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Abstract. This work investigates the microstructural features and mechanical properties of joints of low-
carbon steel friction stir spot welded by changing tool rotational speed and dwell time. Microstructural eval-
uation, peeling, tension-shear and micro-hardness tests were employed to characterize the properties of the
welded joints. The results show that an increase in the tool rotational speed promotes the formation of more weld
flash, and it equally changes the flash morphology from ring flash to a combination of ring and serrated flashes.
A fine immediate tool contact region is formed in the stir zone (SZ) and the width of the ITCR increases with the
tool rotational speed and tensile-shear failure load. Besides the ITCR, the SZ uniquely consists of the shoulder
undersurface region (SZ I) and vortex region (SZ II) with average grain sizes of about 10.9 and 16.66 pm,
respectively. An increase in tool rotational speed improves the micro-hardness, and the average diameter of the
weld nugget (from 4.5 to 5.5 mm). Base metal-nugget interface failure (650 rpm) and base metal necking-

induced failure (1250 rpm) are the two forms of weld failure obtained in the welded samples.
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1. Introduction

Friction stir welding (FSW) process was innovated at the
Welding Institute (TWI) in 1991 [1, 2]. This invention
makes the application and the feasibility of joining diffi-
cult-to-weld metals such as aluminium and magnesium
alloys possible [3-6]. The development of high-wear-re-
sistance tools makes the application of FSW process to be
extended to materials with higher strength and melting
point such as steel [7-10]. A few researchers have inves-
tigated the FSW of low-carbon, high-carbon, medium-car-
bon and duplex steels. FSW/friction stir spot welding
(FSSW) of steels is a good prospect for modern manufac-
turing because porosity, hydrogen embrittlement, weld
inclusions, solidification-induced residual stress and weak
heat-affected zone (HAZ) are associated with fusion-based
welding of steels. These defects can be inhibited via the
joining of steels by FSW/FSSW process.

*For correspondence
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According to Sun and Fujii [11], higher resistance to
hydrogen embrittlement was observed in the stirred
region of the SK 4 high-carbon steel. The FSW process
caused no phase transformation in the weld of SK 4
high-carbon steel and the stirred region (of the weld)
consisted of a homogeneously refined ferrite matrix with
evenly dispersed cementite particles [11]. Fujii e al [12]
revealed that the FSW process carried out on the ferrite—
austenite two-phase region of carbon steels produced
refined microstructure and the highest weld strength.
Manvatkar et al [13] reported that the need for heat
treatment of welded high-carbon steel can be potentially
eliminated via the use of FSW process. Ductility degra-
dation and harmful effect of martensite formation in
fusion-welded carbon steel can be curtailed in FSW
process. Emami et al [14] revealed that the constituent
phases of ferrite and austenite in the stir zone (SZ) of
SAF 2205 duplex stainless steel had some grain refine-
ment and simple shear texture components. The auste-
nitic phase of the steel had common recrystallization
texture components of cube, Goss, S, P and Q. It was
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further affirmed that continuous dynamic recrystallization
(CDRX) occurred in the aforementioned phases while
static recrystallization (SRX) ensued in the austenite
phase. Das et al [15] studied the FSSW of complex phase
(CP) and ultrahigh-strength dual phase (DP) steels. It
was reported that bainite and martensite were present in
the SZ of the CP steel, while the SZ of the DP steel did
not contain bainite. This disparity in the phase transfor-
mation was attributed to the effect of the alloying
composition.

Some researchers investigated the thermal impact of the
FSW process and cooling effect on the weld nugget of steel.
Mironov et al [16] revealed that the thermal effect of the
FSW process caused material softening in the HAZ and
promoted martensite transformation in the SZ of the
transformation-induced plasticity (TRIP) steel. The occur-
rence of these microstructural changes was adjudged to
have caused rapid strain localization and premature failure
under tensile loading condition. On the other hand, a
combined effect of dissolution and spheroidization of the
retained austenite, and recovery in bainitic ferrite, was
affirmed to have caused the material softening in the HAZ
of the steel. Imam et al [17] revealed that the distribution of
peak temperature along the weld thickness of a medium-
carbon low-alloy S45C steel enforced microstructural
variations at the top and bottom weld regions. Lath
martensite and fine ferrite—pearlite structures were obtained
at the former (top weld region) and the latter (bottom weld
region), respectively. The amount of martensite is reported
to decrease with an increase in the welding speed. Also,
Imam et al [18] investigated FSW of medium-carbon steel
under rapid cooling with liquid CO, at a temperature below
the Al transformation temperature. The rapid cooling
process improved the weld’s mechanical properties,
reduced the size of cementite particles and produced
equiaxed ultrafine ferrite grains (less than 1 um) due to the
faster heat elimination process when compared with the
welds subjected to natural cooling. Choi et al [19] exam-
ined the FSW of a high-carbon SK5 steel with and without
a gas torch aimed at controlling cooling rate during the
welding process. It was revealed that the use of a gas torch
in welding the steel lowered the cooling rate and decreased
the volume fraction of martensite structure and the weld
hardness value.

