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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
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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 alsowith 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 DIDFwelding 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 DIDFwelding 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. Theweld 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 (115HRB) and
SISF-servo (115 HRB) welding schemes.
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