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Low-Speed Oblique Impact Response of Adhesively
Bonded Dissimilar Single-Lap Joints

M. Gokhan Atahan' and M. Kemal Apalak?

Abstract: Adhesively bonded joints are widely preferred for joining similar and dissimilar materials due to the mechanical advantages they
provide. As the demand for the adhesively bonded method increases, it is necessary to determine the behavior of joints under impact loads for
joint design. The aim of this study was to investigate the low-speed oblique impact behavior of dissimilar single-lap joints and the effect of
plastic deformation ability and strength of the adherends [(Top) Al 2024-T3—(Bottom) Al 5754-0, (Top) Al 5754-0—(Bottom) Al 2024-T3],
overlap lengths (25, 40 mm), and impact energy (3, 11 J) on adhesive damage. The behavior of the joints determined by the numerical model
under low-speed oblique impact was compared with experimental results. Considering the contact force-time, contact force-displacement,
and adhesive damage, the numerical model was reasonably compatible with the experimental results. The damage initiation and propagation
in the adhesive layer were determined by three-dimensional explicit finite-element analysis. In order to obtain suitability for the damage
mechanism by observing the experimental bonding damage surfaces, the adhesive region was divided into three zones, the upper and lower
adhesive interfaces and a middle adhesive layer between them. The different strength and plastic deformation ability of the adherends had a
significant effect on the adhesive damage initiation and propagation. In the case of high strength and low deformation ability of the adherend
material (Al 2024-T3) contacting with the impactor, a reduction of the adhesive damage occurred due to the deformation of the adherend
material (bottom adherend) with low strength and high deformation capability. The oblique impact load and the different mechanical proper-
ties of the adherends greatly affected the adhesive damage initiation and propagation of single-lap joints. DOI: 10.1061/(ASCE)AS.1943-
5525.0001472. © 2022 American Society of Civil Engineers.
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Introduction

In engineering design, materials with different properties are used
together while considering objectives such as lightness and high
strength. The adhesively bonded joining method is used effectively
in joining materials with different mechanical and chemical
properties. This increased interest in bonding joints led to the
development of adhesives with high strength and ductility. The
development in adhesive technology plays an important role in
the joining of materials that cannot be combined with conven-
tional joining methods (Kinloch 2012; Mittal 2012; Adams et al.
1997). Adhesive joints are widely preferred in aerospace indus-
trial applications because they allow different adherends to be
combined. The increase in the use of adhesive joints has led many
researchers to determine the behavior of adhesively bonded dis-
similar joints under quasistatic and dynamic loads. Researchers
focus especially on the damage analysis of adhesive joints under
quasistatic and dynamic loads. Many research groups have also
developed numerical models as well as experimental studies to
predict adhesive damage.
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Sun et al. (2018) experimentally studied the fracture character-
istic of dissimilar adhesive joints under tensile loads. They used the
digital image correlation (DIC) method to detect adherend defor-
mation and fracture processes of the adhesive joints. It was reported
that when adherends undergo elastic deformation, stiffness of the
adherend affects joint stiffness and joint fracture development.
Jairaja and Naik (2019) investigated the strength analysis and fail-
ure type of dissimilar single-lap joint with single and dual adhesive
bond experimentally and numerically. They used two different
types of adherends, carbon fiber reinforced polymer (CFRP) and
aluminum, and adhesives (Araldite 2015 and AV138). Peeling and
shear stresses reached maximum value at the ends of the bonded
joint. In addition, the result was obtained that the use of dual ad-
hesive increases bond performance. Chen et al. (2020) studied the
effects of overlap length, rivet diameter, and adhesive thickness
on failure progression stages of hybrid single-lap joints (CFRP/
Al6061-T6) under quasistatic loads using the digital image correla-
tion technique. They reported that the joint type significantly affected
the peak load, whereas the lap length and adhesive thickness had a
limited effect on the failure modes. Kanani et al. (2021) investigated
the effect of joint configuration (scarf joints, stepped-lap joints, half-
lap splice joints, and single-lap joints) on the joint strength, damage
type, and stress distribution of adhesively dissimilar joints experi-
mentally and numerically. They divided the adhesive region into
three layers in the numerical model. The cohesive element COH2D4
in the mesh structure was used between the adherends and adhesive,
and the CPE4R element type was used between these two cohesive
regions. According to the experimental and numerical damage analy-
sis, they determined that failure always initiates at the polyphthalamide
(PPA)-adhesive interface for multimaterial joints (Al 6082-T6-PPA).
They also reported that lower adherend stiffness significantly affected
the strength of the entire joint.
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The behavior of adhesive joints under impact loads may be dif-
ferent from the behavior under static loads due to the mechanical
properties of the adhesive and adherends affected by the strain-rate
and inertia effects. The adhesive, which is polymeric material, has
ductile and high strength under static or quasistatic loads, whereas
it can have low energy absorption capability by showing brittle fea-
tures under impact loads. In industries such as automotive and avi-
ation, where security is at a high level, it is important to determine
the behavior of adhesive joints under impact loads. When the liter-
ature was examined, it was seen that the studies focused on the
investigation of the behavior of adhesive joints under normal im-
pact (Machado et al. 2018b; You et al. 2020). However, during an
operation, adhesive joints can be exposed to oblique impact loads.
An oblique impact load can affect the initiation and propagation of
the adhesive damage, and the effect of the oblique impact load on
the joint behavior has not yet been fully determined. Studies on
oblique impact are generally focused on the behavior of various
materials and structures rather than adhesive joints. There are some
studies about the behavior of various materials and structures under
oblique dynamic load, and the findings were shared in scientific
studies. In addition, the dynamic behavior of dissimilar joints has
been studied by many researchers (Yildirim and Apalak 2011;
Hazimeh et al. 2015; Kadioglu and Adams 2015; Ozdemir and
Oztoprak 2017; Boling and Dongyun 2018; Liao et al. 2013;
Dhaliwal and Newaz 2021).

