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This study assessed the electrical conductivity and the mechanical properties of pure Cu, 1 and 2.6 mass %
Ti additions in a composition of CuTi0.014 and CuTi0.035 in region of Cu-solid solution, with the aim of
studying the effect of titanium additions on the properties of copper. A sample of pure Cu, CuTi0.014 and
CuTi0.035 were prepared in a plastic canister and mixed with alumina balls for 3 h at 49 rpm. The
powdered samples were sintered at a temperature of 650 °C, with a punch load of 50 MPa, a dwelling
time of 5 min and a heating rate of 50 °C/min. The results showed that the electrical conductivity of Cu,
CuTi0.014 and CuTi0.035 are: 4.8, 5.0 and 4.2 (S/m) at temperatures of 345, 550 and 319 °C, respectively.
The relative densities of the sintered samples are 96.76, 96.30 and 86.33% for Cu, CuTi0.014 and
CuTi0.035, respectively. The Vickers hardness data of the sintered samples show that CuTi0.035 has the
highest value (~749 MPa), followed by CuTi0.014 (~724 MPa) and pure Cu with (~645 MPa). In addition,
the predicted yield strength (YS) and ultimate tensile strength (UTS) of the sintered samples were
investigated. The YS are 1604, 1552 and 1395 MPa for CuTi0.035, CuTi0.014 and Cu, respectively. In
similar other, the UTS are 1318, 1285 and 1182 MPa. The addition of 1 and 2.6 mass % Ti improved the
corrosion resistivity of Cu in H,SO4 acid environment. Also, the addition of the 2.6 and mass % of Ti
increases the coefficient of friction of Cu under dry sliding condition with a load of 25 N. The micro-
structures of the sintered CuTi0.014 and CuTi0.035 showed the precipitation of Ti. However, CuTi0.014
alloy has the best properties and is an ideal candidate for elevated temperature application. This
composition of CuTi alloys can be used in the areas where Cu is required to maintain good electrical and
mechanical properties at elevated temperatures (above room temperature) applications.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction costly and poisonous copper-beryllium alloys (Cu-Be). The afore-

mentioned properties of copper-titanium alloys make it useful in

Researches on copper-titanium alloys (Cu-Ti) have gained
prevalent attention because of its properties, such as high strength,
fine electrical conductivities, superior corrosion resistance, better
antiseptic properties and a possible aspirant as a substitute for
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heat transfer application [1], enhancement of the quality of silicon
solar cells [2], electronic devices, such as connectors and relay
controls [3] and biomedical appliances [4—7]. The exceptional
electrical and mechanical properties of copper-titanium alloy have
also encouraged investigations of interest in both basic metallurgy
and realistic applications of the alloys [3,8—17]. Copper-titanium
alloys have great promises in the industry as a replacement for
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copper-beryllium alloys. Copper-beryllium alloys have been
extensively used as materials with superior electrical conductivity
and excellent strength. However, these alloys (Cu-Be) have been
reported to be costly and creates health risks, owing to the
poisonous nature of beryllium when exposed to the atmosphere
during processing, such as: melting, casting and hot working
operation [18]. However, sizeable amounts of research works had
been done in the investigation of the microstructure, mechanical
properties and electrical conductivity of copper-titanium alloys,
with the major aim of developing a replacement for the expensive
and deadly copper-beryllium alloys for superior strength and
standard conductivity application [1,9,12,19—28].

This study applies the spark plasma sintering (SPS) technique as
a means of consolidation of the copper-titanium alloys. Minor work
has been reported on the use of spark plasma sintering method,
which has, lately, been established to be an efficient technique for
the production of ceramic- and metallic-based composites. The
benefits of spark plasma sintering over and above other production
techniques include: rapid sintering, lower sintering temperatures,
prevention of grain coarsening, avoidance of unnecessary reactions
between the dissimilar phases, efficient sintering and fabrication of
materials that are in close proximity to their net shape [29—33].
Without a doubt, there have been reports in the literature, on the
spark plasma sintering of copper-titanium powder or its related
alloys [34—39] as well as on the alloy electrical and thermal con-
ductivities during spark plasma sintering [28,40—45]. It was,
therefore, decided in this study, to investigate the spark plasma
sintering behavior of copper-titanium powders and their electrical
conductivities during sintering. Therefore, the attention in this
study will be focused on investigating the effect of 1 and 2.6 mass %
titanium additions at a sintering temperature of 650 °C on the:
microstructure, mechanical properties and the electrical conduc-
tivities of copper.

