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Abstract

Electrical energy transmission materials (cables) are required to have a good combination of high-strength and high
electrical conductivity properties, to avoid loss of electrical power between places of production and places of usage.
In this study, pure Copper (Cu), Niobium (Nb) and Titanium (Ti) powders of the same purity and particles sizes of 99.0%
and —325 meshes respectively, were used. Niobium and titanium were added to the matrix of pure copper to form the
specimens (Cu-2wt% Nb, Cu-5wt% Nb, Cu-2 wt% Ti and Cu-5wt% Ti), were consolidated at sintering temperature of
650 °C by the use of spark plasma sintering (SPS) techniques. Their electrical conductivity, densities, relative densities,
hardness, corrosion, wear resistance and microstructure was investigated in this study. The results show that addition of
2 and 5 volume percent of Nb improved the electrical conductivity of Cu at elevated temperature, strength, corrosion
and wear resistance of Cu better than that of titanium. Also addition of 2 volume percent of Ti was observed to improve
the electrical conductivity of Cu and was stable at elevated temperature just like Cu-2wt% Nb and Cu-5wt% Nb. How-
ever, the study revealed that niobium addition to Cu will give better electrical conductivity and mechanical properties
improvement than titanium in electrical cables applications.
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1 Introduction

Rising population of human beings and advancing tech-
nology create hug needs for electrical energy. Electricity
is not for all time used within the same area where it is
created, a long distance transmission cables and distri-
bution structures are needed to transport the electrical
energy to the area where it can be used. Copper and alu-
minum cables and wires are commonly used to transmit
electrical power across long distances as high tension
power lines and medium voltage lines [1]. Pure copper

alone as electrical cables carrying high current, surfers a
massive draw back due to its low temperature operating
condition. Copper conducts electricity, but losses it elec-
trical conductivity at higher temperature operation. Cop-
per wire or cables drop electrical energy owing to Joule
effect, which is an expanded heat resulted from current
passing through a copper cables and wires [1]. When elec-
trical current flowing through a copper increases its tem-
perature, the excess heat passes away as wasted energy.
This however, moved up design planning for overhead
and underground cables for long distance transmission,
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which will deliver energy from the step-down substation
to the consumer without much loss of electrical energy
[1]. However, the common way of increasing high opera-
tional temperature and strength of copper while retaining
its high electrical conductivity is alloying with a possible
element within the family of Body Centered Cubic (bcc)
structural elements like; Cr, W, Ta, Nb, Mo, V [2-4]. Among
the copper-based alloy of bcc families, Cu-Nb alloys have
been reported to have the best mechanical properties [4],
and It was also reported that the electrical and mechani-
cal properties of Cu-Nb significantly surpass those of
competitive alloys such as Cu-Ti, Cu-Be, and Cu-Ni-Mg
[5]. Electricity itself is an electromagnetic phenomenon
in nature, its generation, transmission, and utilization; all
depended on the physics of electromagnetism [6], which
occurred in electrical conductors. Electrical conductors
with improved mechanical and electrical properties are
then essential to create high pulsed magnetic fields with
long pulse duration [7]. Cu-Nb high strength cable and
wires are currently attractive candidates for the wind-
ings of high field pulsed magnets because they combine
good electrical conductivity and high strength [8-11].
The combination of high electrical conductivity with high
mechanical strength at elevated temperature is often
required simultaneously for conducting materials used
in transmission and distribution of electrical energy to
avoid energy loses [12]. However, researches on Cu-Nb
and Cu-Ti alloys have gain prevalent attention because of
their properties such as high strength; excellent electri-
cal conductivity, superior corrosion resistivity at elevated
temperature. Also Cu-Nb has superior wear resistance
than Cu-Ti. There are many sizeable amounts of research
work in the investigation of the microstructure, mechani-
cal properties and electrical properties of Cu-Ti alloys
[13-25], and Cu-Nb alloys [5,12,26-31], with the major aim
of developing a replacement for the expensive and deadly
Cu-Be alloys for strength and conductivity. The aim of this
work is to improve the electrical conductivity of copper
at elevated temperature applications in other words; to
avoid the common Joule effects which copper cables suf-
fers when used to transmit electrical energy. In this study,
spark plasma sintering (SPS) was used to consolidate the
Cu, Cu-2wt% Ti, Cu-2wt% Nb, Cu-5wt% Ti and Cu-5wt% Nb
alloys. The following investigation was carried out; electri-
cal conductivity against increase of temperature, deter-
minations of shrinkage (displacement) rate versus time of
the powders during sintering at 650 °C, densities, relative
densities, hardness Vickers, Scanning electron micros-
copy (SEM), energy dispersive x-ray spectrometer (EDS),
X-ray diffraction (XRD), corrosion and wear resistivity of
the sintered samples. The aforementioned tested proper-
ties of the tested samples were compared to each other in
order to ascertain between Nb and Ti which one offered
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better improvement to Cu in terms of combined electri-
cal conductivity and mechanical properties at elevated
temperature, for efficient transmission and distribution
applications.

