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Abstract: Copper matrix composites (CMCs) offer promising applications by combining the functional characteristics 
of copper with composite phases. With the rapid advancement in aerospace, microelectronics, and intelligent terminal 
engineering, the demand for CMCs with superior mechanical and electrical properties has become increasingly critical. 
This paper reviews the design principles, preparation methods, microstructures and properties of some typical CMCs. 
The existing form of composite phases in the Cu matrix and their effects on microstructure evolution and 
comprehensive properties are summarised. Key underlying mechanisms governing these enhancements are discussed. 
The results provide a systematic understanding of the relationship between reinforcement phases and properties, 
offering insights for the future development of CMCs aimed to achieve much better comprehensive properties. The 
paper concludes by outlining the development trends and future outlook for the application of CMCs. 
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1 Introduction 
 

Copper matrix composites (CMCs) combined 
with the characteristics of copper matrix and the 
unique functional characteristics of composite 
phase, possess excellent comprehensive properties, 
such as outstanding electrical and thermal 
conductivities, good corrosion and wear resistances, 
superior hardness, high temperature softening 
resistance and magnetic shielding resistance [1,2]. 
In recent years, CMCs have been widely applied in 
the fields of high-speed rail transit, charging piles, 
ultra-high voltage transmission and transformation, 
advanced microwave radar guidance, medical 
imaging equipment, direct current relay, 5G mobile 
communication technology, resistance welding, 
plasma acting components in nuclear fusion system 
and combustion chamber bushing [3]. 

With the rapid development of modern 
industrial technology and new quality productive 
force systems, the demand for materials with both 
high electrical conductivity and mechanical properties 
are growing exponentially. The high-strength and 
high-conductivity CMCs fabricated by adding 
reinforcements into the Cu matrix attract more and 
more attention. However, the enhancement of   
the strength of copper by adding reinforcement 
often comes at the expense of the decrease of 
conductivity [4,5]. This trade-off is particularly 
problematic because conductivity is a critical 
parameter in many applications of CMCs. For 
instance, in electrical connectors and power 
transmission systems, maintaining high 
conductivity and good mechanical properties is 
essential for efficient and reliable operation. The 
challenge of simultaneously improving both the 
strength and electrical conductivity of CMCs has 
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become a major focus in current research, driving 
significant advances in material design and 
processing techniques [6]. However, despite these 
advances, there remains a lack of a systematic 
summary of the composite principles and the 
underlying mechanisms that govern the 
performance of high-strength and high-conductivity 
CMCs. 

In this paper, CMCs are classified into three 
main categories: particle-reinforced CMCs, micro- 
composite copper alloys, and Cu−carbon 
composites. Each category represents a different 
approach for reinforcement, offering unique 
benefits and challenges in terms of the material 
properties and processing. The preparation methods 
of CMCs, including stir casting [7,8], traditional 
powder metallurgy (TPM) [9−11], hot pressing  
(HP) [12], friction stir processing (FSP) [13], severe 
plastic deformation (SPD) [14,15], infiltration [16], 
compound casting process [17] and spark plasma 
sintering (SPS) [18] are introduced. According to 
the classification of reinforcement phases, the 
composite principle, fabrication process and the 
enhancement impact of various typical CMCs are 
reviewed. Furthermore, the existing form of 
composite phases in the Cu matrix, their influence 
on microstructure evolution, the comprehensive 
properties of the CMCs, and the underlying 
mechanisms are discussed. Finally, the development 
and prospect of CMCs are presented. This paper is 
expected to provide a theoretical basis and 
technological support for the design and fabrication 
of CMCs with much better comprehensive 
properties. 
 
2 Particle-reinforced copper composites 
 

At present, the particle-reinforced CMCs are 
studied commonly and the fabrication process is 
relatively mature in application. Compared with 
copper-based alloys, particle-reinforced CMCs  
have attracted much attention due to their higher 
specific strength and better high-temperature 
strength [19−23]. The enhancement of mechanical 
properties of particle-reinforced CMCs are closely 
related to the particle size, volume fraction and 
distribution state of reinforced particles, which can 
be controlled by adjusting the preparation 
conditions to avoid the aggregation of the particles 
in the copper matrix. The dispersed particles in the 

copper matrix can effectively prevent the slipping 
of dislocation and have a slight effect on electron 
scattering [24]. Thus, the particle-reinforced CMCs 
exhibit outstanding mechanical performance and 
electric conductivity, and the mechanical properties 
can be maintained even at elevated temperatures. 

The most common preparation method for 
particle-reinforced CMCs is powder metallurgy, 
which contains the following processes: mixing, 
moulding, sintering and processing. Although the 
process of powder metallurgy is complicated, it has 
the advantages of easy mass production and 
relatively stable material properties of particle- 
reinforced CMCs. In recent years, the in situ 
reactive synthesis of materials has become one of 
the novel methods to prepare particle-reinforced 
CMCs and other ceramic-metal composites due to 
the advantages of simple processes, good material 
properties, low product cost and near-final 
moulding. The key technical principle of in situ 
reactive synthesis is to select appropriate reaction 
agents and suitable fabrication parameters 
according to the material design requirements.  
Thus, the fine reinforcing particles are generated by 
the redox reaction of metals and alloys in a tailored 
approach. The ceramic particles can be distributed 
evenly and the interface between ceramic particles 
and the alloy matrix is clean without 
contaminations and reaction products [25]. So, 
there is an ideal match between the ceramic 
particles and the alloy matrix. The interface 
bonding and thermodynamic stability of the in situ 
reactive synthesis particle-reinforced CMCs can 
meet the requirement for use in certain situation. As 
the Al2O3, SiC, and TiB2 particles reinforced CMCs 
have been studied extensively and have the most 
promising application prospects, the research status 
of preparation technology and performance 
characteristics of these CMCs are summarized in 
this paper. 
 
2.1 Cu−Al2O3 composites 

Compared with copper, Cu−Al2O3 composites 
possess higher strength and hardness, superior high- 
temperature softening resistance and high- 
temperature stability, and their softening 
temperature is as high as 900−1000 °C, while their 
electrical conductivity only decreases slightly [26]. 
As typical dispersion-strengthened CMCs with high 
strength and high electrical conductivity, Cu−Al2O3 
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composites have a broad application prospect in 
resistance welding electrodes, silver replacement 
contact, lead wire, microwave tube structure 
material IC lead wireframe and mould of 
continuous caster [24]. The common preparation of 
Cu−Al2O3 composites includes the internal 
oxidation method and mechanical alloying method. 
The properties of Cu−Al2O3 composites fabricated 
by the two methods in different states are listed   
in Table 1 [27−31]. Related investigations of the 
properties of Al2O3-reinforced CMCs confirmed 

that the wear resistance, hardness and thermal 
stability performance of CMCs were enhanced with 
the increase of the Al2O3 content in the copper 
matrix [32]. 

Figure 1 shows TEM images of the Cu− 
5vol.%Al2O3 composite prepared using a 
combination of high-energy mechanical milling and 
compact powder extrusion [33]. The extruded rod 
features equiaxed grains, with over half of the 
grains with the size of 300−560 nm. Figure 1(c) 
shows a TEM dark field image using part of the 

 
Table 1 Properties of dispersion strengthened CMCs 

Fabrication method Composition σb/MPa σ0.2/MPa Elongation/% 
Electrical 

conductivity/%(IACS) 
Ref. 

Internal oxidation 

Cu−0.6wt./%Al2O3 290.2 145.9 31.7 75 [29] 

Cu−1.12wt./%Al2O3 441 455 22 88 [29] 

Cu−1vol./%Al2O3 317 275 15 52 [27] 

Cu−2.7vol./%Al2O3 533 570 25 85 [28] 

Mechanical alloying 
Cu−0.66wt./%Al2O3 522 470 3.9 79.1 [30] 

Cu−4.5vol./%Al2O3 522 461 8.2 90 [31] 
 

 
Fig. 1 (a) TEM bright field (BF) image; (b) Selected area electron diffraction (SAED) pattern corresponding to (a);   
(c) TEM dark field (DF) image corresponding to (a); (d) Cu grain size distribution of extruded UFG Cu−5vol.%Al2O3 
composite [33] 
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Al2O3 diffraction ring from Fig. 1(b), revealing  
that Al2O3 nanoparticles (5−20 nm) are mainly 
distributed along the grain boundaries. This 
inhomogeneous distribution provides three 
beneficial effects: (1) stabilization of the ultrafine 
structure at elevated temperatures; (2) minimization 
of electron scattering at Cu/Al2O3 interfaces;     
(3) improvement in strength. These positive effects 
suggest that nanocrystalline ultrafine-grained Cu, 
with second-phase nanoparticles locating around its 
grain boundaries, can exhibit superior thermal 
stability, strength, and electrical conductivity. The 
composite demonstrates a high tensile yield 
strength of 486 MPa and an electrical conductivity 
of 80% IACS. However, a critical drawback of 
fabricating Al2O3-reinforced CMCs via powder 
metallurgy is the susceptibility of copper powder to 
oxidation and its poor wear resistance. Studies have 
shown that silver coating on the surface of 
Cu−Al2O3 powder can effectively enhance the 
oxidation resistance of copper powder and improve 
the wettability of Al2O3, due to the enhancement 
effect of the dispersion of nanoparticles [34,35]. 
Additionally, by combining the internal oxidation 
method with mechanical alloying, Cu−3.6vol.% 
Al2O3 dispersion-strengthened alloy was prepared 
by mechanically alloying internally oxidized Cu−Al 
powder [36]. The results show that this combined 
method can completely oxidize the residual 
aluminum during internal oxidation within 10−20 h, 
whereas mechanical alloying alone requires more 
than 40 h. After milling, the size of the Al2O3 
particles decreased from 46 to 22 nm. Due to the 
refinement of Al2O3 particles and the in-situ 
oxidation of residual aluminum, the average 
hardness and electrical conductivity of the 
mechanically alloyed powder after milling in argon 
reached HV 172.2 and 82.1%(IACS), respectively, 
while the unmilled alloy showed an average 
hardness and conductivity of HV 119.8 and 74.1% 
(IACS), respectively. 

