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Abstract

Resistance spot welding (RSW) is a widespread technique for joining sheet met-
als. In industrial applications, working closely to expulsion conditions is common
practice to maximize the welding size and, thus, the mechanical performance.
On the other hand, expulsions lead to the worsening of mechanical characteris-
tics, and the joint becomes visually unappealing. Manufacturing disturbance is
another source of expulsion. Abnormal conditions like initial gap and edge prox-
imity are one of the reasons for defects in mass production. This work proposes
a procedure to quantify expulsion in RSW through an innovative index obtained
from frequency domain analysis of the force signals acquired during the weld-
ing process. Furthermore, an indicator extracted from the displacement signals
has been compared to the suggested expulsion index. An important finding of
this study is that the presented index, in addition to identifying expulsion, indi-
cates how close the process is to the expulsion limit, providing the possibility of
recognizing possible shifts and trends that could arise from the actual process
conditions. This leads to an effective tool for online process monitoring. Data
from an experimental campaign performed to reproduce expulsion in case of inap-
propriate choice of process parameters, initial gap, and edge proximity validate
the effectiveness of the proposed technique.

Keywords: Resistance spot welding, Monitoring index, Expulsion, Frequency
domain, Discrete Fourier transform
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1 Introduction

Resistance spot welding is one of the oldest and most popular fusion welding processes
because of its simplicity of usage, low cost, and great efficiency [1, 2, 3, 4, 5]. It con-
sists of joining two or more metal sheets together by applying high pressure and a
large electrical current through a couple of electrodes to exploit the Joule effect and
form the so-called weld nugget between the sheets. RSW founds large applications,
especially in automotive industry, where a single car body contains thousands of spot
welds [6, 7, 8].
The spot welding process, like all welding processes, is intrinsically complex. The pro-
cess design focuses on optimizing the process parameters. However, the actual process
may deviate from the expected nominal behavior due to numerous variables. Vari-
ous factors, including the electrodes (e.g., misalignment, degradation), the welding
machine, and the materials themselves can lead to the appearance of defects such as
expulsion, porosity, and cracks, as well as different failure modes during the weld-
ing process. Therefore, continuous monitoring is essential to preserve high production
quality [9, 10]. The ejection of liquid metal during the welding process, known as
expulsion, spatter, or flash, is the clearest indicator of process instability and any pos-
sible weakness in the produced weld.
By collecting welding process signals, e.g., electrode displacement, dynamic resis-
tance, and applied electrode force, a suitable analysis can detect online the expulsion
occurrence [7, 11, 12, 13]. When expulsion happens during welding, some of these
signals show specific trends. For example, the displacement and dynamic resistance
signals are affected by a sudden decline while, the force one, shows rapid fluctuations
[11, 14, 15, 16].
The ISO standard 17677-1-2021 [17] defines the phenomenon of ejected molten metal
particles, identifying two possibilities. Expulsions may occur at the faying surfaces of
the workpieces (i.e., the surface of a sheet in contact with the other sheet to which it
is to be joined) or at the contact interface between the sheet and the electrode during
the welding process. The first type of expulsion is highly undesired, as it causes liquid
metal to flow out of the nugget during welding, negatively impacting the weld quality.
In fact, the molten metal involved in the expulsion is part of the material that was
supposed to form the weld nugget but was expelled instead [18]. On the other hand,
surface quality and electrode life may be impacted in the second scenario. Accord-
ingly, defects like porosities inside the nugget or excessive indentation may form in
the event of a substantial ejection, significantly weakening the weld quality in terms
of peak load and energy absorption [19].
Ejections are not only the result of process variability but are sometimes due to an
incorrect welding strategy. The typical industrial procedure usually involves process
parameters near the condition in which the expulsion occurs, such as a high welding
current, to produce large weld nuggets that ensure adequate fusion in the joint and
fulfill welding quality requirements.
Besides the incorrect process design, another cause of expulsion arises from manufac-
turing disturbances. Abnormal conditions like initial gap and edge proximity welding
are common reasons for expulsion and low-quality weldments in mass production lines.
Previous studies confirm that these disturbances increase the probability of expulsion
