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Abstract
Resistance spot welding is used as a high-productivity joining process for the increasing use of lightweight materials in industrial
applications. The main challenge for the welding of aluminum alloys is the wear of the electrodes. Due to the natural oxide layers
on the metal surface, high contact resistances exist between the sheet metal and the electrode. This results in increased heat
generation at this interface, which leads to increased alloyage on the electrode. Breaking the insulating natural oxide layers can be
achieved by a friction-free or friction-assisted motion overlay and leads to a reduced electrode wear. The complex physical
correlations involved are currently being investigated in a basic research project at TU Dresden. In addition to welding tests on a
test rig, simulation-based analyses are also carried out. These allow a physic-based modeling of the effects and can be used later
on for an extrapolation of any resistance welding process with motion overlay. In this paper, first experimental and analytical
considerations for the mechanical destruction of the oxide layer of aluminum are discussed. Subsequently, the developed
extended simulation model is presented and compared according to the quality of simulation of the welding process with motion
overlay. The simulation method used is a multiphysics FEM simulation with ANSYS.
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1 Motivation

The resistance spot welding process is an established process
in thin sheet processing. It is mainly used in car body con-
struction, predominantly to connect steel sheets together. The
cohesive connection is formed by a current I, which is passed
through two electrodes and the sheets to be joined. As a result
of the law of Joule, which is described in Eq. 1, a quantity of

heat Q is generated. The heat generated depends not only on
the current I and the resistance of the system Rtot but also on
the welding time tw.

Q ¼ ∫t¼tw
t¼t0 I

2 tð Þ∙Rtot tð Þdt ð1Þ

The resulting temperature during the joining process
depends on the heat flow Q̇, i.e., the amount of heat trans-
ferred over a period of time. The most important influenc-
ing factors for the location- and time-dependent tempera-
ture are shown in Fig. 1.

It can be seen that the temperature depending on time and
thus, the formation of a weld nugget is a very complex pro-
cess. The influence of the material parameters and the change
of the contact surface during the welding process can only be
accurately represented by means of simulation.

Referring to Fig. 1 and Eq. 1, the total resistance Rtot can be
identified as one of the most important parameters changing
during the process. The total resistance consists of the material
resistances R1, R3, R5, and R7 and the contact resistances R2,
R4, and R6. At the beginning of the welding process, the
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contact resistances are at their highest and decrease signifi-
cantly with increasing time due to improved contact condi-
tions between electrodes and sheets as well as in the contact
between both sheets.

The influence of contact resistance is the greatest challenge
for the reliable and cost-effective joining of aluminum materials
by resistance spot welding. This depends directly on the insulat-
ing natural oxide layer on the aluminum surface. The oxide layer
is irregularly pronounced in its composition and thickness over
the entire surface and therefore always causes different initial
conditions during welding. In addition, the increased contact
resistance leads to a locally limited heating between the elec-
trode and the sheet metal. Temperatures up to the softening
range of the commonly used CuCr1Zr alloy are possible. In
combination with the high affinity between copper and alumi-
num, this leads to increased electrode wear and consequently to
constantly changing contact conditions. Due to changing initial
conditions, with regard to contact resistance, no reproducible
welding result with constant welding parameters is possible.

In order to be able to use resistance spot welding for joining
aluminum materials cost-effectively, e.g., in car body con-
struction, the resistance of the aluminum surface must be

reproducibly reduced. The usual solutions concentrate on the
chemical modification of the contact zone by chemical or
physical processing [1–3]. Generally, it is problematic that
the corresponding surface treatment cannot be carried out di-
rectly before the welding process. As a result, the oxide layer
may form again in the time window between pre-treatment
and the welding process. A promising alternative approach
is the mechanical destruction of the oxide layer. In principle,
frictionless or friction-free relative movements between the
electrode and the sheet metal can be carried out either imme-
diately before or during the current flow. Figure 2 shows three
types for motion overlay. These are as follows: a rolling fric-
tionless (a in Fig. 2: rotation inφY), a combined relativemove-
ment (b in Fig. 2: rotation around in φY and translation in X),
and a sliding frictional movement (c in Fig. 2: translation in X)
between electrode and sheet metal. A frictional motion over-
lay by rotating both electrodes around Z is already successful-
ly used on an industrial scale in the BRoboSpin^ process [4].

Another possibility for process-parallel mechanical de-
struction of the aluminum oxide layer is the patterning of
electrodes. This can be done by mechanical [5, 6] or thermal
[2] methods.

Fig. 1 Schematic overview of the influences on the resistance spot welding process

1206 Weld World (2019) 63:1205–1220



However, the fundamental knowledge of the chemical and
physical processes involved in the mechanical destruction of
the oxide layer is still lacking.

2 Basic investigations on the behavior
of the oxide layer

2.1 State of the art

For the description of the behavior of the oxide layer during
resistance spot welding of aluminum alloys, only a few very
specific findings are available so far. In previous work [7–9],
predominantly empirical model approaches for contact model-
ing, in particular electrical contact resistance, have been de-
veloped and used. Up to now, the parameterization of the
contact models has been done empirically on the basis of the
evaluation and adjustment with welding tests. Awell-founded
investigation of the contact characteristics during resistance
spot welding, in particular with respect to the relative move-
ment of the contact partners, has so far only been carried out
by Crinonen et al. and James et al. [10, 11]. A new study by
Deng et al. [12] shows the influence of the destruction of the
oxide layer by textured electrodes on the nugget formation.

