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The effects of adhesive thickness, adhesive type and scarf angle, which are determined as the main con-
trol parameters by the dimensional analysis, on the mechanical properties of a scarf adhesive joint (SJ)
subjected to uniaxial tensile loading are examined using a mixed-mode cohesive zone model (CZM) with
a bilinear shape to govern the interface separation. Particularly, the adhesive-dependence of the vital
cohesive parameters of CZM, which mainly include initial stiffness, total fracture energy and separation
strength, is introduced emphatically. The numerical results demonstrate that the ultimate tensile loading
increases as the adhesive thickness decreases. Cross the ultimate tension, the joint loses the load-bearing
capacity when adopting the brittle adhesive but sustains partial load-bearing capacity while selecting the
ductile adhesive. In addition, for the joint with the ductile adhesive, the maximum applied displacement
until the complete failure of it is directly proportional to the adhesive thickness, which is different from
the case using the brittle adhesive. Taking the combination of the ultimate loading and applied displace-
ment into account, failure energy is employed to evaluate the joint performances. The results show that
the failure energy of the joint with the brittle adhesive increases as the adhesive thickness decreases.
Conversely, the situation of the joint using the ductile adhesive is vice versa. Moreover, the effect of
the adhesive thickness becomes more noticeable with decreasing the scarf angle owing to the variation
of the proportion of each component of the mixed-mode. Furthermore, all the characteristic parameters
(the ultimate tensile loading, the maximum applied displacement and the failure energy) that adopted to
describe the performances of SJ increase as the scarf angle decreases. Finally, the numerical method
employed in this study is validated by comparing with existing experimental results.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

With the ability to transfer loadings more efficiently and pro-
vide higher strength than the lap-shear counterpart, the scarf
adhesive joint (S]) is widely used in modern structural technology
(Gacoin et al., 2009; Hamit, 2012; Kimiaeifar et al., 2012;
Sou-Hsiung and Reaz, 2011). Correspondingly, examinations of
mechanical properties are crucial to technological applications of
S] subjected to external loadings, especially in the aerospace and
automotive industries.

Among all the influential factors, the adhesive thickness has an
important effect on the mechanical properties of the adhesive joint

Abbreviations: S], scarf adhesive joint; CZM, cohesive zone model; SLJ, single lap
adhesive joint; T-S, traction-separation.
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(Afendi et al., 2011; Chai, 2004; Kahraman et al., 2008; Lucas et al.,
2006, 2009; Banea and Lucas, 2009; Marzi et al., 2011; Xu and Wei,
2013a). Experience shows that the lap joint strength increases as
the adhesive layer gets thinner (Lucas et al., 2006, 2009). However,
as opinions vary, no unanimous conclusion can be drawn. The
broad observations obtained by the previous investigations are
not applicable to all cases as there are other variables involved
(Lucas et al., 2006, 2008), such as the type of loading, the diversity
of geometrical configurations, the type of constraint and the type
of adhesive (ductile or brittle) (Banea and Lucas, 2009). In the
writing of Adams et al., 1997, the strength of the single lap
adhesive joint (SLJ) is given by the load corresponding to the total
plastic deformation if the adhesive is ductile. However, for more
brittle adhesives, this conclusion is not suitable for the work
carried out by Adams et al. In addition, as a prominent geometric
characteristic of SJ, the scarf angle including its effect on the
strength of the joint under uniaxial tensile loading has been inves-
tigated by many studies (Afendi et al., 2011; Hamit, 2012; He et al.,
2009, 2010), the results of which showed that the failure loadings
increase as the angle decreases.
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Nomenclature

En: Young’s modulus (n =adh, adherend; n = ad, adhesive)
(GPa)

Gn: shear modulus (n = ad, adhesive) (GPa)

U Poisson’s ratio (n = adh, adherend; n = ad, adhesive)

oy: adhesive yield strength (MPa)

of: adhesive fracture strength (MPa)

Ac: area under the stress-strain curve of the adhesive (MPa)

Gip: instinct cohesive energy for mode i (i =1,II) (N/mm)

k;: initial stiffness in CZM (i = I,II) (MPa/mm)

Gic: total fracture energy in CZM (i = [,1I) (N/mm)

Oyt separation strength in CZM (i = I,1I) (MPa)

