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Adhesive bonding joints are widely applied in many engineering fields. Their
overall strength is much dependent on the thickness of adhesive layers. Many previ-
ous experimental studies have found that the ultimate failure strength of the bonding
structure increases with the decrease of the adhesive thickness. However, few of
them consider the effect of adhesive intrinsic material parameters on the relation
between the overall strength and adhesive thickness. In the present investigation, the
effect of the adhesive thickness on the overall strength of the lightweight metallic
adhesive bonding joints was experimentally studied, considering the effect of the
adhesive toughness. The results show that the variations of overall strength resulting
from the adhesive thicknesses have remarkable discrepancy due to the toughness of
the adhesive, which is in agreement with the previous model prediction.

Keywords: adhesive thickness; toughness; bulk shear strength of adhesive; overall
strength

1. Introduction

Adhesive bonding joints are being widely used to connect dissimilar materials in
various industries including civil engineering, automotive, and aeronautic industries
because the adhesive structures are economical, easy to prepare, and especially light-
weight. With the continuous emergence of novel polymer-based adhesives, the applica-
tion of the adhesive bonding structures would be wider. The study for the mechanical
properties of adhesive bonding structures is really significant and attractive, and thus
many researchers [1–9] have focused their research on the different aspects of joints,
such as failure strength,[1–3,5,8] critical energy release,[4,7,9] and cohesive parameters
of joints.[6] The overall strength of the joints significantly depends on the adhesive
properties, which are characterized by the strength and energy rate mixities of the adhe-
sive.[1] Some external factors also affect the failure strength of joints such as tempera-
ture,[3] filler content in adhesive,[5] slip, and rotation angle [8]; especially, the overall
strength of the adhesive joints is a key issue. Therefore, some theoretical and computa-
tional models to predict the failure have been proposed,[10] considering some systemic
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parameters of the adhesive joints, such as material properties and geometrical parame-
ters. Among them, adhesive thickness is one of the most significant parameter and is
worth studying.

Recently, the researches based on the experiments have shown that the overall
strength is influenced substantially by adhesive thickness. The high-strength steel sin-
gle-lap joints (SLJ) bonded by various types of epoxy-based adhesives layers were
investigated by da Silva and his co-workers.[11,12] The experiment results showed that
the failure strength increases as the adhesive thickness gets thinner. Other researches
also point out similar conclusion with different adhesives for SLJ. Furthermore, some
other types of bonding structure have also been investigated. The interfacial strength of
the double cantilever beam increases with decreasing adhesive thickness. Chai et al. [3]
carried out the experimental research for adhesive thickness effect using the Napkin
Ring specimen. They found that both ultimate shear strength and strain increase mono-
tonically with decreasing adhesive thickness. Lee et al. [13] investigated the effect of
bond thickness on the fracture toughness of compact tension adhesive joint specimens,
which showed that fracture toughness decreased with increasing bond thickness, and
tending to be a stable value at larger thickness. Similarly, tubular butt joint could be
also regarded as pure tensile specimen adopted by Castagnetti et al. [14] to study the
influence of bonding thickness; the result was found to be similar to the other tests
mentioned above.

Some researchers established a variety of theories to explain this phenome-
non.[13,15,16] Adams et al. [10] believed that thicker bond-lines contained more
defects such as micro-cracks and voids so that the failure load increases as the adhesive
thickness gets thinner. Some other explanation for the effect of the adhesive thickness
was established by Gleich et al. [15], who utilized the finite element simulation to
study the effect of adhesive thickness. He found that both peel and shear interface
stress between the adherend and the adhesive tended to increase as the adhesive thick-
ness got thinner. A failure criterion based on the interface stresses can explain the effect
of adhesive thickness if the failure occurs close to the adhesive–adherend interface. Lee
et al. [13] gave some explanation. The interfaces between the adhesive and the adher-
ends had a stronger constraint effect for the thinner adhesive thickness compact tension
sample. Pardon et al. [16] applied the cohesive zone models to explain the thickness
effect due to the internal and external constraint. From internal point of view, as long
as the adhesive thickness is thin enough, the adhesive layer will be fully plastic defor-
mation. Then, the height of the plastic zone will be equal to adhesive thickness. Fur-
thermore, they pointed out that the material properties of the adhesive had a remarkable
effect on the overall strength of the bonding structure. Xu and Wei [17] also studied
the effect of adhesive thickness on the local interface fracture and overall strength of
metallic adhesive bonding structures. They proposed a theoretical and numerical
method based on the cohesive interface models, where the failure strength is the func-
tion of the thickness and the toughness of the adhesive layers.

