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Abstract: In the present study, yttria stabilized zirconia (YSZ) reinforced Cu matrix composite specimens were produced by spark
plasma sintering (SPS). For comparison, pure Cu specimen was also produced in the same conditions. The effect of particles content
on microstructure, relative density, electrical conductivity, and Vickers hardness was evaluated. The pin-on-disk test was also
performed to determine dry sliding wear behavior of specimens under different wear conditions. After sliding wear tests, the worn
surfaces were examined by field emission scanning electron microscopy (FE-SEM). Microstructural study showed satisfactory
distribution of reinforcement particles in copper matrix. The relative density up to 95% was obtained for all specimens. By increasing
YSZ content from 0 to 5% (volume fraction), the electrical conductivity of specimens decreased from 99.2%IACS to 65%IACS,
correspondingly. The hardness of Cu—5%YSZ composite specimen was two times greater than that of pure copper. The volume loss
and wear rate of pure Cu specimen were 1.48 mm® and 1.5x10° mm®*/m under 50 N applied load and 1000 m sliding distance.
However, for composite containing 5% YSZ particles, these values dropped to 0.97 mm® and 0.9x10° mm®/m, respectively.
Moreover, the friction coefficient of specimens was changed from 0.6 to 0.4. The worn surface and debris observation indicate local
plastic deformation and delamination as dominant wear mechanisms for pure copper, while oxidation and ploughing for composite
specimen. Accordingly, it can be concluded that the Cu—YSZ composite could be a good candidate for the electrical contact
applications in relays, contactors, switches and circuit breakers requiring good electrical and thermal conductivity and capability to
resist wearing.
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strength, resistance
copper [1,12].
Hereinto, a variety of ceramic materials such as

Al,Os, SiC, and TiB, have been utilized to reinforce the

and higher wear than pure

1 Introduction

Because of excellent thermal- and electrical-

conductivity, high corrosion resistance and ease of
fabrication, copper and copper-based materials are
widely used in cables, wires, electrical contacts, and in
applications good  electrical
conductivity [1-8]. However, pure copper suffers from

requiring current
low tensile strength, low hardness and poor wear
resistance [1,2,5,9]. The potential solution 1is to
strengthen copper by various methods [9]. One of the
methods to improve the physical and mechanical
properties as well as the wear resistance of pure copper is
the addition of reinforcement particles to it, i.e., the
fabrication of Cu-based composites [10—13]. It has been
shown that Cu matrix composites and/or nanocomposites
represent good properties such as acceptable thermal/
electrical conductivity,

improved low temperature

copper matrix. Among these, however, fine stabilized
ZrO, ceramic particles could be a proper reinforcing
material due to their high strength and stiffness, high
melting temperature, and relatively good electrical
property [14]. Although, noticeable studies have been
performed on the fabrication and characterization of
yttria stabilized zirconia (YSZ) matrix composites
reinforced with other ceramic materials [15—17], the
addition of ultrafine grained YSZ particles to copper
matrix and its subsequent effect on the microstructure,
physical and mechanical properties as well as
tribological behavior of copper matrix have been notified
limitedly. According to IEPURE et al [18], the electrical
conductivity of Cu/ZrO, composites utilized in spot
welding electrodes has been influenced by the producing
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parameters, porosity and the ZrO, contents. So, the
presence of 8.04% porosity has degraded the electrical
conductivity of Cu—3%ZrO, to (30%—45%) IACS.
Nevertheless, referring to other research works [19,20], a
few amount of stabilized ZrO, particles may improve the
mechanical properties as well as the wear resistance of
Cu matrix. Therefore, the main idea behind this study is
the producing of Cu—YSZ composites by applying a
modern sintering technique.

It is well known that one of the greatest procedures
for preparation of metal matrix composites is powder
metallurgy [1,10,21,22]. In this method, typically, one
can select a variety of mixed metallic and ceramic
powders with different sizes and morphologies to
produce precise, tenacious and high operational parts
utilizing the variety of consolidation/sintering processes.
Recently, the spark plasma sintering (SPS) consolidation
technique has been used frequently for fabrication of
metal matrix composites [9,23—27]. Due to the
advantages of SPS process such as short processing time,
improved microstructure (smaller grain size), and
obtaining approximately fully dense materials at lower
temperatures compared to conventional sintering
methods, this technique has been known as a novel
sintering method for the super-fast densification of
varying nanostructured and amorphous materials as well
as intermetallic compounds, ceramics, polymers, and
refractory metals [26,28—30]. RITASALO et al [9,27,31]
have employed the SPS technique for the consolidation
of submicron sized Cu powder, Cu/Cu,0, and Cu/AL,04
composites. The relative density measurement results
were up to 97% for all composites. In addition, they have
observed a little grain growth for pure sub-micron copper
after being densified by SPS using 50 MPa pressure and
a 1 min holding time at 873 K. In another research,
ZHANG et al [32] have also reported that the initial
pressure of 1 MPa, holding pressure of 50 MPa, sintering
temperature of 750 °C, holding time of 6 min and
heating rate of 80 °C/min could be the optimized
sintering parameters for the SPS of ultrafine grained
copper.

