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ARTICLE INFO ABSTRACT

ST-37 steel is applied in the construction of steel structures due to its good strength,
toughness, and high weldability. In this study, two samples of ST-37 steel joint were
prepared using E71T filler metal by FCAW powder coating process and E7018
electrode by SMAW method. Tensile strength, hardness, and impact resistance of
the weld were examined. The results showed that the final weld strength of both
welding methods was higher than 400MPa so that therefore the tensile sample from
the base metal of ST-37 failed. The final strength values obtained in the FCAW
welded samples were higher than in the SMAW welded samples. Hardness test
results showed that the hardness of the heat-affected area increased compared to
ST-37 steel in both welding methods. The mean weld metal hardness was (207)
SMAW and (184) FCAW Vickers. Vickers hardness values for the base metal and
the heat-affected zone also showed the same behavior as the weld metal in the two
samples. The hardness average values of HAZ on both sides of the weld joint were
higher than the base metal. The impact test results showed that the average impact
energy of weld metal (SMAW 861J) is higher than the average impact energy of weld
metal (FCAW 81J). Therefore, FCAW and Filler E71T meet the requirements of
final strength and weld resistance by the seismic criteria of AISC Regulation 341-10
and also the tenth article of the National Building Regulations of Iran.
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fragments, is widely employed in the industry; however,
Base Metal (BM), Weld Metal (WM), and Heat-affected
Zone (HAZ) have different mechanical behaviors because
of the heterogeneity caused by welding [1]. Apart from
the mechanical considerations related to joint design,

1. Introduction

Welding, as one of the techniques exercised to joint
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the welding procedure, filler material, heat input, num-
ber of welding passes, etc., affect the microstructure of
the weld in the joints and, in turn, affect the amount of
heat-affected zone and residual stresses in the base met-
al [2]. Moreover, for structural steels, the strength of the
welded joints determines the strength of the structure.
For practical applications, welded joints are subjected
to cyclic loading and fatigue in various ways; therefore,



