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Abstract 

   

Resistance spot welding technology is a premier metal joining mechanism in various 

industries. The revolution of its usage was started in early 19
th

 century and today many 

industries are mainly depending on it for their mechanical assemblies; particularly the 

aeronautical, automotive and precision engineering sectors. The present welding techniques 

of RSW technology is able to produce multiple welding currents’ sequences with 

corresponding welding periods but manufactured with either pneumatic or hydraulic force 

actuators. All of these force-executors reveal some inconsistencies to certain degree on the 

force profiles which affect the weld quality, indeed. Moreover the weld size, its compactness 

and inherent character of spot welds are the primary factors that determine the weld strength. 

Hence a thorough exploration into the possible improvement of force profiles; before, during 

and after the welding process is carried out in this project. At one moment, the suppression of 

electrically generated forging forces (EGFF) that induced inherently during the welding 

process creates significant improvements on welds. This suppression led to remarkable 

changes in force profiles which have produced good spot welds and offered significant 

improvements in terms of weld qualities. Besides, the welding procedures and relevant 

concepts are well categorized into the single current and single force (SISF) and dual current 

and dual force (DIDF) welding techniques for the welding engineers with complete solutions. 
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Finally the analysis of acoustic emission and forging force computation are considered as the 

novel parts of this project.  The discovery of forging force calculation solves the inaccuracies 

among force profiles and leads the spot welding mechanism into new era.  
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Abstract Resistance spot welding is an essential welding
mechanism for joining two or more metal sheets together in
automotive industries. The mechanical assemblies are easily
joined at discrete spots using high current flow through the
area of concentration. It is easily achieved by compressing the
base metals together to a certain pressure using copper elec-
trode caps and allow the high current to flow through the
concerned areas. The heat generation due to the current flow
causes the metal sheets to be fused and consequently form
bonds between base metals. The molten areas of base metals
undergo solidification process by itself when the current flow
is utterly stopped. Basically, the weld growth in any joint is
determined by its process-controlling parameters, particularly
the welding current, weld time, electrode force, and electrode
tip. In these experiments, the welding current and weld time
variations were carried out to characterize the weld growth for
three types of joints mainly for stainless steel, mild steel, and
both steel mixed joint. A pneumatically driven 75-kVA spot
welder was used to accomplish the entire welding processes,
and the welded samples were later subjected to tensile, hard-
ness, and metallurgical tests to relate the diameter growth,
loading force during tensile test, failure crack initiation,
post-failure crack propagation direction, macro and micro-
structural changes, and also the hardness changes due to

solidification process. Assessing the experimental results of
2-mm thickness of materials revealed that the welded areas’
characteristics have been varied from its original states to
enriched states, in terms of shearing strength and hardness
distribution as well as the microstructural orientation.

Keyword Stainless steelwelding .Mild steelwelding . Joined
materials . Dissimilar joints

1 Introduction

A common metal-joining technique that used to join two or
more metal sheets together through fusion is called as spot
welding. It is accomplished by allowing high current to flow
through metal sheets at discrete spots. The welding current
and weld time lead the root penetration between metals while
the electrode pressing force and electrode tips hold the spots
firmly in a welding process [1]. This process basically uses
two copper electrodes to compress the sheets together and
supplies huge amount of current (typically kA) through the
contact area of electrodes. The flow of welding current against
the series of resistances (electrodes to sheets’ resistances, bulk
resistances, and sheets to sheets’ resistances) establish resis-
tive path for high current flow. These huge amounts of current
flow cause heat generation and gradually melt the faying
surfaces of base metals as the time goes during the welding
process [2, 3]. The highest resistive areas will initially be
melted, and the melt itself grows or expands in all direction
equally for similar base metals. As for the dissimilar weld
joints, there will be heat imbalance occurrences in the weld
geometry resulting in different weld diameters [4]. Once the
current flow is fully stopped, the fused area will then be
solidified. The diameter growth of solidified areas between
mild steel and stainless steel varies from each other as mild
steels offer its critical diameter growth as 3t0.5 whereas the
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stainless steels offer its critical diameter growth as 4t0.5; let ‘t’
be the thickness of base metals in millimeter [5, 6]. The fused
and solidified areas of base metals are called as weld nuggets
from here on and it consists of four major zones. They are
categorized as fusion zone (FZ) or weld nugget, heat-affected
zone (HAZ), heat-extended zones (HEZ), and base metals
(BM). Some researchers combine the heat-affected and heat-
extended zones as one region, but I treat it separately so as to
compare with SORPAS simulation results. The proper weld
joints or bonds between sheets are usually formed by the
fusion zones at which the microstructural alterations fully
happened during solidification. The heat-affected zones do
exist due to the thermal conduction around the fusion zones
and also altered the microstructures partially. However, the
heat-extended zone does exist because of the materials’ ther-
mal conductivity rates. This region is still categorized under
the heat-affected zones because of the partial or sometime
minimal microstructural changes. These regions are certainly
seen in mild steel as compared to stainless steel in addition to
the dissimilar weld joint. The other part of the entire base
metals remained unchanged. The weld nugget growths are
basically determined by the controlling parameters, primarily
the welding current, welding time, electrode pressing force,
and electrode tip diameter [7]. These are the four common
parameters that enable a weld growth as it influences sound
welds to prolong the stiffness of any metal joints. In this
experiment, the current and weld time were varied while

electrode force and tips remained unchanged to characterize
the weld growth for 2-mm base metals of stainless steel and
mild steel sheets as 2-mm thickness is very rare in size that is
used in spot-welding research. As such, this paper will lead to
new understanding of higher-thickness materials in RSW.

2 Experimental

The specimens were prepared in rectangular shape metal
sheets (200 mm×25 mm×2 mm) as shown in Fig. 1, and its
chemical and mechanical properties are listed in Table 1. A
pair of water-cooled copper electrodes with truncated tip
diameters of 5 mm was used to join these metal sheets which
were selected from RWMA’s class two (copper and chromi-
um) category. Two separate specimens were initially placed
on the top of the lower electrode tip of the spot welder (AC
waveform, 75 kVA) as overlaying 60 mm on each other and
then the initiating pedal was pressed to squeeze the middle of
60-mm overlap. The welding process was started immediately
after the electrode pressing force reached its present value of
preset force. The welding current flow falls in kilo ampere
ranges as sinusoidal waveform, and the repetition of wave-
form is counted as weld cycles. So the welding current flow
was lasted for the given weld time. Thereafter, the pneumatic-
driven electrodes’ pressing mechanism consumes some time
for cold work (for the solidification process) and finally return
back to the home position of the electrode assembly. The
welding process controlling parameters (current, weld time,
and force) are set before the welding process starts so that the
weldment happens in accordance with the preset values.
Meanwhile, the squeeze cycle was 35, hold cycle was 20,
and cooling cycle was 20 in the welding sequence.

However, in order to estimate the reasonable working
region to avoid the expulsion and poor weld conditions, some

Fig. 1 Test sample

Table 1 Chemical and mechanical properties of base metals

304 austenitic stainless steel and mild steel

Element Weight % Weight %

C 0.046 0.23

Cr 18.14

Ni 8.13

Mn 1.205 0.095

Si 0.506 0.006

S 0.004 0.050

N 0.051

P 0.030 0.040

Hardness (HRB) 86.2 65

Fig. 2 Welding lobe diagram
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welding processes were conducted prior to final experiments.
By done so, the good working region was predicted, and the
result is shown in Fig. 2.

Figure 2 shows the welding lobe curve for 2-mm sample
sheets with constant force (3 kN) and unchanged circle elec-
trode tips (5 mm of diameter). The electrode force and elec-
trode tip were selected based on the manufacturers’ manual.
Thus, according to Fig. 2, the weld lobe boundary indicated
by continuous black color lines delineates all acceptable
welding regions. The colored symbols represent the quality
of welds that produced, and conditions that did not produce
any weld are indicated by white boxes. The green-colored
boxes with black borders represent moderate to good welds;
the fully green boxes represent very good welds; the red-
colored boxes bordered in green represent welds for which
light expulsion occurred; the red boxes represent heavy ex-
pulsion; and the black boxes represent poor weld joints. A
weld schedule was initially developed based on the welding
lobe to avoid expulsion and poor welding conditions because
the scope of this paper is to investigate the weld growth in
good working regions. So the process parameters that of the
welding current and welding time are equally spaced between
their regions. Assumption follows the welding lobe contour
and therefore three levels of welding current (7, 8, 9 kA) and

welding time (10, 15, 20 cycle) were established. Based on
this simple prediction, nine weld schedules were finalized as
listed in Table 2. During the welding process, seven pairs of
base metals were developed for each weld schedule. Five out
of seven were used for tensile test, and the corresponding
average value was considered for that particular weld sched-
ule. One pair of specimen was used for hardness test, and the
final one pair of specimen was used for metallurgical test.

The tensile shear test was carried out using 100 kN tensile
testing machine to determine strength of welded samples. The
crosshead speed was maintained at 70 mm/min, and the metal
sheets were held for 30-mm tensile grip out of 200-mm
original length as shown in Fig. 1. The ultimate tensile
strength (UTS) was measured as the maximum weld strength
after which the welded sample will crack itself (Fig. 3). An
average strength value of the five samples for each weld
schedule was taken as final values of that particular weld
schedule [8].

The hardness test was carried out using a Rockwell hard-
ness tester applying scale ‘B’ with 20 kg of pressing force.
Twenty two points were measured from the left hand side of
base metal through the welded areas and ended at the right
hand side of base metal. Figure 4 shows the hardness measur-
ing point of a dissimilar welded joint. The test was conducted

Table 2 Weld schedule for process-controlling parameter

Sample no. Weld schedule Material Electrode tip (mm) Force (kN) Current (kA) Time (cycle)

1–7 1 MS, SS & MS + SS 5 3 7 10

8–14 2 MS, SS & MS + SS 5 3 8 10

15–21 3 MS, SS & MS + SS 5 3 9 10

22–28 4 MS, SS & MS + SS 5 3 7 15

28–35 5 MS, SS & MS + SS 5 3 8 15

36–42 6 MS, SS & MS + SS 5 3 9 15

43–49 7 MS, SS & MS + SS 5 3 7 20

50–56 8 MS, SS & MS + SS 5 3 8 20

57–63 9 MS, SS & MS + SS 5 3 9 20

Fig. 3 Tensile shear test (ultimate tensile strength) Fig. 4 Hardness test using Rockwell hardness machine (scale B)
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for both sides of welded joint. However, for the mild steel and
stainless steels, only one side of measurement was taken into
consideration though both sides were measured.

The welded samples for the mild, stainless, and mixed steel
were cut at the line of its diameter and mounted it using resin
powder on hot press mount machine. The mounted samples
(Fig. 5) were roughly polished using silicon papers 1,200/
800 p and 600/200 p and also continuously further polished

Fig. 5 Samples that mounted on
resin power

Table 3 General properties of base metals

Properties Stainless steel Mild steel

Density 8.00 g/cm3 7.85 g/cm3

Melting point 1,400–1,450 °C 1,426–1,538 °C

Electrical resistivity 6.89×10−7Ω.m 1.611×10−7Ω.m

Thermal conductivity 16.2 W/m.K (min) 54 W/m.K (min)

Thermal expansion 17.2×10−6/K 12×10−6/K

Fig. 6 A simulation work for 8 kA, 15 cycles, and 3 kN of force (2-mm
mild steel)

Fig. 7 A simulation work for 8 kA, 15 cycles, and 3 kN of force (2-mm
stainless steel)

Fig. 8 A simulation work for 8 kA, 15 cycles, and 3 kN of force (2-mm
mild and stainless steel)
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using Metadi polishing cloth with suspension liquid of
0.05 micron. This polishing process has been conducted for
about 30 min to 1 h on each sample until the shining surfaces
were seen. The well-polished samples were later kept in
nitrogen-filled chamber to reduce the oxidation effects before
taking into the SEM scanner. At last, the ferric chloride
(500 ml for 10 samples) was used to etch these well-
prepared samples in a pot for about 30–45 min. After that,
the samples were rinsed off using plain water and dried using
an air blower. It was sent to SEM scanning procedures without
any delay because the mild steels are very sensitive to atmo-
spheric moisture.

