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Abstract

This study aimed to investigate the impact of various shielding gas compositions and weld-
ing speeds on the welding quality of S355J2 with normalized structural steel, which was welded
using the semi-automatic MAG (Metal Active Gas) welding method. To achieve this, a total of
27 welded parts were produced using 9 different gas mixtures and 3 different welding speeds,
and the welding quality was observed and analyzed. Hardness test, bending test, optical mi-
croscope, SEM (Scanning Electron Microscope), and EDS (Energy Dispersive Spectrometry)
examinations of the samples obtained from the welded parts were carried out.
This study shows that as the welding speed increases, the heat input of the weld decreases,

and thus, the cooling rate of the HAZ (Heat Affected Zone) increases, which increases the weld
metal hardness. The hardness of the weld metal decreases as the amount of carbon dioxide
increases, which increases heat input and, thus, cooling time.

K e y w o r d s: MAG welding, metal active gas welding, S355 structural steel, shielding gas
composition, automatic welding

1. Introduction

Due to its economical and practical nature, the
MIG-MAG (Gas Metal ArcWelding) method is widely
used in machinery manufacturing, transportation, and
the mining industry. This method allows for uninter-
rupted welding and control of welding parameters and
is suitable for automation [1, 2]. Metal Active Gas
(MAG) welding can be done manually or fully auto-
matically, as it is an arc welding method with an end-
less and melting wire electrode under a protective gas
atmosphere [3].
In the welding process, the gases protect the

droplets, weld pool, and heat-affected area from the
surrounding air while also enhancing the behavior of
the welding arc. Shielding gases commonly used for
welding steels include pure argon, mixtures of argon
and carbon dioxide, mixtures of argon and oxygen,
mixtures of argon + carbon dioxide + oxygen, and
pure carbon dioxide gas [4–7].
Structural steel is used in various fields, including

*Corresponding author: e-mail address: esimsek@cumhuriyet.edu.tr

bridges, railways, shipbuilding, and offshore oil and
gas exploration platforms. The MIG/MAG welding
method is widely used to join structural steels, and re-
search is also being conducted to improve the shielding
gases used in this process [8].
In a study by Türk & Demirer [9], an overlay was

created by combining surface-hardened S355J0 struc-
tural steel with unhardened structural steel of the
same quality using two different shielding gas mix-
tures (88 % argon + 10% carbon dioxide + 2% oxygen
and 100% carbon dioxide) through the MAG weld-
ing method. The influence of shielding gas and bevel
treatment on the mechanical properties and the shape
of the weld seam geometry was examined. Avisans
et al. [10] examined the impact of an 8% carbon
dioxide blend in argon on MAG welding of low al-
loy high-strength steel at high welding parameters.
The combination of lower welding parameters resulted
in superior penetration, inclusion, and hardness out-
comes. Kargın et al. [11] conducted MAG welding
of S460MC steel plates using two different welding
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Ta b l e 1. Chemical composition (wt.%) of S355J2 with normalized structural steel

C Mn P Si Cu N S Al B V Ti Nb Cr Ni Mo As Sn

0.1758 1.431 0.0105 0.0092 0.0186 0.0071 0.0056 0.0365 0.0001 0.0024 0.0011 0.0040 0.0192 0.0295 0.0020 0.0007 0.0015

Fig. 1. Weld groove detail.

currents and two different argon-carbon dioxide ra-
tio combinations. The resulting weld joints were sub-
jected to various tests, including tensile, bending, mi-
crohardness, macro, and microstructure analyses, to
determine the effects of these factors on the weld’s
structure and mechanical properties. The investiga-
tions revealed that an increase in welding current and
carbon dioxide ratio led to grain coarsening in both
the weld metal and the heat-affected zone. Further-
more, it was found that the increase in welding cur-
rent and carbon dioxide ratio increased the hardness
in these regions while reducing the yield and tensile
strength.
In this study, the MAG welding method was used

to join S355J2 with normalized steel using a semi-
automatic welding mechanism. Nine different shield-
ing gas mixtures were tested at 3 different welding
speed values. The resulting welds were subjected to
hardness tests, bending tests, microstructure analysis,
and SEM and EDS analyses, which were examined and
discussed.

