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Abstract: The liquid metal infiltration of carbon preformed with copper and its alloys is already an
established and well-known process. It is extensively used by the electronic industry to produce
heat sinks of power electronics and electric contacts and sliding electric contacts. The advantage of
the process is its ability to produce near net shape components with high volume fractions of car-
bon at a relatively low price. The process is carried out in a vacuum and with low applied pressure.
However, a strong dependence on the temperature of infiltration and its precise control is signifi-
cant for the sound final product. For certain pair carbon matrix-copper alloys, different results
could be obtained according to the infiltration temperature. If the temperature is too low, the so-
lidification may occur prior to complete infiltration (high final porosity). When the temperature is
too high, undesirable reactions may occur at the fiber-matrix interface (e.g., corrosive carbides).
Therefore, there are still a lot of scientific papers pushing this technology to new directions and
over old limits. Publications inside scientific journals within this field deal with composite materi-
als for sliding electrical contact and electrical contact materials, sealing materials, parts of brake
disks, pantograph strips for high-speed railways, other electric and mechanical applications and
even for wall surface shields in future fusion devices. The present paper reviews used carbon pre-
forms, copper alloys, technological parameters, properties of prepared composites prepared via
infiltration during the last 12 years. It can be stated that 1/3 of the papers were published within the
last 3 years. Moreover, renewed interest in this low-cost technique could be expected within the
next few years due to climate programs and increasing prices of the energy resources.

Keywords: carbon-copper composites; gas infiltration; processing; mechanical properties; thermal
properties; electrical properties

1. Introduction

Climate issues have been a growing concern for humanity over the past 50 years. To
tackle issues such as environmental pollution and climate change, it is critical to find out
new solutions or redesign old ones. Another concern is caused by the limited raw mate-
rials and fossil energy sources with their increasing demand due to increasing number of
humans on Earth.

Within this frame, studies that are concerned with decreasing the use of fossil
sources and offering redesigned cheap and energy-friendly old production solutions to
the mentioned problems are welcome.

Today, carbon is the most widely used reinforcement element in composite material
production with its low density, high specific strength and high impact resistance prop-
erties. Over the years, a range of processing methods have been developed in an effort to
improve the structure and properties of the Cu/carbon type composites. Achieving a
homogeneous distribution of alloy in the matrix, forming a strong interfacial bond, and
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maintaining the carbon’s structural stability are always the most difficult tasks, regard-
less of the method used. Besides metal infiltration [1,2], other processing techniques that
have been used include powder metallurgy [3,4], electrochemical deposition [5,6], CVD
[7,8], cold spraying [9], layer-by-layer assembly [10,11], preform impregnation [12], and
accumulative roll bonding [13], among others.

When it comes to creating intricate structures, liquid infiltration is by far the most
versatile and cheap method. Two main steps are (i) preparation of the preform, which is
typically achieved through pressing finely divided material into a mould; (ii) liquid
penetration of molten metal into the preform.

Infiltration composite materials are made up of a porous frame made of material
with a higher melting point that is surrounded by a low melting point material. When the
frame is dipped into a melt of an infiltration material (dipping infiltration), the infiltra-
tion material and the porous substrate are heated together above the melting temperature
of the infiltration material and after the infiltration, the material and the porous substrate
are then removed from the frame. Most typically, the component with a high melting
point is tungsten, molybdenum, or tungsten carbide, that is then generally infiltrated
with silver, copper or lead. High-loading contact materials are typical applications for
tungsten-copper infiltration materials, as well as tungsten-silver and tungsten carbide
silver infiltration materials [14,15]. Composites such as molybdenum-copper (MoCu) are
also employed as heat sinks for electronic components.

In this method, if the moulds are appropriately designed, near-net-shape production
is possible, but final machining is occasionally required. Its primary disadvantage de-
rives from the slow rate of penetration of molten metals into porous preforms, which is
frequently caused by the poor wettability of metal-matrix systems [16,17]. This makes the
production of large parts more challenging.

The infiltration process is a type of liquid state processing in the case of copper ma-
trix composites. A vacuum can be used first, and then pressure can be applied by using a
pressurized gas, such as Ar or N2. Instead of using an inert gas, a vacuum is also another
option for providing self-infiltration. Preforms need to be wetted out expeditiously and
efficiently via this method [18].

It is possible to achieve liquid infiltration by forcing the hot molten metal via an
evacuated and pressurized chamber into the preform. The pressure remains constant
until the solidification process is complete [19].

In general, the process takes place is follows [18,20]: Cu alloys are prepared by
casting and induction melting in vacuum furnaces, whereas preforms are prepared via
powder metallurgy routes, such as stirring, compacting and sintering, respectively. Then,
they are both placed in an autoclave. The molten Cu alloys are injected into the carbon
substrate in an impregnating tank under gas pressure at a specific temperature for a
predetermined amount of time. Following infiltration, samples are cool down to room
temperature.

Copper/carbon composites have drawn the interest of scientists for a long time.
Hence, there have been various review papers released in the last two decades about
these composites. As part of a review study on infiltrating metal matrix composites, R.
Etemadi et al. [21] briefly discussed copper/carbon composites. While copper/graphite
composites were examined in a review study conducted in 2016 [22], a few years later
Paloma Hidalgo-Manrique et al. [23] released a comprehensive review publication on
copper/graphene composites. In recent years, with the increasing importance of nano
materials, carbon nanotubes have started to become widespread. Copper/CNT compo-
sites are used in many application areas, such as electrical, thermal and structural areas
[24-27]. For this reason, they have been studied by different researchers in the last few
years. In these papers [28,29], the infiltration method was not discussed, while many
other composite production methods were mentioned.

In the article written by S. R. Bakshi et al. [30], both Cu/CNT composites and metal
infiltration method were examined under separate chapters.
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The aim of the present review is to summarize the technological approaches, ob-
tained structures and mechanical and physical properties published in scientific papers.
This study focuses on the development of gas infiltration of copper-carbon matrix com-
posites in the recent years. The novelty of this paper is to review recent developments in
the field of copper/carbon composites prepared by the infiltration technique for energy
applications during the last 12 years. The focus is given on the used carbon preforms,
copper alloys, technological parameters, and properties of prepared composites prepared
via infiltration. The mechanical and physical properties are also reviewed.

2. Infiltration Technology Preparation of Copper/Carbon Matrix Composites

The method of preparation is based on the infiltration of a prepared carbon preform
in an enclosed and heated chamber with molten metal (Figure 1). A preform is usually
immersed in a molten matrix metal under a vacuum after the infiltration temperature is
reached. Then, the molten metal tends to fill the gaps between the dispersed reinforcing
phases. An external pressure (usually inert gas) given to the liquid matrix phase can
drive the infiltration process (pressure infiltration), or it can be driven by the capillary
forces between the alloy and the dispersed carbon phase (pressureless infiltration).
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Figure 1. Gas infiltration process.

In general, the biggest problem encountered during the research is the low wetting
angle at the copper—carbon interface and the resulting weak interface bonding. Two
methods usually come to the fore to solve this problem. The first is to strengthen the in-
terfacial bond by doping carbide-forming elements into the copper metal alloy [31]. The
second is to strengthen the interfacial bond by making modifications to the carbon pre-
form. For example, Bo Kong [32] coated carbon preforms with chromium and was able to
improve the wettability between carbon and copper surfaces by reducing the contact
angle from 140° down to 60°.

