
 

 

 Trans. Nonferrous Met. Soc. China 34(2024) 4005−4019 

 
Enhanced mechanical and electrical properties of 

multi-walled carbon nanotubes reinforced Cu/Ti3SiC2/C 
nanocomposites via high-pressure torsion 

 
Zi-xuan WU1,2,3, Pei-fan ZHANG4, Xiao-song JIANG1,2, 

Hong-liang SUN1,2, Yan-jun LI5, Pål CHRISTIAN5, Liu YANG6 
 

1. Key Laboratory of Advanced Technologies of Materials, Ministry of Education, 
Southwest Jiaotong University, Chengdu 610031, China; 

2. School of Materials Science and Engineering, Southwest Jiaotong University, Chengdu 610031, China; 
3. School of Engineering and Materials Science, Queen Mary University of London, London E1 4NS, United Kingdom; 

4. Teaching and Research Support Center, Naval Aviation University, Yantai 264001, China; 
5. Department of Materials Science and Engineering, Norwegian University of Science and Technology, 

Trondheim 7491, Norway; 
6. Institute for Applied Materials, Karlsruhe Institute of Technology, Karlsruhe 76131, Germany 

 
Received 30 April 2023; accepted 21 September 2023 

                                                                                                  
 

Abstract: In order to achieve combined mechanical and electrical properties, multi-walled carbon nanotubes (MWCNTs) 
reinforced Cu/Ti3SiC2/C nanocomposites were further processed by high-pressure torsion (HPT). The maximum 
microhardness values of central and edge from the composites with 1 wt.% MWCNTs reached HV 130.0 and HV 363.5, 
which were 43.9% and 39.5% higher than those of the original samples, respectively. With the same content of 
MWCNTs, its electrical conductivity achieved 3.42×107 S/m, which was increased by 78.1% compared with that of 
original samples. The synergistic improvement of mechanical and electrical properties is attributed to the obtained 
microstructure with increased homogenization and refinement, as well as improved interfacial bonding and reduced 
porosity. The strengthening mechanisms include dispersion and refinement strengthening for mechanical properties, as 
well as reduced electron scattering for electrical properties. 
Key words: Cu/Ti3SiC2/C nanocomposites; multi-walled carbon nanotubes; high-pressure torsion; microstructure; 
microhardness; electrical conductivity 
                                                                                                             

 
 
1 Introduction 
 

The development of Cu/Ti3SiC2/C composites 
is based on Cu/graphite composites, which are 
widely used in areas including electrical contact and 
friction, with combined mechanical and electrical 
properties [1,2]. In Cu/Ti3SiC2/C composites, 
graphite can be used as lubricating phase to reduce 

friction, while Ti3SiC2 has high strength and a 
coefficient of thermal expansion close to that of Cu 
matrix, which can be used as reinforcing phase to 
improve mechanical properties and interfacial 
bonding [3−6]. In order to further improve the 
mechanical and electrical properties of the 
composites, as well as utilizing the concept of 
hybrid reinforcement, we proposed to use multi- 
walled carbon nanotubes (MWCNTs) as another 
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reinforcing phase [1,7−10]. The reason is that the 
unique hollow tubular structure of MWCNTs gives 
them not only the inherent mechanical properties of 
carbon materials (elastic modulus of 1.2 TPa and 
strength of 100 GPa), but also metal-like electrical 
and thermal conductivities (electrical conductivity 
of 106−107 S/m and thermal conductivity of 
6000 W/(m·K) [11,12]. In addition, MWCNTs are 
easier to prepare and have better mechanical 
properties than carbon nanotubes (CNTs) [13]. 
However, due to their nano-scale size, as well as 
large specific surface area and aspect ratio, 
MWCNTs are highly susceptible to agglomeration 
and difficult to achieve well-dispersion in Cu 
matrix, which seriously affects their applications 
[14]. In addition, the interfacial wettability between 
MWCNTs and Cu matrix is poor, and the interfaces 
are incompatible or even completely separated [14]. 
Therefore, it is of great importance to effectively 
disperse MWCNTs to obtain the homogenized 
microstructure, as well as improve the interfacial 
bonding in the composites. 