2 Experimental procedure
2.1 Materials and methods

The starting powders used in this study are Copper (Cu),
Niobium (Nb) and Titanium (Ti) of the same purity and par-
ticles sizes of 99.0% and — 325 meshes (~ —44 microns),
supplied by Alfa Aesar. Samples of Cu-based alloys con-
taining 2 and 5 wt% Nb and Ti in the composition of Cu-
2wt% Nb, Cu-5wt% Nb, Cu-2wt% Ti, Cu-5wt% Ti and pure
Cu (reference material) were prepared and mixed in the
region of Cu-solid solution. The four prepared Cu-based
powdered alloys were separately inserted in a plastic cyl-
inder with balls of alumina and mixed for two hours in
turbular shaker mixer apparatus for 72 rpm.

The electrical resistivity test against increase in tem-
perature, were determined by the use of the spark plasma
sintering (SPS) machine HHPD25 from FCT Germany. The
reported electrical conductivity values (Eq. 1), were the
reciprocal of the recorded resistivity values of the tested
samples. The use of SPS machine in determining the elec-
trical resistivity behavior of the samples, have the advan-
tage of overcoming electrode effect, which is a common
problem in the conventional electrical conductivity test-
ing instruments. However, during the electrical resistivity
test of the samples, clean Cu (reference material) and the
blended powdered alloys of 2 and 5 wt% titanium and Nb
were put inside non-conductive Silicon nitrate (Si,N,) die
of 2cm diameter and height of 0.2 cm, and were connected
with Molybdenum punch that has a copper base (serves as
the electrode). Electrical contact between the powder par-
ticles was achieved through functional compacted load of
10 KN. Electrical powers of 8 kilowatts was used, but as the
temperature turned out to be steady, extra 2 kilowatt of
electrical power were added in the time interval of 2 min.
The test was stopped just before the commencement of
sintering, so that the measured resistivity will be that of
the powder and not the sintered materials.

6=2 (1)
where & represent electrical conductivity and p represent
the electrical resistivity.

The spark plasma sintering (SPS) machine HHPD25
from FCT Germany was used for the electrical con-
ductivity test and full sintering of all the samples at
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temperature of 650 °C, heating rate of 50 °K per minutes,
dwelling time of 5 min and pressure of 60 MPa. All the
sintered samples were grinded and polished, their mor-
phology were studied using Field Emission Scanning
Electron Microscopy (SEM) (JEOL, JSM-7600f) which was
incorporated with energy dispersive x-ray spectrometer
(EDS) detectors. A model PANalytical EMPYREA X-ray dif-
fraction (XRD) readings were carried out, using a CuKa
radiation for phase analysis, with X’PertHighScore Plus
software. Images were captured at an accelerating volt-
age of 15 kV and a probe current of 0.5x107° A. The
experimental densities were reported as the arithmetic
mean of four different measurements taken from the
same sample, and the relative densities of the sintered
samples were also determined. The micro-hardness
was measured using a Vickers indentation method at
applied load of 100 Gramm force with holding time of
10 s, and the test result for each sample was the arith-
metic mean of 5 successive indentations with standard
deviations.

Electrochemical studies were therefore carried out
in 1 mol of Sulphuric acid (H,SO,) solution environ-
ment that contained the solid sintered samples (work-
ing electrode), counter electrode which is made up of
graphite and saturated Silver/ Silver chloride which
served as reference electrode. The corrosion tests were
carried out with VersaSTAT four with versa studio four
software. Potentiodynamic polarization procedure was
used to review the general electrochemical behavior of
the sintered samples of Cu, Cu-2wt% Ti, Cu-2wt% Nb,
Cu-5wt% Nb and Cu-5wt% Ti alloys. Prior to the scan-
ning, every one of the tested samples were immersed
in the electrolyte for 4 min to permit them to become
stable before the open circuit potential measurement,
which was done for about two hours. Every one of the
samples tested was scanned at a scan rate of 2 mV/s
with potential variety from 0.5 to 1.5 V.

