Parametric study of adhesive joints with non-flat sinusoid interfaces
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Abstract

The role of sinusoid interface shape on the stress distribution and load bearing capacity of the
adhesively bonded single lap joints has been investigated numerically and experimentally. The
experimental results showed that the interface non-flatness can considerably influence the adhesive
joint strength and this was in correlation with the numerical results obtained from finite element
analysis. Parametric studies were conducted using finite element method to investigate the role of
various wave heights, wave lengths, adhesive thicknesses and also mechanical properties of
adhesives and adherends on the stress distributions of the bonded joints. Lower wave lengths and
higher wave height resulted in decreased peak stresses in the mid-line of the adhesive layer and
consequently increase the strength of the joint. Besides, the lower adhesive thickness and lower
stiffness ratio of adherends and adhesive caused an increase in the efficiency of the non-flat single
lap joints.
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1- Introduction

Adhesive bonded joints have attracted considerable attention in various industries such as marine
and aerospace as a replacement for traditional joining methods including riveting, bolting and
welding. Based on manufacturing considerations, single lap joints (SLJ) seem to constitute the
easiest and cheapest type of adhesively bonded joints and welded joints [1-3]. However, the offset
of the two sheets in SLJs causes a misalignment and results a bending moment in the joint which
intensifies the local stresses at both ends of the lapped region and leads to an inefficient load
transfer [4-6]. The ends of adhesive layer in single lap joint are the weakest areas which often fail
due to the normal local stresses. Several studies have been conducted in recent years about single
lap joints to provide ideas and solutions in order to improve the joint strength [7-10]. Improving
the joint strength, by reducing peel and shear peak stresses at critical areas can be obtained by two
methods, modifications of adhesive materials (e.g. incorporating nano, micro and macro particles
and fibers into the neat adhesive [11-16] and application of functionally graded adhesives [17-19])
and modifying the geometry of the joint. Different methods were proposed by scholars for
modification of the adhesive joint geometries including chamfering or beveling and hole drilling
of the adherends [20-22]. Introducing local compressive stresses at both ends of adhesive layer
was the aim of some researchers which led to design of non-flat adhesive joints. Three main
geometries of non-flat adhesive joints are illustrated in Fig. 1 including the reverse bent, wavy and
sinusoid interface single lap joints. A short description of previous researches related to this kinds
of adhesive joints is given in the following part.

Boss et al. reported that modifying the shape of adherents can reduce the peak values of shear and
peel stresses in SLJ which can improve the overall strength of the joint [23]. This result is the same

as that presented by McLaren [24]. McLaren et al. suggested simply deforming the substrate at the



end of the overlap length to improve the stress distribution within the overlap area of single lap
joints (Fig. 1a). The new geometry of single lap joint was named reverse-bend SLJ which produces
a bending moment in the adherends opposite to that occurring in the conventional single lap joint.
The reverse moment diminishes the maximum peel stress and leads to a fairly uniform shear stress
in the bond line. Fessel et al. applied the reverse-bent geometry to composite adherends and
compared the behavior of the reverse-bent joint with the traditional SLJ configuration using some
numerical and experimental investigations. It was reported that the value of failure load
enhancement in reverse-bent joint depends upon the chosen material combination [25].
Additionally, Fessel et al. investigated the fatigue behavior of reverse-bent joints using substrates
with different yield and plastic deformation characteristics. They reported that the enhancements
obtained under static loading conditions translate to even higher benefits in fatigue loading [26].
The efficiency of reverse-bent joints made of brittle and ductile adhesives were evaluated by
Campilho et al. using both numerical analysis and experiments [27]. Results showed a major
improvement of joint strength for the brittle adhesive, but the joints with the ductile adhesive were
not much affected by the bending technique. You et al. investigated the effect of different
preformed deflection angles in reverse-bent SLJs on improvement of the joint strength [28].
According to their experimental results, the highest value of the average ultimate load of SLJs was
obtained when the preformed angle was equal to 7° (about 64% higher than the standard flat SLJ).
Zeng and Sun proposed a new geometry of single lap joint namely wavy lap joint (Fig. 1b) [29,30].
The maximum peel stress at two ends of adhesive layer in wavy lap joint was lower than that of
flat single lap joint. Lower maximum stresses at adhesive layer caused enhancement of load
bearing of the joint. Moreover, they performed comparative fatigue tests on the wavy lap joints to

