Ea(EW). bR c(FRENHR)ZENMERS BN AHTEARS
il

He: 6 » I ZBERNOBEGRE, | RBERNKE, ERSERENMS

M E.

o), =——i 1.11
(o,); TNt (1.11)

_ITIE, 0i - »,)

(ny),,—<EI> 5 (1.12)
(T ) — lTl (yxz_yj)Eb_l_(yI?_ytz)Ea (1 13)
v < El> 2 '
ITIE, (y, - y2)
@@L=<;> bz (1.14)
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Fig.(a) Front elevation of the specimen
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Fig.(b) Cross section of the specimen
Kl 1.10 =5 B ihiErER
Fig.1.10 Schematic illustration of the three-point bending specimen

(E,I, +E,I,+EI)=<EI>,

Easa;(t-+EbSby_b+EcSc:)7c“ = (EaSn +EbSb +EcSc)3; ’

- - h
y11=h0+hb+hc_y’ yi:hb+hc+y v Yy =TV ya=h0+hb+.—21’

hc
yb-:h +—, yc:?’

XL ETE LT 0 AR I8 V) SE R, BN 7RI R S 2RI S i _E R N 7 )L
AT, MEERRHRAOZIN S . FHXF LR L BRI EREM B A 8T
SREE. XMINEE S TEARERBNEIRGEME. X TREESBEANTRESR
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B 111 XU R fhik R & K
Fig.1.11 Schematic illustration of the double cantilever beam specimen
TR I E RBENCE 2k 4 49

.:uEhO
' EB’H?

[1+CH/ay +D(H/a,)*] (1.15)

Hp: F, ARG RN HIIGE R, o) ATHIREHCE, HREN—LEE, B Y
AHEE, CEDRIHIRY, Hdhc=13, D=05,

BR TR RS, B2 MIEME R A2 i, WE 1.12 Fim. Xy
TR, SRR S BIA B R R Sk, SRS TEB T b (3 v T — [ el
ETHBAKEAT, RS FETRHEATHENGESEENRE, HnER
EFRAHY R . X EAR B0 e BRI R f ik = s 10

Gzzm—ﬁuﬁﬁ
16Eb*R*

(1.16)

Hep: b ARAFIER, vABERK, EAREEE, HASKILE 1.12.
BT, 7T T R S Py I B R O R T 45 S B, BOA I R RT
Wi 77,
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Fig.1.12 Schematic illustration of the four point bending specimen

THNABTESMENERESEAME N AE SRR, HE, Skt 21
PRSI B35 2 RT3, et SCER[47 )P s VR4 HUBR IR T SR = AU il TR
HIREHL, W 1.13 .

Brass beam Load VD dismond film

Pin e 3o

Pre=crack

Lazer notch

B 113 == 75 AT R R EUR B

Fig.1.13 Schematic diagram of introducing pre-crack in film using bending method

LRBERBATGIE, IHPREBE, RERAIWE 114 FRms e
BRI, Rk, A TSR R RACR I R B MR,
AR

P.S
Kio=—S_—F(a/W 1.17
e = Fa/W) (1.17)

Hep: P GFES, h AW SRARBEREEMBERE, SAMSEZBNER, ol
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Fig.1.14 Schematic diagram of three-point bending test of a freestanding

diamond films with pre-crack
1.4.4 QIR

AU AR08 LT R BB BRI LU R 2, FIAE A —For i Rk, %
JRIA(scrateh test) P2 B BT+ 4032 09—t e B U ) B R B R
SEPEREN TR . BTERE— IR/, MRSk 4 RIA 5 R,
SLAEMRERRIE, ANWHEINE MBS F, SVIREH F,, SRR ESR R R

BATZIN, BERGERBREM R R TS A, HoRZEWA 1.15. Bull
FOMRW, BN BREEEAT Soum (RS IEAL, B FiEEn e
BB N AT B A S K SN 1 S (8 RT3, v 2008 A 77 3 0%
FF B BEAE Tum LUR BE R, Hoin TIN, TiC 5. i F XA b R e i B R
TR, BERRT2HE, FBR TN, RN, SR
AL 46 P A 2 R A I SR T34 575 . Benjamin 1 Weaver'>S 5L 1354 1 5% Fi 1l v
RMEF ML GRE, AT HERESEARmTRE HRAR

kAH
g (1.18)

Hebe RARSKHER, AR K SREOBMER, A=(F. /D", F. i
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B, HARAKERE, rRTENEH, BEWEEAE 0.1 8 02 ZE. X—A2A3
RY, WEEEATEEREN, REKETEREEEEMN. BTHEHX—AKXERA
TREEHEAEHEHRER, RX—AXKEHEREEER.

Fl F,
—_—
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HAk

S S S
B 1.15 MREREE
Fig.1.15 Schematic illustration of the scratch test
FERIRE A, 8 SR P 5 1 T 245 I B 0 S i i SR B R AR SRR AL IR B 5 A
RS PERE. i Benjamin 1 Weaver 58 T /MG R STUSEREN 5

ShF R E L ST XR
2 [2ERW
Fry == ,/ A (1.19)

Hrf: Fp, ARMKIGFESR, r AR SREREMFER, R ARBERER, W, A

ERFRNFES . X—oW{UEE TN HEE TRERIKN R, ELVFHE
FErf, deBoerr 17 SR T — MFORIRIEA!, HOREEWE 1.16 FUR. HTiX
—RIR LI AR TT AR I TR T S0, BT LARERR o T 3 402k R JR SE 56 (pre-cracked  line
scratch test—PLST), AATTTRHIZR S J5 ik 2 7E M &5 FE 4K 2 18] B Ji— 1%/ (carbon
layer). X —HRRG BE AR S RIS A I 1 RE BB BCR MRIER Y

