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5D — S R (RS S RERE, D BERE BE MR K ) S R PR U RS — A 1 gl LAy T
I PR AL KRR AR, PR B AR (K T Loy O JLSR: TR RORA R, BRGSE 93 A
FAT UL SR AR, e 3 AR 27 5K SR TE I A oK B E R RL; P At AN [ R4, e rp— b
B N7 BN T3 — P SI R A R, 22 BN AP RR B — A s LA Jy 1 A AR
iy B2 Ak, 5B 5 OURR BE R s BB BEM BT B T 2 IR E S MR AAEAE W] S i, 1
e WP BE AR 25 1A 5 I h 8 A0 . 3l o 1 v B A A AR AIE 1T DL AN [ ) PE e

S

B B T R AR FE DR B T AR A R SR, CA SR bR AR ) 2 5
FHF A 25 100 o 8 OG0 AR, N QBT P U 50K 2 B0l s T A 4R, Th e 2 A R
N2 7l A 11 4R 03 ok [ g s A R S A B R i, 0, B E Sk (B 1) RO A,
FLAM BB, P EB AL 2 FL, st — ol LY PR G 2 45 ) (Suresh 2001). {HA — 4211 2 3k
[ 2 B8 (B 2) BT 2400 Z4E, 76 1965 4 H Ik IH %€ 6 N, 8
FITE . S 5 B0 R o 2 A RN 45, 4% 3 A7 A0 R 1 B AP AS — T Bl B 4 1) e 0 B
M) LA B 008 70 30R 32 4 1 B AN )., AR — S8 36 [E [ 2% 38 7E 20 4L 50~80
AR Z M RLEEAT T W10 AT, (H 8 B A B A X — M. E 31 1984 4F, “Tike
Bl BERRE IX AN ARTE H H AT I IE 2 o P BORE S5 RE % AT th, ZE N2 oy o 45
e\ PR RE T T, AR — 3843 21 53— 43 g S AR A B A3 )2 B B AR A R B KL
e — PR IR R B A MORE, A10r MERHE I R A AR K 22 S, E B B 4y A T LK
FEARE /E ] (Chen et al. 2005, Chen et al. 2007, Liu & Wang 2008, T f Ak Al 3% X
1999, Z45 WY 45 2001, FELLHEAE 2008, BRAHER AU 2009, HifE R I 2005). 53—
R U S, KPR B 46 R 1D AR R R T I D, T AT R AR AL R A I 2
SR BRIy, e fe i i, H A RAFHUGE B (Zhou & Chen 2008).

B AL BRI 3R Sk T B bR B2 00, sk 8 MR SR
U IRE BRI T 2. BRE AN, EE . BEE . EE . e 25 R S E
ANTRIFE 5 B T 4 T A0 D) R Ao S A R (I AE . Hofs B A4 BRI OO0 S 0 27 P o ) R I FH i 53¢
N5 R A 2 ) v B L, R [ K Th e BE A KL (FOM) BN 5K “8637
ORI H T8 (863-715-21-64). H 5K AR BL 7 5L G 23 5 258 Ky 9 B A B2 4 REAH OC 1)
TiH, 76 ARG B B ARBH 2R R R S TR ) b, sk e B B T redh B
A MORMEN & FERIE G0 <D el BEA R U 51 24 3 E JEHLAE 4 J8 A B ok & e
(R EEA I H (B 5K B R BE 2 R4 28 4y 1997).

T Ge o BE M BL T AR 1R E A5 2 SRR —ML IR BT A R G B B LA S A, DA
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oh 4 B Sk
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# F 4] B 8

Yo AR WHLADRS AR G i DL K N ) 2] i (Suresh 2001). 2003 4, 3¢ [
CEME LEIE S TR LR, ot DRI TR GBI 0 i 38 A YOI T8 ) AJRRORL A
IR G R il (W 3 FT7R), 3 RO AAR T R A DR J2= B T AR Bl Rl
B4, TR “HTHEN A 3R T v DR e R N T A SR A A SO
R FER 12 JEFE R /B e L A v AT Bh 18 110 < o i /i i 2015 45 1y vl A 20
figt iz e L. g B /< R Dy BE O E AR RE 0% 78 20 M A4 M BE A RL IR et BOJE e v )
PR < Je i R FEE R A, IS B AR D A B R <5 o 9 AT UG TRC TTD 5 1 A ARl 2 it B2 G A 4
i K 2 AN W 25 ) AL 2 B, AR RE A SOTT R T /NSl 3 K R 2 T HAGEE i
FEHR D REAR BEAF R, H AT CAHE H BEY 1700°C 1 ZrOo/Ni D REREEA K}, HIAE S
AHECK T 20 I AT H G A TR KHLIL S 44 6t

Bt Dl BE o FEE AR vl P S5 A U T S 1 KN B g, LN 2y
JERDEAE (OGS BOLSA) s B o ooth . e Tk, B RESE Ak TREBOR
A (B IBCSE 2010). — 7 T, B RERR BEAS BB A i w55 R AT T IR K R A AR
s Ui, T RERR FEMRHE H N A I N AT SR, F B g A e
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3
(a) “FHB L " AR R KHLR CEHRB AR E I AL E, (b) MLERL

[IRE R )2 o MERES: AR BT O, SRl 10 AR R I J 1 — Lot S W, 66 2 A4 RL A
TR S AT LAAT 2§ i A5 A B AR A e HOR L RN R B s 5 AR B)
LA AH R 1R PR 453 8 5 1 A P 2 i 53 475 A0 JBE S ABOOR. T2 o - Sl BE o B2 A e 40 1 452 f
BRCER D5 T R0 05 AE R, 4 2l T A+ L AF Dl BE AR BE M R figh ) 27 (K PR3 K JE (Suresh
2001). ASORS f] 5 A1 41 B JLAFE SR AT SRR AT RE T R4 L 28 B AN Bk sl 42 fik 1) 22 4>
WE9E LA, ARSI 90 LAE . Hefil ) 2% B0 o0 B S — Lo W8 (R H . 2 AR IR
R X8 Ly e e B BB 4 ik g 27 77 THD PR B8 A, I d 2% T e dof B ARk 3 T 4 i g 27
(K33 — 2B W H e 2

2 BEERREMRIRH] & R BRI R R

1998 4, Jitcharoen (1998) %5 ¥ £ fk iR £k 3% 3 4E 4 28 —AH A RLHZ I 240 ki A2 A0 B8
SRR H % TR EEY (B 4FiR), BT3RS 3 AR 5
PEREB AN 228K (RALER I B PE R B B = 386 GPa, M A IR & 30 58 1) 3 Pk A 6 Ay
E =72 GPa), {H ¥ K R BOMIA A LE AR H 200, 4 i) 2GR M B B v A T
JE o Ao FE AR AR A FAZBE B A4 B BEAT Hertz JE N SEB6, 45 Bk B, 76 FIRE 2087 R 24
ARG RIVES ek 19 5 B 2 T L I T WD S 1Y) Hertz 7R 48 frh 4 8, iy s ABE B 2 B E
AR S A MR S T RS B, Pender S5 4% T8 52 (9 Ak B
(SigNy) /R A TE LT (2001a) FIEALTE (SisNy)/BALTE (SiC) & &6 EEH R (2001D),
TR T UM Hertz R ASES (WIE 5 01R). WFCFRFERI, S¥AMEHHLL, &
B BE DR R A [R] (1992 1) 247 4 1 R A0 280 400 ) 2 1 (5 HE R S0 i) B B Suresh 55
(1999) FJ H BRI R 25 B BE T 2 b S A B I 46 T — B B A R BERF PRI 25 MR, IR EAT
T B R R SR S, S B G35 2 i AR AR | 3850 B R T 38R R A A A R 1k
(54 R BE M RL. IR SIS L R I (W1 6 JIT /%), 35950 Rk IR 2 fid i 5 34 s IR W) 42
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e
AR 1690 °C
2h

