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A low carbon steel (Grade A) was subjected to friction stir processing (FSP), and the effect of
FSP on the microstructure and mechanical properties was investigated systematically. It was
found that two distinct zones called stir zone (SZ) and heat-effected zone (HAZ) were formed
during FSP. The SZ and HAZ consist mainly of ferrite, widmanstatten ferrite, ferrite+cemen-
tite aggregates, and martensite. FSP considerably refined the microstructure of the steel by
means of dynamic recrystallization mechanism and formed a volumetric defect-free basin-like
processed region. The ferritic grain size of the steel decreased from 25 lm in the coarse-grained
state to about 3 lm in the fine-grained state, and the grains formed were separated mostly by
high angle of misorientation with low density of dislocations. This microstructural evolution
brought about a considerable increase in both hardness and strength values without a
considerable decrease in ductility. Ultrafine-grained microstructure formed around and just
beneath the pin increased the hardness of the steel from 140 Hv0.3 to about 245 Hv0.3.
However, no hardness uniformity was formed throughout the processed zone due to the changes
in deformation- and temperature-induced microstructure. Both yield and tensile strength values
of processed zone increased from 256 and 435 MPa to about 334 and 525 MPa, respectively.
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I. INTRODUCTION

PLAIN or low carbon steels have gained a great
interest in many industries like ship building, automo-
tive construction, and oil and gas operational systems
because of low cost and high performance such as good
toughness, high corrosion resistance, and good welding
properties.[1] However, their mechanical properties such
as strength, hardness, and fatigue resistance are rela-
tively low due to their low carbon content in annealed
conditions. The main advantage of such steel is that
their microstructural and mechanical properties can
easily be improved by heat treatment, plastic deforma-
tion, and grain refinement techniques without alloying

or changing their chemical compositions. Among them,
microstructural modification by grain refinement is
becoming one of the main essential strengthening
mechanisms due to the recently developed novel pro-
cessing techniques that are capable of enhancing
strength and fatigue resistance of metallic materials
with adequate toughness behavior.[2]

Many viable grain refinement techniques have been
proposed so far. The techniques based on severe plastic
deformation (SPD) seem to be the most suitable ones
because of their high capability of grain refinement.[3,4]

Among SPD methods, equal-channel angular extru-
sion/pressing (ECAE/P), high pressure torsion (HPT),
accumulative roll bonding (ARB), and friction stir
processing (FSP) are well known ones.[5] The FSP is
the best one among others considering the processing of
large-scale plate or sheet type of materials.[6]

Regarding FSP, many regular and review papers have
been published till now, and more detailed information
can be obtained in literature.[7–10] Shortly, FSP is a novel
microstructural modification technique developed based
on the principles of friction stir welding (FSW)
method.[11] In FSP, a non-consumable rotating tool
with a shoulder and pin is inserted into a metal plate or
sheet and traverses through a direction of interest. The
heat generated by friction between rotating tool and
metal surface locally softens the volume to be processed.
The stir zone (SZ) is constituted generally by
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dynamically recrystallized (DRX) fine grains due to
localized SPD.[7] As a result of grain refinement by FSP,
the properties of metallic materials such as strength,
fatigue, and wear resistance can be improved consider-
ably by applying suitable processing parameters.[12]

By looking at the application of FSP to the steels, it
can be said that many types of steels/plates have been
processed so far. Among them, ultra-low carbon steels
(or IF steel),[13,14] low carbon steels,[2] medium carbon
steels,[15] high carbon steels,[16–19] high strength low alloy
(HSLA) steels,[20,21] tool steels,[12,22–24] dual-phase (DP)
steels,[25] structural steels,[26,27] Co-Cr-Fe alloys,[28]

hydro-turbine steels,[29,30] ODS ferritic steels,[31] and
stainless steels[32–36] have been investigated. However,
few studies have been conducted on FSP of low carbon
steels. Xue et al.[2] reported that ultrafine dual-phase
structure such as ferrite–martensite was successfully
achieved in plain low carbon steel via FSP. They also
showed that ultimate tensile strength of the parent
materials increased dramatically from 520 MPa to about
1350 MPa. Sekban et al.[13] investigated the formability
of FSPed IF steel as well as its microstructure and
mechanical properties. They found that the formability
and mechanical properties of FSPed IF steel improved
considerably during FSP due to the substantial grain
refinement. Another study on the formation of nano-
grained IF steel after FSP was carried out by Chabok
et al.[14] They reported that FSP resulted in the
formation of a 30 to 35 lm thick surface layer with
the grain size of 50 to 125 nm in that steel.

