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The main concern of this work is the mec
hanical characterization of adhesively bonded assemblies under
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1. Introduction

For several decades, adhesively bonded assemblies have gained
an increasing interest in the industry. Due to many advantages such
as simplicity, lightness and low cost, bonding has been used as an
assembling technique between many substrates. The most wide-
spread loading case is static shear, but these assemblies may
undergo dynamic loading such as shock or impact depending on
their practical applications. Studying the dynamic behavior of these
assemblies is becoming nowadays a real challenge, especially if we
consider the high number of factors that influence such structures.

Several publications have studied the experimental characteriza-
tion of bonded assemblies under dynamic loading. Because of a lack of
standards, many specimen geometries were proposed and several
setups were used. Zachary and Burger [1] and Rossamanith and Shukla
[2] investigated the stress field in single-lap joints using dynamic
photo-elasticity. Beevers and Ellis [3] used a special drop-weight tower
to assess the impact response of a single-lap adhesive joint; the yield
strength of the substrate was strain rate-dependent which influenced
the results. A special drop testing device was designed in Ref. [4]. This
setup was used to compare bonded assemblies, pop-riveted assem-
blies and spot-welded assemblies under combined tension and shear
loading. Bezemer et al. [5] used a rod-and-ring specimen impacted by a
drop-weight system and a compressive air gun to test the shear failure
energy in bonded joints.
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Alternatively to the drop-weight technique, the impact pendulum
technique have been applied to characterize bonded assemblies.
Harris and Adams [6] used this last technique to examine the crash-
worthiness of bonded structures in vehicles manufacturing. They also
applied the block impact technique to a single-lap joint to evaluate
the joint strength [7]. The impact pendulum technique is also applied
to assess collision safety of bonded assemblies with dissimilar
metallic substrates for automotive applications [8]. Recently, Goglio
and Rossetto [9] used an instrumented impact pendulum setup to
test adhesively single-lap joint with substrates of a classical dog-bone
geometry under different peel and shear ratios.

The drop-weight and the impact pendulum techniques are, how-
ever, limited with the maximum reached velocity [5]. For high impact
speeds ð45 m=sÞ, one of the most accurate and simplest methods is
the split Hopkinson pressure bar (SHPB) which is in continuous
increasing use in the recent years due to its high reliability and easy
manipulation. Keisler and Lataillade [10] were the first to apply this
technique to bonded assemblies. They mainly examined the effects of
substrates surface roughness and wettability. Yokoyama [11] proposed
a pin-and-collar specimen geometry to measure the shear strength of
bonded joints. Alternatively, a single-lap, double-L shaped specimen is
used in Ref. [12]. Recently, this geometry is used to assess the influence
of temperature and strain rate on the joint shear strength [13].
However, this double-L geometry does not ensure constant impedance.
In the case of the split Hopkinson bar setup, the incident wave will
reflect before arriving to the adhesive joint because of the change in
impedance. This induces inaccuracies in conventional Hopkinson bar
analyses. To overcome this problem, Challita et al. [14,15] proposed
the use of a double-lap sample. This geometry is also preferred to the



pin-and-collar [11] and rod-and-ring geometries [5], as it minimizes
the peel stress. Recently, a tensile Hopkinson bar setup was used to
assess temperature and velocity effects on strength for single-lap shear
specimen [17].

In addition to the shear strength, the split Hopkinson bar
technique was also used to investigate the response under tensile
[16,18] and combined tension-torsion [20] loads. Lawrence-Wu
et al. [19] also used this method to measure the energy absorption
of electronic adhesives.

Recently, Challita and Othman [21] studied the accuracy of the
split Hopkinson bar tests on double-lap bonded joints. They found
that the conventional Hopkinson bar analysis correctly estimates
the average stress in the joint. However, it overestimates the
average strain as it considers that only the joints but not the
substrates deform during the test. Moreover, it is showed that the
maximum stress and strain in the joints cannot be estimated.
Therefore, Challita and Othman [21] proposed numerically deter-
mined coefficients to obtain the correct average and maximum
strains and the maximum stress in the specimen. We should notice
that problems stated in Ref. [21] are not characteristics neither of
double-lap geometry nor the Hopkinson bar setup. These problems
are rather depending on the adhesively bonded-joints geometry.

