
Introduction

     The use of aluminum materials in automotive body-
in-white construction has become more widespread as manu-
facturers pursue vehicle lightweighting strategies to meet
strict fuel-efficiency requirements. The body-in-white repre-
sents approximately 30% of the total vehicle weight, and hy-
brid construction concepts using a mix of steel and alu-

minum parts provide an opportunity for reducing vehicle
weight (Ref. 1). Aluminum alloys from the 5000 and 6000
series are now widely used for body-in-white construction,
and joining tasks exist over a range of sheet thicknesses and
material combinations. For these joining tasks, suitable join-
ing methods are needed.
     Resistance spot welding (RSW) is an established joining
technology for automotive body structures, but its application
to aluminum alloys presents special challenges. The electri-
cal and thermal conductivity of aluminum is much higher
than of steel, which leads to much higher welding currents
for successful joining. Aluminum alloy AA6016-T4 has a 
particularly high thermal conductivity of 190 W/mK (92.4
Btu/hftF), which requires especially high welding currents to
enable a stable welding process. High welding currents,
however, increase energy requirements and can lead to a
number of disturbances in the welding process, such as large
magnetic forces that cause the gun arms to deflect from
each other, solidification cracking, expulsion, and rapid elec-
trode wear (Refs. 2–4). Progress on RSW of aluminum alloys
has been reported in recent welding literature with regards
to the influence of electrode geometry (Ref. 5), surface pre-
treatments (Refs. 6–8), and, to some degree, parameteriza-
tion on the process (Refs. 9, 10). Some information was also
presented on the weld nugget nucleation and growth
processes for alloy AA5182 (Ref. 11). However, until now,
the literature has focused primarily on AA5182, and knowl-
edge remains to be gained on AA6016-T4, which is highly
sensitive to the RSW process in terms of process stability
and electrode wear.
     The influence of welding parameters on the heat input
and generation of the weld nugget requires further investi-
gation for RSW of AA6016-T4. In particular, the role of the
current-pulse duration, or welding time, is of key concern. 
Recent research on capacitive discharge (CD) welding has
shown that high current levels applied over very short time
durations (e.g., on the order of 5 to 20 ms), can allow for the
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successful welding of difficult alloys such as EN AW-7075,
which suffers from solidification cracking under normal weld-
ing conditions (Ref. 12).
     Short-pulse techniques in the context of RSW have also
been applied to high-strength steel materials to reduce ex-
pulsion using medium-frequency direct current (MFDC) sys-
tems (Ref. 13) and to 5000 series aluminum alloys using CD
systems to improve electrode wear characteristics (Ref. 10).
In addition to these benefits, the use of short welding times
with the CD systems reduces the heat input needed to make
a successful weld and limits heat losses by conduction for
high-conductivity materials. However, MFDC systems re-
main most attractive for automotive manufacturers given
the cost and availability as well as the ability to control pa-
rameters in real time during the welding process. Given the
prevalence of RSW in the automotive industry and the ne-
cessity for a long-term solution for joining 5000 and 6000
series aluminum alloys, the following question arises: Can
short-pulse welding be performed using a MFDC technology
that provides the benefits of low heat inputs?
     This paper will systematically show that MFDC RSW
for AA6016-T4 can benefit significantly from short-time
current-pulse parameters with resultant high-quality welds
at low welding currents. Both experimental and simulation
results are used to show how the current-pulse duration and
applied current level affect the nucleation and growth of the
fusion zone.

Materials

     The commercial aluminum alloy AA6016-T4, with nomi-
nal chemical composition and mechanical properties as list-
ed in Tables 1 and 2, was the subject of this study. Material
sheets in thicknesses from 1.0 to 2.0 mm (0.04 to 0.08 in.)
in an as-received, pretreated condition were used. The pre-
treatment process was carried out according to the VDA
239-200, Aluminum Sheet Material, standard (Ref. 14). This
included surface passivation to establish a reduced and con-
sistent oxide layer thickness followed by application of
forming oil in accordance with company standards.

