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Abstract

Resistance spot welding and hybrid weld bonding have wide applications in
the body work construction within the automobile industry. The integrity of
the spot welds and applied adhesives determines the body assembly rigidity
and dynamic performance. Incorporating contact nonlinearity and geometric
nonlinearity, finite element analysis (FEA) have been carried out to investi-
gate the structural stiffness and strength of both spot-welded and weld-bonded
assemblies. Topology optimization has been performed to reveal the distri-
butions of material effectiveness in the overlap regions and suggest a feasi-
ble method for removing underutilized material for weight reduction. De-
sign optimization has been conducted with an aim to reduce the maximum
von Mises stress in the assembly to minimum by choosing optimum values
for a set of design variables, including the weld spacing, weld diameter and
overlap width.
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1. Introduction

Spot welding is a quick welding process and can be easily adapted for automa-
tion when combined with robots and control systems. The weld-bonded joining
is a technology in which both adhesives and spot-welds are utilized to fasten
metal sheets. Spot-welding and weld-bonding have been the conventional join-

ing technologies for assembling metal sheets together for decades, notably for
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vehicle body construction. A modern automobile has its body structure com-
prised of stamped panels fastened with several thousands of spot welds and ad-
hesive bonding. The integrity of the spot welds and the applied adhesives deter-
mines the body stiffness and dynamic performance. Higher body stiffness, in-
cluding both the bending stiffness and torsional stiffness, is deemed to be better
by designers. Body stiffness has an impact on the automotive NVH parameters
as well. For example, the annoying squeak and rattle noise resulting from the
relative motion between joined components indicates a poor quality of an auto-
motive body structure.

Murray [1] studied the loaded behavior of spot-welded thin-walled structures
from the perspective of vehicle crashworthiness. Experimental testing on trans-
verse joints in the floorpans demonstrated the effects of the spot weld pattern on
the energy absorbing capacity of the joints. Thin-walled tubular members fas-
tened with spot welds were investigated to study the influence of the spot weld
spacing on the energy absorbing capacity as well. Deng, Chen and Shi [2] worked
on spot welds by 3D FEA. Detailed finite element results were obtained for
spot-welded specimen with different sheet thickness to spot-weld diameter ra-
tios. The FEA results agreed with published experimental observations. For typ-
ical vehicle structure jointed by several thousands of spot welds, it is formidable
to analyze the influence of each and every spot weld on the load transfer and
structural rigidity. Salvini, Vivio and Vullo [3] put forward a spot weld element
for structural modeling. Each spot weld was simulated by a rod element and
each end of the rod was joined to the metal sheet through a set of beam ele-
ments. Numerical examples demonstrated the advantage of the new element on
improving the result accuracy without mesh refinement. High-strength steel (HSS)
has found more and more applications in the construction of vehicle body
structures. Tanegashimaa, Akebonoa, Katoa et al [4] conducted experimental
testing on thin-walled, spot-welded members made of HSS. The growing of
cracks in the spot-welded joints was observed to study the fatigue properties
when the joints were subjected to variable loads. Dhawaleb and Ronge [5] de-
veloped a mathematical model to predict the tensile shear strength of spot-welded
joints using the design and process parameters. Three design variables and two
process variables were involved in the developed model. Experimental testing
was conducted for validation of the analytical results.

Both experimental and numerical studies on the weld-bended joints have been
carried out since it was developed. Finite element analysis was carried out in ref-
erences [6] [7] to study the structural performance of weld-bonded joints. The
stress distributions in the lap zone of a single-point lap weld-bonded joint were
calculated and compared with those of spot-welded joint and adhesive-bonded
joint. It was found that the stresses in the weld-bonded joints were low and uni-
form. The stress concentration that occurred around the nugget in spot-welded
joints was avoided, leading to a better fatigue performance. It was concluded that

the tearing strength of weld-bonded joints was superior to that of adhesive-bonded
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joints because of the existence of spot-welds. Testing results illustrated the load
distribution in the lap zone corresponding to different elastic modulus of adhe-
sives. It was concluded that application of adhesive with large elastic modulus
will help uniform stress distribution. Fujiia, Tohgo, Suzukib, et al. [8] compared
spot-welded joints and weld-bonded joints on their fatigue strength. Strain was
measured to study the development and propagation of fractures in the applied
adhesive. It was concluded that the cracks likely initiated at the edge of overlap
region in adhesive bonded joints. Almeida, Camilo, Silva et al [9] conducted
numerical and experimental studies on three different adhesives and compared
with each other on the aspect of joint strength. It was concluded that a
weld-bonded joint enhanced strength, stiffness, and peel resistance than that of a
spot-welded joint.

