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Evaluation of stress intensity factor for small edge interface crack under thermal stress
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Abstract

This paper deals with the analysis of the thermal stress intensity factor for small edge interfacial crack between bonded
dissimilar plates subjected to uniform change of temperature by using the crack tip stress method. The stress intensity factor
of edge interface crack is strongly controlled by the singular stress field at the interface edge of the bonded plates without the
crack when the crack becomes extremely short. In this study, the small edge interface crack problem under thermal stress is
solved by superposing the uniaxial tension problem with edge singularity and the uniform stress problem having the
boundary condition of temperature change and uniaxial compression. The calculation shows that the stress intensity factors of
the small edge interface crack under thermal stress can be evaluated from four factors related only to the Dundurs’ parameters
aand B. In addition, the expression of the stress intensity factor for the small edge interface crack under the logarithmic edge
singularity is presented when the material combination is a=22.
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1. #

PR M EHIIRE LIRS DA U D & MBIOETEREDE D HEUS N3 FAET 5. BRI mim AT
LTRGBS NI R 2R3 720, & O R S 15 & B R U T iRl A AR & e o
TWAD(BE, a4%, 1993)(Ikihfh, 1988)(1Lilky, 1991). HEAM O IFHEERHAE U DIREICNIC X A B E K&
ZTF B0, BUSHIZ L D EHDISIHERIREL O E 2R AE OB N E F T 5 (M Efth, 1997).

—75, EAM OMWEEII IR D RAT D 2 LN W=D, REME OB N E O, SmiliEz
Y% ECEETH D, 5 IRATE A 52T DA OB N & I OW TSI X - T T
Hraf, EREIS ERBOLDN/NSWES, S HZOISIERAEE, SRHOM & X o imimEes s /)
BICEREND ZEEZHOMNT L TWA(EFHEM, 2010). & 5HIT, BIEY 252 1F 5 HE MR T g & 2L fig
WA T 2 AERE OMEHLA I3 200N ik & HZOISDIERFE O A R—E L THD. L LR G,
—RRIREEZIC X 2 BRI TN IT D 5t & KO BRI IR R 2 24 2% L T A TH U (Erdogan, 1965),
EEOMBHEARIT L ClH T & 2 mi & O RIT R A7 6700, I 51T, BUSIGICRIT 2 s
AW SRS 151X, SR E FOZNE RARDIEN AR E 72D 2 Lo TR Y (GEHMth, 1994),
FEE DM ERLA Y O ITETL ORF RIS 135 % "3 728, BIEME F &38R 2T FIERMLETH S,
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Z T, AWETIE, —HRIBEE(LE 5 TR A U 2 BRRIS DB 4 2 S04 Fifiia & KOS IHERAREL
AT L, SEM BRI R SRR O N R S KOREZ B By, S RO B R A I & D
ISTHERBEEA~ DO BT 5. £, EEOMERLE I DS HERRE OFHI A2 12= T 5.

2. fRMiAE

1 O X5 v ik & 2 A U B BHE G A TR — SR E LML AT % 5 2 7o REIBIZ W TH
25, MEFL 213E BICETHMEARE U, MEHERE LT, BAMTEMEREE Gy, G, AT Y HEw, w,
SRR E E 1, 1 TET.

AT TIE, ARERIEICL > TR LD ZRSROISEEZ TOEERAL, K LIRS IERERE AN
DOFRE & X 2 (R AERRE O & ZURET R OIS IE E DA & 5 2 LIS L0 R IERERE % e 2 gk 71k
Z N (Pa4Mt, 2003)(BF MM, 2010)(/NF, ¥FE, 2012)(/NHEIft, 2009). Z OJFIEITHY vk L T,
AMREEFEC LD EIC SR EOR R ZGD 2 L TE (A1, 2003).

