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Abstract In the present research, we carry out a systematical experimental investigations on the strength, toughness
and failure mechanism of the metal/epoxy/metal adhesive system. For the case of the aluminum alloy cylinder/

epoxy/aluminum alloy cylinder adhesive system, we measure the tensile deformation and failure behaviors, including the
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dependence of the failure loading on the adhesive layer thickness and adhesive interfacial inclined angle. Through
introducing a series of definitions, such as average normal stress, average shear stress, average normal strain and average
shear strain, along the adhesive interface, we realize the measurements on interfacial failure strength, and obtain the
relationship between the interfacial strength and the interfacial adhesive angle as well as adhesive layer thickness, and we
further obtain the failure strength surface, adhesive interfacial fracture energy, as well as the energy release rate for the
binding system of the aluminum alloy/epoxy adhesive/aluminum alloy. The obtained results provide a scientific basis for
deeply understanding the strength and toughness properties as well as the failure mechanism of the metal adhesive
system, and have an important guiding for the optimization design and property evolution of the metal adhesive system.
Through present systematic research and analysis, we come to the following conclusions: The tensile failure of the
aluminum alloy/epoxy/aluminum alloy adhesive system globally displays the brittle-elastically failure behavior. Failure
mode is the fracture along the adhesive interface of adhesive layer. Both failure strength and interfacial fracture energy
display the strong size effect when adhesive layer thickness is at hundred micron level. Interfacial adhesive strength
increases obviously as adhesive thickness decreases. At critical state the average normal stress and average shear stress
are approximately situated at a same circle on the strength failure surface. The interfacial fracture energy decreases
obviously as adhesive layer thickness decreases. Both interfacial failure strength and interfacial fracture energy are
closely depended on the interfacial adhesive angle.

Key words metal bind, adhesive layer thickness, failure load, failure strength, interfacial energy
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Table 1 Mechanical property parameters of aluminum alloy

Aluminum Dimension/ Tensile strength/  Yield strength/ Elongation/
alloy mm MPa MPa %

2A12-CZ 19 560~565 440~460 14~16
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Table 2 Mechanical property parameter of epoxy

Type of adhesive Number E/MPa o/MPa v
1 380.68 291 0.35
Epoxy 2 361.24 3.29 0.35
3 371.31 2.93 0.35

JE S5 ARABE R ~F WL 1 s, Hodh B4
WEM RS, REMmARES 4, M
NIETE, ARG S mFT LT (B, KA E
By BARKE (BRIR) FFLR /M B AR FEAR. Hodp
t ARZERE, BANEEHAN 0.1~0.6 mm, 0 AK)Z
RHEMEE, EART U TR RN 00~70° 28 AL TE .

it 2 /1, KRG SWRYE N TK O REH,
PR A RS VEALIEYE 5 min, PLEBRMTS. D%
F0). BUH JETE KR R e, FI#600 Wb ACHE4E
EemRMATEYS), BB IR -5 RS T 3 1) 7
SFAT, DASEILSEGF R4S &. $1 B )G IS & 1
TeK AR R 75 i Be AL LI B8 S min, HUH 5 H



1216

2017 4E 25 49 %

Bl 1 FE RS (mm)

Fig. 1 Specimen size (mm)

