Journal of Southeast University (English Edition)

Vol. 34, No. 4, pp. 508 —516

Dec.2018 ISSN 1003—7985

Failure load prediction of adhesive joints under different stress
states over the service temperature range of automobiles

Qin Guofeng Na Jingxin

Mu Wenlong

Tan Wei Liu Haolei Pu Leixin

(State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun 130021, China)

Abstract ;: To predict the failure loads of adhesive joints under
different stress states over the service temperature range of
automobiles, adhesively bonded carbon fiber reinforced plastic
( CFRP) /aluminum alloy joints under shear stress state ( thick-
adherend shear joints, TSJ), normal stress state (butt joints,
BJ) and combined shear and normal stress states ( scarf joints
with scarf angle 45°,SJ45°) were manufactured and tested at
-40, -20, 0, 20, 40, 60 and 80 C, respectively. The glass
transition temperature 7, of the adhesive and CFRP, failure
loads and fracture surfaces were used to analyze the failure
mechanism of CFRP/aluminum alloy joints at different
temperatures. A response surface, describing the variations of
quadratic stress criteria with temperature, was established and
introduced into the cohesive zone model (CZM) to carry out a
simulation analysis. Results show that the failure of CFRP/
aluminum alloy joints was determined collectively by the
mechanical performances of adhesive and CFRP. Besides,
reducing temperature or increasing the proportion of normal
stress of adhesive layer was more likely to cause fibre tear or
delamination of CFRP, resulting in a more obvious effect of
CFRP. The validity of the prediction method was verified by
the test of scarf joints with the scarf angle of 30°(SJ30°) and
60°(SJ60°) at —10 and 50 C.
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failure loads;

ne of the major challenges of automotive sector is
O the need for higher fuel efficiency to reduce energy
consumption and environmental pollution. The significant
method to achieve fuel economy is using all kinds of new
materials to lower the weight of vehicle. However, build-
ing a reliable multi-material vehicle is not a trivial task
due to the connecting problems between dissimilar materi-
als, especially at the joint parts of composites and metals.
Compared with the traditional fasteners ( spot welding,
bolt and rivet joints) , bonded joints are more continuous,
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distribute loads uniformly, design flexibility, and they al-
so have the advantages of strength-to-weight ratio"' ™.

Automobiles often service in different areas where the
temperature changes dramatically. Thus, accurately pre-
dicting the failure loads of adhesive joints at different
temperatures is of significance for the initial design of ad-
hesive structures applied to cars. The adhesive has differ-
ent stress and strain behaviors at different temperatures
due to its polymeric nature and T, is the key parameter in
determining its performance”’. Generally speaking, the
tensile strength of the adhesive decreases with the increase
in temperature. Thermal stresses are often generated due
to different thermal expansion properties of the adhesive
and adherends”®'. As for the adhesively bonded metal
joints, the adhesive properties and thermal stress are the
main reasons that affect the failure loads at different tem-
peratures. for the adhesively bonded FRP
joints, the property of the matrix in composites also chan-
ges with temperature. Besides, various failure modes of
FRP, including matrix crack, debonding, and delamina-
tion failure, increase the complexity of failure mode of
FRP adhesive joints, which is a key factor that influences
the failure loads at various test temperatures.

Much research has been conducted to investigate the
temperature influence on the failure strength of adhesive
joints according to different application fields. For exam-
ple, Banea et al. ' studied the failure strengths of single
lap joints made from AV118 and Sikaflex-552 adhesive
and tested at room temperature, —40 and 80 C for the
automotive industry. Zhang et al. '’ investigated the ten-
sile behavior of adhesively-bonded double-lap joints made
from glass FRP under the temperatures between — 35 and