In the pressure gas sintering case, in order to ensure that the pore structure of the
preform is completely filled and to not hinder the preform deforming, pressures, sup-
ported by gas, typically do not exceed 15 MPa [33] because it is adequate to ensure full
pore filling in the structure and that the preform is not subjected to deformation.
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The infiltration temperature is usually used as high as possible for the used equip-
ment. A key role is also played by the time of infiltration, thus affecting the reaction of the
preform with the alloy via the carbide forming elements present in mixture.

Cu/carbon composite materials for electronics can be manufactured cost effectively
using this method. As molten metals (and consequently elevated temperatures) increase
the kinetics of interaction between metal and carbon via carbide forming elements, it is
significant to take into the account the kinetics of infiltration as well as the chemical
protection of the preform if the reaction kinetics are very rapid.

3. Current Stage of the Art of the Infiltration of Copper/Carbon Matrix

This part deals with the recent development in the field of the infiltration of carbon
preform with copper. Even though this study focuses on a single method of sample
preparation, the infiltration method, some differences still stand out. The most important
of these are whether or not the external pressure is used during infiltration. For this rea-
son, this part of the review is examined under two separate chapters. They are further
divided by the fact regarding which part (matrix or carbon preform) was modified with
carbide forming elements.

In this review part, the investigated characteristics and possible industrial applica-
tions are also mentioned.

3.1. Infiltration Technologies of Carbon Matrix without Pressure
3.1.1. Addition of Elements into Copper

In order to increase the wettability between the interfaces, the most preferred
method is to alloy the copper. According to the literature, titanium is the most prominent
as an alloying carbide forming element [34-40]. Apart from this, it has been observed that
Cr and Si elements are also used [32,41,42]. In this chapter, one can find a comprehensive
review of these studies.

Using the melting infiltration process under a vacuum, Yiwen Liu et al. [34] devel-
oped C/Cu composites. First, under a vacuum, the thermosetting phenolic resin was in-
filtrated into a continuous carbon fiber T300 (PAN) weave fabric in a self-made soak pot.
After that, it was pyrolyzed at 773 K under Ar in a carbonization furnace. The processes
were carried out twice again. It was possible to produce a porous C-C preform with a
density of 1.3 g/cm?. Under a vacuum, in an electromagnetic induction melting furnace, a
Cu alloy containing 1wt.%Cr and 8wt.%Ti was produced. Then, the C-C preform and Cu
alloy were placed in the vacuum chamber of the electric furnace. Concerning the melting
of the Cu alloy, the materials were heated to 1373 K after evacuation to 10 Pa. Ten
minutes later, the alloy was fully melted. It was overheated to 1673 K and kept there for
30 min so that the molten alloy and preform could penetrate entirely with the Cu alloy.

Wetting between the Cu and C-C preform, as well as Cu’s capacity to infiltrate into
the C-C preform, was considerably increased by the addition of Ti and Cr to the matrix
alloy. Interfacial bonding and high density are hallmarks of the C/Cu composites that
have been developed. Ti and C react with carbon fiber in the presence of copper to form
TiC. When these composites are exposed to plasma or an electric arc, the cathode spots
travel over the surface, resulting in mass loss and degradation of the materials’ proper-
ties. To better understand cathode spot behaviour on a carbon fiber reinforced copper
matrix composite (Ct/Cu), the same research group [42] used high-speed digital video
cameras and scanning electron microscopes. Vacuum arc erosion is more easily resisted
by carbon fibers than by a copper matrix. Instead of following the carbon fibers, the
cathode spot travels across the matrix. This type of CyCu has fewer cathode spots than
other types of C¢/Cu.

Zhang Huayu and Yiwen Liu [35] worked with the same materials and process to
produce Cu-C composites. They examined the arc erosion resistance of these composites.
Under a vacuum atmosphere, the arc erosion rate of a Ct/Cu composite was determined.
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Infiltration of Cu into the C/C preform was shown to be considerably enhanced by the
addition of Ti and Cr, as observed by the outcomes. Fibers and matrix produced a TiC at
the interface. Because of this, even after the material had been exposed to plasma, the fi-
ber and matrix remained well-bonded. So, the carbon fibers prevented the composite
from being highly eroded as a result of this. Cu, on the other hand, was fully depleted
during the arc erosion process. As a result, the graphite had deteriorated to the point
where it resembled cauliflower morphology. Because of this, the prepared C¢/Cu was able
to withstand significantly higher arc erosion than the usual Cu-C material.

In another study published in 2015, Carlos R Rambo [36] tried to produce carbon
preform via 3D printing. The electrical characteristics and microstructure of dense
TiC/Ti-Cu/C composites were investigated. Preforms with 65-78% porosities were infil-
trated by 50wt.%Cu-50wt.%Ti at 1373 K with flowing Ar gas.

The process resulted in the development of a composite that was mostly composed
of TiC, binary intermetallic Ti-Cu phases, and residual carbon. Given the low electrical
resistivity of the samples (ranging from 15 to 60 pQcm), the newly developed
TiC/Ti-Cu/C composites appear to be a very interesting choice for electrical-mechanical
applications.

Use of this alloy with porous carbon preforms that can be machined via 3D printing
in different shapes can attract new processing technologies with diverse applications,
such as EDM electrodes.

Ti element is a good candidate as a dopant for Cu, since it can easily form a carbide
layer between carbon and matrix. For this reason, K.X. Zhang et al. [37] examined the
interfacial microstructures that are generated during the infiltration of carbon/carbon
(C/C) composites with molten Cu-8wt.%Ti. Before infiltration, the Cu-Ti alloy was
placed on top of the C/C preform with a volume ratio of approximately 2:1 between the
alloy and the preform, before being infiltrated. After that, the pressureless infiltration
procedure was carried out at 1373 K under a vacuum of 10 Pa with a holding time of 30
min. The short-cut fiber web zone has the following two types of interfaces: (i) a combi-
nation of fine-grained (FG) TiC and nanosized Cu particles, and (ii) a “Cu layer” with a
thickness of max. 500 nm at the pyrolytic carbon (PyC)/coarse-grained (CG) TiC contact.
The forming of the PyC/TiC and PyC/Cu20 interfaces, as well as the PyC/Cuz0 interface,
are the primary mechanisms for the two interfaces’ bonding.

For the purpose of manufacturing the sliding contact material, Cu-Ti alloys were
infiltrated into the C/C matrix by Lin Yang [38]. Preforms made of porous carbon/carbon
with a porosity of 20% were immersed in a crucible filled with copper and titanium
powders mixed together. In the furnace, they were placed under a vacuum of 102 Pa and
infiltration took place at 1573 K for 10 min. Mass fraction of copper within the composite
was 28wt.%. There were comparisons of the C/C-Cu composite with a carbon/copper
contact strip for the electrical, mechanical and tribological properties, respectively. This
material has an advantage over the C/Cu strip in terms of mechanical and electrical
properties due to its considerably lower electrical resistivity (0.58 m), better bending
strength (186 MPa), along with its 4.7 J/cm? impact strength. Compared to the C/Cu strip,
the C/C-Cu composite was shown to have superior wear resistance and a lower risk of
damaging the copper counterpart. As a result, the C/C-Cu-Ti combination has great
promise for use as a new sliding electrical contact material.

