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Effect of C/Ti ratio on the compressive
properties and wear properties of the 50 vol.-%
submicron-sized TiCx/2014Al composites
fabricated by combustion synthesis and hot
press consolidation
F. Qiu1,3, Y.-Y. Gao1, J.-Y. Liu1, S.-L. Shu2, Q. Zou3, T.-Z. Zhang1 and Q.-C. Jiang∗1

In this study, in situ 50 vol.-% TiCx/2014Al composites with different C/Ti molar ratios (0.6, 0.7, 0.8,
0.9 and 1) were successfully produced by the method of combustion synthesis and hot press
consolidation. The microstructure and the mechanical properties of the composites were
investigated. Microstructure characterisation of the TiCx/2014Al composites showed relatively
uniform distribution of the TiCx particles with the particle size in the range of 200–900 nm. With
the increase of the C/Ti molar ratio, the yield strength (σ0.2) and the ultimate compression
strength (σUCS) increased first then decreased, and the fracture strain (εf) increased. The σ0.2,
σUCS and the abrasive wear resistance of the 50 vol.-% TiCx/2014Al composites reached the
highest value when the value of the C/Ti molar ratio comes to 0.8. The σ0.2, σUCS and εf of the 50
vol.-% TiCx/2014Al composites with the C/Ti molar ratio of 0.8 are 1094 MPa, 1454 and 6.13%,
respectively.
Keywords: Aluminium matrix composites, Structural materials, Mechanical properties, Microstructure

Introduction
The aluminium matrix composites reinforced with TiC
ceramic particles have been extensively researched.1–4

As a good reinforcement phase in aluminiummatrix com-
posites, TiC ceramic particles exhibit many good features,
such as high elastic modulus, high hardness, low thermal
expansion coefficient, good thermodynamic stability and
preferable wettability with molten aluminium.1–5 As a
type of advanced engineering material, the composites
reinforced with TiC ceramic particles possess not only
the advantages of metal materials (ductility and tough-
ness) but also the characteristics of ceramic materials
(high strength and elastic modulus). Hence, the compo-
sites reinforced with TiC ceramic particles exhibit good
mechanical properties. The preparation of composites
mainly include the traditional casting method and the in
situ method. The proliferation of the in situ method
used for preparing metal matrix composites is due to

many factors, such as good interface between the
reinforcement phase and matrix, pure reaction products
with small ceramic size and stable properties.6–11

Shu et al.3 investigated the compressive behaviours and
abrasive wear resistance of the 50, 60 and 70 vol.-% TiCx/
Al composites, which were prepared by the in situmethod
of combustion synthesis and hot press consolidation. The
compressive strength of the three composites were 714,
815 and 744 MPa, respectively. The relatively higher
strength of the TiCx/Al composites could be attributed
to the selection of ceramic particles and the in situ fabrica-
tion method. Xuan et al.12 performed compression tests
with 50 vol.-% TiCx/Al and 50 vol.-% TiB2/Al composites
in the strain rate range from 1 × 10−4 s−1 to 1 × 10−1 s−1.
Meanwhile, they investigated the effect of strain rate on
the compressive behaviours and the work-hardening
capacity of the composites. The σUCS of the 50 vol.-%
TiCx/Al and the 50 vol.-% TiB2/Al composites are 615
and 1071 MPa when the strain rate is 1 × 10−4 s−1. Yang
et al.13 produced the in situ TiC/Al composite by an inno-
vative spray-deposition technique. They found that the
needle-like Al3Ti, which is detrimental to the fracture
toughness and the stability of the microstructure, could
be eliminated completely from the final product by
using a proper Ti/C molar ratio of 1:1.3 in the Ti–C–Al
performs. Birol14 produced the experimental Al–3Ti–
0.75C alloy in the Marmara Research Center. Al–10Ti
melt was first diluted to a Ti level of 3% and then treated
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with a specially designed graphite rotor to establish a
chemical reaction between the titanium dissolved in mol-
ten aluminium and solid carbon at the surface of the
graphite rotor. They revealed that the grain refinement
performance was improved notably when extra Ti on
top of the TiC stoichiometry was made available in the
aluminium melt. Jin et al.15,16 indicated that the stoichi-
ometry had great effects on the properties of the atomic
bond in different crystal orientations, and the TiCx stoi-
chiometry played an important role in its growth process.
It was found that the TiCx (0.47 < x< 0.98) changed its
growth shapes by varying stoichiometry during the com-
bustion synthesis in an Al–Ti–C system, i.e. with the
increase of the stoichiometry (x) of TiCx, the TiCx par-
ticles turned their growth shapes from octahedron to
sphere.15,16 Thus, C/Ti molar ratios in Al–Ti–C system
are important for the preparation of TiCx/2014Al compo-
sites. Up to now, the investigation of the effect of the C/Ti
molar ratio on the compressive behaviour and abrasive
wear resistance of TiCx/Al composites has not been
reported.
In the present paper, the 50 vol.-% TiCx/2014Al com-