2. Materials and method

The starting powders used in this study are copper (Cu) and
titanium (Ti) of the same purity and particles sizes of 99.0%
and —44 um, respectively, supplied by Alfa Aesar. Samples of copper
containing 1 and 2.6 mass % of titanium in the composition of
CuTi0.014 and CuTi0.035 powder were prepared and mixed in the
region of Cu-solid solution. Pure copper and the two copper alloys
powdered mixture were separately inserted in a plastic canister
with alumina balls and mixed for three hours in Turbula shaker
mixer apparatus for 49 rpm. The control sample (Cu), the CuTi0.014
and CuTi0.035 admixed powders were sintered at a temperature of
650 °C, with a punch load of 50 MPa, dwelling time of 5 min and a
heating rate of 50 °C/min in a sintering system model HHPD 25
apparatus put on by FCT Germany, which was also used to deter-
mine the electrical conductivity against temperature of the
powdered samples. The elemental composition of CuTi mixture are
shown in Table 1, were mixed by using the T2F Turbula shaker,
inside a dry environment, for a period of 3 h at a stable rotational
speed of 49 rpm at room temperature.

Table 1
Elemental composition of CuTi mixture.

Samples Identity Composition of pure Cu and CuTi alloys

Copper (Cu) Titanium (Ti)
Pure Copper (Cu) 100 -
CuTi0.014 98 2=1mass%
CuTi0.035 95 5 =2.6 mass %

2.1. Electrical and thermal conductivity of the powders during
sintering

For the electrical conductivity as a function of temperature test,
one portion of Cu and the blended powdered alloys of 1 and 2.6
mass % titanium additions (CuTi0.014 and CuTi0.035) were put
inside the non-conductive (Si3N3) die of diameter and height of 20
and 2 mm, respectively and were connected with a copper-based
molybdenum punch. The creation of electrical contact between
the powders tested in the die and punch was made possible
through an applied compressive load of 10 KN. An electrical power
of 8 KW was used, as the temperature stabilized, the 2 KW of
electrical power was applied at an interval of 2 min. The tests were
stopped at a temperature where the electrical conductivity of the
samples was at the maximum before the powders tested started
sintering; this is to know the maximum temperature at which
maximum electrical conductivity can be attained by the tested
powders before sintered. A spark plasma sintering (SPS) apparatus
HHPD25 was used for the electrical conductivity test on (and full
sintering of) the copper, blended powdered alloys of 1 and 2.6 mass
% titanium additions (Cu, CuTi0.014 and CuTi0.035 respectively) at a
temperature of 650 °C.

2.2. Mechanical properties of full spark plasma sintering Cu,
CuTi0.014 and CuTi0.035 alloys

Another portion of the Cu, CuTi0.014 and CuTi0.035 were
consolidated by using spark plasma sintering technique at a heating
rate of 50 °C/min, dwelling time of 5 min, compressive load of
50 MPa and a sintering temperature of 650 °C. The morphology of
the powders and the sintered samples were studied by using the
Field Emission Scanning Electron Microscopy (JEOL, ]SM-7600f),
which was incorporated with an energy dispersive x-ray spec-
trometer (EDS) detector. Prior to scanning electron microscopy
(SEM) analysis, the sintered samples were grinded and polished to
mirror surface. The densities and relative densities of the sintered
sample were determined and the micro-hardness was measured by
using the Vickers indentation method at an applied load of 100 g
force with a time of 15 s. The Vickers hardness (HV) results, in MPa,
were used in equations (1) and (2) to obtain the predicted yield
strength (YS) and ultimate tensile strength (UTS) of the sintered
samples. According to Hashemi [46], the minimum and maximum
error, in %, between the measured yield strength (YS) and the
predicted value (equation (1)) was 0.2 and 13.8 MPa, respectively.
In this study, equations (1) and (2) were used to compute the YS
and UTS [46].