The typical process for preparing Cu−Al2O3 
composites via internal oxidation can be 
summarized as follows: Cu−Al melting →water/gas 
atomizing powder →preparation of the oxidant → 
mixing alloy powders with the oxidant → high- 
temperature oxidation (800−1000 °C) in a sealed 
container → crushing → isostatic pressing of  
billets → ingot packaging → vacuum sealing → hot 
extrusion → cold drawing → final products. Cu−Al2O3 

composites prepared by the internal oxidation 
method exhibit superior comprehensive properties 
compared to those prepared by the mechanical 
alloying method. 

The Cu−2.7vol.%Al2O3 composites were 
produced via internal oxidation, revealing two 
mechanisms that enhance the material’s yield 
strength: the Hall−Petch mechanism at room 
temperature and the strong pinning effect of 
alumina particles on grain and sub-grain boundaries 
at high temperatures [37]. As shown in Fig. 2, 
numerous Al2O3 particles are distributed in the Cu 
matrix, mostly with spherical shape and diameters 
ranging from 10 to 50 nm, along with a few 
triangular and irregular particles (Fig. 2(a)). 
Additionally, due to the preferential diffusion of 
oxygen atoms and weaker binding forces during 
internal oxidation, coarse rod-like Al2O3 particles 
with the size of about 200 nm are found at the grain 
boundaries. Both spherical and rod-like Al2O3 
particles are γ-Al2O3. After annealing at 900 °C, the 
subcrystalline size is 0.2−0.5 μm, and the average 
grain size is about 0.4 μm (Figs. 2(e, f)) [37]. 
Additionally, Cu−Al2O3 composites prepared by the 
internal oxidation method exhibit the most stable 
microstructure and performance during high- 
temperature annealing. The significant difference in 
elastic modulus between Cu−Al2O3 and copper 
inhibits the grain growth of Cu−Al2O3, which is  
the primary reason for the increased softening 
temperature of Cu−Al2O3 composite [26]. 
 
2.2 Cu−TiB2 composites 

The research on TiB2-reinforced CMCs has 
become a hot spot in composites due to the fact that 
TiB2 has a high melting point (3225 °C), hardness 
(34 GPa), elasticity modulus and electrical 
conductivity. The preparation processes of Cu−TiB2 
composites include the mechanical alloying  
method, spray deposition method and exothermic 
dispersion [38−40]. The properties of Cu−TiB2 
composites prepared by different processes are 
listed in Table 2 [41−45]. 

In recent years, many works have been carried 
out to produce in-situ TiB2 particle reinforced 
CMCs due to the advantages of clean and 
compatible interface bond, low cost and simplified 
process [40,41]. The Cu−TiB2 composites prepared 
by mixed reaction of double melt have excellent 
comprehensive performance. The Cu−B and Cu−Ti  
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Fig. 2 TEM results of annealed Cu−2.7vol.%Al2O3 dispersion Cu: (a) Distribution of Al2O3 particles in Cu matrix;    
(b) SAED pattern of (a); (c) Thick Al2O3 particles at grain boundary; (d) SAED pattern of (c); (e, f) BF images of 
copper alloy annealed 900 °C [37]  
 
Table 2 Properties of Cu−TiB2 composites prepared by various processes 

Fabrication 
method 

Composition/ 
wt.% 

Processing 
method 

σb/ 
MPa 

σ0.2/ 
MPa 

Elongation/ 
% 

Electrical  
conductivity/%(IACS) Ref. 

In-situ casting process 

Cu−0.5TiB2 Cold-rolling 414.4 391.4 1.17 89.64 [41] 

Cu−1TiB2 Cold-rolling 423.5 397.5 1.09 8583 [41] 

Cu−1.5TiB2 Cold-rolling 442.5 409.8 0.86 73.43 [41] 

Reactive spray deposition Cu−2TiB2 Cold-rolling 401 − 10.2 83.5 [42] 

Reactive hot pressing Cu−3TiB2 − 438±23 − 23.2±1.8 − [43] 

Vacuum arc melting Cu−2.6TiB2 
Aging at 

475 °C for 4 h 246 − 38.3 87 [44] 

Powder metallurgy Cu−2.6TiB2 
Aging at 

475 °C for 4 h 226 − 24.6 84.6 [44] 

Mechanical alloying 

Cu−0.5TiB2 − 248 130 50 88.4 [45] 

Cu−1TiB2 − 252.5 140 44 86 [45] 

Cu−3TiB2 − 278 160 28 84.2 [45] 

Cu−5TiB2 − 283 180 25 83.3 [45] 
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alloys are melted in crucibles respectively by an 
intermediate frequency melting furnace at an   
inert gas atmosphere. The in-situ reaction of 
Ti+2B→TiB2 takes place at a turbulent mixing melt 
flow through the melt transport channel. Finally, 
Cu−TiB2 composite melt is pumped out through the 
nozzle and cast in a cooled copper mould. The 
Cu−Ti and Cu−B melts thoroughly and uniformly 
mixed in a turbulent state are the key point of the 
process. The composite is then strengthened while 
the generation of nanoscale TiB2 particles 
distributed evenly in the matrix is sufficient. 

Figure 3 shows the SEM images of Cu−TiB2 
composites prepared by a mixed reaction of double 
melt. As demonstrated that the agglomeration and 
growth process of TiB2 particles and numerous fine 
TiB2 particles less than 50 nm are found in the 
matrix, indicating that Cu−TiB2 composites with a 
uniform structure and fine TiB2 particles can be 
fabricated under reasonable control of reaction 
conditions. The thermodynamic study of the mixed 
reaction of double melt of Cu−Ti and Cu−B shows 
that TiB2 is the main strengthening phase as TiB2 
has a lower Gibbs free energy than TiB phases. The 
TiB2 particles mainly nucleate near the interface. 
The more interfaces the double melt reacts, the 
higher the nucleation of TiB2 particles will be, and 
the easier it is to form nanoscale TiB2 particles [47]. 
The main strengthening mechanisms of Cu−TiB2 
composites include refinement strengthening, 
dispersion strengthening, load transfer strengthening 
and dislocation strengthening caused by geometric 
constraints during deformation and thermal 
mismatch dislocation strengthening [48]. The 
contribution of dispersion strengthening to the 
strength increases with the increase of TiB2 content. 
The main factors affecting the conductivity of 

Cu−TiB2 composites are the residual solute 
elements Ti and B due to the side reactions and 
content and size of TiB2 particles [48]. 

Figure 4 presents the TEM characterization 
results of in situ Cu−TiB2 composites fabricated 
using solid−liquid (S−L) and liquid−liquid (L−L) 
reactive spray deposition methods [42]. In contrast, 
SAED analysis of the L−L sample identified 
particles as TiB2, with few B particles was detected. 
The rapid cooling rate in the S−L reaction resulted 
in a high solid volume fraction in the droplet, 
leading to difficulties in adherence to the billet’s top 
layer and causing the formation of micropores. 
Table 3 compares the electrical conductivity, 
hardness, tensile strength, and elongation of the 
S−L and L−L samples. The mechanical properties 
of the L−L samples are superior to those of the S−L 
samples. 

The powder metallurgy method effectively 
addresses the issue of poor wettability between 
ceramic particles and the melt matrix, thereby 
uniformly dispersing micron- and nano-sized 
particles within the matrix [40,45]. This method 
also allows for the production of Cu−TiB2 
composites with a high TiB2 content. Additionally, 
mechanical alloying combined with subsequent 
cold pressing and heat treatment processes enables 
the in-situ formation of TiB2 from copper, titanium, 
and boron metal powders, successfully producing 
TiB2-reinforced CMCs [40]. After 26 h of ball 
milling, only the Cu4Ti phase forms through the 
reaction of copper and titanium, which is subsequently 
replaced by TiB2 during the cold pressing and heat 
treatment processes. This indicates that mechanical 
alloying enhances the in-situ development of TiB2 
in the structure, which can be explained by the 
reaction of Cu4Ti+2B=TiB2+4Cu [40]. 