60 C for civil infrastructure application. da Silva et
(8]

However,

al.
distribution in a mixed adhesive double lap joints over the
temperature range from —-55 to 200 C for supersonic air-
craft. It can be concluded that the performance require-
ments of adhesive joints depend on their application
fields. Several researchers investigated the changes of
failure criteria with temperature. Grant et al. "*' found that
the failure criterion proposed at room temperature is still
valid at high and low temperatures, since the failure en-
velope can move up and down with the temperature chan-
ges. Adams et al. ' concluded that it is not possible to
identify one criterion for all the modes of failure at vari-

carried out a numerical analysis to study the stress
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ous temperatures by studying aluminum/CFRP joints. In
summary, the failure criteria of adhesive joints at different
temperatures are related to the properties of adhesive and
adherend. Therefore, it is necessary to study the variation
of failure criteria with temperature, which can accurately
predict the failure loads of adhesive joints at different tem-
peratures.

Various approaches have been employed to predict the
failure of adhesive joints. For example, the continuum
mechanics approach assumes that the adhesive is perfectly
bonded to the adherents without considering the interface,
but it is difficult to predict the failure accurately due to

' As for the fracture mechanics

the stress singularity”"'
approach, an energy parameter (toughness) is used as
the failure criterion to predict the crack path and calculate
the strength, but it relies on the existence of a crack' .
The CZM was developed in a continuum damage mechan-
ics framework and made use of fracture mechanics con-
cepts to improve its applicability. It has been widely ap-
plied to metal, polymers and composites since it can pre-
dict the damage initiation and propagation”’*"?’.

In this work, CFRP and aluminium alloy were selected
to manufacture TSJ, SJ45° and BJ, which were subjected
to three representative stress states. The adhesive and
CFRP were analyzed by differential scanning calorimeter
(DSC) to investigate T, and the adhesive joints were test-
ed at —40, -20, 0, 20, 40, 60 and 80 C. The failure
mechanism was analyzed through the failure surface, fail-
ure loads and 7,. A surface describing the variations of
quadratic stress criterion with temperature from - 40 to
80 C was built, and was introduced into the CZM to
conduct a simulation analysis. Finally, the prediction
method was verified.

1 Experimental Work
1.1 Material

Aluminum alloy rods, CFRP plates and a type of epoxy
adhesive are used to manufacture adhesively bonded
CFRP/ aluminum alloy joints. The aluminum alloy rods
are made of 6005A and the material properties are shown
in Tab.l. The CFRP laminates are manufactured by using
twill weave prepreg of fiber( HFW200T) and epoxy resin
(EM116) with 0. 25 mm thickness plies and [0] , lay-
up. The respective ply mechanical properties are presen-
ted in Tab. 2. Adhesive Araldite® 2015, provided by
Huntsman Advanced Materials, Basel, Switzerland, is
selected in the current study. It is a two-component epoxy
paste adhesive with excellent performance and has been
used by many researchers. The mechanical properties of
Araldite® 2015 are shown in Tab.3'".

Tab.1 Material properties of 6005A aluminum alloy

Material Young’s modulus/GPa Poisson’s ratio Density/ (kg + m %)
6005A 71 0.33 2 730

Tab.2 Mechanical properties of CFRP
Elastic modulus/GPa Shear modulus/GPa

Poisson’s ratio

E, =60+7 v, =0.2 G, =4%0.5
E, =607 v, =0.3 G, =4+0.5
E, =80.5 v, =0.3 G, =40.5

Tab.3 Properties of the adhesive Araldite® 2015

Parameter Value
Young’s modulus E,/GPa 1.85+0.21

Poisson’s ratio » 0.33
Tensile failure strength o-;/MPa 21.63 +1.61
Tensile failure strain &¢/% 4.77 £0.15
Shear modulus E|;/GPa 0.56 +0.21
Shear failure strength 7,/ MPa 17.9£1.8
Shear failure strain y;/% 43.9+3.4

1.2 Specimens manufacture of adhesive joints

TSJ, SJ45°and BJ are selected to investigate the failure
loads of adhesive joints under different stress states and
build a failure criterion. The TSJ and BJ are assumed to
represent the pure shear and pure normal stress, respec-
tively, and the stress is also assumed to be uniform and
equal to the average values'“"’. As shown in Fig. 1, the
SJ45° is subjected to the combined stress of normal ¢ and
shear 7, which are calculated by

o = Fsina/S (1)

(2)

where F is the uniaxial failure load; S denotes the bonding
area; « is the scarf angle. According to Egs. (1) and
(2), the ratio of normal ¢ and shear 7 stress components
of SJ45° is 1.

