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Abstract Carbon materials, including carbon fibers, graphite, diamond, carbon foams, carbon nanotubes, and graphene, are

attractive reinforcements for aluminum matrix composites due to their excellent mechanical and/or physical properties as well

as light weight. Carbon materials reinforced aluminum (C/Al) composites are promising materials in many areas such as

aerospace, thermal management, and automobile. However, there are still some challenging problems that need to be resolved,

such as interfacial reactions, low wettability, and anisotropic properties. These problems have limited the use of these

composites. This review mainly focuses on the categories, fabrication processes, existing problems and solutions, coatings and

interfaces, challenges and opportunities of C/Al composites so as to provide a useful reference for future research.
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1 Introduction

Carbon materials reinforced aluminum (C/Al) composites,

including carbon fibers, graphite, diamond, carbon foams,

carbon nanotubes (CNTs), and graphene reinforced alu-

minum composites, are attracting significant interest

because of their light weight, superior mechanical proper-

ties and/or thermal conductivity (TC), and low coefficient

of thermal expansion (CTE) [1–9]. Due to these benefits,

C/Al composites have become promising materials for

applications in areas such as aerospace, thermal manage-

ment, and automobile [1, 2, 4, 7–11]. Actually, C/Al

composites have already found applications in some

occasions of the above areas. For example, carbon fibers/Al

composites have been used in Hubble Space Telescope

antenna waveguide mast [2]. Short carbon fibers/Al com-

posites and graphite platelets/Al composites with high TC

and controlled CTE have been produced for thermal

management [11]. Diamond/Al composites with high TC

produced by Nano Materials International Corporation

have already been used in thermal management [12].

However, C/Al composites still have some problems that

need to be solved, which retard wider application of these

composites. The main issues include [1, 6, 8, 13–21]: (1)

Wettability between aluminum and carbon materials is poor;

(2) At high temperature, carbon materials will react with

aluminum to form a brittle aluminum carbide Al4C3, which

strongly decreases the properties of the composites; (3) The

properties of some kinds of carbon materials are anisotropic,

which means their excellent properties are along one or two

directions while the properties in the other directions are poor.

With decades of research, the following methodologies

have been proposed in order to address the above
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problems: (1) Optimizing the fabrication parameters such

as applying an appropriate pressure to promote infiltration,

limiting the high temperature contact time or using low

temperature fabrication methods such as powder metal-

lurgy [19, 22–24]. These methods are widely accepted,

however, to be not enough to solve the problem of inter-

facial reactions. (2) Adding alloy elements such as Mg or

Si to improve the wettability [16, 25, 26]. This method is

effective but the matrix composition is modified, which

may affect the overall properties of the composites. (3)

Coating the carbon materials to produce diffusional barri-

ers to prevent interfacial reactions and/or improve wetta-

bility, such as Ni [24, 27–35], Cu [27–29, 36–39], W [40],

Ti [41–43], SiC [44–48], TiC [44, 46, 49–53], Al2O3 [54,

55], TiO2 [29, 56], ZrO2 [57, 58] and pyrolytic carbon [44,

59, 60] coatings. This method is effective and widely

accepted, and it will be discussed in detail later. (4) Con-

trolling the orientation of the anisotropic reinforcements to

get high properties along one or two directions [4, 8].

The intent of this review is to describe the current states,

challenges and opportunities of C/Al composites so as to

provide a reference for researchers. The categories of

carbon materials and C/Al composites, fabrication pro-

cesses, coatings, interfacial structures and prospects of

C/Al composites will be discussed in detail, respectively.

2 Carbon Materials

Due to different allotropes (graphite, diamond, fullerenes/

nanotubes), various microtextures (more or less ordered)

owing to the degree of graphitization, a rich variety of

dimensionality from 0 to 3D and the ability for existence

under different forms (from powders to fibers, flakes,

fabrics and foams) [61], carbon materials contain many

members with superior properties, which makes them to be

appealing reinforcements for composites.

