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Abstract

In this study, plain carbon steel (A216-WCB) was processed using a WC tool with a plunge
depth of 2 mm, an advancing speed of 80 mmmin−1, and a rotational speed of 2800 rpm.
Friction stir processing (FSP) was performed from one to three passes submerged under water
at 5◦C. Field emission scanning electron microscope (FESEM) equipped with energy dispersive
spectroscopy (EDS) and optical microscope (OM), Vickers microhardness (Hv), tensile and
wear tests were used to characterize the FSPed samples. The initial grain size of the base
metal (BM) was reduced from 25 µm to 3 and 5 µm in the stirred zone (SZ) and thermo-
mechanically affected zone (TMAZ), respectively. The microhardness increased by a factor of
4.5 and 2.5 in SZ and TMAZ compared to the BM. This may be due to phase transformation
(austenite to martensite) and grain size refinement according to the Hall-Petch equation. The
ultimate tensile strength was improved by 23.9 % compared to BM, which may be due to
increased grain boundaries that inhibit dislocation motion. The FSPed sample had 250 %
more resistance to weight loss compared to BM. The increase in wear resistance may be
attributed to the increase in microhardness and fine grain structures. Increasing the number
of passes had the opposite effect on hardness, tensile strength, and wear resistance because
the heat generated in subsequent passes leads to partial tempering of shear structures and
recrystallization.

K e y w o r d s: friction stir processing, phase transformation, cone valves, ball valves, cast
steel, pipelines

1. Introduction

Corrosion causes a lot of annual damage in various
industries, mainly in the oil, gas, and petrochemical
industries. One example of corrosion is abrasive cor-
rosion with fluid flow in valves due to collisions of
solid particles [1]. There are various methods to pre-
vent corrosion of the wedges, including the creation
of a layer (cladding) with the process of gas tung-
sten arc welding (GTAW) and gas metal arc weld-
ing (GMAW) or the creation of metal matrix compos-
ites with ceramic reinforcements [2]. Although these
methods have many advantages, they also come with
many deficiencies, including fabrication cost, spraying
of welding materials, and distortion due to welding
operations. To solve these problems, a new method
based on severe plastic deformation in the solid state
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was proposed [3]. Due to a lower heat input result-
ing from the friction stir welding/processing (FSW/P)
compared to fusion welding processes, metallurgical
changes in the HAZ are expected to be reduced, and
distortions and residual stresses in steels will be min-
imized. This issue is very important in welding thick
sections (shipbuilding and heavy industries). Further-
more, due to the solid-state nature of the FSW/P, the
problems related to hydrogen embrittlement in steels
are solved [4–6]. It was also shown that the hardness
of the SZ is much higher than that of the BM, which
is compatible with the tensile strength results [7].
Due to the development of tools, the FSW tech-

nique has been extended to many harder materials,
including copper alloys, titanium, nickel, and steel.
Rotary tools commonly used for FSW of high melting
point metals include WC-Co for welding Cu [8], Ti
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[9, 10], and steel [11], TiC base cermet for steel weld-
ing [12], Si3N4 ceramic for welding austenitic stainless
steel containing high nitrogen [13, 14], and polycrys-
talline cubic boron nitride (pcBN) for welding DP980
steel [15] and nickel-based alloys [16, 17]. Various ar-
ticles have been published about the FSP of steel [18–
22]. Mohan et al. studied the FSW of steels in a review
article [23]. Also, Merah et al. published a compre-
hensive literature review on the FSP/FSW of steels
[24]. They discussed the influence of FSP parameters,
such as advancing speed, rotational speed, tool mate-
rial, etc., on steel’s performance, such as microstruc-
ture, mechanical, and corrosion behavior. They con-
cluded that FSP increases tensile strength and hard-
ness. However, it reduces the ductility in most types of
steel. Furthermore, FSP improves corrosion resistance
in steels due to changes in surface compositions and
the formation of stable passive films. It also enhances
wear resistance and fatigue life in all types of steels
due mainly to the hardened FSPed surface.
Sun et al. used the pcBN tool to make a 40mm

