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Abstract: High-strength low alloy (HSLA) S500MC steel is widely used for chassis components,
structural parts, and pressure vessels. In this study, the effects of heat input during automatic
gas tungsten arc welding (GTAW) on microstructure and mechanical properties of thermomechani-
cally controlled processed (TMP) S500MC steel were investigated. A butt joint configuration was
used, and welding was performed in autogenous mode. Six different levels of heat input namely
1.764 kJ/mm, 1.995 kJ/mm, 2.035 kJ/mm, 2.132 kJ/mm, 2.229 kJ/mm, and 2.33 kJ/mm were con-
sidered. Microstructural investigations revealed a different microstructure than base metal in the
fusion zone (FZ) of all welded joints which was most likely due to a lath martensitic microstructure
surrounded by retained austenite. With increased heat input, the amount of retained austenite and
the size of packets increased. In the heat-affected zone (HAZ), two distinct regions of coarse grain
(CG-HAZ) and fine grain (FG-HAZ) were observed. Due to the presence of carbides in the HAZ,
mostly a martensitic microstructure with smaller packets, compared to FZ, was formed. By increasing
the heat input and through the dissolution of carbides, the dimension of packets increased. Due to
microstructural changes and grain growth, in both the FZ and the HAZ, the mechanical properties
produced by TMP were lost in these regions. However, failure occurred in the base metal of all
samples with a maximum tensile strength of 690 MPa. Thus, tensile strength in the weld zone and
HAZ were higher than the base metal even for the highest heat input indicating the formation of a
good joint between S500MC plates with GTAW, regardless of heat input.

Keywords: gas tungsten arc welding (GTAW); heat input; S500MC steel; microstructure; mechani-
cal properties

1. Introduction

Gas tungsten arc welding (GTAW), also known as tungsten inert gas (TIG) is a con-
ventional arc welding technique in which a non-consumable tungsten electrode creates an
arc on the workpiece [1]. GTAW has several advantages over other arc welding methods
such as good metallurgical and mechanical properties of welds between almost all metals
including dissimilar ones [2]. Moreover, GTAW normally creates spatter-free joints with
minimum distortion and a narrow heat-affected zone (HAZ) [3]. However, it is well-known
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that the quality of welds produced with fusion welding processes is highly dependent on
selecting suitable process parameters [4].

S500MC is a grade of high-strength low alloy (HSLA) steels that are normally de-
veloped by thermomechanical processing (TMP) [5]. Small quantities of carbide and
nitride-forming elements such as Ti, Nb, and V are present in the chemical composition
of HSLA steels. These elements are responsible for the high strength as a result of grain
refinement and precipitation hardening [6,7]. HSLA steels are used for welded components
in various applications such as construction, transport, and off-shore structures due to their
superior combination of strength, toughness, and formability [8,9]. Although S500MC steel
possesses good weldability owing to relatively low carbon levels, the effect of heat input
and cooling rate during welding can easily alter the microstructure of the fusion zone (FZ)
and the HAZ through the formation of hard and brittle phases such as a martensitic struc-
ture, thereby diminishing the mechanical properties [10]. Furthermore, the susceptibility of
S500MC steel to cold cracking in the fusion zone has been reported in the literature [11].

Several studies have been conducted on the weldability of HSLA steels and the
effects of process parameters on the weld geometry and phase transformations in the
FZ and the HAZ during fusion welding [12–15]. Musa et al. investigated the effect of
GTAW parameters on the microstructure and microhardness of the HAZ in L450 HSLA
steel. It was concluded that welding parameters had a massive effect on the hardness
profile and microstructural features of welds [16]. The increase of welding heat input
resulted in an increase in the width of HAZ and the growth of prior austenite grains.
A relationship between weld microstructure and mechanical properties in HSLA steels
was established by Oyyaravelu et al. They observed martensitic structure in the weld
zone due to very high cooling rates [17]. Miletić et al. studied the properties of HSLA
steel welded joints. They reported a decrease in impact toughness of S690QL steel due
to the increase in welding heat input [18]. The impact of GTAW parameters on the weld
bead profile of 15CDV6 HSLA steel was studied by Skariya et al. using an optimization
approach to maximize the depth of penetration while minimizing the HAZ [19]. In a
similar study, a Taguchi Optimization technique was used by Pamnani in GTAW of DMR
249 A HSLA steel to optimize the process parameters to achieve the highest depth of
penetration [20]. The relationship between fatigue and fracture ductile-Brittle transition in
S500 welds was studied by Salabba et al. [21]. They reported a constant reduction in fatigue
crack propagation rate with decreasing test temperature even below the ductile-brittle
transition temperature.

