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Abstract: In this study, the influence of heat input on the mechanical properties and microstructure of welded joints in ASTM A572 
grade 50 steel using the GMAW process and 90Ar-10CO2 shielding gas was investigated. Process parameters were varied between 
20-30 V and 230-250 A, which were adjusted aiming to obtain spray transfer together producing two heat inputs with a 10% 
difference between them. Visual inspection, tensile tests, microhardness scans, measurements of the width of the heat-affected 
zone (HAZ), and metallography were performed. The experimental measurements were complemented by calculating the 
continuous cooling transformation (CCT) diagram of the steel from its chemical composition. The results showed that 
discontinuity-free and visually acceptable welded joints were obtained. The microstructure of the fusion zone was primarily 
composed of acicular ferrite, and the HAZ contained a mixture of bainite, pearlite, and ferrite as calculated by the CCT diagram. 
No statistically significant variations were observed in the microhardness measurements, with the highest value (240 MHV) 
obtained in the fusion zone. The width of the HAZ varied proportionally with the heat input, while no significant differences were 
found in the stress results as a function of the heat input. 

Key-words: Carbon and low alloy steels; Mechanical properties of welded joints; Gas metal arc welding, Welding 
metallurgy. 

1. Introduction 
Since 2000, global steel production has significantly increased, reaching a record high of 1.7 billion metric tons in 2017. 

However, steel production accounts for 9% of global CO2 emissions. According to the International Energy Agency (IEA), steel 
demand is projected to double by 2050. To reduce carbon emissions per unit of steel production or adopt alternative 
construction approaches [1], materials with a better strength-to-weight ratio have been introduced, with High-strength low-
alloy (HSLA) steels standing out [2]. HSLA steels include minimal amounts of alloying elements (0.05-0.15% by weight), such as 
Mo, Nb, Ti, and V [3-5], and adding Nb to low-carbon steel can increase its strength by up to 50% [6,7] 

HSLA steels have a tensile strength greater than 450 MPa and their ductility can reach up to 30%. The improvement in the mechanical 
properties of HSLA steels is mainly due to the added microalloys, which provide grain refinement strengthening, dislocations, solid solution, 
and dispersion [8-11]. HSLA steels are classified according to their composition, properties, manufacturing method, microstructure, 
strength, and heat treatment. Categories include weathering steels, laminated pearlitic structural steels, acicular ferrite steels, dual-phase 
steels, and ferritic-pearlitic microalloyed steels used in petrochemical transport, construction, and bearings [12,13]. 

This kind of steels are often welded using arc welding techniques (SMAW-GMAW-FCAW). During the welding process, the supplied 
heat produces differentiated zones that affect the microstructure and, therefore, final mechanical properties of the welded joint [14-17]. 
One the most used arc-welding process is gas metal arc welding – GMAW, due to highest production rate [2]. In the GMAW process, the 
shielding gas not only affects the welding properties but also determines the shape and pattern of penetration [18,19]. Two main 
categories of gases are commonly used: active and inert [20]. The most common shielding gas used in GMAW for carbon steel applications 
is an Ar-CO2 mixture, with commercial mixtures ranging from 8 to 25% CO2 [21]. The addition of CO2 helps to stabilize the arc, and spray 
transfer can be achieved when up to 20% is added [22]. The addition of CO2 increases the deposition rate of the filler material when added 
between 5 and 15% to pure Ar [23,24]. Adding more than 15% CO2 to the gas mixture with Ar can result in arc instability and the production 
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of fumes and spatter. On the other hand, a mixture with more than 10% CO2 increases the current density and reduces the anodic contact 
on the drop surface, causing repulsive forces [21]. 

