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Abstract

Copper -graphite composites are widely used in a great number of engineering applications such
as brushes, switches, sliding bearings, self-lubricating bearings, etc. due to their good thermal and
electrical conductivity and excellent tribological properties as compared with other structural materials.
There are ongoing attempts in manufacturing copper composites with better properties to enhance
their efficiency and increase their effective life.

Present research aims to prepare hybrid 95 wt.% copper -5 wt.% graphite composites reinforced
with yttria and tin particles by powder metallurgy technique and to study their effects on mechanical
and physical properties of the prepared composites.

Powder mixture was mixed by ball mill mixer at 100 r.p.m for 120 min with (5/1) balls to powder
ratio. The powder mixture was cold pressed at 700 MPa for 30 sec, followed by sintering at 900 °C for
one hour. In the first stage, Yttria(Y,03) was added with (2, 4, 6, 8, 10)wt% to pure copper(Cu) and to
(95%Cu-5%Gr) matrices. Typical composite of this stage was ((95%Cu-5%Gr)-4%Y203.

In the second stage, tin (Sn) was added with (2, 4, 6, 8, 10)wt% to pure copper and((95%Cu-5%Gr)-
4%Y203 matrices. Typical composite of this stage was ((95%Cu-5%Gr)-4%Y203)-6%Sn. The results
showed that hardness and true porosity of the composites increases with increasing yttria content. On
the other hand both thermal and electrical conductivity of the composites decreases with increasing
yttria content. It was also found that (95 wt.% Cu- 5 wt.% Gr) — Y,0O3; composites have always lower

wear rate than plain Cu-Y,03 composites.
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1. Introduction

In the last few years, several attempts have been done to reinforce copper in order to improve its
mechanical properties. Copper is one of the most promising metal because of its high electrical and
thermal conductivity, superior corrosion and oxidation resistance. However due to its relatively high
ductility, low yield strength, weak creep resistance and low hardness, it is necessary when increasing
its mechanical properties be careful not to greatly affect its electrical properties [1]. Structural materials
composed of matrix material and reinforcement material are called composite materials which
combine the properties of two or more components [2, 3]. Using single reinforcement in copper matrix
may sometimes lead to the deterioration of its physical and mechanical properties. To overcome these
losses in copper properties, hybrid composites are prepared from two or more different types of
reinforcements with copper matrix. Oxides of metals like aluminium, cerium, yttrium and zirconium are
often used for this purpose as fine and uniformly distributed dispersoid particles in soft and ductile

copper matrix. Such composites find applications as electrical contacts, resistance-welding tips, lead
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wires, continuous casting moulds, etc. [4]. The most common routes for particle-reinforced Cu matrix

composites include casting and powder metallurgy methods. Powder metallurgy (PM) is preferred to

casting because of low agglomeration, low segregation and good wettability [5, 6]. PM processing

includes mixing, pressing and sintering [7]. Graphite plays a significant role in advanced energy
materials with excellent tribological properties [8]. Copper—graphite composites, produced by powder
metallurgy processes are now widely used in tribological engineering parts, such as bearings, and
electrical contact parts, notably carbon brushes for engines and generators[9]. [10] found that mixing
variables and powder characteristics such as particle shape and particle size distribution have great
effects on sintered density and microstructural homogeneity of Cu-(Sn,Pb) composites. [11] studied
the effect of processing parameters and amount of additives on the mechanical properties and wear
resistance of copper-based composite. They found that increasing the graphite content up to 5 wt%
increase the wear resistance of the Cu-(Sn, Pb) composites. [12] achieved near full densification in
copper — graphite composite through pressing at 700 MPa for 30 sec, followed by sintering at 900 °C
for 1 hr. [13] studied the effect of process parameters on the hardness and microstructure of copper —
graphite composites prepared by powder metallurgy route. He found that the optimum compacting
pressure, sintering temperature and sintering time for conventional sintering were 700 MPa, 900 °C
and 1 hr. respectively. [14] studied the tribological properties of Cu matrix composites reinforced with
Fe, Gr, Sn, ZrO, and SiO, ) prepared by PM that is used in dry friction clutch. They found that
improper material formulations caused inferior properties particularly with high sintering temperatures.
High Sn contents caused swelling of the sintered materials as well as tribological properties
(coefficient of friction and wear resistance). It was found that the investigated materials were
insensitive to sintering temperatures in the range (800-900) °C but they were strongly influenced by

chemical compositions.

