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Fig. 2 Meshing of bodies with internal cracks
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Fig. 3 Patch extension finite element diagram



5% 2 3 £ OR%E.

o A S o < R AR A S TR L T A o e 2 W R R . 221 -

BATTIY R /INAT DA B AT 3 4 A0 1 s 7 56 7E
I DX PN e 1) DU i JE I A 22 b s A Ak XS0 R A
A% 55 T 6L A D) s 2 PR A [ 440 i A TR AR L 2
AR SR Ak Tk f D A T 82 L A T R O L
DUJ A A P 5 M)
ATV RARIT A, & N
(0 B R TSI K R T A D, 4R sl Rk
#1820 () Hfg R 2 18 S 24 v 34 58 R A A7 AE L AL
K H £, Go)F| £, | % Dyl D, w5 5
FTH0R A8 1Y) A7 S v Ot = B A OGOk
SN o PRI 25 0 Bz 501 I 8 62 % 4 1 bR R
W (x) = >IN, (0w + >)N;(ObH (f,(x)+

i€ D, €D,
DINxe | £ (x| (6)
k€D,

LA PR T 5 v b A RS A oA BOTE R —
RS YR a A N OR A AN S R
Dirichlet 13 5 44 (4 i fin. {52 b 3 A7 %% 3 {4 o8 2K
HOTE T BRI L B (B AN 55 T 40 AL RS L i A S
U 5 SR R BT B AL B L by AT 3
W () = DN (Ou;+ >N, b H(f, (x) —

€D, i€

foCe) 4+ DIN e (] £, [ — | fulx D

(7
X Fh 7 B AE AR B A e S A PR DT AR B i R il
e AN EEARAG BB AR i 37 W R % ik A O 2 B A
B i oA ESOME LA SR i Y [R) AL T HL 28 A XA IX s Ah
F18 At 78 43 AT SR RS 48 K 1 A L %) 2L
I DX SR A7 JRy 3 40 Ak BV AT, 78 46 e T 5 o B Y [ B
PRAE T RORE B2 97 R T 9 A FR T iy i RS 2
T LA 2.
1.3 ZRIBEHNNZFHKEE
TELFE Ty 2 v bR B AL ) 5 AR 2
[ FETERI RN
05 = Cyuen = Cyuu (e —el) (8)
ooy AU T 5 Coin 2 W BEFE B s el S 44 Y
SR s eg SRR R B AL S s el Sy BN AR AT DA
E TN
e =aAToy=a(T—T)6y (k,(=1,2) (9)
P a MR PR K 2R B AT Sy MFORL Y IR 2 A2

A T g br BRI T D9 4 BE B0 46 i L

M B3 A BROT iy AR, T RLAT 2% 8 34
3 1 9 B G ) T A
Ku'=F +F; (10)

AP K D BTN BERE B u g BT A% 1) B e O
FLTT I A5 R A A 1) A F D S S0 E B AT 1]
L LR T

K = J (B)'CB*dn (1D
0

F =J N"‘Bdg+LN"‘;dA (12)
of "

th - J (B”)TCe”' dQ (13)
.

Horn R M B R s B0 S BOE ET

H1 3 CL3) AT AT S5 2000 B 2 1) i o S50k
TR A 7 A ARV AR A S R AR G I R R
PEAT AR IR R A B AT O R AL RS 7 B L 1R B R G AL
o B SR fiff 75 7 -

Ku=F+F, (b

Xt b CHEAT SR A IRl 45 25 PR R 7 A
(9 (5242 475 » D 10 A LAREAT B2 28 S MRE 3 355 M
% 8 IR VR T T B AR EL AR P AR 23 X6 R A7 58 TR 1
PEAT $E L.
L4 ZEAHEEATHHEEERR

B 4 gy T A3 23R 2 B ok i B S 9 AR 31X
BURBEELE P DT 30 o BRECH) BT AR
Fm. 5 BT 1T X AR S bR A X
S TE M AR LR Ry ek s R
I=1,+1,. =

Jx (o8t + oyutts — ol el q. dA +
£

Lu:“u,.l ot —otensn) qdA (15)