_ O-zh _ (‘Pc‘r —Pﬁ'ic)z
- t - 2 L}
2E,  2b’hE,

G (1.20)

Het: o BRENERNS, b HEBRKNEE, P, ARERREREENEN, P, A

FEREAT . X —RIR LR ARG RIRHA A A 52.7° SRR FEES TR
KRR BERASHT, BRERERNEHZRRD.
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Fig.1.16 Schematic illustration of the PLST
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ST TR B SR IR A R b B R TR I A9 160 W SR 1 b i B IR AL 5T
M RMEERENR TN, BV REHENKS, EFEBALREHN),
AR R AR BE AR S HE PR, IR0 Zhang 252Gt BORIR 1 oh (I SR R 2 0%
RHWERIIE A, WABAENRBERE. B2, KARFERRERMGES
EEMEI A% IUTESETIE TR RE, Fik, X8RI R R e
TSR T A AR, B2, IR RKER R ROREE 2 RIRA R
DL 2R A SREARSR T T R TIT BB AT S0k, R A R AN S vt 75 B4 24 )
B, ARFERAMRAKRES RLRERESEARATIIRNGES, REASH
PR RS PP AL SRR R 5 AR EE RIS 7 A AR o 2 1 S AR S i /2 S5
TR RIFEN R, BEOWSCRMBAEE B, LI e, (B/RM
MARZI A — MR AT, B0, WP R e e R mR=E g, B
JTRTLAR B (0 BT 18 165 BRSO X R U VA, R OB BR
MEERMAIFEE S L, RIS HOAL B T B S 72 0 BRTEBE IR Y S 7E TR B A, 3k
RRIEHIR BB 45 & RN T A ENE . 8BS, FiB sl Rsms
INERIREE « SUFREIE . RISKINEAR . RST SRR BE BURNA 2 N BT A I ) S IR 2 4
HK.

NERLERKE, MRESBURERBIEXSHEH?, F—NuTatrES
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TR, AR, BTV, KA. RESHEN, AERSVRRTRRREE. &
HRYRGRBIERREM RN E S AR, REEN—SAREEMES T S5%R
BERERN A AER, Bl THMERI0ERE. ERNERER. XK S5HEHaK
BEEEER . XLMLARRAMR T REMEAME BN REEE, AN
X TR A BRIRERA— NS EERNIELE R, BHiNeR AT RRER
BREANEREESOMRE, XWe ¥R TERRN TRk, Fit,
FHAXNRZENEREM RN A RS AR, &F T2 N ITIEESZEBATR.

FER T RRENENRIEGESEARP AL SR, THiTieXARIR
PMEREARRPERENRIE. ERANRENERZHRER, BEBEX
R R BAIEIRR LR E R BRI, T Zhang EHEH, JIREHKIE REH A2
Wi, HHCRA KA B RRIESRE Rt R e R —FE RIS
. Hoehn ZPAStRIRILEESL T — A, WE 1.17 Fios.

Groove
track

B 117 MRIR SR
Fig.1.17 Schematic diagram of the microscratch fracture toughness measurement with a
pressure P opening a crack (2a) out of a groove width 2R

MRILHE, ST IRRSRR IR R
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Her. PhHSBIFRNES, RABEERELIENGEAN (goove)H12, 24 HEA
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MIEEB RS . BIFELISK, Holmberg S it B 5Lk oh I 16 S BUAR 2 3
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TSRS SIRB IR RI I FHRRE

K =o+bf(a,b) (1.22)
Hof: o h SBEMITRNRMRS, T —A S EmERTARTAS, b5
QKRS b WBBINKIFRE, B assb: flab) h—FBARN, WATHa

K a MBRGTKIFAIR b  FeAPREKE o FZLER LR b 7T LU R 102 22 bl B
A3, wE 1.18 Fizs.

2.3 wun

3 o

¥

4 mm

!

Bl 1.18 KRR E K
Fig.1.18 Illustration of the scratch track and the cracks®!

LENBEPFITEMFAEERL, SMERML SRR L —FE, &)
WREF BN IPRE TR ERBAERE T LR, BH, KB T7 I p RS R 25
FEBRL TEN, SERNARES WA, K5 B BI04 R R A B S R A 14
R SIEERE

1.4.5 [ENE

ERBICER S TR, JE A (indentation test)™ 161y £ — 4335 g 52
B FEBIGEENNER TS SRR . Eﬂ’ﬁﬁfﬁﬁ@, A & 1] PR AR
o BATERZH, SEKMALES, ¥INE: BEREENE. MIEEAEA
ERMAEIEANG . TEENES, EkMBREE S, % LOEREEL. FEYE
ke ZRRHEIE K. VORRHEIR K. BUBELZ,

¥R 2R 1 5 \¥%(coating surface indentation method)®* ™2 1T 3L B 3 IR 704 2 1
R, HorEEWE 1.19. RABBERIEANENERTLSEERE LB
fili b, FEREHIMT R EBRR TR T, FRBEN TR R, BIG Rarr,
EARIGHEE, RAEEA SRR BN NAEXR, TS ENE BT T,
IR FBAHETE T MR TR 135 .
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Fig.1.19 Schematic illustration of the coating surface indentation

Qi Y IRAMREREENESE T RKBESNAHESSRBEMARE BT L
E IR HIRIE

o, = E{[1+ (ab(exp(-bx)))*]"* -1} (1.23)

Hep: EANERIAEBRAMESE, 0 EE AR, « BEEH, BRTEA
AT ESKBTBRFNR B 52 B BB R ERRE; b R — AL
FERRTHRE SEEMRRIMEFR U RIRE R

55— Fp TS5 BY ) 5 R R SR AR Y O SR R R Sk A 24 R s Y, AR
Bl AER LR, BREMEAMBIUE. H¥ESH, TUKkBRARNSESRE.
HFAREK, RN, HEMHE LT S0 CHR85,107].