In this paper, we show results obtained from a wide experimental
program aiming at characterizing the shear behavior of bonded
assemblies on an important range of strain rates. The assemblies were
made of steel substrates, bonded with an epoxy adhesive film. Three
different setups were applied for this program: a screw-driven quasi-
static machine, a servo-hydraulic machine and a Hopkinson bar
system. Two configurations of the servo-hydraulic machine and
Hopkinson bar technique were used. The modified servo-hydraulic
machine presented in Ref. [22] is used for the upper intermediate
strain rate range, whereas the direct-impact Hopkinson bar method is
used for the very high strain rates. In order to obtain accurate stress
and strain measurements, the numerically determined coefficients
proposed in Ref. [21] were applied to correct the stress and the strain
calculated from force and displacements measurements recorded at
the substrates boundaries. The paper contains three sections along
with an Introduction (Section 1) and a Conclusion (Section 6). Section
2 provides a description of the experimental program and the
corresponding methodology. Subsequently, Section 3 presents results
obtained from the different mechanical testing setups. A discussion,
which highlights the most interesting findings, is given in Section 5.
2. Method

2.1. Materials

The considered bonded assemblies are made from steel S235
substrates. Their Young’s modulus, Poisson’s ratio and density are
equal to 200 GPa, 0.3 and 7800 kg/m3, respectively. The adhesive is a
toughened epoxy adhesive film SA 80 distributed by GURIT. Its
Young’s modulus, Poisson’s ratio and density are equal to 3 GPa,
0.4 and 1230 kg/m3, respectively. This adhesive is a toughened
epoxy film on a glass carrier available for bonding of composite skins
to cores, or metal substrates on any metal or laminated composite
material. It provides high strain to failure and high toughness.

2.2. Sample geometry

A double-lap geometry, named also M-shape geometry, was
chosen for dynamic shear testing at different strain rate ranges as
proposed in Refs. [14,15]. This geometry has many advantages:
�

Fig. 1. Compression-shear sample: (a) longitudinal view and (b) transverse view.
It does not impose any modifications on the testing setups to
mount the specimen (slits, hollows, additional fixtures,y).
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�
 The impedance mismatch brought by this geometry does not
create many wave reflections and thus the quality of the
recorded signals at high strain rates is quite good.

�
 The quite simple geometry facilitates the experiment prepara-

tion, reduces potential errors and saves time.

Two kinds of double-lap specimens were used. The first, named
compression-shear specimen, transforms the compressive load
applied by the testing machine to a shear load in the adhesive
joint, whereas the second kind of specimen converts the testing
machine tensile load to a shear load in the joint.
2.2.1. Compression-shear specimen

The conventional mechanical frame and the SHPB setup can
easily deliver a compressive load. In order to get a shear stress state
in the bonded joint, the specimen geometry should be designed in a
way to transform the initial compressive load (imposed on the
substrates) to a shear load on the joint. The compression-shear
sample presented in Fig. 1 fulfills this requirement. Such sample
geometry has the advantage that there is no need for grips.
However, friction may have some effects, especially if sliding occurs
at the edges between the machine and the specimen. Fortunately,
they can be reduced by the use of lubricant. The compression-shear
specimen consists in three rectangular plates of the same length and
width bonded together. The upper and lower plates are identical
and parallel. The middle plate is shifted by 2 mm from the two
others in the length direction; this gap allows the conversion from
compression load on the specimen to shear stress inside the
adhesive layer. In this paper, the three plates are 12-mm wide.
The extreme plates are 2-mm thick while the central one is 4 mm
thick. All specimens were prepared with the mounting device which
will be presented below. Three overlap lengths were considered: 10,
12 and 14 mm imposing the substrate lengths to 12, 14 and 16 mm,
respectively.
2.2.2. Tensile-shear specimen

