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Abstract. Short carbon fibres were coated with alumina by sol–gel process. Uncoated and alumina-coated short carbon
fibre–Al composites were fabricated by gas pressure infiltration process. The effects of alumina coating and extrusion
deformation on microstructures and thermal properties of the composites were studied. The results show that alumina coating
is effective to improve the quality of the short carbon fibre preform as well as act as diffusion barrier to impede interfacial
harmful chemical reactions between aluminium and short carbon fibres, which would increase the thermal properties of
the composites. Extrusion deformation can orient the carbon fibres to the extrusion direction to improve their degree of
orientation, meanwhile decreasing their aspect ratio. Extrusion deformation has a beneficial effect on the thermal conductivity
of the composites. However, its effect on coefficient of thermal expansion of the composites is small because the effects of
the improvement in degree of orientation and the decrease of aspect ratio tend to cancel each other somewhat.
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1. Introduction

Carbon fibres are excellent reinforcements in polymer, metal
as well as ceramic materials due to their outstanding mechan-
ical and thermal properties [1–3]. Carbon fibre composites
are promising materials for applications in aerospace, ther-
mal management and automobiles because of their low
density, high strength and stiffness, low coefficient of ther-
mal expansion (CTE) and/or high thermal conductivity
(TC) [1–6]. Carbon-fibre-reinforced polymer matrix com-
posites are already used extensively in the aforementioned
areas, but carbon-fibre-reinforced metal matrix composites
have not reached that stage yet, due to some fabrication
problems [5]. For example, short-carbon-fibre-reinforced alu-
minium (SCF–Al) composites are low-cost materials with
good processability and designable fine thermal and mechan-
ical properties that can find applications in the aerospace,
thermal management and automobiles [7,8]. However, the
development of SCF–Al composites has been hindered by
some fabrication problems such as the harmful chemical reac-
tions between carbon fibres and aluminium as well as the
orientation control of SCFs [6–10].

For SCF–Al composites, it is widely accepted that car-
bon fibres would react with aluminium to form brittle Al4C3,
which is harmful to both mechanical and thermal properties

of the composites [11–14]. An effective method to solve this
problem is to coat the carbon fibres with protection coat-
ings [11–15]. Among all the coatings being considered in
carbon fibre-reinforced aluminium (CF–Al) composites, alu-
mina coating has attracted much attention due to the fact that
it can act as diffusion barrier to impede interfacial reactions
[16–19]. Some researchers have reported that alumina coat-
ing has beneficial effects on mechanical properties of CF–Al
composites [16–18]. However, there are few studies about
the effect of alumina coating on thermal properties of CF–Al
composites.

Carbon fibres have anisotropic properties [1]. They pos-
sess excellent properties along the fibre direction while the
properties along the cross-section directions are relatively
poor. Therefore, in order to bring the reinforcing effect of
carbon fibres into full play, it is very important to control
the orientation of the carbon fibres in SCF–Al composites.
Many researchers tried to control the orientation of carbon
fibres by fabricating SCF preforms with preferred orientation
by wet-forming process and later infiltrating by liquid alu-
minium [6,7,20]. However, due to the spring back effect of
the carbon fibres [7], the orientations of carbon fibres in com-
posites fabricated by this method would not orient as expected
[6,7,20]. So far, few researchers have used secondary defor-
mation to control the orientation of carbon fibres. Actually,
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deformations such as extrusion can orient the carbon fibres
to the extrusion directions. Therefore, the effect of extrusion
deformation on properties of SCF–Al composites is an inter-
esting issue of SCF–Al composites.

This work aims to explore the effect of alumina coating and
extrusion deformation on thermal properties of the compos-
ites. In particular, the coating processes of alumina coating
were optimized and beneficial effect of alumina coatings on
thermal properties of the composites was found and explained.
The effect of extrusion deformation on microstructures and
thermal properties of the composites was exposed.

2. Materials and methods

2.1 Raw materials

Low-cost PAN-based carbon fibres (Shanghai Carbon Co.
Ltd., China) with average diameters of 7 μm and average
length of 100 μm were used in this study. AC4C aluminium
alloy was chosen as the matrix in this study.

