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Abstract—In this study the eastic-plastic stress distribution in
weld-bonded joint, fabricated from austenitic stainless steel (AlSI
304) sheet of 1.00 mm thickness and Epoxy adhesive Araldite 2011,
subjected to axial loading is investigated. This is needed to improve
design procedures and welding codes, and saving efforts in the
cumbersome experiments and analysis. Therefore, a complete 3-D
finite element modelling and analysis of spot welded, bonded and
weld-bonded joints under axial loading conditions is carried out. A
comprehensive systematic experimental program is conducted to
determine many properties and quantities, of the base metals and the
adhesive, needed for FE modelling, such like the eastic — plastic
properties, modulus of easticity, fracture limit, the nugget and heat
affected zones (HAZ) properties, etc. Consequently, the finite
element models developed, for each case, are used to evauate
stresses distributions across the entire joint, in both the elastic and
plastic regions. The stress distribution curves are obtained,
particularly in the dastic regions and found to be consistent and in
excellent agreement with the published data. Furthermore, the
stresses distributions are obtained in the weld-bonded joint and
display the best results with almost uniform smooth distribution
compared to spot and bonded cases. The stress concentration peaks at
the edges of the weld-bonded region, are amost eiminated resulting
in achieving the strongest joint of all processes.

Keywords—Spot Welded, Weld-Bonded, Load-Displacement
curve, Stress distribution

|. INTRODUCTION

ELDING is a well-known fabrication process and

established manufacturing technique in industry.
However, weld-bonding process, which is a combination of
the conventional resistance spot welding and adhesive-
bonding, is increasingly used in many industries such as
automobile, aerospace, home appliances etc. It offers
significant improvements in static, dynamic and impact
toughness properties of sheet meta joints. Also, it improves the
corrosion, noise resistance and stiffness of the joint [1] and can
be used for joining dissimilar materials [2], [3]. Therefore, afull
understanding of these processes is a must for the joints design
and automation of manufacturing, particularly the bond welding
process. Also, the modeling and analysis of these processes
proves to be of prime importance, though it is complex.

In the last few decades, vast amount of experimentd,
theoretical and numerical research works is conducted and
reported particularly for spot welded and adhesive bonded
joints.
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2D and 3D Finite element anayses (FEA) have been widely
used in modelling these joining methods [4]-[12]. However,
one important aspect, which to date does not receive the
needed due attention, is the knowledge of the stresses
distributions at al levels of elastic and plastic loadings of
these joints particularly the weld-bonded joints. These are
required in order to assess the joint performance and
application limits. This important issue is not systematically
investigated neither reported in literature. Very few scattered
works are reported in the elastic region only, for spot welded
and bonded joints. Amongst these are the study of the stress
distributions of spot welding conducted by Hou et a. [13] and
Deng et a. [14] who developed a 3D FE model to study the
stress distribution at various ratios of sheet metal thickness
and spot weld nugget diameter. Recently, using FE method,
| oad-displacement curve of weld-bonded steel has been plotted
by Al-bahkali et. d. [15] and Herwan [16]. Unfortunately,
little work is reported in the area of bond welding process.
Therefore, to improve design procedures and welding codes, a
more systematic investigation covering all  stresses
distributions, particularly for weld bonding, are essential.
Also, achieving representative theoretical models for this
process is very important in saving efforts, in the cumbersome
experiments and andysis, and has a positive impact on the
manufacture and further design of joining. These issues and
others are addressed in this investigation. The details of the
FEA and experimental procedures and techniques used are
given in the next sections.

II.MATERIAL AND EXPERIMENTAL TECHNIQUES

The material of the base metal used in this work is
austenitic stainless steel (AISI 304) sheet with 1.00 mm
thickness. The mechanical properties of this material are found
to be: Modulus of Elasticity 193.7GPA; Yield Stress
277.3MPa and; Ultimate Stress 729.2MPa. These are the
average values obtained from the standard tensile tests
performed on three standard samples of this material
according to ASTM standard E8-81 [17].

The spot welding machine used in this research, for the
preparation of spot welded specimen joints, is Meruit
Resistance Spot Welding Machine (75kVA). The welding
electrodes are water-cooled conical copper aloy electrodes,
with contact surface of 4.5mm in diameter. The welding
parameters used to fabricate the spot welded joints [1] are:
Electrode Pressure 600N; Welding Time 0.2Sec/cycle;
Welding Current 6.5kA and; Heat 90 percent.

Epoxy adhesive Araldite 2011 is used for bonding to
fabricate both adhesive bonded and weld-bonded lap joint
specimens. The mechanical properties of this adhesive as
received [18] are: Flexural Modulus 1.904GPa; Flexural
Strength 60.4MPa; Poisson Ratio 0.37; Density 1.05g/cm?®
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and; Lap Shear Strength 22MPa. The adhesive, used for
bonded and weld-bonded joint samples, is prepared by
mechanical mixing of resin and hardener in equal amount of
volume. Then, the faying surfaces were put in proper position
(lap shear joint) after the application of adhesive with
uniform thickness layer of 0.1 mm by manual rolling. Finally
the joints were cured at 120°C for 60 minutes to obtain
coherent joints.

