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Abstract
The present work investigated the effects of primary sintering on the microstructure, mechanical, electrical, and wear proper-
ties of the Cu–5vol%Ti2SnC wire composite fabricated by friction stir back extrusion process. The results showed that the 
grain size of the final product increased by performing a sintering treatment before the FSBE process. It is important to note 
that the grain size in the composite sample was coarser than the sample without reinforcement after the extrusion process. 
Furthermore, since the effect of temperature predominates over plastic strain, a coarser grain was formed in the composite 
samples. Compared to the center, the grain size of the near surface of extruded wires was slightly finer. By performing the 
sintering treatment and applying heat during the treatment, it is possible to form the Cu81Sn22 phase, which can increase the 
Cu81Sn22 phase content formed during FSBE. The interface quality was significantly improved by the sintering treatment 
before the FSBE process. The sintering treatment increased the strength, elongation, electrical conductivity, and wear resist-
ance of Cu–Ti2SnC composite wire by 4, 13, 2, and 5%, respectively.

Keywords  Friction stir back extrusion · Cu–Ti2SnC composite · Primary sintering · Mechanical properties · Wear 
resistance

1  Introduction

Pure copper, with its high thermal and electrical conduc-
tivity, is used in many industrial applications, especially 
in electrical applications like high-performance electric 
switches and sliding contact materials [1]. However, cop-
per has a low hardness and wear resistance, which limits 
its use in many engineering applications [2]. One potential 
solution to this problem is fabricating copper matrix com-
posite [3]. Considering the rapid development of industries 
and advanced technologies, it is essential to use a new rein-
forcement to improve the properties of the copper matrix 
[4]. A family of new materials called the MAX phase has a 
combination of metallic and ceramic properties. The MAX 
phases, ternary carbides, and nitrides have hexagonal struc-
tures with the general formula Mn+1AXn, in which M is an 
early transition metal, A is an element from columns 13 to 

16 in the periodic table, X is C or N, and n = 1–3 [5]. The 
MAX phases have good electrical and thermal conductivity, 
machinability, high-temperature strength, corrosion resist-
ance and high elastic moduli, low density, self-lubrication 
properties, and quasi-plasticity characteristics [6]. Ti2SnC 
as a MAX phase has good machinability, high strength, a 
low friction coefficient, and good self-lubrication properties 
with a hardness of 3.5 GPa ± 0.4 GPa and a density of 6.1 g 
cm−3. Ti2SnC, between more than 155 MAX phases, shows 
the highest electrical conductivity (14 × 106 Ω−1 m−1) and 
can be used to strengthen the copper matrix composite [7].

Copper matrix composites can be produced either in the 
liquid or solid state [8]. Many production processes can be 
carried out with the liquid state method, but the main dis-
advantage is the high reactivity of melt/reinforcement [9]. 
The friction stir back extrusion (FSBE) is a novel thermo-
mechanical and solid-state method based on the friction stir 
process and extrusion [10]. It is a new sustainable manufac-
turing process that can produce fine-grained wire or tubular 
shapes [11]. In this process, powder, chips, bars, or any other 
feedstock can be extruded and turned into a defect-free final 
product in one step without melting [12]. Depending on the 
type of precursor used in this process, the FSBE process can 
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also be used to fabricate metal matrix composites. Numerous 
researchers have reported wire fabrication by the FSBE pro-
cess [13]. However, only a few studies have been conducted 
to investigate the fabrication of copper matrix composites.

Li et al. [14] recently studied the fabrication of cop-
per–carbon composite wire using the FSBE method. They 
reported that the carbon powder was refined to a sub-micron 
level and uniformly dispersed in the copper matrix. Com-
pared with pure copper, the thermal capacity of the com-
posite wire increased by 30% while its density decreased by 
29%. Recently, Jahani et al. [15] studied the effect of Ti2SnC 
content on the microstructure, mechanical, electrical, and 
wear properties of friction stir back extrusion (FSBE)-
processed Cu–Ti2SnC composite wire. They found that by 
increasing the content of the Ti2SnC phase, the hardness of 
the composite increased and reached 280.51 HV for a com-
posite containing 30 vol.% Ti2SnC phases. In addition, the 
highest electrical conductivity (95.67% IASC) was obtained 
in a composite containing 1 vol% Ti2SnC phases.

