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Abstract

In previous works, it has been found out that the electrode displacement in resistance spot welding has a high potential to be
used as a measurement factor to monitor joint quality and to subsequently optimize the welding parameters. By extracting
characteristic points in the displacement curve, it is possible to create and evaluate different parameter sets and to predict the
formation of expulsion. These characteristic points include for example the maximum displacement of the electrodes, the
time of the maximum displacement, the indentation displacement in the weld and hold time, or the velocity of the electrodes.
In previous work, it was already shown that the indentation displacement showed satisfying results in predicting the nugget
diameter for a press hardened 22MnB5 4+ AS150 under laboratory conditions. Based on that, a newly derived methodology
for using the electrode displacement in monitoring a resistance spot weld process is shown for a galvanized dual-phase steel
CR440Y780T-DP GI50/50-U. This methodology combines the knowledge of previous research and is split into three steps:
the detection of manufacturing discontinuities, the evaluation of expulsion, and the monitoring of the nugget diameter. For
this, the electrode velocity at the beginning of the process and the indentation displacements in the weld and hold time are
being used to evaluate the resistance spot welding process.

Keywords Resistance spot welding - Electrode displacement - Data analysis - Process monitoring - Quality assurance

1 Introduction

Resistance spot welding (RSW) is the dominant welding
process in automotive body production. A modern car body
has up to 6000 spot welds, where sheets with different thick-
nesses, chemical compositions, mechanical properties, and
coatings are joined. This leads to new challenges, such as the
joining of asymmetrical multi-sheet joints, where the wrong
choice of parameters can result in a missing connection of
the thin outer sheet. Furthermore, unavoidable disturbance
variables such as gaps, misalignments, and adhesive in the
joining area occur during production, which further reduce
process stability. For this reason, it is necessary to select the
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welding current, welding time and electrode force param-
eters in accordance with the joining task in order to ensure
adequate process stability. The choice of suitable parameters
is made on the basis of the user’s experience or with a high
level of experimental effort, whereby disturbances can shift
this process window and render it invalid [1].

2 State of the art

2.1 Electrode displacement in resistance spot
welding

Resistance spot welding is based on the formation of a welding
nugget between two or more electrically conductive compo-
nents under the effect of a locally applied electric current. A
force is exerted with the aid of the electrodes placed on both
sides, whereby these simultaneously form the starting point of
the current flow [2, 3]. Figure 1 shows a simulated resistance
spot weld, made in SORPAS® 2D, for a two sheet stack-up of
galvanized steel. The force applied in this process is referred
to as the electrode force Fy, the electric current introduced into
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Fig. 1 Simulation of a resistance spot weld (created in SORPAS® 2D)

the joining partners (resulting from the welding voltage Uy,) as
the welding current Iy, and the time during which the welding
current is present as the welding time ¢, according to ISO
17677-1:2022-02. In addition to that, the process is extended
by a squeeze time ¢, and hold time ¢, to ensure sufficient force
buildup and nugget solidification [3].

In this context, weld nugget formation can be described
according to Gedeon et al. based on the electrode displace-
ment signal and divided into six stages [4]. Figure 2 shows
an exemplary curve of the electrode displacement of a
resistance spot weld, plotted over time, and the five stages
of weld nugget formation for galvanized steel sheets.

The stages of the electrode displacement can be
described as shown in Table 1 [4].

A potential sixth phase can be seen under the influence
of expulsion, where there is a sharp drop in the electrode
displacement (Fig. 2). After the welding current is shut off
at the end of phase five, the electrode force is kept up in
the hold time to cool the produced joint. During this hold
time, the electrodes sink further into the material.

The timing and quantitative characteristics of the phases
depend, among other phenomenon, on the process param-
eters electrode force and welding current, on the material
combination and coating, and on production-related dis-
turbances. It is also possible to describe the nugget for-
mation via the dynamic resistance; however, the electrode
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Fig.2 Qualitative electrode displacement for a galvanized steel, based
on [4]
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Table 1 Stages of the electrode displacement acc. to [4]

Phase Description
1: Build-up of the electrode force,
flattening of asperities
Thermal expansion of the coating
3: Melting of the coating
Thermal expansion of the sub-
strate
5: Melting of the substrate

displacement proved to more sensitive to changes of the
boundary conditions and independent from the current gen-
eration [5-7] (Fig. 3).

