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Abstract
The amount of aluminium sheets in future body-in-white concepts is still on the rise. There is a need for optimizing the joining 
techniques, caused by the different characteristics compared to the established steel components. Especially the electrode life 
for resistance spot welding as a reliable and established process needs to be improved. One reason for the short electrode life 
when welding aluminium is the insulating effect of the aluminium oxide layer. One possibility to reduce the electrode wear 
is the mechanical destruction of the oxide layer before the welding. This paper describes the influence of a translational and 
rotational electrode movement on the electrode wear. The oxide layer destruction is detected by resistance measurement. It 
could be shown that the destruction of the oxide layer already occurs at low movements. However, a homogeneous, large-
area destruction is necessary for a wear reduction.
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1 Introduction

Resistance spot welding is an established joining process for 
steel sheets in the automotive industry. Aluminium is used 
instead of steel to reduce the weight of the body. Aluminium 
alloys require higher electrode forces and welding currents. 
The major challenge is the high electrode wear as well as 
process stability compared to steel. Unknown contact resist-
ances exist between the electrode and the aluminium sheet 
at each welding spot because of the natural, uneven oxide 
layer on the surface of aluminium alloys. Additionally, the 
electrical resistance of the oxide layer is higher than the 

one of the base material, with given values of 1 × 1015Ω m 
and 6 × 10−6Ω m respectively [1]. This influences the joule 
heating during the joining process. The high contact resist-
ance causes higher amounts of heat. This leads to a steep 
rise in temperature. The chemical affinity between the cop-
per electrode and the aluminium sheet is stronger than cop-
per and zinc/steel [1, 2]. Both physical characteristics are 
responsible for the faster wear of the electrodes when weld-
ing aluminium than coated steel [1, 2]. Reducing contact 
resistance between electrode and sheet increase the electrode 
life time. This is essential to apply resistance spot welding 
for aluminium materials in a cost-effective way in car body 
construction.

Optimized electrode materials and geometries have been 
developed for welding aluminium alloys [1–4], to reduce 
the contact resistance. Kang et al. describe modification of 
the surface topography of electrodes in which ring-shaped 
structures in the sub millimetre range were milled into the 
electrodes [5]. These structures are up to 150 mm in depth 
and can break through the aluminium oxide layer during the 
welding process. As a result, less electrical contact between 
the electrode and the sheet can be achieved [6].

To stabilize the process welding electrodes are frequently 
dressed [1]. This method is economically disadvantageous 
due to the high welding downtime. Furthermore, the pos-
sibility is given to the usage of processing tapes, which are 
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located between the electrodes and base material to avoid 
contamination [7]. The main problem is that the process 
tape cannot be reused and therefore the process costs are 
increasing.

The commonly known solutions for reducing the thick-
ness of the oxide layer are chemical, physical or mechani-
cal processes  [1–3, 5, 8]. In chemical processes pickling is 
used with or without passivation  [1]. In physical processes 
arc treatment can be used [1]. Other approaches are based 
on mechanical processes such as grinding or sandblasting 
that reduce the oxide layer  [1–3, 8]. Neither process is per-
formed directly before the welding process. For this reason, 
the oxide layer can form again. The processes only lead to 
a reduction, a complete avoidance of the oxide layer is not 
possible.

Taylor and Arrington developed a method to remove this 
layer mechanically [9], for reducing the regeneration time of 
the oxide layer. They proposed a relative movement around 
the electrode axis to destroy the layer. This movement as 
well as other possible motion overlays is shown in Fig. 1. 
The influences of the relative movement A and C on the 
electrode wear is investigated in this work. Suitable parame-
ters for a translational as well as rotational movement around 
y-direction are shown and the cause of its effect is explained 
in more detail. The selection of the parameters used for the 
translational motion is based on the results of a previous 
publication [10]. In this publication an analogy experiment 
for the translation was performed. The results showed that 
long translation paths and high normal forces are leading to 
an accumulation of material in front of the electrode.

2  Materials and methods

The motion overlay experiments were carried out on a test 
rig shown in Fig. 2. The test rig is self-developed by the 
Technische Universität Dresden. Translations of the sheet 
in the x-direction and rotations of the electrodes around the 
y-direction are possible with the test rig. The motion direc-
tions correspond to the coordinate system shown in Fig. 1. 
A detailed description of the test rig can be found in [10]. 
The voltage between the electrodes is measured during the 

movement. For this purpose a precision current source deliv-
ers a measuring current.