 

 

Fig. 3 SEM images of Cu−TiB2 composites prepared by mixed reaction of double melt: (a) Low-magnification;      
(b) High-magnification [46] 
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Fig. 4 TEM images of S−L and L−L samples: (a, b) BF image of B powder in S−L sample and corresponding SAED 
pattern; (c, d) BF image of TiB2 particles in L−L sample and corresponding SAED pattern [42]  
 
Table 3 Electrical conductivity, hardness, tensile strength and elongation of S−L and L−L samples [42] 

Sample Electrical conductivity/%(IACS) Hardness (HB) Tensile strength/MPa Elongation/% 

As-deposited S−L sample 12.5 87±1.6 242 10.2 

As-deposited L−L sample 82.5 68±2.2 287 24.2 

Deformed S−L sample 20.2 140±1.8 520 4.4 

Deformed L−L sample 83.5 100±1.3 401 10.2 

 
2.3 Cu−SiC composites 

Cu−SiC composites, as a type of ceramic 
phase reinforced structure-function integrated 
CMCs, have been widely applied in the fields of 
electronic packaging, electrical contact, aerospace, 
and friction industry because of their excellent 
electrical and thermal conductivities, superior 
mechanical properties, low thermal expansion 
coefficient as well as good wear and corrosion 
resistances [4,49−51]. However, it is challenging to 
combine the SiC and copper matrix by conventional 
methods due to their poor wettability. The powder 
metallurgy (PM) and interface modification methods 

are commonly used to prepare SiC-reinforced 
CMCs, and these methods are often employed 
simultaneously [52]. The relevant parameters and 
properties of the SiC-reinforced CMCs studied by 
some researchers are listed in Table 4 [49,53,54]. 

The size and distribution of the reinforcing 
phase within the matrix affect the microstructure 
and properties of dispersion-strengthened copper 
alloys significantly. Cu−SiC nanocomposites, 
prepared by conventional sintering processes, can 
enhance the mechanical properties through 
extending milling time and promoting densification. 
Prolonging milling time notably refines the grain 
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size of the composites and ensures a more uniform 
distribution of nanoparticles [25]. As shown in 
Fig. 5, near-spherical SiCp particles, ranging from 
50 to 200 nm, are dispersed within the grains and 
distributed along the grain boundaries of the 
Cu/SiCp composites. Figure 5(d) presents a TEM 
image of the interface between SiCp particles   
and the Cu matrix, illustrating that Cu matrix  
tightly bonds with the SiCp particles, indicating 
strong interface bonding. This demonstrates    
that mechanical alloying and in-situ formation 
effectively enhance the bonding between SiCp 
particles and the copper matrix. As the SiCp content 
increases, the size of SiCp particles also grows, with 
larger particles appearing at grain boundaries. This 
is due to the high Si content, leading to partial 

segregation of Si within the Cu−Si powder, and 
resulting in more Si atoms at the grain boundaries. 
During high-temperature heat treatment, SiCp 
particles initially form at these boundaries through 
solid−solid diffusion reactions, effectively reducing 
the probability of dynamic recrystallization during 
thermal deformation. Figure 6 presents the STEM 
and HADDF images of the Cu−1vol.%SiCp 
composite. The images indicate that during the 
high-temperature in-situ carbonization process, a 
small amount of Si is dissolved in the copper matrix, 
and few SiCp phase is observed during the high- 
temperature solid−solid diffusion reaction. These 
residual Si particles are subsequently oxidized  
into nano-sized SiO2 particles during the internal 
oxidation process, thereby improving the electrical 

 
Table 4 Preparation process and related properties of silicon carbide dispersion strengthened CMCs 

Fabrication method Composition σb/MPa σ0.2/MPa Elongation/% Ref. 

Powder metallurgy Cu−4vol.%SiC 410 318 3.4 [49]  

HPT process 
Cu−10vol.%SiC 730 475 9.1 [53] 

Cu−20vol.%SiC 846 661 7.9 [53] 

SPS+HPT process 
Cu−10vol.%SiC 440 395 2.9 [54] 

Cu−20vol.%SiC 420 385 1.9 [54] 

 

 
Fig. 5 TEM images of extruded Cu−1vol.%SiCp composite: (a, c) Central area of composite; (b) Exterior of composite; 
(d) Enlargement and electron diffraction of B in (b) [25] 
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Fig. 6 (a) STEM image of Cu−1vol.%SiCp composite; (b) HADDF image of Cu−1vol.%SiCp composite; (c) Analysis of 
Cu element; (d) Analysis of Si element; (e) Analysis of C element; (f) Analysis of O element [25] 
 
conductivity of the composite. Additionally, hot 
extrusion deformation can enhance the uniform 
dispersion of SiCp particles in composite materials 
and significantly improve the mechanical and 
electrical properties of the composites. During the 
hot extrusion process, initially agglomerated SiCp 
particles disperse uniformly within the matrix due 
to metal flow, without agglomeration occurring. 
The dispersed SiCp particles in Cu/SiCp composite 
materials play a crucial role in pinning dislocations 
and substructures. Despite annealing treatments, 
dislocation cells persist due to the pinning effect of 
SiCp particles. 

It is widely acknowledged that the interface 
between SiC and the matrix critically influences the 
performance of composite [55]. Research indicates 
that Cu and SiC particles exhibit poor mutual 
wetting [56]. According to the Cu−SiC phase 
diagram, silicon dissolves into copper at 5 vol.% 
solubility at 850 °C, resulting in the formation    
of graphite layers from excess carbon [57]. The 
inadequate wetting characteristics within the 
Cu/SiC system contribute to weak adhesion at 
residual carbon layers, consequently compromising 

interface strength. Current strategies to enhance 
interface strength primarily involve optimizing 
processing techniques, incorporating active 
elements, and applying metallic coatings to promote 
adhesion [4]. Current studies on optimizing the 
interface of Cu−SiC composites emphasize 
enhancing interface properties by incorporating 
trace amounts of active elements. Research findings 
of first-principles calculations using density 
functional theory (DFT) indicate that adding Ti 
alloying elements can significantly strengthen the 
interface [58]. In other research, to improve 
interface bonding performance, the electroless 
copper plating method was used to coat SiCp, and 
the SiCp/Cu composite was then fabricated using 
the hot-pressed sintering technology [59]. SiC 
particles were treated at 1200 °C for 60 min in 
static air. When the plating time exceeded 15 min, 
Cu nuclei gradually accumulated, resulting in a 
uniform Cu coating on the SiCp surface. SiC 
particles are uniformly dispersed in the Cu matrix 
when the SiC volume content is below 50%. 
However, at 60% SiC content, the particles start to 
aggregate. 
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2.4 HEA reinforced CMCs 
In recent years, the application of high entropy 

alloys (HEAs) as a reinforcement phase in the 
preparation of CMCs has attracted the attention of 
researchers. HEAs are composed of five or more 
principal elements with concentrations ranging 
from 5 to 35 at.% [60,61]. High entropy of random 
mixing of the principle elements can prevent 
ordered solid solutions and intermetallic phases. 
Thus, HEAs have mainly consisted of simple solid 
solutions [62]. Because of a multi-component solid 
solution, HEAs possess high strength, good 
structural stability, and exceptional high- 
temperature strength. In addition, for traditional 
ceramic particles reinforced CMCs, the low 
ductility of ceramic particle-reinforced Cu 
composite is mainly related to the poor interface 
bonding strength between the Cu matrix and 
ceramic particles because they cannot completely 
wet with each other. The microcracks can readily 
nucleate and propagate in the interfacial region 
under external load. Moreover, the hard ceramic 
particles cannot conform to the ductile metal matrix, 
leading to stress concentration and premature 
fracture [63]. By comparison, the metallic 
characteristic of HEAs is beneficial to improving 
the interfacial strength of MMCs. Therefore, 
developing new reinforcements with good mechanical 
compatibility to the Cu matrix becomes a key issue 
in Cu matrix composite fields. At present, the 
production of HEA-reinforced CMCs primarily 
involves techniques such as powder metallurgy, stir 
casting, additive manufacturing, laser powder bed 
fusion, spark plasma sintering, and submerged 
friction stir processing. 

Powder metallurgy is the most common 

method to produce HEA-reinforced CMCs [64]. The 
mechanical properties and microstructure analysis 
of AlCoNiCrFe HEA-reinforced CMCs produced 
by powder metallurgy reveal superior strengthening 
effects compared to metallic glasses, with no grain 
growth or formation of intermetallic phases form 
during the fabrication process, ensuring the stability 
of the composite structure [65]. Al0.3CoCrFeNi 
HEA particles can be also used as reinforcement in 
CMCs, with the advantages focusing on the 
influence of the transition layer structure on 
element diffusion behaviour and wear properties, 
and a notable 30% enhancement in wear resistance 
can be achieved due to the improved interface 
bonding strength compared to CMCs lacking a 
transition layer [66]. Figure 7 presents mapping 
images of the interfaces of HEA/Cu and 
HEA/M/Cu composite. In HEA/Cu composites, the 
presence of Al and O elements at the interface 
indicates Al diffusion and oxide formation (likely 
Al2O3) during sintering. Conversely, HEA/M/Cu 
composites exhibit Cr enrichment at the interface, 
suggesting the formation of (Al, Cr)2O3 compounds 
due to sintering conditions. The altered diffusion 
behaviour within the transition layer structure 
contributes significantly to the enhancement of 
hardness and wear resistance of HEA-reinforced 
CMCs. This approach underscores the potential of 
the advanced HEA-reinforced metallic matrix 
composites in high-performance applications. 