2. Experimental studies

2.1. Material and method

In this study, 15 × 25 × 1 cm3 plates of S355J2
with normalized structural steel were used, and
V-shaped weld grooves were opened using a milling
cutter. The weld grooves were mutually aligned, tack
welded, and made ready for welding. It was then fixed

Fig. 2. PA welding position detail.

Ta b l e 2. Chemical composition (wt.%) of Magmaweld
MG 3 welding wire

C Si Mn

0.07 0.95 1.7

to the work table in the PA position. The weld groove
detail is shown in Fig. 1, and the PA welding position
detail is shown in Fig. 2. The chemical content of the
S355J2 with normalized structural steel is shown in
Table 1, given in weight percentage.
In the study, for the multi-pass joining of S355J2

with normalized structural steel, Magmaweld MG 3
brand 0.12 cm 15 kg MAG filler metal with the code
AWS/ASME SFA-5.18 ER70S-6 (EN ISO 14341-A
G46 4) was utilized. The chemical composition of the
welding wire is presented in Table 2 and expressed in
weight percentage (wt.%).
In the MAG welding process, 9 different gas mix-

tures specified in Table 3, each with a volume of 10
liters, were used. A semi-automatic welding mecha-
nism was created, and three welding speed settings
listed in Table 3 were selected according to the weld-
ing speed capability of the welding mechanism. The
structural steel was joined using a Nuriş brand 500 W-
-WRS model, direct current (DC) MAG welding ma-
chine with 4 coarse and 10 fine gradations.

2.2. Preparation and joining of test samples
for welding

The S355J2 with normalized structural steel was
cut into 15 × 25 × 1 cm3 dimensions, and 30◦

V-shaped grooves were created on each piece. The
pieces were then aligned and made ready for weld-
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Ta b l e 3. Welding gas mixtures and speeds

Gas mixture Speeds (m min−1)

93 % argon + 5 % carbon dioxide + 2 % oxygen 0.10, 0.15, 0.225
88 % argon + 10 % carbon dioxide + 2 % oxygen 0.10, 0.15, 0.225
83 % argon + 15 % carbon dioxide + 2 % oxygen 0.10, 0.15, 0.225
92 % argon + 5 % carbon dioxide + 3 % oxygen 0.10, 0.15, 0.225
87 % argon + 10 % carbon dioxide + 3 % oxygen 0.10, 0.15, 0.225
82 % argon + 15 % carbon dioxide + 3 % oxygen 0.10, 0.15, 0.225
91 % argon + 5 % carbon dioxide + 4 % oxygen 0.10, 0.15, 0.225
86 % argon + 10 % carbon dioxide + 4 % oxygen 0.10, 0.15, 0.225
81 % argon + 15 % carbon dioxide + 4 % oxygen 0.10, 0.15, 0.225

ing. The welding processes were carried out using
9 different gas mixtures and at 3 different welding
speeds for each gas mixture. For welding speeds of
0.10 and 0.15mmin−1, the welding process involved
a root pass, a hot pass, and a cover pass. For the
welding speed of 0.225mmin−1, the welding process
involved a root pass, a hot pass, and two cover passes.
A gas mixture with a flow rate of 12 liters per minute
and a wire feed speed (WFS) of 490 centimeters per
minute was used. The welding processes were carried
out using an average of 145 A and 18.5 V values. To
examine the effects of gas in the welding processes,
gas flow rates, amperage, voltage, and wire feed rates
were kept constant.

2.3. Mechanical tests and metallographic
examinations applied to joints

In the study, the welded test specimen was pro-
cessed in CNC milling by ASTM E 190-14 standard
and brought to its final dimensions for bending test.
Four bending test specimens were prepared from each
welded part. A Microanalysis brand Universal testing
machine model device with a capacity of 100 KN was
used to carry out the bending test.
In the study, fracture surfaces of samples subjected