2.2 Analogy experiments on the behavior of the oxide
layer

In order to investigate the destruction of the oxide layer, ex-
periments on a special test setup were done. The results ob-
tained in these analogy experiments were finally validated by
means of a FE analysis and can be transferred to the welding
process on the basis of the surface pressures achieved.

For the execution of the analogy experiments for frictional
motion overlay between electrode and sheet metal equivalent
to C in Fig. 2, a scratch tester was modified (see Fig. 3). In the
setup, the sheet metal is mounted on a cylindrical counter
electrode and pulled underneath the upper electrode with a
constant feed of 150 mm/min. A constant normal force FZ is
applied during the test. The normal force FZ and the frictional
force FX are measured to calculate the friction coefficient μ.
The determined friction coefficient can be used to estimate the
wear condition of the electrode and is needed for the param-
eterization of the FE analysis. The destruction of the oxide
layer during the movement is detected by the voltage drop
over the contact at a constant current adjusted to 50 A. For
the electrodes, the types F0–16 and F0–20 (spherical, accord-
ing to DIN EN ISO 5821 [13]) were selected in order to be
able to cover the relevant range of contact pressure, enabling a
plastic deformation in the contact interface.

Fig. 2 Process variants of
resistance spot welding with
motion overlay [3]

Fig. 3 Experimental setup for the investigation of the destruction of the oxide layer in case of frictional motion overlay
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Two aluminum alloys, two electrode diameters, and
four oxide layer thicknesses were investigated experimen-
tally (see Table 1). Different oxide layer thicknesses were
achieved by aging the sheets in a salt-spraying chamber.
In order to enable the tests to be statistically verified, 6
tests were carried out for each configuration. This resulted
in a total of 288 experiments.

In Fig. 4, for example, the progress of the normal force FZ
and the determined friction coefficient μ are plotted over the
traverse path of the sheet metal. While the scratch tester keeps
the contact force FZ approximately constant, the coefficient of
friction μ increases linearly over the traverse path. This effect
is presumably due to the increasing immersion of the electrode
during scribing or wear of the electrode. The mean coefficient
of friction over the entire travel motion is used as a compari-
son value.

In Fig. 5, the total resistance in the contact electrode
sheet electrode at a constant measuring current of 50 A is
shown. When the sheet metal begins to move at approx.
1 s, a significant decrease in the total resistance is visible
as a result of the destruction of the oxide layer of the
aluminum. For the quantitative evaluation of this drop in
resistance, the averaged values before and after the start of
movement were used.

The whole of the measurements show a significant de-
crease in contact resistance correlating to the start of move-
ment (compare Fig. 5). The value of this drop depends on the
respective configuration of the material, the electrode cap di-
ameter and the selected contact force, and the wear condition
of the electrode. On average, over all experiments, the resis-
tance drop amounts to approx. 50% of the initial value before
motion.

In Fig. 6, the experimentally determined friction coefficient
μ is shown for the two alloys EN-AW-5182 and EN-AW-
6016. It becomes clear that the coefficient of friction increases
with increasing aging time from zero to 10 days.

The comparison of the total resistance between elec-
trode, sheet metal, and counter electrode before the start
of each movement (see Fig. 7) confirms the expected cor-
relation. With increasing aging time, i.e., greater oxide lay-
er thickness, the contact resistance also increases. With
regard to the influence of the electrode radius, two oppos-
ing effects occur. On the one hand, a smaller electrode
radius (F0–16) results in higher contact pressure, which

leads to a better leveling of the roughness peaks on the
contact surface and thus to a lower contact resistance. On
the other hand, a larger electrode radius (F0–20) also re-
sults in a larger total contact area, which also leads to a
reduction of the contact resistance. In Fig. 7, the effect of
the higher surface pressure seems to dominate, at least for
the alloy EN-AW-5182, since the experiments with elec-
trodes F0–16 show a lower resistance value compared with
the electrodes F0–20. The overall higher resistance of the
experiments with EN-AW-5182 can be explained by the
higher specific resistance of this alloy.

In Fig. 8a, the resistance measurement over time is
shown for two scratch tests. Jumps in the measured resis-
tance can be detected during the movement phase. It has

Fig. 4 Friction coefficient over traverse path for EN-AW-5182 sample

Table 1 Parameter overview for the investigation of the destruction of
the oxide layer in case of frictional motion overlay

Alloy EN-AW-5182, EN-AW-6016

Normal force 60 N, 100 N, 30…100 N (rising)

Aging 0 days, 1 day, 3 days, 10 days

Electrode types F0–16, F0–20 Fig. 5 Total resistance over time for EN-AW-5182 sample (motion
starting at approx. 1 s)
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been assumed that these result from an aggregation of
material in front of the electrode. In order to be able to
characterize the mentioned effect of the material accumu-
lation more precisely, confocal images were made for the
respective samples. In addition, for the highlighted areas
(red marking in Fig. 8b) a detailed confocal image was
taken (see Fig. 8c). This image shows the trace of the
electrode (blue coloration) and the accumulation of mate-
rial within the trace (red coloration). The detailed confo-
cal image confirms that the relative movement of the elec-
trode leads to a plastic deformation of the sheet surface.
This destroys and displaces the oxide layer of the alumi-
num and creates a direct metallic contact. If too much
material is piled up in front of the electrode, it Bjumps^

over the material aggregation, which, as expected, results
in a locally increased contact resistance.