Tribological behavior of the sintered samples in a
reciprocating dry sliding condition was conducted
using a CETR-2-UMT tribometer provided with a com-
puter controlled ball-on-disk arrangement that oper-
ated under room temperature. A 1Tcm diameter counter
surface ball of tungsten carbide (WC) was employed to
slip against the tested samples in a countered motion,
in a load of 25 N and at a frequency of 5 Hz. A perpen-
dicularly downwards load was used on the samples
tested, with a motor-driven moving parts that oper-
ated a load measuring device for the reaction in order
to maintain a steady applied load. The coefficient of
friction (n) was constantly recorded during the sliding
operation and the results were obtained from the UMT-
2-CETR apparatus software.
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Fig. 1 Variations in electrical conductivity with increased tempera-

ture of clean Cu, Cu-2wt% Ti, Cu-2wt% Nb, Cu-5wt% Ti and Cu-
5wt% Nb alloys

Table 1 Summary of the results of the electrical conductivity with
temperature of the samples

Tested samples Electrical conductivity Tem-
(S/m) perature

Q)

Cu-2wt% Nb 5.91x107 403

Cu-5wt% Nb 530%107 386

Cu-2wt%Ti 5.10%107 545

Cu 4.77x107 334

Cu-5wt% Ti 436x107 328

3 Results and discussion

3.1 Electrical conductivity with increased
temperature of the samples

In this study of electrical conductivity with increasing
temperature measurements of the studied samples
(Fig. 1), every sample tested was clogged at an end
where the electrical conductivity stopped to raises with
temperature. Figure 1 demonstrated the disparity in
electrical conductivity among Cu-5wt% Nb, Cu-5wt% Ti,
Cu-2wt% Nb, Cu-2wt% Ti alloys and clean Cu powders
with increased in temperature. Table 1 shows the results
of the electrical conductivity versus the temperatures,
which is arranged based on the best electrical conductiv-
ity with temperature of the samples.

The clarification of the incident that effected in
a diminution in electrical conductivity of clean Cu
beyond 334 °C, may perhaps be the evident of phonons
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introduction, which is the perfect resistivity of the mate-
rials. Within clean metals like in pure Cu, phonons are
responsible for the scattering of electrons by means of
the exciting lattice ion of the metal, owing to elevated
thermal energy engaged within the atom. When electri-
cal current flows in the conductor, the temperature of
the metal increase, thermal energy will be stimulated
and this will cause the ions in the atoms to move out
of their stable location, thus, hindering the free moving
electrons in the conductors. Effect of phonon is insignifi-
cant at ~20 °C because the ions are kept in their secured
position in the lattice of the atoms. On the other hand,
metals can conduct electricity provided their ions con-
tinued to remain stable in their lattice, devoid of being
disorderly of the free movement of the electrons, which
are charged carriers [32]. The electrical conductivity of
Cu-2wt% Nb and Cu-5wt% Nb alloys was observed to
be higher than that of clean Cu, Cu-2wt% Ti, and Cu-
5wt% Ti alloys counterparts. Their electrical conductivity
was seen to be more stable at higher temperatures than
others (Cu, Cu-2wt% Ti and Cu-5wt% Ti alloys); the high
temperature stability observed in Cu-2wt% Nb and Cu-
5wt% Nb alloys was attributed to the presence of Nb in
the Cu matrix. This phenomenon is in line with thermal
conductivity behavior of Nb, that its particles show high
temperature stability [33]. The high electrical conduc-
tivity observed in Cu-2wt% Nb could be attributed to;
high electrical conductivity of Nb, lower weight percent
content of Nb which dissolved in Cu matrix, as tempera-
tures increases the dissolved particles of Nb served as
heat absorber that absorbed the excess heat energy
and decreases the scattering to electrons and benefit
the enhancement of the electrical conductivity of Cu
[34]. On the other hand, high electrical conductivity with
increased in temperature was also observed in Cu-2wt%
Ti which was higher than that of clean Cu and Cu-5wt%
Ti alloy. These phenomena are considered to result from
decreases in the amount of the dissolved titanium (Ti) by
precipitation [25] in Cu-2wt% Ti alloy. However, the high
electrical conductivities with temperature sustained by
Cu-2wt% Nb and Cu-2wt% Ti which was above their 5%
(Cu-5wt% Nb and Cu-5wt% Ti), could be that at high
temperature, the low 2% of Nb and Ti would dissolved
in the solution with Cu, thereby enhanced electrical con-
ductivity and strength.