Machado et al. (2018a) numerically studied the behavior of
mixed adhesive single-lap joints under impact loads for the auto-
motive industry. Their study aimed to improve the mechanical per-
formance of the joint by using adhesives with different mechanical
properties in the overlap region. They used the cohesive zone
model in their work and reported that the use of the cohesive model
was a suitable technique for modeling and predicting the behavior
of mixed adhesive joints subjected to quasistatic and impact load-
ing. However, because the plasticity in ductile adhesives could not
be reflected in the cohesive zone model, there was a difference be-
tween the numerical and experimental results for ductile adhesive.
Avendafio et al. (2016) studied the behavior of single-lap joints
with dissimilar lightweight adherends and a crash-resistant epoxy
adhesive under quasistatic and impact loading for various tempera-
tures. They developed a numerical model to estimate the joint strength
under both quasistatic and impact loads. The cohesive zone model
was used in the numerical model of the adhesive region. Although
there was good agreement between the experimental and numerical
results under quasistatic loads, under impact loads, there was mod-
erate agreement between the experimental and numerical results.
Inertia effects and changing in material behavior under impact
loads affected the agreement between the experimental and numeri-
cal results. It was concluded that the joint behavior was signifi-
cantly affected by the mechanical properties of the adherend
material. Valente et al. (2019) numerically studied the behavior of
joints under tensile impact loads with three different adhesives us-
ing cohesive zone modeling. They reported that there was good
agreement between numerical, numerical reference, and experi-
mental curves; however, experimental failure displacement was
much higher than in the numerical result. They also stated that
the adherend material had a significant effect on single-lap joints
under impact load. It was stated that if the adherend material had
low stiffness and significantly higher buckling, less uniform stress
distribution occurs. Machado et al. (2019) investigated the behavior
of dissimilar single-lap joints using composite and aluminum under
quasistatic and impact loads. They found that the performance of
the dissimilar joints, taken into account for maximum load, was
limited by aluminum deformation in all test samples, and aluminum-—
aluminum similar joints absorbed the most energy for all temperatures
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in quasistatic test conditions. Li et al. (2020) carried out an exper-
imental and numerical study on the cohesive failure, energy absorp-
tion, and postload-carrying capacity of adhesively single-lap joints
for four different temperatures and four different impact energies.
In their study, the cohesive zone model was used in the adhesive
region, and they reported that this model was successful in predict-
ing both the postload-bearing capacity of the adhesive joints and
impact damage. They reported that under the transverse impact
load, the stress in the adhesive region increased toward the edges
because the initiation of damage in the adhesive joints was seen at
the edges. Liner et al. (2020) examined the rate-dependent failure
behavior of multimaterial (carbon fiber-reinforced polymers and
titanium alloy Ti-6Al-4V) adhesively bonded structures experimen-
tally and numerically for three deformation modes. Considering the
experimental observations of the fracture modes studied, they con-
cluded that there was a decrease in fracture energy with increasing
loading rate. They also reported that numerical simulations of frac-
ture modes for adhesive joints could accurately predict the experi-
mental behavior. Machado et al. (2020) numerically studied the
behavior of adhesive joints with composite and aluminum adher-
ends under quasistatic and impact loads. They also evaluated the
effect of the geometric properties of the joint such as the adhesive
layer thickness, overlap length, and adherend thickness on joint
behavior. They used the cohesive zone model in the composite
and adhesive numerical model to determine adhesive and delami-
nation damage. The impact and quasistatic models they developed
were reasonably able to predict the mechanical behavior of most of
the joints examined. They reported that joint behavior could be pre-
dicted using advanced cohesive models that minimize the need for
experimental testing.

In the literature, studies on oblique impact are generally focused
on energy damping and thin-walled structures. Song (2013) nu-
merically examined windowed square tubes under oblique impact
loads. The parametric parameters used in this study were load an-
gle, width, and height of window, and impact speed. Song also pro-
posed a new design method that can effectively increase the critical
load angle of the tube without its energy absorption capacity. It was
found that the energy absorption of the tube decreases with increas-
ing load angle and decreases significantly when the collapse mode
changes from axial to bending collapse. It was also reported that as
the window width increases, the critical load angle decreases, and
the window height and impact speed do not have a significant in-
fluence on the critical load angle. Ivaiiez et al. (2015) experimen-
tally examined the behavior of composite sandwich plates under
low-speed oblique impact. The experimental impact behavior of
composite sandwich structures was investigated for 0° (normal
impact to the surface), 5°, 10°, and 15° impact angles. They inves-
tigated the effects of different impact angles and energies on maxi-
mum contact force, maximum contact time, absorbed energy,
maximum displacement of the impactor, and the damaged area.
There was no significant difference in the results of the investigated
parameters for impact angles less than 15°. As the experimental
conditions became difficult at impact angles above 50°, they devel-
oped a numerical model and analyzed the impact behavior of the
sandwich structure. They reported that as the impact angle increased,
the damaged area and the maximum contact force decreased.
Alkhatib et al. (2018) numerically studied the performance of thin-
walled corrugated tapered tubes (CTTs) under oblique impact load-
ing conditions. The effect of loading angles on initial peak force,
mean crashing force, energy absorption, and specific energy ab-
sorption was investigated in their study. They stated that increasing
the impact angles caused a decrease in impact performance, and
when the impact angle increased from 0° to 40°, an approximate
54% reduction in energy absorption and specific energy absorption
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was observed. Pascal et al. (2018) numerically studied the effect of
low-velocity normal and oblique impacts on sandwich panels having
woven composite skins and a polyurethane foam core. The numeri-
cal results were good enough to represent the type of damage exper-
imentally observed. Moreover, they reported that the analysis of the
results helped to understand better the mechanisms that led to the
final fracture shape.