2.3 Simulative analysis of the mechanical processes
involved in the destruction of the oxide layer

In order to be able to better interpret the results of the analogy
test, a quasi-static FE analysis was created in ANSYS
Workbench (ANSYS® Academic Research Mechanical,
Release 16.2.). In the model, the symmetry in the sheet metal
plane and in the X-Z plane of the electrode is used to minimize
the number of elements (see Fig. 9a). Plastic deformation of
the EN-AW-6016 alloy (sheet) and the CuCr1Zr (electrode) is
possible by considering the materials yield stresses and the

Fig. 6 Determined averaged
friction coefficients μ as a
function of aging time (0, 1, 3, or
10 days) for the two alloys EN-
AW-5182 and EN-AW-6016 and
electrode caps F0–16 (F16) and
F0–20 (F20)

Fig. 7 Determined total
resistance values (just before
motion) as a function of aging
time for the two alloys EN-AW-
5182 und EN-AW-6016 and
electrode caps F0–16 (F16) and
F0–20 (F20)
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tangential moduli. The coefficient of friction between elec-
trode and sheet metal was calculated as an average value from
Fig. 6 and set to μ = 0.35. The application of a single axial
force FZ = 100 N (see Fig. 9b) was defined as the reference
case. In addition, a translational motion overlay in the X-di-
rection, applied in small steps up to a maximum value of
approx. 0.065 mm (see Fig. 9c), and a rolling motion overlay
as rotation around the Y-axis, applied in small steps up to a
maximum value of approx. 0.050° (see Fig. 9d), each with a
contact force FZ = 100 N, were implemented. The simulation
results in Fig. 9 show that even at low contact forces, suffi-
ciently high stresses are generated. These lead to plastic de-
formation of the base material and thus reliably destroy the
oxide layer when a relative motion is applied. For example,
the surface pressure is already approx. 950 N/mm2 (see Fig.
9b) for a normal force of 100 N in the Z-direction. The corre-
sponding friction stress (not shown in the figure) is 32.7 N/
mm2 at maximum.

In the case of the frictional translational motion overlay
(see Fig. 9c), the maximum surface pressure occurs in the
area in which the sheet metal flows under the electrode
against the direction of motion. The maximum frictional
stress results directly below the electrode tip. The friction
stress occurring is approx. 176 N/mm2 and is thus more
than five times greater than with pure force application in
the Z-direction. The resulting scribing trace (plastic area)
has a width of about 0.4 mm, which corresponds to the
measurement results of confocal microscopy in Fig. 8c.
The higher maximum surface pressure of approx.
1176 N/mm2 (compared with Fig. 9b) can be explained
well by the superposition of contact and feed force at the
electrode radius.

Compared with the original hypothesis of a theoretical-
ly frictionless, rolling superposition of motion (compare A
in Fig. 2), it can be seen that significant frictional stresses
also occur within the rolling relative motion in Fig. 9d.
Only a narrow strip with low friction stress (i.e., almost

ideal rolling) is formed in the middle of the electrode (see
Fig. 9d). The directly adjacent areas experience a higher
frictional stress, probably due to the lower effective elec-
trode rolling radius. This stress is at approx. 163 N/mm2

and thus in the same order of magnitude as with the fric-
tional translation in Fig. 9c. This should lead to a compa-
rable effect in the destruction of the oxide layer. The
resulting maximum surface pressure of approx. 1216 N/
mm2 is also in a similar order of magnitude.

Since a combined frictional-rolling relative motion overlay
(compare B in Fig. 2) can be represented as a combination of
the abovementioned variants, comparable effects are
expected.

After the effect of the destruction of the oxide layer by
motion overlay could be proven within the analogy experi-
ments and the corresponding simulations, the experimental
equipment developed for the realization of welding tests is
described in the following section.

3 Test rig for resistance spot welding
with motion overlay

3.1 Design and functionalities of the test rig

For the conventional resistance spot welding process, a
kinematic system is required which positions the elec-
trodes at the joint, applying the required contact pressure
via the electrode force. In addition, a low-resistance cur-
rent transmission to the electrodes as well as cooling of
the electrodes must be ensured. In the case of the resis-
tance spot welding processes with motion overlay accord-
ing to Fig. 2, two additional axes of motion are added to
the infeed-axis Z. The first additional axis is the transla-
tion of the sheet in the X-direction, carried out with a
maximum feed force of FX = 6 kN at the developed test
rig (see Fig. 10a) in accordance with the friction

Fig. 8 Frictional motion overlay: a resistance over time for two motions, b confocal image of scratches generated by moving electrode, c detail of the
confocal image shown in b
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coefficients derived from the analogy experiments in
Section 2.2. The second additional axis is the rotation of
the electrode heads (see Fig. 10b), which, when designed
for a maximum swivel angle of φY = ± 45°, results in a
maximum torque of 1100 Nm. In the Z-direction, the
infeed can apply a maximum force of FZ = 15 kN on the
electrodes.