T =Fcosa/S

CFRP plate \_}J‘\ 20
S ~* 0
G
BV A E
T A
Aluminium Adhesive layer Aluminium
alloy alloy
100 to 112.5 //
‘ i " P H
P « P
‘ 204.4 10 206.2 ‘ 0

Fig.1 Geometries and dimensions of adhesive joints

Fig. 1 also shows the geometries and dimensions of ad-
hesive joints. When « is set to be 90°, it is BJ. The o-
verall dimensions of BJ are 204.4 mm x 35 mm x 35 mm
and the bonding area is 25 mm x 25 mm. In general, the
bond line thickness in the adhesive joints is set to be
about 0.2 mm'"'. The dimensions of CFRP plates is lar-
ger than that of the bonding area to avoid fiber tear from
the edges and reduce the edge effect. The experimental
schematic diagram of BJ under normal stress is shown in
Fig.2(a). To improve the utilization of adhesive joints
and work fixture and reduce the complexity of the fabrica-
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tion process of adhesive joints, BJ is also used to test the
adhesive joints under shear stress with an auxiliary testing
equipment made from steel (see Fig.2(b) ). The BJ and
the auxiliary testing equipment are fitted together with
screws to form an assembly structure, which is called
TSJ. To put TSJ in a shear stress state, the adhesive layer
of TSJ and axial load are required to be colinear as much
as possible. The overall dimension of SJ45° is
206.22 mm x 31. 82 mm x 35 mm and the bondline
thickness is 0. 2 mm. As the BJ and SJ45° have similar
geometries and dimensions, they can use the same bond-
ing fixture made from aluminium alloy, which is shown
in Fig. 3. The manufacturing process of the adhesive
joints is as follows: First, the substrate surface of alumi-
num alloy joints are polished with 80# sandpaper, and the
aluminum alloy joints and CFRP plate are cleaned with
acetone. Then, adhesive Araldite® 2015 is applied to the
substrate surface, and the specimens are bonded by the
bonding fixtures. After that, almost all the spew fillet of
adhesive is cleared. Finally, the adhesive joints are disas-
sembled from the bonding fixture after 24 h and cured at
80 C for 2 h in an environmental chamber. The environ-
mental chamber ( provided by Ke Xin Co., Changchun,
China) can raise the temperature by resistance heating,
and decrease the temperature by spraying liquid nitrogen.

Cross universal §
joints

(a) (b)
Fig.2 Experimental schematic diagram. (a) BJ; (b) TSJ

Digital caliper

Bolt knob
Battens

Fig.3 The bonding fixture of adhesive joints

1.3 Experimental tests

1.3. 1 Differential scanning calorimetry ( DSC)
analysis

Thermal properties of adhesive Araldite® 2015 and

CFRP are measured using a differential scanning calorim-
etry machine. The DSC measurements are performed with
standard aluminum pans and lids under a nitrogen atmos-
phere from -80 C up to 200 C with a 5 C/min heat-
ing/cooling rate. In this case, the sample’ s weights are
approximately (20 + 0.2) mg. The first heating run is
carried out to remove the thermal history of the samples.
T, is obtained from the second heating run.
1.3.2 Tensile tests of adhesive joints

The TSJ, BJ and SJ45° are tested at —40, -20, 0,
20, 40, 60 and 80 C, using an electronic universal tes-
ting machine ( WDW series, Ke Xin Co., Changchun,
China) at a constant speed of 2 mm/min. The required
temperature is provided by the environmental chamber.
To ensure that the inner temperature of specimens reached
the required test temperature, the specimens needed to be
placed in the environmental chamber for at least 2 h at
testing temperature before the tensile tests. To eliminate
the non-axial forces, both ends of the specimens are con-
nected to the testing machine through the cross universal
joints, shown in Fig.2. Each test is repeated at least four
times and the failure loads are averaged.