FEA-based topology optimization and design optimization have been per-
formed for spot-welded joints and weld-bonded joints in this study. FEA is
conducted in which the nonlinear responses due to sheet contacting and large
displacement are involved. Topology optimum results reveal the distributions of
material effectiveness in the overlap regions and suggest a feasible method for
removing underutilized material for weight reduction. Design optimization has
been conducted with an aim to reduce the maximum von Mises stress in the as-

sembly to minimum under specified constraints.

2. Spot-Welded Joints

2.1. Finite Element Analysis with Contact Nonlinearity

Figure 1 shows an assembly constitutes of two panels joined together using a
single spot weld. Both panels are made of A366 steel and each one is measured to
be 120 mm long, 15 mm wide and 1 mm thick. The weld nugget has a diameter
of 6 mm and is located at the center of the overlap region, which is 20 mm in the
longitudinal direction. It is assumed there is a 0.2 mm gap between the two met-
al sheets. The material modulus of elasticity and Poisson’s ratio are set to be 190
GPa and 0.25 for the metal sheets, and 200 GPa and 0.2 for the weld nugget, re-
spectively.

Figure 2 shows the FE model of the spot-welded assembly. The sheets are
meshed with solid finite elements. Each element has eight nodes and each node
has three translational degrees of freedom. The weld nugget is meshed with solid
elements too by using volume sweep meshing. The sweep meshing method starts
by meshing a source area with, for example, 2D quadrilateral elements. Sweeping
these 2D elements will generate layers of hexahedral elements in an existing vo-
lume between the source and target area. The assembly is to be clamped at one
end and loaded with a uniform distributed force at the other end. Because of its
symmetric configurations, it is proper to model only half of the assembly by ap-
plying symmetric constraints. See Figure 2(a). The assembly is meshed nonuni-
formly, with finer meshing in the overlap region and coarse meshing away from

that region as shown in Figure 2(b).
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Figure 1. Front and top view of a spot-welded assembly. All dimensions are in millime-
ters.

spot-joint-5
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Figure 2. FE model of the spot-welded assembly. (a) Symmetric constraints applied along the longitudinal direction; (b) Fine
meshing in the overlap zone and coarse meshing outside the overlap zone.

Figure 3(a) shows the deformation of the assembly under specified loadings.
It is clear that the two sheets come into contact and interfere with each other in
the overlap region. The existing contact and interference will result in unreliable
FEA results, including the assembly compliance and strength. It suggests that the
nonlinearity due to the contacting surfaces should be involved in the FEA for
accurate simulation of structural performance. Surface contacting is a process
involving boundary nonlinearity which is too complicate to be analyzed with
analytical models. Many researches rely on numerical methods for approximat-
ing this nonlinear contacting process. In this study, 3D flexible-flexible, surface
contact elements are utilized to prevent inter-penetration of sheets during the
deformation process. Figure 3(b) shows the deformation of the assembly under
the same prescribed loadings. Compared to Figure 3(a), it is clear that the in-
ter-penetration between the two sheets has been prevented with the application

of the contact pair elements.

2.2. Topology Optimization

Figure 4 shows the contour plot of von Mises stress in the overlap region. The
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Figure 3. Deformations of the assembly under specified loads. (a) Boundary nonlinearity
neglected; (b) Boundary nonlinearity embodied.