Compared to powder metallurgy, friction stir 
processing (FSP) offers significant advantages as a 
promising method for fabricating the HEA particle- 
reinforced copper matrix composites, including 
higher efficiency, environmental friendliness, and 
cost savings [67,68]. Studies indicate that using FSP 

 

 
Fig. 7 Elemental mapping images of HEA/Cu (a) and HEA/M/Cu (b) composites at interface by EPMA [66] 
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to fabricate Cu-based surface composites reinforced 
by FeCoNiCrAl high-entropy alloy particles results 
in significant grain refinement of the Cu matrix, 
with a diffusion layer of about 0.8 µm in thickness 
at the HEA−Cu interface [67]. These composites 
exhibit a 69.8% increase in micro-hardness and a 
29.7% reduction in wear rate compared to pure Cu, 
significantly enhancing the wear resistance of the 
matrix. Furthermore, the composites maintain 
ductility similar to that of pure Cu, and achieve 87% 
of the thermal conductivity of pure Cu. This 
innovation suggests new potential for developing 
multifunctional structural materials with superior 
wear resistance, high ductility, and excellent 
thermal conductivity [69,70]. 

The equiatomic CrCoNi medium entropy alloy 
(MEA) shares similarities with HEA in its exceptional 
mechanical properties, such as high tensile strength, 
excellent work-hardening rate, and remarkable 
fracture toughness. In a recent study, MEA CrCoNi 
particles have been utilized to reinforce ceramic 
matrix composites (CMCs) featuring a micro- 
laminated structure [71]. The investigation focuses 
on understanding how the microstructure 
contributes to enhance mechanical properties of the 

material. The fabricated composites exhibit greater 
strength compared to pure Cu counterparts. 
Specifically, incorporating 10 vol.% CrCoNi 
particles results in achieving high strength 
((326±3.9) MPa) and good ductility ((20.9±2.3)%). 
This improvement could be attributed to several 
factors: the uniform dispersion of CrCoNi particles 
throughout the matrix, effective bonding at the 
interfaces, and the presence of a microlaminated 
structure. The primary strengthening mechanism 
identified in these composites is load transfer 
strengthening. Analysis of the interface between 
CrCoNi particles and the Cu matrix (Fig. 8) reveals 
predominantly sharp interfaces, indicated by the 
green line. Importantly, minimal interfacial 
diffusion or reaction is observed, which is 
advantageous for reducing potential interface 
contamination and maintaining composite integrity. 
 
3 Micro-composite copper alloy 
 

Micro-composite copper alloys are also known 
as binary Cu−X composites, and the X elements 
often have low solid solubility in Cu matrix, such as 
Nb, Fe, W, Cr, Mo, Ta, V and Ag [72−75]. Upon 

 

 

Fig. 8 Interface microstructure for 20 vol.% CrCoNi/Cu composite: (a) BF image; (b) EDS results recorded from Zones 
A and B marked in (a); (c) HRTEM image of Zone C marked in (a); (d) HRTEM image of Zone D marked in (a) [71]  
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solidification of these alloys, body-centered cubic 
(bcc) dendrites form in the copper matrix, and 
subsequent mechanical deformation reduces the 
dendrites to aligned filaments with a ribbon-like 
cross-section. The limited solubility of these bcc 
metals in copper ensures that the matrix retains a 
high conductivity, making these in-situ composite 
for applications where high conductivity and high 
strength are required. In this chapter, the research 
status of several kinds of typical composites that  
are Cu−Nb, Cu−Fe, Cu−Ag, Cu−Cr and Cu−W is 
introduced emphatically. 
 
3.1 Cu−Nb composites 

Cu−Nb composites are considered a crucial 
material for non-destructive high-field pulse 
magnets due to their advantages of high strength, 
excellent thermal conductivity and electric 
conductivity, which have a broad application 
prospect in the high-intensity magnetic field [76,77]. 
However, it is hard to compound them evenly 
through melting, on account of the melting points of 
Cu and Nb differing by about 1400 °C. The 
preparation methods of Cu−Nb composites are 
mainly divided into in-situ deformation composite 
and mechanical alloying. The mechanical properties 
of deformed composites Cu−Nb are shown in  
Table 5 [78−85]. The strength of the deformed 
composites Cu−Nb increases with the increase of 
Nb content. High Nb content in Cu−Nb alloy is not 
conducive to the subsequent processing and reduces 
the electrical conductivity of the alloy. 

Although Cu and Nb are almost immiscible 
with each other, they can also be transformed into 
supersaturated solid solutions by the mechanical  
 
Table 5 Mechanical properties of deformed composites 
Cu−Nb at room temperature [78−85] 

Fabrication Composition 
Yield 

strength/ 
MPa 

Ultimate 
stress/ 
MPa 

In-situ 
compositing 

Cu−5.5vol.%Nb 584 822 

Cu−7.4vol.%Nb 706 938 

Cu−9.2vol.%Nb 799 1068 

Cu−12.5vol.%Nb 867 1211 

Cu−18vol.%Nb − 1530 

Non-in-situ 
compositing 

Cu−8vol.%Nb − 760 

Cu−18vol.%Nb − 1350 

alloying (MA) method. Subsequent processing 
allows for the preparation of high-strength nano- 
dispersion strengthened copper alloys by precipitating 
Nb particles. In addition, the composition of the 
alloy can be continuously adjusted. In the study of 
solid solutions, Cu−Nb composites were prepared 
using the MA method [85]. It has been reported that 
Cu90Nb10 powders achieve Nb dissolution in the 
Cu matrix after prolonged milling, where a 
single-phase supersaturated solid solution of Nb in 
Cu with Nb content ≥15 wt.% is obtained [86]. 
Furthermore, severe plastic deformation techniques, 
including traditional drawing, accumulative 
bundling and drawing (ABD), and accumulative 
roll bonding (ARB), have been employed to 
produce high-strength and high-conductivity 
Cu−Nb composites [86]. Studies show that through 
multiple extrusion and drawing cycles, a 〈111〉 
orientation texture can be developed in the Cu 
matrix, while the Nb core exhibits a 〈110〉 
deformation texture aligned parallel to the tensile 
axis. After heat treatment, changes in the crystal 
plane orientations of the Cu−Nb material can be 
observed, with a slight increase in the intensity of 
Cu (111) and Nb (110) peaks, indicating a 
recrystallization process. 

To address the trade-off between mechanical 
and electrical properties, extensive research has 
focused on copper and its composites with 
nanostructures to enhance strength without 
significantly compromising electrical conductivity 
[87]. Cu/Nb multilayer composites fabricated using 
accumulative roll bonding (ARB) techniques have 
been particularly successful. These composites 
exhibit ultrahigh tensile strengths (~1.2 GPa) while 
maintaining excellent electrical conductivity, 
effectively overcoming the typical trade-off between 
strength and electrical properties. The formation of 
nano-laminate Cu/Nb composites with a preferred 
〈111〉Cu//〈110〉Nb//RD orientation has been 
revealed through analysis combining diffraction 
pattern indexing with morphology (Fig. 9(a)) [88]. 
The results confirm the relationship of predominant 
rolling textures: {220}〈111〉Cu and {110}〈110〉Nb 
(in the {TD}〈RD〉 notation) in the nano-laminated 
Cu/Nb composites after 14 ARB cycles. Inverse 
FFT (IFFT) images of the atomic structure at the 
interface show a regular array of edge dislocations 
(Fig. 9(d), marked as "T" symbols [89]). This semi- 
coherent interface structure with edge dislocations 
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compensates for the lattice spacing mismatch 
(~0.25 Å) between {111}Cu and {110}Nb planes, 
effectively hindering dislocation transmission and 
thereby enhancing the strength of materials. 

 
3.2 Cu−Fe composites 

Cu−Fe composites have many potential 
advantages including rich raw materials, low cost, 
easy melting, considerable magnetoresistance effect 
and good deformation ability. They can be used as 
magnetic conducting, electromagnetic shielding, 

discharge machining materials and so on [90]. A 
comparison of conductivity and tensile strength of 
Cu−xFe composites fabricated by the in-situ 
deformation is presented in Table 6 [90−95]. It can 
be obtained that the strength of composites 
increases with the increase of Fe content and the 
deformation rate in Cu−Fe composites. The 
contradiction between high strength and high 
conductivity always exists for Cu−Fe composites 
[96]. The increase in alloy strength could inevitably 
lead to a decrease in conductivity. 

 

 
Fig. 9 (a) Cross-sectional TEM images of Cu/Nb nanolaminate composites after processing by ARB through 14 cycles; 
(b) Corresponding SAED pattern of (a); (c) HRTEM image of Cu/Nb interface from (a); (d) IFFT image of (c) 
exhibiting distribution of misfit dislocations near interface [88] 
 
Table 6 Electrical conductivity and tensile strength of Cu−xFe composites prepared by in-suit deformation 
Composition/wt.% Processing method Drawing strain σb/MPa Electrical conductivity/%(IACS) Ref. 

Cu−11.5Fe Cold-drawing 5.37 659 − [90] 

Cu−12Fe Cold-drawing 7.6 962 61.6 [95] 

Cu−14Fe Cold-drawing 7.8 790 52 [91] 

Cu−15Fe Cold-drawing 6 1200 47.6 [92] 

Cu−20Fe High-pressure torsioning (HPT) 6 (HPT strain) 700 − [93] 

Cu−20Fe 
Cold-drawing 

9.2 950 69 [94] 

Cu−30Fe 9.2 1310 55 [94] 
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Cu−Fe alloys have positive mixing enthalpy 
and meta-stable miscibility gaps, leading to 
liquid-phase separation between Cu and Fe during 
solidification [97]. This is a bottleneck that limits 
the preparation and engineering application of high- 
performance Cu−Fe alloys. The main challenges to 
obtain high-quality Cu−Fe alloy billets through 
casting methods are to overcome the separation of 
Fe-rich and Cu-rich liquid phases during 
solidification and suppress the severe macro- 
segregation of the Fe phase. Currently, the reported 
preparation methods for Cu−Fe composites mainly 
include deformation composite methods, powder 
metallurgy, multi-alloying, rapid solidification, and 
other special casting techniques [98]. The in-situ 
deformation method is the most extensively studied, 
typically involving casting followed by subsequent 
deformation processes. In the initially prepared 
Cu−Fe composites by the powder metallurgy and 
casting, Fe dendrites that form in the Cu matrix 
gradually evolve into aligned fibres during 
subsequent extrusion, swaging, or drawing 
processes. 

