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Abstract: In the current work, mild steel used in shipbuilding applications was friction-stir-welded
(FSWed) with the aim of investigating the microstructure and mechanical properties of the FSWed
joints. Mild steel of 5 mm thickness was friction-stir-welded at a constant tool rotation rate of
500 rpm and two different welding speeds of 20 mm/min and 50 mm/min and 3◦ tool tilt angle.
The microstructure of the joints was investigated using optical and scanning electron microscopes.
Additionally, the grain structure and crystallographic texture of the nugget (NG) zone of the FSWed
joints was investigated using electron backscattering diffraction (EBSD). Furthermore, the mechanical
properties were investigated using both tensile testing and hardness testing. The microstructure of
the low-welding-speed joint was found to consist of fine-grain ferrite and bainite (acicular ferrite)
with an average grain size of 3 µm, which indicates that the temperature experienced above A1,
where a ferrite and austenite mixture is formed, and upon cooling, the austenite transformed into
bainite. The joint produced using high welding speed resulted in a microstructure consisting mainly
of polygonal ferrite and pearlite. This could be due to the temperature far below A1 experienced
during FSW. In terms of joint efficiency expressed in terms of relative ultimate tensile, the stress of
the joint to the base material was found to be around 92% for the low-speed joint and 83% for the
high-welding-speed joint. A reduction in welding was attributed to the microstructure, as well as the
microtunnel defect formed near the advancing side of the joint. The tensile strain was preserved at
18% for low welding speed and increased to 24% for the high welding speed. This can be attributed
to the NG zone microstructural constituents. In terms of crystallographic texture, it is dominated by
a simple shear texture, with increased intensity achieved by increasing the welding speed. In both
joints, the hardness was found to be significantly increased in the NG zone of the joints, with a greater
increase in the case of the low-welding-speed joint. This hardness increase is mainly attributed to the
fine-grained structure formed after FSW.

Keywords: mild steel; FSWed; microstructure; ferrite; bainite; crystallographic texture; mechanical
properties; shipbuilding applications

1. Introduction

Ships are built, for the most part, by joining steel sheets in different configurations [1–3].
Welding is one of the most important techniques for joining steels with various joints and
thus permits the development of expansive vessels utilizing completely welded joints
owing to advancements in welding technology [4–7]. In the shipbuilding industry, gas
metal arc welding (GMAW) and shielded metal arc welding (SMAW) are the most used
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welding methods [8–11]. However, the requirement for high-quality welds, the need to
remove the formed slag after welding, cold cracking, and the distortion of the workpiece
caused by traditional welding techniques have intensified the search for alternative welding
processes. Friction stir welding (FSW) appears to be a better choice than the conventional
welding processes, considering its advantages [12–14]. Since it was applied to joining
aluminum (Al) alloys in 1991 and later developing welding tool materials, this technique
has been used extensively in welding similar and dissimilar joint configurations of var-
ious steels [15–20]. For FSW of steel, new FSW tool designs and materials have been
developed due to the high melting point of steel materials [3,21,22]. Much work has been
done to weld different types of steels for various engineering applications via friction stir
welding [3,23–25]. Cui et al. [26] examined the effect of FSW welding speeds from 25 to
400 mm/min at a constant rotational speed of 400 rpm on the 1.6 mm butt-joint properties
of ultra-low-carbon (IF) steel and four different plain carbon sheets of steel (S12C, S20C,
S35C, and S50C) using a tungsten carbide (WC) tool. The results correlated the slight
enhancement in hardness and strength of the welded joints with the increase in welding
travel speed. Ghosh et al. [27] friction-stir-welded 2 mm thick plain carbon steel in butt
joints at travel speeds from 67 to 150 mm/min and rotation speeds from 710 to 1120 rpm,
also using a WC tool. They concluded that the joint tensile strength decreased compared to
the base material (BM), and grain growth in the heat-affected zone (HAZ) was detected
under the applied parameters for all produced joints. Azevedo et al. [28] studied the
FSW of 4 mm thick GL-A36 steel for the shipbuilding industry using two different tool
materials: tantalum and polycrystalline cubic boron nitride (PCBN). The results confirmed
enhancement in the nugget (NG) zone hardness, and the fatigue properties were close to
the BM. Cater et al. [29] examined the distortion through 2 m lengths of DH36 and E36
marine steels welded by FSW and SMAW techniques. The results indicate lower distortion
in the joints welded by the FSW process. Moreover, the tensile and fatigue properties
outperformed the those achieve with the SMAW technique. Nathan et al. [30] reported
significant hardness improvement in the weld zone for friction-stir-welded (FSWed) 5 mm
marine grade HSLA steel (0.08% C and 1.42% Mn) compared to welded zones produced by
SMAW and GMAW fusion welding techniques. This enhancement in hardness is ascribed
to the dynamically recrystallized fine grain in the NG during FSW. Cui et al. [31] succeeded
in producing FSWed defect-free 1.6 mm butt joints of high carbon steel S70C (0.72 wt.% C)
and related the obtained microstructure and improved hardness to the thermal cycle during
the welding process. Bhatia and Wattal [32] produced 3 mm butt-joint AISI 1018 steel under
FSW conditions of 750 rpm and 60 mm/min using a WC tool. The results showed grain
refining in pearlite and ferrite in the NG, and dendrite growth was also detected. Joint
efficiency was 99.5%, with a reduction in elongation of 10% compared to the BM. Khodir
et al. [33] noticed the presence of very fine pearlite and martensite structures in the NG
of the 2 mm bead-on-plate welds of high carbon steel SK4 (0.95% C) FSWed at a constant
100 mm/min travel speed and rotation speeds of 200 and 400 rpm. Based on the above
review, FSW has found its place among welding techniques in the field of shipbuilding.
Despite the development of this industrial sector in Egypt, traditional welding techniques
are still used. This work is considered the first attempt to introduce FSW technology to
build the hull of ships from mild steel in the Suez Shipyard company in Suez, Egypt. Thus,
in this work, we investigate the feasibility of using one-path FSW without pre- or post-heat
treatment on shipbuilding mild steel plates to produce 5 mm butt joints at a constant rota-
tion speed of 500 rpm and travel speeds of 20 and 50 mm/min. The mechanical properties
of the welds were examined in terms of hardness and tensile properties. Moreover, the
microstructure features were investigated with an optical microscope (OM) and a scan-
ning electron microscope (SEM) equipped with an advanced electron backscattered dif-
fraction (EBSD).
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2. Materials and Methods
2.1. Material and FSW Parameters

