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ABSTRACT

The increasing restrictions in terms of performance, safety and energy consumptions imposed in the transport vehicles
construction promotes the use of new materials and new processes searching weight reduction. Lighter materials and
better joining processes, like adhesive bonding can contribute to obtain some weight gain. Present work studies the
shear strength obtained by weld bonding technique and compares to the traditional resistance spot welding in
aluminium based. The single lap joints were obtained with thin plates of 6082-T6 alloy and a high strength epoxy
adhesive of two components (araldite 420 A/B). The strength of weldbonded joints was found to be significantly higher
than equivalent spot welded joints. Numerical models were developed replicating experimental work. Nugget diameter
was found to have a major influence in stiffness and stress level, while electrode indentation showed a much lower
influence. The adhesive reduced significantly the stress level at nugget root.
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1. INTRODUCTION

The increasing restrictions in terms of performance,
safety and energy consumptions imposed in the
transport vehicles construction promotes the use of new
materials and new processes searching weight
reduction. Lighter materials, like aluminium alloys and
better joining processes, like adhesive bonding and spot
welding can contribute to obtain some weight gain [1,2].
Present work analysis the expected benefits on shear
strength obtained by using weldbonding technique
instead of the traditional resistance spot welding (RSW)
or adhesive bonding in aluminium based thin plates.

Weld bonding is an alternative technology for joining
parts based on structural adhesives and spot-welding.
This hybrid process of joining is used to maximize the
benefits of both joining processes [3]. The weldbonding
offers advantages relatively to the other conventional
joining processes, namely, acoustic isolation, vibration
attenuation, reduction of corrosion problems, and more
uniform stress distribution. Chang et al. [4], Ghosh and
Vivek [5] and Santos et al. [6] conducted studies to
characterize and compare the performance of resistance
spot welding, adhesive bonding and weldbonding
joining processes under static loading. Several
experimental studies have been reported on the

mechanical behaviour of welbonding joints, particularly
in steel adherends. Joints with aluminium adherends are
less studied. Static behaviour needs a significant
research effort in order to understand the failure
mechanisms and the influence of parameters like
surface pre-treatment, adhesive thickness, adherends
thickness or process parameters (weld current, weld
time and electrode force) of spot welded joints.

Strength of weldbonded joints was predicted by Samhan
et al [7]. The adhesive-bonded and resistance spot-
welded joints were also included in this study for
comparison with weldbonding. This study demonstrated
that, the major principal stress predicted in spot-welded
joints is small, when compared with those associated
with weldbonded and adhesive-bonded joints. In weld-
bonded joints the stresses are concentrated at the
overlap region as well as both ends of the welding
nugget. This work also demonstrated the effective role
played by the adhesive layer in strengthening
weldbonded joints. Chang et al. [4] compared stress
distributions of weld-bonded joints, spot-welded joints
and adhesive-bonded joint. The numerical results
showed that the stresses in the lap zone of weldbonded
joints are more uniformly distributed than in spot-
welded joints. The stresses of weldbonded joints in the
lap zones, with the exception of the spot-weld zones,



have almost the same characteristics as those of
adhesive-bonded joints. The strengths of these joints
predicted from the results of the stress analysis are
coincident with existing experimental results. The
application of adhesives in spot welding also improves
the joint fatigue performance, while the presence of
weld spots in adhesive-bonding has a negative effect on
the joint fatigue performance [3].

Although the effect of the process parameters in the
mechanical behaviour of weldbonding on carbon and
stainless steels is well documented, results for
aluminium alloys still are scarce. A better understanding
of the effect of process parameters on the mechanical
behaviour of weldbonded joints in heat treatable
aluminium alloys such as 6082-T6 is required. The
objective of the current research is to investigate the
effect of process parameters on shear strength and
failure mode of weldbonding joints in thin sheets of
6082-T6 aluminium alloy.

2. MATERIALS PROCESSING AND TESTING

The material considered for the adherends in the current
study was a 6082—T6 aluminium alloy in the form of 1.0
thick sheet. The single lap joints were obtained using a
two components high strength epoxy adhesive (Araldite
420 A/B from Hunstman) and resistance spot welding
(RSW). The nominal chemical composition and basic
mechanical properties of this alloy are given in Table 1.
The adherend was characterized in terms of chemical
composition and mechanical properties. Table 1 shows
the chemical composition of the AA 6082-T6 obtained
from emission spectrometer analysis. Mechanical
properties of the aluminium alloy were obtained using
tension static tests and a resonant technique [8]. The
mechanical properties of the adhesive were obtained
from de Moura et al. [9].