A proper preparation method is important   
to obtain the homogenized microstructure and 
favorable comprehensive properties [15,16]. Powder 
metallurgy based on solid-state route is widely used 
in fabricating copper matrix composites since ball 
milling enables the homogeneous mixing of all 
components [2,17−20]. However, in practice, the 
contribution of ball milling to the dispersion of 
MWCNTs is quite limited since ball milling may 
lead to structural changes of MWCNTs due to   
the induced energy and elevated temperature [8]. 
Recent researches have suggested that cryogenic 
milling can partially mitigate the adverse effects  
of high-temperature densification process [21,22]. 
Therefore, surface modification and further 
processing that can address the issues above are 
necessary [1,13,23−28]. Firstly, the surface 
modification can improve the dispersibility of 
MWCNTs by functionalizing their surfaces through 
chemical processes [14,29−35]. In this work, gallic 
acid solution was chosen to modify the surface   
of MWCNTs, by grafting hydrophilic functional 
groups to overcome their hydrophobic nature and 
agglomeration [3−6]. Secondly, a series of physical 
processes based on severe plastic deformation  
(SPD) can further introduce energy to significantly 
reduce or eliminate the agglomeration of MWCNTs 
[9,19,21,36,37], including equal-channel angular 

pressing (ECAP) [38], accumulative roll-bonding 
(ARB) [39,40], friction stir processing (FSP) [41], 
and high-pressure torsion (HPT). Similarly, in this 
work, HPT was selected for further treatment     
to effectively achieve the homogenization and 
refinement of the microstructure [11,12,42,43]. On 
the one hand, HPT is a physical process, which 
does not involve chemical reactions and can 
preserve all phases in the composites. On the other 
hand, HPT is able to break grains and eliminate 
pores while dispersing MWCNTs by simultaneously 
applying extreme pressure and shear strain [6]. As a 
result, HPT can improve mechanical properties 
based on dispersion and refinement strengthening, 
and enhance electrical properties due to improved 
interfacial bonding and reduced porosity [8]. 

Based on our previous work [3], the effect of 
MWCNTs content on the comprehensive properties 
of the composites before HPT was analyzed, and 
the optimal content of MWCNTs was selected for 
subsequent microstructure characterization. In order 
to further improve the mechanical and electrical 
properties of Cu/Ti3SiC2/C/MWCNTs composites, 
HPT was performed based on powder metallurgy, 
aiming at obtaining the microstructure with 
significantly increased homogenization and 
refinement, as well as improved interfacial bonding 
between MWCNTs and Cu matrix. The effects of 
HPT treatment and HPT turns on the microstructure 
and properties of the composites were investigated. 
Then, the strengthening mechanisms of 
HPT-treated composites were summarized. 
 
2 Experimental  
 
2.1 Raw materials and fabrication of sample 

Cu/Ti3SiC2/C/MWCNTs composites with 
different MWCNTs contents were prepared 
according to the preparation procedure in our 
previous work [3]. Some properties of raw 
materials used in the experiment are shown in 
Table 1, including Cu (Chengdu Huayin Powder 
Technology Company Ltd.), Ti3SiC2 (Forsman 
Scientific (Beijing) Company Ltd.), C (Cixi 
Xincheng Sealing Material Company Ltd.), and 
MWCNTs (Chengdu Organic Chemicals Company 
Ltd., Chinese Academy of Sciences). Three groups 
of composites with different MWCNTs contents 
were prepared using the raw materials above, where 
the mass fractions of each component were Ti3SiC2 
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Table 1 Some properties of raw materials 
Raw 

material 
Density/ 
(g·cm−3) 

Size Purity/% 

Cu 8.89 ≤60 μm ≥99.99 

Ti3SiC2 4.53 ≤50 μm ≥99 

C 2.2 ≤75 μm ≥99.9 

MWCNTs 2.1 
Diameter: 20−30 nm; 

Length: 10−30 μm 
≥95 

 
(10%), C (3%), and MWCNTs (1%, 5%, and 9%), 
respectively. The MWCNTs were firstly surface 
modified and dispersed in 10 μg/mL gallic acid 
solution. Cu/Ti3SiC2/C/MWCNTs composites were 
obtained after the sequence of ball milling, freeze 
drying, hot pressing, and sintering. 

The composites were further subjected to  
HPT in order to alleviate the side effects of 
MWCNTs agglomeration while achieving grain 
refinement, and improving mechanical and electrical 
properties [6]. Based on MTS 311 material testing 
system with a maximum force of 2 MN and a 
maximum torque of 1.5 N·m at Norwegian 
University of Science and Technology (NTNU), the 
HPT process was performed in experiment after 
modifications. Four groups of samples with 
different HPT turns were prepared at a pressure of 
6 GPa (0, 0.5, 2, and 5 turns, respectively). The 
fabrication process of the composites is shown in 
Fig. 1. 

