Analysis of Aluminum Resistance Spot
Welding Processes Using Coupled Finite
Element Procedures

Incrementally coupled finite element procedures that simulate the resistance spot
welding process are suitable for analyzing a variety of important weld parameters

ABSTRACT. A comprehensive analysis
procedure has been developed to per-
form the incrementally coupled thermal-
electrical-mechanical analysis to simu-
late the resistance spot welding process
of aluminum alloys. Because aluminum
has high thermal conductivity, low melt-
ing temperature and low yield strength,
deformation resulting from resistance
spot welding is expected to be more se-
vere than for steel. Compared with most
of the published work in this area, this
paper takes into account the incremen-
tal changes in sheet-deformed shape,
contact area and current density profile
as well as large deformation effects. The
present analysis procedures consider
electrical contact resistivities to be not
only functions of contact temperature
but also functions of pressure. Joule
heating at the contact surfaces is com-
puted using an equivalent surface heat
generation concept.

This new procedure is suitable for an-
alyzing many important parameters such
as contact area changes, electrode
movement and dynamic resistance, as
well as other factors that contribute to
weld quality such as weld size, weld in-
dentation, sheet separation and weld
residual stresses. It can also be used to
study nugget development and analyze
the mechanisms of electrode wear and
weld cracking.

Introduction

Resistance spot welding (RSW) is
commonly used in the automotive indus-
try for joining thin sheet metals. With the
rapid increase in the use of aluminum al-
loys for automotive body and structural
components, a better understanding of
aluminum spot welding processes has

X. SUN and P. DONG are with the Battelle
Memorial Institute, Columbus, Ohio.

BY X. SUN AND P. DONG

become necessary. Steel and aluminum
alloys share many of the same process at-
tributes for spot welding. However, the
productivity of aluminum spot welding is
lower than that of steel, and the control
of weld quality is much more difficult.
This is because aluminum alloys have
higher thermal and electrical conductiv-
ity, and a higher welding current and
electrode force are required to generate a
desired weld nugget. The resulting
thermo-mechanical conditions would, in
turn, lead to faster electrode wear. More-
over, because of the very high energy
input rate in welding aluminum and the
approximately 7% volume increase of
aluminum at its melting point, expulsion
is frequently observed and undesirable
nugget defects often result as a conse-
quence of the loss of liquid metal.

Numerical modeling has proven to be
an effective tool in understanding the
RSW process in quantitative details.
Greenwood (Ref. 1) investigated the tem-
perature distributions in spot welding by
solving a two-dimensional boundary
value problem using the finite difference
method. Han, et al. (Ref. 2), conducted a
similar study but allowed for variations in
the physical properties of the workpiece.
Cho and Cho (Ref. 3) developed a finite
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difference scheme to predict the temper-
ature and voltage distribution incorporat-
ing the thermoelectric interaction at the
interface in the weldment. Several au-
thors have approached a similar problem
by using sequentially coupled finite ele-
ment models, which simulate squeezing
cycle and welding cycle in sequential
order, to address different aspects of the
RSW process such as nugget growth,
electrode design and electrode wear.
Among them are Nied (Ref. 4); Tsai, et al.
(Ref. 7); Sheppard (Ref. 8); Murakawa
(Ref. 9); and Dong, et al. (Ref. 10). Most
of these models were used to simulate
spot welding with flat-tipped electrodes,
and assume the contact radii between the
electrode-sheet interface and faying in-
terface remain constant throughout the
entire welding process. However, since
the contact radii are the manifestations of
the process dynamics and the results of
the competition between thermal expan-
sion and electrode squeezing force, they
vary during the entire welding process.
This is particularly true for domed elec-
trodes, which are used most often in RSW
of aluminum alloys. To incorporate the
contact area changes for domed elec-
trodes, Browne, et al. (Refs. 5, 6), devel-
oped an analysis procedure in which
both finite element and finite difference
methods were used. In their analyses,
dome-shaped electrode tips were only
used in mechanical analysis. Electro-
thermal analysis still used a flat electrode
tip and only contact radii of the interfaces
were passed from mechanical analysis to
the electro-thermal analysis.