GTAW is a cost-effective process and can easily be automated which makes it important
to optimize the process parameters in the GTAW of S500MC. Despite the advances, the
influence of heat input on the phase transformations during the GTAW of S500MC HSLA
steel has not been fully understood yet. The tensile strength of a weld is highly dependent
on microstructure which is determined by microstructural changes induced by welding
conditions. In the present study, the effect of welding heat input on microstructure, and
tensile strength of gas tungsten arc welded joints was investigated. Six levels of heat
input from low to high were compared in terms of their effect on the FZ and the HAZ
microstructure and the mechanical properties of joints.

2. Materials and Methods

For this study, HSLA S500MC steel plates were mechanically cut into
60 mm × 30 mm × 1.5 mm pieces. The chemical composition of S500MC steel based
on quantometer analysis is listed in Table 1. The equivalent carbon content (CE) was
calculated in accordance with Equation (1) [22] as 0.39 indicating good weldability. The
mechanical properties of S500MC based on standard EN 10,025 are presented in Table 2.

CEIIW = C +
Mn

6
+

Cu + Ni
15

+
Cr + Mo + V

5
(1)
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Table 1. Chemical composition of S500MC (wt.%).

Element Fe C Si Mn Ni Cu P Cr Mo S Al V Ti

Composition Bal. 0.11 0.14 1.64 0.0075 0.016 0.01 0.03 0.021 0.002 0.05 0.004 0.004

Table 2. Mechanical properties of S500MC.

Elongation
(%)

Tensile Strength
(MPa)

Yield Strength
(MPa)

≥14 550–700 ≥500

Before welding, surface oxides were removed by grinding, and then acetone was used
to clean any residue or grease on the joint surfaces. A square groove with a root opening
of 0.5 mm was used for welding. Experiments were carried out with an automatic GTAW
system on an adjustable welding table. The tungsten electrode contained 2% thorium and
the diameter was 3.2 mm. The welding torch angle was placed at 60◦ to the horizontal
surface. Welding was performed with direct current electrode negative (DCEN) for lower
spatter and a more stable arc. No filler metal was used for welding. During the welding,
argon gas with a purity of 99.98% was used as the shielding gas. The gas flow rate was
10 L/min. To reduce welding-induced distortion, samples were fixed during the exper-
iments using a fixture. Welding was carried out in one pass and with a butt-welding
configuration. Welding parameters used in this study are presented in Table 3. To investi-
gate the influence of heat input on microstructure and tensile strength of joints, various
welding currents and speeds were selected to adjust the heat input for each experiment.
Voltage and arc length was kept at a constant level. Heat input, one of the most im-
portant parameters in GTAW, was calculated for each set of welding parameters using
Equation (2) [23].

H =
V ∗ I ∗ 60
1000 ∗ S

(2)

where H is heat input (kJ/mm), V is voltage (V), I is current (A), and S is welding speed
(mm/min). The calculated heat input value for each experiment based on Equation (2) is
also presented in Table 3. Schematics of the GTAW process and actual welding of S500MC
steel in butt configuration are presented in Figure 1a,b, respectively.

Table 3. Welding parameters used in experiments.

Experiment No. Current (A) Voltage (V) Arc Length
(mm)

Welding
Speed

(mm/min)

Heat Input
(kJ/mm)

1 105 21 3 75 1.764
2 95 21 3 60 1.995
3 105 21 3 65 2.035
4 110 21 3 65 2.132
5 115 21 3 65 2.229
6 120 21 3 65 2.33

To study the microstructure, specimens were cut in the middle of the weld line
transverse to the welding direction and then were subjected to grinding using SiC abrasive
papers up to 2500 grade. Next, samples were polished to a 1 µm finish, followed by
etching in 2% Nital solution for 10 s. Meiji IM-7200 inverted metallurgical microscope
(Meiji Techno, San Jose, CA, USA) was used for microstructural investigations. Tensile tests
were carried out on standard tensile samples to study the mechanical properties of joints.
Tensile test specimens were extracted using electrical discharge machining (EDM) according
to standard ASTM-E8. Tensile tests were conducted at room temperature and with an
overhead speed of 2 mm/min. A VEGA TESCAN-XMU scanning electron microscope
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(SEM, TESCAN, Brno, The Czech Republic) was used for examining the fractured surface
of joints.
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Figure 1. (a) Schematics of GTAW process, (b) GTAW of S500MC steel in butt configuration.

3. Results and Discussion
3.1. Microstructure

Figure 2 shows the microstructure of base metal before welding. As can be seen, the
base metal microstructure consisted of ferrite (light areas) and pearlite (dark areas) with
small grain size as a result of prior thermomechanical treatment. The microstructure of the
base metal was in a normalized state.
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Figure 2. S500MC HSLA steel microstructure consisting of ferrite (light areas) and pearlite (dark areas).

