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ABSTRACT

This study investigates the degradation of electrodes during the resistance spot-welding process and its impact on
both the welding process itself and the properties of the welded components. To simulate some of the most chal-
lenging degradation conditions, 1.5 mm thick electro-galvanized steel sheets were selected as the welding material
DX51D+Zn275. For this type of material, the zinc coating tends to react with the electrode material during weld-
ing, forming a Zn-enriched layer, which accelerates electrode degradation. The experiments were conducted using
an ELMA-Tech GmbH resistance spot welder. Short welding times were applied, with process parameters set at
70 ms, 12 kA, and an electrode pressing force of 2.5 kN. A total of 1100 welds were made under these conditions.
Samples for mechanical testing and microstructural analysis were taken at 300, 500, and 1100 welds. A uniaxial
tensile shear test was performed on the welded samples to determine the shear force at which failure occurred. Mi-
croscopic analysis was conducted using an optical microscope equipped for surface profiling and roughness mea-
surements. Additionally, a scanning electron microscope (SEM) was used to analyze the electrodes after the weld-
ing process. Initial electrode roughness, measured as Rz=1978.73 pm and Ra =576.31 pum, displayed progressive
wear and surface contamination, including zinc and burnt oil deposits that altered contact geometry, affecting
electrode longevity. Roughness parameters evolved with weld counts and electrode wear correlated strongly with
shear force. Chemical analyses have revealed the formation of a Zn-enriched layer and micro-cracking in elec-
trodes, necessitating corrective machining after 1,100 welds to restore efficiency. These findings underscore the
importance of managing electrode degradation to maintain weld quality and optimize industrial welding processes.

Keywords: high-frequency welding (HFW), spot welding, steel, properties, electrode degradation.

INTRODUCTION

The industry strives to improve the efficien-
cy of technological processes. One of the most
straightforward and effective strategies to achieve
this is by reducing production time. This often
involves optimizing existing machinery or inte-
grating new technologies into processes. In the
context of heat treatment for metal components,
large-scale adoption of induction heating is being

implemented, which enables rapid attainment of
high temperatures. A similar trend is observed in
metal joining for example through resistance spot-
welding, where power sources with increased cur-
rent frequency are increasingly employed — high-
frequency electric resistance welding (HF ERW)
[1, 2]. In both cases, the properties of the parts can
be much better compared to classical methods, if
the process is well understood and controlled. The
development of spot-welding technology utilizing
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high-frequency power sources has emerged in re-
sponse to increasing industrial demands for im-
proved efficiency and quality in material joining
processes [3—7]. The use of higher frequency cur-
rents (in the range of several kHz) allows for more
precise control of welding parameters, resulting
in enhanced thermal stability and reduced time
required to achieve optimal joining conditions.
Studies have shown that high-frequency power
sources contribute to improved weld consistency
and mechanical properties compared to traditional
low-frequency methods [8-10]. According to re-
search by [11, 12], high-frequency spot welding
reduces electrode wear and enhances the overall
durability of the welded joints, making it a promis-
ing approach for advanced manufacturing applica-
tions, particularly in the automotive and aerospace
industries. Moreover, these advancements allow
for better control overheat distribution, minimiz-
ing the heat-affected zone (HAZ), and thereby im-
proving the quality of welded assemblies [13—16].