M. Mohammadi Soleymani et al. / International Journal of ISSI, Vol. 21(2024), No. 1, 33-44

welding is an essential factor in reducing the fatigue life
of structural components. Welded joints assessment is
a significant challenge in the industry for two reasons:
first, welds tend to have weak zones in a structure due
to stress concentration effects and weak material prop-
erties; second, it is challenging to predict their behavior
accurately, which is partly due to the difficulty of defining
the properties of the material, which are different during
welding and the HAZ [3]. Many structural components
in automobiles, pressure vessels, vehicles, geological
equipment, spacecraft, etc., are made of welded joints.
Butt welding is one of the most common weldings in the
construction of structures. The widespread application of
butt welding in various structures, including marine and
nuclear, offers researchers the possibility of analyzing the
behavior of the weld under different loading conditions
[4]. However, studies have been conducted on the effect
of welding input heat on the properties of high-strength
steel structures. So far, insufficient research has been un-
dertaken on welding input heat's effects on welded joints'
corrosion. Low-carbon steel is one of the most critical
weldable metals, attributed to several factors, such as
its high weldability. Moreover, the historical abundance
and demand for low-carbon steel have caused scientists
and engineers to develop ways to weld. These develop-
ments include chemical compositions of fillers and power
sources for welding low-carbon steel [5]. Another rea-
son is its conductivity compared to other metals because
it contains very little carbon and few other alloying el-
ements. The drawback prevents the formation of brittle
microstructures such as martensite. All this eliminates
the risks of weld failures, such as hydrogen cracking. As
the amount of carbon increases, the problem of welding
also arises. Furthermore, it is easier to weld steel sheets
with low carbon [6]. Flux Cored Arc Welding (FCAW)
was first developed in the early 1950s as an alternative
to Shielded Metal Arc Welding (SMAW). The advantage
of FCAW over SMAW is that it is no longer necessary
to use the rod electrodes used in SMAW. The advantage
makes FCAW overcome the limitations of SMAW [7-8].
The FCAW technique will likely be a ubiquitous proce-
dure using the appropriate filler metal (consumable elec-
trode). Additionally, shielding gas is no longer needed by
using electrodes, which makes this technique appropriate
for outdoor welding or windy conditions. It requires less
operator skill than SMAW for high-velocity applications
and less primary cleaning for metals [10-9]. In a paper,
Jatemoku et al. [11] studied the effect of welding current
changes in SMAW and FCAW procedures of joining dis-
similar materials JIS G3101 SS400 and ASTM A36 with
a thickness of 10 mm. In the SMAW, however, E7018 and
FCAW electrodes and welding currents of 60, 75, and 90
Amps are applied, while E71T-1 welding wire and weld-
ing current were 190, 205, and 220 Amps in the FCAW.
The results indicated that the welding procedure's current
affects the material's hardness and microstructure. The
higher the welding current, the lower the hardness of the
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material, and vice versa. The highest hardness values in
SMAW and FCAW are in currents of 60 and 190 amperes.
Subsequently, the current in the welding procedure also
affects the microstructure produced in the weld and HAZ.
The formed microstructure contains pearlite and ferrite.
The higher the welding current, the higher the percentage
of pearlite produced and the lower the percentage of fer-
rite. In another study, the distortion angle, microstructure,
and welding hardness of St 37 steel sheet produced by
the FCAW applying welding currents of 80, 110, and 140
Amps are studied. Moreover, the CO, and E71T-1 welding
wires are employed in a flat position. As the results show,
increasing the welding current may reduce the hardness in
all weld zones and cause a higher level of thermal distor-
tion in the weld joint, particularly in the HAZ. The micro-
structural transformation was also observed in the welded
sample using different welding currents. Both heat input
and cooling rate exposed to the welded sample played a
significant role in determining the properties [12]. In their
paper, Jennifer et al. [13] studied the effect of welding
current on corrosion rate and hardness on WM, HAZ,
and BM of St37 steel. St37 steel sheets were welded with
welding current variations of 75, 85, and 95 amps, and
the technique applied to test the corrosion rate was ASTM
G31-72 standard. Based on the weight loss and corrosion
solution test, NaCl solution with a concentration of 3% is
utilized; the results showed that the highest average corro-
sion rate was in the welded sheet with a current of 95, 85,
and 75 Amps, respectively. Furthermore, testing the hard-
ness of the material at a current of 75, 85, and 95 Amps
shows that the highest hardness value occurs in the weld
metal region with a lower welding current. The choice of
current during the welding procedure is shown to signifi-
cantly affect the corrosion rate and hardness of the welded
joint (weld metal).

Since structure steel is used abundantly and welding
methods FCAW and SMAW are used a lot, the comparison
of the mechanical properties of these two methods has not
been done on St37. Therefore, in this paper, the welding
joints of ST-37 were studied by conducting several me-
chanical tests (including the transverse tension of the weld,
hardness measurement, and impact test at room tempera-
ture and fracture profile of the fracture sections resulting
from the impact test by a scanning electron microscope
[SEM]) while performing FCAW and SMAW techniques.

2. Materials and Methods

ST-37 steel was chosen for this research because of
its wide application in steel structures with suitable me-
chanical properties, weldability, and optimal toughness
at low temperatures. However, an ST-37 steel sheet with
dimensions of 150 x 300 and a thickness of 12 mm was
utilized for welding. Table 1. presents the quantum anal-
ysis of the chemical composition of ST-37 steel obtained
by the Quantometer. For FCAW, ASW E71T-1C welding
wire was used with the chemical composition presented
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shows the schematic of the welding joints and the prepa-
ration procedure before welding. Tables 4 and 5. present
the other parameters for FCAW and SMAW, respectively.
Following the welding operation, radiographic and pen-
etrative liquid tests were performed to ensure the strength
of the weld at the welding joint.

in Table 2. Moreover, the E7018 electrode (manufactured
by Ama Company) was used for SMAW welding with the
chemical composition presented in Table 3.

Accordingly, FCAW and SMAW were exercised to
join the sheets. However, FCAW is applied due to its
widespread application for welding structures. Fig. 1.