The literature indicates that Ti2SnC as a MAX phase 
exhibits the highest electrical conductivity and a high 
Young’s modulus among MAX phases. Conversely, severe 
plastic deformation and heat generation during FSBE can 
result in unique properties in the final product. Therefore, 
in order to take advantage of the unique properties of the 
Ti2SnC phase and the advantages of the FSBE process, in 
this research, a Cu–Ti2SnC composite was made by the 
FSBE process. The fabrication of copper matrix compos-
ites has been studied using the FSBE process in previous 
research; however, the effect of the processing performed 
before the FSBE process on the properties of the final 

product has not been explored. This study investigated the 
effects of the sintering step performed prior to the FSBE 
process on the prototype. To do this, first, Cu–5vol%Ti2SnC 
composites were prefabricated using powder metallurgy, 
then the effect of performing sintering treatment on pro-
totype Cu–5vol%Ti2SnC composites was examined. The 
FSBE process was performed at rotational and extrusion 
speeds. Afterward, the microstructure, mechanical, electri-
cal, and tribological properties of the composite wires were 
characterized.

2 � Experimental procedure

This research used copper powder (minimum purity of 
99.9%) as a matrix and Ti2SnC powder (minimum purity 
of 99.9%) as composite reinforcement. Figure 1 shows the 
scanning electron microscope (SEM) image of copper pow-
der and the MAX phase. Copper powder and Ti2SnC powder 
with average particle sizes of 5 μm and 15 μm were used, 
respectively. For fabrication of Cu–5vol%Ti2SnC prototype 
composite, the copper powder with the constant value of 
5vol%Ti2SnC were mixed. Powders were ball milled in Ball 
Mill PM 100 at a rotation speed of 300 rpm for 10 min using 
a steel ball with an average diameter of 10 mm. Ar gas was 
used as the protective atmosphere during the milling.

Then, the mixed powder was cold pressed in a die, and a 
cylindrical prototype composite with 20 mm diameter and 
30 mm length was prepared. In order to investigate sintering 
treatment, one of the cold-pressed prototype composites was 
sintered in an electrical furnace under the protection of Ar 

Fig. 1   SEM image of: a Ti2SnC powder, and b copper powder
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gas for 30 min at 850 °C. Meanwhile, the other sample was 
subjected to FSBE without sintering treatment. The FSBE 
process was performed on both samples at a constant rota-
tional speed of 600 rpm and an extrusion speed of 85 mm/
min. The die and punch of the FSBE process were fabri-
cated from H13 steel. Figure 2 illustrates the dimensions 
of the die and punch. Different samples of FSBE-processed 
in this study are labeled according to Table 1. In naming 
different samples, S and G indicate whether or not the pro-
totype underwent a sintering treatment before the extrusion 
process. In addition, C and W denote composite wire with 
and without reinforcement, respectively. Moreover, number 
85 specifies the extrusion speed in mm/min; for instance, 
SC-85 is the designation for composite wire whose prototype 
is sintered prior to FSBE.

A scanning electron microscope (Philips-XL30FSEM) 
with an EDS detector and an optical microscope (NGF-120A 
optical microscope) was used to examine the microstructural 
evolution. At the same time, a Rigaku Ultima IV X-ray dif-
fraction instrument was employed to determine the phases. 
The microstructure of the metallographic samples was 
examined using a cross-section made using SiC sandpaper 
and a suspension of alumina. Afterward, the cross-section of 
the samples was etched to reveal the microstructure using a 
solution of 85 ml distilled water, 15 ml HCl, and 5 g FeCl3. 
The hardness of the samples in Vickers scale was measured 
using a Koopa Universal (UV1) microhardness tester with 
a load of 100 gr at an interval of 15 s. A microhardness test 
was conducted under the ASTM E384 standard. The tensile 
test was performed using the SANTAM-STM250 tensile test 
machine with a crosshead speed of 1 mm/min. In addition, 
the wires’ tribological and electrical properties were evalu-
ated using the pin-on-disc test according to standard ASTM 
G99 and the electrical conductivity test according to ASTM 
B63 standard, respectively. The wear test was performed 
using the pin-on-disc 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.