The powder metallurgy method can avoid the 
issue of component inhomogeneity caused by the 
physical and chemical differences and the solubility 
differences of various elements. This is particularly 
effective in the preparation of Cu−Fe composites, as 
it can effectively avoid the structural segregation 
caused by the liquid-phase separation during 
casting [99]. Additionally, changing the sintering 
parameters can control the content of Fe atoms in 
the Cu matrix, reducing the adverse effects on the 
electrical conductivity of the composites. WANG et 
al [92] have found that Cu−Fe alloys using a 
pre-alloyed powder method achieve the average 
size of primary Fe phase of 1.0−2.8 μm, which is 
much smaller than that of cast Cu−Fe alloys 
(20−30 μm). After deformation with a strain rate (ε ) 
of 5.0, a strength of 1150 MPa and electrical 
conductivity of 52%(IACS) can be obtained in their 
study. 

Current work on the rapid solidification of 
Cu−Fe alloys mainly focuses on the microstructural 
refinement and the mechanism of liquid-phase 
separation. GUO et al [100] have reported the 
solidification microstructure of rapidly solidified 
Cu−Fe−C alloys at different cooling rates. At the 
cooling rates of 0.515×103−0.773×104 K/s, the 
dual-scale (2−3 μm and 100 nm) FCC Fe−C phases 

are uniformly distributed in the matrix. After 95% 
room temperature rolling, the tensile strength of the 
composite reaches 511 MPa [100]. JO et al [97] 
have found that the strength of Cu−10Fe−2Si alloys 
prepared by the spray casting method reaches 
635 MPa. The average size of α-Fe particles in the 
solidified microstructure of Cu−10Fe−2Si alloys is 
0.76 μm. Given that the primary cause of Fe phase 
segregation is the formation of Fe-rich liquid (L1) 
and Cu-rich liquid (L2) during solidification [101], 
with density difference causing macroscopic 
segregation under gravity, a new double melt 
mixing casting process could be developed to 
prepare large Cu−Fe alloy billets with fine 
microstructure and uniform Fe phase distribution. 
This process involves combining pure copper and 
Cu−Fe master alloy, utilizing electromagnetic 
stirring and rapid solidification techniques. These 
methods effectively suppress macro-segregation of 
the Fe phase and precisely control the size and 
distribution of Fe particles during solidification. 
Subsequent cold deformation and multi-stage 
deformation heat treatment further refine the 
microstructure of the composites and control the 
size, distribution, and orientation of the Fe phase. 
The Cu−10wt.%Fe alloy prepared using this 
process shows primarily dendritic and spherical Fe 
phases, uniformly distributed within the matrix, 
with sizes ranging from 5 to 20 μm (Fig. 10). 

To achieve an excellent combination of 
strength and conductivity in Cu−Fe composites, it is 
essential to suppress the solid solution of Fe in the 
Cu matrix and promote the precipitation of the Fe 
phase. Therefore, various alloying and heat 
treatment methods have been employed in 
experimental studies on this topic. Intermediate heat 
treatment can improve dendrite distribution and 
promote secondary precipitation of Fe [102]. 
However, heat treatment alone cannot completely 
inhibit the solid solution of Fe, and prolonging heat 
treatment often causes the Fe fibres to coarsen, 
leading to a rapid decrease in material strength. 
Therefore, selecting different alloying elements 
according to specific research goals to achieve 
different mechanical and electrical properties is 
crucial. Numerous studies have also focused on 
developing ternary Cu−Fe−X systems (X=Mg, Ag, 
Co, Si, Nb, or rare-earth elements) [96,97,102−105]. 
The addition of Mg significantly increases the 
tensile strength of Cu−Fe alloys by refining the Fe  
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Fig. 10 Microstructure of as-cast Cu−10wt.%Fe alloy prepared by double melt mixed casting: (a) Top of ingot;      
(b) Bottom of ingot; (c) XRD pattern; (d) Phase distribution of EBSD [101] 
 
phase and reducing dendritic segregation, although 
it slightly reduces the electrical conductivity of  
the composites [103]. Adding Ag into Cu−Fe 
composites can effectively improve their electrical 
conductivity and mechanical properties [96,105]. 
Ag atoms in solution increase the lattice constant of 
the Cu matrix, accelerating the diffusion rate of  
Fe atoms and promoting the precipitation and 
nucleation of γ-Fe. The addition of Nb in Cu−Fe 
composites can promote the heterogeneous 
nucleation of γ-Fe by in situ forming Fe2Nb, 
thereby refining the primary Fe phase [74]. In prior 
studies, it is observed that rolled Cu−Fe composites 
at lower temperatures successfully suppress 
dynamic recrystallization within the Cu matrix 
during deformation. This approach substantially 
boosts the work-hardening effect, leading to marked 
improvements in the mechanical performance of 
composite [102]. Moreover, the application of  
rapid cooling led to the emergence of numerous 
nanoscale Fe phases distributed throughout the 
Cu−Fe matrix [106]. These nanoscale Fe phases 
serve as anchoring points for dislocations formed 
during subsequent deformation, which further 
hinders dynamic recrystallization in the Cu   
matrix. Consequently, lowering the deformation 

temperature and increasing the presence of 
nanoscale phases in the matrix are critical strategies 
for enhancing the strength of Cu−Fe composites 
during deformation. 
 
3.3 Cu−Ag composites 

Copper and silver are highly conductive 
materials, but both pure copper and pure silver have 
lower strength. For Cu−Ag composites, Ag exhibits 
less influence on the conductivity of copper alloys 
than other alloying elements and it can enhance the 
strength of the matrix as well [107]. The research 
and development of Cu−Ag alloy are mainly to 
meet the needs of high pulsed magnetic field 
conductor materials. Cu−Ag alloy, as one of the 
excellent conductive materials, can also be used in 
many fields such as aerospace rail transportation 
machinery manufacturing and large-scale integrated 
circuits [107−109]. The conductivity and tensile 
strength of Cu−Ag composites with different 
deformation rates are listed in Table 7 [107−113].
With the increasing Ag content, the strength of 
Cu−Ag increases rapidly; however, when Ag 
content is greater than 10%, the strength of Cu−Ag 
gradually saturates and reaches the maximum when 
the Ag content is a eutectic component [107]. 
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Table 7 Electrical conductivity and tensile strength of Cu−Ag composites with different drawing stain 

Composition/wt.% Processing method Drawing strain σb/MPa Electrical conductivity/%(IACS) Ref. 

Cu−3.5Ag As-cast 0 − 86.2 [108] 

Cu−4Ag Cold-drawing 9 − 77 [109] 

Cu−4Ag Cold-drawing 11.28 1048 75.2 [107] 

Cu−6Ag Cold-drawing 7 1150 75 [112] 

Cu−12Ag Cold-drawing 7 1300 65 [112] 

Cu−7.9Ag Cold-rolling 3.7 888 − [110] 

Cu−10Ag Cold-drawing 10 1550 65 [113] 

Cu−26Ag Cold-rolling 7.4 844 − [111] 

 
The microstructure of Cu−Ag alloy with a high 

content of Ag is difficult to control by the 
traditional melting-casting method, requiring a 
series of heat treatments to eliminate the 
composition segregation. The application of the 
directional solidification preparation method in 
Cu−Ag alloys could also be a promising technology. 
The as-cast Cu−Ag alloys prepared by directional 
solidification did not require complicated 
intermediate annealing due to the high cooling rate, 
reducing the energy consumption and shortening 
the preparation process significantly. The drawing 
process can be divided into three stages: general 
deformation, large deformation, and extreme 
deformation. The primary deformation mechanisms 
of each stage include dislocation slip and twinning, 
dynamic recovery and layered interface evolution, 
and partial dynamic recrystallization. The increased 
strain raises the storage energy of the alloy, forming 
deformation twins locally. At a strain of 3.41, 
numerous sub-structures and recrystallizations are 
evenly distributed in the alloy, accounting for  
35.1% and 4.1%, respectively [107]. Increased 
dislocation entanglement often causes severe local 
stress concentration, enhancing shear deformation 
and converting matrix bands to sub-bands 
(Fig. 11(a)). A few sub-grains usually form due to 
the cross-slip mechanism (Fig. 11(b)). Additionally, 
many stacking faults and nano-twins are often 
found in the Ag phase (Fig. 11(c)). 

To improve the performance and reduce 
production costs, the strength of Cu−Ag alloy can 
be obtained by adding third elements such as Nb, 
Cr, Zr, Fe, and rare earth elements 
[110,111,114−116]. It has been reported that Nb 
addition not only strengthens the Cu matrix but also 

enhances the effect of Ag precipitates through a 
synergistic effect on the ratio of coherent 
precipitates (CPs) to dispersed precipitates (DPs) 
[110]. The addition of 0.1 wt.% Fe to the 
Cu−26wt.%Ag alloy refines the morphology of the 
eutectic structure and Ag precipitates [111]. Fe 
precipitates introduce the strain fields around the 
Ag precipitates, forming overlapping elastic strain 
fields. These strain fields control the soft 
impingement diffusion of Ag and inhibit the 
nucleation of Ag precipitates, resulting in smaller 
Ag precipitates in the Cu−26Ag−0.1Fe alloy 
compared to those in the Cu−26Ag alloy. 
 