Spot welding is a strongly coupled
electrical, thermal and mechanical
process. Since aluminum has high ther-
mal conductivity, low melting tempera-
ture and low yield strength, the associ-
ated deformation during welding, final
distortion (indentation) and sheet sepa-
ration are expected to be more severe
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Fig. 1 — Typical finite element model.

than for steel. Therefore, the above-men-
tioned approaches used in the open lit-
erature are no longer sufficient for ob-
taining the complicated process details
associated with aluminum RSW with a
domed electrode.

In this paper, the mathematical for-
mulation with respect to the coupled ef-
fects of electrical-thermal-mechanical
phenomena associated with the resis-
tance spot welding process is briefly pre-
sented. Its finite element implementa-
tion, which takes advantage of
commercial codes, e.g., ABAQUS, is
then discussed within the context of in-
crementally coupled electrical-thermal-
mechanical procedures. Finally, a case
study on welding of 5xxx series alu-
minum alloy sheets is presented in de-
tail. Nugget formation and the associ-
ated dynamic interactions between
different interfaces, as well as residual
stress states, are discussed in light of the
present results.

Theoretical Framework

Assuming no internal current source,
the following is the governing differential
equation for the electrical potential field:

where ¢(x,Y,z,t) is the electrical potential
and x, y, z are the coordinates in the
Cartesian coordinate system. Introducing
Ohm’s law, the variational form of Equa-
tion 1 reads as follows (Ref. 13):

0p g Jp B N
where o£(0,f9) is the electrical conduc-
tivity matrix, 6 = 6(x,y,z,t) represents tem-
perature, which is a function of both time
and coordinates, f« are any predefined
field variables and J=—-J-n is the current
density entering the control volume
across S.

The general three-dimensional differ-
ential equation governing heat conduc-
tion with internal heat source follows:
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Fig. 2 — Analysis flow chart of the coupled electrical-thermal-mechanical analysis.
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where k and p are the material’s thermal
conductivity and density, respectively; Q
is the internal heat generation rate per
unit volume; and U is the internal energy.
The variational form of Equation 3 using
the standard Galerkin’s approach is the
following:

: 900 a0

- [, 96rdv + [. s6qds @)

where K is the thermal conductivity ma-
trix, g is the heat flux per unit area of the
body flowing into the body and r is the
heat generated within the body due to
Joule heating.

Dividing the total surface area S into
S, and S;, which represent the surface on
which the boundary conditions can be
prescribed and the surface that interacts
with nearby surfaces of other bodies, re-
spectively, and denoting the rate of elec-
trical energy dissipated by current flow-
ing through a conductor as P,, Equations
2 and 4 become the following:

f&é_(p.GE_G_q)dV
voox aX

- fsp S¢ddsS + fsi Splds (5

and
: 900 a0
=f 86n B,.dV
\ v
+fsp 56qds

+fSi 80(Qc + 0 +ec)dS (6)

In Equation 6, v, is the energy con-
version factor for the amount of electrical
energy released as internal heat; q., Q.
and q.. represent heat conduction, radia-
tion and heat generated on the interfaces
(Ref. 13). The detailed discussions re-
garding J, q., 9, and g.. will be presented
in the next section.

In addition, localized temperature
gradients due to heat generation and dis-
sipation (see Equations 5 and 6) induce a
thermo-mechanical response. The equi-
librium conditions can be established
using the theorem of virtual work, which
states that a virtual change of the internal
strain energy must be offset by an identi-
cal change in external virtual work due to
the applied loads:

dU= xdedV = ToudS=dvV  (7)



where dU is the virtual change of internal
strain energy through the virtual strain de
and 3V is the virtual change in external
work done by traction T through virtual
displacement du. In Equation 7, the stress
components T can be related to the strain
components ¢ through the constitutive
equation t = D(e—¢t) (et is the thermal
strain component), and the strain com-
ponents ¢ can be related to the displace-
ment components u through the strain-
displacement matrix.

Equations 5-7 are now ready for finite
element discretization, and potential
field ¢, temperature field 6 and dis-
placement vector u should be simulta-
neously solved as nodal variables in a
coupled manner.