3 � Results and discussion

Figure 3 shows optical microscope images of the cross-sec-
tion of different samples. The images contain two parts: the 
left part relates to the center, and the right part relates to the 
near surface of the sample. Figure 3a, b demonstrates optical 
microscope images of the prototype composites, including 
before and after sintering. Figure 4 shows the grain size of 
different samples. The average grain sizes of 2.8 ± 0.6 μm 
and 3.6 ± 0.9 μm relate to the before and after sintering 
composite, respectively. As seen in two of these samples, 
there is no difference between the grain size in the center 
and the near surface of prototype composites. Figure 3c–f 
shows the microstructure of the FSBE-processed samples. 
Since the FSBE process is inherently thermo-mechanical, 
recrystallized grains can be formed in the structure under 

Fig. 2   The dimension of: a die 
and b punch used in the FSBE 
process

(a) (b)

20.2 mm

100 mm
5 mm

20 mm

Table 1   The FSBE-processed sample labeling

Sample label Rotational 
speed (rpm)

Traverse 
speed (mm/
min)

Reinforce-
ment

Sintering 
of proto-
type

Sample 
GW-85

600 85 – –

Sample 
SW-85

600 85 – Done

Sample 
GC-85

600 85 Ti2SnC –

Sample 
SC-85

600 85 Ti2SnC Done
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Center Near surface

(a)

(b)

(c)
Fig. 3   Optical microscopy image of microstructure of: a Cu–Ti2SnC composite before sintering, b Cu–Ti2SnC composite after sintering, c sam-
ple GC-85, d sample SC-85, e sample GW-85, f sample SW-85
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(d)

(e)

(f)

Fig. 3   (continued)
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the influence of heat and plastic deformation. Different fac-
tors have a role in determining recrystallized grain size but 
thermal history and the plastic strain play the most dominant 
roles in the microstructure in the FSBE process [16]. It was 
reported that grain size increased as the maximum tempera-
ture increased and plastic strain decreased. The reverse trend 
in the grain size was observed when the maximum tempera-
ture decreased and the plastic strain increased. The grain 
size of the samples GC-85, SC-85, GW-85, and SW-85 is 
2.8 ± 0.6, 3.6 ± 0.9, 8.8 ± 0.5, and 9.3 ± 1.6 μm, respectively. 
The grain size of the samples GC-85 and SC-85 is coarser 
than their primary composites. This phenomenon indicates 
that under the influence of applied heat during the FSBE 
process, the grains in the prototype have grown in size, and 
grain size has increased as a result. Furthermore, sintering 
before FSBE leads to coarser grain sizes after wire extru-
sion. Therefore, it can be concluded that increasing initial 
grain size in prototype (by sintering treatment) increases 
grain size after extrusion.

The same trend is observed in the extruded samples with-
out reinforcement (GW-85 and SW-85). In other words, 
by performing a sintering treatment before the FSBE pro-
cess, the grain size of the final product increases. Notably, 
the grain size in the composite sample is coarser than the 
sample without reinforcement after the extrusion process. 
According to [17], adding Ti2SnC reinforcements increases 
the amount of heat generated during the FSBE process. On 
the other hand, due to the presence of reinforcing particles, 
the amount of plastic strain decreases. Therefore, since the 
effect of temperature predominates over the effect of plastic 
strain, coarser grains are formed in the composite samples. 
Comparing two prototype composite samples before the 
extrusion process revealed that the copper grain size grew 

after sintering. Copper matrix particles underwent sintering, 
but despite the change in porosity of the copper matrix, the 
interface between the particles and the copper matrix did 
not change much, and no proper bond was formed between 
them. It is evident that after the extrusion process, most of 
the particles were broken under the influence of the applied 
strain. In addition, most pores and discontinuities between 
the particles and the matrix disappeared.