Again, the weld-bonded specimen joints are prepared, from
the polished and cleaned stainless steel sheets, using the same
techniques of the adhesive bonded joints followed
immediately by resistance spot welding and subseguent curing
as stated above. However, the same spot welding parameters
are used, except the welding time is increased to become
0.3sec (18 cycles) to overcome the effect of adhesive layer.

In order to obtain the needed elastic-plastic properties
required by the FE modeling, microhardness measurements
across the joint specimens are made. Vickers micro-hardness
measurements of the weld nugget, HAZ, and base metal of
spot welded joints is carried out at a load of 100 gram. The
measurements started from the center of the nugget moving
outwards step by step to the heat affected zone then the base
metal, the incremental distance of 0.25 mm is used. But to
obtain the plastic properties of each region, spherical
indentation (using spherical indenter with 2 mm diameter) is
carried out a severa loads between 10 to 80kgf.
Consequently, the true stress-true strain curves for the
materials in these regions are derived using Ahn-Equation
[19], given as:

o=t =) (=) (1)
e = (7rmm) (%) 2

Where o is the true stress, y is a plastic constrain factor equal
to 3.6 verified by the material tensile test. P isthe load, Py, is
the mean pressure, a; is the contact radius between the
indenter and the material, ¢ is the true strain, a is the
adjustment constant taken as 0.14, and R isthe indenter radius.

The standard shear tensile test of all lap shear joint
specimens of the bonded, spot welded, and weld-bonded joints
is carried out on an Instron Machine (series 3385H) at 1
mm/min crosshead speed.

Furthermore the ductile fracture limit data are needed to
conduct the numerical study of fracture initiation using
ABAQUS package. The data are usually expressed in terms of
stress triaxialities vs. equivalent strains [20]-[24]. Therefore,
to obtain these data, a series of tensile tests (five testsin total)
on several notched tensile specimens, and FE-Model of the
tensile test of these specimens are conducted. In total, five
specimens were prepared and used with notch radii varied
between 2 to 5 mm. Then, the equivaent strains are
determined from the tensile test data, and the corresponding
stress triaxialities are evaluated by the FE model.
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I1l. FINITE ELEMENT MODELING AND BOUNDARY
CONDITIONS

A. Geometric Moddls

A 3D finite element model is developed for each joint type
namely: spot welded, bonded, and weld-bonded as well as the
base material tensile specimen. Fig. 1 shows the configuration,
dimensions, constraints and loading conditions for both
bonded and weld-bonded models. The total length of the
models used is 175mm and each strip has a thickness of
1.0mm.
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Fig. 1 Finite e ement models for bonded and weld-bonded joints

B. Analysis Assumptions

The following assumptions were considered: The problem
is modelled using three-dimensional FE analysis, and due to
symmetry along the center line of the joints, half of thejoint is
only considered to save computation time. The adhesive layer
is assumed to be isotropic. The dimensions of the nugget and
HAZ are defined from the micro-hardness measurements.
Also, the nugget sizeis verified from the measurements of the
fractured specimen of spot welded joints. The zones are
connected with each other by sharing the nodes. The elastic-
plastic properties of each zone are introduced based on the
material tensile test results for the base metal and the spherical
indentation measurements for the nugget and HAZ.
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Finally, the adhesive layer is modeled and developed using
traction separation mode, since the fracture occurred at the
interface between stainless steel and the adhesive layer.

C.Boundary Conditions

The mechanical boundary conditions associated with each
finite element model can be summarized as the following:

Symmetric boundary conditions are applied along the x-axis
side. As a result of that, two constraints are imposed. The
rotation and horizontal displacement at the line of symmetry
are zero.

On the left edges at x=0, a clamped boundary conditions are
imposed. Thus, the displacements become:

Uy =U, =U, =0 (©)]

Whereas both strips are subject to a fixed y-direction boundary
condition at the beginning 30 mm segment of the left base
metal strip (x=0 to 30mm) and at the end 30mm segment of
right base metal strip (x=145 to 175mm).

u, =0 4

The model is subjected to a constant velocity
(V=1mm/min.) at the right edges of right base metal strip.

IV. FINITE ELEMENT MESH

The finite eement computation was carried out using
ABAQUS explicit [25]. The finite-element meshes of these
models are generated using eight-node-linear brick reduced
integration elements (C3D8R) for the stainless steel and three
dimensional cohesive elements type COH3D8 for the adhesive
layer. The mesh of bonded mode is straight forward and
simpler because of the absence of spot welding, and it reaches
mesh independent solution with a relatively coarse mesh.
However, the weld-bonded model needs additiond finer mesh
on the edges of spot weld and adhesive layer to avoid error
analysis. The numbers of elements for the different models
that used in the current study, after severa refined meshes to
insure the conversion of the FE results, are givenin Tablel.