Table 1 shows the mechanical and physical properties of

a few carbon materials. Polyacrylonitrile (PAN)-based

carbon fibers are carbon fibers fabricated from PAN pre-

cursors [61, 62]. According to the degree of graphitization,

PAN-based carbon fibers can be classified into carbon

fibers such as T300 and T700 and graphite fibers such as

M40 and M60. High-performance Pitch-based carbon

fibers are usually based on mesophase pitch precursors [61,

62]. These carbon fibers are more easily graphitized and

have much higher TC compared to PAN-based carbon

fibers [61]. Vapor grown carbon fibers (VGCFs) are carbon

fibers fabricated by vapor grown process, and the diameters

of these fibers range from nanometer to micrometer [64,

65]. These carbon fibers are of great interest due to their

excellent properties and higher cost performance for mass

production than CNTs [65].

CNTs and graphene are well-known carbon materials;

however, the dispersion, direction and interface controlling

of these carbon materials are difficult tasks which attract

many attentions [6–8]. Graphite and diamond are ideal

reinforcements in metal matrix composites for thermal

management. It is worth noting that due to the defects and

impurities, the properties of these carbon materials may

vary extensively [61]. Carbon foams are ideal thermal

management materials with open-celled structure, low

density, relatively high surface area and high TC [68].

Generally, carbon materials with high degree of graph-

itization are less reactive with aluminum matrix [1].

Among all kinds of carbon materials, graphite and diamond

are relatively less reactive with aluminum compared to

carbon fibers, CNTs and graphene. Specially, the

Table 1 Properties of carbon materials

Materials Density (g/cm3) Strength (GPa) Modulus (GPa) TC (W m-1 K-1) CTE (10-6K-1) Ref.

PAN-based carbon fibers 1.75–1.93 2.5–7.0 250–400 8–70 (-0.6)–(-1.1) [1, 61–63]

Pitch-based carbon fibers 2.10–2.19 1.5–3.5 200–800 530–1,100 (-1.3)–(-1.45) [1, 61–63]

VGCFs 2.0 2.35–2.9 180–245 1,950 1–4 [8, 64, 65]

Crystalline graphite 2.3 – – x–y: 3,000 x–y: -1.0 [66]

z: 6 z: 29

Graphite flakes 2.1–2.3 – – a a [66]

Graphite particles 2.1–2.3 – – b b [66]

Carbon foams 0.9 – – x–y: 70 x–y: 1.02 [66]

z: 245 z: -1.07

Diamond 3.51 – – 2,000–2,200 1.3 [66]

CNTs 2.1 11–150 270–950 500–3,500 (-10)–(-12) [7, 8, 67]

Graphene – 130 1,002 4,840–5,300 -1.3 [8, 67]

a Although thermal properties could be similar to those of crystalline graphite, defects and impurities may considerably reduce them
b Spheroidized purified natural graphite; again defects and impurities may considerably reduce their thermal properties
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orientations of the graphite planes in carbon fibers have a

great effect on the reactivity of the fibers due to the fact

that a graphite plane is chemically active only on the edge

of the plane, where dangling bonds are present [58]. Fig-

ure 1 shows the orientations of the graphite planes of

several common kinds of carbon fibers, the reactivity of the

fibers decreases from Fig. 1a–c.

3 Categories of C/Al Composites

Each carbon material mentioned above can be fine rein-

forcement for aluminum matrix composites. This part will

briefly introduce the categories of C/Al composites.

3.1 Carbon Fibers/Al

According to categories of the carbon fibers, carbon fibers/

Al composites can be classified into PAN-based carbon

fibers/Al composites, pitch-based carbon fibers/Al com-

posites, VGCFs/Al composites, and so on.

According to morphologies of the reinforcements or

composites, carbon fibers/Al composites can be classified

into continuous fiber composites, short fiber composites,

carbon nanofiber composites, and laminate composites.