3.4 Cu−Cr composites 

Cr is a promising reinforcing metal for Cu- 
based in situ composites due to the relatively 
economical cost, limited solubility in Cu and high 
tensile strength [117]. Cu−Cr composites with high 
Cr content have many applications in electrical 
industries such as integrated circuit lead frames, 
electric resistance welding electrodes and electric 
contacts because they exhibit a combination of high 
mechanical strength with good electrical 
conductivities [118−120]. According to the Cu−Cr 
binary diagram, when the content of Cr is between 
1.7% and 40%, the typical microstructures of 
as-cast samples consist of bcc Cr-rich dendrites 
distributed in Cu-rich matrix. Cu−Cr alloys 
produced by traditional melting and casting 
processes usually possess coarse Cr dendrites. 
Because the solid solubility between Cu and Cr   
is very low, thermal or mechanical treatments have 
limited effect on improving this microstructure. To 
achieve fine Cr in phase, many new techniques  
such as melt spinning [121], mechanical alloying  
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Fig. 11 TEM images of Cu−4wt.%Ag alloy at drawing strain of 3.41: (a, b) BF image; (c, e) HRTEM image;        
(d, f) SAED patterns of (c) and (e), respectively [107] 
 
electromagnetic levitation and splat-quenching have 
been applied to preparing Cu−Cr alloys. However, 
these techniques are usually complicated and 
uneconomical. The addition of the third element  
can enhance the comprehensive properties of such 
materials. To date, ternary alloying elements such as 
Zr, Ag, Co and rare earth have been applied to 
developing novel Cu−Cr alloys. The conductivity 
and tensile strength of Cu−Cr composites with or 

without dropping ternary alloying elements are 
listed in Table 8 [116,119,120−124]. It is clear that 
with the addition of the elements mentioned above, 
the tensile strength of Cu−Cr alloy has been 
improved to some extent, with negligible effect of 
conductivity. 

The impact of Ag micro-alloying on Cu−7Cr 
in situ composites has been investigated by 
comparing the Cu−7Cr and Cu−7Cr−0.07Ag 
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composites [123]. The Cu−7Cr−0.07Ag composites 
exhibit higher ductility and conductivity than 
Cu−7Cr. The addition of trace Ag refines the 
microstructure of Cu−7Cr in situ composites by 
enhancing the interaction among Ag, Cu and Cr, 
facilitating the formation of a Cu solid solution and 
decreasing the solubility of Ag and Cr in the Cu 
matrix. The effects of adding 0.4 wt.% Zr to 
Cu−10Cr composites show that Cu−10Cr−0.4Zr 
composites exhibit smaller as-cast Cr dendrites, 
resulting in finer filaments at higher strains 
compared to base Cu−10Cr composites [116]. At a 
draw ratio of 6.2, Cu−10Cr−0.4Zr composites 
achieve an ultimate strength of 1089 MPa, whereas 
Cu−10Cr composites only have a strength of 
887 MPa in the same conditions [116]. The 
enhanced strength of Cu−10Cr−0.4Zr in situ 
composites is mainly attributed to the Hall−Petch 
strengthening from closely spaced Cr filaments, the 
reinforcing effect of Zr, and a strengthened Cu 
matrix. Usually, Zr addition can lead to the 
formation of a thin CuZr compound phase in 
Cu−15Cr alloys, and Zr inhibits the formation of 
eutectic Cr, resulting in significantly reduced 
eutectic Cr content compared to Cu−15Cr alloy 
[119]. In Cu−15Cr alloy, eutectic Cr surrounds 
dendritic Cr extensively, whereas, in Cu−15Cr− 
0.24Zr alloy, eutectic Cr content is lower and 
distributed in a bar-like dispersion within the Cu 
matrix, as shown in Fig. 12. 

 
3.5 Cu−W composites 

Cu−W system composites have essential 
applications due to their superior physical and 
mechanical properties, such as low thermal 
expansion coefficient, high melting point and high 
strength. W is a material with high heat resistance, 

high hardness, and low thermal expansion 
coefficient [125−127]. Because Cu and W are not 
mutually soluble and have poor wettability with 
each other, they can only form a pseudo-alloy called 
Cu−W by alloying mechanically [128]. The thermal, 
electrical and mechanical properties of Cu−W 
composites can be controlled by changing the 
content of W in the Cu matrix. Therefore, the 
content of Cu and W is regulated according to the 
specific use conditions, so Cu−W composites have 
been widely used in fields of electrical, electronic 
field, high-temperature, military and other   
aspects [129,130]. In order to obtain a matching 
coefficient of thermal expansion, the content of Cu 
in Cu−W composites for electronic packaging is 
generally less than 20 wt.%. 

The Cu−W composite material can be used at 
high temperatures through the gasification of vast 
heat absorption to reduce the surface temperature of 
the material, so the high-temperature Cu−W 
composite is generally used with Cu−(5−10)wt.%W 
composite. To obtain better Cu−W composites,  
the improvement of the properties of Cu−W 
composites is mainly concentrated in two aspects. 
The first is to improve the preparation process of 
Cu−W composites, and the second is to improve  
the properties of Cu−W composites by adding the 
third phase. At present, the traditional preparation 
methods of Cu−W composites mainly include:   
(1) high-temperature liquid phase sintering method; 
(2) activated liquid phase sintering method;      
(3) solution infiltration method; (4) mechanical 
alloying method. High density is a prerequisite   
for Cu−W composites with excellent properties. 
However, because Cu−W is not mutually soluble, 
dense Cu−W composites are often prepared by 
powder metallurgy. 

 
Table 8 Electrical conductivity and tensile strength of Cu−Cr composites 

Composition/wt.% Processing method σb/MPa Electrical conductivity/%(IACS) Ref. 

Cu−1Cr Hot-rolling − 68 [122]  

Cu−1Cr−5CNT Hot-rolling − 62 [122] 

Cu−7Cr−0.07Ag Cold-drawing 772 77.3 [123]  

Cu−10Cr Cold-drawing 887 36.1 [116] 

Cu−10Cr−0.4Zr Cold-drawing 1089 35.2 [116] 

Cu−3.11Cr Rotary swaging 575 70 [124] 

Cu−15Cr−0.24Zr Cold-drawing 1023 72 [119]  
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Fig. 12 SEM images of as-cast alloys after corrosion: (a) Cu−15Cr alloy; (b) Eutectic Cr in selected region of (a);       
(c) Cu−15Cr−0.24Zr alloy; (d) Zr-rich phase in Cu matrix [119] 
 

Researchers have advanced the development 
of 20wt.%Cu−W composites with exceptional 
properties by employing an electroless plating 
technique to deposit a dense Cu layer on the surface 
of W particles, followed by hot pressing. Under 
conditions of 95 °C and 100 MPa for 2 h, the 
resulting composite achieves a density exceeding 
97% and a thermal conductivity of 239.0 W/(m·K), 
closely approaching the theoretical value for 
20wt.%Cu−W composites [131]. This methodology 
significantly outperforms the traditional mixing 
techniques in terms of enhancing thermal 
conductivity. Additionally, Cu−W alloys subjected 
to high-current pulsed electron beam (HCPEB) 
irradiation have been investigated, with marked 
improvements in surface microhardness through 
HCPEB [132]. The irradiation process induces   
the formation of Cu(W) solid solutions, the 
development of ultrafine grains, the generation of 
amorphous phases, and the emergence of long- 
period superlattice phases. Transmission electron 
microscopy (TEM) analysis of samples irradiated 

up to 10 pulses reveals the presence of three distinct 
types of W particles within the modified layer. 

The related studies demonstrate that nanoscale 
W-coated Cu−Cu−W composite powders have been 
initially prepared using spray drying followed by a 
two-step hydrogen reduction method [133]. Cu−W 
composite materials are fabricated via spark plasma 
sintering (SPS), which significantly enhances their 
mechanical properties while maintaining the 
excellent electrical conductivity of the Cu matrix. 
The W-coated Cu−Cu−W composite powders 
effectively inhibit the growth of Cu grains during 
sintering, leading to refined Cu grain sizes. 
Additionally, a good interfacial bonding between 
Cu and W is characterized by a semi-coherent 
relationship between Cu(111) and W(110) as shown 
in Fig. 13. 