The phase transformation of HSLA steel welding metal is complex, and its final microstructure depends on the chemical composition 
and cooling rate of the welding metal [15,25]. Ullah Khan et al. [26] studied the GMAW welding of HSLA steel and found that the average 
hardness oscillated (increased and decreased) from the weld bead to the base material. This is due to recrystallization, tempered, and the 
formation of martensite, retained austenite, and acicular ferrite during cooling after the joining process. The strength of the base material 
was higher than welded regions due to the heterogeneity in their microstructures. Ragu et al. [27] studied the effect of process parameters 
of welding on the tensile properties of naval grade HSLA steel welded by SMAW, GMAW, and FSW. The strength of the FSW welded joint 
was higher than that of the other two process, due to no fusion problems, low peak temperatures, and deformations generated during 
the joining process. Zhou et al. [18] correlated the heat input, microstructure, and properties in the HAZ of welded joints of ASTM A572 
grade 65 steel for two different heat inputs. The width of the HAZ was proportional to the input. For both cases, the HAZ microstructure 
consisted of martensite and ferrite that was located at the grain boundary of the previous austenite. The joint hardness decreased 
continuously from the HAZ to the base material. Ebrahimnia et al. [19] studied how the composition of the shielding gas affects the welding 
properties of ST 37-2 steel. They evaluated four gas mixtures (97.5% Ar + 2.5% CO2, 90% Ar + 10% CO2, 82% Ar + 18% CO2, and 75% Ar + 
25% CO2) influences on the microstructure of the weld metal, joint toughness, and welding pool shape. They found that the energy 
absorbed measured with Charpy impact test increases and then remains constant with the increase of CO2 in the shielding gas 
composition. The amount of inclusions decreases and the volume fraction of Widmanstatten ferrite increases with increasing CO2. The 
depth of the fusion zone in GMAW also increases with the increase of CO2 in the shielding gas. In HSLA welded joints using GMAW 
increased their toughness when Ar-CO2 mixtures were used, due to the minimization of inclusions and equilibrium of metastable tempered 
phases and acicular ferrite [28]. Likewise, the use of an Ar-10%CO2 mixture during GMAW allowed an increase in droplet diameter without 
affecting thermal efficiency and heat distribution [29]. The mixture of Ar-10%CO2 reduced the oxidizing and increased the melting 
efficiency of the consumable electrode and the base metal [22]. 

This investigation presents an analysis of the GMAW effects on the mechanical properties of welded joints of ASTM A572 
grade 50 steel, a highly demanded steel in civil applications [30-32]. A 90% Ar + 10% CO2 shielding gas was used to deposit filler 
metal using the spray transfer mode. Spray is preferred in industries because it offers uniform transfer, low spatter, high weld 
penetration, and lower smoke production than other modes during steel welding [33,34]. There were established relationships 
among microstructure evolution, microhardness, and tensile properties of the welded joints. This investigation aims to obtain 
results that can be applied to industries that require rapid production of welded structures and serve as a basis for future 
investigations addressing topics such as corrosion and fracture toughness in welded joints of this type of steel. 

2. Materials and Methods 

2.1. Experimental setup and materials 

The experimental setup shown in Figure 1a was implemented to carry out the automatic GMAW welding process. A 
device was adapted to hold the torch on a Víctor® electromechanical cart to control its displacement speed during the 
process. Welding coupons with dimensions of 200×150×6.35 mm were extracted from commercial rolled plates, as shown in 
Figure 1b. The chemical composition of the base material was experimentally determined using optical emission 
spectroscopy, and the mechanical properties of the base material were determined through tensile tests. The results are 
shown in Table 1. The plates were prepared with a "V" type bevel, 60º angle, 2mm root face, and 2mm root opening according 
to the AWS D1.1 2020 code [35] (Figure 1c) and welded in the 1G position. A glass fiber backing and run-off plates were used. 

A 256 Power MIG welding machine was used. SuperArc® LA-90 wire was used as the filler metal, whose chemical 
composition and mechanical properties were taken from AWS A5.28/A5.28M:2022 standard [36] and are shown in Table 2. The 
certified shielding gas composition for the GMAW process was 90% argon and 10% CO2. 

Table 1. Chemical composition weight (%) and mechanical properties of experimental ASTM A572 Grade 50 steel. 

Chemical composition 
C Si Mn P S Nb Fe 

0.184 0.261 1.501 0.015 0.0085 0.011 Balance 
Mechanical properties 

Yield strength [MPa] Ultimate strength [MPa] %Elongation 
410 579.66 21.63 
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Figure 1. (a) Setup for semi-automated GMAW welding, (b) Welding coupon assembly, (c) Cross-sectional view of the welding coupons. 