In view of the above, FSP has a growing interest
among the scientists and technological implementers,
and thus the gaps in literature should be filled by
detailed studies especially on the processing–microstruc-
ture–mechanical property relationships. Considering the
technological applications, low carbon or plain carbon
steel plates or sheets have been used extensively in many
technological applications. Although many studies have
been performed on other types of steels, very limited
works have been carried out on low carbon steel plates
and sheets. Thus, it is necessary to identify the
microstructural evolution during FSP of such steel
plates in order to understand the relationship between
processing–microstructure–mechanical properties bet-
ter. Therefore, the main purpose of this study is to
systematically investigate the microstructural character-
ization with quantitative/qualitative measurements of a
low carbon steel after FSP, and to evaluate the effect of
microstructural alteration on the main mechanical
properties. Additionally, the effect of temperature on
the microstructure in the FSPed zone was also employed
to provide in-depth insight into microstructural
evolution.

II. EXPERIMENTAL PROCEDURES

A low carbon steel (Grade A steel according to
ASTM 131A) in the form of hot-rolled plates with a
chemical composition of 0.16 wt pct C, 0.18 wt pct Si,
0.7 wt pct Mn, 0.11 wt pct S, 0.18 wt pct P, 0.09 wt pct
Cr, 0.14 wt pct Mo, 0.04 wt pct Cu, 0.04 wt pct V, and

balance Fe was utilized as the starting material. Samples
for FSP with dimensions of 200 mm 9 40 mm 9 6 mm
were machined from those plates. FSP was performed at
a tool rotation of 630 rpm and a traverse speed of 45
mm min�1 using a processing tool which has a convex
shoulder with the diameter of 18 mm and a cylindrical
pin with the diameter and length of 8 and 3 mm,
respectively. The shoulder tilt angle was set at 30, and
tool plunger downforce was 11 kN during the process.
The microstructural characterization of steel plates

before and after FSP was characterized by optical
microscope (OM), scanning electron microscope (SEM),
and transmission electron microscope (TEM). Samples
for OM and SEM investigations were sectioned perpen-
dicular to the process direction (Figure 1(a)) and then
etched with 3 pct Nital for 15 s after standard
metallographic preparation. SEM was used in the
secondary electron imaging mode at the voltage of 15
keV. For TEM investigations, the specimens were
mechanically ground and polished down to 0.15 mm
thick foils. Large electron-transparent areas were
obtained by subsequent ion milling with a ±4.5 deg
inclination angle of the beam on both sides of the
specimen with 5.5 keV and 30 lA ion current. Subse-
quently, the milling-affected surface layer was removed
with a 1 keV and 5 lA ion beam. TEM investigations
were carried out using a Philips CM-200 microscope
operated at a nominal voltage of 200 kV.
Mechanical properties before and after FSP were

determined using hardness and tensile tests. Hardness
measurements were performed using a Vickers
micro-hardness tester operated under a load of 300 g
and a dwell time of 10 seconds. Hardness was scanned
along the cross section of the processed sample
(Figure 1). At least five measurements were taken for
each point to see the repeatability of the results.
Hardness measurements were also done step by step
throughout the processed zone as shown in Figure 1,
and a contour map representation was presented to
show the uniformity in the distribution of hardness
values throughout the FSPed zone. Dog-bone-shaped
specimens with the gage sections of 2 mm 9 3 mm 9 13
mm were taken from the processed region for the tensile
tests (Figure 1). The tensile axis of the specimen was
oriented parallel to the processed direction of the FSPed
plate. The tests were performed using an Instron-3382
electro-mechanical testing frame with a video-type
extensometer at a quasi-static strain rate of 5.4 9 10�4

s�1. At least, three tests were conducted, and the mean
results of them were taken as the mean strength and
ductility values.