Gip: plastic dissipation energy of adhesive layer for mode i
(i=LII) (N/mm)

rp®(90°): maximum value of plastic zone height for mode i
(i=1LII) (mm)

tn: thickness (n = adh, adherend; n = ad, adhesive) (mm)

I: length of the long edge of the adherend (mm)

w: adherend (joint) width (mm)

0: joint scarf angle

Fy: resultant force of the uniaxial tensile loading along the
y-direction per unit thickness of the joint (kN)

Syt applied displacement along the y-direction (mm)

Fy: ultimate value of the uniaxial tensile loading along the
y-direction per unit thickness of the joint (kN)

Sm: maximum value of the applied displacement along the

y-direction (mm)

As mentioned above, it can be observed that a number of
parameters, such as adhesive thickness, adhesive type and scarf
angle, influence the mechanical properties of SJ collectively but
not individually.

The overall performance of SJ could be obtained with taking
into account the failure behavior of the adhesive layer, which has
been demonstrated that it takes place progressively as energy dis-
sipates gradually at the crack tip (Adams et al., 1997; Afendi et al.,
2011; Campilho et al., 2009; Liechti and Freda, 1989; Lucas et al.,
2006; Mohammed and Liechti, 2000; Xu and Wei, 2012,
2013a,b). Considering the elastic-plastic deformation behavior
together with the cohesive damage and failure of the adhesive
layer, cohesive zone model (CZM) is an ideal alternative analysis
method to perform the failure evaluation comparing with the
conventional elastic-plastic models (de Moura et al., 2008; Ridha
et al,, 2011). In addition, with the advantages of mesh indepen-
dence and dispensable initial crack, CZM is a powerful approach
to capture the behaviors of the structure up to failure (Mohammed
and Liechti, 2000; Gustafson and Waas, 2009; Pardoen et al., 2005;
Rudawska, 2010) based on a traction-separation (T-S) law, which
can be considered as a representation of the constitutive relation of
the adhesive layer (Marzi et al., 2011; Xu and Wei, 2013a).

In the present study, the effects of adhesive thickness, adhesive
type and scarf angle, which are determined as the main control
parameters through the dimensional analysis, on the mechanical
properties of S] subjected to uniaxial tensile loading are examined
using a mixed-mode CZM with a bilinear shape coupled with finite
element subroutine (performed in ABAQUS®). Particularly, the
influences of adhesive thickness on the cohesive parameters,
which mainly include initial stiffness, total fracture energy and
separation strength, are discussed emphatically. Furthermore, the
performance of SJ under uniaxial tensile loading, which are princi-
pally described utilizing ultimate applied tensile loading, applied
displacement until the complete failure and stretch energy of the
tensile loading, are analyzed through evaluating the influences im-
posed by the three main control parameters mentioned above.

2. Dimensional analysis

A physical model of SJ, in which the same metallic adherends
are bonded together utilizing the adhesive with the scarf angle 0,
is shown in Fig. 1. In order to capture the main control parameters
that influence the performances of S] under uniaxial tensile load-
ing, dimensional analysis is carried out.

Owing to the very great difference in stiffness between the
adherend and the adhesive (Gacoin et al., 2009) in SJ, progressive
nonlinear failure occurs at the adhesive interface (Liechti and

Freda, 1989). Subsequently, the evolution of the progressive failure
can be simulated by adopting CZM, which is considered as the con-
stitutive law of the adhesive layer (Marzi et al., 2011; Xu and Wei,
2013a). Governed by T-S law (bilinear for simplicity as shown in
Fig. 2) in each pure mode (i = I,1I), total fracture energy G;. and sep-
aration strength o, ; play the key roles in demonstrating the inter-
face separation behavior with insignificant effect of the precise
shape (Freund and Suresh, 2003). Furthermore, owing to not per-
pendicular to the applied tensile loading of the oblique adhesive
interface, a complex stress state of the joint is present with
mixed-mode (mode I and II) damage propagation, which is also
shown in Fig. 2 (Campilho et al., 2009; Lucas et al., 2006).
Subjected to uniaxial tensile loading, the ultimate tensile load-
ing F, is affected by three categories of system parameters: the
material parameters of adhesive (total fracture energy G, and
G, and separation strength ¢,; and o), the material parameters
of metallic adherend (Young’s modulus E,y, and Poisson’s ratio
Vaan) and the geometrical parameters of S] (adhesive thickness
tqa, scarf angle 0 , long edge length of adherend I and width w).
Correspondingly, F, is expressed by the function of the three cate-
gories of system parameters mentioned above as following,

Fu :f(Glu GIIC7 Oul, Oult; Eadh-, Vadh 3 Lads 9-, l': W) (1)
properties of adhesive  properties of adherend ~ geomentry

Upper
Adherend

Adhesive
layer |

Lower !
Adherend W

Fig. 1. A model of S] under uniaxial tensile loading with dimensions and boundary
conditions.