Numerical Methods

     The commercially available SORPAS® 2D Welding soft-
ware package was used to simulate the RSW process. The
software contains a module specific to the RSW process and
databases of material, machine, electrode, and workpiece
properties (Ref. 15). The solution algorithm contains me-
chanical, electrical, and thermal models within each time
step as well as full coupling between the electrical and ther-
mal models. A two-dimensional (2D), axisymmetric model
of the welding process, including electrodes and sheets, was
created in the SORPAS 2D Welding software. Due to the ro-
tational symmetry around the vertical axis through the cen-
ter of the electrodes and sheets, one half of the electrodes
and sheets was represented in the model. Meshing of the
system was completed using the automatic meshing feature
with high-mesh density in the regions of large temperature
gradients and mechanical deformation — Fig. 1.
     The SORPAS software is based on the finite element
method (FEM). It solved the governing differential equations
below for electrical potential, transient heat transfer, and plas-
tic deformation, respectively after discretization of the system
using FEM formulations in two dimensions (Ref. 16).

     For the electrical and thermal models, the material prop-
erties involved were , the electrical conductivity; k, the
thermal conductivity; , the mass density; and C, the heat
capacity. Q was the internal heat energy source term. The
time-dependent distributions of electrical potential, , and
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Fig. 1 — Numerical system for welding simulations with the 
SORPAS software.

Fig. 2 — Experimental sample geometry and weld 
configuration.

Table 1 — Chemical Composition of AA6016-T4 by wt-%

        Al Si Fe Cu Mn Mg         Cr Zn Ti V

  96.4–98.8  1.50  0.50  0.25  0.40  1.00  0.15  0.30  0.25  0.15

.
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temperature, T, were calculated at each time step. For the
mechanical model, deformation and contact areas were cal-
culated at each time step by the variation approach for plas-
tic deformation (Equation 3). Electrical contact resistivity at
the interfaces between electrodes/sheets and sheets/sheets
was calculated according to Wannheim and Bay’s friction
theory for real contact areas (Ref. 16):

     In the contact resistivity formulation, s_soft represents
the flow stress of the softer material in contact, n is the
normal pressure at the interface, and 1 and 2 are the 
temperature-dependent base material resistivity values of
the two materials in contact. The contaminants term accounts
for the additional contact resistance introduced by the sur-
face layer between the materials, such as from oxide layers,
contamination, or pretreatment layers on the surface.
     Detailed temperature-dependent material properties
were available for a range of aluminum alloys in the software
database, including for the alloy of interest. However, due to
differences in manufacturers, pretreatment, age of the ma-
terial, and other factors that affect the characteristics of the
material surface, the contact resistivity functions had to be
adjusted in the material model. Although base material
properties do not show large variations within a given alloy
designation, it was shown in Al Naimi et al. (Ref. 7) and
Crinon et al. (Ref. 17) that there are large variations in re-
sistances of the surface layers when roughness or character-
istics of the oxide layer are changed via pretreatment
processes. Therefore, it was necessary to calibrate the mate-
rial model for the experimental material of interest to im-
prove the accuracy of the simulation results.
     Calibration of the model was performed by a linear scal-
ing of surface resistivity values (contaminants) in the material
model after comparison of the weld nugget diameter from
the simulations to a small series of experimental pull-out
tests. The tests were completed for the combination of two

sheets of AA6016-T4 with a thickness of 1.5 mm (0.06 in.).
A fixed welding time of 100 ms and a current range of 27 to
37 kA were used as welding parameters. The starting cur-
rent value in the range was chosen as that which produced a
weld nugget of approximately 4(tmin) , where tmin is the min-
imum sheet thickness in the combination. This nugget di-
ameter corresponds to the minimum weld size required.
Five welding spots were made at each welding current value
for increased precision. After establishing the necessary
scaling value, additional tests were made to assess the model
with further changes in welding conditions. Two additional
sheet thicknesses, of 1 and 2 mm (0.04 and 0.08 in.), were
considered as well as a variation of welding times. The re-
sults of the simulations and a discussion of the robustness
of the model are presented in the following sections.

Experimental Procedures

     Experimental tests were carried out using two MFDC ma-
chines with different power capabilities to evaluate the po-
tentials for short-pulse welding. The first welding machine,
referred to as welding system 1, included the MFDC inverter
and control unit model PRC7000 from Bosch Rexroth as
well as the Daimler-specified C-shaped welding gun con-
struction from Düring Schweißtechnik GmbH. The Bosch
Rexroth PSG 6180 welding transformers with a switching
frequency of 1000 Hz as well as power ratings of 80 kVA at a
100% duty cycle and 178 kVA at a 20% duty cycle were con-
nected in parallel for a maximum output current of approxi-
mately 50 kA.
     The second welding machine, welding system 2, had a 
Nimak GmbH magnetic-drive system. The system included a
control unit with Bosch Rexroth MFDC inverter compo-
nents and a Nimak C-shaped gun geometry for short-pulse
welding. The welding transformers used were the Nimak-
type NMFT 1260 with a switching frequency of 1000 Hz as
well as power ratings of 116 kVA at 100% duty cycle and 260
kVA at 20% duty cycle. Output currents up to 80 kA were
possible but limited to 60 kA due to limitations on connec-
tor components. For the purposes of this study, the welding
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Fig. 3 — Failure modes in experimental pull-out tests.