Another group, led by Lihui Cui [39], from Beihang University, also worked on
C-C/Cu composites for sliding contacts. In this study, the researchers used carbon fiber
2.5D-braided preforms. Powder Cu-Ti (10wt.%) and C/C preforms with 25% porosity
were inserted in the furnace and heated to 1673 K under vacuum pressure for 1 h. As a
result, outstanding electrical and mechanical properties were achieved by the C/C-Cu
composite’s component phases (TiC), forming an excellent interconnected structure. A
compression strength of 324 MPa, flexural strength of 215 MPa, and electrical resistance
of 0.63 nQm proved the composite’s mechanical and electrical superiority over the C/Cu
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composite strip. Hence, this material might be a good candidate for railway current col-
lector applications.

A Cu-Ti alloy was used in this study [40]. The ablation properties of the C/C-Cu
composite were investigated. Porous C/C composites were encased in a crucible with a
mixture of Cu-10wt.%Ti powders. For 30 min, substances were held at 1573 K in a vac-
uum furnace so as to complete infiltration. The ablation of the Cu and TiC in the compo-
site occurred prior to the mechanical denudation of the C/C composite when the process
was carried out under an O2-C2H: flame. The composite demonstrated superior ablation
performance in terms of short-term anti-ablation when compared to a commonly used
carbon/carbon composite.

Besides titanium, Si has attracted attention alongside copper and have been used to
make the composite brake discs [41]. A preform was created by hot forming at 170°C for
30 min at a high temperature. Then, they were pyrolyzed at 2000°C in an inert gas at-
mosphere to complete the process. The liquid Si and Cu were infiltrated into the C/C
composite after it had been heated to 1823 K under a vacuum. They discovered that the
inclusion of copper increased thermal conductivity. Friction coefficients were the more
stable in the C/C-SiC-CuxSiy discs than they were in the C/C-5iC discs.

3.1.2. Modification of Carbon Matrix

Although the option to modify the carbon matrix is not as popular as the alloying of
the copper metal, some applications are available in the literature for this solution.

Wen Yan Zhou [43] focused his research on modifying a carbon matrix with MozC to
improve the wettability between Cu and C/C. As a result, he published two related arti-
cles on this topic. He used an ammonium paramolybdate ((NHs)sMo24-4H20) with a 1:1
molar ratio of sodium chloride and potassium chloride, which was combined to form a
flux. Mo2C coatings were created by burying the C/C preform in the prepared mixture
and heating it to 1273 K for 60 min in an alumina crucible. Pure copper was introduced
into the Mo2C-coated C/C preform at a temperature of 1573 K in a vacuum. In one study,
the resulting Mo:C layers had a thickness of about 1 um and covered the C/C preform’s
internal pore surface equally. The non-wettable copper—carbon interface was changed
into Moz2C/carbon and wettable Cu/Mo2C interfaces by the development of the Mo:2C
layer.

In the case of the other study [44], examination of the microstructure and character-
istics of the C/C-Cu composites as a result of graphitization was carried out using two
distinct types of preforms (with and without graphitized preforms). Because of the in-
creased degree of graphitization, the C/C-Cu composite with graphitization has reduced
electrical resistance, a lower friction coefficient, a lower thermal expansion coefficient,
and a significantly higher thermal conductivity. Despite this, the material has lesser
flexural strength, impact toughness, and the wear rate was higher. Mostly abrasive wear
was observed in the graphitized composite, whereas adhesion wear was observed in the
non-graphitized composite. Oxidation wear was observed for both composites.

Reactive melt infiltration (RMI) of the Cu-Ti alloy into porous C/C-SiC composites
resulted in the formation of novel friction composites (C/C-CusSi-TiC) with improved
friction properties [45]. Stacks of short fiber webs were needle-punched repeatedly. After
that, chemical vapor infiltration (CVI) was used to create porous C/C composites at 1273
K for 120 h in an argon environment with an absolute pressure of 0.1 MPa. H2 was used
as a carrier and diluting gas, while CsHe used as commercial gas. Finally, the
C/C-CusSi-TiC composites were prepared by performing a combined LSI (liquid silicon
infiltration) and RMI procedure on the porous C/C composites. In order to obtain porous
C/C-SiC composites, the LSI procedure was first carried out at 2023 K under a vacuum for
0.5 h. At 1573 K, the C/C-5iC composites were infiltrated by RMI in a vacuum (absolute
pressure 1 Pa) for two hours. The RMI process was carried out using a mixture of Cu and
Ti powders with a mass ratio of Cu/Ti = 90/10wt.%. The microstructure of the resulting
composite revealed that it constituted a CusSi matrix reinforced by TiC particles and in-
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tact C/C structures. To put it another way, compared to C/C composites, the
C/C-CusSi-TiC composite had better flexural strength, impact resistance, and thermal
diffusivity.

3.2. Gas Pressurelnfiltration of Carbon Matrix
3.2.1. Addition of Elements into Copper

In the gas pressure infiltration methods, many elements, such as Si, B, Fe, are alloyed
with copper with various concentrations in recently published papers.

Gionata Schneider and his team [46] have also worked on Cu infiltration of carbon
preforms. The way of response at the interface between a solid porous ceramic and an
infiltrating molten metal effects wetting was investigated. In particular, Cu 46 at.% of
silicon at 1323-1473 K is required to transform silicon into graphite preforms with 22%
porosity. The graphite combines with the silicon in the copper alloy to generate silicon
carbide, which may be wetted more effectively by the alloy than the original graphite.
According to the results, unlike what has observed in non-reactive systems, metal satu-
ration cannot be stabilized when a constant applied pressure is used. The data can be
used to derive an activation volume and an activation energy for the interfacial process
that governs the reaction-driven motion of the triple line in this system, with the as-
sumption that applied pressure influences the local rate of thermally activated triple line
motion, as applied stress influences the rate of thermally activated dislocation motion.

In another study in Southwest Jiaotong University, China [47], boron was used as a
dopant for Cu. Copper alloying with varying concentrations of the B element to form
binary alloys to strengthen the bonding force between carbon and copper was effectively
accomplished. Induction melting furnaces were used to make alloys with varying
amounts of Cu-B (0, 1.2, and 2.5wt.%). To create the C/Cu composites, gas pressure infil-
tration was used. Cu-B alloys were cast into a graphite mould, heated to 1423 K under a
vacuum of 102 Pa, and held at that temperature for 30 min to guarantee that the sub-
stances had melted completely.

A high-purity nitrogen atmosphere was then used to apply a pressure of 5 MPa for
30 min. In the experiments, it was discovered that the electrical conductivity and me-
chanical strength were proportional to the boron concentration; however, the contact
angle was found to be inversely proportional to the amount of boron. Compared to un-
modified composites, the flexural strength and electrical conductivity were both im-
proved by 65% and 54%, respectively, when the doping amount was 2.5wt.%. The contact
angle was also reduced to 21° when the doping amount was 2.5wt.%. According to the
results, the presence of boron carbide at the interface with a modest thickness might
strengthen the Cu/C interfacial bonding by converting it from physical bonding to
chemical bonding. Boron is shown to increase the wettability of C/Cu systems in this
work, leading to improved mechanical and electrical characteristics in Cu-B/ sin-
tered-carbon composites.

Previous work [47] was further expanded by doping 0.6-3.0wt.% boron into copper
[48]. Cu-B (0, 0.6, 1.2, 2.5, and 3.0wt.%) alloys were placed in a graphite mould and
heated to 1423 K in a high-temperature infiltration furnace under a vacuum level of
10-2Pa for 1 h. Following that, a pressure of 8 MPa was applied in a nitrogen environment
for 30 min, and the pressure was maintained throughout the whole process. Based on the
results, it can be concluded that the flexural and compressive strengths of the modified
composites were raised by 54% and 39%, respectively, and that the C/Cu contact angle
fell from 123.6° to 21.3° when 2.5wt.% B doping was used.