In composite wires, the broken Ti2SnC caused by the 
FSBE process facilitates the nucleation of more sites for 
recrystallization and acts as a barrier to grain growth [18]. 
Nevertheless, as seen in Figs. 3 and 4, the grain size of the 
pure copper wires is smaller than the composite wire. It 
should be noted that more plastic strain in the pure cop-
per wires provides more sites for recrystallization. Another 
factor that contributes to smaller grain sizes is the cooling 
rate. Since pure copper has higher thermal conductivity 
and a lower maximum temperature during processing than 
Cu–Ti2SnC composites, the un-reinforced wires present a 
higher cooling rate than reinforced copper. Compared to the 
center, the grain size of the near surface of extruded wires 
is slightly finer. Although the near surface of the extruded 
wires endures higher strain and a bit higher temperature, 
the effect of strain overcomes the temperature effect and 
produces finer grains [19].

Figure  5 shows the phase analysis of the different 
samples investigated by XRD. The first peak of copper 
in all extruded wires shifts to a higher angle, suggest-
ing the generation of compressive stress produced by the 
FSBE process (Fig. 5). The diffraction patterns of Cu and 
Ti2SnC were observed in all composite samples. Further-
more, the heat and plastic deformation generated during 
FSBE caused some of the tin in the MAX phase to diffuse 
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toward the copper matrix, and the Cu81Sn22 mixture was 
formed in the composite samples. The Cu81Sn22 phase 
content obtained from the method of the intensity ratio 
of diffraction peaks for samples GC-85 and SC-85 shows 
values of 0.41 and 0.54, respectively. These results show 
that in addition to the difference in microstructure in these 
two samples, the Cu81Sn22 phase content is different, and 
the sintering process significantly changes the Cu81Sn22 
phase content. In fact, when the sintering treatment is per-
formed and heat is applied during the process, it is possi-
ble to form the Cu81Sn22 phase, which would increase the 
Cu81Sn22 phase content formed during FSBE.

To quantitatively estimate the lattice reorientation, a tex-
ture parameter ( TP

hkl
 ) of various samples was calculated 

per the method described in [20], utilizing Ihkl (measured 
integrated intensity of plane {hkl}) and Rhkl  (calculated 
integrated intensity of plane {hkl} in a completely ran-
dom arrangement of crystals) for numerous diffraction 
peaks (denoted here by n). The texture parameter ((TP

hkl
 ) 

is defined as

where Ihkl denotes the intensity of {hkl} in primary com-
posite samples and extruded wires, while Rhkl represents the 
intensity of {hkl} in copper with random orientation. The 
symbol {} represents the set of equivalent planes.

For example, the sample GC-85 texture parameter is cal-
culated as follows: as previously stated, Ihkl is the intensity of 
{hkl} in the primary composite samples and extruded wires. 
In sample GC-85, the intensity of the first peak at an angle 
of 43.3° (I111) is 100%, the second peak at an angle of 50.4° 
(I200) is 43.32%, the third peak at an angle of 74.0° (I220) is 
12.54%, and the fourth peak at an angle of 89.9° (I311) is 

(1)TP
hkl

=
I
hkl
∕R

hkl

1

n

∑n

0

�

I
hkl
∕R

hkl

�
,

18.32%. Furthermore, Rhkl is the intensity of {hkl} in the 
copper with random orientation.

The JCPDS reference code 00-004-0836 was used for Rhkl 
values. As per the JCPDS reference code 00-004-0836, the 
first peak (I111) has an intensity of 100%, the second peak 
(I200) has an intensity of 46%, the third peak (I220) has an 
intensity of 20%, and the fourth peak (I311) has an intensity 
of 17%. At this point, because the fraction’s denominator is 
constant across all crystallographic planes, the denominator 
is calculated using Eq. (1).

The intensity of four peaks in the sample GC-85 (Ihkl) is 
divided by the intensity of four related peaks in the refer-
ence code 00–004-0836 (Rhkl), where the values for the first 
to fourth peaks are 1.00, 0.94, 0.63, and 1.07, respectively. 
This value is 0.73 when the sum of the results is divided 
by the number of peaks (4). Finally, the texture parameter 
corresponding to each crystallographic plane is calculated 
using Eq. (1).