posites with different C/Ti molar ratios (0.6, 0.7, 0.8, 0.9
and 1) were produced by the in situmethod of combustion
synthesis and hot press consolidation. In addition, the
effect of the C/Ti molar ratio on the microstructure, com-
pression behaviour and abrasive wear properties of the
composites were investigated in detail.

Sample preparation and testing
The base material was made of commercial powders of
2014Al (99% purity, ∼47 μm), titanium (99.5% purity,
∼25 μm) and carbon black (99.9% purity). Carbon
black and titanium, with molar ratios of 0.6, 0.7, 0.8,
0.9 and 1, respectively, and nominal composition of 50
vol.-%/2014Al, were used for the powder blend. The

compositions of 2014Al were given in Table 1. The pow-
ders were mixed sufficiently by ball milling for 20 h and
then cold pressed into a cylindrical form using a stainless
steel die. The powder briquetting sample, with 29 mm in
diameter, approximately 38 mm in height, and green den-
sity of approximately 65 ± 2% theoretical density, was put
in a graphite mould. After that the mould was placed into
a vacuum thermal explosion furnace and heated in a vac-
uum atmosphere. The heating rate of the furnace was
about 30 K min−1 and the temperature at the centre of
the briquetting was measured by Ni–Cr/Ni–Si thermo-
couples. When the temperature suddenly jumped up, indi-
cating that the sample should be ignited, the sample was
quickly pressed just when it was still hot and soft under
the pressure of 40 MPa. The pressure was kept constant
for 20 s and then the sample was cooled down to the
room temperature.
The phase constituent of the samples was investigated

by X-ray diffraction (XRD, Moldel D/Max 2500PC
Rigaku, Japan) with Cu Ka radiation. The microstructure
was investigated by a scanning electron microscopy
(SEM, Moldel Evo18 Carl Zeiss, Germany). To clearly
observe the morphology of the synthesised ceramic par-
ticles in the composites, a fragment of the composites
was immersed in an 18 vol.-% HCl to remove the Al coat-
ing on the surface of the ceramic particles. The size and
shape of the extracted ceramic particles were observed
using a field emission scanning electron microscope
(FESEM, JSM6700F, Japan). The cylindrical specimens
with a diameter of 3 mm and a length of 6 mm were
used for the compression tests. The loading surfaces
were polished to make sure they were parallel to each
other. Uniaxial compression tests were carried out using
a servo-hydraulic material testing system (MTS 810,
USA) with a strain rate of 1 × 10−4 s−1. Microhardness
of the composites was measured by a Vickers hardness
tester (1600-5122VD Micromet 5104, USA) with a static
load of 10 N and a dwell time of 15 s. The average hard-
ness value was determined based on 10 indentations. The
elastic modulus tests were detected by an ultrasonic etch-
ing thickness gauge (Olympus-NDT, 38DLP-XT).
Abrasive wear tests were carried out with a pin-on-disk

apparatus at the room temperature. The composites were
machined into the pin samples with dimensions of 4 × 4 ×
15 mm, and the 4 × 4 mm face was employed as the wear
surface. Al2O3 abrasive paper with abrasive particle size
of ∼20 μm (600 grit) was used as the disk sample. The
rotation speed of the disk was 60 rev min−1, the applied
normal loads were 15, 25 and 35 N, the wear track diam-
eter is 210 mm, and the sliding distance was kept constant
at 24.78 m. The worn Al2O3 abrasive paper was replaced
for every sliding distance of 8.26 m, making sure that the
samples would contact with the fresh abrasive particles.
The abrasive wear rate of the composites was defined as
the volume loss per unit sliding distance, and the volume
loss is obtained from the ratio of weight loss to the density
of the composites. The weight loss was obtained by
measuring the pin sample before and after the wear test
using an electronic balance with a resolution of 0.1 mg.
The density of the composite was measured by Archi-
medes’ water-immersion method. Each test was repeated
for three times and the average of the three tests was cal-
culated. The worn surfaces and the pullout of the TiCx/
2014Al composites with different C/Ti molar ratios were
examined by SEM.

