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Abstract: Electrodes for resistance spot welding inevitably wear out. In order to extend their service
life, the tip-dressing process restores their original geometry. So far, however, the point in time for tip-
dressing is mainly based on experience and not on process data. Therefore, this study aims to evaluate
the in-situ or inline wear during the welding process without using additional sensors, and to base
the timing for tip-dressing on continuous process monitoring, extending electrode life even further.
Under laboratory conditions, electrode wear is analyzed by topographical measurements deepening
the knowledge of the known main wear modes of resistance-spot-welding electrodes, mushrooming
and plateau forming, and characterizing an electrode length delta over the number of spot welds.
In general, electrode wear results in deformation of the electrode contact area, which influences
process parameters and thereby weld quality. The conducted tests show correlation between this
deformed contact area and the electrode length delta. The study shows that this electrode length
delta is visible in actual process data, and can therefore be used as a criterion to characterize the wear
of electrodes. Furthermore, this study gives reason to question commonly used spot-welding quality
criteria and suggests different approaches, such as basing spot-welding quality on the possibility of
nondestructive testing.

Keywords: steel alloys; resistance spot welding; RSW; electrode wear; electrode tip-dressing; process
monitoring; mushrooming; plateau forming; quality control

1. Introduction

Resistance spot welding (RSW) is a widely used welding process characterized by
short processing times of less than 1 s and a very high degree of automation. In addition,
no filler metal material is necessary. These are only a few of the essential characteristics of
why RSW is one of the most important joining processes in the thin-sheet-metal processing
industry. The field of application ranges from manual spot welding in metalworking shops
to highly automated areas such as automotive body-in-white manufacturing. These include
daily kitchen utensils, such as kitchen sieves, to white goods, such as washing machines,
to complex and safety-relevant applications, such as motor vehicles, where resistance spot
welding has been successfully used for over 100 years [1,2]. Since the automotive industry
has the highest quality standards of spot welds combined with their high number, roughly
between 3000 spot welds for a small passenger car [3,4] up to 9500 for a transporter [5],
further explanations mainly deal with this challenging application.

To assess electrode wear, it is necessary to understand the high complexity of different
electrode-wear mechanisms; therefore, it is important to explain the fundamentals and
main principles of the RSW process. A standard RSW process welds two or three steel
alloy sheet metals together. The heating of the material can be described by Joule’s law
represented by Equation (1), where heat Q is generated by welding current Iw and total
resistance Rtot over welding time tw.
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Q =

tw∫

t0

I2
w(t)Rtot(t)dt (1)

Figure 1 shows the schematic process flow of RSW. An external electrode force Fel is
applied to the work pieces via two water-cooled and opposing copper electrodes. In general,
the welding process can be divided into three phases. These phases are referred to as
squeeze time ts, weld time tw, and hold time th. During squeeze time, the force build-up
takes place up to the preset electrode force Fel, followed by weld time, where welding
current Iw flows through the work pieces from one electrode to another, causing them to
heat up as a result of resistance heating according to Equation (1). Hold time begins after
the welding current is switched off. During this time, the electrode force is still applied
while the molten material cools down. The duration of hold time should at least be set until
the weld completely solidifies. The solidified structure is called a nugget, and its diameter
dn is one of the most important quality criteria.
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Figure 1. Course of applied electrode force Fel and welding current Iw over time t of a common
resistance-spot-welding (RSW) process with three main stages: squeeze time ts, weld time tw, and
hold time th (schematic).

Equation (1) shows that welding current Iw has a major effect on heat development.
Therefore, the welding process and its result can be significantly influenced by the choice
of amperage. Total resistance Rtot is the sum of contact resistances R1−3 and individual
material resistances R4−7, as shown in Figure 2a.
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Figure 2. (a) Contact resistances R1−3 and individual material resistances R4−7 at RSW; (b) dynamic behavior of resistances
during typical spot-welding process with resulting total resistance Rtot (schematic, standardized).

Figure 2b shows the dynamic behavior of individual resistances R1−7, and the resulting
Rtot resistance R1 between sheet metals must be significantly greater than other contact
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resistances R2,3, so that a spot weld is created between the sheets. However, this is only
achieved at the beginning of the welding process, since surface roughness greatly reduces
the actual contact area. As a result of the continuous heating of the material, the roughness
and contact resistances decrease. At the same time, material resistances R5,6 increase
as they are dependent on work-piece temperatures, and thus significantly contribute to
the formation of the welded joint. To reduce contact resistances, electrode force must be
increased. This is especially important at the contact areas between electrodes and work
pieces in order to avoid increased electrode wear [6]. Electrode force also prevents the melt
from running out of the joint plane and locally limits the welding current [6].