2.2 Characterization 
The relative density of the composites was 

tested based on Archimedes principle. The 
mechanical properties were obtained from Vickers 
hardness tester (HV, HXD−100TM) with a load 
force of 1 kg and a dwell time of 15 s. The 
electrical properties were measured by using a 
resistivity tester (Sigmatest 2.069). The 
characterization of microstructure involved X-ray 
diffraction (XRD, Rigaku Ultma IV) with 2θ 
between 10° and 80°, optical microscope (OM, 
AxioCam MRc5), scanning electron microscope 
(SEM, JEM−100CX) with back-scattered electron 
(BSE) imaging mode and energy dispersive X-ray 
spectrometer (EDS), electron back-scattered 
diffractometer (EBSD, Oxford NordlysMax3), and 
transmission electron microscope (TEM, FEI 
Tecnai F20ST with 200 kV accelerating voltage). 

 
3 Results and discussion 
 
3.1 Mechanical and electrical properties 

Table 2 shows the mechanical and electrical 
properties of raw samples with different MWCNTs 
contents before HPT [3]. We found that as 
MWCNTs content increased, the relative density 
gradually decreased, and the mechanical properties 
first increased and then decreased, in contrast to the 
changes in the electrical properties. The reasons for 
the emergence of different trends was discussed in  

 

 
Fig. 1 Schematic diagram of fabricating Cu/Ti3SiC2/C/MWCNTs nanocomposites 



Zi-xuan WU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 4005−4019 4008 

Table 2 Relative density, mechanical, and electrical 
properties of Cu/Ti3SiC2/C/MWCNTs composites with 
different MWCNTs contents [3]  
MWCNTs 

content/ 
wt.% 

Relative 
density/% 

Microhardness 
(HV) 

Electrical 
conductivity/ 
(107 S·m−1) 

1 93.51 64.9 1.92 

5 87.91 68.5 1.18 

9 82.84 45.5 2.32 

 
our previous work [3,44,45]. Since the target of this 
work is to obtain the composites with combined 
mechanical and electrical properties, we suggested 
that the composites containing 1 wt.% MWCNTs 
had the best overall performance, and we mainly 
selected samples with this composition in 
subsequent microstructure characterization. 

The mechanical and electrical properties of the 
composites will change significantly after HPT. 
Figure 2 shows the relationship between relative 
density and HPT turns. The relative density of the 
composites gradually increases with the increase of 
HPT turns, but the tendency of the increment tends 
to level off. This is because with increasing HPT 
turns, that is, the improvement of applied pressure 
and shear strain, the plastic deformation of the 
microstructure will make internal pores to be closed 
substantially [12]. At the same time, the energy 
introduced inwards generates plenty of non- 
equilibrium high-angle grain boundaries (HAGBs), 
which promotes the interactions between grain 
boundaries and dislocations, thus improving the 
densification of microstructure while refining  
grains [30]. However, the effect of mechanical 
densification is limited. As HPT turns continuously 
increase, the plastic deformation of the micro- 
structure also gradually approaches the maximum, 
and the pores tend to be saturated. Therefore, the 
trend of improving relative density leveled off   
by further increasing HPT turns. In addition, 
comparing the relative density of the composites 
with different MWCNTs contents, it was found that 
HPT was more effective in improving the relative 
density when the raw sample owned a lower value. 

The mechanical properties of the composites 
after HPT were fully analyzed. To begin with, it 
should be noted that it is not the case that the higher 
the MWCNTs content, the higher the microhardness 
of the composites. Combined with Table 2, the 

microhardness of the composites first increases and 
then decreases as the content of MWCNTs 
increases. The first increase is due to the high 
strength and microhardness of MWCNTs, and their 
incorporation greatly increases the number and area 
of interfaces in the composites, further improves 
mechanical properties by grain refinement 
[13,25,45]. However, when MWCNTs content 
reaches 9 wt.%, the poor dispersion and wettability 
of MWCNTs with Cu matrix cause more serious 
agglomeration, resulting in the inhomogeneity 
between different regions and the decrease in 
microhardness. 
 