R HEESTREANE, HUARE&E T AN A E LT ARN S, thi
KB, FRE%. XMAFERNRZAREEBKERES, REENMRE S
R Ie e ANEEAT PIEAN e O P <1 il BT S e ui sl R RO Tl
WKREE, IHEHRWAESEERERSFEERKIIRE.

) T 255 4 5\ 725 (cross-sectional indentation method)™* MR 4 i sk 5 76 3244 T
BRE—EEENEE L, HREEmE 1.20 Fizs.

U JUEESR, IR 5 08 A SRl 2 2 S B AR RHIK ST 455 R (L B FE S R 3
PHARCHON, Zhang SPYTRF LA E T ABTREBRESPIHEANATE &
SRR, WE 1.21 Fims,
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Fig.1.20 Schematic illustration of the cross-sectional indentation

B 121 QSRR AT R ALOL/ALG061 g L 45 & B il
Fig.1.21 De-bond at a A1,03/A16061 interface caused by indentation®”

A TEERHRZ A RF T W J1(B 1.20 it F. )5 5 i) 25 0 4 52 5

BERAIT SR ITR. XFHE i 454 8IS 5 VE R T HRITH Brewer AN
Lagace!' Mg 1 i) — YR M (quadratic delamination criterion)3 - ELAIA IF 24 5 T
SR I 7 FE b7 A B BOK IF R RO KB X B K IR IE B 7 08 K B B Y A 49
T B2 T (A (R SR AR BT AREE . — IR R8T T 5 2 b LB B 2 4 A 11001111

(6.)°+(,) (5,)
Z_=1=1 1.24
(Z5)? (z"y? (1.24)

Hi: o, o, ARHENBIN, o, WRERENS, 25, 7" YRR
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AR, BERQ 20N AMEIN . IER B0 0 SR KB Y58 AR R .
BT HBEREHRARDE, mEEE R RAEMB Y RENNRE, 2ORERR
P ERRFRGEANSLL . FNEERATERFRAN A I LR 24)K
A, HEBRAR LA 2 (124 IR ) =

BT RS SREELIAERERE, MEARESFO—EEENEMEL,
XRERUET LUBE iR E B BB A T M E . XM EEEES THREA M
IR B M e AR AR, DRI et BRI N BRI A2 th ] LAASE R ER MR Y
YEVEASTY, IXHERUAT DA A A AR AR k. AR, MUEEAENERES T RS
BEERI L IVEREER,

MR ENER T BRI R R EE & WRER L, ERRR A4S &R
PE54R. Sanchez ZPMERITMMEIR B MR A EBUEANSELR, MEEAMEKD
25 ) B B R A8 T Sk MU B AR S BE AR RIS, BB e (R AR i n = AL i U HE
TR T REIEAR R AME, R BB AR MR S, HRE SR
MR . BILMEANERME 1.22 Fir.

Applied load

B 1.22 MR RN R EEE

Fig.1.22 Schematic illustration of the cross-sectional indentation”®

FEEITWRIR, MATRHEREISHES I T K@ m R R RE N

_DA-v*)u,

= (1- )" (2F + AF") (1.25)

HfA=a/b, aMbHR~TINE 1.23 Fix, DAERMZHMNIEE, EAEER#MNE
W, v AMERERL, Bf
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D=Er M2(1-v*], F'=dF/dA,

oA+t A2,

T+ DA+ 20-A)F

Bl 1.23 MEEAEANESBNLERREEP

Fig.1.23 Schematic illustration of the cross-sectional indentation®®

ST MEEA LA, BT HiMISanchezZ P8y T — et 4h, [ A HIFFITE
Zheng A1 Zhou™> IZE R AT IR SR MO BE L b, 40000 T 6 kPN S0 0 M 0 S e i
b, R R R B ISTIS T BaTiOs« CoFe,O FIPZT-4M i S 45 & ME s . B 4b,
Elizalde il Sanchez %! O Vi 445 111 T 226 4 s\ 55 P T BF 5 FEL A 40 0 12k 340 32/ S e L Ak 4
BTSSR, AR MSEMBIAIA B S R IR AL B i 7m 2 B 0 B 1 245775,
SEH IR B WE1.2557R.
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1124 (a) MEEETIR SEM & (b) AR FIRAr B Ao 2l 101

Fig.1.24 (a) Scanning electron micrograph showing the cross section of sample B; (b) Scheme showing

the positioning and orientation of the indentation!**"’
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He: G, AT ERIRE, AU, K Cu BEAEANSEFIRERFEERE, AU,
A Cu HRERANSE PR AERBENRY, 44K Cu BEFRIALHER.

Bl 1.25 MIEEAAEAESBIUYE Cu/ Si0, E4EFRHY SEM K!!
Fig.1.25 SEM micrographs corresponding to cross-sectional views of CSN tests
carried out on the Cu-Si0O; stack!!

FT B\ B:(interfacial indentation method)t'%9) & —fulé I Sk B 4 IR 7E S m b
IS AR 7%, HaEEwmE 1.26 i,

Coating

K 1.26 FHEAEREE

Fig.1.26 Schematic illustration of the interfacial indentation method
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K, =0.015-2C x(%) (1.26)
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KIRERR, FHGEHEAESBL, EANEETUNEENARZEXIMAESS

B 1.27 DT R AT SR 45 B AN R b L R T 45 & P Re I P AR I TR B B
Fig.1.27 The cross-sectional indentation test to investigate the adhesion of the chromium
coating on the ductile steel substrate
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K= 5(ﬁj ( ek ) (127)
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FIKE, ME 1.28 R 6 A—NMEKREL, N Tl E RSN ARERL G E
3k, 6B HE IR 0.0161 1 H 0.031918, 3 Hh—fF 5T Z A1 MR S RN BT F

E. H. CHREMERIIEK AW THKXR

Fox, C 1/2
L =K~ 20(;) (1.28)

Heh: o ABERHARAN S, 3T Berkovich &RIGEL, x, =0.016(E/H)"?.

