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Abstract

This paper investigates the effect of extrusion speed on the microstructure, mechanical, electrical, and wear properties of
Cu-8 wt%Ti,SnC composite wires fabricated through friction stir back extrusion. The results showed that a layered structure
was formed in the surface areas of the composite wire as the extrusion speed decreased from 85 to 25 mm/min. The friction
stir back extrusion on primary composite results in grain size reduction from 8.34 +0.89 to 4.23 +£0.95 um. Also, increasing
the extrusion speed from 25 to 85 mm/min decreased the decomposition of Ti,SnC and the formation of the Cug,Sn,, phase.
The smaller grain size and higher concentration of Ti,SnC reinforcement surrounding the composite wire resulted in higher
hardness at this zone than in the central areas of wires. In addition, the addition of 8 wt% Ti,SnC reinforcement and perform-
ing FSBE at a rotational speed of 1000 rpm and a traverse speed of 85 mm/min increased the yield strength and UTS by 161
and 33%, respectively, compared to the un-reinforced copper matrix. It was observed that increasing the extrusion speed from
25 to 85 mm/min improved the MAX phase/Cu matrix interface quality and the distribution of MAX phases, thus causing
the wear rate to decrease from 0.0067 to 0.0048 mg/m and electrical conductivity to increase from 64.32 to 76.89%IACS.

Keywords Cu-Ti,SnC composite - Friction stir back extrusion - Microstructure - Electrical conductivity - Wear resistance

1 Introduction TiB,, SiC, and Al,O,, and intermetallic compounds, such as
Al;Ti and Ni;Al, have been used as copper reinforcements.

Copper has good ductility, excellent thermal-electrical con- The use of these materials weakens the electrical con-

ductivity, relatively low price, and attractive corrosion prop-
erties, as well as good weldability, and castability [1]. How-
ever, its weak mechanical properties limit its applications
[2, 3]. Similar to what has been reported about metal matrix
composites [4, 5], one of the ways to improve the mechani-
cal properties and wear resistance of copper is to reinforce it
with dispersed particles to produce copper matrix compos-
ites (CMCs) [6]. These reinforcements can result in thermo-
dynamic and chemical stability, low diffusion and solubility
in the copper matrix, and high interface energy between the
particle and matrix [7]. Different ceramic particles, such as
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ductivity and toughness due to poor interfacial bonding
[8]. Some reinforcements do not provide the required
wear properties. Another group of materials that are
used as reinforcing particles in metal matrix composites
is MAX phases or ternary carbides. Ternary carbides or
MAX phases with extraordinary physical and mechanical
properties combine the advantages of metals and ceram-
ics. These materials are hexagonal structures with the
general formula M, |AX,, where n is from 1 to 3, M is
a transition metal, A is an element from groups 13 to 16
of the periodic table, and X is carbon or nitrogen. Unlike
binary carbides, which are very hard and brittle, MAX
phases are semi-plastic materials with high strength. They
are also resistant to creep, fatigue, and corrosion and have
an extremely low coefficient of friction. The mechanical
properties of MAX phases include a bending strength of
300-500 MPa and a fracture toughness of 5-7 MPa.m'’2.
These good properties have extended their application [9].
The mentioned characteristics make MAX phase particles
suitable reinforcing agents in the construction of CMCs.

@ Springer


http://orcid.org/0000-0002-5431-0413
http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-023-04114-z&domain=pdf

240 Page2of17

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:240

The unique characteristics of MAX phases give CMCs
high electrical and mechanical properties, turning them
into promising candidates for advanced electrical applica-
tions, such as spot-welding electrodes, high-performance
electrical switches, neutron rotating target supports,
brushes, design of radiators and cylinder heads, electric
discharge machining electrodes, liners and disk brakes,
dry sliding materials, anticorrosive coatings, and heat
sinks and spreaders.