Fe element was also one of the metals that was utilized to overcome copper and
carbon’s limited wettability [49]. C/Cu-Fe composites with outstanding characteristics
were produced using the gas pressure infiltration approach. The carbon preform and
Cu-Fe (0, 3, and 6wt.%) alloy were preheated to 1473 K in a sintering furnace and left to
dwell for 2 h before being used. Following complete melting of the Cu alloys, materials
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were pushed into the carbon substrate in an impregnating tank under a nitrogen pressure
of 10 MPa to form a solid bond. The elemental Fe, which was dispersed between the
carbon and the copper, reacted with the carbon to generate a FesC layer, which signifi-
cantly increased the wettability of the carbon/copper combination. The contact angle
diminished from 124° to 21° over the course of the experiment. The C/Cu-Fe composites
have much higher compressive and flexural strengths when compared to composites
without Fe doping, as well as electrical resistivity that is six times greater than the in-
dustry standard. Researchers found that introducing FesC into C/Cu composites is a good
way to improve the mechanical properties of these materials.

A study held in 2010[50] focused on C¢/Cu composite’s thermal conductivity and
thermal expansion measurements in both the longitudinal and transversal directions.
Preforms (Figure 2) had been placed in a high-pressure autoclave and preheated in a
vacuum of 100 Pa before being used in the process. It was necessary to allow approxi-
mately 30 min for the system to thermally equilibrate, once the infiltration temperature of
1473 K had been reached. Afterwards, the fibre preforms were immersed in a graphite
crucible filled with molten copper to complete the reaction. Nitrogen gas pressure was
applied up to 6.0 MPa in 5 min, and the pressure was maintained (Figure 3). Thermal
conductivities were reported as 650 WmK in the longitudinal direction and 60.7
Wm-K- in the transversal directions, and the mean coefficients of thermal expansion
were 0.8 x 106 K1 in the longitudinal direction while 23.5 x 10-6 K1 for transversal direc-
tions.

‘

Figure 2. SEM images of long carbon fibers K1100 typically used for the preparation of carbon
preform:(a) 100x magnification image; (b) 1000x magnification image (IMMS SAS).

Figure 3.SEM microstructure of prepared Cf/Cu composites:(a) longitudinal to fibers; (b) perpen-
dicular to fibers IMMM SAS).

In a study from Japan, researchers utilized carbon-carbon preforms (C/C) with 20%
porosity so as to infiltrate by pure copper [51]. Liquid copper was added to the low-cost
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C/C laminate to decrease porosity, enhance oxidation resistance, frictional characteristics,
and wear resistance. Perpendicular stacked layers of carbon fibers were sintered via hot
press. Then, Cu infiltration into C/C was carried out for around 20 min at temperatures of
approximately 1473 K, pressures of 10 MPa, and with Ar gas. Infiltration of liquid copper
into the C/C composites had a considerable impact on the tensile strength, stiffness, and
fracture toughness of the composites, according to the results of this study.

3.2.2. Modification of Carbon Matrix

Fe20s and nickel were introduced into the carbon matrix and composites were ob-
tained with the gas pressure infiltration method.

Ultrafine iron oxide (Fe203) was added by Wenfu Wei et al. [52] into the carbon ma-
trix as a precursor in order to increase the interfacial bonding of carbon/copper compo-
sites made by pressure infiltration. The interface performance was, therefore, adjusted.
The electro-mechanical properties of the impregnated carbon strip were also improved.
The carbon matrix with varied Fe2Oscontent (1wt.%, 3wt.%, 5wt.%, 7wt.%, and 9wt.%) is
impregnated with the copper molten solution to produce the C/Cu composite panto-
graph strip. Compression moulding under 150 MPa with a 5-min dwell time in a cylin-
drical mould produced carbon powder and active element powder mixed together.
Pressed samples were then heated in a carbonization furnace at 1357 K for 120 h, and
various types of porous preforms were produced. Infiltration of the carbon matrix was
carried out with 18 MPa pressure in the atmosphere, which was created by air and the
molten metal was held at 1357 K for 3 min. In addition, a short study on an infiltration
simulation in which the carbon preform is doped with WC was included. The compo-
sites’ electrical conductivity went up 140.8%, while the compressive and flexural
strengths improved by 37.4% and 120.4%, respectively. This work will pave the way for
the manufacturing of a new generation of pantograph strips for high-speed train rail-
ways.

The same research group led by Wenfu Wei expanded their previous work men-
tioned above by alloying the copper [53]. In the experiment, a crucible containing
Cu-5wt.% Sn alloy was heated to 1473 K before the Fe:0s doped carbon matrix was
added. For 30 min, nitrogen gas from a cylinder was used to enter the carbon matrix. The
pressure was set to 12 MPa. Iron carbide (FesC) significantly improved the interfacial
bonding between copper and carbon. The contact angle between Cu and carbon was re-
duced from 124° to 38°, and the wettability was improved. Composites doped with
5wt.% Fe20s outperformed their unmodified counterparts. The compression and flexural
strengths both increased by 37.4% and 120.4%, respectively. Compared to the previous
work of the authors [38], while the mechanical properties remained the same, the elec-
trical conductivity further improved in this study, with an increase of 283.7%.

The composite’s mechanical and electrical characteristics are limited due to the weak
interfacial bonding force caused by the inherent non-wetting of the copper and carbon
graphite matrix. Qianhua Liao et al. [54] intend to dope nickel into the carbon matrix to
overcome this problem. Different contents of nickel (Owt.%, 1wt.%, 3wt.%, 5wt.%, 7wt.%)
were added carbon matrix and then pressed at 150 MPa and sintered at 1300 °C for 2 h to
obtain the preform. The Cu-10wt.% Sn alloy was infiltrated at 1523 K for 5 min with 18
MPa pressure into the carbon matrix. The carbon/copper modified composite’s porosity
was notably decreased and was joined by a solid solution rather than mechanical inter-
lock, resulting in a much better interfacial condition. The compressive strength and elec-
trical conductivity of the composites were improved by about 52% and 35%, respectively,
when the nickel concentration was 3wt.%.

Detailed information about the papers in which we discussed above are given in
Tables 1 and 2.
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Table 1. Used starting materials, composition and their properties.
Preform Alloy wt.% Pr.e form Prefm.rm References
Density(g/cm®)  Porosity

Porous C-C preform Cu-%1 Cr-%8Ti 1.30 - [34]

Porous Ct preform Cu-%1 Cr-%8Ti 1.30 - [35]

Carbon preform Cu-%50-Ti-% 50 1.80 65-78 [36]

Porous C-C preform Cu-8% Ti - - [37]

Porous C-C preform Cu, Ti powder - 20 [38]

Porous C-C preform Cu-10% Ti powder 1.70 25 [39]

Porous C-C preform Cu-10% Ti powder 1.60 6.1 [40]

C/C preform Cu, Si 1.70 - [41]

Porous C-C preform Cu-%1 Cr-%8Ti 1.30 - [42]

Mo2C-coated C/Cpreform Pure Cu 1.20 - [43]

Mo2C/ C-C preform Pure Cu 1.50 - [44]

Porous C-C/SiC preform Cu-10% Ti powder 1.20 37.7 [45]

Porous Carbon Cu-46 at.pct Si - 22 [46]

Carbon preform Cu-1.2,25%B 1.42 22.3 [47]

Carbon preform Cu-B (0, 0.6, 1.2, 2.5, and 3.0wt.%) 1.42 22.3 [48]