to the Charpy V-notch impact test in the weld metal
region were used for EDS analysis of SEM images.
In addition to these samples, polished and etched sur-
face samples prepared for optical microscopy and SEM
images for EDS analysis were also used in this study.
Samples containing the base material and the weld
area were determined and extracted for microstruc-
ture analysis. The samples prepared for these exami-
nations were sanded with 60, 120, 400, 600, 800, and
1200 numbered abrasives, respectively, and then pol-
ished on a polishing cloth with alumina oxide paste.
Metkon brand device was used for this process. Etch-
ing was done by holding it in 2 % Nital solution for
about 3 seconds. Both the surface of the broken sam-
ples and the surface of the polished and etched sam-
ples separately 250×, 500×, 1000×, and 2000× mag-
nified images were taken with a scanning electron mi-

croscope (SEM), and elemental analyses (EDS) were
performed. TESCAN MIRA3 XMU brand and model
device was used for SEM and EDS processes.
An optical microscope of the Nikon brand was uti-

lized to examine the microstructure of the sample. Im-
ages of each sample were taken from the pass in the
cap area, the HAZ regions on the right and left of the
cap, the pass in the root region, the HAZ regions on
the right and left sides of the root, the weld filler metal
and the base metal, and 50×, 100×, and 400× mag-
nification was made for each of these images. A total
of 30 images were taken with an optical microscope.
This process was carried out in the same way for 27
samples.
The hardness measurements of the welded test

specimen were carried out according to the ASTM
92-82 standard from the weld filler metal, HAZ re-
gion, from the base material along the line, 15 cover
passes, and 15 root passes for 30 points. Vickers hard-
ness scans were carried out with a Shimadzu brand
Vickers Hardness Tester with a load capacity of HV
0.5 kg.

3. Discussion of results

3.1. Bend test results

Four samples, two from the cap and two from the
root, were subjected to three-point bending tests to
determine whether the welded materials had a macro
defect. Figure 3 shows the samples after the bending
test.
The welding velocity-bending distribution graph

for all gas mixtures is presented in Fig. 4. According to
the graph, the welding sample carried out at a welding
speed of 0.15 m/min, with a gas mixture of 92% argon
+ 5% carbon dioxide + 3 % oxygen and at a pres-
sure of 1129.888MPa, resulted in the highest bending
value. The lowest bending value was obtained from
839.3175MPa and 88% argon + 10% carbon dioxide
+ 2% oxygen gas mixture at 0.10mmin−1 welding
speed. As a result of the test, no tearing or cracking
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Fig. 3. View of specimens after bending test.

was generally detected, no welding faults such as cold
adhesion were encountered, and the test was success-
fully passed.

3.2. SEM images and EDS results

SEM images of the fracture surfaces of the weld
metal regions of the notch impact samples are shown
in Figs. 5a, 6a, and 7a. These samples were obtained
from the weld using a gas mixture of 92 % argon +
5% carbon dioxide + 3% oxygen, which is considered

to have the best mechanical properties among all gas
mixtures, at welding speeds of 0.10, 0.15, and 0.225
mmin−1. The images were captured at a magnifica-
tion of 2000×, and EDS analysis values were also ob-
tained. EDS analysis values were obtained and given
according to the regions marked with numbers 1, 2,
and 3 on the SEM images. EDS analysis values are
given in Figs. 5b, 6b, and 7b. Even though an in-
crease in the carbon dioxide content of the shielding
gas resulted in a decrease in the levels of silicon and
manganese elements within the weld metal, it caused
an increase in the formation of oxides such as MnO
and SiO2. Although these oxides are mostly mobile
and removed from the weld metal as slag, a certain
amount remains within the weld metal as inclusions
[12–14].
Inclusions have a spherical shape and are formed

within pits. The size of the inclusions and the pits in-
creases as the amount of carbon dioxide in the shield-
ing gas increases. The increase in carbon dioxide dur-
ing the welding process triggers various reactions, in-
cluding the decomposition of carbon dioxide into oxy-
gen and carbon monoxide within the arc. As a result,
elements such as silicon, manganese, and titanium in
the weld metal content decrease, increasing the num-
ber and size of inclusions within the weld metal [12,
15].
A shielding gas containing a higher proportion of

argon decreases the size and distribution of inclusions
within the weld metal. In addition, the inclusions en-

Fig. 4. Welding velocity-bending distribution graph of gas mixtures.
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Fig. 5. (a) SEM image and (b) EDS analysis of 92 % argon + 5 % carbon dioxide + 3 % oxygen mixture at 0.10 mmin−1.