2.2 RSW of galvanized dual-phase steels

Dual-phase steels offer beneficial properties in automo-
tive manufacturing by combining high strength and energy
absorption with good ductility and formability. This can be
realized by a controlled heat treatment during the steel pro-
duction, which produces a composite of a ferritic matrix
with a set fraction of martensitic phase [8, 9].

In the automotive use, dual-phase steels are generally galva-
nized to protect the material against corrosion. The thickness
of the zinc layer influences the resistance spot welding pro-
cess by shifting the minimal welding current to higher values
and narrowing the process window with increasing coating
thickness [10, 11]. Especially high-grade dual-phase steels,
i.e., third generation advanced high strength steels (AHSS)
like TRIP1180 or DP1180, can experience significant loss
of strength due to liquid metal embrittlement (LME) caused
by the coating. However, this phenomenon does not seem to
have a significant impact on lower grade dual-phase steels like
DP780[12, 13].
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Fig.3 Electrode displacement with the investigated characteristic values
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The heat input during the resistance spot welding process
causes a characteristic softened zone (HAZ), which effects
the failure mode and overall strength of the joint. Particu-
larly high differences between the hardness in the joint and
the heat affected zone can lead to an unwanted interfacial
failure. However, it has been found out by Nayak et al. that
this HAZ-softening is more pronounced in DP980 compared
to a DP780 [8]. In terms of the quality assessment based on
the electrode displacement, there can be no specific conclu-
sion drawn from the current literature. It is however expected
that there will be no significant differences compared to
other galvanized steel grades.

3 Experimental setup and procedures
3.1 General approach

The test sequence is divided into three main components.
The first component consists of the determination of a suit-
able welding area based on SEP 1220-2:2011-08. This is
followed by the analysis of the process data recorded during
the determination of the welding area. In the third step, this
data is correlated with the welding quality. Subsequently, the
parameters are to be adjusted based on the knowledge gained
from the process data analysis.

The characteristic values used in the investigations are
based on the research by Wohner et al. [1] and Zhang et al.
[14].

The focus was thereby laid on the following characteristic
values:

Asg =indentation displacement in the squeeze time.

S max = Maximum displacement.
t e = time of the maximum displacement.

As,,=indentation displacement in the weld time.
As;, =indentation displacement in the hold time.
v;=average nugget growth velocity at the time ¢,.
The values are calculated as follows:

Asg =5y — S, 1)

ASW = Smax - Slw:end (2)

Asy, = Stend — Stiena 3)

b= S([i) - S(t()) 4
l Li— 1 @

where the variables can be defined as:

Sy =electrode displacement at the start of the

squeeze time.

S0 =electrode displacement at the start of the weld
time.

sw; end =celectrode displacement at the end of the weld
time.

sh; end  =electrode displacement at the end of the hold
time.

t =start of welding current.

3.2 Welding equipment and material

The tests shown were carried out on a C-frame spot weld
system (NIMAK GmbH) with an electromagnetic force gen-
eration system (magneticDRIVE®). The current generation
and control are carried out by a 1 kHz medium frequency
DC inverter (Bosch AG). Additional selected experiments
were carried out on a pneumatic C-frame (Harms & Wende
GmbH & Co. KG) and an electromagnetically operated
C-clamp (NIMAK GmbH) to analyze the transferability of
the obtained knowledge. However, the focus of this paper is
on the developed methodology based on the results of the
magneticDRIVE® C-frame system (NIMAK GmbH).