assess the effect of adherend non-flatness on the fatigue life of the joint [31,32]. According to their



test results, the wavy lap joint had a much longer fatigue life than the conventional lap joint. Avila
and Bueno conducted experimental and numerical studies on single-lap joints with wavy geometry
using composite adherends; the result of which, showed that application of adherends with wavy
shapes increased the strength of the joints nearly 40% with respect to the conventional SLJ [33].
Shiva Shankar et al. also reported strength enhancement in wavy SLJs [34]. In another research,
Fessel compared the stress distribution of the reverse-bent and the wavy joints, with the stresses
of the traditional single lap joint [35]. They found that the single lap joints failed mostly due to the
peel stress and yielding of the substrates, whereas the reverse-bent joints mostly failed in shear or
due to lateral straining of the substrates away from the overlap.

Increasing the roughness of adherends surface before applying the adhesive is one common
practice to improve mechanical locking and adhesion at the interface of adhesive and adherends
[36-39]. However, according to the small dimensions of the surface roughness, it doesn’t
significantly influence the load transfer mechanics. Ashrafi et al. studied the feasibility of
improving the structural performance of single lap joints by varying interface shape but not overall
joint envelope. They tested two different geometries of SLJs with sinusoid interfaces made of glass
fiber reinforced polymer (Fig. 1c). It was reported that the interface non-flatness has significant
effect on the mechanical behavior and strength of the bonded joints [40]. Razavi et al. investigated
the mechanical behavior of SLJs made of non-flat zigzag adherends. They found that according to
the geometry of the interlocking teethes, the load bearing capacity of the joint can be increase or
decrease [41].

Non-flattening the adherends in the adhesively bonded joints can be considered as an efficient
technique for improving the mechanical behavior of the adhesive joints. The substrates can be

prepared by various interface geometries. As already stated, the non-flat sinusoid interfaces have



been recently studied by Ashrafi et al. [40], however, the reported results are related to composite
adherends and a limited numbers of geometries and design parameters. In this paper, the efficiency
of non-flattening the interface of metal-adhesive SLJs is evaluated by considering different key
parameters including the wave length, the sign of the wave slope, the wave height, the adhesive
thickness and mechanical properties of adherends and adhesives. This paper aims to examine the
effects of different interface morphologies on the distribution of shear and peeling stresses,
particularly their maximum values and joint-strength of adhesively bonded joints through
experimental investigations and numerical modelling. For this purpose, about twenty different

configurations of adhesive interface geometries were considered for numerical investigations.

2- Experiments

To investigate the effects of interface non-flatness on the strength of the single lap joints, single
lap joints made of aluminum 7075-T6 substrates bonded with a two-component epoxy paste
adhesive named Araldite® 2015 were made. Some standard tensile tests were conducted to obtain
the stress-strain curve of both adherends (ASTM EB8 [42]) and adhesive base (ASTM D638 [43])
(see Fig. 2). Five specimens from each material were tested in room temperature and under
constant tensile rate of 1 mm/min and the results are given in Table 1. The substrates were cut
from 12.5 mm thick sheets using wire cut CNC machine, Fig. 3 shows the geometrical dimensions
of adhesive joints. The overlap length L, the thickness of bond line t, the substrate thickness H and
the substrate free length were 30, 0.2, 5 and 45 mm, respectively. Also the value of wave height,
A was equal to 1.5 mm for all of specimens. It can be observed that the outer envelope of SLJs

with sinusoid interface is the same as that with a flat interface.