Z OFENTIE I, S JHERRED B Ch 2 FREREO ARG T & S 2§25 Z LI k- T, KRaofiE
EELWRRIS G EED M. S 2ERIRES T — NIREEE e 5720, FYEREE LT, K2R T
RIS T B O AWIET) S 252 HHE RN EZ B 2 5. SIRICT) T=1 H D WIEEAWNS T S=1 & L4
& OILUERE O F i & ZUEHRE RO FEM RAMEZ 202N oj0rem *» tyorem * B ECojokem *» Tyorem * &
U, SSIHERAREDS RN ORI 1 DZ I 0y ey » Tgoren & DT AUE, FEHERTRE & AR & 245068
HiRISADRFELNE WS KLY, EEREICENSE2A/MIE T, S ORIIRALVRETE S,

S=1 * S=1 * T=1 * T=1 *
T- Oyo,FEM “Txy0,FEM ~ —Oy0,FEM ~ “Txy0,FEM S— Oyo,FEM ~ Txy0,FEM — Oy0,FEM " Txy0,FEM @
- olL %, S=l *_oS=L o  T=1 * - o=l w S=1 B *
yO,FEM ~ “Txy0,FEM yO,FEM ~ “Txy0,FEM yO,FEM ~ “Txy0,FEM yO,FEM ~ Txy0,FEM

ZZT, FEM T ORE, —oOORBBETERUEIRTIED A v 288 — B L OMBHEER NN L & 9 SR
WERT o 2 (7N,  2009).

XA EVRDE T, SOELY, FEAERETH D EMES IR O S & OIS iE w8, walL vk
HHENA.

K, +iK, =(T +iS)yra’ (1+2ie), Fi"ﬂﬂ+lj/(l(z+lﬂ .

2 Gl GZ Gz Gl

TIT, Gy AR AR, ¢ (HRIAERIHEE, ki =3-4vy CEIOTR) | Ky =G@=vi) [A+v)
CEEIS D) | v KT Vot (me12) T d. QOB EAREIRMOMED &0 L5 LUz,

K=Ky, Ky=Ky (3)

Zone of

free edge

singularity
v, T

Fig.1 Problem for small edge interface crack

Fig.2 Reference problem and

subjected to temperature change
FEM mesh near the crack
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PbEXY, RMOBBEDOISEHIERRE K & K ZfEICHET DN TE D, 2 2 TELNDIS IS,
WO L HICHAEMEOREEXHEES 28 2 HERIS L LELOTHH Z LICHEET 5.
. Ky +i K, ( r j'é
Oy +iTy =— 2| 4)
VoY orr \2a
Z T, FRERTEOIST IR L O AR ORI Ik TR L TS,
BSIIEITICIE, FEM 7077 A Marc 2 VS, 8ESIUATEER 2 Lz, ERLENIX 2 17T K 9 Ic&ZUemT
AP L, YR TERA Xe NEXZEX alZkt L Ceazli72171 L7325 L9 Uiz, BEAROIE S @S Dkt
IZLUwW=1 & L7-.

3. BIERBLUEER

AW TIE, N E AT 5 B EHES IS — R 7RIR 2 AT % 5 2 T2 RO TR ST LIS IR KR
HF, Fo, SALHEDO alW &M EMERZ 2L S8 TN L, MEHLA R X O m b Bt D e &
IZOW TR EIT- T2,

3-1 BEHICLHFRENSFEYEAHEEEDOZE

1 DEAM OGS, TOIIHERREIE, MEHIAERB L OERE ST > TEBbT 5. ERuibisEk
B F, F3XG) D L HicEE L. ERITTUIZAWTZR(O)D 0o, BFRREIGIINC K DHRFRIG I3 & M2 ks
IS G 2 m s RIS TH DB, TE4, 1993). F7=, MEHAASEIE, (7)) TEFE S D Dundurs DES
INTG A=K a, BEHWTRRTD.