Based on the existing literature [20-27], works on other
steel joint features such as flash, bonded and nugget width
and resistance of weld nugget to crack initiation and failure
are major research windows that have not been exploited.
This present study attempts to examine some of the
aforementioned areas by conducting FSSW on a low-car-
bon steel sheet with a thickness of 1.2 mm, which is the
most current steel in Iran’s auto industry for making car
body. Microstructural analysis was conducted while peel-
ing; tensile-shear and micro-hardness testings were per-
formed on the welded samples for the mechanical
properties.
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2. Experimental method

Hot-rolled sheets of a low-carbon steel were used as the
base metal (BM) for this research. The chemical compo-
sition of the steel sheet obtained by spectrometry is given in
table 1. The sheets were cut to the length of 105 mm and
the width of 45 mm in order to obtain an overlapped area of
45 mm by 45 mm according to ANSI/AWS/SAE/D 8.9-97
standards as indicated in figure la. Tungsten carbide was
employed as the tool material and a schematic of the
welding tool is illustrated in figure 1b. Prior to the welding
action, the surface of the cut sheets was cleaned by first
applying a metallic brush and later acetone. The prepared
samples were rigidly clamped to the backing plate in order
to accommodate perpendicular travel of the tool into the
sheet as shown in figure 2.

The welding process was performed at tool rotational
speeds of 1250 and 625 rpm, and dwell times of 1 and
4's. The tool plunge rate/speed was kept constant at
2.5 mm/s while the applied force on the tool was made
variable. Cross-sections of welds required for metallo-
graphic analyses were mounted in resin, ground, polished
and etched in a Naytal solution (mixed with nitric acid
and ethanol) for 5 s. Microstructural analysis and imaging
of weld samples were carried out using an optical
microscope (Olympus BX60) equipped with Image Ana-
lyzer Aquino Al4 software with a magnification of
100-2000x. The ASTM grain size was determined at
different weld zones via the use of the installed software
on the microscope.

Peeling test was carried out on the fabricated welded
joints as shown in figure 3a. The weld nuggets are gener-
ally asymmetrical in nature with slightly variable/non-
constant diameters due to the peeling effect (plasticization
of the nugget area). Thus, the nugget diameters (weld
buttons) of the joints were measured in distinct directions
through the use of a caliper, and the average of the mea-
sured diameters was taken as the actual nugget diameter of
the welded joint.

Vickers microhardness test was carried out under a
load of 200 g and holding time of 15 s across the cross-
section of the weldment. The tension-shear test was
evaluated according to ANSI/AWS/SAE/D8.9-97 stan-
dards (use for evaluation of resistance-spot-welded joints)
on an Instron 50982 tensile machine with a capacity of
10 tonnes and at a constant pulling speed of 2 mm/min.
Each tensile test of a sample was repeated three times
and the resultant average was employed as the actual

Table 1. Chemical composition of the low-carbon steel.

Elements C Al Si Mn S P

wt% 0.08 0.02 0.03 0.5 0.02 0.02
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Figure 1. (a) Dimensions of tensile-shear test specimen. (b) Schematic tool.

Figure 2. Welding set-up.
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Figure 3. (a) Peeling test sample [28]. (b) Tensile-shear test sample.

tensile strength of the sample. The dimension and con- as that of the BM) were held with the tensile specimen to
figuration of the tensile-shear test samples are shown in  prevent the rotation of joint position under axial loading
figure 3b. Two sheet spacers (having the same thickness of the welded joint.
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3. Results and discussion

