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Abstract
Copper matrix composites doped with ceramic particles are known to effectively enhance the
mechanical properties, thermal expansion behavior and high-temperature stability of copper
while maintaining high thermal and electrical conductivity. This greatly expands the applications
of copper as a functional material in thermal and conductive components, including electronic
packaging materials and heat sinks, brushes, integrated circuit lead frames. So far, endeavors
have been focusing on how to choose suitable ceramic components and fully exert strengthening
effect of ceramic particles in the copper matrix. This article reviews and analyzes the effects of
preparation techniques and the characteristics of ceramic particles, including ceramic particle
content, size, morphology and interfacial bonding, on the diathermancy, electrical conductivity
and mechanical behavior of copper matrix composites. The corresponding models and
influencing mechanisms are also elaborated in depth. This review contributes to a deep
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understanding of the strengthening mechanisms and microstructural regulation of ceramic
particle reinforced copper matrix composites. By more precise design and manipulation of
composite microstructure, the comprehensive properties could be further improved to meet the
growing demands of copper matrix composites in a wide range of application fields.

Keywords: copper matrix composites, advanced powder metallurgy, model prediction,
particle characteristics, strengthening mechanism

1. Introduction

Copper (Cu) and its alloys are indispensable functional mater-
ials in modern industry. Cu exhibits superior thermal con-
ductivity (398 W (m·K)−1 at 25 ◦C) among metals, which
makes it the material of choice for heat-conducting compon-
ents, including electric packaging materials and heat sinks.
Meanwhile, the high electrical conductivity (5.8× 107 S m−1

at 25 ◦C) of Cu makes Cu and its alloys widely used in
wires, bus bars, transformer windings, heavy-duty motors,
telephone wires and telephone cables. Combined with its
good corrosion resistance and friction performance, Cu is
also widely used in the field of electric brush, pantograph
skateboard, brakes and wet clutches [1–4]. However, the
high density (8.9 g cm−2), low strength, low hardness and
undesirable wear resistance of Cu cannot meet the demand
for lightweight and efficient functional materials [5–7]. For
example, Cuwould delaminate from siliconwafer and squeeze
the chip due to its high coefficient of thermal expansion
(CTE) in the field of electronics. This would shorten the ser-
vice life of electrical devices and cause damage to precision
instruments.

Recently, the Cu matrix composites doped with ceramic
particles demonstrate excellent mechanical properties and
thermophysical characteristics; such excellent performance of
the Cumatrix composites could broaden the applications of Cu
matrix composites as functional materials [8, 9]. The high spe-
cific elastic modulus and hardness, high-temperature stability,
together with low density and CTE of ceramic particles make
up for the deficiency of Cu in mechanical properties and high
temperature service performance. Compared to pure Cu, the
ceramic reinforcedCumatrix composites show superiormech-
anical strength, high wear resistance and low CTE [10, 11].
Particularly, the high-temperature stability of Cu matrix com-
posites could be greatly enhanced by introducing ceramic
phases. However, ceramic particles, especially nano-scaled
particles, tend to agglomerate in the Cu matrix due to their
large specific areas and van derWaals forces. Furthermore, the
poor wettability between ceramic phase and Cu matrix com-
bined with the susceptibility of ceramic particles to surface
contamination can result in weak interfacial bonding between
these phases [12–14]. The weakened interface could down-
grade the overall performance of the composites. In the past
decades, research in this field has focused on obtaining uni-
formly dispersed ceramic particles in the matrix and on ration-
ally designing and manipulating the composite microstruc-
ture. On this basis, considerable endeavors [15–18] have been

made to obtain ceramic reinforced Cu matrix composites with
excellent comprehensive properties, such as preparation pro-
cesses, pretreatment of raw materials, and so on. Generally,
manipulating the microstructure of composites, especially the
content, size, distribution andmorphology of ceramic particles
and interfacial bonding, is an effective way to further improve
the comprehensive performance of ceramic reinforcedCumat-
rix composites [19–21]. As a rule, the preparation technique is
one of decisive factors in obtaining high-performance compos-
ites by manipulating the characteristics of the ceramic phases
and the microstructure of composites [10, 22–24]. Casting,
powder metallurgy, melt infiltration, friction stir processing,
etc are widely used to prepare ceramic reinforced Cu matrix
composites. Among these preparation technologies, powder
metallurgy is most widely used to prepare Cu matrix com-
posites. This process can flexibly select reinforcing particles
with various types, sizes and morphologies, and it mitigate the
reaction between the ceramic particles and the matrix owing
to the special molding method of powder metallurgy (under
the solid state or semi-liquid state). Most importantly, powder
technology is more beneficial to control the distribution of
ceramic particles, which gives full play to their strengthening
effect. Therefore, it is well worth investigating the influence
of powder metallurgy techniques and microstructure manipu-
lation on the properties of ceramic reinforced Cu matrix com-
posites, to lay a foundation for further enhancing Cu matrix
composites in the future.

As such, this article reviews the preparation by advanced
powder technology and the effects of the content, size and
morphology of ceramic particles as well as the particle-
matrix interface on the properties of Cu matrix composites.
Meanwhile, the effects of preparation processes and ceramic
characteristics on Cu matrix composites are derived from a
vertical comparison of results from the same literature. Due
to the lack of comparability between different ceramic types
caused by small differences in experimental raw materials,
equipment, operating procedures and other factors, this art-
icle does not overview the effect of ceramic type on the com-
posites. Further applications of Cu matrix composites and the
strengthening mechanism of ceramic particles in the compos-
ites are systematically elaborated. Based on the manipulative
link between the microstructure and the comprehensive prop-
erties in the ceramic particles reinforced Cu matrix compos-
ites, this article also discusses the improvement direction and
future development prospects of the preparation process and
microstructure optimization for ceramic particles reinforced
Cu matrix composites.
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2. Advanced powder metallurgy techniques for
fabricating Cu matrix composites

Powder metallurgy is one of the earliest techniques used to
prepare Cu matrix composites. This preparation process starts
with fully mixing the Cu powder, reinforcing phase powder
and additives in a certain proportion to form a uniform com-
posite powder. Then, the Cu matrix composites are obtained
by pressing and sintering under certain pressure and temper-
ature. For example, Zhang et al [25] successfully synthes-
ized Zr2Al3C4 particles reinforced Cu matrix composite by
this way at 850 ◦C and 35 MPa pressure. The Zr2Al3C4/Cu
composite demonstrates comparable electrical conductivity
and higher strength compared to the Cu/graphite compos-
ite. However, the low compactness and poor interfacial bond-
ing significantly downgrade the comprehensive properties of
powder metallurgical products. The unsatisfactory dispersion
of the ceramic particles in the Cu matrix is also a drawback
of the composite prepared by powder metallurgy. In order to
further enhance the strengthening effect of ceramic reinforced
Cu matrix composites prepared by powder metallurgy, more
advanced techniques were proposed in regard to the powder
mixing, sintering process, raw material pretreatment and other
special processes. Among all these advanced techniques,
mechanical alloying, spark plasma sintering, internal oxida-
tion and in-situ processing (as shown in figure 1) are super-
ior in terms of powder mixing, sintering process, raw material
pretreatment and special processes, respectively. These pre-
paration processes are conducive to further improving the dis-
persion of ceramic particles in the Cu matrix and the interfa-
cial bonding between the ceramic phase and the Cu matrix.
Besides, higher compactness and more effective microstruc-
ture control are achieved in the composites through these pre-
paration processes [26–28]. Therefore, this section focuses on
the optimization of powder metallurgy by mechanical alloy-
ing, spark plasma sintering, internal oxidation and in-situ
processing to prepare Cu matrix composites with superior
performance.

2.1. Mixing technique

For the powder metallurgy technique, the mixing of powders
is the key step to obtain Cu matrix composites with good
dispersity and high compactness. In the process of powder
mixing, the conventional method can only obtain the uni-
form dispersion powders through powder mixer, and the res-
ulting powders remain loose and are prone to agglomeration
[31]. In contrast, mechanical alloying optimizes the bonding
and the dispersion between the powders during the mixing
process [32]. It is well known that mechanical alloying, as
an atomic alloying technique, utilizes the mechanical energy
generated by high-energy ball mill to make the composite
powders repeatedly deformed and broken under the action of
high-speed rotating grinding balls. In regard to preparing the
dispersion-strengthened alloys and composites, mechanical
alloying is conducive to the interatomic diffusion of each com-
ponent and the enhancement of interfacial bonding strength,

thereby obtaining a high strengthening effect [33–36]. As
shown in figure 2(a), ductile particles (e.g. metal matrix) are
deformed and broken by the collision of grinding balls and
eventually flattened; by contrast, brittle particles (e.g. ceramic
particles) are quickly crushed. Subsequently, a lamellar com-
posite structure is formed by alternating the flake ductile
powder and the brittle powder; that is, brittle powders are dis-
tributed at the joins of ductile layers. After further ball milling,
the distance between the ductile and brittle powders becomes
smaller, and eventually the composite powders are mixed and
curled [37, 38].

Figures 2(b)–(f) show the TEM images of composite
powders at different milling time [39]. When the milling time
is short (1 h and 5 h), the agglomerated ceramic powders
can still be clearly observed. As increasing the milling time
(10 h), the particle agglomeration is alleviated, as shown in
figure 2(c). Furthermore, some ceramic powders have been
welded with the Cu powders. Further increasing the milling
time facilitates a uniform distribution of reinforced particles
and dissipation of agglomerated powders. The grain size of Cu
matrix decreases as increasing the milling time and reaches
the minimum at a certain state [41]. Figures 2(g)–(k) show
the TEM images of composite powders with different ceramic
contents [40]. The sizes of particles and the agglomerated
powders decrease significantly as increasing the ceramic con-
tent and the particle size reaches 45.4 nm for those nanocom-
posites containing 12 wt.% ceramic phase. Generally, cold-
welding causes an increase in particle size, while the fracture
of flakes results in the reduction in particle size [42]. The exist-
ence of hard particles leads to an increase in local deformation
of Cu matrix near ceramic particles, which enhances the work
hardening rate of the matrix. The increased work hardening
rate is beneficial to increase the fracture of flakes. Moustafa
and Taha [9] prepared the nano-sized ceramic particles rein-
forced Cu matrix nanocomposites with excellent comprehens-
ive properties through mechanical alloying. The introduction
of nano-sized ceramic particles triggers severe plastic deform-
ation and grain refinement during mechanical alloying. As the
content of ceramic particles in composites increases, the grain
size of the Cu matrix further decreases, while both the dislo-
cation density and microstrain of the Cu matrix increase.

In addition to powder factors and milling time, the ball-to-
powder weight ratio (BPR) and the rotation speed (in rpm) also
significantly affect the properties of dispersion-strengthened
composites. Wang et al [43] successfully prepared TiC disper-
sion strengthened copper composite by a two-step ball milling
process, and they systematically evaluated the effects of ball
milling processes on the properties of Cu matrix composites.
During this process, Ti and graphite were first ball milled and
then Cu powder was added. Under the condition of high BPR
together with high rotation speed, Ti and C can be completely
converted to TiC, which led to higher electrical conductiv-
ity but lower strength of the composite compared with the
counterparts with high BPR and low rotation speed and the
ones with low BPR and high rotation speed. For the latter
two cases, the dissolved Ti in the Cu matrix, caused by the
incomplete reaction between Ti and C, significantly reduces
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Figure 1. Various preparation techniques and characteristics for advanced powder metallurgy. (a) Mechanical alloying, (b) spark plasma
sintering. Reproduced from [29]. CC BY 3.0. (c) Internal oxidation. Reprinted from [30], Copyright (2019), with permission from
Elsevier.(d) In-situ processing.

the electrical conductivity of the composite but enhances its
strength due to solid solution strengthening. However, the
agglomeration of fine ceramic particles, especially nanomet-
ric particles, is prone to occur during ball milling process.
To obtain a uniformly dispersed high-content nanocrystal-
line Y2O3/Cu composite, Huang et al [44] adopted a novel
approach, namely multi-step ball milling and reduction pro-
cess, to prepare Y2O3/Cu composites. The designed powder
mixtures of CuO andY2O3 particles were subjected to milling,
reduction, secondary milling and annealing processes. This
method can disperse the high content of Y2O3 uniformly in
the Cu matrix and refining the crystallite size of copper. The
yield strength and fracture strain of the Y2O3/Cu composite
reach 655MPa and 33.4%, respectively, indicating an effective
combination of high strength and large ductility. Meanwhile,

the electrical conductivity remains 53.8% IACS (International
Annealed Copper Standard). Mechanical alloying has become
an important technology to prepare ultrafine-grained and nan-
oparticle reinforced Cu matrix composites. Note that, in the
preparation of Cu matrix composites by mechanical alloying,
although long-time ball milling can refine the grains of the
composites, it significantly reduces the preparation efficiency.
Moreover, impurities are prone to be introduced into the mat-
rix to affect the properties of the composites, especially the
conductivity.