III. RESULTS AND DISCUSSION

A. Microstructure

Optical micrographs showing the global microstruc-
ture of steel plates before FSP are shown in Figures 2(a)
and (b). As seen clearly, they exhibit a typical structure
for a plain low carbon steel with ferritic (white in color)
and pearlitic (dark in color) phases. An elongated or
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banded pearlitic phase coming from the hot rolling
process is also seen through the microstructure
(Figure 2(a)). The pearlitic phase is located mainly
along the boundaries of ferritic grains. However, the
ferritic phase consists mainly of equiaxed coarse grains
with an average size of 25 lm due to recrystallization
during initial hot rolling process (Figure 2(b)). In the
as-received microstructure, the ratio of pearlitic phase
was measured to be about 20 pct.

Optical and SEM micrographs showing the effect of
single-pass FSP on the microstructure of steel plates are
shown in Figure 3. In general, FSP leads to a significant
refinement in the microstructure into the processed zone
with predominant equilibrium grain boundaries. In the
processed region, the coarse-grained (CG) structure of
as-received steel transforms into the fine-grained (FG)

structure after FSP. It can be stated that FSP brings
about a microstructure similar to that obtained with the
conventional welding of such steels (Figure 3(a)). Thus,
the microstructure formed by FSP was classified accord-
ing to a scheme developed by the International Institute
for Welding (IIW).[37] So the processed region consists
of two distinct zones: stir zone (SZ) and heat-affected
zone (HAZ) (Figure 3(a)). The SZ exhibits a character-
istic nature of dynamic recrystallization during process-
ing.[7,11] This zone undergoes both intense plastic
deformation and frictional heating during FSP and
results in different microstructural features. Peak tem-
perature in that zone was experimentally measured to be
around 1103 K (930 �C) during processing, at which the
Grade A steel was in the austenitic (!) phase region.
The microstructure of the SZ is characterized by

equiaxed fine ferrite, grain boundary ferrite (PF (G)),
aligned and non-aligned widmanstatten ferrite
(WF-FS(A), FS(NA)), and aggregates of ferrite+ce-
mentite (FC) (Figures 3(b) through (g)). A thin layer of
equiaxed FG microstructure named as ‘‘shoulder-af-
fected SZ’’ with the thickness of about 200 lm is formed
just under the shoulder (Figure 3(b)). The average size
of ferrite grains in that zone is about 5 lm. Optical and
SEMmicrographs representing the microstructure in the
middle of the SZ are shown in Figures 3(c) and (d),
where the microstructures consist mainly of grain
boundary ferrite, Widmanstatten ferrite, and aggregates
of ferrite+cementite. In low carbon steels, the first
phase usually forming prior austenite on the grain
boundaries during cooling below the A3 is known as
allotriomorphic ferrite which is termed by PF(G) in
(Figure 3(d).[38] As a classical feature, the formation of
Widmanstatten ferrite may occur at relatively low
cooling rate. These ferrite plates grow rapidly with a
high aspect ratio (~10:1). Widmanstatten ferrite growing
at grain boundary sites prior austenite is usually seen as
colonies of aligned coarse plates which are termed as
FS(A) in the IIW scheme[39] (Figure 3(c)).
A FG microstructure similar to the microstructure in

Figure 3(b) is also formed just beneath the SZ
(Figure 3(e)). Because that region just beneath the pin
end undergoes an intense plastic deformation, the
microstructure in that region exhibits fine ferrite grains

Fig. 1—Schematic illustrations of FSPed plate, and geometries and
positions of the test specimens in that processed plate.

Fig. 2—Micrographs showing the microstructure of coarse-grained (CG) as-received steel plates: (a) Low magnification optical micrograph and
(b) high magnification SEM micrograph.
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with the sizes in the range of 0.5 to 10 lm along with fine
perlite grains. Ferrite laths start growing preferably
along austenite grain boundaries, and they seem to be

islands of micro-phase in the ferrite matrix within the
prior austenite grains depending on the observation
plane; the micro-phases may appear non-aligned as in