Fig. 6. (a) SEM image and (b) EDS analysis of 92 % argon + 5 % carbon dioxide + 3 % oxygen mixture at 0.15 mmin−1.
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Fig. 7. (a) SEM image and (b) EDS analysis of 92 % argon + 5 % carbon dioxide + 3 % oxygen mixture at 0.225 mmin−1.

large the dimensions of the pits in which they are lo-
cated [12–14, 16–19]. The pits containing inclusions
are deeper and have gaps adjacent to the inclusions.
The fracture surface morphology of the inclusions re-
veals flat, cleavage fracture zones [12].
The EDS analysis indicates that the inclusions are

comprised of multiple oxides. The silicon and man-
ganese within the weld metal do not function as deox-
idizers above 1800◦C, thus precipitating as micropar-
ticles [19]. The use of carbon dioxide shielding gas re-
sults in increased heat input, which in turn increases
the diffusion of oxygen within the weld pool [20]. The
inclusions are formed through the combination of ele-
ments with a high affinity for oxygen, such as silicon,
manganese, titanium, and aluminum, resulting in the
creation of multiple oxide forms.
As revealed through the EDS analysis, the in-

creased heat within the weld pool causes the forma-
tion of inclusions within the weld metal as a result of
oxygen, with those formed on the surface of the weld
pool being added to the resulting slag. The inclusions
probably consist of FeO, CrO, Si2O, TiO2, MnO, and
Al2O3 and range in size from 1 to 8 µm [12].
In Figs. 8a,b, the SEM image of the polished

and etched surface sample of the base metal pre-

pared for optical microscopy at 2000× magnification,
and the obtained EDS analysis values are given. In
Figs. 9a,b, Figs. 10a,b, and Figs. 11a,b SEM images
of the weld metal regions of the samples with polished
and etched surfaces prepared for optical microscopy,
obtained from the weld of a gas mixture of 92 % ar-
gon + 5% carbon dioxide + 3% oxygen gas mixture,
which is thought to exhibit the best mechanical prop-
erties among all gas mixtures, at a welding speed of
0.10, 0.15, and 0.225 mmin−1 at 2000× magnification
and the obtained EDS analysis values are given. EDS
analysis values are obtained from the full surface vis-
ible in the SEM images.
Based on the EDS analysis results, it was found

that the ratios of silicon and manganese elements in
the weld metal, obtained with different gas mixtures,
as shown in Figs. 9b and 11b, were higher than the
ratios in the base metal, despite a decrease due to
oxidation. This is due to the additional reinforcement
of silicon and manganese elements from the welding
wire.
When examining the SEM images of the samples,

it was observed that cracking occurred between the
grains, and the structure was ductile due to the pres-
ence of small and deep micro-voids (dimples).
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Fig. 8. (a) SEM image and (b) EDS analysis of base metal.

Fig. 9. (a) SEM image and (b) EDS analysis of 92 % argon + 5 % carbon dioxide + 3 % oxygen mixture at 0.10 mmin−1.
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Fig. 10. (a) SEM image and (b) EDS analysis of 92 % argon + 5 % carbon dioxide + 3 % oxygen mixture at 0.15 mmin−1.

Fig. 11. (a) SEM image and (b) EDS analysis of 92 % argon + 5 % carbon dioxide + 3 % oxygen mixture at 0.225 mmin−1.
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3.3. Hardness test results