Mild LR-FH32 steel plates with dimensions of 100 mm width, 200 mm length, and
5 mm thickness supplied by Suez Shipyard Company in Suez, Egypt. were used for the
FSW experiments. Tables 1 and 2 represent the chemical composition and the tensile
properties of the mild steel BM. FSW was conducted using a WC tool of dimensions 4 mm
pin length, 6 mm pin diameter, and 20 mm shoulder diameter. The FSW parameters used
were 500 rpm rotation rate and 20 and 50 mm/min traverse speeds. The tool tilt angle and
the penetration depth were maintained at 3◦ and 4.4 mm, respectively, in all welds. FSW
machines with 22 KW power, 3000 rpm max spindle speed, 1000 mm/min max welding
speed, 100 KN max vertical force, and a tilting facility of ±5 degrees were used to carry
out the welding process [34,35]. Figure 1 shows images of the mild steel plates used in
shipbuilding (Figure 1a), conventional fusion welding in shipbuilding (Figure 1b), the FSW
process of mild steel plates (Figure 1c), a the top view of an FSWed butt joint (Figure 1d).

Table 1. Chemical composition of the mild steel (LR-FH32) BM used in shipbuilding applications.

Element C Si Mn Cr Ni Al Cu Ta Nb P Fe

wt.% 0.154 0.205 1.330 0.062 0.061 0.044 0.012 0.037 0.019 0.008 Bal.

Table 2. Tensile properties of shipbuilding mild steel BM (LR-FH32).

Property Ultimate Tensile
Strength (UTS)

Yield Strength
(YS) Elongation (E%) Fracture

Strength (FS)

Value 396 MPa 327 MPa 18% 294 MPa
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2.2. Microstructure Characterization

After FSW of the mild steel plates, the butt joints were sectioned perpendicular to
the welding direction (WD) for subsequent characterization in terms of metallographic,
hardness, and tensile testing. For macro- and microstructure investigations, the transverse
cross-sections were prepared according to the standard metallographic procedures, starting
with mechanical grinding with different grades of emery paper, followed by mechanical
polishing using 0.05 µm alumina particles. Then, the samples were etched using nital
of 2% Nitric acid in methanol. The optical microstructure was investigated using an
Olympus optical microscope (OM), and a Quanta FEG 250 scanning electron microscope
(Hillsboro, OR, USA) was used for SEM microstructure investigations. Furthermore, for
the investigation of grain structure and crystallographic texture, the electron backscattered
diffraction (EBSD) system within a Quanta FEG 250 SEM was used for the as-polished
samples. A fully automated EDAX-EBSD system in a Quanta FEG 250 SEM equipped with
a Hikari EDAX-EBSD camera EDAX-OIM7.3 (EDAX Inc., Mahwah, NJ, USA) was used for
the acquisition of EBSD data; the system was controlled by orientation imaging microscopy
data collection software EDAX-OIM7.3 (EDAX Inc., Mahwah, NJ, USA) operated at 20 kV.

2.3. Characterization of Mechanical Properties

For investigation of mechanical properties, both tensile testing and hardness testing
were conducted. Tensile samples along the transverse direction of the FSWed butt joints
were cut according to ASTM E8M-04. A computerized universal testing machine (Instron
4208, with a 300 kN load cell, Instron, Norwood, MA, USA) was used to conduct the tensile
tests at a constant crosshead speed of 5 × 10−2 mm·s−1. A Vickers hardness tester (model
HWDV-7S, TTS Unlimited, Osaka, Japan) with a load of 2 Kgf and a holding time of 15 s
was used to evaluate the hardness. The hardness measurements in a grid a step of 0.5 mm
in both the transverse direction (TD) and the normal direction (ND) of the joints covering
the NG, as well as the thermomechanically affected zone (TMAZ) and the heat-affected
zone (HAZ), were plotted in colored contour maps.

3. Results and Discussion
3.1. Top View and Transverse Section Macrographs of the FSWed Joints

The top view of the FSWed joint presented in Figure 1d shows a top surface free of any
macro defects, with the stir zone having a grey color due to the removal of surface oxides
during FSW. The transverse cross-section macrographs of the two joints are presented in
Figure 2 with the different zones indicated, namely the NG zone in the center, the TMAZ,
and the HAZ. The NG has a cone shape that widens towards the top surface, where the
shoulder is affected and becomes narrow towards the base, where the tip of the pin is
affected. It can be observed that the joint produced at a low welding speed (20 mm/min)
is sound, without any macro defects. In contrast, the joint produced at the high welding
speed of 50 mm/min has a tiny tunnel defect in the bottom of the NG at the interface
between the NG and the TMAZ on the advancing side. This can be attributed to the cold
condition of this joint, which resulted in high resistance of material for deformation and
then defected joint consolidation. The formation of the internal tunnel defects is mainly
explained by the lack of material flowability, which resulted in incomplete consolidation
of the material behind the tool. During the FSW process, the material is taken in front the
tool from the advancing side, moved to the retreating side, and then deposited behind the
tool from the RS to the AS; thus, the last area of deposition is at the AS, and the tunnels are
always formed at the AS. The main reason for the lack of flowability during FSW is high
welding speeds, result in low temperature.