However, to summarize the Electrical conductivity
against the increase of temperature of the samples is
shown in Fig. 1. Figure 1 shows the variation of electrical
conductivity with temperature for all the samples consid-
ered in this work. It can be observed from the graph that
at the temperature increases (25-550 °C), the electrical
conductivity also increases. This can be attributed to the
increased number of free electrons required for electrical
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conductivity. In the temperature range 25-550 °C, there is
a slight improvement in the electrical conductivity of Cu-
2wt% Nb and Cu-2wt%Ti alloys over that of other samples.
This shows that in this temperature range, the lower the
amount of Nb and Ti the better the electrical conductivity
[25]. Above 300 °C, interesting results showing the effects
of the type of alloying elements (Nb or Ti) and the amount
added to the alloy (2 or 5%) were obtained. It was noticed
that Cu-2wt% Nb alloy had the highest value of electrical
conductivity followed by Cu-5wt% Nb alloy. This observa-
tion shows that if improvement in electrical conductivity
of copper is desired, it is better to add Nb instead of Ti.

3.2 Shrinkage rate of the sintered powders
versus time

The shrinkage rate curves (Fig. 2) was used for the expla-
nation of densification mechanisms of the powders dur-
ing sintering at a temperature of 650 °C, under the punch
compressive load of 60 MPa, holding time of 5 min and
heating rate of 50 °K/min. The shrinkage/displacement
rate of the powdered particles during spark plasma
sintering, determined the densification nature of the
sintered sample and it has direct relationship with the
microstructure, density, relative density and micro hard-
ness of the sintered sample. In Fig. 2, it can be seen that
the speed at which the pure copper particles shrink per
time inside a graphite die, was higher compared to the
rest of sintered samples. Pure copper has one sharp peak
which occurred at 25 min, it can also be observed that
each Cu-2wt% Nb and Cu-5wt% Nb has one sharp peak.
Figure 2 also shows that the shrinkage rate of Cu-2wt%
Nb and Cu-5wt% Nb powders was higher than that of

Cu-2wt. % Ti
Cu-2wt. % Nb
Cu-5wt. % Ti
Cu-5wt. % Nb

Shrinkage rate of the powders (mm/min)

T T T T T T T T T T
0 10 20 30 40 50

Time (min)

Fig.2 The shrinkage rate versus time for Cu, Cu-2wt% Ti, Cu-2wt%
Nb, Cu-5wt% Ti and Cu-5wt% Nb sintered at 650 °C
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Cu-5wt% Ti and Cu-2wt% Ti powders. Sharp peak and
high shrinkage rate of powdered particles observed in
Cu, Cu-2wt% Nb and Cu-5wt% Nb can be attributed to
their electrical type (conductive materials). However, in
conductive powder, heating of the particles are mainly
due to the Joule effect and for the non-conductive pow-
der like Ti, heating occurs through heat transfer from the
die and compressive punches [35]. The Joule effect will
initiate rapid heating which can effectively suppress
particle coursing and thus favors intensive particle
rearrangement [36]. However, densification by parti-
cle rearrangement takes place rather rapidly because
grains rather than atoms act as the migrating units [36],
shrinkage rate of the powdered particle is governed by
capillary forces developed in the grain boundary [37],
and this information may clarify the observed confirma-
tion of significant higher shrinkage rate and sharp peak
found in Cu, Cu-2wt% Nb and Cu-5wt% Nb. This outcome
showed that the presence of Cu and Nb as conductive
path allows a faster particle rearrangement during the
spark plasma sintering at 650 °C.