2.2. Sintering technique

In conventional powder metallurgy processes, a range of
thermal diffusion sintering techniques, including pressureless

4
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Figure 2. Mechanical alloying process and powder characteristics under different mixing parameters. (a) Various stage of the ductile and
brittle powders in the MA process. Reprinted from [38], Copyright (2003), with permission from Elsevier. Transmission electron
microscopy (TEM) images of 20 wt.% Al2O3/Cu composites after different milling time: (b) 1 h, (c) 5 h, (d) 10 h, (e) 15 h, and (f) 20 h.
Reprinted from [39], Copyright (2013), with permission from Elsevier. TEM images of ZrO2-Cu powders milling for 25 h with different
ceramic contents: (g) Cu, (h) 3 wt.% ZrO2, (i) 6 wt.% ZrO2, (j) 9 wt.% ZrO2, (k) 12 wt.% ZrO2. Reprinted from [40], Copyright (2017),
with permission from Elsevier.

sintering, hot press sintering, hot isostatic sintering, etc, are
often used to achieve powder consolidation [45, 46]. These
thermal diffusion sintering techniques utilize a heat generator
around the sample to heat samples, which inevitably prolongs
the sintering time and increases energy loss due to thermal dif-
fusion process. In comparison, spark plasma sintering (SPS),
a relatively new powder metallurgy sintering technique, can
prepare high-performance composite at lower sintering tem-
perature and in shorter sintering time, compared to conven-
tional thermal diffusion sintering methods. In the SPS pro-
cess, a pulse current is directly applied between the powders
for heating and sintering, as illustrated in figures 3(a) and
(b). It is widely accepted that the high pulse current applied
on the electrode would discharge plasma in the gap between
powders, which can effectively eliminate the adsorbed gas and
impurities on the surface of powders and destroy the oxide
film on powder surface, thereby enhancing the thermal dissem-
ination capability of sintered powder materials [47–50]. To
reveal the SPS mechanism, Zhang et al [51] demonstrated the
existence of spark discharge through direct observations and

microstructural analyses. High-temperature spark is formed
in the gaps instantly owing to the electrical discharge effect
between powders when the switched direct current pulse is
energized. Besides, the high heating rate and plastic deform-
ation in the SPS process promote the densification of the
sintered materials, thereby significantly improving the sinter-
ing efficiency and limiting grain growth.

In general, owing to its unique heating process, SPS-
produced samples always exhibit better comprehensive prop-
erties compared to the counterparts prepared by conven-
tional sintering process. Naghikhani et al [52] compared the
effects of pressureless sintering and SPS on the microstruc-
ture of WC/brass composites. As shown in figures 3(c)–(f),
the composites fabricated by SPS display much more homo-
genous dispersion of WC particles compared with the pres-
sureless sintered composites. Furthermore, apparent porosit-
ies can be observed in the WC-rich region of the pressureless
sintered composites. Their results illustrated that the compos-
ites sintered by SPS have a density of 92%–97%, which is
significantly higher than that of the pressureless sintered ones

5
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Figure 3. SPS mechanism and resulting microstructure of Cu matrix composites. (a) Schematic of SPS mechanism and (b) SPS stages.
Reproduced from [50]. CC BY 4.0. Field emission scanning electron microscopy (FESEM) microstructure of the sintered samples:
(c) 30 wt.%WC/Cu-SPSed, (d) 30 wt.%WC/Cu-pressureless sintered, (e) 70 wt.%WC/Cu-pressureless sintered, (f) 70 wt.%WC/Cu-SPSed.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer, Metals and Materials International [52],
Copyright (2021). (g) TEM image of WC particle in WC/CuCrZr composite; (h) Fast fourier transform (FFT) image of area a in (g); (i)
high-resolution TEM (HRTEM) image of the area b in (g); (j) FFT image of area c in (i); (k) FFT image of area d in (i); (l) core–shell
particle structure at the interface. Reprinted from [53], Copyright (2022), with permission from Elsevier.

(65%–78%). As such, the SPS-produced composites show
about five times higher hardness and higher wear resistance
than the pressureless sintered ones. It is well known that differ-
ent densification mechanisms (e.g. plasticity and creep flow)
could directly affect the compactness of powder compacts in
the sintering process [29, 54, 55]. During SPS, Joule heating
is formed by the conduction of electric current through metals,
which results in local vaporization and powder cleaning. This
greatly improves the consolidation rate of the SPS process
compared to the conventional sintering process. Additionally,
the surface of powders can be decontaminated and activated
when using pulsed direct current. The heating by the Joule
effect leads to a rapid temperature rise, increased mass trans-
fer and material transfer at the macron and micron scales.
Therefore, the SPS-fabricated samples exhibit much higher
compactness, hardness, strength and wear resistance than the
pressureless sintered counterparts. Venkatesh and Deoghare

[56] studied the effects of conventional sintering and SPS tech-
niques on the sintering mechanism and mechanical proper-
ties of ceramic reinforced metal matrix composites. Compared
with the conventional sintered composites, the SPS-fabricated
composites exhibit 13.3% higher tensile strength and 11.7%
higher compressive strength. Similar scenario was reported in
literature, e.g. [57].

For composites and alloys, undesirable microstructural
coarsening would decline their mechanical properties due to
the high temperature and long conventional sintering time.
Furthermore, due to the radial expansion rate exceeding the
grain settling and rearrangement rate, cracks tend to develop
at grain boundaries in the conventional sintered samples.
The SPS technique can effectively solve this problem and
improve the mechanical properties [58]. Refined grains could
be obtained by SPS owing to the shorter sintering time and
lower sintering temperature in the process, which is beneficial

6
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to improve the sintering properties and comprehensive prop-
erties of the Cu matrix composites [59–61]. Numerous studies
[62–65] have confirmed that the SPS-fabricated sample dis-
play significantly smaller mean grain sizes compared with
the conventional sintered samples. Moreover, the number of
cracks in the samples sintered by SPS is also greatly reduced
due to its special heating method.

In addition to the advantages in grain refinement and
enhanced densification of Cu matrix composites manufac-
tured by SPS, the higher heat resistance between heterogen-
eous particles would facilitate interfacial reactions therefore
better interfacial bonding. This is also a key factor in the
development of Cumatrix composites with enhanced strength-
ductility synergy and superior electrical and thermal conduct-
ivity. Chmielewski et al [66] respectively prepared SiC/Cu
composites by hot pressing and SPS. The composites sintered
by hot pressing exhibit visible pore aggregation and struc-
tural disruption area reaching several microns at interfaces.
By contrast, the composites prepared by SPS show better
interfacial bonding, resulting in 10% increase in the relative
density and 20% increase in the thermal conductivity com-
pared to the composites prepared by hot pressing. As shown
in figures 3(g)–(l), the 3 wt.% WC containing CuCrZr com-
posites prepared by mechanical alloying and SPS also dis-
play good interfacial bonding [53]. The ZrC and W2C lay-
ers are formed at the interfaces between the CuCrZr alloy and
WC particles. Notably, the ZrC layer with 20 nm thick is dis-
tributed on the surface of ceramic particles and a W2C layer
is formed inside. According to the orientation relationship
of each phase, the ZrC–W2C–WC core–shell structure trans-
forms the incoherent interface between the WC particles and
the Cu matrix into a coherent/semi-coherent interface, which
effectively enhances the interfacial bonding between the WC
particles and the Cu matrix. For the SPS technique, severe
interfacial reaction takes place between the reinforcement and
the metal matrix, while such interfacial reactions are very
slight and apparent sintering pores are observed in the con-
ventional sintering process [67]. Therefore, the ceramics rein-
forced Cu composites fabricated by SPS are more compact,
with fine grains and high interfacial bonding, resulting in sig-
nificantly enhanced comprehensive properties of the compos-
ites. In short, compared with the conventional thermal diffu-
sion sintering method, SPS has the advantages of fast heating
rate, controllable microstructure, energy saving and environ-
mental protection. The prepared composites are more com-
pact and have finer grains and improved interfacial bonding
between the ceramic phase and the matrix. However, SPS has
difficulty in preparing large-sized products, which is not con-
ducive to industrialization. The formation process of plasma
during the powder consolidation and its effect on performance
of composites still need to be further explored.

2.3. Raw material pretreatment technique

In order to further improve the interfacial bonding between
ceramic particles and the copper substrate, the raw powders
used are pretreated by many techniques, such as electroplat-
ing, chemical plating, internal oxidation, and so on [68, 69].

Among them, the internal oxidation method is widely adapted
owing to its special ability to spontaneously generate oxide
particles. In the internal oxidation method, oxygen is dis-
solved into the alloy powders and diffused in the its constitu-
ent phases, and then more active elements in the constituent
phases react with oxygen to form uniformly dispersed oxide
particles. In this preparation process, the alloy powders are first
oxidized and the subsequent treatment is similar to that in con-
ventional powder metallurgy method [70, 71]. Considerable
endeavors have been made on the study of Al2O3 dispersion
strengthened Cumatrix composites. This process could effect-
ively improve the wettability of Al2O3–Cu interface and the
strengthening ability of hard particles [72–74]. Therefore, uni-
formly distributed and thermally stable fine oxides are formed
in the Cu matrix, and various strengthening mechanisms,
such as dispersion strengthening and dislocation strengthen-
ing, could fully exert to improve the comprehensive properties
of the composites, especially their high-temperature mechan-
ical properties [75].

During the preparation of Al2O3/Cu composite, the Cu–
Al alloy powders were first melted, then the melt were mixed
with the oxidant, and internally oxidized at a certain temper-
ature and atmosphere. Finally, the samples were prepared by
the consolidation process. In general, fine Al2O3 particles are
uniformly dispersed in the Cu matrix, while a small number
of coarse particles are distributed on the grain boundaries.
The strengthening mechanism at room temperature is mainly
determined by the Hall–Petch relation, and the strong pinning
effect of Al2O3 particles on grain boundaries and sub-grain
boundaries is responsible for the high-temperature strengthen-
ing. On this basis, Zhao et al [76] prepared the Al2O3 disper-
sion strengthened Cu composite by a combination of internal
oxidation andmechanical alloying. Their results demonstrated
that this compound process could enable the aluminum to be
oxidized completely in 10–20 h, which is much faster that only
by mechanical alloying (exceeding 40 h). The uniform distri-
bution of Al2O3 particles and the refined reinforcing particle
for this compound process are conducive to obtain better com-
prehensive properties. However, in the process of atomized
Cu-Al alloy powders and high-energy mechanical milling, the
impurities in the powders could sharply reduce the properties
of the Al2O3/Cu composites. Li et al [30] adopted a novel
method to fabricate ultrafine-grained Al2O3/Cu bulk compos-
ites, as shown in figure 4(a). Firstly, the Al–Cu alloy powders
were dealloyed to prepare nanocrystalline powders; then the
dealloyed powders were heat-treated by two different meth-
ods; the powders were finally consolidated by powder compact
extrusion. The locations of the Al2O3 nanoparticles in relation
to the heat treatment route result in formation of two kinds
of microstructures. The Al2O3 nanoparticles of the R1-treated
composite are mainly distributed at grain boundaries, and the
Al2O3 nanoparticles of the R2-treated composite are mainly
distributed within grains, as illustrated in figure 4. As a res-
ult, the intragranular Al2O3 nanoparticles are more beneficial
to realize a good strength-ductility synergy and high electrical
conductivity.