Fig. 3—Optical and SEM micrographs showing the global and detailed microstructures of FSPed Grade A steel sample: (a) A general view of
cross section of the sample perpendicular to the advancing direction, (b)-(b1) the shoulder-effected SZ, (c)-(c1)-(d)-(d1) the SZ from top of the
surface through the subsurface, (e)-(e1) edge of the pin-effected SZ, (f, f1) transition region on retreating side, and (g)-(g1) transition region on
advancing side.
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the case of Figure 3(f). At high transformation temper-
atures, pearlite is generally observed as nodules of
alternate ferrite and cementite lamellae that may be
quite coarse and degenerate. The lamella of microstruc-
ture in the SZ appears as a ferrite—cementite aggregate
(Figure 3(f1)). In that region, the cementite lamella
degenerates inside the pearlite phase due to high
transformation temperature, and the ferrite phase trans-
forms into a nodular structure. In the SZ, this structure
appears as the cluster of ferrite–cementite (FC) as shown
in Figure 3(f). The microstructure of SZ is not only the
result of a purely displacive transformation but is also
formed by deformation direction as in the case of the
zone in Figure 3(g). The microstructure in that zone
consists mainly of the elongated ribbon-shaped grains.

Material flow plays a dominant role in forming the
microstructure of the processed zone during FSP.
Material flow generally occurs through the retreating
side (RS) of the SZ, and the plasticized material
transports behind the tool from the advancing side to
the retreating side. As known, the centers of rotating
pins and stir zone are not in the same alignment, and the
SZ is formed in an asymmetric geometry as seen in
Figure 3(a)). As a result of that misalignment, the
material flow is very complex around the tool.[40] Thus,
a detailed microstructural investigation was also

undertaken around the pin, and some representative
micrographs showing the detailed microstructure as well
as flowing regions are shown in Figure 4.
In the vortex-like shaped processed zone, no tunneling

cavity and slot formations appear behind the pin in the
SZ. However, the pin behaves like a severe forging
around itself. The results reveal that the main parts of
the material flow occur near the top surface and at the
retreating side. Material near the top surface was
stretched to the advancing side resulting in a non-sym-
metrical shape of the stir zone[40] (Figure 4(b)). The
bottom and top of advancing sides of the tool pin was
subjected to an extreme plastic deformation. As a result,
UFG microstructure is formed around the pin due to
the effects of dynamic recrystallization and rapid cool-
ing. Tutunchilar et al.[41] simulated the material flow
during FSP by DEFORM 3D software. Their experi-
mental and numerical results showed that the formation
of material flow pattern occurred near the top surface of
the sample at the advancing side as in the case of the
current study (Figure 4(b)). On the other hand, a unique
region called ‘‘onion ring structure’’ was also observed
within the SZ as shown in Figure 4(c). That region has
relatively oriented microstructure with fine grains hav-
ing flow patterns like onion rings. Such microstructural
formation was attributed to the characteristic movement

Fig. 4—Optical and SEM micrographs showing the detailed microstructures around the pin in the stir zone: (a) A general view of the SZ, (b)
UFG structure in the upper side of the pin through the advancing side, (c) onion ring structure formed along the pin edge, and (d) structure
showing the flow lines beneath the pin tip.
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of the material[42,43] and to the precipitations in the
onion ring structure and / or to a sudden change in the
grain size of that region.[44,45]

Detailed images showing the characteristics of mate-
rial flow lines just under the pin are shown in
Figure 4(d). The material flow lines inside that region
are mainly similar to those inside the regions just under
the shoulder and inside the region of onion rings.[40] The
darker lines or regions are due to the influence of etching
of UFG microstructure formed around the pin. Such
microstructural formations might be formed by rela-
tively high cooling rate and adequate dynamic recrys-
tallization during FSP. It is known that increasing
deformation rate near the surface or around the pins
gives rise to a special microstructure having generally
UFG structure.[46] A numerical study was done by Cho
et al.[47] on that phenomenon, and they reported an
intense deformation around the pin where UFG
microstructure was formed.