Cu−W films are widely used for protection, 
decoration and diffusion resistance. Cu−W films 
also have the advantages of high hardness, high 
strength, low expansion coefficient and excellent 
electrical conductivity. Recently, the research on  
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Fig. 13 (a) TEM micrograph of Cu−20W composite; (b) HRTEM micrograph of red box area in (a); (c) Line scan EDX 
analysis of Line 1 in (a); (d) SAED pattern of black interface in (b); (e) SAED pattern of white interface in (b) [133] 
 
Cu−W films mostly focuses on the multilayer 
composite films that form under extreme conditions, 
such as Cu−W multilayer films deposited by 
magnetron sputtering, ion beam sputtering, ion 
beam irradiation and electron beam evaporation. A 
series of Cu−W films with W content exceeding 
17.2 at.% can be prepared using magnetron 
sputtering-focused co-deposition technology [134]. 
The variation in microstructure and hardness with 
the increasing W content has been investigated. The 
films exhibit phases including FCC, amorphous, 
and bcc within their multilayered structure. The 
high-density interfaces within the multilayers 
effectively inhibit dislocation movement, resulting 
in hardness levels at least 2 GPa higher than that 
predicted by the mixing rule. In Fig. 14(a), a 
HAADF-STEM image of a Cu−62at.%W film shows 
prominent columnar and multilayered structures. 
HR TEM images further reveal the coherent or 
semi-coherent nature of interfaces between Cu-rich 
and W-rich layers. Similarly, according to the TEM 
image of Cu−80at.%W films, the multilayered 

structure persists but becomes increasingly distorted 
and discontinuous due to the significant cracks and 
porosity among the pronounced columnar structures. 
Figure 14(d) illustrates that in Cu−26.3at.%W films, 
the multilayered structure remains present, although 
with less distinct and more disorderly interfaces 
between Cu-rich and W-rich layers. Additionally, 
the amorphous and nanocrystalline phases with bcc 
and FCC structures are often found in the 
composites. 
 
4 Cu−carbon composites 
 

Cu−carbon composites are as a new type of 
functional material which is made of copper matrix 
and C materials. Typically, C materials include 
graphite, carbon nanotubes, carbon fibre and 
graphene, etc. Cu−carbon composites exhibit the 
characteristics of both Cu and C materials, 
possessing both the high electrical and thermal 
conductivity properties of Cu and the self- 
lubricating properties of C materials. Therefore, 
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they are widely applied in the mechanical 
transportation, aerospace and other fields with 

special electrical conductivity requirements and 
wear resistance [135,136], as listed in Table 9. 

 

 

Fig. 14 TEM analysis of cross-sectional morphologies of Cu−W films with different compositions: (a) HAADF-STEM; 
(b) Line scanning; (c) HRTEM image of Cu−62at.%W film; (d) HRTEM image of Cu−26.3at.%W film [134] 
 
Table 9 Functional characteristics and applications of Cu−carbon composites [137−139] 

Type of 
material 

Structure of 
C-material 

Functional characteristics of 
Cu-carbon composite Application of Cu-carbon composite 

Graphite Lamellar 
structure 

Excellent electrical conductivity, wear 
resistance, lubrication effect and arc 
resistance erosional characteristic. 

The preparation of electronic packaging, 
brush materials sliding contact materials, 
pantograph sliding plate materials, 
self-lubricating materials and other fields. 

Carbon- 
nanotubes 

Topological 
nanotubes  
structure 

High strength, high electrical conductivity, 
high thermal conductivity and high wear 
resistance 

The field of electromagnetic shielding in 
aerospace. It is often used as a material for 
large-scale integrated circuits, electronic radar 
and pulsed magnetic field conductors. 

Carbon- 
fiber Fibre 

Excellent mechanical properties and 
chemical stability, high tensile strength, 
high interlaminar shear strength, high 
Young's modulus, low density, low thermal 
expansion, and good electrical and thermal 
conductivity. 

Instead of Ag, W, Mo and other expensive 
and difficult-to-process traditional metal 
materials to produce semiconductor support 
electrodes and contact materials. 

Graphene Honeycomb 
lattice 

Load transfer enhancement of Orowan 
enhancement of fine grain enhancement 
and thermal mismatch enhancement. 

The fields of supercapacitor ion battery and 
biosensing. 
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4.1 Cu−graphite composites 
In recent years, the types of reinforcing phases, 

strengthening methods and preparation technology 
of Cu−C composites have changed constantly. By 
controlling the structure, content and spatial 
distribution of C materials in the Cu matrix, CMCs 
with excellent mechanical properties, functional 
properties, chemical stability and compatibility  
can be obtained [140,141]. Graphite has attracted 
much attention for its excellent electrical and 
thermal conductivity, self-lubricating properties, 
and moderate wear resistance, making it an ideal 
solid lubricant. Consequently, graphite-reinforced 
Cu-based composites are developed using the 
benefits of both Cu and graphite, satisfying the 
performance criteria required for new sliding 
materials, such as high electrical conductivity, 
outstanding wear resistance, and superior 
lubrication properties. 

However, the poor wettability between 
graphite and Cu results in weak mechanical 
bonding at the matrix−reinforcement interface, 
significantly restricting the application of 
graphite/Cu composites. Enhancing the interfacial 
wettability between graphite and Cu is therefore a 
critical focus for researchers. Studies have shown 
that chemical plating on the graphite surface (e.g., 
Ag, Cu) is an effective approach to improve its 
interfacial bonding with Cu [142−144]. Moreover, 
researchers have pioneered a novel approach to 
fabricating high-quality copper−graphite composites 
using cuprous oxide in place of copper and graphite 
through an in situ reaction method [145]. The 
composites produced demonstrate a hardness 
increase of 1.5 to 1.6 times compared to the original 
material, with a corresponding rise in compressive 
strength by 50−100 MPa. The in-situ reaction 
occurs at specific temperatures and involves a redox 
process at the interface between cuprous oxide  
and graphite particles (2Cu2O(s) + C(graphite) → 
4Cu(s) + CO2(g)). Although the interfacial  
bonding in Cu2O−Gr is strong, the electrical 
resistivity of Cu2O−Gr and Cu−Gr composites 
remains similar, showing that the in-situ reaction 
has a minimal effect on improving electrical 
conductivity. Research also indicates that using 
nearly spherical graphite powder of consistent size 
can enhance the composite’s density and 
mechanical properties, boosting compressive 

strength by around 65 MPa [146]. 
 

4.2 Cu−CNTs composites 
CNTs−Cu composites are recognized for their 

superior mechanical properties, electrical and 
thermal conductivity, and tribological performance, 
making them promising materials for electrical 
contacts, electrical packaging, and heat exchange 
applications [147]. CNTs are favorable due to their 
exceptionally high strength, electrical conductivity, 
high capacity, and low density, which are attributed 
to their robust C=C bonds and extensive 
π-conjugation [148,149]. Research shows that at 
room temperature, CNT−Cu composite wires 
exhibit enhanced electrical performance and 
capacity compared to pristine carbon nanotube 
fibres [150−154]. Achieving uniform dispersion of 
CNTs within the matrix is a primary objective, with 
special fabrication methods such as high-energy 
ball milling, in situ chemical vapour deposition, and 
friction stir processing being employed [155,156]. 
However, the poor wettability and weak interfacial 
interactions between CNTs and the Cu matrix still 
result in a significant reduction in the mechanical 
properties of CNT−Cu wires [157]. 

To address this problem, elements like Al, Nb, 
Ti, Cr, and Ni are added to facilitate solid-phase 
reactions that form stable carbides, thereby 
enhancing interfacial affinity and promoting the 
formation of chemical bonds between CNTs and Cu 
[158,159]. Prior studies have demonstrated that 
introducing a continuous Ni buffer layer before Cu 
deposition can create a strong CNT−Cu interface, 
which aids in Cu deposition and results in superior 
electrical and mechanical properties [158]. 
Additionally, optimizing the internal structure and 
properties of CNT fibres is essential for achieving 
outstanding performance in CNT−Cu composite 
fibres. Reports indicate that densification of CNT 
fibres using chlorosulfonic acid (CSA) is one of the 
most effective methods for regulating the 
microstructure of CNTs, leading to the 
improvement of strength and capacity of CNT/Cu 
composite fibres when combined with NiDPL 
pre-seeding before Cu plating [160]. As shown in 
Fig. 15, NiDPL, created on CNT fibres through the 
high-temperature decomposition of nickel acetate, 
enhances the chemical affinity and promotes the 
phonon/electron transfer between CNTs and Cu, 
without forming a continuous Ni buffer layer. 
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Fig. 15 Cross-section morphology of PCF/Cu (a), DCF/Cu (b), DCF-NiDPL/Cu (c); Surface microstructure of PCF/Cu 
composite wires (d), DCF/Cu composite wires (e), and DCF-NiDPL/Cu composite wires (f) [160]  
 
4.3 Cu−carbon fibres composites 

Carbon fibres (CFs) are characterized by their 
high strength, high modulus, low thermal expansion 
coefficient, and low density, making them suitable 
for enhancing the performance of conductors [141]. 
CF-reinforced composites have been used for 
conductive or electromagnetic shielding materials 
boast features such as lightweight and high strength 
[161]. Within a Cu matrix, CFs help in load transfer 
and stress reduction, which is crucial for improving 
the strength and wear resistance of the composite. 
Additionally, CFs offer excellent corrosion 
resistance and self-lubricating properties. 
Consequently, Cu−CF composites are widely 
utilized in electronic components, contact materials, 
sliding materials, and self-lubricating materials. 
However, the high electrical resistivity of CFs 
compared to metals limits the electrical 
conductivity and electromagnetic shielding 
capabilities of these composites. Hence, enhancing 
the electrical conductivity of CFs is essential. 
Metallization is an effective approach to improve 
the electrical conductivity, wettability, and 
compatibility of CFs with metal matrices [162,163]. 
Techniques such as physical vapour deposition, 
chemical vapour deposition, electroplating, and 
electroless plating are commonly employed for CF 
metallization [164]. Metals like silver, copper, 
nickel, zinc, and platinum can be deposited on CF 
surfaces [165−168], with copper plating being the 
most effective method for enhancing CF electrical 
conductivity [169]. It has been reported to utilize 
electroplating and electroless plating to modify CFs 
and fabricate Cu−CF composites, and the results 

show that the electroless copper coatings adhere 
better to the CF surface compared to the 
electroplated copper layer [170]. CF-copper 
composite wires have been also developed using 
sputtering and electrodeposition techniques, 
achieving a strength of 3.27 GPa and electrical 
conductivity of 4.4×105 S/cm, which are 
approximately 10 times and 75% higher than those 
of traditional copper wires, respectively [171]. 
Moreover, the composite wires are lighter, with a 
density of 70% lower than that of copper, 
positioning them as promising candidates to replace 
traditional metal wires in the next-generation 
electrical applications. 
 