2. Experimental Procedure
2.1 Used Materials

Electrolytic copper powder (< 63 ym in size with 99.7% purity), graphite powder (< 53 ym in size
with 99.9 % purity), yttria powder ((10-5) um in Size with 99.95 % purity) and tin powder (< 53um in
size with 99.95 % purity) were selected as metal matrix, soft reinforcement, hard reinforcement and
modifier respectively.
2.2 Composite Preparation

Graphite powder was preheated up to 200 °C for two hours to get rid of moisture and other volatile
substances. Hybrid 95% copper—5% graphite composite is fabricated by powder metallurgy technique
and prepared through two stages as illustrated in figures 1 and 2 which represent the flow charts of

the experimental procedure in stage 1 and 2 respectively.
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Fig. 1: Flow chart for the experimental procedure of stage-1
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Fig. 2: Flow chart for the experimental procedure of stage-2
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The powders were mixed by mixing machine (ball milling) as shown in figure (3) for 1.5 hrs at 100 rpm.
8 mm diameter balls were used with 5/1 balls to powder ratio.

The powder mixtures were cold pressed by uniaxial pressing at 700 MPa for 30 sec inside a cylindrical
hardened steel die using compaction machine (type: U test, turkey) with capacity 250 KN to produce
green compacts with 10 mm in diameter and 71 mm in height. The inner surface of the die was lined
with thin layer of graphite to avoid the adhesion between die and punch as well as to provide
lubrication during ejection of the compact.

Green compacts were sintered at 900 ‘C for 1 hr. with heating rate 13 *C/min, followed by cooling
inside an electric muffle furnace. To prevent oxidation, the samples were placed in a ceramic
container with multilayer graphite powder and gray cast iron chips and are sealed with castable
(Alumina + silica) layer and castable magnesium oxide layer as shown in figure (4).This configuration
was proved to be effective in oxidation prevention [15]. K-type thermocable was used to measure and

control sintering temperature inside the container.

e

E 20mm —| Samples
Gray cast iron chips layer|_ Graphite layer
SpeEd 20mm
Regulator

Fig. 3: A sketch for mixing machine Fig. 4: sintering container

castable ( alumina + silica) layer castable magnesium oxides layer l

Type et




Mechanical and physical properties of hybrid Cu-graphite Composite prepared via
powder metallurgy technique

2.3 Performance testing
2.3.1 Hardness Test

The hardness of the sintered compacts was measured using Brinell hardness tester (type:
Innovatest, Netherland) at a load of 30 kg and a dwell time of 20 sec using indentation ball of 1 mm

diameter. Each hardness value represents an average of ten readings.

2.3.2 Wear Test

Wear test was performed using a pin on disc-tribometer (P.A. Hilton Ltd Company, UK). Sintered
compacts represent the pins while hardened steel disc of 218 HB was used as counter disc. Before
loading the specimens on the test device, the surface of the hardened steel disc was thoroughly
cleaned with acetone. Wear tests were carried out under dry sliding condition and a normal load of
40N. The rotating speed of the steel disc was 350 rpm for 30 min. All experiments were carried out in
ambient temperature and relative humidity of 36%. Each specimen was weighed before and after
every wear test in an electronic balance with 0.1 mg precision to obtain the weight loss. The wear rate

was calculated according to the following formula [16]

Wear rate = % (g/cm) T |
AW =W, — W,
S = 2nrnt

W, = weight of specimen before the test (g)

W,= weight of specimen after the test (g)

S = sliding distance

r = sliding radius (cm) (from center of the disc to center of the specimen)
n = sliding speed (r.p.m)

t = sliding period (min)

