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Cu-TiB, nanocomposite powders were obtained by means of a combination of mechanical treatment and combustion reaction.
Spark plasma sintering (SPS) was used to inhibit grain growth and thereby obtain fully dense Cu-TiB, sintered bodies with
a nanocomposite structure. The phases of the synthesized product were identified using X-ray diffraction and results showed
only Cu and TiB,, with no other phases existing in the product. The particle size of self-propagating high-temperature
synthesized powder was smaller than 250 nm. Mechanical and electrical properties were investigated after SPS at 650 °C for
30 minutes, the electrical conductivity decreased from 75 to 54% International Annealed Copper Standard (IACS) with the
TiB, content increased from 2.5 to 10 wt.%. while the hardness increased from 56 to 97 HgyB. In addition, the tensile strength
and wear resistance of the composites increased as the TiB, content increased.
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Introduction the in-situ processes to produce metal matrix com-
posites (MMCs) [14]. SHS is extremely attractive due
Copper and copper-based alloys are widely used as to its short time of synthesis, low energy consumption
electric and electrode materials due to their good conduc- and the high purity of products. Spark plasma sintering
tivity. However, in the case of precipitation hardened (SPS) is a newly-developed process which makes sinter-
copper alloys (such as Cu-Zr and Cu-Cr) with high ing of high quality materials in short periods possible
strength, there is a problem that the mechanical pro- by DC pulse charging between powder particles with
perty decreases rapidly due to the presence of a coarse relatively high sintering pressures [15]. SPS systems
precipitate phase at high temperature. This problem offer many advantages (e.g. rapid sintering, less sinter-
limits the application of copper alloy in electrical and ing additives, uniform sintering, low running cost, easy
resistance welding applications [1-3]. operation) over conventional systems like hot press
There have been several efforts to develop copper (HP) sintering, hot isostatic pressing (HIP) or pressure-
alloys which exhibit good mechanical properties even less sintering. It can be applied to many advanced
at elevated temperatures. Copper-base metal matrix materials such as functionally graded materials (FGM),
composites (MMC) with reinforcing ceramic particles fine ceramics, amorphous materials and nanocomposites.
such as oxides, borides and carbides were developed as In the present paper, the in-situ formation of TiB,
electrode materials because the ceramic particles are particles in a copper matrix through a combination of
stable at high temperatures [4-12]. TiB, was also found mechanical treatment and SHS was investigated. The
to be a potential candidate for reinforcement of the sintering was also studied using a spark plasma sinter-
copper alloy because of its high melting point, hard- ing (SPS) process. The microstructures and properties
ness, thermal conductivity as well as electrical conduc- like density, electrical conductivity, hardness and strength
tivity [13]. of Cu-TiB, composites were observed. Additionally wear
Recently, much attention has been focused on self- tests were performed using pin-on-disk wear tester.

propagating high-temperature synthesis (SHS), one of
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materials. Powder mixtures with a stoichiometry of Cu-
40%.wt(Ti+2B) were treated in a high energy mill
(AGO-2, planetary ball mill type) with a ball accele-
ration of 600 m/s”. Balls and vials are made of stainless
steel, the diameter of the balls was 5 mm and the
powder to ball ratio was 1:20, remaining constant in all
experiments. The vials were evacuated and subsequent-
ly filled with argon up to 0.3 MPa.

Powder precursors obtained by mechanical treatment
were subjected to a SHS-reaction which was ignited by
a heating coil of spiral tungsten wire in an argon
atmosphere. The SHS-product with 40 wt%TiB, was
diluted by pure copper powder to obtain the desired
composite powders with 2.5, 5 and 10 wt% TiB,. These
composite powders were given a second mechanical
treatment to pulverize and distribute the SHS-ed powder
homogeneously in the Cu powder. Spark plasma sinter-
ing (SPS) was performed in a vacuum using a SPS
apparatus (Sumitomo Coal Mining Co. Ltd, AUJ-1611).
A graphite mold of 30 mm in inside diameter was
used. The applied SPS-pressure and SPS-temperature
were 50 MPa and 500-650, respectively. The holding
time at the final temperature was 30 minutes. It should
be noted that effective temperature of the sample is
usually 50 higher than the measured SPS-temperature.

X-ray diffraction patterns (XRD, Cu K,, Rigaku,
RAD-3C) were take for phase analysis of the mechani-
cally alloyed mixtures and SHS-product. The morpho-
logy and qualitative analysis (EDS) of powders were
observed by means of a field emission-scanning elec-
tron microscope (FE-SEM, JEOL, JSM-6500F). The
relative density of samples was measured by the Archi-
medes method and hardness (HgxB) values were mea-
sured by a Rockwell hardness tester. Electrical conduc-
tivity expressed in %IACS (International Annealed Copper
Standard) was measured by a conductivity meter
(Fischer, SIMASCOPE® SMP10).