Materials 2022, 15, 2905 5 of 16Materials 2022, 15, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 2. Transverse cross-section optical macrographs of the FSWed mild steel at a constant tool 
rotation rate of 500 rpm and welding speeds of (a) 20 mm/min and (b) 50 mm/min. TD: transverse 
direction, ND: normal direction, WD: welding direction. 

3.2. Optical and SEM Microstructures  
The microstructure has been investigated using both optical microscope and scan-

ning electron microscope in the NG zone and presented in Figure 3. Optical microstruc-
ture and SEM microstructure of the base material carbon steel (Figure 3a–c), FSWed joint 
produced at welding speed of 20mm/min near top of the NG (Figure 3d–f) and near base 
of the nugget (Figure 3g–i). The BM microstructure consists of coarse polygonal ferrite 
grains with some pearlite phases, as can be seen from Figure 3a–c. After FSW using a 20 
mm/min welding speed, the microstructure in the NG zone was transformed into highly 
refined ferrite grains with a high density of fine acicular-shaped bainitic ferrites, with a 
similar microstructure near the top (Figure 3d–f) and near the bottom (Figure 3g–i) of the 
NG. Toumpis et al. [36] investigated the microstructure of FSWed carbon steel of 0.11 
wt.% C for shipbuilding applications at a wide range of tool rotation rates in the range of 
200–700 rpm and traverse speeds in the range of 100–500 mm/min. They reported that the 
coarse ferrite grains of the BM transformed into significantly refined ferrite grains and 
fine acicular-shaped bainitic grains at a welding speed of 120 mm/min and a tool rotation 
of 200 rpm. Furthermore, they reported that the bainite content was seen to increase with 
higher welding traverse speeds [36]. Additionally, Cui et al. [31] investigated the micro-
structure of FSWed 1.7 mm thick SAE-AIEI 1070 carbon steel plates in butt joints using 
rotation rates of 100–800 rpm and welding speeds of 25–400 mm/min. They reported that 
two methods could be used to control the microstructure of the FSWed carbon steel: either 
decrease the temperature upon FSW to below A1 or decrease the cooling rate to less than 
the lower critical cooling rate. As a result, a martensite microstructure is formed with a 
different percentage, in addition to a pearlite-ferrite microstructure at 400 rpm using all 
welding speeds. The martensite fraction increases by increasing the cooling rate, with a 
maximum of about 85 vol% at a 400 mm/min welding speed and a minimum of 16 vol% 
at a welding speed of 25 mm/min [31]. Compared with the FSW condition used in this 
work, i.e., 500 rpm and a speed of 20 mm/min, the carbon steel has lower carbon content 
(carbon equivalent ≈ 0.4). Thus, the obtained microstructure in this carbon steel mainly 
consists of refined ferrite grains and bainitic grains, taking into account the difference in 
the thickness (6 mm) and the carbon content. It is expected that the cooling rate in this 
case would be lower than the critical cooling rate that resulted in almost no martensite 
formed and that was replaced by a refined bainitic phase. A pearlite phase can also be 
observed in the NG zone. Increasing the welding speed to 50 mm/min at the same tool 
rotation rate of 500 rpm resulted in a microstructure that mainly consists of fine ferrite 
and pearlite, as can be observed in Figure 4a–i) which shows the optical and SEM micro-
structure near the top of the NG zone (Figure 4a–c), in the middle of the NG zone (Figure 
4d–f), and near the bottom of the NG zone (Figure 4g–i). Increasing the welding speed 

Figure 2. Transverse cross-section optical macrographs of the FSWed mild steel at a constant tool
rotation rate of 500 rpm and welding speeds of (a) 20 mm/min and (b) 50 mm/min. TD: transverse
direction, ND: normal direction, WD: welding direction.