The two electrode tips used in the investigation are a
F1-16-20-50-6 and a BO-16-20-50-6-36 shape. The selec-
tion was made according to ISO 5821:2010-04. The investi-
gated material is a galvanized CR440Y780T-DP GI50/50-U,
according to VDA 239-100:2016-05. The sheet thickness is
t=1.5 mm with a specimen size of [Xb=45 mmXx45 mm in
accordance with the SEP 1220-2:2011-08. The machine set-
tings, mechanical properties and chemical composition of the
investigated material can be found in Tables 2 and 3. The chem-
ical composition was determined by atomic emission spectros-
copy (AES). The initial condition is taken with an electrode
force of Fp=4.5 kN and shown F1-16-20-50-6 electrode tips.

3.3 Variation of the boundary conditions

A variety of common manufacturing discontinuities have
been investigated to simulate possible scenarios in the auto-
motive car body manufacturing [2]. An overview of the
investigated discontinuities is given in Table 4.

The force and electrode variation, in addition to the dis-
turbance analysis, are used to investigate the influence of
production-related discontinuities and the effects of different
electrode shapes and electrode forces on the characteristic
displacement values. For this purpose, a welding range was
identified in accordance to SEP 1220-2:2011-08 with the
different boundary conditions. The welding ranges were then
compared to each other.

The comparison was made with regard to the size of the
weld area and the nugget geometry, as well as with regard
to the recorded process data. The disturbance analysis was
performed with the same parameters as the initial state with
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Table 2 Selected welding parameters and machine setting

Squeeze time [ms] Weld time [ms]  Hold time [ms]

Electrode force [kN]

Force generation Cooling Electrode shape (acc. to ISO

5821:2010-04)

200 380 300 3.5-5.5 Electromagnetic 11 I/min F1-16-20-8-50-6
14.5°C BO0-16-20-50-6-36
Table 3 Mechanical properties and chemical composition of the investigated material
Yield strength (min.) [MPa] Tensile strength (min.) [MPa]  Alloy element (wt. %)
C Si Mn P S Al Cu B Ti+Nb Cr+Mo
440 780 0.127 0.166 1.915 0.015 0.004 0.041 0.009 0.001 0.004 0.224

Table 4 Investigated discontinuities

Discontinuity | Used design
Adhesive Betamate 1640
Gap 1.0 mm and 2.0 mm
- -
Angular 3°and 5°
misalignment ,
Shunting 12.0 mm and 15.0 mm -

an electrode force of Fp=4.5 kN and electrode tips of the
shape F1-16-20-50-6 (acc. to ISO 5821:2010-04).

For the investigation of the adhesive, gap, and angular
misalignment, 45 mm X 45 mm specimens have been used.
To investigate the shunting effect, bigger specimens with the
size of 45 mm X 90 mm were required.

The gap was inserted by two electrically isolated spacers
with an inner distance of 35 mm to each other and a thick-
ness according to the investigated gap height. The adhesive
was manually applied in a linear form across the center of
the specimen with a length of 45 mm and width of 5 mm.
After welding, the adhesive was hardened with a tempera-
ture of 180 °C for 30 min. To simulate angular misalign-
ment, an electrically isolated insert was used, in which the
specimens were fixated.

3.4 Parameter selection
Up to now, it is necessary to specifically train each material
combination for each parameter variation on existing plant

systems in industrial use [15, 16]. In order to minimize this
high experimental effort, a methodology is being developed
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to monitor the weld quality non-destructively and to simplify
the established welding range determination.

In the first step of the investigations, a database is
created for the model to be developed for the interpretation
and analysis of the electrode movement. For this purpose,
welding ranges are determined for CR440Y780T-DP
GI50/50-U dual-phase steel according to SEP
1220-2:2011-08, while the process signals are recorded for
each weld. The welding ranges are then recorded again under
the influence of different electrode forces, tip geometries,
and manufacturing discontinuities and compared with the
initial state.