TABLEI
NUMBER OF ELEMENT USED IN DIFFERENT MODELS
Modd Bonded | SpotWeded | Weld-Bonded
Base Modd Strips 744 6972 10202
Adhesive Layer 300 | @ - 1471
Nugget | - 690 1035
V.RESULTS

A. Load-Displacement Curves

1. FE and Experimental Results of Spot-Welded Joints

Fig. 2 shows the complete load-displacement curves that
were obtained from the FE modeling and corresponding
experimenta results from the actua spot-welded joint. Thus,
the FE and experimental results are in good agreement, except
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at the plastic region where a maximum acceptable error of 2.6
% was observed.
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Fig. 2 FE and experimental results of the spot-welded joint

2. FE and Experimental Results of Bonded Joints

The load-displacement curves from the adhesive-bonded
joint shear tensile tests are shown in Fig. 3. The experimental
and FE results are identical and also show good agreement at
the eastic region and fracture initiation (de-lamination) point.
The maximum, observed error of 3.82 % at the middle of the
plastic region was still reasonable. The mesh refinement was
employed to eliminate or reduce these errors but had no effect
(aready reached mesh independent result). However, the
obtained experimental and FE deformation shapes after de-
lamination show good agreement.
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Fig. 3 FE and experimental results of the adhesive welded joint

3. FE and Experimental Results of Weld-Bonded Joints

As stated above, the FE model of the weld-bonded joint was
developed by combining the spot-welded and adhesive-
bonded joint models. Fig. 4 shows the obtained experimental
and FE results. Thus, excellent agreement between the FE
results and experimental data at al regions (i.e., eastic,
plastic, and fracture initiation point) is atained due to the
comprehensive model utilization that was developed from the
experimental joint data.
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Fig. 4 FE and experimenta results of weld-bonded joint

B. Sresses distribution for Spot, Bonded, and Wel d-Bonded

Joint

The stress distributions were recorded a several
conditions (i.e. elastic, plastic region, and fracture point).
These loads are shownin TableIl.

load

TABLEII
LOADS AT WHICH STRESSES ARE RECORDED
Range Spot Welded Bonded | Weld-Bonded
i 280 290 288

d';sct’i"’fl‘i"’n']ti:"(rl‘\l) 3282 3324 3257
5709 5712
Load within 5756 6880 6868
plastic limit (N) 6882" 9001" 9006

* Fracture limit load for the model

Fig. 5 shows the normal stress distributions oy, the shear

stress distribution t,y, and the Von Mises stress distributions

ov. M, iN a spot welded joint under axia loading at different
levels of eastic (two levels of elastic loading) and plastic
loads (at the ultimate loading level). The abscissa is in X/L,
where X mentioned the position of the stresses from left to
right side of the lap joint, and L is the length of Iap joint
(25mm). Fig. 6 shows the stress distribution in bonded joint

under axial loading at different levels of elastic (three loads

below dastic limit and two above that limits. Similar

arrangement for stress distribution of weld-bonded joints are

presented in Fig. 7. Again, in that model, axial loading are at
different levels of elastic (three loads below dastic limit and

two above it). It is clear from these curves that the stress

distribution obtained in the weld-bonded joints, shown in Fig.
7 is more uniform and the edges peak stresses are almost
eliminated compared with that obtained in the spot welding
and adhesive bonding cases see Figs. 5 and 6.
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Fig. 5 Elastic-Plastic stresses distribution plots for spot welded joint
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V1. CONCLUSION

The 3D FE modelling of the three types of spot welded,

adhesive bonded and weld bonded are successfully achieved.
The load-displacement curves of al three joining types are,
also, successfully obtained. In al cases excellent agreement
between the results of the FE models and the experimental
resultsis displayed. The deformation modes, fracture initiation
point and compl ete load-displacement curves are obtained.

Using this finite element model, the stress distribution were

simulated in term of normal stress, shear stress and Von Mises
stress at several point of loads. Through this plotted stress
distribution, some phenomena could be explained as follows.

1

(1
(2

(3]

(4]

(9]

(6]

(8]

(9]

The failure of spot welding happened at the interface
between weld-nugget and HAZ. This can be explained by
Fig. 5, where the Von Mises stress and normal stressin x-
direction are very high at these positions.

In adhesive bonded joint, the failure (load drop) started
whenever the shear stress at the interface between adhesive
and base meta reach the maximum value (18 MPa) at 30%
area of the lap-joint. This condition happens at the load of
about 9kN as shown in Fig. 6. The adhesive joint still can
cary the load below this value since the area with
maximum shear stress still not reach 30% of the total lap
joint area.

The effect of adhesive joint in the weld bonded joint is
significantly reduced the maximum stress surrounding
nugget area as show in Fig. 7. On the other hand the
existence of nugget also strengthened the adhesive joint, it
can be proved by the increasing the area with maximum
shear stress from 30% (in adhesive joint only) to become
40%. Hence, these phenomena can explain the reason why
the weld-bonded joint posses the highest strength among
the three types of joints.
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