As a comparison, pure copper specimens were also
prepared. Tensile specimens cut from the composite are
shown in Fig. 1 and tensile tests were conducted at
room temperature in a tensile testing machine at a cross-
head speed of 0.25 mm minutes™. Vickers hardness
tests were performed at a load of 200g in a digital
micro hardness tester.

Dry sliding wear tests were performed in a pin-on-
disk wear tester with the composite pin rubbing against
a medium carbon steel disk (SM45C). The pin speci-
men was 5 mm in diameter and 10 mm in height, and
the disk was 80 mm in diameter and 10 mm thick.
Wear tests were carried out at a sliding speed of 0.83
m/s, and at loads of 29.4 N and 44.1 N, which corre-
spond to contact stresses of 1.50 MPa and 2.25 MPa
respectively. Prior to a wear test, the surface of the disk
was polished with 800 grit emery paper and cleaned
with alcohol and dried. The roughness of the disk
surface was approximately 0.5 um(R,). When the slid-
ing distance became the designated value(250 m at 59
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Fig. 1. Small specimen for a tensile test.
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Fig. 2. XRD patterns of powder the (a) preliminary mechanical
alloying for 2 minutes and (b) after subsequent SHS-reaction.

N and 125 m at 88 N), the weight loss of the specimen
was measured with an analytic balance. In order to take
the repeatability into account, the test results for wear
rate under steady state sliding wear were obtained from
the average of three readings.

Results and Discussion

Figure 2(a) and (b) show XRD patterns of powders
after preliminary mechanical alloying for 2 minutes
and the subsequent SHS-reaction. No phase formation
occurs during the short-time mechanical treatment. X-
ray peak broadening indicates a reduction of the grain
size and internal strain. The mechanical treatment is of
crucial importance for the microstructure formation
during SHS. The reagents are plastically deformed and
reduced during the treatment so that intimate contact
between particles of the reagents and the matrix is
achieved This results in a dramatic decrease in the
combustion temperature compared to that in untreated
mixtures [16] and in the mixture treated for 2 minutes.
The decreased combustion temperature favors the
formation of fine particles of the product. In the SHS-
product, Cu and TiB, diffraction peaks are detected. No
unreacted reagents remained in the composite. Figure 3
shows the microstructure of the Cu-40 wt.%TiB,
composite powder produced by the SHS reaction. TiB,
particles smaller than 250 nm in size are formed by the
SHS-reaction between titanium and boron. The TiB,
particles are homogeneously distributed in the copper
matrix. It’s observed that the shape of TiB, particles,
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Fig. 3. SEM images of cross-section of SHS-ed powder (a) before
and (b) after etching.

confirmed by EDS analysis, is polyhedral after etching.

Spark Plasma Sintering was chosen for compaction
because of its advantages for sintering nanostructured
materials [17]. Indeed, according to the above conside-
rations the size of TiB, particles should be retained
during sintering.

Bright and dark areas can be distinguished in the
microstructure (Fig. 4(a) and (b)). The dark area is the

Fig. 4. SEM images of (a) Cu-2.5wt.%TiB, and (b) Cu-10 wt.%TiB,
compacts spark-plasma sintered at 650 °C for 30 minutes and (c)
bright and (d) dark area in Cu-2.5wt.%TiB, composite.

Table 1. Relative density, hardness and electrical conductivity of
Cu-TiB, compacts spark-plasma sinteed as a function of sintering
temperature and TiB, content

TiB, Sintering Holding Relative Hardness Electrical
content temperature time  density (HxB) > conductivity
(Wt.%) §©) (min) (%) R (%IACS)

2.5 500 30 93.4 54.7 73

2.5 550 30 95.2 55.0 75

2.5 600 30 95.2 56.8 75

2.5 650 30 95.5 56.5 75

5 500 30 90.3 46.4 62
5 550 30 94.0 61.1 66
5 650 30 95.2 62.7 65
10 650 30 93.2 93.1 45

particles of SHS-products. Elemental compositions of
bright and dark areas were analyzed by EDS. Peaks
corresponding to Cu, Ti, B were found in both areas,
however, the intensity of Ti and B peaks was higher in
dark areas. This result shows that the particles of the
SHS-product were crushed and TiB, particles were
dispersed in the matrix during milling (Fig. 4(c)). How-
ever, the large particles of the SHS-product are still
present in the microstructure (Fig. 4(d)). The behavior
of SHS-product particles is dependent upon the com-
position of the composite. The size of the aggregates of
titanium diboride particles is smaller in compositions
of higher titanium diboride content. It turns out that a
lower copper content creates better conditions for
breaking the SHS-product particles. So, in case of a
higher titanium diboride content the dispersion of the
particles of the SHS-product is more effective and,
consequently, the distribution of titanium diboride
particles in the final composite is more uniform.