3.1 Macrostructure

The formed flash around the weld nuggets is displayed in
figure 4. Increasing the tool rotational speed from 625 to
1250 rpm produced more weld flash around the circum-
ference of the impinged tool area. Even flash ring and
serrated flash are formed in the welds produced at
1250 rpm, whereas ring flash is formed at 625 rpm (see
figure 4). This implies that more heat input is introduced
into the weld nugget at elevated temperature or at a high
tool rotational speed, and this will consequently reduce the
viscosity, and increase bulk material flow (plasticized
material) and expulsion of more plasticized material out of
the stirred zone (owing to the volume/amount of the
induced plasticized material). This is in close agreement
with the works of Oladime;ji et al [29], and Ojo and Taban
[30] as the tool rotational speed is affirmed to significantly
control the expelled flash volume of friction stir spot welds.
An increase in tool rotational speed is synonymous to an
increase in the generated frictional heat input during the
FSSW process [31, 32]. The frictionally heated up material
(at higher tool rotational speed) has been reported to
facilitate better material flowability owing to the reduced
viscosity of the plasticized BM [29]. The plasticized
material at the SZ undergoes upward extrusion or squeeze-
out (around the rotating tool) at high tool rotational speed
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or temperature. In addition, induced frictional and defor-
mational heat input forms a dark thermal ring around the
nugget spot area (see figure 4). The dark thermal ring is the
peripheral region enveloping the weld nugget/SZ, and it has
a unique colouration different from that of the BM as
revealed in the surface appearance depicted in figure 4. The
region enclosed within the even flash ring is the SZ or weld
nugget. The region between the even flash ring and the
thermal ring can be adjudged as the thermally affected
region within the weldment due to the different colouration
between the region and that of the BM.

Figure 5 reveals a unique region (plasticized and refined
region) in the stirred zone of the spot weld adjacent to the
periphery of the retracted welding tool space. This region is
referred to as the immediate tool contact region (ITCR) in
this paper. The boundary of the fine ITCR to the other part
of the stirred region (of the joint) is annotated with dotted
black lines. The volume/size or width of the ITCR directly
increases with the level of tool rotational speed. This
occurrence may be due to the dominant frictionally (con-
tact) induced thermal effect and deformational effect of the
welding tool on the BM as compared with the other part of
the SZ with possible dominant deformational flow effect.
The asymmetric complex flow of the plasticized material
around the hard tool surface (shoulder and pin surfaces)
may forcefully constrain the material flow space and
enforce further several material deformations and recrys-
tallization of the plasticized BM around the tool surface

Figure 4.

Macrostructure of the weld surface at a dwell time of 1 s and at tool rotational speed of (a) 625 rpm and (b) 1250 rpm.
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Figure 5. Changes in the stir zone volume with tool rotation
speed at a constant dwell time of 1s: (a) 625 rpm and
(b) 1250 rpm.

region to form fine ITCR. The introduction of more heat
input (temperature rise) at a high rotational speed
(1250 rpm) occurs at the shoulder undersurface and this
may be likely responsible for the larger ITCR width (in the
tool shoulder region) in figure 5b. Also, the tool shoulder
has been identified to perform shearing and compressive
effects on the BM while the pin performs only shearing
effect on the BM [29]. The outward/upward spinning
material motion at the pin periphery is compressed by the
tool shoulder, and the centrifugal effect [29] or radial
stretching of the material [33] (at the tool shoulder) facil-
itates the material flow to the shoulder edge. Thus, inter-
zone material transport is inevitable in the ITCR or the
tool-material contact region [29] and the influence of high
tool rotational speed on ITCR could be responsible for the
larger ITCR in figure 5b as compared with figure Sa.

3.2 Microstructure

Figure 6 shows the cross-sections of the different metal-
lurgical zones of the welded joint produced at 1250 rpm
and dwell time of 1 s. The BM shows elongated coaxial
grains with an average diameter of about 45.65 pum (see
figure 6a). The elongation of the grains is along the rolling
direction of the steel sheet.

The HAZ is located between the thermo-mechanically
affected zone (TMAZ) and the BM. This is the region
between the dark thermal ring and the tool-impinged zone
illustrated in figure 4. The HAZ consists of relatively fine
and coaxial grains with an average size of about 11.2 pm
(in the adjacent region closer to the TMAZ). These grains
are coarser when compared with the grains of the SZ’s
upper zone (the area closer to pin) and finer than that of the
TMAZ. The HAZ receives lower heat input by conduction
heat transfer due to its larger distance from the shoulder
face and the rotating pin, and SRX is noted to have
occurred in this zone.

The TMAZ is shown in figure 6d is located between the
SZ and the HAZ. The TMAZ consists of equiaxed grains
with an average size of about 13.54 um. Hybrid recrystal-
lization can be said to have occurred in this region due to
the simultaneous influences of the thermal and mechanical
effects.
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Two distinct SZs are observed in the weld cross-section
as indicated in figure 6e and f. They are the regions beneath
the shoulder surface and adjacent to the pin periphery (SZ
I), and the vortex region of the tool pin (SZ II). The finest
equiaxed and recrystallized grains with an average size of
10.9 pm were observed in the region closer to the shoulder
face and the periphery of the pin length (SZ I). An average
grain size of about 16.66 um is attained in the region
around the pin vortex or the part beneath the pin head (SZ
II). The grain refinement in these two distinct regions is
attributed to hybrid recrystallization (plastic deformation
and frictional effect).