When the literature was examined, the behavior of materials and
structures under oblique impact is different from that under normal
impact loads. The shear stress, which increases with the impact
angle, is effective on both the damage areas and the initiation and
propagation of the damage. Although the behavior of many mate-
rials and engineering structures under oblique impact has been de-
termined, studies on the behavior of adhesive joints under oblique
impact load are limited. The adhesive bonding method is particu-
larly suitable for combining dissimilar materials. In this study, the
behavior of dissimilar aluminum single-lap joints with adherends
with different mechanical properties under low-speed oblique im-
pact loads was investigated, and the initiation and propagation of
adhesive damage were examined comparatively.

Experiment

Specimen Preparation

Al 2024-T3 and Al 5754-0 were used as adherends, and Araldite
2015 was used as an adhesive in single-lap joints. The adherend
materials were selected to have different mechanical properties.
The adhesive (Araldite 2015) used in the study has a high impact
resistance and medium ductility. The main purpose in this selection
was to determine the effect of dissimilar adherend materials with
different mechanical properties under oblique impact loads on the
initiation and propagation of adhesive damage. Rectangular pieces
were cut from a 2-mm-thick sheet with a guillotine. Before the
bonding process, the bonding surfaces were cleaned with ethanol.
Araldite 2015 adhesive was applied on the cleaned surfaces and
evenly spread over the surface [Fig. 1(a)].

It was then placed between the bonding apparatus [Fig. 1(b)].
The bonding apparatus consisted of an upper and lower part with
four 4.2-mm-thick washers between the layers, which adjusted the
adhesive thickness. The single-lap joints between the apparatus
were kept at room temperature until cured [Fig. 1(c)]. The impact
test apparatus was manufactured for each of the three impact angles
(0: 10°, 20°, 30°). Each impact apparatus ensured that the impactor
applied an impact load in the middle of the joint, and the effective
length (L) of the joint was 160 mm (Fig. 2).

Method

In order to determine the effect of impact angle (6: 10°, 20°, 30°),
overlap length (b: 25, 40 mm), plastic deformation ability of

adherend [(Top) Al 2024-T3—(Bottom) Al 5754-0, (Top) Al
5754-0—(Bottom) Al 2024-T3], and impact energy (E: 3, 11 J),
low-speed impact tests were applied to adhesively bonded single-
lap joints using a Fractovis Plus impact test machine (Erciyes Univ.
Manufacturing Laboratory, Kayseri, Turkey). The apparatus for
each impact angle was manufactured to apply impact to the
single-lap joint at the desired angle. The effective (L) and holding
length of the joints were 160 and 20 mm, respectively [Fig. 2(a)]. In
addition, to determine the effect of overlap length values on impact
behavior, overlap lengths (b) of 25 and 40 mm were determined for
impact tests (Fig. 2). The width of the single-lap joints was 25 mm
for all specimens. Impact energies of 3 and 11 J were applied to the
single-lap joints with a semicylindrical impactor with a radius of
5 mm, a width of 25 mm, and a total mass of 5.302 kg. The contact
force—time and force—displacement graphs of the joints were ob-
tained from the impact test machine. As a result of the impact tests,
complete, partial, and no separation conditions of the joints were
observed. The partially damaged joint specimens were forced to
completely separate from the marked adhesive damage by hand.
Then, the adhesive damage caused by impact load in all the joints
was examined, with photographs of the fracture surfaces. The main
aim of this study was to investigate the behavior of dissimilar
single-lap joints under oblique impact loading and to compare ad-
hesive damage initiation and propagation. It also aimed to inves-
tigate the effect of the position of the adherends with different
strength and plastic ductility [(Top) Al 2024—(Bottom) Al 5754,
(Top) Al 5754—(Bottom) Al 2024] on adhesive damage.

Finite-Element Model

Performing impact tests, taking measurements, and examining
damage patterns may require expensive testing and imaging equip-
ment. At this point, the finite-element method is a suitable solution
due to the advantages it provides. The finite-element method pro-
vides not only material, time, and cost savings but also enables the
analysis of experimentally difficult mechanical tests. ABAQUS/
Explicit three-dimensional finite-element analysis was used to
examine the behavior of adhesive joints under low-speed oblique
impact and to determine the initiation and propagation of adhesive
damage. Numerical results were verified by experimental results,
and time-dependent adhesive damage was determined, which is dif-
ficult to visualize experimentally. The impact analysis of the adhe-
sively bonded single-lap joints was implemented by considering
two dissimilar joint configurations of (Top) Al 2024—(Bottom)
Al 5754 and (Top) Al 5754—(Bottom) Al 2024; three different im-
pact angles () of 10°, 20°, and 30°; two different overlap lengths
(b) of 25 and 40 mm; and two different impact speeds of (v) 1.064
and 2.037 m/s. No geometric and mass scales were used in the
numerical analysis. The dimensions of the single-lap joint and im-
pactor mass were defined in accordance with the experimental
study. The numerical model of the adhesive region was the most

(b)

Fig. 1. Specimen preparation stages: (a) applying adhesive; (b) placement of joint in apparatus; and (c) keeping the joints in the apparatus.
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Fig. 2. (a) The geometry and dimensions of dissimilar single-lap joint; and (b) boundary conditions and numerical modeling structure of adhesive and

adherends.

critical part in the analysis. Araldite 2015 adhesive is a medium-
ductility adhesive and has a high plastic deformation capacity
[Fig. 3(c)].

In addition, it was observed that the damage progressed within
the adhesive layers, thanks to the fracture surfaces of the adherends.
Considering these two factors, the adhesive region was modeled by
dividing it into three parts [Fig. 2(b)], whereas the interfaces of the
adhesive, which were in contact with the upper and lower adher-
ends, were modeled with the cohesive zone model, and the middle
region between these two cohesive regions was modeled with the
elastic—plastic material model. Plastic behavior in the adhesive re-
gion was described by the isotropic hardening plasticity model
[ABAQUS (2018)]. In this material model, the stress—strain data
obtained from the tensile test of the adhesive were used. Elastic—
plastic behavior in the adhesive region has been applied by many
researchers with a similar material model approach (Yildirim and
Apalak 2011; Bayramoglu et al. 2021; Nejad et al. 2022; Ri et al.
2022).