Bz, RABEANGURRENBRINE, BURAERRHBEE, %68
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WPAE T BT AE AT AL D =B B, i 1.29 FioR.

B 1.28 4R Sk SR B KT SEM Frad el

Fig.1.28 SEM observation of radial cracking at Vickers indentation!' '®!
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Fig.1.29 Schematic of the three stages in nano-indentation fracture in a film/substrate system!'?%!
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O

Displacement

B 1.30 EABAEF AR 2 R AL ALK LS A G AR RS T I S5 R U
Fig.1.30 Schematic diagram of a load—displacement curve showing a step during the loading

cycle and associated energy release!'??!
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K, = I (1.29)
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Fig.2.1 The loading experiment setup
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Table 2.1 The experiment setup specification

RE| kg
RN T3 F1{E A5 2% (Load cell)(NTS)
BT THEIERER
B AE 50kN
ES AT X VAL N, kN, kg
JHES PR 1/50000
BAAEE 1%
BRAATIE(ERR) 300mm
HEIEHE 0.01mm/min—500mm/min
K g 0.0013mm
YR AC 220V 50Hz
FHER 1006mmx640mmx*2200mm
BERRE 550mm

2.3 BEERHIRGR

RS AS R — T A HE SR ABUR R &, AT EMERN TREMR RS
R, s ARE, FARIELER, PR BOR M T IR AR R R BT
AR

23.1 BASHEARNEASRE

75 K& (Acoustic Emission fj#% AE)YRAR=4T 50 4EMX, HEEFRFRK Kaiser &
WM, FHLAHLAZFML N Kaiser WG BRRER: ZHEARMENE LS. Gt
BT A B TR SRR AR R, N AR RE LAY i TE S a AME SRR R, X IR BIRR A A
SIS . TR IRIENE S HEK B W SRR RGBS TR 13
AMER, FTLEXFEIAR AR —IT IR E S R AT . 75 RS
REFH BT 2 IR TG R 4548 . MR STRIATHOR, B R & R BRI x4
JE R RS 2 6T 2 IR T i — e 3 B A R 1, Semf iR &R B T
MRS PEEI R KRS, BEE XX R SHE S IIRE] . Ao, XEE
BB FEEAT RN AN AR . B, oA,

2.3.2 FARSHARR R THANREERR R REIESN
EJVESR, FRNBAREHEATRREMERRBEN. RERBERM. 5
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Fig.2.2 The three cracking modes'*”!
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Fig.2.3 The simulated wave form of type I cracking mode

FERANTRE, ARSI S . RSB RL, B R
—A s MBENAET, FEAMFTRERREE, ARTFREASSTESRME. &k
g BOEFRL, W 2.6, 2.7 B, WA HTREM BRI R B REPLGIRME
ZHER. BMRRERSNEERHERIFENME. THRGGEM 52 LR DUk

[149]

39



FHBRESWRBERRN I EHRRTE

AR RRESE, wE 2.8 Fix.

3 3 T 4 7 1 ¥ ¥ ¥

» |\
f&.‘\\‘gp.

“\ 5

02 4 6 B8 1012 1418 1820
Time, gsec

B 2.4 SR 11 %R HIAERL )
Fig.2.4 The simulated wave form of type II cracking mode
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Fig.2.5 The simulated wave form of type III cracking mode
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Fig.2.7 Load-strain curves and AE event counts during four point bending tests [149)
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Fig.2.8 Estimated crack source parameters for the tested samples (the marked number refers to the

consequence of AE bursts in time) [149]
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Fig.2.12 The curve of the load vs. displacement during the shear loading
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Fig.3.1 The fracture characteristic of the brittle coating on the ductile substrate under tensile load
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Fig.3.6 Optical micrograph of the Cr coating (surface view of the coating)
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Fig.4.3 The number of the hits of the acoustic emission vs. the whole test time
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Fig.4.6 Optical micrograph showing the crack density saturation of Cr coating (Coating surface view)
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Fig.4.7 Cross-section optical micrograph showing the crack density saturation of the Cr coating
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Fig.4.9 Optical micrograph of the Cr coating surface of the fractured specimen
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Fig.4.10 Cross-section optical micrograph of the fractured specimen
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Fig.4.11 Coating surface optical micrograph corresponding to the cross-section
optical micrograph in Fig.4.10
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Fig.4.12 Magnified optical micrograph of the cross-section of the fractured specimen
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Fig.4.13 Magnified optical micrograph of the cross-section of the fractured specimen
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Fig.5.3 Load-time and lateral force Fx-time curves of an nano-coating interface
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Fig.5.4 SEM picture of naked substrate side and coating chip side
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Fig.5.5 (a): SEM picture of A zone; (b): mapping spectra for the elements Cr of the naked substrate side;
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Fig.5.6 (a): SEM picture of B zone; (b): mapping spectra for the elements Cr of the coating chip side;
(c) : mapping spectra for the elements Fe of the coating chip side
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Fig.5.7 The experiment setup of the cross-sectional indentation test
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Fig.5.8 The representative optical microscope of the first cracking of the brittle Cr coating on

ductile steel substrate during cross-sectional indentation test
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Fig.5.9 The cracking behavior of the brittle Cr coating/ductile steel substrate
during cross-sectional indentation test
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Fig.5.10 Schematic illustration of the relationship between indentation
load and indentation depth (displacement)
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Fig.5.11 Schematic illustration of lateral force vs. cross-section indentation
displacement during the cross-section indentation
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Fig.5.12 Schematic illustration of the lateral force vs. cross-section indentation
displacement during the cross-section indentation
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Fig.6.2 The optical photo of the cross section of the specimens
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Fig.6.3 The initial optical microscope of the cross-section of the Cr coating on steel substrate
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Fig.6.6 Thermal expansion stresses on a cracked near-bore segment upon subsequent heating
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Fig.6.7 The representative optical microscope of the cross section of the two types of
specimens after 100 thermal cycles
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Fig.6.8 The representative optical microscope of the cross section of the Cr coating/steel substrate