Servo-hydraulic machines can provide compression and
tensile loads. However, a damping system is needed for compres-
sion testing at high velocities. It is, therefore, preferred to use the
tensile loading configuration. For servo-hydraulic machine, the
adopted geometry should convert this tensile load to a shear
stress state in the adhesive. In this case, clamping must be
ensured and leads to use another kind of substrates shape named
tensile-shear specimen. Then, each of the three substrates is
ended with a half dog-bone shape [9] with dimensions shown in
Fig. 2. Holes are machined out to allow screwing the specimen to
the clamping device of the crossheads of the apparatus. The
substrate thicknesses had the same values as the compression-
shear specimens one. In this case, an overlap length of 14 mm was
chosen.



Fig. 2. Adherent geometry of the tension-shear specimen.

Fig. 3. Mounting device for compression-shear specimens.

Fig. 4. Mounting device for tensile-shear specimens.
2.3. Bonding procedure

In order to ensure the repeatability, the same bonding proce-
dure was followed in the preparation of both kinds of specimens.
The bonding procedure is divided in the following steps:
1.
 All three substrate plates are sanded with glass paper P220.

2.
 The substrates are then wiped with dry paper.

3.
 Five points on determined positions are marked on each plate

where thicknesses are measured using a micrometer; an
average value is thereafter calculated.
4.
 The mounting device is cleaned with ethanol and coated with a
release agent to avoid adhesion between the specimen and the
mounting through the overflowed adhesive.
5.
Fig. 5. Example of a compression-shear specimen.
The surfaces to be bonded are cleaned three times with ethanol
and the paper is changed each time. In addition, for about one
half of the samples, the substrate surfaces are shot with
pressurized sand under 3 bars for 7–8 s. The distance between
the surface and the gun is 5–6 cm. Subsequently, a compressed
dry air is used to remove sand particles off the surface which is
finally cleaned with acetone.
6.
 The surface roughness of each substrate is measured (average
distance between higher and lower peaks). The average rough-
ness in case of ethanol treatment is Ra ¼ 1:4 mm and for sand
shooting treatment Ra ¼ 2:0 mm.
7.
 The epoxy film is cut into pieces with dimensions matching the
adhesive joint surfaces. The total film weight is 175 g/m2, with
a glass carrier of 25 g/m2.
8.

Fig. 6. Example of a tensile-shear specimen.
The three substrates are adjusted with the lateral screws to
the mounting device presented in Fig. 3, and the whole
assembly is put under uniform pressure by a vertical screw
and a spring.
9.
 The overall assembly is put in an oven where the cure cycle of
the adhesive is programmed with respect to the data sheet of
the SA 80 film. The cure cycle consists in a temperature ramp
from the ambient till 120 1C at a rate of 2 1C/min and then the
temperature is maintained constant for 45 min and finally a
linear decrease down to room temperature.
10.
 After the end of the cure cycle, the specimen is removed from
the mounting, the total thickness of the specimen is measured
with the micrometer at the same five points marked initially on
the substrates, and an average value is calculated. The adhesive
joint thickness is the half difference between the total average
thickness of the bonded assembly and the sum of the average
thicknesses of the three substrates. The adhesive thickness is
found to be 120715 mm.
11.
 Specimen are kept in a conditioned room (local temperature
20 1C, relative hygrometry 50%) for two to four weeks and
tested within 2 h after leaving the conditioned room.
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The same procedure was followed to prepare the tension-shear
specimens excepting the mounting device. The mounting device for
tensile specimens is shown in Fig. 4. We also show, in Figs. 5 and 6,
photos for compression-shear and tension-shear specimens,
respectively.

2.4. Experimental techniques

2.4.1. Quasi-static strain rates

The device used for these tests is a conventional quasi-static
electro-mechanical computer controlled INSTRON 5584 machine.
The specimen is placed on a stiff metallic grip connected to the
base frame of the machine while the upper grip is mounted on a
mobile crosshead. The load cell capacity of the machine is 150 kN
(70.2% of inaccuracy) while the maximum displacement range
and the speed of the crosshead are 1 m and 750 mm/min, respec-
tively. Two testing speeds were considered: 0.1 and 10 mm/min.