3.2. Optical and SEM Microstructures

The microstructure has been investigated using both optical microscope and scanning
electron microscope in the NG zone and presented in Figure 3. Optical microstructure and
SEM microstructure of the base material carbon steel (Figure 3a–c), FSWed joint produced at
welding speed of 20mm/min near top of the NG (Figure 3d–f) and near base of the nugget
(Figure 3g–i). The BM microstructure consists of coarse polygonal ferrite grains with some
pearlite phases, as can be seen from Figure 3a–c. After FSW using a 20 mm/min welding
speed, the microstructure in the NG zone was transformed into highly refined ferrite grains
with a high density of fine acicular-shaped bainitic ferrites, with a similar microstructure
near the top (Figure 3d–f) and near the bottom (Figure 3g–i) of the NG. Toumpis et al. [36]
investigated the microstructure of FSWed carbon steel of 0.11 wt.% C for shipbuilding
applications at a wide range of tool rotation rates in the range of 200–700 rpm and traverse
speeds in the range of 100–500 mm/min. They reported that the coarse ferrite grains of the
BM transformed into significantly refined ferrite grains and fine acicular-shaped bainitic
grains at a welding speed of 120 mm/min and a tool rotation of 200 rpm. Furthermore,
they reported that the bainite content was seen to increase with higher welding traverse
speeds [36]. Additionally, Cui et al. [31] investigated the microstructure of FSWed 1.7 mm
thick SAE-AIEI 1070 carbon steel plates in butt joints using rotation rates of 100–800 rpm
and welding speeds of 25–400 mm/min. They reported that two methods could be used
to control the microstructure of the FSWed carbon steel: either decrease the temperature
upon FSW to below A1 or decrease the cooling rate to less than the lower critical cooling
rate. As a result, a martensite microstructure is formed with a different percentage, in
addition to a pearlite-ferrite microstructure at 400 rpm using all welding speeds. The
martensite fraction increases by increasing the cooling rate, with a maximum of about
85 vol% at a 400 mm/min welding speed and a minimum of 16 vol% at a welding speed of
25 mm/min [31]. Compared with the FSW condition used in this work, i.e., 500 rpm and
a speed of 20 mm/min, the carbon steel has lower carbon content (carbon equivalent ≈ 0.4).
Thus, the obtained microstructure in this carbon steel mainly consists of refined ferrite
grains and bainitic grains, taking into account the difference in the thickness (6 mm) and
the carbon content. It is expected that the cooling rate in this case would be lower than the
critical cooling rate that resulted in almost no martensite formed and that was replaced by
a refined bainitic phase. A pearlite phase can also be observed in the NG zone. Increasing
the welding speed to 50 mm/min at the same tool rotation rate of 500 rpm resulted in
a microstructure that mainly consists of fine ferrite and pearlite, as can be observed in
Figure 4a–i) which shows the optical and SEM microstructure near the top of the NG zone
(Figure 4a–c), in the middle of the NG zone (Figure 4d–f), and near the bottom of the NG
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zone (Figure 4g–i). Increasing the welding speed results in a faster cooling rate relative to
that experienced at a welding speed of 20 mm/min. However, it seems the cooling rate in
this case is still far below the lower critical cooling rate that resulted in significantly refined
ferrite and pearlite. Near the bottom of the NG, there is tinny tunnel (Figure 2b) that can be
observed at the AS that resulted in a more refined microstructure with some onion rings
c (Figure 4g–i). In order to further investigate this microstructural evolution, EBSD was
carried out using different step sizes from 0.50 µm up to 0.25 µm, which will be presented
and discussed in the next section.
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Figure 4. (a,b) OM and (c) SEM microstructure images near the top of the NG of the FSWed joint
produced at 50 mm/min, (d,e) OM and (f) SEM images in the midsection of the NG, and (g,h)
OM and (i) SEM images near the base of the NG. (b,e,h) represent the higher magnifications of
(a,d,g), respectively.

3.3. Grain Structure and Texture Using EBSD

BM mild steel was investigated using EBSD at a step size of 0.50 µm. Figure 5 shows
the EBSD results of the BM mild steel; the inverse pole figure (IPF) map with high-angle
boundaries (Figure 5a); the grain boundary map with low and high-angle boundaries
(Figure 5b); 001, 101, and 111 PFs (Figure 5c); grain size distribution (Figure 5d); and
misorientation angle distribution (Figure 5e). The BM microstructure mainly consists of
equiaxed ferrite grains with an average grain size of about 15 µm. The grain size ranges
from 2 µm up to 55 µm, with a high fraction towards coarse grain sizes, as can be observed
in Figure 5d. The grain orientation is a mixture of red <001>, blue <111>, and green <101>
orientations, as can be seen in Figure 5a. This indicates an almost weak texture, as can be
seen from the pole figures in Figure 5c. The PFs show a weak rotated cube texture with
only about four times random that is produced after hot rolling process. From the grain
boundary maps shown in Figure 5b, it can be noted that almost the majority of the grains
are free of low-angle boundaries, which indicates that dynamic recrystallization occurred
upon hot rolling, with only some grains containing substructure, which could be due to the
existence of a pearlite phase at those grains. Imam et al. [37] indicated that the low-angle
boundaries inside ferrite grains are due to the existence of pearlite in the ferritic–pearlitic
phase structure. The misorientation angle distribution is illustrated in Figure 5e, which
indicates the dominance of the high-angle boundaries, with an appreciable fraction of
low-angle boundaries.
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The NG zone was also investigated using EBSD to examine the grain structure and
texture evolution after FSW. Figure 6 shows EBSD results obtained using a 0.5 µm step size
in the NG zone of FSWed mild steel at 500 rpm and 20 mm/min welding speed; the IPF map
with high-angle boundaries (Figure 6a); the grain boundary map with low and high-angle
boundaries (Figure 6b); 001, 101, and 111 PFs (Figure 6c); grain size distribution (Figure 6d);
and misorientation angle distribution (Figure 6e). Additionally, Figure 7 shows a higher-
resolution IPF map and corresponding grain sizes and misorientation angle distributions
acquired using 0.25 µm for the NG of the same joint. The IPF maps in Figures 6a and 7a
indicate that the NG zone microstructure mainly consists of fine recrystallized ferrite with
a high fraction of bainite (i.e., acicular ferrite) that seems to dominate the microstructure.
The grain size distributions presented in Figures 6d and 7c were obtained from the EBSD
data acquired using 0.5 and 0.25 µm step sizes, respectively. It should be mentioned here
that the step size affects the average grain size, as a reduction in step size results in a lower
average grain size, as the use of a smaller step size captures smaller grains. Thus, the
average grain size from the data collected using a 0.5 µm step size is 6 µm, and from those
collected using a 0.25 µm step size, 3 µm. Imam et al. [37], in their study on the effect of
online cooling on the microstructure of FSWed medium carbon steel, reported that the grain
size could be reduced to less than 1 µm by rapid cooling. In the current study, the grain
size was reduced to 3 µm without cooling by controlling the FSW parameters. Control
of the grain size through the control FSW parameters was investigated by Sun et al. [38],
Khodir et al. [33], and many others [26,31,39–41]. All reported the effectiveness of FSW
parameter control in the achievement of fine-grained structure in carbon steel and the
avoidance of martensitic transformations. The grain boundary map in Figure 6b presents
the low-angle boundaries (LAB) from 5◦ to 15◦ as red lines and the high-angle boundaries
(HAB) > 15◦ as blue lines. It can be observed that the microstructure is dominated by
HABs, with only a few fractions of LABs. This can also be observed from the misorientation
angle distribution presented in Figures 6e and 7c. This low fraction of LABs indicates that
the pearlite phase is minimal in this microstructure, as observed from the OM and SEM
micrographs presented in Figure 2. Texture is presented as obtained data in 001, 101, and
111 PFs in Figure 6. In in the FSW process, the reference frame of the deformation process
moves with the rotation of the tool in a circular path, as reported by Ahmed et al. [42–44].
Thus, for the texture to resemble the ideal positions, the EBSD data require rotations to
align the deformation reference frame (shear deformation in this case; θ, z, r) with the
sample reference frame (WD, TD, and ND). Although the texture is weak and only about
three times random, it is a simple shear texture with the texture components away from
their ideal positions due to the rotation of the shear reference frame in a circular path
upon FSW.