The kinematics of the test rig are based on a solid
welded base frame made of hollow steel profiles (see
Fig. 10a). A solid base plate holds the profile rail guides
of the Z-slides and those of the sheet feed’s holding frame
(motion in X-direction), respectively. The sheet feed work-
ing in the X-direction is driven by a linear unit with ball
screw drive. A total of 16 test sheets, each of 50 × 50 mm

in size, can be clamped in the holding frame of the sheet
feed unit. In order to achieve high precision, all guides and
the electromechanical drives of the test rig are designed
with zero backlash. The two electrode heads (see
Fig. 10b) have an integrated cooling water circuit and are
designed to be equipped with standardized electrode caps
with a nominal diameter of 16 or 20 mm according to DIN
EN ISO 5821 [13]. A pneumatically driven electrode mill-
ing device is used for the dressing of the electrodes. The
current source is a medium frequency inverter (fPWM =
1000 Hz), which can provide currents of up to 50 kA via
two parallel connected welding transformers. Further in-
formation on the construction and the simulation-based
design of the test rig can be found in [14].

Fig. 9 Modeling and simulative results for frictional motion overlay (EN-
AW-6016 alloy, F16 electrode cap), amodel andmesh, b surface pressure
without motion overlay, c surface pressure and frictional stress with

translational motion overlay of max. 0.065 mm (compare C in Fig. 2),
and d surface pressure and frictional stress with rotational motion overlay
of max. 0.050° (compare A in Fig. 2)
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In Fig. 10c, the measurement chain for data acquisition
integrated in the test rig is shown. The contact force of the
electrodes FZ and the feed force of the sheet feed unit FX are
measured via load cells with integrated bridge amplifiers.
Thus, the friction coefficient between electrodes and sheet
metal can be derived. The welding current is measured by
means of a Rogowski coil in the power supply line to the
electrodes. The measurement of the voltage drop over the
electrode sheet electrode contact (electrode voltageUE) is car-
ried out by means of copper clamps mounted on the electrode
caps (see Fig. 10b). The bus terminal used for voltage mea-
surement enables a resolution of approx. 1.2 μV. The copper
clamps also contain thermocouples for measuring the temper-
ature of the electrode caps. Further temperature sensors mon-
itor the temperature in the cooling circuit. To determine the
contact resistance prior to the actual welding process, a preci-
sion current source controlled via ProfiBus imprints a maxi-
mum measuring current of 60 A into the electrode sheet elec-
trode combination. The total resistance can be determined by
measuring the voltage UE at the electrodes. For an integrated
system resistance measurement, a gold-plated copper sheet,
clamped in one of the 16 holding frames, is used.

As the listed measuring systems are all evaluated via bus
terminals in the control cabinet, the measurement data are
immediately available in the control system of the test rig.
They are thus automatically synchronized with the motions
of all axes and can be displayed and stored on the control
PC with a sample time of 250 μs (sample rate of 4 kHz).

The force signals FX and FZ such as the current I, measured
by the Rogowski coil, are sampled with 100 kHz and averaged
to fit the 4-kHz data acquisition rate of the control system.

3.2 Experimental procedure

For the first experimental proof of the positive effect of the
destruction of the oxide layer on the characteristics of the
welding process and the electrode wear, 3 experiments com-
prising a series of four welds each were carried out. One ex-
periment contains the classic resistance spot welding process
without motion overlay; 2 experiments were carried out ap-
plying a frictional motion overlay according to C in Fig. 2. For
the experiments, 2-mm thick sheets of EN-AW-6016 in the T4
state (no additional aging in the salt-spraying chamber) and
electrode caps of the type A0–16 according to DIN EN ISO
5821 [13] (40-mm radius at the tip) of CuCr1Zr are used. The
welding current was set to 46 kA at a welding time of 60 ms.
The current profile used was determined on the basis of em-
pirical values. The values are selected in such a way that the
criterion for the welding lens diameter of at least 5∙√t (t = sheet
metal thickness) is achieved.

Since, according to the confocal images shown in Fig. 8,
there may be an accumulation of material in front of the elec-
trode, a short distance of 1 mm was chosen for translational
motion overlay. In order to realize multiple scribing in the
same path, a sinusoidal movement for the sheet feed was cre-
ated. The movement takes place before the actual welding

Fig. 10 Test rig for resistance spot welding with motion overlay: a overview, b detail of the electrode arrangement, and c integrated measuring systems
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process with a pressing force of FZ = 750 N. The electrode is
no longer lifted from the sheet metal after Bscribing^ to avoid
regeneration of the oxide layer.

