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Effects of different carbon sources on the
compressive properties of in situ high-volume-
fraction TiCx/2009Al composites
L. Wang1, F. Qiu∗1, S.-L. Shu2, Q.-L. Zhao 1 and Q.-C. Jiang∗1

Effects of carbon sources, i.e. carbon nanotubes (CNTs), graphite, carbon black (C-black), on
synthesised TiCx size, shape and compressive properties of in situ 40–60 vol.-% TiCx/2009Al
composites were investigated. When CNTs and C-black were used, the synthesised TiCx with
particle sizes of 0.08–1 and 0.9–5 µm, respectively, was spherical or nearly spherical in shape,
while graphite was used, the synthesised TiCx with particles sizes of 0.2–2 µm was octahedral or
spherical in shape. The yield strength (σ0.2), ultimate compression strength (σUCS) and hardness
of TiCx/2009Al composites all increased with increasing TiCx content, while the plastic strain (ε)
decreased. The σ0.2, σUCS, ε and hardness of 60 vol.-% TiCx/2009Al composites fabricated by
using CNTs were 722 MPa, 946 MPa, 3.2% and 260 ± 10 Hv, respectively. The strength increase
of the composites resulted from finer-sized TiCx particles with spherical shape.
Keywords: Different carbon sources, TiCx particles, Morphology, Composites, Compressive properties

Introduction
Metal matrix composites (MMCs) reinforced with high-
volume-fraction (>30%) ceramic particles, due to good
combination of electrical and thermal conductivity as
well as dimensional stability, are found to be potential
materials for electronic packaging.1–4 However, the fact
that the high-volume-fraction reinforcements usually
lead to the defects such as cavities and cracks, makes
the fabrication of such composites more difficult.3,5

Works on the fabrication of high-volume-fraction ceramic
particles-reinforced MMCs by both ex situ and in situ
methods have been done, including powder metallurgy,1,6

pressure infiltration,7,8 combustion synthesis,4,9,10 etc. As
known, in contrast to the ex situ methods, the in situ
methods which takes the advantages of higher purity of
the products and cleaner particle/matrix interface is
more beneficial to the mechanical properties of the
composites.11

Combustion synthesis, as a more technically simple and
energy efficient method, has been applied to prepare cer-
amic particles.12 Among numerous ceramic candidates,
TiCx, because of its high hardness, modulus and thermal
stability, is an attractive ceramic material for use as a rein-
forcing phase in Al matrix composites (AMCs).13 Gener-
ally, the strength of MMCs is directly controlled by the

size, shape and content of the reinforcements as well as
the bonding strength between matrix and reinforce-
ment.14–16 When finer-sized ceramic particles, especially
nano-sized particles, with proper shape are dispersed uni-
formly in the metal matrix, the MMCs will exhibit excel-
lent mechanical properties. Considerable efforts on
combustion synthesis of TiCx with different content,
shape and size from Al–Ti–C system have been made,
of which different carbon sources are used. In fact, carbon
sources with different structure have great effects on the
synthesised TiCx particles size and shape. For example,
by using CNTs as carbon source, Jin et al.17 synthesised
20 wt-% nano-sized TiCx particles with octahedral
shape. Song et al.18 fabricated 60–80 wt-% TiCx/Al com-
posites by self-propagating high-temperature synthesis of
Al–Ti–C-black system. They found that the synthesised
TiCx with particles size in the range of 0.5–2 µm was
spherical in shape, and meanwhile, the particles size
decreased with addition of Al. Besides that, by using
graphite and amorphous carbon as carbon source, Choi
and Rhee19 investigated the effect of structure of carbon
source on the reaction mechanism and reactivity in the
combustion synthesis of TiCx. However, these studies
mainly focus on the formation mechanism, size, mor-
phology, etc., of synthesised TiCx particles, but no mech-
anical properties of the composites are given.
Investigations of the effects of different carbon sources
on the compression properties of high-volume-fraction
TiCx particles-reinforced AMCs have rarely been
reported.
In this paper, 40, 50 and 60 vol.-%TiCx/2009Al compo-

sites were fabricated via the combined method of combus-
tion synthesis and vacuum hot press. Meanwhile, effects
of different carbon source (CNTs, graphite and C-black)
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on synthesised TiCx size, morphology and compression
properties of the composites were investigated.