K, +iK, = (F, +iF,)o,Vma(l+ 2is) ©)
-, . Pl t
o, = 8G,G, (7, —n, )AT " = T (Plane s ress)- (m=12) 6)
G, (x,-D)-G,(x, - -2(G, -G,) @+v,)n, (plane strain)

_ Gy (x, +1)-G, (x, +1) = Gy (x, —1)-G, (x, -1) @)
TGk, +01G, (5 1) 7 G, (x, +1)+ G, (x, +1)

MEHLAE O BEE ELRT 572012, Dundurs D37 A —% % =08, =03 L[EE L, MEEKE 4 37—
VI Z TR L2358 DX 1 OBER AV IR Fy, Fo 2% LInd. fHFREOMEE E, 1 0fEE2 AV

Table 1 Normalized SIFs calculated by four material combinations when =0.8, =0.3 and a/W=10".

i . Case 1 Case 2 Case 3 Case 4
Analysis conditions . .
(plane stress) (plane stress) (plane strain) (plane strain)
G, 496.524 4878.049 99.999 3998.612
Shear modulus [MPa]
G, 45.426 453.515 9.091 363.625
. on 0.007 0.025 0.000011 0.000347
Poisson's ratio
vy 0.223 0.225 0.181819 0.181844
. i 10 10 5 3
Thermal expansion [1/K]
72 1 100 2 20
Temperature change [K] 4T 100 100 100 100
Equivalent stress (eg.6) oo 450000 -45000000 26364 -8254337
) F1 2.5675 2.5675 2.5675 2.5675
Normalized SIF
F, -0.3635 -0.3635 -0.3635 -0.3635
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F1 X0, MHEHEENEZ > TWTH, Dundurs D737 A —Z B3 LOMEHEAE THIUE, K((G), B)DTHE
W& DI GHAUS I RAREN IR CAE & 72 D 2 L v .

31T, —HREEZAL AT 252017 DA OMY N i & X0 BRI IIERRE A, xS RS aw &
AL S THT L7 R 27”97, Dundurs OB S /3T A —#1% 0=05~0.95, =03 & 72 5 EHAAE 2V
X 3 L0, ZREIDNELZDIZONT F, RIFEHLTWDZ N5, ZiuL, EHNPEN L X0
ST K D SRS )5S, R E AZDISIHERREICHEEB L TWD b0 B2 o5, MEHLGEN
a#2B D& E, FEEEE R, R D OMEE x O~ BEEIAXT) & D 2 ENRLRTE Y (i,
1994), XHNEL RDICONTEREEATDIENIREL 2D, Fy, F X ERERIS I T i SN 5.
3DOREEND, EHDFENGE, N(B)D X 2 e ERRH O R R TIE A<, PRt 4 258 L7-3F
MR ZERFT 2 LERH 5.
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Fig.3 Relation between normalized SIFs and the relative crack length a/W when =0.3
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3:2 EREDOBICLIRNTHEBRMBHEEZER LW NAREZEROENIEXRFZB O

MR iR & e A LT B EHE S A TR — 2R B3R & 5 2 T R OS2 Wit 5 54,
& U O IRV RN & im0 RO T EEEREMIOIN L, BUSHBICAE LA EHHEL BB LTI 67
W, XRUESROICINTEREE D, £ 2T, BRSO L ARRSGE, K4 O L5 O ER G T
FEAS A (B, PEA, 1993)(1LiE, 1991).
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Fig.4 Superposition method to analyze the thermal problem. The problem (a) for small edge interface crack subjected to
temperature change is solved by superposing the uniaxial tension problem (b) and the problem (c) subjected to uniaxial
compression and temperature change. The problem (b) has the edge singularity at the interface edge without the
interface crack and the problem (c) has no singularity.
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ZIT, SROWNA@), (b) , QDEERONE LD 0y %, T 5@), (b) , (€=
S(@)I LIRS &> THRIEZAE CIZIS I TH Y, 5(b)i& y Jr1al ARG HRATE I D S OIS 15541,
S(CNTREEZALAT & y HRERFEIC L 2 RIOIEN DM TH L. TNENARORNE, M DIET 15340 % H*T
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(c) Compression o in y-direction and uniform temperature change AT

Fig.5 Stress distribution near the interface edge in bonded dissimilar plates without the crack when «=0.8, 5=0.3.