YS =2 x HV + 105 1)

UTS = 1.3 x HV + 344 2)

2.3. Corrosion and wear test

Corrosion tests were conducted on the fully sintered samples.
Electrochemical studies were therefore carried out in 1 mol of
sulphuric acid (H2SO4) solution environment that contained the
solid sintered samples (working electrode), a counter electrode,
which was made-up of graphite and saturated silver/silver chloride,
which served as the reference electrode. The corrosion tests were
carried out with VersaSTAT four, with versa studio four software.
Potentiodynamic polarization method was used to review the
general electrochemical behavior of the sintered Cu and alloys
containing 1 and 2.6 mass % titanium additions (Cu, CuTi0.014 and
CuTi0.035). Before the scanning, all the tested samples were
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immersed in the electrolyte for 5 min to enable them to stabilize
before the open circuit potential measurement, which lasted for
about two hours. All the samples tested were scanned at a scan rate
of 2 mV/s with potential ranging from 0.5 to 1.5 V.

Tribological behavior of the sintered Cu and alloys containing 1
and 2.6 mass % titanium addition (Cu, CuTi0.014 and CuTi0.035), in
a reciprocating dry sliding condition, was conducted by using a
CETR-2-UMT tribometer, provided with a computer-controlled
ball-on-disc arrangement that operated at room temperature. A
10 mm diameter counter surface ball, made of tungsten carbide
(WC) was used to slide against the tested samples in a reciprocating
motion, under a load of 25 N and at a frequency of 5 Hz. A
perpendicularly downwards load was applied on the samples
tested, with a motor-driven moving parts that utilize a load
measuring device for the response in order to sustain a stable
applied load. The coefficient of friction (i) was constantly recorded
during the sliding operation and the results were obtained from the
UMT-2-CETR apparatus software.

3. Results and discussion
3.1. Microstructure image analysis of as-received powders

The morphology of the as-received powders was observed with
a field emission scanning electron microscopy, which was fitted
with energy dispersive x-ray spectrometer. Fig. 1a and b shows the
scanned electron microscopy (SEM) surface morphology of the two
as-received powders. The copper powder particles have very small
size/shape of large agglomerates, while the titanium powdered
particles have large and irregular shapes.

3.2. Electrical conductivity of Cu, Cu-2Ti and Cu-5Ti powdered
alloys

In Fig. 2, each sample tested was stopped at a point where the
electrical conductivity ceased to increases with temperature. Fig. 2
shows the variation of Cu, alloys of CuTi0.014 and CuTi0.035
powders as functions of temperature. It can be seen that the elec-
trical conductivity of pure Cu increases with temperature to a
maximum value of 4.8 (S/m) at a temperature of 345 °C, as shown in
Fig. 2 and Table 2. Explanation of the event that resulted in a
decrease in electrical conductivity of copper beyond 345 °C, could
be the apparent introduction of phonons, which is the ideal re-
sistivity of the materials [47]. In pure metals, phonons are
accountable for the dispersing of electrons by the pulsating lattice
ion of the metal due to high thermal energy absorbed in the atom.
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Fig. 2. Electrical conductivity versus Temperature (°C) of Cu, CuTi0.014 and CuTi0.035
alloys.