Finite Element Implementation

Although various numerical analysis
procedures can be adopted in solving the
aforementioned coupled problem, the fi-
nite element (FE) method is highly desir-
able due to its flexibility in dealing with
complex applications. Because there are
no commercial FE codes capable of solv-
ing Equations 5-7 in a fully coupled man-
ner, an incrementally coupled finite ele-
ment analysis procedure has been
implemented in this study. By taking ad-
vantage of some of the existing electrical-
thermal and thermal-mechanical analy-
sis modules in commercial codes,
Equations 5 and 6 can be readily solved
at a given moment in time, and the re-
sulting temperature history can be used
as thermal load to establish the corre-
sponding thermal-mechanical solution at
that time.

The analysis procedures can be
demonstrated by using the commercial
finite element code ABAQUS. Without
losing generality, a typical finite element
mesh is shown in Fig. 1 where a quarter
symmetry condition is assumed. First, the

squeeze cycle is modeled by a
mechanical analysis. Contact
surface interactions between
the electrode-sheet interfaces
and faying interface are mod-
eled by the concept of contact
pairs. Results from the squeez-
ing-cycle mechanical analysis,
including deformed shape,
contact pressure, contact ra-
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dius, root opening, etc., are o TR T il prizouny
then passed onto the next step,
the electrical-thermal analysis
in which the welding current is Fig. 3 — lllustration of gap electrical conductance calcu-

applied. The electrical-thermal

. lation.
analysis module shares the

same mesh and the element de-
finition with the thermal-me-
chanical module, and the nodal coordi-
nates and contact information are
updated each increment. Unlike other
approaches in which a layer of fictitious
solid contact elements has to be intro-
duced with a physical thickness (Refs. 4,
7) to represent the contact areas of elec-
trode/sheet interface and faying inter-
face, the surface interactions in this study
are modeled using the concept of surface
contact pairs (Refs. 13, 17, 18, 20). The
detailed theoretical formulation for these
surface contact pairs will be discussed in
subsequent sections. The temperature
distribution resulting from the previously
mentioned electrical-thermal analysis is
used next as the thermal loading condi-
tions for the subsequent thermal-
mechanical analysis. The deformed
shape of the electrode and sheet assem-
bly and the change in contact status at the
end of the incremental thermal-mechan-
ical analysis are then passed into the next
increment of electrical-thermal analysis
as input, where the heat generated from
the applied current is again computed.
This updating procedure repeats itself for
a specific time increment until the entire
welding cycle is totally completed. Tem-

perature-dependent material properties
and melting/solidification response dur-
ing the holding and subsequent cooling
stages are also considered, so the final
weld residual stresses and distortions are
also predicted.

The flow chart of the analysis proce-
dure is illustrated in Fig. 2. In Fig. 2, the
analyses shown in the ovals are per-
formed using different analysis modules
in ABAQUS. The operations illustrated by
arrows are performed by a series of For-
tran user-interface subroutines. The en-
tire analysis procedures were fully auto-
mated with the development of a Unix
shell script.

Thermal-Mechanical Analysis

Uniformly distributed pressure for the
given electrode force is applied to the top
of the upper electrode. Contact pairs are
set up between the electrode-to-sheet in-
terface and the sheet-to-sheet faying in-
terface, respectively. This ensures the sur-
faces in contact will not penetrate each
other. The temperature history obtained
from the electrical-thermal analysis is im-
posed as thermal loading. To improve
convergence, softened surface properties
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Fig. 4 — Nugget growth comparison between analysis results

and experimental measurements.
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Fig. 5 — Predicted contact radius changes during welding.
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Fig. 6 — Pressure and temperature history on electrode-sheet interface.

are used and a small sliding effect is also
included to simulate the relative slip be-
tween the electrode and workpiece due
to the difference in their thermal expan-
sion properties.

To simulate nugget formation effects at
the faying surface, temperature history-
dependent user subroutines are written to
join the interface nodes as the nodal tem-
perature reaches melting temperature. As
a result, the corresponding residual stress
state can also be predicted upon the com-
pletion of the cooling cycle.