After internal oxidation process, partial sintering occurs
between the powders due to local high temperatures caused by
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Figure 4. Microstructural characteristics of Al2O3/Cu composites fabricated by a novel internal oxidation method. (a) Schematic diagram
of temperature-time for two heat treatment routes, R1 and R2, respectively. SEM images of (b) R1-treated sample and (c) R2-treated sample.
Scanning transmission electron microscopy-Bright field (STEM-BF) images ((d) and (f)) and STEM-HAADF (High-angle annular dark
field) images ((e) and (g)) of (d) and (e) R1-treated samples and (f) and (g) R2-treated samples. The intergranular Al2O3 and intragranular
Al2O3 particles are indicated by red and blue arrows, respectively. Reprinted from [30], Copyright (2019), with permission from Elsevier.

the exothermic internal oxidation reaction, so the quantity of
fine particles is significantly reduced. Meanwhile, the Al2O3

particles are easily coarsened and agglomerated in the com-
posite and cannot achieve the desired strengthening effect. In
order to reveal the reasons for this phenomenon, a combining
study between powder metallurgy and Rheins-pack method
was conducted [77]. The experimental results suggested that
the particles tend to preferentially aggregate at grain bound-
aries, and the increase in both diffusion distance and Al con-
tent would coarsen the particles. Even worse, coarsening and
agglomeration of Al2O3 particles are accelerated due to the
presence of water vapor during the internal oxidation process,
and coarse and agglomerated particles are generated on the
powder surface during water atomization. Ti doping was also
found to effectively refine the size and modify the intergran-
ular and intragranular Al2O3 particles [77, 78]. Similar work
was also carried out on the effect of Ag addition on the mor-
phology and size distribution of Al2O3/Cu composites [79].
The addition of Ag promotes the diffusion of oxygen atoms
in the Cu matrix and the internal oxidation process. This is
because the Ag doping provides more ‘tunnels’, such as grain
boundaries and lattice defects, for oxygen atoms to diffuse in
the Cu matrix, which allows oxygen atoms to diffuse through

the dense Al2O3 layer to the reaction front for a continuous
internal oxidation process with Al. The particle size of Al2O3

particles decreases from ∼63 nm to ∼37 nm as increasing the
Ag content, and numerous triangular Al2O3 precipitates are
observed in the Ag-doped Al2O3/Cu composites. Increasing
the Ag amount can enhance the electrical conductivity and
mechanical strength of the Al2O3/Cu–Ag composite. When
the Ag/Al atomic ratio is ∼1:4, the composite exhibits the
optimal electrical of 85.9% IACS and hardness of 162 HV.

Recently, different consolidation methods of internal oxide
powders have also attracted extensive attention. Three con-
solidation methods, i.e. high-speed compaction, hot pressing
and hot extrusion, were used to compare their effects on the
microstructure and properties of internal oxide Al2O3 disper-
sion strengthened Cu matrix composites [74]. The composites
prepared by hot pressing display the coarsest grains while the
counterparts prepared by hot extrusion have the finest grains.
This is attributed to the repeated stretching and pulling of
the powder particles during hot extrusion, which eliminates
residual pores and refines the grains. In contrast, grain growth
is not restricted in the hot-pressing process. The composites
prepared by high-speed compaction method exhibit the low-
est relative density of 98.3% (versus 99.5% for the ones by
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Figure 5. HRTEM images of the interfacial characteristics for Al2O3–Cu and CNTs–Cu. (a) Distribution image of Al2O3 and FFT inset.
(b) Characterization of the interface between Al2O3 and Cu matrix. (c) Interplanar space measurement between Al2O3 and Cu matrix.
(d) Cross-sectional image of CNT/Cu interface. (e) Longitudinal sectional image of CNT/Cu interface. (f) Schematical diagram of CNTs/Cu
interface. (g) Schematic diagram of oxygen diffusion and in-situ solid-reaction for Cu–Al2O3-CNTs. Reprinted from [80], Copyright
(2022), with permission from Elsevier. SEM images (h)–(j) of the CNTs/Al2O3/Cu composite powders, TEM images (k), (l) and Raman
spectra (m) of CNTs. (n) Schematic diagram of growth mechanism of CNTs on the Al2O3/Cu powder. Reprinted from [81], Copyright
(2019), with permission from Elsevier.

hot pressing and 100% for the counterparts by hot extrusion)
owing to the small amount of air entrained in the compos-
ites during the rapid compaction process. This leads to the
minimum electrical conductivity of 81% IACS (versus 86%
IACS for the ones by hot pressing and 87% IACS for the
counterparts by hot extrusion). However, the higher strength
could be obtained by the composites prepared by high-speed
compaction owing to severe plastic deformation and disloca-
tion formation. Furthermore, the composites prepared by high-
speed compaction demonstrate higher softening temperature
and high-temperature serviceability.

In addition to the manipulation of the particles in the com-
posites, good interfacial bonding between ceramic particles
and Cu matrix is also required for obtaining a compos-
ite with excellent properties. The fully coherent interface
between internal oxidized Al2O3 and Cu matrix is condu-
cive to accumulating high-density dislocations in the interior

of grains and hindering dislocation motion, thereby signi-
ficantly enhancing the strength-ductility synergy of Cu mat-
rix composites. Oxidation-induced nano-Al2O3 particles and
interface-optimized carbon nanotubes (CNTs) could signific-
antly enhance the strength of Cu matrix composites and pre-
serve their plasticity. Based on this strategy, Long et al [80]
developed an internal oxidation method for preparing high-
performance Al2O3/Cu matrix composites doping with CNTs.
As shown in figures 5(a)–(g), coherent Al2O3 nanoparticles
are formed in CNTs and amorphous copper oxide (CuxOy) is
formed between CNTs and Cu, due to the diffusion of oxygen
atoms and in-situ reactions resulting from the thermodynamic
driving forces during internal oxidation process. The com-
bined strengthening role of Al2O3 nanoparticles and interface-
optimized CNTs enables the composite to obtain high mech-
anical properties (tensile strength of 510 MPa and plasticity
of 20.2%). The Al2O3 nanoparticles and CNTs render the
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composite high strength because of Orowan strengthening and
high-efficiency load transfer strengthening. Meanwhile, the
synergistic effect of the internal dislocation stacking of Al2O3

nanoparticles and the enhanced crack resistance by optimized
CNTs interfacial bonding collectively contributes to the tensile
ductility.

The CNTs/Al2O3/Cu composites can also be produced by
in-situ chemical vapor deposition (CVD) [81]. The Al2O3/Cu
powders were obtained by the internal oxidation method and
the CNTs were compounded in-situ on the surface of powders
by CVD, as illustrated in figures 5(h)–(n). The CNTs are dis-
tributed individually in the matrix and they do not agglomer-
ate on the powder surface. Besides, the wall surfaces of CNTs
are clean with no amorphous carbon, and the diameter of the
CNTs tubes is uniform over the whole length at about 20 nm.
The presence of Al2O3 on the CNTs surface promotes to form
Cu nanoparticles, thereby facilitating the growth of CNTs. The
CNTs with high surface cleanness and high degree of graph-
itization are evenly distributed on the surface of composite
powders and are well bound with the matrix. Subsequently, the
SPS technique was employed to sinter CNTs/Al2O3/Cu bulk
composites [82]. In bulk composites, the CNTs that are well
bound with the Cu matrix and Al2O3 particles play a syner-
gistic role in enhancing the mechanical and electrical proper-
ties. Since Al2O3 and CNTs are distributed at grain boundar-
ies, the Zener pinning effect is responsible for the inhibition
of grain growth in the Cu matrix.

In brief, the internal oxidation method can be used to pre-
pare uniformly distributed and thermally stable fine oxides
in Cu matrix composites to obtain excellent comprehensive
properties, especially high-temperature mechanical proper-
ties. Besides, doping CNTs in the composite by internal oxid-
ation can further improve the interfacial bonding and play a
synergistic role in enhancing the mechanical and electrical
properties. Nevertheless, in additional to its complicated pro-
cess and high cost, the control of oxygen content is the chal-
lenge in preparing Cu matrix composites by this method. This
is also a key problem to realize large-scale and industrialized
production of Cu matrix composites.

2.4. Special technique

The in-situ synthesis method is a novel preparation technique
developed in recent years for fabricating Cumatrix composites
in which a series of thermo-mechanical treatments or chemical
reactions take place under certain conditions to form one or
more reinforcing phases inside the matrix with aim to improve
the performance of composites [83–86]. However, most of the
reinforcements are prone to aggregate and coalesce at the grain
boundaries of the Cu matrix and to form semi-coherent or
incoherent interfaces with the Cu matrix because they have
radically different physical and chemical properties from the
Cu matrix [87]. On this basis, in-situ synthesis method could
perfectly solve the disadvantages that are demonstrated in the
composites fabricated by ex-situ preparation methods (addi-
tion of existing ceramic phases), such as poor interfacial wet-
tability and weak interfacial bonding between the reinforcing
phases and the Cu matrix. As such, the in-situ Cu matrix

composites generally demonstrate good thermodynamic sta-
bility with refined and homogeneously distributed reinforce-
ments in Cu matrix [88–91].

In the in-situ prepared Cu matrix composites, ceramic
or intermetallics including oxides, carbides, borides, etc, are
in-situ formed in the Cu matrix. Among the in-situ generated
reinforcements, some rare earth oxides with superior thermo-
dynamic stability are attractive as dispersions in composites.
Furthermore, these rare earth elements with larger atomic radii
exhibit low solubility and diffusivity in the Cu matrix, which
would improve the microstructure stability and prevent grain
coarsening [92, 93]. However, this also limits their ability
to prepare Cu matrix composites by internal oxidation meth-
ods. To obtain uniformly distributed oxides in the Cu matrix,
Zhou et al [94] used Cu–Y alloy to prepare Y2O3/Cu com-
posites by in-situ synthesis method at the liquidus temper-
ature. Microstructure transformation takes place during the
solidification of the molten Cu–Y alloy, accompanied by an
in-situ formation of Y2O3 particles. On the one hand, yttrium
reacts with oxygen (which is diffused into the solution) to
form Y2O3 particles. Meanwhile, the yttrium content in the
regions around the particles is locally reduced and a super-
cooled zone is formed around the Y2O3 particles. On the other
hand, Y2O3 particles can act as a nucleation agent to further
promote solidification. This promotes the isothermal solidific-
ation of the Cu–Y melt, which results in the formation of an
equiaxed microstructure. As a result, the nano-sized rare earth
oxides with an average grain size of 5 nm and interspacing
of 20 nm are evenly distributed in the matrix and are coher-
ent with the Cu matrix. Under the joint strengthening effect of
Orowan and shearingmechanism, the prepared Y2O3/Cu com-
posite exhibits significantly higher ultimate tensile strength
than the pure Cu.

Compared to the oxide enhancements, in-situ synthesized
carbides and borides are easier to generate in Cu melts and
to avoid the oxidation of the Cu matrix. Furthermore, most
carbides and borides, such as TiC, NbC, TiB2, ZrB2, and so
on, demonstrate better interfacial bonding and comprehensive
properties. Generally, these in-situ enhancements are formed
by the chemical reaction of Mc (=Zr, Ti) and Nm (=C, B,
BN, B4C) in the Cu–Mc–Nm systems. For instance, in-situ
TiB2/Cu composites were generated through exothermic dis-
persion synthesis in the Cu–Ti–B system [95]. As shown in
figure 6, intermediate phase Cu4Ti is first formed by the reac-
tion of Cu and Ti, and then Cu4Ti reacts with B to form
uniformly distributed ultrafine-grained TiB2 particles as the
reinforcement. The reaction process in this system can be
described as: Cu + Ti + B → Cu4Ti + B → Cu + TiB2.
Meanwhile, the ultrafine TiB2 particles are uniformly distrib-
uted in the Cu matrix, which greatly enhances the mechanical
performance of the composites. On this basis, the Cu matrix
can be a catalyst for in-situ reaction. The Cu matrix first reacts
with the reactant Mc (=Zr, Ti) to form the intermetallic com-
pound and then reacts with the reactant Nm (=C, B, BN, B4C)
to form the ceramic phase. This process can lower the temper-
ature threshold of the reaction and allow the in-situ reactions
below the liquidus of Cu matrix, which facilitates grain refine-
ment and enhances the dispersion of ceramic particles.
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Figure 6. The differential scanning calorimetry (DSC) curve and x-ray diffraction (XRD) patterns of the reacted TiB2/Cu composites.
(a) DSC curves; XRD patterns of the sample heated to (b) 1233 K and (c) 1373 K. (d) Schematic diagrams of the microstructure formation
of the TiB2 particles. Reprinted from [95], Copyright (2017), with permission from Elsevier.