WXL KT, SERHEAT T id Ak 30 38

NTARIERE 2 I B AR Z ST ¢ BE TR
PR K E 8 mm BEAZN ¢ (4R 22 R H], H42E
T ST BT M —8, RA—METR CGRENGE
T ERRG G R0 K 22 [ e TE R W I 25 ST . Al
BT Yang ZERT, AR L ARFIAI T
A Z RN, B2 54 8 m B
TR AR KT A 5 5 6 o B T 199 7 T T AR
TN, Yang Z53E B T 4 22 1 A7 15 X R 45 5 1 O 5
WA AN B, S AN, SR T A4S BN R R ARAE, 7R
TR0 T P o AR SR ) — S 9 0 T 4 [ T
ARSI S T e 8 771 2 2 e A g A ] £ 7]
RATIRG R, 3% 11 e p DU R &5,
SRS SR ARTE MR A SRR T, DURRFEUT
(R B R 23 Wi RG  5 I8 43 2B A S UPE S
JHCE G AR B AL, 7 b e 2 R AR L R 25
WIGHTHE Z RIVREF, b 5—EE, JERE
BeAE A B AN NS f, B4 E Ak, 4k 5 min
FeAi, RPERELERL, N OFE] 25°C [ME IR
{RFF 24 h LLUA B 52 & FEL. W 52 & LG PR iR
BERE, 2RI T BIERRTE,  SEhRIAS P
)2 R L 3. K 3 AT L, SEBRAR B E R
FERLLL HARIRIZ B RERE R, Rl i T 23R LU R fi
JE R M ORISR B, S bR JE A H AR )&
JEZE AR ECR, (HESRE RFFTE 10% I 2 ¥
PAPY.

N TR S B 4 TR R 4 A R OB 5 ST )
PEREIF R RGBT FL, /8 H RS )= ERE R
B, FEASCHISRIORE i, FRATE SR T 5 RN
R AR MERZEE (0.1 mm, 0.2 mm, 0.3 mm,
0.4 mm 1 0.6 mm) F 6 FAS [F] AR R MR A
(0°, 15°, 30°, 45°, 60°F170°) T, HIFET
FHRFRFE. N T AR B PTEE ML I0 45 1, A
EEARH 4 T = AL L. S b se i 78 2 DA RHR
AL AT, B B RN 0.1 mm/min, 2K

*3 ISR TFHIREREE

Table 3 The measured average adhesive layer thickness

t/mm
1)
0.1 0.2 0.3 0.4 0.6
0 0.11 0.21 0.32 0.42 0.62
15 0.11 0.21 0.32 0.42 0.63
30 0.11 0.21 0.32 0.43 0.63
45 0.11 0.21 0.32 0.43 0.63
60 0.11 0.22 0.32 0.43 0.63
75 0.12 0.22 0.33 0.43 0.63
KEE 3R

2 A S/AMEEEEMERRNRHE -

IFrhLk
2.1 HTr-riEehik

AR ST S B RIF TR 5 A 2R 1 i FEE R T L e o o e
J2 R SRR EE R FE AR, BT BB 2 T
SEES, AT R R T IEEL T =R DU 58
SERTTEEN, LRRNELMRI, WK 2k
NI RS R X gy 0 45 BN R 2 R B
t=0.3 mm 5 S T 5 —FpRHE M AR
JEFE, SEERHTRRI T 3 K IiHiZk, fEREF 5
PN 1, 2, 3. HEW I, #8588 AMEE SR
TRRE I L A T A R AR . B LA IR, 3R
iR 42 o SO0 2RI OC R, ARG T AR
RPER R, I Ja 3mr 38 K B e AR URE IR K ARl
W3 ANRPE SRS 45 A —E Mk, R
i ZE A REIE 10%. (88 Z BIECR, 15 20% i fq.
FEFE TR BIPTE FRAZR A 3 MR IR AR
Bammss R, Ho&RAm 3 NRFE RS-
i 2R HE /N R (5 1 2 Hh g B R 2 I i 2
BEAT AT (HH T S0 45 SR 10 70 B AN 2 AR 0 S )



E BERAEE: SRS IR R S5 A R I RN O AL 1) SR AT 1217
5 | epoxy 0.3 mm igzg; LB AR A L F Bl 2R, I L6 N i &5 ST A RN