2 Experimental Results and Discussion
2.1 DSC results

The DSC thermograms of adhesive Araldite® 2015 and
CFRP are given in Fig. 4. DSC curves exhibit an endo-

thermic heat flow near Tg“‘”.

To determine T,, straight
lines are extended along the left-hand and right-hand
branches of the heat flow curve. T, is obtained from the
intersection point of the bisecting line of the angle with
the measured curve'”’. It can be seen that the glass tran-
sition process of adhesive Araldite® 2015 starts from
about 45.7 C to about 85.9 C, and T, is about 65.8 C.
Compared with the adhesive Araldite® 2015, CFRP has a
much higher 7, at about 142. 5 C, which suggests that
the mechanical properties of adhesive Araldite® 2015 are
more sensitive to the temperature changing from -40 to
80 C than that of CFRP.

22r
- — - Adhesive

——CFRP
X T, of adhesive
L % T,of CFRP 7

[
—_
N

v

Heat flow/mW
)
S

-50 0 50 100 150 200
Temperature/C

Fig. 4
CFRP

DSC thermograms of adhesive Araldite® 2015 and
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2.2 Failure loads of adhesive joints

The peak load from the load-displacement curve is de-
fined as the failure load and the failure loads of TSJ,
SJ45° and BJ at —40, -20, 0, 20, 40, 60 and 80 C
are shown in Fig.5. It is easy to see that the failure loads
of all the adhesive joints decrease with the increase in
temperature, but the variation of failure loads with tem-
perature is nonlinear. For example, compared with the
failure loads of TSJ at 20 C, the failure loads at 0 and
-20 C increase by 13. 1% and 17. 3% , respectively.
When the test temperature falls to —40 C, it increases
by about 26.5% . In addition, the effect of low tempera-
tures on the failure loads depends on the types of adhesive
joints. Compared with the failure loads of SJ45° and BJ
at 20 C, they only improve by 8. 0% and 5. 7% at
—-40 C, respectively, which are much less than those of
TSJ. As the proportion of normal stress in the adhesive
layer of TSJ, SJ45° and BJ are 0, 0.5 and 1, it is found
that the growth of failure loads at low temperature decrea-
ses with the increase in the proportion of normal stress.

When the temperature exceeds 20 C, the descending
rate of failure loads of three types of adhesive joints is
nearly the same. At 40 C, the failure loads fall by about
10% compared with that at 20 C. There is a rapid de-
cline of failure loads by around 25% and 65% at 60 and
80 T, respectively. It is obvious that the descending rate
of failure loads increases rapidly with the elevated temper-
ature. The failure loads at 40 C decline the least, which
is due to the fact that the glass transition process of adhe-
sive started at about 45.7 C. However, when the test
temperature goes up to 60 T, the glass transition of ad-
hesive is nearly half completed; thus the decrease of fail-
ure loads is much higher than that at 40 C. The adhesive
has almost translated from the glassy state to the rubbery
state at 80 C, resulting in the lowest failure loads.

In summary, at low temperature, the improvement of
failure loads declines with the increase in the proportion
of normal stress, while at high temperature, the descend-
ing rate of failure loads of all types of adhesive joints is
nearly the same. Besides, the high temperature has much

——TSJ
—e— SJ45°

—a—BJ

Failure loads/kN

1 1 1 1
-40 =20 0 20 40 60 80
Temperature/ C

Fig.5 Failure loads of adhesive joints at different temperatures

more obvious effect on the failure loads than low tempera-
ture.