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and lead to non-satisfactory heat input, producing smaller nuggets [20, 21]. Therefore,
it is necessary to prevent expulsion in RSW to solve the issue of unsatisfactory and
nonconforming welds. Monitoring and regulating the expulsion phenomenon is essen-
tial to modifying welding conditions and lowering the likelihood of this kind of weld
strength process fault.
Many efforts have been made to offer solutions: Farson et al. have monitored expul-
sion in small-scale RSW by measuring the voltage, displacement, and force signals
[22]. In [16], Ma et al. study the correlation of dynamic resistance, electrode force,
and electrode displacement with the expulsion phenomenon. Xia et al. use the same
signals, adding a high-speed camera to explore the relationship between signals and
expulsion, and then, they perform linear regression to assess the correlation with the
amount of expelled metal, proposing a quantitative evaluation of expulsion [11]. The
utilization of a high-speed camera has been performed even by Mikno et al. to deter-
mine the most effective signal to find out expulsion (i.e., the force signal), focusing
on the possibility of eliminating the issue by stopping the current just before it hap-
pens [23]. Other examples can be found either in [24], where Fan et al. determine the
different conditions that lead to expulsion by using the dynamic resistance signal, or
in [25], in which Kim et al. propose regression models to assess RSW quality crite-
ria, including the presence of expulsion, exploiting features extracted from the welded
materials information, displacement and resistance curves. Machine learning (ML) is
another widespread tool for quality monitoring in RSW. Regarding this, Podržaj et
al. propose a linear vector quantization (LVQ) neural network in [7] to identify expul-
sion. More recently, Zhou et al. have applied ML methods to monitor the existence
of expulsion using the dynamic resistance curves of thousands of spot welds in [26],
while, in [27], Russell et al. compare a multilayer perceptron and a convolution neu-
ral network for RSW quality criteria prediction, among which expulsion. Yang et al.
have exploited the dynamic resistance curves to determine, through different classifi-
cation algorithms, the quality of spot welds [28]. Random forest-based classification
using the same signal is presented by Xing et al. in [14]. Integrating features extracted
from process signals and the melting phase of the coating’s layer, Kershaw et al. have
introduced a model for expulsion detection and RSW monitoring [9].
Mostly, feature extraction related to time domain analysis is performed to assess the
presence of either expulsion or other weld defects in RSW. Although it is a common
practice for many manufacturing processes [29, 30, 31, 32], frequency domain analysis
is less conventional when dealing with RSW signals gained from machine-embedded
sensors. In the literature, there are a few examples. Lee et al. [6] have worked on
the resistance, voltage, and current signals, decomposed by wavelet transform, to feed
ML algorithms for evaluating electrode misalignment. Regarding the expulsion phe-
nomenon, Wu et al. [33] use the same transform, analyzing the force signal to identify
expulsion in RSW of titanium alloy, while Chen et al. [34] have applied the wavelet
decomposition and a back propagation neural network to determine the presence of
expulsion.
This work proposes a novel methodology for expulsion assessment. An expulsion pres-
ence index is computed based on the fast Fourier transform (FFT) results on the
electrode force signal. Through the FFT, the signal bandwidth is evaluated to detect
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fast oscillations in the applied force, detecting the expulsion phase. This approach
is computationally cheap and can be easily implemented on the onboard embedded
systems to provide real-time feedback to the operator. Moreover, the displacement
sensor is exploited to recognize expulsion. Excellent results are achieved in the RSW
joints classifications by combining the data analysis from force and displacement sig-
nal, leading to 100% positive matches in our experimental campaign. The results show
good sensibility in the spatter recognition for the FFT-based analysis, which can high-
light changes in welding conditions leading to expulsions. Therefore, it is possible to
prevent expulsion in sequence welding by performing suitable maintenance when the
expulsion index reaches critical values. This confirms that the force signal offers the
most effective way to determine the material ejection, as already verified in [7, 23].
The described procedure gives a straightforward way to identify, in real-time and with
very low complexity, either the presence of expulsion and its intensity level or how far
the actual working conditions are from the expulsion border. The remainder of the
paper is organized as follows. Section 2 discusses the analytical background proposed
in this paper. Section 3 describes the experimental setup, while Section 4 shows the
experimental results. Conclusions and proposals for future implementation end the
paper.