High-frequency resistance welding (HFRW)
achieves metal coalescence by generating heat
through the resistance of workpieces to a high-
frequency alternating current, typically above the
standard 50 Hz, generally ranging from 50 kHz to
400 kHz in HFRW [8, 9, 17]. Following heating,
an upsetting force is rapidly applied to complete
the weld. The proximity effect controls the current
flow within the workpiece, concentrating the heat
in the welding zone. A key advantage of HFRW
is that only a small volume of metal at the weld
interface is heated, allowing for high-speed weld
production with exceptional energy efficiency. The
heat generated in the weld zone is predominantly
influenced by the magnitude of the welding current,
with even minor increases in the current signifi-
cantly enhancing weld diameter, penetration, and
strength. On most resistance welding machines,
the welding current is regulated as a percentage of
the equipment’s rated power, though in some sys-
tems, adjustments are made by altering the gear ra-
tio of the welding transformer. These adjustments
allow for precise control of the welding process,
enabling customization based on specific material
and process requirements. Increasing the welding
time (or current duration) alongside the welding
current results in larger welds. Welding time is typ-
ically measured in cycles, with one cycle lasting
0.02 seconds at a power frequency of 50 Hz. The
total energy input to the weld is thus a function of
both the welding current and the duration of the
welding time. Resistance welding is particularly
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suited for processes with short cycle times, favor-
ing higher welding currents. Shorter welding times
reduce heat dissipation to the surrounding areas,
facilitating faster cooling and hardening of the
weld. However, inadequate welding current can
result in excessive heat being removed from the
joining surface, leading to the formation of a weld
pool. Conversely, excessively long welding times
can increase electrode wear and create dents in the
material, while also allowing heat to spread into
a broader area, extending cooling times. Longer
cooling periods can be advantageous when weld-
ing materials prone to brittleness or hardening,
provided that sufficient hold time is maintained to
ensure weld integrity.

Electrode wear in spot-welding is influenced
by several key factors, including material proper-
ties, process parameters, and environmental con-
ditions [17-25]. One of the primary causes of elec-
trode degradation is the interaction between the
electrode material and the workpiece, particularly
when welding coated steels, such as galvanized
sheets [26-28]. The zinc coating, for example,
reacts with copper electrodes, forming a Zn-en-
riched layer (brass) at the interface, which accel-
erates wear and reduces the electrode’s lifespan.
Additionally, high welding currents, long weld
times, and excessive electrode force contribute to
increased thermal and mechanical stresses on the
electrodes, leading to deformation, cracking, and
material loss [18, 29, 30]. Studies by [22, 31-33]
highlight that electrode wear is significantly accel-
erated in high-temperature conditions, where met-
al diffusion and surface oxidation play a crucial
role. Moreover, the surface roughness and shape of
the electrodes evolve during the welding process,
altering the contact area and, consequently, the
quality of the weld. These factors, combined with
the cyclical nature of the welding process, result
in gradual degradation of electrode performance,
requiring frequent maintenance or replacement to
ensure consistent weld quality [33, 34].

The specific resistance and transfer resist-
ance of the zinc coating are lower than those of
steel. The zinc coating may increase the influence
of stray currents during resistance welding [17,
28, 31, 32]. Welding galvanized sheets requires
longer welding times (by about 20-50%), great-
er force (by about 10-25%) and higher welding
current (by about 30—40%) compared to welding
uncoated steel. The purpose of resistance welding
of coated materials is to allow the parent metals to
join by giving way to the coating while keeping
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the coating layer between the electrodes and the
workpiece intact. To avoid zinc inclusions in the
molten metal, the zinc coating must completely
melt between the joined sheets. However, exces-
sive heat input can also cause the zinc coating on
the electrode contact surface to melt. In this case,
the zinc coating on the finished product may be
damaged and molten zinc may remain on the elec-
trode tips, shortening their service life. The specif-
ic and contact resistances of the zinc coating are
lower than those of steel, which can increase the
influence of stray currents during resistance weld-
ing. Welding galvanized sheets requires extended
welding times (approximately 20-50% longer),
increased electrode force (by about 10-25%), and
higher welding currents (by 30—40%) compared
to uncoated steel [5]. The objective in resistance
welding of coated materials is to ensure the base
metals fuse while allowing the coating to be dis-
placed, maintaining the integrity of the coating
between the electrodes and the workpiece. To pre-
vent zinc inclusions in the molten weld metal, the
zinc coating must fully melt between the sheets
being joined. However, excessive heat input can
lead to the melting of the zinc coating at the elec-
trode contact surface. In such cases, the zinc coat-
ing on the finished product may be compromised,
and molten zinc can accumulate on the electrode
tips, reducing their operational lifespan.

