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In order to study the influence of the carbon nanotubes (CNTs) as a source of carbon on the microstructure of in-situ
synthesized TiC in Cu melts, CNTs and Ti powders were introduced into melted Cu to prepare TiC-reinforced Cu matrix
composites. The influence of Ti/C ratio and Si on the microstructures and properties of the composites were also examined. It
is found that CNTs can be effectively wetted through the Ti-C reaction and successfully introduced into Cu melt to synthesize
TiC. In examining the changes in Ti/C ratio, it was found that an increase in the Ti content may result in the decrease of TiC
agglomeration and improvement of TiC dispersion, while simultaneously causing an increase in the TiC particle size. Besides,
while the addition of Si into Ti-CNTs mixture can also improve the distribution of TiC, the effect is weak compared with that
of increasing the content of Ti. It was also found that the highest hardness (238.8 HV) is achieved by the Cu-Ti-C composite
with the highest Ti/C ratio, while the electrical conductivities of all the prepared composites are relatively low, which should be
due to the insufficient reaction between Ti and CNTs.
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1. Introduction attention in recent years. Dudina et al. [4] ob-
tained a TiC-Cu composite with a compressive
strength of 920 MPa after spark plasma sintering
(SPS) the mechanically ground TiC-C-3Cu reac-
tion mixture. Wang et al. [5] prepared Ti-coated
diamond particles, reinforced Cu/diamond com-
posites by gas pressure infiltration, and by adjust-
ing the thickness of the interfacial TiC layer, the
maximum thermal conductivity of 811 W-m~!.K~!
was obtained at the 220 nm Ti-coating layer. Sev-
eral studies in the literature have successfully pre-
pared the TiC-reinforced Cu matrix composites
using various methods. Shen et al. [6] prepared
Cu-TiC-composites by combining mechanical al-
loying with hot isostatic pressing. Besterci et al.
[7] prepared TiC dispersive Cu-TiC composites
using powder metallurgy and analyzed the strain
and fracture mechanisms. Palma et al. [8, 9] also
successfully prepared Cu-TiC composites by com-
bining reactive ball milling with extrusion mold-
_ ing. The prepared Cu-5 vol.%TiC composites have
* E-mail: xuxuexia2008@163.com not only high hardness and strength but also ex-

Due to its high modulus, high hardness, and
high melting points, TiC has been widely used
as reinforcement in the preparation of metal ma-
trix composites. Zhang et al. [1] added TiC
into FeCoNiCu2.0 by induction melting method,
and found that the ultimate tensile strength of
10 vol.%TiC/FeCoNiCu 2.0 composite reached
698 MPa, which was 47.6% higher than that of
the matrix. Radhakrishnan et al. [2] found that
the mechanical performance of the Ti/TiC com-
posite deposits can be improved using techniques
that promote complete dissolution of the original
TiC. Lu et al. [3] found that the yield strength of
Ti-Mo-Al-TiC composites increased steadily with
the increase of TiC content. TiC-reinforced Cu
matrix composites, which can have good electri-
cal and thermal conductivity as well as excel-
lent mechanical properties, have attracted much
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cellent electrical conductivity that reaches 76.9%
International Annealed Copper Standard (IACS)
[8]. Rathod et al. [10] prepared Cu-TiC compos-
ites with high TiC content by self-propagating re-
action method (SHS) and systematically analyzed
their reaction synthesis path, and the volume frac-
tion of the TiC synthesized could reach 11%-—
13%. Wang et al. [11] prepared Cu-TiC composites
by two-step ball milling, with the tensile strength
and yield strength of 602 MPa and 572 MPa, re-
spectively, and an electrical conductivity of 78.6%
TIACS. By further optimizing the above preparation
process, Wang et al. [12] also prepared the self-
generated nano-TiCreinforced copper matrix com-
posite, which has a higher tensile strength and elec-
trical conductivity of 712 MPa and 72% IACS, re-
spectively.