In this paper, each adhesive joint is named by a short name which is consist of three part S(B)+,
first part is the S for sinusoid interfaces; the second part, B indicates the wave length and the third
part is the sign of the wave slope (dy/dx) at x = 0. For example the S(L/2)+ joint is a sinusoid
adhesive joint with wave length of L/2 (i.e. the interface has 2maximum peaks and two minimum
peaks) and positive wave slope dx/dy > 0. Five different single lap joints with various interface
shapes were considered for the experiments (see Fig. 4). The wave lengths were considered as L
and L/2, with both negative and positive wave slopes at x = 0. Subsequently, for all the specimens,
the substrates were pre-treated prior to bonding. The pre-treatment consisted of a first wash by the
acetone followed by an acid etch according to DIN 53281 standard [44] to maximize
environmental confrontation and bonding strength. The ingredients of the etching solution are
presented in Table 2. The aluminum adherends prepared for the adhesive supplement are illustrated
in Fig. 4.

The sinusoid interface profile in Cartesian coordinate system is defined as

y =Asin(2zx / 1) Q)
where A is the wave height which can be positive or negative according to the bond line slope at x
=0 and 4 is the wavelength. Two adherends of the same shape are required to make a bond with
non-flat interface. After applying the adhesive layer, the adherends were separated by a vertical
distance of t = 0.2 mm that was constant along the bonding length and it was applied using a
manufacturing fixture. It is worth mentioning that the when two sinusoid adherends with the same
geometry are used for joint fabrication, the resulting gap width, t' is not constant. Fig. 5 illustrates

a schematic of bond line indicating both adhesive thickness, t and gap width, t'.

Considering a segment of arc whose length is As. For small values of Ay and Ax, the approximate

length of As is given by the Pythagorean theorem,
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AS ~ \JAX? + Ay 2 (2)

Substituting the infinitesimals dx and dy, results

2
ds _ 1+(d_VJ 3)
dx dx

According to Fig. 5, two triangles AABC and Aabc are similar because the corresponding angles

have the same measure, thus, the lengths of corresponding sides are proportional.

2
& L 1+(dlj )
dx t' dx

Hence the gap width between two adherends can be calculated as bellow

t

1+ (jijz ®)

t'=

According to Eg. 5, the gap between adherends equals adhesive thickness only where the bond
slope is zero (dy/dx = 0) otherwise it would be less. For example, for a given wave height of A =
1.5 mm and wavelength of 4 = 15 mm, the maximum value of bond slope is 0.63 which results a
gap width of t' = t/1.18. The adhesive joints were cured for seven days at room temperature (about
25°C). Five different types of adhesively bonded joints, namely non-flat and flat SLJ, were tested
under static loading to obtain the failure load and compare the results with that of obtained from
numerical stress analysis. Five samples for each specimen configuration were tested under a

displacement control static loading at a rate of 1 mm/min and the related load levels were recorded.

3. Finite Element Model



In this research, two-dimensional analyses of single lap joints with different interface shapes were
performed using the ABAQUS software. Applying the tensile load to the single lap joint causes
both tension and bending of the joint, resulting shear and peel stresses in the adhesive layer. Finite
element simulations of simplified two-dimensional models of sinusoidal interfaces with isotropic
adherends were carried out to obtain the distribution of shear and peel stresses along the bond line.
Parametric variations were studied via FEA to highlight the role of interface shape on the
distribution of stresses and inherently, the overall strength of the bonded joints. The stress analyses
were investigated considering the isotropic linear elastic properties of the adhesive and adherends.
The geometric dimensions used for finite element simulation are provided in Fig. 2. An important
point in designing the non-flat interface joints is the slope of two ends of the bond line (dy/dx)
which can be positive or negative. Thus, for all six specimens with specific wave lengths, two
different conditions of positive and negative slopes of bond line were considered (see Fig. 6).
Additionally, the effect of the wave height, the adhesive thickness and the elastic modulus of

adhesive base and adherends were assessed using finite element analysis.