Carbon preform Cu-% 0, 3, 6 Fe 1.60 20.4 [49]

C fibres Pure Cu 2.20 - [50]

C/C preform Pure Cu 1.70 20 [51]

Carbon matrix(%1-3-5-7-9 Fe203; % 0.15 WC) Pure Cu - 44.35 [52]

Fe20s3 doped porous C-C preform Cu-5% Sn 1.40-1.48 25.2-24.5 [53]

Nickel-doped carbon matrix Cu-10% Sn 1.32-1.51 33-25 [54]

Ci-Cs preform CuSOs solution 1.81 - [55]

Table 2. Infiltration properties of materials in the literature.
Infiltration Infiltration Infiltration . . Interface after
Pressure and Atmosphere Temperature Duration Density(g/em’)  Porosity % Infiltration References
10-% Pa under Vacuum 1400 °C 30 min 7.34 - TiC [34]
1073 Pa under Vacuum 1400 °C 30 min - - TiC [35]
Argon atmosphere 1100 °C 30 min - - TiC [36]
10 Pa under vacuum 1100 °C 30 min - - TiC, Cu20 [37]
1072 Pa under vacuum 1300 °C 10 min 29 - TiC [38]
102 Pa under vacuum 1400 °C 1h 3.8 - TiC [39]
Vacuum 1300 °C 30 min 29 2.4 TiC [40]
Vacuum 1600 °C - 2.17 - SiC, CusSi [41]
10-% Pa under Vacuum 1400 °C 30 min - - TiC [42]
Vacuum 1573 °K - 5.02 - Mo:xC [43]
Vacuum 1300 °C - 3.41-4.14 - Mo2C [44]
Vacuum pressure <1 Pa 1300 °C 2h 3.53-3.66 5.8-6.2 CusSi, TiC, SiC [45]
1.1-1.2-1.3-1.4-12 MPa under 1050 °C-1100 160-190 . .
Ar °C-1150 °C-1200°C  min ) ) SIC, CusSt [46]
5 MPa under N2 1150 °C 30 min  2.79-3.45-3.58 2.8-1.3-0.9 B4«C [47]
8 MPa under N2 1150 °C 30 min 2.79-3.58 2.8-0.9 B«C [48]
10 MPa under N2 1200 °C - 2.8-3.1-3.3 52-1.6-1.3 FesC [49]
6 MPa under N2 1200 °C 5 min - - - [50]
10 MPa under Ar 1200 °C 20 min 2.68 9 - [51]
18 MPa under Air 1084 °C 3 min - 12.1-4.8 FesC [52]
12 MPa under N2 1200 °C 30 min - 3.51-2.06 FesC [53]
18 MPa/ atmosphere un- 1250 °C 5 min 3.36-3.39 - CuvNiSns [54]
known

Vacuum - 20 min 1.83-1.86-1.88 - - [55]
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4. Observed Mechanical and Physical Properties of Cu/Carbon Composites

In comparison to unreinforced matrices, the papers show that the Cu/C composites
have higher hardness, flexural strength, compressive strength and also other physical
properties. There are a number of variables that are affecting the results, including alloy
composition, matrix type and processing route. In order to generate Cu matrix compo-
sites with better strength, secondary phases must be introduced into Cu and its alloys.
Forming an interface between metal and carbon results in a chemical bond, which makes
it consume more energy during the damage process. As an alternative to the introduction
of secondary phases to the copper alloy, changes in the carbon matrix are also made to
improve the mechanical properties.

The used materials and technology variations significantly influence the final prop-
erties of the investigated composites. In particular, the creation of the interface between
carbon and copper is mostly the result of the presence of carbide forming elements either
in the carbon preform or as the copper alloy/admixed powder to copper. The trend is to
use as small as possible size of carbide forming elements. For example, the highest flex-
ural strength of 254.9 MPa is possessed by the composite where the carbon preform was
coated with Mo2C [43], the carbon preform thickness was below 1 micron and interlayer
thickness was around 1 micron.

The carbon preform is an important factor in determining the mechanical and
physical properties of composites. The carbon preforms used in reviewed studies can be
broadly divided into two categories, carbon/carbon preforms [37,38,51] and carbon pre-
forms [48-50,53]. Although most of them are produced from carbon fibers
[34,35,37,44,50,51], it has been observed in some cases that the starting material was car-
bon powder [47,52,53]. Apart from this, preforms produced with 3D printing [36] are
slowly starting to be used by researchers also. Long [41] and short fibers [38,45] or con-
tinuous fibers [34] have been used in different studies. Moreover, these preforms were
preferred to be knitted in some studies [34,35,51] and non-woven in others [37—40].

The preforms produced from powder consist of more than one raw material and the
main components are mostly pitch coke powder, needle coke powder, carbon black, flake
graphite, etc. [48,53]. Carbide-forming metal powders are added and mixed at this stage
to create an interface in the preforms produced from powder, and it is aimed to ensure
homogeneous distribution [52-54]. Generally, these preforms are moulded and sintered
after pressing.

C/C preforms are formed by stacking on more than one layer [39,41,45,51] and then
compacted with CVI [38-40,45] and CVD [43,44]. The preforms are often pyrolized (PyC)
thus changing the carbon structure in preforms and also affecting the resulting interface
phases after the infiltration process [37].

Interfacing and increasing wettability by applying coating to the preforms are also
among the methods applied [43,44]. A few studies have been found in which the fibers
are coated with phenolic resin [41,42]. The phenolic resin ensures that the carbon fiber
remains intact during infiltration [42]. In one of these studies, the fibers were first coated
with phenolic resin and then cut and mixed with phenolic resin powders [41].

It is evident that the raw material used, the degree of graphitization, pore size, den-
sity and porosity of the preform have significant effects on the infiltration quality.

In addition, the differences between the microstructures of the prepared composites
are so different, due to the use of different raw materials, pyrolysis, coating, admixing of
powders, that it is not possible to find any general connections between the structur-
al/morphological findings and material performance.

Only general aspects, such as better interface bonding, Hall-Petch effects, homoge-
neity and anisotropy could be emphasized in general for this review. Therefore, the
reader is referred to use Table 3 as a guideline for the further readings with regard to the
microstructure properties” dependence of particulate materials of interest.
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Table 3. Physical properties and microstructure of composites.

References Density(g/cm?) Pref.o rm Mean Me.tal Mean .Interlayer Interfaces
Size(um) Size(um) thickness (um)
[34] 7.34 - - 1.0-3.0 TiC
[35] - - - 1.0-3.0 TiC
[36] - - - 5.0-10.0 TiC
[37] - 7 (Cf) <0.02 (CuTi alloy) 0.3 TiC, CuzO
[38] 2.9 - - - TiC
[39] 3.8 - 50-80 - TiC
10 (Cu powder); .
[40] 2.9 - 15 (Ti powden) 0.5 TiC
[41] 2.17 - - - SiC, CusSi
[42] - - - 1.0-3.0 TiC
[43] 5.02 <1 - 1.0 Mo:C
[44] 3.41-4.14 - - 2.5-3.0 Mo2C
[45] 3.53-3.66 - 30-50 7-10 CusSi, TiC, SiC
[46] - - - - SiC, CusSi
[47] 2.79-3.45-3.58 - - 22,31 B4«C
[48] 2.79-3.58 - - 2.2;3.1 B4«C
[49] 2.8-3.1-3.3 - - 1.0-2.0 FesC
[50] - - - - -
[51] 2.68 - - - -
[52] - 45 - - FesC
20 (Carbon powder); .