To examine the effect of the welding speed on the grain structure of the FSWed
mild steel, the NG zone of the joint produced using a 50 mm/min welding speed was
investigated using EBSD by acquiring OIM data with a 0.5 µm step size in the midsection
of the NG. The results are presented in Figure 8: IPF map with HABs > 15◦ as black lines
(Figure 8a); grain boundary map with 5◦ < LABs < 15◦ and HABs > 15◦ as black lines
(Figure 8b); 001, 101, and 111 PFs (Figure 8c); grain size distribution (Figure 8d); and
misorientation angle distribution (Figure 8e). The IPF map in Figure 8a clearly shows a
mixed coarse and fine ferritic grain structure with a high density of pearlite that can be
observed from the high density of LABs (Figure 8b). The average grain size obtained from
the grain size distribution in Figure 8d is 4.7 µm, ranging from less than 2 µm up to 38 µm.
It can be noted that the average grain size, in this case, is slightly lower than that obtained
with the same step size for the joint welded at 20 mm/min. This can be attributed to the
faster cooling rate due to the faster welding speed at the same rotation rate of 500 rpm.
However, the major difference relative to the low-speed joint microstructure is the absence
of the a bainitic grain structure (a circular ferrite), as the grain structure is mainly dominated
by polygonal ferrite grains. This microstructure consisting mainly of polygonal ferrite and
ferrite cementite (pearlite) structure indicates that the peak temperature in the NG zone is
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far below the A1 transformation temperature [37]. In terms of texture, the 001, 101, and
111 PFs in Figure 8c clearly indicate a simple shear texture with the texture components
slightly away from their ideal position due to the rotation of the shear deformation reference
frame. It can be noted that the texture is stronger than that obtained at a welding speed of
20 mm/min—more than five times random. This can be attributed to the faster cooling
rate at the high welding speed, which allows for preservation of the deformation texture. 
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111 PFs; (d) grain size distribution and (e) misorientation angle distribution at 20 mm/min.
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3.4. Mechanical Properties

To evaluate the mechanical properties of the FSWed mild steel joints, both a tensile
test and a hardness measurement test were conducted along the transverse cross-section of
the joints perpendicular to the welding direction. Figure 9 shows the stress–strain curves
of the BM mild steel and the FSWed samples using 20 mm/min and 50 mm/min welding
speeds in (Figure 9a) and a comparison bar chart of the tensile properties (Figure 9b). The
tensile properties of the BM mild steel were reduced slightly after FSW, especially the UTS
and YS. The UTS decreased from 396 MPa to 366 MPa after welding at a welding speed
of 20 mm/min as was further reduced to 328 MPa by increasing the welding speed to
50 mm/min. The joint efficiency in terms of joint UTS relative to the BM UTS was 92% and
83% at welding speeds of 20 mm/min and 50 mm/min, respectively. The reduction in joint
efficiency at a welding speed of 50 mm/min can be attributed to the tunnel defect observed
at the AS of the joint, which represents crack initiation upon tensile testing. On the other
hand, it can be noted that the E% was almost preserved at a welding speed of 20 mm/min
at the level of 18% and increased to about 24% at a welding speed of 50 mm/min. This
improvement in the E% can be attributed to the microstructural features obtained in each
case. The ferritic bainitic structure allows for the preservation of tensile strain, whereas
the polygonal ferrite microstructure allows for a significant increase in tensile strain across
the transverse cross, even with the existence of the tiny tunnel defect. Toumpis et al. [36]
investigated the joint efficiency of FSWed carbon steel for shipbuilding applications at
rotation rates of 300, 200, and 700 rpm with combined welding speeds of 250, 100, and
500 mm/min, respectively. They reported that transverse tensile testing has consistently
demonstrated that all slow and intermediate welds have higher YS than BM, whereas
most fast weld samples fractured in the weld zone suggest reduced tolerance to para-
meter variations.
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Figure 9. Stress–strain curves of the BM mild steel and the FSWed samples using 20 mm/min and
50mm/min welding speeds (a) and a comparison bar chart of the tensile properties (b).