The optical micrograph of sample No. 5 is illustrated in Figure 3. The welded joint
can be divided into weld metal (WM), coarse grain (CG-HAZ), fine grain (FG-HAZ), and
base metal. Columnar grain growth towards the center of weld and mostly in the opposite
direction of heat flow can be observed at the interface of the weld zone. By increasing
the welding power or decreasing the welding speed the heat input increased. In all weld
samples, with heat inputs ranging from 1.764 kJ/mm to 2.33 kJ/mm, complete penetration
was observed with the width of fusion zone, CG-HAZ, and FG-HAZ all increasing with
the increase in heat input. The fusion zone width increased from 3.7 mm in sample No. 1
to 5.5 mm in sample No. 6. The increase in weld width, due to the increase in heat input,
during fusion welding S700MC steel has been reported by Tomkow et al. [24]. Weld geom-
etry is very important in GTAW and can determine the mechanical properties. Complete
penetration was observed in welded samples. Suitable weld depth and width indicated
proper welding parameters. Furthermore, no macro defects such as cracks or pores were
observed. Figure 4 illustrates the effect of heat input on the fusion zone microstructure in
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welded samples. Fusion zone microstructure was most likely composed of lath martensitic
microstructure surrounded by retained austenite due to the high hardenability of S500MC.
By increasing the heat input the amount of retained austenite was increased due to an
increase in peak temperature. Moreover, higher heat input increased the size of martensite
packets due to more cooling time. Other researchers have also discussed the influence of
heat input on retained austenite and the size of martensitic structure [25,26]. This is due to
the fact that during the welding process micro-alloyed carbides were dissolved removing
the barrier for grain growth, resulting in coarse grains in the fusion zone compared to the
base metal. Four factors generally determine the final microstructure of low carbon low
alloy steels: cooling time, alloying elements, size of initial austenite, and the amount of
oxygen [27]. Due to the autogenous nature of welding in this investigation, the amount
of oxygen was identical in all samples. The amount of alloying elements was also similar.
It was observed that increasing the heat input caused the dissolution of precipitates and
increased the size of martensite packets. More cooling time promoted the formation of
coarser martensite and increased the amount of retained austenite. Thus, in this study
cooling time and initial austenite grain size, which were affected by heat input, determined
the final microstructure of welds.

Metals 2022, 12, 565 5 of 10 
 

 

base metal. Columnar grain growth towards the center of weld and mostly in the opposite 
direction of heat flow can be observed at the interface of the weld zone. By increasing the 
welding power or decreasing the welding speed the heat input increased. In all weld sam-
ples, with heat inputs ranging from 1.764 kJ/mm to 2.33 kJ/mm, complete penetration was 
observed with the width of fusion zone, CG-HAZ, and FG-HAZ all increasing with the 
increase in heat input. The fusion zone width increased from 3.7 mm in sample No. 1 to 
5.5 mm in sample No. 6. The increase in weld width, due to the increase in heat input, 
during fusion welding S700MC steel has been reported by Tomkow et al. [24]. Weld ge-
ometry is very important in GTAW and can determine the mechanical properties. Com-
plete penetration was observed in welded samples. Suitable weld depth and width indi-
cated proper welding parameters. Furthermore, no macro defects such as cracks or pores 
were observed. Figure 4 illustrates the effect of heat input on the fusion zone microstruc-
ture in welded samples. Fusion zone microstructure was most likely composed of lath 
martensitic microstructure surrounded by retained austenite due to the high hardenabil-
ity of S500MC. By increasing the heat input the amount of retained austenite was in-
creased due to an increase in peak temperature. Moreover, higher heat input increased 
the size of martensite packets due to more cooling time. Other researchers have also dis-
cussed the influence of heat input on retained austenite and the size of martensitic struc-
ture [25,26]. This is due to the fact that during the welding process micro-alloyed carbides 
were dissolved removing the barrier for grain growth, resulting in coarse grains in the 
fusion zone compared to the base metal. Four factors generally determine the final micro-
structure of low carbon low alloy steels: cooling time, alloying elements, size of initial 
austenite, and the amount of oxygen [27]. Due to the autogenous nature of welding in this 
investigation, the amount of oxygen was identical in all samples. The amount of alloying 
elements was also similar. It was observed that increasing the heat input caused the dis-
solution of precipitates and increased the size of martensite packets. More cooling time 
promoted the formation of coarser martensite and increased the amount of retained aus-
tenite. Thus, in this study cooling time and initial austenite grain size, which were affected 
by heat input, determined the final microstructure of welds. 

