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Abstract: TiC particles were prepared from Ti and C powders, and TiC-reinforced Cu-based
composites were prepared by powder metallurgy with SPS sintering. The effects of SPS sintering
temperature and TiC particle reinforcement phase content on the electrical and mechanical
properties of Cu-based composites were investigated. The reinforcement of TiC particles by thermal
mismatching at increasing sintering temperature has a significant strengthening effect on the
composites, but the high temperature causes softening of the Cu matrix and the growth of grains
reduces the properties of the composites. In this study, the effects of porosity and density on the
composite properties were not significant.
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1. Introduction

Copper materials are suitable for electronic and manufacturing applications due to their high
electrical and thermal conductivity!. However, the low mechanical and mechanical properties limit
the application of pure copper materials in these fields. Therefore, in recent decades, the development
of methods to enhance the mechanical and mechanical properties of copper has become a hot research
topic. It has been shown that the introduction of a second phase in copper or copper alloys can
effectively enhance the mechanical properties of copper matrix composites?. The secondary phase
particles such as ceramic particles and oxides of rare earths can optimize the high temperature
properties of copper composites during the sintering process®. The ceramic particles include oxides
(A1203, La203), carbides (TiC, SiC, NbC, WC), borides (TiB2, ZrB2) and sulfides (WS2, M0S2)4. As a
hard ceramic material, TiC has excellent refractory and high temperature resistance with a melting
point of about 3160°C. In addition, TiC has good mechanical and impact resistance properties®. Thus,
it seems that the use of TiC-reinforced Cu-based composites to compound the above application
requirements’.

The use of liquid metallurgy in the production of metal composites often leads to various
problems, such as the use of stir casting and extrusion casting, which causes the reinforcing particles
to float on the surface of the metal matrix, so that the surface of the particle reinforcing phase is not
completely infiltrated, leading to rejection, and the high temperature of the molten state may also
lead to unwanted reactions and chemical decomposition’. The traditional powder metallurgy (PM)
method is not affected by the density gradient and avoids unnecessary interfacial reactions in
composites, so the PM method is still an excellent method for preparing metal composites®.

Researchers have studied various ceramic particle-reinforced metal composites using powder
metallurgy methods and analyzed the effects of reinforcing phase content® synthesis methods,
interfacial deformation mechanisms and particle morphology® on the properties of metal
composites. However, the study of TiC particle-reinforced Cu-based composites and the effects of
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sintering temperature and TiC particle content on the composites during powder metallurgy are less
studied at present.

Considering that the reaction of Ti and C to form TiC satisfies the thermodynamic condition of
chemical reaction, i.e.,, ArG<0. In this study, we decided to synthesize TiC particles from Ti and C
powders by using ball milling and sintering process, and prepare TiC/Cu composites by using
powder metallurgy method and using discharge plasma spark sintering to investigate the effect of
sintering temperature on the properties of TiC/Cu composites, and then investigate the effect of TiC
content on the composites at the optimal sintering The effect of TiC content on the composites was
investigated at the optimum sintering temperature.

2. Materials and Methods

2.1. Experimental materials

Titanium powder (Ti, purity: 99.90%), graphite powder (C, purity: 99.90%) and copper powder
(Cu, purity: 99.99%)

2.2. Experimental method

The process flow diagram for preparing TiC/Cu composites is shown in Figure 1. Ti powder and
C powder are mixed at a molar ratio of 1:1.1, and then the first high-energy ball milling is carried out
with a ball-to-material ratio of 1:1 and a ball milling speed of 400 r/min. after 80 h of ball milling, the
particles are calcined at 800°C for 1 h to form TiC particles and then the second ball milling is carried
out with a ball milling time of 2 h. After the TiC particles powder mixed with Cu powder and then
the third ball milling was carried out at 400r/min for 10 hours. Finally, TiC/Cu composites were
formed by the SPS sintering method using a graphite grinding tool with a diameter of 30 mm with a
holding time of 10 min and a uniaxial pressure of 40 MPa.