& 4

EHEBRRFFEM L GEANEREN —MEAHZRENEZE&MA (Jitcharoen et al.
1998)

a SiAIYON b\
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& 5

FARRE (SigNy)/ A% R LT Herts 45k 6 2 H 47 45 2 (Pender et al. 2001a)

(1) Hertz [B14E 2L, 17 [R)FE (14 BE R AT 1 52500 BE R REAI R H BT AT 0] b 10 O 284,
b2 A 3 A () RPE P s IR SI 560 P Aty Ty G B FEE A RE 45 7 T g 27 Pk e, 0 65 58

PERESE . JERR A AR AR B REAE . WD VE AR R R AR, S EM R K

Suresh 45 (1997a, 1997b) #4& T 4-TiAl/Y-TZP # Ni/Al,O5 B A4 B (WE 7(a) FiR),
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WL AT (), HABRERLHHE (b) LMW EMB (o) FEIH 30 EEE Mt i
& W A4 4R (Suresh et al. 1999)

AT BRIE R Sk BT T Hertz FRJRSER. ARG B P-h HIZE, VPAL 75 086 B2 A4 R
PER S B0 FE AR A REVE (W 7 () FToR). R ABATT 4R HOBR B 2 S 4 4y o o B
TE USRI AR A6 5 2 ) 4% b R 0 1) 2 BRI A 4 50 A 85 35009 P 1 g, B
T RE A 8 F RAS D TR AN [ P2 5 i 52 56 5 L RS 2. Krumova 55 (2001) ¥ SiC kL
1 HE— i L] B NS IR R AA, il & R G A MR IF R BRI A 1
B T B AR 0B AT AL . Jorgensen 25 (1998) S2I I £ TR 4T 4 14 R SR 2
HMORE (WE 8), 5 J2 Bk 21 4 Ay 3 Bl A5 52 155 304 Jon 28 3 AR A (0 2 4 S BE A PAT T2 [
G100 P BN R A2 A8 ), R s R D7 VIR T A A Rk ) 4 o 1. 25 LR B
TRIER BT AT A 3 T2 R U B T TR R 2R R A AR, TR R SR
S PHO L SRS A A R R e A AL A IR A T S R AN DC A 2 S B
Fa) PR S 58 P P g 4R T S o 5 Aofs A L P T A4 A6 5 48 58 2 45 B4 R 8 e 2 B R A
(1) 3 5 .

SF W AR by BRI 1 AR BB T R R (He & Swain 2009), 4R BCA BHIF L AR & ATTHF ST
HI X 5. F U HANE T FR, W2 AR )R N 462 [R] DEJ(Dentin-Enamel-Junction)
B IR B, Kelly(1999)« Francis 25 (1995)+ Lin F Douglas(1994) ) H 52 % ] 45 4k
JE AR FRPERTE R 70 ~ 400 GPa, F A FTorPERIE 204 18 GPa, DEJ JZ2 E L4
10 ~ 100 pm, DEJ Jz 5 AR 00 b A0 il 5T 114 55 P ASE e % 0t 08 380 2 AR s (1, & T
SRS (¥ B B U 2. Marshall %5 (2001) AR IR ELARMAG T DEJ 2 s v B (16 B2
A e (WIE 9 JoR). S22 th 44 A5 # 1K J5 K, Huang 45 (2007) Wil I il & 7 AN L
5 DEJ 1 2B 5 25 0, B B AR A A S ABL T 24 A R e PERIUAE, S35 T Y g 43 AT
R RGO I A A, 5230 AT, o P8 0o 3 23 100 I8 P A A0 b AR A 1 e s 3 THT B
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(a) Wl & +-TiAl B AT R, (b) RS2 36 1545 & & fh LA, (Suresh et al. 1997a,
1997b)

& 8

(a) RT3 TR BORE 6 AR, (b) 206 AR 47 4 A BB R & L 4. (Jorgensen
et al. 1998)

H ALy e e 5K B B3 K. Niu 25 (2009) 17 2EWF9E T 4 i (0 2 2 458, SN2 R
B, WIZMGER RSP FR M EAE (B 10(a)), 70 5 £ 8 B 14 R R1TS 51 44
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7o —r | F
E il - ¥ Fye="135
g { i3 3
125 =
40 f ! | =
B b ; g 2
E e ) wod1s E
s T e {1
mn [
o F—— | M A n
o 1] 20 1] 40 2D

U4 o by P

&9

DEJ E # M & T b (Marshall et al. 2001)

a b 3000
2600
2200
2¥010 =z 1800
E =188 GPa ¢E
E=103 GPa fg
¥ ~ 1000
E =35 GPa SRS /B T2 /B
SRS /ARRA I 2 /L
600
10° 10' 10 10°
I/ (N-s™)
10

Q) ATHEWZEEW IEAEEER AEAREGME T E LR, (b) FFH &4 44
By Hertz £ fibh SE I 45 B (Niu et al. 2009)

A 1l 51 2 0 0 B2 AT Elerts B SI2 6, BF 45 SR IR 20 0 4 1 2 ) 4 04
BRS04 AT (U 10(b)).

3 DMEEHEMRIEM N FEIERE

Befih 77 57 ) FEURLAE 1882 4F 11 Hertz B JG90 Jt, il 17 WA 5 PE BRAA 18] 1) 45 ik, 45
H T 40 Hertz fif, BIVRE Ak DX A 995 170 12 75 20 A1, A0 3804 55 122 Mk > 42 2 1] 1) 8 A
Braik. 45 Hertz fiff 1, MBCBE T #2% Ak ddd A 16 1 0 20, ELAT 133 2% ke 12 3 42 fek - 42
0. Jr R 52 56 I A BR AR B Ak, RIS 090 2K, B AFAEAT BR e~ 4, L3
FT R LA 52— (K . 2 ) P A I gk e 1971 SEPE I K 4 JKR i, i
Johnson 25 N 7% 18 H il 7 10 % MY, RISRI 2> 5 (AR 0, 57 1 BRAKRh B 12 ik 1y 2 48



T, Wb SR D) BB L RDRE R T4 fih ) 2 BT 930k Jig 9

ROAFE) T AR S EAE R R B R, JKR R SR bl SN o B A A ek, B
PAANBRAK 3 TF I, 508 A5 — 2 B W I I8 0 B 7 8 A TR ARE A R 4 3o T) ) 286 B
Ffih, Derjaguin 85 N AL 55— M ) JKR R BBl FOBI R, 2 R AR Z 5 DMT £
.Y JKR B ANE 0, 75 DMT BERL 5| N $6fh X A0 B R BT g, AE 2200 1 126 B
D10 FEARAR AR TE B 5% W, 8R4 T M ) Bt b5 #2242 K 58 &R DMT AR 0] W4 Y
AR M 73 B A7 AR — AN e S B g, T T I S AR 0 0. AR BH 2T LUR I JKR
15 DMT BB A — Sk, % R B3 44 00 MD BRI, JF N — AN
4 Tabor #0f JKR &5 DMT BIARHR koK. 45 R RN, ER4A Hh H AR B0 W
BN, JKR AR ;1 BRAA Hh R AR B o W BEBORIN, U DMT #5800 K i T
P2 (], WIS ] MDA