The objective of this study is to investigate
how the cumulative number of spot welds af-
fects electrode wear and the associated material

a)

degradation mechanisms. By systematically ana-
lyzing changes in electrode geometry and proper-
ties over successive welding cycles, the research
aims to elucidate the impact of thermal and me-
chanical stresses on electrode longevity and per-
formance. The findings are intended to provide
insights that can inform the optimization of spot
welding parameters, thereby enhancing opera-
tional efficiency and extending electrode lifespan.

MATERIALS AND METHODS

The electrode wear studies were conducted
using the resistance spot welding method. The ex-
periments utilized a resistance spot welder from
ELMA-Tech GmbH (Figure 1) and were per-
formed on steel sheets coated with zinc. The com-
plete MIDIspot Vision AV system with individual
components, includes flexible modular system,
quick-release coupling element, high welding
currents, high output currents up to 13 kA digital
control with quality monitoring system, precision
process and energy control parallel resistance
detection. The selected sheet thickness was 1.5
mm in the grade DX51D+Zn275, with the zinc
coating thickness ranging from 22 pm to 25 pm.
The test material was not specifically manufac-
tured for the research but was commercially pur-
chased from Polish suppliers. This approach was
taken to assess electrode wear on materials that
are commonly used in commercial production of

b)

Figure 1. Test setup with the ELMA-Tech GmbH resistance spot welder MIDIspot Vision AV, (a) view of the
welding head with electrodes and (b) overview of the complete system with individual components
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welded components in numerous Polish factories.
Similarly, a commercially available copper alloy
with small additions of chromium and zirconium,
Wirbalit HF (CuCrlZr), was used, specifically
designed for electrode production.

This study focused on the wear of flat elec-
trodes. In our study, we utilized flat-type female
spot welding electrode caps, classified as Type
B (FB) according to ISO 5821:2009 standards.
These electrode caps feature a female taper con-
nection, designed to fit securely onto the elec-
trode adaptor, ensuring consistent and reliable
performance during resistance spot welding oper-
ations. The flat design of the electrode face is par-
ticularly suited for applications requiring uniform
pressure distribution and minimal indentation on

185745 7 -
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the workpiece. Adhering to the specified dimen-
sions and tolerances outlined in ISO 5821:2009
ensures compatibility with standardized welding
equipment and contributes to the reproducibility
and accuracy of our experimental results. To en-
sure good electrode coaxiality, machining opera-
tions were performed, as misalignment could lead
to uneven and accelerated wear. Before testing,
the electrodes were cleaned and polished. Prelim-
inary stereological studies were conducted to as-
sess the surface quality of the electrodes using a
scanning electron microscope (SEM) (Figure 2).
A typical set of welding parameters was chosen
for the tests, including a weld time of 70 ms, a
current of 12 kA, and a clamping force of 2.5 kN.
These parameters were recommended by the

340000, 1000000 10600,00. 11200,00 1180000
‘Rz {978730m . _RpIS 677 7oum

e 50 UM

i 50 pn

Figure 2. Results for the electrode before conducting the planned tests: (a) digital reconstruction of the side
surface, (b) front surface, light microscope, (c) surface roughness profile, (d, e) front surface of the electrode,
scanning electron microscope (SEM)
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welder manufacturer to minimize zinc adhesion
during welding of the sheets while ensuring satis-
factory joint properties.

A total of 1100 welds were planned and com-
pleted on the described material using the select-
ed parameters. During the welding process, three
control points were chosen —at 300, 500, and 1100
welds — at which detailed metallurgical analyses
of the welds and electrode wear assessments were
conducted. Samples from the welded sheets were
analysed for weld quality, including weld width
and roughness, the resulting microstructure, and
shear resistance in static tensile tests. For the
electrodes, stereological studies were performed
to evaluate changes in electrode shape profile and
surface roughness. The obtained results provided
valuable insights into the changes occurring in
the electrodes during welding and their impact on
the properties of the welded joints.