When temperature increases in the metal, thermal energy will be
induced and this will cause the ion to shift from their stable posi-
tion, thereby, obstructing the free moving electrons. At low tem-
perature, phonon is insignificant because the ions remained in their
stable location in the lattice of the atoms. However, metals can
conduct electricity as long as their ions remained stable in their
lattice without being disruptive of the free movement of the elec-
trons, which are charged carriers [47]. The addition of 2.6 mass %
titanium (CuTi0.035) showed an increase in electrical conductivity
with temperature, to a maximum value of 4.2 (S/m) at a tempera-
ture of 319 °C, which was lower when compared to Cu and
CuTi0.014. The addition of 1 mass % titanium (CuTi0.014) showed
better improvement in the electrical conductivity of Cu at elevated
temperature, which was at a maximum value of 5.0 (S/m). The poor
electrical conductivity observed in the CuTi0.035 alloy can be
attributed to the high concentration of Ti addition that could have
increased the resistivity of the alloy. This electrical conductivity
behavior observed in CuTi0.035 alloy was in line with the work of
Nagarjuna et al. [42], which stated that Ti addition up to about
4.0 wt % increased the resistivity of Cu. The electrical conductivity
observed in CuTi0.014 alloy is attributed to the low concentration of
Ti in the alloy, which acted as heat absorber as the temperature

(b) PureTi

Fig. 1. Scanning Electron Microscopy image showing morphology of as-received Cu and Ti at the same magnification: x1,000.
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Table 2
The electrical conductivity values attained with temperature of Cu and the alloys of 1
and 2.6 mass % Ti additions.

Samples Electrical Temperature at highest Temperature
composition conductivity (S/m) electrical conductivity (°C) in Kelvin (K)
Cu 4.8 345 618.15
CuTi0.014 5.0 550 823.15
CuTi0.035 42 319 592.15

increases. These phenomena are considered to result from de-
creases in the amount of the dissolved Ti by precipitation [28], in
the CuTi0.014 alloy. The continuous electrical conductivity at
elevated temperature observed on CuTi0.014 alloy can also be that
the precipitated Ti particle was absorbing excess heat that could
have disrupted the lattice of the copper atoms, thereby maintaining
the smooth movement of the electrons in the entire CuTi0.014 alloy.
On the other hand, the improvement in the electrical conductivity
observed, following the addition of 1 mass % Ti addition can also be
attributed to the presence of Ti particles as an impurity, which can
reduce the resistivity of copper in the CuTi0.014 alloy. Many
research works [30,47—50] had shown that the presence of impu-
rities lowers the electrical resistivity of metals, hence, the
improvement in its electrical conductivity.

3.3. Displacement and displacement rate with temperature of the
powders during SPS

In this study, the particles sizes and the sintering parameters
remained constant for the samples tested. After the electrical
conductivity test, which was stopped before the full sintering of the
samples began; another portion of the same powdered mixture
was fully sintered at a sintering temperature of 650 °C, with a
compressive load of 50 MPa, a dwelling time of 5 min and a heating
rate of 50 °C/min on the SPS apparatus. Figs. 3 and 4 showed typical
spark plasma sintering densification and densification rate as
functions of temperature curves for: Cu, CuTi0.014 and CuTi0.035
alloys. This explains the punch compressive displacement against
increased in temperature as the powdered particles were being
sintered. In Fig. 3, it can be seen that the densification of Cu pow-
ders was observed to have started at 550 °C and reaches a

= |
5
E
€
@ 44
E
[+
8 31
— o
g —cusintered at 650 °C
o 21 CuTi0.014 sintered at 650 °C
1 CuTi0.035 sintered at 650 OC
0 4
1 r T . . . , . . .
200 300 400 500 600 700

Temperature (°C)

Fig. 3. Spark plasma sintering densification versus temperature curves of Cu,
CuTi0.014 and CuTi0.035 alloys at 650 °C.
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Fig. 4. Spark plasma sintering densification rate versus temperature curves of Cu,
CuTi0.014 and CuTi0.035 alloys at 650 °C.

maximum densification rate of 600 °C. However, densification was
improved with increased temperature (i.e. between 550 and
600 °C). The densification of CuTi0.014 and CuTi0.035 alloys was
observed to have a proportional increase in the displacement of the
particle with a temperature that began from 250 °C and reaching a
maximum at 500 °C. It is important to know that sample densifi-
cation was already completed on reaching the dwelling tempera-
ture of 650 °C. However, there was no observed shrinkage of the
particles outside the temperature slope. The densification of the
powdered particles as a function of temperature curve in CuTi0.014
was observed to be of the same shape, but slightly above that of
CuTi0.035 alloy. The densification of particles with temperature
curve of the two alloys was seen to be above (and of different shape
when compared with) that of pure Cu. These differences can be
attributed to the presence of Ti particles in the matrix of Cu, which
seems to have reduced the densification temperature of Cu.