Based on above research works, the present work
aims to make use of SPS process as a sintering technique
for producing pure copper and ultrafine grained YSZ
reinforced copper matrix composites. Furthermore, in
this research, the microstructural characteristics, some
physical and mechanical properties as well as
tribological behavior of produced composite specimens
have investigated according to related ASTM standard
test methods.

2 Experimental

The copper powder (99.8% purity with a particle

size less than 63 pm, Merck, Germany), and 7.5% yttria
stabilized zirconium oxide powder (ZrO,—7.5Y,0;,
Metco 6700, Sulzer Metco, USA) were used as raw
materials in this study. The pure copper and YSZ
powders were simply mixed in specified volume
percentages (i.e., 0, 2%, 3% and 5%) using Turbula
mixer (Turbula TC2, Willey Bachhofen, Switzerland) for
1 h. Before mixing, de-agglomeration of YSZ particles
was performed using ultrasonic device with proper
quantity of ethanol. X-ray diffraction (XRD) pattern of
mixed powders was obtained using a STOE STADIP
diffractometer with Cu K, radiation (A=0.154060 nm) in
the 26 range of 20°—80° by the step of 0.02°.

The mixture of powders was consolidated by SPS
(SPS—20T-10, Easy Fashion Metal Products Trade Co.,
Ltd., China) apparatus. The mixed powders were initially
compacted at 100 MPa and then heated with the rate of
25 °C/min to the sintering temperature of 720 °C under
vacuum of 1.8 Pa. The holding time and applied pressure
at sintering temperature were 5 min and 40 MPa,
respectively. During the heating of specimens up to
650 °C, the applied pressure was selected as 10 MPa.
The voltage and amperage of pulsed direct current were
in the range of 2—3 V and 1000—-2000 A. The durations
of each pulse in on and off conditions were also 12 and
2 ms, correspondingly. The diameter and height of
produced disk-shape specimens were 30 mm and
approximately 5 mm, respectively.

The  powder  particles  morphology and
microstructure of bulk specimens were examined using
field emission scanning electron microscopy (FE-SEM,
Mira3-Tescan) equipped with energy dispersive
X-ray spectroscopy (EDS). The microstructural
characterization was carried out after etching of
specimens with a mixture of 5 g FeCl; and 50 mL HCl in
100 mL distilled water solution.

The density of specimens was measured according
to Archimedes principle using a Sartorius balance with
an accuracy of 0.0001 g. The Vickers hardness test was
conducted using a load of 30 kg with a duration loading
time of 30 s. The specific electrical resistivity of
specimens was determined by measuring electrical
resistivity (using GW instek LCR—-8110G micro
ohmmeter) and specimen dimensions at room
temperature. Then, the electrical conductivity of
specimens was expressed as international annealed
copper standard conductivity (%IACS) unit based on the
ASTM B193 standard test method.

Dry sliding wear test was carried out by pin-on-disk
method according to the ASTM G99 standard test
method. Three different applied normal loads (20, 50 and
80 N), four sliding distances (200, 400, 600 and 1000 m),
and a constant sliding velocity of 0.4 m/s were selected
to evaluate tribological behavior of unreinforced copper
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and composite specimens. The cylindrical pins having
5 mm in diameter and 10 mm in length were loaded
against a rotating steel disk with hardness of HV 966 and
average surface roughness (R,) of 0.35 pm. After
exposing of various loads and sliding distances, the mass
loss of specimens was measured in an analytical balance
of 0.0001 g precision and converted to volume loss
values by considering the density of specimens. To
investigate the wear mechanisms, the worn surfaces and
debris were analyzed using FE-SEM.

3 Results and discussion

3.1 Microstructural characterization

Figure 1 shows the morphologies of used powders.
Dendritic structure of electrolytic copper powders is
shown in Fig. 1(a). However, YSZ particles are almost in
polygonal shaped with particle size mostly less than
150 nm as seen in Fig. 1(b).