 
Figure 3. Optical image of weld region in sample No. 5 with a heat input of 2.229 kJ/mm showing 
WM, HAZ, and base metal. 

Figure 3. Optical image of weld region in sample No. 5 with a heat input of 2.229 kJ/mm showing
WM, HAZ, and base metal.

According to Figure 5 showing the microstructure of HAZ, two distinct regions of fine
grain HAZ (FG-HAZ) and coarse grain HAZ (CG-HAZ) can be observed. CG-HAZ was
adjacent to the weld zone and by further moving away from the FZ, FG-HAZ was observed.
It is well-known that microstructural changes in GTAW are dependent on welding thermal
cycle and hardenability [28]. In CG-HAZ temperature peak during welding reached single-
phase austenite which during cooling most likely transformed into martensite. Due to the
dissolution of carbides grains increased in size compared to the base metal. The amount of
grain growth was directly related to heat input; with higher heat input the size of grains
further increased. The temperature only reached the ferrite–austenite region in FG-HAZ
thus there was a chance for austenite nucleation. It can be concluded that during the
cooling process part of the austenite grains transformed into pearlite and the rest turned
into martensite. As a result, the final microstructure of FG-HAZ was most likely composed
of ferrite-pearlite and martensite phases. The difference in FZ and CG-HAZ microstructure
was because carbides, nitrides, and carbonitrides were dissolved in weld metal during
welding creating larger initial austenite grains compared to CG-HAZ. However, in HAZ
smaller grain austenite was present leading to finer martensitic microstructure.
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3.2. Mechanical Properties of Joints

Figure 6 shows the failed samples after tensile testing. As can be seen, failure occurred
in the base metal, in all samples. Due to the presence of martensitic microstructure in
the fusion zone and HAZ weld region is stronger than the rest of the weldment while
lower strength is expected in base metal owing to ferrite/pearlite microstructure which led
to failure in that zone. The mechanical properties of joints in high-quality welds should
be equal to or higher than the base metal [29,30]. Thus, S5500MC steel was successfully
welded using the GTAW process even for the highest heat input in which it would be
expected to see the lowest strength in the weld region and largest width for the weld zone
and the HAZ.
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The tensile properties of welded joints are given in Table 4. The maximum tensile
strength of around 680 MPa and yield strength of 580 MPa were observed in all samples
indicating base metal failure in all samples and higher strength of weld metal. The stress–
strain curve and SEM image of the fractured surface of the sample with a heat input of
2.33 kJ/mm (sample No.6) are presented in Figure 7a,b, respectively. The stress–strain
curve shows a maximum yield strength of around 589 MPa and tensile strength of 675 MPa
which are similar to that of base metal. Dimples can be seen in the SEM image indicating
typical ductile fracture which is expected owing to ductile ferrite matrix of S500MC base
metal, the region of failure. It is well-known that carbides present in grain boundary play a
significant role in the fracture of HSLA steels as they can nucleate microcracks [31]. Most
likely carbides present in the S500MC base metal matrix, like other HSLA steels, acted as
crack initiation sites resulting in the micro void formation and final failure.

Table 4. Tensile properties of welded joints.

Experiment No. Tensile Strength (MPa) Yield Strength (MPa)

1 690 580
2 685 550
3 680 562
4 676 590
5 684 575
6 675 589
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play a significant role in the fracture of HSLA steels as they can nucleate microcracks [31]. 
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Figure 7. (a) Stress–strain curve of welded joint with a heat input of 2.33 kJ/mm, (b) SEM image of
the fracture surface of 2.33 kJ/mm sample indicating ductile fracture.

4. Conclusions

In this paper, the effect of different levels of heat input on microstructure and tensile
property during the gas tungsten arc welding of S500MC HSLA was investigated. These
conclusions can be drawn from the observations:

1. The microstructure of base metal consisted of ferrite and pearlite in the normalized
state. However, the weld metal microstructure altered to most likely lath martensite
and retained austenite. By increasing the heat input the size of martensitic packs was
increased due to the dissolution of carbides. The amount of retained austenite also
increased by the increase in heat input.

2. Heat-affected zone microstructure could be divided into two regions, namely, coarse
grain HAZ (CG-HAZ) near the weld zone and fine grain HAZ (FG-HAZ) adjacent to
the base metal. In CG-HAZ, a fine martensitic microstructure was observed while in
FG-HAZ, a combination of pearlite and martensite formed as the final microstructure.



Metals 2022, 12, 565 9 of 10

3. Although microstructural changes occurred in FZ and HAZ, this did not negatively
affect the tensile strength, and maximum tensile strength of 690 MPa was achieved.
The presence of martensite microstructure in weld metal apparently increased the
strength in that region leading to failure in the base metal.
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