The experiments were performed using two sheets of 
50 mm length, 50 mm width and 2 mm thickness sheets of 
EN-AW-6016 (T4) as well as with the alloy EN-AW-5182. 
The chemical composition was measured by glow discharge 
spectroscopy and is shown in Table 1.

The welding and motion parameters are shown in Table 2. 
The force level of 350 N was omitted for the rotation because 
of problems with motion control.

Electrode caps according to ISO 5821-A0-16-22-150 
made of CuCr1Zr were used. The influence of translation was 
investigated by three different sheet movements. In [10] it 
was shown that for small forces a long distance has a negative 
influence on the electrodes. For this reason, shorter distances 
were investigated at higher forces.

The length of the rolling path of the electrode around the 
Y-axis was determined according to the simulated contact 
radius of 2.9 mm in  [4] at a welding force of 5 kN. The rolling 
path of 1 mm and 2 mm lies inside the contact radius. A rolling 
path with 3.5 mm lies outside the contact radius. The rotation 

A) B) C)

Fig. 1  Possible electrode movements to destroy the oxide layer on the 
sheets, A translation in x-direction, B rotation � around z-direction, C 
rotation � around y-direction

Fig. 2  Test rig for resistance spot welding with motion overlay by 
[10]

Table 1  Composition in wt-% for the used aluminium alloys

Alloy Si Fe Mn Mg Al

EN-AW-5182 0,04 0,245 0,35 4,52 remainder
EN-AW-6016 1,14 0,3 0,08 0,41 remainder
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angles are calculated with the lever arm between the electrode-
sheet contact surface to the axis of rotation and the radius of 
the crowning. The tests are named according to the scheme: 
motion overlay_force during movement_movement. The 
motion overlay can be “R” for rotation or “T” for Translation. 
For motion overlay “R” the movement is the rotation angle 
and for “T” the displacement shown in Table 2. T_1000_3 
for example stands for the translation movement with 1000 N 
normal force and 3 mm displacement and R_1000_3.8 stands 
for the rotational movement with 1000 N normal force and 3.8◦ 
rotation angle. The process for translation with 3 mm sheet 
movement as well as the process sequence for an electrode 
rotation of ±3.8◦ at a force level of 1000 N is shown in Fig. 3. 
The movements are done within one second. The rotation must 
have only rolling friction, to understand the difference between 
translation and rotation. The sheets have to move over the same 
distance as the rolling path of the electrode, to achieve this.

The reference specimens were welded. For this purpose, 
the electrodes were evaluated after every five spot welds. 
The test was terminated, in the case of visible wear. Visible 
wear was defined as the tearing out of material from the 

electrode or alloying of aluminium on the electrode. The 
conducted welds until this point determine the service life 
of the electrode. 20 spot welds per test series were welded 
for the EN-AW-5182 alloy. 15 spot welds per test series were 
welded for the EN-AW-6016 alloy. 16 test series were car-
ried out and evaluated per material, including the reference 
welding,.

The change in contact resistance during the movement 
is investigated as a criteria for the destruction of the oxide 
layer. The results were compared with the wear of the elec-
trodes. To achieve a resilient comparison an objective evalu-
ation of the wear is necessary. Therefore, electrodes were 
presented to 15 persons with experience in resistance spot 
welding. This allowed a subjective sorting by state of wear, 
from 1 to 16 in ascending order. This enables a statistical 
analysis of the subjective wear evaluation. The maximum 
torque of failure was determined in the torsion test accord-
ing to EN ISO 17653 [11]. Based on the destructively tested 
specimens the weld diameter was measured.

3  Results

The wear evaluation is shown in Fig. 4a and b as the median 
with upper and lower quartiles as well as the upper and lower 
whiskers. The outliers are defined by values more than 1.5 x 
difference of the length of both quantiles.

The subjective assessment of wear varies. The anodes 
for every welding test are shown in Figs. 13 and 14. As 
an example the comparison of the anode for test R_1000_2 
and R_1000_3.8 for alloy EN-AW-5182 in Fig. 14 can be 
viewed. For the 2° rotation the opinions varied in the wear 
raking from 1 to 8 with a median at 2, where 8 is an outlier. 
The 3.8° rotation was rated from 4 to 16 with a median of 12. 
This indicates that the wear conditions can not be evaluated 
clearly by an optical evaluation.