To ensure reliable results, the welding clamps
were securely mounted on the table, while the
sheet metal served as the movable component,
slid on mounted supports to maintain consistent
distances relative to the electrodes. This setup
also allowed the sheet to be moved by the same
distance for each weld. As a result, none of the
welds overlapped with the preceding one (Fig-
ure 3a). As described, after a selected number of
welds, several samples were cut from the sheet to

evaluate the quality of the joints. Analysing the
results for the initial state of the electrode (Figure
2), it can be concluded that the surface quality is
comparable to typical electrodes used in indus-
try. The working diameter of the electrode, repre-
senting the direct contact area with the material,
measured 5.727 mm. The surface roughness pa-
rameters were Rz = 1978.73 um and Ra = 576.31
um. SEM observations revealed that no signifi-
cant defects or discontinuities were observed in
the electrode material.

RESULTS AND DISCUSSION

Figure 4 presents images of the electrode sur-
face after completing the initially planned num-
ber of welds. For each interval, the width of the
electrode’s contact surface with the material was
measured, and roughness measurements were
taken, assessing the Ra and Rz parameters. Spe-
cifically, these parameters are defined as Ra — the
arithmetic average of the absolute values of the
profile height deviations from the centreline, and
Rz — the vertical distance from the highest peak
to the lowest valley within the scanned profile.
Beneath the images of the electrode surfaces, a
roughness profile across the electrode diameter
is provided. This analysis allows for a precise

Figure 3. Macroscopic images of the sheet metal strips used in the study, illustrating the number of spot welds
performed: (a) view of the initial 500 spot welds, with samples extracted for testing after: (b) 300 welds,
(c) 500 welds, and (d) 1100 welds
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Figure 4. Macroscopic image of the electrode after (a) 300, (b) 500 and (c) 1100 welds
with their roughness profiles

tion of the electrodes, the widths of the welds and coefficient R2.
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Figure 5. Changes in the Ra and Rz roughness parameters of the tested electrode as a function
of the number of welds performed

Figure 6. Images of the weld surface and its cross-section (weld nugget) after previously performing
with the electrode (a) 300, (b) 500, and (¢) 1100 welds
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In each case, regardless of the number of
welds performed, significant differences from
the initial electrode surface condition can be ob-
served. Each image reveals a black deposit, likely
a result of burned contaminants (especially oils or
other lubricants) at the contact interface between
the welded material (sheet metal) and the elec-
trode. The amount of this residue increases with
the number of welds. Additionally, bright and
grey areas are visible, which may correspond to
zine residues from the welding process and a Zn-
enriched layer formation. The thickness and size
of these areas grow proportionally with the num-
ber of welds. This accumulation of material sig-
nificantly alters the contact surface geometry of
the electrode. The observed changes at the elec-
trode’s contact surface have a direct impact on its
roughness profile, as reflected in the measured Ra
and Rz parameters (Figure 5). Surface irregulari-
ties can act as stress concentration points, which
can affect the strength of the electrodes. More-
over, high roughness may affect heat transfer
processes. The Rz parameter shows a linear in-
crease with the number of welds, indicating that
the electrode’s surface exhibits greater height dif-
ferences between the highest and lowest points.
This may be due to zinc accumulation along the
contact edge or the emergence of cracks. Inter-
estingly, the Ra parameter displays a downward
trend, best approximated by a quadratic function,
with a possible minimum that may start to rise
gradually. Considering these two parameters, it is
suggested that the observed increase in Rz is pri-
marily due to localized buildup along the edge in

contact with the welded material, while the center
of the electrode, interacting with the arc, partially
reduces initial roughness, possibly due to zinc de-
posits. Beyond a certain number of welds, surface
defects expand, developing into larger cracks.
From a welding process repeatability perspective,
this effect (despite the Ra decrease) is unfavour-
able. Localized changes in electrode height di-
rectly affect the microstructure of the weld and its
properties. In extreme cases, insufficient material
bonding in the weld may occur. After performing
1100 welds, a significant crack is visible on the
electrode surface, although its initiation was not
recorded during the process. This defect severely
impacts process repeatability, and removal is only
possible through machining (Figure 7).