However, during the preparation process, not all the added
reactants could be fully reacted. The added Nm (=C, B, BN,
B4C) reactants tend to react incompletely with the solute
Mc (=Zr, Ti) reactants to form ceramic phase owing to
their poor wettability and limited solubility in Cu melts. The
residual reactants would dissolve into the Cu matrix and
induce deformation of the surrounding lattice, thus scatter-
ing electrons and significantly affecting the conductivity of
the composite. Ding et al [96] found that only around 70%
of graphite has reacted with soluble Ti to form TiC. Thus,
element B was added into the composite to dissipate the
remaining Ti by forming TiB2. Their results showed that
the introduction of B improves the distribution homogen-
eity of the reinforcing particles, thereby enhancing the hard-
ness and electrical conductivity of the Cu matrix compos-
ites. Guo et al [97] prepared the molybdenum carbide coated
graphene (GNP) nanosheets (Mo2C@GNPs) through a com-
bination of impregnation reduction and in-situ reaction. As
shown in figures 7(a)–(g), Mo2C is uniformly dispersed both
at the interfaces between GNPs and the Cu matrix and in the
Cu matrix adjacent to GNPs. This demonstrates that Mo2C not
onlymodifies the interface between the reinforcements and the
matrix but also acts as a reinforcement phase dispersed around
the GNPs. As a result, the Mo2C@GNPs reinforced Cu mat-
rix composite demonstrates yield strength reaching 303 MPa,
which is 72% and 23% higher than the corresponding ones
for pure Cu (176 MPa) and GNPs/Cu composite (247 MPa),
respectively, and electrical conductivity exceeding 90% IACS.

In the process of in-situ synthesis, the type, physicochem-
ical properties and adaptability of reactants directly determ-
ine the reinforcing effect of the products. Zhang et al [98]
fabricated in-situ TiC/Cu composites by combustion synthesis

and hot pressing in the Cu–Ti–CNTs system. By controlling
the mixing mode of CNTs, TiC particles with different sizes
and morphologies were formed in the composites and exhib-
ited different reinforcing effects. In addition to the pretreat-
ment of the reactants, using different sources of reactants could
also greatly affect the in-situ synthesis. Previous work [99]
intensively investigated the effect of carbon sources (graph-
ite, CNT and graphene) on the phases formation and com-
prehensive performance of in-situ TiC–C/Cu composites in
the Cu–Ti–C system. Among the carbon sources, CNTs and
graphene can promote to form fine TiC nanoparticles, which
greatly enhances the tribological properties of the Cu matrix
composites. The previous work from the current team [100]
prepared high-volume-fraction TiB2/Cu and (TiC + TiB2)/Cu
composites in the Cu–Ti–B and Cu–Ti–B4C systems by the
in-situ method. As shown in figure 8(a), the reactions are suf-
ficient, and only diffraction peaks of TiB2, TiC and Cu are
detected. The ceramic particles in the Cu matrix are evenly
distributed without evident pores and aggregation of particles
(figures 8(b) and (c)). Computational simulation results sug-
gested that the nearly spherical ceramic particles could modify
the thermal transfer routes and stress–strain response and
reduce stress concentration, which further enhances its prop-
erties (figures 8(d)–(f)). From the above results, in-situ syn-
thesis has become a promising technique for the prepara-
tion of Cu matrix composites. This process could effectively
solve the challenges of poor interfacial wettability and reduce
the pretreatment process of the reinforcing phase, further
simplifying the preparation process. However, this method
has high requirements on reactants and it can only prepare
reinforcements with good reactivity and matrix compatibil-
ity. Furthermore, further in-depth understanding is need on
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Figure 7. Detailed TEM and HRTEM characterizations of molybdenum carbide distribution in Cu matrix composites. (a), (d) TEM images
of Cu-1.6GNPs-0.11Mo2C; (b), (c), (e), (f) HRTEM images of Cu-1.6GNPs-0.11Mo2C; (g) STEM and EDS images of Cu-1.6GNPs-
0.11Mo2C. Schematic diagrams of hybrid reinforcing phases distribution of (h) GNPs, (i) GNPs@Mo2C. Reprinted from [97], Copyright
(2019), with permission from Elsevier.

precisely controlling of the content and morphology of the
enhanced phase and the in-situ reaction process to improve the
comprehensive performance of Cu matrix composites.

In conclusion, the Cu matrix composites fabricated by
various techniques tend to possess different comprehensive
properties [61, 101]. The Cu matrix composites by these
advanced preparation processes, including mechanical alloy-
ing, spark plasma sintering, internal oxidation and in-situ pro-
cessing, demonstrate better comprehensive properties com-
pared with the counterparts prepared by conventional powder

metallurgy process. Table 1 summarizes the advantages and
disadvantages of various advanced techniques. Among them,
the dispersion of ceramic particles in the Cu matrix and the
interfacial bonding between ceramic particles and the Cu mat-
rix are greatly enhanced in the Cu matrix composites prepared
by these advanced techniques. Meanwhile, the combination of
these processes can further enhance the comprehensive prop-
erties of Cu matrix composites.

Figure 9 summarizes the comprehensive performance of
Cu matrix composites prepared by various processes reported
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Figure 8. Microstructure and finite element modeling (FEM) results of in-situ TiB2/Cu and (TiC + TiB2)/Cu composites. (a) XRD
spectrums of the in-situ TiB2/Cu and (TiC + TiB2)/Cu composites. (b), (c) FESEM images for these two composites. (d) Heat flux
distribution of (d1, d2) Cu matrix for these two composites, and the corresponding (d3, d4) interface vector diagrams. (e) Thermal residual
stress (MPa) of (e1, e2) ceramic particles and (e3, e4) Cu matrix for these two composites after cooling. (f) Equivalent stress (MPa)
distribution of (f1, f2) ceramic particles for these two composites. Reprinted from [100], Copyright (2022), with permission from Elsevier.

in the literature. The representative performance of ceramic
reinforced Cu matrix composites prepared by various pro-
cesses are summarized in table 2. It can be found that the Cu
matrix composites prepared by combining multiple advanced
techniques tend to exhibit better synergistic strengthening

effects in strength-ductility and strength-conductivity. For
instance, 1.1Al2O3/Cu composites fabricated by internal oxid-
ation followed by hot extrusion demonstrate excellent syn-
ergetic enhancement in strength-ductility and in electrical
conductivity [73]. Their yield strength and fracture strain are
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Table 1. Comparison of the advantages and disadvantages of
different advanced techniques.

Preparation
technique Advantages Disadvantages

Mechanical alloying Interatomic
diffusion;
ultrafine-grained and
nanoparticle

Low preparation
efficiency; easy to
introduce impurities

Spark plasma
sintering

High preparation
efficiency; finer
grains and higher
interfacial bonding;

Not good for
industrialization

Internal oxidation Coherent interface;
improved interfacial
wettability; fine
oxides

Complicated process
and high cost;
precise control of
oxygen content

In-situ processing Coherent interface;
particle morphology
control; further
simplification of the
preparation process

Specific reactants;
incomplete reaction

533 MPa and 25% respectively, and their electrical conductiv-
ity is still maintained at 85% IACS. Generally, the Cu matrix
composites prepared by combining advanced processing tech-
niques would further increase the relative density (i.e. com-
pactness), refine the grains, and optimize the dislocation dis-
tribution of ceramic reinforced Cu matrix composites. This
is beneficial for repairing the defects of the specimens dur-
ing the process of powder metallurgy, thereby enhancing their
comprehensive performance. Therefore, further combining the
advanced preparation processes along with appropriate pro-
cessing techniques is the focus of future work.

3. The effects of ceramic particles on the
comprehensive properties of Cu matrix composites

The superior electrical conductivity and thermal conductiv-
ity of Cu make it an indispensable functional material in the
application fields of heat transfer and conductive compon-
ents. In the application of electrical contact materials, heat
transfer and conductive components, such as integrated cir-
cuit lead frame and brush, high strength and high conductiv-
ity of the materials are indispensable [108–110]. In the new
era, to overcome the shortcomings of low strength, low stiff-
ness and poor wear resistance of Cu, numerous studies have
been carried out to introduce alloying elements to enhance
the strength of Cu by grain refinement strengthening, work
hardening and precipitation strengthening [111, 112]. The Cu–
Fe–P [113], Cu–Ni–Si [114] and Cu–Cr–Zr [115, 116] alloys
are representative Cu alloys with high strength and high con-
ductivity. However, the strength of these alloys decrease dra-
matically above 400 ◦C and the tensile strength is even lower
than 100 MPa at 600 ◦C due to the dissolution or coarsen-
ing of the precipitated phases [117, 118]. In contrast, ceramic
particles with high specific strength and high-temperature sta-
bility as reinforcement can effectively impede the movement

of dislocations and migration of grain boundaries, thus sig-
nificantly enhancing the mechanical properties of Cu matrix
composites at both room temperature and high temperatures
[119–121]. Unfortunately, the low conductivity of the ceramic
phase and the lattice distortion in the Cu matrix caused by
the ceramic particles would inevitably reduce the thermal and
electrical conductivity of the Cu matrix [122, 123]. However,
the effect of ceramic particles on conductivity is little com-
pared to the enormous scattering effect of solute atoms on free
electrons in Cu alloys [112, 124]. For example, the incorpora-
tion of 0.89 at.% solute atomic Cr results in a 170% increase
in electrical resistivity. Zhang et al [125] also demonstrated
that the thermal conductivity of matrix doped with alloying
elements is much lower than that of the Cu matrix composites
with the addition of ceramic particles. In addition, to minim-
ize the weakening effect of conductivity by ceramics, low con-
tent (<5 wt.%) of ceramic particles was proposed to modify
the mechanical properties of Cu matrix composites on the
premise of ensuring their thermal and electrical conductivity.
Qin et al [126] prepared (1, 3, 5 wt.%) Y2O3/Cu composites
by solid–liquid doping, calcination reduction and SPS. The
Y2O3 particles are primarily dispersed at the Cu grain bound-
aries, and its distribution changes from dispersion to aggrega-
tion as increasing the Y2O3 content. Besides, the introduction
of Y2O3 into the Cu matrix can effectively refine the matrix
grains. Due to the dispersion strengthening effect of Y2O3, the
strength and hardness of the composites are greatly enhanced,
and the electrical conductivity is remained at 95% IACS.
Therefore, ceramic reinforced Cu matrix composites with low
particle content are highly competitive materials in achieving
synergistic enhancement of strength and conductivity.

In the application of integrated circuits, the packaging
material plays the role of chip protection, chip support, chip
heat dissipation, chip insulation and connection between the
chip and the external circuit. The research focus on electronic
packaging materials shifts from metals, ceramics and plastics
to composites [109, 127]. In the electronic packaging mater-
ial, the material should possess good thermal conductivity,
which can conduct the heat generated by the semiconductor
chip in time; the CTE of the material should be small to avoid
chip damage due to thermal stress when matching with Si
or GaAs chips; the material needs to play a certain role in
supporting and protecting the chip, thus requiring a certain
strength [128, 129]. Although Cu matrix composites exhibit
high applicability in electrical packaging owning to their high
thermal conductivity, the high CTE and poor mechanical prop-
erties of Cu are not sufficient for packaging materials. In order
to reduce its CTE, the reinforcing phase with low CTE and
density, such as ceramics and diamond, is often compoun-
ded with the Cu matrix to obtain the more ideal electrical
packaging material. Furthermore, the introduction of ceramic
particles could also greatly improve the strength and wear res-
istance of the Cu matrix composite. In this field, high con-
tent of ceramic particles is usually introduced to reduce the
CTE of Cu matrix composites and to enhance their mech-
anical properties. Lu et al [107] found that the increase in
ceramic content would enhance the mechanical properties of
the 40–60 vol.% TiC–TiB2 reinforced Cu matrix composites.
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Figure 9. Comparison of the properties in ceramic reinforced Cu matrix composites prepared by different processes. (a) Yield strength
versus fracture strain; (b) yield strength versus electrical conductivity.