Although many experimental investigations have been implemented as those men-
tioned above, the obtained results are still limited and local. Especially, few of them
consider the effect of adhesive intrinsic material parameters on the relations between
the overall strength and adhesive thickness. Indeed, some parameters such as toughness
and strain-hardening capacity can affect the failure strength of joints. However, the
related conclusions have been proposed based on only theoretical and modeling conjec-
ture, without validation by experiments. In order to address the deficiency, in the pres-
ent investigation, inspired by the theoretical model proposed by Xu and Wei [17], the
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effect of adhesive thickness on the overall strength of the SLJ was experimentally stud-
ied, considering the effect of toughness of the adhesive. The present experimental
results are compared with the theoretical results finally.

2. Brief review of theory

Cohesive zone model based on traction-separation laws are well suitable to describe the
de-cohesion behavior in bonding structures. When the cohesive zone model is
employed to simulate the adhesive layer, the progressive failure of the adhesive can be
captured by three cohesive parameters, namely initial stiffness, total fracture energy,
and separation strength. All of these parameters would be influenced by adhesive thick-
ness. According to the theoretical approach proposed by Xu and Wei [17], the separa-
tion strength is the most significant parameter and can be expressed by the functions
adhesive thickness and toughness ratio, given as

br
rf

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þg t

tcð Þ
ð1þgÞ� t

tcð Þ
r

ðt\tcÞ
1 ðt > tcÞ

8<
: (1)

where br is the separation strength, σf is the bulk shear strength of the adhesive
obtained by the shear test, t is the adhesive thickness, tc is the critical value of adhesive
thickness, and η is the toughness ratio to describe the toughness of the adhesive, which
can be defined by

g ¼ Utc
C0

¼ 2

3p
E

1� m2
U

r2s
(2)

where U is plastic dissipation in the unit volume, E is Young’s modulus, ν is Poisson’s
ratio, σs is yield stress, and tc is written by Equation (3),

tc ¼ 2rmax
p ¼ a

2

3p
E

1� m2
C0

r2s
(3)

where α is the coefficient and ranges between 1.25 and 5 according to Pardoen et al. [16],
and 1.25 is selected in the present investigation. Here, rmax

p is the maximum length that
scales the plastic dissipation zone in front of the crack tip, Γ0 is the cohesive energy, E is
Young’s modulus, and ν is the Poisson ratio of the adhesive.

3. Experimental setup

In the present investigation, the experiment consists of two steps: the first one is the
test for assessment of the adhesives including tensile and shear tests, followed by the
test for the SLJ.

3.1. Tensile sample test

For the tensile sample test, two types of adhesives were selected: one is very brittle
adhesive (Epoxy WD1001 produced by Shanghai Kangda Co., China) and the other is
very ductile (Silicone rubber 704 produced by Jiangsu Nanda Co., China), which have
different toughness.

Journal of Adhesion Science and Technology 1057
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It is well known that the toughness of silicone rubber (SR) is usually higher than
that of epoxy (EP). In order to obtain the accurate values of the toughness ratio η of
the adhesives in the present experiment, tensile test with the specimens of the adhesives
is needed. Some molds were prepared for the purpose of making the dog-bone speci-
mens for the adhesives. In order to remove the specimen easily, the surfaces of the
molds were polished with sandpaper and smoothed with a lubricant. Three SR and EP
specimens were, respectively, prepared. All the specimens were put into the incubator
maintaining a temperature of 25 °C for 30 days. Before measuring the size of the gage
segment, the specimens were checked to avoid the visible crack affecting the
experimental result. The geometry of the dog-bone specimen is shown in Figure 1. All
the SR specimens were tested in a standard tensile tester under a crosshead speed of
0.2 mm/min and the EP specimens with a crosshead speed of 0.1 mm/min. Therefore,
the entire loading process is quasi-static. Contacting extensometers tend to interfere
with the mechanical behavior of the adhesive, which should be avoided. The technique
used in the present experiment is an optical method in which the displacements/strains
are obtained by spatial correlation of image pairs acquired initially (non-deformed)
through loading.