 
Fig. 2 Relative density of Cu/Ti3SiC2/C/MWCNTs 
nanocomposites with different MWCNTs contents and 
HPT turns 
 

After different HPT turns, the relative density 
of the composites was enhanced, so did the 
microhardness. Figure 3 shows three-dimensional 
(3D) microhardness distribution of the composites 
with 1 wt.% MWCNTs (33 microhardness values at 
fixed positions were selected for each group of 
samples, and a coordinate system was constructed 
on sample surface, with sample center as origin and 
the microhardness value as Z-axis, to make a 3D 
microhardness distribution of the composites, while 
the magnitude of the microhardness was mapped on 
a two-dimensional (2D) plane). As shown in Fig. 3, 
the microhardness of the composites changes in a 
gradient with increasing distance from sample 
center. When HPT turn N=0.5, the microhardness of 
sample center and edge are HV 90.5 and HV 260.5, 
with an increment of HV 170. The microhardness 
distributions satisfy similar patterns at HPT turns of 
N=2 and N=5. Compared with raw samples without 
HPT, the microhardness values after HPT were  
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Fig. 3 3D microhardness distribution of Cu/Ti3SiC2/C/MWCNTs nanocomposites with 1 wt.% MWCNTs at different 
HPT turns (N): (a) Schematic diagram of microhardness test; (b) N=0.5; (c) N=2; (d) N=5 
 
significantly improved with the increase of HPT 
turns. As the number of HPT turns N increased from 
0.5 to 5, the microhardness of the sample center 
was gradually enhanced from HV 90.5 to HV 130.0, 
and that of the edge was improved from HV 260.5 
to HV 363.5, which was increased by 43.9% and 
39.5%, respectively. The microhardness distributions 
of different samples after HPT are similar, and all of 
them have less microhardness in central region and 
more microhardness in edge. Besides, during the 
transition from the central to the edge, there are 
obvious stages in the microhardness of local areas 
near the edge. This is because the shear strain 
introduced by HPT gradually increases from the 
central to the edge of the samples, resulting in the 
formation of a gradient microstructure in the 
composites [9,11,26,36]. 

Cu/C composites usually require excellent 
electrical properties, so it is necessary to investigate 
their electrical conductivity. Combined with   
Table 2, the composites with 9 wt.% MWCNTs  
had the highest electrical conductivity, reaching 
2.32×107 S/m for raw samples, while the composites 
with 5 wt.% MWCNTs had the lowest one. The 

electrical conductivity decreased with the increase 
of MWCNTs content during initial stage. The 
reasons are, on the one hand, the problem of 
interfacial bonding between MWCNTs and Cu 
matrix. With the increase of MWCNTs content, the 
phenomenon of MWCNTs agglomeration will 
become more obvious, resulting in a certain extent 
of pores inevitably. On the other hand, the 
wettability between MWCNTs and Cu matrix is 
poor, almost no chemical reaction occurs, and the 
interfacial bonding between the two phases  
always relies on thermal diffusion between atoms 
during fabrication, thus the interfacial bonding 
mainly defined as mechanical bonding [13,14,45]. 
However, when MWCNTs content is high enough, 
they can be interconnected with each other to form 
a continuous 3D net structure. That is, electron 
conduction channels are formed, leading to the 
elevated electrical conductivity. 

Figure 4 shows the relationship between 
electrical conductivity and HPT turns. The electrical 
conductivity of the composites was improved with 
increasing HPT turns, and the trend was very 
similar to that of relative density. The electrical 
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conductivity of the composites containing 1 wt.% 
MWCNTs reached 3.42×107 S/m after HPT (N=5), 
which was 78.1% higher compared to that before 
HPT. Combined with previous analysis of relative 
density, the samples with different MWCNTs 
contents all produced grain refinement and gradual 
decrease in porosity with increasing HPT turns.  
Due to the densification of the composites and 
improvement of interfacial bonding, the scattering 
of carriers by defects such as dislocations near 
phase interfaces and pores is weakened, thus 
achieving the enhanced electrical conductivity 
[12,26]. 
 

 
Fig. 4 Electrical conductivity of Cu/Ti3SiC2/C/MWCNTs 
nanocomposites with different MWCNTs contents and 
HPT turns 
 

In short, the relative density, microhardness, 
and electrical conductivity of Cu/Ti3SiC2/C/ 
MWCNTs nanocomposites were significantly 
improved after HPT. Since the samples are 
subjected to shear strain proportional to the distance 
from the center, the plastic deformation occurring at 
different locations of the samples differs from the 
center to edge. Therefore, the properties of the 
composites after HPT also showed a gradient from 
the center to edge. 
 