The temperature at the electrode–sheet interface depends on contact resistances R2
and R3. Those depend on the coating system of the sheets and their surface condition
(contaminated with dust, oil, etc.), the applied electrode force, and the wear condition
of the electrodes. The acting mechanical loads caused by the applied electrode force can
be as high as 300 N mm−2, and temperatures of 500 °C and above [7,8] are reached at the
interfaces. For this reason, electrode tips are also actively cooled from inside with water.
In most applications, the electrode material used at RSW for the different steel grades is
copper alloy CuCr1Zr [9]. At these temperatures, loss in Young’s modulus E is around
20% [10], and in compressive strength of about 30% [11]. Thus, electrodes are subject to
major wear due to high thermal and mechanical loads. For CuCr1Zr, many investigations
describing the wear mechanisms exist. These include diffusion processes that cause both
an increase in the alloy layer and a brazing of electrodes to the sheet metal, which may lead
to a partial break-out of this layer from the electrodes. These factors define the resulting
wear mechanism. So far, wear mechanisms for the mentioned application can be divided
into two major wear modes. Mode 1 is known as mushrooming, whereas Mode 2 can be
described as trimming [12] or plateau formation. Both modes are shown in Figure 3.
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Figure 3. Typical modes of electrode wear and their mechanisms indicated by arrows at RSW of coated steel alloys: (a)
mushrooming due to radial material flow and (b) plateau formation due to axial material flow.

The wear mechanism by mushrooming is well-known [11,13–20], as it has been around
since RSW has been used. Briefly explained, due to thermomechanical stress on the elec-
trode tips, radial material flow can be observed, as shown in Figure 3a. This acts together
with a loss of material from the electrode tip surface to cause a decrease in electrodes
length [11,19–21]. Material loss is repetitive by effects of the local melting, peeling, or
breaking out of the brittle alloy layer, called pitting [15,22,23]. Analytical models describing
and predicting mushrooming are presented in [21,24,25]. For trimming or plateau forming
as the electrode wear mechanism, much less research can be found. One of the first publica-
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tions on this was by Chang et al. [12], describing trimming. Here, electrode length decreases
due to the increasing number of spot welds. The mechanism of plateau formation was
deeply investigated in [11,19,20], where an increase in electrode length was shown. This
wear mode occurs especially on applications with advanced high-strength steels (AHSS)
such as hot-formed 22MnB5 with an aluminum–silicon coating (AlSi). Klages [19] proved
that the plateau is not created by the formation of an alloy layer, but by a consecutive
deformation process of the electrode during welding. The wear mechanism is shown in
Figure 3b. A higher temperature development in the center of the electrode contact surface
locally decreases the strength of the electrode material. The surrounding material retains
its strength. By displacing the material softened by the heating in the region of the nugget,
the electrode material flows towards the direction of the nugget, and the plateau is formed.

Regardless of wear mode, thermal and mechanical stresses lead to diffusion processes
and deformations of the electrode contact surface. The result is increased and even accel-
erated electrode wear and a reduction in process stability. Process instabilities fluctuate
the nugget diameter and lead to insufficient weld quality. Since the nugget diameter is
one of the most important quality criteria, process capability and monitoring must ensure
a high-quality spot weld at any time. To maintain a stable process, electrodes are cycli-
cally dressed. During dressing, the diffusion layer at the contact area of the electrodes is
removed, and the original physical properties of the contact area are restored. Timing and
volume to be removed are based on experience. This experience can be gained through
experiments to determine the electrode life. According to ISO 8166 [26] or SEP-1220-2 [27],
the life is reached when

• ISO 8166 [26]: 3 out of 5: dw < 3.5
√

t;
• SEP-1220-2 [27]: 3 out of 7: dw < 4

√
t

of a test sheet, where dw is the weld diameter after destructive testing (DT), and t is the
thickness of the thinner sheet metal. Since experiments are carried out under laboratory-like
conditions, the timing of the tip dressing at production is chosen long before the life-cycle
limit of the electrodes is reached. This usually results in an excessive amount of the material
being removed. To address the right timing for tip dressing, continuous process monitoring
is necessary. This can be performed during or after the welding process. Monitoring
or quality assessment after welding always brings a delay and additional process steps.
For quality assessment by DT and nondestructive testing (NDT), using manual ultrasonic
testing, was established [28]. Both variants are labor-intensive and expensive. Hence,
the in-situ or inline process monitoring of electrode wear is preferred. On the basis of
derived results from extensive studies on electrode wear, this paper presents a methodology
to assess the wear mechanism by different measuring concepts. Investigations include
data analysis of the RSW process and three-dimensional topographical measurements of
the electrodes. To present the high industrial potential of the elaborated results, possible
solutions using only already industrial integrated measurements are shown.

2. Materials and Methods
2.1. Material Combinations

The used material combinations (MC) are shown in Table 1. MC01 and MC02 were
selected in such a way that both electrode-wear mechanisms were represented as well
as possible. MC01 consisted of two 2 mm thick galvanized HX340LAD steels. It is a
microalloyed steel with high yield strength that is mainly used for cold-formed parts of
a car body [29]. MC02 consisted of two hot-stamped steels, 22MnB5 + AlSi. Due to the
combination of deformation and hardening abilities, those steels are used for load-bearing
bodies and safety-relevant parts in the automotive industry [30].
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Table 1. Material combinations (MC) for experimental investigations.