Sample preparation and testing
Materials
The raw materials were Ti powders (>99.5% purity,
∼48 µm), CNTs (10–20 nm in diameter and 20–100 µm
in length), graphite (>99.9% purity, ∼48 µm), C-black
(>99.9% purity, ∼40 nm) and 2009Al alloy powders
(∼75 µm). The chemical composition (in wt-%) of
2009Al consisted mainly of 3.7 Cu, 1.3 Mg, 0.25 Si,
0.05 Fe and Bal. Al.

Specimen processing
First, Ti powders and carbon powders (CNTs, graphite
and C-black) with a molar ratio of 1:1 were mixed with
40, 50 and 60 vol.-% 2009Al alloy powders. The reactants
were mixed sufficiently by ball milling for 8 h and then
condensed into the cylindrical compacts (Φ28 × 35 mm)
with green densities of ∼65 ± 2% of theoretical. Then,
the reactants were put into a self-made vacuum furnace
and heated in a vacuum atmosphere. The temperature
was monitored by W5-Re26 thermocouples. When the
temperature measured by the thermocouple rapidly rose,
indicating that the sample should be ignited. The sample
was quickly pressed while it was still hot and soft.

Test methods
The phase constitution of the synthesised composites were
characterised by X-ray diffractometry (XRD, Rigaku D/
Max 2500PC, Tokyo, Japan) with Cu Kα radiation utilis-
ing a scanning speed of 4°/min. The morphology of TiCx

particles extracted from aluminium matrix with 5 vol.-%
HCl-distilled water solution were observed using a field

emission scanning electron microscope (FESEM, JSM
6700F, Tokyo, Japan). The microstructure of the compo-
sites was studied by using scanning electron microscopy
(SEM, Evo18, Carl Zeiss, Oberkochen, Germany).
Micro-hardness was measured by a Vickers hardness tes-
ter (Model 1600-5122VD, Chicago, USA) with a static
load of 3 N and a dwell time of 10 s. The compression
properties tests were carried out with a servo hydraulic
materials testing system (MTS, MTS 810, Minneapolis,
USA) at a strain rate of 3 × 10−4 s−1.

Results and discussion
XRD analysis
Figure 1a–c shows XRD patterns of the synthesised 40–
60 vol.-% TiCx/2009Al composites fabricated by using
CNTs, graphite and C-black as carbon source. It can be
observed that in addition to the main phase constitutions,
i.e. TiCx and α-Al phase, no other phase is detected in
these samples, indicating that the combustion reaction
proceeds more thoroughly.

Morphology of the synthesised TiCx particles
The FESEM images of the extracted samples of 40–
60 vol.-% TiCx/2009Al composites fabricated by using
CNTs, graphite and C-black as carbon source are
shown in Fig. 2a–i. It can be seen that with increasing
TiCx content, all of the TiCx particles size increases
gradually. When CNTs are used, as showed in Fig. 2a–
c, with TiCx content increases from 40 to 60 vol.-%, the
TiCx particles size is in the range of 0.08–1 µm. Mean-
while, the synthesised TiCx particles are generally spheri-
cal- or spheroidal in shape. As shown in Fig. 2d–f, when
graphite is used, the TiCx particles size is in the range
of 0.2–2 µm. The synthesised 40 vol.-% TiCx is octahedral
in shape, while synthesised 50 and 60 vol.-% TiCx are
spherical in shape. When C-black is used, as shown in
Fig. 2g–i, the synthesised TiCx particles with sizes in the
range of 0.9–5 µm are spherical- or spheroidal in shape.
In contrast to graphite and C-black, TiCx particles syn-
thesised by using CNTs as carbon source have the smal-
lest size, especially the 40 vol.-% TiCx particles size is
∼0.08 µm.
In the Al–Ti–C systems, the reaction between Al and Ti

to form Al3Ti happens first, which is mainly controlled by
diffusion.20 During the heating, the Al–Ti liquid forms.
The carbon then diffuses into the Al–Ti liquid, and
when the concentration of [Ti] and [C] in Al–Ti–C ternary
liquid phase is high enough for reactions between [Ti] and
[C] to occur, TiCx will be synthesised.