2.3 Failure models of adhesive joints

The representative fracture surfaces of TSJ, SJ45° and
BJ tested at —40, —20, 0, 20, 40, 60 and 80 C are
shown in Fig. 6. For TSJ, all the fracture surfaces are co-
hesive failure, which indicates that the failure loads of
TSJ at different testing temperatures are mainly deter-
mined by the performance of adhesive.

(a) (b) (c)
Fig. 6 Representative fracture surfaces at seven testing temper-
atures. (a) TSJ; (b) SJ45; (c) BJ

For SJ45° tested at 20 C, the failure mode is the
mixed failure of fiber tear and cohesive. As SJ45° is in a
combined stress state of normal and shear, it is concluded
that the fiber tear is caused by the normal stress of the ad-
hesive layer. When the temperature is reduced to 0 C,
the area of fiber tear increases a little, but it reaches 80%
of the fracture surface at —20 C. The failure mode is
CFRP delamination at —40 C. The mechanical proper-
ties of adhesive and CFRP improve with the decrease in
temperature, but the growth rate of adhesive is higher
than CFRP since adhesive has a lower T,. Therefore, the
proportion of fiber tear increases with the decrease in tem-
perature. However, only around 20% of the fracture sur-
face is fiber tear when the temperature rises to 40 C, and
higher testing temperatures cause no fiber tear. This is
due to the fact that the mechanical properties of adhesive
drop much more sharply than CFRP when the testing tem-
perature approaches and exceeds T, of adhesive, leading
to the cohesive failure at 60 and 80 C.

The failure modes of BJ have the similar failure mecha-
nism to SJ45°, but the proportion of fiber tear from -20
to —40 C is larger than that of SJ45°, since the BJ has a
higher proportion of normal stress than SJ45°. It has to
be pointed out that the CFRP delamination of BJ at —20
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and -40 C indicates that the failure loads of BJ at —20
and -40 C are the interlaminar tensile strength of CFRP
in essence. In other words, the load capacity of BJ at
-20 and -40 T is determined by the interlaminar ten-
sile strength of CFRP. As T, of CFRP is much higher
than the testing temperatures, the interlaminar tensile
strength only improves a little when temperature is low-
ered. Therefore, the failure loads of BJ at low tempera-
ture have the lowest improvement.

It is concluded that the failure modes of adhesive are
determined collectively by adhesive and CFRP. Generally
speaking, fiber tear or CFRP delamination is more likely
to appear when lowering temperatures or increasing the
proportion of the normal stress of the adhesive layer, re-
sulting in the effect of CFRP on the failure of adhesive
joints becoming more obvious.

3 Simulation Analysis
3.1 Modelling conditions

The simulation analysis is carried out in the FEM soft-
ware ABAQUS® with CZM module to predict the failure
loads of TSJ, SJ45°and BJ over the service temperature
of automobiles. The geometrical nonlinear effects are
taken into consideration and the increments need to be
small enough to accurately obtain the peak loads. The
three-dimensional FEM model of adhesive joints are es-
tablished and Fig. 7 shows the representative meshes of
SJ45°. To simplify the simulation model, only one layer
of adhesive is constructed on one side of the CFRP, while
the other side of CFRP is connected directly to the alumi-
num alloy by shared mesh nodes. This is due to the same
stress states of the two layers of adhesive. Mesh seeds are
distributed manually, and then meshes are generated. Be-
sides, meshes are refined to about 0.2 mm near the adhe-
sive layer. In the numerical model, CFRP and aluminium
alloy are modelled with a continuum shell element
(SC8R) and 3D stress element (C3D8R) , respectively.
The adhesive layer is modelled by the cohesive element
(COH3D8) with the thickness of 0.2 mm'™'. The joints
are fully restrained at one of the edges to simulate real
clamping conditions in the machine grips, and the other
edge is subjected to a tensile displacement concurrently
with transverse restraining shown in Fig. 7. To reduce the
number of elements and improve the computational effi-
ciency, only half of the model is built and symmetric re-
straint is built in the symmetrical plane.