3 Results and discussion

3.1 A comparative study of simulation and real weld joints

Simulation procedures for the similar and dissimilar weld
joints (mild and stainless steel) were performed using
SORPAS, the spot-welding process software before the real
experiment starts. In SORPAS, the electrical-mechanical-
thermal characteristics’ equations or boundary conditions or
contact resistance’s characteristics are all built in so the user
has to select only few parameters such as the thickness of base
metals, material type, electrode tip diameter, process parame-
ters, and so on. As the results of simulation works for mild,
stainless, and mixed steels, symmetrical weld zones for sim-
ilar steels and asymmetrical weld zones for dissimilar steels
were obtained. These are quite possible because of the differ-
ent electrical properties of base materials which may lead to
different thermal flow characteristics (Table 3). Thereby, the
simulative results of welded zones are categorized into four
regions so as to compare with the real welded samples pre-
cisely. The noticeable zones are firstly, the fusion zone,

secondly, the heat-affected zone, thirdly, the heat-extended
zone, and fourthly, the base metal.

Table 3 lists the general properties of mild and stainless
steels. From the table itself, it is clearly seen that the melting
point of both materials are slightly differed from each other so
the melting process starts at different rates of temperature
when fused together.

As for the mild steel weld joint (Fig. 6), it is simulated for
8 kA, 15 cycles, and 3 kN of force. The thermal conductivity
rate is higher as compared to stainless steels and therefore
wider range of heat-affected (HAZ) and heat-extended (HEZ)
zones is noticed in the mild steel welds [9]. However, the
fusion zone of mild steel seemed to be shorter in diameter as
compared to stainless steel because of the thermal expansion
rate. It can be compared from the simulation results for both
steels (Fig. 7).

On the other hand, the thermal conductivity rate is lower in
stainless steel as compared to mild steel which results in
shorter heat-affected and heat-extended regions. However,
the diameter of welded regions looked to be wider as com-
pared to mild steel due to the thermal expansion rate [10]. This
phenomenon is certainly noticed when both sheets were
welded together. Figure 8 shows the asymmetrical weld re-
gions as it contained dissimilar metal sheets of mild and
stainless steels [11]. So it is now clearly seen that the welded
areas in dissimilar steels have heat imbalances and resulting
asymmetrical weld bead.

3.2 Diameter increments and tensile shear test

The diameters’ increment and the tensile shear forces are
directly related to each other. When the welding current and
weld time are increased according to the welding lobe’s limit,
the weld nuggets’ diameters are also increased corresponding-
ly. The diameter increments cause stronger bonds between

a) 10 Cycle        b) 15 Cycle c) 20 Cycle

Fig. 9 Diameter increment of
mild steel (weld time increment).
a 10 cycles, b 15 cycles, c
20 cycles

a) 10 Cycle b) 15 Cycle c) 20 Cycle

Fig. 10 Diameter increment of
stainless steel (weld time
increment). a 10 cycles. b
15 cycles. c 20 cycles
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sheets and therefore more tensile shear force is required to
break the weld joints. Figures 9, 10, and 11 are showing the
samples that subjected to weld time increments. A comparison
of all the three different weld joints and the corresponding
tensile failure modes is shown in Fig. 12 for the weld time
increments.

Similarly, Figs. 13, 14, and 15 are showing the samples that
subjected to welding current increments. A comparison of all
the three different weld joints and the corresponding tensile
failure modes are shown in Fig. 16 for the welding current
increments.

Having considered the tensile shear test, the welding cur-
rent and weld time increments have proportionally increased
the diameters of welded areas and required more tensile shear
forces to break the bonds between metal sheets (weld joints)
regardless of base metals [12]. For instance, when the current
from 7 to 8 kA and 8 to 9 kAwere increased, the diameters of
weld nuggets were increased and consequently more tensile
force were drawn to break the welded joints. Similar type of
tensile force increments was noticed for the weld time

increments. Thus, when the weld time from 10 to 15 cycles
and 15 to 20 cycles were gradually increased, the diameters of
weld nuggets increased and thereby higher tensile forces were
required to break the bounds as how we saw in the welding
current increments. It may be recalled from the Joules law to
understand mathematically that the heat is proportional to the
squared welding current and the resistance of the path as well
as the welding time (Q=I2Rt). Moreover, the tensile shear
force of stainless steel seemed to be higher as compared to
mild steel because of the natural material strength. However,
the mixed steels’ strength fall between both steels’ strength as
shown in Fig. 3. The tensile test results are shown in Fig. 3 for
mild steel, stainless steel, and both steel mixed joints (Fig. 17).

3.3 Failure modes of tensile test

Having considered the failure modes of tensile test, the con-
ventional way of checking the crack initiations is followed in
accordance with weld types. For example, an improper or
insufficient weld joint will fracture itself as interfacial failure
and a better weld joint will fracture itself as pullout fracture
[13, 14]. By checking so, there is no difference between better
and best weld joint, although it can be used to differentiate
from poor failures (IF). Hence, the post-crack initiating prop-
agation was observed in this experiment in order to differen-
tiate the better and best weld joints. In such ways, the interfa-
cial fracture (IF) is still remained as interfacial failure (IF) but
the pullout failure is divided into two category as partial
fracture (PF) and pullout fracture or button pullout (TF). Thus,
a moderately good weld has crack from heat-affected zone of
either sides and the resulting partial fracture (PF) of base
metals. These types of fractures are acceptable as good weld
joints, but it has high tendency of neck breaking during tensile
test. However, a very good weld has better bonding between
sheets and resulting tear from both sides (TF) when post-crack

Fig. 12 Diameter increment for all the material (weld time increments)

a) 7 kA b) 8 kA c) 9 kA

Fig. 13 Diameter increment of
mild steel (welding current
increments).a 7 kA, b 8 kA, c
9 kA

a) 10 Cycle       b) 15 Cycle             c) 20 Cycle   

Fig. 11 Diameter increment of
dissimilar (mild + stainless) steel
(weld time increment). a
10 cycles. b 15 cycles. c 20 cycles
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failure test is carried out. So the post-crack-initiating propa-
gation was studied to differentiate the better and best weld
joints. Furthermore, when dissimilar weld joints are subjected
to tensile shear test, the weaker side (mild steel) breaks first
and consecutively the stronger side (stainless steel) follows
thereafter. In this experiment, the post-crack failures are no-
ticed for all the three different weld joints. Figure 18a shows
the exact places where the crack initiates during tensile test,
and the following figures (Fig. 18b–d) are showing the mild
steels, stainless steels, and both steels’ mixed post-crack fail-
ures, respectively.

3.4 Metallurgical study

The metallurgical study of mild, stainless, and mixed steels’
weld joints have given clear pictures of weld nugget diameters
and its microstructural organizations. The fusion zone of mild
steel seemed to be coarse grains while the heat-affected areas
seemed to be finer grains regardless of controlling parameter
changes. The macro and micrographs of these patterns have
been noticed for mild steel and it has been shown in Fig. 19a–d.

The parameter changes have directly influenced the grains
at both: the fusion zones and the heat-affected zones. The base
metals’ microstructures have more pearlite and less ferrite in
its region as how it was made about with smaller grains as
compared to the other two zones. The heat-affected zones are
transformed into martensite phases with some areas of pearlite
and ferrite with refined grains. Moreover, the heat-extended
zones are also slightly affected with this transformation. How-
ever, the fusion zones seemed to be coarsened and were larger
in grain size as compared to the other two regions. This region
had the highest martensite formation with very few areas of
pearlite nodules [15]. Similar types of results were noticed for
austenitic stainless steel except the heat-affected zones. The
heat-affected zones were seen to be a much narrowed region

next to the fusion zones, and the heat-extended zones are not
completely seen [16]. Figure 20 shows the complete micro-
structure view of welded and unwelded areas of 2-mm aus-
tenitic stainless steel. The chromium (Cr) to nickel (Ni) ratio
was altered during the welding process which resulted the
lathy ferrite to be increased when it undergoes the cold work.
During the solidification process, it transforms into austenite,
leaving the core of ferritic dendrite as skeleton (vermicular)
[17]. The columnar dendrites were rearranged randomly.

The heat imbalance (asymmetrical welded zone) is clearly
seen in Fig. 21 as the mild and stainless steels have different
thermal and electrical properties as seen in the simulation
works [18]. The heat misbalancing problem can be overcome
by using servo-based force actuator or using additional resis-
tance pad between the electrode and stainless steel side as how
American Welding Society suggests. Recalling the literature,
the thermal conductivity coefficients (54 W/m.K (min)) are
higher in mild steels as compared to stainless steels (16.2 W/
m.K (min)); therefore, wider ranges of heat-affected zones
(HAZ) are noticed. However, the thermal expansion

a) 7 kA b) 8 kA c) 9 kA

Fig. 14 Diameter increment of
stainless steel (welding current
increments). a 7 kA, b 8 kA, c
9 kA

a) 7 kA b) 8 kA c) 9 kA

Fig. 15 Diameter increment of
dissimilar (mild + stainless) steel
(welding current increments). a
7 kA, b 8 kA, c 9 kA

Fig. 16 Diameter increment for all the material (welding current
increments)
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coefficient (12×10−6/K) rate is lower which allows the ther-
mal flow in the base metals so that the width and height of
fusion zone is shorter in this side. On the other side, the
stainless steel seemed to have higher thermal expansion coef-
ficient (17.2×10−6/K) but lower thermal conductivity. So the

heat-affected zones (HAZ) are smaller, but the fusion zone is
wider as compared to mild steels. Technically, this phenome-
non is called as heat imbalance, and it can be overcome by
using different types of electrode tips during welding.

3.5 Hardness test results

The hardness test was carried out for the mild steel,
stainless steel, and both steel mixed weld [15–17]. The
hardness was measured from left hand sides through the
heat-affected zones then fusion zones then heat-affected
zones again and ended up with the right hand side of
base metals. The welded areas seemed to be increased in
terms of hardness but vary from one material to another.
Thus, when the mild steel is concerned, then the unwelded
areas (BM) seemed to have an average hardness of 65
(HRB) but the welded areas seemed to be about 115
(HRB). This is very obvious that the hardness is almost

(a) Crack initiating points of failure modes

(b)Post crack propagation mode of mild steel

(c) Post crack propagation mode of stainless steel

(d) Post crack propagation mode of mild and stainless steel

Fig. 18 a Crack-initiating points
of failure modes. b Post-crack
propagation mode of mild steel. c
Post-crack propagation mode of
stainless steel. d Post crack
propagation mode of mild and
stainless steel

Fig. 17 Tensile test results

Int J Adv Manuf Technol

Author's personal copy



doubled in the mild steel when it solidifies. However, the
hardness of heat-affected zones (HAZ) (95 HRB) is lower
than the fusion zones but higher than the base metals
(BM). Figure 22 shows the hardness distribution of mild
steel.

Similar pattern of hardness distribution was seen for the
stainless steels and mixed steel joints. However, the hard-
ness of base metals of stainless steel seemed to be higher
as compared to mild steel due to the nature of the material
[18, 19]. It has an unwelded hardness of 86 (HRB), and
the welded zones seemed to be around 96 (HRB). The
heat-affected zones (HAZ) (90 HRB) are lower than the
fusion zones (FZ) but slightly higher than base metals
(BM). As for the mixed steel joints, the hardness is almost
the same as mild steels for both sides (115 HRB). The
hardness distributions at the fusion zones of all the base
metals were fluctuated and create no relationship between
one another for nine weld schedules no matter what the
diameters are. It should be clearly noted here that the
increment of current or weld time has no influence on
the hardness distribution because the hardness changes
happened in the mean of solidifications [20]. Figures 23
and 24 show the stainless steels and mixed steels’ hard-
ness distributions, respectively.