21–23 In this process,
on one hand, the diffusion of carbon in the molten Al is a
key step to form TiCx. Compared with finer-sized carbon
source, the diffusion of large-sized carbon source is
slower, and more heat will be neededwhen large-sized car-
bon source dissolves, which finally causes decrease in the
combustion temperature in Al–Ti–C systems.19 It have
been pointed out that the stoichiometry of TiCx, influ-
enced by combustion temperature, has great effect on its
morphology. The synthesised TiCx particles tend to be
spherical in shape at high combustion temperature.
Owing to the limited dissolution of carbon at low com-
bustion temperature, the synthesised TiCx particles are
likely to be octahedral in shape.17,24,25 On the other
hand, as the addition of Al content increases, the

1 XRD patterns of 40, 50 and 60 vol.-%TiCx/2009Al compo-
sites fabricated by using CNTs, graphite and C-black as
carbon source
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combustion temperature in Al–Ti–C systems decreases as
well.18 With decrease in the combustion temperature, the
synthesised TiCx particles size decreases. In addition, the
apparent reactivity of different carbon sources is various.
In contrast to the graphite and C black, CNTs have much
finer sizes. Moreover, the defects such as pentagons, hep-
tagons and vacancies in the structure of the CNTs
increase its dissolvability.26 Accordingly, TiCx particles
synthesised by using CNTs have the smallest size.
Although C-black possesses fine size (∼40 nm), the appar-
ent reactivity of Ti powder with CNTs and graphite seems
to be higher than with amorphous C-black.19 Hence, the
TiCx particles synthesised by using C-black with spherical
shape have the largest size.

Microstructure of corresponding composites
Figure 3a–i shows SEM images of the etched surfaces of
40–60 vol.-% TiCx/2009Al composites fabricated by using
CNTs, graphite and C-black as carbon source. As indi-
cated, the composites are relatively dense and there are
no obvious holes and cracks. Meanwhile, the synthesised
TiCx particles in these composites exhibit a uniform dis-
tribution in the matrix.

Compression testing
Figure 4a–c shows the compression engineering stress–
strain curves of 40–60 vol.-% TiCx/2009Al composites
fabricated by using CNTs, graphite and C-black as car-
bon source. The compression test data is summarised in
Table 1. Micro-hardness of 40–60 vol.-% TiCx/2009Al
composites is showed in Fig. 4d. Clearly, all of the yield
strength (σ0.2), ultimate compression strength (σUCS)
and hardness of TiCx/2009Al composites increase with
increasing TiCx content, while the plastic strain (ε)

decreases. Among all the investigated composites, the
ones fabricated by using CNTs exhibit the highest σ0.2,
σUCS and hardness. Especially, the 60 vol.-% TiCx/
2009Al composites fabricated by using CNTs have the
highest σUCS and hardness (∼946 MPa, 260 ± 10 Hv),
which are 11.4% and 3.4%, 13.4% and 7.5% higher than
those of composites fabricated by using graphite
(∼849 MPa, 252 ± 9 Hv) and C-black (∼834 MPa, 242
± 7 Hv) as carbon sources. The increase in the σUCS and
hardness of the present composites may be attributed to
the existence of finer-sized TiCx particles in its microstruc-
ture and high interfacial strengthening effect.27 Moreover,
Kouzeli et al.14 and Romanova et al.15 have reported that
the particles with sharp corners are harmful to the compo-
sites. The stress concentration and the formation of cracks
will occur at the sharp corners, which will facilitate the
fracture of the composites. Therefore, the strength of
40 vol.-% TiCx/2009Al composites fabricated by using
graphite is lower than those of composites fabricated by
using CNTs and C-black as carbon sources.
In addition, Tan et al.28 fabricated 50 vol.-% SiCp/

