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Abstract: TiCy particle-reinforced Cu-matrix composites were prepared in the Cu-Ti-C system by
thermal explosion and hot press. Extracted TiCy particles with various shapes of in situ TiCy particles
in the Cu-Ti-C system were observed through the Field Emission Scanning Electron Microscope
(FESEM). It was found that octahedral and close-to-spherical, spherical or cubic TiCx could be
fabricated by changing the C/Ti molar ratio and Cu content. Then, the effect of the C/Ti molar ratio
and constituent element concentrations on the shape of in situ TiCy particles was determined: the
shape of TiCy particles is octahedral at a C/Ti ratio of 0.4-0.6 with the presence of 70 vol% Cu; or
spherical and close-to-spherical at 0.8-1.0 with the presence of 70 vol% Cu; or cubic at C/Ti ratios
>1.0 with the presence of Cu from 80 vol%-90 vol% and even at C/Ti ratios >1.0 with the presence of
70 vol% Cu. The shape-controlled synthesis of TiCy particles in the Cu-Ti-C system is realized.

Keywords: in situ TiCy; molar ratio; shape-controlled; thermal explosion

1. Introduction

Titanium carbide (TiCy), a typical transition metal carbide, is the most widely-used phase of
particle-reinforced metal matrix composites owing to its high melting point [1,2], high Young's
modulus [3,4], low density [5,6] and excellent conductive and thermal performances [7,8]. It
is well known that the shape of ceramic particles is pivotal for the performance, especially
mechanical performance, of ceramic particle-reinforced metal matrix composites [9-11]. For example,
Meijer et al. [12] studied the effect of cube-shaped and spherically-shaped particles on the mechanical
performance by Finite Element Analysis (FEA), and the results showed that sharp-cornered cubic
particles contributed to enhancing the mechanical performance of the composites. However, the stress
concentration near the edges and corners of cubic particles would reduce the elongation of composites.

As we known, the combustion synthesis is the optimal way to prepare TiCy particle-reinforced
metal matrix composites [13-20]. The shape of TiC particles in metal matrix can be controlled through
the alteration of kinetics and thermodynamic conditions during combustion synthesis. As reported,
with the increase in the C/Ti molar ratio in the Al-Ti-C system, the shape of TiCy particles changed
from octahedron to truncated octahedron to close-to-sphere to sphere [21]. Nie et al. [22] found that
the addition of Ni into the Al-Ti-C system can effectively inhibit the growth of {100} surfaces and
successfully prepared cube-shaped TiCx particles. Wang et al. [23] fabricated 40-60 vol% TiCx /Al
composites by using C-black as the carbon source in the Al-Ti-C system. They found that the main
morphologies of the reinforcing particles were sphere and close-to-sphere. As described above, research
on the shape of combustion-synthesized TiCy particles was focused on the Al matrix [24-26], but rarely
on the shape-controlled synthesis of TiCy particles in Cu-matrix composites. As is well known, TiCy
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particle-enhanced copper matrix composite is a widely-used material in engineering and the functional
materials field for its outstanding properties, such as excellent electrical and thermal conductivities,
good corrosion resistance and ease of fabrication [27-31]. Therefore, it is imperative to study the shape
of reinforcing particles of the in situ TiCy/Cu composite.

Carbon Nanotubes (CNT) of high chemical activity comprise a key factor of fabricating smaller
TiCy particles than other carbon sources. This kind of small C source is conducive for [C] atoms to
dissolve into the Cu-Ti liquid phase to form the Cu-Ti-C ternary liquid phase, reducing the heat for the
dissolution of [C] atoms compared with a large C source, which would contribute to the decrease of the
TiC, particle size. According to the viewpoint of Jin et al. [21], the addition of a second metal (Me) such
as Al, Cu and Fe can also decrease the combustion temperature and thus prevent the ceramic particles
from further growth. For example, with the increase in the Al incorporation from 10-40 wt%, the sizes
of the TiCy particles decrease from about 3 um down to 400 nm. However, when more Me (>50 wt%) is
incorporated, the self-propagating high-temperature synthesis reaction tends to be incomplete or even
cannot be ignited. Generally, this situation can be improved through using finer C-source particles
because they can enlarge the area of the contact surface between the liquid and the carbon source and
decrease the activation energy of the SHS reaction. According to Wang et al.’s study [32], elevated
temperature creep resistance of the Al-Cu-Mg alloy is actually enhanced due to the presence of in situ
nano-sized TiCx particles using CNTs as the C source. Therefore, CNTs with high chemical activity
were the preferred C source to fabricate small-sized and low-content TiC, particle-reinforced copper
matrix composites.