Left figures are plotted by ordinary coordinates and the right figures are the double logarithmic plot.
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BT Tl & BERS IR RMEDNAE U TR Y, M 5@ DIS/153FiE, K 5(b) & () DERAHLEIZ/R>TND D
LMD, DL E, FmbmEherRERREIE, KD HBERAVICHE L TE 5 (EF L, 2010).

[sinz(;[l]—ﬂz} B? +22{5in{§1j—f}aﬂ+f(ﬂf ~1)a? +W =0 ®)

5(@), (0)DISI50A L 0 KD 7 H EMFEEE 0132, (8) L W L7-F55013 0.1345 TL < —E L T 5.
550, Ka@OMEE, —Hh51EY OX 40)ORBEE, EMEME o 2T 5 2 LIk b —FRREL( AT
ICEBBMEIEOTHAEEZFTHIH L TV AIREEZ R LXK 4(c) ORTERE, 794, 1993245 TbTrd % Z Lic X
S TR TXD LE 2T,
b)Y &2 BRI, KD X 5 ICER TS SERGREL Fy, Fy % (/W) TR L 7= SR e bR
B C, CIZEBFHMNALITHD Z &, TTITREN TV A (B A, 2010).

F,=C,-W/a)**, F,=C,-W/a)"*, K,+iK,=(F, +iF,)o,vmal+2ic) 9

612, y T Hh5 IR Y 252 2 My N g & ROMMTHER O— Bl % =9, aW<10° OFEFH C RO bEREL
Ci, CIx—EMHERY, RODOBRBENLT 5 Z ENbnd. & ICHEM EEER RN E U 5 a>2p
DEEITEREIORBITT L A L0,

4ENTOVWTIE, 5@, K5(C)k Y, —HREEZ(L AT 25 2 To R ORe RIS 15y & S M7 R R 135 2R
T 0y CHEMET 2 Z S0k o T, —RRIREZIL AT % 5 2 72 B EHE AR AE U 2 SR i i 2 T H 1
LTV ZEnbnd. DED, [XAC)D I TIdbmiiFr RN AL Clan—FRISI KB L 72 5. X 4()DRTED
FERTRER 2R D K D 78 BERTTAUEREL Dy, Dol Lo TR

K, +iK, = (Dy +iD,)oovma(l + 2ig) (10)
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Fig.6 Relation between C, , (Fig.4b) and the relative crack length a/W when £=0.3
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Fig.7 Relation between D, , (Fig.4c) and the relative crack length a/W when £=0.3
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K 7123 & 512, B 4(0) DBE RS CIIA I BTG 15301 & 72 D T2, alW<107° O TRt kAR % Dy,

Dyix—EfE & 720, HAO)DBURMERAL L T D Z & bnd

# 2, 3ITHMEHEAY a, B E2ZILSEXK AC)DIT 21TV, GO ER IR Dy, D, s, APEHEAE

Ba=2p DA, FH

Lyt

Vi ]

BARFSRMEDS A Z BB CI 7 S SRPEIRUAR DA T, 3(6) TR S 4D F i E o o 2SR

KeEp12w, F(0)DER TSI LR ZFHI TE V. 0720, RPISIERHE L Tozen
#2100, DO, WEFERROBREROM Fi=1.1215 ISEVME L 72> TN D 2 EBRDMD.