thick sheet of low-carbon steel plates by double-sided
FSW [25]. The tool rotation speed and traveling speed
were constant at 150 rpm and 25mmmin−1, respec-
tively. The microstructure of SZ consisted of a coarse
acicular ferrite and bainite structure, while the TMAZ
showed two types of microstructures, one containing
a fine ferrite and bainite structure and another one
containing a structure of mixed ferrite and pearlite.
Hardness distribution and tensile tests showed that
the welded area has better mechanical properties than
the BM [25]. Wang et al. FSWed Q235 low carbon
steel with a WC-Co stir pin consisting of a hexagonal
cone-shaped needle and a cylindrical shoulder under
a rotating speed of 475 rpm and a welding speed of
47.5mmmin−1. The fine-grained structure, pearlite,
and acicular ferrite improved the hardness and tensile
strength of the joint. The ultimate tensile strength
of the joint was 479MPa, which was 1.3% higher
than the BM. However, the uniform elongation was
16%, which showed a decrease of 33 % [26]. Yasavol
et al. investigated the evolution of crystallographic
texture during FSP at a constant traverse speed of
385mmmin−1 and four different tool rotation rates of
400, 500, 600, and 800 rpm. They showed that accord-
ing to the grain size at different tool rotation rates, dy-
namic recovery (DRV) occurred simultaneously with
continuous dynamic recrystallization (CDRX). The
dominant mechanism is grain refinement. Also, the
formed textures have a more dominant effect on the
mechanical properties than the grain refinement [27].
FSP has been applied to increase the surface abra-

sion resistance of duplex UNS S32205 steel and ASTM
743 steel [28, 29]. The processed surfaces were tested
under severe pitting erosion conditions, and a signifi-
cant improvement in abrasion resistance was reported
for both processed materials. FSP has also been suc-

cessfully used in the processing of 1080 carbon steel,
SKD61 tool steel, interstitial free (IF) steel, super-
austenitic steel, AISI 420 martensitic steel, and AISI
D2 tool steel [30–34]. Aldajah et al. investigated the
role of FSP on the wear properties of 1080 steel. Inves-
tigations showed that the pearlite structure changed
to martensite, and as a result, the hardness of the sam-
ple increased significantly. This increase improved the
wear and friction behavior of steel. Then the wear be-
havior was investigated in two types of wear: dry wear
and wear with lubrication. It was seen that in the dry
state, FSP reduced the friction coefficient by 25% and
the wear rate by about 10 times, but in the lubricated
state, it had aminor effect on the friction coefficient
and reduced the wear rate by 4 times [30]. Chen et
al. FSPed SKD61 tool steel and investigated the mi-
crostructure, tensile properties, and wear properties.
As a result of FSP, fine grains with the martensitic
structure were formed, which increased the hardness.
The lower the heat input, the finer the grains. The
width and depth of the abrasion test in the FSP sam-
ple were reduced by 62 and 86%, respectively, com-
pared to the original steel. Also, all the tensile samples
broke from the BM. Therefore, they concluded that
the production of a fine-grained martensitic structure
is an effective method for creating a structure with
good tensile and wear-resistant properties [31]. Singh
et al. investigated the FSP on SA210 Grade A1 low-
carbon steel used in boilers. The rotation speeds of
tungsten carbide tools were 800 and 1400 rpm, and
the processes were performed with a forward speed of
40 mmmin−1 in two passes. Based on the increase in
tool rotation speed, the grain size decreased from 25
microns in the BM to 7.8 and 5.9 microns in the SZ,
respectively. Also, the microhardness of 180 Vickers
in the BM increased 1.72 and 2.38 times, respectively.
They stated that the reasons for the increase in hard-
ness and tensile strength are grain refining and phase
change from austenite at the process temperature to
martensite and ferrite. In another study, they were
able to achieve a structure with a grain size of about
1 micron and a hardness of 2.5 times by increasing the
tool rotation speed to 1900 rpm and three passes with
a forward speed of 20 mmmin−1 [35, 36].
Sekban et al., by performing an FSP on low-carbon

steel ABS-P2-96 Gr A, were able to reduce grain size
from 25 to 5 microns. The rotation speed of the tung-
sten carbide tool was 635 rpm, and the forward speed
was 45mmmin−1. Tensile strength increased by 20%,
and hardness increased from 140 Vickers in the BM to
200 Vickers in the SZ. Also, the average coefficient of
friction was reduced from 0.46 to 0.42, and the amount
of weight loss in the wear test was reduced by half [37].
The effect of FSP on the pitting erosion properties of
13Cr4Ni steel used in water turbines was studied [29].
Microstructure studies showed that due to FSP, the
microstructure was modified, and the grain size was
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Fig. 1. (a) FSPed sample, (b) FSP tool used, (c) metallographic specimens, and (d) wear test specimens.