Two dimensional finite element analyses were carried out to simulate the behavior of the adhesive
joints. The 8-node biquadratic quadrilateral reduced integration elements were used for this
purpose. A mesh convergence study was also conducted to obtain the appropriate element size for
stress analyses. Eight elements were considered in the adhesive thickness to obtain the distribution
of stress in the adhesive layer. The element sizes used for adherents meshing were with a pattern
that became coarser by getting away from the bonding location. Fig. 7 shows a typical element
size in finite element model. The models were collapsed at one end, while the other end of the joint
was allowed to translate only in axial direction without rotation. An axial tensile load equal to 1

MPa was applied at the end of the joints.



angle of the bond line. Numerous finite element analyses with consideration of material and
geometry nonlinearities were conducted on the tested adhesive joints. The numerical results
showed a negligible plastic strain near the bimaterial conjunction of adherends only in S(L/2)-
specimen. The numerical part of this research aims to show only the benefit of different interface

geometries by comparing like-for-like stress distributions.

4. Result and Discussion

4.1. Experimental Results

It is worth mentioning that the local moments on both ends of adhesive layer result the peel and
cleavage stresses which can lead to reduction of adhesive joints strength. These normal stresses
typically lead to failure of the adhesive joints before the shear stress is fully developed so that the
nominal maximum joint strength is not attained. Additionally, the local bending moments may
result in yielding of the adherends, which may also limit the joint strength. Thus, the peel
stress/strain should be considered as a key parameter in design of adhesively bonded joints. Fig. 8
illustrates local stresses at both ends of adhesive layer. According to the Fig. 8, adherend non-
flatness can change the stress condition in the adhesive joint specially altering the values of peak

stresses at both ends of bond line. Negative and positive bond line slope create local compressive



and tensile stresses in adhesive layer. Presence of local compressive/tensile stresses at critical
points of bond line reduces/increase the peak values of peel stress and shear stress in adhesive
layer which leads to enhancement/reduction of load bearing of the joint. In the case of symmetrical
interface geometry, similar local stresses will occur on both ends of adhesive layer.

The typical load-displacement curves of single lap joints with sinusoid and flat interfaces are
shown in Fig. 9. The numbers marked on the curves denote schematic view of the typical specimen
at each stage of loading (Fig. 9b). Fig. 9b illustrates the progressive failure in the adhesive layer
obtained from experimental results. The bold lines on the images indicate undamaged regions of
adhesive layer at each stage of deformation. According to Fig. 9, five types of SLJs differ
significantly in their mechanical behavior.

For the S(L)+ and S(L/2)+ specimens, the final failure of the joints occurred at approximate loads
of 5800 N and 4700 N, respectively which are 30% and 43% lower than flat joints . However for
S(L)- and S(L/2)- specimens, the final failure occurred at a load around 11000 N and 12500 N
which are 33% and 51% higher than the values obtained from flat joints. It should be noted that
flat-joint average shear strength is approximately 22MPa.

The failure load of sinusoid joints with positive slope (S(L)+ and S(L/2)+) was significantly lower
than flat SLJs. Unlike the other tested joints, the load-displacement curves of SLJs with positive
bond line slope were not smooth which is due to the local failure of adhesive layer at both ends of
bond line (see Fig. 9b). After crack nucleation and propagation on both sides of the bond line (point
2), the crack is arrested in the bond line and adhesive joint still sustain the tensile loading. Finally,
increasing the applied load leads to sudden fracture of adhesive joint (point 3 for the joint S(L)+).
On the other hand, sinusoid joints with negative bond slope had higher load bearing capacity

compared to flat SLJs. Existence of local compressive stresses at both ends of adhesive layer in
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sinusoid joints with negative bond slope (S(L)- and S(L/2)-) improved the joints strength. For
S(L/2)- joints, crack initiation occurred from the interior waves. Fig. 10 presents comparative
experimental results of failure loads obtained for single lap joints with different interface

geometries.