The XRD pattern of Cu—5%YSZ as mixed powders
is displayed in Fig. 2. Because of the small particle
size and low content of YSZ particles, the intense peak

Fig. 1 Field emission scanning electron micrographs of
as-received Cu (a) and milled YSZ powders (b)
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Fig. 2 XRD pattern of Cu—5%YSZ mixed powders

corresponds to Cu. According to the XRD profile and
that reported by MAWSON et al [34], it is clear that
zirconium oxide powder particles are tetragonally
stabilized. Scherer’s formula was also used for the sake
of YSZ crystallite size estimation as follows:

094
Pcosd

(1)

where D is the crystallite size, 4 corresponds to the X-ray
wavelength (0.154060 nm in this study), g is related to
the broadening of diffraction line measured as half of its
maximum intensity and 6 is the corresponding angle.
Based on Eq. (1), the calculated crystallite size of YSZ
powder equals 71 nm.

Figure 3 illustrates the microstructures of
unreinforced Cu and bulk Cu matrix composites
containing 2%, 3% and 5% YSZ after SPS processing.
The energy dispersive spectroscopy (EDS) analysis
results of two specified points in Fig. 3(b) for the Cu—
2%YSZ composite are shown in Fig. 4. Figures 4(a) and
(b) correspond to the EDS1 and EDS2 points which are
related to the composition of YSZ particles and Cu
matrix, respectively. The presence of Cu in EDSI point
could be related to great size of FE-SEM probe
compared to YSZ particle diameter.

It is a well-known fact that the homogencous
distribution of reinforcement phase in the metal matrix
remarkably improves the physical, mechanical, thermal
properties and wear resistance of particulate reinforced
metal matrix composites [10]. According to Figs. 3(b)—
(d), almost uniform distribution of reinforcement
particles can be seen in copper matrix. Considering the
results reported by several researchers, it seems that
using high energy ball milling not only has no significant
effect on homogeneous distribution of (nano) particles in
similar systems (for example Cu—SiC, [35], Cu-graphite
[36]) especially in those containing low content of
reinforcement, but also has some incontrovertible
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exhibiting distribution of YSZ particles in spark plasma sintered specimens

a
( )Cu
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Fig. 4 EDS point analysis obtained from EDS 1 point (a) and EDS 2 point (b) in Fig. 3(b) related to composition of YSZ particles

and Cu matrix, respectively

disadvantages. Therefore, in the present work, merely
mixing of matrix and reinforcement powders (without
any contamination) was chosen for composites
processing. Another important point that can be seen in
Figs. 3(a)—(d) is that by increasing of reinforcing
particles content, the grain size of copper matrix
decreases. The reinforcing particles could inhibit the

movement of the grain boundaries and consequently
grain growth.

3.2 Relative density, electrical conductivity, and
hardness evaluation
The relative density, porosity, electrical conductivity
and Vickers hardness values of pure copper and
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composite specimens are summarized in Table 1. For
determination of the theoretical density according to the
rule of mixtures (ROM), the density values of copper and
YSZ have been considered to be 8.96 [27] and
6.05 g/cm’® [37], respectively. As reported by MUNIR et
al [38], simultaneous applying of current and pressure as
consideration of powders characteristics
(conductive or non-conductive) during SPS as
consolidation route can improve densification. As shown
in Table 1, the relative density of specimens decreases
with the increase in particles content. However,
densification with SPS process has led to nearly full
dense of specimens especially for those containing lower
volume percentages of particles. It should be mentioned
that, the relative density of produced composites in this
work is considerably higher than those produced by
conventional  press—sinter and/or hot pressing
consolidation processes [21,39]. DING et al [20] have
investigated the relative density of Cu—ZrO,
nanocomposites sintered by conventional method and
have reported the relative density value of 72.4% for 5%
YSZ reinforced Cu—ZrO, composite, whereas in the
present study, it is higher than 95% for the same
composition. However, the relative density results are
comparable with those copper matrix composites
consolidated via SPS technique [9,27].

well as

Table 1 Relative density, porosity, electrical conductivity, and
Vickers hardness values of Cu—YSZ composites

. . . Vickers
. Relative Porosity/ Electrical
Material . o hardness
density/% %  conductivity/ %IACS
(HV)

Pure Cu  99.388 0.612 93.60 48.6+2.8
Cu—2%YSZ 99.205 0.795 66.90 62.9£1.35
Cu—3%YSZ 96.728 3.272 70.30 80.6+2.6
Cu—5%YSZ 95.697 4.303 61.30 107£19.06

According to Table 1, the electrical conductivity of
composites is lower than that of pure copper. It should be
noted that the electrical properties of a conductive
material depend on this fact that how conduction
electrons move in its structure. Therefore, because of the
presence of reinforcement particles and/or impurities (for
instance, surface impurities induced from metallography
treatment) as well as the porosity as the electron
scattering agents [39], the electrical conductivity of
metal matrix composites reduces. However, spark plasma
sintered Cu—YSZ composites in this study exhibit better
electrical conductivity than those copper matrix
composites which were produced by conventional
sintering method [39].