According to a previous study, the shape of TiCy particles is mainly decided by the post-nucleation
growth rates of different crystal planes [33,34]. When the {100} surfaces grows faster than that of the
{111} surfaces, the shape of TiCy particles is octahedral; otherwise, the shape is cubic. However, it
is still unclear what the factors that influence the growth rates of crystal planes are. Despite many
efforts having been performed on the shape change of combustion-synthesized ceramic particles,
only limited work has been conducted on the shape evolution laws of ceramic particles and how
to realize the shape-controlled synthesis of ceramic particles [22,33]. However, no study has been
concerned with how to achieve particle-shape macro-control of in situ TiCx particles, making the
present investigation necessary.

In this work, Thermal Explosion (TE) and Hot Press (HP) are combined to prepare in situ TiCx
particle-reinforced Cu-matrix composites in the Cu-Ti-C system. By altering the kinetics conditions in
the Cu-Ti-C system, ceramic particles with different shapes were prepared. The morphologic changes
of TiCx particles under different kinetics conditions are investigated, and the shape variation law of
combustion-synthesized ceramic particles is explored, aiming to realize the shape-controlled synthesis
of TiCy particles in Cu-matrix composites. Furthermore, this will be the first time that cube-shaped
TiCy in the Cu-Ti-C system are prepared by the method of TE and HP consolidation. These results can
provide an important reference value for controlling the shape of TiCy to meet different requirements.

2. Experimental Details

The raw materials used here were from commercial powders of Cu (~48 um), titanium (~25 pm)
and CNTs (~15-100 um in length and 10-30 nm in diameter). The powders were mixed in a Ti/C
molar ratio of 1:1 with different Cu contents (90 vol%, 80 vol%, 70 vol%, 60 vol%, 50 vol%) and various
Ti/C molar ratios (0.4, 0.6, 0.8, 1.0, 1.2 and 1.4) with Cu contents of 30 vol%. The powders were mixed
sufficiently by ball milling in a ceramic wall container for 24 h and then pressed into preforms in
dimensions of 28 mm in diameter and 55 mm in height at room temperature. The TE experiments were
conducted in a self-made vacuum thermal explosion furnace as illustrated in Figure 1. The preforms
were first put into a high strength graphite mold, and then, the graphite mold was placed in the
vacuum thermal explosion furnace and heated at the heating rate of 30 °C/min under an atmosphere
of high purity argon (purity ~99.999%) to prevent the oxidation of Cu and carbon burning loss. Once
the temperature, which was measured by a thermocouple, rose rapidly, the preform was immediately
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pressed by a uniaxial compression of 40 MPa for 60 s. The composite was successfully fabricated when
the temperature cooled down to room temperature.
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Figure 1. Schematic of the equipment for the Thermal Explosion (TE) and Hot Press (HP)
consolidation experiment.

The phase components of the composites were characterized using X-ray diffraction (XRD, Rigaku
D/Max 2500PC, Tokyo, Japan). The bulk samples were then dissolved in a FeCl3-HCl distilled water
solution to remove the Cu coating on the surfaces of the TiCy particles. The morphologies of the
extracted TiCy particles were then observed using a Field Emission Scanning Electron Microscope
(FESEM, JSM 6700F, Tokyo, Japan) and High Resolution Transmission Electron Microscopy (HRTEM,
JEM-2100F, Tokyo, Japan).