4.2. Results of Parametric Studies

In order to compare the stress conditions of different interface geometries, the maximum value and
the uniformity of the stress distribution were compared. The stress distribution for the joint with
even numbers of waves in the interface is quite different when the bond line slope is positive or
negative. As shown in the coming figures, the stress distribution for the negative slope of the bond
line is much lower than the values for the positive slope of the bond line. For every specimen the
maximum peel stresses are generally higher than the maximum shear stresses, so this indicates that
the adhesive joints failure is mainly a result of the peel stress and initiates from where it has the

maximum value (i.e. bonded joint edge).

During investigation of the stress distribution in the middle of adhesive thickness, a path was
considered in the mid-line of adhesive layer and the stresses were obtained on the aforementioned
path. Figs. 11 and 12 show the distribution of adhesive peel and shear stresses along the joint
midlines as a function of normalized distance from the bond line tip (x/L). The resulting stresses
are normalized by the applied axial stress. The maximum values of peel and shear stresses occur

at the edge of the joint for all different configurations.

According to Figs. 11 and 12, for models with antisymmetric interface shapes (with respect to the

mid length (x/L=0.5) of the bond line), the stress distribution has a symmetric condition (Figs. 11
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and 12 - (b), (d), and (f)), whereas for models with symmetric interface shapes, the stress contours
have an asymmetric distribution (Figs. 11 and 12 - (a), (c), and (e)). This asymmetric stress
condition causes the stress values to lack uniformity with bias in one side of the adhesive layer.
This leads to a more critical condition for the adhesive joint because the crack nucleates from the
bias side with higher stress value. Although the peel stress is the determinative parameter in failure
of the adhesive joints; however, an increment of the maximum value of shear stress makes the

stress condition more crucial.

According to Figs. 11 and 12 - (a), (c), and (e), the maximum peel/shear stress of sinusoid joints
at one end of the adhesive joint has become more than the value of peel stress for the flat joints,
so using the sinusoid interfaces with symmetric interface (for both positive and negative wave
slope dy/dx>0, dy/dx<0) had the negative effect on the stress uniformity and did not reduced the
maximum value of the peel/shear stress in the adhesive layer. It should be noted that for SLJs with

symmetric interface, failure initiates from the bias side with higher stress value.

Considering Figs. 11 and 12 - (b), (d), and (f), the maximum peel/shear stress value at both ends
of the joint with antisymmetric interface had the same value. For the antisymmetric interface joints
with positive slope of the bond line at x = 0 (dy/dx > 0) (S(L)+, S(L/2)+, and S(L/3)+), the
maximum peel/shear stress was increased, whereas for the joints with negative bond line slope
(dy/dx < 0) (S(L)-, S(L/2)-, and S(L/3)-), the maximum peel/shear stresses were decreased. Details

of maximum peel and shear stresses for different SLJ configurations are given in Table 3.

According to the twelve different configurations of adhesive sinusoid interface, the best peel/shear
stress distributions resulted for the joints with antisymmetric interface and negative slopes of
adhesive bond line (dy/dx < 0). The reduction of maximum peel stresses for two cases of S(L/2)-

and S(L/3)- were almost the same and it was about 41%. Moreover, the reduction of maximum
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shear stress for the adhesive joints of S(L/2)- and S(L/3)- were respectively, 43% and 34%. This
shows quite an acceptable reduction value which is in line with the failure load enhancements
obtained in the experimental part of this research. Generally, the non-flat interfaces had the same
but not equal effect on the maximum values of peel stress and shear stress. Although the SLJs with
sinusoid interfaces had improvement in stress condition, the number of sinusoid geometries which
lead to a more uniform stress distribution is limited. According to the data provided in Table 3,
only for three cases (S(L)-, S(L/2)- and S(L/3)-) the peak value of peel/shear stresses was

decreased.