3.2 Microstructure 

Since the composites with 1 wt.% MWCNTs 
have the best overall performance, we mainly chose 
the samples with this composition for the 
microstructure characterization. Figure 5 shows 
XRD patterns of the composites. It is widely 
accepted that HPT is a purely physical process, with 
large plastic deformation and no chemical reactions 
occurring [6]. Therefore, the phase composition of 

the composites did not change after HPT. With 
increasing HPT turns, the microstructure of the 
composites will change significantly, though the 
phase composition remains unchanged. On the one 
hand, the diffraction peaks of Cu matrix in the 
composites are higher than those of raw samples. 
This is due to the slight differences from texture 
structure caused by HPT, which makes the peak 
intensity increase. On the other hand, the width of 
diffraction peaks increases with increasing HPT 
turns. This is caused by grain refinement and lattice 
distortion in Cu matrix. In addition, the appearance 
of new phases including TiC and Cu9Si is due    
to the thermal decomposition of Ti3SiC2 at high 
temperatures [3−6]. We also found that the C(002) 
peak was relatively obvious when HPT turn  
N=0.5 [6]. 
 

 

Fig. 5 XRD patterns of Cu/Ti3SiC2/C/MWCNTs nano- 
composites with 1 wt.% MWCNTs at different HPT turns 
 

Figure 6 shows metallographic morphologies 
of the composites. When HPT turn N=0.5, there is 
certain independence between different phases in 
the composites. There is a clear distinction between 
the black carbon-containing phases and white Cu 
matrix, and the presence of some pores was also 
observed. With increasing HPT turns, the blending 
of different phases rises significantly, the interfaces 
become less obvious, and the number of pores 
gradually decreases. At the same time, the particle 
size of each phase reduces with increasing HPT 
turns, thus significant grain refinement can be 
observed. When HPT turn reaches N=5, it can be 
seen that the most obvious directionality has been 
left in microstructure after HPT, and the grain size 
reaches the minimum. 
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Fig. 6 Optical images of Cu/Ti3SiC2/C/MWCNTs nanocomposites with 1 wt.% MWCNTs at different HPT turns:     
(a, b) N=0; (c, d) N=0.5; (e, f) N=2; (g, h) N=5 
 

According to HPT theory, the farther distance 
from the center of the samples subjected to a higher 
torque is, the greater the plastic deformation is. As 
shown in Figs. 6(g, h), due to shear strain provided 
by the HPT, the grains undergo shear deformation, 
and both reinforcing phases and matrix are 

significantly elongated with band morphology. 
With the increase of HPT turns, the plastic 
deformation intensifies, and the accumulation of 
deformation leads to the disorder of grain 
morphology, thus the grains are obviously 
elongated. To some extent, the blending between 
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MWCNTs and Cu matrix was effectively improved, 
and the dispersion inhomogeneity of MWCNTs due 
to their own agglomeration was solved [26]. At the 
same time, increasing HPT turns also makes the 
grain size of Cu matrix refiner, which significantly 
improves refinement strengthening [8]. 

In order to further investigate the distribution 
of reinforcing phases in the composites after HPT, 
as well as the evolution of the microstructure during 
HPT, the composites containing 1 wt.% MWCNTs 
at different HPT turns were further characterized by 
SEM. As shown in Fig. 7, the number of C atoms at 
Position 1 accounts for 87.17%, which tentatively 
proves that the black region is mainly composed of 
carbon-containing phases. Point 2 was taken at the 
interfaces between carbon-containing phases and 
Cu matrix, and various elements were distributed. 
Point 3 was sampled in gray region and judged to 
be Ti3SiC2. The low content of Si element is due to 
the tendency of thermal decomposition of Ti3SiC2 at 
high temperatures [3−6]. The number of obvious 
phase interfaces decreases after HPT, and the 
interfaces tend to blur. The color difference  
between different phases is reduced, and localized 
reinforcing phases clustering is hardly visible. The 
homogeneous distribution of reinforcing phases in 
Cu matrix is demonstrated, as well as the 
improvement of the microstructure homogeneity of 
the composites by HPT [1,8]. 