2 Theoretical analysis

2.1 Theoretical behavior of force and displacement curves in
the presence of expulsion

According to the literature, e.g., [11, 13, 22, 23, 27], expulsion can be identified by
using RSW mechanical signals, such as the force and the displacement signals. The
data acquisition is limited to the weld time.
Figure 1 shows the force and displacement signals acquired for two welding points
performed, with and without expulsions. Force and displacement are acquired from
the RSW machine through a linear position sensor, where the displacement represents
the distance between the moving electrode and the fixed electrode, and a strain sen-
sor indirectly measures the force. These green signals (no expulsion) follow a typical
behavior due to the physical transformations that the material undergoes during the
welding. In the initial phase, i.e., around the first 25 ms of the green curves in Figure 1,
the current starts flowing from the electrodes, and the metal sheets begin heating.
The higher current intensity is kept for the next 150 ms, leading to the melting of
the material, and a larger thermal expansion is observed. Finally, the current ceases,
and the metal cools down and shrinks. These thermal effects lead to well-known signal
behavior (see, e.g., [15, 18, 35, 36]). The force initially increases due to the slow mate-
rial expansion (see Figure 1a, green curve), while the electrode displacement remains
almost constant (see Figure 1b, green curve). Then, after 25 ms, the thermal expansion
is more severe, and the force control produces some oscillations due to the softened
metal. Finally, as the metal cools and shrinks, the pressure on the electrodes falls, and
the distance between the electrodes reduces.
On the other hand, material expulsion may occur in non-optimal welding conditions.
In this case, the welding pool reaches a higher temperature, and part of the liquid
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(a) Force behavior.
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(b) Electrodes distance.

Fig. 1: Signals acquired from the RSW machine for joints with and without expulsions.
The force and displacement curves are reported for both welding points.

metal is projected out (see, e.g., [15]). The red curves in Figure 1 show the RSW
machine signals acquired in case of expulsions. At the initial phase, the signals are
similar to the no-expulsion case. Then, when the metal is projected out, the electrodes
lose the support for the lack of material, and the force signal (see Figure 1a, red curve)
falls as the metal liquefies. Then, due to the expulsion the electrodes move down (see
Figure 1b, red curve) to a new equilibrium.
It is worth noting that, by comparing the curve in Figure 1, in case of expulsion the
force signal shows large oscillations, whose amplitude is about 30% the peak value,
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in the second half of the weld time, when the metal melts. When the molten mate-
rial is expelled, the displacement signal suddenly drops, and the electrodes end at a
shorter distance than at the beginning of the weld. It is interesting to note that the
force signal oscillations precede the displacement drop. Thus, the force signal seems
more sensitive in predicting the incoming expulsion.

2.2 Force signal analysis for expulsion detection

In this work, we propose a numerical index to quantify the presence of expulsion
in RSW. The signal bandwidth is exploited to identify the oscillations previously
described from the force signal.
Given the force signal F (t), through the acquisition system, the sampled values
F (k) = F (kTs) are available, where Ts is the sampling period, k = 0, 1, . . . , N − 1 is
the discrete time index, and N is the number of acquired samples. The discrete Fourier
transform (DFT) is defined as

F̃ (n) =

N−1∑
k=0

F (k)e−
i2πnk
N ∈ C,∀n = 0, . . . , N − 1. (1)

The sequence F̃ (n) is the sampled discrete-time Fourier transform of F (t), where the
index n is related to a particular frequency through f = nfs/N , having fs = 1/Ts.
For each n = 0, 1, . . . , N − 1, a sinusoidal function is defined through the module and
phase of the complex number F̃ (n). The sum of all the N sinusoidal functions provides
the original signal F (k). In particular, the module of F̃ (n) defines the amplitude of
the sinusoidal component. The bandwidth of a signal F (k) is defined as a particular
frequency fB such that |F̃ (n)| is negligible for all n > nB = NfB/fs.
Remark 1 It is worth noting that, in the above definition of bandwidth, we generically
state that |F̃ (n)| is sufficiently small or negligible. In fact, due to the presence of the
measurement noise, F̃ (n) 6= 0 for all n = 0, 1, . . . , N − 1.
A signal having fast dynamic, i.e., large variations in the time domain, is charac-
terized by a large bandwidth. On the other hand, a signal slow in the time domain
has a small bandwidth. The interested reader can find details on the DFT and its
properties in [37].

For simplicity of notation, we define X(n) = |F̃ (n)|2, and the equivalent value in
decibels

XdB(n) = 20 log10 |F̃ (n)|. (2)

as the module square of F̃ (n). From the Parceval’s theorem (see, e.g., [37]), the
following relation holds

E =

N−1∑
k=0

|F (k)|2 =

N−1∑
n=0

X(n), (3)

where E is the energy of F (k). Thus, X(n) assumes the meaning of energy spectral
density since it describes how the energy of F (k) is distributed along the frequency

6

6            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      

� �� ��� ��� ���
�	����

	��
��

���

���

���

���

���

���

��
��
	�
��
�
�

������
��
���	�����
��

(a) Force behavior in the time domain.
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(b) Force energy spectral density in dB.