The other parameter that can play an important role in the efficiency of SLJs with non-flat
interfaces is the wave height. The value of wave height, A was considered equal to 1.5 mm in
previous results. Here, nine different values of normalized wave height, A/H is considered for
stress analysis including positive, zero, and negative wave heights. Figs. 13 and 14 illustrate the
peel stress and shear stress distribution along the bond line of SLJs with sinusoid interface for
wave length of (L/2). According to the Figs. 13 and 14, higher wave heights results in intensifying
the effect of adherends non-flatness. For negative higher normalized wave height, the stress
reduction was increased and this was a result of better mechanical locking between two sinusoid
adherends. For example the stress reduction for the sinusoid joint with A/H = -0.2 the peel stress
is about 16% lower than flat joint, while for the joint with A/H = -0.5, the peel stress reduction is
almost 49%. It is worth mentioning that increasing the wave height has a practical limit. Increasing
the normalized wave height leads to a reduction in the adherend ligament size and this results
higher tensile stresses in adherends. Higher tensile stresses in adherends may cause an undesirable
elongation or in a worse case, the adherend failure. The details of effect of wave height on stress

distribution of SLJs are provided in Table 4. According to the results given in Table 4, increasing
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the wave height from A/H = -0.5 to A/H = -0.6 reduced the peel stress reduction from 49% to 36%,
this may be a reason of reduction of adherend overall stiffness. Additionally, by increasing the
wave height and consequently reducing the adherend ligament, the load bearing of first and last
waves on the adherend is reduced and because of deformation in ligament, the load is dominantly
transferred by two middle waves. This causes the maximum peel/shear stress to occur in the middle
of the joint. However, for the joint with A/H =-0.2 and -0.3 the location of maximum peel/shear

stress is at two ends of the joint.

Reducing the distance between to adherends can lead to an improved mechanical locking between
two adherends. This subject was assessed by analyzing single lap joints with both flat and sinusoid
interfaces and different values of adhesive layer thickness, t. Four different values of adhesive
layer thickness were considered for finite element analysis including t =0.1, 0.2, 0.5 and 1 mm. It
should be noted that the wave length and wave height was constant in these analyses. Details of
FE results are given in Table 5. It can be concluded that lower adhesive thicknesses increases the
efficiency of sinusoid joints. The maximum peel stress in sinusoid joint with t = 1 mm is 23%
lower that flat joint with same adhesive thickness. However, the maximum peel stress in sinusoid

joint with t = 0.1 mm is 45% lower than flat joint with same bond line thickness.

A comparative results of the maximum peeling and shear stresses in the bonded joint for bonded
joints with different stiffness ratio of adherends and adhesives are provided in Table 6. The
maximum peeling and shear stress reductions increase (in a relatively linear manner) by decreasing
the stiffness ratio (Eadherends / Eadnesive); in other words, for a specific adherend material, increasing
the stiffness of adhesive base results in higher stress reduction in adhesive layer. Additionally, for
a specific adhesive material, adherends with lower stiffness result in higher stress reduction in

adhesive layer and consequently higher joint strength.
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The failure load improvements reported in this research are related to the adherend and adhesive
types which are used here. Further researches can be conducted to evaluate the effect of adhesive
ductility on the efficiency of the non-flat adhesive joints. A number of researchers investigated the
3D stress state in different geometries of notched components considering constraint factors and
stress concentration factors throughout the specimen thickness [46]. The main features of the in-
plane stress distributions and the variability of the stress concentration factor as a function of the
plate thickness were investigated in numerous researches [47-49]. The same methodology can be
considered for the non-flat adhesive joints in order to evaluate the effect of adherends thickness

on the mechanical behavior of components.