Fig. 7. Typical stress and strain corrections.

Fig. 8. Typical maximum stress–maximum strain curves obtained at different

velocities.
With this quasi-static machine, the compression-shear samples
were tested. The three overlap lengths were considered, i.e., 10, 12
and 14 mm.

2.4.2. Intermediate strain rates

A MTS 819 servo-hydraulic machine is used for tests at
intermediate strain rates. The classical configuration of this setup,
using a piezoelectric load cell, is applied for experiments at the two
low velocities: 0.1 and 0.5 m/s. To avoid oscillations on the force
measurement at high velocities a modified configuration of the
servo-hydraulic machine, developed in Ref. [22], is applied for tests
at 1 and 3 m/s. In its classical configuration, the MTS 819 machine
consists in an upper stationary crosshead, where a piezoelectric
force sensor (capacity of 25 KN) is mounted. This machine is
equipped with a mobile lower crosshead controlled by a servo-
hydraulic controlled jack. A LVDT type 205 integrated to the mobile
jack measures the displacement history. The maximum speed
reached with this setup is 16 m/s. The modified configuration uses
a Hopkinson bar-like force sensor. The used bar is made of Marval
steel. It is 820 mm long and 16 mm in diameter. Moreover, the
redundant measurement wave separation technique [23–26] is
used to overcome limitation on the test duration. For both the
classical and modified configuration, the tensile-shear samples
were used.

2.4.3. High strain rates

For high strain rate tests, the Hopkinson bar method was used.
Two configurations were considered: the conventional two-bar
configuration [27,28] and the direct-impact Hopkinson bar [29,30].
The conventional configuration of the Hopkinson bar technique
consists of two MARVAL steel bars. The striker bar is made of the
same material and has the same diameter as both incident and
transmitted bars. The specimen comes in between the input and
the output bars. Two strain gauge stations are bonded on the input
and output bars, one on each bar. The input gauge station measures
the incident and reflected waves and the output gauge records
the transmitted wave. The two gauge signals are stored with a
sampling rate of 10 MHz. Subsequently, we apply a 500 kHz low-
pass numerical filter to the strain gauge signals which yields much
lower noise levels. The signals are treated using DAVID software
[31] to measure the forces and velocities at the specimen–bar
interfaces. In order to shift the incident, reflected and transmitted
waves, from the gauge stations where they are recorded, till the
specimen–bar interfaces, the wave dispersion relation of the two
bars is needed. This dispersion relation is measured by the method
developed in Ref. [32]. With this technique the wave velocity is
related to resonance positions observed through strain measure-
ment on a long duration and wave damping is related to the
bandwidth of these resonances. We should notice that the con-
ventional Hopkinson bar configuration was used for striker impact
velocities of 8 and 14 m/s. At a very high impact speed ð420 m=sÞ,
it is suitable to apply the direct-impact technique in order to
protect the strain gauge connections. Indeed, the striker impact
induces not only a compressive longitudinal wave but also a
transverse expanding wave. The amplitude of both waves increases
with the impact velocity and for high velocities the amplitude of
the transverse wave is high enough to break connections of the
input bar strain gauge station. In the direct-impact configuration,
the input bar is removed. The specimen is just maintained to the
first end of the output bar by means of a special thin adhesive paper.

2.5. Measurement analysis

With the different experimental setups described above, we can
measure the force and the displacement(s) (or velocity(ies)) at the
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substrates boundaries. From these measurements we aim at
determining the average and the maximum strain and stress in
the adhesive joint.

Let F(t) be the force:
�
 measured by the piezoelectric load cell in the case of the quasi-
static machine and the conventional configuration of the servo-
hydraulic machine;

�
 determined by the BCGO wave separation technique in the case

of the modified servo-hydraulic machine as detailed in Ref. [22];

�
 calculated by the transmitted wave recorded on the output bar in

the case of the classical and direct-impact Hopkinson bar setup.