Table 2. Chemical composition weight (%) and mechanical properties of ER90S filler wire. 

Chemical composition 
C Mn Si Ni Mo S P Cu Fe 

0.07-0.12 1.6-2.1 0.5-0.8 0.15* 0.4-0.6 0.025* 0.025* 0.5* Balance 
Mechanical properties 

Yield strength [MPa] Ultimate strength [MPa] %Elongation 
620-650 705-730 25-26 

* Maximum percentage allowed per element in the filler wire. 

2.2. Welding parameters 

The current and voltage were adjusted according to Table 3 for the gas mixture and filler wire, in order to achieve spray 
transfer of the filler metal [18,21]. Two heat inputs were used, referred to as Low (L-HI) and High (H-HI), with numerical 
differences between them greater than 10%. Prior parameterization was performed by varying conditions. For the L-HI heat 
input, a stick-out of 22 mm, a welding speed of 4.4 mm/s, a wire feed speed of 122.77 mm/s, and a shielding gas flow of 22 
L/min were used. In the case of H-HI, a stick-out of 19 mm, a welding speed of 3.5 mm/s, a wire feed speed of 105.83 mm/s, and 
a shielding gas flow of 25 L/min were used. The current and voltage intensity data in the welding process were measured in real-
time using a data acquisition software called WELDVIMONOTORING® developed by Universidad Autónoma del Caribe. The setup 
is shown in Figure 2. 

Table 3. Parameters for welding operation to obtain spray transfer. 

Voltage [V] Current [A] Wire diameter [mm] 
23 – 32 195 – 430 0.9 – 1.6 
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Figure 2. Assembly of WELDVIMONOTORING data acquisition system. 

2.3. Metallographic examination of weld regions 
In Figure 3 are shown the location of the metallographic, microhardness, and tensile specimens. Water jet cutting was 

used to extract samples from the welded joints to avoid altering their properties. Typical metallographic preparation was carried 
out according to ASTM E3-11 [37] standard, using 1µm alumina in polishing. The phases were revealed using 5% Nital. To obtain 
macrographs of the welded joints, a Motic® SMZ 171 stereoscope was used at magnifications between 2.5x and 7x, and the 
OMAX® ToupView software for dimensional analysis of macrographs. Microstructure was explored using an Olympus® PM3B 
optical microscope. X-ray diffraction patterns of different zones of the welded joints were obtained using a XPERT PRO 
diffractometer with a Cu-Kα wavelength of λ = 1.5406 Å, 40 kV and 30 mA, and scanning 2ϴ from 20° to 134° with a step of 
0.1180°, aiming to identify phases on Fusion zone (FZ). 

 
Figure 3. Extraction of specimens for the different tests. 
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2.4. Measurement of mechanical properties 

Tension tests were carried out using a MTS® Criterion Model 45 universal testing machine. Three samples (for repeatability) were 
extracted using water jet cutting from the base metal and perpendicular to welded joint regions for both heat input configurations, as is 
shown in Figure 3. During the tensile test was used a stroke speed of 0.06 mm/s and an extensometer MTS 634.12f-24 of 25 mm (1in). 
Tensile tests were conducted on the welded joints and base metal by the ASTM E8/E8M-21 standard [38]. Microhardness tests were 
performed using an HSV-1000A Microhardness Tester. A load of 500 g was used with a dwell time of 10 seconds. Microhardness samples 
were prepared according to the ASTM E92-17 standard [39]. Figure 4 shows the arrangement of the microhardness scan profiles. 

 
Figure 4. Microhardness scans for the welded joints. 

2.5. Computational simulation of thermal history and phase transformations 

Computational simulations were conducted using experimental parameters to determine the different thermal cycles and 
phase transformations associated with the heat-affected zone (HAZ) under welding conditions. To calculate the projected 
thermal cycles based on the physical parameters of the material to be welded and welding parameter information shown in 
Table 4, a non-commercial software called HISTOSOLD® was utilized [40]. In addition, for the phase transformations, the 
computational thermodynamics software JMat-Pro® was employed, which utilized the chemical composition of the base 
material and the estimated CCT curve using the Fe-data database. The obtained information from calculations was then 
compared with the experimental measurements, such as hardness, microscopic observation, and phases present in the HAZ for 
each welding condition. 