In this study, 5 wt.% TiC/Cu composites were prepared by SPS sintering process at 850 °C, 900
°C, 950 °C and 1000 °C, respectively. The sintered samples were sequentially labeled as Tss0TiC/Cu,
ToooTiC/Cu, TosoTiC/Cu and Ti0eTiC/Cu. Based on the comprehensive performance of TiC/Cu
composites, 900 °C was determined as the optimum sintering temperature. The above TiC/Cu
composite powders with different contents after ball milling were subjected to SPS sintering with a
sintering time of 10 min, a uniaxial pressure of 40 Mpa and a sintering temperature of 900 ‘C. The
sintered samples were taken out and labeled as 10 wt.% TiC/Cu, 15 wt.% TiC/Cu, 20 wt.% TiC/Cu
and 25 wt.% TiC/Cu, respectively. samples were prepared for testing and characterization using a
wire cutter and polishing machine.

Ti powder and Put into tube furnace,
graphite powder with argon as the
mixed and ball protective gas,
milled calcined at 800 °C
for 1h
g Add a certain
i Sintering of proportion of Cu
F, 1t f
m;];é/‘g: © composite powder powder by mass
COmpoéiles using SPS hot press fraction and then
sintering furnace perform ball milling

Figure 1. Flowchart of the preparation process of TiC/Cu composites.
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3. Result and analyse

3.1. Microstructural characterization of 5 wt.% TiC/Cu composites with different sintering temperatures

Figures 2 and 3 show the X-ray diffraction patterns of TiC/Cu powders with different TiC
contents and TiC/Cu composites with different sintering temperatures, respectively. Figure 1
contains diffraction peaks of only two substances, Cu and TiC, and no other spurious peaks appear,
which indicates that Ti and C reacted successfully to produce TiC particle reinforced phase during
the ball milling and sintering process, and the high-energy ball milling process charged with The
argon gas charged during the high-energy ball milling process protects the composite powder from
oxidation. In addition, it can be seen from Figures 2 and 3 that the intensity of TiC diffraction peak
increases with the increase of TiC mass fraction. With the increase of TiC content, no movement of
Cu (111) diffraction peaks on the crystalline plane was found, indicating that both high-energy ball
milling and high-temperature diffusion did not dissolve Ti into the Cu lattice to increase the lattice
constant of Cu, which may be related to the fact that Ti was not directly mixed with Cu for ball
milling9, and the reason for the absence of a single Ti peak at this time is that Ti completely reacted
with C to produce TiC or the remaining amount of Ti was low less.
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Figure 2. XRD pattern of TiC/Cu composite powder prepared by high-energy ball milling:[(a) 5
wt.%TiC/Cu; (b) 10 wt.%TiC/Cu;(c) 15 wt.%TiC/Cu; (d) 20 wt.%TiC/Cu; (e) 25 wt.%TiC/Cul].
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Figure 3. XRD of 5 wt.%TiC/Cu composites at different SPS sintering temperatures: [(a) T850TiC/Cu;
(b) T900TiC/Cu; (c) T950TiC/Cu; (d) T1000TiC/Cul].

Figure 4 shows the SEM images of 5 wt.% TiC/Cu composites at different SPS sintering
temperatures. the TiC is mostly irregular in shape and varies in size and action in the Cu matrix, but
is uniformly distributed, as shown in the figures 19 TiC particle samples were selected, and their
average particle size is about 3.5 um. the density of pure Cu is 8.96 g-cm-3, and the density of TiC is
The actual density of TiC/Cu composites shown in Table 1 is always lower than the theoretical density
because of the poor interfacial bonding of TiC and Cu matrix, which leads to the increase of porosity
of the composites. However, with the increase of the sintering temperature, the porosity of the
composites gradually decreases and the relative density shows an increasing trend, which may be
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due to the fact that the TiC particles grow with the increase of temperature and the lattice of the Cu
matrix also has the tendency to expand, which leads to the increase of the interfacial bonding between
TiC and Cu matrix and the decrease of the porosity and the increase of the density.

Figure 4. SEM of 5 wt.%TiC/Cu composites at different SPS sintering temperatures :
[(2)T850TiC/Cu;(b)T900TiC/Cu;(c)T950TiC/Cu;(d)T1000TiC/Cul.

Table 1. Theoretical density, actual density, relative density and porosity of 5 wt.%TiC/Cu composites
at different SPS sintering temperatures.