Description MC01 MC02

Upper sheet, HX340LAD + Z100 22MnB5 + AS150
Anode (tu) (2.0 mm) (1.0 mm)

Lower sheet, HX340LAD + Z100 22MnB5 + AS150
Cathode (tl) (2.0 mm) (1.0 mm)

Coating zinc, 100 g m−2 AlSi 150 g m−2

2.2. Experiment Setup

The experiment setup was a configuration of three individual modules interacting
with each other. The first module was the welding gun installed on a six axis industrial
robot (Figure 4), the second module was the tip dresser, and the third was a chromatic
confocal microscope. The robot could move the welding gun to the tip dresser and directly
into the measuring range of the microscope. The latter made it possible to measure
the 3-dimensional (3D, x–y plane, height z) topographies of both electrodes while being
installed on the welding gun. For this purpose, the microscope was equipped with a special
rotating measuring head. This unique experiment setup allowed for the continuous wear
assessment of the electrodes. Figure 4 shows the robot in all three positions for welding,
tip-dressing, and topographical measurements.

sl

su

2

1

welding tip dressing topography measurement

lower side upper side

welding gun

Figure 4. Experiment area for RSW for steel alloys at Technische Universität Dresden with welding gun positioned at
all three modules for investigations in welding , tip-dressing, and topographical-measurement positions of upper and
lower electrodes, and detailed view of welding gun with highlighted laser-triangulation sensors (1, 2) for measuring the
displacement of upper electrode su and lower electrode sl.

2.3. Test Procedure

The test procedure and sequence are shown in Figure 5. Before each test set (TS), elec-
trodes were initially dressed, followed by 3D topographical measurements. Afterwards,
test sheets and wear sheets were alternately welded. Test sheets were used to assess wear
by determining weld diameters dw from the second to the penultimate spot weld by means
of a destructive chisel test according to ISO 10447 [31]. After each test sheet, topographical
measurements of both electrodes and both surfaces of the last spot weld of a test sheet
were carried out. Wear sheets served to generate wear on the electrodes, and no weld
diameters were determined. This procedure was repeated until number of spot welds
Pi equaled number of predefined spot welds Pend. Pend is based on results of previous
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lifetime investigations carried out in [11]. Geometric dimensions and the number of spot
welds Pi of the sheets can be seen in Table 2. Process data were recorded for both types of
sheet metal.

Start

electrode
tip dressing

initial 3D-topography
measurement

weld test sheet
(acquire process data)

3D-topography
measurement

weld wear sheet
(acquire process data)

Pi = Pend

data fusion of:
dw,

3D-topography,
process data

chisel test
of test sheet

measuring dw

End

no

yes

Figure 5. Test sequence of step tests with number of welded spot welds Pi, number of spot weld to
be welded Pend for appropriate MC, and weld diameter dw.

2.3.1. Welding Preferences

The welding equipment consisted of a servoelectric C-type welding gun with stiffness
of k = 2.345 kN mm−1. The welding current was provided and controlled by a medium-
frequency inverter of f = 1000 Hz using constant current control. The different number
of spot welds of the TS between MC01 and MC02 resulted from the different geometrical
dimensions and properties of the sheet metals. The target spot-weld diameter at the start
of each test was chosen to be dw = 5.2

√
t, where t is the thickness of the thinner sheet

metal of the corresponding faying surface, determined by weldability lobes according to
SEP 1220-2:2011 [27]. The chosen welding parameters are listed in Table 2. The process
data for each individual weld were measured with a frequency of 100 kHz. The measured
process data and starting conditions were kept constant for each MC:

• Fel, ts, tw, th;
• for MC02 prepulse time twpp and pause time tp;
• cooling-water flow rate V̇ and temperature range Tmin − Tmax;
• welding currents Iw (main pulse) and for MC02 prepulse welding current Iwpp.

The following process data were acquired in a time-resolved manner:

• welding current Iw;
• welding voltage Uw;
• electrode force Fel;
• upper-electrode displacement su;
• lower-electrode displacement sl;
• cooling-water flow rate V̇ (general monitoring);
• cooling-water temperature Tc (general monitoring).

Table 2. Test setup for welding experiments.

Description MC01 MC02

Spot welds per TS (Pend) TS01, TS02: 1200 TS01: 1092, TS02: 822
Electrode material CuCr1Zr

Electrode geometry DIN EN ISO 5821 F1-16-20-40-6
Geometry of test sheets in mm (Pi) 30 × 500 (8) 30 × 400 (12)

Geometry of wear sheets in mm (Pi) 500 × 360 (192) 400 × 180 (78)
Spot distance, edge distance in mm 30, 15 30, 15

Fel in kN 3.5 3.0
ts, twpp, tp, tw, th in ms 400, 0, 0, 600, 400 400, 100, 30, 300, 400

Iwpp, Iw in kA 0, 9.2 4.5, 6.8
V̇ in l min−1, Tmin − Tmax in °C 6.0, 20–25 4.0, 20–25
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2.3.2. Tip Dressing

For the initial electrode geometry preparation, a tip dresser with a rated speed of
390 min−1 was used. The tip dresser realized an initial electrode geometry according to
DIN EN ISO 5821 F1-16-20-40-6 for all experiments, as shown in Figure 6a.
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Figure 6. (a) Geometry parameters for used electrodes according to DIN EN ISO 5821 F1-16-20-40-6; (b) chromatic confocal
microscope measurement after initial electrode tip dressing with parameters for topographical measurements.