Table 4. Physical parameters of ASTM A572 Grade 50 steel and welding parameters. 

Parameters H-HI L-HI 
Melting Temperature (°C) 1504 1504 

Plate temperature (°C) 30 30 
Thermal diffusivity (m2/s) 1.58×10-5 1.58×10-5 

Plate thickness (m) 0,00635 0,00635 
Plate density (kg/m3) 7900 7900 

Specific heat capacity (J/kg°C) 424 424 
Travel speed (m/s) 0.0035 0.00443 

Heat input (J/m) 124300 104000 

3. Results and Discussion 

3.1. Determination of welding parameters and heat input 

To determine the heat input in the welding process, the experimentally determined values of voltage, current intensity, 
welding speed, and GMAW process efficiency shown in Table 4 were taken into account. The following Equation 1 was used for 
the calculation: 
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𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = � 𝑉𝑉∗𝐼𝐼
𝑆𝑆∗1000

� ∗ 𝜂𝜂 in kJ/mm (1) 

Where: V = Voltage (V), I = Welding current (A), S = travel speed (mm/s), η = thermal efficiency for the welding process. 
Two heat inputs were obtained, identified as high heat input (H-HI) and low heat input (L-HI). The numerical value of heat 

input was obtained considering an 80% efficiency in the welding process, which corresponds to the average value reported by 
several authors, who refer to a thermal efficiency of the GMAW process between 0.70 and 0.90 [41,42]. Table 5 shows the values 
of the heat inputs for the two joint configurations, H-HI and L-HI, being 1.24 kJ/mm and 1.04 kJ/mm, respectively. A numerical 
difference of approximately 16% is evident between them. 

Table 5. Heat inputs for the two joint configurations. 

Sample Current [A] Voltage [V] Travel speed 
[mm/s] 

Wire speed 
[mm/s] 

Heat input 
[kJ/mm] Average HI (kJ/mm) 

H-HI 1 223.1 24.11 3.5 105.83 1.23 1.24 
2 221.5 24.29 3.5 105.83 1.23 
3 228.3 24.3 3.5 105.83 1.27 

L-HI 1 228.7 24.15 4.43 122,77 1.00 1.04 
2 247.8 24.24 4.43 122.77 1.08 
3 239.8 23.99 4.43 122.77 1.04 

Each coupon was visually inspected and no presence of pores was found, and complete penetration was achieved. 
Additionally, there was no excessive undercut, spatter, and no superficial cracks were observed, as shown in Figure 5. The 
obtained welded joints were of good quality with continuous beads since no interruption in the arc occurred and all established 
parameters were kept constant. 

 
Figure 5. Welded joints (a) H-HI and (b) L-HI. 

3.2. Thermal history and phase transformations analysis 
Figure 6 are summarized the graphical results of the simulation thermal history and phase transformations analysis 

obtained using the parameters and welding conditions of this work. This first approach was developed using a CCT diagram of 
base metal (BM), which was calculated using commercial software based on thermodynamics phase transformation and from 
chemical composition shown in Table 1. Therefore, results are restricted to the HAZ region. It can be noticed that the critical 
cooling rate of the CCT diagram is higher than 150°C/s, which is an atypical value for HSLA steel welding. In a wide range between 
0.1 to 100 °C/s is expected formation of Ferrite, Bainite, and Perlite, as is shown in Figure 6a. Attempting to establish 
relationships between real HAZ location and thermal cycles predicted obtained by non-commercial software based on heat 
distribution, there were located points in the HAZ of the cross-section of the welded joint, as shown in Figure 6b. Thermal cycles 
and peak temperatures obtained for these locations are displayed in Figure 6c. It can be noticed that the cooling rate of HAZ 
was calculated between 5 to 30 °C/s, which are reasonable values for steel welding [43,44]. When the information between the 
CCT diagram and welding cooling rates are crossed (i.e. Figures 6a and 6b), it is predicted that in the HAZ near close to the fusion 
line is predominated a microstructure formed by a combination of ferrite and bainite with a range hardness between 220 to 250 
HV after cooling. At the middle of the HAZ is obtained Ferrite + Bainite + Perlite with a range hardness between 200 to 220 HV. 
Finally, at the HAZ near close to base metal is probably obtained Ferrite + Bainite + Perlite with range hardness between 180 to 
200 HV, which are coherent with similar results obtained in the other works [45]. 
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Figure 6. Simulation results of phase transformation in the HAZ region. (a) CCT diagram of ASTM A572-Gr50. (b) Welded joint showing 