Fig. 4 — Simulation model calibration by variation of the sur-
face resistivity factor using data from pull-out testing of
welding system 2 (sheet thickness of 1.5 mm).

Table 2 — Mechanical Properties of AA6016-T4

  Yield Strength        Ultimate Tensile Strength Elongation to 
Fracture

        (MPa) (MPa)

 140  200  20%
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current was limited to a maximum of 47 kA. Both welding
systems operated under closed loop, constant current, 
and constant force control. In all cases, Luvata copper-
chromium-zinc electrodes with an A0-type geometry and an
outer diameter of 20 mm were used, in accordance with the
German standard DIN EN ISO 5821, Resistance Welding —
Spot Welding Electrode Caps (Ref. 18).
     For experimental tests, the aluminum material was cut
into samples of 500 × 88 mm (19.4 × 3.5 in.). This geometry
enabled 30 welding spots to be made on each sample. Spots
were placed at equal distances, and minimum spacing values
were upheld to prevent shunting effects from neighboring
welds. The welding sample geometry is shown in Fig. 2. Elec-
trodes were redressed by mechanical cutting every 15 spots

to maintain consistent electrode surfaces.
     Experimental weld nugget diameters were determined by
pull-out testing on an internally designed machine. Fracture
modes were classified according to Fig. 3 and recorded. Al-
lowable current ranges for a given welding time were deter-
mined for each set of parameters based on pull-out data.
These current ranges were defined by a starting current lev-
el for which all welds had a diameter greater than or equal to
5tmin (required nugget diameter with the added factor of
safety from the minimum diameter). The upper limit of the
current range was defined as either the maximum allowable
current (47 kA) or the lowest current level at which expul-
sion was observed. During tests, a Spatz Multi04 welding
recorder was used to record the current and voltage signals
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Fig. 5 — Validation of the simulation model: A — Variation of sheet thickness with a constant weld time of 100 ms; B — variation of
welding time with a constant sheet thickness of 1.5 mm (0.06 in.).

Fig. 6 — Experimental pull-out data for welding systems 1 (A) and 2 (B). The required nugget diameter of 6.1 mm (0.24 in.) is repre-
sented by a dotted line in the color magenta.

Table 3 — Prevalent Fracture Modes From Destructive Testing, Welding System 1 (Bosch PRC7000)

  Welding Current 10 ms                              20 ms                              30 ms 50 ms 100 ms
           (kA)

25 Open weld 60% Open weld 80% Open weld 40% Interfacial 60% Open weld 60%
27 Ring 100% Interfacial 100% Interfacial 100% Interfacial 60% Interfacial 80%
29 Open weld 60% Interfacial 60% Interfacial 80% Pull-out 40% Interfacial 80%
31 Open weld 100% Open weld 60% Open weld 40% Interfacial 60% Interfacial 60%
33 Ring 100% Interfacial 60% Pull-out 100% Pull-out 100% Pull-out 80%
35 Open weld 60% Pull-out 40% Pull-out 80%  Pull-out 100% Pull-out 100%
37 Open 60% Pull-out 60% Pull-out 60%      Pull-out 80% Pull-out 100%
39 Interfacial 60% Pull-out 100% Pull-out 100% Pull-out 100% Pull-out 100%
41 Open 60% Pull-out 60% Pull-out 100%       Pull-out 100% Pull-out 100%
43 Open 80% Pull-out 60% Pull-out 100% Pull-out 100% Pull-out 100%
45 Ring 100% Pull-out 100% Pull-out 100% Pull-out 100% Pull-out 100%
47 Open 60% Pull-out 100% Pull-out 100% Pull-out 100% Pull-out 100%

A

A

B

B
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to be used for resistance and energy calculations.
     Additional welded samples were inspected using nonde-
structive ultrasonic testing to measure nugget diameter and
observe development and growth. The Mini Scanner ultra-
sonic device from AmsTech was used; it utilizes a scanning
pulse-echo technology for high-resolution ultrasonic imag-
ing of the weld area. Cross-sectioned samples were also pre-
pared and polished according to standard metallography
techniques and inspected by optical microscopy after etch-
ing in a 5% sodium hydroxide solution for 60 s. The Leitz
DMRM microscope from Leica and the SZX12 microscope
from Olympus were used.