Fig. 2: Force signal acquired from the RSW machine for joints with and without
expulsions. On top are the acquired signals in the time domain, above the normalized
energy spectral density.

components. Information equivalent to bandwidth can be retrieved by introducing the
residual energy as

Rnx =

N−1∑
n=nx

X(n) (4)
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which is the difference between the signal energy E and the energy spectral density
limited to its first nx values. Residual energy can be expressed in dB as

Rnx
dB =

N−1∑
n=nx

X(n)dB (5)

Since our objective is to identify the large oscillations in the force signal preceding
the expulsion phase, we propose to compare the index Rnx given the force signal
acquisition from the welding machine. However, from (1), it is worth noting that a
scaling factor c on the force in the time domain scales the DFT F̃ (n) as well. Thus,
by defining a signal F1(k) and its DFT F̃1(n), the scaled signal F2(k) = cF1(k) leads
to F̃2(n) = cF̃1(n). The scaling also reflects on the index Rnx . Thus, we define

R
nx

=

N−1∑
n=nx

X(n) (6)

where

X(n) =
|F̃ (n)|2

|F̃ (0)|2
. (7)

Figure 2 shows the force signals acquired during the welding process, with and without
expulsion, highlighting with different colors the entity of the oscillations to be detected.
The normalized energy spectral densities for the two signals are shown in Figure 2b.
Through graphical comparison, the signal without expulsion has a smaller bandwidth
than the one with expulsion, as expected. While XdB(n) is contained between -80 and
-60 dB in case of no spatter, XdB(n) is larger, up to -40 dB, in case of expulsion.
The user’s choice of the index nx is arbitrary and should be tuned to adequately adapt
to the process.

2.3 Displacement signal analysis for expulsion detection

Like the force signal, the electrode distance provides information on the material
expulsion. During a weld without expulsion, the displacement signal is almost constant,
with variations of a few micrometers (see Figure 1b, green curve). On the other hand,
the lack of support due to the material expulsion leads to a fast electrode distance
reduction (see Figure 1b, red curve). Therefore, we propose an index based on the
maximum variation of the acquired sampled displacement signal d(k). Since it is not
possible to define the derivative function for a discrete-time function, we define the
index

S = max
k

|d(k + 1)− d(k)|
Ts

(8)

as the maximum difference quotient, representing the maximum electrode relative
speed during the welding process. It is worth noting that, given the same acquisition
sampling time Ts for all the experiments (see 4.2), (8) can be simplified as

S = max
k
|d(k + 1)− d(k)| (9)
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where the maximum of the finite difference is considered.

3 Experimental setup

A medium-frequency direct current RSW machine, working in constant current control
mode (CCC) [38], with a TE700 (Tecna) control unit, has been utilized to run the
experimental welding operations. This working mode has been chosen to control the
input current and avoid one more source of variability. This machine is equipped with
a set of sensors to monitor the process. Along with the available sensing devices, in this
study, the following have been considered: a piezoelectric surface strain sensor (Kistler
Italia, mod. 9232A, sensitivity ≈ −80 pC/µε), to acquire the electrode force during
the welding process, and a magnetostrictive linear position sensor (Temposonics R-
series, resolution of 2 µm), to measure the electrode displacement. Signals are acquired
through a National Instruments cRIO 9035 at a 40 kHz sampling rate. The material
used is the GI50/50-U zinc-coated DP590 steel, which is part of a materials category
widely utilized in the automotive industry [35, 36]. The thickness of the single sheet
is 0.8 mm. According to ISO 14273, [39], the individual test piece dimensions are
(45x105) mm, and the weld overlap is 35 mm, as shown in Figure 3. Weldings have
been performed with two Cu-Cr-Zr electrodes, having a truncated cone shape and a
nominal contact diameter of 4.5 mm, as recommended by ISO 14373 standard [40].
The bottom electrode is fixed while the top electrode moves to clamp the sheet stack.
Electrodes cooling is achieved through a water flow of 4 L min−1, as advised by the
same standard [40]. The partial weldability lobe at constant welding time has been
built per ISO 14327, and ISO 18278-1 [41, 42]. Both standards suggest the lobe lower
limit to a weld diameter wd = 3.5