The cohesive zone model was based on the elastic traction-
separation behavior of the material. Therefore, the use of the elas-
tic—plastic material model in the middle region of the adhesive
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enabled the plastic behavior of the adhesive to be reflected in
the analysis. In the cohesive zone model used in adhesive interfa-
ces, the initiation of damage was evaluated according to the maxi-
mum nominal stress criteria. The damage began when any of the
traction rates in the normal and two shear directions reached one
value, as follows [ABAQUS (2018)]:

ty=(0—=D)i, ifi, 20 )
ty=1, if7,<0 (nodamage) 3)
t, = (1—D)i, (4)

t, = (1= D)i, (5)

where 7,, 7,, and 7, = predicted stress components in normal
and two shear directions, respectively, without any damage;
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Fig. 3. Stress—strain curves of (a) aluminum 2024-T3; (b) aluminum 5754-0; and (c) epoxy adhesive (Araldite 2015). (Data from Yildirim and Apalak

2011, Atahan and Apalak 2017, Araldite 2015.)

and D = damage parameter, and it is expressed in terms of the
effective interface separation (9,,) expression as follows:

for a linear damage evolution

(o — 65
1 (8 — 64,

for an exponential damage evolution

Smax _go
R Pt i =)
D:l—{émax} - (8)
m

1 —exp(—a)

where §,, 6, and §, = interfacial separations for normal and two
shear directions, respectively; 69, 6{;, and 0% = effective interfa-
cial separation at failure initiation, effective interfacial separation at
failure, and maximum effective interfacial separation, respectively
(ABAQUS 2018; Camanho and Davila 2002); and @ = nondimen-
sional damage parameter that represents the rate of damage evolu-
tion. Whereas the value of O represents linear variation, an increase
in this value causes the exponential effect to become more apparent
in the damage evolution. Because the nondimensional damage
parameter «v affects the damage evolution rate, the contact force—
time variations and the amount of adhesive damage are affected by
the change of this value. Therefore, considering the contact force—
time variation and the axial separation length, the damage evolution
parameter « was tested for each impact angle between zero and
eight values. The damage evolution parameter o was determined as
4 by considering the agreement between the experimental and
numerical results, and this value was kept constant in all impact
analyses. The cohesive behavior defined in the upper and lower
regions of the adhesive was used to predict interfacial damage.
Table 1 presents the cohesive material properties of the Araldite
2015, which were determined by Campilho et al. (2013).

The damage evolution of adhesive determined with a failure
displacement value of 0.065 mm measured the mixed mode flex-
ure (MMF) test by Wong (2013). The MMF test geometry is sim-
ilar to single-lap joints under bending impact load and includes
failure modes I and II. For the elastic—plastic modeled part in
the middle of the adhesive, a failure strain of 0.17 and failure dis-
placement of 0.065 mm were used for damage initiation and evo-
lution, respectively. The failure strain value of adhesive was
obtained from the stress—strain curve of the adhesive [Fig. 3(c)].
Cohesive and mechanical properties of adhesive were determined
by various mechanical tests such as tensile, shear, double cantilever
beam (DCB), end notched flexure (ENF), and MMF tests. It was
determined that these mechanical tests were applied at room temper-
ature, and the specimens were prepared according to the manufac-
turer’s recommendations (Yildirim and Apalak 2011; Campilho
et al. 2013; Wong 2013). Similarly, the adhesive joints were pre-
pared according to the manufacturer’s recommendations, and the
impact tests were carried out at room temperature in this study.
In the cohesive zone model, it is important to determine the mesh
element size, interface stiffness, and damage parameters appropri-
ately. Zhao et al. (2014) examined the effects of interface stiffness,
cohesive element size, viscosity coefficient, and interface strength
on cohesive behavior. It can be assumed that the initial stiffness is
equal to the elastic and shear modulus for the thin adhesive layer
(K,, =E, K, =G, K, =G) (Campilho et al. 2013, 2008, 2010).
Normal and shear tractions were evaluated as equal to the tensile
and shear strength of the adhesive, respectively (Campilho et al.
2013; Machado et al. 2019; Aratjo et al. 2017). Damage initiation
is determined by traction values (normal and shear), whereas dam-
age propagation can be estimated by fracture energy or failure dis-
placement value. In this study, damage propagation was determined
by the failure displacement value obtained from the MMF test.
Considering the cohesive region, mesh sensitivity was tested with
an Al 5754 (Top)-Al 2024 (Bottom) single-lap joint with 10° im-
pact angle, 40 mm overlap length, and 3 J impact energy. Axial
separation length values were determined as 26, 24.5, and 23.6 mm
for the mesh sizes of 1, 0.5, and 0.2 mm, respectively (Az = 20 mm).

Table 1. Cohesive and mechanical properties of Araldite 2015 adhesive used for CZM

E (GPa) G (GPa) v 19 (MPa) 12 (MPa) 1?2 (MPa) 8¢(MMF) (mm) p (kg/m?)
1.85 0.56 0.33 21.63 17.9 17.9 0.065 1,400
Source: Data from Campilho et al. (2013); Wong (2013).
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Table 2. Mechanical properties of adherends (Al 2024-T3 and Al 5754-0)