5. Conclusion

In the present project, the effect of non-flat interfaces as a method of joint strength improvement,
was investigated experimentally and numerically. In the experimental part of the research, single
lap joints with five different sinusoid interface profiles were created from aluminum alloy 7075-
T6. The experimental results revealed that there are considerable differences between the load
bearing capacity of bonded joints with different interface profiles. For the best cases, the joint
strength of sinusoid SLJs was improved by 51% compared to the conventional single lap joint. As
an important factor for investigating the strength of the adhesive joint, stress distribution of the
adhesive layer was studied for different morphologies of adherend interfaces. Extensive parametric
studies were carried out to highlight the role of interface shape and adherend/adhesive materials

on the distribution of stresses in a bonded joint.
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Table captions

Table 1. The mechanical properties of the adherends and adhesive base.

Table 2. The composition of etching solution for aluminum alloys adherends [28].
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Comparative numerical results of sinusoid SLJs with various adhesive thickness (wave
length = L/2, A/H = 0.3).

Comparative numerical results of sinusoid SLJs with various adherend materials (wave
length = L/2, A/H =0.3).
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Figure captions

Fig. 1. Schematic view of modified single lap joints; (a) Reverse-bent SLJ, (b) wavy SLJ, (c) SLJ
with sinusoid interface.

Fig. 2. Stress-strain curves of (a) 7075-T6 aluminum alloy, (b) Araldite® 2015 adhesive.

Fig. 3. The geometry of the adhesive joint.

Fig. 4. The flat and non-flat aluminum substrates prepared for applying the adhesive material.
Fig. 5. Schematic view of the gap between two adherends.

Fig. 6. The finite element models of sinusoid SLJs with different wave lengths and wave slope
signs.
Fig. 7. The finite element model meshing used for stress analysis.

Fig. 8. Horizontal compressive and tensile stress distributions for the non-flat SLJs with negative
and positive bond slope.

Fig. 9: (a) Load—displacement curves of single lap joints with sinusoid and flat interfaces. (b)
Crack initiation and propagation at different stages of the experiments annotated with
numbered ‘events’ in (a). The bold lines show undamaged regions of adhesive layer at each
stage of deformation.

Fig. 10. Failure loads of the single lap joints with different interface geometries

Fig. 11. Peel stress distribution along the bond length for different sinusoid interface.
Fig. 12: Shear stress distribution along the bond length for different sinusoid interface.
Fig. 13. Peel stress distribution along the bond length for different wave heights.

Fig. 14. Shear stress distribution along the bond length for different wave heights.
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Table 1. The mechanical properties of the adherends and adhesive base.

Mechanical property Araldite® 2015 Al 7075-T6
Elastic modulus, E [GPa] 2 70
Poisson’s ratio, v 0.33* 0.33
Tensile yield strength, oy [MPa] 14.4 448
Tensile failure strength, or [MPa] 24.9 527

* manufacturer’s data
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Table 2. The composition of etching solution for aluminum alloys adherends [44].

Ingredient wit%
Sulfuric acid 27.5
Sodium dichromate 7.5
Deionized water 65
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Table 3. Details of finite element modeling of SLJs with sinusoid interface (A/H = 0.3, t = 0.2 mm).

Specimen Interface Maximum Peel stress Maximum Shear stress

label symmetry normalized peel reduction” normalized shear reduction” (%)
stress (%) stress

Flat - 171 - 1.16 -

S(2L)- Symmetric 2.37 -39 1.39 -20

S(2L)+ Symmetric 2.37 -39 1.39 -20

S(L)- Antisymmetric  1.39 19 0.79 32

S(L)+ Antisymmetric  3.15 -84 1.52 -31

S(2L/3)-  Symmetric 3.95 -131 1.60 -38

S(2L/3)+  Symmetric 3.95 -131 1.60 -38

S(L/2)- Antisymmetric  1.01 41 0.66 43

S(L/2)+ Antisymmetric  4.59 -168 1.58 -36

S(2L/5)-  Symmetric 5.86 -243 1.84 -59

S(2L/5)+  Symmetric 5.86 -243 1.84 -59

S(L/3)- Antisymmetric  1.01 41 0.76 34

S(L/3)+ Antisymmetric  6.87 -302 1.92 -66

* Stress reduction = ((maximum normalized stress)|riat joint — (Maximum normalized stress)|sinusoid joint) / (Maximum normalized

stress)|riat joint X 100
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Table 4. Details of finite element modeling of SLJs with sinusoid interface (wave length = L/2, t = 0.2 mm).