Figure 8 shows EBSD results of the 
composites. Figure 8(a) shows the degree of local 

mismatch within the microstructure. The overall 
relatively low degree of local mismatch indicates 
that the strain within the composites is uniform  
and low, demonstrating that the distribution 
homogeneity of reinforcing phases in Cu matrix has 
been significantly improved after HPT [7]. It is 
possible that differences in phase composition cause 
color differences between different regions, and the 
regions with a higher degree of local mismatch  
may contain interfaces and reinforcing phases. In 
addition, the contours of grain boundaries are not 
obvious, indicating that most of them are low-  
angle grain boundaries (LAGBs) [12]. Figure 8(b) 
presents the local misorientation between different 
grains. Then, Fig. 8(c) displays the misorientation 
between different grains within the composites. It is 
found that the proportion of LAGBs is greater, 
which can effectively reduce the resistance to 
dislocation movement and promote the traversal  
of dislocations between adjacent grains, thus 
improving the toughness of the composites [12]. 
Figure 8(d) gives the misorientation between 
different grains, where LAGBs account for 68.85%. 
Finally, Fig. 8(e) shows the specific orientations of 
different grains inside the composites. Since there is 
no obvious preferential orientation at this point,   
it can be assumed that HPT promotes the 
microstructure homogeneity of the composites [7]. 
At the same time, the grains achieved significant 
refinement after HPT, which proved that HPT can 
promote the improvement of mechanical properties 

 

 
Fig. 7 SEM images of Cu/Ti3SiC2/C/MWCNTs nanocomposites with 1 wt.% MWCNTs at different HPT turns: (a) N=0; 
(b) N=0.5; (c) N=2; (d) N=5 
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Fig. 8 EBSD results of Cu/Ti3SiC2/C/MWCNTs nanocomposites with 1 wt.% MWCNTs after HPT (N=5): (a) Kernel 
average misorientation (KAM) figure; (b) Histogram of local misorientation; (c) Grain boundary (GB) figure;       
(d) Histogram of grain boundary misorientation; (e) Inverse pole figure (IPF); (f) Histogram of grain size 
 
through refinement strengthening [36]. Meanwhile, 
defects such as vacancies near GBs are also able to 
enhance electrical properties [46]. Figure 8(f) 
shows the size of different grains, and the average 
grain size is 0.57 μm. At this point, plenty of nano- 
grains exist, and the number of nano-grains 
accounts for 89.65%. 

However, a small number of regions with 
larger grains were still found in the composites after 
HPT, i.e., there may still be slight size differences 
between grains in different regions. The reason is 
that the shear strain introduced by HPT is able to 

induce dynamic recrystallization of the composites, 
producing a gradient microstructure with a continuous 
arrangement of large and small grains [42]. Initially, 
as the shear strain gradually increases, the number 
of dislocations rises, sub-grains are produced in 
larger grains, and smaller grains are deformed along 
the shear direction. With further increase in shear 
strain, lamellar structures with coarse and ultra-fine 
grains appear. 

Figure 9 shows TEM results of the composites, 
including morphologies, selected area electron 
diffraction (SAED) patterns, and corresponding 
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Fig. 9 TEM images of Cu/Ti3SiC2/C/MWCNTs nanocomposites with 1 wt.% MWCNTs after HPT (N=5): (a, b, d, g) 
Morphologies; (e, h) SAED patterns; (c, f, i) EDS results 
 
EDS results. From Figs. 9(a, g), it can be seen   
that the microstructure of the composites becomes 
uniform and fine after HPT, and the reinforcing 
phases are well-dispersed in Cu matrix. At the same 
time, different grains are tightly bonded to each 
other, and no defects such as porosity are observed. 
In the SAED pattern shown in Fig. 9(h), the 
diffraction spots are disordered and irregular, 
indicating the superposition of diffraction spots 
from polycrystals. Meanwhile, the diffraction rings 
can also be observed in this figure, which is due to 
the grain refinement of the composites after HPT, 
and it is also a typical polycrystalline diffraction 
pattern. Combined with high-resolution images of 
Point 1 and EDS results (Figs. 9(a−c)), the phase is 