3.5 Data analysis for evaluation of weld quality

The time-synchronous recording and subsequent analysis of
the process data, using an appropriate methodology, enable
the quality monitoring and adaptive control of the resistance
spot welding process, while this paper focuses on the quality
assessment. In order to realize this, appropriate process
variables, which can reflect the nugget development, are
necessary. These mechanical and electrical values are shown
in Table 5. All were recorded in the shown investigation.
In addition to the measured values recorded in the process,
it is possible to calculate further process variables from these.
These are, for example, the electrical resistance, the
energy input, and the velocities of the electrodes calculated
from the measured displacement. It should be noted that
the given Formulas 5 and 6 are only valid for direct current

(DC).

g=
=7 5)
P=U, I, (©)

Experiments carried out beforehand and the relevant lit-
erature have already shown that the electrode displacement
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Table5 Recorded mechanical

' Mechanical values
and electrical values, based on [1]

Electrical values

o Electrode force Fj; [kKN]

e Electrode displacement s [pm; mm]

o Electric (welding) voltage U,, [mV]
o Electric (welding) current /,, [kA]

can reliably reflect the nugget development [1, 17, 18]. In
addition to that, external influences such as a change in the
material combination, the formation of expulsion, and the
production-related discontinuities can be detected with the
aid of the electrode displacement. A newly developed meth-
odology is to be used for non-destructive quality monitor-
ing and parameter adjustment in the resistance spot welding
process.

In the context of the experiments shown here, the data
was collected as follows:

e Electric current via a Rogowski belt MB-400 K (Amada
Miyachi Corporation)

e Electric voltage via direct connection to the electrodes

e Electrode force via a piezoelectric force platform

¢ Electrode displacement via an absolute displacement sen-
sor GT2-H12 (Keyence Corp.)

The data was recorded in a Weldanalyst-S3 (HKS
Prozesstechnik GmbH) with a sampling frequency of up to
23.6 kHz and forwarded to a computer in a readable format.
Because of the sensor limitation, the electrode displacement
is recorded with a sampling rate of 1 kHz. The schematic
measurement setup is illustrated in Fig. 4.

3.6 Evaluation of expulsion intensity

To evaluate the intensity of expulsion, the welding specimen
(45 mm x 45 mm) were, according to Xia et al. [19], weighed
before and after welding with a precision scale Satorius
CP64 (Satorius AG). The systematic deviation is+0.1 mg.
The loss of mass AM was calculated as follows:

(linear) tactile
displacement sensor

~

_ electromagnetic
Jorce control

, Rogowski-Coil

\ piezoelectric force
measuring platform

Fig.4 Data acquisition on the used spot weld machine

AM = mprewelding - mposzwelding (7)

The sensitivity of the methodology was verified by weld-
ing at the upper limit of the welding range without expul-
sion. The loss of weight was calculated at AM = 0.005 g,
which was expected to resemble the vaporized zinc coating.
Tests were carried out beforehand to determine the amount
of expulsed material stuck on the weld material. For this,
the specimens were weighed, opened by chisel testing, the
visible material removed and weighed again (acc. to Xia
et al. [19]). As there was no significant difference visible
in the weight difference with and without the removal of
expulsed material at the faying interface for the investigated
material, it was decided to use the weight right after weld-
ing. To weigh the influence of process parameters on the
expulsion intensity, a design of experiment (DoFE) has been
carried out, based on the upper limit of the welding range.
In a face-centered response surface design, the electrode
force was varied by F;+ 1 kN, the welding time was varied
by f,,+ 100 ms, and the welding current was increased to up
to 2 kA above the upper limit of the welding range.

4 Results
4.1 Monitoring of a resistance spot weld process

For a resistance spot weld of CR440Y780T-DP GI50/50-U
(r=1.5 mm), it will be shown by way of example how the
electrode displacement can be used to detect a manufac-
turing discontinuity, evaluate expulsion, and determine the
weld quality. Figure 5 shows the following:

(1) The comparison of the nugget growth velocity in the
initial state (black) and under the influence of the inves-
tigated manufacturing discontinuities

(2) The evaluation of occurring expulsion based on the
indentation displacement within the welding time (4s,;
red), represented via the loss of mass.

(3) Quality assessment by monitoring the spot diameter
based on the indentation displacement within the hold
time (4s,,)

Figure 5(1) clearly shows that the nugget growth velocity
at the time 7, = 100 ms shifts to lower values with increasing
welding current under the influence of different manufac-
turing discontinuities. This enables the determination of a
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Fig.5 Evaluation of a resist-

Discontinuity detection (1.)