However, it is noticed that, at present, pow-
der metallurgy is still the main method for prepar-
ing the TiC-reinforced Cu matrix composites; few
studies have used the melting cast method, which
is more suitable for industrial production. In the
previous study [13], it has been reported that it
was very difficult to effectively introduce TiC
into Cu melt due to the poor wettability between
TiC and Cu, which limited the preparation of
TiC-reinforced Cu matrix composites by casting
method. It has been found that some elemental
carbon or carbon containing compounds, such as
graphite, diamond, and SiC, can be introduced into
Cu melts by reaction wetting method, especially
by the Ti-C reaction wetting [14, 15]. In addition,
when Si source is added to Ti-C system, TisSiz can
be formed, which is helpful for improving the wet-
tability and dispersion of TiC in liquid copper [16].
In those cases, TiC can be synthesized in-situ in Cu
melts, and thus the TiC-reinforced Cu matrix com-
posites can be obtained. However, it is also found
that the microstructures of the synthesized TiC are
closely related to the type of carbon source.

Carbon nanotubes (CNTs) are one-dimensional
tubular structures composed of sp2 hybridized car-
bon atoms mixed with sp3 hybridized carbon [17],
which can be regarded as an improved version of
sheet graphene. It has excellent intrinsic proper-
ties of graphite, such as good mechanical proper-
ties, self-lubrication, excellent electrical and ther-

mal conductivity, etc. [18-20]. Therefore, in this
work, CNTs are chosen as the carbon source and
introduced into Cu melts by Ti-C reaction to pre-
pare TiC-reinforced Cu matrix composites. The in-
fluence of Ti/C ratio and Si on the microstructures
of TiC is also examined.

2. Experimental procedure

Ti powders (30 wm), CNTs [outer diameter
(OD): 10-20 nm, length: 0.5-2.0 wm] produced
by Chengdu Organic Chemicals Co., Ltd., Chinese
Academy of Sciences, Si powders (1 um), and high
purity electrolytic Cu (99.9%) were used as raw
materials. The singular microstructures of CNTs
are shown in Figure 1. It can be seen from Figure 1
that the CNTs have combined into agglomerates
with the size of 5-15 pm. CNTs shown in Figure 1
have not undergone any pre-treatment and were di-
rectly added to the molten Cu for the synthesis of
TiC. According to the ideal stoichiometry of TiC,
when the mass ratio of Ti:C is 4:1, theoretically, Ti
can completely react with carbon sources to form
TiC. Therefore, three kinds of Cu-Ti-C compos-
ites with nominal compositions of Cu-4 wt.%Ti-
1 wt.%CNTs, Cu-6.67 wt.%Ti-1 wt.%CNTs, and
Cu-4 wt.%Ti-1 wt.%CNTs-1 wt.%Si were pre-
pared. They will be designated as Cu-4Ti-1C, Cu-
6.67Ti-1C, and Cu-4Ti-1C-18Si, respectively, in the
following sections. The preparation processes are
as following: first, the mixed powders were evenly
mixed in a three-dimensional mixer for 2 h, and
then cold-pressed into cylindrical pellets with a di-
ameter of 20 mm under a pressure of 20 MPa; then,
the compact was added to the Cu melt in the quartz
crucible in a high-frequency induction heating fur-
nace at 1,150-1,250°C; finally, after holding for
3 min, the melts were cast into the graphite mold
to obtain the composite.

The as-cast samples were then ground and
polished through standard routines, and the mi-
crostructures of the samples were investigated us-
ing scanning electron microscopy (SEM) with X-
ray energy dispersion spectroscopy (EDS), where
a Japanese electron scanning electron microscope
(JSM-IT500, Japan, JEOL) was used for SEM. The
accelerating voltage used was 20 kV, the work-
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Fig. 1. The microstructures of the used CNTs (a) Low magnification microstructure; (b) High magnification mi-