4 Conclusion

The mild and stainless steel (2-mm thickness) are reasonably
welded with 3 kN of electrode pressing force; 5 mm of
electrode cap diameter; 10, 15, and 20 weld cycles of time;
7, 8, and 9 kA of welding current in 75-kVA spot welder. It
concludes that

(a) Simulation works are obviously showing the fusion
zones (FZ), heat-affected zones (HAZ), heat-extended
zones (HEZ), and base metals regardless of base metals.

(b) Increase in the welding current and welding time within
the welding lobe has resulted an increment in the diam-
eter of weld nuggets and therefore the increment of
tensile shear force was noticed regardless of materials.

(c) Stainless steels have higher tensile shear forces as com-
pared to mild steel welds and mixed welds due to the
natural hardness of the material.

(d) The tensile shear forces (UTS) of mixed welds have fluc-
tuated between the mild and stainless steels’ shear forces.

(e) The common two failure modes were seen for crack
initiation for all the weld joints as poor weld produces
interfacial fracture (IF) and good weld produces button
pullout or tear from both sides (TF).

a) Macrograph of mild steel weldt

c) Original micro structure of mild steel

b) Fusion zone of mild steel

d) Heat affected zone of mild steel

Fig. 19 Microstructural view of
mild steel (2 mm). a Macrograph
of mild steel weld. b Fusion zone
of mild steel. c Original
microstructure of mild steel. d
Heat-affected zone of mild steel
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a) Macrograph of stainless steel weld                        

c) Original micro structure of stainless steel b) Fusion zone of stainless steel

Fig. 20 Microstructural view of
stainless steel (2 mm). a
Macrograph of stainless steel
weld. b Fusion zone of stainless
steel. c Original microstructure of
stainless steel

a) Macrograph of mixed steel weld                       b) Fusion zone of mixed steel

c) Original micro structure of stainless steel      d) Original microstructure of mild stee

Fig. 21 Microstructural view of
stainless steel and mild steel
(2 mm). a Macrograph of mixed
steel weld. b Fusion zone of
mixed steel. c Original
microstructure of stainless steel. d
Original microstructure of mild
steel
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(f) Post-crack-initiating propagation was observed for all the
weld joints and found that pullout failure mode (TF) was
the best weld joint as compared to partial failure mode
(PF) and interfacial failure mode (IF).

(g) Hardness of welded zones was increased to almost dou-
ble the value for the mild and mixed steels. However, the
hardness distribution across the fusion zone was fluctu-
ated regardless of process parameter increments.

(h) Hardness of the stainless steels was slightly increased
during solidification, but the distribution along the
welded zones was fluctuating in values as how the mild
and mixed steels have resulted.

(i) The mild and dissimilar steels’ micrographs have shown
the fusion, heat-affected, heat-extended, and base metal
zones very clearly, but the stainless steel’s heat-affected
and heat-extended zones are not visible at microlevel
zooming because of the narrowed regions.

(j) Metallurgical views have clearly shown that the heat
imbalance has occurred in mixed weld joints due to
different electrical resistivity and thermal conductivity
rates.
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Converting the pneumatic to
servo-based system in resistance spot
welding: Analyzing the electrode caps
deformation

Nachimani Charde

Abstract
In this experimental research, the electrode caps are investigated for deterioration under the resistance spot welding
technology. The research was fundamentally conducted using two different electrode actuation systems to understand
the wear and tear factors of electrode caps. A Japanese model 75 kVA pedestal, alternating current waveform of spot
welder, was engaged to carry out the welding processes up to 900 welding attempts on pneumatic system. Subsequently,
it was converted into servo-based electrode actuating systems and repeated the entire welding processes. The carbon
and stainless steel sheets are primarily used to weld in this experiment. The electrode caps are then sharpened by
CDK-R dresser to remove the mushroom growth which has regularly been induced for every 400 welding attempts. As
for the macrograph and micrograph observations, the electrode caps are measured for diameter growth of electrode
caps as well as the copper-to-chromium ratio. The chromium content has been significantly reduced at the electro tip
areas due to the direct expose of heat generation which becomes a regular phenomenon in both the systems. However,
the results from servo-based system are deemed to be offering lower tendency of wear and tear factors when compared
to the pneumatic-based system.
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Introduction

A pure copper is naturally soft, has very low tendency
of corrosive effect and fails prematurely in demanding
applications.1 However, it can be strengthened by vari-
ous methodologies including, but not limited to, alloy-
ing, precipitation hardening, cold work, solid solution
and dispersion strengthening.2 A mixture of copper
alloys is a good choice for the manufacturing of spot
welding electrode caps due to its physical properties.
As such, most of the welding experts often prefer to use
the copper alloys which contain substances such as
chromium, beryllium, zirconium and the like for resis-
tance spot welding (RSW) application.3 Figure 1 shows
the copper and chromium phase diagram for copper-
based alloys as this research uses such combination of
electrodes.5 It shows that chromium is easily soluble in
the liquidus of copper when heated above 1076 �C and
below 1860 �C. Once solidified, it requires equal
amount of heat to re-melt it again completely. Hence,
this factor gives drawback on the copper–chromium

alloy to handle the carbon and stainless steel welding
process, because the carbon steel melting point falls
between 1426 �C and 1539 �C, whereas the stainless
steel melting point falls between 1400 �C and 1450 �C.4

The copper and chromium solubility phases are actu-
ally of the eutectic type. The face-centered cubic (FCC)
will be formed in copper, whereas body-centered cubic
(BCC) will be formed in chromium when solidification
process is concerned in copper–chromium alloy.

As the number of welding processes is repeatedly
carried out on carbon and stainless steels, the mush-
rooming effect at the edge of electrodes grow in out-
ward direction, enlarging the tip diameters apparently,
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as shown in Figure 2 for the surface in addition to the
cross-sectional views.6,7 The electrode tip cleaning pro-
cedures are therefore carried out for every 400 welding
attempts as to maintain the truncated shapes from the
electrode tip with regard to mushroom growth. This is
absolutely necessary to avoid any drastic changes in
resistive components due to the imbalanced surfaces or
enlarged contact points between electrodes to sheets or
vice versa.8–10 The mushrooms grown for every 400
welding attempts are therefore well cleaned using dres-
ser, so almost an acceptable flat surface is retained
throughout the entire welding process. However, the
electrode compressing mechanism is certainly subjected
to the consistencies of force profiles that are supplied
during welding process in RSW.11 So, the two different
compressing mechanisms are inspected for wear and
tear factors of electrodes. In this research, around 900
welding attempts were carried out for two dissimilar
types of electrode actuation systems to characterize the
welding performance.

Experiment

The carbon and austenitic stainless steels were prepared
in a rectangular shape as follows: the length of speci-
men, 200mm; the width, 25mm and two thicknesses, 1
and 2mm, as exactly shown in Figure 3. Two pairs of
water-cooled copper–chromium electrodes with 30�
truncated round tips (5mm in diameter) were used to
accomplish the entire welding processes. The test sam-
ples were initially welded with pneumatically controlled
75-kVA alternating current (AC) waveform system,
and later, the electrode actuation was mechanically
converted to servo-assisted system with similar electri-
cal specification. With such arrangement, around 900
welding attempts were carried out for each system to
understand the electrode’s wear and tear factors. The
committed electrode caps are subsequently analyzed for
deterioration and also checked for the internal micro-
and macrostructural orientation. It should be noted
here that the Class 2 spot welding electrodes are made

of copper and chromium chemical elements, according
to the Resistance Welding Manufacturing Association,
America (RWMA) classification (Table 1).

Results and discussion

Electrode deformation in pneumatic-based system

The original size of electrode tip on both sides was just
5mm in diameter, and it has been widened up to
7.458mm (49% mushroomed) on upper electrode side
and up to 7.238mm (44%) on lower electrode side after
accomplishing almost 900 weld attempts. The imbal-
anced deformation on both sides must not be inter-
preted as Peltier’s effects (high electrode deformation
on anode side than cathode side in direct current (DC)
spot welder) because of the very small percentage of
deformation that took place at the tips (the difference
is just about 5%). The electrode on upper side has
slightly higher deformation rate due to the regular
impact produced by the squeezing moment of electrode
onto the base metals. On the same circumstance, the
unmovable lower electrode has very smooth touch
between electrodes to base metals as it was regularly
handled by human hand.12,13 The base metals that
occupied the top of lower electrode are gently handled
by human hands before commencing any of the

Figure 2. Mushroom growth of electrodes due to
deterioration: (a) top view and (b) cross-sectional view.

Figure 1. Copper and chromium phase diagram.4

Figure 3. Alignment of electrodes and base metals.
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welding process; so, there is very minimized impact as a
matter of fact.14,15 Figure 4 shows the macrograph of
electrode tips for pneumatic-based system with which
two types of dressing procedures were carried out to
attain 900 welding attempts.

Having considered the vanishing factors of the elec-
trode surfaces after accomplishing 900 weld trials, the
electrodes are carefully scanned for internal structural
changes. Point A in Figure 5 represents the upper elec-
trode’s vertex at which the base metals’ molten heat
(’1600 �C) was directly exposed to. The microstruc-
tural views show that the chromium precipitation is
higher at point A when compared to points B and C of
the tip, so the degradation is relatively high. Moreover,
the points B and C are the consecutive regions of elec-
trode which is physically manufactured to connect with
the electrode holder. So, the points B and C are also
exposed to the thermal conduction (expansion rates)
but not as how the tip has experienced to the thermal
generation directly. The point B has moderately
balanced amount of chromium-to-copper ratio, which
is a middle portion between points A and C. However,
the differential cooling rate at point C due to the inter-
nal water flow (2L/min) has been avoiding the huge
amount of chromium precipitation but somehow lead
to severe internal cracks on the upper electrode side
after accomplishing 900 welding attempts. In order to
observe the diameter degradation, the growths of elec-
trode tips’ diameter for every 100 weld attempts were
recorded, and it is shown in Figure 6 for pneumatic-
based system.

Electrode deformation in servo-based system

Hitting the base metals during squeezing cycle is a
major problem in pneumatic-based electrode actuating
system, and it was clearly mentioned by previous
researchers.16,17 This factor may reduce the lifespan of
electrodes and also cause rapid mushroom growth at

the edge of electrodes.18 So, the electrodes involved in
the welding process should be analyzed for both cases
as it is subjected to slide or skid during squeezing pro-
cess.19 It is found that the servo-based system aligns
well and protects the electrode tip geometry from the
hitting effect due to smooth and fine touch when com-
pared to the pneumatic-based system.20 Although the
electrode tips are frequently cleaned using conventional
tip dressers for both the systems, the mushrooming
effects still slightly enlarged the diameter of tips and
resulted in contact resistance drop over time. Brand
new electrode caps were replaced with 5mm of dia-
meter for the newly designed servo-based system, but it
has been widened up after few hundred weld attempts
as before. This time, it has been mushroomed to about
6.920mm (38% mushroomed) on upper electrode side,
whereas 6.679mm (33%) on lower electrode side after
accomplishing approximately 900 weld attempts
(Figure 7) as how pneumatic-based system is initially
experienced. The upper electrode is protected from

Table 1. RWMA Group ‘‘A’’ electrodes (Class 2 chromium–
copper: C18200).

Chemical composition % by weight

Chromium 0.6–1.2
Copper 98.5
Lead 0.05
Iron 0.10
Silicon 0.10

Physical properties

Density 8.898 cm23

Thermal conductivity 325 W mc21

Electrical conductivity % IACS 80–85
Rockwell hardness 70–83 HRB
Ultimate tensile strength (lbf/in2) 55–75 k
Elongation % in 2$ 15–20
Permanent softening 500 �C

IACS = International Annealed Copper Standard.

Figure 4. Electrodes’ macrograph views after accomplishing
900 welds (pneumatic-based system).

Figure 5. Upper electrode’s microstructural views (pneumatic
based system, % represents the atomic level) (welding and
cutting).