2.4. Assessing Electrode Wear

The main geometric parameters to describe and assess electrode wear are shown in
Figure 7. For simplicity, the spherical radius of the contact area was neglected. Parameters
were also selected by Zhang et al. [32], who measured axial wear or length change ∆h
by the servo gun movement. In this paper, movement su of the upper and sl of the
lower electrode was measured by laser-triangulation sensors attached to the welding gun
for each electrode. In addition, ∆h was determined by 3D topographical measurements.
To distinguish between the two measurement concepts for ∆h, the following nomenclature
was chosen:

• ∆hi.topo: determined using 3D topographical measurements.
• ∆hi.process: measured by laser triangulation during process.

x

y

z

re

r0

h0

ri∆h

ei

A0

Ai

Ae

symbol description

Pi number of consecutive spot welds
r0 radius of initial electrode contact area
re electrode radius
h0 initial electrode height
A0 initial electrode contact area
∆hi length change after Pi

ri radius of electrode contact area after Pi

Ai electrode contact area after Pi due to wear
ei electrode indentation after Pi

Ae electrode indentation contact area after Pi

Figure 7. Geometric parameters of electrode tip.

For further calculations, reference was made to the following equations, which resulted
from the geometrical parameters of Figure 7:

h0 =
√

r2
e − r2

0 (2)

ri =
√
(re − h0 + ∆hi)(2re − 1) (3)

A0 = πr2
0 (4)
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Ai = πr2
i (5)

Ae = 2πreei (6)

2.4.1. Determining ∆hi.topo by 3D Topographical Measurements

Surface-topography measurements of the electrodes were carried out with the chro-
matic confocal microscope mentioned in Section 2.2. These high-resolution measurements
included both electrodes while they were installed on the welding gun and delivered
continuous documentation of electrode wear. The first measurements on both electrodes
were carried out right after tip dressing and continuously after each test sheet (8, 200,
400, . . . , 1200) for MC01. Due to the expected high electrode wear of MC02, measurements
were carried out after 12, 38, 64, 90, and 102 welds in the beginning. Then, every further
measurement was conducted after each test sheet, as for MC01. The last spot weld of
every test sheet was also measured on both sides. The combination of these measurements
with the recorded electrode displacement during welding was used to estimate the contact
areas between electrode and sheet metal at the respective welding end, and to characterize
the wear in more detail. An example measurement after tip dressing and measurement
parameters is summarized in Figure 6b. To assess ∆hi.topo from the topographical mea-
surement, each data set (DS) had to be aligned to a reference DS as shown in Figure 8.
This is necessary because the positioning accuracy of the robot lays in the range of ∆hi.topo.
The corresponding DS of P0 was always used as a reference. The DSs were first aligned by
moving them in the x–y plane and searching for the minimal difference between the two
DSs (Figure 8e). To align in the z direction, profile sections were used as demonstrated in
Figure 9. The DS was shifted in the z direction until uninfluenced regions had been aligned
one above the other, which applied to the flanks of the electrodes (marked as dashed lines
in Figure 9). ∆hi.topo was then the difference of the highest point of DS of Pi minus DS of P0.
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Figure 8. Procedure to align data sets (DSs) of 3D topographical measurements for comparison and determining ∆hi.topo

on example of MC01–TS01 Pi = 0 and Pi = 800 as 3D projection. (a) Plot of reference DS of P0; (b) plot of DS to align;
(c) overlay of both DSs; (d,e) aligned DS in x–y plane by determining minimal difference between two DSs; (f) aligned in z
direction.
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Figure 9. Exemplary comparison of selected profiles derived from topographical measurements of
MC01–TS01 Pi = 0 and Pi = 800 with marked regions to align profiles.

2.4.2. Determining ∆hi.process during Welding Process

The total difference in electrode displacement ∆si was calculated by Equation (7), and
for each electrode by Equation (8). However, the assumption of these equations could only
be made if the wear of the upper and lower electrodes was nearly symmetrical. Symmetric
wear applies for symmetric MC and the same electrode geometries on both sides, which
could be proven by metallographic examinations in [11], and applied for the chosen MC
of this paper. Change in length ∆hi.process over the number of spot welds could then be
calculated by Equation (9) as in [32]. ∆hi.process was negative for decreasing and positive for
increasing electrode length. The model in Figure 7 can mainly be used for mushrooming
wear mode. The model and its geometric parameters cannot be easily adapted to plateau
formation, since the deformation mechanisms are much more complex. Here, topographical
measurements help to explain the wear mechanism in more detail.

∆si = su(Pi)− sl(Pi) (7)

∆li =
1
2

∆si (8)

∆hi.process = ∆l(P0)− ∆l(Pi) (9)

To evaluate the condition of the electrodes, displacement measurements were deter-
mined at certain timing positions in the process as shown in Figure 10: weld begin (WB),
weld end (WE), and process end (PE). These positions show the following characteristics:

WB: beginning of welding, no nugget, no heat in components, negligible electrode indenta-
tion e;

WE: end of welding, molten nugget, components at max heat, max thermal expansion;
PE: end of process, solidified nugget, max electrode indentation emax.