For the 60 vol.% TiC–TiB2 containing composite, the ulti-
mate compression strength and hardness reach 1346 MPa and
448 HV, respectively. The wear rate is only one-third that of
the pure Cu. When an external load is applied, stress transfers
from the ‘soft phase’ to the ‘hard phase’, and the reinforcing
particles can effectively sustain most of the loads, thereby sig-
nificantly enhancing the strength of the composite. Previous
work from the current team [100] also demonstrated that the
Cu matrix composite with high-content ceramic particles have
a low CTE (8.5 × 10−6 K−1) and their thermal conductivity
reaches 122 W (m·K)−1 at room temperature.

3.1. Effect of ceramic particles on the mechanical behaviors
of Cu matrix composites

As known, ceramic particles can greatly enhance the strength
and wear resistance of metal matrix composites. The ceramic
particles with high specific elastic modulus effectively
increase the Young’s modulus and yield strength of the Cu
matrix composites. In theory, the Young’s modulus of ceramic
particles reinforced Cu matrix composites is predicted by the
classical Hashin–Shtrikman elasticity theory [130]:

EHS - Upper =
Ep [EpVp +Em (2−Vp)]

EmVp +Ep (2−Vp)
(1)

EHS - Lower =
Em [Em(1−Vp)+Ep (1+Vp)

Em (1+Vp)+Ep (1−Vp)
(2)

EHS = (EHS - Upper +EHS - Lower)/2 (3)

where V is the volume fraction and E is the Young’s mod-
ulus. The subscripts c, m, and p denote the composite, mat-
rix, and particle, respectively. EHS - Upper and EHS - Lower are the

upper limit and the lower limit of Hashin–Shtrikman theory,
respectively, and EHS is the Young’s modulus of the composite
predicted by Hashin–Shtrikman theory.

For Hashin–Shtrikman elasticity theory, only the Young’s
modulus and content of thematrix and ceramic phases are con-
sidered.While the Tsai–Halpin equation takes into account the
aspect ratio of ceramic particles, and it is expressed as [131]:

Ec =
Em (1+ 2sτVp)

1− τVp
(4)

τ =
Ep/Em − 1
Ep/Em + 2s

(5)

where s is the aspect ratio of particles and the parameter τ is
calculated by the equation (5). Both models are effective in
estimating the Young’s modulus of Cu matrix composites.

For the yield strength of Cu matrix composite, the
modified shear-lag model can make good theoretical
predictions [132, 133]:

σc = σm [1/2VP (S+ 2)+Vm] . (6)

This model assumes that the presence of the ceramic
particles does not impact the stress–strain response of the mat-
rix, which allows the properties of the matrix to be incorpor-
ated into the model. Besides, the effect of particle sizes is not
considered in this model. Recently, a micromechanics method
has been widely used to predict the yield strength of compos-
ites, which is ascribed to several strengthening mechanisms
including grain refinement strengthening, dislocation strength-
ening caused by CTE mismatch, load transfer strengthening
and Orowan strengthening [134, 135]. This model can not
only accurately predict the yield strength of composites but
also provide a deep insight into the strengthening mechanism
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Table 2. Summary of comprehensive properties of ceramics reinforced Cu matrix composites prepared by various processes. σ0.2: yield
strength; σFS: fracture strength; ε: fracture strain; CS: compressive strength; TS: tensile strength. MA: mechanical alloying; SPS: spark
plasma sintering; IO: internal oxidation.

Composites
(wt.%)

Preparation
technique σ0.2 (MPa) σFS (MPa) ε (%)

CTE
(10−6 K−1)

Electrical
conductivity
(% IACS)

Thermal
conductivity
(W mK−1) References

3ZrO2/Cu MA 61 (CS) 310 44 — 73.45 — [40]
6ZrO2/Cu MA 69 (CS) 346 43 — 14.17 —
9ZrO2/Cu MA 72 (CS) 368 39 — 5.79 —
12ZrO2/Cu MA 79 (CS) 385 35 — 1.65 —
5.9Y2O3/Cu MA + SPS 655 (CS) 932 33 — 53.8 — [44]
1SiC/Cu MA 48 (CS) 268 33 14.8 47.4 — [9]
2SiC/Cu MA 51 (CS) 283 32 14.1 42.9 —
4SiC/Cu MA 60 (CS) 312 27 12.9 37.9 —
8SiC/Cu MA 75 (CS) 340 21 11.2 16.7 —
0.42Y2O3/Cu MA + SPS 272 (TS) 296 12 — — — [33]
3TiC/Cu MA + SPS 572 (TS) 602 8 — 71.5 — [43]
2.1WC/Cu Pressureless

sintering
244 (TS) 270 8 — — — [102]

2.1WC/Cu SPS 285 (TS) 310 11 — — —
2.1WC/Cu SPS + rolled 312 (TS) 361 12 — — —
10SiC/Cu SPS 110 (TS) 140 9 — — 338 [103]
20SiC/Cu SPS 68 (TS) 75 2.3 — — 282
10SiC/Cu SPS +

high-pressure
torsion

395 (TS) 440 2.9 — — 385

20SiC/Cu SPS +
high-pressure
torsion

385 (TS) 420 1.9 — — 362

2Al2O3/Cu SPS
(10 min) + hot
extrusion

428 (TS) 510 14.7 — 87.1 — [60]

2Al2O3/Cu SPS
(20 min) + hot
extrusion

430 (TS) 497 11.5 — 83.2 —

1Ti2AlC/Cu In-situ 118 (TS) — — — 84.3 — [104]
2Ti2AlC/Cu In-situ 132 (TS) — — — 74.8 —
3Ti2AlC/Cu In-situ 198 (TS) — — — 50.5 —
5Ti2AlC/Cu In-situ 241 (TS) — — — 33.6 —
1.1Al2O3/Cu IO + hot-

extruded
533 (TS) 570 25 — 85 — [73]

1.8La2O3/Cu IO + SPS 239 (TS) 349 37.6 — 93.1 — [71]
0.34Al2O3/Cu IO + high-

velocity
compaction

396 (CS) 443 — — 81 — [74]

0.34Al2O3/Cu IO + hot
pressing

281 (CS) 386 — — 86 —

0.34Al2O3/Cu IO + hot
extrusion

312 (CS) 378 — — 87 —

0.3
Y2O3/0.3Al2O3/
0.3La2O3/Cu

IO — 545 (TS) — — 93.5 — [105]

2Al2O3/Cu MA + extru-
sion + hot
rolling

610 (TS) 648 6.2 — — [70]

1.6 Al2O3/Cu
(R1)

IO + heat
treatment

335 (TS) 387 6.6 — 95 — [30]

1.6 Al2O3/Cu
(R2)

IO + heat
treatment

461 (TS) 522 8.2 — 90 —

(Continued.)
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Table 2. (Continued.)

1.5 Al2O3/Cu IO + hot
extruded

330 (TS) 358 17.1 — — — [80]

1.1 Al2O3/Cu IO 502 (TS) 563 — — — — [75]
0.2 Al2O3/Cu IO 420 (TS) 458 — — — — [106]
0.12 Al2O3/Cu IO 163 (TS) 220 11.8 — 89 — [82]
0.6 Al2O3/Cu 261 (TS) 312 5.1 — 77 —
12.1TiC/Cu In-situ 183 (CS) 549 25.9 — 65.5 — [98]
12.1TiC/Cu In-situ 132 (CS) 526 35.7 — 55.6 —
12.1TiC/Cu In-situ 121 (CS) 417 34.9 — 40.3 —
1TiC/Cu In-situ 281 (CS) 584 35.8 — 77 — [84]
11.2TiB2/Cu In-situ 168 (TS) 318 4.4 — — — [95]
25.6
TiC + TiB2/Cu

In-situ 949 (CS) 1239 7.1 — — — [107]

34.1
TiC + TiB2/Cu

In-situ 1003 (CS) 1252 5.8 — — —

43.7
TiC + TiB2/Cu

In-situ 1156 (CS) 1346 4.9 — — —

of ceramic particles reinforced metal matrix composites. The
final yield strength of themetal matrix composites is computed
as the sum of the single strengthening contributions ∆σi:

σc = σm +
∑

i
∆σi. (7)

Generally, the particles uniformly dispersed in matrix
effectively impede dislocation motions, and fine-grained
particles provide strong barriers to grain boundary migration
via the Zener pinning mechanism [136],

dm =
4αDp

3Vp
(8)

where dm is the grain size of matrix, α is the proportionality
constant, and Dp is the dimensions of particles. The resulting
grain refinement reduces the formation of defects and improve
crack propagation resistance. The contribution of grain refine-
ment strengthening could be formulated using the classical
Hall–Petch theory:

∆σHP =
k√
d

(9)

where k is a constant and d is the mean grain size.
In addition, owing to the discrepancy in the physicochem-

ical properties of the ceramic particles and the Cu matrix,
the ceramic second phase would induce dislocation pinning
and accumulation at the interface, which results in dislocation
strengthening. The effect caused by dislocation is expressed
as [137]:

∆σCTE = αGb

(
12∆T∆CVp

bdp

)1/2

(10)

where ∆T is the difference in temperature and ∆C is the dif-
ference in CTE between the matrix and the ceramic particles;
G refers to the shear modulus of the matrix and b is Burger’s
vector; dp represent themean diameter of reinforcing particles.

When the particles size is relatively fine (<100 nm), the
Orowan strengthening mechanism is also prominent [138].
The Orowan strengthening effect is modeled as [139, 140]:

∆σOrowan =M
0.4Gb

π (1− v)1/2
ln(D/b)

λ
(11)

whereM is orientation factor on average, v is Poisson’s ratio, λ
is the nanoparticle spacing, and D is the nanoparticle average
grain size.

The resulting bending of dislocations would increase the
lattice distortion energy in the area affected by the dislocation,
increasing the resistance to the movement of the dislocation
line and the resistance to slippage. From the TEM images illus-
trated in figures 10(a)–(d) [126], the Y2O3 particles remain
stable in the Cu matrix during the sintering process, and the
Y2O3 particles do not react with the Cu matrix. Besides, the
good interfacial bonding between Y2O3 particles and the Cu
matrix significantly enhances the mechanical performance of
the composites and minimizes the impact on their thermal and
electrical conductivity. The electron backscatter diffraction
(EBSD) results of the Cu matrix composite are illustrated in
figures 10(e)–(h) [59]. For the composite samples, the micro-
structure consists of equiaxed grains with uniform dimensions,
which are the result of grain growth and static recrystalliza-
tion in the sintering process. The grain orientations of the two
samples can be considered random. Nanoparticles penetrate
the Cu grain boundaries and pin the Cu grains, thereby pre-
venting grain growth based on the Zener mechanism. Besides,
the high strain generated by the reinforcements in the Cu mat-
rix promotes the recrystallization process at high temperature
therefore delays the strain release, which is the driving force
for grain growth at high temperature. Therefore, the compos-
ites have significantly smaller grain size than the pure Cu.

In addition to the grain refinement strengthening, disloca-
tion strengthening andOrowan strengthening, the load transfer
strengthening mechanism between the softer matrix (Cu mat-
rix) and the harder nanoparticles (ceramic phase) also comes
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Figure 10. Microscopic characteristics of ceramic particles and grain structure of the matrix in Cu matrix composites. (a) TEM image of the
3 wt.%Y2O3/Cu composite. (b) EDS mapping and elemental specific gravity of the particle in (a). (c) HRTEM image of the green dashed
box in (a). (d) the corresponding selected diffraction in (c). Reprinted from [126], Copyright (2021), with permission from Elsevier. EBSD
maps of the samples: (e), (f) Cu and (g), (h) nanostructured Cu reinforced with SiC and CNT. Reprinted from [59], Copyright (2020), with
permission from Elsevier.

into play when external loading is applied [141]. Nardone
and Prewo [142] presented a modified model to describe the
strengthening effect of load transfer:

∆σLT = Vpσ0

[
(l+ t)A

4l

]
(12)

where σ0 is the yield strength of the matrix, l and t are the
dimensions of the particles in the direction parallel and perpen-
dicular to the load, respectively. Generally, for the composite
with high content of ceramic particles, the force transfer pro-
cess would be the main strengthening mechanism. As shown
in figure 8(f), the finite element modeling (FEM) based on
the three-dimensional representative volume element (RVE)
of real microstructure was employed to investigate the stress
distribution inside the composite under loading [100]. The res-
ults clearly show that the average stress on particles is several
times higher than that of the matrix, which demonstrates that
the ceramic particles carry most loadings. The uniformly dis-
persed ceramic particles greatly enhance the mechanical prop-
erties of the composite. However, a large stress concentration
occurs at the tip of the particle. Thus, fracture occurs at that
location and then initiates cracks in the matrix, resulting in
failure of the composite. As such, the morphology of ceramic
particles greatly affect the performance of the composite. This
will be further discussed in the next section.