Charde 3



vanishing itself by 11% (49%–38%=11%), and the
lower electrode is also protected from vanishing itself
by 11% (44%–33%=11%). Both electrodes almost
simultaneously and approximately vanished.
Whatsoever, there are no cracks noted for any of the
electrodes that have been associated in the servo-based
system even after 900 weld trials are performed. Figure
8 shows the upper electrode’s microstructural view of
servo-based system. The chemical elements’ distribu-
tion of chromium to copper is seemingly to be almost
same as that of the pneumatic-based system.

The diameter measurement of electrodes for every
100 weld attempts of servo-based system is shown in
Figure 9. Almost flat types of surfaces (Figure 9) are
noted for servo-based system when compared to the
pneumatic-based system (Figure 6) after accomplishing
few hundreds of welds.

Conclusion

The deterioration of electrode caps is unavoidable in
RSW regardless of electrode actuation systems.

However, some distinguishable outcome between two
common electrode actuation systems in RSW can be
categorized as follows:

1. A ‘‘one-time’’ electrode reshaping procedure is rec-
ommended for an average of 400 welding attempts
with RWMA Class 2 copper–chromium electrode
caps.

2. Two truncated round tip of electrode caps (origi-
nally 5mm diameter) were enlarged up to
7.458mm (49% mushroomed) on upper electrode
side and up to 7.238mm (44%) on lower electrode
side after accomplishing almost 900 weld attempts
in pneumatic-based electrode actuating system.

3. Similarly, another two truncated round tip of elec-
trode caps (originally 5mm diameter) were enlarged
up to 6.920mm (38% mushroomed) on upper elec-
trode side and up to 6.679mm (33%) on lower elec-
trode side after accomplishing almost 900 weld
attempts in servo-based electrode actuating system.

4. The upper electrode vanishing percentage is
approximately reduced by 11% (49%–
38%=11%), and for the lower electrode, it was
around 11% (44%–33%=11%) in servo-based
system, when both systems are relatively compared
for deterioration.

Figure 9. Changes in electrode tip due to mushrooming effects
(servo-based system).

Figure 7. Electrode’s macrograph views after accomplishing
900 welds (servo-based system).

Figure 6. Changes in electrode tip due to mushrooming effects
(pneumatic-based system) (welding and cutting).

Figure 8. Upper electrode’s microstructural views (servo-
based system, % represents the atomic level).
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5. The direct heat exposure to the electrode tips has
obviously caused some chromium precipitation
from solid phases of copper–chromium electrodes,
no matter what the electrode actuation is.

6. Several internal cracks have been noted in elec-
trode caps that are associated with pneumatic-
based system.
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Abstract Acoustic emission reveals certain characteristic in
resistance spot welding process as it exists due to the variation
of electromagnetic ties between atomic bounds. So, the objec-
tive of this study is to analyse the acoustic patterns of resis-
tance spot welding in a servo-based electrode actuation sys-
tem. Time and frequency domains’ representations are inter-
changeably applied to analyse such matters as those behav-
iours are captured via electronics means. More than one type
of weldable materials (carbon steels and stainless steels) is
purposely used to analyse the dissimilarity conditions as well
as the individual material’s welding processes. The interpreted
waveform shows that the welding processes can be signifi-
cantly put into classes for their behaviour (weld formation)
based on acoustic emissions. A best weld formation will have
perfect acoustic pattern, while a better one will havemore than
one main lobe in frequency domain. Moreover, a dissimilar
weld formation will have inter-transient spike waveform,
while an expulsion welding process will have a rapid drop
of signal in acoustic pattern. All these observations have been
revealing dissimilar characteristic of welding processes to cer-
tain degrees when the fusion process is concerned in resis-
tance spot welding.

Keywords Spotweldingemission .Acousticemission .Servo
welding emission

1 Introduction

Atoms in crystalline structures are naturally tied by elec-
tromagnetic forces between them within the covalent
bonds [1, 2]. So, whenever the crystalline structures are
stretched or forced in coherent or in random pattern, then
the equivalent gyrating electromagnetic waves are tran-
spired accordingly and soon after spontaneously balanced
among themselves [3, 4]. In resistance spot welding, the
fusion process leads to the entire recrystallisation of atomic
structures and releases the corresponding electromagnetic
waves [5–7]. Such phenomena yield the electromagnetic
waves as acoustic emission due to the adequate amplitudes
in periodic alternating current (AC) waveforms, especially
in AC waveform-based spot welder [8]. Thus, the atomic
compounds of solid or liquid metal will be vibrating in
bidirectional ways during the flow of high AC current as
it stretches their electromagnetic ties relatively [9, 10]. If
this is a natural occurrence, then the unleashing acoustic
emission (AE) should be able to be noticed through the
spectrum of sounds [11]. As to challenge this empirical
notion, an AC, 75 kVA apparent power, C-type pedestal
high-capacity machine frames were tested for reality. Since
the input frequency of AC waveform of spot welder is
about 50 to 60 Hz on the primary side of welding trans-
former and thereby, the secondary side will be expectedly
to have an equivalent frequency spectrum. Hence, the low-
voltage electrode terminals (typically below 3 V) with high
current (between 1 and 25 kA) that paved ways for AC
current flow (50 to 60 Hz of frequency (1 cycle is one
complete waveform of welding current) were predominat-
ed to these acoustic investigations. Naturally, the human
threshold of hearing is 20 Hz, and therefore, these acoustic
waveforms should be easily listenable during the welding
process because it emits the electromagnetic waves within
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hearing ranges of frequencies. Moreover, these acoustic
waveforms contain significant information about the elec-
tromagnetic variations between atomic bonds, as per the
weld nugget is relatively formed. It distinguishes the natu-
ral and also some common distorted characteristics of
welding process very precisely [12]. However, these
acoustic waveforms can also be correlated by other distur-
bance in the spot welding system such as friction of servo
power screw, pressure of pneumatic cylinder, impact of
upper electrode lever, transformer’s electromagnetic inter-
ference, malfunction and other common factors [13–16].
The acoustic emission of spot welding process using
pneumatic-based electrode actuating system was thorough-
ly discussed by Tomaz Kek from Slovenia in his doctoral
research [17]. He has analysed the acoustic emission of
various types of pneumatic-based spot welder and also
suggested that the waveform can be collectively monitored
on either from the electrodes of spot welder or from the
base metals and itself. The intensity of acoustic emission
between these two collecting terminals reveals that the ba-
se metal yields double the value that of the pressing elec-
trodes had [18]. His observation has laid the foundation for
the basic of acoustic emission in spot welding, but an ex-
tended analysis is crucial to understand the weld forma-
tions. The analysis is therefore conducted for ordinary, ex-
pulsion and differential welding conditions as to model the
acoustic behaviour in the servo-based electrode actuating
system.

2 Experimental

An AC, 75 kVA apparent power, C-type pedestal high-
capacity machine frames were used to weld 1-mm-thick
carbon and stainless steels. The electrode tip diameter is
calculated by Miller’s equation, DE (mm)=2.54 mm+2t;
where ‘t’ stands for the thickness of one side of metal
sheet. Diameter of tip is, therefore, computed for 1-mm
thickness as follows: electrode diameter, DE (mm)=
2.54 mm+2 (1 mm)=4.54 mm. A pair of 30°-truncated
electrode tip with 5-mm diameter was selected from
RWMA’s class 2 (copper and chromium) category. Resis-
tance of the stainless steel pair is calculated as R=�ℓ/A,
where ‘�’ is the resistivity of stainless steel (6.89×10−7

Ω m), ‘ℓ’ stands for the length of the path that the current
flows regardless of inter-surface gap (ℓ=1×10−3+1×
10−3=2 mm) and ‘A’ stands for the area of the path that
the current flows through (A=πr2=(3.14) (2.5×10−3)2=
19.634 μm2). The resistance of stainless steel is given
by R=�ℓ/A= (6.89×10−7) (2×10−3) / (19.634×10−6)=
70.18 μΩ. Similar computation was carried out for carbon
steel’s resistance, R=�ℓ/A=(5.31×10−7Ωm) (2×10−3 m)/
(19.634 μm2)=53.98 μΩ. So, it is very obvious that the

mixed of these two joints will fluctuate between these two
resistive values. Let us calculate the range of resistances
that can be welded with the 75 kVA spot welders for 1-
mm thickness. The nominal power of the spot welder is
the 75 kVA, and the secondary current is 25 kA maxi-
mum. Now, the secondary voltage is calculated by Vs=
VpIp /Is (max)=75,000/25,000=3 V (max). So, when the
current is as low as 1 A, the resistance R=Vs/Is=3/1=3Ω
(max), but when the current is as high as 25 kA, the
resistance R=Vs/Is=3/25×10−3=120 μΩ (min). Welding
samples (carbon and stainless steel sheets) were prepared
for 200 mm long by 25 mm wide from 1-mm-thick sheets.
Chemical elements for the stainless steel sheets are com-
prised of carbon, C=0.048, chromium, Cr=18.12, nickel,
Ni=8.11, manganese, Mn=1.166, silicon, Si=0.501, sul-
phur, S=0.006, nitrogen, N=0.053 and phosphorous, P=
0.030, and the carbon steel sheets are comprised of car-
bon, C=0.023, manganese, Mn=0.90, silicon, Si=0.006,
sulphur, S=0.050 and phosphorous, P=0.040. Standard
procedures were carried out to observe the macrograph.
Literally, the welded samples are cut at the line of its
diameter (middle) using abrasive cutter to form flat sur-
faces and subsequently mounted using resin powder on
hot press mount machine. The mounted samples were lat-
er polished deeply using silicon papers 1200/800p and
600/200p and also continuously polished using Metadi
polishing cloth. This polishing process has been conduct-
ed about 30 min to an hour on each sample until the
shining (mirror-like) surface is observed and then im-
mersed into a pot containing the V2A etchant (100 ml
water, 100 ml hydrochloric acid and 10 ml nitric acid)
about 30–45 min. After that, the samples are rinsed off
using plain water, dried using air blower, applied anti-
corrosion liquid and kept in vacuum chamber. These pre-
paratory steps and the above-listed polishing materials are
good enough to get reasonable macrograph views in this
experiment.

The additional instrumentations that associated to cap-
ture these signals are the AE sensor (frequency, f=0.42–
5 kHz, sensitivity, s=500 mV/r, resolution, r=40 μ), pre-
amplifier (class A preamplifier for ±10 mA) and software
filters (second-order low-pass filter). The detected acous-
tic emissions are apparently in the time domain, and as
such, it was converted into frequency domains for analyt-
ical purposes. Figure 1 shows the instrumentation setup of
75 kVA spot welder for the detection of AE and also the
block diagram of data acquisition system. An AE sensor
is initially placed on the top of base metals prior to the
welding process commencement. Its wires are electrically
connected to a preamplifier, as to amplify the outcome of
detection for signal conditioning purposes. The AE sig-
nals that sensed during welding process were later sent to
data acquisition card and also conditioned by NI’s Signal
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Express software virtually, before converting it to excel
files for computational analysis.

Once the welding process is started, the upper electrode
assembly (about 50 kg of lever) has moved away from its
home position unto the initial stopping position with
400 rpm of speed. During this initial movement, the power
screw has created some frictional noises of power screw
movements, and consequently, it has been picked up by AE
sensor; see Fig. 2. Once it has reached the stopping position
for slow movement, the upper electrode was slowly moved
towards the base metals and touched the base metals gently
with 20 rpm to fulfil the preset values of squeezing force
profile. The braking system was immediately activated when

the squeezing force has reached its value. During this squeez-
ing period, the respective smooth-touch-like impulsive re-
sponses were sensed along the process by AE sensor, and it
was shown in Fig. 2 as disturbance in non-coherence pattern.
When the braking system was activated right after the squeez-
ing process over, the welding current has immediately been
released as to weld the base metals and consecutively held the
pressing arm together for a moment. During the holding peri-
od, the solidification process was accomplished successfully,
and thereafter, the upper electrode assembly has returned back
to its home position. As for dual-current dual-force welding
scheme, the welding process has been conducted for twice
with idle gaps in-between.