Modulus
of elasticity
Materials Density (kg/m?) (GPa)
Al 2024-T3 2,780 73
Al 5754-0 2,660 68
Source: Data from Atahan and Apalak (2017).
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As the mesh size decreased, the numerical damage estimation con-
verged to the experimental results. However, the numerical analysis
time increased as the mesh size decreased. For this reason, all finite-
element analyses were carried out considering the 0.2-mm mesh
size of the cohesive region. The viscosity coefficient provides the
improvement of the convergence of the numerical analyses in the
softening stage (ABAQUS 2018; Zhao et al. 2014). No viscous
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Fig. 4. Experimental and predicted contact force—time diagrams of T Al 2024-B Al 5754 and T Al 5754-B Al 2024 single-lap joints depending on
different oblique impact loadings (b = 25, 40 mm, E = 3 J).
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regularization was performed in the numerical analysis because the
numerical results were in good agreement with the experimental
results. Impact tests of adhesive joints are divided into three groups
as low-speed, medium-speed, and high-speed impact (Adams
2021; Machado et al. 2018b). The low-speed impact test is defined
with a speed up to 5 m/s (Adams 2021). In impact tests, the strain
rate effect becomes more evident with the increase in impact test
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speed. Because the impact test velocities (v = 1.064 and 2.037 m/s)
used in this study were low, the influence of strain rate was neg-
ligible. Abrate (1998) and Goldoni and Mantovani (2021) stated
that the strain rate effect can be neglected for low-speed impact
analysis. Therefore, in this study, the material properties obtained
from quasistatic mechanical tests were used in the numerical
analysis, and the strain rate effect was not taken into account.
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Fig. 5. Experimental and predicted contact force—time diagrams of T Al 2024-B Al 5754 and T Al 5754-B Al 2024 single-lap joints depending on

different oblique impact loadings (b = 25, 40 mm, E = 11 J).
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Adhesive interfaces with a thickness of 0.02 mm were modeled
with a cohesive element COH3D8, whereas the adhesive middle
region of 0.16-mm thickness was modeled with a three-dimensional
(3D)—continuum finite-element C3D8R. The mesh structure was
set to concentrate from the edges of the joint toward the overlap
region using the Bias command. The cohesive surfaces were de-
fined to prevent any numerical error between the continuum and
cohesive elements in contact with each other in the adhesive region
[Fig. 2(b)]. The impactor, with a total mass of 5.302 kg and a radius
of 5 mm, was modeled as Discrete Rigid; a reference point was
placed at the center point; and mass and velocity values were
defined at this reference point. The impactor was modeled using
the R3D4 element type and could only move in the y-direction.
Aluminum adherend materials were modeled with an elastic—
plastic material model using the stress—strain curve [Figs. 3(a
and b), Table 2] and used the C3D8R element type in the mesh
structure [Fig. 2(b)].

In the finite-element model, a general contact algorithm between
the probable contact surfaces of the impactor, adherends, and ad-
hesive was defined. The holder surfaces were roughened to provide
better holding. Therefore, whereas a friction coefficient of 0.5 was
defined between the specimen and the holders in the analysis, a
friction coefficient of 0.25 was defined between the impactor
and the specimen. Whereas the movement of the lower holding ap-
paratus was fixed in three axes, only movement of the upper hold-
ing apparatus in the y-direction was allowed [Fig. 2(a)]. In the
experimental test, although the pressure provided by the compres-
sor was constant, the holding pressure applied to the specimen from
the top holder decreased as the impact angle increased. In order to
determine the holding pressure in the numerical analyses, the hold-
ing force components were first calculated with the statics equilib-
rium equations. Then, the holding pressure values were determined
for each impact angle with the preliminary analysis. As a result,
8-bar, 4-bar, and 4-bar pressures were applied between the top

holder surface and specimen surface for 10°, 20°, and 30° impact
angles, respectively, considering the agreement between the exper-
imental and numerical results.

Results and Discussion

Effective Parameters on Impact Response

The oblique impact behavior of dissimilar single-lap joints was in-
vestigated experimentally and numerically. Whereas Al 2024-T3
had high strength and partially low plastic deformation ability,
Al 5754-0 had low strength and high plastic deformation capability,
and the effect of the configuration of these two materials (top and
bottom) on the impact behavior and damage initiation and propa-
gation was studied under oblique impact. In addition, the effects
of impact energy and overlap length also were considered. Exper-
imental and numerical contact force—time graphs of T(op) Al
2024-B(ottom) Al 5754 and T(op) Al 5754-B(ottom) Al 2024
single-lap joints with 3 and 11 J impact energies are shown in
Figs. 4 and 5.

In T Al 2024-B Al 5754 joints under 3 J impact energy, the
contact force decreased with the increase of the impact angle, ex-
cept for the 30° impact angle. In the numerical results, the contact
force value decreased with the increase of the impact angle,
whereas the total contact time increased. Because it had a high im-
pact angle of 30°, the impactor slipped on the joint without any
adhesive damage to the joint. As the plastic deformation capacity
of the underlying material (Al 5754) was high in the T Al 2024-B
Al 5754 joint, the joint deformed laterally, and the impactor
contacted with the underlying material (Al 5754). As a result, the
contact force reached a higher value at an impact angle of 30° in
the experimental study. In the T A1 5754-B A12024 joint, adhesive
damage occurred as a result of the deformation of Al 5754.

Table 3. The experimental and numerical peak contact force (P, ), axial separation length (A), permanent central deflection (6) values, and failure type for T