DAL 3 Fofr 255 44 0 ik g 27 S0 IS AR 7 400, A2 B 0S8 50 B b e ] £ 425 i )
R TR ARG 1 NATT T2 SR VE I [ SE AN B 20 45, {0 A7 G0 BEA B} g 2 Pk Be AT
FUENRL AR AE, 32 2 DA 3 SO R D WIF 580 8, Gibson, Booker 4% A 5704 1% J7 A&
N, 33 SRR Dy T B — 2R AR FE AT RE, IR ERHIT N 53K 358 2 18 Oy 1 A B
TR L 5 IR Ao 2 A A R i 2 2 ), e q s 5 A A i o J5 R I T i A R R AR AL
it E(2) = EpzF, (0< k< 1), k=0 NERAL IS M RHE DL (Booker et al. 1985, Brown
& Gibson 1972, Gibson 1967, Rostovtsev 1964), fift ¥t T & 4 s a8ty o 2k 484wy 11 1
LA FRAE DL, %S FEAR 298 K 1 v 432 i o e, a5 DL PR EROE I S o HE TR IR Sk
FETE Hs Sk e 4 s Sk 45

1997 4, Giannakopoulos il Suresh (1997a, 1997b) &t 31 5 & - 25 1], 25t 1 5%
AT RO TR s Sk TR TG R B B M A L 1) Hertz fiff. 455 2L oy [W) BNF 2% 58 7 2 2% ) 98 1 A5
VYRR T 1 LRI B E(2) = Eo2® (0 <k < 1) MIREREL E(2) = Eoe* 1T
Ol o 1/a R KRN, Lo AL AR, | BE 15 3] 18
25 () i ) AR N8R S TR N TR E SR AR (BB 11 o). & SRR W, s i 6 2
A A A K b B ARG T Sk Jo L R g, nT A A% i A Hertz 28 SU7E #5625 () 4 3. 2000
4F, Giannakopoulos M Pallot(2000) % F& T Wi Hs Sk by~ 2 5 M 466 Ji 2= ~F 1 £ i [v]
SRPERLE AL E(2) = Eoz® (0 <k < 1). ABLSRNE -2 ] (s MR AR T~ 2 PE AR A
IS, s Sk K [ T S 422 ik D2 ) 23 A 5 T 22 (A 12 o).

Erdogan 5 & 1E (2004, 2006, 2007) & H 1 = 4 58 Pk -1 0 5 SR RS BEVRJZ 1 —
R BEEHAAR Y B 2 AR A I L 18 B0 AR A A B B A X P A PR R
FAF, G5 R MBI 2) 28 BESR ZR BORK RE 25 5055 0] 3 i N g 43 A 35 45 B 1)
SR, G A T T 2 BT DA R R LR 2 AR 1 RS ZE. Ke I Wang(2006) 1]
FH e P 38 AT v 60 i [ @k — A0 R AT T 0FST, BIJR T In) b g i e A e, 0 2 ik 5
HIUZ 2, T LA 2800 70 AT 58 BP0 5 AR A0 B4 ) B4 it 7] . Choi A1 Paulino (2010)
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a P b P c
. ) P h1.5
= r P | st (ae0)
R E.R’|  (a>0)

B A B

2a r (a<0)

h a<0 a=0 a>0
z h/R
11

(a) F TR R Sk &5 0 06 S % 18] 0 o AR AR AL, (b) 2 [ A R AL R
K E I E(z) = Eoe™ B, o BUE TR AR AL, (o) SN BT HENKE R R T EH.
(Giannakopoulos & Suresh 1997a, 1997b)

& 12

(a) MIMEE L — R PEEMER, O) ¥ FEREEEHZ LML, (o
i X 7% 8] LAy A

18T WE 13 Pros KB AR R, G i S URIE B IR MR R A
J8, AE 0 6 e R - R TR A A T RS, W2 IR ) A A o 3 T 2 SR AR i
MR BL. 45 R A DL fi B 2SO AR AR TAT T, TR A B AR Ui 3 g 9 B A 1 e e Sk B

BB DR T o0 S A R 8 T 45 fieh 7 2 1D T AL S PR B g 8 T A k) 4
B A TR R 25 ), H BRI T Hertz BLEEful. 1 0 —FloBi B 56 2 5 A5 4 K, B0
FERERE 2 N 125 S RN, A SO0 S B DI BE. 5 18 5 B TR N v b R 5



T, Wb SR D) BB L RDRE R T4 fih ) 2 BT 930k Jig 11

h R

ho ﬁﬁgiﬂz (Iﬂz) T2
(&

%}%:ug e

13
WP K 5 77 78 Tl A0 4 2 AR B R S5 A 2 g £ A (Choi & Paulino 2010)

FE PRI A BR RS Ry i, 0 PR e 3 T 2% i A 37 2000 B Al R o PS8 R ) 2 PR 435 1) e, A
SCAEFE AE T RERS BEAT R K12 itk 7 27 75 TR T & 77 AH N AT 9, 0 SE B A2 AT R AT —
SE BB HR T 8 3

4 AREBEZTARZHZN

X P B JE 2= 4% 8], Giannakopoulos A Pallot(2000) % 32 J6 BR K 4% 8] (it 3 A
B0 DU a5 b3/ € S N L RS A (R U Y ) S 7 e i R O VA S
FEMRME ROBEA B, A R RBE MR J2 5 TG BR K 23 0] ) 2 5 AT AR IR 4 17 3Pk
TR 14) 73 Al T A A 55 ) 3 i X g 3 A AN g i B TR 17 X 3K ] R[] 25
T A PR R ST AR R T A RE S A R IR AR

Aizikovich 5§ (2002) &7 T BKIE I Sk 5 A B E B BEUR J2 /350 50 B4 2 2% o) 25 440 11
BT FR Hertz $2AASE 7Y 45 HH 77— fift v Al S R o fl il J858 9 43 A 45, 127 900l L& 1
A PRS2 /21 TG BV T 45 4 Hs IR 4 e i) 58 0 3 At I A7 3k, ik — 28 20 M 1 Wi
[T 55 A B A0 S0 )2 /380 50 B~ 2 i) 45 ) TR R 7 i ) - (Alizikowich et al. 2010).
Chen H1 Chen(2012) A7 T WIS s Sk 1570 BTV 2% /o 56 T 405 ) (1 B8 448 2 fd A 25
R B DR A 4 R AR A A (W1 14(a) BTow). BB S5 R AL o BRI A A L
BER B, BY DB IR Ze MR AR e AR I T 5 R A A TR SR AR AR, 5 O A B B B
JEAR AL B 50 (Niu et al. 2008). B 14(b) 45 H T WP s Sk T8 BEHE IS 00 F RN %
fiike . 3 43 AT, B 12 2 N g FAT WY S PR AT S k. OF e R A U R TR B R R VR R
SR LA e S AR B b B X R T ARG /N L BESPSR ) A e  Ae A
B1 A1 By LA RN Sy 75 EVEIN T Ky (a)/PaP? RN ky(—a)/PaPr 5 B0y My fihid 2 b N ) 25
SR RN 5 PR R AR A A R TR A B, 2 R R A A 2 MR AR A I, P
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a Y b
—0.6 1
P Q
—0.84
M1 S
<
h —b a = 107 B —w /=8, Exp
= —v po/ 1 = 8, Linear
o T —1.2+1 —— [/ =1
s o= p2/p1=1/8, Exp
—1.44 —~+ po/pn =1/8, Linear
—1.0 —0.5 0 0.5 1.0
z/a
14