Table 2 Normalized SIFs, D, for small interface edge crack subjected to AT and o as shown in Fig.4(c)

[ () : extrapolated value]

a p=-0.2 p=-0.1 p=0 £=0.1 £=0.2 £=0.3 p=0.4 £=0.45
0.00 -1.127 -1.123 - -1.123 -1.127
0.05 -1.128 -1.123 -1.121 -1.123 -1.127
0.10 -1.128 -1.123 -1.121 -1.122 -1.126
0.15 -1.128 -1.123 -1.120 -1.121 -1.124
0.20 -1.122 -1.119 - -1.123 (-1.129)
0.30 -1.120 -1.117 -1.117 -1.119 -1.125
0.40 -1.117 -1.113 -1.112 - -1.119
0.50 -1.112 -1.108 -1.107 -1.108 -1.112
0.60 (-1.107) -1.102 -1.100 -1.100 - (-1.111)
0.70 -1.094 -1.091 -1.091 -1.094 -1.100
0.75 -1.090 -1.087 -1.086 -1.088 -1.094
0.80 -1.085 -1.081 -1.080 -1.082 - (-1.091)
0.85 -1.080 -1.076 -1.074 -1.076 -1.080 -1.084
0.90 -1.074 -1.070 -1.068 -1.069 -1.072 -
0.95 -1.068 -1.063 -1.060 -1.061 -1.0640 -1.067
1.00 (-1.061) (-1.056) (-1.053) (-1.052) (-1.054) (-1.057)

Table 3 Normalized SIFs, D,, for small interface edge crack subjected to AT and o, as shown in Fig.4(c)
[ () : extrapolated value]

a p=-0.2 p=-0.1 S=0 £=0.1 $=0.2 £=0.3 £=0.4 £=0.45
0.00 -0.0647 -0.0318 - 0.0318 0.0647
0.05 -0.0737 -0.0408 -0.0089 0.0229 0.0556
0.10 -0.0828 -0.0497 -0.0179 0.0139 0.0466
0.15 -0.0918 -0.0587 -0.0268 0.0049 0.0375
0.20 -0.0677 -0.0358 - 0.0283 (0.0629)
0.30 -0.0857 -0.0538 -0.0222 0.0100 0.0441
0.40 -0.1038 -0.0736 -0.0405 - 0.0251
0.50 -0.1221 -0.0902 -0.0590 -0.0274 0.0058
0.60 (-0.1407) -0.1089 -0.0778 -0.0465 - (0.0217)
0.70 -0.1278 -0.0970 -0.0660 -0.0338 0.0009
0.75 -0.1374 -0.1067 -0.0759 -0.0440 -0.0097
0.80 -0.1472 -0.1166 -0.0860 -0.0544 - (-0.0020)
0.85 -0.1571 -0.1266 -0.0962 -0.0649 -0.0314 -0.0132
0.90 -0.1671 -0.1368 -0.1066 -0.0756 -0.0425 -
0.95 -0.1774 -0.1472 -0.1172 -0.0865 -0.0539 -0.0363
1.00 (-0.1875) (-0.1578) (-0.1281) (-0.0977) (-0.0655) (-0.0482)
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Table 4 Accuracy of the dimensionless SIFs calculated by Eq.10

Ci. D1, L F1,» directly
=03 F1,2=C12(W/a)+D .

[Noda et al.(2005)] (Table 1 and 2) obtained by CTSM

F a/w 0=0.8 0=0.9 0=0.8 a=0.9 0=0.8 a=0.9 0=0.8 a=0.9
10° 0.777 0.666 -1.0822 -1.0683 3.892 10.38 3.8918 10.380

F, 10° 0.777 0.666 -1.0822 -1.0683 2.568 6.058 2.5675 6.0577
10" 0.777 0.666 -1.0822 -1.0683 1.596 3.367 1.5956 3.3671

10°® -0.067 -0.083 -0.0544 -0.0756 -0.476 -1.491 -0.4757 -1.491
F, 10° -0.067 -0.083 -0.0544 -0.0756 -0.364 -0.957 -0.3635 -0.9567
10* -0.067 -0.083 -0.0544 -0.0756 -0.281 -0.624 -0.2813 -0.6242

% 4 13X 4(2) D = ZUESRO TR STAUIS IIIE AR E L, X 4(b) & X 4(c) % A G o T IR ST LIS IR RARER D
EEEE L b 0%, £, X4@Q)IFX 4(b) & X 4(C)D 2 >OREN S ERADOEOFEZ AV, HRIT
TBISIHERAFE RO L5 IR+ 5 2 LN TE 5. 72771, aW<103 OFH THRITH 5.