L. Liao et al./ International Journal of Solids and Structures 50 (2013) 4333-4340 4335

iA
(Tu,r 7777777
: Pure mode
: model
i i=L1
|
1
G .
Oum,i |~~~ “ Softening
Cohesiyef: &
P Complete
! Mix-mode separation
i ! model -
5[»1:,1'6:;,1' é;mz,i [s;l,l 6;

Fig. 2. Pure and mixed-mode damage model (Lucas et al., 2006).

The non-dimensional-normalized form is

Fy _ G Gy Ou, Eqan Vadh -0 I w (2)
- a [V
Gu,ltad O-u,ltad ’ Glc ' O-u.,l7 O-u.,l ’ ' tad tad
——

properties of adhesive properties of adherend ~ &eomentry

For the first category system factors, Gic/(0, tqq) indicates the ratio
between the separation displacement and the thickness of the
adhesive layer. In addition, Gy/G;. and o, /0, represent the extent
of the anisotropy of the adopted adhesive between mode I and II,
which are the intrinsic characteristics of the given adhesive. There-
from, the adhesive type is an influential factor. Furthermore, all the
cohesive parameters are proved with the characteristic of adhesive
thickness-dependence (Lee et al., 2004; Pardoen et al., 2005; Xu and
Wei, 2013a). Thus, the adhesive thickness t,4 is also determined as
one of the control factors.

As for the second category ones, they are determined only by
the chosen adhesive when the material of the adherend is fixed.
Consequently, the effects of adherend are not taken into account
in the analysis for a given material.

As regards the factors of the last category, comparing with the
long edge length [ and the width w of the adherend, the adhesive
thickness tyq is a quite small magnitude (I/t,y >1, w/ty >1). The
two normalized variables are decided by the length | and width
w, which are fixed in the present study. Without doubt, the scarf
angle 0 should be determined as a control parameter, which deci-
des the stress state at the adhesive interface and influences the
proportion of each mode of mixed-mode as well.

Accordingly, the adhesive thickness t,, the adhesive type and
the scarf angle 0 are determined as the main control parameters,
whose effects on the performances of SJ are examined in the
present study.

3. Numerical analysis
3.1. Details of the simulation model

Geometrical and material nonlinear numerical analysis is per-
formed in ABAQUS® to simulate the mechanical properties of SJ
with various adhesive thicknesses, adhesive types and scarf angles
subjected to uniaxial tensile loading. The equivalent simulation
model is shown in Fig. 1. The adherend is 27.7 mm in width (w)
and 92.0 mm in the length of the long edge (I) (He et al., 2009,
2010). In addition, to examine the effect on the performances of
the joint, the scarf angle is chosen as 6 = 30°,45° and 60°, respec-
tively. The actual thickness of the adhesive layer denoted as t,q,
which is different from the geometrical thickness during modeling,
is introduced to the cohesive parameters described in Section 3.3.

Generally, the width of the joint is considerably larger than the
thickness (the thin plate specimen). Consequently, S] under uniax-
ial tensile loading is simplified as a 2D plane-strain problem in the
present study. Cartesian coordinates (x,y) are adopted in modeling,.
As shown in Fig. 1, the boundary conditions are: 1) the free end of
the lower adherend is constrained both in x- and y-direction; 2) the
tensile loading F,, which is simulated by controlling displacement
increment method along the y-direction (sy), is applied to the free
end of the upper adherend.

The adherends, which adopt the material parameters of high-
strength steel (He et al., 2010; He et al., 2009), are defined as the
isotropic elastic model using Young’s modulus E.4; = 209 GPa and
Passion’s ratio vq; = 0.29, respectively. In addition, the models of
the adherends are meshed using four-node quadrilateral plane
strain elements. Meanwhile, in order to analyze the effect of the
type of adhesive, two different adhesives are selected: a compara-
tively brittle adhesive (AV138/HV998) and a comparatively ductile
adhesive (Hysol EA 9361) (Lucas et al., 2006). The adhesive layer is
built as a single layer using four-node cohesive elements, which
share nodes with the neighboring elements of the adherends.
Dense mesh using biasing effects is provided in the adhesive region
while a sparse spare mesh is employed in other regions for higher
computational accuracy. CZM is adopted to simulate damage initi-
ation and growth. The parameters of the cohesive elements will be
discussed in Section 3.3. Furthermore, optional viscous damping is
implemented between node pairs to improve convergence
(Gustafson and Waas, 2009).