As evident from Table 2, adding the MAX phase and 
adjusting the sintering conditions of the prototype sample 
does not significantly alter the texture parameter. However, 
it should be noted that a change in the texture parameter 
occurs. Thus, the FSBE process may create a weak texture in 

Fig. 5   X-ray diffraction pattern of different samples

Table 2   The texture parameters of different samples

Sample label (111) (200) (220) (311)

Prototype composite before sinter 1.26 1.17 0.53 0.62
Prototype composite after sinter 1.15 1.03 0.73 0.91
Sample GC-85 1.08 0.98 0.75 0.88
Sample SC-85 1.30 1.14 0.57 0.75
Sample GW-85 1.23 1.17 0.63 0.82
Sample SW-85 1.38 1.01 0.62 0.73
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different samples based on the change in the texture param-
eter of different crystal plates.

Poor interfacial bonding can destroy the copper matrix 
composite’s mechanical and physical properties. On the 
other hand, proper interfacial bonding decreases the con-
tent of the porosity [21]. Figure 6 shows the SEM images 
of the prototype composites before and after sintering and 
samples GC-85 and SC-85. In addition, Table 3 shows the 

energy-dispersive spectroscopy (EDS) spot analysis of dif-
ferent zones marked in the Fig. 6. By performing the sin-
tering treatment on prototype, the amount of porosity and 
deboned area in the interface (marked by yellow arrow) 
is greatly reduced. The interface quality is significantly 
improved by the sintering treatment before the FSBE pro-
cess. Images demonstrated that the sintering treatment forms 
a significant amount of the Cu81Sn22 phase at the interface. 

(a) (b)

(c) (d)

Porosity

MAX phase

1

2

Interfacial reaction layer

MAX phase

3

4

Interfacial reaction layer

MAX phase 5

6

Interfacial reaction layer

MAX phase

7

8

Fig. 6   SEM micrograph of: a prototype composite before sintering, b prototype composite after sintering, c sample GC-85, d sample SC-85 (the 
porosity, MAX phase, and interfacial reaction layer marked by yellow, blue, and red arrows, respectively)

Table 3   Chemical composition 
of different points marked in 
Fig. 6 (at.% means atomic 
percent)

Chemical element Marking in Fig. 6

1 2 3 4 5 6 7 8

Ti (at.%) 54.23 0.45 0.45 1.23 0.89 1.09 0.67 0.89
Sn (at.%) 23.11 0.19 15.23 0.98 17.13 0.54 19.02 0.67
C (at.%) 22.34 0.10 0.13 0.34 0.34 0.32 0.09 0.23
Cu (at.%) 0.32 99.26 84.19 97.45 81.64 98.05 80.22 98.21
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Although after the FSBE processing, most of these inte-
grated Cu81Sn22 phases are broken, they increase the amount 
of the Cu81Sn22 phase in the copper matrix. Figure 7 shows 
the SEM image, including the EDX line scan analysis of 
SC-85 and GC-85. The high temperature during the FSBE 
process can accelerate the reaction of the alloying elements 
and make the formation of intermetallic phases easy [22]. 
The element distribution curve indicates that there has been 
an interdiffusion between Cu and Sn. The interdiffusion 
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Fig. 7   SEM image of interface and corresponding EDS line scan of: a sample GC-85, b sample SC-85

Table 4   The maximum temperature and plastic strain of different 
samples

Sample label Maximum temperature 
(°C)

Plastic strain 
(mm/mm)

Sample GW-85 744 ± 1 36.1 ± 0.3
Sample SW-85 776 ± 3 39.6 ± 0.4
Sample GC-85 735 ± 2 35.1 ± 0.3
Sample SC-85 764 ± 4 37.9 ± 0.6

Fig. 8   The probability density 
function for the distribution of 
the nearest particles
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between Cu and Sn strengthens the bonding between the 
matrix and reinforcement. The Cu(Sn) and TiCx are reacting 
products controlled by Sn decomposition from Ti2SnC. A 
close relationship exists between the reacting products and 
the temperature of the reaction. Therefore, SC-85 exhibits 
accelerated reaction rates and increased content of reacting 
products resulting from the higher temperature (according 
to Table 4 maximum temperatures during FSBE of sam-
ple GC-85 and SC-85 were 735 ± 2 and 764 ± 4 °C, respec-
tively). Accordingly, the integrated bond is formed at the 
interface.