Electrical-Thermal Analysis

The deformed configuration of the
electrode and sheet assembly obtained
from the previous thermal-mechanical
analysis step is used as the input for elec-
trical-thermal analysis. Contact radius
and contact pressure obtained in the
thermal-mechanical analysis are used to

determine the width of the current pas-
sage and the electrical conductivity of
the interfaces (Ref. 16). Once intimate
contact is established, the electrical and
thermal conductivity of the electrode-to-
sheet interface is set to be the same as the
bulk properties of aluminum (Refs. 5, 6).
Properties of the faying interface are
functions of both temperature and pres-
sure (Refs. 12, 19). The surface interac-
tion model includes heat conduction and
radiation effects between the interface
surfaces, and these interactions are han-
dled using the concept of contact pairs.
Heat conduction and radiation terms in
Equation 6 are modeled by the following:

qc= kg(eB_g)v (7)

and

0, = Fg(0p-62)*-F(6-62)4

where k; is gap thermal conductance; Fq
and F are constants; 6, 6gand 62 are tem-
perature of the surface under considera-
tion, temperature of the other surface and
absolute-zero temperature, respectively.
The electrical current flowing between
the contact surface S; in Equation 5 is
modeled by (Ref. 13) the following:

©)

where o, is the gap electrical conduc-
tance and @p and g are the electrical po-
tentials at the two points on the contact
surfaces.

l= Og(CPA_CPB)

Contact Electrical Conductance
of the Faying Interface

As discussed by Browne, et al. (Refs. 5,
6), contact resistance plays an important
role in the RSW process for aluminum. In
this study, once contact was established

Fig. 7 — A — Backscatter electron image of the weld surface; B — photograph of a worn electrode face.

218-s | AUGUST 2000



on the interface by the indication of con-
tact pressure, the gap thermal conduc-
tance, kg, is set to be equal to the thermal
conductance of the aluminum workpiece
with a characteristic length of the contact
gap. The characteristic length of 0.1 mm
is used in this work.

The contact electrical conductance o,
is derived using the formulation provided
by Li, et al. (Refs. 13, 16):

1
ReAc
R B (10)

ZHMCZ

in which L is the Lorentz constant and T,
and T, are the maximum interface tem-
perature and the bulk temperature in
Kelvin. For most metals, L is found to be
around 2.4 x 10-8(V/K)2. Note the as-
sumption for the above resistivity formu-
lation is that the entire interface area 2.
is under intimate metallic contact. This
assumption prompts the formulation of
pressure dependency of the contact gap
conductance since researchers have
shown earlier the number of contact as-
perities increases almost proportionally
with the increase of contact pressure be-
fore the entire interface is in metallic con-
tact (Ref. 21). As a matter of fact, it is
stated in the Welding Handbook (Ref.
12), that “resistance is roughly inversely
proportional to the contact pressure.”
Vogler and Sheppard (Ref. 19) verified
this statement by their experimental ob-
servations on steel. Their results revealed
the contact resistance for bare mild steel
follows the inversely proportional rela-
tion with respect to pressure before
reaching a plateau value beyond a
threshold pressure. This indicates the gap
conductance should be roughly propor-
tional to the contact pressure before
reaching the value indicated by Equation
10. In this work, the threshold pressure
value of the faying interface is set to the
room temperature yield strength of the
aluminum workpiece. If the gap interface
pressure is greater than the threshold, the
conductance is calculated by Equation
10. If the gap interface pressure is lower
than the threshold, the gap conductance
is obtained through linear interpolation
as shown in Fig. 3.

To implement this formulation in the
finite element simulation, the solidus
temperature T, of the interface is set to be
590°C. The contact radius r. and contact
gap pressure obtained from the previous
thermal-mechanical analysis are ex-
tracted and used as input to the electrical-
thermal analysis module through the op-
tion of “field variables.” A user interface
subroutine is then coded to calculate gap

1
O'g=—h=

Table 1 — Welding Schedule

Current (kA) Electrode Force Squeeze Time Weld Time Hold
Time

(Ib) (cycle) (cycle) (cycle)
26.0 1100 60 10 30
conductance based on nodal
temperature, nodal pressure and B L BN A R P E
total contact area according to | ' ﬂﬁ - :
Equation 10 and Fig. 3. _E OLUSEN [ wxl‘- ——
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the modeling procedure de-
scribed above is used to simu-
late the spot welding process of
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5xxx series aluminum alloy. Ex-
cellent predictions are obtained
compared with the experimen-
tally observed nugget size and
dynamic resistance,

Fig. 8 — Equivalent plastic strain distribution and final
weld shape.

and this serves as a
validation of the
model. Final weld in-
dentation and weld T
residual stresses are ]
also obtained using |
this analysis proce-
dure. The simulation
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Fig. 10 — Weld residual stress distributions (MPa).
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able information on the electrode wear
mechanisms and in-process monitoring
parameters.