(53] ) 5 (Fe20s powders) ) 3557 FesC
[54] 3.36-3.39 45 (Carbon/Ni) - - CuyNiSns
[55] 1.83-1.86-1.88 - - - -

4.1.Mechanical Properties

The compressive strength is the capacity of a material or structure to withstand
loads that tend to reduce one size of it. It is opposed to tensile strength, which withstands
loads that tend to elongate one size of the sample. The compressive strength of copper is
in the range of 45-330 MPa [56] depending on the compaction of starting powders, po-
rosity, production method, pre and postproduction applications, such as rolling, extru-
sion, age-hardening, tempering and annealing. For example, Vijay Ponraj et al. observed
a compressive strength of copper around 260 MPa [57]. The similar value above 250 MPa
was found for extruded copper by Dean and Clyne [58]. A different work has been car-
ried out by Hao Du [59], examining the compressive behaviour of lotus type copper
samples with almost 50% porosity. Samples were manufactured by using a unidirectional
solidification process to form porous copper with cylindrical pores. The results for com-
pressive strength were below 30 MPa, which proves the fact that it depends on the pro-
duction method and compressive strength exhibits various ranges of values. In order to
support this, the compressive strength of the copper foam (70% pore) material obtained
by the freeze casting method in a Korean-Hungarian co-produced article also resulted in
the range of 20-29 MPa [60].

All of the investigate composites prepared by the infiltration technique possess a
compressive strength higher than the compressive strength of pure copper. The lowest
value was observed for the composite with 90wt.%Cu-10wt.% Ti-C/C, which was 324
MPa. As can be observed from the Figure 4, the highest compressive strength belongs to
Cu-2.5wt.% B/C composite at 382 MPa.



Energies 2022, 15, 5227 13 of 22

600 a- Cu-2.5% BIC
| b- Cu-3% BIC
c- C/Cu-3 % Fe
d-5 % Fe,0,-CiCu

© 500 e- 5 % Fe,0,-G/ICu-5% Sn
i f- Cu-10% Sn/ 3% Ni-C
E b g- C/C-Cu-10% Ti
= 400-382.1 378.5 3785
S 355.3 3553 3658
g 1 324
7
s 300 -+
>
= ]
S
5 200
E
= i
O

100

(=

a b c d e f g
Carbon/ Cu alloys

Figure 4. Compressive strength of composites (a:[47]; b:[48]; c:[49]; d:[52]; e:[53]; f: [54]; g:[39]).

Flexural strength is defined as the highest amount of bending stress that can be
given to the material without it failing. In other words, it is normal stress that occurs in
the material due to bending of the test sample in a flexural test. The test is usually carried
out via three or four points bending.

All of the investigated composites possess flexural strength in the range of 110-260
MPa. The lowest value was observed for the composite with C/C-53.5wt.%
CusSi-21wt.%TiC at 110 MPa. As can be observed from the Figure 5, the highest flexural
strength belongs to Mo2C modified C-C/Cu composite at 255 MPa due to the small size of
the carbon preform and interface layer.
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Figure 5. (a) Flexural strength of C/C matrix-Cu composites (a:[44]; b:[43]; c:[55]; d:[38]; e:[39]; f:
[45]; g:[40]); (b) carbon matrix/Cu composites (a:[47]; b:[48]; c:[49]; d:[52]; e:[53]; f: [54]).

The flexural strength is directly connected to the method of preparation, residual
porosity and quality of the interface between the copper and carbon phase. The cracks on
the interface lead to the reductions in the flexural strength of the investigated composites.
Therefore, carbon-carbon matrix/Cu composites have in general higher flexural strength
than simple carbon matrix/Cu composites.

4.1.1. Effect of Metal Alloying

Addition of boron (1.2wt.%, 2.5wt.%) into copper resulted in the improvement of the
composites’ flexural strength by 8% and 54%, while compressive strength increased by
28% and 39%, respectively, in comparison to the Cu/C composite [47]. Later, this study
was expanded by adding two more boron contents (0.6wt.%, 3wt.%) into copper. Be-
tween unmodified and 1.2wt.% B-Cu, 0.6wt.% exhibited slightly increases in both com-
pressive and flexural strength, whereas this trend was not maintained in the case of
3wt.% B-Cu/C composites. When B content was increased from 2.5wt.% to 3wt.%, the
compressive strength decreased from 382.1 MPa to 378.5 MPa, while flexural strength
also decreased from 130.4 MPa to 119.2 MPa. Moreover, the elongation to the fracture
rose from 1.4% to 1.5%. Improvements in mechanical properties are expected since wet-
tability is better after adding boron into the alloy and forming an interlayer B4«C. The de-
crease in the mechanical properties after 2.5wt.% was explained by the authors as fol-
lows: a thicker interface layer may cause the copper alloy to segregate and inhibit further
infiltration into the carbon matrix, hence reducing the strengthening impact of copper
compared to the composites. A thicker interlayer would also result in increased volume
shrinkage and thermal stress during cooling, which might lead to a cohesive fracture and
diminish the mechanical strength since the C, Cu, or B«C thermal expansion coefficients
are significantly different [42].

C/Cu-3wt.% Fe is very close to the highest compressive strength, which is slightly
below 380 MPa, with copper alloying with 10wt.% Titanium, on the other hand, resulted
in low compressive strength around 320 MPa. In terms of flexural strength, the results
were vice versa. The strength of Ti alloyed Cu composites was higher. Two different
Cu-10wt.%Ti/C composites exhibit different flexural strengths and this can be explained
by the differences in production processes leading to different microstructures and in-
terfaces [49,39,40].

4.1.2. Effect of Carbon Preform Doping

Modifying the carbon matrix is another way to improve wettability and mechanical
properties. Fe20s proved that enhancement of the mechanical properties in comparison to
the regular carbon matrix obtained from the two related paper studies published by
Wenfu Wei [52,53]. In addition, the 5wt.%Fe20s-C/Cu composite has 355.3 MPa com-
pressive strength, which is 37.4% higher than the undoped material and flexural strength
is increased by 120.4% to 155.6 MPa. Higher mechanical strength before failure is
achieved by the FesC interphase’s excellent load transfer between the Cu and carbon
matrix. Moreover, in comparison to carbon, the strength of FesC is better [40]. The out-
comes interpreted by the authors are as follows: lattice dislocations inside metal grains
cause plastic deformation [61]. Because solid—solution alloying is efficient in the for-
mation of blocks to the movement of lattice dislocations, the small addition of iron oxide
content can strengthen the Cu-alloy, which results in the composites having a high
strength. There is a noticeable decrease in both strengths for 7wt.% and 9wt.% Fe:0s
added composites, owing to the fact that agglomeration of the nanometric particles of the
iron compound in the carbon matrix with a high-volume fraction occurs. In addition,
thicker FesC interlayers would cause abnormal shrinkage and fracture development since
their thermal expansion coefficients do not match. Hence, higher addition of Fe:0s de-
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creases the mechanical strength [62,63]. Addition of % Sn into Cu did not affect either the
compressive or flexural strengths when these two articles were compared.

Mo2C modification of the carbon matrix is another method that has been carried out.
Flexural strength is approximately 4 times higher than commercial C/Cu composites (42
MPa) currently being used as contact strip pantographs [43]. The same research group
produced composites with low graphitization treatment to preforms and improved
flexural strength around 500% with 254 MPa in comparison to commercial C/Cu compo-
sites pantographs [44]. Yet, composites with high graphitization treatment exhibited
lower flexural strength around 190 MPa. According to W.Y. Zhou, the reason is that the
high level graphitization caused the volume of the C/Cu layer to shrink, and the interfa-
cial connection between the PyC(pyrolytic carbon) layers decreased, resulting in delami-
nation of the PyC layers and decrease in flexural strength.