3. Results and Discussion

The XRD patterns of 30 vol% TiCx/Cu composites with C/Ti molar ratios of 0.4, 0.6, 0.8, 1.0, 1.2
and 1.4 are shown in Figure 2. The diffraction peaks belonging to TiCyx and Cu corresponding to each
sample can be seen clearly. Ti3Cu was only detected when the C/Ti molar ratio was equal to or lesser
than 0.6. Figure 3 shows the FESEM images of extracted TiCy particles from TiCy/Cu composites with
C/Ti molar ratios of 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4. It can be seen that the morphology of TiCx particles
shows an obvious dependence on the C/Ti molar ratio when the Cu content is defined. When the
C/Ti molar ratio was below 0.6, close-to-octahedrally- and octahedrally-shaped TiCy were observed
(Figure 3a,b); when the C/Ti molar ratio was between 0.6 and 1.0, spherical and close-to-spherical
TiCx were the main shapes of the TiCy particles in the composites; and when the C/Ti molar ratio
exceeded 1.0, cube-shaped TiCy particles were observed. Figure 4 is the TEM images of (a) octahedral,
(b) spherical and (c) cubic TiCy particles with various C/Ti molar ratios corresponding to the results
of Figure 3. The cube-TiCx particles are surrounded closely by the Cu matrix, and there is a good
interface between TiCy particles and the Cu matrix, as shown in Figure 4. The good interface bonding
is beneficial to improve the strength of the composites.
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Figure 2. XRD patterns of the Thermal Explosion (TE) + Hot Press (HP) reaction products in the 70 vol%
Cu-Ti-C samples with different C/Ti molar ratios: (a) 0.4, (b) 0.6, (c) 0.8, (d) 1.0, (e) 1.2 and (f) 1.4.

Figure 3. Morphologies of the TiCy particles formed in the Cu-Ti-C samples with different C/Ti molar
ratios: (a) 0.4 (b) 0.6 (c) 0.8 (d) 1.0 (e) 1.2 and (f) 1.4.
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Figure 4. TEM images of (a) octahedral, (b) spherical and (c) cubic TiCx particles with various C/Ti

molar ratios.

Figure 5 shows the XRD patterns of TiCy/Cu composites with a C/Ti molar ratio of 1.0 and
Cu content of 90, 80, 70, 60 and 50 vol% in the composites. Figure 6 shows the morphologies of the
TiCx particles after extraction. It can be obviously seen from Figure 5 that the composites mainly are
composed of the Cu and TiCy phases. No other intermediate phases are detected in these samples.
When the C/Ti molar ratio is constant, the shape of TiCy particles gradually changes from cube to
close-to-spherical to spherical with the decrease in Cu content. Thus, we can conjecture that the shapes
of in situ TiCy particles may be affected by not only the C/Ti molar ratio, but also the content of
constituent elements in the Cu-Ti-C system.
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Figure 5. XRD patterns of the TE + HP reaction products in Cu-Ti-C samples with different Cu contents:
(a) 90 vol%, (b) 80 vol%, (c) 70 vol%, (d) 60 vol% and (e) 50 vol%.
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Figure 6. Morphologies of the TiCyx particles in the Cu-Ti-C system with different Cu contents:
(a) 90 vol%, (b) 80 vol%, (c) 70 vol%, (d) 60 vol% and (e) 50 vol%.

The XRD patterns of TiCy/Cu composites shown in Figures 2 and 5 showed that TiCy particles
could be successfully synthesized by TE and HP in the Cu-Ti-C system. Moreover, in addition to the
main phase constitutions, i.e., Cu and TiCy phases, the CuzTi phase was also detected in these samples
when the C/Ti molar ratio was equal to or less than 0.6 (Figure 2), indicating that not all of the Ti was
involved in the in situ reaction. However, Ti and C phases were not detected in the composites when
the C/Ti molar ratio was higher than 0.6. In addition, the (111) diffraction peaks of the composites
with the Cu content of 70, 60 and 50 vol% (Figure 5) shifted to lower angles compared with those of
the composites with the Cu contents of 90 and 80 vol%. This indicated that some Ti atoms entered into
the crystal lattice of Cu and then formed the Cu solid solution [35]. Accordingly, it can be confirmed
that Ti was residual for the Cu content of 70, 60 and 50 vol% in TiCy/Cu composites.