Figure 10 also demonstrates the course of measured process data Fel, Iw, su, sl, and
the resulting ∆si. The parameter course of MC01–TS01 showed no evidence of problems
during welding. In comparison to that, MC02–TS01 was a good example for the appearance
of an expulsion. At around t = 0.8 s an increase in Iw and a huge drop in Fel and sl could
be observed. These are typical phenomena for expulsions during welding.
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Figure 10. Exemplary process parameters of spot-weld Pi = 205 of MC01–TS01 and MC02–TS01 with
marked timing positions weld begin (WB), weld end (WE), and process end (PE) for further evalua-
tions.

3. Results
3.1. Welding Results

Measured weld diameters dw after DT over the number of spot welds decreased
slightly for both MC (Figure 11). While dw of MC01 showed little variation with a small
range, dw strongly fluctuated at the beginning and from around 400 spot welds of MC02.
Looking at the occurrence of weld expulsions, MC01 and MC02 showed huge differences.
Whereas nearly no expulsions occurred in MC01, they appear in almost every weld of
MC02 at the sheet interface.
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Figure 11. Development of weld diameter dw of MC01 and MC02 determined by destructive chisel
test according to ISO 10447.

3.2. Results of 3D Topographical Measurements

Figures 12 and 13 show profile sections and selected 3D topographical measurements
of the electrodes of the respective TS01 at different stages. In both figures, the images of
Pi = 0 show the electrodes right after tip dressing. The wear caused by the progressive
change in the contact surface can clearly be seen with the increasing number of spot welds.
In MC01, an enlargement of the electrode contact area can be seen in the radial direction.
According to [32,33], the radial widening of electrodes leads to axial wear due to the law
of constant volume. Crater formation can also be observed on the surfaces, especially at
the upper electrode at Pi = 800 and Pi = 1200. Local melting or breaking out of the brittle
alloy layer, which is known as pitting [34], forms these craters. Coating materials with
a low melting temperature such as zinc (Tm = 420 °C) can penetrate these craters and
come into contact with the electrode material again. Mechanical stresses and the weld
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current flow are concentrated in the edge area of the crater, which can lead to accelerated
material removal and crater growth. Besides this, the top view of the electrodes also shows
a slight plateau. This is not comparable to the wear mode of plateau formation. In fact,
this can be called trimming as the length of the electrode decreases [12]. In MC02, the
distinctive plateau formation occurred after just a few welds. With a higher numbers of
welds, the plateau increasingly moves out of the center of the electrode in the direction
of the opening of the welding gun, which might be because of the elastic bending of the
welding gun. Comparing the two figures, the 3D topographical measurements revealed
a clear difference between the two wear modes. Mushrooming can be observed at MC01
(Figure 12) and plateau forming at MC02 (Figure 13). Both figures show symmetrical wear
of the upper and lower electrodes, as assumed before. The flanks of the profile sections
were not aligned one above the other as described in Section 2.4.1 in both figures. This
is due to the calculation of the profile sections. Each section is the mean course of 36
individual profile sections rotating around the center of electrode with angular spacing of
φ = 5°.
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Figure 12. Wear mode of mushrooming visualized by topographical measurements of upper (anode) and lower (cathode)
electrodes of MC01–TS01 by profile sections and top view on 3D topographical measurements.
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Figure 13. Wear mode of plateau forming visualized by topographical measurements of the upper (anode) and lower
(cathode) electrodes of MC02–TS01 by profile sections and top view on 3D topographical measurements.

The radial flow and loss of material from the electrode surface caused the electrodes
to decrease in length. Figure 14 shows a cross-section of the anode of MC01–TS01 after
1200 spot welds. The etched structure shows material flow in the radial direction near the
electrode surface. Furthermore, material deposits can be seen at the edge of the electrode.
Loss of material is caused by the formation and destruction of alloy layers [15].

Figure 14. Mushrooming due to radial material flow indicated by white arrows of upper electrode of
MC01–TS01 after 1200 spot welds in cross-section.
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Axial flow that forms a plateau is shown in Figure 15, where a shift of the plateau
out of the center occurred. Measuring plateau diameter dp and height hp proved that the
plateau formation was happening after just a few spot welds, as shown in Figure 16 and
already indicated in Figure 13. Plateau diameter dp was determined in the top view of
the measurements by the mean value of longest diameter dp1 and dp2 perpendicular to it
(Equation (10)). The plateaus show no numerical eccentricity. This allows the area of the
plateau Ap to be calculated by the conventional formula for calculating the area of a circle
without any further restrictions (Equation (11)). hp is determined via profile sections of
the electrodes. It should be noted that dp is immediately constant, whereas hp is gradually
increasing. There are no significant differences between anode and cathode at MC02–TS01
and slight differences a MC02–TS02.

dp =
1
2

dp1dp2 (10)

Ap =
π

4
d2

p (11)

Figure 15. Plateau forming due to axial material flow of lower electrode of MC02–TS02 after 822 spot
welds in cross-section [11].
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Figure 16. Plateau-forming development over number of spot welds due to axial material flow.