. () 70°fIE L. BRI, B R A i R A TR

‘ J2 R FEAA AR, A PR 8 mr A X i 2 JE P AR A

%3- y UK. R Z AR 21T, A — BB oK
52_ BT IEARRIFAZ R ML, RIHE — M PIER:
P 0 PR 2R Al iy A A — 7 A% 1 2 PR R 2R R B o iR

! J2 JR FE I KA W S RN, 0 TR A

0 SR ZH ) RUBE BN, 17 A% R AT 4 A A8 . oAt i

0 0.1 02 03 04 05 0.6 0.7
displacement/mm

2 MRS ERER G R E/AR O R AU A il 2
Fig.2 Load-displacement curve of typical specimen of the aluminum

alloy/epoxy/aluminum alloy
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Fig. 9 Strength failure surface of adhesive interface

M 9 nl L, BRZIERE 0.1 mm FI1E L0 R
[ A2 b F At U fie 2 J AR 5% 2 [ [ I~ 4%
BRI, U2 R B AR/ N R, SR A SR
BT B 38 PR SR T R A R R B K R A R
BT3B 43 514 6.93 MPa A1 9.19 MPall, i A= 3¢
BT 5 (10 A SR i 2 445 7 T 11 0% P o Aeh 0 B 7 58 155
BEAE] T FIRGREE R 2~5 1%, BT ZE Bk
MLHRIER, REEHBEESZRIRER T LHA G
TSR A AR RE ). LA ENLE 7 NS R ) S B
WHEAT /00, RIRA TG AE 53 S R RGIRA
L.

4 WBEEMEBEEHRZIREFTEEIR
RERYARAE
N T RALRESE SR Wi R RE, SRV A 25



1220 Vil ¥ ¥ 1 2017 4 55 49 &
Hh T B4 ) ek o 7
7—.2 5’2 6
r(9)=(i+§g)z 5) _
g
Hob, GRESRRBEHISREAR R, 2
(Ge 7 BT E S A R B B 1o p gt 2 3
WML, T 7~ 0 i, SRR TR 0. T 2
10 T KT, R 4 R FORG 45 T A i
EBE R 4 TP AR L OB K TR, B R L 0 Lo . . . .
0 15 30 45 60 75

IIEEPNIE PN

0.3

02 r

T/(kJ-m™)

0.1

0.0

30 45 60 75
ZQ)
P10, g R OIS 52

Fig. 10 Fracture energy of adhesive interface

N T ReEE, FRAT AT R R e F2 il 28 (L1
3 FTE 4) s PR R A AR (S ) SR AR
f8) b DU Z A B ER B8 & S/ A/ A Sk 4
ERIREREBRw =w/s, Hh wZRG M
BEERE, SEREMHMB. &R TE 11 A
11 ATEH, R RREBCR R E I E
(P3G BG R, Bl Rl 4 ST A R )38 K T Al &2
WRXR XETFERBHMLE, N TREEERE
MEGL, We=0.1 mm &, FHEERE, 1EH
SE B AT~ B 28T S B TR B, s LUK B
HEA SRR PR S A B, DA R — R (22
HSHEE Rz, wE 11 4558 pn. i 11 A
B 10 T LUE H, B o7 T AR S TR A5 2R BT 7 ZE 1) e i
FE R RERRICRIN 5% 4, TILA 95% AR
TR TBCR N T FEAE B LI SR X DA AR 2
ARSI FE, 3K I8 75 BT B IR N I 5T
IEFNA R

HARE 2, STUGSh SR R 200w FE A 5t
T T 2L B8 1 i 2 )R FEAE 22K DU R I RBE S8,
R 2 B R B T OR T, R RRB  H 5
B 51 R AR 2 R DR 4 s 2 TR B AR /N

0/(°)