X10,000

u Cu

4 o AR

3.3 Microstructure, density, relative density,
micro hardness and x-ray pattern of the fully
sintered samples at 650°C

After full sintering of the tested samples at sintered tem-
perature of 650 °C, dwelling time of 5 min, compressive
punch load of 60 MPa, and heating rate of 50 °K/min. The
change in microstructure, density, relative density, micro
hardness and x-ray pattern as a function of the abovemen-
tioned spark plasma sintered (SPS) parameters, are shown
in (Figs. 3,4, 5 and Table2) which summaries the aforemen-
tioned properties. Figure 3 shows the scanned electron
microscopy (SEM) images, with their energy dispersive
x-ray spectrometer (EDS) graph; (a) Clean Cu (b) Cu-2wt%
Nb (c) Cu-5wt% Nb (d) Cu-2wt% Ti and (e) Cu-5wt% Ti. In
Fig. 3a, it can be seen that there was an even distribution
of Cu particles all over the sintered sample, and it is an
indication of full densification during sintering (Fig. 2). The
EDS graph showed only Cu, which confirmed that there
were no contaminations during the sintering process. This
explains why it recorded the highest density and relative
density observed in Fig. 4a, b, and Table 2. In Fig. 3b, there

Cu-2wt. % Nb) Cu-5wt. % Nb

N

2 4 6 8 10 12 14 [
‘Ul Scale 37195 cts Cursor: 0.000 KoV Fus Scale 42590 cts Cursor: 0.000

cw A
s 10 12 1

2 4 6
xev] Fusl Scale 27250 cts Cursor: 0,000 reV]

T cu-2wt. % Ti

cu

o m
n A An cu

Cu-5wt. % Ti

i
"eu AT

s 8 10 12 14

6 8 10 12 14

2 a
Fusl Scale 35540 cts Cursor: 0.000 kev]

2
Full Scale 21420 cts Cursor: 0.000 keV]|

(e)

Fig. 3 SEM images with ED’s graph of fully sintered at temperature of 650 °C; a Clean Cu b Cu-2wt% Nb ¢ Cu-5wt% Nb d Cu-2wt% Ti and e

Cu-5wt% Ti alloys
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Fig.4 Graphs of Cu, Cu-2wt% Ti, Cu-2wt% Nb, Cu-5wt% Nb and Cu-5wt% Ti; a experimental density b relative density and ¢ Vickers hard-

ness of the fully sintered samples at temperature of 650 °C

are precipitate of Nb particles observed, which is gray in
color and was dispersed over the body of the alloy (Cu-
2wt% Nb). The EDS graph of the entire alloy showed the
presence of Cu and Nb only, confirming the maintenance
of its purity from powders mixing to sintering process.
These could be the reason of high density, relative density,
hardness and electrical conductivity it recorded over the
rest of the alloys. In Fig. 3¢, precipitate of big Nb particles
was observed and it was situated at the center of Cu-5wt%
Nb alloy. The big precipitate of Nb particles formed, may
be attributed to poor dissolution of large amount of Nb
particles in solid solution of Cu, and prevented evenly
dispersion of the Nb particles during the turbular mix-
ing of the powders. The clustered Nb particles could have
been the reason for the slight reduction in properties of
Cu-5wt% Nb alloy compared to that of Cu-2wt% Nb alloy.
The alloy (Cu-5wt% Nb) maintained its purity throughout
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the process as seen in the EDS graph of the entire alloy
(Fig. 3c). In Fig. 3d, it can be seen that small particles of Ti
was seen dispersed in the matrix of Cu after sintering. The
EDS of a big black pigment in Fig. 3d shows the presence
of Ti and oxygen, the presence of oxygen is as a result of
the oxidation of Ti and also indicated the presence of pores
at that part of the alloy. The presence of pores could be
the reason for low densification during sintering at sinter-
ing temperature of 650 °C. In the SEM of Cu-5wt% Ti alloy
(Fig. 3e), precipitate of an irregular shaped particles of Ti
was observed, which was randomly dispersed in the matrix
of Cu. The EDS graph of the big irregular shaped black pig-
ment shows the presence of Ti alone, these proved that
there were no contaminations encountered by the alloy
during powder mixing and sintering process. Figure 4
shows the; (a) experimental density (b) relative density,
and (c) hardness Vickers of the fully sintered samples at
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Sintered at 650°C
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Fig. 5 XRD patterns of the fully sintered; a clean Cu b Cu-2wt% Ti c
Cu-2wt% Nb d Cu-5wt% Ti, and e Cu-5wt% Nb alloys

650 °C. Figure 5 shows the XRD patterns for clean Cu, Cu-
2wt% Ti, Cu-2wt% Nb, Cu-5wt% Ti and Cu-5wt% Nb alloys.
It can be observed that the addition of 2% Nb and Ti does
not make significant effects on the peak intensity of cop-
per showing that the desired aim of improvement in prop-
erties by forming alloys with the two elements is somehow
fulfilled. This has been confirmed by the improvement in
mechanical and electrical properties of the alloys. The pref-
erence for Nb in terms of property improvement can also

be attributed to the additional peak observed in Fig. 5¢, e
at 90°, 2 thetas. At 5% addition Nb and Ti, a pronounced
effect of these percentage additions on the intensities and
phases formed can be observed particularly with 5% Ti
addition.