Table 2  Parameters for experimental investigation of relative move-
ment

a just translation

Parameter EN-AW-5182 EN-AW-6016

Welding Force in N 5000 5000
Welding Time in ms 60 60
Welding Current in kA 42 43.75
Amount of Welds 20 15
Force during Movement in N 350a; 500; 1000 350a; 500; 1000
Displacement in mm 1; 2; 3 1; 2; 3
Rolling Path in mm ±1; ±2; ±3.5 ±1; ±2; ±3.5
Rotation Angle in ° ±1; ±2; ±3.8 ±1; ±2; ±3.8

Fig. 3  Example of the process 
for sheet movement during 
translation (T_1000_3) and dur-
ing rotation (R_1000_3.8), for 
same current and force
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The differences in the evaluation between both alloys 
can be seen by the minimal and maximal values as well as 
the quantiles of both figures. Both alloys showing nearly 
the same differences in the minimal and maximal values. 
For the alloy EN-AW-5182 the quantiles are larger than for 
the alloy EN-AW-6016. The most minimal and maximal 
values for the EN-AW-6016 alloy are outliers. That is due 
to the closer quantiles. This indicates, that the evaluation 
of the EN-AW-6016 is more clearly. For a wear evaluation 
of rating 16 no quartiles are present and thus this rating is 
clear. No absolute statement about the best motion overlay 
can be given, due to the partially similar wear ranking for 
the different movements. Nevertheless, the following can 
be concluded for wear improvement. A short movement 
is necessary, for translation. The angle of rotation and 
respectively the resulting rolling path must be as large as 
possible, for the rotation. The forces have not a significant 
role. Only the results of the alloy EN-AW-6016 will be 
discussed further below, since the order of the wear rank-
ing for both alloys is about the same.

A constant measuring current of 50 A was used to 
measure the voltage between the electrodes. The total 
resistance was calculated. The change in resistance dur-
ing the movement was used as a measure of the effect of 

movement on the oxide layer. Figure 5 shows the average 
values for the 15 spot welds before the start of the move-
ment and at the end of movement. The tests are arranged 
on the x-axis according to the wear ranking in Fig. 4b.

Before the start of the movement the resistance is 
irregularly distributed. Furthermore, a strong deviation 
of the values is evident. These phenomena are caused by 
the uneven oxide layer as well as the electrode wear. No 
systematic increase during the tests is visible, Regarding 
the influence of the wear on the resistance in the data. 
The resistance before the movement decreases with higher 
forces, as does the deviation. A higher force leads to level-
ling of the roughness and therefore a larger contact area. 
The resistance as well as its deviation is reduced due to 
the movement. This can be attributed to the destruction of 
the oxide layer.

The spot diameter as well as the electrode wear depends 
strongly on the resistance at the applied welding force. The 
resistance with applied welding force is shown in Fig. 6 in 
comparison to the resistance after the motion overlay.

There is a further decrease in resistance as well as a 
decrease in deviation in all tests, with higher electrode 
force. This is an expected behaviour, since it is generally 

Fig. 4  Ranking of the wear 
assessment of the electrodes 
with different motion overlays, 
arranged according to the 
subjective wear evaluation of 16 
people for a EN-AW-5182 and 
b EN-AW-6016, the smaller the 
number, the better; visualiza-
tion as boxplot; Designation 
of the sample names in the 
x-axis according to the scheme: 
motion overlay_force during 
movement_movement

(a) (b)

Fig. 5  Resistance before and at the end of electrode movement, in 
order of the electrode wear ranking for EN-AW-6016

Fig. 6  Resistance at the end of electrode movement and at welding 
force of 5000 N, in order of the electrode wear ranking for EN-AW-
6016

752 The International Journal of Advanced Manufacturing Technology (2022) 123:749–760



1 3

known that resistance decreases with increasing force. A 
higher force results in a stronger levelling of the rough-
ness peaks and an increase in surface area. Furthermore, 
a difference between the rotation and the translation can 
be seen. A lower resistance leads to a lower wear in the 
case of rotation. The translation shows an opposite behav-
iour. The reference test, which is evaluated as neutral wear, 
shows the highest resistance before the start of welding.