TEM micrographs taken from the region in
Figure 3(b) are shown in Figure 5 to show the sub-
micron-sized micro-constitutions in the SZ. Fine
microstructure including relatively coarse martensite
phase is evident in that zone (Figure 5(a)). The coarse
martensite units formed in the shape of laths are
composed of high density of dislocations (Figure 5(a)).
This formation suggests that the initial microstructure
(ferrite+pearlite) transforms into martensitic phase
with high dislocation density due to intense plastic
deformation and rapid cooling during FSP.[2]

Figure 5(b) shows TEM micrograph of the Widmanstat-
ten ferrite with low dislocation density in the SZ.
Widmanstatten ferrite that grows at prior austenite
grain boundaries is usually formed as colonies of coarse
side plates with aligned microstructure (Figure 5(b)).
Individual plates are separated by low angle grain
boundaries as clearly distinguished in TEM image given
in Figure 5(b).[39] Shear bands comprising highly misori-
ented fine sub-grains are also observed, and they align
approximately perpendicular to Widmanstatten
plates.[48] The TEM micrograph in Figure 5(c) repre-
sents the ferrite–cementite (FC) aggregates. They consist
of a ferritic matrix interspersed with irregular-shaped
particles and elongated fibers. The dimension of fibers is
in the range between 250 and 1500 nm. The dimensions
of irregular-shaped particles are in the range of 50 to 500
nm. Formation of the FC aggregate starts just before or
after the starting of growth of the Widmanstatten
ferrite. However, it completes just before or after the
starting of the bainitic transformation.[49] Di Martino
et al.[49] reported a transformation sequence of phases as
follows: Primary Ferrite, Pearlite, Widmanstatten Fer-
rite, Ferrite Cementite Aggregate, Bainite, and
Martensite.[49]

A typical sub-grain structure is also formed during
FSP in the SZ as shown in Figure 5(d). The sub-grains
have the shape of walls made of parallel dislocations and
networks of dislocations with hexagonal shape. It is
clearly seen that the dislocation density is relatively low
inside the sub-grains, and most of them are accumulated
and tangled with others around the sub-grain
boundaries.

A transition region (zone) which is not exposed to
deformation (a micro-scale deformation may well be
formed) is formed during FSP. This zone is similar to
the HAZ formed in fusion-based welding processes.[50]

So further investigation is needed for clarifying the
microstructural changes through that zone. Therefore, a
systematic study was made at various points of the HAZ
with the aid of the section of the Fe-Fe3C phase diagram
as shown in Figure 6. The HAZ can be separated into
three sub-regions depending on the peak temperature
(Figure 6(a)). They can be named as ‘‘fine-grained
HAZ,’’ ‘‘inter-critical HAZ,’’ and ‘‘sub-critical HAZ’’
as in the case of fusion welding of steels.[50,51] However,
no ‘‘coarse-grained HAZ’’ is observed in the present
study on the contrary to that of fusion welding of steels.
The highest temperature is about 1103 K (930 �C) in the
SZ which is lower than the temperature that may cause
grain coarsening. The peak temperature defines the size
of each region. The vertical line in the phase diagram
indicates the composition of the current grade A steel.
These intercepts were then projected horizontally until
they intersect the temperature gradient curve
(Figure 6(a)). This second intercept is then extended
vertically and downward to the processed zone to reveal
the relative width of each HAZ region.
The microstructure of unaffected zone is the same