In the recent work published by Qianhua Liao et al. in 2020, 3wt.% nickel was doped
into a carbon matrix for preparation of the carbon/Cu-10wt.%. Sn composites [54]. Com-
pressive strength was improved significantly by 51.8% and flexural strength by 58%.
However, when we compare it with another carbon matrix dope sample (Mo2C-C), it is
noticed that its flexural strength is almost half, and although its compressive strength is
close to these values, it is still less compared to the higher M02C doped composite.

4.2. Tribological Properties

Tribology studies the wear, friction and lubrication of two different surfaces, which
are in contact in motion. Tribological properties of materials can be designated by the
type of motion and sliding speed, thickness of interfacial substance, contact geometry
and test environment (temperature, pressure force etc.) [64].

In general, the investigation of tribology properties in publications is due to the use
of these composites as electrical contact materials, mostly in tram lines. Apart from this,
these composites have potential products as brake discs for vehicles. Since these products
are subject to high wear, they are expected to have good tribology properties. In addition,
corrosion also falls within the scope of tribology because corrosive surfaces are subject to
wear and loss mass. However, the subject of corrosion will not be covered here, due to
the lack of data in the investigated papers.

Regarding the tribological properties of the composites studied, the production
route did not always result in an increase in the coefficient of friction (Table 4).

The friction performance coefficient of friction decreased when the Cu alloy was in-
filtrated into the C/C preform from 0.152 to 0.169, which means the composites” surface is
exposed more to friction. In this case, after the friction test surfaces were examined, it was
found that the sample had formed a thick coating of wear debris on its surface. However,
the counterpart was unable to remove the C particles due to the strong interface interac-
tions between the Cu and the TiC.

The C/C-Cu composites were found to have moderate-intensity adhesive wear
compared to the C/C material, owing to the fact that these preforms are composed of 2.5D
layers. The layer structure efficiently spread the friction stresses, preventing surface ex-
foliation and reducing adhesion [39]. It also had a minor effect on the Cu-C/C friction
coefficient as a result of composite fabrication, with a slight decrease from 0.25 to 0.23
compared to the preform [51]. However, while the load or pressure used in the first study
was 0.15 MPa, in the latter, it was 10 MPa. The effects of the applied contact loads on the
result should not be ignored. In the case of M02C doped C-C/Cu, the authors revealed
that the higher graphitization process improved the friction performance by decreasing
the coefficient of friction from 0.251 to 0.203. If graphitization reduced, the composite
tended to have stronger adhesion, leading to flake-like debris as a typical feature of ad-
hesion wear. The 50 N load was applied for 2 h of the wear experiment [44]. B.C. Goo [41]
reported friction coefficient results for C/C-SiC-Cu brake discs in the range of 0.32-0.47
under several conditions, such as initial speed(km/h), deceleration and initial tempera-
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ture (see Table 4 below). These measurements were performed at various contact pres-
sures (0.5, 0.6, and 0.7 MPa).

Table 4. Friction coefficient of infiltrated composites.

Composite Friction Coefficient (-) Counter Material Reference
Mo2C-C-C/Cu 0.251(F:50 N) Pure Cu ring [44]
Cu-C/C 0.23 (P: 10 MPa) Metal pin [51]
C/C-Cu-10wt.% Ti 0.169 (F:15 N, P:0.15 MPa) Hardened steel [39]
C/C-SiC-Cu 0.32-0.47(P: 0.5-0.7 MPa) Cu (24.5wt.%), Fe (19.8), C (14.3) [41]

4.3. Electrical and Thermal Properties

The resistivity of a material is a measure of its resistance to electrical and thermal
conduction for a specific substance. Conductors are materials that readily transmit elec-
trical current and have low resistivity, which means that they are good conductors of
electricity. Hence, this plays a major role in selecting materials for electrical applications.

Comparisons are presented in Figure 6 below between the electrical conductivities
of the various types of carbon materials and those of other materials. On the basis of this
figure, it may be concluded that CNT and graphene fibers may possess qualities that are
comparable to or superior to those of metals. For the carbon fibers that have been con-
structed, a broad range of values has been found. Graphite is a non-metallic substance
that has a less conductivity than metals (~10° S/cm) [65,66]. When compared to graphite,
the conductivity of carbon fibers might be lower depending on the kind of precursor
used, the method of synthesis, and the temperature at which the fibers are heated. Cop-
per has high electrical conductivity (5.8 x 1055/cm) and combining with carbon type ma-
terials expected to result in better electrical properties [67].
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Figure 6. Electrical conductivity of materials [67] (p. 17).

Since the ability of a material to carry electrical current is measured by its resistivity,
it is significant, therefore, to have knowledge about the electrical resistance of copper and
carbon-based materials. In the literature, resistivity of carbon at room temperature is
around 30-35 uQm [68], whereas this property is substantially low for copper (about
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0.0172 uQm) [69]. Carbon fibers may be made more thermally and electrically conductive
by coating them with a metal, since metals are more conductive than the fibers. Met-
al-coated carbon fibers are more electrically conductive than bare carbon fibers. For ex-
ample, the electrical resistivity of PAN-based AS-4 (Hercules) carbon fiber is decreased
considerably from 15.3 to 0.07 uQm with nickel coating [70].

Similar cases were found in the reviewed studies. Composite materials produced
from copper with high electrical conductivity and carbon are an efficient method to re-
duce electrical resistivity. According to the Figure 7, M02C-C-C/Cu composites have the
best results among the others. Wenyan Zhou et al., explained this enhancement due to
the fact that the presence of strong interfacial bonding and high PyC orientation in com-
posite may result in dispersion of the current carrier induced by interface resistance ef-
fects and lattice defects, respectively [43,44]. They were able to decrease the resistivity
from 29.732 to 0.0592 pQm via coating preforms with molybdenum metal [43]. Both
Cu-Ti metal matrix composites demonstrated significantly lower resistivity than com-
mercial C/Cu strips, which demonstrates resistivity of 13.2 pQm [38,39]. The addition of a
small quantity of titanium, which generates TiC compounds at the interface, strengthens
the chemical interactions between the copper and the C/C preform. An essential way to
improve the composite’s physical qualities when the interface bonding is exceedingly
poor is to increase the interfacial strength. The development of strong connections at the
C—Cu interface would improve electronic conduction and stress conduction by increasing
the cohesion. Electrical characteristics of the C/C-Cu composite have been increased
consequently. When we look at the Cu-B alloy composites, the electrical resistance first
decreased from 7.6 to 1.7 pQm and then increased to 2.4 pQOm with the increasing B
content [47]. Haozi Zuo, explained this situation as follows: in C/Cu composites, there are
at first numerous conductivity phases. The impregnated phase is made up of the Cu-B
alloy, while the matrix phase is made up of sintered carbon. These four types of bonds
might be present simultaneously in the composites Cu-Cu, Cu-B semimetal, CuB-Cu
covalent, and CuB-C covalent. There are two key factors influencing composite electrical
conductivity, including volume percentage of the copper alloy and the carbon-copper
contact. Composites with B element doping may have lower electrical resistivity because
of their increased Cu-B alloy composition and better penetration degree, since the me-
tallic component has a large impact on composite electrical resistivity. The rest of the
composites have electrical resistivity between 2 and 3.6 uQm.
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Figure 7. Electrical resistivity of carbon/Cu composites.
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Even with these results, composites have shown important development. It can be
stated from the Figure 7 that in terms of electrical characteristics, the C/C-Cu composites
clearly outperform the C/Cu composites. The reason behind this might be strongly con-
nected to the structure between the C/C preform and the copper matrix, resulting in ex-
ceptional mechanical performance from the C/C-Cu composite. “Network conduction”
can also be ascribed to the increased resistivity of the C/C-Cu composite, which has an
interconnected structure and a unique electric conductive mechanism. When using this
technique, the pure copper matrix acts as a conductor, and the carbon phase has almost
no impact on that conductivity. Electrical conductivity increases due to the copper
phase’s continuous network, which contains a small amount of interface phase and in-
terfacial resistance. Moreover, when the interfacial connection is strong, there is not only
in-phase carrier migration of the carbon phase and the copper phase, but also trans-
boundary surface migration of the charge carrier. The interfacial layer thickness and the
volume percentage of the molten phase are the primary factors that determine the extent
to which the impact of interfacial bonding is exerted on the electron conductive behav-
iour of composites. Consequently, the thickness of the interfacial layer is a significant
factor in determining the electron conductivity of Cu/C composites (note: this only ap-
plies if all other conditions are the same).