crostructure. CNTs, carbon nanotubes

ing distance was 10 mm, and the probe current
was 40A. Furthermore, the as-cast composites were
etched in 18% phosphoric acid solution for 30 s un-
der the current of 5 A to corrode the Cu matrix in
order to better observe the morphology of the reac-
tants, and then the corroded sample was analyzed
using an SEM. In addition, the corrosion solution
(10 vol.%H,SO4 + 30 vol.%H,0,) was also used
to corrode the Cu matrix, and the extracted reaction
products were analyzed by X-ray diffraction anal-
ysis (XRD; D8 advance, Bruker AXS, Germany).
Test conditions were the following: Cu target, Ko
rays, wavelength A = 0.1540 nm, 40 kV/40 mA,
and scanning speed of 10°-min~!. The XRD results
were analyzed by Jade. Furthermore, the mechan-
ical properties of three kinds of composites were
also tested. Among them, the hardness was mea-
sured by the digital display microhardness tester
(HVS-1000, Shanghai Lianer Experimental Equip-
ment Co., Ltd). The test force value was 0.5 KGF.
The loading, load retention, and unloading time
were all 15 s. The electrical conductivity of pol-
ished sample surface was measured by a conduc-
tivity tester (SMP350, Nantong Fisher Testing In-
strument Co., Ltd). In the process, different areas
were measured on the same sample surface. After
removing the maximum and minimum values, the
average value was taken as the final sample hard-
ness and conductivity value.

In order to analyze the distribution and size of
TiC, the volume fraction (which was approximately
estimated by the area ratio of TiC particles in the
SEM image) and size of TiC were analyzed using

Image-Pro Plus software. In the process, it was en-
sured that SEM images with the same magnifica-
tion were used, and TiC were selected and cali-
brated using software or manually. After marking
all objects, the area and size information of parti-
cles were automatically calculated using software.
Five different areas of each sample were selected
for measurement to ensure the reliability of test
data, and finally the average values were obtained.

3. Results and discussions

3.1. The distribution and morphology of
TiC in the Cu-4Ti-1CNTs samples

The as-cast microstructures of Cu-4Ti-1C are
shown in Figure 2. It can be seen from Figure 2a
that a new phase, which is gray in the Cu matrix,
has been synthesized. The magnified microstruc-
ture shown in Figure 2b indicates that some of the
synthesized phases are particlelike with a size of 1—
3um. The EDS point analysis result shown in Fig-
ure 2c¢ demonstrates that these synthesized particle-
like phases are constituted by Ti and C, indicating
that TiC has been synthesized as an outcome of the
experimental procedure, and that these phases are
chemically indistinguishable from TiC. It also can
be seen that there are many agglomerations that are
formed by small particles. The EDS point analysis
result shown in Figure 2D confirms that these small
particles also mainly contain Ti and C, demonstrat-
ing they are TiC agglomerations.

The EDS mapping analysis results shown in
Figure 3 further confirm that the agglomerations
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Fig. 2. Microstructures of the as-cast Cu-4Ti-1CNTs sample (a, b) Microstructures; (¢, d) EDS analysis results of
points 1 and 2 shown in (b). CNTs, carbon nanotubes; EDS, energy dispersion spectroscopy

mainly contain Ti and C elements, indicating they
consist of TiC particles.

In addition, the XRD result in Figure 4a indi-
cates the formation of TiC. These results demon-
strate that CNTs have been effectively introduced
into the Cu melts, and have reacted with Ti to form
TiC. Considering that it is difficult to exclusively
add CNTs into the Cu melts, the reaction between
Ti and CNTs, which will improve the wettability
between CNTs and Cu melts, should be the reason
for the successful addition of CNTs into Cu melts.

Then, in order to better analyze the distribu-
tion of TiC in the Cu matrix, the as-cast Cu-4Ti-1C
sample was electrolytically etched in the phospho-
ric acid solution to remove Cu from the surface and
expose the TiC. The microstructures of the deeply
etching sample are shown in Figure 5. It can be
more clearly observed from Figure 5a that most of
the TiC particles have been aggregated into clus-
ters of different sizes. The magnified microstruc-
ture of one agglomeration is shown in Figure 5b.

It is found that the size of the TiC in the agglom-
erations is generally smaller than that of the sur-
rounding relatively uniformly distributed TiC, and
that the range of particle size distribution is also
narrow. The microstructures of another agglomer-
ation, shown in Figures 5c and 5d, further confirm
the above results. It is also can be seen from Fig-
ure 5d that some TiC particles merged and grew
larger.