reduced by 10 times. Also, the size of some grains
reached below 1 µm. The hardness increased by 2.6
times, and the pitting erosion resistance increased by
2.4 times. The main purpose of the present study is to
apply the FSP process on plain carbon steel to mod-
ify the microstructure and evaluate changes in wear
behavior. In this study, low carbon steel sheet A216-
WCB was subjected to FSP submerged under water.
A tungsten carbide (WC) tool was used. Structural
characterizations were performed by scanning electron
microscopy (SEM) and light microscopy (OM). The
results show that, due to this process, the grain size
was reduced, and the ferrite-pearlite phase changed to
martensite. The results of hardness, tensile, and wear
resistance tests show that the properties of the pro-
cessed area enhanced compared to the BM.

2. Materials and methods

In the present study, in order to investigate the
effects of FSP on the microstructure, tensile, micro-
hardness, and wear behavior of the BM, A216-WCB
cast steel (hereafter denoted as A216) in the shape
of 150 × 150 × 6mm3 was used (Fig. 1a). Chemical
composition of A216 is shown in Table 1.
The WC tool with a tool shoulder 20mm in diame-

ter and a conical pin with a large diameter of 7 mm, a
small diameter of 5 mm, and a pin length of 2 mm was
used. Figure 1b shows the worn pin after the process.
During the FSP of steels, the tool and tool pin have
to bear very adverse conditions and suffer consider-
able wear and deformation. A proper grade of WC is
required for steel base material [38]. The properties of
WC used in the present works were: hardness of 1300
Hv and density of 13.10 g cm−3, as shown in Fig. 1b.
The submerged friction stir processing (SFSP) was

Ta b l e 1. Chemical composition of A216 (wt.%)

Fe Cr Mo Ni Cu Si Mn C

Bal. 0.05 0.03 0.06 0.02 0.49 0.96 0.26

performed with a tool rotation speed of 2800 rpm, a
transverse speed of 80mmmin−1, a tool plunge depth
of 2 mm, and a 3◦ tilt angle submerged under wa-
ter at 5◦C. The FSP was performed on the surfaces
with 1 to 3 passes (so-called P1 and P3) at a simi-
lar process condition. To examine the microstructure,
the cross-sections of FSPed samples were cut by a wire
cut machine (Fig. 1c) and mechanically ground with
120 to 1500-grade SiC papers and were polished with
1.6 and 0.25 µm diamond paste. Subsequently, they
were etched in 2 % nital solution for about 5 s. Op-
tical microscopy and field emission scanning electron
microscopy (FESEM) model TESCAN MIRA3 were
used to study microstructural characterization.
The Vickers micro-hardness profiles in SZ, TMAZ,

and BM were carried out on the cross-section of the
samples, which was perpendicular to the traverse di-
rection of the FSP with a load of 300 g and a dwelling
time of 10 s. The micro-hardness was measured at
the distance of 100 µm below the processed surface at
about 500 µm between each measurement. The tensile
tests were conducted on a universal testing machine.
The BM and FSPed specimens of 6 × 25 × 3.8mm3
were made. Tensile tests were performed at strain rate
1 × 10−3 s−1. Wear test was performed with a pin-on-
disc device under the constant force of 80 kg, linear
disc velocity of 1280 mmin−1, and applied stress of
14,500 kPa, and weight loss of each sample was mea-
sured after distances of 600, 1200, 1800, 2400, and
3000m.
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Fig. 2a–f. OM images of microstructure of base steel and FSPed samples. P1 sample: (a) general view of the FSPed area;
(b) and (c) the structure of the SZ; (d), (e), and (f) the structure of the TMAZ region.
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Fig. 2g–l. OM images of microstructure of base steel and FSPed samples. P3 sample: (g) general view of the FSPed area;
(h) and (i) the structure of the SZ; (j), (k), and (l) the structure of the BM in different magnifications.
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3. Results and discussion