3.3. Assessing ∆hi.topo by 3D Topographical Measurements

The results of determining electrode changes in length ∆hi.topo over the number of
spot welds can be seen in Figure 17. As results show, ∆hi.topo decreased right from the
beginning for MC01 with the wear mode of mushrooming, whereas for MC02, the length
of the electrodes increased, caused by plateau forming; after about 300 spot welds, it began
to slightly decrease. Constant dp after just a few welds led to persistently high and constant
current density J through plateau area Ap. In addition, the alloy layer forming on the
electrodes caused poorer heat dissipation via the electrodes, resulting in more process
heat remaining in the sheets, thereby leading to nuggets becoming thicker [19]. Analyzing
MC02’s dw in regard to dp and ∆hi.topo, two different phenomena were identified. First,
dw and dp approached each other at a roughly 4 mm diameter and were smaller than the
initial diameter of the electrode contact surface. The softening of the region close to the
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electrode surface of the work pieces enabled axial material flow under the pressure of Fel,
which accelerated plateau formation but did not allow for dp to grow. The formation of a
plateau led to deep electrode indentations e. With the second phenomenon, an explanation
for the variation in dw(MC02) can be drawn by comparing the development of dw(MC02)
in Figure 11 with the course of ∆hi.topo(MC02). As long as ∆hi.topo increased, dw(MC02)
was stable. The progressive wear resulting in a decrease in ∆hi.topo starting at around 300
spot welds led to unstable dw(MC02). Interestingly, the decrease in ∆hi.topo appeared with
the same gradients in both MC.
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Figure 17. Different behavior in length change ∆hi.topo of upper and lower electrodes from MC01
and MC02 as a result of two different wear modes, mushrooming and plateau forming.

3.4. Assessing ∆hi.process during Welding Process

The change in length ∆hi.process of the electrodes during the welding process could
be determined by evaluating electrode position at WB (Figure 18a). Data fluctuations
could occur due to adhering weld spatter or other impurities on the electrode working
surfaces. However, tendencies could clearly be identified. The electrode contact area at
WB and PE could be calculated from these data by Equations (13) and (14). However,
the area at WE could not be exactly determined. At PE, the contact area of the electrode
was supplemented by the outer surface that resulted from electrode indentation ei, which
was calculated by Equation (12) and is shown in Figure 18b. Both diagrams of Figure 18
show a clear distinction between the two wear modes, whereby ∆hi.process and ei showed
the same behavior within their modes. Figure 19 shows the changes in electrode contact
areas between WB and PE. Again, there were huge differences between MC01 and MC02
due to the different wear modes. For MC01, the ∆hi.process was negative and decreased
leading to steady enlargement of the contact areas. With the increasing number of spot
welds, the contact areas of WB and PE approached each other resulting in a smaller
∆A (Equation (15)). This can be explained by the reduced surface pressure, which was
confirmed by the decrease in electrode indentation depths ei (Figure 18b). As described in
Section 2.4.2, the model of Figure 7 could only be used for mushrooming; thus, AWB and
APE could not be calculated using ∆hi.process and ei for plateau forming. Here, contact areas
were derived by using 3D topographical measurements in combination with ei measured
from the 3D topographical measurement of the test sheets. In the beginning, the gradient of
∆hi.process was positive and turned negative after about Pi = 300. Due to plateau forming,
ei rose and corresponded with hp (Figure 16). The same applied to AWB, which resulted
from dp and Ap, respectively. The difference between contact areas at WB and PE was
much larger than that in MC01. While AWB was related to plateau formation, APE showed
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a slight increase almost with the same gradient as that of MC01. ∆A(MC02) increased in
the same manner.

ei = ∆li(WB)− ∆li(PE) , with ∆li of Equation (8) (12)

AWB =

{
Ai = πr2

i , for mushrooming (equation 5)
Ap = π

4 d2
p , for plateau forming

(13)

APE =

{
Ai + Ae = πr2

i + 2πreei , for mushrooming (Equations (5) and (6))
3D topographical measurements for plateau forming

(14)

∆A = APE − AWB (15)
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Figure 18. (a) Different behaviors in length change ∆hi.process of upper or lower electrodes form MC01 and MC02 as a
result of two different wear modes, mushrooming and plateau forming. (b) Calculated electrode indentation ei from
displacement measurements.
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(right) as a result of two different wear modes, mushrooming and plateau forming.
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4. Discussion

The stability of the weld diameters over the number of welds corresponded with the
wear modes. Contact area AWB increased steadily for MC01 and was stable for MC02 after
just a few spot welds. A stable AWB of MC02 may indicate good process reliability. This
does not apply for plateau forming as the wear mode, since AWB was much smaller with
≈44% of A0, resulting in much higher current densities J, triggering expulsions and deep
electrode indentations. The frequent expulsions of MC02 accelerated plateau formation
since material from the weld disappeared, and electrodes were pressed deeper into the
sheet. Those deep electrode indentations exceeded the limit value of emax = 0.2t, where t is
the thickness of the respective sheet metal according to ISO 14373 [35] after just a few spot
welds, leading to insufficient quality. Furthermore, the lack of a corresponding calculation
model for predicting the plateau-formation process can lead to unforeseen problems in
the welding process. Mushrooming, in contrast, leads to a lower J, reducing the risk of
expulsions. In fact, in the early stages of mushrooming, the weld process is stabilized, and
electrodes are conditioned. Nevertheless, with an increase in welds, electrodes are worn
out, caused by different interlocking effects as listed in Table 3. The only way to avoid
expulsions is to reduce J. However, this also has a negative effect on nugget diameter. All
other effects result in risks of process instabilities and expulsions. In reference to a stable
nugget or weld diameter over the number of spot welds, other factors should be considered
to define a worn-out electrode. Those factors might be the surface condition after spot
welding, ensuring the ability for ultrasonic NDT with adequate electrode indentations.