3.2. Details of CZM

To define the progressive nonlinear cohesive interactions along
fracture surfaces, a bilinear (Chandra et al., 2002; Ghosh et al.,
2000; Li and Chandra, 2003) CZM is adopted based on T-S laws
(Campilho et al., 2009; Gustafson and Waas, 2009; Lucas et al.,
2006; Park and Paulino, 2011; Rudawska, 2010; Xu and Wei,
2012, 2013a,b) to characterize the interface separation behavior
(Serensen and Kirkegaard, 2006).

Implemented into the ABAQUS® commercial code as a user sub-
routine, the formulation is based on a constitutive relationship be-
tween stresses and relative displacements (Campilho et al., 2009;
Lucas et al., 2006; Xu and Wei, 2013a). Then, it can be noticed that
the stresses of the interface finite element before damage onset are
calculated using:

o =Dé 3)

where @, 6 and D are the vector of interface finite element stresses,
the vector of relative displacements and a diagonal matrix contain-
ing the interface stiffness, respectively. For each pure mode, the
material softens progressively with damage when the displacement
d; is over §,;. The softening relationship is described as:

6= (1-E)Do (4)

where I is the identity matrix, and E is a diagonal matrix containing
the damage parameters defined by:

0u,i(0i — 0o,i)

" 6i(Oui — o) ®)
where §; is the current relative displacement in mode i and J,; is
the displacement corresponding to the onset of damage. The maxi-
mum relative displacement J,; of complete separation is obtained
by equating the area under the soften curve with the respective
critical fracture energy:

Gic = 1/20-11,1’(311‘1‘ (6)

Under mixed-mode conditions, damage initiation is controlled by
using a quadratic stress criterion as following,
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(O'I/Uu.l)2 + (0'11/0'11,11)2 =1 (7)

which assumes that a pure compressive deformation or stress state
does not initiate damage.

It is assumed that a linear fracture criterion determines the
damage propagation, which could be expressed as:

Gi/Gic + G /Gpe =1 (8)

The fracture energy in each mode of complete failure is described
using the area of the triangle in Fig. 2:

Gi = 1/20-um,i5um,i (9)

The relative displacements for each mode corresponding to damage
onset dom; and ultimate failure d,,,; can be expressed as:

50m.i = M (10)
1+ 85
- ﬂiéum

Oumi = \/T[)’Iz,

where f; is the mode ratios (f; = 6;/3); dom, dum are the equivalent
mixed-mode relative displacements, which are shown as following:

(11)

1+42

5om = 60150,11 2 22
0o+ Budy,

(12)

R 1+82
Sum = +—ﬂ" (13)
5 1 i
om (501%.1 5o.u<5u.u)

The damage parameters can be obtained by substituting Egs. (12)
and (13) to Eq. (5).

3.3. Adhesive thickness-dependence of cohesive parameters

A parameterized bilinear T-S law for mixed-mode is used to
model de-cohesion of S] by defining three cohesive parameters to
capture the progressive failure of the adhesive. In each pure mode,
three cohesive parameters to define the control triangle of the
bilinear T-S curve are: initial stiffness (the slope of the linear as-
cent of T-S curve), total fracture energy (the enveloped area of
T-S curve) and separation strength (the peak stress value of T-S
curve) (Lee et al., 2010). Influenced by the adhesive thickness, all
the cohesive parameters, whose the subscripts denoting each pure
mode are omitted for simplicity, are represented as the functions of
the adhesive thickness t,4 (Xu and Wei, 2013a).

In CZM, the thickness of the adhesive layer t,4 is introduced to
the stiffness matrix D (Lucas et al., 2006), in which each matrix ele-
ment is the initial stiffness in each pure mode (mode I and II). The
initial stiffness, which is an analogy with the stiffness coefficient of
spring, is employed to define the ratio between the cohesive stress
and separation displacement before the adhesive damage occurs
(Gustafson and Waas, 2009). In each pure mode (mode I and II),
the initial stiffness is expressed as following, respectively
(Gustafson and Waas, 2009; Xu and Wei, 2013a).

o
ad (14)
k[] = %
tad

where E,y and Gy mean the Young’s modulus and the shear modu-
lus of the adhesive, respectively. It can be seen that the initial stiff-
ness in each pure mode (mode I and II) varies inversely with the
adhesive thickness t,4 for each type of adhesive.