Theoretical .
. . Actual Relative
Composites Density . . o Stomatal rate(%)
density(g-cm-3) Density(%)
(g-cm-3)
Tss0TiC/Cu 8.57 8.15 95.07 493
To0oTiC/Cu 8.57 8.19 95.53 4.47
Tos0TiC/Cu 8.57 8.21 95.76 4.24
T1000TiC/Cu 8.57 8.31 96.93 3.07

Figure 5 shows the elemental distribution of the T900TiC/Cu composites, demonstrating the
distribution of elemental C and Ti in Cu. Figure 5 further shows the uniform distribution of TiC
particles in the Cu matrix, which is a prerequisite for enhancing the mechanical properties of the
composite 2. Also the elemental distribution map does not provide strong evidence that Ti atoms
enter the Cu lattice, while the diffuse distribution of Ti and C elements indicates that TiC strengthens
Cu in a diffuse manner.

Figure 5. Distribution of elements in T900TiC/Cu composites: [(a) TiC;(b) Ti;(c) Cu;(d )C].

3.2. Conductive and mechanical properties of 5 wt.% TiC/Cu composites at different sintering temperatures

Figure 6 shows the conductivity of 5 wt.% TiC/Cu composites at different SPS sintering
temperatures, with the increase of sintering temperature, the conductivity of the composites
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decreases from 11.8 MS-m-1 to 10.13-m-1, which is a decrease of 7.3%, and the factors affecting the
conductivity are grain boundaries, phase boundaries, and dislocations, and the decrease in the
conductivity of the composites here is mainly attributed to the increase of the temperature with the
increase of the lattice of the Cu matrix strain energy increases'®, the scattering effect of phonons on
electrons is enhanced, as well as the high temperature enhances the fluidity of the copper matrix,
which makes the shape of some pores irregular and thus enhances the scattering of electrons's.

The Vickers hardness of the 5 wt.% TiC/Cu composites is shown in Figure 7, and the Vickers
hardness of the TssoTiC/Cu, ToooTiC/Cu, Tos0TiC/Cu and T1000TiC/Cu composites are 123.2 HV, 103.48
HV, 102.08 HV and 101.4 HV, respectively.The hardness of the composites with sintering temperature
shows This is the opposite of the trend of density shown in Table I. Therefore, the reason for the
decrease of Vickers hardness of the composites is not the porosity, but the significant growth of grains
that occurs when the sintering temperature is too high, which lengthens the recrystallization time of
the copper matrix. According to the Hall-Petch equation':

oy-p = K(D; — Drn) @

where K is a constant of about 0.14 MPa/m'?; D, and D,, are the average grain sizes of the prepared
Cu-based composites and the matrix Cu, respectively. The larger the grain size, the lower its strength,
and for Cu-based composites, usually the lower the strength, the lower its hardness'.

Electrical conductivity (MS-m™)
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Figure 6. Electrical conductivity of 5 wt.%TiC/Cu composites at different SPS sintering
temperatures.
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Figure 7. Vickers hardness of 5 wt.%TiC/Cu composites at different SPS sintering temperatures.

Figure 8 shows the compressive stress-strain diagram of 5 wt.% TiC/Cu composites at different
SPS sintering temperatures. The yield strength and compressive strength tend to increase first and
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then decrease. The yield strengths at sintering temperatures of 850 C, 900 'C, 950 'C and 1000 C
were 249 Mpa, 263 Mpa, 257 Mpa and 242 Mpa, respectively.

The compressive strength reaches the maximum value of 785 Mpa at the sintering temperature
of 900 ‘C, and the compressive strain is 40.97 %. The highest value at 900 ‘C is due to the thermal
mismatch strengthening of TiC particles and Cu matrix caused by high temperature, and the lattice
expansion of the reinforcing phase and Cu matrix increases the strain energy. The decrease in the
composite properties at the sintering temperatures of 950 °C and 1000 °C may be due to the over-
sintering or molten state of the material due to the high temperature, which results in coarse grains
and reduced strength. The effect of grain size on the mechanical properties of the composites can be
expressed in Eq. (1), and the thermal mismatch strengthening effect induced by the SPS sintering
temperature can be expressed using Eq.™ (2):

Aoy = AGh ,12ATAan @)
bdric

A is a constant, about 1.25; G is the shear modulus of Cu, about 42.1 GPa; b is the Bronsted
vector of Cu, about 0.256 nm; AT is the differenc between the compression temperature and the test
temperature; Aa is the difference between the thermal expansion coefficients of Cu and TiC
particles; Vs is the volume fraction of TiC in the composite; dr; is the diameter of TiC particles.
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Figure 8. Compressive stress-strain diagram of 5 wt.%TiC/Cu at different SPS sintering temperatures:
[(a) Ts50TiC/Cu; (b) ToooTiC/Cu;(c) TosoTiC/Cu; (d) T1000TiC/Cul.