2.2 Preparation of fibre coatings

The fibre coatings were fabricated by a sol–gel method.
Aluminium nitrate (Analytical Reagent, A.R.) and ammo-
nia solution (A.R.) were used as the starting materials. The
transparent boehmite sol was prepared as follows: ammonia
solution (1 mol l−1) was dripped into aluminium nitrate solu-
tion (1 mol l−1) at a speed of 100 drips min−1 with rapid
stirring. After the completion of precipitation, the solution
became milk-like. Afterwards, the milk-like solution was first
filtrated, washed by distilled water, dried and then dissolved
in distilled water. Thereafter, with the addition of some nitric

acid and polyvinyl alcohol (PVA) solutions, the solution was
heated for 2 h at 90◦C with vigorous stirring in order to obtain
the homogeneous transparent sol. Before the coating process,
the carbon fibres were pre-heated at 400◦C for 30 min to
remove the sizing resin and induce pits that may help the sol–
gel adsorption. The pre-heated carbon fibres were first dipped
into the boehmite sol for 10 min, then filtrated and dried at
50◦C for 6 h and finally calcined at 1000◦C to obtain alumina
coatings in argon atmosphere.

2.3 Preparation of composites

The preparation processes of SCF–Al composites are sche-
matically illustrated in figure 1. SCFs were dispersed in a PVA
solution with some acid phosphate binders and then wet SCF
preforms were produced by wet-forming. To obtain alumina-
coated SCF preforms, SCFs were dispersed in the boehmite
sol followed by wet-forming. Figure 2a shows the differential
scanning calorimetry (DSC) and thermogravimetric analy-
sis (TGA) results of the as-received SCFs, SCF preforms
and alumina-coated SCF preforms from room temperature to
1000◦C. All of them have an endothermic peak at 100–150◦C,
which is due to the evaporation of water. The exothermic peak
of the DSC curve of the as-received SCFs at 400–500◦C is
caused by the decomposition of the sizing resin on the surface
of the SCFs. For SCF preforms, the exothermic peak in the
range of about 200–800◦C is caused by the phase change of
the acid phosphate binders (from aluminium hydrogen phos-
phate Al(H2PO4)3 to aluminium metaphosphate Al(PO3)3)

[21]. For alumina-coated SCF preforms, an exothermic peak
ranging from 200 to 950◦C can be detected, which is caused
by phase change of boehmite to γ-Al2O3 and the decomposi-
tion of PVA [16–18]. Also, a small exothermic peak at about
1000◦C was found for this DSC curve, which is probably

Figure 1. Schematic diagram of the preparation processes of SCF–Al and alumina-coated SCF–Al composites.
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Figure 2. (a) TGA–DSC curves of as-received SCF, SCF preform and alumina-coated SCF preforms and (b) XRD
profiles of the boehmite gel and alumina coating.

caused by the phase change of γ-Al2O3 to α-Al2O3 [16–18].
Therefore, the SCF preforms were heat treated at 800◦C for
2 h to obtain SCF preforms with sufficient strength [21]. The
alumina-coated SCF preforms were heat treated at 1000◦C
for 2 h to obtain alumina-coated SCF preforms with suf-
ficient strength. The SCF–Al and alumina-coated SCF–Al
composites were fabricated by gas pressure infiltration. The
fabrication temperature of the preforms was 500◦C and that
of the AC4C aluminium melt was 780◦C. The gas pressure of
2 MPa was applied by argon and kept for 2 min. Soon after the
infiltration, the composites were moved out of the furnace and
cooled to room temperature. The volume fractions of SCFs
in these composites were nearly 24%. Some of the as-cast
composites were then extruded with diameter of 37.5–8 mm
at 450◦C to obtain as-extruded composites.

2.4 Characterization

The DSC–TGA curves of the as-received SCFs, SCF preforms
and alumina-coated SCF preforms from room temperature to
1000◦C were characterized using a SDT Q600 DSC instru-
ment. A heating rate of 10◦C min−1 was used. The crystalline
state of the alumina coating and phase composition of the
composites were characterized by X-ray diffraction (XRD)
using a D/max-2550 instrument (Cu K α). A scan speed of
4◦ min−1 was used in the range of 10◦–90◦ to study the
comprised phases, while a scan speed of 0.25◦ min−1 was
used in the range of 30◦–37◦ to determine the formation
of Al4C3. The compressive strengths of the SCF preform
and alumina-coated SCF preform were measured using a
SANS Compression Testing Machine. The morphology of
the alumina coating and microstructures of the preforms and
composites were observed by scanning electron microscopy
(SEM) using a FEI Quanta FEG 250 SEM at 20 kV and trans-
mission electron microscope (TEM) using a JEOL 2100F
Field Emission Electron Microscope. The CTE values of the
specimens (� 6×25 mm2) were measured using a dilatometer

(NETZCH DIL 402C) from room temperature up to 300 ◦C.
The TC values of the specimens (� 6 × 35 mm2) were char-
acterized using a NETZCH TCT 416.