Results

Welding Simulation Calibration and Evaluation

     A scaling constant was obtained for surface resistivity
values of AA6016-T4 in the SORPAS material database,
with good agreement obtained between the simulated weld
nugget diameter and the experimental results. The scaling
factor found most suitable for the experimental material
used in this study was 0.4, and it remained constant for all
further simulations. Experimental results from both weld-
ing systems were used for the calibration process, and good
agreement was obtained for both. A comparison between
the simulation results using three different scaling factors

and the experimental results from welding system 2 is
shown in Fig. 4. Welding time was set to 100 ms and the
current varied from 37 to 47 kA.
     The robustness of the new material model was then evalu-
ated by variation of two additional parameters: the material
sheet thickness and the welding time. In the first set of tests,
the welding time was left constant at 100 ms, and additional
sheet thicknesses 1.0 and 2.0 mm (0.04 and 0.08 in.) were
tested. As seen in Fig. 5A, a reasonable agreement between
the simulations and experiments was maintained. However,
a nearly constant difference in weld nugget diameter of ap-
proximately 0.5 mm (0.02 in.) was evident for the largest
sheet thickness of 2.0 mm (0.08 in.). For the next set of
tests, the original sheet thickness of 1.5 mm (0.06 in.) was
used, and the welding time decreased from the original time
of 100 to 10 ms. Figure 5B shows the comparison between
simulated and experimental results. Good agreement in re-
sults was obtained for all welding times greater than or equal
to 20 ms, regardless of current level. When the welding time
was further reduced to 10 ms, discrepancy in results existed.
This discrepancy can be explained by the difference in cur-
rent profiles between the simulation, which utilized idealized
current profiles with an infinite current rise speed, and the
actual current profiles obtained during experiments. Due to
the limited current rise speed of the welding machines, there
was a large difference in total heat input between simula-
tions and experiments at short welding times, which ex-
plains the difference in the final welding result.
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Fig. 7 — Optical microscopy images of samples from welding
system 2 for two current levels: A–D — 37 kA; E–H — 45 kA.
Images A and E show a welding time of 20 ms, images B and
F show a welding time of 30 ms, images C and G show a
welding time of 50 ms, and images D and H show a welding
time of 100 ms.

Fig. 8 — Ultrasonic results for the nugget development
process and experimental samples from welding system 2
at the listed current and welding time conditions. The blue
color represents the areas of fusion, green represents par-
tial fusion or weak signal, and red represents areas of no
fusion.

Table 4 — Prevalent Fracture Modes from Destructive Testing, Welding System 2 (Nimak Magnetic Drive)

  Welding Current 10 ms                              20 ms                              30 ms 50 ms 100 ms
           (kA)

25 Ring 80% Interfacial 80% Interfacial 80%     Interfacial 40% Interfacial 40%
27 Ring 100% Interfacial 100% Interfacial 100%       Pull-out 60% Pull-out 60%
29 Ring 100% Interfacial 100% Interfacial 100%    Interfacial 40% Pull-out 100%
31 Ring 100% Interfacial 100% Interfacial 60%       Pull-out 100% Pull-out 100%
33 Ring 100% Interfacial 80% Interfacial 100%     Pull-out 80% Pull-out 100%
35 Ring 100% Interfacial 60% Pull-out 80%     Pull-out 100% Pull-out 100%
37 Ring 100% Interfacial 60% Pull-out 80%      Pull-out 100% Pull-out 100%
39 Ring 100% Interfacial 100% Pull-out 100% Pull-out 100% Pull-out 100%
41 Ring 100% Pull-out 80% Pull-out 100% Pull-out 100% Pull-out 100%
43 Ring 60% Pull-out 80% Pull-out 100% Pull-out 100% Pull-out 100%
45 Ring 100% Pull-out 100% Pull-out 100%     Pull-out 100% Pull-out 100%
47 Ring 80% Pull-out 100% Pull-out 100%       Pull-out 100% Pull-out 100%

A B C D

E F G H
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Weld Nugget Diameter and Failure Mode as a
Function of RSW Parameters

