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Fig. 1 Interfacial stress components



570 it & A

#36%

Rfil 3R SR TR S IR S LA AR i 3 DR A S
T RUE 7 ¥ o 7 SCIE o 4 57 10 AH 45 208 4 54k
SRR R R AL R AR 2 Jy e fe S T
S5 P T RH B BT A L O 38 o TG R JEE A Ak B AT F
TGS LAY SR BT . AR T 3 T A B T AR T K
B A3, 2R Y 52 10 2 80 5 1 B AL OF BT W )
B S, Xb T I A i S AR L LT AR RO AR 4R
Vi S A, b PR R 5 4 A T

2 EEYERIETEREEE

VLY T [ 850 A £51) o E58 5 TE A P9 AR 5 AR 1
Aty AR BEAT J3 2 70 Fr g 10 J0 2501 TG 1 1 7 BT AH N
T — RO AT RLE P R FJEETE & 1Y 45 004 1 v
JZ ok AR ST AR R L a8 2 () R
P 2 Ca) v BUTHJZ B9 A4 P 2 B S 5T AH A
BHEBE Y SR . A R T JZE O A Y i
iﬁﬁ”j\ﬁﬁ Sl 5L B8 RN ) 7 2 2k R 2 i BT
T I ST AR i A0 N T g DA RN B L B A i
SEAG B AT A ZBALER N B AR, R
) S TR JEE R I ) SRR AR i L) 43
M o I T A T JEE B A L 75 B 1 2 (b)) Fie 7 B 5 Y
S Bk 2 8 52 £ BT BL Y CIM (Complete In-
terface Model) , CIM H A T F il J2 AN 9 A
A B W S AL R B — s A T
WHRTE W AT N LT RA uasvas0ea s Tiya
VAK upsvps 0 s Toyp X 8 /I\/Eiaﬂﬁﬁ*ﬁlj‘]fﬂ

™ . \
Material 1 Material 2
) o,+Ac,
Interfacial
layer T8~ Tout AT,

Vi VB
04 - =
o.=0.,1 Ao,
1 uA B uB xB xA x

Ty .—'—
v Interface 1 3
y
\ \Interface 2

x 1o

(a) S E A

(a) Direct physical interface model

Material 1 0,+Aa, Material 2

- T Top= Ty TAT,
A,B
]

D'B ot Ao,
I
)’\ Ty - T """
Uy

X
Interface left — TT— Interface right

Modeled
interface

(b) SEHTS ALY

(b) Complete interface model

B2 B TR A ] Al s A
Fig. 2 Simplified model of interface

Sy oo, AT B AR S P E . T i ) A H
AESR M 4 A ARHE, LA 4 A% 20 B4 A5 28]

KA,
MR L AL AR AT
_Gk+4+1) du | GB—K) Jv | du du
o, = P 31—0— k1 9y T, =G 7y (736]
(D

L G=E/(1+2v.E Jip ikt
J2 I IR A TR B R AR
K—3—4v
or B—=v/+Wv
e m M s AR B, T oR/N A

SVRIARA L &

(plane strain)

(plane stress) (2)

Ju _Ju ug — g)M

31 ‘1.:11\791 r= g IB J({i)

Jol  _dv) S0 Av (g

Izl dxliza, ’x/ xa 0
%f(g)ﬁ/\fuy’%\/)

d d
GA—]Q1AM+ k]g .U ( /szA'U_‘_ kZl (L;\

A J
BklAu+\> + v) Oun + kiy—=— Bv
dy
(uA+Au) INu

T B* zAB k21 7Ty\+k21

ﬂg\: \gl kb b S 0 5

€Y

IO, Bk,
G+1) G3—K) G

1= ’ 12 k‘):*

Do’ T ey BT =0
(5)
BT S ATHGE kyos ko s ki AT Ry 2950 by B0 1HT 8 B0 (52 B
HHEL ST ) BB =4 B0 Gk R )
[ B 75 O BN R BRPEA Y 5 %
Gt D dv | GGB3—K) du
k—1 dy k—1 Jdx
K 9o/ y FH S T AH P AEL A9 7 2 36 U AT 4