The XRD patterns have therefore confirmed the
observed changes in properties noticed in this study
[34,38].

Table 2 shows the summary of the density, relative den-
sity and micro hardness of the sintered samples at 650 °C.

3.4 Corrosion behavior of the sintered samples

Figure 6 showed; (a) potentiodynamic polarization and (b)
Open circuit potential measurement of the studied sam-
ples, and Table 3 shows the summary of corrosion prop-
erties of the studied samples. Potentiodynamic polariza-
tion test were carried out by sweeping the potentials at a
scan rate of 2 mV/s. Figure 6a shows the potentiodynamic
polarization curves of sintered clean Cu, Cu-2wt% Ti, Cu-
2wt% Nb, Cu-5wt% Ti and Cu-5wt% Nb alloys in 1 mol of
H,SO, acid solution. A characteristic polarization curve
presented in Fig. 6a, disclosed a slight difference on cor-
rosion potentials of clean Cu, Cu-2wt% Ti, Cu-2wt% Nb,
Cu-5wt% Ti and Cu-5wt% Nb alloys. At the initial stage of
the process, Cu-5wt% Nb alloy had the highest dissolution
potential, followed by Cu-5wt% Ti alloy while the dissolu-
tion potentials of Cu-2wt% Nb was slightly less than the
Cu-2wt% Ti alloy as time progressed.

The open circuit potential (OCP), is a factor which
specify the thermodynamically affinity of a material to
electrochemical corrosion in a corrosive medium. The
OCP is used as a criterion for the corrosion behavior. Fig-
ure 6b shows the OCP curves for all the sintered samples
immersed in 1 mol H,5S0, acid solution at room tempera-
ture. Conversely, at some stage in the first moments of
immersion of the studied samples in the acid solution,
Cu-5wt% Nb had the highest corrosion resistance poten-
tials but its propensity changes showing a decline as time
goes, reaching negative values. It did not exhibit poten-
tial drops associated with surface activation during more

Table2 Summary showing

> : . Samples Composition in Theoretical den- Experimental Relative Hardness
the de'nS|ty, relative density composition  weight percent sity (g/cm?3) density (g/cm3)  density (%)  Vickers
and micro hardness of samples (Wt9%) (MPa)
sintered at 650 °C
Cu Nb Ti
Clean Cu 100 - - 8.960 8.780 98.000 353.000
Cu-2Nb 98 2 - 8.952 8.680 97.000 383.760
Cu-5Nb 95 5 - 8.940 8.670 97.00 381.920
Cu-2Ti 98 - 8.872 7.720 87.000 376.380
Cu-5Ti 95 N 8.702 7.480 86.000 380.070
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Table 3 Summary of corrosion data; corrosion potential (E.,,), cor-
rosion current (l.,,,), and corrosion rate obtained from the polariza-
tion experiments

Compositioninwt%  Corrosion Corrosion cur- Corrosion
potentials (V) rent (A/cm3)  rate (mm/y)

Clean Cu -0.012 1.635E-6 1.895E-2
Cu-2Nb —0.051 1.830E-6 2111E-2
Cu-5Nb —0.063 1.040E-6 1.187E-2
Cu-2Ti —-0.059 1.609E-6 1.826E-2
Cu-5Ti —0.062 9.157E-7 1.005E-2