Xu and Wei (2013a) pointed out that the adhesive layer, which
was considered as an equivalent cohesive layer, would dissipate
two types of energies (intrinsic cohesive energy G, and plastic dis-
sipation energy G,) (Swadener and Liechti, 1998; Swadener et al.,
1999; Mello and Liechti, 2006) with a certain thickness. They pro-
vided the total fracture energy expression as shown in Eq. (15):

GO +Actad (tﬂd < zrpmax(goo))

Go + 2A05(90°) (tog > 2907 (1)

Q—%+g—{

where G is considered as intrinsic work of fracture associated with
the embedded cohesive zone. Meanwhile, G, is denoted as the con-
tribution to the bond toughness arising from the plastic dissipation
and stored elastic energy within the adhesive layer (Pardoen et al.,
2005). In addition, as shown in Eq. (15), the expression of the total
fracture energy is piecewise function satisfying various conditions
related to the thickness tq. Essentially, the plastic dissipation G,
is significantly influenced by the maximum value of plastic zone
height r;*(90°) when the crack plane is assumed in the middle of
the adhesive layer (Lee et al., 2004; Pardoen et al., 2005; Xu and
Wei, 2013a). When tog < 2r7*(90°), the plastic dissipation energy
G, is approximately estimated as t,sA. (Wei and Zhao, 2008; Xu
and Wei, 2013b; Xu and Wei, 2012), where A is the area below
the stress-strain curve of the bulk adhesive. Thus, the plastic dissi-
pation energy is considered as the mean plastic work per unit adhe-
sive volume. Once t,g > 2r;*(90°), the plastic dissipation energy G,
would maintain as a constant value, which is dominated by
2Ar7™(90°).

Furthermore, the separation strength o,, which is expressed as
a function of adhesive thickness t, is also obtained by Xu and Wei
(2013a) as:

ﬁ 1+ ([;’—Cd)

= V()
1 (tad = tc)

(tag < tc)
- ! (16)

where t. is defined as the critical thickness of the adhesive layer
with the expression of t. = 2r;**(90°). In addition, # (1] = taAc/Go)
is introduced as a dimensionless parameter. Moreover, gy is the
bulk fracture strength of the adhesive. The potential physical mean-
ing of Eq. (16) is that the separation strength g, would be identical
to the bulk fracture strength o; when the adhesive thickness tqq
reaches the critical value ¢, (Ji et al,, 2010, 2011, 2012).

In order to examine the effect of adhesive thickness on the per-
formance of SJ under uniaxial tensile loading, a series of thickness
tqaa should be set in advance. According to previous investigations
(Ji et al, 2010, 2011, 2012; Lucas et al., 2006; Xu and Wei,
2013a), the upper limit of the adhesive thickness ty is selected
as 1.0 mm. Thus, three thicknesses (0.1 mm, 0.5 mm and 1.0 mm)
are discussed in the present study.

Based on the adhesive thickness-dependence mentioned above,
the necessary cohesive parameters can be determined by the con-
stitutive parameters of adopted adhesives as shown in Table 1.
Consequently, the cohesive parameters are obtained for a series
of adhesive thicknesses, which are shown in Table 2. Particularly,

Table 1
Adhesive constitutive parameters (Lucas et al., 2006).

Parameters AV138/HV998 (brittle) Hysol EA 9361 (ductile)
E,q (GPa) 4.59 0.67

Vad 035 0.4

oy (MPa) 36.49 4.23

a5 (MPa) 41.01 7.99

Ac (MPa) 0.36 2.69

Gjo (N/mm) 0.3 2.61

Giro (N/mm) 0.6 522
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Table 2
Adhesive thickness-dependence cohesive parameters.