Hardness values are presented as hardness distribution color-contoured maps in
Figure 10a,b and as comparison curves in Figure 10c. A noticeable increase in the hardness
values can be observed in the NG zone in all cases, with an increase in the heat-affected zone
width as a result of a reduction in the welding speed due to an increase in the heat input.
This increase in the hardness of the NG zone can be attributed to the fine-grained ferritic
and bainitic structure of the weld produced at a 20 mm/min welding speed. This also
resulted in higher hardness values, as can be noted from the hardness curves in Figure 10c.
The increase in the hardness of the weld produced at 50 mm/min is mainly attributed to
the fine-grained polygonal structure, with average grain size of 4.7 µm. It can be noted that
the microstructure consisting of ferrite and bainite resulted in higher hardness than that
composed of fine polygonal ferrite and pearlite. This is mainly due to the characteristic
features of the bainite, which consists of fine, very well dispersed carbide particles in the
ferrite matrix, which make this phase (bainite) harder than the pearlite phase, resulting in a
higher hardening effect.
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Figure 10. Color-contoured hardness maps across the transverse cross-sections obtained from
the FSWed mild steel at a rotation rate of 500 rpm and welding speeds of (a) 20 mm/min and
(b) 50 mm/min. Hardness curves along the transverse cross-sections in the midsection are presented
in (c).

4. Conclusions

Based on the detailed investigation of the microstructural and mechanical properties of
FSWed mild steel for shipbuilding applications, the following conclusions can be outlined:

1. The microstructure of the low-welding-speed (20 mm/min) joint consists of fine-grain
ferrite and bainite (acicular ferrite) with an average grain size of 3 µm, indicating
that the temperature experienced above A1, where a ferrite and austenite mixture
is formed, and upon cooling, the austenite transformed into bainite. However, that
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of the high welding speed (50 mm/min), consisting mainly of polygonal ferrite and
pearlite, indicated that the temperature experienced during FSW was below A1.

2. In terms of joint efficiency expressed in terms of relative ultimate tensile, the stress of
the joint to the base material was found to be around 92% for the low-speed joint and
83% for the high-welding-speed joint.

3. Crystallographic texture is dominated by the simple shear texture, which is the typical
texture of friction-stir-welded materials.

4. The hardness was increased in the NG zone of the joints, which is mainly attributed
to the fine-grained structure formed after FSW.
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1. Churiaque, C.; Sánchez-Amaya, J.M.; Üstündağ, Ö.; Porrua-Lara, M.; Gumenyuk, A.; Rethmeier, M. Improvements of hybrid

laser arc welding for shipbuilding T-joints with 2F position of 8 mm thick steel. Opt. Laser Technol. 2021, 143, 107284. [CrossRef]
2. Turichin, G.; Kuznetsov, M.; Tsibulskiy, I.; Firsova, A. Hybrid Laser-Arc Welding of the High-Strength Shipbuilding Steels:

Equipment and Technology. Phys. Procedia 2017, 89, 156–163. [CrossRef]
3. Pankaj, P.; Tiwari, A.; Biswas, P.; Rao, A.G.; Pal, S. Experimental studies on controlling of process parameters in dissimilar friction

stir welding of DH36 shipbuilding steel–AISI 1008 steel. Weld. World 2020, 64, 963–986. [CrossRef]
4. Churiaque, C.; Chludzinski, M.; Porrua-Lara, M.; Dominguez-Abecia, A.; Abad-Fraga, F.; Sánchez-Amaya, J.M. Laser hybrid butt

welding of large thickness naval steel. Metals 2019, 9, 100. [CrossRef]
5. Sirisatien, T.; Mahabunphachai, S.; Sojiphan, K. Effect of submerged arc welding process with one-side one-pass welding

technique on distortion behavior of shipbuilding steel plate ASTM A131 grade A. Mater. Today Proc. 2018, 5, 9543–9551. [CrossRef]
6. Roland, F.; Metschkow, B. Laser welded sandwich panels for shipbuilding and structural steel engineering. Proc. Int. Conf. Mar.

Technol. ODRA 1997, 24, 183–194.
7. Ren, X.; Chen, C.; Ran, X.; Li, Y.; Zhang, X. Microstructure evolution of AA5052 joint failure process and mechanical performance

after reconditioning with tubular rivet. Trans. Nonferrous Met. Soc. China 2021, 31, 3380–3393. [CrossRef]
8. Shahi, A.S.; Pandey, S. Modelling of the effects of welding conditions on dilution of stainless steel claddings produced by gas

metal arc welding procedures. J. Mater. Process. Technol. 2008, 196, 339–344. [CrossRef]
9. Bae, K.-Y.; Lee, T.-H.; Ahn, K.-C. An optical sensing system for seam tracking and weld pool control in gas metal arc welding of

steel pipe. J. Mater. Process. Technol. 2002, 120, 458–465. [CrossRef]
10. Murugan, N.; Parmar, R.S. Stainless steel cladding deposited by automatic gas metal arc welding. Weld. J. 1997, 76, 391–400.
11. Kah, P.; Suoranta, R.; Martikainen, J. Advanced gas metal arc welding processes. Int. J. Adv. Manuf. Technol. 2013, 67, 655–674.