1 XRD patterns of the 50 vol.-% TiCx/2014Al composites with
different C/Ti molar ratios a C/Ti = 0.6, b C/Ti = 0.7, c C/Ti =
0.8, d C/Ti = 0.9, e C/Ti = 1
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Results and discussion
The X-ray diffraction results of the 50 vol.-% TiCx/
2014Al composites with different C/Ti molar ratios are
shown in Fig. 1. It can be seen that the products in the
samples are mainly TiCx and α-Al phases. Meanwhile,
some Al3Ti phases exist in the samples when the C/Ti
molar ratio equal to 0.6, 0.7, 0.8 and 0.9. The intensity
of the Al3Ti peaks decreases with the increase of the C/
Ti molar ratio. Figure 2a–e shows the SEM images of
etched surfaces of the 50 vol.-% TiCx/2014Al composites
with different C/Ti molar ratios. Figure 2f–j is the high
magnification view of Fig. 2a–e, correspondingly. In
Fig. 2f–j, the synthesised TiCx particles in the TiCx/
2014Al composites exhibit a uniform distribution in the
aluminium matrix. The pictures in Fig. 3 show the magni-
fication of the TiCx particles extracted from the 2014Al

matrix with 18 vol.-% HCl-distilled water solution. As
indicated, the size of the TiCx particles formed in these
TiCx/2014Al composites is in the range of 200–900 nm.
Moreover, the TiCx particles evolve from octahedron to
truncated octahedron and finally to close-to-sphere with
the C/Ti molar ratio increasing to 1. The TiCx, non-stoi-
chiometric composition was determined by lattice par-
ameter measurement using X-ray diffraction analysis.
We discussed five angle ranges (35–37, 40–43, 59.5–61,
71.5–73 and 75–77) of the TiCx phase in the 50 vol.-%
TiCx/2014Al composites with different C/Ti molar ratios.
The lattice constant was calculated through the surface
spacing of the TiCx phase with different C/Ti molar
ratios. Finally, the actual values of stoichiometry (x) of
TiCx were confirmed by curve fitting the lattice constant
and the C/Ti molar ratio. The calculated result shows
that the values of x for the TiCx phase were 0.67, 0.69,

Table 1 Chemical compositions of the cast hypereutectic 2014 alloy (wt-%)

Al Si Cu Mg Zn Mn Ti Ni Fe

Bal 0.6–1.6 3.9–4.8 0.4–0.8 ≤0.3 0.4–1.0 ≤0.15 ≤0.10 0.0–0.7

2 SEM images of the 50 vol.-% TiCx/2014Al composites with different C/Ti molar ratios a C/Ti = 0.6, b C/Ti = 0.7, c C/Ti = 0.8, d C/
Ti = 0.9, e C/Ti = 1, the figures f–j are corresponding to the high magnification view in the figures a–e, respectively

3 FESEM images of the ceramic particles extracted from the 50 vol.-% TiCx/2014Al composites with different C/Ti molar ratios a
C/Ti = 0.6, b C/Ti = 0.7, c C/Ti = 0.8, d C/Ti = 0.9 and e C/Ti = 1
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0.70, 0.72 and 0.97 with different C/Ti molar ratios of 0.6,
0.7, 0.8, 0.9 and 1.0, respectively. The value of x increases
with the increase of the C/Ti molar ratio.
Figure 4 shows the compressive engineering stress–

strain curves of the 50 vol.-% TiCx/2014Al composites
with different C/Ti molar ratios. The compression proper-
ties and relative density of the TiCx/2014Al composites
are summarised in Table 2. It can be seen that the σ0.2
and σUCS increase first then decrease with the increase
of C/Ti molar ratio from 0.6 to 1. Frumin et al.17 hold
the opinion that, the lower the value of x in TiCx, the
more dominant the metallic character of the bonding in
the compound will be, leading to the enhancement of
the chemical interaction with Al (L). Therefore, lowering
the value of x can improve the mechanical properties of
TiCx/Al composites. The value of x increases with the
increase of the C/Ti molar ratio. So, the mechanical prop-
erties of TiCx/Al composites would be improved with the
decrease of the C/Ti molar ratio from 1.0 to 0.6. Mean-
while, the intensity of the Al3Ti peaks decreases with the
increase of the C/Ti molar ratio. The presence of this
phase is undesirable because it is a brittle phase. The
two kinds of influence mechanism have a competitive
relationship. Eventually, the 50 vol.-% TiCx/2014Al com-
posites with the C/Ti molar ratio of 0.8 get the best com-
pression performance.
Figure 5a–e shows SEM images of the compression