√
t, where t = 0.8 is the material thickness, and

the upper limit is the maximum welding conditions before expulsions occur. Welding
time-related parameters have been chosen according to ISO 14373 [40]. Following the
ISO 17677-1 [17] nomenclature, the weld time is given by the sum of upslope (25 ms),
downslope (25 ms), and current time (150 ms). In our experiments, the weld time
is set to 200 ms. Focusing on the upper limit, 13 different combinations of welding
current I = {6.5, 7, 7.5, 8} kA and welding pressure P = {0.8, 0.9, 1, 1.1} bar have
been chosen to perform 39 spot welds (i.e., 3 welds for each combination). Table 1
summarizes welding parameters. According to ISO 14373 [40], the first points have
been made with 7 kA and 1 bar. From the welding machine technical characteristics,
the force F pressure P relationship is

F = 2.07P. (10)

For each spot-welded specimen, a standard testing machine has carried out the shear
tension test (STT) with a crosshead speed of 10 mm min−1. Finally, the measure of
the weld diameter, i.e., the mean diameter of the fused zone at the faying surface after
destructive testing, has been performed employing a digital caliper (see Figure 4b), as
recommended by ISO 17677-1 [17].
Through visual inspection, the presence of expulsion has been assessed, and the partial
welding lobe (right limit zone) has been built. Figure 4a shows one of the specimens,
after the tension test, in which welding has been affected by the presence of expulsion.
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35 mm

105 mm

45 mm

Fig. 3: Specimen geometry according to ISO 14273.
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(a) Specimen with expulsion, after shear tension test.

(b) Weld diameter measurement, after shear tension test.

Fig. 4: Expulsion-affected specimen and weld diameter measurement.
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4 Results and discussion

4.1 Definition of weldability lobe

Through the experimental setup discussed in the previous section, a total of 39 RSW
joints have been initially performed (13 groups, Table 1). Given the results, the partial
weldability lobe has been constructed. The average weld diameter and failure peak
load are considered for each group. The following rules, based on ISO standards, have
been applied to select the compliant joints.

1. If the weld diameter is below wd = 3.5
√
t mm, i.e., approximately 3.1 mm for

t = 0.8 mm, the group is not compliant (see [40]).
2. If the peak load is lower than ISO requirements (in this case 2.3 kN), the group is

not compliant (see [40]).
3. If there are no expulsions, the group is compliant (green) (see [41, 42]).
4. If there is only one point with expulsions, the group is partially compliant.
5. If most points are affected by expulsion, the group is not-compliant (see [41, 42]).