The upper surface of the SZ had the highest temperature
during the FSSW process due to the intense frictional
energy between the interfacial surface of the BM and the
tool shoulder [29, 34, 35]. The exposed face of the alloy to
the shoulder surface is adjudged to experience rapid cooling
as the tool is retracted from the welded spot due to con-
vection and conduction heat transfer mode. This conse-
quently ensures that there is not enough time for the
recrystallized grains to coarsen/grow at the SZ I and con-
sequently, fine equiaxed microstructures are attained (at the
SZ 1). More grain boundaries are thus associated with the
SZ 1 of the weld and this could lower the corrosion resis-
tance of the welded joint. On the other hand, steel has a
lower thermal conduction coefficient (55 w/mK) when
compared with aluminium (255 w/mK). This implies that
the cooling rate in steel cannot be as large as that of Al
alloy. The recrystallized grains of the SZ II (area under-
neath the pinhead/vortex flow) is adjudged to have more
time to grow due to low cooling rate after the pin retraction
from the sheets and a thermal gradient would ensue at the
stirred zone (SZ II). Owing to this occurrence, a slight grain
growth is attained at the SZ II as compared with that of SZ
I. A coarse microstructure may decrease the mechanical
properties (fatigue) of weldments [36].

3.2a Grain size comparison of different samples at distinct
weld zones: Figure 7 shows the relative appraisal of the
average grain sizes of the different weld regions at different
tool rotational speeds. The compressive and rotational
effect of the tool enforces grain recrystallization or refine-
ment in the steel BM when compared with that of unstirred
BM (see figure 7). Increase in tool rotational speed from
625 to 1250 rpm directly increases the average grain sizes
of the weld zones. This occurrence is due to the impact of
heat input/tool rotational speed on the grain size. More
thermal or heat input is adjudged to be induced in the weld
samples at 1250 rpm. This will consequently cause grain
coarsening and reduced dislocation density in the weld
zones. The TMAZ is the region with the highest/maximum
grain size in the weld nugget of the BM. This may be due to
the impact of mechanical/deformational effect on the
weld’s microstructure. Figure 7 reveals that the ITCR is the
region with the least grain size and away from this part of
the SZ, grains grow gradually into the SZ and the TMAZ.
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Figure 6. Different weld zones across the weld nugget.

This confirms that the ITCR region directly exposed to tool
surface experiences further grain refinement and higher
dislocation density.

3.3 Microhardness test

Figure 8 reveals the micro-hardness distribution values
across the weld zones. The BM has the least hardness value
of about 126 HV, essentially due to its large elongated
grain sizes. Thermal or frictional effect on the steel pro-
gressively increases the hardness values from the BM
(126 HV) to the ITCR/SZ. The region directly close to the
weld keyhole is the ITCR region and this reveals the

maximum hardness value. Alternatively, a gradual decline
in hardness values occurs from the ITCR/SZ region down
to the BM in the weld sample obtained at 1250 rpm
whereas that of 650 rpm shows relatively close values
between the TMAZ and the HAZ.

Increase in tool rotational speed from 625 to 1250 rpm
caused a grain growth as revealed in figure 7, and this is
expected to have a declining effect on the hardness values
(obey Hall-Petch relationship). However, hardness
improvement is attained with an increase in tool rotational
speed (see figure 8). Table 2 compares the hardness values
in different weld zones and it shows that 244.107 and
175.39 HV are obtained in the SZs at 1250 and 650 rpm,
respectively. This occurrence is likely due to the formation
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Figure 8. Micro-hardness values across weld cross-sections.

of martensitic structure in the stirred region of the weld at
high tool rotational speed (1250 rpm). This brittle structure
has high resistance against indentation and this homoge-
neous dispersion of this hard phase within the structure of
the BM could have resulted in the higher hardness values in
the weld samples at 1250 rpm.

3.4 Peeling and tensile-shear tests

Figure 9 shows the fracture and weld button of a weld
nugget after its subjection to peeling test. The assessment of
the weld buttons reveals that an increase in the tool rotation
speed from 625 to 1250 rpm directly improves the average
diameter of the weld nugget (weld button) from 4.5 to
5.5 mm. This occurrence may be attributed to the larger SZ
or ITCR at a high tool rotational speed. The induced heat
input and stirring effect of the tool at higher tool rotational
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Table 2. Maximum hardness values in different weld zones.