     The parameters tested in the previous section were used
as the starting point for determining the minimum welding
time necessary for the short-pulse welding of AA6016-T4 in
1.5-mm (0.06-in.) sheet thickness, and allowable current
ranges as a function of welding time were determined for
each of the two systems. Minimum required nugget diame-
ter for this sheet thickness was calculated to be 4.9 mm
(0.19 in.), while the required nugget diameter for the cur-
rent range determination was 6.1 mm (0.24 in.). Using 100
ms as the starting value, the welding time was reduced to

50, 30, 20, and 10 ms. For each welding time, the current
was varied from 27 to 47 kA, and pull-out testing was per-
formed on the welded samples. As expected, an increase in
either welding time or current resulted in a larger weld
nugget diameter. However, while the increase in the nugget
diameter with the increased current was generally linear, the
increase in diameter with time was highly nonlinear. Figure
6A and B shows the results of pull-out testing for welding
systems 1 and 2, respectively. The weld nugget diameter in-
creased significantly between the welding times of 10 and
20 ms for both welding systems, showing that the growth
rate during this stage of the process was high. Significant
nugget growth continued up to 30 ms for welding system 1,
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Fig. 9 — Nugget development process for a 100-ms, 41-kA welding pulse.

Fig. 10 — Dynamic weld nugget size from simulation data:
shown for a 100-ms welding time and welding currents of 37,
41, and 45 kA.

Fig. 11 — Total weld energy input measured experimentally for
the welding times of 30, 50, and 100 ms, with current levels
corresponding to the equally required final nugget diameter.

Table 5 — Weld Nugget Nucleation and Growth Rates from Simulation Data for 100-ms Welding Time and 37-, 41-, and 45-kA Welding Currents

  Welding Current Time, Growth Rate, Correlation Growth Rate, Correlation
           (kA) Nucleation Stage Nucleation Stage Coefficient,  Growth Stage Coefficient,

(ms) (mm/ms) Nucleation Stage (mm/ms) Growth Stage

37 9 0.374 0.96 0.008 0.39
41 7 0.568 0.97 0.018 0.87
45 6 0.746 0.95 0.022 0.82
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while the growth rate of the nugget decreased steadily after
20 ms for welding system 2. For both systems, the growth
rate decreased significantly past a welding time of 30 ms.
     For both welding systems, the acceptable current range was
equal for the 50- and 100-ms welding time. No expulsions
were detected during testing for any conditions; therefore, the
current ranges extended to the maximum current of 47 kA.
For welding system 1, the current range for both welding
times was from 45 to 47 kA, and for welding system 2, it was
from 43 to 47 kA. The 30-ms welding time had a current range
of 45 to 47 kA for welding system 1 but no acceptable current
range for welding system 2. At welding times lower than 30
ms, there was a high amount of scatter in the results, and no
acceptable current range was obtained. The difference in re-
sults between the welding systems was a result of the different
current control characteristics and current rise speeds, result-
ing in different heat inputs to the weld.
     Tables 3 and 4 show the most prevalent fracture modes
of the pull-out samples for all welding time and current con-
ditions. At the 10-ms welding time, there were a high num-
ber of open welds and ring-shaped failures, showing that
melting initiated at the periphery and that growth into a
solid weld nugget was incomplete. With increased welding
time, the fracture mode transitioned from ring-shaped to in-
terfacial, and then to the desired pull-out failure. An in-
crease in welding current also tended to change the fracture
mode from interfacial to pull-out failure; however, the rela-
tionship was not as strong as with welding time. For all
welding conditions where the required nugget diameter was
achieved, 100% pull-out failure was observed.
     Analysis of cross-sectioned weld samples gave additional
insight into the influence of welding time and current on
the nugget growth process. Samples welded with welding
system 2 are seen in Fig. 7A–H, where the top row (Fig.
7A–D) shows the joints at a welding current of 37 kA and a
welding time of 20, 30, 50, and 100 ms. The bottom row
(Fig. 7E–H) shows the joints at the same welding times but
at a 45-kA current level. No significant weld imperfections
or irregularities were noted in the welds for any conditions.