Table 3. Interlocking effects of mushrooming at resistance spot welding (RSW).

Effect Description Result Risk of Expulsion

Increased number of welds Alloy layer thickness ↑ ↑
Increase in alloy layer Material resistance R4, R7 ↑ ↑

Increase in contact area AWB Current density J ↓ ↓
Pressure pWB ↓ ↑

Decrease in pressure pWB Contact resistance R1−3 ↑ ↑
Increased material resistance R4, R7 Nugget diameter ↑ ↑

Increased contact resistance R1 Nugget diameter ↑ ↑
Increased contact resistance R2, R3 Nugget diameter ↓ ↑

Decreased current density J Nugget diameter ↓ ↓

The results for MC01 in Figures 17 and 18a are in accordance with the experimental
tests in Rogeon et al. [36], where ∆hi.process = 0.1 mm after 300 spot welds using zinc-coated
steels similar to the steel used for MC01. In Lu et al. [21], the diameters of the electrode
contact areas were measured with a result of a 32% larger diameter at the end of the
electrode life. For MC01, an increase of 18% for the diameter and 42% for the contact area
could be determined after only 1200 spot welds. Using the simplified model for estimating
electrode face diameter for spherical shaped electrodes of Lu et al. [21] to predict the
diameter development with

di =
(

KFel IwPi + d7
0

)1/7
(16)

the value K could be determined with

K = 17 mm7kA−1kN−1 = 0.076 mm7kA−1lbf−1



Processes 2021, 9, 685 16 of 20

using the following weld parameters

Fel = 3500 N = 786.83 lbf

Iw = 9.2 kA

d0 = 2r0 = 6 mm.

Even though Lu et al. used many more spot welds to determine their model, this prediction
is in good agreement with the experiment data of MC01, as Figure 20 shows, since K was
also in the same range as in [21].
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Figure 20. Comparison of AWB of MC01 with prediction model of Lu et al.

The occurrence of wear mode can be attributed to the interaction of at least two factors,
material strength and the dimension of the softened volume within the sheets. The softened
material always has lower strength than that of the electrodes. The interaction of these two
factors influences how electrodes are pressed into the material. If the sheets soften with
a lateral expansion that is greater than the electrode contact surface, and the strength of
the sheets is less than that of the electrodes, the electrodes can penetrate the material with
the entire contact surface, and mushrooming occurs. In the case that the lateral expansion
of the softened material is smaller than the electrode contact area, and the nonsoftened
sheet material has higher strength than that of the electrodes, a plateau is formed. This
assumption is in accordance with Klages [19]. However, no detailed investigations into
borderline cases have yet been researched or carried out.

In fact, electrode wear cannot be avoided. Therefore, the question must be asked of
which of the two wear modes is preferable, if it is possible to choose the process parameters
in relation to one wear mode. The above discussion of the results clearly shows that the risk
of process instabilities in plateau formation is higher compared to mushrooming. Looking
at the tip-dressing process, the sharp edge of the plateau leads to high and sudden loads
due to a punctual initial contact on the dressing tool; at mushrooming, the tool is gradually
loaded and over a larger area (Figure 21). Therefore, from the point of view of tip dressing,
a mushroomed electrode loads the tool more gently.

To recognize the acting wear mode, results of the experimental study show that,
for evaluating ∆hi, the two wear modes of mushrooming and plateau forming can be
distinguished by this. ∆hi.process by measuring the electrode displacement over the number
of spot welds Pi was equal to ∆hi.topo of the high-resolution 3D topographical measurements
with higher precision. This allows for wear to be assessed by evaluating the change in
length ∆hi.process. This can be performed with displacement sensors, as in this study.
However, since the common industrial environment where RSW is mainly used is very
rough and tough, additional sensors are not always suitable. They must have a high
level of electromagnetic compatibility and should be mechanically protected. For this
reason, a solution with existing system technologies is needed. A possible option is to
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evaluate time ∆tprocess between the start of the welding gun movement tprocess = 0 and
WB. Most industrial RSW systems are triggered from outside starting the weld process, as
shown in Figure 1. Since the welding process is known to the system in most applications,
the thickness of the sheets to be welded and distance ∆sopen of the open position of the
electrodes and the sheets are also known. With the assumption of a constant speed at
which the welding gun closes, this information can be used to determine ∆hi over the
number of spot welds by evaluating the shift of ∆tprocess. For plateau formation, ∆tprocess
should therefore become smaller since electrode lengths increase resulting in a shorter
∆sopen. Consequently, ∆tprocess increases for mushrooming. These effects are shown in
Figure 22a in detail and Figure 22b over the number of spot welds. Evaluating every single
weld is not expedient. It is better to use statistical tools such as moving averages to see the
trend of ∆hi to monitor electrode wear and its mode. This approach can be integrated into
existing systems.