- ko .3"0,\ dAv ki2
T2 dy dy o)

g5 b T ST () AT HY Ry s Ry s R B Ry PUAS
BUEH B ua s oa s Au Fl Ao TUAAR 18 58 4 R AL,
H =X C4) T, ST P A A 5L B K T ) Bk K 5 B
"R R ) 32 ST AR G 22 R0 ST AR R BE 6 1Y 520 5
STHI TE S 7] B 52 A6 e ik R ek 07 8 g T £ A TR
HLYE ) 5 90 ) 0 A2 B BN ) 2 R A AH DG, GxX dk
SE B AR MEA 18 32 A5 4 5C 2 AR IR B b S, X
S TN IR T B0 Y S S R B0E T ME LUBA SE 1Y N TE iR
PS8

(6)

y

s @



%54 E H,%.

— A R R E AR A MR e b R T 571

3 HEAZE

W 2 ffv 7 o T 58 4 ST A5 8 1) JC 5 B B T
BT TE S W A0 4% 3 A [ RN T g, B

p.= st p=— (0.t (8)
A BRI AT 553000 asb B ay s by s SR M
AR,

u I\]u 0 Nh 0
= 'Uln
U. 0 N“ 0 N[)

Au N, 0 N, 0
= « AU €D
A“U 0 Nu 0 Nb

Evi N,=+m/2, Ny=1—mn/2
Up=[u v. u ‘U/,]T
AU=[Au, Av, Au, Av]"

Auj=uw; —uiy Avi=0v,— v (i=a,b)

AR E N duw/dy=du/dn «dn/dy A 15

[(’M/(%}_[l/L 0 —1/L 0 ]U

vyl Lo 1/L o —1/L] "

FAu/f)yJ {I/L 0 —1/L 0

_ J-AU 1
IA/dy o 1/L o —1/L

pA:NA'AU+NIn'UI
p,=—(Ns+ Ni,)+AU — N, Uy, (1D
‘ ko/L 0 —ky/L 0
:TZEEFI Nln{ 1 - :] y
0 ky /L 0 —kn /L (’

]:kl Nu 0 kl N;, 0 :' "( \
N, =
0 kN, 0 kN, \
SRRV GRS = A -7 W I
Ri. . . a
= — f_y

RV_ [Riy:] o 1J7| i t]’ andﬂﬁ?ga’b) (12)
T*tﬁﬁ%ﬁﬁﬁfﬂi¥ru7n il 7
S o 5 L R SR

Rui=[R. R, Ry Ry, IN=G-Uy, +H- AU
Rius=[R,. R.y Ry Ry, ]1/:—0 U, — (G+H)+AU
(13)
AU M5 R Uy, — Uy, s I ARG 5 B4
K Ki, 0 o U, R,
K. Kiun—G+H —H (0] U, 0O
0] ~H Ky, +G+H Ky, | U, | | 0O
0 o) Ko, K.|lu, | R
(14)
A FAR 1.2, In A Ing 4350 378 B 1 22 A ) i) A4
B 1R 2, LA K TG RS B BT BT A A AN A Y

SEA% LT AR IR B RO SE I B A L AR SCERIA
FHHEPPAT Ty Bl A0S 434 ith 4 T S D)% 46 80 2
SN FEEAT A bR R B AT . XD R T JC)R B A
BTN A I JEE B 1) BT RK L P R YT A5 G S I AT
J52 1 RAT 45 3] 5~ BI5GB R L T g — 2P
i ABAQUS W H P+ 2 )7 UEL 48K i .