Ti;SiC,, TizAlC, and Ti,SnC particles have been used in
the fabrication of CMCs [10]. Ti,SnC has the highest electri-
cal conductivity among MAX phases (14x 10° Q™' m~") [11].
It has been demonstrated that adding one volume percent of
Ti,SnC as reinforcement to Cu-Ti,SnC composites fabricated
by the powder metallurgy method gives them an electrical con-
ductivity of about 85.6% of pure copper [10]. The fabrication
of Cu-Ti,SnC composite has been reported in a limited number
of studies. Wu et al. [10, 12—-14] studied the microstructure and
mechanical properties of a hot-pressed Cu-Ti,SnC compos-
ite. The results showed that the addition of the MAX phase
significantly reduced the grain size and wear rate compared to
the sample without reinforcement, and the addition of 5 vol%
of the MAX phase increased the yield strength to 188 MPa.
Zhang et al. [15] reported that by increasing the amount of
Ti,SnC reinforcement, especially up to 5 wt%, the hardness
of the composite increased considerably. This is while they
also reported that by adding more reinforcement, not only the
strength and hardness but also the wear rate did not show a
significant increase. The hot-pressing method has been used
in all studies on Ti,SnC-reinforced CMC production. In this
method, due to the decomposition of the Ti,SnC phase at high
temperatures and times, the entire porosity cannot be elimi-
nated to achieve high density. However, porosity causes the
formation of stress concentration positions and weakens the
mechanical and physical properties of the CMC.

In this research, the aim was to achieve a composite with
high density and uniform structure with minimal possibility
of decomposition of the reinforcing phase during processing
by friction stir back extrusion (FSBE) and applying severe
plastic deformation (SPD) during the process. Although
the production of metallic or metal matrix composite wire
using the FSBE method has been studied previously [16,
17], the effect of the extrusion speed of the FSBE process
on the properties of CMC wire has not been investigated.
Accordingly, here, the effects of the extrusion speed of the
FSBE process on the microstructure, mechanical properties,
electrical conductivity, and wear resistance of CMC wires
reinforced with 8 wt% of Ti,SnC were studied.
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2 Experimental procedures

Figure 1 demonstrates the steps for the fabrication of the
Cu-Ti,SnC composite using the FSBE method. At first, cop-
per powder with a purity of 99.9% and an average particle
size of 5 pm and Ti,SnC powder with a purity of 99.9%
and an average particle size of 15 pm were mixed to make
CMC with 8 wt% of the MAX phase. In order to homogenize
this mixture, a mechanical stirrer with steel balls was used
at a ball-to-material ratio of 5:1. The powder mixture was
pressed into a cylindrical mold with a diameter and height
of 20 and 40 mm under a pressure of 150 bar. As shown in
Fig. 1, before the extrusion process, the preformed com-
posite samples were sintered at 850 °C for 30 min under
argon gas atmosphere protection. The extrusion parameters
were selected based on preliminary investigations on rota-
tional speed in the range of 400—1200 rpm and the extrusion
speed of 45 mm/min. Since the best mechanical properties,
electrical conductivity, and wear resistance were obtained at
the rotational speed of 1000 rpm, this rotational speed was
used to continue the research. In this research, the effect of
traverse speed in the range of 25-85 mm/min at a constant
rotational speed of 1000 rpm was studied. Table 1 specifies
the different labels used for the samples.

After extrusion, different samples were prepared to check
the microstructure, mechanical properties, wear resistance,
and electrical conductivity. Figure 2 displays the prepared
samples along with the dimensions to check the various
properties. In order to investigate the microstructure of the
composite wire cross section, it was prepared using SiC
sandpaper and alumina suspension. Then, using a reagent
composed of 85 ml distilled water, 15 ml HCI, and 5 g FeCl,4
the cross section of the samples was etched to reveal the
microstructure. The microstructure was examined using the
NGF-120A optical microscope and a Philips-XL30FSEM
scanning electron microscope (SEM) equipped with an EDS
detector. In addition, a Rigaku Ultima IV X-ray diffraction
machine was used for phase analysis. The hardness of the
samples was measured using a KOOPA Universal (UV1)
microhardness tester with a force of 100 gr and a duration
time of 15 s. The tensile test was performed according to the
ASTM ES8 standard using a crosshead speed of 1 mm/min.
The electrical conductivity test was performed on different
samples according to the ASTM F1711 standard. The wear
test was performed according to the ASTM G99 standard
using pin on disk method. The counterface was made of
steel with a hardness of 60 HRC. The wear test was carried
out under a load of 20 N at a distance of 2000 m. After the
tensile and wear test, the fracture and wear surfaces of the
samples were examined by SEM.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:240

Page3of17 240

Ti,SnC powder
Extrusion
25
45 Extrusion speed I
65 > (mm/min)
85 Rotation
AN
1000 rpm

Ball milling Cu+8wt.% Ti,SnC

300 rpm, 10 min

Pressing under pressure 150 bar

/

Sintering at Ar atmosphere

850°C, 30 min

Fig. 1 Schematic view of Cu—Ti,SnC composite wire fabrication by FSBE process

Table 1 The FSBE processed sample labeling

Sample label Rotational Traverse speed  Reinforcement
speed (rpm) (mm/min)