Assuming that this force applied to the substrate boundaries is
exactly the same as the force applied to the adhesive joint, the
stress in the adhesive can be approximated by

smeasðtÞ ¼
FðtÞ

2� l0 �w
, ð1Þ

where l0 and w are the overlap length and the joint width,
respectively. Challita and Othman [21] showed, by using finite



element analysis, that the measured stress smeas estimates, with
good accuracy, the average stress in the joint savg , i.e.,

savgðtÞ � smeasðtÞ: ð2Þ

As the fracture is a main concern in adhesively bonded assemblies,
Challita and Othman [21] proposed to determine the maximum
stress in the joint, smax, by using a correcting coefficient:

smaxðtÞ �
savgðtÞ

ws
�
smeasðtÞ

ws
: ð3Þ

ws is a constant which depends on the material and geometrical
properties of the assembly and is numerically estimated. In the case
of conventional Hopkinson bar setup, the values of this constant
are taken from Ref. [21]. For the other setups, similar numerical
simulations were carried out to identify the values of the coefficient.

Similarly, let U1(t) be the displacement of the central substrate
end and U2(t) be the displacement of the upper and lower substrate
Fig. 9. Adhesive joint failure strain for adherents surfac
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ends. In the case of the quasi-static machine and the classical servo-
hydraulic machine, the ends of the upper and lower substrates are
clamped. Therefore, U2(t)¼0. The displacement of the central
substrate end is measured by an LVDT sensor.

The displacement U1(t) is measured with same sensor in the
case of the modified servo-hydraulic machine and U2(t) is
calculated by the BCGO wave separation technique. This dis-
placement is calculated from the transmitted wave in the two
configurations of the Hopkinson bar method. In the case of the
classical bar setup, U1(t) is computed knowing the incident
and reflected waves in the input bar; while, in the case of direct-
impact setup, this displacement is determined from the trans-
mitted wave and the striker velocity. Consequently, we can
obtain U1(t) and U2(t) in the case of different setups used. Assuming
that the substrates are rigid, the shear strain in the joint can be
approximated by

emeasðtÞ ¼
U2ðtÞ�U1ðtÞ

h0
, ð4Þ
e treatment with (a) ethanol and (b) sand shooting.



Fig. 11. Adhesive joint shear strength for adherents surfa

Fig. 10. Comparison between ethanol and sand shooting effects on the adhesive

joint failure strain.
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where h0 is the thickness of the adhesive layer. Challita and Othman
[21] showed that the measured strain emeas overestimates the
average strain in the joint eavg , because it neglects the deformation
of the substrates. They propose to write

eavgðtÞ � beemeasðtÞ, ð5Þ

and for the maximum strain emax:

emaxðtÞ �
eavgðtÞ

we
�

beemeasðtÞ

we
, ð6Þ

where be and we are correcting constants determined numerically
which depend on the material and geometrical properties of the
assembly. As for ws the values of be and we are taken from Ref. [21] in
the case of conventional Hopkinson bar setup. For the other setups,
similar numerical simulations were carried out to determine the
values of the two coefficients. It is worth noticing that the coefficients
ws,be and we are calculated while assuming an elastic behavior of the
adhesive. This is motivated by the brittle behavior of the adhesive as
will be shown later in Fig. 8. Therefore, the post-elastic behavior can
be neglected.
ce treatment with (a) ethanol and (b) sand shooting.



3. Results

3.1. Typical processing

In Fig. 7, a typical result, obtained with the conventional
configuration of the Kolsky–Hopkinson setup, is presented. The
black line represents the uncorrected stress–strain relation as
obtained by Eqs. (1) and (4). Subsequently, the average stress–
average strain relation (gray dotted line) is calculated by using
Eqs. (2) and (5). Precisely, the strain is corrected by the constant be.
In the case of Fig. 7,be ¼ 0:0983. Then, Eqs. (3) and (6) are applied to
deduce the maximum stress and maximum strain, respectively.
we ¼ ws ¼ 0:592 in the case of Fig. 7, where the maximum stress–
maximum strain relation is represented with the gray dashed line.
The failure shear stress is defined as the maximum of this curve and
the failure shear strain is the strain at the failure at the failure
stress. Fig. 7 shows clearly how important is the effect of correc-
tions. An example of the maximun stress–maximum strain rela-
tions obtained at different velocities is given in Fig. 8. It comes that
the joint behavior is highly strain rate sensitive.