3.1. Microstructure

Figure 2 shows light microscope images of base
steel and FSPed samples microstructures. The FSP
microstructures are usually divided and studied in two
parts: the stir zone (SZ) and the thermo-mechanical
affected zone (TMAZ). Figure 2a illustrates the gen-
eral view of different areas of the P1 sample. Dif-
ferent parts of the SZ, TMAZ, and BM are named
on the image. Figures 2b,c represent the structure
of the SZ, identified in Fig. 2a at higher magnifica-
tions. The structure in this region consists of marten-
site. Figures 2d,e,f show the boundary structure of the
TMAZ area and base steel with non-coaxial ferrite
and pearlite structure. Figure 2g displays the general
view of the different regions of the P3 sample. Fig-
ures 2h,i indicate the structure of the SZ of the P3 in
higher magnifications, which includes martensite. Fig-
ures 2j,k,l demonstrate the BM structure in different
magnifications. The microstructure of base steel con-
sists of coaxial ferrite and pearlite, and with equiva-
lent carbon of 0.44%, the almost equilibrium structure
of base steel includes 55% pearlite and 45% ferrite.
The FSP leads to a significant modification in the mi-
crostructure, especially inside the SZ. After process-
ing, the average grain size decreased from 25 µm in
the BM to about 3 µm in the SZ. Coarse grains of
ferrite and pearlite were crushed and fined under the
influence of severe plastic deformation (SPD) and dy-
namic recrystallization (DRX) during the processing
[37, 36].
Figure 3 shows scanning electron microscopy im-

ages of the SZ, TMAZ, and BM in the P1 sam-
ple at different magnifications. Figure 3a provides an
overview of the area processed in the FSP; also, the
SZ and the TMAZ are marked by red and yellow
dashes, respectively. In Figs. 3b,c the general view of
the TMAZ area is shown at different magnifications,
as can be seen, part of the ferrite structure remains
(Fig. 3d), while other parts have become shear struc-
tures due to temperature changes and deformation ef-
fects around the SZ (Fig. 3e). The average grain size in
a TMAZ is 5 µm. Figure 3f illustrates the parts with
shear structure in the TMAZ with higher magnifica-
tion. Figures 3g,h,i display the shear microstructure
of the SZ at different magnifications. Figures 3j,k,l
demonstrate the structure of the BM at different mag-
nifications. The structure is completely coaxial ferrite-
pearlite, the amount of ferrite phase is approximately
55 %, pearlite is 45 %, and the average grain size is
25 µm.
The microstructure of TMAZ usually consists of

fine, equiaxed grains that are formed as a result of
DRX caused by SPD. Microscopic images in Figs. 3b–f
represent the formation of various structures of ferrite,

Widmanstätten ferrite (WF), and ferrite-cementite in
the TMAZ. During the process, with increasing tem-
perature in the TMAZ, the WF structure is formed
by directional ferrite plates with an aspect ratio higher
than 10 : 1 at relatively low cooling rates of the austen-
ite area. As a result of SPD in the TMAZ, DRX oc-
curs. Thus, the structure of WF is formed with a rel-
atively low displacement density. In the previous re-
search, the formation of shear bands of sub-grains per-
pendicular to the WF plates has been observed due
to SPD [38, 39]. Cementite layers in the primary mi-
crostructure pearlite are fragmented by the stirring
effect of the rotating pin. Random scattering of frag-
mented cementite in the ferrite field in different ratios
is seen in Figs. 3b–f. The formation of ferrite-cementite
masses begins just before or after the onset of WF
growth [39].
In Figs. 3g,h,i the structure of the SZ is shown

at different magnifications. No cavities, porosity, or
cracks are observed in the structure, and the struc-
ture is completely sheared. According to previous re-
search, martensitic conversion may occur during the
FSP of low-carbon or medium-carbon steels [40, 41].
On the other hand, depending on the peak tempera-
ture during the process and the cooling rate, differ-
ent percentages of martensitic conversion may occur
in different stirring regions with severe deformation.
During the process, the SZ becomes austenitic because
the peak temperature of this region is higher than A3.
The austenite phase is converted to layered martensite
due to rapid cooling [39]. The predominant structure
of layered martensite in this area is clearly seen in the
figure. The occurrence of such layered martensite dur-
ing the FSP of low-carbon and medium-carbon steels
has also been observed and reported in some previous
studies [34, 40, 41].
Figure 4 shows SEM micrographs from different

areas in the P3 sample at different magnifications.
The structure of different sections (SZ, TMAZ) in
the 3-pass process is not significantly different from
a single pass, and the distribution and percentage of
phases are almost the same. In this sample, as a result
of severe deformation and an increase in dislocation
density, recovery and recrystallization of the structure
occur, also, due to heat input, the probability of par-
tial tempering of the martensitic structure increases,
which will be discussed in the next sections.