2024Al composites by using squeeze casting technology,
of which the σUCS was 520 MPa under the strain rate of
1.0 × 10−3 s−1. Ahlatci et al.8,29 fabricated the 60 vol.-%
SiCp/Al composites by the method of the pressure infiltra-
tion. Its σUCS was reported to be 340 MPa under the com-
pression strain rate of 8.3 × 10−3 s−1. However, the σUCS

of 60 vol.-%TiCx/2009Al composites fabricated by using
CNTs is 946 MPa under the compression strain rate of
3 × 10−4 s−1. The first, when CNTs are used, the syn-
thesised TiCx particles size is ∼1 µm, which is much smal-
ler than SiC particles in composites fabricated by Tan
et al.28 (∼4 µm) and Ahlatci et al.8,29 (∼23 µm). On the
other hand, in situ synthesised TiCx particles have a
good interface bonding between particles and the matrix.

2 FESEM images of the extracted samples of 40, 50 and 60 vol.-%TiCx/2009Al composites fabricated by using a–c CNTs, d–f
graphite and g–i C-black as carbon source
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In situ synthesised finer TiCx particles with spherical
shape and good particles-matrix interface can dramati-
cally reduce stress concentration and crack propagation.
Hence, the composites are effectively strengthened.
The typical microscopic fracture morphologies of 40–

60 vol.-% TiCx/2009Al composites fabricated by using
CNTs are shown in Fig. 5a–c. It can be seen that the frac-
ture surfaces of 40 and 50 vol.-% TiCx/Al composites

shows some dimples, while that of 60 vol.-% TiCx/Al
composite is relatively flat. The higher hardness of finer-
sized particle can accumulate slip bands to improve the
plasticity.30 Further study of the compression fracture sur-
faces of the corresponding composites with high-magni-
fied SEM images is showed in Fig. 5d–f, which suggests
that the debonding between the synthesised TiCx particles
and aluminium matrix is the main fracture mode in the

3 SEM images of the samples of 40, 50 and 60 vol.-%TiCx/2009Al composites fabricated by using a–cCNTs, d–f graphite and g–i
C-black as carbon source

4 Compression engineering stress–strain curves of 40, 50 and 60 vol.-%TiCx/2009Al composites fabricated by using a CNTs, b
graphite and c C-black as carbon source, d micro-hardness of corresponding composites
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high-volume-fraction TiCx/2009Al composites. When the
TiCx contents are 40 and 50 vol.-%, the aluminium in
composites is abundant and can bond with the TiCx par-
ticles tightly, as shown in Fig. 5d and e. With increasing
TiCx content, as shown in Fig. 5f, the aluminium reduces
and is too little to bond with the TiCx particles suffi-
ciently. Thus the strength of the composites is mainly
determined by TiCx content and bonding strength
between the particles and aluminium matrix. In addition,
the reducing of aluminium content in the composites
increases the brittleness of the composites, thus leading
to the decrease in εf of the composites with increasing
TiCx particles content.

Conclusion
By using CNTs, graphite and C-black as carbon sources,
40–60 vol.-% TiCx/2009Al composites were successfully
fabricated by the combination of combustion synthesis
and vacuum hot press.

(i) When CNTs and C-black were used, the syn-
thesised TiCx with particles sizes of 0.08–1 and
0.9–5 µm, respectively, was spherical or nearly
spherical in shape. While graphite was used, the
synthesised TiCx with particles sizes of 0.2–2 µm
was octahedral or spherical in shape.

(ii) All of the σ0.2, σUCS and hardness of TiCx/2009Al
composites increased with increasing TiCx con-
tent, while the ε decreased. Among them, the
60 vol.-% TiCx/2009Al composites fabricated by
using CNTs as carbon source had the highest
σUCS and hardness (∼946 MPa, 260 ± 10 Hv),
which were 11.4% and 3.4%, 13.4% and 7.5%

higher than those of composites fabricated by
using graphite and C-black as carbon sources.

(iii) Finer-sized TiCx particles with spherical shape
could dramatically reduce stress concentration
and crack propagation, and increase bonding
strength between the particles and aluminium
matrix, leading to the strength increase of the
composites.
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of Al-SiC composites produced by pressure infiltration technique’,
Wear, 2001, 247, (2), 133–138.

8. H. Ahlatci, E. Candan and H. Çi˙menoǧlu: ‘Abrasive wear behavior
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