2.3.3 Determination of Relative Density and True Porosity

Sintered or true density of the specimens was determined by Archimedes' principle according to
[17]. The procedures were carried out as follows:
1- The test specimens were dried at 150 °C for 1 hr then cooled slowly to room temperature inside the
oven. The dry weight of the cooled specimens (W) were measured.
2- The suspended weight (W;) was determined by suspending and sinking the specimen inside flask
containing distilled water.
3- The specimens were immersed in boiled distilled water for 5 hrs. then followed by soaking in

distilled water for an additional 24 hrs. at room temperature. Subsequently, specimens were weighed
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after removing all excess surface water by a moistened, lint-free linen or cotton cloth to obtain weight
(W5).
Relative density and porosity were determined by the following relationships [18, 19, 20]:
T.D=Y"(p;-x;) e 2
T.D = Theoretical density (g/cm®)
p; = Density of element in the composite (g/cm®)

x;= Percentage of element in the composite

B.D.= —4_ x p, I

Ws— Wi

B.D.= Bulk density (g/cm®)
W4 = Dry weight (g)

W= Suspended weight (g)
W= Saturated weight (g)
pw= Water density = 1 g/cm®

B.D
R.D=—=x100% e 4
R.D = Relative density

T.D.—B.D.
T.D.

T.P.=

X 100 % vev. D

T.P.= True porosity

2.3.4 Thermal and Electrical conductivity Test

Thermal conductivity was determined by using thermal conductivity measurement system
(TechQuipment Ltd, UK).The sample was put in the device between two brass blocks; the first block
was heated while the second block was cooled by current water. Electric power was applied to supply
the required heat energy to heat the sample while a set of thermocouples were used to measure the
temperature gradient along the two brass blocks and the supported sample between them. Heating
was continued until a steady state condition between the two samples ends (AT) was satisfied. Fourier

law was applied to calculate the thermal conductivity [20].

_K:_Q 6

I e
Where

Q = amount of heat (W) =10 Watt

K = thermal conductivity (W/ (m.k))

AT = temperature difference between the two ends of the specimen (m)

Ax= distance between the two thermocouples that measures two points on the sample (m)

A = cross section area of the specimen (m2)
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Electrical conductivity of samples was calculated from the thermal conductivity by using Wiedmann-

Franz Equation as follows [21, 22].

A= -8 (w0
=1 =2443x107° (%) e T
A = thermal conductivity (W/(K.m))

o = electric conductivity ( Q*.m™)

T= absolute temperature (K)

L = lourinse number = 2.443 x 1078 (Vzi_f)

2.3.5 XRD Test

X-ray diffraction device (type: SHIMADZU, made in Japan) utilizing copper target was used to
observe the formed phases which was identified by comparing the obtained inter-atomic distance
values with a standard tables according to ASTM by using analytic program match! 3.

3. Results and Discussion
3.1 Effect of Reinforcement Materials on Relative Density and True Porosity

Figure (5) exhibits the relationship between relative density and reinforcement material (yttria
and tin). It can be observed that increasing Y,O3 content in Cu-Y,03 composite decreases relative
density, where it is reduced from 94% to 86% with 0 and 10 wt.% Y,03 respectively. This is due to the
increased porosity content with increasing Y,Os; as shown in figure (6). The porosity increase is
attributed to the lack of wettability between ceramic materials and copper[23], agglomeration of yttria
particles, and to the particles size of both Cu and Y,0O3; which is near to each other, which prevent
Y,0; to act as filler in copper matrix.

On adding Y,03 to (95 % Cu — 5 % Gr) matrix, relative density increases to reach (86 %) with
4 wt.% Y,03. This desirable effect is attributed to the high initial porosity of (95 % Cu- 5 % Gr)
composite, which reaches 18% since Y,0; acted as filler in that composite. This effect is enhanced by
graphite particles, which help small Y,O; particles to slip toward pore sites. Increasing Y,0; beyond 4
wt.% reduces relative density through the decrease of filling action of Y,O3, agglomeration tendency
of Y,03 particles and the accompanied increase in porosity, and finally to the insulation effect of both
graphite and yttria which reduces consolidation and densification of copper matrix. From the above
results, it is found that 4 wt.% Y,03 is the most suitable addition to (95 %Cu- 5 %Gr) from relative
density view point.