As already discussed, the eventual shape of in situ TiCy has a direct correlation with the x value.
The actual x value can be calculated by combining XRD results with the curve fitting the lattice constant
and the C/Ti molar ratio [36]. The calculated x value of the cube-shaped TiCy with 90 vol% Cu content
at a C/Ti molar ratio of 1.0 was 0.92. The calculated x value of octahedrally-shaped one with 70 vol%
Cu content at a C/Ti molar ratio of 0.4 was 0.62, respectively. Accordingly, the structure of TiCy for
cube-shaped TiCx with an x value of about 1.0 and octahedrally-shaped TiCx with an x value about
0.625 was established to explain how the concentration affects the shape of in situ TiCy according to
the 64-atom supercell with different stoichiometries [33]. As shown in Figure 7, the C atom vacancies
appeared with the decrease of the x value. Degtyareva et al. [37] held that vacancy is a key factor for
the stability of the fcc structure. The amount of C atoms in the C atom vacancy structure was less than
the structure without vacancy. As a result, low [C] contributed to the atom vacancy in the formation of
the TiCy crystal. When [C] is very low, the Cu-Ti-C ternary liquid cannot provide enough C atoms.
Thus, it cannot grow into cubes, but instead, into spheres. With the decrease of [C], more vacancies
formed, and this would grow into octahedrons. On the contrary, with the increase of [C], the Cu-Ti-C
ternary liquid can provide enough C atoms to form cube-shaped TiC.
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Figure 7. Atomic structures of TiCy (a) x =1 and (b) x = 0.625.

We now turn to the TiCy/Cu composites with a C/Ti molar ratio of 1.0 and Cu content of 90, 80,
70, 60 and 50 vol%. For the Cu content of 90 vol% TiCy/Cu composite, the TiCy particles are cubic
shaped, which is consistent with the calculations based on first principle [34,38]. However, when the
Cu content gradually decreases, the shape of TiCy particles changed from cube, close-to-sphere, to
sphere gradually. Models of the reaction mechanism with different Cu contents were built to explain
the unequable results, as shown in Figure 8.

The ceramic-phase combustion synthesis is a high-temperature, rapid, nonlinear and
nonstationary transfer process (energy, mass and momentum), accompanied by many complex
chemical and physical phenomena. Thus, the influence factors on the growth of ceramic particles are
very complex [39]. As is known, the in situ reaction of high metal content is that of self-propagating
high-temperature synthesis, and low metal content is that of thermal explosion. According to the
reaction mechanism in the Cu-Ti-C system [40,41], the in situ synthesis of TiCx necessitates the mutual
diffusion and encounter of Ti and C atoms. However, C atoms are hardly soluble in Cu, which modestly
limits the transmission speed and distance of C atoms. As for the models of the reaction mechanism
with different Cu contents shown in Figure 8, TixCuy was firstly formed with the increase of the
temperature, as shown in Figure 8b,g; the Cu-Ti liquid formed when it reached the melting point of
TixCuy, and the Cu-Ti liquid spread over the CNTs (Figure 8c,h), leading the atoms in CNT to dissolve
into the Cu-Ti liquid to form the Cu-Ti-C ternary liquid. Subsequently, a number of TiCy firstly formed
close to the CNTs, as shown in Figure 8d,i. When the Cu content is high, the C atoms’ transmission
speed is sluggish, and the transmission distance between C and Ti atoms is very far. Accordingly, the
slow reaction speed left enough time for C atoms to dissolve from CNTs into the liquid, as well as
the encountering and reaction of C atoms and Ti atoms. The concentration of C atoms is high and
that of Ti atoms low near the CNTs, as shown in Figure 8d. Thus, the concentration gradient and
the local atom shortage of Ti occurred in some spaces near the CNTs, which led to the abundance of
reacting C atoms, making the C/Ti atom ratio close to one, thereby forming the cube-shaped TiCx
particles, as shown in Figure 8e. The exothermic combustion synthesis led to the continuing rise of
temperature in the reaction system [42], so the residual CNTs and Ti successively reacted. When the
Cu content is low, the distance between Ti and CNTs was very short, so the transmission distance
between Ti and C atoms was shortened. Upon the reaction between Ti and C atoms, more Ti atoms
would transmit to the vicinity of CNTs within a short time, such that C atoms were unable to dissolve
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from CNTs for the fast reaction speed, resulting in the C/Ti atom ratio being smaller than one, and
finally, close-to-spherical TiCy particles were formed, as shown in Figure 8j. As a result, the shape of
TiCy particles with 90 and 80 vol% Cu content was cubic and with 70, 60 and 50 vol% Cu content was
spherical and close-to-spherical.
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Figure 8. Models of the reaction mechanism with different Cu contents: (a—e) high Cu content, (f-j) low
Cu content, (a,f) initial reactants, (b,g) the formation of TixCuy compounds (c,h) the formation of Cu-Ti
liquid, (d,i) TiC particulates gradually precipitated out of the liquid and (e,j) fully reacted.