3.2. Shear test

According to the existing researches, the overall strength of the SLJ increases with the
decrease of adhesive thickness. For the structure of the SLJ, the interfaces between
the adhesive and the adherend have a remarkable influence on the overall strength of
the structure. Compared to the shear strength of the adhesive, it is still unknown that
whether the influence of the adhesive interface on the failure strength is positive or
negative. In order to solve the issue mentioned above, the bulk shear strengths of the
adhesives used in the present experiments should be known.

In order to obtain accurate values of the shear strength of the aforementioned adhe-
sives, two methods (i.e. A and B) were designed in Figure 2:

(A) two-segment shear test;
(B) three-segment shear test.
It is worth noting that the number of fracture surfaces of the two methods is differ-

ent, as shown in Figure 2. And the number is 1 and 2, respectively. The shear strength
could be obtained as

s ¼ F

n � A (4)

where F is the maximum load during the loading process, n is the number of the frac-
ture surfaces, and A is the area of cross-section of the shear specimen. Two types of

Figure 1. The geometry of the dog-bone specimen (unit: mm).
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mold were prepared for the specimens. All the inner walls of the molds were
pre-placed with a layer of greaseproof paper in order to easily remove the specimens
from the molds after preliminary curing of the adhesives. All the specimens were

Figure 2. Two test methods to obtain the shear strength of the adhesive: (a) two-segment shear
test (i.e. method A); (b) three-segment shear test (i.e. method B).
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placed in the thermostat with room temperature of approximately 25 °C for 30 days. It
is worth mentioning that the process of curing of the liquid adhesive, especially the EP,
was an exothermic reaction. In other words, the specimens suffered from thermal
expansion and contraction during the whole curing process, which resulted in a rough
surface of the specimen. Thus, the specimens were treated with sandpaper in order to
eliminate the stress concentration before testing. The sectional dimensions of the speci-
mens are shown in Table 1, where b, l, and A are the length, width, and area of the ori-
ginal cross-section of the specimens, respectively, and A is hence equal to b × l. All the
specimens were tested in a standard tensile tester under a crosshead speed of 0.2 mm/
min as shown in Figure 3.

3.3. SLJ test

The geometry of the SLJ is shown in Figure 4, with a width of 25 mm and an overlap
of 25 mm. The lightweight aluminum alloy 2024-T351 was selected here as the adher-
end material with a size of 120 × 25 × 3 mm. Before bonding, copper wires with various
diameters were put on the bonding surface to control the adhesive thickness, as shown
in Figure 5.

In order to improve the interface strength, the bonding surfaces of the aluminum
alloy adherend should be properly pre-treated. The overlap of the adherend was succes-
sively polished with sandpaper with various granular diameters. Then, the ultrasonic
cleaning machine was applied to clean up the surface of the adherend with alcohol for
5 min. The copper wires were cut into 25 mm length and put on both sides of the over-
lap of the adherend, as shown in Figure 5. A fast solidification glue (Ethyl cyanoacry-
late) was used to fix the copper wire onto the adherend to prevent sliding during the
process of gluing.

To precisely control the bonding area, the surface near the bond area was sprayed
with a lubricant. In the present experimental investigation, 10 adhesive thickness were
carried out for each type of adhesive. For the purpose of obtaining reliable results, three
samples with identical presetting adhesive thickness were prepared for each type of
adhesive. Therefore, as many as 60 specimens were prepared with specific numbers.
Table 2 presents the number and the adhesive thickness of these specimens. All the
specimens were put into the incubator which was maintained at the room temperature
of 25 °C for 30 days to obtain full solidification. Before loading, the same materials
used as adherends above were fixed at the end of all the specimens as shown in
Figure 4. The purpose is to reduce the bending effect on experimental results. After full
solidification, all the specimens were tested in a standard tensile tester at a crosshead
speed of 0.2 mm/min.

Table 1. Geometry of the shear specimens.