B 11 Rek R R B R R

Fig. 11  Energy release rate of metal/epoxy adhesive system

22 P B = 2 R 8 K 3 ST PR S 2 e Y
JS7 AR A FEE (1 Jir A1 50 2 29k o B AN T Bl 2 e R B
R RN £ A A D SRR R, ] G SOk
(381X 7 S H40 22 i) R )= J P RUPBE 280 E T e T (14

e,
LR e

RILRGHITIE T &)/ 0 & R k45 K R 10
SR R BT NI TS, xR SRR
B < B R T o A S IR 2 R 5% Ao R A T R 5 A
JE TR, SEBRIT T T HA AR T AN R RS A LA %
T T R 08 X JBE S B FEE R A i B3 AR A P AR %
Foold I NRES S IERL ) S BT RAT
SPEIIERAR . PR N ASSEMES, SRS TR Sk
RO PRI, RAT T S SR 5 PR £ 4 FE DA
LERZERERR R, #MRE 7S &/ E5 I
JE /B < A 2R 1 i O AT DA% IR 45 T ) W 24
HE MR 45 74 2 B RE BRI Il A SC RGBT T
Agptfr, FRAG 7N EEL®

(1) B A AR JZ B A MR AR R LA 2R 20
P 2SR PERR AL, RBAEAE R I IBZ R 45 57
THT AR 2R, R RICBIAT o 2R Rk o REAE I 2 B R DR
KEGR DL A RN Ko R =
JERE RN R 25 8K SRR, RG22 th
DI HARAS T F7 TR 45 A1 L.

(2) ISR i B J= T 10 4 o RS 45 5 P52 B A R
&5 F TSR A L R I D0 T g0, T B DT RS 45 e
Ot 55 s 3 T AR A S PO DT 38 s o RS &5
968 JE S R DT RG 45 5 B 7 50 AR T A 1R —
[5 L.

5



% 6 W

SRS BRI RS S5 R R A SRR L SR

1221

) & e RIRIZ /ARG SR R RS 45 5 1 W
SEBEAE IR 5L O ORI RUBER B L o 20 ) RUE
RO . i T R 8 1R M8 K T T 2R e Y K
SULIEI, ARG 45 S A R GO, S R g
CETE S PN

4 WE A AIRIEBE SR EE A R BIRI
R 45 5 T RE A o K &R 0 B AR RE R R TOR ) 5%, 7]
A ZR R BOLRE pOK B o e Rl < B i 1 A T
AEEE FZ AR R A 55 R AR T AR T AORE i dt

_ERHIT T AE AR NIR 5 I 45 4 2 1 52 )
PEBEAN R MR- AL 7 RF2 AR, XS mAhas A &R
HIPLAL Bt A BE AR AT B 2R 2 R

2 £ X W

1 Kinloch AJ. Adhesion and Adhesives: Science and Technology.
London: Chapman and Hall, 1987

2 Wu ZS, Yuan H, Niu HD. Stress transfer and fracture propagation in
different kinds of adhesive joints. Journal of Engineering Mechan-
ics-ASCE, 2002, 128: 562-573

3 DaiJG, Ueda T, Sato Y. Development of the nonlinear bond stress-
slip model of fiber reinforced plastics sheet-concrete interfaces with
a simple method. Journal of Composites for Construction, 2005, 9:
52-62

4 Ascione F. Mechanical behavior of FRP adhesive joints: A theoretic-
al model. Composites Part B: Engineering, 2009, 40: 116-24

5 Grant LDR, Adams RD, da Silva LFM. Experimental and numerical
analysis of single-lap joints for the automotive industry. Internation-
al Journal of Adhesion and Adhesives, 2009, 29: 405-13

6 Grant LDR, Adams RD, da Silva LFM. Effect of the temperature on
the strength of adhesively bonded single lap and T joints for the
automotive industry. International Journal of Adhesion and Adhes-
ives, 2009, 29: 535-42

7 Loureiro AL, da Silva LFM, Sato C, Figueiredo MAV. Comparison
of the Mechanical Behavior Between Stiff and Flexible Adhesive
Joints for the Automotive Industry. The Journal of Adhesion, 2010,
86: 765-87