Table 1. Chemical composition and mechanical
properties of the 6082-T6 aluminium alloy.
Tensile| Yield Alloying elements (% wt)

strength|strength| .
[MPa] | [MPa] Si | Mn | Mg | Fe | Cu | Al

305.6 | 245.1 | 1.02|0.67 | 0.76 | 0.26 | 0.02 |97.24

The weldbonding joints were obtained using a high
strength epoxy adhesive of two components (araldite
420 A/B) to bond the specimen surface immediately
before weld. The AA 6082-T6 sheets were cut to 100 x
25 mm2 (Figure 2) and their sheet surfaces were
randomly abraded with P220 grade sandpaper. At the
end the surface was cleaned with dry air, to eliminate
surface contamination and promote adhesion, before
adhesive bonded. Surface roughness was measured after
surface preparation, using a mechanical stylus contact
method with a radius of 5 um, and the average
roughness is R, =7.2 + 0.70 [um]. The bonding process
was optimized in a previous work by Pereira et al.
[10,11] and it was selected to prepare the surface pre-

treatment by abrasive polishing. For adequate bonding,
the specimens were compressed with a pressure of
0.157MPa applied during all cure time (4 h at 50 °C).

The welds were done using a Sciaky RSW type PMC02
electric resistance spot welding machine, with a nominal
welding power of 100 kVA. The machine employs type
C18200 electrodes having an end diameter of 15.25
mm, an electrical conductivity of 0.463 m/Qmm’ and a
tensile strength of 310 N/mm’. The hemispherical
electrode tip radius is of 101.6 mm. The welding
conditions were selected based on previous tests [12].
Thirteen weld series were done, changing weld current,
time and electrode force. The timing diagram used in all
tests is schematically represented in Fig.1.
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Figure 1. Typical spot-welding cycle.

The parameters were: electrode force 2354 - 4709 N,
weld time 1 - 5 cycles and weld current 23.5 - 28.7 kA.
The squeeze and forge times were constant in all tests.
The forge force used was 6474.6 N. The welds were
done in open air at room temperature. Figure 2 shows
the specimen geometry and dimensions of the

specimens.
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Figure 2. Dimensions of RSW and weldbonded
specimens (not to scale, dimensions in mm).

Five specimens were welded in each series; four
specimens to be used for static tensile shear strength
testing and one for microstructure examination and
hardness  measurement.  Specimens used  for
microstructure examination and hardness measurement



were cut out along the center of the nugget, at right
angles to the longitudinal direction of specimens.
Specimens were polished and a modified Poulton’s
reagent was employed to reveal the microstructure.
Metallographic analysis was performed using a ZEISS
HD 100 optical microscope. Hardness measurements
were carried out in two directions (along the radius of
the nugget and through the sheet thickness) using a
Struers Duramin Vickers machine, under a load of 100
g. Finally, the shear strength testing was done in an
electromechanical Instron Universal Testing machine at
a constant cross-head speed of 1 mm/min, up to the final
failure of the joint.

3. RESULTS AND DISCUSSION
3.1. Experimental results

Figure 3 shows typical load — extension curves obtained
for RSW and weldbonding joints. It is evident that
weldbonded joints have much higher failure loads and
extension at failure than similar spot weld joints.
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Figure 3. Load — extension curves for RSW and
weldbonded joints (with 6.5 mm diameter nuggets).

Figures 4 and 5 show the failure load versus the
electrode force and weld current, respectively. For
comparison the results for resistance spot weld (RSW)
joints and weldbonded joints were superimposed. Both
figures show that weldbonded joints have much higher
strength than equivalent spot welded joints. On other
side, the sensibility of weldbonded joints relatively to
weld current and electrode force is negligible within the
parameter range studied. These two findings mean that
the resistance of the joint is controlled by the bonded
liaison.

In the tensile-shear testing of RSW and weldbonding
joints two types of failure mode were obtained: pull out
mode and interfacial mode. Figure 6 shows typical pull
out failure surfaces. Similar failure surfaces were
obtained for both type of joints (RSW and
weldbonding).
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Figure 4. Load failure against the electrode force. RSW
parametesr: weld time, 2 cycles; weld current, 26.9 kA.
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Figure 5. Load failure against the weld current. RSW
parameters: weld time,2 cycles, electrode force,3237 N.

Figure 6. Typical pull out weldbonding failure.

3.2. Numerical analysis

A numerical analysis was developed to understand the
deformation and failure mechanisms of resistance spot
welding and weldbonded joints. Sources of complexity
are electrode indentation (i.e. the plastic deformation



caused by the welding process), the small crack tip
radius, the heterogeneity of the materials and the
residual stresses. The material properties of spot-welded
joints can vary widely between the base metal, the heat-
affected zone, and the weld nugget itself. Figure 7
illustrates the model assumed. Only half specimen was
studied, considering adequate symmetry conditions. The
left side was fixed, replicating the upper grip of the
servo-hydraulic testing machine. The rotation of the
right side was inhibited, while the load was applied.
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Figure 7. Physical model.

The diameter of the nugget depends of electrode force,
weld time and particularly of welding current. Values in
the range 5-6mm were typically obtained. The electrode
indentation is also visible in figure 8. The depth depends
mainly on welding time and welding current, and values
up to 15% of initial sheet thickness were obtained.
Figure 8 shows that at the root of the nugget, the sheets
are close, which indicates that the concordance radius is
quite small. A radius of 5 pm was assumed in the
numerical model. At relatively large distances from the
nugget, the sheets are clearly separated, and a value of
80 um was assumed. This is also the thickness of the
adhesive in the weldbonded joints. The cracks start and
propagate between de nugget and heat-affected zone
(HAZ). Therefore it may be expected that maximum
von Mises stress occur at the edges of the nugget.