Adhesive type Specimen number b (mm) l (mm) A (mm2) Method

Silicone rubber 1 10.30 9.72 100.12 A
2 10.54 9.92 104.56 A
3 11.00 10.00 110.00 B
4 10.60 10.06 106.64 B

Epoxy 5 6.53 5.90 38.53 A
6 6.08 6.55 39.82 A
7 6.12 6.58 40.27 B
8 6.34 6.29 39.87 B

1060 S. Yang et al.
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Figure 3. (a) Mold for the two-segment shear test; (b) experimental setup of two-segment shear
test (i.e. method A); (c) experiment setup of three-segment shear test (i.e. method B).
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4. Results and discussion

4.1. Tensile sample test

The stress–strain curves of the specimens were obtained and are shown in Figure 6. It
can be observed that the dispersity of stress–strain curves for EP is larger than that for
SR, because EP is more sensitive to defects and voids. Comparing Figure 6(a) with (b),

Figure 4. The single-lap joints’ geometry (unit: mm and t is adhesive thickness).

Figure 5. Copper wires bonded on adherend to control the adhesive thickness (unit: mm).

Table 2. Number and adhesive thickness of the specimens.

Specimen
number

Adhesive
thickness (mm)

Specimen
number

Adhesive
thickness (mm)

Specimen
number

Adhesive
thickness (mm)

SR-1 1.0 SR-21 1.0 SR-41 1.0
SR-2 0.8 SR-22 0.8 SR-42 0.8
SR-3 0.6 SR-23 0.6 SR-43 0.6
SR-4 0.5 SR-24 0.5 SR-44 0.5
SR-5 0.4 SR-25 0.4 SR-45 0.4
SR-6 0.3 SR-26 0.3 SR-46 0.3
SR-7 0.25 SR-27 0.25 SR-47 0.25
SR-8 0.2 SR-28 0.2 SR-48 0.2
SR-9 0.15 SR-29 0.15 SR-49 0.15
SR-10 0.02 SR-30 0.02 SR-50 0.02
EP-11 1.0 EP-31 1.0 EP-51 1.0
EP-12 0.8 EP-32 0.8 EP-52 0.8
EP-13 0.6 EP-33 0.6 EP-53 0.6
EP-14 0.5 EP-34 0.5 EP-54 0.5
EP-15 0.4 EP-35 0.4 EP-55 0.4
EP-16 0.3 EP-36 0.3 EP-56 0.3
EP-17 0.25 EP-37 0.25 EP-57 0.25
EP-18 0.2 EP-38 0.2 EP-58 0.2
EP-19 0.15 EP-39 0.15 EP-59 0.15
EP-20 0.02 EP-40 0.02 EP-60 0.02
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the ultimate failure stress of EP is much higher than that of SR during the loading pro-
cess. However, the corresponding failure strain is much smaller than that of SR. The
yield strength was selected as equal to the stress value with a plastic strain of 0.2% in
the stress–strain curves in Figure 6. According to the aforementioned method, Young’s
modulus E and yield strength rs can be calculated and are shown in Table 3. Compared
with the whole area under stress–strain curve, the area under stress–strain curve with
the strain from 0 to 0.2% is very small. Thus, the plastic dissipated energy in the unit
volume U of the adhesive can be characterized by the area under the stress–strain curve
as shown in Table 3. According to Equation (2), the toughness ratio of the adhesive

Figure 6. Stress–strain curves for the two types of adhesive tensile sample: (a) SR, (b) EP.
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can be obtained and is given in Table 4. And the average of the toughness ratio of SR
and EP is 26.04 and 2.33, respectively. The toughness ratio of EP is lower than that of
SR. However, compared to the material parameters as given in Table 4, the Young’s
modulus E of EP and the yield stress σs of EP is 286.23 and 81.12 times larger than
those of SR, respectively. As depicted in Equation (2), the square of the yield stress r2s
of EP is 6561 times larger than SR’s. In other words, r2s has a more prominent effect
on the toughness ratio compared to the Young’s modulus E, Poisson’s ratio ν, and the
plastic dissipation in unit volume U.

4.2. Shear test

For the results of the shear test, the load–displacement curves by different test methods
are shown in Figure 7. According to Equation (4) and the geometric dimensions of
each specimen, as presented in Table 1, the shear strengths of the two adhesives are
shown in Table 5. Comparing the experimental results by different methods, the dis-
crepancy among the values of the shear strength for the same type of adhesive is slight.
In other words, the experimental results are reliable.