For a better explanation of the process the progression 
of the resistance for translation is shown in Fig. 7a. The 
course of motion is depicted by the black curve. The dia-
gram shows the average value of the resistance for the 
respective series of experiments. The resistance drops the 
largest amount right at the beginning of the movement in 
all experiments. This also represents the lowest resistance 
in most experiments. A recurring increase and decrease 
of the resistance can be observed during the translational 
movement for small forces of 350 N. This is most obvious 
for the translation of 1 mm. Also evident is an increase in 
resistance during the motion after the first drop. This is 
also found in the tests with 500 N. This behaviour is not 
apparent for forces of 1000 N. The resistance decreases 
continuously during the movement. However, an influence 
between the resistance curve and the wear rating in Fig. 4a 
and b is not evident.

Analogously to the translation, Fig. 7b shows the resist-
ance over the rotation. Here, the resistance drops directly 
at the beginning of the movement. The resistance is lowest 
at the end of the movement in contrast to the translation. 
Resistance peaks can be seen at several points of the move-
ment during the movement. For the rotation of 1° and 2°, 
these peaks occur only at the initial position of the elec-
trode. A steady resistance drop occurs during the movement 
at the beginning of the rotation. After 0.5 s at the first zero 
crossing is an increase in resistance. The increased resist-
ance is no longer reduced until the end of the movement for 
the rotation of 1°. A further reduction of the resistance is 
evident for the rotation of 2°. The height of the resistance 

peaks increases with increasing rotation angle. The resist-
ance peaks can be explained by the change in normal force 
shown in Fig. 8.

During the tests, it became apparent that a rotation with 
only rolling friction is not possible under the given condi-
tions. This is due to the construction of the test rig. The cap 
miller has no path compensation. The electrode dressing 
process is asymmetrical, if the caps do not touch exactly 
in the zero plane of the cap miller. This leads to an oblique 
crowning. Therefore, the movement curves of the electrodes 
calculated for force control do not work. As a result, the 
force exceeds or does not reach the calculated curve. This is 
shown in Fig. 8. The larger the rotation angle, the less time 
does the control have to readjust the force, which means that 
the force is greater at this point. Especially at the turning 
point of the electrodes, the difference between theoretical 
and real crowning is the largest. For this reason, the force 
changes sharply due to the asymmetrical caps. This also 
causes a force-dependent change in resistance. This makes 
it difficult to evaluate the influence of rotation on resistance. 
It can be seen that most of the change in resistance is due to 
the change in force. From these results the assumption can 
be made, that it could be an almost constant resistance when 
rotating the electrode.

The results of the torsion test are shown in Fig. 9 for both 
alloys to evaluate the influence of the electrode movement 
on the welding. The plot shows the maximum torque as well 
as the weld diameter including the deviation.

Based on the results, no clear statement can be made 
on the influence of the motion overlay. The torque and 
weld diameter are in the range of the reference. During the 
measurement of the weld diameter, deviations were found 
between the two measurement directions. For this reason, 
the ratio of both directions is shown in Fig. 10. The diameter 
d1 is measured in the direction of motion and d2 perpendicu-
lar to the direction.

For the translational motion overlay with forces lower 
than 1000 N, a ratio of one or greater was determined in 

Fig. 7  Average resistance 
curves for the alloy EN-AW-
6016 during a translational 
movement and b rotational 
movement

(a) Translation (b) Rotation
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(a) (b)

(c)

Fig. 8  Curve of mean resistance and mean normal force with min and max range for 16 measurements during rotational movement of a 1°, b 2° 
and c 3.8° with a force of 500 N of EN-AW-6016, angle converted to rolling path in mm

Fig. 9  Maximum torque at joint failure and mean weld diameter with 
deviation, in order of the electrode wear ranking for EN-AW-6016

Fig. 10  Ratio of weld diameters d1 (in the direction of motion) and 
d2 (perpendicular to the direction of motion) for alloys EN-AW-5182 
and EN-AW-6016
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most cases. This corresponds to a larger expansion of the 
spot weld in the translation direction, and thus corresponds 
to the characteristics of the reference test. The translational 
motion with a force of 1000 N and the rotational motion, 
the spot grows in the direction of d2. The expansion in this 
direction increases with greater force and greater rotation 
angle. This behaviour is evident for both alloys.