3. Results and discussion

3.1 Characterization of alumina coating

Figure 2b shows the XRD profiles of the boehmite gel and
alumina coating. From figure 2a and b, we can figure out the
formation process of α-Al2O3 coatings. Boehmite sol was
dried to form amorphous boehmite and then the obtained
boehmite was calcined at 1000◦C to obtain α-Al2O3 coatings.

Figure 3 shows the morphologies of the alumina coating
on carbon fibres prepared using boehmite sol with PVA and
boehmite of different concentrations. The boehmite sol used
for figure 3a, c and e has no PVA while that used for figure 3b,
d and f has 1 wt% PVA. As shown in figure 3a, c and e, the
alumina coatings are not uniform, with some local areas even
uncoated. In contrast, the alumina coatings in figure 3b, d
and f are relatively more uniform and integrated, which is
probably caused by the existence of PVA. PVA can adsorb
the particles in the sol and hinder their agglomeration. Thus,
it can improve the homogeneity of the boehmite sol, which
leads to uniform alumina coatings.

As shown in figure 3a and b, for boehmite sol with con-
centration of 0.3 mol l−1, the alumina coatings are mainly
located at the ravines of the carbon fibres. When the concen-
tration increases to 0.4 mol l−1 (figure 3c and d), the alumina
coatings become more integrated. Particularly, in figure 3d,
the alumina coating covers almost the whole surface of the
carbon fibres. For 0.5 mol l−1 boehmite sol (figure 3e and
f), the alumina coatings become discontinuous and easily
fall off. Therefore, the most suitable concentration should be
0.4 mol l−1. This can be explained as follows. When the con-
centration is low, the boehmite sol has high fluidity and low
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Figure 3. Morphologies of the alumina coating with different concentrations of boehmite sol and
PVA: (a) 0.3 mol l−1, no PVA; (b) 0.3 mol l−1, 1% PVA; (c) 0.4 mol l−1, no PVA; (d) 0.4 mol l−1,
1% PVA; (e) 0.5 mol l−1, no PVA and (f) 0.5 mol l−1, 1% PVA.

viscosity. The particles in the sol concentrate in the ravines
of the carbon fibres, where sol adsorption is the easiest. With
increasing concentration, the viscosity of the sol increases,
which leads to integrated coatings. However, if the concentra-
tion is too high, the obtained coating will be too thick, which
makes it easy to fall off due to the thermal stress generated in
the preparation process.

Therefore, 0.4 mol l−1 boehmite sol with 1% PVA is
chosen as the best sol composition for coating process, at
which integrated coatings with appropriate thickness can be
fabricated.

3.2 Effect of alumina coating

The microstructures of the fracture surface of the SCF
preforms and alumina-coated SCF preforms are shown in
figure 4. As shown in figure 4b and d, for both SCF preforms
and alumina-coated SCF preforms, carbon fibres connect with
each other by binders to form an preform with sufficient
strength for infiltration. However, as demonstrated in fig-
ure 4e, alumina-coated SCF preform has a higher compressive
strength than SCF preform (3.2 vs. 2.1 MPa), which indicates
that alumina binder is superior to phosphate binder. Therefore,
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Figure 4. Microstructures of the fracture surface of the preforms. SCF preform: (a) distribution of
SCFs and (b) connection between SCFs. Alumina-coated SCF preforms: (c) distribution of alumina-
coated SCFs; (d) connection between alumina-coated SCFs and (e) compressive strength of the SCF
preforms and alumina-coated SCF preforms.
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Figure 5. (a) XRD patterns of AC4C matrix, SCF–Al and alumina-
coated SCF–Al composites and (b) the corresponding XRD patterns
showing the formation of Al4C3 in the 2θ range of 30◦–37◦.

alumina coating can strongly connect the carbon fibres with
each other to obtain high quality preforms, which is the basis
of composites with superior properties.