fracture surfaces of the 50 vol.-% TiCx/2014Al compo-
sites with different C/Ti molar ratios. Compared to the
octahedral TiC particles, the spherical ceramic particles
could largely reduce the stress concentration and the for-
mation of cracks.18,19 And the content of the Al3Ti phase
decreases with the increase in the C/Ti molar ratios. Too

much Al3Ti brittle phase would reduce the fracture tough-
ness of the TiCx/2014Al composites. Therefore, the εf of
the TiCx/2014Al composites increases with the increase
of the C/Ti molar ratio.
Figure 6 shows the variation of the wear rate with the

applied load (15, 25 and 35 N) for the TiCx/2014Al com-
posites tested under the Al2O3 abrasive particles with the
size of 20 μm. It can be seen that the abrasive wear resist-
ance and the hardness of the TiCx/2014Al composites
increase first then decrease with the increase of C/Ti
molar ratio from 0.6 to 1. It is apparent that the TiCx/
2014Al composite with C/Ti molar ratio of 0.8 experience
an extremely low wear rate. It is found that the TiCx/
2014Al composite with the C/Ti molar ratio of 0.8 has
the highest hardness as shown in Table 2. The Al2O3 abra-
sives cannot penetrate easily into the harder composite
during sliding, resulting in little material removal from
the surface. This can also be confirmed by the worn sur-
faces of the TiCx/2014Al composites tested under the
load of 25 N and the Al2O3 abrasive particle size of 20
μm, shown in Fig. 7a–d. All the worn surfaces show
scratches formed by plastic deformation, with evidence
of material removal by cutting and ploughing. The
worn surface of the 50 vol.-% TiCx/2014Al composite
with the C/Ti molar ratio of 0.8 shown in Fig. 7c is
much smoother than other TiCx/2014Al composites
shown in Fig. 7a, b, d and e. According to these results,
we presume that the hard TiCx particles in the composites
can act as a barrier to reduce the cutting efficiency of the
Al2O3 abrasive particles and the plastic deformation of
aluminium matrix during wear. The TiCx/2014Al compo-
site with the C/Ti molar ratio of 0.8, with the highest
hardness, highest relative density and best compression
performance, will generate stronger resistance to the
Al2O3 abrasive particles and highest abrasive wear resist-
ance. Thus, the 50 vol.-% TiCx/2014Al composite with C/
Ti molar ratio of 0.8 possesses the relatively best wear
resistance. Meanwhile, the TiCx ceramic particles with
sharp edges and corners in 50 vol.-% TiCx/2014Al com-
posites with the C/Ti molar ratios of 0.6 and 0.7 would
result in stress concentration, hence the TiCx particles
are easier to fall from the aluminium matrix and the
worn surfaces of the above two kinds of composites are
much rougher.
It can also be seen from Fig. 6 that the wear rate of the

composites increases with the increase in the load. The
Al2O3 abrasives will penetrate deeper as the applied
load increases and subsequently result in high wear
rate.20 When the applied load is relatively large (applied
load of 35 N), the TiCx ceramic particles are easily
escaped from the aluminium matrix. Thus, the abrasive
wear resistance of the TiCx/2014Al composites decreases
significantly when the applied load is relatively large.
Meanwhile, when the applied load changes in the range
of 15–35 N, the 50 vol.-% TiCx/2014Al composite with

4 Compression engineering stress–strain curves of the 50
vol.-% TiCx/2014Al composites with different C/Ti molar
ratios a C/Ti = 0.6, b C/Ti = 0.7, c C/Ti = 0.8, d C/Ti = 0.9
and e C/Ti = 1

Table 2 Compression properties and relative density of the TiCx/2014Al composites

Composites Relative density (%) σ0.2 (MPa) σUCS (MPa) εf (%) Hv E (GPa)