Thermal properties are crucial for applications such as electronic packaging and heat
sinks. In order to avoid overheating, modern integrated circuits and other powerful
electrical components need to be cooled down and distributed. Reliable and long-lasting
performance is dependent on effective heat control.

Thermal properties for several allotropes of carbon and copper are given in Table 5
below. Data are collected from various references. Thermal conductivity (1.7 Wm™K-1)
and low coefficient of linear thermal expansion, CTE (1.1-1.3 x 10-6-K-!), are known
properties of carbon [71,72].

Table 5. Thermal properties of Cu and several allotropes of carbon.

Material Thermal Conductivity (Wm™'K™) CTE (10° K1) Reference
Pure copper 400 17 [73,70]
Carbon 1.7 1.1-1.3 [71,72]
Carbon fibers(PAN *-based AS-4 (Hercules)) 7.2 -1.7 [70]
Graphite 168 4-8 [72,74]
Diamond 1000-2200 1.1 [75]

* Polyacrylonitrile (PAN)-based carbon fibers (Cf) are high-performance fibers for composite ma-
terials.

Copper demonstrates thermal conductivity between 410 and 340 Wm~K-" from 0 to
927 °C, respectively [54]. Carbon fibers could be divided into three groups according to
their production types, including polymer fibers (e.g., polyacrylonitrile, PAN), pitch fi-
bers or carbonaceous gases. Yet, the most commonly preferred fibers are pitch and pol-
ymer-based ones. Although the structure of carbon fibers has a great influence on their
properties, it is generally possible to state that carbon fibers have low thermal expansion
coefficients. It can be observed from Table 4 that Cs from Hercules have negative value
CTEs and thermal conductivity of 7.2 Wm-K- [70] (p. 74).

When carbon is combined with copper, it may greatly enhance its thermal conduc-
tivity, while simultaneously decreasing the coefficient of thermal expansion (CTE). As a
result, Cu/C composites have a high potential for application in thermal management.

Unfortunately, the provided values of thermal conductivity and CTE mostly do not
confirm this trend and it is the drawback of the investigated composites (see Table 6).
Wen Yan Zhou et.al realized that after graphitization, for the Mo2C-C-C/Cu at higher
volume fractions of Cu, the thermal conductivity increased from 27.29 to 125.03 Wm"'K-".
On the other hand, the CTE value slightly decreased from 4.72 to 4.02. The reason behind
this was that carbon was highly graphitized in this composite. The composite has a
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shorter phonon mean free path because of reduced defect-caused lattice wave scattering.
According to the Griineisen equation where CTE is related with isobaric specific heat
(Cp), C/Cu would have a lower Cp, which means a lower thermal expansion coefficient
with higher Cu [44]. In another study with Mo2C-C-C/Cu, the thermal conductivity im-
proved more than 10 times with regard to C/C preforms with 12 Wm™K-'before infiltra-
tion. Because of the C/C-Cu composite’s connected structure through the interfaces, the
unique electrically conductive process known as network conduction is developed [43].
Nada Beronska and her colleagues used HM carbon fibres with 900-1000 Wm~'K-" ther-
mal conductivity and —1.5 x 106 CTE in the longitudinal direction. The thermal conduc-
tivity improved more than 60% in the longitudinal direction, since copper has conduc-
tivity of 400 Wm~K-'[50]. Addition of Cu caused a major impact on the thermal conduc-
tivity by reaching a value almost double in comparison to C/C-SiC, which was 45.9
WmK-in the horizontal direction [41]. Liping Ran et al., also managed to enhance the
thermal conductivity of C/C preforms by 26.1% via producing Cu-10wt.%Ti-C/C [40].

Table 6. Thermal properties of composites.

Composite Thermal Conductivity (Wm~'K-") CTE (10° K™ Reference
Mo2C-C-C/Cu 27.29-125.03 4.72-4.02 [44]
Mo2C-C-C/Cu 148.9 - [43]

Cu-Ct 650 235 [50]

C/C-SiC-Cu 85.2 ~11 [41]

Cu-10% Ti-C/C 42.5 - [40]

5. Industrial Applications

It has been stated by the authors of the published papers that the materials that
emerged from the research works are candidates for use in many industrial areas, mainly
in mechanical and electrical applications. Two of these application areas stand out sig-
nificantly. Including sliding electrical contact materials, e.g., pantograph strips
[39,43,47,52] and brake discs [41,45,51]. When these studies are examined in detail, it is
striking that materials with at least the same and better properties than those used in the
market were obtained. For example, as a result of the study conducted by Lin Yang et al.
[38], novel C/C-Cu composites exhibit better electrical conductivity and bending strength
than commercial C-Cu contact strips.

Besides the applications mentioned above, the authors proposed also the following
industrial applications: wall surface shields in fusion devices, electric discharge ma-
chining electrodes, and sealing and electrical contact materials.

6. Summary and Future Direction

The researchers in the field of infiltration of carbon preforms with copper and cop-
per alloys mostly copied the ideas of older works in this field during the past 12 years.
The review indicates that in the past 2 years, the number of works and their citations is
increasing in this field, above 30% for both.

Moreover, new trends in technologies and improvements were incorporated, such
as the usage of ultra-fine particles and nanoparticles of carbide forming elements on the
carbon—copper interface usually in the range of 500 nanometers to 3 microns (Table 3). It
can be expected that the trend of using nano-sized carbide forming elements will increase
in future works. Even previously well-known carbides, such as WC or TiC, ZrC, will be
probably reconsidered again and used.

Another aspect involves the use of recently developed technologies, such as spark
plasma sintering for the preparation of carbon preforms. In this field, it can be expected
that additive manufacturing technologies for the preparation of complex 3D carbon
preforms with controlled pore size (important for perfect infiltration) will be used more
often in the near future.
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The alloying of copper will be probably based on computation techniques that will
also employ artificial intelligence to determine the best alloying elements and their wt.%
in copper to achieve the best wettability at the lowest possible infiltration temperature.

This will enable us to produce cost effectively and most simply large complex parts
of very good quality for the energy sector, transportation and electronic components,
thus decreasing the carbon footprint and energy requirements.
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