3.4. Relative density, porosity, microhardness, yield strength and
ultimate tensile strength of the sintered Cu, CuTi0.014 and CuTi0.035

The results for the relative density, porosity, micro-hardness,
calculated yield strength and ultimate tensile strength of Cu,
CuTi0.014 and CuTi0.035 alloys are summarized in Table 3. The
theoretical density (TD) used in this study was obtained using
equation (3) and the final relative density was obtained using
Archimedes's method. The porosity of the sintered samples was
determined by using equation (4) [51].

wt.% of sample A
density of sample A
wt.% of sample B )

Theoretical density (TD) = 1+(

(3)

density of sample B

P:1—(%)x100 (4)

where P = Porosityy, ED =
TD = Theoretical density.

At a sintering temperature of 650 °C and a compressive load of
50 MPa, heating rate of 50 °C/min and a holding time of 5min, the
experimental density, relative density and porosity of the sintered

Experimental density and
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Table 3

Summary of samples properties.
Sample Compositions (Vol. %) TD SPS ED RD P MH PYS PUTS
composition . - (g/cm?) (°C) (g/cm?) (%) (%) (MPa) (MPa) (MPa)
Cu 100 - 8.96 650 8.68 96.76 3.13 644.91 1394.82 1182.38
CuTi0.014 98 2=1mass% 8.87 650 8.60 96.30 3.04 723.66 1552.32 1284.76
CuTi0.035 95 5 = 2.6 mass % 8.70 650 8.38 86.33 3.68 749.35 1603.70 1318.16

Theoretical density (TD), spark plasma sintering (SPS)temperature, experimental density (ED), relative density (RD), porosity (P), micro-hardness (MH), predicted yield

strength (PYS) and the predicted ultimate tensile strength (PUTS).

samples were recorded as follows: for pure Cu density was 8.68 g/
cm?, relative density was 96.76% and porosity was 3.10%; while
CuTi0.014 alloy density was 8.60 g/cm> relative density was 96.30%
and porosity was 3.04% and CuTi0.035 alloy density was 8.38 g/cm?,
relative density was 86.33% and porosity was 3.68%. However, the
higher density and relative density observed in pure Cu over its
alloys is attributed to good densification observed, as shown in
Fig. 5, which gradually increased with temperature from the onset
and rapidly appreciated at a temperature of 550 °C to a maximum
at 600 °C (Figs. 3 and 4). The CuTi0.014 alloy is observed to have the
lowest porosity, but with relative density value that is lower than
that of pure Cu, as observed in Table 3. The lower porosity observed
is a sign of good densification and the even dispersion of titanium
particles all over the matrix of Cu, as the particles of Ti started to
precipitate to occupy the voids. The result observed is presented in
Fig. 6. In addition, the relative density that was lower when
compared to that of pure Cu can be as a result of the presence of Ti,
since Ti is known to have lower density when compared to Cu,
which brought about the reduction in the density of Cu, observed in
the alloy. CuTi0.035 alloy was observed to have the lowest exper-
imental density, relative density and highest porosity when
compared to pure Cu and CuTi0.014 alloy. This shows that the
particles of titanium in the alloy were not evenly dispersed in the
matrix of Cu. Therefore, full densification may not be achieved,
since some large, irregular and un-deformed particles of titanium
can be seen in Fig. 7, which is believed to be responsible for the low