In figure (5), it is also observed that increasing tin content in both Cu-Sn composites and
((95%Cu-5%Gr)-4%Y,03)-Sn composites increase relative density while true porosity decreases on

increasing tin content as shown in figure (6). On sintering at 900 °C, tin melts and liquid sintering
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mechanism will be activated. Activation of liquid sintering mechanism enhances filling process of
porosity, consolidation and densification of composites. Referring to figures (5) and (6) it is observed
that Cu-Sn composites have higher density and lower porosity than Cu-Gr-Y,03-Sn composites due to
the inherent porosity that accompanies graphite and yttria presence in these composites. However, on
increasing tin content the density of both plain Sn-Cu and hybrid Cu- composites becomes near to
each other. The same is true for true porosity. This behavior is attributed to the increased activity of tin

in porosity filling and densification action with increasing its content.

3.2 Effect of Reinforcement Materials on Thermal and Electrical Conductivity

Figures (7) and (8) show that increasing Y,O3 content reduces both thermal and electrical
conductivity of Cu-Y,O3; composites, where thermal conductivity reduces from (272.837)W/(m.K) to
(126.5023) W/(m.K) and electrical conductivity reduces from (38.1164) (uQ.m)™ to (17.6728) (uQ. m)™
by increasing yttria content from 0 wt.% to 10 wt.% respectively. This behavior can be attributed to the
continuous increase in porosity with increasing yttria content and to the lower thermal and electrical
conductivity of yttria are (13 W/(K.m) and 0.04 (uQ.m) ‘respectively). Similar behavior was previously
obtained for Cu-Y,03 microcomposites [24].

On the other hand, addition of Y,03 to (95%Cu-5%Gr)composite results in an increase in
thermal and electrical conductivity up to 4% Y,0Os; where these conductivities were increased from
(159.1549)W/(m.K)  to (179.1504) W/(m.K) and from (22.2345) pQ*m™ to (25.111) puQ'.m™
respectively by increasing yttria content from 0 wt.% to 4wt.% respectively. Any addition of yttria after
4wt.% results in continuous reduction in both thermal and electrical conductivities. This behavior
represents a direct reflection of true porosity behavior of these composites as shown in figure (6).

Figures (7) and (8) reveal that Cu-Y,0O3; composites have always higher thermal and
electrical conductivity than (95 % Cu -5 % Gr)-Y,03; composites. This is due to the higher porosity level
for (95%Cu-5%Gr)-Y,03; composites which acts as insulation sites.

Figure (7) and (8) also reveal the effect of tin content on thermal and electrical conductivity of
Cu- Sn and hybrid Cu- Gr-Y,03- Sn composites. It is observed that Sn reduces both thermal and
electrical conductivity of Cu- Sn composites where thermal conductivity reduces from (272.8370)
WI/(m.k) to (165.8701) W/(m.k) and electrical conductivity from 38.1164 (pQ.m'l) to 23.1727 (pQ.m)'l
at Owt.% and (10)wt% tin respectively. This is due to the lower thermal and electrical conductivity of
tin itself and to the CueSns intermetallic compound that is formed on sintering as is shown in XRD
patterns that will be discussed later. Thermal and electrical conductivity of Sn and CueSns are (227
W/(K.m), 21.7 (uQ. m)™) [20]and (39 W/(K.m)[25], (5.7) (uQ.m)™) [27, 28] respectively. While thermal
and electrical conductivity of copper are (397 W/(K.m)) and ( 60 (uQ.m)™) respectively [ 20].
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On adding tin to hybrid composites, thermal and electrical conductivity firstly increases till 4
wt.%Sn; where thermal and electrical conductivity increase from 169.1504 W/(K.m) to 185.2463
W/(K.m) and from 23.6309 (uQ.m)™ to 25.8796 (uQ.m)™ at 0 wt.% and 4 wt.% respectively. This

increase is attributed to reduction in porosity by filling action of tin. After this percentage both
thermal and electrical conductivity reduce to (120.230) W/(m.k) and (16.797) pQ'l.m'l respectively at
10%Sn due to reduction in area fraction of copper matrix.

Figure (7) and (8) also show that both thermal and electrical conductivity of hybrid Cu-Gr-
Y,03-Sn composites is always lower than Cu-Sn composites. This is due to the presence of low
thermal and electrical conductivity constituents i.e. graphite, and yttria besides tin where their
presence is on the account of the reduction in copper matrix with its higher thermal and electrical

conductivity.