Figure 5a shows the XRD profiles of AC4C matrix, SCF–
Al and alumina-coated SCF–Al composites. Peaks of Al
and Si can be detected in these profiles. Composite sam-
ples have amorphous-like peak between 24◦ and 28◦, which
is the peak of carbon fibres. Unfortunately, none of the
peaks could be indexed as Al4C3 in the range of 10◦−90◦
at a scan speed of 4◦ min−1, which is probably because
the content of Al4C3 formed is too limited to be detected
at such a high scanning speed. In order to determine the
presence of the reaction product, the composites were fur-
ther examined by XRD with a much lower scan speed of
0.25◦ min−1 in the range of 30–37◦, in which the char-
acteristic peaks of Al4C3 are included. The corresponding
XRD patterns are shown in figure 5b. Peaks of the Al4C3

can be found in the pattern of SCF–Al composites, while
no obvious peaks of Al4C3 can be detected in the pattern
of alumina-coated SCF–Al composites. This indicates that
alumina coating can impede the interfacial reactions of the
SCF–Al composites.

Figure 6a shows the TEM micrograph and selected area
diffraction (SAD) patterns (inset) of the interface of the SCF–
Al composites. The presence of needle-like phase and its high
resolution TEM (HRTEM) image (see figure 6b) indicate
that Al4C3 has formed at the interface, which is in agree-
ment with the XRD results as shown in figure 5. In contrast,
clean and fine interfaces are observed in the alumina-coated
SCF–Al composites, as shown in figure 7a. The SAD pat-
terns of aluminium, alumina coating and carbon fibre are
shown in figure 7b, c and d, respectively. The alumina coat-
ing is uniform and integrated, and its thickness is about
200 nm. The alumina coating successfully acts as a diffusion
barrier between aluminium and carbon fibres, which impedes

Figure 6. Typical TEM image, SAD patterns and HRTEM image of the interfaces of the SCF–Al
composites: (a) interfacial microstructure; inset: SAD pattern of Al matrix and SCF and (b) HRTEM
image of Al4C3 reaction product.
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Figure 7. Typical TEM image and SAD patterns of the inter-
faces of the alumina-coated SCF–Al composites: (a) interfacial
microstructure and SAD pattern of (b) Al matrix; (c) Al2O3 coating
and (d) SCFs.

Figure 8. CTE values of the as-cast and as-extruded AC4C matrix,
SCF–Al and alumina-coated SCF–Al composites.

the harmful chemical reactions between aluminium and
carbon fibres.

The CTE values of the as-cast and as-extruded AC4C
matrix, SCF–Al and alumina-coated SCF–Al composites are
shown in figure 8. The CTE values of the composites are
much lower than that of the corresponding matrix. This is due
to the existence of low-CTE SCFs. The CTE values of the
alumina-coated SCF–Al composites are less than that of the
SCF–Al composites for both as-cast and as-extruded samples,
which indicates that alumina coatings have a beneficial effect
on the improvement of dimension stability of the composites.
This can be explained by two reasons. Firstly, according to
the results of XRD patterns (figure 5) and TEM micrographs
(figure 7), alumina coating can act as a diffusion barrier to
protect the SCFs from being damaged by reaction with alu-
minium matrix, which leads to lower CTE of the composites.

Figure 9. TC values of the as-cast and as-extruded AC4C matrix,
SCF–Al and alumina-coated SCF–Al composites.

Secondly, the CTE value of the alumina coating is very low
(about 7.4 × 10−6 K−1) [22].

As show in figure 9, for both as-cast and as-extruded sam-
ples, the TC values of the alumina-coated SCF–Al composites
are higher than that of the SCF–Al composites. On one hand,
TC value of the alumina coating is relatively low (nearly
36 W m−1 K−1 [23]), which may have a bad effect on the
improvement of TC of the composites. On the other hand,
alumina coating can act as the diffusion barrier to reduce the
formation of Al4C3, which is harmful to TC of the composites
[12]. Therefore, the result of this study shows that the ben-
eficial effect dominates the effect of alumina coating on TC
values of the composites. The composites have lower TC val-
ues than that of the corresponding matrix because TC value
of the T300 carbon fibres used in this study is relatively low
(about 8 W m−1 K−1) [24].

In summary, alumina coating can not only improve the
quality of the preforms but also impede the formation of harm-
ful Al4C3 at the interface of the composites. Therefore, it can
reduce the CTE values, meanwhile improving the TC values
of the composites.