4 BRITEUSH

S 20 SRR | B B AR T 5 P A A
HE AT MRS BT 38 2o b o 08 2% SR8 90 A% 7 98 0
Bk, R SRR (S % T AR 50 M %
Akt L, T E A 5 4L BT A S 4 TS R B R
ﬁﬁ%%ﬁﬁwﬁﬁﬁ%%%@,igﬁﬁﬁ@
L T SR 25T % L A % ALl
i 5 LT W%ﬁ&ﬂ%%%% el o sz LA i
i o, ORI AR H Hooh i 3 R,
mmﬂlr%‘ﬁijme,ﬁ\@w BER 5 pm, #fap
P—10N, ﬁ@mg\ ST T % B b L A 1/2
HETT 407 % Tk A0 4% 1 S 25 1 2 7 T B
i 597 11 6 yﬁﬁﬁxﬁyﬁmu@o
5% KON Wy 125 .58 CPEA. 2 JUBEM e
o TSRO 5 4 X S0
\m %f%ﬁlwmﬁ%ﬁ%mwﬁfﬁ 5 %
imﬁﬁ%ﬁ%m 5 A T TR 4 T T
mmT 2 T L i T BT B

ﬁﬁXﬁ?Eﬂ‘H*MZIS&,H\WJEL#ﬁbD& F 1 i ALk 1 A%

RF20 1 pm. S A R ITEZ S 1800, 1 25
Uit S A R ST 2 2.5 e, FEAK N MRS K2
30000, i 5 i 35 X A% ) 848 28 100 pm, K14 R
A1y v R S T B A o A B TR R Y GE N T =
B AT SRR AE T 2 1 A st Ak ) XA Rl 4 R R
BT ABAQUS 45 1 A9 R J& 5 b b1 kL 25 & 1
AT T T A BT N AR Ay R R M 2
SR J0 R ] A7 {95 R 3 DL A5 B A T R S (E . R
SRA PR IC b I A R T ) i S TR AT U i
S A 7E WA ROE e N i A b o] A2 . TE

y P 3 mm P
X 2 mm

g| [ Material 2
g T
N Interface(5 pm)
hr e
1.5 mg} Material 1
5 mm
12 mm

K3 bt

Fig. 3 Analysis structure



572 it &5 4 % % %36%
b 3T W B HY N 5E A% S T AR AU B, BT L B 4.1 BR/7E S E R R 7 0 B

FH PN 50 288 (R AR A 3 (40 o B A5 ) 5t T iz

Xt 45 K4 43 531 2 RS PR A R B, — 2 B T A S

71 PRANLRA o) FR Ak 2 S35 /N 1 s 5 T 2354, R 2
o pan sk [ o — o ] B AT 1, Horb B B0 2t (5) TR A
A = R1AU; o N N

2y — Yi 7 Vi1 K 5 %%%jﬂﬁ’ﬁ*ﬁ%@ﬁﬁ%y*ﬁ%jﬁﬁﬁ
N e SUSRIEI AR . % 2 o FE 5 A A
xy - 1 2 — —
Yit1r = i Yi T Vi1 "
k1 BERWEEMMRE
kiz [ Avip —Avy, Av—Av . . .
O3 = Oiat+ =~ Tab.1 Material properties of hard interface
2 Yit17 Vi Yim Yi—
b A A A A structure
Uit — U Ui — Ui
Toyp = Toya+ " = + - (15a) Material 1 Material 2 Interph
2 Vi — Y V= Vi, ateria ateria nterphase
kys ky 8T Uist — i Ty E/GPa 35 12.6 4.4
oy =—Au+ —— + y 0.29 0.26 0.24
o 2 Ly —i i~ Yi—1 / " h/ ; G G
k1/GPa*mm ! ky/GPaemm k12/GPa ko1 /GPa
l Avi—Avy, n Av,—Av_, (15b) Interface
2 Vi — i N parameter 1037. 2 354. 8 ‘;64, 1.77
S,S11
(Avg,75%)
+2.000e+01
+1.667e+01
+1.333e+01
000e+01
67
k0t
33e+00
-6.667e+00
1 3%eior
-1.667e+01
-2.000e+01
-6.232e+01
(a) ENHI=E
(a) Normal stress nephogram
(b) Zgpeny (c) SEf SR (d) HEYHER
(b) Classic model (c¢) Complete interface model (d) Direct physical model
‘\ {}@ 4 2 PR 1 B T i B O 0 5
& epHogram sample and mesh generation near interface end
Aan, N
15+ ++es+ CIM interface lefte, T e CIM interface left
+ CIM interface righte, e CIM interface right
1ok« ——— Cl.assm modell o, ok —— Classic model
——— Direct model interface left o, Direct model interface left
sk Direct model interface right o, —— Direct model interface right !
g L + CMo, $=0.105
S [, Direct model g, SR ¥
\b>‘ or Sotocy, ’““"Womom y=1.843 E
Mbaa \a.
5 sl i 5
S
~10k
-15¢
-20 . . . . 2 . . . .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
y/mm y/mm