Here laminate composites are hybrid composites based on

thin sheets of metal alloys and plies of fiber reinforced

polymers, as shown in Fig. 2 [69, 70].

3.2 Graphite/Al

According to morphologies of the graphite, graphite/Al

composites can be classified into graphite particles/Al

composites and graphite platelets/Al composites. Graphite

is introduced into aluminum for thermal management

consideration because it has low density and can increase

the TC meanwhile decrease the CTE of the aluminum

matrix.

3.3 Diamond/Al

Diamond/Al composites are ideal materials for applications

in heat sink and electronic packaging due to the combi-

nation of high TC and tailorable CTE, as well as the low

density [71, 72]. However, an obvious drawback of dia-

mond/Al composites is their poor machinability [66],

which strongly limits the use of these materials.

3.4 Carbon Foams/Al

Report about carbon foams/Al composites is rarely found

perhaps due to the fact that carbon foams can be directly used

for thermal management [68, 73, 74]. However, according to

Prieton et al. [66] on the properties of carbon foams/Al

composites, we believe that these composites can be used in

some special occasions that require good TC in all directions.

3.5 CNTs/Al and Graphene/Al

Recently, CNTs and Graphene have drawn many attentions

for their excellent mechanical and physical properties [6–

8]. Bakshi et al. [6] and Tjong [8] have already reviewed

the research works carried out in the field of CNTs and

Graphene reinforced metal matrix composites. Accord-

ingly, this review will mainly focus on the other kinds of

carbon materials, but it is worth noting that many scientific

Fig. 1 Common orientations of graphite planes in fibers [58]: a radial; b random; c onion skin

Fig. 2 Schematic illustration of a 2/1 carbon fibers/Al laminate [69]

Y. Huang et al.: Acta Metall. Sin. (Engl. Lett.), 2014, 27(5), 775–786 777

123



problems, such as fabrication processes, wetting problem,

interfacial reactions, coatings, and so on, are similar in all

kinds of C/Al composites.

In summary, C/Al composites contain many members

that can be used in both structural and functional applica-

tions. The properties of these materials can be targeted-

developed with the selection of carbon materials and alu-

minum matrix, architecture design of the composites and so

on to meet the requirements of the applications.

4 Fabrication of C/Al Composites

To fabricate C/Al composites with good and stable

mechanical and/or thermal properties is a challenging task.

There are many problems, such as interfacial reactions and

poor wettability, for researchers to conquer.

Chemical reactions between carbon materials and alumi-

num matrix can occur readily at the fabrication conditions,

which will cause the formation of Al4C3 (Fig. 3) [15, 17, 18]:

4Alþ 3C! Al4C3: ð1Þ

Al4C3 is a brittle phase which is adverse to both

mechanical and physical properties of the composites.

Thus, the interfacial reactions must be controlled during

fabrication of C/Al composites.

The wetting of carbon material surface with molten

aluminum plays an important role in the composite fabri-

cation. For a liquid droplet on a solid surface (Fig. 4a [8]),

the surface energy (tension) of different components can be

expressed by [8]:

cSV ¼ cSLþ cLV cos /; ð2Þ

where / is the contact angle, cSV, cSL and cLV are the surface

tensions of solid–vapor, solid–liquid, and liquid–vapor,

respectively. At /\ 90�, the liquid droplet wets the solid. The

liquid does not wet solid for /[90�. In general, carbon

materials have poor wettability by aluminum. The contact angle

ranges from 140� to 160� as shown in Fig. 4b, c [8, 13, 58, 75].

The main techniques currently employed for fabrication

of C/Al composites include liquid metallurgy processing and

powder metallurgy processing. Each of the main processing

routes can be further classified into several different cate-

gories. For example, liquid metallurgy processing includes

stir casting, gas pressure infiltration, squeeze casting, and

ultrasonic infiltration. Powder metallurgy route includes

vacuum hot pressing and spark plasma sintering.