3.2. Microhardness

Figure 5 illustrates a comparison of the microhard-
ness profiles of the SZ, TMAZ, and BM for P1 and P3
samples. While the hardness of the BM is 165 Vick-
ers, by performing the FSP process, the hardness in SZ
and TMAZ reaches 785 and 471 Vickers, respectively.
The fineness of the grain, phase change to marten-
site, and increase in the density of dislocations are the



M. Moradi et al. / Kovove Mater. 61 2023 161–173 167

Fig. 3. SEM micrograph of P1 sample. (a) General view of the processed area; (b), (c), (d), (e), and (f) general view of
the TMAZ; (g), (h), and (i) the structure of the SZ; (j), (k), and (l) the structure of the BM in different magnifications.



168 M. Moradi et al. / Kovove Mater. 61 2023 161–173

Fig. 4. SEM micrograph of P3 sample. (a) General view of the processed area; (b), (c), (d), (e), and (f) general view of
the TMAZ; (g), (h), and (i) the structure of the SZ; (j), (k), and (l) the structure of the BM at different magnifications.
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Fig. 5. Comparison of microhardness profiles of SZ, TMAZ,
and BM for P1 and P3 samples.

cause of this increase of up to 4.5 times. As the dis-
tance from the center increases, the hardness dimin-
ishes in proportion to the reduction of deformation,
and in TMAZ, it is 2.5 times that of the BM.
By adding the number of passes, the possibility

of partial tempering of the martensite structure rises,
and with recrystallization and grain growth, the hard-
ness decreases [42]. As a result, in the P3 sample, the
hardness of the SZ and the TMAZ reaches 767 and
469HV, respectively. In this sample, in all areas, the
hardness is between 30 and 40 Vickers less than that in
the P1 sample. According to the Hall-Petch equation,
with decreasing grain size, yield strength and hardness
of the material increase. Microstructure modification
may lead to a significant increase in microstructure
values so that hardness is inversely related to grain size
square root. Other researchers have studied the appli-
cation of FSP on the surface of steels and concluded
that the higher surface hardness by FSP is due to two
mechanisms, mainly phase transformation and grain
size reduction [43, 44]. The higher hardness in the SZ
of all processed specimens may be due to the impact
of the WC tool. In the present study, the reduction of
grain size, phase transformation, and carbon solubility
during the phase change from austenite to martensite
in the SZ has led to an increase in hardness which is
similar to previous studies [43, 44].

3.3. Tensile test

The Stress vs Strain graphs of the base and FSPed
steel are shown in Fig. 6. It is obvious that the yield
strength (YS) and ultimate tensile strength (UTS) got
enhanced after FSPed for P1 and P3 samples, and duc-
tility was reduced by significant extent for all FSPed
samples. The possible rationale for the improvement of
mechanical properties of FSPed samples may be rec-
ognized as the microstructural grain size modification.
It has been found that the FSPed samples have moder-
ately higher yield strength (YS) and ultimate strength
(UTS) but tremendously lower elongation than the

Fig. 6. Stress-strain curve for BM and FSPed samples.

parent metal. The YS and UTS showed experimental
values for the BM as 283 and 462 MPa, respectively,
and ductility was 20.5 %. After FSP, higher YS of 310
and 302MPa were obtained for P1 and P3 samples,
respectively. Moreover, the UTS of 575 and 534MPa
were achieved in the P1 and P3 samples, respectively.
As compared to BM, the ultimate tensile strength was
improved by 23.9 and 15.2%, and the elongation de-
creased by 25.5 and 20.2% for P1 and P3 samples,
respectively.
The P1 sample showed the lowest elongation and