Variables Adhesive type

AV138/HV998 (brittle) Hysol EA 9361 (ductile)

toq (mm) 0.1 0.5 1.0 0.1 0.5 1.0
k (MPa/mm) 45900 9180 4590 6700 1340 670
ki (MPajmm) 17000 3400 1700 2393 4786 2393

oy (MPa) 76.73 41.01 41.01 25.89 13.57 11.11
oy (MPa) 105.57 52.28 41.01 35.74 17.48 13.57
Gje (N/mm) 0.34 0.48 0.48 2.88 3.96 530
Gjie (N/mm) 0.64 0.78 0.96 5.49 6.57 7.91

with the critical thickness t. = 0.5 mm of AV138/HV998 in mode I,
the separation strength o,; and the total fracture energy G, keep
as constants out of the critical thickness range. By obtaining com-
puting method of cohesive parameters, which are affected by the
adhesive thickness, the simulations of SJ under uniaxial tensile
loading can be carried out using FEM.

4. Results and discussions
4.1. Numerical results

At the first stage of the loading procedure, the uniaxial tensile
loading F, increases up to the peak value, which is defined as the
ultimate loading denoted as F,. Thereafter, it drops to zero as the
applied displacement s, increases constantly owing to the damage
of the adhesive layer. Correspondingly, the maximum displace-
ment at the point of the complete failure is defined and labeled
as Sp.

Fig. 3 shows the variation of the applied tensile loading F,with
the displacement s, of SJs adopting various adhesive thickness tuq,
adhesive types and scarf angles 6, in which F, is the resultant force
of the uniaxial tensile loading along the y-direction per unit thick-
ness of the joint. Similar to the system of springs in series, the
upper and lower adherends connected with the adhesive layer.
Conrespondingly, it is assumed that the stiffness of the adhesive
joint can be represented using the slope of the ascent stage of
the load-displacement curve. The evolutionary processes of the
applied loadings F, of the joints choosing the brittle and ductile
adhesives are similar, both including ascent and descent stages.
However, the downward trends are different from each other. For
the joint with the brittle adhesive, after reaching the peak, the
applied loading F, drops to zero sharply with less plastic
deformation. On the other hand, in the case of the joint adopting
the ductile adhesive, the tensile loading F, decreases quite slowly
experiencing long displacement until to final failure.

Fig. 4 shows the variation of the ultimate loading F, with the
scarf angle 0 for different adhesive thicknesses and adhesive types.
With the increment of the adhesive thickness t,, the ultimate
loading F, decreases in all cases discussed in this study. In addition,
in the case of the joint adopting the brittle adhesive, the variation
of the maximum displacement s, until the complete failure of the
joint with respect to the adhesive thickness t,4 is ill defined as
shown in Fig. 3(a). Conversely, for the joint with the ductile adhe-
sive, the maximum displacement s,, until the complete failure of
the joint is directly proportional to the adhesive thickness tu
regularly as shown in Fig. 3(b). Furthermore, all the loading
components decrease as the scarf angle 0 increases.

4.2. Consequential discussions
In the simulated model, CZM is selected to describe the separa-

tion behavior of the adhesive joint controlled by initial stiffness, to-
tal fracture energy and separation strength (Xu and Wei, 2013a; Xu

AV138/HV998
brittle
0=130°
7
v
N’
) 0=45°

(a) SJ with the brittle adhesive

Unit: mm t,=0.1 |Hysol EA9361
ductile

"""""""""" 0=30"
z
=4
N

23 9=45°

>>>>>>>>>>> 0=60°

s, (mm)

(b) SJ with the ductile adhesive

Fig. 3. Loading-displacement curves of SJ.
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Fig. 4. Variation of the ultimate loading F, with the scarf angle 0 for different
adhesive thicknesses and adhesive types.

and Wei, 2013b; Xu and Wei, 2012). As the peak value of T-S curve,
the separation strength g, limits the maximum threshold. Corre-
spondingly, governed by the separation strength of the chosen
adhesive, the ultimate loading F, of S] is larger when using the brit-
tle adhesive (AV138/HV998) than that selecting the ductile adhe-
sives (Hysol EA 9361), which can be observed from Figs. 3 and 4.
To examine the monotonicity of the separation strength o, func-
tion varying with the adhesive thickness t,; as shown in Eq. (14),
it is necessary to differentiate it as following:
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2 -
ao.u B Jng(gct(fZZﬁgt;;Gotc)
= ctad ™40

Otaq «

Act?,+Gote
tad(Actqq+Go)

(tad < tc) (1 7)

(tad = tc)

It can be obtained that the first partial derivative of the separation
strength o, with respect to the adhesive thickness t, is held as neg-
ative in the range tq < t.. Correspondingly, it is concluded that the
separation strength ¢, monotonically decreases with increases in
the adhesive thickness t,4. Subsequently, it is easy to understand
that the ultimate loading F, of the joint increases as the adhesive
thickness t,s decreases in each case of given scarf angle.