Fig. 2 Acoustic behaviour of a
servo-based electrode actuating
system (time domain)

Fig. 1 Instrumentation setup for
the detection of AE signals
(75 kVA)
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3 Results and discussion

3.1 A typical acoustic emission in time domain

A typical acoustic behaviour of servo-based system is shown
in Fig. 2. It seems slightly different in its sequence as com-
pared to the pneumatic-based electrode actuating system
pertaining to the squeezing and returning back moments of
upper electrode movements.

To support these factors well, let us recall Tomaz Kek’s
research work here. According to his research outcome, there
would be a damping noise that has existed at the beginning of
upper electrode compression onto the base metals due to the
pneumatic’s arm-pressing impact. These sorts of impacting
effects are never once been seen in servo-based system be-
cause the fine-touch mechanism worked well to avoid such
happenings. On the other side, the effects of electromagnetics’
changes of welding current flow have been well noticed on
both the pneumatic- and servo-based systems, resulting inev-
itable acoustic releases. However, the impulsive sort of wave-
forms during squeezing and returning back moment are not
appropriately seen as a constant pattern in whatsoever mean

but rather yielded as of a continuous type of ascending noise
signals in the pneumatic-based system.

3.2 A typical acoustic emission in frequency domain

Acoustic emission is little difficult to characterise the welding
process in time domain so it has to be converted into frequen-
cy domain prior to analysis; only then, the amplitudes and the
frequencies are easily discernible. Thus, the frequency domain
signals are easier to interpret because it exhibits the exact
representation of various amplitudes and its side lobes with
phase differentiations. So, the amplitude of frequencies and
corresponding phase shifts are deeply analysed to distinguish
the behavioural patterns of acoustic waveforms during the
normal and also critical welding conditions. Figure 3 shows
an ordinary welding condition for carbon steel welds, and let

Fig. 6 Frequency spectrum of a stainless steel weld (expulsion)

Fig. 5 Frequency spectrum of a carbon steel and stainless steel weld

Fig. 3 Frequency spectrum of a carbon steel weld

Fig. 4 Frequency spectrum of a carbon steel weld with dual amplitude
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us analyse the representation for its characteristic. Thus, an
ideal welding condition produces relevant amplitude and its
centre frequency with descending side lobes on its side bands
usually. So, having seen the acoustic emission for the carbon
steel weld using servo-based system, the main lobe and its side
bands as well as the power screw movement are explicitly
revealed in frequency domain.

Amplitude of the main lobe in frequency domain depends
on the sinusoidal signal’s amplitude in time domain. In other
words, the welding current produces the main lobe which
shows highest amplitude while its successive side lobes ap-
pear in descending order. If there are additional amplitudes in
time domain signals for an example, then the frequency do-
main will be showing two amplitudes or even more, in fre-
quency domain with their successive side lobes in similar
fashion, thus in descending order. As of the carbon steel weld
is analysed, it is just an amplitude on a specific frequency;
look at Fig. 3 for an instance. In contrast, any improper weld
joint may produce more side frequencies as a result of defi-
ciency (Fig. 4). The other acoustic signal from power screw of
servo-based mechanical system is also picked up by the AE

sensor concurrently, expounding that the noises are large
enough to be detected. Hence, the spike-like indications of
AE signals of servo-based mechanical system are produced
in the frequency domain, abruptly. In any abnormal situation
of mechanical system, the malfunction can be easily identifi-
able via these kinds of signals, as shown in Fig. 4. These types
of waveforms are almost the same for carbon and stainless
steels welds relatively.

As such, the main amplitude and its side lobes are an im-
portant interpretation to analyse the corresponding welding
conditions. However, the other behavioural of acoustic signals
are frequently noticeable, and they are absolutely out of ob-
jective. Let us consider Fig. 3, as it shows the power screw
movement which produces spike-like pulses, randomly
throughout the entire period of signals. These signals are re-
ally an unwanted signal for the acoustic emission analysis, and
therefore, the limitation focuses to main lobes and its side
frequencies, as described before. Similar type of linear wave-
form is observed for the stainless steels’ welding conditions,
so the analysis is limited to only carbon steel at first; other-
wise, the repetition of discussion will have to be taken place
often as this may obviously deviate the analysis to another
corner. Moreover, it is true that the dissimilar steel welds (car-
bon steel and stainless steel) produce different patterns for the
inter-uniting transients. These transient states produce spike-
like side lobes during welding process in frequency domain,
and it gives 180 phase shift at the beginning of the inter-
uniting states, interestingly. See Fig. 5 for this phenomenon
which is illustrated with a red arrow for phase shift.

Similar investigation is also carried out for the severe ex-
pulsion cases as to understand the expulsion’s abnormalities.
The stainless steel is repeatedly welded with high current

Fig. 10 Macrograph of a moderately good carbon steel weld (process
parameter: electrode tip=5 mm, electrode force=3 kN, welding current=
8 kA and weld time=15 cycle)

Fig. 9 Macrograph of an ideal carbon steel weld (process parameter:
electrode tip=5 mm, electrode force=3 kN, welding current=7 kA and
weld time=10 cycle)

Fig. 8 Frequency spectrum of a carbon steel weld (DIDF welding
technique—expulsion condition)

Fig. 7 Frequency spectrum of a carbon steel weld (DIDF welding
technique)
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which is beyond welding lobe limits (12 kA), as to create an
expulsive situation fromwhich an irregular or a damaged weld
would be formed knowingly. Under the expulsion welding
conditions, there are no phase shifts of acoustic signals no-
ticed, but rather, additional existence of successive side lobes
are occurred as an instead. So, the corresponding equivalent
frequency domain signal is illustrated in Fig. 6.

After evaluating the single current single force (SISF)
welding technique, the analysis is also expanded to dual-
current and dual-force (DIDF) welding technique and found
non-similar results that of the SISF weld type had. Figure 7
shows a DIDF welding technique’s result for a carbon steel
weld which is consisted of dual set of acoustic data or a
prolonged one. The side lobes did not have profound changes,
as expected, but it did follow exactly as the single weld type of
side lobes. No phase shift or any other inter-uniting states are
consequently noticed as the base metals are alike in metal
properties (i.e. carbon steel weld). The DIDF type of welding
condition is inspected for expulsion likewise. Even then, the
expulsive situation did not produce any phase shift or defying
original waveforms as how seen in the previous case. Figure 8
shows an expulsion of dual-current and dual-force type of
welding condition for a carbon steel weld.

3.3 Corresponding macrographs

Macrograph observation determines the weld formation rela-
tive to the fusion zones and also to its vicinity [19, 20]. Fig-
ures 9 to 14 show the macrograph of welded zones that ob-
tained for the above-discussed welding processes. Figure 9 is
assumed to be an ideal carbon steel weld formation as the
acoustic emission supports this assumption by giving as an

undistorted waveform; refer to Fig. 3 for an idealistic view.
If this scenario is considered as a reference model, then the
following Fig. 10 seems to be an acceptably good with which
two amplitudes of acoustic emission were recorded. This can
be obviously interpreted that the welding process has given a
moderately goodweld formation fromwhich it produces more
than one main lobe in frequency domain (Fig. 4). As such,
Fig. 10 is moderately good but not the best. Besides, similar
results have also been noticed for the welding processes of
stainless steels.

Furthermore, the Fig. 11 is a dissimilar weld joint, contain-
ing carbon steel and stainless steel as counterparts. Ever since
the welded materials are dissimilar in terms of electrical, me-
chanical and thermal properties, they are supposed to react
differently for a common welding process [21–24]. Hence,
the total fusing process has significantly produced the inter-
transient spike which becomes the identity for dissimilar weld
joint in this investigation.

However, an expulsion welding condition is totally different
from a spike-like waveform, such as having sharp dropping
sign on the acoustic emission. Let us compare Fig. 12 with
Fig. 6 for an expulsion welding condition. It should be noted
here that the inter-transient spike is totally different from expul-
sion outcome as it has upper and lower variating limits whereas
in an expulsion condition, it has only a rapid drop of the signal.
Moreover, the welding process has been carried out for DIDF
welding technique. Fusion zones seemed more coarsened in
terms of macrograph view (Fig. 13), and the acoustic waveform
has no profound changes as it has similar patterns that of the
carbon steel welds had (Fig. 3).

Fig. 13 Macrograph of a carbon steel weld for DIDF welding scheme
(process parameter: electrode tip=5 mm, electrode force=3 kN, welding
current=6 and 7 kA in interval of 15-cycle gap and weld time=10 and 10
cycle in interval of 15-cycle gap)

Fig. 14 Macrograph of an expulsion weld of stainless steel (DIDF
welding technique) (process parameter: electrode tip=5 mm, electrode
force=3 kN, welding current=7 and 8 kA in interval of 15-cycle gap
and weld time=10 and 10 cycle in interval of 15-cycle gap)

Fig. 12 Macrograph of an expulsion weld of stainless steel (pocess
parameter: electrode tip=5 mm, electrode force=3 kN, welding
current=9 kA and weld time=20 cycle)

Fig. 11 Macrograph of a dissimilar (carbon and stainless) steel weld
(process parameter: electrode tip=5 mm, electrode force=3 kN,
welding current=7 kA and weld time=10 cycle)
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These conditions are also deemed to be the same for stain-
less steel welds as the acoustic emission revealed so. Like-
wise, the expulsion in DIDF welding technique has sharp drop
of signals in the second portion of welding periods. This can
be easily seen through Fig. 14 over Fig. 8. Odd representations
of macrographs are what witnessed for the DIDF expulsion
welds leaving partiality in the weld formation.

4 Conclusion

AE analysis produces reliable data about the welding process
as compared to other type of quality monitoring mechanism in
RSW. With the use of above-discussed concepts, any welding
process can be easily predicted for weld formation rather than
carry out extensive metallurgical and mechanical tests. The
following factors lead to this conclusion as they are

1. An ideal welding condition produces pattern having an
amplitude as its centre frequency with descending side
lobes on its side bands in frequency domain.

2. A non-ideal welding condition produces pattern having
more than one amplitude with multiple descending side
lobes on its side bands in frequency domain.

3. It is true that the dissimilar steel weld (carbon steel and
stainless steel) produces different patterns for the inter-
uniting transients in frequency domain.

4. Under an expulsion welding condition, there is no phase
shift of acoustic signals occurred, but rather, additional
existence of successive side lobes are seen, instead of.

5. In servo-based system, the dissimilar steel welding pro-
cess produces 180° phase shift at the beginning of the
inter-uniting transients in frequency domain.

6. There are no profound changes for side lobes in DIDF
welding scheme as it has almost the single weld type of
side lobes in frequency domain.
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Abstract In this experimental study, the carbon steel welds
are investigated for distinctive changes between the
pneumatic- and servo-based electrode actuation. Also, two
welding conditions, and the name of schemes, are introduced,
as to distinguish the weld formation with respect to its com-
mon process variants. A C-typed body frame of spot welding
machine (75 kVA) is employed to undertake the entire exper-
iments. Initially, the pneumatic-based electrode actuating sys-
tem is used to weld the carbon steels under single current and
single force (SISF) welding scheme and later, the electrode
actuation system was transformed into a servo-based system.
With the servo-based system, the SISF and dual current and
dual force (DIDF) welding schemes are both carried out to
distinguish the welds formation. Eventually, the welded sam-
ples underwent the tensile test, hardness test, post-crack pat-
tern recognition, and metallurgical study. Results have shown
that the DIDF welding scheme is much better than the SISF
welding scheme because the servo-based system performs
well than the pneumatic-based system in producing force con-
sistencies. In other words, the force profiles influence the fu-
sion process directly which affects the heat generation as well
as the heat diffusion.