This part will discuss these fabrication methods in detail

and the efforts made by researchers to solve the fabrication

problems mentioned above by controlling the fabrication

parameters.

4.1 Liquid Metallurgy Processing

4.1.1 Stir Casting

The process of stir casting generally involves the admixture

of reinforcements with a molten metal matrix by

mechanical stirring (Fig. 5) [2, 8], and it is usually used in

ceramic particles reinforced aluminum composites. For

C/Al composites, this process is rarely used due to low

density and easy agglomeration of carbon materials as well

as poor wettability between carbon materials and Al.

However, there are still some researchers trying to fabricate

short carbon fibers/Al composites by stir casting. Naji et al.

[76] used stir casting to fabricate short carbon fibers/Al

composites to study the effect of volume fraction and

aspect ratio of carbon fibers on fracture toughness of the

composites. Bhav et al. [38] used copper-coated short

carbon fibers to fabricate aluminum composites by stir

casting and get a strength improvement of 40% by adding

4 wt% carbon fibers.

Fig. 3 Formation of Al4C3 in some typical C/Al composites [15, 90]: a Carbon fibers/Al composites; b Diamond/Al composites
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In summary, this process is low cost and can be used for

mass production; however, it is not a smart choice for C/Al

composites compared to other fabrication processes [2].

4.1.2 Gas Pressure Infiltration

Gas pressure infiltration is a process that uses gas pressure

to drive the molten aluminum into a preform which is held

in vacuum condition (Fig. 6 [60, 77]). This method was

widely used to fabricate aluminum matrix composites [2].

It can be used to fabricate many kinds of C/Al composites,

such as continuous [23, 78–83] or short [37, 60, 84, 85]

carbon fibers/Al composites, VGCFs/Al composites [64,

86], graphite/Al composites [66, 87–89], diamond/Al

composites [90, 91, 92], etc.

Preform is very important for gas pressure infiltration.

To obtain an effective reinforcement, the preform must

meet the following requirements [93, 94]: extreme clean-

liness, homogeneous reinforcement distribution, homoge-

neous binder distribution, low binder content, and sufficient

preform strength.

Gas pressure is used to solve the wetting problem between

carbon materials and molten aluminum. However, at the

high temperature of infiltration, violent interfacial reactions

will occur. Two methods have been proposed to address this

problem: coating the carbon materials which will be dis-

cussed later and optimizing the fabrication parameters such

as temperature and high temperature contact time.

Jacquesson et al. [80] used gas pressure infiltration to

fabricate K139 carbon fibers reinforced A357 aluminum

alloys (Vf = 58%) with tensile strength and modulus of

1,083 MPa and 395 GPa, respectively, but the fabrication

parameters are not given. However, it was also found that

carbon fibers/Al composites fabricated by this process

exhibited relatively poor properties [78, 81, 82], which

Fig. 4 Contact angle between carbon materials and aluminum [8, 58]: a schematic diagram; b carbon substrate; c graphite substrate

Fig. 5 Schematic diagram of stir casting [8]

Fig. 6 Schematic diagram of gas pressure infiltration [60]
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indicate that it is a difficult task to fabricate carbon fibers/

Al composites by optimizing the fabrication parameters.

For diamond/Al composite, Monje et al. [95] obtained

composites with TC up to 670 W m-1 K-1 by optimizing the

fabrication parameters of gas pressure infiltration. Chang et al.

[89] fabricated graphite/Al composites with TC of

500–600 W m-1 K-1 by optimizing the fabrication parameters.

Thus, for carbon materials with low reactivity with the

matrix, such as diamond and graphite, it may be an effective

way to partially solve the problem of interfacial reactions by

optimizing the fabrication parameters of gas pressure infil-

tration. However, for high reactive carbon materials, such as

carbon fibers, optimizing the fabrication parameters may be

not enough to obtain C/Al composites with good properties.

As a result, coatings of carbon materials should be introduced.