6.785
o, s
342.774

510.769
E673.764

Figure 4. Contour plot of von Mises stress over the lap zone.

stress has a nonuniform distribution and the stress nonuniformity provides an
insight of the material effectiveness in the overlap region. It is interpreted that
material in the portions where stress values are low is less effective in usage.
Removal of material from these portions will help lessen the stress nonunifor-
mity and as a result, improve the effectiveness of the material over the entire
overlap region. It is also clear the stress concentration occurs at the periphery of
the weld nugget, illustrating that cracks are most likely developed around the
nugget and leading to a fracture failure in the vicinity. To show the stress changes
in more details, Figure 5(a) and Figure 5(b) plot the variations of the von Mises
stress and shear stress, respectively, over the lap zone from the left end to the
right end. Both have their peak values at either side of the weld nugget. It illu-
strates that fractures usually initiate near the weld nugget in the spot-welded as-

sembly.
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Figure 5. Path plots of the stresses over the lap zone. (a) von Mises stress; (b) Shear stress.

Topology optimization is based on the homogenization method for redistri-
buting material rationally in the design domain. In this research, the assembly’s
compliance, which is inversely proportional to its stiffness, is set to be the objec-
tive function. A 20% weight reduction for the metal sheets is specified as the
constraint. The overlap zone of the assembly is defined as the design area, while

all finite elements outside of the overlap zone are regarded as dummy elements
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in the optimization process.

Figure 6(a) plots the optimization results for the assembly in terms of density
functions that range from 0 to 1. Elements with low density values are less
stressed and material contained in these elements is correspondingly less effec-
tive in sustaining the external loads. Reducing the assembly weight by removing
the material with low effectiveness from the design domain has relatively fewer
negative effects on the assembly stiffness. Figure 6(b) modifies the above op-
timum results by making the elements with low density values invisible. One
can smooth the resulting rough boundary by FEA interpreting algorithm for
better sense of appearance. In conclusion, optimum results reveal the material
effectiveness in the design area and help designers remove material rationally
from the overlap zone. Similar optimization results for an assembly with mul-
tiple weld nuggets are illustrated in Figures 7(a)-(d). Figure 7(a) shows the
FEA model of the assembly with five spot welds. Figure 7(b) plots the von
Mises stress distribution. Figure 7(c) shows the distribution of the density
functions ranging from 0 to 1 in the overlap zone, which is defined as the de-
sign area in the optimization process. It is interpreted again that the material

in the portions where the density values are low is less effective and can be

removed with relatively few adverse influences on the structural stiffness, see
Figure 7(d).
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Figure 6. Topology optimization in the overlap zone. (a) Distribution of density functions ranging from
0 to 1; (b) Optimum results by removing less stressed material.
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Figure 7. Optimum results of an assembly with five spot welds. (a) FE model; (b) von Mises
stress distribution; (c) Density function distribution; (d) Optimum results by removing less stressed
material.
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3. Weld-Bonded Joints
3.1. Finite Element Analysis with Geometric Nonlinearity

The weld-bonded joint investigated in this study is the same in its dimensions as
the spot-welded one shown in Figure 1, except of the adhesive bonding layer
between the two joined metal sheets in the overlap region. The adhesive layer is
0.2 mm thick and its Young’s modulus and Poisson’s ratio are 2875 MPa and
0.42, respectively.

Figure 8 shows the FE model of the weld-bonded assembly in which the two
sheets are meshed with solid elements and the thin, in-between adhesive layer is
meshed with shell elements. Shell elements have six DOFs at each node, while
solid elements have only three translational DOFs at each node. The DOFs of the
shell elements and solid elements have been coupled to avoid hinge connections
in the assembly. The DOFs of the shell elements are set to be master DOFs while
the DOFs of the solid elements the slave DOFs. The established couplings enable

Vi Vi NT N AN \Wi\Y

Figure 8. FE model of weld-bonded assembly. (a) Symmetric constraints applied along
the longitudinal direction; (b) Couplings between shell elements and solid elements.
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the transfer of moment between the two different types of finite elements in the
assembly. The weld-bonded assembly is constrained and loaded in the same way
as that for the spot-welded assembly.