The analysis of the performed welds on the
sheets allowed us to trace how the described
changes in the electrode impacted the surface
quality of the obtained joints. In each case, apart
from the contact area of the electrode with the
welded material, a zone approximately 1 mm
wide was identified in which deformations in the
zinc coating were observed. This is naturally re-
lated to the applied force and the welding process
itself. The roughness parameters of the weld, Rz
and Ra, demonstrated similar behaviour depend-
ing on the number of performed welds. A loga-
rithmic function was found to provide the best
fit to these changes, with Ra showing a lower fit
accuracy than Rz. This discrepancy may suggest
that certain variables in the process affected the
surface quality, or that the Ra parameter measure-
ment was influenced by the evolving surface. The
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800 o ety
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= 600 o
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Figure 7. Changes in the Ra and Rz roughness parameters of the welded sheets as a function of the number of
welds performed
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logarithmic nature of these changes indicates a
potential stabilization in the roughness parameter
variation, although at relatively high values. Fig-
ure 8 presents a changes in the electrode diameter
and the obtained welds as a function of the num-
ber of performed connections.

For the obtained results, regarding diameter
changes in both the electrode and the weld, a
logarithmic function provided the best fit. In the
case of the electrode data, the fit was of a very
high quality, while a notably poorer fit was ob-
served for the weld diameter measurements.
These results suggest that either a completely
different factor has a significant influence on the
weld diameter, or that the weld diameter measure-
ments are affected by substantial error. In the first
scenario, the changes in electrode diameter may
induce notable variations in the currents form-
ing the weld. In the second scenario, the presence
of a zinc coating may interfere with the accurate
visualization of the weld formation. Additional
cross-sectional measurements of the welds did
not yield better fits, which suggests potential in-
consistencies in the welded sheets. It is known
from metallurgical practice that the thickness of
the zinc coating on galvanized sheets can vary
along their length, and unfortunately, we cannot
be certain that the purchased sheets were from the
same production batch. In summary, the identi-
fied logarithmic dependencies indicate that the
most significant diameter changes occurred in
the initial phase of the process. After exceeding
1.100 welds, the observed changes diminish, and
the function approaches a local maximum. This

is likely due to the maximum diameter of the rod
used to manufacture the electrode, increasing
the direct contact area with the welded material.
These observed changes are expected to have a
substantial impact on the mechanical properties
of the resulting joints.

In the next part of the study, tests were per-
formed on a tensile testing machine for static uni-
axial shear. The shear test of welded joints was
conducted to assess the strength and mechanical
properties of the welds under compressive forces,
i.e., forces that act parallel to the material surface
and attempt to displace one layer of material rela-
tive to another. The result of this test is a stress-
strain curve, presented in Figure 9.

The recorded shear test curves for each sam-
ple are quite similar. After surpassing a force of
approximately 2 kN, a change in the slope of the
recorded force-displacement relationship is ob-
served, likely indicating that the yield strength
of the tested samples has been exceeded. A com-
parison of the recorded curves shows that the
sample welded after using the electrode for 1100
welds achieved the highest shear strength, while
the sample after 300 welds reached the lowest.
Additionally, the largest deformation was also
recorded for the sample welded after the highest
number of welds. Notably, no catastrophic mate-
rial failure occurred in any of the cases, suggest-
ing that the weld nugget and individual zones,
such as the heat-affected zone and the contact
zone between the material and electrode, pro-
vided weld properties with high plasticity, likely
due to grain refinement. The observed increase in
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Figure 8. The changes in the electrode diameter and the obtained welds as a function
of the number of performed connections
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Figure 9. Results from the shear test (a) diagram of the sample layout in the machine,
(b) results for selected samples

maximum shear forces is likely directly related
to the previously described changes in electrode
diameter and its impact on the resulting weld ge-
ometry. To determine the main factors influenc-
ing the observed weld properties, a basic analysis
of individual parameters was conducted. Results
were compared by plotting relationships based on
various identified parameters for both the elec-
trode and the weld. In our study, we employed
various regression models — including linear,
logarithmic, and exponential — to analyze the re-
lationships between the shear strength of welds
and factors such as electrode roughness, chang-
es in electrode diameter, number of welds per-
formed, and weld diameter. The selection of the
appropriate regression model for each analysis