3.3. Microstructure of ToooTiC/Cu composites with different TiC contents

By characterizing and testing the microstructure and properties of TiC/Cu composites with
different sintering temperatures of 5 wt.%, 900 °C was determined as the optimum sintering
temperature for this study. Then the microstructure and properties of TiC/Cu composites with
different TiC contents were further investigated at a sintering temperature of 900°C.

Figure 9 shows the physical phase structure of the composites with different TiC contents. The
Figure contains only the diffraction peaks of Cu and TiC without other impurities and oxides, and
the intensity of the diffraction peaks of TiC strengthens with the increase of TiC content, and the
intensity of the diffraction peaks of Cu decreases with the increase of TiC content. And with the
increase of TiC mass fraction, also no oxidation peak of Ti is observed and the angle of diffraction
peak of Cu is not shifted.

Figure 10 shows the SEM images of T900TiC/Cu composites with different TiC contents,
demonstrating the microscopic morphology of the composites. There are no craters similar to the
particle shape on the surface of the picture, which indicates that the reinforcing phase was not
destroyed during the preparation of the composites. The distribution of the particles in the matrix is
the key to the mechanical properties of the composites, and the TiC, which is of micron size and
diffusely distributed in the Cu collective, is able to enhance the mechanical properties of the
composites well (diffusion strengthening mechanism). From Figure 10, it can be seen that the TiC
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mass fraction is most uniformly distributed at 10%, because agglomeration occurs when the
reinforcing phase content is too much. The agglomeration of TiC particles will break the interfacial
bonding between Ti and Cu matrix on the one hand, and will concentrate at the grain boundaries to
prevent the gas exclusion on the other hand. The porosity of the composites was 8.61%, 12.96%,
12.91% and 19.93% for TiC mass fraction of 10%, 15%, 20% and 25%, respectively.
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Figure 9. XRD patterns of T900TiC/Cu composites with different TiC contents:[(a) 10 wt.%TiC/Cu; (b)
15 wt.%TiC/Cu; (c) 20 wt.%TiC/Cu; (d) 25 wt.%TiC/Cu].

Figure 10. SEM images of TiC/Cu composites with different TiC contents:[(a) 10 wt.%TiC/Cu; (b) 15
wt. %TiC/Cu; (c) 20 wt.%TiC/Cu; (d) 25 wt.%TiC/Cul.

3.4. Conductive and mechanical properties of T900TiC/Cu composites with different TiC contents

The electrical conductivity of T900TiC/Cu composites with different TiC content is shown in
Figure 11. The electrical properties of the composites are negatively correlated with the mass fraction
of TiC, and the composites with 25% TiC mass fraction have 64% lower electrical conductivity
compared to those with 10% TiC content. Grain boundaries, phase boundaries, dislocations and
vacancies are all factors affecting the electrical conductivity of the composites, and only the changes
in electrical conductivity caused by the TiC particle content are discussed here. On the one hand, TiC
particles act as scattering centers for electrons, and as the mass fraction increases, the increase of itself
and its caused pores increases the probability of electrons being scattered in the composites, and TiC
particles are distributed at the grain boundaries of Cu, and the increased phase boundaries in turn
increase the dislocation density of the composites.
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Figure 11. Conductivity of TowTiC/Cu composites with different TiC contents.

Figure 12 depicts the Vickers hardness of the composites with different TiC contents. According
to Yang® et al. reported that the Vickers hardness of Cu-based composites showed a positive trend
with relative density, and porosity was the key factor affecting the hardness of the composites.
However, the Vickers hardness of the TiC/Cu composites prepared in this study decreased with
increasing TiC content, and combined with Table 2, the Vickers hardness did not decrease with
increasing porosity. This indicates that the mechanical properties of the Cu-based composites
prepared in this study are not greatly affected by the porosity, and the main influencing factor is the
increase of dislocation density and load transfer caused by the reinforcing phase. In the hardness test,
the negative effect caused by TiC agglomeration breaking the bond surface was not obvious, so the
hardness change was positively correlated with the TiC content. The classical prismatic dislocation
punching model is referred here to evaluate the dislocation density in hot pressed samples':

—_Ye (L 1.1
P=va-p (t1 + ts + t3) 3)
where b is the Berg vector 0.255 nm, and f is the volume fraction of the reinforcement. t; (i=1, 2, 3)
corresponds to the dimensions of the reinforcing phases in the three vertical directions. € is the
thermal mismatch strain and is equal to the product of the difference between the CTE and the
difference between the maximum and minimum processing temperatures, € = ACET- AT.