3.3 Evaluation of the experiments

In Fig. 11a, the characteristic process parameters recorded at
the test bed are shown as an example for frictional motion
overlay before the actual welding. Based on the graph of the
contact force FZ and the electrode voltage UE, the moment of
contact between sheet metal and electrodes at approx. 1.25 s
can be assigned. At this moment, themeasuring current source
reduces the voltage, which is limited to a maximum of 10 V,
until the set measuring current of 50 A is reached (see detail in
Fig. 11b). When the sheet metal feed starts moving, the
celetroce voltage (and thereofe alse the contact resistance)
drops, which is due to the desired effect of the destruction of
the oxide layer. After the sheet feed has been completed, the
electrode force FZ is increased to 5 kN. Shortly before the

welding current is switched on, the measuring current source
is switched off. When the welding current is switched on, the
welding voltage is measured via the copper clamps on the
electrodes (see detail in Fig. 11c).

During the current passage, a significant fluctuation is vis-
ible in the force signal, which is due to electromagnetic forces
acting between the two slides. On the other hand, when
welding aluminum, there is an increased thermal expansion
of the workpieces, which causes the sheets to be pressed onto
the electrodes and thus leads to an increase in force.

For the purpose of better comparison of the experiments,
characteristic values can be derived from the curves of the
measured variables illustrated in Fig. 11. From the electrode
voltage UE and the known measuring current, the total resis-
tance values are obtained before the motion (I in Fig. 11b),
during the motion (II in Fig. 11b) and shortly before the
welding current flow (I in Fig. 11b). The measured feed force
FX (not shown in the figure) and the known contact force FZ
can be used to determine the coefficient of friction during

Fig. 11 Characteristic process parameters recorded at the test bed: a overview, b detail of the destruction of the oxide layer, c detail of the actual welding
process
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frictional motion overlay. Finally, cross-sections can be used
to compare the welding lens produced in the experiment with
a welding lens predicted by means of a simulation.

In analogy to the process shown in Fig. 11, the reference
process was carried out without motion overlay but with the
identical specifications for electrode force FZ (first at 750 N
and then at full 5 kN), welding current and welding time. New
electrode caps were used for each of the 3 experiments.

As demonstrated by the preliminary tests at the scratch
tester, the total resistance is approx. Halved when the oxide
layer is destroyed by relative movement (compare Fig. 5).
This insight was confirmed by the described experiments at
the test bed. In Fig. 12 the determined total resistances of the
experiments with and without motion overlay at three differ-
ent points in time (compare I with III in Fig. 11b) are shown.
For the experiment without movement, the values Bbefore
movement^ and Bafter movement^ in Fig. 12 correspond to
the state at different measuring times according to Fig. 11b.
All values shown in Fig. 12 were averaged from 4 samples.
Additionally the root mean square deviation was calculated.
The experiments with movement were carried out twice
(Bwith movement 1^ and Bwith movement 2^ in Fig. 12).
The electrodes were treated with abrasive paper to remove
the copper oxide layer and cleaned with ethanol directly be-
fore each experiment. The electrodes were changed between
the experiments (3 pairs of electrodes).

Due to the locally varying thickness of the oxide layer, the
resistances before the movement (I in Fig. 12) have a large
scattering range. The comparison of the three measurement
series also reveals differences in the absolute resistance range.
This can also be attributed to different initial states of the
electrodes. Through motion overlay the oxide layer is
destroyed, what is evidenced by the drop of the total resistance
from I to II (see Bwith movement 1^ and Bwith movement 2,^
in Fig. 12). In contrast to the preliminary tests at the scratch
tester, the resistance decreases to approx. 27% resp. 18% of
the initial value. This difference to the analogy experiments
can be explained by the changed electrode geometry, the
higher normal force, and the locally different oxide layer.
The destruction of the oxide layer results in a more uniform
contact resistance, which is evident from the decreasing stan-
dard deviation. This results in reproducible total resistances,
which leads to a more reproducible welding process.

The resistance just before the welding process is indicated
by the third bar (Bat welding force,^ III) in Fig. 12. As the
experiments without movement show a reduction of the resis-
tance to about 20% of the initial value before movement (I),
the increase in normal force may also cause the oxide layer to
break up. However, since the remains of the oxide layer can-
not be removed underneath the electrode, there is a higher
resistance compared with the experiments with movement
when full pressing force of 5 kN is applied. The comparison

Table 2 Thermal and electrical
material properties for EN-AW-
6016 (sheet material)

Temperature (°C) 20 200 300 500 570

Specific resistivity (Ωm) 3.4E−08 5.19E−08 6.33E−08 9.1E−08 1.079E−07
Thermal conductivity (W/m K) 158 163 163 154 183

Heat capacity (J/g K) 0.886 0.936 0.947 1.018 1.042

Density (g/cm3) 2.696 2.662 2.64 2.594 2.576

Thermal expansion coefficient (ppm/K) – 23.46 24.96 26.91 27.9

Fig. 12 Comparison of
resistances with and without
movement at three different
points in time I to III (compare I
with III in Fig. 11b)
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of the resistances at welding force (III) reveals that the fric-
tional motion overlay by a translational motion of the sheets
can reduce the total resistance to about 50% of the value with-
out motion overlay.