378

was based on the observed data distribution and
the nature of the relationship between variables.
Specifically, scatter plots were examined to as-
sess linearity, and the model that best fit the data
was applied, as indicated by higher coefficients of
determination (R? values). This methodological
approach aligns with standard practices in statis-
tical analysis, ensuring that the selected model ac-
curately represents the underlying data patterns.
However, we acknowledge the limitation posed
by the relatively small sample size, with analy-
ses based on measurements taken after 300, 500,
and 1,100 welds. While a larger number of data
points would enhance the robustness of statistical
inferences, the scope of our experimental setup
constrained the frequency of measurements. It
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is important to note that small sample sizes can
lead to increased variability and reduced statis-
tical power, potentially affecting the generaliz-
ability of the findings. Therefore, we emphasize
the need for cautious interpretation of the results
and suggest that future studies incorporate more
frequent sampling to validate and extend our find-
ings. Graphs showing high (above 0.60) and very
strong correlations (above 0.85) are presented
collectively in Figure 10.

From the presented graphs, the most signifi-
cant factors influencing the properties of welded
galvanized sheets identified in this study can
be highlighted. Similar to the observed varia-
tion in weld diameter relative to the number of
welds, the correlation of these results with the
designated shear forces showed a weak func-
tional fit (Figure 10a). This confirms that simply
determining the diameter of the welds is insuf-
ficient to fully describe the changes occurring

in the welded material as the number of welds
increases. This suggests the need for further ste-
reological studies to describe both the weld core
and the shape and quality of the heat-affected
zone. Additionally, metallurgical data focused
on the microstructure of the welds may be re-
quired. Strength tests indicate the formation of
a fine microstructure in the individual zones.
To confirm this, a greater number of stereologi-
cal and statistical microstructure analyses are
needed. Due to the extensive results presented
in this study, this topic will not be further de-
veloped here. The best fit was observed for the
relationship between shear force and the num-
ber of welds, with an R? value of 0.998 (Figure
10e). As discussed previously, the function ap-
proaches a maximum, stabilizing significantly
after approximately 10.000 welds. As shown in
the study, the occurrence of cracking prevents
achieving such a high number of welds with the
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Figure 10. Graphs of plotted results based on various relationships (a) shear force (weld diameter), (b) shear
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Figure 11. Surface of the electrode that made 300 welds with EDX analysis

chosen electrode material and technique. Simi-
larly, the relationship between shear force and
the working width of the electrode showed a
high fit, with R? = 0.972 (Figure 10b). The ab-
sence of an equally strong correlation for weld
width suggests that, as noted, electrode width
has a greater influence on the resulting micro-
structure. The likely reduction in current density
due to increased electrode width would result in
lower temperatures in the weld area, leading to a
finer microstructure.

When analysing changes in electrode surface
roughness in relation to the number of welds and
its influence on shear forces, a strong correlation
was also confirmed for the Rz parameter (R* =
0.927, Figure 10c) and for the Ra parameter (R?
=0.971, Figure 10d). These findings confirm that
the described changes in the electrode are key
factors influencing weld properties. Variations
in roughness may locally disturb the force field
of the welding currents, creating a type of gra-
dient microstructure dependent on the quality of
the electrode’s contact with the welded material.
These relationships prompted a detailed analysis
of'the electrode surface using SEM and EDX anal-
ysis. The results, including images of the electrode
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surface and selected chemical composition analy-
ses, are presented in Figures 11-13. According to
literature reports, chemical composition analyses
confirmed the reaction between the zinc coating
and the electrode material. Interestingly, for the
electrode tested after 300 welds, zinc presence was
highly localized, forming somewhat spheroidal
deposits on the surface. As the number of welds
increases, zinc begins to occupy a progressively
larger surface area. Observations suggest that Zn-
enriched layer formation occurs. The chemical
composition analysis of the electrode surface after
1100 welds reveals the presence of more complex
phases involving additional elements, such as Mn
and Cr. High-magnification surface observations
reveal the appearance of microcracks at the initial
stages. After 500 welds, no further cracking was
observed, likely due to the interaction with the
zinc coating on the sheet metal. Zinc may fill in
the initially formed microcracks. For the electrode
surface after 1100 welds, a significant morpho-
logical change is evident. Several areas display
visible deposits, which may be regions of formed
Zn-enriched layer. Due to its differing coefficient
of thermal expansion, this layer may have a ten-
dency to crack and delaminate.
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In summary, from the perspective of the
joined sheets, performing 1100 welds improves
the shear strength of the joints while maintaining
similar weld quality. However, the final number
of welds resulted in the appearance of a signifi-
cant crack, which can only be removed through
machining. Welding galvanized sheet metal
presents specific challenges impacting electrode
longevity. The electrodes can wear due to high
electric currents and friction, leading to reduced
weld quality and joint durability. Precise control
of welding parameters — current, pressure, weld-
ing time, and electrode geometry — is essential
for achieving high-quality, durable welds. Poorly
optimized settings can degrade both electrode
lifespan and weld integrity. Continuous monitor-
ing of joint quality and process adjustment dur-
ing successive welds are critical to maintaining
weld reliability. Regular electrode maintenance,
including cleaning, sharpening, and zinc deposit
removal, helps preserve electrode geometry and
mechanical performance.