(a) MIMEE X EHEIRE/BMEEROEMERY, b) FELFHERMEERBE L
7 G ik DXk 1 B A A

Sk B R T2 4 i X 30 2 AR N ) SRR ES (nER 1 TR, B RS A X EEHE R i, FRATT
R I filk X5 2 IR Y. ) A7 S R E B W R T DX W Sk IRAE Ba, 5 R S vh Y
S M LA R Sk JE S IS — 3 IR R Ak X 5 S T 0 SR, S BUE 4 E %k
R BE BRI S6F T 18 A0 Bk 2 2 Ta) 5 iC 7 56 /B R RS 2, T LA R H A 1) SR AL
K774, 5 Pender 55 ER AR HIFIT 45 e S S0 RN PR 76 4 B 25 S — 2L (Pender et al. 2001a,
2001b). 13, Volkov %% (2013) #3717 MIME B AT P He Sk B <fili sk 56 v A 7 B JZ 6
JEE AR J2 P 2t 0o R b RS 2R, 2% R o PP A I A A 4 P s R A A A R A
= A R A R, R ARE A IR 52 T2 PA) AN [ ) i e A s AR AL R e s 5 B A o
THT Y. 7 40 A HH DR 2 1) 22 R

F1 HUMBENMENTUAET PERMEMOEN HFRMEEEH (o/h =05, r=103)

n=0.0 n=0.1 n=20.3 n=20.5

B1=—05 B1 = —0.4909 B1 = —0.4728 81 = —0.4548

Bs = —0.5 Bs = —0.509 1 By = —0.5272 Bo = —0.5452
/ Ki(a) Ki(a) Ki(—a) Ki(a) Ki(—a) Ki(a) Ki(—a)

H2/pt Pab2 PaB2 Pab PabB2 Pab1 Pab2 Pah1
8(Exp) 0.208 6 0.1973 0.2199 0.1754 0.2422 0.1549 0.2635
8(Linear) 0.1779 0.1714 0.1850 0.1572 0.2022 0.1451 0.2181
1 0.3183 0.3182 0.3182 0.3171 0.3171 0.3151 0.3151
1/8(Exp) 0.6011 0.6178 0.584 4 0.6510 0.5511 0.6834 0.5185

1/8(Linear) 0.5427 0.5474 0.5377 0.5555 0.526 6 0.5619 0.5145




W35 L, W S oS Dl B 2 T A ) 25 9 0 13
5 EEFRIEm

I R B Ak 7 A A B AR (W) 1 R VR R AR BS 5 R4, PR A i ot —
AN W FE () A 7] 1 (Lee & Barber 1993, Zagrodzki 1990, Zagrodzki et al. 2001). 7E
REZ I BRI A0, B Re s 4k eivae. #aeAs BE AR DURE I 3 2 <, LR A Y
IR G5 R 7= A AR RE W (EARAREE 1999), K H I 3R T 24 SR K AW A2, B 48 il 3R
(Barik et al. 2008, Jang & Ahn 2007). JbAk, il & 77t f Jd K52 W AN, (Chen et
al. 2004, Zhou & Lee 2011). I f 42 fil 5 | 2 R A DR 2 AR 22 10 A8 75 it e 11 ) A8, 1)
REME BE AT RLIN il Ay B AL Ge A B 1) 8 56 5 S C AR T ARE 27 5K 1) i &2 R 7E (Zhou et al.
2011). Barik 55 A (2008) % [& T 3 #UBf BE e Sk 55 I 48 4 1= ~F 10 R 42 i ) 7. Choi A1
Paulino(2008) 73 #1 T WIPE-Hs Sk 5 5 &0 2 S5 My T s Rl B8, 1252 & ) th 2 i
J2 /o B U /38 A R A S 1A

2 T8 AT B S I 7 i 1) DA i U 5 g, FRATT A ST 1 R s Sk A T ) AR
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T AT T AN R Sl Gk R v T A A S L 2 s B Dk RN, ST A X
AR 2 VW 2K B T ol R AR M, A T R e I S ) e A A ) & R
XS N B B Zh RE AR BETE R A — E R R R X
6 TN IER

R 2 TREARAEW KARFR N ) T HUFN Sl # fid 17 R, 3 S50 T BRSO Tk sl B
Bt (Elloumi et al. 2010). ¥J5JM B4 S il 0] {8 O TF & TR ZWF 5T (Ciavarella 1998,
Ciavarella & Hills 1999, Hanson & Keer 1989, Nowell et al. 1988, Spence 1973, Wang et al.
2010), BfFERRE b T HAL 19 Dy 2 P gE, N H &) 3z, SR, AR b SOk & 2 seAR
FAREE T8 3 i 1) L. Kee A Wang(2007) BT 5T 7 H A K 0 2 R U 2 22 1) £ 530 1Y
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(a) ISP K G A REHE R EESEMESER, (b) K m ENS 20, (o)
i i X 3% W IR AT

Ty 1my 28 Auf VE F R A A8l B 1) 7. Elloumi 45 (2010) 2387 T 56 4 #h & 1) Th BE A 12 2
2 1) 6 i 2 ik ) L

XTSI E AR, T K IR S0 A BB B A BT T A BRUEE 1 1) L (Arandjo
& Nowell 1999, Argatov 2001, Dini & Nowell 2004, Fellows et al. 1995, Nowell & Hills 1988).
Fellows %5 (1995) U5t “1R 2 W WL A2l 4 fil SE 36 b5 S5 4 10 RO A 50 o <RIV 2438
P JE B IE SR Ak~ A2 1) 10 A5 I, 25 T8 RO 10 5 20 A T 353 B 45 Y 5 36 45 A 1) 1
D10y — AN G Sy W e) AN e B . AT 5% T T BEAR AL R 2 # A 1) B 23
A AR BERS BER B A 2 0 BRORAR, 5% T B 5 B A4 R4 I 453 45 SR An 472 2 T ROK =2 (1]
fif TG T A BRERE DL TS IR, AT T W 16(a) AR EARNIE
Fs Sk 55 RSB0 P22 1)) SCARE g 3 B 1, JLrh o b BB SRS AR, 1T o 2B b X [H]
A s X (Chen & Chen 2013a). A 85 J2% B DR iU 52 27 1) 447 5 45 R A2 AL R
L AEAZBT (= (1/h)log(us/ 1)) RaRESEL (b RoARBUZIZIE, p R 35 P) A
, MR U RoRBR R, <3 RoRBRRE). AR, MR S Bl T HAk e
/N TR0 L JZ R, AZ AT XA 8 S5 S 2 18] R S 23 Y AR 3R Al O (Nowell et
al. 1988, Spence 1973). #7840 v Iy w5 B H B Ml - A2 3z /N 2 JEE I AR A IR
A B W s Sk 55 1) B B2 =1 1T & T 2 A in) U (Elloumi et al. 2010, Kallel-Kamoun et
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(@ MIMEEXSHREEMEEHR 2B EMAEREA b) FHE B LERE
Ji 2 )2 JE th 7 AL B (Chen & Chen 2013a)

al. 2010).