than 5000 s exposure in acid solution and move in prox-
imity to Cu-2wt% Nb and Cu-2wt% Ti alloys. These kinds
of behavior of Cu-5wt% Nb strongly recommend that the
air form negative oxides are thermodynamically resistant
to chemical dissolution [39] in H,SO, acid solution. It was
also observed in Fig. 6b, that Cu-5wt% Ti alloy and clean
Cu were relatively stabilized when compared with other
samples. The stability in the potentials of Cu-5wt% Ti and
clean Cu indicated that they were thermodynamically sta-
ble with time in 1 mol H,5S0, acid solution environment.
Also, Cu-2wt% Ti alloy was the only sample that showed a
rapid OCP displacement towards positive potentials, and
became stable with increase in exposure time in the neigh-
borhoods of clean Cu. This steady increase of potentials
towards positive potentials appears to be associated with
the increase formation and thickening of the oxide film
on the surface of Cu-2wt% Ti alloy, developing its corro-
sion protection capacity. The stable corrosion resistance
observed in Cu-5wt% Ti, suggested that there was good
interfacial bonding between Cu and Ti particles in the
alloy. There might be formation of cracks in the interfacial
bonds between Cu and Nb particles in Cu-5wt% Ti and
Cu-2wt% Nb alloys as time progresses, and the porosity
observed in Cu-2wt% Ti (Fig. 3b-d), these cracks and pores
might serve as a corrosion site which resulted to the unsta-
ble corrosion resistance observed in Fig. 6b. Table 3 shows
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Fig. 7 Graph of Coefficient of Friction against sliding time of clean
Cu, Cu-2wt% Ti, Cu-2wt% Nb, Cu-5wt% Nb and Cu-5wt% Ti alloys
under the load of 25 N

the summary of corrosion data; corrosion potential (E_,,,),
corrosion current (i.,,,), and corrosion rate obtained from
the polarization experiments. In the Table 3, some conclu-
sion can be obtained; clean Cu behaves worse compared
with the rest of the alloys. Therefore, alloying with 2 and
5 volume percent of Nb and Ti improves corrosion resist-
ance of Cu.

3.5 Wear study of the sintered samples

At the initial stage under 25 N load (Fig. 7), the variation
of steady state friction coefficient for Cu-2wt% Nb alloy
is the lowest at 0.13, and was maintained to 95 s before
a gradual increased towards the neighborhoods of clean
Cu. The coefficient of Clean Cu was observed to be 0.19
which was the lowest at 300 s, and kept steady up to
674 s before it increases towards the neighborhoods of
Cu-2wt% Nb alloy. The two areas where Cu-2wt% Nb
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and clean Cu intercept could be where there are only
Cu particle, there are no Nb particle at that zone. Gen-
erally, the increase of coefficient of friction above that
of clean Cu observed in Cu-2wt% Nb and Cu-5wt% Nb,
could be attributed to weak interfacial bond that might
resulted due to low sintered temperature of 650 °C, and
the nature of their microstructures (the position of Nb
particles in Cu matrix). Nb has been known as a mate-
rial of high wear resistance. On the other hand, the high
coefficient of friction observed in Cu-2wt% Ti and Cu-
5wt% Ti alloys was as a result of the presence of Ti. The
more volume percent Ti addition into Cu matrix, the
higher the coefficient of friction the alloy will record as
in Fig. 7. Therefore, addition of 2 volume percent of Nb
possessed better wear resistant to Cu than addition of
Ti. Addition of Ti lowered the wear resistant of Cu as it
can be seenin Fig. 7.

4 Conclusion

In this study, it has been shown that the alloy of 2 and
5 wt% of Nb and Ti addition (Cu-2wt% Nb, Cu-5wt% Nb
and Cu-2wt% Ti) increases the electrical conductivi-
ties of Cu at elevated temperatures. The 2 and 5 wt%
of Nb and Ti addition (Cu-2wt% Nb, Cu-5wt% Nb, Cu-
2wt% Ti and Cu-5wt% Ti) improved the hardness Vickers
and corrosion resistivity of Cu in aH,50, acid solution
environment. The presence of 2 and 5 wt% of Nb and
Ti decreased the shrinkage rate of copper powdered
particles during spark plasma sintering at 650 °C also
altered the microstructures of Cu. It was also observed
that the addition of 2 wt% Nb decreased the coefficient
of friction of Cu under dry sliding conditions. In the
overall results, addition of 2 wt% of Nb gave the best
improvement to Cu in terms of electrical and mechanical
property. With these findings, it is envisaged that Cu-
2wt% Nb is the best alloy among the other alloys under
investigations, and can be used in the area where Cu
is required to maintain good electrical and mechanical
properties at elevated temperatures, and also find appli-
cations in an acid environment, without any significant
acidic attack on the materials. This study also shown that
the statement of Raabe et al. [5] (that Cu-Nb alloys have
mechanical and electrical conductivity properties that
surpassed other Cu-based alloys including Cu-Ti alloys)
was correct.
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