Keywords Spot welding . Electrode actuation system . Servo
and pneumatic system

1 Introduction

Force exertion and its manipulation is ambiguous in resistance
spot welding since the early days [1, 2]. Hence, improving the
heat generation and corresponding diffusion through
optimized-electrode actuations are the prime theme of this
research. A C-typed body frame of spot welding machine
(75 kVA) is employed to undertake the welding processes
entirely. Thus, the pneumatically fitted force actuator is
redesigned to handle a servo-based compressing system, as
to produce better force profiles during the welding process.
Fortunately, the force profiles are improved in its consisten-
cies; literally before, during, and after the welding processes
were going on. Moreover, the single current and single force
(SISF) welding scheme and the dual current and dual force
(DIDF) welding scheme are introduced for proper welding
conditions [3]. The DIDF welding scheme is, of course, not
a practical means in pneumatic actuators because it requires
long duration to sustain the timely transient states [4]. In
servo-based systems, the DIDF welding scheme has utterly
been paving ways for new welding conditions, which opti-
mize the weld growth. As to characterize the improvement
relatively, the welded samples underwent the tensile test, hard-
ness test, post crack pattern recognition, and metallurgical
study. Figure 1 illustrates the basic setup of SISF versus
DIDF welding schemes [5, 6].

2 Experimental

Welding samples were prepared as 200 mm length, 25-mm
width using 1 mm thick, which belong to the 1008 carbon
steel grade. It contains the chemical properties as iron,
Fe = 99.15 %; carbon, C = 0.18 %; manganese, Mn=0.60 %;
phosphorus, P = 0.04 %; and sulfur, S= 0.05 %. Initially, the

* Nachimani Charde
nachicharde@yahoo.com

1 Department of Mechanical Engineering, Faculty of Engineering,
University of Malaya, 50603 Kuala Lumpur, Malaysia

Int J Adv Manuf Technol
DOI 10.1007/s00170-016-9232-x

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-9232-x&domain=pdf


welding processes were accomplished using pneumatic
compression with which the welding lobe limits are
established for welding current against welding time in
SISF welding scheme (Fig. 2). Similar welding scheme
was modeled after the upgradation of the servo-based system,
and consequently, Fig. 3 is established. Let us compare Fig. 2
against Fig. 3, and both figures should be compared against
Fig. 4 for detailed improvement. As can been seen from
Figs. 2, 3, and 4, the acceptable weld regions are marked by
green circles to denote the round tips, and correspondingly, it
has been enclosed with continuous line to represent the limit
of working window. Detailed explanations about the colors’
representation and circles are given in Figs. 2, 3, and 4 leg-
ends, respectively. With the use of these welding lobes’ limits,
three process variant combinations that consisted of the

welding time, welding current, constant compressing force,
and unchanged electrode tips are established for.

The entire welding process was accomplished in accordance
with the combinations of process-tuning parameters (or process
variants), which are marked by “X” on the selected spot in
welding lobes. Five welded pairs were developed for each of
the welding schedules; as the first five pairs were used for the
tensile test, the following one was used for hardness test, and the
final one was used for metallurgical observation. As for the hard-
ness test and tensile test, the Rockwell hardness tester using scale
B and 100-kN tensile test machines were engaged to accomplish
the mechanical test. The V2A etchant which contains 100 ml of
water, 100 ml of hydrochloric acid, and 10 ml of nitric acid was
applied to etch the well-prepared and weld-polished bakelite
samples.

Fig. 1 Welding schemes (SISF vs DIDF)

Fig. 2 Welding lobe diagram (pneumatic SISF welding scheme) Fig. 3 Welding lobe diagram (servo SISF welding scheme)
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3 Results and discussion

3.1 Working windows of the welding lobe diagrams

Recalling the process variables here, the welding current,
welding time, electrode force, and electrode tips become im-
portant parameters to understand the weld formation in RSW
[7, 8]. So, assessing the acceptable weld combinations on
welding lobe diagrams which is marked with colors in this
analysis is deemed to be an important approach to differentiate
the improvement. With that in mind, Table 1 was filled for
comparative purpose. Literally, the working window has been
widened up for good welds while shifting the linear patterns
for lower possible combinations of process parameters. Look
at the green colored circles in the welding lobe diagrams of
both systems, for both welding schemes (Figs. 2, 3, and 4) in
relation to its columns and rows. In the pneumatic-based sys-
tem, the welding current against welding time set has pro-
duced 23 good welds, whereas in the servo-based system, it
has been increased to 32 numbers of combinations. Further to
this, the servo-based DIDF welding scheme is analyzed, and it
was consequently found that the welding current against
welding time set has produced 41 good welds. This is a no-
ticeable improvement for good welds as it increases 42 % of
the overall performance as compared to welding schemes.

There are discernible increments of weld diameters as listed
in Table 1, including the moderately good welds and also the
light expulsion welds.

It should be noted here that the critical weld growth of
carbon steel starts at 3√t, where t stands for the thickness of
base metal [9, 10]. Although the critical weld growth of stain-
less steel starts at 3.00 mm for 1 mm thickness of two sheets,
the servo-based system has successfully extended the light
expulsion limit until it attained about 6.00 mm of diameter.
This factor has to be also seen in another corner because the
electrode tip’s original diameter was just 5 mm but the weld
growth is beyond limit. If the electrode tip is 5 mm of diam-
eter, and then the possibility of weld indentation has to be
higher enough if the molten area diffused up to 6 mm. This
factor has been predominantly handled in the servo-based sys-
tem due to force consistencies and also with dual solidification
processes.

Fig. 4 Welding lobe diagram (servo DIDF welding scheme)

Table 1 Parameter sets and corresponding average diameter

Poor welds Moderately good welds Good welds Expulsion welds

Total point
number

Diameter (mm) Total point
number

Diameter (mm) Total point
number

Diameter (mm) Total point
number

Diameter (mm)

Pneumatic-SISF 13 3.00 9 3.50 23 4.00 7 5.00

Servo-SISF 10 3.00 6 3.50 32 5.00 8 5.50

Servo-DIDF 10 3.00 7 3.50 41 5.00 8 6.00

Fig. 5 SISF welding scheme of the pneumatic-based system (6 kA, 10
weld cycles, 3 kN, 5 mm electrode tip)

Fig. 6 SISF welding scheme of the pneumatic-based system (7 kA, 10
weld cycles, 3 kN, 5 mm electrode tip)
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3.2 Weld growth of different welding schemes
and dissimilar electrode actuation systems

Weld growth is the central interest in this investigation, and it
fundamentally establishes the bounding strength between the
welded counterparts [11, 12]. Thus, if the fused areas are big-
ger, then the bounding strength will be better, provided the
computation goes within the good working regions.
Expulsion may take place if it is overheated and normally
would be deviated to the combination to expulsion welds.
Increment of the electric current will generally be enlarging
the molten areas as the heat (Q= I2Rt) is directly proportional
for heat diffusion at the faying surfaces of any material [13].
However, the increment of electrode pressing force will lead
to the drop of resistive components and also will influence the
heat generation inversely. Figures 5, 6, and 7 show the weld
bead increments for SISF welding scheme of the pneumatic-
based system.

Figures 8, 9, and 10 show the weld bead increments for
SISF welding scheme of the servo-based system.

Figures 11, 12, and 13 show the weld bead increments for
DIDF welding scheme of the servo-based system.

A comparative illustration has been shown in Fig. 14, and
the DIDF welding scheme has increased the starting point of
weld diameter up to 4√t. It can be said that the proportional
coefficient has been increased from 3 to 4 for carbon steel.
This observation breaks the traditional theories and paves

ways for breakthrough in weld formations. As of the SISF
welding scheme is concerned regardless of electrode actua-
tions, it is still initiating the weld formation at the 3√t formula
[14, 15].

3.3 Tensile shear test and results

Tensile shear test determines the bounding strength of the
welded specimen; and in this analysis, it is comprised of the
1008 carbon steel grade. Hence, the test was conducted on both
welding schemes in addition to the electrode actuation systems
for all the 45 specimens (15 for SISF-pneumatic, 15 for SISF-
servo, and 15 for DIDF-servo). As the welding currents were
raised in steps from 6 to 7 kA and 7 to 8 kA, the weld diameters
were enlarged from 3.274 to 3.524 mm and from 3.524 to
3.738 mm in SISF welding scheme of the pneumatic-based
system, respectively. If the loading forces were engaged to
shear these samples, then from 5400 to 5600 N and from
5600 to 6400 N were drawn in tensile forces, severally. This
is a clear indication that increasing the weld diameters would
draw more force to crack it. Similar phenomena were noticed
for the servo-based SISF and DIDF welding schemes.
Figure 15 means the relationship between all these welding
schemes and also the electrode actuations relatively [16–18].
The proportional coefficients are therefore calculated as 63 for
the SISF welding scheme of the pneumatic-based system and
83 for the SISF welding scheme of the servo-based system. It
can be therefore concluded that the pneumatic-based system

Fig. 7 SISF welding scheme of pneumatic based system (8 kA, 10 weld
cycle, 3 kN, 5 mm electrode tip)

Fig. 8 SISF welding scheme of the servo-based system (6 kA, 10 weld
cycles, 3 kN, 5 mm electrode tip)

Fig. 9 SISF welding scheme of the servo-based system (7 kA, 10 weld
cycles, 3 kN, 5 mm electrode tip)

Fig. 10 SISF welding scheme of the servo-based system (8 kA, 10 weld
cycles, 3 kN, 5 mm electrode tip)
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has better proportional coefficient than the servo-based system.
Furthermore, the servo-based system lays foundation for the
DIDF welding scheme (proportional coefficient 70) in which
the weld diameters have been significantly increased and con-
sequently resulted in escalation of the bounding strength.

3.4 Crack initiation and the propagation of failure mode

Post crack propagation is basically used to distinguish
the weld failures pertaining to ‘after-crack-patterns’. It
seems premature to conclude with only the crack initi-
ation during tensile test, so the post crack pattern be-
comes today’s interest. It was utilized to finalize the
best weld joint against the better one and/or the better
one against the poor one. Of course, the traditional ap-
proach has been widely used to distinguish the two

common failure modes in terms of bounding strength
as the first one reveals the button pullout failure (TF)
which represents a better weld joint while the second
one reveals the interfacial failure (IF) which represents
the poorly joined welds. However, in the post crack
propagational inspection, the TF is divided into two
categories as the button pullout failure holds the TF
notation whereas the neck breaking uses the PF abbre-
viations. With this classification in mind to separate the
failures, the SISF and DIDF welding schemes were ob-
served for clear understanding of the failure modes.

All the welded samples were checked for these types of
fractures, and there is no direct relationship to any welding
scheme or to any electrode actuation systems as the loading
forces merely depend on the bounded strength. Technically,
the highest loading force was drawn for TF failure mode while
little lower force was applied for PF failure mode and moder-
ately low force was applied for the IF categories during tensile
shear test. Figure 16 represents the corresponding illustration
for the post crack propagation modes.

3.5 Metallurgical observation

Metallurgical observation helps to determine the micro-
structural orientation as the weld nugget is subjected to

Fig. 14 Weld diameters of SISF and DIDF of the pneumatic- and servo-
based systems

Fig. 15 Tensile shear force of SISF and DIDF of the pneumatic- and
servo-based systems

Fig. 13 DIDF welding scheme of the servo-based system (8 kA, 10 weld
cycles, 3 kN, 5 mm electrode tip)

Fig. 11 DIDF welding scheme of the servo-based system (6 kA, 10 weld
cycles, 3 kN, 5 mm electrode tip)

Fig. 12 DIDF welding scheme of the servo-based system (7 kA, 10 weld
cycles, 3 kN, 5 mm electrode tip)
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solidification process after the fusion process is over
[18–20]. Pneumatic-based SISF welding scheme has
produced tilted structure as grain boundaries in the fu-
sion zone, which is accompanied by ferrites and pearlite
patches in the middle of those clusters (Fig. 17). The
grains in pearlite are clearly seen to be coarsened while
those of ferrites looked like thinner in sizes as com-
pared to the original grains’ matrix. This reveals that
the solidification process has coarsened the grains at

the fusion zone but resulted significant changes in
phases, leading to ferrite richness in coarsened pearlite
(Fig. 18).