Ao WT T 1 s SR [ s Sk P 5 000, 465 T 280 T A A 28 b f 12 1 R A
PRI IR AR, G5 AR B/ S T B DDA B L O ik St I P B R AR O oS A
T3 53 Ay 8RR WA, AT AT R I E AR BRSO A AN R R RE O, AT RO £ e
JENE 55 e A gy AR BT DIRR I LY oy /g 500, 1 s SR o] s S 426 fid A5 70 o 5 )2 )52
JE h/b FIFEPH A2 a/b X R WE 16(b) iR, BEA IR h/b (330, 20 580N
k59, 45 A T PP T . BN T /ps = 1 BB R B, A RE A 1 5
SIS 25 38 5T 2 ) A R FR g, T WL TG BB O~ S TR ¥ T 49 38 170 5 A S B A R
G Ky IS ey ok — 5 B 2.

7 FhRTiERA

Hertz 45 fith J & 25 HS 12 A 0y 4 Tl AR EL 5% s v 7 A= RO HIR 0, 368 P 22 L A0 K T 4
fih. AR RDRL ST IA BB AR B2, SOW 7 (K5 Wi AN 22 s, BRI R B 0, A G vl
Iy BT BRI TIOHL AR R GE R R DN 22— R A T R ROR BE I Jst
T 01 B HGL AN BT M A I, AEAE R AR M R BRI SR, o i T A TRl O R
T 3 R LA . AR 3 At A 2R e 38 i 7 A0 RS 42 fik 1) 52 g AR 3 A2, AN 225
(FRA RN 95% 52 2007), o5 5 I, R BB A 00 2 (AT S B0 5 A R R S AR W &l
TEAT 5 i [A 5% 1) A8 TR, O6F - 48 7= A P A0 7 26 254 1) 26 B ML AR AT T 224 3 3 3
(Zhang et al. 2012), GIUTHERE | w0 . S8, W25 A0 3 AR 5 B B AR 40 ) ROW 45 1
L ] A 38 v 18] (0 B 00 7 10 28 00 i 1) 285 B E 0. 92 36 A TUL e ) 8% B 2R e gt o S 7Y
(¥ h BE R JERTRE, X Dy BE 0 A4 100 i B 42 e PR BIE 5 R 0 4R
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5 W A S 280 P AR 48 2 MU AR AIE (9 0 &, A1 25 N (Chen et al. 2009b) 37 T #
FERERE I B0 PR 12 b A A, B 17 o, SEARON RO RIE BRARAE 5 ) SR 380 FD O SR
J3E 2 2% ) 26l By 2 fl. B BERR BE MR 245 L 00 O P A LT ADUA R, i 66 5 R4 R FA A ER A
FE 5 BETT T BRI AL, B E = Eo(2/co)® (0 < k < 1), Horht co RALBL EAZURE L
FFAE RS BEAR I AT 5 28 8 AR AT 45 1Y 17 200 B3 Ak % T8 Az 38 IF 50 12 ) s 7 Jd 242 4

[0t (11 23+ 2 R2AY ] ,
flor = 8 cos(Ttk /2) @

LUK SEZHG: 55 B by SRV e SRl ) 4y
Pcr 7 —#TIRA’Y (3)

Ferb Ay D4 fih ST R B BE. R LU LR SE R LI 285 B 2 Ak i 70 55 4 RE A EAE R
LSRR, RUT MR R OB BE AR A fR K. BRAR P42 SO I R B e, S5 3504
R = 4R Befoh JKR AR — 20 WiE 17(b) Fros; 4% e AR LR B 0 I, B R
R 2 S FAPERRE, i A b ) IR A JKR BRIk 5 &8, /E & %5 A (Chen et
al. 2009a) Bt DL T YERE EEADRLBE BN RE ALY 3 b TR AR08 R IR AT S
SRR S T AR A S Y T R P A 0, 4 T R IR e XN g A L AN
i 5 80 B o ot P 1 S SR A. S5 R BOR: TR E R/co 8, ARE— NI SR R 4L
ke, A7 A 2R Y Ak 0 4 B 38 B g KA X HHEE K, B2 MBS R/eo 9K
#4 K. £ (Chen et al. 2009a, 2009b) TAF HIEAf b, KM T K2 FU RS ALY T2
AN TN A R R, R T — SR AR IO PR G BE B TKR A B 4 fl e 5 3 v
(Jin et al. 2013b), IR AFE %L T KIMHLAE L (Zhang et al. 2014). N IR IX (Jin et
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al. 2013a) F15¢ 35 b B S 1h0 B V) N 7 60 5 B B2 il fft (9 521 (Guo et al. 2011, Jin & Guo
2010). 4 H 7% 8k m) SIS IR, 58 56 R B ST BY S 0 o 286 BRI g A I S AR 1
S AT DL L5 34 Sy AR IR 2518 AH AL (Chen & Gao 2006), FL A4 53 #7 45 AT DL 2
DR BT K 2 8 FUAE L 24 57 18 5T (9T L 2013).

XF T R RS 3 1 35 ) ROR 21 4 55 I P 5 i 286 B 42 il 17) R, Giao %% (2005) T Chen
& (2008) 3 B FE T SRR AT AR £ 2 A5 S A R B 28 fr 1 S 10 R PR 20 55 1R RS 8. &
R AR R AR AL BTN, 23 AR PR ASAS 6] 1) R 2l 5P 4%, 49 39 50 s vk A
PRET 4 5 A e 55 T 80 AT 2 fooh 7t T s 1) g O, B T P B i S, FL LA 17 L T 41 4 i
FRAARIE /N TR AR A IR 17 0. 8 I P AT I S AR LR, RRE TRE I AN B 4T
JI5E B 3 ok L 2 B ) T R (R B A A T A B i DX 5 AR A AR I O R B
18 JiT7R, AT BAA I G 21 HE ¥ A0 /N T 38— AN I S AR I, F 100 20 B o 8 08 21 57 i 21
SR RE, PR Ay SR B A BRI B RS B RS RO, (B D e A2 25k 2012). BT RS NI
P FE S 55 66 8 98U > 225 Ta) 286 B 426 fis £ RS %R 1] &, Chen 1 Chen(2010) #E 57 T /R
TR T Sk 5 A6 R gt 4 () S TR AR R = ZE R B A AR AL (i 19(a) BT, KR
225 [ 18 PP A VY JEL R T A R A A AR, R T A 380 TSP T AR A L e B AN
R 1) DI s Sk e R RH Ry

B 2% (1 — k) [, AyE* %
for = [ashc’aﬁsm BT @
BN R B0 W s Sk 1 I 5 RS R
_ [A=RE&|™F [ ra-k =
for = {Qnatth’g ] F(12’“)F(32’“)] (5)

2RI s S AR RE AE OSSN 3 I 5 RS, 6k B i PR o 52 32k 1) 57 i ) B8 o
&, o B Aoy i T AREUYT Re T A AR, T A2 & B ST N g ¥ 538 2 LR Y g I
(K 5ESR MO v S D 2RIl ) e KAT AR I B S, oo D9 FHIRTERAR SRS, ¢ RALBRIE
25 ) A A R B R AR AL PRAS R BE PR e AR RS W 5 RS AR T B BE AR AR A ke
MEKSE co LR RBVE I BE B So(WEB 19(b) FTR). X T 28 B F 25 1] 1) 44 K 5 B
A, e AN SE AT T BRI AAORHE . 2 s B R s ) AR A B A 2 A 2
2 TF) FR) ot PR 2 A 5 0, St A B0 2% 1R 5 28 NG D0 (R 245 2R — B (Chen & Soh 2008, Hui
et al. 2004).
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AL, ST O AEM R Ui RS R BT, T RERR EERTRIE D — e 3 T RE AR R4S