4  Discussion

4.1  The influence of the contact resistance

The improvement of the electrode wear is often explained 
by reducing or breaking of the oxide layer. This leads to a 
lower contact resistance, which results in less local over-
heating [8, 12, 13]. In Fig. 5, a reduction in resistance for all 
motion overlays is shown. This is an indication of increased 
metallic contacts. The differences in resistance between the 
types of motion are reduced by the subsequent increase of 
forces up to 5 kN for welding, with the resistance of the 
reference weld being the largest (compare Fig. 6). The force-
dependent changes can be attributed to the levelling of the 
roughness as well as the increase in contact area. This fur-
ther breaks down the oxide layers as well as increases the 
effective area with metallic contacts. If the electrode wear 
would only depend on the resistance before welding, the 
results in Fig. 6 would mean that any motion overlay leads 
to a reduction in wear. That this is not the case is shown in 
Fig. 4a and b. The reference welding is in the middle of the 
wear evaluation.

Therefore, an average value over the entire time of the 
motions cannot be used exclusively as a statement about the 
electrode wear. That the resistance curves are much more com-
plex can be seen in Fig. 7a and b. The curves show that for 
both motions the resistance drop occurs directly at the begin-
ning of the motion. These results correlate with the results on 
translation shown in [10]. Crinon and Evans [8] also demon-
strated this behaviour for rotation about the electrode axis. By 
converting the motion over time shown in Fig. 7a and b into 
the actual displacement, the resistance drop occurs within the 
first 0.15 mm. Following the drop, different resistance curves 
occur, depending on the motion. In the end, these influence the 
electrode wear due to local changes of the contact. A homo-
geneous resistance and thus current density distribution can 
be assumed [4] in the reference test. Local mechanical stress 
increases when moving the electrode. This leads to mechani-
cal electrode wear due to the wear mechanisms adhesion, 
abrasion, surface disruption and tribochemical reaction [14]. 
Thus, thermal electrode wear, caused by alloying or crater-
ing, is also significantly dependent on mechanical electrode 
wear. These two electrode wear mechanisms are locally dif-
ferent. Therefore, both will influence the local resistance and 

current density distribution in the contact area differently. 
With the conducted measurement, only the influences on the 
integral resistance over the entire contact area can be deter-
mined. Therefore only hypothesis can be found about these 
local changes.

4.2  The tribological system

A tribological system with different friction and wear types is 
established during the mechanical electrode wear process in 
both motion overlays. The electrode is the counter body and 
the sheet metal the base body. The rotation around the y-axis 
corresponds to the rolling friction while the translation causes 
sliding friction. This means that the electrode is stressed over 
a large area and always forms a new contact point with the 
sheet metal. The predominant friction mechanism is plastic 
deformation, which leads to surface disruption. The contact 
point on the electrode to the sheet metal remains the same dur-
ing translation. Thus, always the same area of the electrode is 
stressed. A primarily furrow with possible adhesion as shown 
in [10] in the case of sliding friction, especially with alumin-
ium alloys. The high plasticity as well as the low modulus 
of elasticity of sheet and electrode favours this adhesion [14]. 
Oxide particles will be formed and abrasive phenomena addi-
tionally occur [14] during the translation. Higher mechanical 
electrode wear is expected for translation than for rotation due 
to the characteristics of the two motions. This is supported by 
the electrode wear evaluations in Fig. 4a and b.

Both processes are subjected to nearly equal boundary fric-
tion, assuming an equal oxide layer as well as surface oiling 
at the start of motion. Therefore, it can be assumed approxi-
mately, that also the same processes take place on the micro 
level at the beginning. This explains the same drop in resist-
ance at the beginning of the two movements (cf. Fig. 7a and b). 
A frictional force acts on the contact surface in addition to the 
normal force due to the movement. This leads to shear and 
compressive stresses, which cause the destruction of the oxide 
layer. The type of wear shifts toward solid-state wear [14] 
when the boundary friction is exceeded for the translation. The 
theoretically developed wear volume W

v
 can be calculated for 

sliding friction via Archard’s law with Eq. 1 [14]. The equation 
describes the correlation of the wear coefficient k, the normal 
force F

N
 and the sliding distance s with the wear volume.

