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This paper presents an experimental study on physical and mechanical properties of high strength steel plates
(AISI 4130) joined by resistance spot welding by means of hardness mapping technique. Welding current and
electrode force were selected as experimental parameters. The welded joints were exposed to tensile-shearing
tests in order to determine the strength of the welded zones. Hardness and microstructural examinations were
carried out in order to examine the influence of welding parameters on the welded joints. Hardness mapping
test was conducted on the large area of weld zone, including the heat affected zone and base plate. Hardness
map was used to investigate the effects of current on hardness and microstructure in different regions of weld.
Low electrode force and high welding current, used during the welding, increased the expulsion. An optimum
weld quality was obtained by using 6.5 kA weld current. It was found that mechanical performance of resistance
spot welded samples is controlled by nugget diameter and expulsion. Results revealed that hardness mapping
technique provides one of the best methods for the physical and mechanical understanding of heterogeneous
microstructures using hardness criterion.
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1. Introduction

Heat-treatable low-alloy steels are widely used in
marine industry because of its superior corrosion resis-
tance and strength. Resistance spot welding is widely
used to join sheet metals in the automotive industry.
Welding current is the most important parameter in
resistance spot welding. As current increases weld
heat increases. The electrode force is also considered
as an important feature during the resistance spot
welding process due to its performance in the control
of the quality of welding. Fusion zone size or nugget
diameter and its microstructure are the most impor-
tant parameters which affect the mechanical behav-
ior of the spot welded samples. Since the mechanical
properties of the steel are highly dependent on the mi-
crostructure, and distribution of each phase present

† Corresponding author. Prof., Ph.D.; Tel.: +98 21 64552978;
Fax: +98 21 66405846; E-mail address: ghazanfari@aut.ac.ir
(H. Ghazanfari)

DOI: 10.1007/s40195-013-0076-1

so, changing the welding current results into changing
the mechanical properties. Some micro constituents
produced during welding process have poor mechan-
ical properties. For instance, the microstructure of
untempered martensite has poor toughness. These
microstructures are more detrimental when this par-
ticular microstructure has the predominant volume
fraction in the weld. The hardness values of the weld-
ment are used as an acceptance criterion for certain
industrial applications. The hardness of the mate-
rial is dependent on its microstructure. So, Hard-
ness measurement would be a key quality assurance
test, because it quickly defines whether the process-
ing schedule has achieved the required characteristics.
Moon et al.[1] investigated the hardness changes on
pass by pass basis in mild steel gas metal arc welds.
In some reports, hardness maps were used to inves-
tigate the effects of welding process parameters on
microstructure[2−4]. Naderi et al.[5,6] used hardness
mapping technique to investigate the heterogeneous
microstructures. Numerous researchers investigated
the effect of welding parameters on the joint strength
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Table 1 Chemical composition of 4130 steel

C Si Mn Cr Mo Cu P S Ni Fe

0.305 0.25 0.5 0.95 0.2 0.17 0.012 0.012 0.125 Balanced

Table 2 Resistance spot welding conditions for each specimen

Specimen No. Electrode force (kN) Welding current (kA)

1 5 5

2 5 5.5

3 5 6

4 5 6.5

5 5 7

6 5 7.5

7 3.8 6.5

8 4.4 6.5

9 5 6.5

10 5.6 6.5

11 6.2 6.5

12 6.8 6.5

Note: welding time is 17 cycle, holding time is 30 cycle, squeez time is 40 cycle

of resistance spot welded[7−10]. Liao et al.[11] investi-
gated the microstructures in a resistance spot welded
high strength dual phase steel. Marashi et al.[12] in-
vestigated the microstructure and failure behavior of
dissimilar resistance spot welds. Pouranvari investi-
gated the effect of fusion zone size and failure mode on
mechanical performance of dissimilar resistance spot
welds[13].

The objective of present study is to investigate the
effect of spot welding parameters on microstructure
and mechanical properties within the welded samples
and compare the results by means of the hardness
maps.

2. Experimental

2.1 Material preparation

In this research 2 mm thick AISI 4130 steel sheets
were used as the base metal and their surfaces were
cleaned by HCl solution to eliminate surface contam-
inations. The sheets were then welded by resistance
spot welding as a lap joint. The chemical composition
of AISI 4130 steel is given in Table 1. Welding was
conducted using a 45◦ truncated cone RWMA, Class
2 electrode with 6 mm face diameter. The parameters
used in the process are given in Table 2.