4 Simulative analysis of resistance spot
welding process with and without oxide layer

The analysis of the resistance spot welding process using
FEM was done with ANSYS® Academic Research
Mechanical, Release 18.1. The investigations for the welding
of aluminum alloys were carried out with the further devel-
oped model from [3]. The setup of the simulation model was
accompanied by welding tests with and without motion over-
lay (see Fig. 11) at the test rig and subsequently validated.

For the multiphysical simulation, temperature-dependent
mechanical, thermal, and electrical material data were deter-
mined (see Tables 2, 3, 4, and 5).

The plastic deformation is considered by using the flow
curves of an EN-AW-6111 alloy in the T6 state and the
CuCr1Zr alloy from the publication by Wan et al. [15]. As
shown in Fig. 1, the enthalpy H has an influence on the tem-
perature development. The calculation of the enthalpy is based
on Eq. 2.

H Tð Þ ¼ ∫TT0
ρ Tð Þ � C Tð ÞdT ð2Þ

As can be seen in Tables 2 and 3, the temperature-
dependent specific resistance ρ and the heat capacity C were
determined only up to the melting temperature. The change in
enthalpy during melting was determined from the data of
Wang et al. [16].

The geometry modeling of the simulation model is analo-
gous to the electrode caps and sheets used in the welding
experiments. The use of the rotational symmetry of the resis-
tance spot welding process enabled the reduction of a 3D
geometry into a 2D model (see Fig. 13).

The discretization of the geometry into finite elements took
place in the contact areas with a size of 0.2 mm. The element
size of the remaining geometry is coarser with an average size
of 0.375 mm. The multiphysics simulation is done in ANSYS
by using the element BPlane223.^ The contact surfaces, which
are identified in Fig. 13 with the numbers 1, 2, and 3, are
constructed with the contact elements BConta172^ and
BTarge169.^

To calculate the heat generated at the contact surfaces the
contact resistance is required. Different formulas can be used
for the definition of contact resistance [7, 15]. In this work the
equation from Wan et al. [15] is used.

ECR T ;Pð Þ ¼ 3 d
ρ1 Tð Þ þ ρ2 Tð Þ

2

� �
σYS Tð Þ

P

� �K

ð3Þ

In [14] the electrical contact resistance ECR (Eq. 3) is cal-
culated similar to the simulation software SORPAS. The cal-
culation is carried out by varying the pressure P and the tem-
perature T by means of the specific material resistances of the
contact partners ρ1 and ρ2 and the yield strength of the softer
material σYS. Furthermore, the thickness of the contact layer d
has an influence on the resistance. In this work, the typical
value of 0.05 mm is assumed for d. With the exponent K, an
adjustment of the contact resistance with respect to the oxide
layer takes place. According to Wan et al. [15], the value can
be varied between 1, which is used in this work, and 1.5.

The calculation of the heating within the contact zone takes
place within the contact elements by the electrical contact

Table 4 Thermal and electrical
material properties CuCr1Zr
(electrode material)

Temperature (°C) 18 200 300 500 700 900

Specific resistivity (Ωm) 2.11E-08 3.25E-08 3.87E-08 5.43E-08 6.99E-08 9.81E-08

Thermal conductivity (W/m K) 326 305 291 281 310 268

Heat capacity (J/g K) 0.39 0.393 0.395 0.4 0.482 0.494

Density (g/cm3) 8.882 8.803 8.755 8.656 8.549 8.425

Thermal expansion coefficient
(ppm/K)

– 16.51 17.19 18.01 18.86 20.19

Table 3 Mechanical material properties for EN-AW-6016 (sheet
material)

Temperature (°C) 20 100 200 400 500

Young’s Modulus (GPa) 72.63 69.21 64.8 56.57 53.64

Shear modulus (GPa) 26.82 25.79 24.22 21.27 20.27

Poisson’s ratio 0.35 0.33 0.35 0.21 0.23

Table 5 Mechanical material properties CuCr1Zr (electrode material)

Temperature (°C) 20 200 400 600 800 900

Young’s modulus (GPa) 87.82 81.04 76.97 69.61 65.11 60.59

Shear modulus (GPa) 33.08 31.19 30.12 28.29 26.33 25.03

Poisson’s ratio 0.33 0.3 0.27 0.31 0.33 0.34
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conductivity (ECC). For the heat transfer over the contact, the
thermal contact conductivity TCC is used. The ECC (Eq. 4) is
the inverse of the contact resistance ECR shown in Eq. 3.

ECC ¼ 1

ECR
ð4Þ

The calculation of the TCC is done via the ECC, the
Lorentz constant L, and the absolute temperature T according
to Eq. 5.

TCC ¼ ECC∙L∙T ð5Þ

As boundary conditions for the simulation of the resistance
spot welding process (compare Fig. 13), the heat transfer co-
efficients for the heat convection and the water cooling were
assumed to be 19W/(m2 K) and 3800W/(m2 K), respectively.
The voltage and displacement in the Z-direction were each set

to zero at the bottom of the lower electrode. The welding
current and the electrode force are applied via the upper side
of the upper electrode.