Table 1. Chemical composition of ST-37 steel base metal
(per weight percentage).

Mn | Si P S
0.45 ] 0.3 ] 0.024 | 0.03

Fe C
Balance | 0.15

Table 2. Chemical composition of ASW E71T-1C welding wire
(per weight percentage).

Fe C |[Mn| Si| P S

0.05]14]0.5]0.02]0.02

Balance

Table 3. Chemical composition of electrode E7018 [manufactured by Ama Company]
(per weight percentage).

Fe C |Mn| Si S P
Balance | 0.06 | 1.5 1 0.3 0.02 | 0.02
. 30deg|

>

|
12mm / \

|
4m

Fig. 1. Joints scheme utilized in welding samples.

Table 4. FCAW parameters exercised for ST-37.

Filler polarity velocity Voltage | current (A) | protective
diameter (mm/s) (V) gas
1.2 DCRP 1 32-21 300-200 CO,
Table 5. SMAW parameters exercised for ST-37.
parameters value
Electrode class E7018
Number of passes three passes
Welding condition 3G
Electrode diameter (mm) 3.2
current intensity (A) 95-120
polarity DCRP
Voltage (V) 18-28
Welding speed (cm/min) 6-10
Maximum input heat (kJ/mm) 2
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A tensile test was performed at room temperature to
compare the yield and tensile strength changes of welded
samples. A weld transverse tension test was conducted
in a manner consistent with American Society of Me-
chanical Engineers (ASME) standards by the GOTECH
AL-7000-LA60 machine. Fig. 2. presents two transverse
tensile weld samples consistent with ASME standards.
Consistent with the ASME standard, the transverse
tensile strength of the weld should not be lower than
the minimum tensile strength determined for the base
metal [14].

Hardness changes in different parts of the ST-37 steel
weld joint were measured consistent with the standard
(ISO 6507-1:2005) by a Vickers hardness tester with a
force of HV5 (49.03N). Fig. 3. shows the schematic of
the joint plan and hardness measurement points.

Moreover, the Charpy impact test was performed ac-
cording to the ASTM E23 standard by the SANTAM at

room temperature on the weld metal. Fig. 4. displays the
schematic of the joint design and the position of the im-
pact samples whose gap is located in the base metal and
weld zone. Fig. 5. shows the dimensions of the Charpy
impact samples. Additionally, three Charpy impact tests
were performed for each sample, and the average energy
absorbed in the three tests was determined. Following the
fracture cross-sectional test, the samples were tested us-
ing the TE-SCAN MIRA3 scanning electron microscope.

3. Results and Discussion
3.1. Transverse Tensile Test

A transverse tensile test of the ST-37 steel weld joint
was performed to determine the appropriate welding tech-
nique in terms of the desired welding properties for the
joint. Tables 6 and 7. present the results of the transverse
tension tests for the FCAW and SMAW, respectively.

250
y ©
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| |
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this section by milling:

Fig. 2. Dimensions of tensile welding samples [14].
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Fig. 3. Schematic of the joint plan and hardness measurement points.
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Fig. 4. Schematic of joint design and position of impact samples [15].
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Fig. 5. Dimensions of the tested impact samples [15].

Table 6. Tensile test results for FCAW.

Width | Thickness Area Ultimate failure Tensile test
(mm) (mm) (mm?) strength zone sample
(N/mm?)
Base
19.08 7.89 150.54 414 Metal T1
Base
19.13 7.7 147.3 419 Metal T2
Table 7. Tensile test results for SMAW.
Width | Thickness Area Ultimate failure Tensile test
(mm) (mm) (mm?) strength zone sample
(N/mm?)
Base
19 8.01 152.19 418 Metal T1
Base
19.12 8 152.96 405 Metal T2

Fig. 6. compares tensile test results of transverse ten-
sile weld samples of the two welding techniques. Consis-
tent with ASME IX [14], the transverse tensile strength
must not be less than the minimum tensile strength de-
termined for the base metal. However, the results show
that the strength of the resulting weld is higher than that
of the ST-37 base metal, and the tensile sample is broken
from the ST-37 base metal. Furthermore, the failure of
the transverse tensile weld sample from the base metal
shows no defects affecting the weld properties in the
sample. Accordingly, the quality of the weld was con-
firmed. Fig. 6. displays the comparison of both joints. As
the Figure displays, the values in the sample welded with
FCAW are more than those with SMAW.