the highest strength because it had more martensite
and shear structures. On the other hand, increasing
the number of passes leads to a decrease in YS and
UTS compared to a single pass sample and a slight
increase in ductility, which corresponds to the partial
tempering of the martensite structure due to the heat
input of the second and third passes. In literature,
similar behavior has been observed in the change of
strength and ductility of FSP samples [39, 45]. The
martensite phase is rapidly formed due to quench-
ing in the stirred region, and this tendency increases
with the increase of carbon percentage. The increase
in hardness and strength of FSPed samples can also
be attributed to the modification of the grain struc-
ture. In fact, when the grain size decreases, the grain
boundary region increases. Grain boundaries prevent
the movement of dislocations in the processed regions.
Therefore, the increase in strength is due to the growth
of the grain boundary region. A decrease in grain
size leads to a decrease in ductility. In fact, stiffness-
strength and elongation usually have opposite behav-
ior. Decreasing the grain size from 25 to 3 µm reduces
the effective slip space and increases the number of dis-
locations along the grain boundaries, i.e., when slip is
delayed, the strain rate increases. A higher concentra-
tion of dislocations in SZ can lead to a change in strain
hardening in the processed samples compared to the
parent metal. In addition, the homogeneity of plastic
deformation in fine-grained structures may also be the
main reason for the slight reduction in ductility of the
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Fig. 7. Weight loss changes in terms of slip distance of BM,
P1, and P3 samples.

processed samples. The smaller the grains, the lower
the ability of the grain to deform, and thus the dislo-
cation density increases. Therefore, the saturation of
dislocation density in the grains of the SZ can also
lead to the reduction of ductility.

3.4. Wear test

Figure 7 provides the total weight loss of the sam-
ples in terms of distance traveled in the wear test. Ac-
cording to this diagram, it can be seen that the weight
loss values of the BM, P1, and P3 FSPed samples, af-
ter 3000m wear distance, were measured as 67.6, 27.5,
and 29.6 mg, respectively. The weight loss of the BM
is about 250% higher than that of the FSPed samples.
The reason for the high weight loss of the BM sample is
due to its ferrite-pearlite structure. In FSPed samples,
the higher the hardness and shear structure, the lower
the amount of weight loss in the wear test. The pres-
ence of the martensite phase, along with the reduction
of grain size, makes an acceptable improvement in the
wear rate of the FSPed sample compared to the BM
sample. As previously stated, hardness and strength
increased significantly after FSP, especially within the
SZ. This increase in hardness increases the resistance
to plastic deformation during wear and thus increases
the wear resistance of the material [46, 47].
At an applied load of 80 kg-force and due to the

generated heat caused by friction, adhesive bonds are
formed. It is impossible to prevent the formation of
adhesive bonds when the surfaces are close to each
other, and on the other hand, the connection causes
the unevenness of the harder material to sink into the
softer material [40]. In such a situation, due to the
sliding movement on the surface, the material is rocked
back and forth, and this, in turn, forms scratches on
the surface, which creates a mechanism of the scratch
type (Fig. 8).

Fig. 8. SEM micrograph of the wear surface after 3000 m
wear: (a) BM and (b) P1 sample.

4. Conclusions

In this research, FSP was performed on A216
cast steel sheet with a tungsten carbide tool, a ro-
tational speed of 2800 rpm, and an advancing speed
of 80 mmmin−1, in two modes of one pass and three
passes submerged under water at 5◦C. By examining
the microstructure, micro-hardness, and abrasion be-
havior of the SZ, TMAZ, and BM, the following results
were obtained:
1. The average grain size in the 1-pass sample re-

duced from 25 microns in BM to 3 and 5 µm in SZ
and TMAZ, respectively. Grain refining in accordance
with the Hall-Petch equation and the phase transfor-
mation from austenite to martensite phase increased
the hardness by 4.5 and 2.5 compared to the BM.
2. By performing the FSP process, the hardness in

SZ and TMAZ increased from 165 Vickers in BM to
792 and 767 Vickers, respectively. In the 3-pass FSPed
sample, the hardness was between 30 and 40 Vickers
less than in the 1-pass sample.
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3. The YS value after FSP increased (from
283MPa in BM) to 310 and 302MPa for P1 and P3
samples, respectively. Also, UTS increased to 575 and
534MPa in P1 and P3 samples compared to 462MPa
for BM. On the other hand, the percentage of length
increase decreased from 20.5 to 15.2 and 16.1%, re-
spectively.
4. The weight loss values of BM, P1, and P3 sam-

ples after traveling a distance of 3000m were measured
as 67.6, 27.5, and 29.6 mg, respectively. The increase
in wear resistance of FSPed samples was about 250%
more than that of the BM.
5. By increasing the number of passes, the hard-

ness, wear resistance, and strength decreased to some
extent with the increase in the probability of recovery
of shear structures and recrystallization.
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