On the other hand, it is found from the deeply
etching sample that there are some relatively dense
shells that are also formed by TiC particles, as
shown in Figure 6a. The results shown in Figure 6b
further confirm the formation of TiC shells. Since
the TiC shell assumes the shape of a hollow cylin-
der or sphere, the mode of its formation may be
considered as the adhesion of Ti-CNTs on the sur-
face of the CNTs aggregate, followed by the sepa-
ration of the shell from the aggregate. It is deduced
that the formation of these dense TiC shells may
prevent the unreacted CNTs inside the sample from
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Fig. 3. EDS analysis of the as-cast Cu-4Ti-1C sample (a) SEM image; (b—d) mapping micrographs for the ele-
ments C, Cu, and Ti. EDS, energy dispersion spectroscopy; SEM, scanning electron microscopy
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Fig. 4. The XRD results of the powders extracted from
(a) Cu-4Ti-1C; (b) Cu-6.67Ti-1C; (¢) Cu-4Ti-
1C-1Si. XRD, X-ray diffraction analysis

coming into contact with the Ti that is present on
the surface, ultimately resulting in the incomplete
reaction of CNTs, as demonstrated in the insert fig-
ure shown in Figure 6d.

In order to further study the TiC and its agglom-
erations, the as-cast Cu-4Ti-1C sample was also put
into the sulfuric acid and hydrogen peroxide aque-
ous solution (10 vol.%H,>SO4 + 30 vol.%H,0») to
absolutely dissolve the Cu matrix, and then the syn-
thesized TiC particles were extracted from the solu-
tion. The morphologies of the TiC agglomerations
are shown in Figures 6C and 6D. It can be noticed
from Figures 6C and 6D that the TiC agglomer-
ations are spherical in three dimensions and their
morphologies are almost the same as that of the
original CNTs agglomerations shown in Figure 1b.
These results indicate that the TiC is synthesized
by the diffusion of Ti into CNTs. It has been re-
ported that the TiC are formed by the dissolution—
precipitation mechanism in the preparation of TiC
by SHS method [10]. In this case, both Ti and
C are dissolved in the liquid and then are consti-
tuted into TiC after saturation. In this work, the size
of the formed particle-like TiC is uniform, which
demonstrates that TiC should also be synthesized
by Ti-CNTs in Cu melts through the dissolution—
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Fig. 5. Microstructures of the electrolytic etching Cu-4Ti-1C sample (a) Low magnification microstructure; (b—d)
High magnification microstructures of the TiC agglomerations

Fig. 6. The morphologies of TiC extracted from the Cu-4Ti-1C sample (a, b) The formed TiC shells; (¢, d) The
agglomerations of TiC; Insert figure in (d): Unreacted CNTs
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Fig. 7. The agglomerations of TiC in Cu-4Ti-1C (a) The synthesized TiC agglomeration with the surface mor-
phology similar to that of the CNTs agglomeration; (b) The formed TiC with a certain aspect ratio. CNTs,

carbon nanotubes

precipitation mechanism. Because both the diffu-
sion ability and the solubility of C in Cu melts are
very low, TiC prefer to be synthesized surround-
ing the original CNTs. Furthermore, due to the poor
wettability between TiC and Cu melts, it is difficult
to disperse the in-situ synthesized TiC in the Cu
melts. As a result, TiC agglomerations are formed.

In addition, the surface morphology of a few
synthesized TiC agglomerations is very similar to
that of the original CNTs, and the formed TiC is
not particle-like but a short rod with a more pro-
nounced aspect ratio, as Figure 7 shows. This indi-
cates that the direct reaction between liquid Ti and
CNTs may also occur.

3.2. The influence of Ti/C ratio and Si con-
tent on the distribution and morphology of
TiC

According to the above results, it is found that
the CNTs can be introduced into Cu melts by Ti-C
reaction and to form TiC, but most of the synthe-
sized TiC particles are aggregated, which should
be due to the poor wettability between TiC and
Cu melts. It has been found that the wettability
between TiC and Cu melts was effectively im-
proved by the presence of the elements Ti and Si
[14, 16, 21]. Therefore, during the addition of Ti-
CNTs mixture into the Cu melts, more Ti and some
Si are, respectively, added into the mixture to pre-
pare Cu-6.67Ti-1C and Cu-4Ti-1C-1Si samples.