Sample C-25 1000 25 Ti,SnC

Sample C-45 1000 45 Ti,SnC

Sample C-65 1000 65 Ti,SnC

Sample C-85 1000 85 Ti,SnC

Sample W-85 1000 85 -

3 Results and discussion

Figure 3 shows the optical microscopy microstructure of
different samples. Figure 3a demonstrates the microstruc-
ture of the primary composite after sintering and before

the extrusion process. The microstructure contains a high
percentage of porosity, which can be attributed to insuf-
ficient sintering time and temperature. Unfortunately, it is
not possible to increase the time and temperature of the
sintering process due to the possibility of the MAX phase
decomposition [18]. Figure 3b—e depicts the microstructure
of the composite after extrusion. The percentage of poros-
ity decreases to a great extent. Importantly, by increasing
the extrusion speed and applying more strain to the micro-
structure, the amount of agglomeration of the MAX phase
decreased and the distribution of particles became more
uniform. As shown, a layered structure was formed in the
surface areas of the composite by reducing the extrusion
speed. However, the grain size difference can be seen in the
surface and central areas of the wire, in such a way that the
grain size decreased by moving toward the surface areas of
the wire. According to other studies [19-22], in the FSBE,
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Fig.2 Dimension of different
samples prepared to check the
microstructure, mechanical
properties, wear resistance, and
electrical conductivity
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the plastic strain and temperature are higher in the surface
areas than in the central areas of the wire. Considering that
the FSBE process has thermomechanical nature, recrystal-
lized grains can be formed in the structure under the influ-
ence of heat and plastic deformation. The two factors of
temperature and plastic strain are effective in the grain
size of the recrystallized microstructure [23]. Here, it was
observed that with increasing temperature and decreasing
plastic strain, grain size increased. The reverse trend in the
grain size was observed when the temperature decreased
and the plastic strain increased. Since the grain size at the
surface areas was smaller than the central areas of the wire,
it can be said that the effect of plastic strain is effective in
the formation of finer grains in the surface areas. This is
while as shown in Fig. 4, the average grain size decreased
with increasing extrusion speed. According to the experi-
mental results of temperature measurement, the maximum
temperature measured during the extrusion of the samples
C-25, C-45, C-65, C-85, and W-85 is 861, 852, 824, 785,
and 753 °C, respectively. The decrease in average grain size
with decreasing temperature may be related to less opportu-
nity for the growth of recrystallized grains as well as a more
uniform distribution of reinforcing particles in the extruded
wire that act as barriers to grain boundary movement.

The X-ray diffraction results of different samples are
shown in Fig. 5. Except for the sample without reinforce-
ment, copper peaks, MAX phase, and Cug,;Sn,, phase are
observed in all composite samples. The peak Cug;Sn,, phase
in the unprocessed sample shows that due to the application
of heat during the sintering process, part of the tin entered
the copper matrix and formed the Cug;Sn,, phase. Also, in
the processed samples, it can be said that by applying heat
and plastic deformation, tin can diffuse into copper, and as a
result, this phase has been formed. Quantitative phase analy-
sis taking into account the ratio of peak intensities shows
that the value of this phase in the samples C-25, C-45, C-65,
and C-851is 1.0, 0.8, 0.7, and 0.5, respectively. It seems that
by increasing the extrusion speed and decreasing the tem-
perature during the FSBE process, the amount of Cug;Sn,,
phase decreased. This observation could be related to the
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reduction of heat and plastic deformation during the FSBE
process providing less diffusion opportunity for the forma-
tion of this phase. Figure 6 demonstrates the accumulated
strain value of the extruded samples. In the extruded sam-
ples, as the extrusion speed increased from 25 to 85 mm/
min, the accumulated strain decreased from 0.0093 to 0.0057
due to the application of less plastic strain. Therefore, the
reduction of diffusion opportunity due to reduced plastic
strain and temperature with increasing extrusion speed was
not far from expected.