3.2. Effect of ceramic particles on the thermal expansion
coefficient of Cu matrix composites

For the CTE of ceramic reinforced Cu matrix composite,
the inherent performance of the matrix material and the

reinforcement phase and their interaction directly determine
the CTE of the composite. So far, a series of work has been
conducted on the thermal expansion behavior of metal matrix
composites through experimental investigations and theoret-
ical calculations, which results in several reasonable calcula-
tion models to more accurately predict the CTE of different
composites [125, 143–145].

(1) ROM model

The ROM model is a simplest mixed rule, which is
expressed as:

αc = αmVm +αpVp (13)

whereα is the CTE. This model is suitable for composites with
similar modulus differences of components, which is the result
given by ignoring the elastic interaction between components.

(2) Turner model

The Turner model takes into account the effect of hydro-
static stress on adjoining phases, which is expressed as:

αc =
αmVmKm +αpVpKp

VmKm +VpKp
(14)

where K is the bulk modulus and K= E
3(3−E/G) ; E is the elasti-

city modulus. Compared to the ROMmodel, the Turner model
assumes that no internal stress exists in the composite and that
the deformation degree of each component of the composite is
the same.
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(3) Kerner model

TheKerner model is currently themost used theoretical for-
mula to calculate the CTE of metal matrix composites with
particle reinforcement, which includes the shear strain in par-
ticulate composites,

αc = αpVp +αmVm +(αp −αm)VpVm

×
Kp −Km

VpKp −VmKm + 3KpKm/(4Gm)
(15)

where G is the shear modulus. This model utilizes a classical
self-consistent method to predict the CTE of composites. It
assumes that the intermediate reinforcement particles of the
composite material are spherical and the outer layer is uniform
matrix, and there exist both shear force and isostatic pressure
in each phase of the composite.

(4) Eshelby model

The Eshelby model, also known as the equivalent inclusion
model, is also a classical method for calculating the CTE of
composite.

αc = αm −Vm{(Cm −CP) [S−Vm (S−N)]−Cm}−1

×Cp (αp −αm) (16)

where S is the Eshelby tensor, C is the stiffness and N is the
matrix tensor corresponding to the reinforcement. The model
assumes that both the matrix and the ceramic phase are iso-
tropic in expansion and the model can more accurately estim-
ate the CTE of the composites.

The above theoretical models have been widely applied to
the design and preparation of composites. Moreover, all these
models clearly reflect that the content of ceramic phase dir-
ectly affects the CTE of the composites. The CTE tends to
decrease with increasing the ceramic content. However, the
initial assumptions of eachmodel have certain defects and can-
not fully objectively reflect the actual internal conditions of
metal matrix composites. These models show different pre-
diction accuracy for different types of metal matrix compos-
ites. Therefore, the predicted CTE values of metal matrix com-
posites are often different from the actual results because the
effects of non-uniform stress distribution, thermal residual
stress, matrix plastic deformation, etc on the thermal expan-
sion behavior of composites are not considered. Fei et al [146]
pointed out that the CTE of composites is closely associated
with the rate of change of thermal residual stress and disloca-
tion density of the matrix. Due to the large CTE differences
between the ceramic phase and the metal matrix, all the metal
matrix contains thermal residual stress. When different heat
treatment processes are applied to the composites, both the dis-
location density and thermal stress of the composites prepared
by slow cooling are lower than the corresponding ones of the
composites prepared in fast cooling (water quenching) condi-
tion. The composites after quenching demonstrates much dif-
ferent thermal expansion behavior compared with the counter-
parts by slow cooling (figures 11(a)–(d)). The CTE curve as a

function of temperature of quenched composite shows a min-
imum peak and a maximum peak, while there is no maximum
peak for composite prepared under slow cooling. This can be
ascribed to the thermal elastic relaxation and plastic relaxa-
tion of the matrix during the CTE test, and the rate of change
of thermal residual stress directly determines the CTE of the
composite. Therefore, the microstructure and thermal stress in
the matrix have significant influences on the thermal expan-
sion behavior of the metal matrix composite. In fact, the size
andmorphology of the particles, as well as the complex stress–
strain state inside the matrix, also have a great impact on the
CTE of the composites. Non-uniform stress distribution would
lead to non-uniform thermal expansion behavior of the com-
posite, which is difficult to predict by theoretical calculations.
The microstructure defects such as pores, reaction products,
interface debonding, and agglomeration of ceramic particles
would also inevitably affect their thermal expansion beha-
vior. Therefore, novel micromechanical models are needed to
reflect the CTE of composites.

On this basis, FEM is an effective strategy to perform deep
analyses on the experimental results of the composite micro-
structure with respect to particle characteristics, thermal resid-
ual stress, interfaces, holes, etc to study the complex thermal
expansion behavior [148–151]. The detailed stress and strain
distribution and deformation can be visualized in the RVE
model, which provides a more accurate prediction of the CTE
for metal matrix composites. Sharma et al [147] construc-
ted the RVE models according to the actual microstructure
of composite to evaluate the effect of thermal residual stress
on CTE, as illustrated in figures 11(e)–(h). By studying the
temperature-dependent linear elastic and elastoplastic matrix
material behavior, they found that the presence of thermal
residual stress affects the effective CTE in the heating pro-
cess. The contact status of the reinforcing particles greatly
impact the thermal expansion behavior of the composite. The
predicted CTE using RVE with overlapping microstructure is
in accordance with the measured CTE. For RVE with separ-
ated or contact particles, the predicted CTE is higher than the
experimental one. The presence of voids reduces the effect-
ive CTE of the metal matrix composite. Compared to the the-
oretical calculations, FEM provides a more intuitive predic-
tion from a microscopic perspective [152, 153]. The effects of
non-uniform stress distribution, thermal residual stress, matrix
plastic deformation and microstructure defects in the compos-
ite are comprehensively considered through reasonable mod-
eling methods [154]. Therefore, the FEM tends to show more
accurate predictions.

3.3. Effect of ceramic particles on the conductivity of Cu
matrix composites

While effectively improving the strength and CTE of the Cu
matrix, it is also important to maintain good conductivity. For
metal matrix composites, the thermal and electrical conduc-
tion process is determined by the matrix and the reinforcing
phase. In metals, electron conduction is the main heat transfer
mechanism; while for ceramics, the conduction mechanism is
mainly phonon conduction. In comparison, the conductivity of
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Figure 11. Thermal expansion behavior of ceramic particles reinforced metal matrix composites. Relative elongation and CTE as a function
of temperature for the quenched SiC/Al composite with the heating rate of 2.5 ◦C min−1 (a) and 8 ◦C min−1 (b). Relative elongation and
CTE as a function of temperature for the slowly cooled SiC/Al composite with the heating rate of 2.5 ◦C min−1 (c) and 8 ◦C min−1 (d).
Reprinted from [146], Copyright (2003), with permission from Elsevier. (e) FE model of 70 vol.% SiC/Al composite. (f) Thermal residual
stresses (S11, MPa) distribution in Al matrix and SiC phase of 70 vol.% SiC/Al composite. (g) FE modeled total CTE of 70 vol.% SiC/Al
composite with no stress state at room temperature (h) predicted CTE by analytical micromechanical models of 70 vol.% SiC/Al composite.
Reprinted from [147], Copyright (2016), with permission from Elsevier.

ceramics inmetal matrix composites is negligible and the pres-
ence of ceramics largely hinders the electronic conductivity in
the metal matrix. The conductivity of composite is affected
by microstructural features such as the type and volume frac-
tion of the ceramic phase, particle size, and interfacial bar-
rier. In fact, the matrix of the composite is the main con-
duction path and metal conduction mainly relies on current
carrier electron transmission. Lattice defects, impurities and
lattice vibrations in the matrix would scatter free electrons,
which is similar to the process of electronic heat transfer. As
a result, the electrical conductivity of metal is approximately
proportional to the thermal conductivity. The metal electronic
thermal conductivity (γe) and electrical conductivity (η) can be
related by:

L0 =
λe

ηT
=

π 2

3
λB

e2
(17)

where λB is the Boltzmann constant, and L0 is a constant,
known as the Lorentz constant. In order to more directly reflect
the effect of reinforcement particles on the conductivity of the
metal matrix, the following theoretical models are commonly
employed to predict the thermal conductivity of metal matrix
composites [125, 155]. Herein, the electrical conductivity of
composite is proportional to its thermal conductivity, so it will
not be described here.

(1) Maxwell model

The Maxwell model is the most classic theoretical model
for predicting the thermal conductivity of composites, which
is expressed as:

γc = γm
2(1−Vp)+ (γp/γm)(1+ 2Vp)

(2+Vp)+ (γp/γm)(1−Vp)
(18)
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Figure 12. CTE results and interfacial structure of SiC/Cu composite. (a) Comparison of experimental and computational CTE results
based on Hasselman–Johnson model for SiC/Cu composites. (b) TEM image; (c) schematic diagram of (b); SAED patterns of (d) I area,
(e) II area, (f) III area and (g) IV area. Reprinted from [157], Copyright (2014), with permission from Elsevier.

where γ is the thermal conductivity. This model assumes that
the reinforcement particles are spherical, and it ignores the
effect of interfacial thermal resistance on the thermal con-
ductivity of the composite. This model takes into account the
thermal conductivity of both the matrix and the reinforcing
phase in the composite and the effect of the reinforcing phase
content on the thermal conductivity of the composite material.

(2) Hasselman–Johnson model

The Hasselman–Johnson model, also known as effective
medium approximation, is expressed as:

γc = γm

[
2(1−Vp)+ (γp/γm)(1+ 2Vp)+ 4(γp/Dh)(1−Vp)
(2+Vp)+ (γp/γm)(1−Vp)+ 2(γp/Dh)(2+Vp)

]
(19)

where D is the diameter of the reinforcement, h is the thermal
boundary conductance. This model takes into account the
influence of interfacial thermal resistance and particle dimen-
sions on thermal conductivity. Interfacial thermal resistance
is caused by physical differences between phases, defective
mechanical or chemical adhesion at the interface, and mis-
matches in the CTE.

IfD→∞, equation (19) is the equation of Maxwell model,
which is equivalent to ignoring the interface thermal barrier.

Setting D→ 0, equation (19) becomes:

γc = γm
1−Vp

1+ 0.5Vp
(20)

whereVp equals the porosity. This is equivalent to the situation
where the particles in the metal matrix are pores.