A total of 30 hardness values obtained from the
regions specified in the standard for the hardness test
specimens were also applied to 27 welded specimens.
The hardness values obtained due to the hardness
measurements of each welded sample are shown in
Figs. 12a–i.
Upon examination of the hardness charts provided

for the cap and root passes, it is observed that the base
metal has the lowest hardness values, while the HAZ
region has the highest. Regarding the HAZ zones, the
welds with the lowest welding speed of 0.10 mmin−1

exhibit the lowest hardness values. According to the
hardness values between the HAZ zones, the highest
hardness values are seen in the welds with the highest
welding speed, which is 0.225mmin−1. This is approx-

imately seen in the hardness values in Figs. 12a–d with
low carbon dioxide and oxygen ratios. The cooling rate
and the chemical composition of the base material in-
fluence the hardness of welded joints. The main fac-
tors affecting the heat input are welding speed, arc
current, and arc voltage. In our experiments, if the
arc voltage and current are considered constant, in-
creasing the welding speed results in a decrease in the
material’s heat input and, consequently, an increase in
the cooling rate of the HAZ. Since this situation causes
the formation of hard phases such as fine pearlite, bai-
nite, and martensitic structure, the hardness increases
as the welding speed increases in the samples [21, 22].
The increase in carbon dioxide in the shielding gas

leads to a higher plasma temperature in the arc, in-
creasing the heat input in the weld pool [23]. The in-
crease in heat input results in an extended cooling

Fig. 12a–f. Hardness distribution graph of (a) 93 % argon + 5 % carbon dioxide + 2 % oxygen, (b) 88 % argon + 10 %
carbon dioxide + 2 % oxygen, (c) 83 % argon + 15 % carbon dioxide + 2 % oxygen, (d) 92 % argon + 5 % carbon dioxide +
3 % oxygen, (e) 87 % argon + 10 % carbon dioxide + 3 % oxygen, and (f) 82 % argon + 15 % carbon dioxide + 3 % oxygen.
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Fig. 12g–i. Hardness distribution graph of (g) 91 % argon + 5 % carbon dioxide + 4 % oxygen, (h) 86 % argon + 10 %
carbon dioxide + 4 % oxygen, and (i) 81 % argon + 15 % carbon dioxide + 4 % oxygen.

time, causing a decrease in the hardness of the weld
metal as the amount of carbon dioxide in the shielding
gas increases.
Looking at the hardness values in Figs. 12e–i with

high carbon dioxide and oxygen ratios shows the sit-
uation in Figs. 12a–d is the opposite in some parts.
In other words, according to the hardness values be-
tween the HAZ regions in Figs. 12e–i, the lowest hard-
ness values are seen in welds made at 0.225mmin−1 in
some places, while the highest hardness values are seen
in welds made at 0.10mmin−1 in others. This phe-
nomenon is believed to be attributed to oxides form-
ing from increased carbon dioxide and oxygen ratios.
When the active components, namely the amounts of
oxygen and carbon dioxide in the shielding gas, are
high, the oxygen ratio in the weld metal also increases,
leading to a decrease in the ratios of Mn and Si in the
electrode [24]. Mn and Si cause an increase in me-
chanical properties. The presence of oxygen speeds up
the formation of readily soluble oxides. To counteract
the oxidizing effect of oxygen, the levels of alloying
elements such as silicon, manganese, aluminum, tita-
nium, and zirconium in the welding wire are increased
[25].

3.4. Metallographic examination results

In Figs. 13a–i, 100× magnified microscope images
of the ITAB regions of the samples are given.
Figures 13a–i present microstructural images of the

weld metal, fusion line, and HAZ regions. One no-

table observation in the microstructures is the grain
growth, which is influenced by the heat input in the
weld metal and HAZ. Specifically, grain coarsening
is only observed in the HAZ region. The changes in
microstructure types and the coarse-grained internal
structure lead to a decrease in hardness on the base
material side of the HAZ.
The cooling rate in the HAZ is primarily deter-

mined by the heat input and the thickness of the base
metal in the joint. High heat inputs cause low cooling
rates in HAZ. Cooling rates in thick sections are also
higher than in thin sections. Cooling rates are also
affected by the temperature of the base metal before
and during welding [21, 22].
Due to the density of acicular ferrite grains formed

due to overheating and rapid cooling during weld-
ing, a finer-grained structure is observed in the weld
metal [26, 27]. It is well-known that the formation of
fine-grained structures positively affects the mechani-
cal properties [28]. In the HAZ, it is observed that
grains elongate dendritically from the base metal to-
wards the weld metal due to the influence of heat. It
has also been found that a needle-like Widmanstat-
ten ferrite structure forms within the HAZ grain
structure, where the dendritic structure is preva-
lent [29]. As the acicular ferrite content decreases
in the samples, the hardness value in the weld zone
decreases. This indicates that an increase in car-
bon dioxide in the shielding gas leads to decreased
acicular ferrite and increased Widmanstatten ferrite
[23]. This variation in the ferrite content can be ex-
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plained by examining the changes in the cooling rate
under different shielding gas compositions [30]. In-
creased carbon dioxide in the shielding gas results
in longer heat input and cooling times, leading to a
microstructure with fewer out-of-equilibrium phases
[23].