Figure 7 displays the SEM images of different samples.
Also, Fig. 8 and Table 2 present the EDS analysis of different
points. As shown, with the increase in extrusion speed, the
distribution of reinforcing particles became more uniform
and the un-bonded regions (as shown by yellow arrows)
decreased. In addition, the distribution of the reactive layer
became more uniform after the extrusion process. Figure 9
shows the distribution of elements around the MAX phase
in samples C-25 and C-85. As shown, the distribution of tin
occurred uniformly around the MAX phase. The analysis of
the reactive layer shows a significant percentage of tin in this
layer. According to other sources [18], this reactive layer is
a solid solution of Cu(Sn), which is also reported in large
quantities of tin the Cu;Sn can form in the microstructure.
According to the ratio of copper and tin in the reaction layer,
this layer is probably the Cug;Sn,, phase. However, with
increasing rotation speed, the possibility of the formation
of particles containing Ti and C increased. Other studies
[18] introduced these particles as TiC,, suggesting that the
formation of these particles, although increases hardness,
causes the electrical conductivity to decline.

Figure 10 shows the hardness profile as well as the aver-
age hardness of different samples. As shown, the hardness
increased with the addition of the Ti,SnC reinforcement.
The average hardness of the composite wire compared to the
wire without reinforcement increased by a minimum of 98%.
It should be noted that with the increase in the extrusion
speed, the average hardness increased and the hardness devi-
ation decreased. The decrease in hardness deviation and the
increase in average hardness are related to the more uniform
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Fig.3 Optical microscopy
image of microstructure of a
Cu-Ti,SnC composite before
FSBE, b sample C-25, ¢ sample
C-45, d sample C-65, e sample
C-85, f sample W-85

distribution of MAX reinforcement as well as the smaller
grain size in the copper matrix, respectively. As shown, the
hardness difference between the center and the surround-
ing of the wire decreased with the increase in the extrusion
speed. The difference in hardness in the central areas and
edges of the wire can be related to the changes in the grain

size of these two areas, the difference in the distribution of
particles in the central areas and the edges of the wire, and
more plastic strain in the surface areas of the wire. It should
be noted that higher plastic strain values in the surface areas
of the wire in the FSBE process have also been reported [4,
19-22]. More plastic strain in the edge of the wire during
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Fig.3 (continued)

the extrusion process compared to the central areas causes
an increase in the density of dislocations and residual stress
in the edge areas, thus increasing the hardness in the edge
areas of the wire compared to the central areas of the wire.

The stress—strain diagram of different samples along with
changes in yield strength, ultimate tensile strength (UTS),
and elongation of different samples are shown in Fig. 11.
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With the addition of the MAX phase, the yield strength and
UTS increased by at least 118 and 24%, respectively, but the
elongation showed a minimum decrease of 46% compared
to the wire without reinforcement. The increase in strength
created in the composite wire is related to the activation of
different strengthening mechanisms, which will be explained
further. By increasing the extrusion speed, the maximum
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Fig.4 The grain size distribu-
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Fig.5 X-ray diffraction pattern of different samples

Fig.6 The accumulated strain
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strength and elongation increased. The increase in strength
and elongation with the increase in extrusion speed is related
to the improvement of the quality of the Ti,SnC-Cu interface
and the more uniform distribution of reinforcing particles in
the copper matrix.

Given the reinforcement size used in this study, multiple
strengthening mechanisms are effective in the strengthen-
ing of metal matrix composites: solid solution strengthen-
ing, load transfer [24], grain refinement [25], and thermal

80 90 100

mismatch [26, 27]. Although solid solution at the interface
of Cu-Ti,SnC can affect the strength of the composites
through the solid solution strengthening mechanism, it
should be noted that most of the Sn in the copper matrix
formed the Cug;Sn,, phase. In this condition, the contribu-
tion of this mechanism in the strengthening of the composite
can decline. The load transfer mechanism can be consid-
ered in the Cu-Ti,SnC composite in the condition that a
relatively strong bond is formed between the matrix and the
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Fig.7 SEM micrograph of a Cu-Ti,SnC composite before FSBE, b sample C-25, ¢ sample C-45, d sample C-65, e sample C-85

reinforcing particles. The microstructural analysis indicated ~ expected that the contribution of the load transfer strength-
that by increasing the extrusion speed up to 85 mm/min,  ening mechanism will be enhanced by increasing extrusion
the quality of the interface improved. Therefore, it can be ~ speed. The more uniform distribution of Ti,SnC particles in
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Fig.9 The distribution of ele-
ments around the MAX phase
in the samples: a C-25, and b
C-85
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the copper matrix results in grain refinement during dynamic
recrystallization and can prevent the growth of recrystal-
lized grains by the Zener pinning effect [28]. By decreasing
the grain size with increasing extrusion speed, the strength
of the composite can increase according to the Hall-Patch
relationship [29].