Table 1 shows the variation of relative density, hard-
ness and electrical conductivity with sintering temper-
ature and TiB, composition. Relative density decreases
slightly from 95.5 to 93.2% with increasing TiB, con-
tent from 2.5 to 10 wt% after SPS at 650 °C. Hardness
increases with an increase of TiB, content. When
compared to specimens sintered at 650 °C, the hardness
increases drastically from 56.5 to 97.4 HgB. The elec-
trical conductivity of sintered specimens decreased with
an increase TiB, content. Specimens sintered at 650 °C
exhibit an electrical conductivity ranging from 75 to
45% TACS (International Annealed Copper Standard).
For the same TiB, content, there is not a substantial
difference in electrical conductivity due to the sintering
temperature. The decrease of electrical conductivity is
due to the interface scattering of electrons and the
fraction of TiB, interfaces with increasing TiB, content.

The mechanical properties of the composites are
given in Table 2. The ultimate tensile strength (UTS),
Young’s modulus (E) and 0.2 offset yield strength
increase as the content of TiB, reinforcement increases.
The increase in yield strength compared to the pure
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Table 2. Tensile properties of Cu-TiB, compacts spark-plasma
sintered 650 °C for 30 minutes

TiB, content (wt.%) 0 2.5 5 10
Yield strength (MPa) 233 294 301 369
Ultimate Tensile strength (MPa) 309 366 371 397
Young’s modulus (GPa) 121 137 142 155
Elongation (%) 8.5 3.5 1.2 1.1
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Fig. 5. Variation of wear rate of the Cu-TiB, composites with the
content of the TiB,.

copper compact can be attributed to dispersion streng-
thening by TiB, nanoparticles in the Cu matrix It is
seen that the elongation of the specimens decreases as
the content of reinforcement increases.

Figure 5 shows the variation of the wear rate for the
Cu-TiB, nanocomposites with TiB, content at loads of
29.4 N and 44.1 N. This shows that the wear rates of
all the specimen decrease with an increase of the TiB,
content under dry sliding conditions. It also can be seen
that as the load increases the decrease in the rate of
wear becomes larger. Although the wear rate of the
pure Cu was much higher than the nanocomposites, the
wear debris was not detached from the specimen, so
the weight loss could not be measured. This is the
reason why the data for the Cu is not included in Fig.
5. The results of this work are consistent with the results
of the work by Tu et al. [18]. Some other investigators
[19-22] found that the sliding wear resistance decreas-
ed with an increase the reinforcement concentration
under higher applied loads. This deterioration in the
wear resistance has been attributed to an increase in
reinforcement breakage, reinforcement pull out and
poor reinforcement-matrix interfacial bonding.

If the bonding between the matrix and TiB, nano-
particles is weak, the TiB, reinforcement can be easily
pulled out and the wear rate increases.

In this work, the wear resistance of the Cu-TiB,
nanocomposites increased considerably with the content
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of TiB, nanopaticles within the applied load range.
Therefore it can be concluded that the interfacial bond
strength does not decrease with an increase the TiB,
content.

Conclusions

Cu-40 wt%TiB, nanocomposite powders were suc-
cessfully synthesized by a combination of mechanical
alloying and a subsequent self-propagating high-
temperature reaction. TiB, nanoparticles less than 250
nm in size were found to be distributed homogeneously
in the Cu matrix.

Samples sintered by SPS had high densities, where
the relative density of the Cu-2.5 wt%TiB, composite
was about 96% of theoretical density. The hardness of
Cu-TiB, nanocomposites increased, with an increase of
the TiB, content from 57 HgB for Cu-2.5 wt%TiB, to
97 HgB for Cu-10 wt% TiB, while the electrical
conductivity decreased from 75 to 45% IACS. Due to
their reinforcement, the yield strength, tensile strength
and Young’s modulus of the Cu-TiB, nanocomposite
were significantly improved. Within the applied load
range, the wear resistance of the Cu-TiB, nanocom-
posites increased considerably with an increase in the
content of TiB, nanoparticles.
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