The first rule is always satisfied since the welding parameters have been selected
to reach the minimum weld size wd = 3.1 mm. The fourth rule is not from ISO
standards, and it has been defined to highlight the contour of the weldability lobe as a
border between the compliant and not-compliant joints. Figure 5 shows the resulting
weldability lobe. The colors have been assigned to highlight the joint categories. The
weak joints, i.e., not conforming to rule 2, are in blue. Green and red blocks denote
groups with compliant and noncompliant joints, respectively, by ISO standards. In
orange are the groups with partially compliant joints.
The experimental data confirm some known relationships (see, e.g., [18]). The peak
load is mainly related to the weld diameter, even if the geometrical size is not the only
parameter affecting the weld strength.
The weld size is proportional to the input current I. In fact, the energy delivered,
and, thus, the welded material, is proportional to the welding current, leading to a
larger weld spot. For example, the comparison between weldings in group 4, made
with I = 6.5 kA, and group 1, made with I = 7 kA, shows this relationship. Both
groups are characterized by the same welding pressure P = 1 bar. The average weld
diameter is wd = 4.43 mm in group 4 and wd = 4.92 mm in group 1. A large current
value is the main cause of expulsions.
Even if counter-intuitive, increasing electrode pressure P can decrease weld size wd.
This happens due to two competing factors. On the one hand, higher pressure creates
a better connection between the electrode and the sheet metal being welded, which
reduces the electrical resistance at the contact point, i.e., lowers the heat generation
in that area. Heat is what melts the metal and forms the weld nugget. So, with
less heat, the weld grows smaller. On the other hand, increased pressure can also
squeeze the molten metal at the weld zone outward. This can expel some of the molten
material, limiting the overall size of the solidified weld diameter. The comparison
between weldings in groups 4 and 10 shows this inverse proportional relationship
between pressure P and weld size wd. While the welding currents are the same, I = 6.5
kA, decreasing the pressure from P = 1 bar to P = 0.9 bar leads to the average weld
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diameter changing from wd = 4.43 mm to wd = 4.70 mm, respectively.
Expulsions in RSW are directly related to weld size, specifically the weld diameter.
In fact, expulsions are often seen as a sign of an excessively large weld nugget. The
experimental data in groups 1, 2, and 3 verify this, where the presence of expulsions
is related to larger weld diameters. During RSW, heat generated at the contact point
melts the metal, forming the weld nugget. With proper settings, this nugget grows to an
ideal diameter for strong bonding. Excessive heat due to improper settings, e.g., high
welding current I, may lead to the weld nugget becoming excessively large. Therefore,
the molten metal under pressure has nowhere to go and gets squeezed out, forming
expulsions around the weld zone [7, 18]. In some applications, a slightly larger weld
diameter due to minor expulsions might not be detrimental and could offer a larger
peak load. In groups 10 and 11, the welding parameters change, leads to an average
increment of the peak load, even if some expulsions occurred. It is worth noting that
one out of three tests in group 11 having expulsions reached larger values in STT than
joints in the group 10. However, expulsions are essentially molten metal that squeezes
out of the weld nugget during the welding process. Moreover, the expulsion process
can create cavities or voids around the expelled material. These voids act as stress
concentrators, making the weld more susceptible to cracking under shear tensile stress
applied during testing. A smaller STT result in the presence of expulsions is seen in the
group 6 compared to group 1. In group 1, without expulsions, the average joint peak
load is 3.13 kN, and the weld size is 4.92 mm. In group 6, all the joints had expulsions,
and, on average, the weld size is larger, wd = 5.02 mm. However, the average peak
load decreases to 3.03 kN. Accordingly, expulsions are generally undesirable in RSW
applications where strong shear strength is required.

4.2 Data acquisition

Some sensors monitor the welding machine. As described in the previous section,
analogic displacement and force sensors are applied to the electrodes, and data is
stored through a digital acquisition system. The electromagnetic disturbances from
the welding process lead to really noisy data. This noise is a random fluctuation in
the signal itself or introduced during the measurement process.
The oversampling technique has been applied to acquired data to mitigate the impact
of measurement noise. Oversampling is a valuable tool for reducing the impact of noise
when reconstructing signals at a lower frequency than the sampling rate, and it works
best for random, zero-mean noise. The original data acquisition frequency is set to
40 kHz. Then, data is split into groups of 40 samples. Only one value, the average, is
kept for each group, leading to an effective data acquisition frequency equal to 1 kHz.

4.3 Force and displacement signals analysis

The portion during the weld time (200 ms) is considered among the force signals
acquired during the process. For each joint, eq. (6) is applied to compute the residual

energy R
10

dB, where nx = 10 is chosen from experimental trial-and-error procedure. It
is worth noting that higher residual energy corresponds to a more severe expulsion.
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Group 7
3.57 mm
2.13 kN

Group 8
4.17 mm
2.53 kN

Group 9
4.97 mm
3.20 kN

Group 13
5.13 mm
3.20 kN

Group 4
4.43 mm
2.60 kN

Group 1
4.92 mm
3.13 kN

Group 2
5.10 mm
3.13 kN

Group 12
5.14 mm
3.21 kN

Group 3
5.25 mm
3.13 kN

Group 10
4.70 mm
2.80 kN

Group 5
4.72 mm
2.83 kN

Group 11
5.08 mm
3.23 kN

Group 6
5.02 mm
3.03 kN

I (kA)

P (bar)

1.1

1.0

0.9

0.8

6.5 7.0 7.5 8.0

Fig. 5: Weldability lobe. Three test repetitions have been performed for each group.
Within the boxes, the average weld diameter and failure load are reported. Colors
highlight the welding quality. Low failure loads are denoted in blue. In orange and red
are marked groups where expulsions occurred. If one joint in the group had expulsion
in orange, two or more in red. In green are the good-quality sample groups.