The greatest amount of The greatest amount of

Weld hardness in sample A hardness in sample B
zones (650 rpm) (1250 rpm)
Sz 175.39 244.107
TMAZ 163.27 221.91
HAZ 172.32 206.8
Base 125.72 125.72

metal

Figure 9. Peeling tested sample.

speed could enforce larger material plasticization and
subsequently SZ enlargement would ensue. Besides, the
minimum admissible diameter of a weld nugget should be
equal to 4\/ t, where t is the thickness of the sheet to be
joined. The customary thickness of the used sheet in Iran
auto industry that was utilized in this study is 1.2 mm.
Therefore, the minimum average of weld nugget diameter
should be 4.38 mm. The weld nugget sizes produced are
larger than 4.38 mm, and the obtained welded joints are
reckoned to be acceptable.

Figure 10 shows the force—displacement curves and the
fracture modes of the steel weld samples. Tensile shear
loads of about 8874 and 8372 N were obtained in the weld
samples produced at tool rotational speeds of 1250 and
650 rpm, respectively. The presence of larger ITCR/SZ in
the weld obtained at 1250 rpm when compared with that of
650 rpm could be responsible for the observed higher ten-
sile shear load. This occurrence enhances larger bonded
width and an enlarged average diameter of the weld nugget
(weld button) as observed from the peeling test. Besides,
the increase in heat input (tool rotational speed) could have
ensured sufficient plasticization, inter-material flow/diffu-
sion and stronger bonding in the weld sample (1250 rpm).

Two different forms of ductile fracture or failure occur in
the respective welds (see figure 10). They are BM—nugget
interface failure (650 rpm) and BM-necking-induced failure
(1250 rpm). Displacement at the onset of failure is about
15.50 and 12.23 mm in the weld samples produced at 1250
and 650 rpm, respectively. This confirms that the bonded
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Figure 10. Force—displacement curve of the weld samples.

joint/weld width (1250 rpm) undergoes plasticization but
without crack initiation, while that of the other weld
(650 rpm) plasticizes, initiates a crack and fails along the
interfacial bonded line. The occurrence of BM-necking-in-
duced failure implies that the weld nugget or bonded joint
area resists failure under axial loading condition. Necking of
the BM emerges and this acts as the crack nucleation zone in
the weldment. The progressive loading condition causes
crack growth along the plasticized BM (necked region) and
results in the final weld failure in the weld sample produced
at 1250 rpm. On the other hand, BM—nugget interface failure
is adjudged to have occurred in the weld (650 rpm) due to the
inability of the bonded zone to resist axial loading. The crack
could have been initiated along the interfacial line and grown
around the circumferential weld button and into the BM for
the final weld failure.

4. Conclusion

The joining of the low-carbon steel was successfully
achieved via the use of the friction stir spot welding pro-
cess. The findings from this research are summarized as
follows:

1. Increase in tool rotational speed enforces the formation
of more weld flash around the tool-impinged zone. This
is attributed to the increased heat input and plasticization
of the base metal (BM).

2. A combination of ring and serrated flashes is formed at a
high tool rotational speed while even ring flash is
produced at reduced tool rotational speed.

3. A unique and fine immediate tool contact region (ITCR)
is created in the stir zone (SZ) of the low-carbon steel.
The volume or width of the ITCR directly increases with
the level of tool rotational speed.

4. Grain sizes of the SZ vary between the shoulder
undersurface region (SZ I) and the vortex region of the
tool pin (SZ II). SZ I and SZ II have average grain sizes
of about 10.9 and 16.66 um, respectively. This occur-
rence is attributed to the principal heat input and
recrystallization in the shoulder undersurface region.

5. Increase in tool rotational speed improves the micro-
hardness values of the low-carbon steel.

6. Increase in the tool rotation speed from 625 to 1250 rpm
directly improves the average diameter of the weld
nugget from 4.5 to 5.5 mm.

7. Tensile shear load increases from 8372 to 8874 N as the
tool rotational speed is increased from 650 to 1250 rpm.

8. BM—nugget interface failure and BM-necking-induced
failure are the two forms of weld failure obtained in the
welded samples. BM-necking-induced failure produces
better tensile shear failure load.
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Nomenclature

BM base metal

CDRX continuous dynamic recrystallization
CP complex phase

DP dual phase

FSSW  friction stir spot welding

FSW friction stir welding

HAZ heat-affected zone
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ITCR  immediate tool contact region of the stir zone
SRX static recrystallization

SZ stir zone

SZ 1 shoulder undersurface region of the stir zone
SZ 11 vortex region of the stir zone

TMAZ thermo-mechanically affected zone

TRIP transformation-induced plasticity
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