. Maximum normalized  Peel stress reduction™ Maximum normalized ~ Shear stress reduction”
Wave height, A/H

peel stress (%) shear stress (%)
-0.6 1.09 36 0.67 42
-0.5 0.87 49 0.64 45
-0.3 1.01 41 0.66 43
-0.2 1.44 16 0.83 28
0.0 (Flat) 1.71 - 1.16 -
0.2 3.60 -1 1.46 -26
0.3 4.59 -168 1.58 -36
0.5 8.38 -390 2.66 -129
0.6 9.85 -476 2.64 -128

* Stress reduction = ((maximum normalized stress)|Fiat joint — (Maximum normalized stress)|sinusoid joint) / (Maximum normalized
stress)|Fiat joint X 100
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Table 5. Comparative numerical results of sinusoid SLJs with various adhesive thickness (wave length = L/2, A/H =

0.3).
Adhesive layer thickness, t (mm) Flat Non-flat Stress reduction” (%)
O'n|max O'slmax O'nlmax 0's|max O'nlmax 0's|max
0.1 2.47 1.58 1.35 0.84 45 47
0.2 171 1.16 1.01 0.66 41 43
0.5 1.09 0.80 0.74 0.53 32 34
1.0 0.81 0.62 0.62 0.45 23 27

* Stress reduction = ((maximum normalized stress)|riat joint — (Maximum normalized stress)|sinusoid joint) / (Maximum normalized
Stress)|Fiat joint % 100
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Table 6. Comparative numerical results of sinusoid SLJs with various adherend materials (wave length = L/2, A/H =

0.3).
Stiffness ratio, Flat Non-flat Stress reduction” (%)
(Eadherends / Eadheive) O'nlmax O'slmax O'n|max 0'5|max 0'n|max 0'5|max
100 1.05 0.76 0.74 0.54 30 29
35 171 1.16 1.01 0.66 41 43
10 2.97 1.87 1.50 0.94 50 49
2.5 4.75 2.81 2.30 1.60 52 43

* Stress reduction = ((maximum normalized stress)|riat joint — (Maximum normalized stress)|sinusoid joint) / (Maximum normalized

Stress)|Fiat joint % 100
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Fig. 1. Schematic view of modified single lap joints;

(a) Reverse-bent SLJ, (b) wavy SLJ, (c) SLJ with sinusoid interface.
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Fig. 2. Stress-strain curves of (a) 7075-T6 aluminum alloy, (b) Araldite® 2015 adhesive.
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Fig. 3. The geometry of the adhesive joint.

32



Fig. 4. The flat and non-flat aluminum substrates prepared for applying the adhesive material.
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Fig. 5. Schematic view of the gap between two adherends.
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Fig. 6. The finite element models of sinusoid SLJs with different wave lengths and wave slope signs.
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Fig. 7. The finite element model meshing used for stress analysis.
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Fig. 8. Horizontal compressive and tensile stress distributions for the non-flat SLJs with negative and positive bond
slope.
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Fig. 9: (a) Load—displacement curves of single lap joints with sinusoid and flat interfaces. (b) Crack initiation
and propagation at different stages of the experiments annotated with numbered ‘events’ in (a). The bold lines
show undamaged regions of adhesive layer at each stage of deformation.
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43




2 —A/H =0 (Flat) 3 —A/H =0 (Flat)
—A/H=-0.2 2.5 —A/H=0.2
15 - -A/H=-03 - -A/H=0.3
---A/H=-0.5 2 ---A/H=0.5
1 ---A/H=-0.6 «+A/H=0.6

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

x/L x/L
Fig. 14. Shear stress distribution along the bond length for different wave heights.

44