U=UR=UR=0
b U UR=UR=UR=
UR=UR=UR=0 U=U=
J__’x ), L Ul:tj
Aluminum CFRP Adhesive Aluminilm

alloy layer alloy

Fig.7 Representative numerical model of SJ45°

3.2 Cohesive zone modelling

3.2.1
The triangular traction-separation law is selected in this

The triangular traction-separation law

simulation analysis according to the mechanical properties
of adhesive Araldite® 2015'"'. The constitutive response
of the triangular traction-separation law under mixed
mode loading is shown in Fig. 8. T, is the traction, and
8, and § are the corresponding opening displacements of
pure modes [ and Il , respectively, caused by the trac-
tion. The subscripts [ and [ represent the normal and
shear components, respectively. The representative mixed
mode is between the two pure modes. In this paper, the
mixed mode is taken as an example to explain the triangu-
lar traction-separation law and its constitutive response,
which is given as'"*’

DS 0<6<s’
T = %(5; -8) &, <6<6, (3)
! Bm _8m

0 5 <4

where D and § are the stiffness and the opening displace-
ments, respectively; T, is the peak value of the traction;
5. and &' are the displacements corresponding to the initi-
ation of damage and complete separation, respectively.
From Eq. (3), it can be seen that when §<§',, the trac-
tion first increases linearly with the opening displacement
over the region OA, which is known as the elastic behav-
ior. Point A represents the initiation of damage, and
when 8 <5<S4.,, the material softens progressively with
the increase of the opening displacement due to the loss of
material stiffness after damage ( line AB), which is
known as the softening behavior. Point B signifies com-
plete separation or complete failure.

Quadratic stress criterion T
@5 N)
4@.T,)
7
(5, N) o _ o
Ol / 3,
o° )
J, B(d',N) Mixed mode

Fig.8 Constitutive response of the triangular traction-separa-
tion law under mixed mode loading

3.2.2 Damage initiation and evolution
Campilho et al. """’ found that the criterion of damage
initiation plays an important role in predicting the failure
loads of adhesive joints. Thus, the criterion of damage
initiation is established based on the experimental tests in

this study. The quadratic stress criterion is typically cho-
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sen to determine the damage initiation stress of adhesive
joints for cohesive elements under the mixed mode load-
ing as follows ™ .
Tn ’ 0, ’
BEER
T Oy

where o, and 7, represent the pure modes [ and II trac-
tions at the time of loading; o and 7, are the failure
strengths of mode [ and mode [I, respectively. Al-
though the quadratic stress criterion can be theoretically
built based on TSJ and BJ, SJ45° is also added to estab-
lish the quadratic stress criterion, aiming at improving its
accuracy.

The failure strength of mode [ and mode I are calcu-
lated via Egs. (1) and (2). An envelope of quadratic
stress criterion is established by fitting the normal stress
and shear stress of adhesive joints under different stress
states. The quadratic stress criteria of CFRP/ aluminum
alloy joints at seven temperatures is shown in Fig. 9.

(4)

30

Temperature/°C:
0

N
1%
|
[\
(=]

33
(=]

Normal stress/MPa
S

1 1 1

15 20
Shear stress/MPa

Fig.9 Quadratic stress criteria at seven temperatures

To establish the failure criterion at any temperature be-
tween —40 and 80 ‘C for automotive applications, a re-
sponse surface describing the variations of quadratic stress
criteria with temperature is built based on the quadratic
stress criteria at seven temperatures. By the Matlab soft-
ware, the equation of the response surface is obtained as

2

.
=74 -63 S 2 ) +
—2x107T* =4 %10 °T* =0.000 17° ~0. 107 9T +28. 157

2

g,
( -3x107T* =7 x10™°T* +0.000 17° -0.021 2T+25.81) =1
(5)
where T represents the test temperature ranging from -40
to 80 C, and when given a T, the quadratic stress criteria
can be calculated by Eq. (5). The corresponding re-
sponse surface contour is shown in Fig. 10. It is observed
that the envelope curve of quadratic stress criteria narrows
with the increase in temperature.