Figure 9 shows the assembly is experiencing a large displacement under the
specified loading. Large displacement will incur geometric nonlinearity in the
responses, resulting in a reduction in the assembly stiffness. The von Mises stress
is plotted in Figure 10. Figure 11(a) and Figure 11(b) plot the variations of von
Mises stress and shear stress, respectively, over the lap zone from the left end to
the right end. The two peaks correspond to either side of the weld nugget. Being
compared to the stress distributions of the spot-welded assembly, the stress
nonuniformity has been mitigated in the overlap zone of the weld-bonded as-
sembly. For example, the variation of von Mises stress is calculated to be about
95% in the pure spot-weld assembly, in which the percentage value is computed
based on the max. and min. stress values in the overlap region. In the weld-bonded

assembly, however, this percentage value is reduced to be approximately 82%.
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Figure 9. Geometric nonlinearity due to large displacement.
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Figure 10. Contour plot of von Mises stress over the lap zone.
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Figure 11. Path plots of the stresses across the overlap zone. (a) von Mises stress; (b)

Shear stress.

Except of the mitigation in the stress nonuniformity, the maximum stress values

in the vicinity of the nugget has been significantly decreased in the weld-bonded

assembly as well. In comparison with the stress values shown in Figure 5, it is

clear that the maximum values of both the von Mises stress and shear stress have

been significantly reduced. As a consequence, the fatigue performance of the
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weld-bonded assembly has been notably improved.

3.2. Design Optimization

The integration of spot welding and adhesive bonding affects the load bearing
capability of a weld-bonded assembly. There are dozens of parameters that should
be considered in the design and fabrication of weld-bonded structures. For ex-
ample, the adhesive related parameters (adhesive elastic modulus, adhesive
thickness, etc.), the weld related parameters (welding time, welding current,
weld diameter, weld spacing, etc.), and the overlap region related parameters
(overlap length and width, surface treatment, etc.). A series of FEA analysis has
been conducted to investigate the variations of the assembly stiffness with re-
spect to the changes in the weld spacing and the overlap width. The assembly
stiffness is simply defined as the applied force divided by the corresponding dis-
placement in this study. The FE model is the same as the spot-welded structure
shown in Figure 7(a), except of the applied adhesive (E = 2875 MPa and y =
0.42) in the overlap region between the two sheets. The weld diameter (d) is set
to be 6 mm. To study the variations of the assembly stiffness to changes in the
weld spacing (S) and overlap width (L) over a wide range, the dimensions of the
weld spacing is selected to be 20 mm, 30 mm or 40 mm, and the overlap width is
16 mm or 24 mm, respectively. Nonlinear FEA is conducted and Figure 12 plots
the changes in the assembly stiffness with respect to S/d and L/d in the specified
ranges.

Design optimization aims at achieving the best of all possible designs by
maximizing or minimizing the objective function and meeting the prescribed
constraints on a set of design variables. It ensures to, for example, maximize the
structural stiffness, minimize the stress in the structure, or optimize dynamic
performance of the structure. At the same time, all constraints and limitations
prescribed for the design, such as the weight, cost, dimensions, and other design
variables, are to be satisfied in the optimization process. Design optimization has
been a key engineering methodology for designing a mechanical component in
an optimum manner. Optimum design for the weld-bonded assembly has been

carried out based on the above FEA. The maximum von Mises stress in the overlap

120.0
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Figure 12. Variations of assembly stiffness with respect to the weld spacing and overlap
width.
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region is targeted as the objective function for minimization, while the design
variables as set to be the weld spacing, overlap width and weld diameter. In the
optimization process, the limited dimensions of the weld spacing range from 20
mm to 40 mm, the overlap width range from 15 mm to 30 mm, and the weld
diameter range from 5 mm to 7 mm. It is concluded that the max. von Mises
stress has been reduced to 61.8 MPa corresponding to optimum values of the
weld spacing, overlap width and weld diameter to be 31.64 mm, 27.71 mm, and

5.91 mm, respectively.

4. Conclusion

Resistance spot welding and hybrid weld bonding are commonplace technolo-
gies for assembling thin-walled metal sheets. FEA-based topology optimization
and design optimization have been carried out for spot-welded and weld-bonded
assemblies in this study. Nonlinear FEA has incorporated the contact nonlinear-
ity and geometric nonlinearity in the simulation of assembly responses. Topolo-
gy optimum results demonstrate the distributions of material effectiveness in the
overlap region and provide the designer an insight to remove material properly
for reducing assembly weight. Design optimization has been conducted with an
aim to minimize the maximum von Mises stress in the assembly under specified
constraints. Optimum values are determined for a set of design variables, in-

cluding the weld spacing, weld diameter and overlap width.
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