4.3  Translational movement

From the Eq. 1, it can also be seen that the wear volume W
v
 

increases with increasing normal force and increasing slid-
ing distance. For translation, this results in an ever growing 

(1)k =
W

v

F
N
s
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accumulation of material with longer movement and increas-
ing force. In tests with translational movements on a scratch 
tester, it was found that material accumulation (adhesion 
and chip formation due to abrasion) and over-slip of these 
occurs, resulting in variations of resistance [10]. This recur-
ring increase and decrease in resistance were only detected 
in one test series (T_350_1) (compare Fig. 7a). As described 
above, a strong deviation of the resistance curves between 
the individual welding tests occurred. This can be seen 
especially for this combination of motion. A possible cause 
could be the asymmetric dressed electrodes. An increase 
and decrease of the resistance could not be detected in the 
tests with longer translational movement. That the test series 
(T_350_1) is an exception can be assumed from this result. 
Thus, the results from [10] cannot be confirmed completely.

One reason for the difference to [10] can be found in the 
electrodes used. In this work electrodes with a crowning 
of 150 mm were used, while in [10] a crowning of 8 mm 
and 10 mm was used. This changes the angle of contacting 
surfaces between the electrode and the sheet and thus influ-
ences the abrasion. The steeper the angle, the more mate-
rial is removed [14]. This means that greater chip formation 

occurred in [10], leading to the large material accumulations 
detected. Furthermore, the larger contact area for caps with 
a crown of 150 mm results in a low surface pressure. This 
reduces the penetration of the electrode into the sheet and 
will lower the amount of material in front of the electrode as 
well as the abrasive and adhesive behaviour at the electrode. 
In addition, the distance moved is much less. For these rea-
sons, a different electrode wear behaviour and thus a differ-
ent progression of contact resistances is the result.

Due to the interaction of the four mechanical wear mecha-
nisms. The thermal electrode wear effects of alloying can be 
removed, or cratering can be increased. A prediction about 
the effect of movement on thermal electrode wear is diffi-
cult. An increasing resistance curve can always be seen dur-
ing the movement for forces up to 500 N (compare Fig. 7a). 
This indicates a continuous accumulation of material in front 
of the cap or adhesion to the cap. These accumulations are 
shown in Fig. 11. With longer translation movement, the 
accumulation area, where more Al can be found, is growing.

In theory, this leads to higher mechanical and thermal 
electrode wear. However, at these low surface pressures, 
translational motion does not appear to reproducibility 

Fig. 11  EDX analysis of Al 
accumulation in front of the 
electrode (red dotted line) 
with magnification of 15x 
for a T_500_1, b T_500_2, c 
T_500_3

Fig. 12  SEM and EDX analysis 
of e crater from the electrode 
surface of T_350_1 with mag-
nification of 40x; a SE picture, 
b Cu distribution, c O distribu-
tion, d Al distribution
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influence thermal electrode wear. The influence of alloying, 
abrasion and material accumulation depends much more on 
the irregular aluminium surface. Depending on the surface, 
sometimes a long and sometimes a short path can be advan-
tageous in combination with low surface pressure. Addi-
tional tests have to be carried out to determine the optimum 
path length in which each surface is examined in advance 
regarding the oxide layer thickness as well as roughness.

The higher the surface pressure, the shorter the path can 
be in order to obtain a positive influence on the electrode 
wear (compare Fig. 4). This can be explained by improved 
chip formation. The electrode penetrates deeper into the 
material, the oxide layer is destroyed and the contact surface 
no longer slides over the surface roughness at the beginning 
of the movement. Thus, with longer movement, more and 
more material is accumulated in front of the electrode. The 
longer the movement, the more metallic contacts will exist, 
causing the resistance to drop further. The thesis is confirmed 
by the decreasing voltage curve at normal forces of 1000 N 
(see Fig. 7a). Since no rising in the resistance curve can be 
detected, no sliding over the material accumulations will be 
present. This means the material has to accumulate in front 
of the electrode. The described increasing metallic contact 
between electrode and sheet should lead to an improvement 
of the thermal effected electrode wear. However, the elec-
trode wear evaluation (Fig. 4a and b) showed greater elec-
trode wear for a higher force. This can be attributed to the 
accumulation of material that formed in front of the elec-
trode. Increasing the force to 5 kN after the movement also 
increases the contact area. Thus, the material accumulations 
formed are included in the area of the current conducting 
surface on one side. Due to the accumulated oxide particles, 
these material accumulations have a very high resistance. 
This leads to a strongly inhomogeneous current density dis-
tribution and thus to an uneven temperature distribution. This 
leads to a locally temperature increase, which favours wear 
in these regions. This thesis can also be confirmed based on 
the ratio of the weld diameters of the different directions in 
Fig. 10. The longer the sliding distance at high force, the 
smaller the ratio d1

d2

 becomes. The accumulation in the contact 
plane leads to a higher contact resistance and thus to a reduc-
tion of the current density in the direction of motion. The 
heating and thus the expansion of the weld is shifted perpen-
dicular to the direction of motion. For the 350 N and 500 N 
forces, no tendency is evident as the displacement increases. 
This correlates with the previously described non-uniform 
electrode wear mechanisms. As thermal electrode wear pro-
gresses, mechanical electrode wear will also have an increas-
ing impact. Translational movement can remove alloying, but 
also enlarge resulting craters in the electrode. It is also pos-
sible for oxide particles to become trapped in the craters. This 
is shown in Fig. 12.