18 71 2% it Ji# 44 F%: 201401
0.8
FEM3 1 fif
fiEE AT i
0.6
S
R P. P P,
% 04 P, ’ !
~ X
A FER
4
0.2 P, 2R 2¢=2aR
Rigid
0
0 1 2 3
(AvE*/Rot)"?
& 18

PR EF 2 e g AT R B RS AR (Gao et al. 2005)

a b  3000-

250090

RISk DT

2a 500+

0 B A 2T 0 T T T T T =
i
L Sl 0 20 40 60 80 100 120 140
co/ o

& 19

(a) /N ROF R i K 5 0 P2 38 e o % o] P Tl IR o = S T B A A AL (b) e SRR T B
FRAE K B H A AL

BUFCREAG 204 |2 (K N AUA e AR, B BEAD R ) 2 S ILAR  F i 244 D — A
B AIBIE S5 e A B B RHE S5 D T )2 1K 93, 1 5 45 16Xk S BE 06 S A1 R (R R R
FEUN KU 2 b RE T 6 P2 A T / 5 T 22 A ) AU P 9T 9 LE 2 32 3+ R 52 o B JH o
X3/ G T AU 0%+ R 57 AR P SR T R 1) A i R g U A e, 8 e I N
AN I i PR BE ALY, AR OR RNOK RO AL s S5 4y, R B A I A8 G b bl F RN,
N T FRTATAZ M, 17 390 O R E 24 [ 47 B A58 i it R R I HE B 178 FSE A4 42 fd )
AR RIS, B ORBE L ADRE IR) 2 ThD 1 ik 1r) 8 22 A TAROK 2 g, 0 R4 AE — 250 it
(R 57 B LR EEAT TR . H AT, T RERR BERRE A RE Y A9 L 2 I A AR 3 ]



T, Wb SR D) BB L RDRE R T4 fih ) 2 BT 930k Jig 19

Ry AR R R A 5 ) R R G )RR SR TRV U 1) A, DA ROR FE A R AR T G R
AT IRE G R B L B SRR R (2 AR 2012, 2013) S AEAEAR 22 S RIE A B s
R TR BE PRI il oo i PR BB TN I — A BRI STy 1), — T T R
FARE Dy 21k RE IR BEAR B 5T, o5 — D7 T ¥ vE A [5) D) R P T R 86 B35 52 5 B4 RE, I AR O
(RRA 6 g 257 S 06, AT 43 B B0 6 R B 1T s SR IR R A B R i, AT .
HEAANKG K, BT 2 Dhhebh BEMPRLREAE O B 2 Tk 3l ok 5 22 1) 1505

Bt

2% A AR B 7RG (11372317, 11125211) FURHE SRR #AF5ETH R (2012CB937500)
T H ).

2 % i

Aizikovich S, Alexandrov V, Kalker J, Krenev L, Trubchik I. 2002. Analytical solution of the spherical
indentation problem for a half-space with gradients with the depth elastic properties. International
Journal of Solids and Structures, 39: 2745-2772.

Aizikovich S, Vasiliev A, Seleznev N. 2010. Inverse analysis for evaluation of the shear modulus of inhomo-
geneous media by torsion experiments. International Journal of Engineering Science, 48: 936-942.

Aratjo J A, Nowell D. 1999. Analysis of pad size effects in fretting fatigue using short crack arrest method-
ologies. International Journal of Fatigue, 21: 947-956.

Argatov I 1. 2001. The pressure of a punch in the form of an elliptic paraboloid on an elastic layer of finite
thickness. Journal of Applied Mathematics and Mechanics, 65: 495-508.

Barik S P, Kanoria M, Chaudhuri P K. 2008. Steady state thermoelastic contact problem in a functionally
graded material. International Journal of Engineering Science, 46: T75-789.

Booker J R, Balaam N P, Davis E H. 1985. The behavior of an elastic non-homogeneous half-space.1.
line and point loads. International Journal for Numerical and Analytical Methods in Geomechanics, 9:

353-367.

Brown P, Gibson R. 1972. Surface settlement of a deep elastic stratum whose modulus increases linearly

with depth. Canadian Geotechnical Journal, 9: 467-476.

Chen P, Chen S. 2012. Contact behaviors of a rigid punch and a homogeneous half-space coated with a
graded layer. Acta Mechanica, 223: 563-577.

Chen P, Chen S. 2013a. Partial slip contact between a rigid punch with an arbitrary tip-shape and an elastic
graded solid with a finite thickness. Mechanics of Materials, 59: 24-35.

Chen P, Chen S. 2013b. Thermo-mechanical contact behavior of a finite graded layer under a sliding punch
with heat generation. International Journal of Solids and Structures, 50: 1108-1119.

Chen P, Chen S, Peng Z. 2012. Thermo-contact mechanics of a rigid cylindrical punch sliding on a finite
graded layer. Acta Mechanica, 223: 2647-2665.

Chen S, Gao H. 2006. Non-slipping adhesive contact of an elastic cylinder on stretched substrates. Proceed-
ings of the Royal Society A: Mathematical, Physical and Engineering Science, 462: 211-228.

Chen S, Soh A K. 2008. Tuning the geometrical parameters of biomimetic fibrillar structures to enhance



20 71 2% it Ji# 44 F%: 201401

adhesion. Journal of the Royal Soctety Interface, 5: 373-383.

Chen S H, Chen P J. 2010. Nanoadhesion of a power-law graded elastic material. Chinese Physics Letters,
27: 108102.

Mr/bde, w2500, 2012, BE LSRRG MO0 I3 2= WL 05 A= BT 5k Re. 0 27 k€, 42 1-12 (Chen S H, Peng
7 L. 2012. Progress in the bionic study on gecko’s micro-adhesion mechanism. Advances in Mechanics,
42: 1-12).

MR/ e, 9552 5%, 2007, R RTME S0 ARG )2 Bk . )% 5 S2E., 29: 9-17 (Chen S H, Soh A J.
2007. Progress in the bionic study on gecko’s micro-adhesion mechanism. Mechanics in Engineering, 29:
9-17).

Chen S H, Xu G, Soh A K. 2008. Robust nanoadhesion under torque. Tribology Letters, 29: 235-239.

Chen S H, Yan C, Soh A. 2009a. Adhesive behavior of two-dimensional power-law graded materials. Inter-
national Journal of Solids and Structures, 46: 3398-3404.

Chen S H, Yan C, Zhang P, Gao H J. 2009b. Mechanics of adhesive contact on a power-law graded elastic
half-space. Journal of the Mechanics and Physics of Solids, 57: 1437-1448.

Chen W, Lee K Y, Ding H. 2005. On free vibration of non-homogeneous transversely isotropic magneto-

electro-elastic plates. Journal of Sound and Vibration, 279: 237-251.

Chen W, Wang H, Bao R. 2007. On calculating dispersion curves of waves in a functionally graded elastic
plate. Composite Structures, 81: 233-242.

Chen W @Q, Lee K Y, Ding H. 2004. General solution for transversely isotropic magneto-electro-thermo-
elasticity and the potential theory method. International Journal of Engineering Science, 42: 1361-1379.

Rt Bk, BAFT. 2000,  LhRERE SERRL T ) ) = 5k gk, D)% AR, 410 588-594(Chen W
Q, Zhao L. 2009. The symplectic method for plane elasticity problem of functionally graded materials.
Chinese Journal of Theoretical and Applied Mechanics, 41: 588-594).