Considering that the ST-37 utilized in the construc-
tion of steel structures has a yield stress equal to 240
MPa and for sheets whose yield stress is up to 300 MPa
and thickness equal to or less than 15 mm, E60 and E70
electrodes are likely to be applied. Moreover, a 12 mm
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thick steel sheet and E70 electrode are applied to the pa-
per. Since the 10" topic of Iran's National Construction
Regulations is derived from AISC 360, for sheets with a
thickness equal to or less than 15 mm and yield stress of
up to 300 MPa and using an E70 electrode or equivalent,
the final tensile strength of the weld must be higher than
420 MPa [16, 17]. Considering that the transverse tensile
samples of both connections are broken at the base metal,
the weld strength is more than 420 MPa, according to the
requirements of this regulation, and the weld strength is
approved. Fig. 7. shows the fracture location of tensile
samples. Moreover, the results of transverse welding ten-
sile tests show that welding of ST-37 steel joints is likely
to be performed using both techniques.

3.2. Hardness measurement results

FCAW with E71T filler metal and SMAW with
E7018 electrode were applied to measure hardness.
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Tables 8 and 9. present the results of both welding techniques' hardness changes, the hardness profile of weld metal, HAZ,
Vickers hardness measurement. Moreover, to determine the and ST-37 base metal was consistent with Fig. 8.

430

420

g 410
=

400

390 FCAW SMAW
BTest T1 414 418
BTest T2 419 405

Fig. 6. Comparison of ultimate strength of FCAW and SMAW joints.

Fig. 7. The fracture zone of the two tensile samples.

Table 8. Hardness measurement results of ST-37 steel welding by FCAW and SMAW technique.

Vickers hardness (HV)
Hardness measurement
Welding sample Welding sample position
FCAW SMAW
134 135 Base
135 136 Base
148 159 HAZ
149 160 HAZ
185 206 Weld
183 209 Weld
143 152 HAZ
142 151 HAZ
136 136 Base
133 134 Base
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Table 9. Average welding hardness of ST-37 steel by FCAW and SMAW technique.

Average hardness of | Average difficulty Average weld sample
the base metal(HV) HAZ (HV) hardness (HV)
135 155.5 207.5 Welding sample
SMAW
134.5 145.5 184 Welding sample
FCAW

240

220

1

L

HV

—+— SMAW

= F

e\
= A\

—#— FCAW

140
¥

120

100

Base Base HAZ HAZ Weld Weld HAZ HAZ Base Base

Fig. 8. Changes in Vickers hardness of ST-37 steel weld joint by FCAW and SMAW technique.

The results show the hardness of the heat-affected
zone on both sides of the ST-37 steel joint. Furthermore,
the hardness of the zone decreases with the increase of
the input heat of welding because of the higher input heat
of FCAW compared to SMAW. Accordingly, the SMAW
welding sample has the lowest heat input and the highest
hardness in the heat-affected zones, and the FCAW sam-
ple has the highest heat input and the lowest hardness in
the heat-affected zones.

The average hardness value in different welding zones
of the FCAW and SMAW samples exhibits the hardness
variation across the welding zones in two samples with
varying welding techniques, indicating the dominant in-
homogeneous structure in different welding zones.

Moreover, the average values of Vickers hardness for
the base metal and HAZ additionally show that the same
behavior as the weld metal is the same in the two sam-
ples. The average value of HAZ hardness on both sides of
the weld joint was higher than that of the base metal. The
SMAW sample, however, had the highest HAZ hardness
compared to the FCAW sample. The lower hardness of
the heat-affected zone in the FCAW sample was because
of the increase of the welding input heat due to the weld-
ing operation on both sides of the samples.