CONCLUSIONS

Based on the conducted research and analysis
of the results, the following key conclusions can
be formulated:

a) stability and quality of welds: the consistent
placement of the welding head and stable posi-
tioning of the metal sheets ensured repeatable
weld quality without overlap, allowing precise
assessment of weld consistency and minimiz-
ing variability in the electrode’s contact area
with the material;

b) surface roughness and electrode wear: Initial
analysis of the electrode’s surface showed
surface roughness parameters Rz = 1978.73
um and Ra = 576.31 um. SEM observations
indicated wear mechanisms such as plastic de-
formation and micro-scratching, leading to no-
ticeable material deposits on the electrode sur-
face, yet no significant defects were detected;

c) progressive surface contamination: a noticeable
increase in surface contamination, observed
as black residue and zinc deposits, occurred
with increasing weld counts. This contamina-
tion, likely originating from burned oils or zinc
residuals, significantly altered the geometry
of the electrode-material interface, impacting
subsequent welds and the electrode’s wear rate.

d) roughness parameters and degradation: the Rz
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parameter increased linearly with the number
of welds, suggesting localized roughness peaks
due to zinc deposits or micro-cracking. Con-
versely, Ra showed a non-linear trend, initially
decreasing before a gradual rise, likely due to
localized zinc adhesion in the electrode’s con-
tact area;

e) impact on weld properties: changes in elec-
trode diameter and weld diameter displayed a
logarithmic trend with increasing weld counts,
stabilizing after approximately 10,000 welds.
This trend suggests that electrode surface wear
and contamination gradually stabilize at high
counts, potentially due to a balance between
deposit buildup and mechanical abrasion;

f) shear strength correlation — mechanical testing
revealed a high correlation (R? = 0.998) be-
tween the number of welds and shear strength,
indicating that electrode wear significantly im-
pacts joint strength. The strongest welds were
achieved at higher weld counts, with plastic
deformation evident at high shear loads, con-
firming the durability and quality of joints un-
der compressive forces;

g) energy dispersive spectroscopy (EDS) analyses
conducted after 300, 500, and 1,100 resistance
spot welds reveal a progressive increase in zinc
concentration on the electrode surfaces. This
trend suggests the formation of a zinc-enriched
layer, which, under welding temperatures, may
facilitate localized brass (copper-zinc alloy)
formation at the electrode interface. Such al-
loying can adversely affect electrode longevity
and weld quality, as corroborated by existing
literature. Therefore, implementing strategies
to mitigate zinc accumulation is essential to
enhance electrode performance and ensure
consistent weld integrity. Increasing welds,
led to more complex chemical compositions
and morphological changes, including micro-
cracking. After approximately 1,100 welds,
significant morphological alterations in the
electrode surface required corrective machin-
ing to restore functionality.

These findings highlight the intricate relation-
ship between electrode surface evolution, materi-
al contamination, and the mechanical integrity of
welds. The results suggest that understanding and
managing electrode degradation are crucial for
ensuring weld quality and optimizing industrial
welding processes.
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