The diagram of the distribution of reinforcing particles 
in samples GC-85 and SC-85 was obtained and reported 

in Fig. 8 to analyze the distribution of reinforcing particles 
after the FSBE process, according to the method proposed 
in [17]. By performing the sintering treatment, the distribu-
tion of reinforcing particles becomes more uniform, and the 
average size of the particles decreases. While the difference 
between the two samples is not very substantial, perhaps the 
more uniform distribution in sample SC-85 can be attributed 
to the composite’s initial strength. In fact, increasing the 
strength of the bond between the particle and the matrix in 
the prototype creates greater stress in the interface during 
the FSBE process, which can help fracture the particles and 
disperse them more evenly in the copper matrix.
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Fig. 9   a Vickers microhardness profile and b average hardness of different samples
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Figure 9 shows the microhardness profile of different 
samples. The hardness value of the prototype composites 
before sintering is higher than after sintering. This phenom-
enon can be related to finer grains and strain induced dur-
ing cold pressing of prototype composites before sintering. 
Performing the FSBE process causes non-uniformity in the 
hardness profile. The hardness of the extruded wires near 
the surface is higher than the center. In the FSBE process 
samples, noticeable grain changes are observed in these 
two areas; however, in the extrusion process, plastic strain 
is greater along the edge regions of the wire than in the 
central regions.

Moreover, the increase in the density of dislocations and 
residual stress in the edge regions can effectively increase 
the hardness in the edge regions of the wire compared to the 
central regions of the wire. The average hardness of sam-
ples GW-85, SW-85, GC-85, and SC-85 is 58.18 ± 11.13, 
61.32 ± 10.91, 74.72 ± 16.10, and 78.11 ± 15.21 HV, respec-
tively. The sintering process results in a more uniform distri-
bution of reinforcing particles, a reduction of particle size, 
and an improvement of bond quality at the interface, which 
leads to a higher average hardness for the sintered sample 
(sample SC-85) compared to the composite sample without 
sintering (sample GC-85). Similarly, although the grain size 
of sample GW-85 is smaller than sample SW-85, the hard-
ness value increases due to greater cohesion in the copper 
matrix and reduced porosity.

The tensile test properties of different samples are pre-
sented in Fig. 10. The yield strength of samples GW-85, 
SW-85, GC-85, and SC-85 is 70.96 ± 11.03, 74.32 ± 10.01, 

190.12 ± 9.56, and 199.21 ± 8.56  MPa, respectively. In 
addition, the ultimate tensile strength of samples GW-85, 
SW-85, GC-85, and SC-85 is 209.98 ± 9.54, 228.76 ± 12.03, 
309.58 ± 10.23, and 321.45 ± 11.45 MP, respectively. The 
elongation of samples GW-85, SW-85, GC-85, and SC-85 is 
70.48 ± 5.21, 73.21 ± 6.20, 30.21 ± 7.45, and 34.11 ± 6.12%, 
respectively. As can be seen, in both reinforced and un-rein-
forced wires, the strength of samples increased by perform-
ing the sintering treatment. Besides, the sintering treatment 
can improve the elongation of samples. As discussed in the 
hardness result section, it is possible to improve the strength 
and ductility of sintered samples by enhancing the uniform 
distribution of reinforcing particles, reducing particle size, 
and improving the bond quality at the interface between 
composite wires, as well as greater cohesion in the copper 
matrix and reduced porosity in the un-reinforced wires. Sev-
eral mechanisms may be effective in strengthening copper 
matrix composites, including grain refinement, solid solu-
tion strengthening, Orowan strengthening, the dislocation 
formed by the misfit of the thermal expansion coefficient, 
and load transfer strengthening [23].