When the cohesive element satisfies the quadratic stress
criterion, the material stiffness softens and the complete
separation is evaluated by a linear power law criterion
considering the energy release rates ( G,, G,) and the

fracture toughness ( G, ,Gy. ), given as B

80

(=)
(=]

~
S 3

Temperature/C

20
25 ﬁoﬂ“

Fig.10 The response surface contour of quadratic stress crite-
ria ranging from -40 to 80 C

G, Gy
G. G

3.2.3 Parameters of CZM model

To conduct the simulation analysis, simulation parame-
ters are required to be introduced into the mode. The ma-
terial properties of aluminium alloy and CFRP are depic-
ted in Tab. 1 and Tab. 2, respectively. The parameters of
a mixed-mode traction-separation response of cohesive el-
ement include the initial stiffness ( E,, E, ), failure
strength (o ,7,. ), and the fracture energies (G, ,G,).
Tab. 4 shows the material properties introduced into simu-
lation analysis for the adhesive layers at 20 ‘C. The val-
ues of failure strength (o, ,7,.) for adhesive are obtained
from the response surface shown in Eq. (5), and the val-
ues of initial stiffness and fracture toughness are found in
Ref. [ 13].

To predict the failure loads of adhesive joints at the
temperature ranging from -40 to 80 C, temperature in-
fluence factor (7T,,),and (7., ), of modes I and I are

el

=1 (6)

Ic Tlc

defined as
(O'Ic)r
T = =
( em)l (U[C)zﬁ
“3%x1077T* =7x10°°T* +0.000 177 -0.021 27T +25.81
25.32
(TIIC)T
T = =
( em)II (THC)Z()
“2x107T* -4 x10°°T° -0.000 177 -0.107 9T +28. 157
25.90

(7)
The values of Young’ s modulus, shear modulus and

fracture toughness (modes [ and II ) at any temperature
are calculated by

(Ei)T :(Ei)Z() X (Tem)i
(Gic)T = (Gic)ZO X (Tem)i

where (E,) ;and (G, ) represents the initial stiffness and

i=1 or [[} (8)
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Tab.4 Properties of the adhesive Aralditel® 2015 for CZM at
20 C

Paramter Value

Young’s modulus E;/GPa 1.85

Shear modulus E;;/GPa 0.56

Mode [ failure strength o./MPa 25.32
Mode 1[I failure strength 7,./MPa 25.90
Mode [ fracture toughness G,./(N - mm ") 0.43
Mode 1l fracture toughness Gy./ (N - mm™") 4.70

fracture energies of modes [ and I at temperature 7. It
is assumed that the values of initial stiffness and fracture
toughness (modes [ and Il ) changes equally with tem-
perature influence factor (7,,), and (7, ), of modes [
and Il , respectively.