after 200 thermal cycles
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(a) Cr /non pre-quenched steel substrate {(b) Cr /laser pre-quenched steel substrate
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Fig.6.9 The representative optical microscope of the cross section of the Cr coating/steel substrate
after 400 thermal cycles
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Fig.6.10 The representative optical microscope of the cross section of the Cr coating/steel substrate after
650 thermal cycles
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Fig.6.11 The optical microscope of the cross section of the corner of the Cr coating/steel substrate
after 650 thermal cycles
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Fig.6.12 The optical microscope of the cross section of the corner of the Cr coating/steel substrate

after 800 thermal cycles
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Fig.6.13 The representative optical microscope of the cracking of the Cr coating
after 800 thermal cycles
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Fig.6.14 The optical microscope of the cross section of the corner of the Cr coating/steel substrate
after 1000 thermal cycles
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Fig.6.15 The optical microscope of the cross section of the corner of the Cr coating/laser
pre-quenched steel substrate after 1300 thermal cycles
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(a) Cr /non pre-quenched steel substrate (b) Cr /laser pre-quenched steel substrate
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Fig.6.16 The representative optical microscope of the cracking of the Cr coating
after 1300 thermal cycles
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Table 6.1 The statistics of the crack density of the Cr coating vs. the thermal fatigue times

JREGZS | 100 4K | 200 Y | 400 %K | 650 ¥k | 800 ¥ | 1000 ¥k
(EHO6)HEUF E (x107) 4.60 7.26 14.0 19.0 25.0 31.50 | 42.82
(ABOE)HEUEEE (x107) 3.20 3.73 4.80 1142 | 1830 | 23.64 | 31.05

A 6.1 PP A4 R BB BB I 55 OB A (L AT ) 6.17 Skl
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Fig.6.17 The variation of the crack density of the coating vs. the thermal fatigue times

6.4 ER511HE

MK 6.1 FIE 6.17 AIEH, FERFERITRAMGT, PIAEEE R EREU% b
IR 55 B B T B b0, (B O BU AR BRI R B GUR B B IR R AT
BT FRRN B R BRGNS T AR 3 43 W 4 SE TR T A AR
ERIL, BROCTACE NS B REUE BB B L RO Tt 2 5 R AU
BN, X—ZRE5RFENER—. HAEIRARERLEES Y PVD B R
WERIBREIVE, MR IR RIRBERNRLAE LN HRTIE R, RENRLE
FER T MR TN BRI AR R M EE TR &% 500 A B RENE PVD
WELE eI VDI3198-1922 (EIREIALK IREMIEL) &k, "TLIBR—LR
7~ BUERABCCTHUGENEAR AT DRI UER = MEEENER: —RImIL T &4
K, _RESTHEENHADNE, ZRERTERESMEKNAREEGHERE.

Hsz, BAEARERHETT ARG, /FEMEXATRMENR TRt E it E
MR ZHR AR TSGR, RBRREAGHIE. SERTEEE=5D
B ey B AR R AR F), RN B0 3 AT AL 2R AN A A I B A T s i B
6.18 firm. PRI RS R A : WAEERMNEOCTE LR, METBOCLEX R,
HW O RAEFETEEAEK, WE 6.19 fin, HPEQAIEERTITHRE, OEN

95



SRS SRBER R 1 E R RIE

5 (a) B xof o (B 8 T 5

K 6.18 BOLESHTAL BEANEE b R B R R

Fig.6.18 The cross-section profile of the coating and substrate with periodic pre-quenched regions
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(a) The characteristic of the cracking of the Cr coating on the discrete pre-quenched steel substrate
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(b) The characteristic of the cracking of the cross section of the specimen
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Fig.6.19 The characteristic of the cracking of the Cr coating/discrete pre-quenched steel substrate

specimen under tensile load
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Fig.6.20 SEM micrographs of the LC-Cr/substrate interfacial morphologies, SEM interfacial

micrographs of Cr corresponding to the original substrate; (b) SEM interfacial micrographs of Cr

corresponding to the laser pre-quenched steel substrate!'*
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Fig.6.21 XTEM micrographs of the LC-Cr/substrate interfacial morphologies, XTEM interfacial
micrographs of Cr corresponding to the original substrate; (b) XTEM interfacial micrographs of Cr

corresponding to the laser pre-quenched steel substrate %%}
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Fig.6.22 SEM micrographs of the typical near-substrate surface characteristics of the free-standing Cr
electrodeposits; (a) low-magnified micrograph, the three zones of distinctly different morphologies are
labeled zones A, B and C; (b), (c) and (d) HRSEM micrographs corresponding to zones A, B and C in

(a), respectively ['%%
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Fig.6.23 TEM micrographs of the Cr/substrate interfacial morphologies; (a) TEM micrographs of Cr

corresponding to the original substrate; (b) TEM micrographs of Cr corresponding to the laser
[166]

pre-quenched steel substrate
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Fig.7.1 The initial optical microscope of the cross-section of the Cr coating on the steel in a gun tube
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Fig.7.2 The cross-section of a gun tube under the practical load conditions
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Fig.7.3 The multi-cracking modes in gun tube under the practical load conditions
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Fig.7.4 Cross section optical micrograph of the structure composed of Cr coating, laser-quenched layer
and steel substrate (from Li et al.[msl)
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Fig.7.5 A mechanical model of a material composed of a coating, a functional heat-treated
layer and a base material
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Fig.7.6 The micro-hardness in the middle of the laser treated track as a function of the track depth
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Fig.7.7 A schematic illustration of a crack propagating into the middle of the laser hardened layer
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Fig.7.8 The optical microscope of a crack propagating into the middle
of the hardened layer in a gun tube
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Fig.7.9 A description of the crack propagation in combination with micro-hardness variation
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3 3
N @+ _(ﬁ)sthl,h, _04Ba’ (1+i—ﬁ)“ _oyBa’h
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TRAFAN T HEIFEATF, « RN o, FIZLE0LR 5 FRAR A IB ML AR TE I 14 54

frkizsl. Rice PR, XMFAEMIOEE, Wikmieen |, ATLLEE LI
B a5

M, = [ adF, (7.16)