3.3 Effect of extrusion deformation

Figure 10 shows the microstructures of the as-cast and as-
extruded composite samples. As shown in figure 10a, most
of the carbon fibres in the as-cast composites intersect rather
than being parallel to the observing plane. The orientations of
the carbon fibres are disordered. Some of the carbon fibres
are very close to each other, which is in agreement with
the microstructure of the preform as shown in figure 4. In
addition, large blocks of Si phases can be found in the as-
cast composites. In contrast, most of the carbon fibres in the
as-extruded composites are nearly oriented along the extru-
sion direction as shown in figure 10b. However, on com-
paring figures 10 and 4, one can find that the aspect ratio
of the carbon fibres decreases drastically after extrusion
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Figure 10. Microstructures of the SCF–Al composites: (a) as-cast and (b) as-extruded.

(from 14.3 to 2.5), which indicates that carbon fibres have
been broken off during extrusion. The large Si phases also
broken into small blocks.

As shown in figure 8, the CTE values of the SCF–Al com-
posites increase after extrusion. However, the curves of the
CTE values of the as-cast and as-extruded alumina-coated
SCF–Al composites cross each other at nearly 110◦C. There-
fore, it is hard to predict which state is better for improving
the dimensional stability. This is mainly because extrusion
deformation can not only orient the carbon fibres in the extru-
sion direction but also decrease the aspect ratio of the carbon
fibres, as shown in figure 10. The CTE values of compos-
ites decrease with the increase of oriented carbon fibres but
increase with the decrease of the aspect ratio of the carbon
fibres. It is worth noting that the differences between the as-
cast and as-extruded samples for both SCF–Al composites
and alumina-coated SCF–Al composites are relatively small
(about 1×10−6 K−1), which indicates that the effect of extru-
sion deformation on CTE of the composites is small due the
reason that the effect of improvement of degree of orientation
and decrease of aspect ratio of carbon fibres tend to cancel
each other out somewhat.

As shown in figure 9, it is obvious that the as-extruded
composites have much higher TC values than the as-cast
composites, which indicates that extrusion deformation has
a beneficial effect on the improvement of the TC of the com-
posites. In order to have a better understanding of the reasons
for this phenomenon, a schematic diagram of the transfer
of heat flow is shown in figure 11. The heat flow in the as-
cast composites may pass through more low-TC carbon fibre
obstacles than those in the as-extruded composites. What is
more, in the as-extruded composites, the carbon fibres are
nearly oriented along the heat conduction direction. On the

Figure 11. Schematic diagram for explanation of the effect of
extrusion on TC values of the composites.

contrary, the orientations of the carbon fibres in the as-cast
composites are disordered. Since the TC value along the axial
direction of the carbon fibres is higher than that along the
other directions [24], the as-extruded composites can provide
a smoother way for the conduction of heat flow. Therefore,
the TC values of the as-extruded composites are much higher
than that of the as-cast composites.

4. Conclusion

SCFs were coated with α-Al2O3 coating by a sol–gel process.
SCF–Al and alumina-coated SCF–Al composites were fab-
ricated by gas pressure infiltration. The effects of alumina
coating and extrusion deformation on microstructures and
thermal properties of the SCF–Al composites were studied.
Based on our results, the following conclusions are drawn:

(1) By the sol–gel coating process used in this study, the
carbon fibres can be coated with uniform and inte-
grated alumina coating with thickness of nearly 200
nm. The optimized sol composition for coating process
is 0.4 mol l−1 boehmite sol with 1% PVA.
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(2) Alumina coating can not only improve the quality of
the preforms but also impede the formation of harmful
Al4C3 at the interface of the composites and protect
the SCFs from being damaged by interfacial reactions.
Therefore, it exhibits a beneficial effect on reducing
the CTE values, meanwhile improving the TC values
of the SCF–Al composites.

(3) Extrusion deformation can orient SCFs to the extru-
sion direction, but it can also decrease the aspect ratio
of the SCFs. Extrusion deformation has a beneficial
effect on TC of the SCF–Al composites mainly due to
the reason that it can orient SCFs to the extrusion direc-
tion. However, the effect of extrusion deformation on
CTE of the SCF–Al composites is the hybrid effects
of improvement in degree of orientation and decrease
of aspect ratio of SCFs. In this study, these two effects
tend to cancel each other out somewhat, which leads to
a slight change in the CTE of the SCF–Al composites
after extrusion deformation.
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