suggested to be Ti3SiC2. Figure 9(b) shows the 
interfaces between Ti3SiC2 and Cu matrix, the 
interfacial region is blurred and there is a transition 
layer, which indicates that the interfaces are well 
bonded. Further analysis shows that the interfacial 
bonding between Ti3SiC2 and Cu matrix is 
metallurgical, due to the chemical reactions of 
Ti3SiC2 itself at high temperatures, which is 
favorable to enhancing the performance of      
the composites by improving the interfacial 
bonding [8,9,11,12,36]. The interfaces between the 
translucent phase and Cu matrix shown in Fig. 9(d) 
are also in close contact, and based on the 
corresponding SAED pattern and EDS results, it is 
assumed to be mainly carbon-containing phases, 
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which can be determined to be graphite. Due to the 
low bonding strength between graphite flake layers, 
the shear strain introduced by HPT leads to a 
reduction in their thickness. Thus, they appear 
translucent under the microscope [1]. At this point, 
there are clear interfaces between graphite and Cu 
matrix, and no diffusion layer is observed, 
indicating that the bonding type now is mainly 
mechanical bonding [8,9,11,12,36]. Although the 
mechanical bonding is usually considered weaker 
than metallurgical bonding, the absence of pores at 
the interfaces also indicates that HPT used in this 
work can obtain tightly bound interfaces, thus 
effectively improving the mechanical properties of 
the composites. 
 
3.3 Strengthening mechanisms 

Since HPT is a treatment that imposes large 
plastic deformation on the composites through 
shear strain, combined with the results of 
microstructure and properties, the main role of HPT 
in this work as follows: On the one hand, 
macroscopically, HPT is a process of gradual 
densification of the composites, i.e., the change   
of Cu matrix from loose to close contact. Under 
severe shear strain, Cu matrix undergoes plastic 
deformation, and the pores originally existing in the 
microstructure are squeezed and filled, gradually 
becoming smaller or even disappearing [8]. This is 
manifested as an increase in relative density, which 
further leads to an increase in microhardness    
and electrical conductivity. On the other hand, 
microscopically, HPT is a process of refining grains 
and improving interfacial bonding. Under the 
synergetic effects of circumferential shear strain 
and axial pressure, strain accumulates inside the 
microstructure of the composites, and more 
dislocations are generated inside the crystal, 
accompanied by certain slip and twinning [11,12]. 
At the same time, the grains have certain elasticity, 

so they also undergo certain deformation which 
leads to slight movement, and results in refined 
reinforcing phases under external forces along with 
the filling of pores. In short, it appears that with 
increasing HPT turns, the improved microstructure 
homogeneity, grain refinement, and interfaces 
blurring are the results. 

Figure 10 shows the microstructure evolution 
of the composites during HPT. To begin with, there 
are a small number of dislocations in grains of the 
composites before the sample is subjected to HPT. 
Next, during the first stage of HPT, the grains are 
applied to shear strain, dislocations proliferate 
rapidly and slip, and plastic deformation occurs. As 
the pressure and shear strain at the edge of the 
samples are stronger, the deformation is also greater 
than that of central, resulting in a microstructure 
with higher dislocation density. Then, as HPT turn 
increases, the strain accumulated inside the grains 
keeps increasing. The continuous increase of strain 
leads to more dislocations inside the crystal and 
makes dislocation slip, resulting in dislocation 
plugging. When the dislocation density reaches a 
certain level, the matrix is already in a high-energy 
unstable state, and a dynamic recovery process 
occurs to form LAGBs and then sub-grains. When 
the misorientation of the surrounding sub-grains is 
large enough, HAGBs are formed [42]. Finally, 
when the HPT turn is high enough, ultra-fine 
equiaxed grains with uniform microstructure will be 
obtained. Due to the occurrence of dynamic 
recovery and recrystallization, there are almost   
no dislocations inside the grains, and the grain 
boundaries are smooth and flat [42]. 

According to Hall−Patch effect, the smaller the 
grain size of the composites is, the better the 
mechanical properties are [47]. Combined with 
Tabor relationship, the microhardness of the composites 
(HVComposite) is calculated as follows [48]:  
HVComposite=(σ0+Kd −0.5)/3                   (1) 

 

 

Fig. 10 Schematic diagrams of microstructure evolution during HPT 
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where σ0, K, and d represent the intrinsic strength of 
metal matrix, a constant, and the grain size, 
respectively. In the absence of significant work 
hardening, the microhardness of the composites is 
one-third of its yield strength, and increases with 
decreasing grain size [47,48]. The higher the HPT 
shear strain on the grains of the composites, the 
more pronounced the grain refinement. The 
synergistic effects of microscopic factors lead to 
final macroscopic changes, including relative 
density and microhardness (Figs. 2 and 3). 