MA@ 12)MHK(7.14), BER(7.15RAR(T.16), 57T UBRREEMHEATLR
|, =Y CF, (7.17)
HAC, (1=1,23,--9) IR — B A 4t
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J=Y 4a' (7.18)
4
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=1 il
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KB D, M6 AfFERH. MK 7.6 W15
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Lx=h, H~8x10°Pa; ¥x=h +h,, H~3x10’Pa,
BWOCE KB BIFE by ~0.6mm . TRMHK(T.21), TUHEHEHD, M, HAMNM
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Table 7.1 Some parameters used for the calculations.

F,(N) hy(um) by (um) a(um)  B(um) I(mm*) B

0.15 50 600 100 20 1.33x10™°  1/(67)

ERBEWFKEZ, & 7.1 PHITESEE FENIE T EE RS HERE,

EBE—NEHIE, SHRREN S o, =200MPa, ARRHL=1/2.52, BEK
SVERR R E, = 290GPa (BRI, HIANEARRIIEME £, = 210GPa. 45F
XEEERAEME, TSRS NREY RIS J,, =1.3514x10° 0/m?) R R,
AR T 0T AL R F

B, BIURRIEN X RO RIS S M. R TAED, B4R TR
NEEMNW, NBUHET o, =F,[Bla-h)I(F,« B+ av h¥h¥E), ARAYK
k=1/2.5, WEKHIEHIR E, = 290GPa , ¥ IMEERN MR R E, = 210GPa . & JX
FARANFERIEN N T RREY RBKF S, I8 5HBET I EERLE,
WA ERXE TGN, LB IE /7, Mo, /o, AL, WE 7.11 iR,

Bk, PIRARRL R BRLY RS HEW. LT EER, X5
—ERENRE L, Hk=1/k. BETCHR[200-215) AR5 AR, CENRE L AI7E 1.7
B 3.0 2EAEN, EX—WHEY, BKLEN T o, =200MPa , 4213011 &
E, =290GPa , HIANFEARBEIERE E, = 210GPa, 4 J5 RIRAFLR R T %
S REB S, ¥ I, SIRENETF I, TEALE, RIS T X e s,
DHsgz i J ) /T, BEAR R Bk (AR, W 7.12 Fiok.

wE, OB R MR & B, SIRERMERE E HE £, / E, 1A (h 0 5
AT RS NHBE . EX—BIHES, SRKEN S o, =200MPa, ZAHREAN
k=1/25, WEKHIEBEE =290GPa . 4 J FRARMEBEE, /E, FHEL
VRSN, %7, SREUET I, EEFE, B4 E XS EmEH, Tl
/BRI I, WEEE WA E, /E ML, WE 7.13 Fir.
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MR E

11
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P
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4
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-5 27374 37374 374 374
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/33a6F§ 2a§ﬁ3a8F;_3a;al°/33F; 120'Ra7,83Fp7 a;a9/33F;

- - + +
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= - + +
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Bl 7.15 BRARI I SN Dugdale K171
Fig.7.15 The Dugdale model describing the crack contour
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Hep £ BERE, WTFENERER, EME /(1-Vv)ER, viRRE. SFAN
wEEREM, Mo/o, <06, ATEHA(Q)FH/MEEERSMH TR CTOD %

CTOD =2 _ 52 3)

Residual stress

Distance to surface (mm)
Bl 7.16 RN USROG KRBT 19 R R

Fig.7.16 Schematic illustration of residual stress as a function of the quenched track depth
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FNE RR/SRE/BAEEHRRRYEX SIS0

8.1 3 &

HSZ, BEAGMEE TEAMEHNTER . MTE4ME, HANNEREES
SR, WA ERREEHE, HERNRBEEER LM, MEEFH. 5.
SEMR LT B . EREARS, EFRHSMENBGRE/RT/EEARNES
R, ZEGRRPRIERLELZH. SBHSMHAMERNRRGES . Fixt
JREA, KAK LRI PR, —Fh R A 7ER R E (intrinsic factors), BliZFE & RAE
SRR, BRRENHFEER. BRESEGREE AN F MBIk 2%
PERE. H—MRSMEIR H(extrinsic factors), FEERIBINFHIEM &M . NERRK S
EIRERAFRRKSBE SRR AFAMRIER. N THRE/RU/EEREEGHRR, BE.
FEERE=FR I FE R EGPMN, —MNEETNANEERR, H—ME
BT R EFHPMETEAR . METEIRE BRI s R TR, P2 T
MWTREIVE; FERTAES K FZIERRIERT, EERRERE T EORAmBMEE
ABIYSREL, EEMPIMEIE FER R EN RPN EANRERERERS
FRRGREE . WROREE, BIMEIEh R e TR, e RERHER T, %M E Ak
AT RERFOAFRRSRILE AR R SPH. AT R E L —Lx
LSRR A EAT T AT R, 0 T XL 7R St RIAh T4k 2 () AH AR T 5 B AR
[FIRBOE, AL T —LRBMHLH

8.2 (BT R R =) 8 R E B E BRI R R R FUER SHLH 2547
8.2.1 EHFEAHMN NER THRBER SHHI 247

EHEEER, CZWA T EHRME(@ull-off test)l B EA RIS I Hr MRS,
FCo 75 0L PR 168 B SRR AE 5 BT R A B (s o X B 7 R B B R
FERERRERNEE T A mMR M OER, HasEILES.1.