A L D ¥ ST R R B AR LA T ARG T L H

AR5 ST R X I ) AR ELAE AR 2R T, AR aux AU
B A T AR E N B MR L L

oA I B AR HEAT TR RI AT R X L A AT

e T

Lo, = JX(GZ'“;I;M]'J + GZ'MM]',;] + G,y.;uf,‘l?il + GUM;'“:}II -
oithen —oivel 1 )qdA (16)

o T RN RIS T B 05,5 = 0, 0] LUK B 54k



o 222 - W g 22 4l

2025 42 46 &

B4 ARSI R A AR X 0SB

Fig. 4 Diagram of integral region of inhomogeneous

material interaction

fii hy
I“:Jfﬁ”md+mm%t*ﬁh3*ﬂ%ﬁﬂwA 7777
17
AR 5 A7 B 1Rz AR 22 (8] 78 6 R S 6 Z 0 FR
CIF:Y
o‘ijuj,il:%(o‘,-ju,-,]l +Uﬁuj‘,,’1>:
1 ttal
?Gij(ui,]+uj.i —0;€5.1 (18)
o bR Y AR 5 HLAR N AR | R AR 22 (] Y 58 &R L
F(8).
K ADRARA AT AT 17
Lo = J (oot Foyulh — ot ey — el 1 )gdA =

JX[GUM;’,] O_Juzle/n+6]1u (Srrl_sf;),]]qu:

J (oyu™s — o el + ge? DqdA (19)

9 TR AR EAE AR B 2k — ik T
‘ﬁi%l/\*/l\@’}{‘ E?}“‘IOZS,HO'N s %%Ejj{iiz%
Z A DA R Al

w0 L

e —?(u?f')'TLu}‘?f) (20)
AL 200 . 219 W5 — 3 AT LA 4k A
Uy %m(u‘,’f“,‘i-’-u] 1) =
oiei’ =0, Sihoun 2D

ﬂ%it(Zl)%ﬂ el = ,jk[6k11—%A§Uﬁ(19) ’m‘,ﬁ‘:

- J Oij (Sf}ﬁ[ - S,jk[ (x) )(721“11 qu"’J (7;“5’? ]qu
A

(22)
b SR A R S — T B D 2 R AR A A T A A
HAFRBS R I, F L 3R,

L —L wreh adA = J w [o(T—Ty)0, 1.1 qdA =

Lg;;."f [as (T—To) +a (T—Ty) ., JqdA (23)

A W ORE AR 2 AL T AR () B IR AN 5 BE R RE A

AL S 0 B, BIAF R IR T A w &, W E
EWINT AR
I, = J-qa?j"’a.l(TfT(,)qu (24)
1.5 [ &EMIBNAEEREFHIRI
) [ ARG T B4y AR BE B CR G
TR AR R,
J:<;:E#<KZI+KZH> (25)
Hep K T BN R ER T Ky oy 1B 758
BHF;
Eup :'Z‘E@jj
E.W=1 E, (26)
{71_% ST g A

A E, v, 50 51 R 2 8043 v 7 Ab B Rk i 3 4 A5
= AIARS Ee. BB 4 #E B 52 3 A B 3 08 St [E VR H
TOAREHY T B e

]"‘—E, [(K; +K%)"+ (K, + K )2 =]+ Jw
+1 (27)
¥ 27 I JG o] 43 B 8 = 3L, 43l S LS

%\ﬁﬁﬂ%\ﬁ%%ﬂlﬁﬂb% CRER TR J B0
Horpr, B9 A0 Bl 5 38 R4 TR (9 28 SR i 5 R
K IRy

I= (K| K+ K, Ki) (28)
up

HTH B E & e, ol 54 K9 =1,
K =0 ft K" =0, K" =1 HACAZ 28) v 1]

PR OB L oL AT SRR | A I
T 3 3852 R T 58



o A S o < R AR A S TR L T A o e 2 W R R - 223 -

5% 2 3 ESN E
E/zi/) E/zip
Kl :TIU, K”:TL] (29)
1.6 EMHMERRSXIEBEXMEEIE
o Bk 2 S8 AT VR TR AR AR AR Y 5 ik
A Rk 25 AL A TR 9 — A 28 i