The improvement of electrical properties in the 
composites can be explained by the mechanisms 
related to metal. The rise in defects and pores 
reduces the free path of electrons, which inevitably 
leads to a decrease in electrical conductivity [12]. 
However, the uniform distribution of reinforcing 
phases and thier favorable interfacial bonding  
with Cu matrix can promote the formation of    
the interconnected conductive networks in the 
composites [32,49]. In current researches, there are 
problems including interfacial bonding between 
MWCNTs and Cu matrix. Moreover, as the content 
of MWCNTs increases, the agglomeration of 
reinforcing phases will become more obvious,  
and a certain extent of pores at the interfaces will 
inevitably arise, which affects the electrical 
properties of the composites [14]. 

According to Fuchs size effect theory, the size 
effect on interfacial resistivity must be considered 
when the dimension of the composites in any 
direction is close to the free path of electrons [50]. 
In this work, Cu/Ti3SiC2/C/MWCNTs composites 
have nano-scale grain size and interfaces when 
interfacial scattering has an important effect     
on the electrical properties of the composites. The 
interfacial resistivity between MWCNTs and Cu 
matrix (ρInterface) is calculated as follows [50]:  

2 1/3
2/3MWCNTs

Interface 2
MWCNTs i

3 (3π )= (1 )
4 (1 )

Vhρ p n
V de

−−
−

 

                   (2) 
where h , e, p, di, and n are Planck’s constant, 
electron charge, interfacial scattering coefficient, 
inner diameter of MWCNTs, and Cu matrix 
electron concentration, respectively; VMWCNTs is the 
volume fraction of the second phase. The stronger 
the interfacial bonding is, the less the scattering of 
electrons at the interfaces is, the greater the free 
path of electrons is, the lower the interfacial 

resistivity is, and the higher the electrical properties 
of the interfaces are [32,49]. The dispersion of 
MWCNTs in the composites and the interfacial 
bonding between MWCNTs and Cu matrix were 
significantly improved after HPT. At the same time, 
the relative density of the composites was increased 
and the number of pores was greatly reduced. All 
the changes above greatly increased the free path of 
electrons, as well as the electrical properties of the 
composites (Fig. 4). 

In a word, the addition of a small amount of 
MWCNTs can improve the mechanical properties 
of the composites, while excessive amount leads to 
agglomeration and grain boundary delamination, 
resulting in the degradation of the properties. As the 
content of MWCNTs increases, the strength of the 
composites is improved to a certain level, but it  
also tends to produce uneven properties between 
different regions. This is because with increasing 
MWCNTs content, the porosity between the 
reinforcing phases and the matrix increases, the 
stress concentration and the agglomeration of 
MWCNTs show up near grain boundaries, which 
prevent the effective transfer of the strengthening 
effect. The microstructure, mechanical and 
electrical properties of the composites were all 
improved after HPT. Therefore, it can be concluded 
that HPT can be used to obtain balanced mechanical 
and electrical properties in copper matrix 
composites. 
 
4 Conclusions 
 

(1) HPT is a purely physical process including 
microstructure deformation and grain refinement. 
The higher the HPT turns are, the greater the plastic 
deformation is, and the better the homogenization 
and refinement of microstructure are. Moreover, 
plastic deformation is related to the distance from 
the center, and the microstructure also changes in a 
gradient from the center to edge. 

(2) The mechanical properties of the composites 
were significantly improved and distributed in a 
gradient after HPT. The maximum microhardness 
values of central and edge from the composites with 
1 wt.% MWCNTs reached HV 130.0 and HV 363.5, 
which were 43.9% and 39.5% higher than those of 
the original samples, respectively. 

(3) The electrical conductivity of the 
composites was improved as HPT turns increased. 
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The electrical conductivity of the composites  
(1 wt.% MWCNTs) with HPT turn N=5 reached 
3.42×107 S/m, which was 78.1% higher compared 
to that of raw samples. On the one hand, the 
porosity was reduced because of increased relative 
density. On the other hand, the scattering of carriers 
was decreased due to improved interfacial bonding. 
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摘  要：为了获得综合的力学和电学性能，通过高压扭转对多壁碳纳米管增强 Cu/Ti3SiC/C 纳米复合材料进行进

一步加工。含 1%(质量分数)多壁碳纳米管复合材料中心和边缘的最大显微硬度值分别达到 HV 130.0 和 HV 363.5，

相比原始样品分别提高了 43.9%和 39.5%。其电导率的最大值达到 3.42×107 S/m，相比原始样品提高了 78.1%。力

学和电学性能的协同提高归因于均匀化和细化的显微组织，以及改善的界面结合和降低的孔隙率。增强机理包括

与力学性能相关的弥散和细晶强化，以及与电学性能相关的电子散射的减少。 
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