Expulsion evaluation (2.) Spot diameter monitoring (3.)

ance spot weld process based on
the electrode displacement
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corresponding curve as a function of the welding current.
The trend has shown to be transferable to the other distur-
bance variables investigated (cf. Table 4), with the veloci-
ties being shifted downward according to the variable being
investigated. There can also be a trend derived for the com-
mon angular misalignment, where the nugget growth veloc-
ity is shifted downward based on its intensity. The finding
that the average nugget growth velocity was lowered for all
disturbances in comparison to the initial state makes it pos-
sible to detect an unwanted circumstance in the first half of
the resistance spot welding process. However, it is not pos-
sible to differentiate the disturbances clearly from each other.

Figure 5(2) shows, following Xia et al. [19], the potential
for using the indentation displacement in the weld time. For
this purpose, the joining partners were weighed with a preci-
sion scale before welding, welded and then weighed again
(cf. Section 3.6). The welding parameters were varied with
the aid of a design of experiment (DoE) in order to be able
to evaluate the influence of these on the expulsion intensity.
The loss of mass shows a clear linear correlation with the
respective indentation displacement within the welding time
(4s,,) of R’ ~ 98%. A critical indentation displacement could
not be generated with regard to the spot diameter.

Following the welding process, as shown in Fig. 5(3), the
indentation displacement in the holding time (4s,,) can be
used to monitor the spot diameter. Here, for the shown com-
bination of CR440Y780T-DP GI50/50-U (¢=1.5 mm), it
would be necessary to achieve a value of Asj, ,;, > 0.16 mm.

Furthermore, the characteristic value proves to be resil-
ient to occurring disturbance variables, in particular an
angular misalignment, which is common in the automotive
car body production. The indentation displacement over the
measured spot diameter can be seen in Fig. 6, where the
minimal necessary indentation displacement in the hold time
is approx. As;, ,,;,; = 0.175 mm for both 3° and 5° angular
misalignment.

In addition to that, Fig. 7 shows the indentation displace-
ment in the hold time for the other investigated manufac-
turing discontinuities (cf. Table 4 and Fig. 5). Here, it can
be seen that especially the shunting (s,=12 mm) and gap
(,=1.0 mm) lead to higher spot diameters at similar inden-
tation displacements. The adhesive affects the correlation
only slightly.
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4.2 Derived methodology for using the electrode
displacement

Based on the previous findings, a methodology has been
derived which should enable the evaluation of a resistance
spot welding process based on the electrode displacement,
as shown in Fig. 8.

Various characteristic values in the electrode displace-
ment are to be used to enable the quality monitoring. The
analysis is divided into three steps (cf. Figure 8):

(1) The detection of a present discontinuity based on the
nugget growth velocity at the time #; (linear)

(2) The detection and evaluation of expulsion based on the
indentation displacement in the weld time As,,

(3) The evaluation of the present spot diameter based on
the indentation displacement in the hold time As,,

The calculations can be extracted from Sect. 3.1.

First of all, it should be determined whether a production-
related discontinuity is present in the process and, if so,
whether this exceeds a critical level. If a critical dimension is

The subsequent detection of weld spatter with the aid
of the indentation displacement in the weld time (4s,,) is
trivial if a critical value is exceeded in the form of a yes/
no decision, as shown in Fig. 9. The reason for this lies in
the sudden loss of pressure from the molten nugget due to
the ejected material, which enables the upper electrode to
sink further into the material. This leads not only to a sig-
nificantly higher indentation displacement in the weld time
(4s,,), but also to a lower indentation displacement in the
hold time (4s,) (cf. Figure 3).