The microstructures of the prepared as-cast Cu-
6.67Ti-1C samples are shown in Figure 8. It can be

seen from Figure 8a that the particle-like phase is
also formed in the Cu matrix.

The EDS mapping analysis shown in Figure 9
confirms that the particles are synthesized TiC,
while the XRD results in Figure 4b also prove the
formation of TiC. Compared with the results shown
in Figure 2, the distribution of TiC in the Cu matrix
has been remarkably improved.

It can be seen from Figure 8 that although there
are some small agglomerations, the reaction was
sufficient and the overall distribution of synthe-
sized TiC was relatively dispersed. The magnified
microstructure shown in Figure 8b demonstrates
that the synthesized TiC had two forms, agglom-
erated fine TiC particles and single larger TiC par-
ticles.

Subsequently, in order to better analyze the dis-
tribution of TiC in the Cu matrix, the as-cast Cu-
6.67Ti-1C was also electrolytically etched in a 30%
phosphoric acid solution to erode the Cu matrix on
the surface of the sample and expose the synthe-
sized TiC. The microstructures of the etched sam-
ples are shown in Figures 8c and 8d. It can be seen
that the TiC is uniformly dispersed. In addition, in
Figure 8d, it can be seen that the size of TiC in the
TiC agglomeration is relatively small, in the range
of 1-2 um, while the size of TiC particles is rela-
tively large, in the range of 2-5pm. However, the
size of TiC is very uniform, and the phenomenon
of combined growth of TiC is found.

Obviously, compared with Cu-4Ti-1C, the re-
action of Cu-6.67Ti-1C shows greater completion,
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Fig. 8. Microstructures of the Cu-6.67Ti-1C sample (a, b) as-cast sample; (c, d) electrolytic etching sample

S0pm
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Fig. 9. EDS analysis of the as-cast Cu-6.67Ti-1C sample (a) SEM image; (b—d) mapping micrographs for the
elements C, Cu, and Ti. EDS, energy dispersion spectroscopy; SEM, scanning electron microscopy
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Fig. 10. Microstructures of the Cu-4Ti-1C-1Si sample (a, b) as-cast sample; (¢, d) electrolytic etching sample

and more TiC are formed. The aggregation degree
of TiC was less and the dispersion of TiC was sig-
nificantly improved. This indicates that the increase
of Ti content can effectively improve the wettabil-
ity between TiC and Cu melt, and improve the dis-
persion of TiC. However, the increase of Ti content
makes the reaction more intense, which promotes
the growth of TiC particles.

The microstructures of the prepared as-cast Cu-
4Ti-1C-1Si samples are shown in Figure 10. It can
be seen from Figure 10a that the particle-like phase
is also formed in the Cu matrix. The EDS map-
ping and point analysis shown in Figure 11 confirm
that the particles are synthesized TiC. Compared
with the results shown in Figure 2, the distribution
of TiC in the Cu matrix has been remarkably im-
proved. However, compared with the results shown
in Figure 8, it can be found that the dispersion of
TiC is relatively poor and there are relatively more
agglomerations.

It can be seen from Figure 10b that in addition

to the granular TiC phase, there is also a needle-
like phase. In order to more clearly show the mor-

phology of the generated phase and analyze the dis-
tribution of TiC in the Cu matrix, the as-cast Cu-
4Ti-1C-1Si samples were electrolytically etched in
phosphoric acid solution to remove the surface Cu.
The microstructures of the electrolytically etching
sample are shown in Figures 10c and 10d. It can be
observed that most of the TiC particles have been
congregated into clumps with different sizes. It also
can be seen from Figure 10d that the size of TiC
in agglomerations is generally smaller than that of
TiC particles distributed around, and the size distri-
bution range is smaller.