A Case Study

Using the analysis procedures de-
scribed above, a case study is presented
in this section. A typical 2-in.-radius,
faced-truncated cone electrode was used
to weld 2.0-mm-thick 5xxx series alu-
minum sheets. The axisymmetric model
used in both electro-thermal and ther-
mal-mechanical analyses is shown in Fig.
1. The welding schedule used was listed
in Table 1 (Ref. 17).

Four-node axisymmetrical elements
were used for mechanical analysis and
electrical-thermal analysis. The updating
frequency used was half cycle, and the ef-
fect of more frequent updating was also
examined. Temperature-dependent mate-
rial properties were used for both the
workpieces and the copper electrodes
(Refs. 11, 22). Large deformation effect
was also considered in the model. The
cooling water temperature was set to be
20°C and convection effect was modeled
by film coefficient of 2.0 x 10-3
Joule/(ssmm-°C). Notice the present study
did not include any material coating ef-
fects or the effect of the aluminum-oxide
layer.

Nugget Growth

Figure 4 shows the comparison of the
predicted nugget size and the nugget size
obtained from experimental nugget
growth data. The solid symbols represent
cross-section measurements of the
fusion-zone size from experiments (Ref.
17), while the empty symbols represent
the analysis predictions sampled for each
half cycle. Given the inherent process
variations in aluminum RSW, the overall
agreement is considered satisfactory.

A set of parametric studies has also
been performed in which the welding
current and electrode force are systemat-
ically varied. It is found that, as a general
trend, a higher current level produces a
bigger nugget, as expected. A lower elec-
trode force yields a bigger nugget for the
cases analyzed. However, it should be
noted sufficient electrode force is needed
to generate enough faying interface pres-
sure that can contain the molten metal
and prevent expulsion. The underlying
principle for RSW is Joule heating, in
which the heat is generated in the form of
Q = I2Rdt. Therefore, higher current gen-
erates more heat and forms a bigger
nugget. On the other hand, the decrease
of electrode force would reduce the con-
tact area and, in turn, increase the cur-
rent density. Plus, the contact electrical
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conductivity of the faying interface will
also decrease for a smaller electrode
force; these factors will jointly lead to a
bigger nugget.

Since this incrementally coupled pro-
cedure is mimicking the fully coupled
spot welding process, higher updating
frequency theoretically should provide
more accurate results. In this case study,
it was found that updating every quarter
cycle only provides higher temperature
distribution during the first two cycles
and the final nugget size and shape are
the same as those of updating every half
cycle. It is therefore concluded that up-
dating frequency of a half cycle is suffi-
cient in obtaining the final nugget under
this set of welding conditions.

Contact Area Evolution

The contact area change during weld-
ing is plotted in Fig. 5. Using this radius-
faced electrode, a gradual increase of the
contact area between the faying interface
and the electrode-sheet interface is ob-
tained as a result of the continued soft-
ening of the aluminum sheets as temper-
ature increases. The final contact radii
are almost the same for the two interfaces
at the value around 4.8 mm. The contact
area evolution leads to the changes in
current density distributions on the inter-
faces during welding and would subse-
quently cause different heating patterns
on these interfaces.

Temperature and Pressure Evolution

Because of the changes in contact
area, there are also changes in contact
pressure distribution. Figure 6 depicts the
pressure and temperature evolution his-
tory of the electrode-sheet interface. It is
shown that the point of highest contact
pressure moves from r = 2.8 mm (first
cycle) to r = 4.0 mm (ninth cycle) during
welding time and there is a temperature
drop just outside these peak pressure lo-
cation for each welding cycle. Inside the
peak pressure location, interface temper-
ature is more evenly distributed; this is
especially true during the early stage of
the welding cycle. These peak pressure
points also correspond to the location of
maximum plastic strains on the work-
piece during welding. The combination
of this plastic deformation, higher pres-
sure and temperature concentration fa-
cilitates the interdiffusion of copper and
aluminum and, therefore, provides a fa-
vorable condition for some surface alloys
to be formed. This in turn suggests elec-
trode wear is more likely to initiate
around this radial location, starting from
the middle of the electrode diameter, and
subsequently moving out toward the

electrode periphery during welding (Ref.
18). The result may be used to explain the
electrode surface sticking and pitting
phenomenon. It is also worthwhile to
mention this analysis is only done for the
first weld of the electrode. With subse-
quent welds, this effect will become
more prominent because of the more
concentrated heating with the presence
of surface alloy and/or pit.