3.3 Effect of Reinforcement Materials on Hardness

Figure (9) shows the effect of Y,0O3 addition on Brinell hardness of Cu- Y,03 and (95 wt.% Cu-
5 wt.% Gr) — Y,03 composites. This figure illustrates that increasing yttria content increases the
hardness of both composites where Brinell hardness increases from (62.3)HB to (76.2)HB and from
(56.4)HB to (67.5)HB by increasing Y,03; content from 0 to 10 wt.% of Cu- Y,03; and (95 wt.% Cu- 5
wt.% Gr) — Y,03; composites respectively. Y,O3 increases composite hardness firstly by the hard
nature of it particles and their action in hindering the dislocation motion and secondly by their effect as
grain growth inhibitor. Furthermore, the great difference in thermal expansion between yttria
reinforcement and copper matrix promotes dislocations to be produced and their density to be
increased at the interface between reinforcement and matrix. This increase in dislocation density
contributes in increasing the composite hardness [29, 30]. It can also be observed from figure (9) that
Cu-Y,03 composites are always harder than (95 wt.% Cu- 5 wt.% Gr) — Y,03; composites. This
behavior is attributed to the higher porosity level in (95 wt.% Cu- 5 wt.% Gr) — Y,03 composites as
shown in figure (6) and to the contribution of graphite particles in reducing composite hardness.

Figure (9) also shows the relationship between tin and the hardness of both copper-tin
composites and hybrid copper-graphite-yttria composites. The hardness of both types of composites
increases with increasing tin content up to 6wt.% while any further addition of tin beyond 6 wt.%
reduces Brinell hardness of both composites. For Cu- Sn composites hardness was found to be (62.3,
64.88, and 58.33) HB at (0, 6 and 10) wt.% Sn respectively. While for Cu- Gr- Y,03-Sn composites, it
was found to be (58.3, 69.15, and 61.37) HB at (0, 6, 10) wt.%Sn respectively. Tin addition increases
Brinell hardness through reducing porosity, enhanced consolidation and densification by liquid

sintering mechanism and partly through the formation of the hard intermetallic compound CugSns [31]
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besides solid solution hardening. However on increasing tin content above 6 wt.% composites

hardness decreases due to the soft nature of tin and to the excess formation of CugSns which
precipitates at Cu-Sn interface leading to weak bond between copper matrix and tin reinforcement

particles.

3.4 Effect of Reinforcement Materials on Wear Rate

Figure (10) reveals that increasing yttria content in Cu-Y,03 composites reduces the wear rate
till 6 wt.% where the wear rate reduces from (l.7><10'7) g/cm to (1.2><1O'7) g/cm at 0 and (6) wt.% Y,03
respectively. Any further increase in yttria addition beyond 6 wt.% increases the composite wear rate.
Reduction in wear rate with increasing yttria content up to 6 wt.% is due to the corresponding increase
in composite hardness with increasing Y,O3 content as shown in figure (9). However increasing Y,03
content beyond 6 wt.% leads to the formation of yttria agglomerates which weaken the bond between
yttria and the matrix as well as increasing of the porosity. These agglomerates have harmful effects on
the bonding between reinforcement and matrix besides their harmful effects on the nature of the
interface where microporosity prefers to form at these sites [24, 32]. Addition of yttria to (95wt%Cu-
5wt%Gr ) composite reduces wear rate till (4)%Y,0; where wear rate reaches ( 0.56x10”) g/cm.
Increasing yttria content over (4)wt% increases wear rate continuously to reach (1><10'7)g/cm at (10)
wt%.

Figure (10) also reveals that (95% Cu- 5% Gr) — Y,03 composites have always lower wear
rate than plain Cu-Y,O3; composites. This is due to the combined effect of both graphite which
contributes in reducing wear rate through its lubrication effect and yttria particles through their high
hardness. (95 % Cu- 5 % Gr) — Y,03; composites is found to give the lowest wear rate among all other

composites with some reduction in thermal and electrical conductivity, so it is selected as
basic composition for the addition of tin as an additional constituent.