The force profile and current profile for the simulation was
determined according to the welding experiments and is
shown in Fig. 14. The influence of force rise as well as force
reduction is neglected in the simulation compared with the
experiment (see Fig. 11a). For this reason, in the simulation,
the force of 5 kN is applied within 10 ms and held over the
entire simulation time. The welding current of 46 kA is ap-
plied with an upslope of 1 ms for a total of 60 ms. The down-
slope of the welding current is 1 ms.

The aim of the simulation is to analyze the difference in the
formation of the weld nugget between welding processes with
and without motion overlay. As could be shown from the pre-
examinations at the scratch tester and the experiments on the
test rig, the resistance is approximately halved by the destruc-
tion of the oxide layer.

This means by doubling of the ECC and TCC, the effect of
motion overlay can be achieved in the simulation. It was as-
sumed that the oxide layer is broken during movement only
between the electrodes and the sheets.

The initial results for the simulation without movement,
with the ECR values calculated by Eq. 3, showed an under-
sized nugget. As already described, the ECR values are crucial
for the development of heat in the contact zones and thus also
for the formation of the weld nugget.

The equation for calculating the contact resistance ac-
cording to SORPAS, on which the equation Eq. 3 is
based, is described as comfortable but not well verified
in the publication of Hamedi et al. [7]. For this reason, an

Fig. 13 Model structure of the
FEM simulation, showing the
boundary conditions, mesh, and
contact interfaces

Fig. 14 Schematic force and welding current profile
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adjustment factor ζ (see Eq. 6) has been added in order to
calibrate the values of Eq. 3.

ECRcal T ;P; ζð Þ ¼ 3d
ρ1 Tð Þ þ ρ2 Tð Þ

2

� �
σYS Tð Þ

P

� �K

� ζ ð6Þ

The contact resistance has the biggest impact at the begin-
ning of the welding process. As the process progresses, the
influence of contact resistance decreases and the influence of
the material resistance increases. For this reason, the factor ζ
was determined by comparing the experimentally determined
voltage peaks of the electrode voltage UE at the beginning of
the welding process, with those of the simulation. The wave-
form of the voltages of experiment and simulation with ζ
matched is shown in Fig. 15. By adjusting the equation with
ζ= 0.01, an almost equal initial value of the voltage could be
achieved. For better comparability, the times of the simulation
in the diagram were adjusted to those of the experiment. The
halving of the contact resistance, representing the breaking up
of the oxide layer for the simulation of welding with motion
overlay, led to a similar initial value of the voltage as in the
experiments.

In Fig. 15, it becomes clear that the voltage values drop to
an approximately constant level after the start of the process.
The voltages in this area are mainly due to the material resis-
tances. Compared with the simulation values, the experimen-
tal values are about 30% higher. In contrast to the simulation,
all conductors and contact resistances in the measuring chain

influence the experimental measurement. This results in a
generally higher resistance. Another possibility is the material
data used for the simulation. The aluminum alloy used is in T4
condition. This means that it has been solution annealed and
cold aged. Since the experimental determination of the mate-
rial data, further cold aging within the alloy can occur, which
can lead to a higher material resistance. This influences the
experiment but is not considered in the simulation.

The validation of the simulation model is done by compar-
ing the nugget dimensions at the end of the welding process.
Table 6 shows the average nugget diameters and heights of
experiment and simulation.

The comparison of the nugget diameters shows approx-
imately the same values. It can be seen that in the exper-
iment as well as in the simulation, the nugget diameters
decrease by about 2% due to movement. The nugget
heights have approximately the same values of 2.7 mm
for the experimentally determined values. In contrast, the
simulated nugget heights of 3.9 mm resp. 3.6 mm are
about 40% higher than the actual weld nuggets’ heights.
Furthermore, the height is reduced by 7.5% by the motion
overlay in the simulation. The lower nugget height of the
experiments in comparison with the simulation may be
due to the shunt-effect induced by the clamping of the
sheets. Also, the approximation of the real current profile
with the idealized profile in Fig. 14 may lead to
differences.

The difference in the temperature field at the end of the weld
current flow for both simulation models is shown in Fig. 16.

Fig. 15 Comparison of the
voltage curves of experiment and
simulation with and without
movement

Table 6 Comparison of the
nugget dimensions of experiment
and simulation

Movement Nugget diameter
experiment (mm)

Nugget diameter
simulation (mm)

Nugget height
experiment (mm)

Nugget height
simulation (mm)

Without 7.88 8.0 2.73 3.9

With 7.78 7.8 2.70 3.6

Weld World (2019) 63:1205–1220 1217



The simulation without movement (Fig. 16, left) has a
propagation of the weld nugget up to the sheet surface. In
the simulation with movement (Fig. 16, right), the molten area
ends about 0.1 mm under the electrode. In addition, the heat
input into the electrode is lower. This can be justified by the
law of Joule (Eq. 1). By breaking up the oxide layer in the
contact area between the electrode and the sheet, the contact
resistance decreases and less heat is generated. For a better
understanding of the temperature development between the
electrode and the sheet, the temperature-time profile for a node
on the axis of symmetry in the region of the contact electrode
sheet is shown in Fig. 17.