C/Ti = 0.6 96.6 ± 0.2 555 ± 12 928 ± 19 5.85 ± 0.23 310.5 ± 5.3 196 ± 2
C/Ti = 0.7 96.9 ± 0.2 1023 ± 23 1342 ± 33 5.23 ± 0.19 308.7 ± 3.9 211 ± 2
C/Ti = 0.8 97.1 ± 0.3 1094 ± 27 1454 ± 45 6.13 ± 0.25 326.6 ± 6.5 211 ± 3
C/Ti = 0.9 96.3 ± 0.2 832 ± 22 1211 ± 26 6.20 ± 0.27 317.3 ± 2.8 194 ± 2
C/Ti = 1.0 96.1 ± 0.2 894 ± 25 1215 ± 28 6.75 ± 0.26 289. 5 ± 3.4 197 ± 3
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C/Ti molar ratio of 0.8 processes the relatively better
abrasive wear resistance.
As mentioned above, the abrasive wear behaviour of the

TiCx/2014Al composites consists of two steps.21 First, the
Al2O3 abrasive particles penetrate into the soft aluminium
matrix and cut it, resulting in excessive aluminium frag-
ment removal from the composites. At the same time,
the TiCx particles can act as obstacles to the impact of
the Al2O3 abrasive particles. The interactions between
the TiCx particles and the Al2O3 abrasive particles lead
to the blunting of the Al2O3 abrasive particles. Second,
when the TiCx particles are loosened and sheared out
from the aluminium matrix during the wear test, the
TiCx particles in the subsurface will present on the worn
surface, and they protect the softer aluminium matrix
again during the following wear test. The TiCx ceramic
particles expose from the aluminium matrix and tact as
a barrier to the micro-cutting action of the abrasives,
inducing the decrease in the cutting efficiency of the

5 SEM images of the compression fracture surfaces of the 50 vol.-% TiCx/2014Al composites with different C/Ti molar ratios aC/
Ti = 0.6, b C/Ti = 0.7, c C/Ti = 0.8, d C/Ti = 0.9, e C/Ti = 1

6 Wear rate vs. applied load tested under Al2O3 abrasive
particle size of 20 μm for the 50 vol.-% TiCx/2014 compo-
sites with different C/Ti molar ratios

7 Worn surfaces of the 50 vol.-% TiCx/2014 composites with different C/Ti molar ratio tested under the applied load of 25 N and
the Al2O3 abrasive particle size of 20 μm. a C/Ti = 0.6, b C/Ti = 0.7, c C/Ti = 0.8, d C/Ti = 0.9, e C/Ti = 1
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Al2O3 abrasives and the wear rate of the composites.
When the exposed TiCx ceramic particles escape from
the worn surface of the composites, the Al2O3 abrasives
will impact the aluminium matrix and the TiCx ceramic
particles simultaneously again. The abrasive wear behav-
iour of the TiCx/2014Al composites can be concluded as
that the Al2O3 abrasive particles cut the ductile alu-
minium matrix and impact the TiCx particles
simultaneously.

Conclusions
The 50 vol.-% TiCx/2014Al composites with different C/
Ti molar ratios were successfully fabricated by the in
situmethod of combustion synthesis and hot press conso-
lidation. With the increase of the C/Ti molar ratio, the
shape of the in situ TiCx ceramic particles changes from
octahedral to spherical or near spherical, the yield
strength, maximum compressive strength and elastic
modulus of the TiCx/2014Al composites increase first
then decrease, and the compressive fracture strain
increases. The x value of the TiCx decreases with the
decrease in the C/Ti molar ratios, the metallicity of the
TiCx particles increases, the wettability between TiCx par-
ticles and the Al matrix is improved; Meanwhile, the con-
tent of the Al3Ti brittle phase in the composites increases
with the decrease of the C/Ti molar ratio. The stress con-
centration existing in the surface edges of the octahedral
TiCx ceramic particles leads to crack initiation and the
reduction of the material compression performance. It is
optimised that the 50 vol.-% TiCx/2014Al composite
with the C/Ti molar ratio of 0.8 has the best compression
performance and wear resistance. Its hardness, yield
strength, maximum compression strength, fracture strain
and elastic modulus are 326.6 HV, 1094 MPa, 1454 MPa,
6.13% and 211 GPa, respectively.
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