Figure 8. Geometry at the root of nugget.

Both the aluminium alloy and the adhesive were
modelled as having elastic-plastic properties. The elastic
properties assumed were E=69070 MPa, v=0.35 for the
6082-T6 aluminium alloy (obtained experimentally
using the resonant technique), and E=1850 MPa, v=0.3
for the adhesive. The plastic behaviour was

characterised with classical tension tests. The HAZ,
(figure 8) was identified with hardness measurements,
as illustrated in figure 9. A gray ribbon represents the
hardness of the base material. A significant decrease in
hardness was observed in the nugget of all the welds
shown, resulting from precipitates dissolution.
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Figure 9. Hardness plot.

The evaluation of the shear strength of the nugget and
HAZ of spot welds is difficult, because those regions
are narrow and present microstructural gradients.
Currently, the yield and tensile strength of materials are
related to their hardness through empiric equations
characterised by the generic equation (1), where HV and
o, represent the Vickers hardness and tensile strength of
the material, respectively, and K is approximately
constant, assuming the elastic properties are
approximately constant inside each family of materials
[13,14]. In addition, according to the Tresca criterion,
both the shear and tensile strength of a metal are
connected by a mathematical constant (shear strength is
half of the tensile strength of the material).

HV =Ko (1)

Hardness is easier to evaluate than the tensile strength
of the nugget or HAZ of the welds. While the hardness
in the nugget is approximately constant, the HAZ’
hardness exhibits a gradient between the nugget and the
non-affected base material, as shown in Figure 9.

In previous works of Pereira et al [12] the static failure
load versus nugget diameter was studied for RSW in
aluminium. This diameter was found to be the
geometrical controlling parameter, and a linear relation
was obtained with failure load.

Figure 10 shows the finite element mesh, which is
composed of 82552 linear isoparametric elements and
90204 nodes. Characteristics aspects of this model are
the small radius considered at nugget root (5 um), the
thickness of the adhesive (80 pum) and the possible
consideration of four distinct materials (base material,
nugget, HAZ and adhesive). Notice also that there is a



region around the nugget without adhesive. This model
is relatively heavy, therefore a second model was
defined, proposed for parametric studies concerning
geometric, load and material parameters. A sharp notch
was assumed at nugget root. Figure 11 compares
experimental results with numerical predictions.. An
acceptable agreement is evident for relatively low loads.
The experimental results lie between model 1 and 2.
Notice that the thickness is different in models 1 and 2,
because a gap of 80 um was considered in model 1
between the sheets. The numerical model is not
predicting failure, which explains the difference for
relatively high loads. Results for elastic properties of
aluminium alloy are also presented. For loads above
2000N the plastic deformation is evident.
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Figure 10. Finite element mesh. a) Global view. b)
Heat-affected zone. c¢) Nugget. d) Base material. e)
Adhesive.

Figure 12 shows the influence of nugget diameter (D)
on global stiffness. For relatively low loads, D does not
influence the deformation. When the plastic
deformation initiates (P>2000 N), the specimen with
lower nugget diameter shows a quite reduced stiffness.

Figure 13 shows the influence of nugget diameter (D)
and electrode indentation on plastic strain and
longitudinal stress. d is distance from nugget root, as
indicated in figure 11. The indentation has a minor
influence, but diameter reduction increases significantly
the stress and strain field.

Figure 14 shows the equivalent von Mises stress,
starting from the root of the notch. The stress level is
significantly higher for the RSW joint, which explains

its lower resistance. In other words, the adhesive has a
protective effect in the spot weld.
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Figure 11. Numerical versus experimental results
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Figure 12. Influence of nugget diameter on global
stiffness (P = 2.5 kN).
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Figure 13. Influence of nugget diameter and electrode
indentation (EI) on equivalent plastic strain (P=2.5 kN).
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Figure 14. Influence of process joining on equivalent
von Mises stress (P=2.5 kN).

4. CONCLUSIONS

The influence of the weld parameters on the
microstructure and tensile shear strength of resistance
spot welds made of aluminium alloy 6082-T6 was
studied. Numerical models were developed to predict
global stiffness, local stresses and failure loads. The
conclusions obtained are summarised as follows:

- Weldbonded joints have much higher strength than
equivalent spot welded joints;

- Sensitivity of weldbonded joints relatively to weld
current and electrode force is negligible within the
parameter range studied;

- Strength of the weldbonding joint is controlled by
the bonded liaison;

- A good agreement was found between numerical
predictions of load versus displacement curves and
experimental results;

- Nugget diameter was found to have a major
influence while electrode indentation has a residual
effect;

- The stress level at nugget root was found to reduce
significantly by adding the adhesive.
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