Apart from the granular TiC, a needle-like
phase is also found. EDS point analysis in Fig-
ure 12 shows that the needle-like phase mainly con-
tains the elements Ti and Si, and is determined to
be TisSis after considering the insights offered by
a previous study [22]. Besides, the XRD result in
Figure 4c shows that TiC is formed, but the TisSi3
is not detected, which may be owing to its presence
in trace amounts only.

Obviously, compared with Cu-4Ti-1C, Cu-4Ti-
1C-Si reacted more vigorously and more TiC was
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Element  Wt.%

Fig. 11. EDS analysis of the as-cast Cu-4Ti-1C-1Si sample (a) SEM image; (b-e) mapping micrographs for the
elements C, Si, Ti, and Cu. (f) EDS point analysis result of point 3 in (a). EDS, energy dispersion spec-
troscopy; SEM, scanning electron microscopy

Element  Wt.%
Si 19.11
80.89

Fig. 12. EDS analysis of the electrolytic etching Cu-4Ti-1C-1Si sample (a) SEM image; (b) EDS point analysis
result of point 4 in (a). EDS, energy dispersion spectroscopy; SEM, scanning electron microscopy
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formed. The dispersion of TiC increased percepti-
bly while the agglomeration decreased. However,
it can be seen from Figures 8 and 10 that the con-
tent of TiC in Cu-4Ti-1C-1Si composite is less than
that of Cu-6.67Ti-1C, and there are more TiC ag-
glomerates in Cu-4Ti-1C-1Si composite. This indi-
cates that the addition of Si is helpful to improve
the wettability of TiC and Cu melt, and improves
the dispersion of TiC. However, since the solubil-
ity of Si in Cu solution is higher than in CNTs, Ti
reacts with Si first to form TisSi3, which makes the
reaction more intense and leads to the faster growth
of TiC particles.

The distribution and size of the synthesized TiC
particles were analyzed using SEM images with
the same magnification as indicated in Figures 8
and 10. The volume fractions of the different com-
posites are shown in Figure 13. It can be seen that
the volume fraction of TiC in Cu-4Ti-1C is only
4.59% while it increases to 9.35% in Cu-6.67Ti-1C
and to 7.59% in Cu-4Ti-1C-18Si. The results further
confirm that the increasing of the Ti/C ratio and ad-
dition of Si can promote the synthesis of TiC and
improve its distribution.

9.35%

7.59%

Volume fraction/%

4.59%

Cu-4Ti-1C Cu-6.67Ti-1C Cu-4Ti-1C-18i

Fig. 13. The volume fraction of TiC in the different
composites

The size distribution of TiC in the different
composites is shown in Figure 14. According to
Figure 14a, the size of TiC in Cu-4Ti-1C is mainly
in the range of 0.5-1.0 um and its average parti-
cle size is about 0.79 um. However, the size of TiC
in Cu-6.67Ti-1C is mainly in the range of 1-5 um,
with the larger ones having a size of 5-10 um also

being synthesized, as shown in Figure 14b. Accord-
ingly, the average size in this instance increases to
about 2.46 pm. When Si is added, the size of TiC
decreases to 0.5-2.0 um and the average size is
about 1.23 pm, as shown in Figure 14c.

Therefore, it is concluded that it is during Cu-
4Ti-1C reaction that the size of TiC particles is
smallest and the TiC content lowest. In addition,
the most TiC agglomerations are formed since the
worst dispersion of TiC. This is due to the poor
wettability between TiC and Cu melt. It is difficult
to separate TiC from the reaction interface during
agglomeration or layer formation. In Cu-6.67Ti-
1C, more TiC are synthesized, and the aggrega-
tion degree of TiC is perceptibly reduced, which
result in an improvement in the dispersion of TiC.
However, TiC particles are larger. Since the max-
imum number of TiC agglomerations/particles is
formed when the dissolution-precipitation mecha-
nism is involved, when the content of Ti increases,
more Ti will come into contact with CNTs and
bring about an intense reaction, which increases the
growth rate of TiC, eventually resulting in the for-
mation of large particles. On the other hand, for
the Cu-4Ti-1C-1Si composites, Ti will react with
Si first to form TisSiz and completely promote the
synthesis of TiC. In this case also, the reaction is
intense and makes TiC easily proliferate.