EMERGERFEABHRE, LRUMBES EZEBRTUTEASH: %
R . IR IR KR R BB R R . X BRI RRE W
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A AFRIR 1 P9 58 7758 /% (cohesive strength of the coating).

Fp

Aﬂ e

o}

¢O—'
AAAAAA RiE

G 235

S

B 8.1 3 15T I o A 7 3 1 1 000 T 4P S8R B 19 2K 30 400
Fig.8.1 The failure analysis of the measurement of the interfacial tensile strength under

the tensile stress perpendicular to the interface

IR —E R P T iR , nSR I T BRI R R R /N T B 5 H ki 1
MRLEREE, Hia SEOAR RN . KR A FR R J7 i B ST b B B 1 B
PRI A R MR RORE 0 B ZE K T2 5 S ) S T B iR 8 o DR B ] LA S
MUBREBENWHBEL o« IRZE ST E RN RE o, MRRFEE o, =& bt

ZIRBHHE . & o FRFZMWHIRE, o, TR ESRAERTIFERE, o,
FREHIHIRE . Wo. o, o, ZMAFLLT ML R AMUEIE R,

(D oo >0, Hoo>o, M, HEUNEIERME 82 Fiif.

EE 82 P, DIREN 1 MELIN AL, FHEATERINIREe, >0,,
BIBCRG 58 B R T S AL SR, IR0 A UK . TEE S A 340 1

XH o, >0,, MFMERBMRERTBRAFNTRE, R0 B KM X
(2) ZHo,>0,, Ho, >0, 0, HESHEIEWME 8.3 B,

EE 83, URERN1MELN )AL, EHEETESINIRE 6, >0,
BT B 5 R T B T B, RN E R MK . EE A 230
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IXEo.>o0,, MRBRNREBERNTREAONMERE, HEKEANF AKX,

o, A

IT — R FIR X

I — A HERBK

.
-

o o,

K82 ®:TF o, >0,, Hoe>o, BREHHIE

Fig.8.2 The failure mode of the interface and stickiness basedon o >0,,00 >0,

oc A

IT— S RAX

I — BERIX

0
o,

K83 £T o, >0, Ho, >o, MIREHLEIK
Fig.8.3 The failure mode of the interface and coating basedon o, > o¢, 0, >0,
(3) ¥H¥o,>0., Ho, >0, 8, HRYNGIEWME 8.4 Fizm.
Bl 8.4 H3d R I FE b S B ER A K TR B AR R B R A 45 6 B 1S
), LERN1MAELIN R, CEEATERINIRH o, >0, HRFFN
PRI KTk ERIM R, WX BB R AEHLE EEBIN IR F o >0,

Bl B2 T2 3R B K T RGBSR L, U SRO RERE R X
BT DA kRIS, R R MBI T, B i TR E AR Rtk
B T 45 A TR I AR S M S BUE W B d AR o IR SR E M RS R R A R,
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W Yiimaz EPENE ALOs HH THHRREEMEA LG R TR RN, AR
B ALOs iR R A RAA £, W 8.5 Fias.

Oc A

IT — JEORG IR X

I — BERRHKX

e
-

o o,

K84 ET o, >00: Ho, >0, FIRFEHHIE

Fig.8.4 The failure mode of the coating and stickiness based on o, >0, o; >0,

by

8.5 T FLRLMEE I 2T B FRHRRIEALOs SBUN AL : (a) AlLOs Ly .2 (8] FE e 8] 2 (bond
coat); (b) ALOsLj EAA.Z [A147 [ 2 (bond coat) *)

Fig.8.5 The macrograph of coatings after adhesion test; (a) pure AlO; without bond coat, (b) pure ALLO;

with bond coat?*?!

ME 85 TIEL, (BHRIRY, ARG, &7 MRS L, 1t
et SR P e ) 8 ok AR B2 40 B RS AT TR R v S S R R, B (MR K
wRZE; (O)EAHH PIRIREE (bond coat) FIiRMF, WHIWIG, 7EMBIE EIL(REH T
DIRBEAFARGHEE, TR Mok EAR 5 AR A KRB TR B DLAE SCRR
[233,234]9.

MU LT3 3], EENMITEENERES AN A mBRRER, &Ml
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DUFHAREE: DBREN, QBKMFIA, C)MESESNAT L, @)U L=FE
HPHPHMERRNFE. SEBERHEAELRARRET =22 ABER “&
&” (in competition). XEJFFEHA—T, RAZENMENERE SN R EH
IR, WMFAMFFAERRAERBNER, BRE—RERT, KAFRESASBET
L0 0 TR SR BN (B WT BB, L Qi ZEUOWA 3 b 7 ik B g 0 8 1 Sk 0 SR T o
SEEEANEHE 90MPa, —RIETET, EEKERREME)HRBEEATX—E,
ik, XBEAHE AR BB .

8.2.2 HBIYIERBIEA SIS 47

ER—ER, BT B (shear test)H Ml T & R 2 5 AobHRLHA i S 87
e, HraREELme, Lus—=0E 1.7 MTrKE 8.6 Fix.