8 Higgins A. Adhesive bonding of aircraft structures. International
Journal of Adhesion and Adhesives, 2000, 20: 367-76

9 Kahraman R, Sunar M, Yilbas B. Influence of adhesive thickness
and filler content on the mechanical performance of aluminum
single-lap joints bonded with aluminum powder filled epoxy adhes-
ive. Journal of Materials Processing Technology, 2008, 205: 183-9

10 Afendi M, Teramoto T, Bakri HB. Strength prediction of epoxy ad-

hesively bonded scarf joints of dissimilar adherends. International

Journal of Adhesion and Adhesives, 2011, 31(6): 402-411

Afendi M, Majid MSA, Daud R, et al. Strength prediction and reli-

ability of brittle epoxy adhesively bonded dissimilar joint. /nterna-

tional Journal of Adhesion and Adhesives, 2013, 45(2): 21-31

12 da Silva LFM, Carbas RJC, Critchlow GW, et al. Effect of material,

geometry, surface treatment and environment on the shear strength

1

—_

of single lap joints. International Journal of Adhesion and Adhes-
ives, 2009, 29: 621-32

13 Reis PNB, Soares JRL, Pereira AM, et al. Effect of adherends and
environment on static and transverse impact response of adhesive lap
joints. Theoretical and Applied Fracture Mechanics, 2015, 80: 79-86

14 Wang CH, Rose LRF. Determination of triaxial stresses in bonded
joints. International Journal of Adhesion and Adhesives, 1997, 17:
17-25

15 Imanaka M, Fujinami A, Suzuki Y. Fracture and yield behavior of
adhesively bonded joints under triaxial stress conditions. Journal of
Materials Science, 2000, 35: 2481-91

16 Arcan L, Arcan M, Daniel I. SEM fractography of pure and mixed
mode inter-laminar fracture in graphite/epoxy composites. ASTM
Technologies, 1987, 948: 41-67

17 Stamoulis G, Carrere N, Cognard JY, et al. Investigating the frac-
ture behavior of adhesively bonded metallic joints using the Arcan
fixture. International Journal of Adhesion and Adhesives, 2016, 66:
147-159

18 Choupani N. Mixed-mode cohesive fracture of adhesive joints: Ex-
perimental and numerical studies. Engineering Fracture Mechanics,
2008, 75(15): 4363-4382

19 Choupani N. Interfacial mixed-mode fracture characterization of ad-
hesively bonded joints. International Journal of Adhesion and Ad-
hesives, 2008, 28(6): 267-282

20 Nakano H, Sekiguchi Y, Sawa T. FEM stress analysis and strength
prediction of scarf adhesive joints under static bending moments. /n-
ternational Journal of Adhesion and Adhesives, 2013, 44: 166-73

21 Liao L, Sawa T, Huang C. Numerical analysis on load-bearing capa-
city and damage of double scarf adhesive joints subjected to com-
bined loadings of tension and bending. International Journal of Ad-
hesion and Adhesives, 2014, 53(18): 65-71

22 Kim MK, Elder DJ, Wang CH, et al. Interaction of laminate damage
and adhesive disbonding in composite scarf joints subjected to com-
bined in-plane loading and impact. Composite Structures, 2012,
94(3): 945-953

23 Jen YM. Fatigue life evaluation of adhesively bonded scarf joints.
International Journal of Fatigue, 2012, 36(1): 30-39

24 Zhan Z, Meng Q, Hu W, et al. Continuum damage mechanics based
approach to study the effects of the scarf angle, surface friction and
clamping force over the fatigue life of scarf bolted joints. Interna-
tional Journal of Fatigue, 2017, 102: 59-78

25 Nakano H, Omiya Y, Sekiguchi Y, et al. Three-dimensional FEM
stress analysis and strength prediction of scarf adhesive joints with
similar adherends subjected to static tensile loadings. International
Journal of Adhesion and Adhesives, 2014, 54(5): 40-50