The above theoretical models have been well applied in a
large number of studies [125, 156]. The prediction results by
theoretical models can well reflect the heat transfer capacity
of the metal matrix composite and explore the effect of vari-
ous factors on the thermal conductivity. Moreover, like the
prediction model for CTE, ceramic content is also the most
important influencing factor, and the conductivity decreases
as increasing the ceramic content. In addition, the theoretical
values of the metal matrix composite calculated by the models
often differ from the experimental results. The initial assump-
tions of each model still have certain defects, and the actual
internal conditions of metal matrix composites cannot be fully
and objectively reflected by theoretical models. Therefore, the
thermal conductivity of Cu matrix composites is usually far
below the theoretical expectations [157]. The work of Molina
et al [158] and Chu et al [159] pointed out that the actual
thermal conductivity of Cu decreases from 389 W (m·K)−1

to about 70 W (m·K)−1 due to the scattering of electrons by
the crystal defects, sub-grains and lattice distortion induced by
dissolved solute element in matrix. The selected area electron
diffraction (SAED) patterns shown in figure 12 also demon-
strate that the Si element is solidly soluble in the Cu–Si layer
and Cumatrix. Although considering the low thermal conduct-
ivity of the matrix, the theoretical results are still higher than
the actual results, as shown in figure 12(a). There are still other
factors that govern the thermal conductivity of composites.
As shown in figures 12(b) and (c), interfacial reactions have
occurred and an evident graphite layer and Cu–Si layer appear
between the Cu matrix and SiC phase. This induces high inter-
facial thermal resistance and leads to low thermal conductivity
of SiC/Cu composites.
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In conclusion, there are many factors that affect the con-
ductivity of composites. The refined grain size increases the
area of grain boundary and phase boundary in the composite,
which would intensify the interfacial scattering to electrons
and hence decrease the conductivity of composite. Besides,
the residual stress and plastic strain in the composite caused
by the difference of CTE between the ceramic particles and
metal matrix also negatively affect its conductivity. On this
basis, research and development of the more applicable and
comprehensive theoretical models is also one of the future
research directions. Notably, the MAX phase as an advanced
ceramic material is a competitive reinforcement in Cu mat-
rix composites [160, 161]. These ternary carbides or nitrides
(e.g. Ti3AlC2, Ti3SiC2, etc) combine the properties of ceram-
ics and metals, exhibiting high conductivity, mechanical prop-
erties, good thermal shock resistance, excellent oxidation res-
istance and corrosion resistance owing to their unique atomic
bonding and crystalline structure [162–165]. Recently, extens-
ive work has been done to explore the preparation process and
the conduction and mechanical properties of Cu-MAX com-
posites. The results show that the MAX phases are efficient to
strengthen the mechanical properties of Cumatrix composites,
without a drastic reduction of their conductivity [166–168].
Nevertheless, the research of Cu-MAX composites is still in
its infancy, and more in-depth research and exploration are
urgently needed.

4. Effect of ceramic characteristics on the
properties of Cu matrix composites

As mentioned above, the introduction of ceramic particles
could directly affect the stress distribution, conduction and
thermal expansion behavior of the Cu matrix. The essen-
tial characteristics of the ceramic particles would also have
an impact on the comprehensive performance of composites.
However, most of the aforementioned theoretical models only
consider the ceramic content in the composites, and it is dif-
ficult to predict the effect of other factors of particles on the
performance of the composites through the theoretical mod-
els. Therefore, the most important influencing factors such as
the content, size and morphology of the ceramic particles and
the interface between the matrix and the reinforcement are fur-
ther reviewed below.

4.1. Ceramic particle content

It was reported [19, 169] that the content of ceramic phase dir-
ectly determines the comprehensive properties and the poten-
tial application fields of Cu matrix composites. As shown in
figure 13, as the ceramic content increases, the strength of the
composites tends to increase to a certain degree, by sacrificing
the ductility. The FEM results [170] also demonstrated that
both the elastic modulus and yield strength of the TiB2/Cu
composites increase with increase in the particle content
while the elongation decreases, as illustrated in figure 14(a).
Figures 14(b) and (c) show the total stress and average

stress on the ceramic particles with different particle contents.
The total stress on particles increases with the increase in
the particle content, while the average stress on particles is
maintained approximately the same. Therefore, the ceramic
particles with higher content can sustain the load more effect-
ively and enhance the strength of the composite. However, as
the ceramic particle content increases, the spacing between
ceramic particles gradually decreases and a large amount of
aggregation takes place. As shown in figures 14(d) and (e),
large areas of interfacial damage occur in the RVEs, and the
damage area of the Cu matrix increases with the increase of
particle content. This results in more pronounced stress con-
centration in the Cu matrix and the composites with high
particle content are more prone to microcracking and rapid
propagation into the main cracks. Therefore, the load is not
effectively transferred from thematrix to the ceramic particles,
which reduces the ductility of the composite.

With regard to the CTE and conductivity, the content of
ceramic particles performs a crucial role in determining the
CTE and conductivity of ceramic particle reinforced Cu mat-
rix composites. As described in sections 3.2 and 3.3, both the
CTE and conductivity of composites decrease as increasing
the ceramic content. However, the increase of ceramic content
in the composite tends to cause agglomeration of particles,
which largely weakens the strengthening effect of particles.
Accordingly, a more suitable ceramic content is required to
obtain superior comprehensive properties (i.e. maintaining a
good combination of mechanical performance and CTE and
conductivity) under different preparation processes.

4.2. Ceramic particle size

In the process of introducing ceramic particles into a metal
matrix, the size of the ceramic particles also has a great
influence on the comprehensive performance of the compos-
ite. Appropriate particle size is of great significance to fur-
ther optimize the comprehensive performance of metal mat-
rix composites. Generally, the size of ceramic particles can
be classified into micron (1–100 µm), submicron (0.1–1 µm)
and nanoscale (<100 nm). As shown in figure 15, the vicin-
ity of micron particles is beneficial to form particle deform-
ation zone, and the area with high dislocation density can
be generated surrounding submicron particles due to pinned
dislocations and deformation mismatch between the mat-
rix and the particles. Meanwhile, the introduction of fine
particles (i.e. in nanoscale or submicron) may delay or impede
grain growth via a pinning effect on the grain boundaries
[171]. However, when micron-sized or nano-sized particles
are introduced into the metal matrix composites, the high
particle content can easily lead to particle agglomeration,
which significantly deteriorates the strength and ductility of
the composite. Compared with the micron-sized particles,
the nano-sized particles in metal matrix has much higher
agglomeration propensity owing to the large specific area
and van der Waals force. The mixture of micron-sized and
nano-sized particles was reported to have a more apparent
strengthening ability than monolithic size particles [172, 173].
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Figure 13. Linear relationship between the mechanical properties and ceramic content of ceramic reinforced Cu matrix composites.
(a) Yield strength versus ceramic content; (b) fracture strain versus ceramic content [9, 40, 104, 107].

Figure 14. FEM results investigating the effect of particle content on the mechanical response of composites. (a) The simulated
stress–strain curve of TiB2/Cu composites with different particle contents. The (b) total stress and (c) average stress on particles. (d) Mises
stress of particles and (e) equivalent plastic strain of Cu matrix in the composites with different particle contents. Reprinted from [170],
Copyright (2022), with permission from Elsevier.

Tian et al [174, 175] successfully prepared bimodal-sized
(micron + nanoscaled) TiC/Al–Cu composites by incorpor-
ating micro-sized and nano-sized TiC. The composites with
bimodal-sized TiC possess higher strength, ductility and creep

resistance compared with the composites with monomodal-
sized particles, which is ascribed to more significant precipit-
ation strengthening and grain refinement of the bimodal-sized
particles.
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Figure 15. Schematic illustration of dynamic recrystallization affected by SiC size during hot extrusion: (a) the microstructure before hot
extrusion. (b) High density dislocations surrounding submicron SiC and particle deformation zone surrounding micron SiC. (c) Dynamic
recrystallization nucleuses priority occur around SiC and at grain boundaries. (d) The microstructure after dynamic recrystallization.
Reprinted from [171], Copyright (2016), with permission from Elsevier.

When a metal matrix composite contains only single-scale
particles and the particles are evenly distributed, the composite
with relatively smaller particle size demonstrates better mech-
anical properties. Owing to the difference in CTE between
the ceramic particles and the matrix, local deformation in the
interfacial region and high-density dislocations are produced
in the composites during the preparation process, leading to
dislocation strengthening. When the content of the reinforced
particles is constant, the increased dislocation density around
the particles and the strain gradient are noted in the com-
posite with smaller particle sizes. Such a phenomenon fur-
ther enhances the dislocation strengthening effect of the com-
posite, thereby increasing its load-bearing capacity. Ma et al
[176] simulated the effect of particle size on the tensile beha-
vior of composites by establishing the microstructure-based
RVE models. The simulated stress–strain curves with differ-
ent particle sizes are shown in figures 16(a) and (b), and the
average S11 (stress in the X-axis) stress of Al3Ti particles and
metal matrix are compared in figure 16(c). For the same con-
tent of particles, the yield strength and elongation of the com-
posite are enhanced slightly as decreasing the particle size.
Meanwhile, the Al3Ti particles with smaller size can bear
higher S11 stress during the initial deformation. After fur-
ther loading, the stress on particles remains constant, while
the strength of the matrix keeps increasing. Therefore, smaller
particles tend to ‘be strengthened’ faster and bear higher mean
stress than the larger particles. Figure 16(d) shows the damage
of the matrix at different moments of strains. Under the same
nominal strain, the damage in the matrix with small particles
evolves slowly and uniformly, while the damage extends rap-
idly surrounding the large ones. Therefore, cracks are always

initiated adjacent to large particles in the aggregation area, due
to that large particles are more prone to deformation and lead
to stress and strain concentrations. Likewise, Yan et al [177]
conducted the similar study using FEM in combination with
Taylor-based theory of nonlocal plasticity. Both numerical and
experimental results indicated that the flow stress and work
hardening rate of the composites increase as decreasing the
particle size when the content of the reinforcements is con-
stant. This is mainly attributed to the fact that the strain gradi-
ent in the matrix increases as the particle size decreases.

Furthermore, the thermophysical performance and elec-
trical conductivity of metal matrix composites are also closely
associated with the size of reinforced particles. Generally,
the increase in particle size in metal matrix composite
would increase its CTE, thermal conductivity and electrical
conductivity [125, 157, 178, 179]. The decrease in particle size
increases the dislocation density of thematrix, which increases
the yield strength of the composite. On this basis, the thermal
stress generated in the heating process is more difficult to relax
and the thermal residual stress in the composite increases,
which hinders the thermal expansion of the matrix. Therefore,
as the particle size decreases, the CTE of themetalmatrix com-
posite decreases. At constant particle content, smaller particle
size leads to more particles and smaller particle spacing in the
composite, which canmore effectively hinder the expansion of
matrix at high temperature. Thus, small particle size in a com-
posite would significantly reduce the increase rate of CTEwith
temperature [180].

For the conductivity of metal matrix composites, Efe et al
[181] compared the influence of different contents and sizes of
SiC particles on the relative density and electrical conductivity
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Figure 16. FEM results investigating the effect of particle size on the mechanical response of composites. (a) The simulation stress–strain
curves for Al3Ti/A356 composites. (b) The average S11 stress of Al3Ti particles and A356 matrix at different particle sizes, respectively.
(c) Stress distributions on particles at different particle sizes. (d) Damage distribution of the matrix at different particle sizes. Reprinted from
[176], Copyright (2019), with permission from Elsevier.

of Cu matrix composites. As shown in figure 17, the relat-
ive density and electrical conductivity of SiC/Cu composites
increase as increasing the SiC particle size. In fact, the thermal
conductivity and electrical conductivity of the material mainly
depend on the movement of electrons in the matrix. However,
the existence of insulating ceramic particles and scattering
at the interface hinder the movement of electrons. With the
decrease in particle size, the hindrance effect of particles is fur-
ther aggravated and the interface proportion between particles
and matrix increases, which significantly reduces the thermal
and electrical conductivity of composites.

4.3. Ceramic particle morphology

During the preparation of Cu matrix composites, the morpho-
logy of the ceramic particles also directly affects the stress dis-
tribution of the surrounding metal matrix, which then reflects
the difference in the mechanical performance of the compos-
ites. In general, the failuremode of a composite varies asmodi-
fying the particle morphology. Compared with the spherical
particles, the reinforcement particles with sharp corners are

more effective in pinning dislocations and have the stronger
initial strain strengthening effect in composites [182, 183].
The higher load-bearing capacity is provided by the angular
particles. However, both experimental and numerical simula-
tion results [98, 183] indicated that voids tend to nucleate pref-
erentially at the corners of the particles when the composite
is loaded. Therefore, the metal matrix composites reinforced
with spherical particles have larger ductility but slightly lower
yield strength and work hardening rate are than those rein-
forced with angular particles.