Figure 10 shows a spot weld with and without expulsion
to emphasize the relevance of the indentation displacement.
Both welds have been produced with F1-16-20-8-50-6
electrode tips, Fy=4.5 kN and the weld times shown in
Table 2, while the weld without expulsion was made at the
upper limit of the welding range (/,,=7.9 kA) and the weld
with expulsion was made with an increased welding current
of 1,=9.0 kA. It can be seen, that the resulting electrode
indentation is increased by over 120% with expulsion due
to the sudden loss of strength of the weld nugget during the
process. This correlates to findings in the literature [20].
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Fig. 10 Spot weld for
CR440Y780T-DP-GI50/50-U
with and without expulsion

w/o expulsion

w/ expulsion

Furthermore, following Xia et al. [19], a linear correlation
of the indentation displacement in the weld time with the mass
loss caused by the expulsion could be determined (cf. Figure 5).
This observation, combined with the finding that the indenta-
tion displacement in the weld time undergoes a correspondingly
high change when the welding current is increased, leads to the
proposed use of the parameter for expulsion evaluation.

The changes on the indentation displacement within the
weld and hold time as a function of the spot diameter are
illustrated in Fig. 5 and Fig. 11. Here, the ideal condition
without a manufacturing discontinuity is displayed. An elec-
trode force of Fy=4.5 kN with electrode tips F1-16-20-
8-50-6 (cf. Table 2) with varying welding currents was used.

Figure 5 and Fig. 11 illustrate the use of the indenta-
tion displacement in the hold time (4s,) to ensure that the
minimum spot diameter (d,,,,;,) has been reached. Here, a
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Fig. 11 Indentation displacement in the weld time under ideal condi-
tions
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considerable change of the indentation displacement in the
holding time is shown, especially for small spot diameters,
so that a limit can be derived. In the experiments shown
for the CR440Y780T-DP GI50/50-U, this limit value for
achieving the minimum spot diameter (d,,,,,;,=4.90 mm) is
Asj, =~ 0.16 mm. Furthermore, the determined limit value
proved to be robust against occurring disturbance variables,
so that it can be used for the prediction of a minimum spot
diameter (cf. Figure 6). The indentation displacement in
the hold time significantly correlates to the nugget diameter
due to the fact that the distance the electrodes sink into the
material is expected to depend strongly on the amount of
molten material at the end of the welding process. The more
molten material is present when the current is shut off, the
further the electrodes can sink in, which leads to the con-
clusion that a higher nugget diameter has been achieved.
The use of the indentation displacement in the hold time
also comes with the advantage that it is independent of the
amount of welding pulses in comparison to the indentation
displacement in the weld time. A variation of the holding
times and its influence on the reliability of the results will
be verified in further experiments.

In addition to that stiffness analysis will be carried out
in order to calculate an appropriate correction factor for the
electrode displacement on different welding machines.

5 Conclusions

A methodology for evaluating a resistance spot welding pro-
cess based on the electrode displacement has been derived
from the welding tests and data evaluations carried out with
a galvanized dual-phase steel CR440Y780T-DP GI50/50-
U (t=1.5 mm). The methodology is split into three steps,
consisting of the following:
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(1) The detection of the presence of a discontinuity by
means of the average nugget growth velocity in the first
half of the spot weld process

(2) The detection and evaluation of weld expulsion based on
the indentation displacement within the weld time (4s,,)

(3) The evaluation of the achieved spot diameter based on
the indentation displacement in the hold time (4s,,)

It was shown that it is possible to evaluate a resistance
spot welding process based on the proposed procedure.
The methodology proved to be particularly sensitive for the
detection of an angular misalignment. Further discontinui-
ties, including axial misalignment, larger gaps, and severe
electrode degradation will be investigated in future investi-
gations. It is expected that the axial misalignment will have a
similar effect like the angular misalignment, with the sever-
ity influencing the offset in the displacement curve. It is
also expected that the electrode degradation has a significant
influence on the electrode displacement, as it changes both
the heat input and the contact area.

In further experiments, the methodology will also be
validated using a multi-pulse welding process and adapted
for the evaluation of other materials and multi-sheet joints.
Furthermore, a parameterization of a resistance spot weld-
ing process based on the presented characteristics as well as
mechanical tests in the form of shear and cross tension tests
will be carried out.
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