4.4 Cu−graphene composites 

Graphene (Gr) is a two-dimensional carbon 
nanomaterial characterized by low density, high 
aspect ratio, exceptional specific strength, superior 
electrical conductivity, and excellent thermal 
conductivity [137]. Compared to other carbon 
materials, graphene displays enhanced properties 
when used as a reinforcement in metal matrices 
[138]. The graphene-reinforced copper matrix 
composites (Gr/CMCs) are known for their 
lightweight nature, outstanding physical properties, 
and remarkable strength and thermal stability [172]. 
Despite these advantages, several limitations hinder 
the application of graphene: (1) very poor 
wettability between graphene and the copper matrix, 
(2) agglomeration of graphene nanosheets within 
the matrix due to their high aspect ratio, and     
(3) obvious sensitivity to thermal damage.       
To overcome these challenges, researchers have 
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explored various improvements, such as surface 
modification, surface coating treatments, catalytic 
alloying elements, and optimization of preparation 
processes [173]. Ball milling is commonly used to 
break up graphene agglomerates, and mechanical 
exfoliation can produce few-layer graphene. 

Moreover, to achieve a uniform dispersion of 
Cu−Gr matrix, efforts have been made to enhance 
the interfacial bonding between graphene and 
copper through techniques like an electrochemical 
deposition, ball milling combined with powder 
metallurgy, molecular-level mixing (MLM), and 
in-situ synthesis by chemical vapour deposition 
(CVD) [174]. The reduced graphene oxide (rGO) 
has been employed in conjunction with MLM to 
prepare Cu composites, which has shown potential 
for achieving uniform Gr dispersion within the Cu 
matrix. However, the process is complex and 
introduces numerous structural defects during the 
oxidation−reduction stages, adversely affecting 
electrical conductivity. Ball milling and powder 
metallurgy are widely used methods to improve 
graphene dispersion and provide precise control 
over composition but often result in structural 
damage to graphene. In contrast, in-situ growth of 

graphene on Cu powder using CVD has emerged as 
a promising method to mitigate graphene 
agglomeration [175]. When combined with powder 
metallurgy, this approach can further improve the 
performance of Cu−Gr composites [176]. Figure 16 
demonstrates the in-situ preparation method for 
Cu−Gr composites [174]. Liquid paraffin is applied 
to the Cu powder surface, allowing it to diffuse 
during vacuum hot-press sintering. At elevated 
temperatures, the paraffin decomposes into carbon 
due to the catalytic effect of Cu, resulting in 
graphene primarily located along the grain 
boundaries (Fig. 17). By optimizing factors such as 
copper powder particle size, paraffin concentration, 
sintering temperature, and pressure, a three- 
dimensional graphene network is uniformly 
dispersed, addressing the aggregation issue of 
graphene while preserving its structural integrity 
and enhancing the interface connectivity between 
Cu and graphene. This approach enables the in-situ 
formation of high-quality graphene within the 
copper matrix. The resulting composite, when 
combined with cold drawing, exhibits both high 
strength (516 MPa) and excellent electrical 
conductivity (94.85% IACS). 

 

 
Fig. 16 Schematic diagram of fabrication process of Cu/Gr composite [174] 
 

 

Fig. 17 TEM images of cold drawn Cu/Gr-50 wire: (a, b) BF image; (c) HRTEM image of Cu−Gr interface [174] 
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5 Conclusions and prospect 
 

CMCs are widely applied to electronics, 
aerospace, machinery and other areas due to their 
high specific strength, good wear resistance and 
corrosion resistance. However, high strength and 
high conductivity are a pair of contradictory 
properties for CMCs. The electrical conductivity of 
composite material is closely related to the matrix 
and properties, shape, distribution and processing 
technology of reinforcements. It is necessary to 
select the appropriate reinforcements, control their 
volume fraction and shape in material preparation 
and adjust the processing parameters. Increasing the 
density of the material and the bonding strength of 
interface, and reducing porosity and the electron 
wave scattering can improve the electrical 
conductivity of the composite material to a certain 
extent and obtain the CMCs with excellent 
comprehensive properties such as high conductivity, 
high strength and high wear resistance. Therefore, it 
needs to launch further research in the following 
aspects. 

Particle-reinforced CMCs have high strength, 
high conductivity, good thermal conductivity, high 
hardness and good wear resistance, and become 
ideal materials for contact material, spot welding 
electrode working end, integrated circuit lead frame 
and casting machine crystallization material, etc. At 
present, there are many methods to prepare particle- 
reinforced CMCs. The manufacturing process is 
relatively complex, and the production cost is still 
high. Most of the manufacturing processes are 
limited to the laboratory. The main research 
direction of CMCs materials is to improve the 
properties of materials, reduce costs, and achieve 
industrial production. 

With the continuous improvement of the 
comprehensive properties of the Cu-based alloy, the 
reduction of the production cost and the 
advancement of the preparation technology, 
large-scale industrial production is expected to be 
realized, and the application prospect is 
comprehensive. Cu-based alloy can be applied to 
high pulse magnetic field conductor material, the 
preferred material for high-speed railway power 
contact wire, and integrated circuit lead frames, 
supporting electrodes and aviation propulsion 
system automatic control cable. The existing 

research on Cu−Fe deformation in-situ composites 
shows that Fe fibre is the appropriate strengthening 
phase in Cu matrix composites with high strength 
and conductivity. The solid solution Fe atoms in the 
Cu matrix will seriously damage the conductivity  
of the materials. Cu−Fe deformation in-situ 
composites, It is expected that Cu−Fe composites 
should be developed in the direction of multi- 
element alloying and combined thermo-mechanical 
treatment to obtain better comprehensive properties 
based on optimized preparation methods. 

As a novel type of functional material, Cu−C 
composites have been widely used in many 
lubricating, conductive and catalytic application 
systems. The Cu−graphite composites material can 
be used as the engine brush material to achieve the 
best electrical conductivity and wear resistance to 
prolong their service life, while Cu−graphene 
composites have been widely used in super- 
capacitors, ion batteries, and biosensors. In 
particular, significant progress has been made in 
electromagnetic shielding and catalysis. With the 
development of new technologies, the properties 
and applications of copper−carbon composites will 
be further expanded. A breakthrough could be made 
in improving the comprehensive properties of 
Cu−C composites through the organic combination 
of microstructure design, multi-stage and multi-size 
hybrid reinforcement and numerical simulation. 
Therefore, it is essential to develop a new type of C 
material-reinforced CMCs to realize the integration 
of material structure and function. 

CMCs have become a new class of novel 
materials; however, they are still imperfectly 
characterized, and research on these new materials 
accelerates rapidly. It is anticipated that the new 
knowledge on CMCs will expand quickly in the 
next decades. Although a lot of research on the 
potential applications of CMCs has been carried  
out, the applications are still confined in a limited 
number of engineering fields due to technological 
and economic issues. Theoretical and practical 
studies on the fabrication and properties of CMCs 
are still in progress. The ongoing advancement in 
processing technologies, such as 3D printing and 
digital manufacturing, offers significant potential 
for the development of CMCs. Additive 
manufacturing and digital manufacturing 
techniques are expected to enable precise control 
over the microstructure and quality of CMCs, 
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allowing for the design of composites with 
optimized properties. Future research should 
explore how these emerging technologies can be 
utilized to enhance the mechanical and electrical 
properties of CMCs while reducing production 
costs. In addition to traditional reinforcement 
methods, new approaches such as high hetero- 
deformation induced (HDI) strengthening and 
hardening could be explored. These novel 
mechanisms could provide a pathway to achieve the 
desired balance of high strength and conductivity. 
Investigating the potential of these mechanisms in 
CMCs could lead to the development of composites 
with superior performance characteristics. It could 
be expected that with the increasingly booming 
demand for high-performance materials and 
increasingly severe resource and environmental 
problems, the high performance and sustainability 
of CMCs will bring more significant opportunities 
for the development of composites and related 
industries. 
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摘  要：铜基复合材料(CMCs)通过将纯铜与复合相的功能特性结合，展现出广阔的应用潜力。随着航空航天、微

电子及智能终端技术的迅速发展，对具备优异力学和电性能 CMCs 的需求日益增长。本文综述了各种典型 CMCs

的设计原理、制备方法及组织与性能，总结了 Cu 基体中复合相的分布形态及其对显微组织演变和综合性能的影

响，并深入探讨了其强化机制和机理。研究结果揭示了增强相与材料性能之间的内在关系，为开发综合性能更优

的 CMCs 提供了重要的理论支持。最后，展望了 CMCs 的未来应用方向和发展趋势。 
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