Owing to the effect of adhesive type, as shown in Fig. 3, the
downward trends of the tensile loadings show the differences be-
tween the cases of the joints with the brittle and ductile adhesive.
As the result from the damage of the adhesive layer, the decline is
controlled by the total fracture energy of the selected adhesive. In
the study of Lucas et al. (2006), the tensile stress-strain curves of
the brittle adhesive AV138/HV998 and the ductile adhesive Hysol
EA 9361 were provided. It can be obtained that the brittle adhesive
AV138/HV998, which is sensitive to defects without any noticeable
voids at the failure surface, has no plastic deformation when reach-
ing the ultimate strength. Conversely, for the ductile adhesive Hy-
sol EA 9361 with high ductility, the stress-sensitivity is so low that
can be ignored after the maximum stress is achieved. On another
aspect, as listed in Table 2, with the increasing of the adhesive
thickness t,q, the total fracture energy of each pure mode increases
for both two types of adhesive. However, the definite values of the
brittle adhesive AV138/HV998 are one order of magnitude less
than the corresponding ones of the ductile adhesive Hysol EA 9361.

As for the load-bearing capacity of SJ, the ultimate loading F,, is
usually proposed to estimate it (Lucas et al., 2006; Xu and Wei,
2012). However, the ultimate loading F, corresponds neither to
the crack initiation nor to the onset of instability (Yang and
Thouless, 2001; Xu and Wei, 2013a). Furthermore, as shown in
Fig. 3, the variation of the applied displacement with the adhesive
thickness tyy for the joint adopting the brittle adhesive shows dif-
ferent properties from that for the joint choosing the ductile adhe-
sive. For the joint using brittle adhesive as shown in Fig. 3(a),
without plastic deformation, it totally loses the load-bearing
capacity in the decline process of the tensile loading F,. Contrary,
partial load-bearing capacity of the joint employing the ductile
adhesive is sustained even during the drop procedure unless the
tensile loading F, reaches zero, which can be seen in Fig. 3(b).

Only employing the ultimate loading F, to evaluate the perfor-
mances of the adhesive joint is not sufficient. Actually, the ultimate
loading F,combined with the maximum applied displacement s,
govern the mechanical properties of SJ. In the present study, the
necessary energy resulting in the joint failure, which is described
utilizing the work done by the applied loading according to the dis-
placement until the complete failure occurs is introduced to eval-
uate the joint performances as shown in Eq. (18).

E - /0 " F,ds, (18)

Fig. 5 shows the variation of the failure energy E; with the scarf
angle 0 for different adhesive thicknesses and adhesive types.
Under a given scarf angle, the failure energy Er of the joint selecting
the ductile adhesive improves accompanying with the thickening
of adhesive thickness t.4, which is opposite to the situation of the
joint choosing the brittle adhesive. In addition, it can also be seen
that the difference of the failure energy E; resulted from the effect
of the adhesive thickness t,; under the condition of the given scarf
angle becomes more noticeable as the scarf angle 6 decreases. With
the enhancement of the level of mix-mode as the scarf angle 0 de-
creases, the effect of adhesive thickness t,; on the mechanical
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Fig. 5. Variation of the failure energy E; with the scarf angle 0 for different
adhesives thicknesses and adhesive types.

properties of the SJ is more significant. Naturally, the discussions
of the effect of the adhesive thickness t,; are not exceeding the
range of critical thickness t. for each type of adhesive.