X1, 000

SEM image of Cu sintered at 65 °C

density, relative density and higher porosity observed the
CuTi0.035 alloy. It was observed that as the percentage of Ti addi-
tion increased from 1 to 2.6 mass % in the Cu-Ti alloys, the density
and relative density of Cu reduced. It can be noted that the density,
relative density and porosity values for pure Cu obtained, in this
study, were similar to that obtained by Sule et al. [51]. In their work,
pure Cu was sintered at a temperature of 820 °C and compressive
load of 30 MPa and they obtained a density of 8.69 g/cm?, with a
relative density of 97.20% and porosity of 2.8%. The little disparity in
density, relative density and porosity values of pure Cu between
their work and the current study is attributed to the differences in
consolidation parameters. Table 3 also shows the values of the
micro-hardness, calculated yield strength and the ultimate tensile
strength of Cu, CuTi0.014 and CuTi0.035 alloys. The hardness values
obtained are evidence of the densification after sintering and the
homogeneity of the reinforcing materials [30]. CuTi0.035 alloy re-
cords the highest hardness value; followed by CuTi0.014 alloy,
while pure Cu records the lowest value. The addition of titanium
particles increased the hardness value of Cu, which may be
attributed to precipitate of Ti in the Cu-Ti alloys. When the titanium
concentration is very high, the wettability in Cu-Ti alloys will
improve remarkably because of the continuous thin layer that is
formed at the interface at the initial stage of the reaction with Cu
[52]. However, according to Wolf et al. [53], the maximum strength
is obtained when the reaction layer is very thin. It was reported by
Nagrajuna et al. [54] that the hardness and yield strength in the
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Fig. 5. SEM and EDS images of the sintered Cu at 650 °C.
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Fig. 6. SEM and EDS images of the sintered CuTi0.014 at 650 °C.
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Fig. 7. SEM and EDS images of the sintered CuTi0.035 at 650 °C.

solution treated copper-titanium alloys increased linearly, up to 3.5. Microstructural and EDS images analysis of the sintered

about 4.0 wt % Ti, beyond which a quick increase was examined samples

with the extra addition of titanium. The yield strength and ultimate

tensile strength have a direct relationship with the hardness, as Figs. 5—7 show the SEM images and EDS analysis of pure Cu,
represented in Equations (1) and (2). CuTi0.035 alloy still recorded CuTi0.014 and CuTi0, 035 alloys sintered at 650 °C. In Fig. 5, it can be
the highest yield strength and ultimate tensile strength. seen that there was an even distribution of Cu particles all over the
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sintered sample. The EDS graph confirms that there was no
contamination during the sintering process. This explains why it
recorded the highest density and relative density. Fig. 6 shows the
SEM and EDS of CuTi0.014 alloy, having distributed particles of Ti
(black pigments). This signifies good densification, which is
responsible for the alloy to have lower porosity value when
compared to other samples, while in Fig. 7, lumps of irregular and
un-deformed Ti particles were observed. This shows poor densifi-
cation, which resulted in the high porosity, lower density and
relative density that were recorded, as stated earlier.

3.6. Corrosion studies of the sintered samples at 65 0 °C

Figs. 8 and 9 and Table 4 show the effect of the 1 and 2.6 mass %
titanium additions on the uniform corrosion behavior of pure Cu.
Typical open circuit potential (OCP) curves for sintered Cu and al-
loys, presented in Fig. 8, revealed that Cu and alloys containing 2.6
mass % titanium were comparatively stabilized with time when
compared with the alloy containing 1 mass % titanium, which was
not stable from the onset. The stability in the potentials at 0.00 V of
pure Cu and the alloy containing 2.6 mass % titanium additions
specifies that both were thermodynamically stable with time in a
sulphuric (H,SO4) acid solution environment. From the same re-
sults, the potentials of the alloy containing 1 mass % titanium ad-
ditions, started from —0.12 V and progressed to a negative potential
of about —0.01 V, where it became relatively stabilized with
increased in exposure time, with this stability occurring in the
neighborhood of pure Cu. The more alloy containing 1 mass % ti-
tanium additions, the more the move towards the direction of
positive potentials, suggesting that CuTi0.014 alloy has a higher
tendency to resist corrosion as time progresses, by the formation of
a passive film of likely titanium oxide.