Techniques with high heat input are usually operated
for high-strength steel welding, such as FCAW. Howev-
er, these welding methods reduce the cooling rate of the
heat-affected areas of the HAZ and cause grain growth in
the steel structure, leading to the worsening of the HAZ
characteristics, including its hardness [18, 19].

The effects of the welding input heat on the
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microstructure and mechanical properties of the HAZ
zone in high-strength, low-alloy steel joints are well
studied, and the results show that Vickers hardness in
HAZ and FZ zones in steel joints is much higher than
base metal. However, the average hardness of HAZ de-
creases with the increase of welding input heat [20].

As Table 9. exhibits, the weld metal in the SMAW
sample has the highest hardness, and the FCAW sample
has the lowest hardness of the weld metal; because of the
increase in the input welding heat, the hardness of the
E71T weld metal decreases, which attribute to the change
in the morphology of the weld metal structure due to the
application of heat input during welding. As the input
heat increases, the cooling rate decreases, making it pos-
sible for the weld to remain in higher temperature ranges
for longer. Furthermore, coarse grains produced will re-
sult in a decrease in hardness [21].

3.3. Charpy impact test results

The impact test was performed on ST-37 base met-
al, E71T weld metal of FCAW, and E7018 weld metal
of SMAW at room temperature. Table 10. presents the
impact test results of the sample welded by FCAW and
SMAW techniques. As Table 10. and Fig. 9. show, how-
ever, E71T weld metal samples of FCAW have lower im-
pact energy than the E7018 weld sample of SMAW. This
reduction in weld metal impact energy in the connection
of ST-37 steel using E71T filler metal is likely to be
caused by the higher welding input heat and the inhomo-
geneous structure of the weld metal, which may addition-
ally be observed in the hardness of the E71T weld metal.
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Table 10. The results of the impact test of samples at room temperature.

Average impact | Impact ener The place of
ene%gy (JI; P @) ® thle) gap Sample
91 Welding
81 69 Weld sample
83 FCAW
22 Welding
86 32 Weld sample SMAW
100
90
80
70
60
50
40
30
20
10
0
FCAW SMAW

Fig. 9. Bar graph of the average energy of FSAW and SMAW.

In the seismic regulations of the 10" topic of Iran's
National Building Regulations and AISC 341-10 regula-
tions, the welds used in connections are divided into two
categories: first, the welds used in the connections and
patches of the members of the seismic lateral load-bear-
ing system, as well as the patch of non-load-bearing col-
umns; and second, is the "critical requirement " welds,
such as groove welds with full penetration in unique and
medium bending frames and beam connections of diver-
gent braced frames [17, 22]. For Category II welds in
the AISC Code, the strength of a given Charpy groove
specimen of the weld metal at 20°C shall be at least 54
J. Therefore, considering that the average Charpy impact
test of three samples of both welding joints is more than
54 joules [22] in the sheet thickness of 12 mm, it meets
the seismic requirements for welding.

As Table 10. and Fig. 9. show, the impact toughness
of the weld metal in the FCAW weld sample is lower
than that of the SMAW weld metal, as the input heat in-
creases because of grain coarsening and additionally the
inhomogeneity of the steel structure, the fracture energy
decreases. As the grains grow, the crack may propagate
along more accessible paths between the grains. Increas-
ing the input heat also increases the percentage of sedi-
ments that are likely to be the source of cracks, and as a
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result, they reduce the fracture energy. However, coarse
structure is one of the main factors of toughness deterio-
ration. Typically, the coarse structure leads to a decrease
in the toughness of the HAZ and the weld metal. The
compounds in the structure play an essential role in the
toughness or brittleness of HAZ and weld metal [18, 19].

A scanning electron microscope studied the fracture
cross-section of the impact weld samples in the connec-
tion of ST-37 using FCAW and SMAW techniques. Figs.
10 and 11. present the fracture surfaces electron micro-
scope images of weld metal of FCAW and SMAW sam-
ples. The morphologies of the fracture surfaces identi-
fied in the fracture observations include soft and brittle
dimples. Moreover, the morphology of soft dimples rep-
resents the fracture mechanism of the connection of cav-
ities. It indicates the occurrence of soft or ductile fracture
through the germination and joining of cavities [23, 24].