F=C-W/a)}*+D, F,=C,-W/a)}*+D,, K;+iK,=(F+iF)oom(l+2ic)

(11)
a#2p, alW <107

LUED#ERN D, —HRREZIGIC & 2B NE & ROISHILREEEIT, Dundurs D37 A—% a, fOIHZELRT
LR TAURELCy, Cp Dy, DAl E o TIRIETE D Z LW BN E R o],

33 HNBESEREHIBICH T Z2M/PREREROEDILEKRHROFTER
BRI E O RRRMEIC ST, Dundurs /85 2 —8 C a=28 DAy, [0 8 D L 5 IS O BRIS HVE L 5
ZENHBNTND.

o, xbgx AT=100[K], #,/,=10
a=0.6, p=0.3

AT

B T T R T R AT R

107 10 10 10+ 103 102 10t wW
x/W
Fig.8 Stress distribution near the interface edge Fig.9 Problem for small edge interface crack
in bonded dissimilar plates without the crack when a=2/ subjected to uniaxial tensile stress
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F72, a=28 ODMEFAAEEDOEA, K(6)DBE & OEFRREIE N X 2 RIS 185 & Sli7e fp RS 135 2 3 y #il
1) —HH5 | IR 0 DR KICHEI L CLE I 720D, 2D gy Z R ITTLCOK 4 DEREDOEDOFEICHWD Z LR
TER.

Z 2T, RRREZE OB E, K1 &SRR OIS & TR (12) 0 x 7 i | SR o™ & AU
729 DX 5B EMEMEE LTERD. OO o P I3 HEAREOOT I 68 L FOMEITHE LN E WD
ES U ARy

oo = 8G,Gy (17, * - *)AT (12)
Gi(xy, +1) -G, (x; +1)

Gr.vm

s == E =c logla/W)+d,
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Fig.10 Relation between F,, F, and the relative crack length a/W when a=2p

F(L2) DI N IS N TIER AL LTI DIEREREL Fr, Fp & log(@/W) & DRI A X 10 1273, X110 K& 0 v
RERFERD Fy, Fld X RO L & O S mbe s B il S, a/W <107 T log(@/W) & teBIBIRIZ 225 =
LD D. FIT, aW<10® OFiH TR 10 ORFRD X 5 12 uUE, Fy, FA2U T X 9 2R (13) THET =
LWTES.

F,=c, log(a/W)+d,,F, =c, log(a/W)+d,, K, +iK,=(F, +iF,)c"* Jma(l+ 2is) 13)
a=2p, alW <107

ZITC, cp G Oy, RIFaAWSIOPTIREEMBTHD. £z, ¢, C d, biTa (BDVIES DKL
T80, ROL I 72 a DB E L TERAZ/ER L. 1112 ¢, ¢ d, d; & a DBRZRT.

¢, =10.7035¢° — 20.9471¢° +18.3439¢* —6.6708c> + 3.25550° —0.0671cx (14)
¢, =0.3721a° —0.6765¢° + 0.5463¢* — 0.1638° + 0.03340 —0.0022cx (15)
d, = 25.54320° — 49.83140° + 41.8688¢* —15.18370° + 4.9974072 — 0.1509¢x (16)
d, = 4.01370° —9.68980° +9.4712a" — 4.0005¢° +0.8521c + 0.6590cx 17
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Fig. 12 Comparison between values of F; F, obtained by eq.(13) and CTSM
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4. #
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