A sketch map for the morphology evolution mechanism of in situ TiCy particles was introduced
according to the previous study, as shown in Figure 9. The morphology of in situ TiCy changed
in the order of octahedron, close-to-sphere, sphere and cube with the increasing of the C/Ti molar
ratio and in the order of close-to-spherical, spherical and cubic with the increasing of Cu content.
The two-dimensional (2D) nucleation growth was the main growth means of TiCy particles due to
the high combustion temperature in the Cu-Ti-C system. The {111} surface in TiCy is an alternate
arrangement of the Ti atomic layer and the C atomic layer. Since the Ti-terminated surface is more
stable than the C-terminated surface, the outmost terminated surface of the TiCy {111} surface is
usually a Ti atomic layer [43,44]. Thus, when two-dimensional crystal nuclei are formed on the {111}
surface of TiCy, the formation of C atomic layers is more difficult than that of Ti atomic layers. Thus,
the key step in two-dimensional crystal nucleation is the formation of the C atomic layer. Moreover,



Crystals 2017, 7, 205 90f12

the decisive factor for the formation of the C atomic layer and for two-dimensional crystal nucleation
is the concentration of C ([C]) in the Cu-Ti-C liquid phase. During the formation and growth of TiCy
nuclei, when [C] is low, the TiCy particles tend to grow into the two-dimensional nuclei on the {100}
surface, so the {100} plane gradually shrinks and stabilizes, finally forming octahedrons surrounded by
{111} surfaces. With the increase of [C], the TiCy particles tend to grow into the two-dimensional nuclei
on the {111} plane. As a result, the {111} surface gradually shrinks and stabilizes, but its distance from
the center is gradually enlarged. Thus, the {111} surface atop TiCx particles is gradually shrinking and
exposed, finally forming a cube surrounded by {100} surfaces. As a result, the morphologies of in situ
TiCy particles changed in the order of octahedron, close-to-sphere, sphere and cube with the increasing
of the C/Ti atom ratio in the Cu-Ti-C ternary liquid.

70 vol% Cu content with various C/Ti molar ratio

0.4 0.6 0.8 1.0 1.2 | 14

&y

Octahedron —» Close-to-sphere —» Sphere — Cube

|
(100)
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Figure 9. Sketch map of the morphology evolution mechanism of the in situ TiCx particles in the
Cu-Ti-C system.

4. Conclusions

TiCx/Cu composites with various particle morphologies were successfully fabricated by
combining TE and HP methods in the Cu-Ti-C system. Octahedral, spherical or cube-shaped TiCx
particles were synthesized by altering the Cu content and C/Ti molar ratio. The shape of TiCy
particles is octahedral at C/Ti molar ratios from 0.4-0.6 with the presence of 70 vol% Cu, spherical
and close-to-spherical at C/Ti molar ratios from 0.8-1.0 with the presence of 70 vol% Cu and cubic at
C/Ti molar ratios >1.0 with the presence of Cu from 70 vol%-90 vol%. The shape of TiCy particles
was theoretically determined by the x value of TiCy. The x value was affected by the C/Ti molar
ratio of the reactant to a certain extent. A carbon-rich or carbon-depleted environment was created by
changing the C/Ti molar ratio and Cu content of the reactant so as to control the shape of in situ TiCx
particles. A carbon-rich environment provided the conditions to form cube-shaped TiCy during the in
situ reaction process. On the other hand, the carbon-depleted environment provided the conditions to
form octahedrally-shaped TiCy during the in situ reaction process. The morphologies of in situ TiCy
particles changed in the order of octahedral, close-to-spherical, spherical and cubic with the increasing
of the C/Ti atom ratio in the Cu-Ti-C ternary liquid, which was influenced by the C/Ti molar ratio in
the reactant. When the C/Ti molar ratio is constant, the shape of the TiC particles gradually changes
from cube, close-to-sphere, to sphere with the decrease of Cu content. The slow reaction speed of
the high Cu content provided a carbon-rich environment in the Cu-Ti-C ternary liquid and formed
cube-shaped TiCy. The fast reaction speed of low Cu content dissolves less [C] atoms than the high Cu
content, did not leave enough time for the carbon source to dissolve into the Cu-Ti-C ternary liquid
and provided an environment with fewer carbon atoms compared with the carbon-rich environment,
finally forming close-to-spherical TiC.
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