(a) TS ER RS K 0, 5340

(a) Normal stress and o, distribution along interface

P 5 BT AE 2 BT R

Numerical results of hard interface

(b) HYSHYIE R 5 A

(b) Shear stress distribution along interface

Fig. 5



%53 E H,%,

— A R R E A A MR e b R Tk 573

2 ORAESA RN B

Tab. 2 Stress value on feature points

Node&.height/mm Stress type/MPa CIM left CIM right Classic model Direct model left Direct model right
A 1. 804 o, —14.12 —14.09 —14.27 —14.32 —14. 28
B 1.974 o, —14.67 —14. 60 —14.79 —14. 89 —14.82
C 0. 105 Tay 0.68 0. 65 0.67 0. 69 0. 65
D 1. 539 Tay —0.97 —1.00 —0.99 —0.97 —1.00
E 1. 843 ay —3.5343 —3.5579

SR AR T R . R X s e A AL TR, A T 0
N 77 Bk ER AR /N, 28 B AL CIML (1) T ) &5 SR 4R
S HEY A S RIF. 456 R K 3R h B
AT UL, CIM RE FAE 5 1 A0 75 00 1) 1T 77 9k BK i L b R
WER L 2R A o, X 48 BUBTRY JE IR MBI Y . et
K5 R CIM 7EIE R S 80 FAAZEZS 1. 500 1 i
#%. 2ﬁ§§iﬁﬁ@%ﬁﬁ%%fﬁ“ﬁﬁ%ﬁﬁ 1T fa
B Ty 2 AR IRES A B FF AT Uk kb B A T A5 B iy
TR T Y I

214 G5 T A 590 A A O A L /MR 22 B B X
TR S5 e BB RAE 2 25T — AN, R
FH3 3 b R G B S R E 6 T,

A Do AT, 20 B AR S B E B 1 R U R g
Gk, T CIM Y 45 B 7 43t 45 AP 1A B0 HE 1R 4 1Y
WERG . X EE I 5 Ca) FTIE 6 (a) s wm sk o,
HEOR B Z ALk BRI ) A R B g KRG
2 PERC AT 1 0 3K 0] i, o, E’M”EFHE?JHT—I@
W AZTAE 3 CIM B T 42 9 FHLAE 700 43 47 45 UHA
{8, 6 HL g A B IR EN R R
4.2 ﬁﬁFrﬁmﬂ

55 2 wﬂwﬂﬂfﬁﬁﬂlﬂﬁfﬂs)%rmi&m,
Eﬂﬂﬁﬁﬁ?hﬁﬁfﬁﬁfwgg rumm
i 50— o g By o i
R, xmﬁﬁﬁﬁﬁf*%ﬂ\ B iz 50 pm K
100 m J5 FEAT 4397 . 15 BG5S ] 7 B

A W, CIM 15 1 42 1) B R 400 (8 45 SR 1) 22 B

S ¥ N, LAk R 3 85,50 pm K& 100 pm
T CIM Wy RiRZ 4588 T 10 % K 23 % . 1 1
HISC 5 pm BB 1,500 (BL i 22 2 5

Tl B PR () HC(E 5 RN E R D .
Pl 734 ] i A U % ) AL 1 0 FE 0 A K I AEAE
V)N 7 kIR R T S T IR D % S Y 2 AR
P 5 7 B AR 0 SR TG T A B 3 A R K i R B A5
P MERBLIZE R, bR b X T ARJR R A R A
Ly A R 4 TR B b A T 2R AT ok L LR