Servo-based SISF welding scheme has also produced
almost the same type of results as the ferrite and pearl-
ite patches that looked around at the fusion zone rela-
tively (Fig. 19). The transition zone (heat affected zone)

Fig. 16 Post crack propagation
mode in tensile shear test

Fig. 17 Macro and micrograph of SISF welding scheme of the
pneumatic-based system

Fig. 18 Macro and micrograph of SISF welding scheme of the servo-
based system
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seemed to be heavily coarsened, but phase changes help
to increase the hardness although grain size increment is
a degrading factor for hardness. This directly manifests
that the grain size reduction has diminished the hard-
ness, but phase changes have increased the hardness to
a significant level, overcoming the inherent drop-off.

Ever since there is no profound difference in micro-
structural changes between the pneumatic- and servo-
based system for SISF welding scheme, the single so-
lidification process was accepted as the root cause for.

Another concern is that the DIDF welding scheme of
servo-based system has changed the traditional view of
solidification process because the phase changes lead to
martensite formation at the fusion zone while the coars-
ening gains remained almost the same. This has been
shown above in Fig. 19 clearly.

3.6 Hardness test results

Hardness test draws a distinct conclusion between the
welding schemes (SISF vs DIDF) to support the metal-
lurgical observation as a valid result, no matter what the
elec t rode ac tuat ion sys tems were engaged of .
Measurement was taken across the weld diameter from
the left hand side of unwelded areas through transition
areas (heat affected and extended zones) to fused zones
and furthered through transition areas towards the right
hand side of unwelded areas [21, 22]. Phase changes
during solidification and grain size growth are the root
causes of hardness variations. According to metallurgi-
cal observation, the fusion zone of the pneumatic-based
system for SISF has coarsened the grains at fusion
which lead to the reduction of hardness slightly, but
phase changes lead the hardness increment. This
seemed to be true for SISF welding scheme as the
hardness increment was recorded from 65 to 115
Rockwell Hardness in scale B (HRB) in an average
level for both electrode actuation systems. On the
contrary, the DIDF welding scheme has increased the
hardness to an average of 135 HRB, which is almost
double the original value or beyond that. This is really
a tremendous increment as a matter of fact. Figure 20
compares the SISF and DIDF welding schemes in
relation to the pneumatic- and servo-based systems.

Fig. 20 Hardness comparison
between the SISF and DIDF
welding schemes for the
pneumatic- and servo-based
systems

Fig. 19 Macro and micrograph of DIDF welding scheme of the servo-
based system
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4 Conclusion

The following bold conclusions are given:

1. Weak combinations of the process variables for SISF-
pneumatic, SISF-servo, and DIDF-servo welds are 13,
10, and 10, respectively.

2. Good combinations of the process variables for SISF-
pneumatic, SISF-servo, and DIDF-servo welds are 23,
32, and 41, respectively.

3. Expulsion combinations of the process variables for SISF-
pneumatic, SISF-servo, and DIDF-servo welds are 7, 8,
and 8, respectively.

4. The weld diameter calculation of carbon steel has been trans-
formed from 3√t to 4√t using the DIDF welding scheme.

5. Proportional coefficients of the process variables for
SISF-pneumatic, SISF-servo, and DIDF-servo welds are
63, 83, and 70, respectively.

6. The metallurgy of SISF-pneumatic and SISF-servo is al-
most same, except the diameter increment of the weld
beads in the servo-based system.

7. The metallurgy of DIDF-servo differs in terms of phase
changes and diameter of welds, as compared to the SISF
welding scheme.

8. The hardness of DIDF-servo results in increments (135
HRB) as compared to the SISF-pneumatic (115 HRB) and
SISF-servo (115 HRB) welding schemes.
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Abstract The forging force effect on resistance spot
welding field is an ambiguity because it is believed to
be just a mechanical force escalation in the classical the-
ory. So far, the mechanically generated forging forces
have been observed by many researchers and only the
mechanical features have been considered for the investi-
gation. Unfortunately, the journey of this exploration has
not been continued after several superficial results were
found for the past few decades. In real, there are still
some cohesive existences of forces that have not been
properly expounded yet, although it has frequently been
noticed by other researchers. In this paper, the electrically
generated forging force is introduced and also discussed
for better realization. Several case studies for the fluctua-
tion of electrode forces in terms of forces, vibrations, and
acoustic emissions are primarily referred to support the
classical concerns. With the inconstant and inaccurate
force exertion, a computational analysis is derived as to
distinguish the electrically generated forging forces with
respect to the variation of process variables. Four types of
metals are welded with two different electrode actuations
and the corresponding force profiles are carefully mea-
sured. Only the stainless steel weld-based signals are pre-
sented in this paper to simplify the analysis because other
materials too have similar phenomena. Experimental re-
sults show that the electrically generated forging forces
are directly proportional to welding current, welding time,
and compressing force but inversely proportional to

electrode tips, provided the computation lies within
welding lobe limits.

Keywords Spot welding . Forging force . Electrically
generated forging force .Mechanically generated forging
force . Force profiles

1 Introduction

1.1 Definition of mechanically generated forging forces
in RSW

Confusion over the electrically and mechanically generated
forging forces is debatable when the accuracy of forging
forces is concerned because many researchers do not see it
as two separate components in resistance spot welding
(RSW). Besides that, it seems little curious why this subject
is called as forging force in the first place in RSW. The answer
for this curiosity is simple and straight forward. When the
heating and hammering effects are continuously or alterna-
tively being applied upon metals, the corresponding outcomes
are thus as equal as producing the forging effects on conven-
tional metal forming field. So the term “forging” refers to a
mechanical force that is being applied during the heating-up
process is in progress. Literature review reveals that the me-
chanically generated forging force can be generated when the
electrode force is knowingly escalated (positive forging) or
de-escalated (negative forging) within the welding lobe limits
in resistance spot welding. As to recall the mechanically gen-
erated forging forces for classical concerns, two illustrations
are required to be discussed here as to understand the funda-
mental concepts. Figures 1 and 2 show the basic concepts of
mechanically generated forging forces in resistance spot
welding field.

* Nachimani Charde
nachicharde@yahoo.com

1 Department of Mechanical Engineering, Faculty of Engineering,
University of Malaya, 50603 Kuala Lumpur, Malaysia

Int J Adv Manuf Technol
DOI 10.1007/s00170-016-9352-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-9352-3&domain=pdf


Based on the Figs. 1 and 2, the escalation or de-escalation
of electrode pressing forces stimulates the mechanically gen-
erated forging forces and it has obvious transient states from
one level to another. H. Tang et al. from Daimler Chrysler
Corp, USA, have suggested some mathematical notations to
deal with such complexities. Their ideas describe that the
forging force computational analysis is governed by three
components: collectively, the magnitude (ΔF), delay (td)
and ramp-up time (tr) [1]. The electrode squeezing force is
initially generated to hold the base metals together and the
large electric current is released then. During the welding pro-
cess is going on or right after the welding process is complet-
ed, an increment on force level can be executed to produce the
mechanically generated forging force. These sequences are
graphically illustrated for two scenarios and they are shown
in Figs. 1 and 2 as to understand the force manipulations.
Their method is really superb for the ideal cases by which it
introduces the fundamental concept of mechanically generat-
ed forging forces. However, it is incomplete for practical cases
as it requires revision.

1.2 Definition of electrically generated forging forces
in RSW

Electrically generated forging forces (EGFFs) originated from
the process of total collapse of electromagnetic bonds that is
naturally confined between the atomic particles. This atomic
turbulence happens in bidirectional way for the alternating
current (AC) spot welding process, and supporting mechani-
cal assemblies (electrodes and base metals) will therefore be
experiencing the vibration relatively. Vibrations and the cor-
responding acoustic emissions are both the absolute indica-
tions of EGFF coexistences. So the steady-state vibrating fre-
quency of electrodes is periodic in this case and also tallies the
alternating current waveforms. Since the electric current is in
alternating current waveform and is also in the hearing fre-
quency bands (20 to 20 kHz), the acoustic emission is listen-
able during the welding process is going on. As to regulate the
magnitude of EGFF apart from themagnitude ofmechanically
generated forging force (MGFF), electrode actuation gains
importance. Figure 3 shows the fundamental appearance of

Fig. 1 Mechanically generated
forging force during a welding
process is in progress (theoretical
assumption of an ideal case,
positive forging force generation)

Fig. 2 Mechanically generated
forging force after a welding
process is over (theoretical
assumption of an ideal case,
positive forging force generation)
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EGFF existence along the force profile of a spot welding pro-
cess. With the coexistence of EGFF, a new notation (ΔE) is
introduced in this analysis.

Technically considered, the EGFF is not a sudden boost
like MGFF but a continuous one along the force profiles.
This sort of unidentified forging effect adds itself into a
squeezing force profile and creates force instabilities during
welding process. As if the accumulated EGFFs exceed the
welding lobe limits, an expulsion is inevitably occurred.

1.3 Literature review

Electrode compressing forces can never be constant in any of
the AC spot welding process despite what the associated elec-
trode pressing mechanism is or how the forces being manip-
ulated by. Without this basic knowledge, it is premature to
overestimate the force profiles as “constant force” in spot
weldingmachine. B. HChang et al. have analyzed the positive
forging force application using 50 kVA, a pneumatic-based
system, and the MGFF was inherently intensified by EGFF.
This phenomenon has clearly been shown in Chang et al.’s
research paper but due to undefined reason, it was not taken
into consideration [2]. Similarly, C. T. Ji et al. have analyzed
the MFDC force profiles, in which the results have obviously
revealed the coexistence of EGFF. C. T. Ji et al.’s focus was
limited to the analysis of dynamic electrode forces from

electrode displacement, so no further analysis was carried
out but a proportional relationship has been noticed between
the EGFF and the electric current in addition to the welding
time increments [3]. H. Tang et al. have created a break-
through in this journey by analyzing the dynamic resistance
thoroughly for the ordinary compressing forces against the
forging force escalation with additional friction on the press-
ing lever. H. Tang et al. have created a model to explain the
positive forging forces and the observation was absolutely
correct, but it did not contribute any portion to explain the
coexistence of EGFFs [4]. On the other side, Guo Cheng Xu
et al. have observed the force profiles from a three phase,
secondary side of AC rectified 35 kVA direct current (DC)
spot welder. The DC ripples have been creating similar effects
that of the EGFFs did create in AC spot welder [5]. Likewise,
an inverted DC spot welder from three phase supply
(440 VAC) was analyzed by In Sung Hwang et al. for discrete
DC pulses rather than sending out a continuous rippling DC
waveform. Even with pulsating DC waveform, the EGFFs’
sort of effects are clearly seen while the welding process is
running on [6]. Cun Hai Pan et al. have performed few exper-
iments on a DC spot welding machine, with 100 kVA capacity
and the results show that negative forging force did occur
when the aluminum alloys are forcefully being welded on
[7]. There are other researchers too who have analyzed the
forging forces in RSW and mostly echo the same consensus

Fig. 3 Electrically generated
forging forces appear to be along
the force profile, even with the
mechanically generated forging
forces

Fig. 4 Welding lobe diagram for 1 mm thickness in pneumatic actuation Fig. 5 Welding lobe diagram for 1 mm thickness in servo actuation
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regarding MGFF [8, 9, 10, 11]. To find a perpetual mean of
solution for the computation of EGFFs with respect to the
process variables, a mathematical model is proposed as the
novel part of this paper.