Al 2024-B Al 5754 and T Al 5754-B Al 2024 dissimilar single-lap joints

P (N) A (mm) 6 (mm)
EJ) b (mm) Joint i Experimental ~ Numerical — Experimental =~ Numerical = Experimental =~ Numerical Failure type
3 25 T 2024-B 5754 10 472.4 472.2 0 2.0 10.0 7.9 No
20 311.9 364.3 0 0 10.0 7.2 No
30 673.8 342.8 0 0 6.0 6.6 No
T 5754-B 2024 10 363.7 370.8 15.0 16.6 14.0 11.2 Mixed
20 314.1 295.9 25.0 18.7 8.0 11.0 Mixed
30 331.9 289.8 25.0 19.2 8.0 9.2 Top interface
40 T 2024-B 5754 10 442.4 511.8 15.0 12.3 6.0 6.6 Mixed
20 566.4 403.6 0 0 6.0 5.2 No
30 717.9 371.8 0 0 5.0 5.5 No
T 5754-B 2024 10 345.7 384.7 20.0 23.6 14.0 11.0 Top interface
20 3294 286.8 22.0 24.3 13.0 9.8 Top interface
30 371.7 277.8 26.0 24.6 12.0 8.4 Mixed
11 25 T 2024-B 5754 10 601.2 691.5 25.0 25.0 17.0 17.8 Mixed
20 613.1 546.9 25.0 0 14.0 26.1 Top interface
30 1,013.9 471.8 0 0 20.0 23.0 No
T 5754-B 2024 10 520.01 696.8 25.0 25.0 29.0 29.2 Top interface
20 357.9 4413 25.0 25.0 25.0 14.7 Top interface
30 365.7 380.0 25.0 25.0 20.0 11.7 Top interface
40 T 2024-B 5754 10 742.5 794.2 0 30.5 18.0 19.3 No
20 789.4 468.6 0 0 17.0 24.3 No
30 851.7 422.8 0 0 16.0 22.1 No
T 5754-B 2024 10 669.3 664.6 27.0 27.6 28.0 26.5 Top interface
20 507.6 440.7 30.0 40.0 30.0 21.6 Top interface
30 5144 373.2 40.0 40.0 21.0 17.5 Top interface
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In addition, the lateral contact between the impactor and joint at
an impact angle of 30° continued throughout the impact loading,
and the contact force could not reach zero because the contact
between the impactor and joint was not cut. A higher strength
of the material (T Al 2024-B Al 5754) in contact with the impac-
tor led to a higher contact force value. Similarly, the increase
in impact energy increased the maximum contact force value.

The position of the adherend materials in the joint (top and bot-
tom) significantly affected the impact behavior of the joint. If the
material (Al 5754) with high plastic deformation capacity came
into contact with the impactor, adhesive damage occurred due to
the peeling effect. However, if the plastic deformation capacity of
the material (Al 2024) in contact with the impactor was low, little
or no adhesive damage occurred in the single-lap joint. With the
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Fig. 6. Experimental and predicted contact force-central deflection diagrams of T Al 2024-B Al 5754 and T Al 5754-B Al 2024 single-lap joints
depending on different oblique impact loadings (b = 25, 40 mm, E = 3 J).
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increase in impact angle, the vertical force component applied to
the joint decreased, whereas the tangential force component in-
creased. Whereas the vertical force component caused adhesive
damage by the peeling effect, the tangential force component
damaged the adhesive with a shear effect.

Experimental and numerical maximum contact force (P, ), ax-
ial separation length (A), and vertical deflection () values of the
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single-lap joints are summarized in Table 3. There was good agree-
ment between the experimental and numerical peak contact force
and deflection values. The increase in overlap length did not have a
significant effect on the maximum contact force value. In T Al
5754-B Al 2024 joints, the maximum contact force value decreased
by 8.7% (experimental) and 21.8% (numerical) with the increase of
the impact angle at 25 mm overlap length. The sensitivity of the
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Fig. 7. Experimental and predicted contact force-central deflection diagrams of T Al 2024-B Al 5754 and T Al 5754-B Al 2024 single-lap joints
depending on different oblique impact loadings (b = 25, 40 mm, E = 11 J).
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Fig. 8. Demonstration of the adhesive damage initiation and propaga-
tion in the lateral region of the overlap.

contact force value to the increasing impact angle became more
apparent with the increase of impact energy. The contact force-
central deflection graphs of the T Al 2024-B Al 5754 and T
Al 5754-B Al 2024 joints are shown in Figs. 6 and 7. The T
Al 5754-B Al 2024 joint had more vertical displacement value than
the T Al 2024-B Al 5754 joint. Whereas Al 2024 experienced the
applied impact energy mostly with elastic deformation, Al 5754
provided the absorption of impact energy by undergoing plastic
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deformation. Therefore, the presence of the material with high plas-
tic deformation ability (Al 5754) in the part in contact with the
impactor in the joint caused the joint to undergo more vertical dis-
placement. In addition, the increase in impact energy caused the
joint to experience more vertical displacement. The overlap length
of 25 mm was insufficient to meet the 11 J impact energy.

After the contact force reaches the highest level, the impactor
rebound phase begins, and from that moment on, the displacement
value decreases. Due to the fact that Al 2024 mostly underwent
elastic deformation in the T Al 2024-B Al 5754 joints, the de-
crease in the displacement value in the rebound phase was more
than the T Al 5754-B Al 2024 joints. Because the joints were
completely separated for 11 J impact energy, no decrease in the
displacement value was observed. In the T Al 5754-B Al 2024
joint, more of the impact energy was spent on plastic deformation
compared to the T Al 2024-B Al 5754 joint. If the Al 5754, which
has a higher plastic deformation capacity, was located at the top of
the joint, the amount of impact energy spent on the plastic defor-
mation increased. The adhesive damage in the joints increased
with the increase in the impact angle for the T Al 5754-B Al
2024 joints. The T Al 5754-B Al 2024 joints were more sensitive
to increased shear stress in the overlap region. The load-carrying
capacity of the T Al 5754-B Al 2024 joints decreased as the im-
pact angle increased. Therefore, oblique impact behavior should
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On,p = 24.3(17) mm, Ay g = 0(0) mm
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Fig. 9. Experimental (E) and numerical (N) images of the deformed geometries of the T Al 2024-B Al 5754 single-lap joints (b = 40 mm).
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be taken into account in the design of dissimilar adhesive joints
under impact load.

Aluminum adherends undergo deformation, and damage may
occur in the adhesive region in the single-lap joints under impact
load. Adhesive damage can be characterized as cohesive, interfacial,
or mixed. Adhesive damage initiation and propagation of single-lap
joints under impact load are schematically shown in Fig. 8.