;’/\ test fond
i 2 :..ﬁ toad cell
data g z -5l sl

processing *{ ) 2 >
/ : 3 guided punch
displacement =1 ] ~~
o H H

petiiig sheay plate

A

7

coming
sample
holder specimen

il 8.6 BYIIERE K )
Fig.8.6 The schematic illustration of the shear test*>"!
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JE 458 5EAN FE T I BY VISR . 4 SRS b 52 2R BTV ) B S ik B R A BT 58
BE, WFFTT AR VT REVEE S, LA, AT LA RGN A AR /)N Bk A BY ) TR i T AR
7% B A BT VIR BE IR AN o A0SR 2 7 52 3 i) B B ) B Se i B 2 10 4 38 7 IR 46 o
B, WBRIENG S E RSN, TSk S H A R A BT YRR, i SR A e hn i 2 K
/INER LAY DI T ) T ARAS 2 ) S BT DS BB = — AN B S B )9 A (4R <74
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8.2.3 MEEAKR AN EREEYIREREBEX SRS

TR M AR ER R R B 2R, [EMTER =R BN E T
WRikK, EAE—FMHREEMTENTE BREENE—E0E 12, JTEUS
TEAE 1.30 1 EEAA R R IATE T T DUR S 2 AR B R T R R GURE
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B R RS M SRAR A MBI VIR, ERNTHEREE, HiRERHEMEL
HE. BRENRZERENGRENEES B S ve R AT . KEKKEES
LA JUPF

(1) SHFRAEERFER, WRENERLTERMZE, R=E5EFER
LT FEITR, SR SRR AL TR A MR B, T RARIA 2 (3. 11)5ksK
BRESEA R RV

(2) M THRMEEREPERHEE, GURHIEREEERMZN, ®E 584
BT SFEITH, SRR EAR A TRRMBIERE, mRERALKE.18)XK
SRAFRE SRR RS VISRE, T4 TSR R m BTV R 2 R 1, hRla
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EEIYIREE . X, AT DB R AR BT U0 R I B YRR B R 1 iz A R S
YR KR TEAS T

@ WFRMAEEFROEE, WREINERGCE MM )G, PR
{4 W RER A LA T IT 2B, LA SCRIBT SN G—— AR AN B AR 4
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FEBI A 1) BT 7] I 3R 508 AR DR R A 2R S TR BT 5 PR B O S ELAG
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, BERRBERRTE I BBUNT EARRTRR S, 5 MERERITRIGIGR T 50
BARF), FHIXFI7 e &S TR IR R R
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KRB MENERENF A SHERFEARRMER. T HhkEEERE .
=REH. UEEH. —BERT, BERESHETSERIE—SENE 1LYBEATE
WE, BEFRERESKHRER M. BEREREFRNAER SN IREHN
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8.3 BEBHRARBIRX SIS
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o THEBETCNEEERRRENIPRERN SRSV LS.

8.3.1 BR[ERIHE RZE T RIRHER SHLEI 247

FEMEREGRIOF M MERER, 2FRAEERMEIE, WRTERE/FE
IBREE GRS, MR BIEERE S FEAA L Z A 2 5 57 i SR 10 FL T B 2% 8 R
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EETAEEDFEAELT ), N ESERKRBESERTNHE U T=MER.

U IR BRI B KN eI S B R R, U ST A S W TR RRR

135



SRS IR R AR I RERAE , -

HrEEwmE 8.7 .

WIEN 1B oe eiE]

BTy TR

o
Hetk

K 8.7 FHSEARNEE
Fig.8.7 Schematic illustration of the first cracking of the interface

2. WERBRERNKTN K NREBISIRER AR PR, W2 eI
R, HopaEREumE 8.8 Fizx.

W T

SLAARIY. A7 5. 044

K 8.8 IRZLTTRRER

Fig.8.8 Schematic illustration of the first cracking of the coating

3. NIRRT B ROHLNY ) K/ B SEAB L B AR R A SR D B o, R A o
R, HorzEaiE 8.9 frr.

A LR
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c
Heph E%P,/iWWﬁ%E%

K 8.9 F:A TR NER
Fig.8.9 Schematic illustration of the first cracking of the substrate
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8.3.2 ZEYIN IR T RIRBUER SHLHI 5

€ 822 WH, S TRESEANRTELBIER TR, TR
THI 840 A B AEBY VI A, TSR B T 32 M SR B IR N P - ZE T B A
RIS EBER, WRRAEER RSN E R EEYRE, W ERES
B i — R L SAE T AR IPIRES . 26 78 _E R8I 77 1 4 B B 5L T 4 48
JTI), BB R R AR B R R RS BT 1R B S AR A B S P

BmiER: LSRR AR, TR BB,
g HBERRUCUTERAER), E&ERHRMBEREBRTSRERRHEE. 7
T BT VISR AR R R, BRURARIE R S AP PR D SR 5 B, ettt iom
Femidn, HSTRWHIN IR, b i R B =R

1. SR EBTR2 B VIR K /N SE R ST 0 BY )8R B (b in SR T 45 & PE BB AR
FHIER), WA EREWEIF, HrBEEWE 8.10 Fir.

HRIEN A Tk

TR ) BT A

i o

, Kl 8.10 AHEEFRRER
Fig.8.10 Schematic illustration of the first cracking of the interface

2. WNSRIRIE P BT R B BB J) K/ B SR i U ) P9 3R B SR BE (P I R T
EYERIRIRATIETE), MREESEWRE, HREEmE 8.1 Fir.

IV L TR S BRI

K 8.11 ELXHHREHE

Fig.8.11 Schematic illustration of the first cracking of the coating
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3 T SRAE AP BTS2 B BN ) K /I8 S B 6 A 1 B8 S 430 e SR B (bt S T 45
FHERMREEERFOER), WEASENE, HREEWA 8.12 s,
HRE DL 1 5 T4k

Kl 8.12 BfEFRRER
Fig.8.12 Schematic illustration of the first cracking of the substrate
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Fig.8.14 Schematic illustration of the first cracking of the interface
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Fig.8.15 Schematic illustration of the first cracking of the coating
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Fig.8.16 Schematic illustration of the first cracking of the substrate
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Fig.8.17 Schematic illustration of the first cracking of the coating
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