5. Conclusions

In the present study, through dimensional analysis, adhesive
thickness, adhesive type and scarf angle are determined as the
main control parameters that influence the performances of SJ.
Correspondingly, the examinations of the effects of these main
control factors on the mechanical properties of SJ subjected to uni-
axial tensile loading are performed using a mixed-mode CZM with
a bilinear shape coupled with finite element subroutine. The adhe-
sive-dependence of the vital cohesive parameters of CZM (initial
stiffness, total fracture energy and separation strength) is intro-
duced emphatically based on the existing results. The numerical
results demonstrate that the ultimate tensile loading F, increases
as the adhesive thickness t,q decreases. Cross the ultimate tension,
the joint loses the load-bearing capacity when adopting the brittle
adhesive while it sustains partial load-bearing capacity when
selecting the ductile adhesive owing to the effects of the adhesive
type. In addition, for the joint with the ductile adhesive, the max-
imum applied displacement until the complete failure is directly
proportional to the adhesive thickness, which is different from
the case of the joint adopting the brittle adhesive. To evaluate
the joint performances more comprehensively and effectively,
the failure energy is employed, which is defined by the work done
by the tensile loading with respect to the applied displacement un-
til the complete failure. The results show that the failure energy of
the joint with the brittle adhesive increases as the adhesive thick-
ness t,q decreases. Conversely, the variation trend of the failure en-
ergy of the joint using the ductile adhesive is vice versa. Moreover,
the effect of the adhesive thickness t,; becomes more noticeable as
the scarf angle 0 decreases owing to the change of the proportion of
each pure mode of the mixed-mode. Furthermore, the parameters
describing the performances of SJ, which mainly include the ulti-
mate tensile loading, the maximum applied displacement and
the failure energy, increase as the scarf angle 0 decreases.
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Appendix A. Validation of the present simulated method

The numerical results are compared with the results from the
existing experimental measurements to validate the present meth-
od. The normalized ultimate tensile loading F,/t.s,W0, varing with
the scarf angle 0 can be seen in Fig. Al.

In the study carried out by Afendi et al. (2011), a commercial
brittle epoxy adhesive with the trademark of Hi-Super30 was used
to join dissimilar adherends with scarf angle 0 = 45°,60° and 75°,
respectively. The target bond thickness of the adhesive layer in
their study was designed in the range from 0.1 mm to 1.0 mm.
The loading-displacement results of the adhesive thickness
tse = 0.1 mm and 1.0 mm are chosen to compare with the present
results. Correspondingly, the adherend thickness tq, the width
of the joint w and the yield stress of the given adhesive g,were de-
signed as 5 mm, 40 mm and 34.76 MPa in their work, respectively.

In addition, the study performed by Gacoin et al. (2009) is addi-
tionally referred. The adhesive used in their work was an epoxy re-
sin SIKADUR 30 COLLE® (SIKA, Paris, France). The desired adhesive
thickness t,; was 0.5 mm. The results of the SJ under tensile load-
ing with the scarf angle 0 = 33° and 18° are selected as the compar-
ative objects. Correspondingly, the adherend thickness t.4, the
width of the joint w and the yield stress of the given adhesive
oywere chosen as 10 mm, 10 mm and 24 MPa, respectively.

According to the existing results in the previous investigations
(Afendi et al., 2011; Gacoin et al., 2009), to cover all situations
mentioned in references in the present study, the scarf angle 0 is
set as 15°, 30°,45°, 60°, 75° and 90°, respectively. Furthermore,
the numerical results of the joint with the brittle adhesive thick-
ness t,;=0.1 mm, 0.5 mm and 1.0 mm are compared with the
existing experimental measurements as mentioned above.
Assuming as the plane-strain problem in the present study, the
unit thickness of the adherend is set as 1.

From the comparisons shown in Fig. A1, it can be found that the
ultimate tensile loading F, of the joint increases as the scarf angle 0
decreases, in which the variation trends of the curves correspond-
ing to the scarf angle 0 have a good agreement with each other.
Furthermore, it can also be observed that the ultimate tensile load-
ing F, of the joint increases as the adhesive thickness t,4s decreases.
Thus, it can be concluded that the present simulated method is
effective in analyzing the mechanical properties of the S] under
uniaxial tensile loading.

12.0 : : , ,
Gacoin et al., 2009 Present results o 8.0 ~

A 0.5 mm { =01 w2 B
10.0 - = J70>

----¢t =0.5mm = s
‘! 120 = Jeo =
8.0 N e t,=1.0mm <Q -Q
0" Afendietal, 2011 ], . 2 150 @
3 x . tad70'1 mm a 140 ©
=, 4 = g =5
) 40l N ® ¢ =1.0mm| 102 {30 a
\\\ . S &

e» s 420 ¢

- g 105
2.0 e 2,8
g — =
= L
0.0 L L L 1 0.0 20.0
0 20 40 60 80 100
6 (deg)

Fig. Al1. Normalized loading plotted as a function of scarf angle: comparisons
between the present results and the existing experimental measurements, taking
different adhesive thicknesses into account.
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