Figure 6a shows welding points and expulsion compared to their R
10

dB value. As
expected from the process parameters, point number 9, which belongs to group 3,
demonstrates a higher intensity of expulsion. The cross-sections of the same speci-
mens can be observed in figure 6b. Weldings 1 and 9 (no expulsion vs high expulsion)
have the same input pressure but different welding currents (7 and 8 kA). After the
cross-section cut, only one side of the welding nugget remained in the case of number
9. Although after STT both have shown a satisfactory weld diameter (4.95 vs 5.35
mm), a pull-out fracture, and a high peak load (3.2 vs 3 kN), number 9 has a high
indentation depth which should be lower than 20% of the thickness, according to
ISO standards [40]. This confirms that having a standards-compliant diameter and
peak load is insufficient to satisfy all quality requirements. Consequently, considering
expulsion is crucial for RSW quality assessment.

Figure 7a shows R
10

dB for the 39 welding points made. A threshold equal to −5400
dB can be defined to separate joints with and without expulsions. Such a thresh-
old depends on several parameters, e.g., sampling frequency and welding process
duration. Thus, the threshold and the weldability lobe definition should be detected

experimentally. Moreover, the R
10

dB value distance from the threshold is smaller as
the welding parameters are closer to the expulsion conditions and vice-versa. The
joints within the partially compliant groups (marked in orange) are the closest to the
threshold. Group 3 is the rightmost in the weldability lobe (see Figure 5) and has the

largest R
10

dB. Similarly, joints in group 4, the leftmost group from the non-compliant
condition, have the smallest residual energy value.
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(a) Expulsion severity and R
10
dB for specimens 1, 18, and 9.

(b) Cross sections, after STT, for points 1, 18, and 9.

Fig. 6: Specimens 1 (group 1, no expulsion), 18 (group 6, medium expulsion), and 9
(group 3, high expulsion).

Through the electrode displacement signal, the expulsions are recognized as well. The
S index is computed according to (9) for all the 39 experiments. Just like the index

R
10

dB, it is possible to identify a threshold to split the set of joints with or without
expulsions. In this case, 15 µm is the threshold value. It can be observed that the
expulsion presence is always recognized, but the behavior is different in the absence
of expulsion, which corresponds to the region below the threshold.

4.4 Validation by edge and gap affected welding points

Two more cases have been considered to validate the proposed index: initial gap
(IG) and edge proximity (EP) (Figure 8). All welding points have been performed
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(b) S values for samples 1-39.

Fig. 7: R
10

dB and S values for samples 1-39. Joints with and without expulsions are
denoted in red and black, respectively. The horizontal red line denotes the identified
threshold, splitting joints with and without expulsions.

with I = 7 kA and P=1 bar (see Table 1). Firstly, 3 samples have been made with-
out any disturbance. Then, for each gap condition IG = {0.7, 1, 1.3} mm, 3 samples
have been performed. The same has been done for the edge proximity, considering
EP = {10, 5, 0} mm. The validation set contains 21 samples.
All weldments done in abnormal conditions (IG and EP) have been affected by expul-
sion. Figure 9 shows the differences of the acquired forces for specimens with IG1.3
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(a) Initial gap welding geometry with IG = {0.7, 1, 1.3} mm.

(b) Edge proximity welding geometry with EP = {10, 5, 0} mm.

Fig. 8: Initial gap and edge welding geometry.

and EP10 conditions compared to a normal weldment having group 1 parameters.
Even in this case, XdB(n) is higher for the expulsion-affected points.

Following the procedure previously discussed, R
10

dB and S have been computed to
validate the proposed approach. Figure 10 shows the indexes for the validation set,
demonstrating that the thresholds identified in the previous paragraph are valid
even in considered IG and EP cases. Indeed, the IG disturbance reduces the ini-
tial contact area between the sheets, resulting in a rapid temperature increase and
expulsions. In the presence of EP welding, expulsion occurs since a lower heat dis-
sipation leads to a rapid temperature rise in the welding. It can be observed that

increasing the gap, R
10

dB increases since the process becomes unstable. The same can

be noted for edge weldments: moving from EP10 to EP0, R
10

dB decreases due to less
vibrations during welding. The lack of surrounding cold metal allows the expansion
of the nugget, reducing the internal pressure and, thereby, lowering the likelihood of
expulsion formation[21, 43, 44].
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(b) Force energy spectral density for normal and abnormal conditions.

Fig. 9: Force and energy density for normal, IG1.3 and EP10 specimens.