F F

(a)
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!

(b)
Figure 21. Tip dressing of worn electrodes: (a) mushrooming; (b) plateau forming.

0.4 0.6 0.8 1 1.2 1.4

0

2

4

6

8

10

+∆t −∆t

time t / s

F
e
l
/k

N
;I

w
/k

A

Fel MC01–TS01: Pi = 4 MC02–TS01: Pi = 18
Iw MC01–TS02: Pi = 254 MC02–TS02: Pi = 83

(a)

0 200 400 600 800 1000 1200

−0.1

−0.05

0

0.05

0.1

moving average (50 samples)
• single measurement

number of spot welds Pi

∆
t
/

s

MC01–TS01 MC02–TS01
MC01–TS02 MC02–TS02

(b)
Figure 22. (a) ∆t as shift of WB due to electrode length change in detail and (b) over number of spot welds.

5. Conclusions

Electrode wear is an undesirable progressive mechanical and metallurgical change
to electrode tips with negative effects on the process. This paper presented the two wear
modes of mushrooming and plateau formation, and their effect on the welding process.
The effects of the two wear modes act together, resulting in a turning point where electrodes
are worn out. It is critical to identify this turning. Thus, the industry avoids reaching
this point by tip dressing much earlier. Monitoring electrode length change ∆hi over the
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number of spot welds can help to address this problem. This is not a problem in a laboratory.
A welding system can be equipped with all kinds of sensors and technologies to monitor
the RSW process. In its common application areas, such as automotive body-in-white
manufacturing, the use of these additional sensors is not possible with reasonable effort.
The rough and tough environment, low cycle times, and other influences of other processes
result in huge challenges for most sensors to deliver trustworthy data. Signal noise is not
easy to avoid compared with the needed effort. Therefore, a solution for inline electrode
wear monitoring was presented on the basis of scientific investigations and evaluations.
Furthermore, the possibility of completely avoiding additional sensors was shown by
evaluating the time between initial electrode movement and weld begin.

The investigations and results of this paper can be the basis for numerical simula-
tions to reduce the complexity of mechanical environments. Real data and their statistical
analysis from experiments can help to support the mechanical environment of such simula-
tion models.

For a higher degree of result generalization, further research should be extended to
other steel alloys, in particular to examine borderline and transition cases of the two wear
modes. When measuring electrode movements, attention should be paid to an improved
signal-to-noise ratio.
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Abbreviations
The following abbreviations are used in this manuscript:

RSW Resistance spot welding
HAZ Heat affected zone
AHSS Advanced high strength steels
AlSi Aluminium-silicon coating
MC Material combinations
DT Destructive testing
NDT Nondestructive testing
TS test set
DS Data set
WB Weld begin
WE Weld end
PE Process end
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Nomenclature

A0 Initial electrode contact area (mm2) Pend Number of predefined spot welds
Ae Electrode indentation contact area after Pi (mm2) pWB Contact pressure at weld begin (N mm−2)
Ai Electrode contact area after Pi due to wear (mm2) Q Heat (J)
APE Contact area at process end (mm2) Rtot Total resistance (Ω)
AWB Contact area at weld begin (mm2) R1−7 Individual resistance (Ω)
AWE Contact area at process begin (mm2) r0 Radius of initial electrode contact area (mm)
∆A Area change (mm2) re Electrode radius (mm)
Ap Plateau area (mm2) ri Radius of electrode contact area after Pi (mm)
d0 Diameter of initial electrode contact area (mm) ∆si Difference in electrode displacement (mm)
di Electrode contact diameter after Pi (mm) sl Displacement lower electrode (mm)
dp,1,2 Plateau diameter (mm) su Displacement upper electrode (mm)
dn Nugget diameter (mm) ∆sopen Distance of electrodes in opened position (mm)
dw Weld diameter (mm) t Time (s), sheet thickness (mm) )
E Young’s modulus (N mm−2) tu Upper sheet (mm) (mm)
e Electrode indentation (mm) tl Lower sheet (mm) (mm)
ei Electrode indentation after Pi (mm) th Hold time (s)
emax Limit of electrode indentation (mm) tp Pause time (s)
f Frequency (Hz) ts Squeeze time (s)
Fel Electrode force (kN) tw Weld time (s)
h0 Initial electrode height (mm) twpp Prepulse time (s)
hp Plateau height (mm) Tc Cooling water temperature (°C)
∆h Length change (mm) Tmin Minimal temperature (°C)
∆hi Length change after Pi (mm) Tmax Maximal temperature (°C)
∆hi.process ∆h by laser triangulation during process (mm) tprocess Process start time (s)
∆hi.topo ∆h by 3D topographical measurements (mm) ∆tprocess Change in process start time (s)
Iw Welding current (kA) Uw Welding voltage (V)
Iwpp Prepulse welding current (kA) V̇ Flow rate (l min−1)
J Current density (kA mm−2) x Dimension in x (mm)
K Constant by Lu et al. [21] (mm7kA−1kN−1) y Dimension in y (mm)
k Stiffness factor (kN mm−1) z Height, dimension in z (mm)
∆li Individual electrode displacement (mm) φ Angle (°)
Pi Number of spot welds
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