A generalized shear hysteresis model was used to evaluate the contribution of load transfer to
the mechanical properties of the composite!”:

o = on(1=f) +aef (5),01> Ic,

o= om(1—f)+afe(1-5), 1> lc @)

o is the yield strength; substrates ¢, m, and t represent the composite, matrix, and TiC,
respectively; f;, 1, and [, are the volume fraction, average length, and critical length of TiC,
respectively.
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Figure 12. Vickers hardness of T900TiC/Cu composites with different TiC content.
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Table 2. Theoretical density, actual density, relative density and porosity of T900TiC/Cu composites
with different TiC contents.
Theoretical
Composites Density Actual density(g-cm-?) Relative Density (%) Stomatal rate (%)
(g-em)

10Wt%TlC/Cu 8.25 754 91.39 8.61
15Wt%TlC/Cu 7.95 6.92 87.04 12.96
20Wt%T1C/Cu 767 6.68 87.09 12.91
25wt.%TiC/Cu 741 5.94 80.07 19.93

As shown in Figure 13, the yield strength of TiC/Cu composites when compression property
tests were performed had the maximum yield strength of 447 Mpa at 20% TiC content, showing an
increasing and then decreasing trend. The increase in the yield strength when the TiC content was
increased from 10% to 20% was due to the increased hindrance of dislocation motion by TiC particles
and the transfer of more load to the TiC reinforced phase.

The contribution of the Orowan strengthening mechanism, which impedes dislocation motion,
to the yield strength can be described by the following equation's:

4o =239 (1) ®)

Ao isthe yield strength; G is the shear modulus, which is generally taken as 46 Gpa in Cu matrix
composites; A is the spacing of the added second-phase particles; r is the average size of the second-
phase particles; b is the Brensted vector, which is generally taken as 0.26 nm in in Cu matrix
composites. it can be obtained that the first yield strength of diffusion-reinforced Cu matrix
composites depends on the size of the second-phase particles r and the spacing between the particles
for Cu matrix composites, the finer the size of the second phase particles in the matrix, the more
obvious the enhancement of the Cu matrix

And the agglomeration phenomenon becomes more obvious when the TiC content increases to
25%, and the agglomerated TiC particles destroy the interfacial bond between the two phases, and a
good interfacial bond is a prerequisite for effective load transfer, so the yield strength decreases when
the TiC content reaches 25%.
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Figure 13. Compressive stress strain diagrams of ToTiC/Cu composites with different TiC contents:
[(a) 10 wt.%TiC/Cu;(b) 15 wt.%TiC/Cu; (c) 20 wt.%TiC/Cu; (d) 25 wt.%TiC/Cu].
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4. Conclusion

(1) The XRD images of the prepared TiC/Cu composite powders and composites contained only
diffraction peaks of TiC and Cu, indicating that no other impurities appeared during the preparation
process, and the TiC particle-reinforced Cu-based composites were successfully prepared, and the
TiC particles were diffusely distributed in the Cu collective. The best enhancement solution was
confirmed to be sintering at 900°C with TiC content of 20 wt.%.

(2) The electrical conductivity of TiC/Cu composites decreases with the increase of sintering
temperature and TiC content. The effect of TiC content on the electrical properties of the composites
is greater than that of sintering temperature, and the scattering effect of TiC particles on electrons is
the most obvious.

(3) The effect of porosity on the mechanical properties of TiC/Cu composites was not significant
in this study. The main effects of sintering temperature on the mechanical properties are thermal
mismatch strengthening caused by increasing temperature and matrix softening caused by over-
sintering. the negative effects of TiC content on the composites are mainly the strengthening
mechanism of TiC reinforcing phase and the agglomeration phenomenon when the content increases,
which is also a problem to be solved in the subsequent work.
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