with the base material (Figure 6(b)). The ‘‘sub-critical
HAZ’’ is between the inter-critical HAZ and unaffected
base steel, and it is subjected to the peak temperatures
below the A1. At temperatures just below the A1,
carbide plates into the pearlitic region begin spheroidiz-
ing. A representative microstructure of sub-critical HAZ
consisting of spheroidized carbide and ferrite grains is
shown in Figure 6(c). It can be said that a tempering
heat treatment takes place in that region. However, the
pearlite does not completely spheroidize, because the
thermal cycle is too short for spheroidization to take
place. However, microstructural observations imply that
the material in the region of spheroidized carbides
experiences sufficient time below the A1 temperature to
allow partial homogenization and spheroidization of the
cementite.[46] The inter-critical heat-affected zone
(ICHAZ) is adjacent to the ‘‘fine-grained HAZ’’ which
is subjected to the peak temperatures between Ac3 and
A1, where the ferrites and carbides of base steel start
transforming into austenite. A bimodal microstructure
having both fine and relatively coarse-grained ferrites is
formed in that region (Figure 6(d)). It can be said that a
normalization heat treatment of the base steel occurs in
that region. The thermal cycle causes transformation of
the pearlite to austenite on heating (with the reverse
reaction on cooling) and results in refinement of the
pearlite colonies and some of the ferrite grains.[52] The
microstructural results also indicate that the partial
grain refinement in the ICHAZ increases with the
effective peak temperatures from A1 to A3. Represen-
tative micrographs showing this formation in the
ICHAZ are shown in Figure 6(d).[51] The ‘‘fine-grained
(FG) HAZ’’ is adjacent to the ‘‘coarse-grained (CG)
HAZ.’’ The steel in that zone is subjected to the peak
temperatures below the recrystallization temperature
but above the Ac3 (the equilibrium cooling temperature
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at which some of the austenite transforms to ferrite). A
representative micrograph of the FGHAZ consisting of
small ferritic grains and pearlite is shown in Figure 6(e).
Since the peak temperature is below the recrystallization
temperature, abnormal or rapid grain growth of austen-
ite phase does not occur in that zone. Moreover,
inclusions at the grain boundaries help in preventing
the grain boundary sliding, and hence grain growth is
very limited although relatively high peak temperatures
are reached.[53–56] Microstructural results indicate that
the peak temperatures encountered in the refined region
fell just above the effective A3 temperature. The
decomposition of austenite to ferrite and pearlite on
cooling stage promotes more refinement in the
microstructure in that region.

B. Hardness and Tensile Test Results

The hardness profile taken from the vertical cross
section of FSPed samples is shown in Figure 7(a). As
shown, the hardness of steel increased from 140 Hv0.3
to about 200 Hv0.3 in the SZ after FSP due to the
substantial grain refinement and increase in dislocation
density.[57] However, the surface layer just beneath the
shoulder has relatively low hardness of about 195 Hv0.3.

This may be due to the effect of early recrystallization
and grain coarsening coming from relatively high
pressing effect of the shoulder.[58] Ultrafine-grained
microstructure formed around and under the pin
increased the hardness of base steel substantially to
about 245 Hv0.3 due to the pin’s forging effect and
intense deformation as a result of the rotation of the pin.
After the peak value around the pin end, the hardness
starts decreasing through the rest of the sample.
However, hardness values measured in the HAZ of the
FSPed steel are still higher than those of the base
material (Figure 7(b)), because a temperature-induced
structural alteration without intense deformation takes
place in that zone. The hardness value, however,
continues to decrease and reaches a stable level near
the other surface of the plate with the hardness values
higher than that of the base material. Considering the
sheet thickness of 6 mm and total processed zone depth
of 3.5 mm, this result is normal. The heat generated by
FSP affects the microstructure down to the other surface
of the plate.
To show the homogeneity of hardness distribution

throughout the processed zone, systematic micro-hard-
ness measurements were carried out, and the results
were plotted as a contour map in Figure 7(c). This map

Fig. 5—TEM bright field micrographs taken from stir zone showing: (a) martensite laths, (b) Widmanstatten ferrite, (c) ferrite–cementite aggre-
gates (FC), and (d) ferritic microstructure consisting of sub-grains formed by polygonization of dislocations.
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Fig. 6—Microstructural evolution in various points of the HAZ of FSPed steel: (a) A section of the Fe-Fe3C phase diagram and the sub-sec-
tions of HAZs. Optical micrographs and SEM micrographs (inside the optical micrographs) showing the microstructures of (b) unaffected base
steel, (c) SCHAZ, (d) ICHAZ, and (e) FGHAZ.
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corresponds well with the micrographs showing the
global microstructural alteration in Figures 7(a) and (b).
Microstructural inhomogeneity especially in the SZ
brought about a considerable variation in the hardness
values throughout that zone. As clearly seen, the regions
having more refined microstructure also have higher

hardness values compared to the regions having coarser
grains in that map. As pointed out in Figure 8, the
bottom and top of advancing sides of the tool pin
subjected to severe plastic deformation resulted in a
UFG microstructure. This substantial grain refinement
also brought about a considerable increase in hardness
compared to other processed zones having fine-grained
structure. This variation in hardness values is in good
agreement with the results of line scan hardness mea-
surements given in Figures 7(a) and (b).
The strength and ductility values of steel before and