The experimental and numerical deformed geometries of T Al
2024-B Al 5754 single-lap joints for 40 mm overlap length are
presented in Fig. 9. The value ¢ ; indicates the measured numeri-
cal and experimental deflections, and Ay r indicates the numerical
and experimental axial separation length measured from the lateral
region of the overlap (Fig. 8). In addition, the experimental and
numerical axial separation lengths and deflections of all joints are
included in Table 3. Although the impact angle increased in the T
Al 2024-B Al 5754 joints for 3 J impact energy and an overlap
length of 25 mm, no adhesive damage occurred. The adhesive dam-
age occurred at only the 10° impact angle for the 40 mm overlap
length. There is a material with high strength (Al 2024) in the re-
gion that is in contact with the impactor in the joints and a material
with a lower strength but high deformation capacity (Al 5754) on
the other side of the joint. It ensured that it met applied impact en-
ergy with adherend plastic deformation.

In the case where Al 5754 was present in the joint that came into
contact with the impactor, a significant amount of adhesive damage
occurred due to plastic deformation of the top adherend material
(Fig. 10). As Al 5754 was deformed plastically, peeling stress in-
creased in the adhesive region. The position of Al 5754 in the joint
directly affected the adhesive damage. Whereas Al 5754 was located

0 =10°

On,p = 11(14) mm, Ay g = 23.6(20) mm

0 = 20°

On.p = 9.8(13) mm

0 = 30°

On.p = 8.4(12) mm, Ay g = 24.6(26) mm

Apnp =24.3(22) mm

at the top of the joint, it caused adhesive damage by deforming with
the effect of peeling, and when it was located at the bottom, it
underwent plastic deformation and ensured that the impact energy
was met without adhesive damage. The tangential component of
the contact force was more effective on the adhesive damage with
the increase in the impact angle. In the T A1 2024-B Al 5754 joints,
despite the increase in the impact angle, adhesive damage did not
occur for many impact angles. Whereas the impact energy of 3 J
remained low for the Al 2024 adherend to undergo plastic defor-
mation, plastic deformation was evident at 11 J impact energy.
However, despite the increase in impact energy (11 J), adhesive
damage did not occur in T Al 2024-B Al 5754 joints with an over-
lap length of 40 mm for oblique impact angles. The overlap length
of 25 mm was insufficient for both the T Al 2024-B Al 5754 and T
Al 5754-B Al 2024 joints to resist the 11 J impact energy.
Adhesive damage initiated from the right free edge of the top
adherend-adhesive interface and propagated toward the left free
edge of the overlap. When the axial adhesive separation lengths
(Ay ) in the joints were examined, the shear stress occurred in the
joints increased with the increase of the impact angle, and as a re-
sult, the adhesive damage increased. However, a different situation
was experienced in the T Al 2024-B Al 5754 joints. Thanks to the
high plastic deformation capacity of the Al 5754, the impact energy
was absorbed, and thus the shear stress occurred in the overlap re-
gion was reduced. As a result, with the increase in the impact angle,
adhesive damage increased in the T Al 5754-B Al 2024 joints,
whereas adhesive damage did not occur in most of the T Al
2024-B Al 5754 joints. When the deflection values of the joints
after the impact test were examined, there was less deflection in

ong = 1.5(21) mm, Ay g = 40(40) mm

Fig. 10. Experimental (E) and numerical (N) images of the deformed geometries of the T Al 5754-B Al 2024 single-lap joints (b = 40 mm).
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T Al 2024-B Al 5754 joints (Table 3). The presence of a material
with low plastic deformation capacity (Al 2024) in the part con-
tacting the impactor decreased the deflection value of the joint.
However, the presence of a material with high plastic deformation
capability (A1 5754) in the part contacting the impactor allowed the
joint to deflect more and the applied impact energy to be covered by
the deformation of the adherends and the adhesive layer. There was
good agreement between the experimental and numerical values of
axial separation and central deflection. Modeling the adherends and
middle region of adhesive with the elastic—plastic material model
provided the estimation of the deflection values of the joints close
to the experimental results. Cohesive zone parameters are effective
in estimating the axial separation value close to experimental
results.

Damage Initiation and Propagation Mechanism

When the experimental fracture surfaces were examined, residual
adhesive was detected on both the top and bottom adherend surfa-
ces (Fig. 11). This observation was an important resource in estab-
lishing the numerical adhesive model. After it was seen that the
damage occurred in the adherend—adhesive interface or in the ad-
hesive layer, this damage mechanism was transferred to the numeri-
cal model. For this purpose, the adhesive region was divided into
three parts [Fig. 2(b)]. Cohesive elements consisted of one piece
throughout the thickness, and two separate cohesive elements can-
not be joined by touching each other. Considering this, the

Top Bottom

10°

20°

30°

adherend-adhesive interfaces were modeled with the cohesive zone
model and the middle part of adhesive with the elastic—plastic
material model. Thanks to this adhesive model and the cohesive
parameters used, the axial separation value could be determined
close to the experimental results.

It is of great importance for joint design to obtain information
about adhesive damage initiation and propagation by examining
adhesive damage surfaces. Furthermore, this study aimed to deter-
mine the effect of materials with different mechanical properties
(Al 2024, Al 5754) on adhesive damage types. After the impact
test, in order to examine the types of adhesive damage that occurred
in the joints, the damaged surfaces were marked, and the joints
were completely separated by hand. The fracture surfaces of the
dissimilar joints with overlap length of 40 mm under oblique im-
pact angles are shown in Fig. 11. In addition, the failure types of all
the joints are summarized in Table 3. Axial separation values were
placed next to the top fracture surface with a gray bar. Adhesive
damage is generally characterized in the form of interface, cohesive,
and mixed damage modes. Adhesive damage was not observed in
the T Al 2024-B Al 5754 joints under 3 J impact energy, except
for the 10° impact angle. Applied impact energy was mostly met
by the plastic deformation of the adherends. However, the top inter-
face and mixed damage types were commonly seen in the T Al
5754-B Al 2024 joints under the same impact energy. The adhesive
damage type occurred as the top interface with the increase in impact
energy and impact angle. The increase in impact energy not only
increased the speed of initiation and propagation of the adhesive

E=111J]
Top Bottom

Fig. 11. Fracture surfaces of the top and bottom adherends of T Al 5754-B Al 2024 single-lap joints for different impact angles (b = 40 mm).
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damage but also affected the adhesive damage mechanism. Because
the tangential contact force became more effective with the increase
in impact angle, adhesive damage occurred between the top adherend
and adhesive interface. In all joints where adhesive damage occurred,
the adhesive damage initiated from the right free edge and propa-
gated along the direction of the overlap (Fig. 8). Besides the impact
energy and the impact angle, the position (top and bottom) of dis-
similar materials (Al 2024, Al 5754) in the joint also affected the
adhesive damage type. The effect of the joint configuration, impact

angle, and impact energy on the adhesive damage initiation and
propagation is shown with time-dependent damage surfaces in
Figs. 12 and 13.