Also, the mismatch of the thermal expansion and mod-
ulus of elasticity coefficients between the copper matrix
and Ti,SnC particles can act as a strengthening mecha-
nism by the formation of geometrically necessary disloca-
tions (GNDs) [11, 25, 30]. Increasing the extrusion speed
increases the cooling rate of the composite wire during
FSBE. In this condition, the higher the formation of GND
in the copper matrix [31], the higher the strength of the
composite.

Figure 12 shows the SEM images of the fracture surfaces
of different samples. Also, the EDS analysis of particles
in the fracture surface is reported in Fig. 13. The presence
of dimples and micro voids in the fracture surface of the

Fig. 12 SEM image of fracture
surface of a sample W-85, b
sample C-25, ¢ sample C-45, d
sample C-65, e sample C-85

@ Springer

extruded wires shows ductile fracture nature [32]. The
presence of the dimples indicates that the matrix under-
went significant plastic deformation before the fracture.
Figures 12a—d relates to the composite wires, and Fig. 12e
shows the pure copper wire. The reinforcement particle
shown by the red arrows is entrapped in the hole of the
matrix. These particles have a crucial role in inhibiting
of propagation of cracks so that higher tensile strength is
obtained [33]. Also, broken Ti,SnC in the fracture surface of
sample C-85, which is shown by the yellow arrows, indicates
the proper load transfer role during the tensile test.

Figure 14 shows the electrical conductivity of the
extruded wires. Electrical conductivity of metals induced
by the motion of free electrons. The factors affecting the
movement of electrons are obstacles such as grain bounda-
ries, dislocations, and secondary phase particles. Another
important factor that affects the mobility of electrons is the
presence of the porosities at the interface of the matrix and
reinforcement, causing the electrons to be scattered in these
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Sample W-85

zones [34]. By applying the FSBE process, the dislocation
density increases and the presence of the reinforcement cre-
ate interfaces at the copper matrix. These factors promote
electron scattering. The electrical conductivity of the com-
posite wires is 64.32, 72.12, 74.18, and 76.89%IACS for
the samples C-25, C-45, C-65, and C-85, respectively. The
electrical conductivity of W-85 (the reinforcement-free sam-
ple) is 95.12% IASC.

To predict the electrical conductivity of Cu-8 wt%
Ti,SnC composite, the rule of mixtures is assumed. Electri-
cal conductivity values of pure copper and Ti,SnC are con-
sidered as 97.12 and 58.00% IASC, respectively. Since all
composite wires have the same volume percent, the predicted
electrical conductivity is 93.21% IASC. The difference in the
electrical conductivity values between the composite wires
is insignificant. The formation porosity around the reinforce-
ment, formation reaction phase, and grain boundaries can
cause the electrical conductivity of composite wires to be
less than predicted. By increasing the extrusion speed to

Sample C-25

Sample C-45  Sample C-65  Sample C-85

85 mm/min, less porosity and less reaction phase can cause
an increment in the amount of electrical conductivity. Fur-
thermore, as said in the microstructure section the formation
of TiC, can reduce the electrical conductivity. It should be
considered that although sample C-85 has a smaller grain
size than others, the effect of porosities, reaction phase, and
interface quality of MAX phase and matrix have a dominant
effect on electrical conductivity.

Figure 15 shows the wear rate and friction coefficient of
the extruded wires. The wear rate and friction coefficient of
the sample C-85 reinforcement free are 0.0092 mg/m and
0.54, respectively. Figure 16 shows the SEM images of the
wear surface of the extruded samples. The severe plastic
deformation and severe material removal of the pure copper
on the wear surface, according to Fig. 16a, is because of
the low hardness. Also, Fig. 17 indicates the copper stuck
on the surface of the wear disk that confirms the adhesive
wear mechanism in the pure copper wire. Improvement in
the hardness of the composite wires, as a dominative role,
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Fig. 15 The wear rate and
friction coefficient of different

samples
0.95

0.85
0.75
0.65
0.55
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Friction coefficient