location analyzed in the HAZ region. (c) Thermal cycles in HAZ locations 

3.3. Microstructure and microhardness analysis 
In Figure 7, macrographs of the welded joints for the two heat inputs are shown. the average width of the HAZ was 

determined, obtaining 4.72 mm for L-HI and 6.45 mm for H-HI as shown in Figures 7a and 7b, respectively. There is an 
approximate 26.82% difference in the HAZ width, which can be explained by the increasing base metal affectation as the heat 
input in the process increases [19,22]. 

Regarding the micrographs, phase transformations along the weld bead are evident for both heat inputs. Similar micrographs are 
observed for both heat inputs, where in the base material, elongated ferrite grains and pearlite colonies are observed due to the rolling 
process that the material undergoes for its delivery state, as shown in Figures 8a and d. In the HAZ, there was evidenced the presence of 
acicular ferrite, allotriomorphic ferrite, Widmanstatten ferrite, and bainite, as shown in Figures 7b and e. In Figures 8c and f are evidenced 
that in the fusion zone (FZ), there is a large amount acicular ferrite and allotriomorphic ferrite, which are more refined than observed in 
the HAZ. Similar results were found in the literature. Arista et al. [46] performed GMAW welding on a similar HSLA steel and they found 
the presence of Widmanstatten ferrite in the HAZ, while Da Silva et al. [47] who also performed GMAW welding on this steel, found that 
in the fusion zone, the predominant microstructures were acicular ferrite and allotriomorphic ferrite. 

 
Figure 7. Macrographs at 0.75X: a) L-HI, b) H-HI; Microhardness traverse: c) L-HI, d) H-HI. 
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Figure 8. Micrographs at 500X of the joint L-HI: a) BM, b) HAZ, c) FZ; Micrographs at 500X of the joint H-HI: d) BM, e) HAZ, f) FZ. BM: base 

metal, HAZ: heat affected zone. FZ: fusion zone. 

Microhardness profiles results (Figures 7c and 7d) showed a constantly increasing trend from base metal to fusion zone 
for both applied heat input. Maximum values for each welding region did not show significant differences in each case. In the 
HAZ for both H-HI and L-HI configurations, microhardness values of 206.08 ± 14.7 HV, and 201.83 ± 12.3 HV were obtained, 
respectively, while in the FZ, values of 220.29 ± 12.5 HV, and 214.31 ± 12.7 HV were obtained, respectively. The Base metal 
showed an average hardness of 177.5 ± 4.5 HV, which is a similar value reported in the literature [48,49]. Compared to the base 
metal, the hardness of HAZ and FZ regions increased between 15 to 25%, respectively. Microstructure observations evidenced 
a predominance of acicular structures in the FZ region, while a combination of ferrite, bainite, perlite, and little bits of acicular 
structures are displayed in the HAZ region from fusion line to non-heat affected base metal, such as is shown in the Figures 8a 
to 8f. These aforementioned results are consistent with simulation results for the HAZ microstructure evolution in accordance 
cooling rate undergone in the function of distance to the fusion line (See Figure 5). 

The presence of bainite and acicular microstructures in the HAZ region are responsible for the hardness increase, while the chemical 
composition of filler metal, dilution, and acicular ferrite presence can explain the obtained maximum value of hardness in the fusion zone. 
Bainite has a finer structure and therefore exhibits greater strength and hardness than the base material, while the presence of acicular 
ferrite favors increasing of the strength of the welded joint. Acicular ferrite is a highly substructured non-equiaxed phase with highly dense 
cross-linked dislocations anchored by fine carbonitride particles [50]. Additionally, fine carbonitride particles within the acicular ferrite 
provide a significant reinforcement effect for HSLA steels [50,51]. 