FELLA, B G, B 2008. AN D) BE B BEAL R J3 A 185 JORE Bl 3R PR 20 . v L bR 27 24
37: 719-725(Cheng H M, Cao Z Y, Zhong Z. 2008. Span-scale dynamic character analysis of FGM plates
with variant material components. Journal of China University of Mining & Technology, 37: 719-725).

Choi H J, Paulino G H. 2008. Thermoelastic contact mechanics for a flat punch sliding over a graded
coating/substrate system with frictional heat generation. Journal of the Mechanics and Physics of Solids,
56: 1673-1692.

Choi H J, Paulino G H. 2010. Interfacial cracking in a graded coating/substrate system loaded by a frictional
sliding flat punch. Proceedings of the Royal Society a-Mathematical Physical and Engineering Sciences,
466: 853-880.

Ciavarella M. 1998. The generalized Cattaneo partial slip plane contact problem. I-Theory. International
Journal of Solids and Structures, 35: 2349-2362.

Ciavarella M, Hills D. 1999. Brief note: Some observations on oscillating tangential forces and wear in
general plane contacts. European Journal Mechanics A/Solids, 18: 491-497.

Dini D, Nowell D. 2004. Flat and rounded fretting contact problems incorporating elastic layers. Interna-

tional Journal of Mechanical Sciences, 46: 1635-1657.

Elloumi R, Kallel-Kamoun I, El-Borgi S. 2010. A fully coupled partial slip contact problem in a graded
half-plane. Mechanics of Materials, 42: 417-428.

Fellows L J, Nowell D, Hills D A. 1995. Contact stresses in a moderately thin strip (with particular reference
to fretting experiments. Wear, 185: 235-238.



T, Wb SR D) BB L RDRE R T4 fih ) 2 BT 930k Jig 21

Francis L, Vaidya K, Huang H, Wolf W. 1995. Design and processing of ceramic-based analogs to the dental

crown. Materials Science and Engineering: C, 3: 63-74.

Gao H, Wang X, Yao H, Gorb S, Arzt E. 2005. Mechanics of hierarchical adhesion structures of geckos.
Mechanics of Materials, 37: 275-285.

Giannakopoulos A E, Pallot P. 2000. T'wo-dimensional contact analysis of elastic graded materials. Journal
of the Mechanics and Physics of Solids, 48: 1597-1631.

Giannakopoulos A E, Suresh S. 1997a. Indentation of solids with gradients in elastic properties. 1: Point
force. International Journal of Solids and Structures, 34: 2357-2392.

Giannakopoulos A E, Suresh S. 1997b. Indentation of solids with gradients in elastic properties. 2: Axisym-
metric indentors. International Journal of Solids and Structures, 34: 2393-2428.

Gibson R. 1967. Some results concerning displacements and stresses in a non-homogeneous elastic half-space.
Geotechnique, 17: 58-67.

Guler M A, Erdogan F. 2004. Contact mechanics of graded coatings. International Journal of Solids and
Structures, 41: 3865-3889.

Guler M A, Erdogan F. 2006. Contact mechanics of two deformable elastic solids with graded coatings.
Mechanics of Materials, 38: 633-647.

Guler M A, Erdogan F. 2007. The frictional sliding contact problems of rigid parabolic and cylindrical

stamps on graded coatings. International Journal of Mechanical Sciences, 49: 161-182.

HXHRR AR A 1997, HRP PR RIS . HARSm AR Jbat R
H i A (National Natural Science Foundation of China. 1997. Strategic research on natural science:

Inorganicon metallic materials. Beijing: Science Press).

Guo X, Jin F, Gao H J. 2011. Mechanics of non-slipping adhesive contact on a power-law graded elastic
half-space. International Journal of Solids and Structures, 48: 2565-2575.

Hanson M, Keer L. 1989. Cyclic tangential loading of dissimilar elastic bodies. International Journal of
Mechanical Sciences, 31: 107-119.

He L H, Swain M V. 2009. Enamel-A functionally graded natural coating. Journal of Dentistry, 37: 596-603.

Huang M, Niu X, Soboyejo W. 2007. Creep induced rate effects on radial cracks in multilayered structures.
Journal of Materials Science: Materials in Medicine, 18: 65-69.

Hui C Y, Glassmaker N, Tang T, Jagota A. 2004. Design of biomimetic fibrillar interfaces: 2. Mechanics of
enhanced adhesion. Journal of the Royal Society Interface, 1: 35-48.

Jang Y H, Ahn S H. 2007. Frictionally-excited thermoelastic instability in functionally graded material.
Wear, 262: 1102-1112.

B L. 2013, SGHEDNREMS RGOSR TR Al ) A S (R 3. K0E: KB TR (Jin F.
2013. Mechanics of micro-scale adhesive contact on advanced functional materials. [PhD Thesis]. Dalian:

Dalian University of Technology).

Jin F, Guo X. 2010. Non-slipping adhesive contact of a rigid cylinder on an elastic power-law graded

half-space. International Journal of Solids and Structures, 47: 1508-1521.

Jin F, Guo X, Gao H. 2013a. Adhesive contact on power-law graded elastic solids: The JKR-DMT transition
using a double-Hertz model. Journal of the Mechanics and Physics of Solids, 61: 2473-2492.

Jin F, Guo X, Zhang W. 2013b. A unified treatment of axisymmetric adhesive contact on a power-law
graded elastic half-space. Journal of Applied Mechanics, 80: 061024.

Jitcharoen J, Padture N P, Giannakopoulos A E, Suresh S. 1998. Hertzian-crack suppression in ceramics



22 ) 2 bel3 J# 44 %5 201401

with elastic-modulus-graded surfaces. Journal of the American Ceramic Society, 81: 2301-2308.

Jorgensen O, Giannakopoulos A E, Suresh S. 1998. Spherical indentation of composite laminates with
controlled gradients in elastic anisotropy. International Journal of Solids and Structures, 35: 5097-5113.

Kallel-Kamoun I, Elloumi R, El-Borgi S. 2010. Partial slip contact problem in a graded half plane. Journal
of Computational and Theoretical Nanoscience, T: 367-378.

Ke L L, Wang Y S. 2006. Two-dimensional contact mechanics of functionally graded materials with arbitrary
spatial variations of material properties. International Journal of Solids and Structures, 43: 5779-5798.

Ke L L, Wang Y S. 2007. Fretting contact with finite friction of a functionally graded coating with arbitrarily
varying elastic modulus. Part 1: Normal loading. Journal of Strain Analysis for Engineering Design, 42:

293-304.

Kelly J R. 1999. Clinically relevant approach to failure testing of all-ceramic restorations. The Journal of

Prosthetic Dentistry, 81: 652-661.
Krumova M, Klingshirn C, Haupert F, Friedrich K. 2001. Microhardness studies on functionally graded
polymer composites. Composites Science and Technology, 61: 557-563.

Lee K, Barber J R. 1993. Frictionally excited thermoelastic instability in automotive disk brakes. Journal
of Tribology, 115: 607-614.

AR, AR, BeplT. 2001, DHREME BE M ORI R QLI BN A N S35, 015 AR, 330 270-274(Li C Y,
Zou Z Z, Duan Z P. 2001. Dynamic stress field around the crack tip in a functionally graded material.
Acta Mechanica Sinica, 33: 270-274).

Lin C, Douglas W. 1994. Structure-property relations and crack resistance at the bovine dentin-enamel

junction. Journal of Dental Research, 73: 1072-1078.