4. Conclusions

The present study examined the influence of var-
ious shielding gas compositions and welding speeds
on the welding properties of S355J2 with normalized
structural steel using the MAG welding method. The

Fig. 13a–f. HAZ of (a) 93 % argon + 5 % carbon dioxide + 2 % oxygen, (b) 88 % argon + 10 % carbon dioxide + 2 %
oxygen, (c) 83 % argon + 15% carbon dioxide + 2 % oxygen, (d) 92 % argon + 5 % carbon dioxide + 3 % oxygen, (e) 87 %

argon + 10 % carbon dioxide + 3 % oxygen, and (f) 82 % argon + 15 % carbon dioxide + 3 % oxygen.
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Fig. 13g–i. HAZ of (g) 91 % argon + 5 % carbon dioxide + 4 % oxygen, (h) 86 % argon + 10 % carbon dioxide + 4 %
oxygen, and (i) 81 % argon + 15 % carbon dioxide + 4 % oxygen at 0.15 m min−1.

experimental analysis included bending tests, SEM
and EDS examinations, microstructural analysis, and
hardness testing. The findings are summarized as fol-
lows:
1. The welding sample with the highest bending

value was obtained using a gas mixture of 92 % ar-
gon + 5% carbon dioxide + 3 % oxygen at a welding
speed of 0.15mmin−1, while the lowest bending value
was observed in the sample welded at a welding speed
of 0.10 mmin−1 using a gas mixture of 88 % argon +
10% carbon dioxide + 2% oxygen.
2. The bending test revealed no tearing or cracking,

and defects such as cold adhesion were not observed
in the welded samples.
3. Under the influence of increased heat input, car-

bon dioxide can decompose in the arc to release oxygen
and carbon monoxide, which increases oxygen diffu-
sion in the weld pool. The increase in carbon dioxide
in the shielding gas reduced silicon and manganese el-
ements in the weld metal. However, it also combined
with elements with a high affinity for oxygen, such as
silicon and manganese, resulting in increased oxides
like MnO and SiO2. Some of these oxides remained as

inclusions in the weld metal, increasing the number
and size of inclusions in it.
4. EDS analysis revealed that increased heat in the

weld pool results in oxygen-induced inclusions in the
weld metal.
5. Using shielding gas with a higher percentage of

argon reduces the size and distribution of inclusions
in the weld metal.
6. According to the EDS analysis results, while the

silicon and manganese ratios decreased due to oxida-
tion, it was observed that they were higher in the weld
metal than in the base metal due to the additional re-
inforcement of silicon and manganese elements from
the welding wire when comparing the ratios of gen-
eral silicon and manganese elements in the base metal
with those in the weld metal obtained with different
gas mixtures.
7. As the welding speed increases, the material heat

input decreases, and therefore, the cooling rate of the
HAZ increases, which increases the hardness.
8. The hardness of the weld metal decreases as the

amount of carbon dioxide in the shielding gas compo-
sition increases, increasing the heat input and, there-
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fore, the cooling time.
9. An increase in oxygen and carbon dioxide ratios

in the shielding gas leads to an increase in the oxygen
ratio in the weld metal, which affects the hardness
values due to oxidation.
10. Grain coarsening is observed to occur only in

the weld metal-associated region. Hardness decrease
is observed on the main material side of HAZ due to
the coarse-grained internal structure.
11. The hardness value in the weld zone decreases

as the content of acicular ferrite decreases in the sam-
ples.
12. It can be concluded that an increase in the

amount of carbon dioxide in the shielding gas leads
to a decrease in the amount of acicular ferrite and an
increase in the amount of Widmanstatten ferrite.
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