4.3. SLJ test

During the loading process, all the specimens were cohesive failure. In other words,
crack propagation occurred in the adhesive layer. After loading, each fracture surface of
the specimens was checked to observe whether there were obvious defects and voids
on them. The reason is that defects have a negative effect on the experimental results.
Fortunately, no obvious defect was observed on the fracture surfaces. Under the quasi-
static condition in the present experiments, each specimen has the corresponding load–
displacement curves. The typical curves for the selected adhesive thickness are
presented in Appendix 1. According to the load–displacement curves, the peak load
and the corresponding displacement can be obtained, both of which change with the
various adhesive thicknesses, as shown in Figure 8. The ultimate failure load increases
as the adhesive thickness decreases as shown in Figure 8(a). Compared with the failure
load, the relationship between the failure displacement and the adhesive thickness has

Table 3. Material parameters of the adhesives.

Type of adhesive Ε (MPa) σs (MPa) m U (J mm−2) η �g

Silicone rubber 1 1.33 0.0359 0.4 0.12 31.47 26.04 ± 6.7
2 1.60 0.0433 0.4 0.13 27.36
3 1.60 0.0481 0.4 0.11 19.30

Epoxy 1 380.68 2.9122 0.35 0.26 2.82 2.33 ± 0.7
2 361.24 3.2889 0.35 0.20 1.61
3 371.31 2.9295 0.35 0.24 2.55

Table 4. Ratio values of average material parameters for the two types of adhesives.

Material parameter Ε σs m U η
Epoxy

Silicone rubber 286.23 81.12 0.88 2.15 0.09

1064 S. Yang et al.
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opposite tendency as shown in Figure 8(b). The same phenomenon occurs in the EP
specimens as shown in Figure 8.

The peak stress corresponding to the ultimate failure load is given as,

br � FP

Ab
(5)

Figure 7. Load–displacement curves of the shear test with different methods and adhesives
(A and B denote method A and B, respectively): (a) SR, (b) EP.
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where br is the peak stress or the ultimate failure stress of the SLJ, FP is the peak load,
and Ab is the bonding area. In the present experiment, the bonding area of each speci-
men was 625 mm2. According to Equation (5), the peak stresses br for all the specimens
could be brought out and are shown in Figure 9. As expected, the peak stress increased
as the adhesive thickness decreased for both the EP specimen and the SR specimen.

4.4. Further discussion

According to Ref. [16], the value of cohesive energy Γ0 can be estimated by

C0 � L

Z
0:2%

0
rde (6)

where L is the gage length of the tensile specimens of the adhesives. According to
Equation (6), Γ0 can be estimated by the gage length and the area of stress–strain curve
for the bulk sample in the standard sample test on the condition of e 6 0:2%. Accord-
ing to Equations (3) and (6), tc for the SR and the EP are 3.5 and 0.4 mm, respectively.
Thus, the ratio of tc between the SR and the EP is about 8.7.

In the SLJ test, the bonding area of all the specimens is 625 mm2. And according
to Equation (5), the ultimate failure strength with the variation of adhesive thickness is
shown in Figure 9. What is worth noting is that the ultimate failure strength is almost
unchanged with the increasing of adhesive thickness when the thickness exceeds a par-
ticular value (i.e. 0.4 mm) for EP. Then, the ultimate failure strength is stable at about
10MPa, which is close to the average bulk shear strength of 9.2MPa obtained in the
shear test for EP. According to Equation (1), the strength ratio of the adhesive br=rf is
a function of thickness ratio t=tc, which is shown in Figure 10.

With the decrease of t=tc for EP, br=rf tends to increase. When t/tc is less than 1.0,br=rf is sensitive to the change of t=tc. When t=tc is larger than 1.0, the value of br=rf
is almost unchanged and tends to be 1.0. In other words, when the adhesive thickness
is less than the critical value of the adhesive thickness, the ultimate failure strength is
larger than the bulk shear strength of the adhesive. The smaller the adhesive thickness,
the larger the value of br=rf . When the adhesive thickness exceeds the critical value of
adhesive thickness, the failure strength is equal to the bulk shear strength of the adhe-
sive. A similar phenomenon could be also found on adhesive joints with SR. Compar-
ing the experimental results with the theoretical model prediction as shown in
Figure 10, overall, the present experimental results agree with the theoretical model
prediction except the range where the t=tc is around 0.5.