Liu T J, Wang Y S. 2008. Axisymmetric frictionless contact problem of a functionally graded coating with
exponentially varying modulus. Acta Mechanica, 199: 151-165.

Sig e, 0. 2005. - JoBROK Ty RERS B2 K FLAS R PSP I Yoffe RIS SIS0 MR 2 224 ARFL
27, 41: 89-95 (Ma H L, Li X. 2005. Anti-plane moving Yoffe-crack problem for an infinite functionally

graded piezoelectric materials. Journal of Lanzhou University (Natural Sciences), 41: 89-95).

Marshall G, Balooch M, Gallagher R, Gansky S, Marshall S. 2001. Mechanical properties of the dentinoe-
namel junction: AFM studies of nanohardness, elastic modulus, and fracture. Journal of Biomedical
Materials Research, 54: 87-95.

Niu X, Rahbar N, Farias S, Soboyejo W. 2009. Bio-inspired design of dental multilayers: Experiments and
model. Journal of the Mechanical Behavior of Biomedical Materials, 2: 596-602.

Niu X, Yang Y, Soboyejo W. 2008. Contact deformation and cracking of zirconia/cement/foundation dental
multilayers. Materials Science and Engineering: A, 485: 517-523.

Nowell D, Hills D, Sackfield A. 1988. Contact of dissimilar elastic cylinders under normal and tangential
loading. Journal of the Mechanics and Physics of Solids, 36: 59-75.

Nowell D, Hills D A. 1988. Contact problems incorporating elastic layers. International Journal of Solids
and Structures, 24: 105-115.

Pender D C, Padture N P, Giannakopoulos A E; Suresh S. 2001a. Gradients in elastic modulus for improved
contact-damage resistance. Part I: The silicon nitride-oxynitride glass system. Acta Materialia, 49:
3255-3262.

Pender D C, Thompson S C, Padture N P, Giannakopoulos A E, Suresh S. 2001b. Gradients in elastic

modulus for improved contact-damage resistance. Part II: The silicon nitride-silicon carbide system. Acta



T, Wb SR D) BB L RDRE R T4 fih ) 2 BT 930k Jig 23

Materialia, 49: 3263-3268.

S, B, P 2012, FAFRIE R SR L T Be R B A RL R LA R IR AR 725 R, 440 308-
316(Peng F, Gu Y J, Ma Q Z. 2012. Creep behavior of viscoelastic functionally graded materials and
structures in thermal environment. Chinese Journal of Theoretical and Applied Mechanics, 44: 308-316).

WM, SR, R SE. 2013, SRR D REAR EE AR QORI AT IR T T k. D1 AR, 450 359-
366(Peng F, Ma Q Z, Dai H L. Finite element method for crack problem in viscoelastic functionally
graded materials. Chinese Journal of Theoretical and Applied Mechanics, 45: 359-366).

Rostovtsev N A. 1964. On the theory of elasticity of a nonhomogeneous medium. Journal of Applied
Mathematics and Mechanics, 28: T745-757.

Spence D. 1973. An eigenvalue problem for elastic contact with finite friction. 73: 249-268.

Suresh S. 2001. Graded materials for resistance to contact deformation and damage. Science, 292: 2447-

2451.

Suresh S, Giannakopoulos A E, Alcala J. 1997a. Spherical indentation of compositionally graded materials:
Theory and experiments. Acta Materialia, 45: 1307-1321.

Suresh S, Giannakopoulos A E, Alcala J. 1997b. Spherical indentation of compositionally graded materials:
Theory and experiments. Acta Materialia, 45: 3087-3087.

Suresh S, Olsson M, Giannakopoulos A E, Padture N P, Jitcharoen J. 1999. Engineering the resistance
to sliding-contact damage through controlled gradients in elastic properties at contact surfaces. Acta
Materialia, 47: 3915-3926.

Volkov S, Aizikovich S, Wang Y-S, Fedotov I. 2013. Analytical solution of axisymmetric contact problem
about indentation of a circular indenter into a soft functionally graded elastic layer. Acta Mechanica
Sinica, 29: 196-201.

TORAR, L35 . 1999, TR BEMT R /WIS & 4 BT it Ju it . )% 1 g, 29: 528-548(Wang B L,
Du S Y. 1999. Thermomechanical coupling analysis advances of functionally graded material structure.
Advances in Mechanics, 29: 528-548).

FARMK, KL S SEASAT. 1999, B A PORMA S A AR R Ty 2 a0 B D25 F R, 810 550-
562(Wang B L, Du S Y, Han J C. 1999. Dynamic fracture mechanics analysis for non-homogeneous
composite material with mutiple cracks. Chinese Journal of Theoretical and Applied Mechani, 31: 550-
562).

Wang Z J, Wang W Z, Wang H, Zhu D, Hu Y-Z. 2010. Partial slip contact analysis on three-dimensional
elastic layered half space. Journal of Tribology, 132: 021403.

Zagrodzki P. 1990. Analysis of thermomechanical phenomena in multidisc clutches and brakes. Wear, 140:
291-308.

Zagrodzki P, Lam K, Al Bahkali E, Barber J. 2001. Nonlinear transient behavior of a sliding system with
frictionally excited thermoelastic instability. Journal of Tribology, 123: 699-708.

Zhang W, Jin F, Zhang S, Guo X. 2014. Adhesive contact on randomly rough surfaces based on the Double-
Hertz model. Journal of Applied Mechanics, 81: 051008.

Zhang W L, Qian J, Yao H M, Chen W Q, Gao H J. 2012. Effects of functionally graded materials on
dynamics of molecular bond clusters. Science China-Physics Mechanics & Astronomy, 55: 980-988.

Zhou Y T, Lee K Y. 2011. Thermo-electro-mechanical contact behavior of a finite piezoelectric layer under
a sliding punch with frictional heat generation. Journal of the Mechanics and Physics of Solids, 59:
1037-1061.



24 ) 2 bel3 J# 44 %5 201401

Zhou Y T, Lee K'Y, Yu D H. 2011. Transient heat conduction in a functionally graded strip in contact
with well stirred fluid with an outside heat source. International Journal of Heat and Mass Transfer, 54:
5438-5443.

B, RS, BRARER. 2010, DU RERLER B G BO A T J 24 W) B STk e, )22 b g, 400 528-
541(Zhong Z, Wu L Z, Chen W Q. 2010. Progress in the study of mechanics problems of functionlly
graded materials and struture. Advances in Mechanics, 40: 528-541).

Zhou Z G, Chen Z T. 2008. Basic solution of a Mode-I limited-permeable crack in functionally graded

piezoelectric/piezomagnetic materials. International Journal of Solids and Structures, 45: 2265-2296.

(GHERE: BTN)



T, Wb SR D) BB L RDRE R T4 fih ) 2 BT 930k Jig 25

Progress in contact mechanics of a type of
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Abstract In regard to a type of materials with gradient varying Young’s modulus in
the depth direction, considering the effects of interfacial friction, fretting and adhesion,
the influences of finite scale of materials, the varying gradient law, thickness of gradient
coating, thermo-friction of interface and the shape of punch on the surface contact features
are summarized. The performance of resistance to wear of the gradient material surface
is mainly analyzed according to the interfacial contact stresses in different contact models.
Unsolved problems and prospects of future study on contact mechanics of functional gradient

materials are suggested finally.

Keywords Functional gradient material, surface contact mechanics, finite thickness, fric-
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