4.1.3 Squeeze Casting

Squeeze casting is different from gas pressure infiltration

because it uses mechanical pressure, rather than gas pressure

to push the molten aluminum into carbon material preforms

(Fig. 7 [37]). The mechanical pressure is usually higher than

the gas pressure (about 100 vs. 2–20 MPa) [77]. Similar to

gas pressure infiltration, squeeze casting can be used to

fabricate many kinds of C/Al composites, such as continu-

ous [24, 96–98] or short [37, 99–101] carbon fibers/Al

composites, graphite/Al composites [102], etc.

A high quality preform is needed for squeeze casting

process just like the gas pressure infiltration process.

Interfacial reaction is the biggest problem for squeeze

casting process. Many researchers try to fabricate uncoated

carbon fibers/Al composites by squeeze casting process

through optimizing process parameters [96, 97, 103].

However, only Towata et al. [103] obtained composites

with tensile strength of 1.29–1.41 GPa and modulus of

266–280 GPa by using uncoated PAN-based carbon fibers

with ‘onion’ type orientation of graphite basal planes (as

shown in Fig. 1c) which are relatively less reactive with

aluminum matrix.

4.1.4 Ultrasonic Infiltration

Ultrasonic infiltration process is usually used to fabricate

continuous carbon fibers/Al composite wires. The fabrica-

tion apparatus and microstructure of composites are shown

in Fig. 8 [104, 105]. Tensile strength and modulus of the

composite wires can reach 1.6 GPa and 210 GPa [105,

106], respectively, which are sensitive to strain rate [106].

In summary, among all kinds of liquid metallurgy pro-

cesses, only gas pressure infiltration and squeeze casting

are almost suitable for all kinds of C/Al composites. High

quality preforms and controlling of high temperature

interfacial reactions are the core issues of these processes.

4.2 Powder Metallurgy Processing

In order to reduce interfacial reactions, a relatively low

temperature fabrication process called powder metallurgy

process is used. Powder metallurgy processing method can

be used to fabricate many kinds of C/Al composites, such

as VGCFs/Al composites [65, 107–109], short carbon

fibers/Al composites [110], diamond/Al composites [71,

72, 111–114], graphite/Al composites [115], CNTs/Al

composites and graphene/Al composites [7, 8]. This pro-

cess involves mechanical blending of carbon material

Fig. 7 Schematic diagram of squeeze casting [37]

Fig. 8 Fabrication apparatus and microstructure of continuous car-

bon fibers/Al composites wires [104, 105]
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reinforcements with aluminum powders in a rotary mill,

followed by compaction and sintering [8]. According to the

methods used to sinter the composites, they can be divided

into two categories, namely spark plasma sintering and

vacuum hot pressing.

4.2.1 Spark Plasma Sintering

Figure 9 shows the schematic diagram of spark plasma

sintering. Due to the high efficiency (usually with holding

time as short as several minutes) and rather low tempera-

tures (only 520–600 �C) of this process [71], it is widely

used to fabricate C/Al composites. Xu et al. [65, 108, 109]

systematically studied the fabrication process, mechanical

properties, thermal properties, electrical properties and

microstructures of VGCFs/Al composites fabricated by

spark plasma sintering. Ke et al. systematically studied the

effect of powder mixing process [111], sintering tempera-

ture [113] and particle size [112] on the microstructure and

TC of diamond/Al composites fabricated by spark plasma

sintering. However, the interfacial bonding of diamond/Al

composites fabricated by common spark plasma sintering

is not favorable, thus causing low TC [71]. Mizuuchi et al.

[114] used a continuous solid–liquid co-existent state spark

plasma sintering to fabricate diamond/Al composites with

TC of 552 W m-1 K-1, which is much higher than

325 W m-1 K-1 of common spark plasma sintering dia-

mond/Al composites [112].