The temperature development between the electrode
and the sheet shows that the motion overlay can reduce
the temperature by about 50 K. This means that the
alloying of aluminum to copper is reduced, which would
result in an increase of the electrode life. But as the

comparison in Table 6 has shown, the lens heights from
the simulation do not match those from the experiments.
Thus, this theory cannot be finally proven.

Figure 18 shows a cross-section of a sample welded
without motion overlay (a) and with motion overlay (b).
The heat-affected zone (bright seam) shows a horizontal
extension of approx. 0.1 mm and a vertical extension of
approx. 0.3 mm in all tests. Despite the same lens heights,
it can be seen that the heat-affected zone in the sample a
reaches as far as the sheet surface, which is not the case
within sample b. This can be explained by the sheet thick-
ness, which is 0.2 mm higher in b after welding. The
higher thickness is assumed to be caused by less total
heating of the sheets in b because of the lower contact
resistance inducing less heat at the sheet surface. These
experimental findings suggest that the lower heating in
the contact of electrode and sheet reduces the thermal
stress on the electrode. Thus, an increase in the electrode
life is likely.

In comparison, virtually, no differences in the deforma-
tion of the sheet metal could be determined in the simu-
lation shown in Fig. 16. The deformation is approximately
the same for both simulation models. This difference be-
tween experiment and simulation could be attributed to
the flow stress curves used for modeling. The values cor-
respond to the EN-AW-6111 aluminum alloy in T6 con-
dition. The aluminum alloy used in the experiments is in
the T4 state and thus has a lower strength. It can be ex-
pected that the simulation results will be approximated to
the experiment by adjusting the flow stress curve. In ad-
dition, the overshoot of the electrode force due to electro-
magnetic force was not taken into account in the simula-
tion. This could also be the reason for the deviating plas-
tic deformation comparing experiment and simulation.

At this time, no precise statements can be made regarding
the influence of the motion overlay on the increase of

Fig. 16 Representation of the
temperature distribution at the end
of the weld current flow without
movement (left) and with
movement (right)

Fig. 17 Representation of the temperature development at the contact
interface electrode sheet without movement (blue) and with movement
(red)

1218 Weld World (2019) 63:1205–1220



electrode life. A larger test scope must be realized in order to
make a reliable statistically verified statement and to deter-
mine the individual parameter dependencies in this complex
process. In addition, the FE simulation model must be further
developed with regard to the material data and a more precise
representation of the real experiments (current and force
curves).

5 Summary and outlook

In this article, the resistance spot welding process with addi-
tional motion overlay was briefly introduced and its complex
interdependencies were illustrated. By means of an analogy
experiment, the mechanism of the destruction of the oxide
layer could be clarified and reproduced in a simulative analy-
sis. The experiments showed that even at low contact forces of
the electrode a destruction of the oxide layer can be achieved.
However, the accumulation of material in front of the elec-
trode should be considered.

The test rig developed for the experimental investigation of
resistance spot welding processes with motion overlay was
presented with regard to the measurement chain set up for data
acquisition in the experiments. As an example for the execu-
tion and evaluation of the experiments, a welding test with
frictional motion overlay before the weld current flow was
explained as an example. On the basis of the experiments
carried out with motion overlay, the effect of breaking up the
oxide layer could be demonstrated. The reduction of the total
resistances to approx. 50% of the initial value without motion
overlay, which could already be observed in the analogy ex-
periments, could be proven.

In the following simulative analysis of the resistance spot
welding process with motion overlay, the destruction of the
oxide layer was considered by parameterization of the corre-
spondingly reduced contact resistance. In addition, the contact
resistance parameter ECR determined by the equation of Wan
et al. had to be adjusted with a factor ζ determined empirically
from the welding tests. On the basis of the results of the simu-
lation, the effect of the destruction of the oxide layer could be
qualitatively reconstructed. In the process with motion overlay
and correspondingly lower contact resistance between electrode
and sheet metal, the heat generation in this area is also lower,
and consequently, the thermal load on the electrode is reduced.
The comparison with the experiment (cross-section polish)

showed that the size of the weld nugget in the simulation was
estimated to be too large (especially the height of the nugget). A
realistic representation of the deformation in the zone of the
weld nugget is therefore not available, which is probably due
to the different yield stress curves and the parameterization of
the normal force curve in the simulation. An enhancement of
the simulation model has to be implemented in order to be able
to represent the welding tests in the best possible way.

In the future, more extensive test series will be carried out
for the experimental determination of parameter dependencies
in the destruction of the oxide layer. The rolling and combined
motion overlay (cf. a and b in Fig. 2) and the motion overlay
synchronous to the weld current flowwill also be investigated.

The simulationmodels developedwill be further improved.
This concerns in particular the determination and parameteri-
zation of the material parameters (flow stress curve) as well as
the improved mapping of current and force curves in the FE
simulation. In addition, it must be checked whether the
clamping of the test sheets can lead to a shunt connection,
which has to be taken into account in the simulation.
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