The hardness of copper has been increased
noticeably from HV 48.6 to HV 107 by increasing the

amount of hard YSZ ceramic particles from 0 to 5%. In
addition to the presence of reinforcing particles, the
increment in hardness may be attributed to grain
refinement and dislocations generation in the vicinity of
ceramic particles as indicated by other researchers
[7,40—44].

3.3 Wear test results
Figures 5(a)—(c) show the variation of volume
loss with sliding distance for pure copper and composite
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Fig. 5 Variation of volume loss with sliding distance for pure
copper and composite specimens tested under three applied
loads: (a) 20 N; (b) 50 N; (c) 80 N
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specimens tested under three different applied loads (20,
50 and 80 N) and a constant sliding velocity of 0.4 m/s.
Based on the figures, the volume loss values increase
almost linearly with sliding distance for all specimens as
expected [1,5,45]. However, Cu—YSZ composites,
especially those containing high volume percentage of
particles, have better wear resistance than pure Cu.
Similar to the improvement of hardness (Table 1), it is
well determined that the addition of hard ceramic
particles to copper matrix contributes to the enhancement
of wear resistance [12,46].

According to Fig. 6, the rise of applied load causes
the considerable increase of volume loss. This could be
due to the temperature rising of worn surface area
between two parts (pin and stainless steel counterface)
which consequently results in the higher oxidation rate
and oxide removal from specimen surface as well as
increasing of contact area [46,47]. However, the addition
of ceramic particles can improve the resistance of
composites against micro-cutting action of abrasive
particles which could result in the enhancement of wear
resistance, as can be seen in Fig. 6. It is well known that
not only the extrinsic variables like specimen and
counterface surface roughness, mechanical properties of
the counterface, applied load, sliding speed, and
environmental condition but also the other variables such
as shape, volume fraction, size, mechanical properties
and the distribution of reinforcing particles as intrinsic
variables could influence the tribological behavior of
metal matrix composites. Therefore, it is difficult to
conclude that YSZ particles have either better wear
resistance enhancement effect than other ceramic
particles like SiC, TiB, and Al,O;. However, the obtained
results in this work are quantitatively in good agreement
with the results presented by other researchers [45].

Figure 7 shows the variation of wear rate as
a function of applied load for the pure copper and

2 T— 20N
1.8F =— 50N
. L6} '__‘—_'__'_'"‘“‘*~=-.,_‘_h::::ji?Tq
g
£ 1.4+
;g 1.2 F
% 1.0+
'E 0.8}
0.6+
04+t
021
0 L L 1 i
0 2 3 5
YSZ content/%

Fig. 6 Volume loss of all specimens as function of YSZ content
under different applied loads and constant sliding distance of
1000 m
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20F + — Cu-3%YSZ
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0.5F

Wear rate/(10»mm?+m™")
=

0 20 80 100

40 60
Applied load/N
Fig. 7 Variation of wear rate as function of applied load for

pure copper and composite specimens at sliding distance of
1000 m

composite specimens at a sliding distance of 1000 m. As
expected, the wear rate of all specimens increases with
an increase in the applied load. According to SHEHATA
et al [21], the effect of load on the specimen is similar to
the specimen indentation. By increasing the load, the
penetration depth of indenter (for example hard YSZ
particles) will increase, which subsequently results in
high wear rate. However, Fig. 7 demonstrates that
incorporation of ceramic particles contributes to the
resistance of composite specimens against the
penetration of abrasive particles. Similar conclusion for
wear rate behavior of alumina reinforced copper matrix
composites has already corroborated by FATHY et
al [39]. Another point is that, according to Archad
equation [46], the wear rate of composites has inverse
relation with their hardness. Therefore, as can be seen in
Table 1, increasing of hardness induces lower wear rate
of composite specimens.