The EDX analysis shows mainly copper in the crater. At 
the different levels of the eruptions Al and also oxides are 
measurable. Especially in the edge area oxides are more 
measurable. The described processes result in increased 
local resistance which leads to an inhomogeneous current 
density and therefore causes a local temperature increase. 
This again increases thermal electrode wear. Based on the 
existing integral resistance measurements and the optical 2D 
documentation of the electrode wear, these phenomena can-
not be described unambiguously. In further investigations, 
these theses have to be confirmed.

4.4  Rotational movement

As can be seen from Fig. 7a and b, the rotational motion 
has a better electrode wear rating than that of the transla-
tional motion. In addition, large angles and forces are ben-
eficial in rotation. This can be attributed to the bigger area 
of the stressed region of the surface. In translational motion, 
the amount of destroyed oxide layer in the contact hardly 
changes. In the case of rotation, the stressed surface, in 
which the resistance was reduced, increases with increasing 
force and rotation distance. This leads to an overall larger 
area with better current density distribution. Therefore, the 
thermal wear is better for the motion with higher angles.

The rotational motion should mainly show surface disrup-
tion due to the rolling wear. As shown in Fig. 13, from, e.g., 
Anode R_500_3.8, also sliding friction occurs. This results 
in furrow formation, because of the changes in force during 
motion, evident in Fig. 8. This indicates a system that does 
not roll smoothly and therefore no friction free rolling was 
achieved. Thus, more complex processes, than only surface 
disruption, occur in the contact area. Due to the force peaks, 
the surface is deformed more compared to lower forces, 
which leads to a lower resistance in this area. More material 
would accumulate in front of the electrode, if a simultane-
ous sliding friction occurs. The oxide layer will be deformed 
less, if the force is reduced. With simultaneous sliding fric-
tion, the electrode could slide over the oxide layer without 
breaking it up. However, the resulting forces behind the elec-
trode could lead to a breakup and thus favour the deposition 
behind the electrode. This leads to an increase in resistance 
in this area. In addition, particles generated by abrasion will 
adhere to the electrode and influence the further behaviour 
towards surface disintegration. The effects increase with 
larger rotation angles and higher contact forces. This leads 
to large force changes, especially in the turning points. Thus, 
analogous to translation, resistance maxima arise on both 
sides, which leads to a change in current density. This thesis 
can be confirmed with Fig. 10. The diameter d2 increases 
significantly with larger force and rotational displacement 
because of the higher contact resistance in the d1 direction. 
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Further testing and simulations are needed to better under-
stand the influence of rotational motion.

5  Conclusions

In this paper it was shown, that a motion overlay before 
the welding can reduce the electrode wear. This is due to 
mechanical induced stress at the contact area. Therefore, 
the oxide layer is destroyed, which influences the ther-
mal electrode wear. Movements exceeding a path length 
of 0.15 mm will destroy the oxide layer. Regardless of 
translation or rotation. It can be deduced that an effective 
reduction in electrode wear depends on the area, where 
the oxide layer is destroyed. It is important to break the 
entire contact area relevant to welding. This will achieve 

a more homogeneous current density in the contact inter-
face. Therefore, uniform and lower thermal electrode wear 
will appear, which extends the electrode life. The main 
problem when describing the influence of the electrode 
movement is the highly subjective description of the elec-
trode wear. In addition a longer electrode movement leads 
to complex mechanical electrode wear phenomena, which 
are difficult to map. Because of these two aspects only 
theses regarding the reasons of reduced wear could be 
formulated. Further investigations must be carried out to 
examine the described phenomena in more detail.

Appendix

Pictures of anodes

Fig. 13  Anodes after 15 spot 
welds for the alloy EN-AW-
6016 sorted by wear ranking
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