Figure 7A shows the backscatter elec-
tron image of a typical weld surface using
the welding conditions listed in Table 1.
The brighter area represents the location
of the copper-rich area on the weld sur-
face. It can be seen that the area of cop-
per concentration corresponds rather
well to the prediction of r=2.8 ~4.0 mm.
The presence of copper on the aluminum
workpiece indicates the electrode is los-
ing material into the weld surface, and
the present result can provide explana-
tions for the electrode pitting phenome-
non. Figure 7B shows the photograph of
a worn electrode face with surface alloy-
ing and pitting occurring at the ring lo-
cation discussed above (Ref. 18). A more
detailed study on this subject is currently
ongoing and will be reported separately
elsewhere.

Deformation and Residual Stresses

Figure 8 shows the equivalent plastic
strain distribution after the weld cools to
room temperature. Noticeable weld in-
dentation and sheet-to-sheet separation
are observed. The final plastic strain on
the sheet is concentrated at the periphery
of the electrode-to-sheet contact. The
predicted sheet indentation at the center
of the weld is 6.7% vs. the experimental
result of 7.0%. Figure 9 shows the com-
parison of nugget shape and weld defor-
mation between the prediction and the
measurement.

Tensile radial residual stress (oy,) of a
magnitude around 70 MPa is predicted
for the center of the nugget and the areas
outside the electrode periphery on the
sheet surface — Fig. 10. This tensile
residual stress at the weld center may
cause a grain boundary opening that
would promote through-thickness
nugget cracking (Refs. 14, 18). Through-
thickness residual stress (o,,) is found to
be of a smaller magnitude, with a peak
value around 17 MPa, as expected. The
tensile regions are at the nugget periph-
ery on the faying interface and the loca-
tions just beneath the electrode periph-
ery on the sheets. This distribution is
similar in qualitative manner to the resid-
ual stresses obtained by Dong, et al. (Ref.
15), for steel, although the residual stress
magnitude for aluminum is smaller due
to its low yield strength. Circumferential



tensile residual stress (o3;) of a magnitude
around 100 MPa is observed at the region
just outside the electrode periphery, and
its distribution is almost uniform through
the sheet thickness. The tensile residual
stresses in some of the region form favor-
able conditions for crack initiation, and
further investigations will be conducted
to evaluate the implications on weld
quality and mechanical performance.

Conclusions

In this paper, an incrementally cou-
pled finite element analysis procedure is
presented with a reference specific to the
electrical-thermal-mechanical phenom-
ena associated with the aluminum RSW
process. Unlike most of the previous ef-
forts in this subject area, which either do
not include the coupled effect or only
consider the contact area changes, this
study takes into account the contact area
changes as well as the deformation his-
tory effects of the sheet assembly being
welded.

To demonstrate the application of the
current approach, a detailed case study on
welding of the 5xxx series of aluminum al-
loys is presented. The analysis procedures
are validated by experimentally measured
nugget growth data. The major findings
can be summarized as follows:

® The interfacial contact behavior in
the form of contact area change during
welding time plays a critical role in the
nugget formation process in welding alu-
minum alloys.

® The predicted pressure and tem-
perature evolution histories on the elec-
trode-sheet interface offer fundamental
understanding of electrode pitting and
alloy formation mechanisms.

@ |t is found that, within the range an-
alyzed, lower electrode force or higher
welding current generates a bigger
nugget.

® Weld residual stresses and final
sheet deformation are predicted as mea-
sures of weld quality.

Variations of process parameters dur-

ing welding, such as electrode move-
ments and dynamic resistance, can also
be monitored during the welding simula-
tion. These predictions offer a great deal
of insight on the mechanisms for nugget
formation and electrode wear, and the
analysis procedure can be used as a pre-
dictive tool to optimize the electrode de-
sign and welding parameters to ulti-
mately improve weld quality and reduce
electrode wear.
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