m

3.3 Stress analysis

To analyze the stress distributions of adhesive joints un-
der different stress states, the plots of normal ¢ and shear
7 stresses are extracted on the central line of the adhesive
layer before the initial damage, as shown in Figs. 11(a)
to (c¢). The normal o and shear 7 of TSJ and SJ45° are
normalized by the average value of absolute shear stress
T along the line that extract stress distribution. While
the normal ¢ and shear 7 of BJ are normalized by the aver-
age value of absolute normal stress o,,,. From Figs. 11(a)
to (c), it is easy to see that the normal and shear stresses
distribute uniformly except the ends of the adhesive layer
due to the stress singularities caused by the dramatic geo-
metrical change at the boundary region. For TSJ, the
normalized shear stress distributed around 1 and the nor-
malized normal stress was almost O except for the stress
concentrations, shown in Fig. 11 (a), indicating that the
main stresses of TSJ is shear stress. The normalized nor-
mal and shear stress of BJ are 1 and 0, respectively, as
shown in Fig. 11 (¢), illustrating that the shear stress is
too small when compared to the normal stress. From Fig.
11(b), the ratio of normalized normal and shear stress of
SJ45° is approximately 1. The stress analysis of normal
and shear stress of TSJ, SJ45° and BJ proves that the as-
sumptions of stress of the adhesive layer in Section 1.2
are reasonable.

avg*

3.4 Simulation results

The relative errors of failure loads of TSJ, SJ45° and
BJ between experimental tests and simulation analysis at
seven testing temperatures are calculated to evaluate the
prediction precision, shown in Fig. 12. As can be seen,
the relative errors decrease with the increase in tempera-
ture, which is due to the high accuracy of quadratic stress
criteria at high temperatures. Compared with TSJ and
SJ45°, the relative error of BJ is the highest, as a result
of larger area of fiber tear or CFRP delamination caused
by normal stress. The maximum relative error between
experimental tests and simulation analysis is 9. 53% and
the average relative error is 4.21% , illustrating that the
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Fig.12 Relative error of failure loads between experimental
tests and simulation analysis

assumption in Eq. (8) is reasonable. It also proves that
the response surface of the quadratic stress criteria is appro-
priate for the failure prediction of adhesive joints over the
service temperature of automobiles.

4 Verification

To verify the prediction method of the failure loads pro-
posed in this paper, SJ30°and SJ60°were manufactured and
tested at —10 and 50 C. From Fig. 13, it can be seen that
the area of fiber tear of SJ30° and SJ60° at — 10 C is
about 70% and 100% fracture surface, respectively. When
the temperature is 50 C, the failure modes of SJ30° and
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SJ60° show cohesive failure. A simulation analysis is also
conducted to obtain the failure loads of SJ30° and SJ60° at
-10 and 50 C. Quadratic stress criteria are built via Eq.
(5) and other CZM parameters are calculated by Egs. (7)
and (8). The failure loads of SJ30° and SJ60° from exper-
imental tests and simulation analysis are shown in Fig. 14.
The relative errors of the failure loads between experimen-
tal tests and simulation analysis range from 3. 56% to
5.83% , illustrating the feasibility and accuracy of the pre-
diction method.

(a) (b)
Fig. 13 Representative fracture surfaces at — 10 and 50 C. (a)
S130°; (b) SJ60°

40
W77 —10 C(experimental tests)
35r B - 10 “C(simulation analysis)
50 C(experimental tests)
= Y 50 C(simulation analysis)

—
W

Failure load/kN
N
(=)

10

Fig. 14 Failure load of SJ30° and SJ60° from experimental tests
and simulation analysis

5 Conclusions

1) The T, of adhesive Araldite® 2015 and CFRP is 65. 8

and 142.5 C, respectively, indicating that the mechanical
performance of adhesive is more sensitive to the service
temperature of automobiles.

2) The failure loads and failure modes of adhesively
bonded CFRP/aluminium alloy joints are determined col-
lectively by the mechanical performance of adhesive and
CFRP. When lowering temperatures or increasing the pro-
portion of normal stress of the adhesive layer, fiber tear or
CFRP delamination is more likely to appear, resulting in a
more obvious effect of CFRP.

3) The stress analysis finds that the main stress of TSJ
and BJ are shear and normal, respectively, and the shear
and normal stress of SJ45° are nearly equal.

4) The average relative error of failure load from the
simulation analysis is 4.21% , with the maximum relative
error of 9.53% , which illustrates that the response surface
of quadratic stress criteria and the calculation method of
CZM parameters are reasonable.
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