The characteristic polarization curve presented in Fig. 9 reveals
only a slight difference in the corrosion potentials of Cu, alloys
containing 2.6 and 1 mass % titanium addition. Furthermore, from
the OCP results, the potentials of the alloy containing 2.6 mass %
titanium addition was lower than that of Cu from the onset, but
after a period of 710 s, it, however, recorded a stabilized effect, with
a higher dissolution potential above others and in contrast from the
polarization result, where it recorded the lowest corrosion current
density value when compared to others. While the alloy containing
1 mass % titanium addition was observed to had a dissolution
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Fig. 8. OCP in H,SO4 acid solution environments of Cu, CuTi0.014 and CuTi0.035.
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Fig. 9. Polarization in H,SO4 acid solution environments of: Cu, CuTi0.014 and

CuTi0.035.

Table 4
Corrosion properties of: Cu, CuTi0.014 and CuTi0.035 alloys sintered at 650 °C.

Composition (vol. %) Ecorr (V) Ieorr (Afcm?) Corrosion rate (mm/y)
Cu -0.01 1.635E°° 1.895E2
CuTi0.014 —0.06 1.609E 6 1.826E2
CuTi0.035 -0.05 9.157E7 1.005E2

potential that was closely similarto that of pure Cu, as time pro-
gressed, as earlier predicted from the OCP results, but was found to
have the highest corrosion current density value, as observed in the
polarization results. An explanation to this behavior of alloy con-
taining 1 mass % titanium addition can possibly be as a result of a
number of heterogeneities in the alloy, through sintering at a
temperature of 650 °C, which could have caused the fading-away of
titanium and leaving more Cu in the matrix of the alloy with an
increase in the exposure time.

3.7. Coefficient of friction under dry sliding condition of the
sintered: Cu, Cu-2Ti and Cu-5Ti alloys

After spark plasma sintering of the samples at a temperature of
650 °C, the wear behavior of the sintered samples was tested. A
10 mm diameter counter surface ball, made of tungsten carbide
(WC) was used to slide against the samples tested, in a recipro-
cating motion, under a load of 25 N and at a frequency of 5 Hz.
Fig. 10 shows the variation of the coefficient of friction as a function
of the sliding time for: pure Cu, CuTi0.014 and CuTi0.035 alloys
under dry sliding conditions mentioned above. As it can be seen,
the coefficient of friction of Cu is the least of the 3 different samples
tested; it started from 0.12 to 0.37. CuTi0.014 alloy recorded lower
coefficient of friction after that of Cu (when compared with
CuTi0.035 alloy), which started from 0.15 to 0.41. From this point
onwards, it maintained a steady-state wear. While CuTi0.035 alloy
recorded the highest coefficient of friction, which at the initial
stage, under the applied load, started to wear from 0.14 to 0.43,
where it became steady as the time progressed. Generally, the
curves show that as the concentration of titanium addition in-
creases from 1 to 2.6 mass %, the higher the coefficient of friction of
Cu recorded. This can be attributed to the poor tribological
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Fig. 10. Coefficient of friction under dry sliding condition of sintered: Cu, CuTi0.014
and CuTi0.035 alloys.

characteristics of titanium, which has been confirmed by other
researchers [5,55,56].

4. Conclusion

In this study, it has been shown that the alloy of 1 mass % Ti
(CuTi0.014) addition increases the electrical conductivities of Cu at
elevated temperatures. The 2.6 mass % Ti (CuTi0.035) additions
improved the corrosion resistivity of Cu in a HySO4 acid solution
environment. However, the 1 and 2.6 mass % Ti addition increased
the micro-hardness, thermal conductivity, yield strength and ulti-
mate tensile strength of Cu. The presence of 1 and 2.6 mass % Ti also
altered the microstructures of Cu. It was also observed that the
addition of 1 and 2.6 mass % Ti increased the coefficient of friction
of Cu under dry sliding conditions. With these findings, it is
envisaged that CuTi alloys can be used in the area where Cu is
required to maintain good electrical and mechanical properties at
elevated temperatures (above room temperature) applications, and
also find applications in an acid environment, without any signifi-
cant acidic attack on the materials.
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