Wear rate (mg/m) x 100

Sample W-85 Sample C-25 Sample C-45  Sample C-65 Sample C-85

OWear rate (mg/m) x 100 BFriction coefficient

Fig. 16 SEM image of wear
surface of a sample W-85, b
sample C-25, ¢ sample C-45, d
sample C-65, e sample C-85

causes the friction coefficient to decrease and the friction = improved due to the increment of the hardness that impedes
coefficient from 0.54 for the pure copper reaches 0.40, 0.38,  the plastic deformation of the copper matrix. Also, improved
0.35, and 0.32 for the samples C-25, C-45, C-65, and C-85, wear resistance by increasing hardness was reported by other
respectively. The wear resistance of the composite wires  studies [1, 35]. The maximum wear rate between composite
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Fig. 17 The EDS map analysis
of the wear test disk for pure
Cu wire

wires was related to C-25 with a value of 0.0067 mg/m, and
the minimum wear rate was related to C-85 with a value of
0.0048 mg/m. Among the composite wires, sample C-25 had
the highest depth of wear scar due to the highest amount of
porosities and thus the worst interfacial bonding. By increas-
ing the extrusion speed from 25 to 85 mm/min, the wear
scare depth decreased, and abrasive wear mechanism contri-
bution increased due to the improvement of the MAX phase/
Cu matrix interface quality and distribution of MAX phases.
As shown, in the wear surface of different samples with a
decrease in the hardness of the coating, deeper grooves have
been created compared to the samples with higher hardness.
These cases, along with the presence of plastic deformation
on the surface of the sample, indicate wear with an adhesive
mechanism [36, 37]. The similar results achieved in lower
amount of Ti,SnC reinforcement [38]. The grooves created
on the surface indicate the abrasive wear mechanism. This
mechanism is applied in different ways at different times of
the test. Thus, in the beginning, there was two-body abra-
sive wear, but with the increasing wear time and the parti-
cles separating from the wear surface and their oxidation
over time, these particles become hard during wear, and
these hard particles can cause the three-body abrasive wear
mechanism.

Fig. 18 The wear debris of a
sample W-85 and b sample
C-85

SEM image

Map analysis of Cu

Figure 18 shows the debris of samples W-85 and C-85.
Material removal occurs due to delamination causing the
formation of a microcrack. Debonding of reinforced parti-
cles results in a high wear rate of material as softer matrix
comes in direct contact and also debonded particles are
trapped during sliding which causes abrasive wear through
the three-body wear mechanism. The formation of wear
debris results in third-body abrasion and great plastic
deformation under severe conditions [39]. Microcracks
on the surface of debris indicate the resistance offered by
the embedded particles once detached leaves crack in the
surface. A change in the size and morphology of the wear
debris with increasing reinforcement is clearly visible. The
size of flakes increases more substantially, which indicates
that the matrix is softer in the absence of reinforcement
and causes the transition from mild to severe wear. These
wear debris indicate that the adhesive wear dominates
in the sliding direction during wear. Given the adhesive
nature of wire without reinforcement, metal is chipped out
in the form of flakes as debris. Large-size debris in sam-
ples without reinforcement suggests that the material was
removed at a higher rate, which reduced wear resistance.
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4 Conclusion

Here, the effects of extrusion speed in the friction stir back
extrusion on microstructure, mechanical, electrical, and
wear properties of Cu-Ti,SnC composite were investi-
gated. The most significant results were:

e By increasing the extrusion speed and applying more
strain to the microstructure, the amount of agglomera-
tion of the Ti,SnC MAX phase decreases and the dis-
tribution of particles becomes more uniform.

e The grain size difference can be seen in the surface and
central areas of the wire, in such a way that the grain
size decreases by moving toward the surface areas of
the wire. Also, the average grain size decreases from
6.43+1.02 to 4.23 +0.95 pm with increasing extrusion
speed from 25 to 85 mm/min.

e The average hardness of the composite wire compared
to the wire without reinforcement has a minimum 98%
increase. With the increase of the extrusion speed from
25 to 85 mm/min, the average hardness increases from
121.78 to 188.84 HVO.1.

e With the addition of the Ti,SnC MAX phase, the yield
strength and UTS have increased by at least 118 and
24%, respectively, but the elongation shows a decrease
of at least 46% compared to the wire without reinforce-
ment.

e By the addition of 8 wt% Ti,SnC reinforcement and
performing FSBE with a rotational speed of 1000 rpm
and a traverse speed of 85 mm/min, the yield strength,
UTS, and wear resistance increased by 160, 33, and
47%, respectively, compared to the un-reinforced cop-
per matrix.

e Reducing the extrusion traverse speed from 85 to
25 mm/min decreased the friction coefficient and wear
rate by 28% and 20%, respectively.
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