JEL B, A B e A ) R X R R AR I s b TG
T R F LA ASE 7R (] TR AT Ak . 256 DA RS,
MAHAAEE RS KERSSZH 6/L<2. 5%
b, AT Sk B A A, TR S PR b, B A R
FEARTERT 2B H ok Z 1] Haﬁti[ﬂé@jczﬁi
TR 85 A F S T ) 0 8 AT A 3 5k n‘zw% HEAT B4

L
k3 HRE %Eﬂ W
Tab.3 Material p%r fes of soft interface
/\(> /1ucture
tcrl / Material 2 Interphase
E/GPa é 304 2.9
0.27 0.38
Inter["ice h/G “! ky/GPaemm™! kiz/GPa ks /GPa
p'lr’lmﬁte 1085. 7 210.1 3.33 1.05
AN\
4 oL CIM interface left o,
N TR e CIM interface right o,
—~— Classic model o,
5 al Direct model interface left o,
g —— Direct model interface right o,
£ Tine ¢ CIMog,
= Of o Dlrect ‘model 5,
bk g,
& -5t
<
-10k
~151
00 03 1.0 15 20

y/mm
(a) WYFHEEIN I K 0, 5370

(a) Normal stress and g, distribution along interface

----- CIM interface left
----- CIM interface right
1+ —— Classic model
Direct model interface left
..o Direct model interface right

00 05 1.0 15 20
y/mm

(b) HyFEbIa B2 3534
(b) Shear stress distribution along interface
P 6 Ak 5T B AR 43 B 4

Fig. 6 Numerical results of soft interface



#36%

574 . T
[ eeeee CIM interface left
ISR e CIM interface right
oy —— Classic model
10 *o; Direct model interface left
Direct model interface right
5 -
I
£ o
¢ sl .._,'.
-10+ h e,
Sases ssq
-15F
-20 . . . .
0.0 0.5 1.0 1.5 2.0
y/mm
(a) FHIEEE 50 pm Bl 3 Fy
(a) Normal stress of 50 pm interface
5k CIM interface left
----- CIM interface right
10k —— Classic model
\ Direct model interface left
s —— Direct model interface right
&
= o
< -5k
~10k
-15F
-20 . . . )
0.0 0.5 1.0 1.5 2.0
y/mm
(b) FHHEIEE 100 pm BT N )
(b) Normal stress of 100 um interface
K] I CIM interface left
----- CIM interface right
ok —~— Classic model

Direct model interface left
—— Direct model interface right |

05 15

y/mm

(c) SR 100 pm BB

(c) Shear stress of 100 um inte,rface )
&7 4<ﬂﬁ[ﬁiJs=J*E’J§5Z1E#
Fig. 7 Numerical results of dlffer*}Q Q?e thicknesses
45 «)
AN

BT ST R Y A5 A S SRR AR AR L AR SO
T % S TR A RRH M 2k A T B 28
ﬁlﬁfﬁﬁﬁ FET DL o8 b Rl R BT A 0 B RS

g,

(l)ﬁﬁiﬁiﬁﬁﬁﬁiﬂ*ﬁ% JE L AHH
TN REJE 52 B b T 7R UM O 2k i s Xk b B
X AN () JE B ) S TR, L 7R B B 2 i RV T
I3 AT A

(2) A ST B0 TT vk A ] 25 R0% SRR 23 # 5t
T AF B8 02 3 bR 28, AR H A T 38 38 0 AR, 3 17 g R 3
{18 4l A T 4 T FIORS A

4k

5 i

(3) WA & R U] T A J7 86 19 38 A L X
TR S T AR A WD A B E R AR A R . AW
FAJREE R 5 B K RS 2 1 6/ L<<2. 50 I,
WERE/NT 10,

5 % 3L #k (References) :

[1] Yang L, Thomason J L. Development and application
of micromechanical techniques for characterising in-
terfacial shear strength in fibre-thermoplastic com-
posites[J]. Polymer Testing »2012,31(7) :895-903.

[2] Qi G C,DuS Y.,Zhang B M, et al. Evaluation of car-
bon fiber/epoxy interfacial strength in transverse
fiber bundle composite; Experiment and multiscale
failure modeling [J]. Composites ¥guje and Tech-
nology»2014.105(10) :1-8. (/J

[3] Ben S D,Zhao J H, Zhangy b/et al. The interface
strength and debonding for/{omposite structures:

dxyopmcnt% [J 1. Composite
Structures,zololi 9&7 8-26.