4.2.2 Vacuum Hot Pressing

In order to improve the interfacial bonding of diamond/Al

composites, Tan et al. [71, 72] proposed a vacuum hot

pressing method to fabricate diamond/Al composites with

high TC of 496 W m-1 K-1 compared to 325 W m-1 K-1

of diamond/Al composites fabricated by spark plasma

sintering [112]. Chen et al. [115] used vacuum hot pressing

to fabricate graphite flakes/Al composites with high TC of

783 W m-1 K-1. Figure 10 shows the schematic diagram

of vacuum hot pressing.

The fabrication method for carbon fibers/Al laminate

composites is vacuum hot pressing process, too. However,

due to the existence of epoxy, the pressing temperature of

this process is much lower than that of the aforementioned

vacuum hot pressing process [70]. The stacking sequence

design [116], fabrication process [69, 117, 118], fiber/

matrix adhesion [69, 117, 118], properties [119, 120],

simulations [121], and applications [70, 122] of these

composites have been studied by many researchers.

In summary, both spark plasma sintering and vacuum

hot pressing can fabricate C/Al composites with good

properties. The key point is to find the equilibrium point of

interfacial bonding and interfacial reactions, which means

that an interface with good bonding but few reactions is

needed.

5 Coatings and Interfaces

For all kinds of carbon materials, their poor wettability and

chemical reactions with aluminum matrixes always retard

the improvement of properties [14, 15, 21, 123]. In addition

to optimizing the fabrication process aforementioned, a

more effective way to solve these problems is to coat the

carbon materials. This part will introduce the categories,

effects and corresponding interfacial structures of common

coatings for carbon materials in aluminum matrix

composites.

5.1 Metallic Coatings

Metallic coatings are used because they can improve the

wetting between carbon materials and aluminum due to the

fact that liquid metals can easily wet solid metals [29, 75].

A large variety of metals, such as Ni, Cu, Ag, Au, Ti and

W, have been tested as coatings for carbon materials.

Fig. 9 Schematic diagram of spark plasma sintering [8] Fig. 10 Schematic diagram of vacuum hot pressing [72]
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The producing methods of metallic coatings include

electroless deposition [28, 32, 34, 38, 39], electro-plating

[124] and cementation [27]. Coatings produced by

cementation have more defects which are detrimental to the

properties of the composites [19]. Compared to electro-

plating, electroless deposition is easier and environment

friendly [19, 32, 39], thus, it is a favorite coating method

for metallic coatings producing.

Ip et al. [31] studied the wettability of Ni-coated graphite

by aluminum, the results show that Ni can decrease the

contact angle from 140� to only 4�, as shown in Fig. 11a, b.

Rams et al. [32] found that Ni coating can slightly improve

the hardness and modulus of carbon fibers/Al composites,

while other investigators did not report the properties

[30, 33]. There is no doubt that Ni can improve the wetta-

bility of carbon materials by aluminum, but the properties of

Ni-coated carbon materials/Al composites are not good due

to formation of intermetallic compounds such as Al3Ni and

Ni3Al2 (Fig. 11c) [30, 31, 33].

According to the study of Oh et al. [125], Cu coating can

also improve wetting of carbon materials by aluminum

through reducing the contact angle from 140� to 55�
(Fig. 12a, b). Takakazu et al. [28] reported that Cu coating

is better than Ni coating because the bending strength of

Cu-coated carbon fibers/Al composites is 491 MPa while

that of Ni-coated carbon fibers/Al composites is only

278 MPa. Urena et al. [39] successfully used Cu coating to

improve the hardness of short carbon fibers/Al composites.

Liu et al. [37] improved the TC of short carbon fibers/Al

composites from 117 to 208 W m-1 K-1 by using Cu

coating. Coating processes of Cu on VGCFs were studied

by some researchers [36], and Cu-coated VGCFs were

successfully used to improve the mechanical properties of

aluminum alloys [125, 126]. However, in Cu-coated C/Al

composites, intermetallic compounds such as CuAl2
formed near the interface would reduce the properties of

the composites [29, 58], as shown in Fig. 12c.