The specimens were then polished and etched
in a solution of 3% HNO3+ethanol and the mi-
crostructures were observed by light optical micro-
scope (LOM). The welded parts were subjected to
tensile-shear loads with the head speed of 1 mm/min
to determine the tensile- shear strength in a Santam
STM-600 testing machine in laboratory as shown in
Fig. 1.

2.2 Hardness test specification

Surface hardness measurements were started at

Fig. 1 Schematic for shear tensile samples[10]

Fig. 2 Sketch of zone selected for the hardness test

0.2 mm distance from the boundary between the
mounting material and the sample due to the high
hardness values of sample′s edge. Surface hardness
measurements were carried out using scanning hard-
ness machine under the 1 kg load with 0.1 mm inter-
val. Each sample was plotted by 900 indents (60×15).
The location of the measurements is shown in Fig. 2.

3. Results and Discussion

3.1 Microstructural characterizations

Fig. 3 shows a typical macrostructure of a cross
section of the weld including the hardness mapping
indents. Three distinct microstructural zones can be
seen in macroscopic image: weld, Heat Affected Zone
(HAZ), and base plate.

Base plate temperatures during welding typically
remain below 200 ◦C remote from the weld. So, no
transformations are activated and the microstructural
constituents are left unaffected[16]. Fig. 4 shows the
microstructure of the base plate.

Fig. 5 shows the microstructures of the welds. The
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Fig. 3 The macroscopic image of the spot welded sample
including the indents

Fig. 4 The microstructure of the base plate

microstructures are mainly martensite. The weld zone
is created by heating above the melting point, sub-
sequent rapid cooling, the austenite transforms into
martensite. As seen in Fig. 5, martensite with less
Lath width was found in the weld fabricated with
lower weld current. It is shown that due to the higher
welding temperature at higher welding current, the
lath width of the martensite with higher welding cur-
rent will be larger than that in the weld zone.

To calculate the martensite lath width, several
fields in the weld zone were taken and imaged by light
optical microscopy. The lath width of the martensite
was then determined. For each image 10 data were
recorded. The average values were considered as the
martensite lath width of the weld. Fig. 6 shows the
effect of the welding current on the martensite′s lath
width.

Fig. 7 shows the microstructures of Intercritical
HAZ (IC HAZ). Since, peak temperatures in the IC
HAZ range is between Ac1 and Ac3 so, within this

range, increasing peak temperature results in an in-
crease in the fraction of ferrite dissolved in to austen-
ite. Rapid post weld cooling can result in the transfor-
mation of inter critically austenitized grains back into
a dual phase martensite-ferrite structure[16,17]. The
typical IC HAZ microstructure comprised of undis-
solved ferrite and dispersed bainite islands[18]. The
peak temperature is increased by increasing the weld-
ing current. This increases the fraction of the ferrite
that was dissolved into austenite as seen in Fig. 7.
The more dissolved ferrite into austenite, the less car-
bon content exists in the austenite. Since, carbon
increases both the hardenability and hardness of the
microstructure so, increasing the welding current in
intercritical HAZ results in the increase of the vol-
ume fraction of the martensite or the bainite with
lower hardness values.

3.2 Hardness measurements

Fig. 8 shows the hardness maps of different sam-
ples. The base plate has the lowest range of the hard-
ness through the sample (190HV–250HV). The differ-
ent sub regions of HAZ including the subcritical (SC),
intercritical (IC) and upper critical heat affected zones
can be seen in hardness map with different hardness
ranges. Subcritical HAZ has the same hardness value
as the base plate. Intercritical HAZ is specified by
the hardness between 250HV–325HV and upper crit-
ical has a hardness values between 325HV–400HV.