Furthermore, the heat-affected zone revealed by etching of
the samples was small, showing efficient heating of the ma-
terial at the joining interface for the pulse shape used. At
both current levels, the fusion zone diameter was similar for
welding times of 50 and 100 ms, which was in agreement
with pull-out test results. The fusion zone size was a func-
tion of welding current; however, the growth rate decreased
with welding time independent on current level.
     Samples were tested with nondestructive ultrasound test-
ing to observe nugget development at shorter weld times. Ul-
trasonic testing has an advantage over cross-section imaging
because nugget asymmetry is visible and there is no error
from failing to section the sample in the middle of the nugget
area. The sample results from welding system 2 are seen in Fig.
8. At a welding time of 10 ms, the formation of the weld
nugget was incomplete and melting was seen at small, discon-
nected locations. Beginning at 20-ms weld time, a single
nugget had formed, but it was not completely round in shape
until 30 ms. Increasing the welding time past 30 ms resulted
in additional nugget growth but at a much lower rate than in
the initial stages of nugget nucleation and growth during the
first 20 to 30 ms of welding. The difference in nugget size was
not significant between the 50- and 100-ms welding time sam-
ples. Therefore, nugget growth was occurring at a slow rate
during this time. Nugget diameter was increased as a function
of current level for all welding times; however, the time of
nugget nucleation and the overall characteristics of the nugget
development process were again shown to be largely inde-
pendent of the current level.

Weld Nugget Nucleation and Growth

     Simulations were used for further analysis of the weld
nugget development processes. While nodal temperature
data and final nugget diameter were already available in the
simulation software package, a new development was made
to the software in cooperation with Swantec for this study
to output the dynamic size of the molten zone during the
welding process in both the nugget diameter and height di-
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Fig. 12 — Heat energy input rate, measured experimentally for
the welding times of 30, 50, and 100 ms. Current levels se-
lected for equally required final nugget diameter.

Fig. 13 — Total electrical resistance measured from electrode
to electrode for welding system 1 at a 100-ms welding time
and with welding currents of 37, 41, and 45 kA.
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rections. With this data, additional information was gained
on the nugget development process that was not accessible
by experimental testing. The nucleation and growth of the
molten zone at different stages in the process are seen for
the example of a 100-ms current pulse with 41 kA — Fig. 9.
     Analysis of the dynamic nugget diameter data from simu-
lations showed there are two distinct stages in the nugget
development process. In the first stage, the weld nugget nu-
cleated and grew rapidly to approximately 60–80% of its fi-
nal size. In the simulations, this stage was completed within
the first 10 ms and characterized by the large slope of the
nugget diameter vs. time plots — Fig. 10. As compared to
experiments, the nugget nucleation stage took place more
quickly in the simulations. In evaluation of experimental
samples using ultrasound and cross sections, nugget nucle-
ation required 20 to 30 ms of current application. In this
stage, the rapid growth of the nugget likely occurred due to
the high contact resistances present. The second stage,
called the nugget growth stage, was characterized by a much
slower rate of growth of the weld nugget — Fig. 10. While
the growth continued until the end of the current applica-
tion time, the nugget size became almost constant within 70
to 80 ms. In this stage, the slower nugget growth likely took

place by heat conduction from the nugget to the surround-
ing material. Figure 10 contains the dynamic nugget growth
curves for the welding time of 100 ms and three current lev-
els: 37, 41, and 45 kA. The presence of the distinct nugget
nucleation and growth stages was independent of the cur-
rent level, and the portion of the process spent in nugget nu-
cleation vs. growth also did not differ greatly by the current
level. The simulation data showed some wave-like change in
the nugget size during the growth stage, an artifact likely
caused by dynamic contact changes during welding.
     From the dynamic nugget size data, it was possible to calcu-
late nugget growth rates during the nucleation and growth
stages as a function of welding current, the results of which
are listed in Table 5. The growth rates in the nucleation stage
were significantly greater than in the growth stage, and the
time spent in the nucleation stage varied from 6 to 9 ms de-
pending on current level. The higher heat input rate created by
the increased current level led to a higher growth rate during
the nucleation and growth stages. The nugget growth was
highly linear during the nucleation stage, as evident by the
high correlation coefficient between the data and linear ap-
proximation line. In the nugget growth stage, the growth rate
decreased with time, and linear correlation was weaker than in
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Fig. 14 — Simulations using idealized and actual current profiles:  A — 10-ms welding time; B — 20-ms welding time; C — 30-ms
welding time; D — 50-ms welding time.
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the nucleation stage. However, the process became more linear
at higher current levels.