[4] Rlzzonlsg D@aﬂ)t/é, Lebon F, et al. Higher order
d

Review and recent

model for,s t hard elastic interfaces[ J . Interna-

ur al f Solids and Structures,2014,51(23-

137 4148.
[5] n F,Rizzoni R. Asymptotic analysis of a thin in-

»\

twnal

térface: The case involving similar rigidity[J]. Inter-
national Journal of Engineering Science, 2010, 48
(5):473-486.

A \
& [6] Dunders J. Boundary condition at interface[ J]. Micro-

mechanics and Inhomogeneous, Springer, 1990, 109-
114.

[7] Benveniste Y. A general interface model for a three-
dimensional curved thin anisotropic interphase be-
tween two anisotropic medial J . Journal of the Me-
chanics and Physics of Solids,2006,54(4) :708-734.

[8] XuJ Q,Mutoh Y. A normal force on the free surface
of a coated material[ J]. Journal of Elasticity,2003,
73(1-3) :147-164.

[9] Rice J R. Elastic fracture mechanics concepts for in-
terfacial cracks[ J]. Journal of Applied Mechanics,
1988,55(1):98-103.

[10] Valoroso N,Sessa S,Lepore M, et al. Identification of
mode-1 cohesive parameters for bonded interfaces
based on DCB test [J]. Engineering Fracture Mecha-
nics,2013,104:56-79.

[11] Ozdemir I, Brekelmans W A M, Geers M G D. A
thermo-mechanical cohesive zone model[ J]. Compu-

tational Mechanics,2010,46(5) ;735-745.



CRE OB % —MERREAD L w R T 575

[12] =2 Z.a9#m#,§hN. S EL LM BRERE 135,146. (ZHAO Peng, SHI Guang-yu. An accurate
WA R AT E S FFIR.2012,.29(4) model for the stiffness evaluation of spring interface
517-521. (WANG Liang., BAI Rui-xiang., LEI Zhen- elements used for the interfacial layers of laminated
kun,et al. FEM simulation of adhesive interface frac- plates[ ] ]. Chinese Jowrnal of Computational Me
ture in piezoelectric composite[ J]. Chinese J ournal of chanicss2011,28(s1):131-135,146. (in Chinese))
Computational Mechanics,2012,29(4):517-521. (in [14] Rabinovitch O. An extended high order cohesive in-
Chinese)) terface approach to the debonding analysis of FRP

(13 & My, &6/ 2. EARTEEWMREE R @ TEF N strengthened beams [[J ]. International Jouwrnal of
Bt FAE R[] 31 5 A F F 4R, 2011, 28 (s1): 131~ Mechanical Sciences,2014,81:1-16.

An interfacial element method based on the effect of interfacial phase

XIA Ri, XU Jin-quan”
(School of Naval architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghal <4O ,China)

Abstract: An interface is simplified from a complex interfacial phase,and interface falh{(r;/ S actually the
failure of an interphase. For convenience of numerical analysis, classic model and ’(}1\6:‘276 zone model
take a thin interphase as a zero-thickness interface. As a result, only surface force/'lt an interphase is
considered,but inner stress within an interphase is neglected. This would lee} te, ah inherent absence of
influence of inner stress in an interface failure criterion, which is imp’ /CiS/ rom the view point of
interphase material failure. By assuming interfacial phase as an_equivalenf elastic continuum, a new
interfacial element which can give an equivalent description of interfaee fjéchanical properties is derived
from interface constitutive relation in this paper,and the relevant’ﬁ{ar m¢ters are convenient to quantize.
Numerical simulation is performed with commercial FEM sofgwarg ABAQUS and user subroutine UEL,
which agrees well with numerical results of direct p/h‘{fgcx model. By several further analyses of

structures with different interfacial phase thickne%%esié/ plicability of this method is discussed.

Key words: bonding material;interface model; 1nte): ma\ element; Finite Element Method;
numerical simulation
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