PR AR R HE #E A7 36 3iE. &1 % B3R 0] 8, Erdogan il
W ST T 2058, A5 T IS T 2 R A AR 4R
fr VT I g 5 B TR 1) A A A
WK S frs EIEARGERE y W=1, KEHN H=
5. PERE E VI IK R B o S5 HORES B0 9 D7
] 52 45 BOE AW 22 4k JH A L v=0. 33,
E(x)=E e"" (30)
alz) =p et 3D
FEIE AR e A i SR R R i A I AR R T
SN Erar T ME; a2 To H E, /E; =100 /ey

=2.7EHIERE) H/2 ibH—KEH o B9 L. FH
TEAR W46 BE B e S To =10, 45 31 FU il B €
T(h)=T,=0.5T, . /21 5@ I 53 = Fh A A 1%
DAy TO)=T,=0.1T,, T(0) =T, =0. 2T,
L TC0) =T, =0.5T,. HILMA R G K 4% Kl 53 4
LA vt Jry 5 IR A T 2 DL S = AN AN (] 1 R 43 [ i 4]
5Cd R, FIEARA BR T kA% th At A 2103 A~ P
NI (Q8 HLyT) A 12 S = MBS A Hos
(T6 H.50) . Horr, T6 B0 ] S BRS04 v 1) 25 5Pk
BB A - TH0 g 78 IR 2 7 B A IR B SR T BOAS [R] 2R
DK o/W=0.1,0.2,0.3,0.4.,0.5,0.6.,0.7,0. 8,
TR ] PR3 VR F T 2480900 1Y 1y ) 9 J3E PR 1.
JIR R K A BRI E Wb Ron, TE W
R K=o, Vra/2 . W oy =EaT,/(1—w.

E(2)

() LR =M

(¢) Crack tip local grad

a(x)

BUFKH 1

BaKE2 | BARES

(a) FRHR R

(a) Rectangular plate diagram

(b) FIEHA FRIT R4S

(b) Rectangular plate finite element mesh

(d) AR X

(d) Different integration region

PS5 BB AR TR D REAS 2 AR T2 AT R OT A

Fig.5 Finite element model of functionally graded rectangular plate under thermal load

¥ Ky /K THEER S 2% S0k b B g i AT
XPH . aniEl 6.3 1 R, AT LUE B E 45 R W) &
AR B MR 22 AN 5 1. 3 %0, i b Al LA SIE
TR EMIERSYE. L T, /T, =0. 1 R, 528 A )

FR> 18] % R T = b AS ] B9 BR 7 DX E AT 3153 A T
TR 1 FrR Al RLA A R B IO A 5
L5 R W B B AR /DN » Ul B AS SR8 T77 ik % T SR 8 A 1
FITR B9 AR B 2344 0 B AR b (9 B0 XIS



© 224 - [k 2 2 4 2025 4E4 46 3
0.10
0.12 B . e AR, B
I "\ ! ":0' AN - - ASCHHEER, B4 K2
0.10f \ A L0 e N e ARG, BUMKS
L o % —v—T,/T,=0.5 w
0.08F \‘ Erdogan and Wu ¥ "
: - AR R 0.06f N
= 0.06 S N
S ¢ N -
N 0.04}
0.04F W \5 -
\.
0.02+ T~ 0.021 m
0.00+ ‘\\\
-
1 1 1 L 1 0.00 1 1 1 1 1
0.0 0:2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
alWw alWw
6 A5 ELER G5 AT I B 7 AR KR AR
Fig. 6 Comparison of simulation results with Fig. 7 Calculation results of different integration region

reference solutions

Rl AXGEERESERAMRE

Table 1 The relative error between the simulation results and the reference solutions

Erdogan AR
a/W .