3.4. X-Ray Diffraction analysis 
The x-ray diffraction (XRD) spectral were obtained for non-welded base metal (BM) and the fusion zone (FZ) of the welded 

joints with both heat inputs H-HI and L-HI (see Figure 9). 

 
Figure 9. Diffraction patterns: base metal (BM), high heat input weld metal (H-HI) and low heat input weld metal (L-HI). 
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XRD analysis obtained for ASTM A572 Gr 50 steel show detected peaks corresponding to ferrite and Cementite (Fe3C), the 
latter being present in the pearlitic microconstituent. On the other hand, XRD analysis of FZ of the welded joints show the 
predominance of ferrite, which is coherent with microstructure analysis. Peaks corresponding to Cementite (Fe3C) are also 
evident, which are attributed to the presence of the bainitic phase in the fusion zone. According to the diffraction patterns in 
the HAZ of the welded joints with low heat input, there is a lower volumetric fraction of Fe3C, as the peaks of this phase have a 
lower intensity compared to those present in the diffraction pattern of the welded joints with high heat input [52,53]. 

3.5. Tensile tests result analysis 

Figure 10 shows the comparison among tensile test results for non-welded base metal and welded joints. It is noticed that 
curves show similar trends with a ductile predominant behavior. L-HI and BM curves show a soft transition from elastic to plastic 
portion, while the H-HI curve shows a stress plateau (flow configuration) in the yield strength region. This aforementioned 
behavior can be related to typical C-Mn steels response to high dislocations concentration during uniaxial deformation [54,55]. 

 
Figure 10. Stress vs. strain diagram and tensile test specimen fractured at the beginning of the HAZ. 

For welded tensile specimens have been determined that the fracture occurred at the beginning of the HAZ where globular 
pearlite predominates, as is shown in Figure 10. Globular pearlite is formed during a short time of annealing of Low alloy steel [56], 
which was possible to obtain in the boundary between HAZ and BM region by thermal conditions there experienced. According to [57], 
the globular pearlite phase in steels shows much lower strength than laminar pearlite steels despite having the same fraction of 
cementite. The yield strength values of the base metal, L-HI, and H-HI were 410 MPa, 430 MPa, and 425 MPa respectively. Besides, the 
ultimate tensile strength values were 578.78 MPa, 582.81 MPa, and 542.64 MPa respectively. Finally, percentage elongation of 19.75% 
and 19.22% were obtained for L-HI, and H-HI, respectively, which were not significantly different to 21.58% showed by base metal. 
Figure 8 shows that the base material has a higher percentage of elongation due to its homogeneous microstructure, unlike the welded 
samples which have a variable microstructure along the HAZ regions. In other work [58], it was obtained lower ultimate strength (Su ∼ 
390 MPa) in welded joints developed on the same kind of steel (ASTM A572) using the GMAW process and ER70S-6 filler metal. 
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4. Conclusions 
From the obtained results of the evaluation of welded joints of ASTM A572-Gr50 HSLA steel GMAW using 90Ar-10CO2 

shielding gas and ER90S6 wire rode electrode in spray transfer mode with two heat inputs, it can be possible to deduce the 
following remark conclusions: 
• It was enabled to develop welded joints discontinuities-free, with full penetration using a one-pass welding bead, without 

excessive undercut, spatter, and no superficial cracks; 
• Mechanical properties of welded joints exhibited maximum tensile strength and hardness value higher than base metal 

mainly due to acicular structures observed in the fusion zone; 
• Regarding base metal, a slight decrease of ductility was observed in the welded joints due to the heterogeneity of phases 

and their contribution during deformation in the HAZ region; 
• The observed microstructures at the different welded regions were coherent with the results of the thermal simulation. 

The CCT diagram of ASTM A572 steel was useful to estimate the phases present in the HAZ. 
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