Table 5. Shear strength of the adhesives.

Adhesive type
Specimen
number

Shear strength
(MPa) Method n

Average shear strength
(MPa)

Silicone rubber 1 0.51 A 1 0.55 ± 0.04
2 0.61 A 1
3 0.56 B 2
4 0.53 B 2

Epoxy 5 10.12 A 1 9.19 ± 0.75
6 8.62 A 1
7 8.54 B 2
8 9.50 B 2
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It can be depicted by Figure 11 that when the adhesive thickness is less than tc, the
crack tip plastic dissipation zone is constrained by interfaces between the adhesive and
the adherend as shown in Figure 11(a). And the ultimate failure strength is larger than
the bulk shear strength of the adhesive. The larger the difference between t and tc, the
more the obvious restriction resulting from the interfaces between the adhesive and the
adherend. It is similar to placing a thick pipe into a thin tube. When the adhesive thick-
ness is equal to tc ¼ 2rmax

p , the plastic dissipation zone is constrained by the upper and
lower metallic adherends as shown in Figure 11(b). When the adhesive thickness
exceeds tc, crack propagation is entirely in the adhesive layer as shown in Figure 11(c).
As a result, the interfaces do not restrict crack propagation any longer. Then, the

Figure 8. (a) Peak load and (b) critical displacement plotted as a function of various adhesive
thicknesses.
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ultimate failure strength is equal to the bulk shear strength of the adhesive. However,
this is an ideal case. The real crack propagation path is not always in the mid-line of
the adhesive layer, which can be explained the discrepancy between the computational
values and experimental values as shown in Figure 10.

The average toughness ratio η of SR and EP is 26.04 and 2.33, respectively. On the
condition of identical adhesive thickness, the toughness ratio η has a remarkable effect
on the variation of the failure strength of the adhesive joints. When the adhesive
thickness is less than tc, the variation of the ultimate failure strength is sharper with the
variation of the adhesive thickness for the relatively smaller adhesive toughness ratio
(i.e. EP).

Figure 9. Ultimate failure strength plotted as a function of various adhesive thicknesses.

Figure 10. Normalized ultimate failure strength plotted as a function of the normalized adhesive
thickness for SR and EP: comparison between the present experimental results with theoretical
model prediction.[17]
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Accordingly, the toughness ratio η can be regarded as a significant material
parameter to describe the toughness of the adhesive, and the parameter is independent
of adhesive thickness.

5. Conclusions

In summary, the effects of the toughness and thickness of adhesive layer are investi-
gated by experiments. They have a combined effect on the ultimate failure strength of
the metallic adhesive joints. The main conclusions can be drawn as follows:

When the adhesive thickness is smaller than the critical value, the ultimate failure
strength of adhesive joints would increase with the decrease of adhesive thickness. The
variation of the ultimate failure strength is more remarkable when the thickness is in
the comparatively small thickness range. When the adhesive thickness is larger than the
critical thickness, the failure strength tends to be a stable value, which is equal to the
bulk shear strength of adhesive. Furthermore, the toughness ratio is also an intrinsic
material parameter of the adhesive, when the adhesive thickness is smaller than the
critical thickness, the variation of the ultimate failure strength is sharper with the
variation of the adhesive thickness for the smaller adhesive toughness ratio. Therefore,
the failure strength of the bonding structures is affected by both the adhesive thickness
and the toughness ratio, which is in agreement with the previous theoretical model
prediction.

Figure 11. The relation between the plastic dissipation zone in front of crack tip and the
adhesive thickness t, considering various adhesive thicknesses: (a) t \ tc; (b) t ¼ tc; (c) t[ tc.
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Appendix 1
In Section 4.3, the peak loads and the corresponding critical displacements were obtained for the
underlying load–displacement relations of SLJ subjected to tensile loading. For each type of
adhesive, there are three load–displacement curves for every adhesive thickness. Here, the typical
curves for the selected adhesive thickness (i.e. 0.2 mm) are presented in Figure A1.

Figure A1. Load–displacement curves of the SLJ with the two types of adhesives for the
selected adhesive thickness: (a) SR, (b) EP.
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