and Wu'* BARE 1 MAxiRE (%) BAOaRXE 2 MXRZE () Bl E 3 MXFIRE (%)
0.1 0.10389 0.10378 0.11 0.10452 0.61 0.10348 0.39
0.2 0. 08559 0.08595 0.42 0. 08603 0.51 0. 08505 0.63
0.3 0.06926 0. 06840 1.24 0. 06837 1.29 0.06841 1.23
0.4 0.05356 0.05344 0.22 0.05352 0.07 0.05348 0.15
0.5 0.0383 0.03790 1.04 0.03773 1.49 0.03786 1.15
0.6 0.02381 0. 02350 1. 30 0.02366 0.63 0.02352 1.22
0.7 0.01209 0.01200 0.74 0.01198 0.91 0.01196 1. 08
0.8 0. 00389 0. 00387 0.51 0.00384 1.29 0. 00385 1.03

— 2K /K|
= e o 2 oA F 43 0. =2arctan - (33)
2 I{’EIm}ET%*#’%E;:F%{q:IE%@ID\%ZI 14 /14+8(Ky /K )?

VRMR

2.1 FXER@ESEN

TEAS S vp BT W 0 0 HE A5 e ) R v 3 Y e
R 1) g 7 D0 AT SO R A L AR
S5 RS 1wy 7 T ) B L0 YR I iR I B U
[0 ST o B K D7 10 BEAT Y S AE Y & Oy m) |, 3
VIR 1 o0 B0 R % B

doy _
a0

RO M 0. A

azo‘w
20°

0, <0 = 0=0. (32)

FERADLE S A A0 e vp LA K N < 1
Ak LB RS T R A R T ik, B SE A BT E
5 YL B LB . SR 5 5 TR B 3 5 | 1 B
A X N AR S RN ) S AT SR R T B S AR A
FAF WA EAE F B XER A B0 T 3 5 Y 2R AT 4
BB, ) P e S 1) 1z g o )R ) SRS AT R A R
BRI R KBCE @ Wi e K ER =2
— A E RPN A 8 BT R E AT AU B R AL
2 ity P A 114 A2 G s DA U T DAAS B B R S Y R
FEAZ.



5 2 1] TR R SR A R AR N IR 0 S L R B . 225
SR BB Eiimgﬁi,_J
PR R T PRI R A
o
R A N pEmk | R
TR K HOARERE  —papp HiR

K8 REY RERARE Ik

Fig. 8 Determination method of crack propagation path

22 IHEBREMRMEBEREGESSHYLYTE
BENEI

T TR AT AN ) AR R R T R A RS R 0
HilE.

BOE—TK K 120 mm, 4 24 mm, FTFi5H
5 ST RL A AR A 1 MR A X 4 T8 R TR AR . B RE ) g
T R ik R K B Skt e 9 fir R
Pl (b) Ry #E T8 Al 45 DX 380 T N A K R EOR K
s A 2R 18 9 Co) FIEL 9Ce) 43 Bl AR T AR 22 45

[19]

R0 TR A 1 25 28 98 1 07 1
VR 54 B AR . 5 BEORIE ) 4.8 mm,
G4 i 0 F P BT B0 R 2 A B
F316L QREERS 428 £ F 2 mm b, 920 4 71 5 2
U B SASOS A% 1 F 2 mm 4, BLEL 3 A
TP A A 2 I B B 1 T 4 A
R . SRR G AR T 07 25
b3 0 4 A G IRL — 50 C LRI 25 °C IR 60
Y,

(a) FETLIRLE TR O

(a) Distribution of weld joint in the rectangular plate

PUZIK R B 2 (X107/°C)

F316L (=

——

1
HIRZ SA508

(b) PRk R Ao i 2k

(b) Curve of thermal expansion coefficient

B9 JRAE XA OB LR 1 23 A 1 2

Fig. 9 Distribution of material properties of rectangular plate in weld zone



. 226 - Gl 2025 4E45 46 %

120 T 120
100 b 100 T
801 = 80 -
N g
g -———t----—= |
g | / | Q=3 — | ____ =
~ 60 h 60 b
il NS
FN7 S S NS [ 1 il SN I S R
40 B 401 B
20 - 201 -
@ @
0 L 0 L
100 200 300 150 200 250
HYERE (GPa) BERE (GPa)
() HHIE MR 22 M 3 (d) G &AL (e) SEIBARA U S P A
R AR L £k (d) Crack location AR Ak 22
(¢) Curve of elastic modulus distribution (e ) Curve of elastic modulus
on the left side of the on the right side of the
rectangular plate rectangular plate