after FSP are summarized in Table I. FSP leads to a
remarkable increase in strength values without consid-
erably sacrificing the ductility as compared to the initial
CG material. Both yield and tensile strength values
increased from 256 and 435 MPa to about 334 and 525
MPa, respectively. Such improvement in the strength of
FSPed steel is primarily because of the considerably
refined microstructure leading to fine grain strengthen-
ing.[32] In the processed microstructure, the refined
grains are separated mostly by high angle of boundaries.
However, as given in Figure 5(b), the sub-grains sepa-
rated by low angle boundaries are also formed especially
inside the ferritic grains. Hence, LAGBs may also
contribute to the increase in strength after FSP.[26] On
the other hand, it is well known that dislocation density
increases during FSP, and this formation makes a
further effect on the strengthening of the FSPed
microstructure.[58] The formation of dislocations is
clearly seen in TEM micrographs (Figure 5). More
importantly, the strengthening during FSP is achieved
without a considerable decline of ductility, which is a
crucial parameter considering the engineering applica-
tions of the steels. In CG state, the uniform and failure

Fig. 7—(a) Optical micrograph showing the cross section of the pro-
cessed zone where the hardness measurements were taken and (b)
hardness profiles showing the hardness variations along the distance
from the surface of FSPed sample.

Fig. 8—(a) Optical microstructure of cross section of the FSPed sample perpendicular to the advancing direction and (b) a contour map showing
the distribution of hardness values throughout the FSPed zone.
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elongation values are 18.4 and 44.2 pct, respectively.
After FSP, the failure elongation value decreases to
about 32.4 pct. Also a uniform elongation of about 13.9
pct is still retained after FSP. A moderate decrease in
ductility is related to the decrease in strain hardening
capacity of the FG steel after FSP. Lower strain
hardenability of the FSPed steel may be related to its
refined grain size and increased dislocation density.
Interactions of the dislocation with each other or other
microstructural obstacles like HAGBs are the main
hardening mechanism. Dislocation free path decreases
with deceasing HAGB spacing. Thus, dislocation accu-
mulation to initiate a micro-crack requires lower plastic
deformation due to higher number of grains contribut-
ing to this process. Hence macroscopic necking starts
relatively easily at smaller plastic strains which leads to a
lower uniform elongation.

IV. CONCLUSIONS

A low carbon steel (Grade A) used mainly for ship
construction was processed by single-pass FSP at room
temperature, and the alterations in its microstructure as
well as hardness and tensile properties were investigated.
The main results and conclusions of this study can be
summarized as follows:

1. FSP decreases the ferritic grain size of Grade A steel
from 25 lm in the coarse-grained state to about 3
lm in the fine-grained state, and the fine grains are
separated mostly by high angle of boundaries with
low density of dislocations. The processed zone also
has inhomogeneity regarding the microstructure.
Some regions with ultrafine-grained (UFG)
microstructure are formed especially around the
pin due to the dynamic recrystallization and rapid
cooling effects.

2. Two main distinct regions called stir zone (SZ) and
heat-effected zone (HAZ) are formed by single-pass
FSP of the steel plate. The SZ and HAZ consist
mainly of ferrite, widmanstatten ferrite, ferrite+ce-
mentite aggregates, and martensite.

3. HAZ formed during FSP is separated into three
sub-regions named as ‘‘fine-grained HAZ,’’ ‘‘in-
ter-critical HAZ,’’ and ‘‘sub-critical HAZ’’ depend-
ing on the peak temperature as in the case of fusion
welding of steels. No ‘‘coarse-grained HAZ’’ is
observed in the current study on the contrary to
fusion welding of steels.

4. The hardness of the steel plate increased from 140
Hv0.3 to about 200 Hv0.3 in the SZ, and ultra-
fine-grained microstructure formed around the pin
during FSP increased the hardness to about 245
Hv0.3.

5. FSP leads to a remarkable increase in strength
values without considerably sacrificing the ductility
as compared to the initial CG material. Both yield
and tensile strength values increased from 256 and
435 MPa to about 334 and 525 MPa, respectively.
The uniform and failure elongation values of 18.4
and 44.2 pct for CG steel decreased to about 13.9
and 32.4 pct, respectively.
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