Comparing the grain size of the composite wires to pro-
totype composites demonstrated no grain size reduction for 
both composite wires (samples GC-85 and SC-85). As a 
result, the grain refinement mechanism does not contrib-
ute to improving strength. The strength of sample GC-85 
is lower than sample SC-85, despite its finer grain size. 
It should be noted that interfacial reaction products such 
as Cu(Sn) solid solution and TiCx accelerated at higher 

Fig. 10   The tensile test property 
of different samples
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temperatures and time. As a result, the likelihood of form-
ing these products is higher in sample SC-85 than in sample 
GC-85. Solid solution and dispersion strengthening mecha-
nisms can improve mechanical properties by forming these 
products. Orowan strengthening is activated by fairly homo-
geneous reinforcement distribution [24]. The higher plastic 
strain at a higher temperature enables the sample SC-85 to 
form a more homogeneous distribution of reinforcement 
than the sample GC-85. Accordingly, the operation of the 
Orowan mechanism or the strength increment of this mecha-
nism is higher in the sample SC-85. Finely dispersion of 
reinforcement between the grains plays a key role in Orowan 
strengthening. However, according to Figs. 3 and 6, this pro-
cess has not happened properly, and the particles at the grain 

boundaries do not effectively inhibit the movement of dislo-
cations. Thus, this mechanism does not play a significant role 
in strengthening composite wires. The thermal mismatch 
of the matrix causes internal stresses, and reinforcement 
and dislocations can be formed in the matrix [25]. Since 
the reinforcement particles in the sample SC-85 are smaller 
and there is a higher thermal gradient, more dislocations 
can form, which results in a higher strength enhancement. 
Performance of the FSBE process can remove the porosity, 
particularly in Cu/Ti2SnC interfacial part, shown in Fig. 6. 
Proper bonding occurs when the porosity is reduced, and 
interdiffusion activates the load transfer mechanism. As a 
result, it represents one of the major mechanisms of compos-
ite wires. In the un-reinforced samples, the higher strength 

(a) (b)

(c) (d)

Fig. 11   SEM image of fracture surface of: a sample GC-85, b sample SC-85, c sample GW-85, d sample SW-85 (the MAX phase marked by 
yellow arrows)
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of sample SW-85 compared to sample GW-85 can be related 
to lower porosity and more dislocations induced by higher 
plastic strain during the FSBE process in this sample.

Figure 11 shows SEM images related to the fracture sur-
faces of all extruded wires. Figure 11a, b illustrates the pure 
copper wires, and Fig. 11c, d relates to the composite wires. 
The dimples on the fracture surfaces of extruded wires indi-
cate that the matrix tolerated significant plastic deformation 

prior to tensile failure, and thus it had a ductile nature. While 
pure copper wires have finer grains than composite wires, 
their dimples are not smaller due to the cavity coalescence. 
The reinforcement particles, however, in composite wires 
inhibit cracks from propagating as rapidly, resulting in 
higher tensile strength. The dimples on the fracture surface 
of the sample GC-85 are smaller and shallower due to lower 
plastic deformation and finer grains than the sample SC-85. 

Fig. 12   The electrical conduc-
tivity of different samples
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In addition, the large voids in Fig. 11d show more elongation 
and ductile fracture than in Fig. 11c.

Figure 12 illustrates the electrical conductivity of pure 
copper wires and composite copper wires in terms of 
%IASC. The electrical conductivity of the samples GW-85 
and SW-85 are 96.21 ± 2.11%IASC and 99.84 ± 3.12%IASC, 
respectively. The finer grain size of the sample GW-85 than 
the sample SW-85 causes more grain boundary resistivity 
[21]. The presence of more porosities in the sample GW-85 
also contributes to the reduction in electrical conductivity. 
By adding the reinforcement, the electrical conductivity of 
the samples GC-85 and SC-85 reaches 76.32 ± 4.21%IASC 
and 78.01 ± 3.43%IASC, respectively. According to the rule 
of mixtures, the electrical conductivity of Cu–5vol%Ti2SnC 
composite is predicted to be 86.96%IASC. The obtained 
electrical conductivity values for the composite wires are 

much less than the prediction. The main reason for this 
reduction is the electron scattering by dislocations, porosity, 
grain boundary, and scattering at the interface. The increased 
formation of Cu(Sn) and TiCx due to the higher tempera-
ture in sample SC-85 and finer grains in sample GC-86 is 
most likely the main causes of the electrical conductivity 
reduction. Finally, sample GC-85 has a lower electrical con-
ductivity than sample SC-85, suggesting that the effect of 
porosities and fine grains in sample GC-85 is more dominant 
than the effect of more reaction products and dislocations in 
sample SC-85.