Discussion

     The use of short welding pulses reduced the heat in-
put required to generate a weld of a given size. The total
heat input to the weld was calculated by measurement of
current and voltage signals during welding and an integra-
tion of the product of these signals over time. In Fig. 11, the
total energy input to the weld is shown for three different
welding conditions, all of which produced a weld of a re-
quired nugget diameter. For the welding times of 100 and
50 ms, a current level of 43 kA was required. When welding
time was further decreased to 30 ms, 47 kA was necessary.
Although all three conditions produced the same size weld,
shorter welding times required far lower heat inputs. The
fact that no change in the current level was necessary when
the welding time was decreased from 100 to 50 ms suggests
that nugget growth is insignificant past 50 ms. This is sup-
ported by the experimental data presented in Figs. 6 and 8
as well as the simulation data in Fig. 10.
     While the energy requirement can be even further de-

creased by a reduction of the welding time to 30 ms, the cur-
rent level must then be increased by approximately 10% to
partially compensate for the reduction in heat input and to
increase the heat input rate. However, the increase in cur-
rent also creates higher magnetic forces between the gun
arms during welding, may cause more rapid electrode wear,
and showed inconsistency in results for one of the welding
systems tested. Therefore, a reduction of welding time past
50 ms would not be recommended. Nevertheless, reducing
the welding time from 100 to 50 ms generated an energy
saving of 48% per weld spot.
     For a fixed pulse shape, the heat input rate was de-
termined by the current level. In Fig. 12, the heat input
rate is shown for the same parameter cases presented above.
The result showed that the heat input rate to the weld was
higher in the case of the 30-ms welding time, where the cur-
rent level of 47 kA was used. Although the difference in heat
input rates did not lead to a difference in weld size, it is evi-
dent that it does play a role in the weld nugget formation.
For example, the higher heat input rate can compensate for
a lower overall heat input to produce an equal weld size, as
in the case of the 30-ms weld. Additionally, when materials
have high thermal conductivity, such as AA6016-T4 and oth-
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Fig. 15 — Comparison of experimental and simulated resistance profiles with the use of idealized and actual current input profiles.
Data shown: A — 27 kA; B — 37 kA.
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er 6000 series aluminum alloys, the heat input rate must be
sufficiently high for a weld nugget to form. Heat produced
at the joining interface is quickly conducted away and not
utilized for the formation of a weld nugget when the heat
input rate is too low. This is evident by the fact that at low
current levels and extended welding times, no nugget for-
mation occurred at all. In RSW of steel, long welding times
are used for additional nugget growth; however, for high-
conductivity aluminum materials, this practice would be un-
successful. Instead, the current level must be sufficiently in-
creased or another parameter solution must be found. This
study focused on welding time and current, but the shape of
the current pulse also affected the heat input rate. This is
another important consideration for short-pulse welding
and will be the subject of a follow-up study.
    It can be observed that the heat input was not linear
and the heat input rate varied with time. Heat input rates
were initially very high but then began to decrease at ap-
proximately 20 ms. The calculation of heat input for resist-
ance welding is represented by the Joule heating equation in
which the heat input for any duration is given by the inte-
gral of the product of resistance and the square of the ap-
plied current, as seen in Equation 5.

     For rectangular-shaped pulses, the applied current is
nearly constant. Therefore, the heat input would vary linear-
ly with time were it not for dynamic changes in resistance
during welding. The decrease in the heat input rate is a re-
sult of the large decrease in resistance that occurs during the
breakdown of contact resistances in the first milliseconds of
welding. Examples of experimentally measured resistance
curves for different current levels are seen in Fig. 13, where
the breakdown of contact resistances during the first stages
of current application are clearly visible.
    The accuracy of welding simulations was influenced
by the accuracy of the current profile used and the re-
sulting resistance profiles. The agreement between simu-
lation and experimental results decreased at welding times
of less than 20 ms. This disagreement was logical because
idealized current profiles were used as inputs to the simula-
tions. While completely rectangular current pulses were pro-
grammed as inputs to the welding systems experimentally,
they were impossible to achieve due to physical limitations
of the current rise speed and control of the current signal
during welding. Therefore, a comparison was done where
the actual current profiles were recorded during welding and
used as the inputs for simulations. The ability to use cus-
tomized current-profile inputs was an existing capability of
the SORPAS software. The result was an improvement in
agreement with experimental results at short welding times.
In Fig. 14A–D, and especially in Fig. 14A for a welding time
of 10 ms, the improvement in agreement with experimental
results is evident.
     Nevertheless, some disagreement in results still re-
mained for very short welding times (10 ms) and low cur-
rent levels below 37 kA. By observing the difference in the
resistance profiles from simulations and measured during
experiments, as presented in Fig. 15, one can see that the