In addition, the hardness and conductivity of
the as-cast composites were also tested. As can be
seen from Figure 15a, the hardness of the compos-
ite obtained by Cu-4Ti-1C is 161.1 HV. When the
content of Ti increased, the hardness of the Cu-
6.67Ti-1C composite is significantly increased to
238.8 HV. However, the hardness of the Cu-4Ti-
1C-1Si composite decreases to 121.6 HV. In this
work, the hardness of the in-situ synthesized Cu
composites is related to the content of TiC and the
solid solubility of Si and residual Ti. Then, in or-
der to clarify whether it is the change of matrix that
leads to the hardness change, the hardness of the
Cu matrix in the different composites are tested,
and the results are shown in Figure 15b. It can be
seen that the change trend of matrix hardness is ba-
sically consistent with that of composites. Accord-
ing to the above research, the Cu-6.67Ti-1C forms
more TiC and dissolves excessive Ti in the matrix.
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98.17

(8]

Fig. 16. The EDS point analysis result of Cu matrix in the as-cast composites (a) Cu-4Ti-1C; (b) Cu-6.67Ti-1C;
(c) Cu-4Ti-1C-18Si. EDS, energy dispersion spectroscopy

This is the reason why the composite has a higher
hardness. This conclusion can be further proved by
the EDS point analysis result of Cu matrix, shown
in Figure 16. It can be clearly seen that the content
of Ti in Cu-6.67Ti-1C is the highest. Also, for Cu-
4Ti-1C and Cu-4Ti-1C-1Si composites, since the
additive amount of Ti is low, the content of TiC and
the dissolved Ti that melts in the Cu are lower af-
ter the reaction. This has a great influence on the
hardness of composites.

It can be observed from Figure 15c that the con-
ductivity of the Cu-4Ti-1C, Cu-6.67Ti-1C, and Cu-
4Ti-18Si-1C composites are 15% IACS, 10% IACS,
and 12% IACS, respectively. In our previous work,
the conductivity of the Cu-5%TiC composites was
observed to be about 41.6% IACS [23]. The low
electrical conductivity of the Cu-4Ti-1C that 15%
IACS further demonstrates that the reaction be-
tween Ti and C in the composites is not sufficient.
A certain amount of Ti is residual and dissolved
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in the Cu matrix, which will seriously degrade the
conductivity. With the increasing of Ti or the pres-
ence of Si in the composites, more Ti or Si can
also be dissolved in the matrix, which leads to the
lower electrical conductivity of the Cu-6.67Ti-1C
and Cu-4Ti-18Si-1C composites, as shown in Fig-
ure 16.

4. Conclusion

To summarize, in-situ synthesis of TiC in
molten Cu based on the reaction of Ti and CNT
in the preparation of TiC-reinforced copper matrix
composites has been systemically studied in this
work. The conclusions are as follows:

1. CNTs can be effectively wetted by Ti-C re-
action and successfully introduced into Cu
melt to synthesize TiC.

2. The prepared Cu-4Ti-C composite contains
many TiC agglomerations, which are caused
by the poor wettability of the formed TiC
and Cu melt. When the content of Ti in-
creases, the wettability of TiC and Cu melt
can be improved, which makes the synthe-
sized TiC agglomeration decrease and the
dispersion improve. When Si is added, be-
cause Si can react with Ti, the wettability of
TiC and Cu can also be improved, but the ef-
fect is weak compared with that of increas-
ing the content of Ti.

3. The smallest TiC particles with an average
size of 0.79 pum are obtained in Cu-4Ti-C,
while the largest ones with an average size
of 2.46 um are formed in Cu-6.67Ti-1C; as
for Cu-4Ti-1Si-1C, the size of synthesized
TiC is medium, with an average of 1.23 pm.

4. The highest hardness of 238.8 HV could be
achieved in the case of Cu-6.67Ti-1C com-
posite, while for Cu-4Ti-1C and Cu-4Ti-
1Si-1C, the hardness values obtained are
161.1 HV and 121.6 HV, respectively. The
electrical conductivities of all the prepared
composites are relatively low, which should
be due to the insufficient reaction between
Ti and CNTs.
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