26 Gacoin A, Lestriez P, Assih J, et al. Comparison between experi-
mental and numerical study of the adhesively bonded scarf joint and
double scarf joint: Influence of internal singularity created by geo-
metry of the double scarf joint on the damage evolution. Internation-
al Journal of Adhesion and Adhesives, 2009, 29: 572-579

27 Bendemra H, Compston P, Crothers PJ. Optimisation study of
tapered scarf and stepped-lap joints in composite repair patches.
Composite Structures, 2015, 130: 1-8

28 Suzuki Y. Adhesive Tensile strengths of scarf and butt joints of steel
plates : 2nd Report, Relation between Mechanical Properties of Ad-
hesive and Fracture Criteria of Joints. Bulletin of JSME, 1985,
28(463): 2575-2584

29 Suzuki Y. Adhesive tensile strengths of scarf and butt joints of steel

plates (relation between adhesive layer thicknesses and adhesive



1222

Eitd 2017 4 2 49 &

30

31

32

33

34

strengths of joints): Solid-mechanics, strength of materials. Nikon
Kikai Gakkai Ronbunshu A Hen/transactions of the Japan Society of
Mechanical Engineers Part A, 1987, 53(487): 514-522

Chaudhuri RA, Sou-Hsiung JC. Three-dimensional asymptotic stress
field in the vicinity of an adhesively bonded scarf joint interface.
Composite Structures, 2009, 89(3): 475-483

Chiu SHJ, Chaudhuri RA. A three-dimensional eigenfunction expan-
sion approach for singular stress field near an adhesively-bonded
scarf joint interface in a rigidly-encased plate. Engineering Fracture
Mechanics, 2011, 78(10): 2220-2234

Groth HL. Prediction of failure loads of adhesive joints using the
singular intensity factors. Fracture Mechanics: Eighteenth Symposi-
um: ASTM STP, 1988, 945: 278-84

YRR, W77, TR, R Sh S T 24T 9 MR AE. TR R B
ARELEE, 2012, 42(12): 1361-1376 (Xu Wei, Chen Li, Zhang Qianch-
eng, et al. Mechanical behavior and characterization of bonding in-
terface. Scientia Sinica Technologica, 2012, 42(12): 1361-1376 (in

Chinese))
TR, B R R TARR R S M W R R 1 s . g %

223, 2016, 48(5): 1088-1095 (Zhang Jun, Jia Hong. Influence of

35

36

37

38

cohesive zone models shape on adhesively bonded joints. Chinese
Journal of Theoretical and Applied Mechanics, 2016, 48(5): 1088-
1095 (in Chinese))

AR, RN, REAKE AR, < AR I T AL B <5 R /R A W S TR £
T (VRN . BEAN/E &KL, 2013, 4: 51-54 (Li Hui, Zhang
Peng, Cheng Yongqi, et al. Research effects of metal pretreatment
on the bonding strength of metal/polymer interface. Fiber Rein-
forced Plastics/Composites, 2013, 4: 51-54 (in Chinese))

T, R, JTURIR. 405G SR TR PR R RS M e S Ml PR A 9
HEJE. MBI TR, 2017, 45(8): 123-131 (Wang Xun, Lin Jianping,
Wan Hailang. Research progress in effect of aluminum surface prop-
erties on adhesively bonded performance. Journal of Materials En-
gineering, 2017, 45(8): 123-131 (in Chinese))

Yang S, Xu W, Liang LH, et al. An experimental study on the de-
pendence of the strength of adhesively bonded joints with thickness
and mechanical properties of the adhesives. Journal of Adhesion Sci-
ence and Technology, 2014, 28: 1055-71

Wei Y, Zhao H. Peeling experiments of ductile thin films along
ceramic substrates-critical assessment of analytical models. Interna-
tional Journal of Solids & Structures, 2008, 45(13): 3779-3792