Wu et al [151] developed a novel model of composite with
realistic microstructure to investigate the effect of particle
morphology and distribution on the deformation behavior of
metal matrix composites. The deformation of the matrix is
concentrated near the crack tip, which results in the destruc-
tion of the matrix when its equivalent plastic strain reaches
a threshold value. As shown in figures 18(a) and (b), the
cracks propagate along the direction of high stress in the mat-
rix. Microcracks of the particles occur at corners, in which
stress concentrations are prone to occur, and the matrix breaks
near the crack tips. Then, the main crack passes through the
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Figure 17. Contour diagrams illustrating the properties of SiC/Cu composites as a function of SiC content and particle size. (a) Relative
density versus SiC content and particle size; (b) electrical conductivity versus SiC content and particle size. Reprinted from [181],
Copyright (2012), with permission from Elsevier.

particle agglomeration zone where microcracks are accumu-
lated, while no significant particle debonding is detected and
few particles fracture along the crack side (figures 18(c)–(f)).
The change of the ceramic particle morphology affects the
stress–strain response of the composites and the stress–strain
distribution of the surrounding matrix [184, 185]. As shown in
figure 18(g), with the increase in particle roundness, both the
elastic modulus and yield strength of the composite decrease,
while the fracture stress and strain increase. This is attrib-
uted to that the stress concentration generated at the sharp
corners facilitates the improvement of elastic modulus and
yield strength in the metal matrix. However, after yielding, the
stress concentration at the sharp corners of the particle leads to
premature softening and cracking of the matrix. As seen from
figures 18(h)–(j), when the particles have larger roundness, the
stresses at the sharp corners of TiB2 particle are closer to the
internal stresses, the stress distribution on the particles is more
even, which obviously optimizes the stress concentration at the
corner [170].

In metal matrix composites with the same particle con-
tent, type and size, the particle morphology has little effect
on the conductivity and CTE of the composites. Generally,
the influence of particle morphology on the performance of
composites is mainly attributed to the differences in localized
stress–strain and electron conduction paths in the matrix.
The previous work from the current team [100] demonstrated
that spherical particles are more favorable to the transfer of
thermal compare to hexagonal columnar particles, as illus-
trated in figure 8(d3, d4). Composites doped with spherical
particles demonstrate improved thermal conductivity because
the spherical particles enable a more uniform distribution of

heat flow and reduce the accumulation of heat flow at sharp
corners. At the present stage, there is a lack of targeted study
on the influence of ceramicmorphology on the thermophysical
properties and electrical conductivity of metal matrix compos-
ites, and further exploration on this topic is still needed.

4.4. Interfacial bonding between ceramic particles and Cu
matrix

In ceramic particles reinforced Cu matrix composites, the
interface between ceramic particles and metal matrix is a
bridge for particles to fully exert their reinforcing effect.
Strong interfacial bonding is the key to the development
of composites with excellent comprehensive performance
[186–188]. The matrix/ceramic interface is generally divided
into mechanical bonding and chemical bonding [189].
Compared to mechanical bonding, the chemical bonding is
more critical for particle reinforced composites. The chemical
bonding enables the atoms of the particles to contact the atoms
of the matrix, which facilitates the exchange of electrons at
the interfaces [190]. It is beneficial to weaken the interface
effect on the scattering of electrons, thereby improving the
thermal conductivity and electrical conductivity. However,
the weak interface is prone to initiate cracks and then causes
the component failure under loading, which more likely cause
interface fracture, ceramic particles shedding and interface
corrosion damage, thus weakening the strengthening effect
of ceramic particles [191, 192]. Overall, improved bonding
would increase heat transfer, electrical conductivity and facil-
itate load transfer between ceramic particles and Cu matrix.
Synergistic enhancement of the Cu matrix with better network
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Figure 18. FEM results investigating the effect of particle morphology on the mechanical response of composites. (a), (b) The propagation
of the matrix cracks for SiC/A359 composites. (c)–(e) Microscopic images of fracture surfaces for real specimens. (f) Simulated crack
propagation. Reprinted from [151], Copyright (2019), with permission from Elsevier. (g) Simulated stress–strain curve of TiB2/Cu
composites with different particle chamfers. (h)–(j) Mises stress distribution on particles and the stress profiles of tip and inside of particle
with different roundness. Reprinted from [170], Copyright (2022), with permission from Elsevier.

structure and stronger interfacial bonding is responsible for the
improvement in composite properties [193, 194]. Zhang et al
[195] pointed out that the enhanced interface bonding facilit-
ates the reduction of CTE and improves dimensional stability
of composites. The plastic deformation induced in the matrix
around the interface is restrained by the reinforcement. When
the interfacial bonding is stronger, the deformation is smaller,
which is more favorable to limit the relaxation of residual
stress.

Unfortunately, most ceramic particles have poor wettab-
ility with the Cu matrix and form a high contact angle,
which results in weak interfacial bonding as illustrated in
figures 19(a) and (b) [14, 196]. At the present stage, a vari-
ety of methods have been adopted to enhance the interfa-
cial bonding between the ceramic phase and the Cu matrix,
mainly including the surface metallization of ceramic and
the matrix alloying. Furthermore, the in-situ synthesis of the
ceramic phase in the matrix mentioned in section 2.4 is a
more promising method to improve interfacial bonding. Tian
et al [197] pretreated the surface of boron carbide (B4C)

particles by electroless Cu plating, and then mixed the Cu-
coated B4C with Cu-coated graphite to prepare a novel Cu-
matrix self-lubricating composite. Compared with the com-
posite reinforced by uncoated B4C, Cu-coated B4C reinforced
Cu/graphite composite exhibit lower porosity, higher wear
resistance and compressive strength owing to the improved
wettability and interfacial bonding between the Cu-coated
particles and matrix. Han et al [102] prepared reduced Cu-
coated WC core–shell precursor powders by intermittent
electrodeposition and SPS. This new preparation technique
reduces the agglomeration of WC particles and enhances the
interfacial bonding between the WC particles and the Cu mat-
rix, which further improves the mechanical properties of the
composite. Xiang et al [198] doped a small number of Ti
element to optimize the interfacial bonding between the TiC
and the Cu matrix and to enhance the strength of the com-
posite. As shown in figures 19(c) and (d), the cracks propag-
ate almost entirely along the edges of the TiC particles, and
the Cu matrix does not show significant plastic deforma-
tion. This results from the poor bonding between TiC and
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Figure 19. Interfacial bonding characteristics between ceramic particles and Cu matrix in composites. Differences between the interface
microstructure of (a) uncoated and (b) coated SiC particles. Reprinted from [14], Copyright (2018), with permission from Elsevier. Optical
microscopy images of the area around the cracks in: (c) forged 10%TiC/Cu; (d) forged 10%TiC/Cu annealed at 400 ◦C for 60 min;
(e) forged 10%TiC/Cu-2%Ti; (f), (g) and (h) forged 10%TiC/Cu-2%Ti annealed at 400 ◦C for 60 min. Reprinted from [198], Copyright
(2021), with permission from Elsevier.

the Cu matrix, which cannot achieve the load transfer pro-
cess from the Cu matrix to the TiC particles. By contrast, for
the forged 10%TiC/Cu-2%Ti samples, the interface between
ceramic particles and the Cu matrix is significantly enhanced.
Especially after annealing, the Cu matrix experiences signi-
ficant plastic deformation and all the cracks appear within
the Cu matrix or the TiC particles, suggesting an excellent
interfacial bonding between the ceramic particles and the Cu
matrix. During sintering process, Ti reacts with TiC particles
to form non-stoichiometric TiCx (x < 1). Meanwhile, TiC
dissolves to form non-stoichiometric TiCx and reprecipitates
through the reaction of C and Ti during the succedent sin-
tering process. Therefore, the conversion of stoichiometric
TiC to non-stoichiometric TiCx and the formation of non-
stoichiometric TiCx significantly enhance the bonding strength
at the interfaces. This optimization of the interfacial bonding

between the TiC particles and the Cu matrix enhances the
strength and hardness of the composites by more than 40%.

5. Summary and prospect

Ceramic particles reinforced Cu matrix composites demon-
strate excellent comprehensive performance by combining the
high thermal conductivity and electrical conductivity of metal-
lic Cu with the high specific strength and high temperature
stability of the ceramic phase. Composites with low ceramic
particle content (<5wt.%) are beneficial for achieving the syn-
ergistic enhancement in strength and thermal and electrical
conductivity to meet their requirements in electrical contact
materials, heat transfer and conductive components, such as
integrated circuit lead frame and brush. In comparison, the
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high content of ceramic particle can greatly limit the thermal
expansion behavior of the Cu matrix and enhance its strength
and wear resistance, which makes the composites ideal elec-
tronic packaging materials. The current research is focusing
on obtaining uniformly dispersed ceramic particles in the mat-
rix and the rational design and control of the composite struc-
ture. Several preparation processes have developed in prepar-
ing ceramic particles reinforced Cu matrix composites and
different preparation methods would directly determine the
dispersion degree of ceramic particles in the matrix and its
strengthening effect. This article reviews the advanced powder
metallurgy processes including: mechanical alloying, spark
plasma sintering, internal oxidation and in-situ method and
analyzes each process according to its features and advant-
ages. In fact, the Cu matrix composites fabricated by the
various techniques tend to possess different comprehensive
properties. The mechanical alloying and spark plasma sin-
tering have a more prominent contribution to the improve-
ment of grain refinement and densification of composite,
as well as dispersion of particles. While the internal oxid-
ation and in-situ method could greatly enhance the interfa-
cial bonding between the ceramic phase and the metal matrix.
These preparation processes can obtain satisfactory improve-
ments of comprehensive performance compared to the con-
ventional powder metallurgical processes. Furthermore, com-
bining these advanced preparation techniques is beneficial to
give full play to the advantages of various technologies while
avoiding their disadvantages to further improve the compre-
hensive performance.

The introduction of fine ceramic particles in metal mat-
rix could provide strong resistance to grain boundary migra-
tion and effectively hinder the motion of dislocations. The
resulting grain refinement strengthening, dislocation strength-
ening, Orowan strengthening, and load transfer strengthen-
ing significantly improve the mechanical properties of the
composites. The theoretical models of mechanical paramet-
ers, thermal expansion and thermal conductivity behavior have
been successfully applied to the prediction and design of com-
posites according to the nature and content of the metal and
reinforcement. However, the non-uniform stress distribution,
thermal residual stress, matrix plastic deformation and micro-
structure defects in the composites would also significantly
affect its comprehensive performance. The improved models
and FEM have been utilized to further understand the effect
of the internal stress–strain behavior of composites by many
researchers. On this basis, further development of the more
applicable and comprehensive theoretical models and the FEM
process is still the focus of future research.

In addition, the content, size, morphology of the ceramic
particles and the interfacial bonding between ceramic phase
and matrix will directly determine the final properties of
the composites. Ceramic content is the dominant factor to
regulate the strength and ductility of the Cu matrix com-
posite. The size and morphology of ceramic particles can
affect the stress accumulation and deformation inside the mat-
rix as well as the conduction paths, resulting in changes in
the properties of the composites. In general, the fine, uni-
formly dispersed and nearly spherical ceramic particles are

more conducive to enhance the strength of composites and
limit their thermal expansion behavior. By contrast, large-
sized particles would reduce the hindrance of the ceramic to
electrons, thereby improving the thermal and electrical con-
ductivity of the composites. Cu matrix composites reinforced
with angular particles exhibit higher yield strength and work
hardening rate but slightly lower ductility and conductivity
than those reinforced with spherical particles. Meanwhile, the
stronger interfacial bonding can improve the heat transfer,
electrical conductivity and load transfer between the ceramic
phase and the Cu matrix owing to the synergistic enhancement
of the Cu matrix with better network structure and stronger
interfacial bonding between the two phases.

Overall, the research on ceramic reinforced Cumatrix com-
posites keeps ongoing. How to further combine the advanced
preparation processes and their advantages while avoiding the
disadvantages of the various techniques is the focus of further
studies. Besides, it is also the priorities of future research to
mix high-performance CNTs and carbon fibers, etc, as well
as advanced MAX-phase ceramic materials into Cu matrix
composites. In the foreseeable future, more precise design and
manipulation of composite microstructure, such as network
structure and gradient structure, is expected to further improve
its comprehensive properties and to meet the growing demand
in the field of Cu matrix composites.
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[19] Şap S, Turgut A and Uzun M 2021 Investigation of
microstructure and mechanical properties of
Cu/Ti–B–SiCp hybrid composites Ceram. Int.
47 29919–29

[20] Güler O, Varol T, Alver Ü and Canakci A 2020 Effect of
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