4.5 Comparison of residual energy with displacement signal to
detect expulsiones

Figure 11 compares all 60 indexes S and R
10

dB to highlight their sensitivity in expul-

sions detection, where R
10

dB is shown as a function of S. Given the previously defined

threshold values on S and R
10

dB, the set of joints with expulsions is all contained within
the upper right plane, while the lower left plane has the joints without expulsions.
Displacement- and force-based expulsion indexes are proportional in the case of expul-
sions. They grow as the welding conditions are far from the optimal one identified
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(a) R
10
dB values and the trend for validation set weld joints.
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(b) S values and the trend for validation set weld joints.

Fig. 10: R
10

dB and S values for validation set weld joints (numbers 40-60). The hor-
izontal red line denotes the identified threshold, splitting joints with and without
expulsions.

in the lobe diagram (Figure 5). However, for joints without expulsions, the values of

S are all close to each other, around 5 µm. In this case, R
10

dB shows large variability
based on the welding parameters, getting close to the threshold when the weldings

are moving toward the expulsion conditions. Thus, the online monitoring of R
10

dB can

19

19            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      

Table 1: Experimental input
parameters. I is welding current,
P is electrode pressure. The vali-
dation set has 21 out of 60 sam-
ples.

Group ID / set I (kA) P (bar)
1 7.0 1.0
2 7.5 1.0
3 8.0 1.0
4 6.5 1.0
5 6.5 0.8
6 7.0 0.8
7 6.5 1.1
8 7.0 1.1
9 7.5 1.1
10 6.5 0.9
11 7.0 0.9
12 7.5 0.9
13 8.0 1.1

validation 7.0 1.0

help working close to the extreme conditions in the lobe diagram, close to the spat-
ter condition. The index trend, possibly due to electrode wear, can be monitored and
signaled to the user when it approaches the threshold value, preventing expulsions.
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Fig. 11: R
10

dB vs S. The red lines denote the identified thresholds, splitting joints with
and without expulsions. All the weldments not affected by expulsion have S between

lower than 15 µm and R
10

dB lower than -5400 dB.

5 Conclusion

This work proposes an expulsion presence-related index, R
10

dB, capable of recognizing
expulsion and its intensity level. In total, 60 welding points, in different conditions,
have been performed.
First, an experimental campaign has been conducted following the corresponding
ISO standards to identify process parameters that lead to expulsion thanks to the
weldability lobe construction. Frequency domain analysis of the extracted force signal
has been exploited to build the index. The validity of the proposed index, in terms
of binary expulsion identification, has been verified using another index constructed
from the electrode displacement. Such a signal is widely used in the literature when
dealing with expulsion recognition. However, a different behavior has been noticed
when the process works in standards-conforming situations.
Second, another campaign was done to validate the ability of the proposed index
to recognize expulsion in abnormal conditions: initial gap and edge proximity. For
each condition, 3 replicas for 3 different levels have been made. Even in this case, the

proposed R
10

dB index was capable of catching the expulsion phenomenon.

The main findings of this study are:
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• As the displacement-related index, S, the R
10

dB expulsion indicator can always
recognise expulsion. Consequently, both signals can be used for binary expulsion
classification, reaching 100% accuracy.

• Although the physical amount of expulsion has not been measured, it has been

shown that R
10

dB is capable of quantifying the level of the spatter. It has been demon-
strated that welding points with higher expulsion intensity (i.e., bottom right area

of the weldability lobe) have a higher R
10

dB.
• Regarding induced expulsion by extreme process parameters, significant differences

exist when the process works under the expulsion border. The R
10

dB demonstrates
a higher sensitivity in catching near-expulsion working conditions. It can identify
boundary conditions characterized by a high heat input, leading to a large weld

diameter and a higher probability of expulsion occurrence. Therefore, R
10

dB not only
can distinguish between non-expulsion and expulsion but it can quantify expulsion
intensity and how far, based on the actual working conditions, the process is from
the expulsion limit.

• Initial gap and edge proximity conditions leading to expulsion can be automatically

recognized. In particular, the R
10

dB index can identify the relationship between the
expulsion intensity and the severity of the disturbance. For example, a higher gap

implies a higher R
10

dB.

The proposed index enhances RSW process monitoring for achieving the following:

• Recognition and quantification of expulsion, being undesirable and unacceptable for
RSW standards.
• Identification of any shift or trends leading to expulsion and intervention before

expulsion arises.
• Detection of spatter deriving from abnormal conditions as initial gap and edge

proximity.

Future works could focus on the combination of the R
10

dB with other techniques that
are capable of distinguishing the different causes of expulsion (e.g., wrong process
parameters, electrode wear, initial gap, edge proximity, electrode-sheet inclination).
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