In figure (10), it is observed that wear rate of both copper-tin composite and hybrid copper composites
reduces with increasing tin contents till 6 wt% tin. Where it decreases from (1.7x107) g/cm to (0.7x10
"y glem and from (0.57 x10”) g/cm to (0.18x10”) g/cm for both composites respectively. This is
attributed to the same factors that increase Brinell hardness of these composites. Increasing tin
content above 6wt.% increases wear rate remarkably for both types of composites. This is attributed
mainly to precipitation the brittle CugSns intermetallic compound at Cu- Sn interfaces, which weakens
them leading to dislocation or fragmentation of these particles from rubbed surface easily under the
effect of friction forces and increases wear rate of these composites.

Throughout the present study, it is found that hybrid copper composite with 5 wt% Gr- 4 wt% Y,05-6
wt% Sn is considered to be the best among all other composites where it shows the lowest wear rate

and good thermal and electrical conductivity.
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3.5 X-Ray Diffraction (XRD) Test

Figure (11) shows the XRD pattern of pure copper compact. All the prominent peaks (high
intensity) belong to metallic copper. No any sign of oxidation.

Figure (12) shows the XRD pattern of Cu-5wt.%Gr composite. It is observed that the strong

peaks belongs to metallic copper and relatively weak peak (low intensity) belongs to graphite. Not any
reaction between copper matrix and graphite reinforcement was taking place on sintering.
Figures (13) and (14) show XRD patterns of Cu-6wt.%Y,0; and Cu-10wt.%Y,03; composites
respectively. It is observed that the presence of the intermetallic Cu,Y,Os compound due to
occurrence of partial reaction between yttria and copper. Peaks of copper are also the prominent
peaks in these composites. Absence of copper oxide peaks confirms that no oxidation takes place
during sintering.

Figures (15) and (16) show XRD for (95%Cu-5%Gr)-4%Y,05; and (95%Cu-5% Gr)-10%Y,03
composites respectively. Clear major peaks of Cu, Gr, Y,O3 and Cu,Y,Os are observed in these
composites. Increasing yttria content increases intensity of yttria and Cu,Y,0s5 peaks.

Figures (17), (18) and (19) represent the XRD patterns of Cu-4%Sn, Cu-6%Sn and Cu-10%Sn
composites respectively. Strong peaks of CusShs was observed in all composites. Peak intensity
increases with increasing Sn content. No sign of metallic Sn was observed. This is due to the
complete reaction between copper and tin on sintering.

Figure (10) shows the XRD pattern of the hybrid (95wt%-5wt%)-10wt%Y,05-6wt%Sn
composite. Major peaks were found to belong to metallic Cu, Gr, Y,03, Sn, Cu,Y,05 and CugSns.
Moreover, peak intensity of Cu was found in this composite is lower than these present in other
composites due to the presence of high amounts of other constituents and the reaction between some

of these constituents and copper.
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Fig. 12: XRD of Cu-5%Gr composite
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Fig. 14: XRD of Cu-10%Y,03; composite
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Conclusions

1. Hybrid Copper-graphite composites have been successfully prepared by powder metallurgy
technique.

2. (95 wt.% Cu- 5 wt.% Gr) — Y,03 composites have always lower wear rate than plain Cu-Y,03
composites.
Hardness and true porosity of the composites increases with increasing yttria content.
Thermal and electrical conductivity of the composites decreases with increasing yttria content.
Thermal and electrical conductivity of Cu-Gr-Y,05-Sn composites is always lower than those of
Cu-Sn composites.

Addition of tin to both pure copper and (95%Cu-5%Gr)-4%Y,0; composites reduces true porosity.
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8. Increasing tin content up to 6 wt.% increases the composite hardness despite the the matrix

composition.

9. Thermal and electrical conductivity of Cu-Sn composites reduce with increasing of tin content.

10. Thermal and electrical conductivity of hybrid ((95%Cu-5%Gr)-4%Y,03-Sn composite increases
with increasing tin content till 4%Sn.

11. The best composite which found in this work is ((95% Cu-5% Gr)-4% Y,03)-6% Sn which has true
porosity (7%), relative density (93%), hardness (69.15 HB), wear rate (0.18><10'7 g/cm), thermal
conductivity (179.507 W/k.m) and electrical conductivity (25.0778 pQ™*.m™).
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