[CrossRef]
12. Ahmed, M.M.Z.; Ataya, S.; El-Sayed Seleman, M.M.; Ammar, H.R.; Ahmed, E. Friction stir welding of similar and dissimilar

AA7075 and AA5083. J. Mater. Process. Technol. 2017, 242, 77–91. [CrossRef]

http://doi.org/10.1016/j.optlastec.2021.107284
http://doi.org/10.1016/j.phpro.2017.08.005
http://doi.org/10.1007/s40194-020-00886-3
http://doi.org/10.3390/met9010100
http://doi.org/10.1016/j.matpr.2017.10.136
http://doi.org/10.1016/S1003-6326(21)65736-9
http://doi.org/10.1016/j.jmatprotec.2007.05.060
http://doi.org/10.1016/S0924-0136(01)01216-X
http://doi.org/10.1007/s00170-012-4513-5
http://doi.org/10.1016/j.jmatprotec.2016.11.024


Materials 2022, 15, 2905 15 of 16

13. ELSayed, E.; Ahmed, M.; Seleman, M.; EL-Nikhaily, A. Effect of Number of Friction Stir Processing Passes on Mechanical
Properties of SiO2/5083Al Metal Matrix Nano-Composite. J. Pet. Min. Eng. 2017, 19, 10–17. [CrossRef]

14. Ahmed, M.M.Z.; Ataya, S.; El-Sayed Seleman, M.M.; Mahdy, A.M.A.; Alsaleh, N.A.; Ahmed, E. Heat input and mechanical
properties investigation of friction stir welded aa5083/aa5754 and aa5083/aa7020. Metals 2021, 11, 68. [CrossRef]

15. Wan, L.; Huang, Y. Friction stir welding of dissimilar aluminum alloys and steels: A review. Int. J. Adv. Manuf. Technol. 2018, 99,
1781–1811. [CrossRef]

16. Chien, C.H.; Lin, W.B.; Chen, T. Optimal FSW process parameters for aluminum alloys AA5083. J. Chin. Inst. Eng. Trans. Chin.
Inst. Eng. A 2011, 34, 99–105. [CrossRef]

17. Wang, G.-Q.; Zhao, Y.-H.; Tang, Y.-Y. Research Progress of Bobbin Tool Friction Stir Welding of Aluminum Alloys: A Review. Acta
Metall. Sin. (Engl. Lett.) 2019, 33, 13–29. [CrossRef]

18. Ahmed, M.M.Z.; Abdelazem, K.A.; El-Sayed Seleman, M.M.; Alzahrani, B.; Touileb, K.; Jouini, N.; El-Batanony, I.G.; Abd El-Aziz, H.M.
Friction stir welding of 2205 duplex stainless steel: Feasibility of butt joint groove filling in comparison to gas tungsten arc
welding. Materials 2021, 14, 4597. [CrossRef]

19. Ragab, M.; Liu, H.; Ahmed, M.M.Z.; Yang, G.-J.; Lou, Z.-J.; Mehboob, G. Microstructure evolution during friction stir welding of
1Cr11Ni2W2MoV martensitic stainless steel at different tool rotation rates. Mater. Charact. 2021, 182, 111561. [CrossRef]

20. Ahmed, M.M.Z.; Jouini, N.; Alzahrani, B.; Seleman, M.M.E.-S.; Jhaheen, M. Dissimilar friction stir welding of AA2024 and AISI
1018: Microstructure and mechanical properties. Metals 2021, 11, 330. [CrossRef]

21. Ahmed, M.M.Z.; Elkady, O.A.; Barakat, W.S.; Mohamed, A.Y.A.; Alsaleh, N.A. The development of wc-based composite tools for
friction stir welding of high-softening-temperature materials. Metals 2021, 11, 285. [CrossRef]

22. Rai, R.; De, A.; Bhadeshia, H.K.D.H.; DebRoy, T. Review: Friction stir welding tools. Sci. Technol. Weld. Join. 2011, 16, 325–342.
[CrossRef]

23. Ahmed, M.M.Z.; Hajlaoui, K.; Seleman, M.M.E.S.; Elkady, M.F.; Ataya, S.; Latief, F.H.; Habba, M.I.A. Microstructure and
mechanical properties of friction stir welded 2205 duplex stainless steel butt joints. Materials 2021, 14, 6640. [CrossRef] [PubMed]

24. Sun, Y.; Fujii, H.; Morisada, Y. Double-sided friction stir welding of 40 mm thick low carbon steel plates using a pcBN rotating
tool. J. Manuf. Process. 2020, 50, 319–328. [CrossRef]

25. Sekban, D.M.; Aktarer, S.M.; Purcek, G. Friction Stir Welding of Low-Carbon Shipbuilding Steel Plates: Microstructure, Mechanical
Properties, and Corrosion Behavior. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2019, 50, 4127–4140. [CrossRef]

26. Cui, L.; Fujii, H.; Tsuji, N.; Nakata, K.; Nogi, K.; Ikeda, R.; Matsushita, M. Transformation in stir zone of friction stir welded
carbon steels with different carbon contents. ISIJ Int. 2007, 47, 299–306. [CrossRef]

27. Ghosh, M.; Hussain, M.; Gupta, R.K. Effect of welding parameters on microstructure and mechanical properties of friction stir
welded plain carbon steel. ISIJ Int. 2012, 52, 477–482. [CrossRef]

28. Azevedo, J.; Infante, V.; Quintino, L.; dos Santos, J. Fatigue behaviour of friction stir welded steel joints. Adv. Mater. Res. 2014,
891–892, 1488–1493. [CrossRef]

29. Mishra, R.; Mahoney, M.W.; Sato, Y.; Hovanski, Y.; Verma, R. Friction stir welding and processing VII. Frict. Stir Weld. Process. VII
2016, 1–362. [CrossRef]

30. Ragu Nathan, S.; Balasubramanian, V.; Malarvizhi, S.; Rao, A.G. Effect of welding processes on mechanical and microstructural
characteristics of high strength low alloy naval grade steel joints. Def. Technol. 2015, 11, 308–317. [CrossRef]

31. Cui, L.; Fujii, H.; Tsuji, N.; Nogi, K. Friction stir welding of a high carbon steel. Scr. Mater. 2007, 56, 637–640. [CrossRef]
32. Bhatia, A.; Wattal, R. Friction stir welding of carbon steel: Effect on microstructure and tensile strength. Mater. Today Proc. 2020,

26, 1803–1808. [CrossRef]
33. Khodir, S.A.; Morisada, Y.; Ueji, R.; Fujii, H. Microstructures and mechanical properties evolution during friction stir welding of

SK4 high carbon steel alloy. Mater. Sci. Eng. A 2012, 558, 572–578. [CrossRef]
34. Elfishawy, E.; Ahmed, M.M.Z.; El-Sayed Seleman, M.M. Additive Manufacturing of Aluminum Using Friction Stir Deposition. In

TMS 2020 149th Annual Meeting & Exhibition Supplemental Proceedings; Springer International Publishing: Cham, The Swizterland,
2020; pp. 227–238.