reason for this was the difference in modeling of the nugget
nucleation stage. The breakdown of contact resistances oc-
curred much more quickly in the simulations than in experi-
ments, resulting in a lower amount of heat generated at the
start of the welding time. In the nugget growth stage, how-
ever, the resistance curves matched between simulations
and experiments. Because the nugget nucleation stage rep-
resented a much larger fraction of the total process time for
short welding times, it played a larger role and the modeling
of this stage caused a disagreement in results. At lower
welding currents, formation of a weld nugget was highly de-
pendent on the heating occurring at the beginning of the
process while contact resistances were high. When the con-
tact resistances were broken down more quickly, as in the
simulations, the remaining heat input was not sufficient to
form a weld nugget; therefore, the simulation results report-
ed small or zero nugget sizes. The difficulty in modeling the
contact resistance breakdown and nugget nucleation helped
to explain the discrepancies at short welding times and low
welding currents.
     The challenge of modeling the breakdown of contact re-
sistances during aluminum RSW and in modeling contact re-
sistance in general is a well-known and universal challenge
in finite element analysis (FEA) simulations of the RSW
process (Refs. 16, 19). The process is highly complex, espe-
cially for aluminum materials due to the presence of oxide
layers on the surface of the material, which are broken down
in the initial stages of welding. According to Song et al., the
contact resistance is highly dynamic during the RSW process
and is not only a function of temperature and pressure but
also of the condition of the surface (Ref. 20). The surface
layers of aluminum alloys are not only complex in their com-
position and corresponding mechanical and electrical prop-
erties but are also highly nonuniform. In the simulations
performed, the contact properties were defined uniformly
along the contact interfaces. Experience from experiments,
as seen in the Fig. 8 ultrasound images at low welding times,
shows that nugget nucleation does not always occur uni-
formly across the contact interface but rather at localized,
isolated locations. Therefore, the surface layer and contact
properties in reality are not uniform, and heating occurs lo-
cally at areas where electrical contact exists prior to the
breakdown of the surface layer. The nonuniformity of the
surface layer is likely the reason for unsuccessful modeling
of the nugget nucleation stage, and this effect is more evi-
dent when the nugget nucleation stage plays a larger role in
the process, such as at short welding times and at low cur-
rent levels. This topic remains one of the most significant
challenges for FEA modeling of the RSW process for alu-
minum materials, and future work is necessary to incorpo-
rate the nonuniform properties and behavior of the surface
layer on a microscale to simulations to further improve nu-
merical results.
     Several beneficial impacts are to be gained by the
short-pulse MFDC method. Using the short-pulse welding
technique, it was possible to reduce the welding time to 50
ms without changing the acceptable current range for weld-
ing. The result was a reduction in energy requirement by ap-
proximately 48%, in addition to 50 ms of process time sav-
ings per weld. With the increasing importance of carbon
emissions reduction and sustainability practices in manufac-

Q = ti
tf I2R dt (5)
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turing, the decrease in power and energy consumption for
welding is an important and promising benefit provided by
short-pulse MFDC. Furthermore, the process time savings
enable more flexibility in process planning and efficient use
of equipment. Additionally, as current levels were not in-
creased by shortening the welding time, issues of gun arm de-
flections or electrode wear were not evident with the new pa-
rameter strategy. In a follow-up study, it will be shown that
current levels may even be reduced for thin-sheet combina-
tions of AA6016-T4 compared to standard practices by altering
the pulse shape using short-pulse parameterization.

Conclusion

     This paper investigated the use of short-current pulse du-
rations (10–100 ms) as a function of applied current level
(27–47 kA) on the RSW of AA6014-T4 using MFDC welding
systems. The results have shown that short-pulse welding
reduces the heat input necessary for sound welds. The rate
of heat input increases with the welding current, thus more
efficiently heating and melting the material to be joined.
However, a minimum welding time of 50 ms is necessary for
stability in the welding result. Both simulations and experi-
ments suggest the weld nugget formation has distinct nucle-
ation and growth stages in which the fusion zone nucleates
on the periphery of the weld nugget and grows inward to
the center. The applied current level influences the growth
rate and final nugget size but not the nucleation time or
shape of the growing weld nugget.
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