Figures 8(a) and (b) show the variation of friction
coefficient (1) of pure Cu and Cu—5% YSZ specimens as
a function of sliding distance at different applied loads.
As it can be seen, almost for all applied loads, the
friction coefficient increases remarkably at initial
0—200 m sliding distances and then reaches to the steady
state region. The removing of asperities and surface
roughness of specimen at initial sliding distances may
lead to increase of two parts contact surface area and
subsequently increase the friction coefficient of
specimens [46]. However, decreasing of 4 as a function
of applied load is observed clearly in steady state region.
This situation has enunciated by NATARAJAN et al [47].
The increasing of applied load can not only increase the
contact surface area but also raise the temperature of two
worn surfaces. It seems that the temperature rising and
subsequently oxidation as well as formation and
destruction of thin layer films due to applying of higher
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Fig. 8 Variation of friction coefficient («) of pure Cu (a) and
Cu—5%YSZ (b) specimens as function of sliding distance at
different applied loads and constant sliding velocity of
0.4 m/s

loads are the predominant factors which cause the
degradation of friction coefficient in steady state region.

Figure 9 shows the average friction coefficient
values of all specimens after sliding distance of 1000 m
and under three different applied loads of 20, 50 and
80 N. In addition to decreasing of friction coefficient by
increasing of applied load, another point which is evident
in Fig. 9 is the negligible reduction of u with the
increasing of YSZ volume percentage. Inherently, harder
reinforcement particles withstand the load and act as
asperities and reduce the pin-counterface contact arca
which result in the reduction of friction coefficient [46].
For SPS consolidated coarse copper [48] and Cu/Al,O;
composites [11], the friction coefficient values have been
reported to be 0.5—0.8 and 0.5-0.6, respectively.

In order to investigate the wear mechanisms and
status of material removing, the worn surfaces of
unreinforced Cu and Cu—5%YSZ composite specimens
were examined using FE-SEM under different applied
loads and a 1000 m sliding distance (Fig. 10). According
to Fig. 10(a), under applied load of 20 N, a slight plastic
deformation can be seen on the worn surface of soft
copper. However, increasing of the applied load leads to
some cleavage and delaminated regions (Fig. 10(b)).
Surface cracking and severe material removing can also

1.0
m20N
50N
0.8+ B80N
=
2 D54 0.62 0.6
é e 0.53 -4 %8054
2 ] 0.5
S 0.44 0.44
.5 04k 0.4 0.4
S
i3
021
Pure Cu Cu— Cu- Cu-
2%YSZ  3%YSZ 5%YSZ

Fig. 9 Average friction coefficient values of all specimens at
three different applied loads of 20, 50, and 80 N and sliding
distance of 1000 m

be seen in Fig. 10(c). The plate-like debris which are
shown in Fig. 11(a) confirm the occurrence of
delamination and surface cracking during 80 N loading
of soft copper. However, the observed phenomena on the
worn surface of Cu—5%YSZ composite are slightly
different with unreinforced Cu. Increasing of the applied
load leads to increasing of temperature of sliding
surfaces. In this condition, softening and oxidation of
specimen take place. As shown in Figs. 10(d) and (e), the
oxidized flakes that have remained on the worn surfaces
indicate oxidation as dominant wear mechanism for
composite specimen in this wear condition. Additionally,
in high stress conditions (80 N applied load, Fig. 10(f)),
micro-cutting and ploughing of reinforcement particles
take place. Relatively coarse and coaxial debris
corroborate these mechanisms occurring in copper
matrix composites (Fig. 11(b)).

4 Conclusions

1) The microstructural evaluation showed that the
simple mixing of powder particles and using ultrasonic
device for better dispersion of reinforcement particles
before mixing is a fast, easy, and low-cost method
without interring any impurity and contamination to raw
materials.

2) Density measurements revealed that comparing
with conventional sintering methods, the SPS process is
a better consolidation technique for the copper matrix
composites.

3) A few amount addition of a very fine-grained and
inherently hard YSZ particles to the soft copper matrix
leads to considerable improvement of hardness (from HV
48 for pure copper to HV 107 for Cu—5%YSZ
composite) without having significant effect on electric
conductivity.
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utting and ploughig

S

Fig. 10 FE-SEM images of worn surfaces of un-reinforced copper and Cu—5%YSZ composite at sliding distance of 1000 m and
under three different applied loads: (a, b) 20 N; (¢, d) SO N; (e, f) 80 N

Fig. 11 FE-SEM images of collected debris of unreinforced copper (a) and Cu—5%YSZ composite specimens (b) at sliding distance

of 1000 m and applied load of 80 N

4) The presence of reinforcement phase has
improved the wear resistance of composite specimens
effectively. An increase in particles volume fraction
results in the increase of wear resistance. Small
degradation of friction coefficient with increasing of
applied load was observed. The worn surface and debris
observations indicate local plastic deformation and
delamination as dominant wear mechanisms for pure
copper while oxidation and ploughing for composite
specimen.
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