Metallic coatings such as W [40] and Ti [41, 42] were

used in diamond/Al composites to improve interfacial

bonding so as to improve TC of the composites. This is due

to the fact that W and Ti coatings can improve the wetta-

bility of diamond and aluminum. For these metallic coat-

ings, carbides such as WC and TiC would form at the

interface [40–42].

In summary, metallic coatings can improve wetting of

carbon materials by aluminum, which has beneficial effects

on the interfacial bonding so as to improve thermal prop-

erties of the composites. However, the formation of inter-

metallic compounds or carbides will reduce the mechanical

properties of the composites. Thus, metallic coatings are

favorable for C/Al composites that can be used in thermal

management. For structural applications, the formation of

the intermetallic compounds or carbides should be con-

trolled by optimizing the thickness of the coatings and the

fabrication parameters of the composites.

5.2 Ceramic Coatings

Ceramic coatings are used as diffusional barriers so as to

retard the harmful interfacial reactions [29, 58]. Ceramic

coatings can be divided into carbide coatings and oxide

coatings [58]. The common carbide coatings are SiC, TiC

and pyrolytic carbon, while Al2O3, TiO2, ZrO2 and SiO2

are commonly used as oxide coatings. Due to the high

mechanical properties, high dimension stability but rela-

tively low TC of ceramic coatings, they are usually used in

structural materials, such as continuous or short carbon

fibers/Al composites.

Fig. 11 a, b Wetting improvement of Ni-coated carbon materials by aluminum [31]; c Interfacial microstructure of Ni-coated carbon fibers/Al

composites [31]
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Carbides are of interest because there are by nature the

intermediates between carbon and metal, which should be

ideal for a carbon/metal interface [58].

SiC coating has received the most attention probably

because SiC itself is a fine reinforcement for aluminum

matrix composites. It is usually applied via a vapor depo-

sition process [44, 127] or through pyrolysis of a poly-

carbosilane polymer [45, 47, 48, 128]. In fact, SiC is less

stable than Al4C3 [58]. Thus, SiC coating seems to act as a

sacrificial coating (as shown in Fig. 13a [127]), which

means that the formation of Al4C3 still exists while the

high strength carbon fibers are protected. The degradation

of SiC can be reduced by using an Al–Si matrix with high

Si content (Fig. 13b [127]). Friler et al. [103] obtained

strength of 74% of rule of mixture by using SiC-coated

pitch-based carbon fibers compared to 65% of rule of

mixture by using uncoated fibers. Wang et al. [47] used SiC

coating to improve the strength of carbon fibers/SiC hybrid

aluminum composites from 510 to 760 MPa.

TiC coating is studied because it is theoretically more

stable than Al4C3 and would not be degraded by contact with

aluminum [46, 58]. Meanwhile, TiC coating can be produced

by a liquid metal transfer agent method which is schemati-

cally shown in Fig. 14 [46, 49, 51]. This method provided a

very attractive alternative to CVD [58]. Himbeault et al. [50]

used TiC coating to obtain composites with strength reaching

98% of rule of mixture, they found that TiC coating is stable

during the infiltration of an Al-10% Mg alloy, however, it is

unstable during infiltration with Al-12% Si alloy due to

reaction of the coating with silicon and aluminum.

Pyrolytic carbon is a carbon coating used in carbon

fibers/Al composites. It is usually produced by CVD pro-

cess [44]. Due to its less reactivity with aluminum com-

pared to carbon fibers, it can reduce the formation of Al4C3

[58]. Hackl et al. [59] reported that pyrolytic carbon

coating would strongly accelerate electrochemical corro-

sion. Ouyang et al. [60] used pyrolytic carbon/SiC hybrid

coatings to improve wettability and protect carbon fibers,

but the properties of the composites were not reported.