It was found that in weld zone the average hard-
ness value decreases by increasing the welding current.
It was also found that increasing welding current leads
to extending of the weld zone up to 6.5 kA. The ex-
pulsion considered as defect in resistance spot weld-
ing was appeared in hardness maps by increasing the
welding current beyond 6.5 kA. Expulsion decreases
nugget diameter due to heat loss which occurs when
a volume of melt is expelled from the weld nugget[19]

(Fig. 8).
450 data points from specimens′ weld zone were

used to prepare the Table 3. Examination of the weld
samples clearly shows the softening phenomenon by
increasing the welding current. A significant part of
the weld in sample 1 has a hardness values higher than

Fig. 5 Microstructures of welds by light optical microscopy: (a) 5.5 kA, (b) 6.5 kA, (c) 7.5 kA
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Fig. 6 Effect of the welding current on the lath width

500 HV. It is illustrated that Vickers hardness values
higher than 500 HV just exist in the weld of sample1
and sample 2. Increasing the welding current reduces

the number of hardness values higher than 450 HV
considerably. In sample 4, only a few hardness values
exceed the 450 HV. The significant part of sample 4
has the hardness values between 400 HV–450 HV. As
can be seen the number of hardness values between
350 HV–400 HV increases by increasing the current.
The significant part of the weld metal in sample 5 has
the hardness values <400 HV. In sample 6 only a very
few hardness values exceeded 400 HV. A schematic of
the hardness range of different samples′ weld is shown
in Fig. 9.

3.3 Effects of the welding current and electrode force
on nugget size and tensile-shear strength

Fig. 10 and Fig. 11 show the effects of the welding
current and the electrode force on the nugget diame-
ter and tensile-shear force. The effect of the electrode
force on the nugget size can be illustrated relative to
the basic heat equation used in resistance welding;

Fig. 7 Microstructures of IC HAZ obtained by light optical microscopy: (a) 5.5 kA, (b) 6.5 kA, (c) 7.5 kA

Fig. 8 Hardness maps of the samples: (a) 5.5 kA, (b) 6.5 kA, (c) 7.5 kA
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Table 3 The hardness data from weld zones

Specimen No. Hardness range (HV)

250–300 300–350 350–400 400–450 450–500 >500

1 – 14 34 86 121 195

2 10 30 69 106 157 78

3 25 46 66 145 168 –

4 21 71 124 226 8 –

5 20 132 228 70 – –

6 51 148 245 6 – –

Fig. 9 Hardness data from the weld zones

Fig. 10 Effect of the electrode force on the nugget diame-
ter and the tensile-shear strength

i.e. H=I2Rt. Low electrode force will increase the
resistance factor R of this equation. While a high re-
sistance caused by a low force will generate more heat,
the negative effects of metal expulsion[20].

As can be seen in Fig. 10 at low electrode forces,
the weld nugget diameter slightly decreases with in-
creasing electrode force. This should be ascribed by
the fact that at low electrode forces values, the weld
nugget diameter is slightly less than the expected val-
ues because of the expulsion of the metal from the
weld nugget. This effect is not strict as the effect of
the welding current, because of the equation H=I2Rt.
In this equation heat is directly proportional to the re-
sistance itself but to the square of the current. Hence,
as the welding current increases, there is a sudden

Fig. 11 Effect of the welding current on the nugget diam-
eter and the tensile-shear strength

rise in the weld nugget diameter. This situation is
seen in Fig. 11. But, it should be noted that for
the welding current range of 7.5 kA, there is a de-
crease in the weld nugget diameter due to the expul-
sion that is most probable for such a high welding cur-
rent range. Because of the expulsion the weld nugget
diameter decreases rapidly. Similar results were ob-
tained by Hasanbasoglu et al.[21] and Ozyurek et al.[9]

for austenitic stainless steel and Aslanlar et al.[7] for
galvanized chromided steel sheets.

4. Conclusions

(1) The increase in the welding current caused
coarsening of the microstructure of the weld zone
and decreasing the region with hardness higher than
400 HV.

(2) The number of the hardness values between
300—400 HV increased by increasing welding current.

(3) Higher welding current caused the less ferrite
microstructure in IC HAZ.

(4) The maximum tensile-shear strength value
was obtained at 6.5 kA due to the enlargement of
the nugget size. Beyond this current, tensile shear
strength decreased due to the expulsion effect which
leads to decreasing the nugget diameter.

(5) Low electrode force and high welding current,
used during the welding process increased the expul-
sion and decreased nugget diameter consequently.
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