35. Ahmed, M.M.Z.; Ahmed, E.; Hamada, A.S.; Khodir, S.A.; El-Sayed Seleman, M.M.; Wynne, B.P. Microstructure and mechanical
properties evolution of friction stir spot welded high-Mn twinning-induced plasticity steel. Mater. Des. 2016, 91, 378–387.
[CrossRef]

36. Toumpis, A.; Kingdom, U. Lessons from Hilda: A Large-scale Experimental Investigation of Steel Friction Stir Welding for
Shipbuilding. In Proceedings of the 11th Friction Stir Welding Symposium, Cambridge, UK, 17–19 May 2016.

37. Imam, M.; Ueji, R.; Fujii, H. Effect of online rapid cooling on microstructure and mechanical properties of friction stir welded
medium carbon steel. J. Mater. Process. Technol. 2016, 230, 62–71. [CrossRef]

38. Sun, Y.F.; Fujii, H.; Sato, Y.; Morisada, Y. Friction stir spot welding of SPCC low carbon steel plates at extremely low welding
temperature. J. Mater. Sci. Technol. 2019, 35, 733–741. [CrossRef]

39. Ueji, R.; Fujii, H.; Cui, L.; Nishioka, A.; Kunishige, K.; Nogi, K. Friction stir welding of ultrafine grained plain low-carbon steel
formed by the martensite process. Mater. Sci. Eng. A 2006, 423, 324–330. [CrossRef]

40. Chung, Y.D.; Fujii, H.; Ueji, R.; Tsuji, N. Friction stir welding of high carbon steel with excellent toughness and ductility. Scr.
Mater. 2010, 63, 223–226. [CrossRef]

http://doi.org/10.21608/jpme.2017.38325
http://doi.org/10.3390/met11010068
http://doi.org/10.1007/s00170-018-2601-x
http://doi.org/10.1080/02533839.2011.553024
http://doi.org/10.1007/s40195-019-00946-8
http://doi.org/10.3390/ma14164597
http://doi.org/10.1016/j.matchar.2021.111561
http://doi.org/10.3390/met11020330
http://doi.org/10.3390/met11020285
http://doi.org/10.1179/1362171811Y.0000000023
http://doi.org/10.3390/ma14216640
http://www.ncbi.nlm.nih.gov/pubmed/34772166
http://doi.org/10.1016/j.jmapro.2019.12.043
http://doi.org/10.1007/s11661-019-05324-8
http://doi.org/10.2355/isijinternational.47.299
http://doi.org/10.2355/isijinternational.52.477
http://doi.org/10.4028/www.scientific.net/AMR.891-892.1488
http://doi.org/10.1007/978-3-319-48108-1
http://doi.org/10.1016/j.dt.2015.06.001
http://doi.org/10.1016/j.scriptamat.2006.12.004
http://doi.org/10.1016/j.matpr.2020.02.378
http://doi.org/10.1016/j.msea.2012.08.052
http://doi.org/10.1016/j.matdes.2015.12.001
http://doi.org/10.1016/j.jmatprotec.2015.11.015
http://doi.org/10.1016/j.jmst.2018.11.011
http://doi.org/10.1016/j.msea.2006.02.038
http://doi.org/10.1016/j.scriptamat.2010.03.060


Materials 2022, 15, 2905 16 of 16

41. Fujii, H.; Cui, L.; Tsuji, N.; Maeda, M.; Nakata, K.; Nogi, K. Friction stir welding of carbon steels. Mater. Sci. Eng. A 2006, 429,
50–57. [CrossRef]

42. Ahmed, M.M.Z.; Wynne, B.P.; Rainforth, W.M.; Threadgill, P.L. Quantifying crystallographic texture in the probe-dominated
region of thick-section friction-stir-welded aluminium. Scr. Mater. 2008, 59, 507–510. [CrossRef]

43. Ahmed, M.M.Z. The Development of Thick Section Welds and Ultra-Fine Grain Aluminium Using Friction Stir Welding and Processing;
The University of Sheffield: Sheffield, UK, 2009.

44. Ahmed, M.M.Z.; Wynne, B.P.; Rainforth, W.M.; Addison, A.; Martin, J.P.; Threadgill, P.L. Effect of Tool Geometry and Heat Input
on the Hardness, Grain Structure, and Crystallographic Texture of Thick-Section Friction Stir-Welded Aluminium. Metall. Mater.
Trans. A 2018, 50, 271–284. [CrossRef]

http://doi.org/10.1016/j.msea.2006.04.118
http://doi.org/10.1016/j.scriptamat.2008.04.047
http://doi.org/10.1007/s11661-018-4996-2

	Introduction 
	Materials and Methods 
	Material and FSW Parameters 
	Microstructure Characterization 
	Characterization of Mechanical Properties 

	Results and Discussion 
	Top View and Transverse Section Macrographs of the FSWed Joints 
	Optical and SEM Microstructures 
	Grain Structure and Texture Using EBSD 
	Mechanical Properties 

	Conclusions 
	References