2 Experimentation

Stainless s teel sheets , having rectangular shape
(200 mm × 25 mm) from 1 mm thickness, are welded under
the influence of a C-typed body frame with AC waveform
(75 kVA) of electric current system. The lap joint fashion is
assigned to joint these metals as 60 mm of length is over-
lapped. The original chemical elements that were found on
stainless steel sheets are carbon, C = 0.048, chromium,
Cr = 18.12, nickel, Ni = 8.11, manganese,Mn = 1.166, silicon,
Si = 0.501, sulfur, S = 0.006, nitrogen, N = 0.053, and phos-
phorous, P = 0.030. Hardness of the 1-mm stainless steel sheet
is about 81.7 HRB, and the ultimate tensile strength is about
515 MPa. Although the welding processes are conducted by

using two different electrode actuations, it is actually convert-
ed from a ready-made pneumatic cylinder to a spring-free-
rigid servo controlled system. Since this investigation is main-
ly intended for the electrode force discrepancies, a high sen-
sitivity of force sensor (Kitsler—9232 A) with other
supporting instruments is employed. Captured signals during
the squeezing, welding, and returning home moments are sent
to a charge amplifier for signal conditioning process (Kistler
5073). Continuous force profiles that were rendered from
charge amplifier are then sent to data acquisition (DAQ) card
for signal interpretation. By using the National Instrument’s
Signal Express software, the undistorted signals have been
plotted and also converted into excel files for data analysis.
Force profiles rely on the force variation and subject to some
limitations. In order to determine the limitations of force pa-
rameter, the welding lobe diagrams need to be formed before
commencing the entire experiment. Thereby, the welding lobe
diagrams are established for 1 mm thickness and they are
plotted in 3D views, as shown in Figs. 4 and 5 for the
pneumatic- and servo-based systems, respectively.

It should be noted here that the green-colored areas, marked
with “A” in the welding lobe diagrams, offer a pertinent rela-
tionship among process variables. Moreover, the mathemati-
cal model that is proposed in this paper works well in these
green-colored areas and is unstable for any other colors of
regions, whatsoever mean. A set of process variables has pre-
viously been finalized to form welds as to characterize the
mechanical and metallurgical features [12]. Those sets are
partially repeated here, as it is summarized in the form of a
weld schedule. Table 1 lists the combination of process vari-
ables that were used to capture these force profiles.

Table 1 Weld schedule, having combination of process variables for
welding process

Weld
schedule

Electrode tip
(mm)

Current
(kA)

Time
(cycle)

Force
(kN)

1 5/6 6 10 3
2 7

3 8

4 6 3

5 4.5

6 6

7 6 15 3
8 7

9 8

10 6 3

11 4.5

12 6

13 6 20 3
14 7

15 8

16 6 3

17 4.5

18 6

Fig. 6 Coexistence of EGFF in force profile during welding process
(pneumatic-based system)

Fig. 7 Coexistence of EGFFs along the force profiles for various current
levels (weld schedules 1, 2, and 3)

Fig. 8 Coexistence of EGFFs along the force profiles for various force
levels (weld schedules 4, 5, and 6)
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3 Result and analysis

3.1 Analyzing the EGFF profiles on pneumatic-based
system

EGFFs of the pneumatic-based system seem to have an as-
cending sinusoidal waveform for carbon steel and stainless
steel welds. The dissimilar weld joints that were made of both
steels also looked like almost the individual steel weld wave-
form but there is an inter-uniting state emerging, consisting
high spikes in the middle of force profiles [13]. The limits of
electrically generated forging forces are considered from the
lowest starting point to the highest ending point, regardless of
any other impulse occurrence. By doing so, the waveforms
can be treated for their magnitudes appropriately. An example
of a stainless steel force profile of pneumatic actuation is
shown in Fig. 6.

Assessing Fig. 6 for the force escalation, the ascending
sinusoidal waveform coexisted along the force profile. This
phenomenon has obviously happened due to the electric cur-
rent flow for ten weld cycles. Besides, this outcome simply
proves the coexistence of EGFF in the force profiles and also
causes the preset force (3 kN) to be increased significantly
(4.4 kN). The force increment is large enough to concern as
the force is limited by its working areas, which is marked by A
in the welding lobe diagrams. Figures 7, 8, 9, 10, 11, and 12
are the force profiles that were obtained for the stainless steel
welds, based on the pneumatic actuation.

Fig. 9 Coexistence of EGFFs along the force profiles for various current
levels (weld schedules 7, 8, and 9)

Fig. 10 Coexistence of EGFFs along the force profiles for various force
levels (weld schedules 10, 11, and 12)

Fig. 11 Coexistence of EGFFs along the force profiles for various
current levels (weld schedules 13, 14, and 15)

Fig. 12 Coexistence of EGFFs along the force profiles for various force
levels (weld schedules 16, 17, and 18)

Fig. 13 Proportional coefficients of electrically generated forging forces,
for 5-mm electrode tip diameter in pneumatic-based system

Fig. 14 Proportional coefficients of electrically generated forging forces,
for 6-mm electrode tip diameter in pneumatic-based system
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After observing the force profiles for the entire weld sched-
ules, a conclusion is made to relate the process variables.
Literally, the forging effects are directly proportional to the
welding current, welding time, and squeezing forces, provided
the electrode tips remained unchanged. So it can be mathe-
matically written as follows: ΔE α I, ΔE α F(Squeezed), and
ΔE α t. Let k1 be the proportional factor of welding current,
k2 be the proportional factor of squeezing forces, and k3 be the
proportional factor of welding time. When all of these propor-
tional relationships are combined together, the electrically
generated forging force (EGFF) for a constant electrode tips
emerges as follows:

Electrically generated forging force; �E … k1 Ið Þ⋅k2 F Squeezedð Þð Þ⋅k3 tð Þ
F maxð Þ … F Squeezedð Þ þ k1⋅k2⋅k3 I ⋅F Squeezedð Þ⋅t‰ � :

Thereby, the maximum force during welding process is
calculated as follows:

Maximum Force; F maxð Þ … F Squeezedð Þ þ �E
F maxð Þ … F Squeezedð Þ þ k1⋅k2⋅k3 I ⋅F Squeezedð Þ⋅t‰ �

where ΔE is the electrically generated forging force, mea-
sured in Newton; F(Squeezed) is the initial pressing or
squeezing force of electrodes in Newton; F(max) is the max-
imum force at the end of welding process in Newton; I is the
electric current in ampere; t is the welding time in seconds;
and k is the corresponding proportional factors of forging ef-
fects (Fig. 13).

The signal measurement is repeated for the 6-mm electrode
caps, entirely. The proportional coefficients are slightly re-
duced but still lie within the proportional margin. So the elec-
trode tip surfaces (DT) in meters, with its coefficients (k4), are
inversely proportional to the forging effects (ΔE α 1 / DT).
Changing the electrode tip diameter affects the welding lobe
limitations but does alter the border completely [14]. Also, the
computation is still valid in accordance with the experimental
results. Figure 14 shows the proportional coefficients for the
6-mm electrode caps.

Fig. 15 Coexistence of EGFF in force profile during welding process
(servo-based system)

Fig. 16 Coexistence of EGFFs along the force profiles for various
current levels (weld schedules 1, 2, and 3)

Fig. 17 Coexistence of EGFFs along the force profiles for various force
levels (weld schedules 4, 5, and 6)

Fig. 18 Coexistence of EGFFs along the force profiles for various
current levels (weld schedules 7, 8, and 9)

Fig. 19 Coexistence of EGFFs along the force profiles for various force
levels (weld schedules 10, 11, and 12)

Fig. 20 Coexistence of EGFFs along the force profiles for various
current levels (weld schedules 13, 14, and 15)
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Now, the electrically generated forging force (ΔE) for the
welding current (I), squeezing force (F), welding time (t), and
electrode tip diameter (DT) are given by the following:

Electrically generated forging force;

�E … k1 Ið Þ⋅k2 F Squeezedð Þð Þ⋅k3 tð Þ=k4 DTð Þ

… k1⋅k2⋅k3 I ⋅F Squeezedð Þ⋅t‰ �=k4 DTð Þ

…
k1⋅k2⋅k3 I ⋅F Squeezedð Þ⋅t‰ �

k4 DTð Þ
…

k1⋅k2⋅k3
k4

⋅
I ⋅F Squeezedð Þ⋅t‰ �

DTð Þ

… K⋅
I ⋅F Squeezedð Þ⋅t‰ �

DTð Þ

where K becomes the overall coefficient factor for I, F, T, and
DT. So, K = k1 k2 k3 / k4.

So the maximum force calculation for various welding cur-
rent, welding time, electrode force, and electrode tip diameter
is eventually derived as follows:

Maximum Force; F maxð Þ … F Squeezedð Þ þ �E

… F Squeezedð Þ þ K⋅
IF Squeezedð Þtð Þ

DT
… F Squeezedð Þ 1 þ K It=DTð Þ‰ � Newtonð Þ

:

3.2 Analyzing the EGFF profiles on servo-based system

The EGFFs of servo-based system seem to be producing sim-
ilar effects that of the pneumatic actuation had, except the

magnitudes of EGFFs. After the pneumatic to servo conver-
sion is accomplished, the amplitudes of EGFFs are diminished
to approximately 70 % that of the pneumatic actuation pro-
duced. A central shaft locking system has been exclusively
introduced in the servo-based mechanical assembly to rectify
the electrode vibration. This mechanism has suppressed down
another 40 % of EGFF magnitudes when engaged during
welding process. As such, the EGFF suppressions are tremen-
dous achievement in spot welding process and it becomes the
novel part of a spring-free servo actuation. An example of
stainless steel’s force profile of servo actuation is shown in
Fig. 15. The force escalation is about 0.3 kN according to the
upper and lower measurement points.

Similar computational methodology is applied to obtain the
EGFF profiles in servo actuation. Relationships between the
process parameters are also observed within welding lobe
limits and identical behaviors are discovered. Figures 16, 17,
18, 19, 20, and 21 show the force profiles for the same weld
schedule in the servo actuation.

Based on the profiles shown above for the servo actuation,
the proportional coefficients are plotted to compare working
patterns. The working margins are certainly widening as how
seen in the welding lobe diagram for the servo actuation
(Fig. 5). Figures 22 and 23 show the proportional coefficients

Fig. 21 Coexistence of EGFFs along the force profiles for various force
levels (weld schedules 16, 17, and 18)

Fig. 22 Proportional coefficients of electrically generated forging forces,
for 5-mm electrode tip diameter in servo-based system

Fig. 23 Proportional coefficients of electrically generated forging forces,
for 6-mm electrode tip diameter in servo-based system

Fig. 24 Coexistence of EGFF in MGFF profile during welding process
(servo-based system)
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versus process variables for 5- and 6-mm electrode tip diam-
eters, respectively.

The governing mathematical principles are absolutely the
same as before but the coefficients are slightly lower in
magnitudes.

3.3 Analyzing the EGFF with MGFF profiles
on servo-based system

The concept of MGFF with EGFF can best be presented with
an example. Suppose a scenario for the mechanically generat-
ed forging forces is considered, then the coexistence of elec-
trically generated forging forces has to be simultaneously con-
sidered for the variation of force profiles. Figure 24 shows
such a situation for positiveMGFF. In this case, the maximum
force is calculated with similar means, but the EGFF will be
added more than once.

From Fig. 24, the squeezing force is 3 kN, the first EGFF
(ΔE1) is 0.65 kN,MGFF (ΔM) is 1 kN, and the second EGFF
(ΔE2) is 0.7 kN, approximately. Hence, the maximum force is
calculated as follows:

Maximum Force; F maxð Þ … F Squeezedð Þ þ �E1 þ �M þ �E2

… 3 þ 0:65 þ 1 þ 0:7
… 5:35 kN

:

Since the force variation lies within the welding lobe limits
(min 3 and max 6 kN), the expulsion or any other cause has
not been taken place due to the force variations.

4 Conclusion

Electrode force actuations and relevant manipulations are ad-
dressed for the resistance spot welding technology in this re-
search, and the substantive outcomes conclude that:

1. There is no constant force induction in the AC resistance
spot welding machine.

2. There is a clear difference between electrically generated
forging force (EGFF) and mechanically generated forging
force (MGFF) in RSW.

3. The EGFF has an ascending sinusoidal waveform for AC
spot welding machine and is coexisted along the welding
portion of force profiles.

4. The electrically generated forging forces are directly pro-
portional to the welding current, welding time, and
squeezing forces but inversely proportional to the electro
tip areas, within proper welding lobe regions.

5. The magnitudes of force profiles vary depending on the
electrode actuation in RSW.

6. The electrically generated forging forces vary for the
compressing mechanism, as the servo actuation can sup-
press the EGFF magnitudes up to 70 % that of the pneu-
matic actuation produced.

7. EGFF suppression is an important issue for the proper
MGFF manipulation in RSW.
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