As Fig. 10. shows, under these conditions, the frac-
ture surface shows a dimple morphology in the E71T
filler metal sample of FCAW (Fig. 11a). Also, holes and
dimples are visible in the structure (Fig. 11b). Points A,
B, and C are the sediments in the structure contain alu-
minum, silicon, oxygen, titanium, manganese, and sul-
fur elements in the EDS spectrum. As evidenced in the
EDS spectrum of these deposits at Points A, B, and C,
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10 ¢, 10 d, and 10 e, respectively) the presence of

oxygen, aluminum, and titanium elements is confirmed
with a very high percentage compared to other elements,
which indicates that these deposits are compounds of
titanium aluminide and aluminum and titanium oxides.
Furthermore, aluminum and titanium elements may be
present in the chemical composition of the E71T filler

metal,

which has caused the formation of intermetallic

compounds in the weld metal. These deposits may weak-

en the

impact resistance of the E71T weld metal.

Fig. 11. shows the fracture surfaces of the weld metal.

MIRA3 TESCAN

RAZI FOUNDATION

The change of fracture mechanism or the creation of a
crack growth path along the grain boundaries is not ob-
served. The fracture surface shows a dimple morpholo-
gy in the E7018 electrode sample of SMAW (Fig. 11b).
However, the presence of dimples and holes is observ-
able in the structure. Large dimples on the fracture sur-
face indicate a completely soft fracture (Fig. 11c). The
origin of these holes in the structure may be attributed to
the sediments. Points A (Fig. 11e) and B (Fig. 11f) in the
EDS spectrum of sediments contain elements of titani-
um, manganese, and silicon.
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Fig. 10. SEM images with (a) dimple morphology of the fracture surface (b) place of deposition of points and
EDS spectra at points A (c), B (d), and C (e) of the fracture section of the FCAW weld metal impact sample.
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SEM MAG: 500 x SEM HV: 15.0 kV MIRA3 TESCAN
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Fig. 11. SEM images with (a) dimple morphology of the fracture surface, (b) holes and dimples in the
structure, (c¢) holes and dimples in a closer view, (d) place of deposition of points and EDS spectra at points
A (e) and B (f) of the fracture section of the E7018 electrode impact sample of SMAW.

4. Conclusions were joined using E71T-1C filler metal by FCAW and
E7018 electrode by SMAW. Moreover, tensile strength,
The paper studies two samples of ST-37, which hardness, and weld impact resistance were studied.
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Accordingly, the following conclusions are drawn:

* The tensile test results of both samples welded with
E71T-1C filler metal of FCAW and E7018 electrode
of SMAW method showed that the strength of the
resulting weld is higher than the base metal so that
therefore the tensile sample failed at the location
of ST-37 base metal. Additionally, the final tensile
strength of the FCAW welded sample was higher than
that of the SMAW welded sample.

e The filler metal E71T of FCAW meets the require-
ments of the weld's final strength based on the AISC
360 regulation's seismic criteria and the 10™ topic of
the National Building Regulations of Iran.

¢ Furthermore, the hardness of the heat-affected zone
increased compared to ST-37 steel in both welding
techniques, and with the increase of welding heat in-
put, the HAZ hardness decreased. The average weld
metal hardness for SMAW and FCAW was 207 and
184 Vickers, respectively.

* The average impact energy of SMAW weld metal
(86 J) is higher than that of the FCAW (81 J) sample.
However, the lower impact energy of FCAW metal
decreases because of higher input heat and the coars-
ening of the weld fracture energy structure.

e The E71T filler metal for FCAW provides the re-
quired impact resistance at a temperature of 20°C.
Therefore, the technique is applicable for joint groove
welds based on the seismic criteria of the 10" topic
of Iran's National Building Regulations and the AISC
341-10.
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