In addition, time-dependent axial separation (A) graphs of the
dissimilar joints are presented in Fig. 14. Adhesive damage propa-
gation was determined using the damage index (SDEG). The dam-
age index has values ranging from 0 to 1, with O representing an
undamaged element and 1 representing a completely damaged
element. Initiation and propagation of the adhesive damage in
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Fig. 12. Numerical damage initiation and propagation along the top adhesive interface of T Al 2024-B Al 5754 single-lap joints (b = 40 mm,

E=3111J).
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Fig. 13. Numerical damage initiation and propagation along the top adhesive interface of T Al 5754-B Al 2024 single-lap joints (b = 40 mm,

E=3,111J).

all joints occurred in the top cohesive region. At 3 J impact energy,
the adhesive damage initiated within the first 5 ms, and an increase
in impact energy and impact angle caused earlier initiation of ad-
hesive damage. Because of Poisson’s effect, the adhesive damage
progressed from the outer edges to the middle region and initiated
from the right free edge of the overlap region. The use of the
cohesive zone model in the interfaces and the elastic—plastic
material model in the middle region provided reasonably successful
results of adhesive damage initiation and propagation. The adhesive
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damage zone increased with the increase in the impact angle. The
effect of the dissimilar joint configuration, impact angle, impact
energy, and overlap length on the adhesive damage propagation
is shown in Fig. 14. No adhesive damage occurred in many of
the T Al 2024-B Al 5754 joints. Because Al 2024 has a low plastic
deformation capacity, the peel stress was reduced in the overlap
region, and consequently adhesive damage was reduced. Adhesive
damage occurred in the left free zone of the overlap region at high
impact energy (11 J) and high impact angle (20°, 30°) for the T Al
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Fig. 14. Axial numerical separation (A) variations versus time for dissimilar single-lap joints having different oblique impact angles.

2024-B Al 5754 joints. The increase in impact angle and energy
increased the intensity of shear stress at the free edges of the over-
lap region. In addition, with the deformation of the Al 5754
material (bottom), which has a high plastic deformation capabil-
ity, peeling stress concentrations occurred on the left free edge of
the overlap region, and as a result, adhesive damage occurred in
this region. For the T Al 5754-B Al 2024 joints, Al 5754 material
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with low strength and high plastic deformation capacity decreased
the damage propagation rate. However, Al 5754 increased the ax-
ial separation length with the effect of peeling due to the plastic
deformation it underwent. The mechanical properties of the ad-
herend materials in the joint and their location in the joint (top
and bottom) significantly affected the amount of adhesive damage
and propagation rate.
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The increase in the impact energy and angle was another main
factor that increased the damage propagation rate. As a result of the
increased shear stresses in the overlap region with the increase in
impact angle, the adhesive damage initiated in a shorter time. For
11 J impact energy, adhesive damage initiated in the range of 0-5 ms,
excluding the 30° impact angle. The increase in impact energy
increased both the amount and propagation rate of the adhesive
damage. The maximum amount of axial separation occurred in
the 0—10 ms time interval with the increase in impact energy. The
increase in overlap length not only increased the bending strength
of the joint but also increased the adhesive volume where impact
energy is met. Therefore, the increase in the overlap length (b =
40 mm) increased the amount of axial separation occurring in the
joint and decreased the damage propagation rate, especially at
high impact energy (E = 11 J).

Conclusion

In this study, the behavior of adhesively bonded dissimilar single-

lap joints under oblique impact loads was investigated experimen-

tally and numerically by considering the impact angle (6 = 10°,
20°, 30°), overlap length (b =25 and 40 mm), impact energy

(E =3 and 11 J), and strength and plastic deformation capability

of adherends (Al 2024-T3 and Al 5754-0). The important results

obtained in this study are listed in the following.

* There was good agreement between experimental and numerical
maximum contact force and deflection values. The contact force
decreased with the increase of impact angle in the T Al 2024-B
Al 5754 joints, except for the 30° impact angle. In the T Al
5754-B Al 2024 joints, the increase in the impact angle caused
a decrease in the contact force value. In addition, the increase in
impact energy increased the maximum contact force, deflection,
and amount of adhesive damage.

* The lowest adhesive damage occurred in the T Al 2024-B Al
5754 joints. The presence of material with low plastic defor-
mation capacity (Al 2024) in the region in contact with the
impactor reduced the peeling effect. In addition, the presence
of a material with high plastic deformation capability (Al 5754)
in the bottom region enabled the impact energy to be met by the
deformation of the bottom adherend material. As a result, adhe-
sive damage was reduced, and the least adhesive damage oc-
curred in the T Al 2024-B Al 5754 joints.

e Adhesive damage initiated from the right free edge of the
joint and propagated along the overlap length. The presence of
Al 2024 in the region in contact with the impactor generally
caused a mixed adhesive damage type, whereas the presence
of Al 5754 in the region in contact with the impactor caused
adhesive damage to occur along the top adhesive interface
due to the peeling effect. In addition, the fact that the material
with low plastic deformation ability (Al 2024) was located in the
region in contact with the impactor increased the adhesive
damage propagation rate.

* The use of the cohesive zone model in the interfaces in contact
with the adherends and the elastic—plastic material model in the
middle region of adhesive provided reasonable results in pre-
dicting the initiation and propagation of adhesive damage
and reflected the plasticity effect of the adhesive in the analysis.
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