3.2. Failure shear strain

For each test configuration (overlap length, surface treatment,
strain rate), three tests are carried out, an average value of the shear
strength and the failure strain is then calculated. In Figs. 9(a) and
(b), the failure strain, obtained with ethanol and sand shooting,
respectively, surface treatment samples, are depicted. Failure
stress is clearly decreasing with increasing strain rates. Besides,
there is almost no influence of the overlap length. Results from both
surface treatments are superimposed in Fig. 10. The sand shot
samples have slightly higher failure strain.
4. Failure shear stress (shear strength)

Similarly to the failure strain, Figs. 11(a) and (b) show the
sensitivity of the failure stress to the strain rate, obtained with
different overlap lengths. It comes that the overlap length has
almost no influence on the corrected failure stress. Results from
both surface treatments are superimposed in Fig. 12. The failure
stress increases when the strain rate increases up to a critical value
and then drops sharply. The tendency is the same for both surface
treatments.
Fig. 12. Comparison between ethanol and sand shooting effects on the adhesive

joint shear strength.
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5. Discussion

In this study a large experimental program is undertaken to
investigate the sensitivity of the mechanical behavior of a double-
lap joints to strain rates ranging from 10�4 s�1 to 104 s�1. To the
best of the authors knowledge, no one has investigated such a wide
range of strain rates before.

Three overlap lengths were considered in this study. Almost no
influence of this parameter is observed on the failure strain and stress,
which is a direct result of the use of correction coefficients proposed in
Ref. [21]. Consequently, the use of these coefficients, which take the
sample geometry into account, is relevant. Another methodology to
deal with heterogeneous stress and strain fields would be to apply
inverse techniques [33,34] or non-parametric methods [35,36].

Actually, the changes in the overlap length leads to a change in
the coefficient l, defined in Ref. [21], by almost 34%, which yields in
a change of we and ws of about 4% and a change in be of about 38%.
Therefore, it is hard to conclude that the joint strength is inde-
pendent of the overlap length as we do not succeed to explore a
wide range of ws. However, we can conclude that the strain at
failure is not influenced by the overlap length as we succeeded to
vary be of about 38%.

For the two considered types of surface treatments, the general
tendency of the failure strain is a decrease whilst the strain rate
increases for the three overlap length values. On the other hand, the
shear strength increases with increasing strain rate till a critical
value, which is about 103 s�1, then it sharply decreases thereafter.
The shear strength at quasi-static strain rates is about 60 MPa. It
reaches about 120 MPa at the critical strain rate. Subsequently, it
drops to approximately the quasi-static value. A possible onset of
this drop at very high strain rates is adiabatic heat. A change of the
failure mode can also explain this phenomenon. The failure strain
and stress are of the same order for both surface treatments;
however, the sand shooting values are slightly higher than
obtained with ethanol surface treatment.
6. Conclusion

A detailed experimental study for adhesive joint failure strain
and shear strength measurement has been presented. For this
purpose, double-lap joint samples were tested on a wide range of
strain rates considering two surface preparation treatments and
three overlap lengths. Three different setups (five configurations)
were used to explore strain rates ranging from 10�4 s�1 to 104 s�1.
Correction coefficients proposed in Ref. [21], were also used to take
into account the sample geometry. For both substrates surface
treatments and the three overlap lengths, it is found that bonded
assemblies are highly strain rate sensitive. The failure strain
decreases with increasing strain rate. Sand shooting effect provides
slightly higher strain values than ethanol. Owing to the use of the
correction coefficients, neither the shear strength nor the failure
strain do depend on the overlap length.
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