Figure 13 shows the wear rate and friction coefficient of 
the extruded wires. The average wear rate and friction coef-
ficient of the sample GW-85 are 0.93 ± 0.07 and 0.67 ± 0.10, 
respectively, and for sample SW-85, they are 0.91 ± 0.06 
and 0.65 ± 0.08, respectively. Adding Ti2SnC improves 

Fig. 14   SEM image of worn surface of: a sample GC-85, b sample SC-85, c sample GW-85, d sample SW-85
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composite wire wear resistance due to its increased hard-
ness and strength. In particular, the wear rate and friction 
coefficient are significantly reduced. In sample SC-85, the 
minimum wear rate and friction coefficient were 0.62 ± 0.04 
and 0.49 ± 0.09, respectively. SEM images of the worn sur-
face of different samples are shown in Fig. 14. As shown in 
Fig. 14a, b, the low hardness of the pure copper wires causes 
severe material removal at the surface, implying an adhesive 
wear mechanism. Although there is no significant difference 
in the wear surface of different un-reinforced samples (sam-
ples GW-85 and SW-85), by adding reinforcing particles, it 
is observed that the wear mechanism changes from adhesive 
to abrasive.

As shown in Fig. 15, increasing the hardness of samples 
decreases the wear scar’s depth. Low hardness and surface 
plastic deformation are responsible for adhesion. The plough 
causes plastic deformation on the worn surface during the 
wear process. In composite wires, the wear mechanism 
changes from delamination to an abrasive mechanism by 
increasing surface hardness. By applying periodic pres-
sure and shearing stress, wear debris retained at the fric-
tion interface is ground to a small particle size in the wear 
test of sample GC-85. Then, those little particle wear debris 
accumulates and interconnects with each other. Afterward, 
a mechanical mixture layer (MML) is formed on the worn 
surface due to sintering metallicity wear debris at high 
temperatures. This prevents a substantial increase in wear. 

High temperatures also lead to the oxidation of MML. Paral-
lel cracks easily produce oxidation defects in MML under 
periodic pressure and shear stress, causing delamination of 
MML. It is worth mentioning that once MML peels off, tiny 
particle wear debris is agglomerated again in the peeling pit, 
forming a new one.

4 � Conclusion

This research investigated the effect of a sintering stage on 
the prototype before the FSBE process of Cu–5vol%Ti2SnC 
composites. Then, the microstructure, mechanical, electri-
cal, and tribological properties of the composite wires were 
characterized. The most important results include the fol-
lowing statements:

•	 Increasing the initial grain size in prototype (after sinter-
ing treatment) increased the grain size after extrusion. 
The same trend was observed in extruded samples with-
out reinforcement.

•	 Under the influence of the plastic strain during the FSBE 
process, most of the Ti2SnC particles were broken, and 
most of the pores and discontinuities between the parti-
cles and the copper matrix disappeared.

Fig. 15   The cross-section of worn surface of: a sample GC-85, b sample SC-85, c sample GW-85, d sample SW-85
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•	 While the near surface of extruded wires endured higher 
strain and a slightly higher temperature, strain dominated 
the temperature effect and produced finer grains.

•	 Performing the sintering treatment on prototype substan-
tially reduced porosity and deboned area at the interface.

•	 By performing the sintering treatment, the distribution 
of reinforcing particles became more uniform, and the 
average size of the particles decreased.

•	 In both reinforced and un-reinforced wires, the strength 
of samples was increased by performing the sintering 
treatment. Besides, the sintering treatment can improve 
composite wire’s elongation, electrical conductivity, 
and wear resistance by 13, 2, and 5%, respectively.

•	 In composite wires, the wear mechanism changes from 
delamination to an abrasive mechanism by increasing 
surface hardness.
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