Oxide coatings are chosen due to the function of diffu-

sional barriers and the ease of fabrication through the sol–

gel process [29, 58]. Sol–gel process is a liquid process

Fig. 12 a, b Wetting improvement of carbon materials by aluminum with Cu coating [125]; c Interfacial microstructure of Cu-coated carbon

fibers/Al composites [29]

Fig. 13 Interfacial microstructure of SiC-coated carbon fibers/Al composites [127]: a Al-2 wt% Si matrix; b Al-12 wt% Si matrix
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which can fabricate oxide coatings in nano-scale. Com-

pared to CVD process, it is easier and more economic.

Zeng [55] fabricated Al2O3-coated carbon fibers/Al com-

posites wires with strength of 900 MPa compared to 808 MPa

of uncoated carbon fibers composites. Peng et al. [129] used

Al2O3 coating to increase the tensile strength of the compos-

ites from 559 MPa to only 578 MPa; however, strength was

increased to 985 MPa by using Al2O3/amorphous carbon

hybrid coatings. Tang et al. [54] studied the sol–gel process

and interfacial structure (Fig. 15) of Al2O3-coated short car-

bon fibers/Al composites but no properties were reported.

Other oxide coatings such as SiO2 coating [29], ZrO2

coating [57, 58], and TiO2 coating [29, 56] were also

studied by some researchers, but few of them reported the

properties of the composites.

In summary, ceramic coatings are suitable for structural

C/Al composite. Both carbide coatings and oxide coatings

can act as diffusional barriers to reduce the interfacial

reactions. Carbide coatings are more adherent to the sur-

face of carbon materials than oxide coatings but they may

be degraded due to reactions with the matrix. Oxide coat-

ings are more stable and easily synthesized compared to

carbon coatings. For ceramic coatings such as SiC, TiC and

Al2O3 coating, composites with good properties can be

obtained if the uniformity and thickness of the coatings are

carefully controlled.

6 Challenges and Opportunities

C/Al composites are promising materials that can be widely

used in structural applications such as aerospace, automotive

and transportation industries, as well as functional applica-

tions such as heat sink and electronic packaging.

Carbon fibers/Al composites have already been used in

Hubble Space Telescope due to high specific strength, high

specific modulus and high dimensional stability. Many

structural applications require these properties. Meanwhile,

due to the continuous development of carbon fibers industry,

more and more kinds of carbon fibers with excellent

mechanical and thermal properties were developed, which

means carbon fibers/Al composites will have a broader

application range from aerospace, automotive and transpor-

tation industries to thermal management. However, chal-

lenges still exist to solve the problems in fabrication, such as

interfacial reaction controlling, corrosion resistance

improvement and mass production with stable high properties.

Diamond/Al, graphite/Al and carbon foams/Al com-

posites are ideal materials for applications in heat sink and

Fig. 14 Schematic diagram of liquid metal transfer agent method

[51]

Fig. 15 Interfacial microstructure of Al2O3-coated short carbon fibers/Al composites [54]: a Al2O3 coating-carbon fiber interface; b Al2O3

coating-aluminum matrix interface
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electronic packaging. They possess higher TC and lower

density compared to other thermal management materials

such as Kavor, Cu–W and SiC/Al. So far, there are already

some companies that can produce these composites.

Unfortunately, the advantages of these composites have not

been taken into full play because of the high interfacial

resistance. Thus, how to design the component structure of

composites, improve the wettability and control the inter-

facial structure are important challenges for wider appli-

cation of these composites in thermal management.

VGCFs, CNTs and graphene are carbon materials pos-

sessing the most remarkable mechanical and thermal

properties. If the advantages of these reinforcements are

fully developed, the corresponding aluminum composites

will become the most popular materials that can be used in

both structural and functional applications. Unfortunately,

the applications of these C/Al composites are limited by

some technical challenges, such as the high cost and

maintenance of same quality, the attainment of homoge-

neous dispersion, the wetting improvement and the inter-

facial structure controlling. Thus, more attentions should

be paid to the fundamental research of these composites.
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