YER 9

Xt TR RS AR B S R AT IR IR R
i e e L R BT R A 07 ECT AL AL 10-14 JT R S M)
R d) 7 7 T B A R REY R g AR IR 5% 2 9 AN T
DU BRI UG 2Ly e f. P AT DU M 7l 25
CF i FHIP AR B IR AR, REHEY R 2
HRBEAT RN TS R ) ST B /N R L 1R (R
SAGRES T RUIT 2 AR AR DL SR R BR 5 o oy TR

(a) =50TC (b)25°C (¢) 60°C

10 Zgr 1 PR KA AT R AR
Fig. 10 Crack 1 grid diagram and quasi-static
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expansion path



5% 2 B TS I LS B R P e o N T Ve R O e e LTRSS T 2 0 - 227 -

(a) —50°C (b)25°C

(c) 60°C

& 12 Zar 3 PIAg I S AEFR Y R AR
Fig. 12 Crack 3 grid diagram and quasi-static

expansion path

(a) —50°C (b)25°C (c) 60°C

& 13 oy 4 WA I R AERR Y R AR
Fig. 13 Crack 4 grid diagram and quasi-static

expansion path

(a) =50°C

(b)25°7C (¢)60°C

& 14 ZEr 5 PIAR I R AEFR AT R AR
Fig. 14 Crack 5 grid diagram and quasi-static
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Table 2 Initial crack growth angle

TAERE WHER LY A O

Ho g —50 C 25 C 60 C
1 —55.53 —0.25 41.56
2 —26.71 0. 26 33.01
3 33.45 —0.16  —19.52
4 —51.72 0. 94 23. 81
5 —35.35 0.26 27.89
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Investigation on Quasi-static Fracture Propagation of Dissimilar Metal Welds

in Special Vehicles at Different Temperatures
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(! Shanghai Electro-mechanical Engineering Institute, Shanghai, 201109)

(* Department of Astronautic Science and Mechanics . Harbin Institute of Technology. Harbin, 150001)

Abstract Dissimilar metal welds in special vehicles and equipment are essential parts that significantly
influence their performance. This study focuses on how different working temperatures affect crack propa-
gation behavior in these welds. The research employs the extended finite element method (XFEM) as its
numerical analysis tool. By refining the local mesh at the crack tip, it avoids complex crack-tip field en-
hancement function found in traditional methods. Temperature effects are integrated into the interaction
integral, and its form is simplified to isolate terms related to material properties and temperature. The
method for extracting mode I and mode II stress intensity factors is provided. Thus, a numerical calcula-
tion method for the stress intensity factor at the crack tip of dissimilar metal welds in special vehicles has
been established. Taking a two-dimensional infinite plate with a crack as an example, stress intensity fac-
tors are calculated under various temperature loads and crack lengths and compared with the analytical so-
lution. It is found that the relative error between the two is less than 1. 3%, and changes in different inte-
gration regions have minimal impact on results. The correctness and integral region independence of this
method have been verified. Then, based on the maximum circumferential stress criterion and the above re-
search content, a quasi-static crack growth numerical simulation method is established for different temper-
atures. Simulations are conducted at low, normal, and high temperatures to examine crack propagation
paths at various locations. Initial crack growth angles and paths reveal that crack propagation in the weld-
ing zone is predominantly mode I at normal temperatures. However, low and high temperatures have op-
posite effects on crack direction. Additionally, cracks may propagate across weld boundaries. This finding
significantly advances the prediction of performance at different working temperatures in dissimilar metal
welds of special vehicles and provides crucial guidance for durability and safety design in engineering appli-
cations.

Key words dissimilar metal welds, crack, interaction integral, stress intensity factor, crack propaga-

tion





