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Abstract. Tribological properties by two copper based
composites (Micro-Cu-Al, O3 with grains size 1-2 pm and
Nano-Cu-Al,O3 with grains size 100-200 nm) were stud-
ied by pin-on-disk technique against a steel ball at a range
from room temperature up to 873 K. For both systems the
coefficient of friction decreased between 473 K and 673 K
by about 25 %. At lower temperatures the nano-Cu was
about three times more wear resistant than the micro-Cu
but the wear rate of both systems decreased down to zero at
673 K due to formation of hard oxide layers.
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1 Introduction

Copper has the leading role in industrial applications. A
variety of Cu alloys has been developed but they exhibit
a rather large increase of resistance in both electrical and
heat conductivity and low time stability at elevated temper-
atures. Powder metallurgy can give a solution in dispersing
particles in the prepared material appropriate characteris-
tics [1]. Another way how such desirable properties can
be achieved is creating very fine, submicron-grained mi-
crostructures [2]. Such microstructures can be prepared by
inducing severe plastic deformation [3]. This can be con-
veniently done by technique of the Equal Channel Angu-
lar Pressing (ECAP) which by multiple pressings of mate-
rial through the die achieves very fine grained microstruc-
ture (nanostructure) [4]. The materials prepared in this way
are suitable for demanding parts of machines frequently ex-
posed to intense friction and wear, such as washers, bearing
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Material Designation | Matrix grain size
Micro-Cu-Al, O3 | Cul 1-2 um
Nano-Cu-Al,03 | Cu2 100-200 nm

Table 1. Experimental materials.

liners, etc, where properties such as high strength and duc-
tility, fatigue strength, wear resistance, etc., are required.

Aim of this work was to investigate the effect of refining
of microstructure by ECAP process on tribological behav-
ior and wear of Cu-Al,O3 composite at room and elevated
temperatures.

2 Materials and Experimental Procedures

Reaction milling and mechanical alloying was used to pre-
pare the samples. Cu powder with the calculated addition of
Al was homogenized by attrition in oxidizing atmosphere.
The distribution of the obtained CuO was uniform. A subse-
quent treatment at 1023 K induced the reaction of CuO with
the added Al powder, and led to the formation of Al,O3
particles. The remaining CuO was reduced by attrition in a
mixture of Hy + H,O (rate 1 : 100). The powder was com-
pacted by cold pressing and hot extrusion at 1023-1073 K.

Micro-grained material with 5 vol. % Al,O3 was trans-
formed by the ECAP (Equal Channel Angular Pressing)
method in two passes into a nanocomposite material. The
experimental material was pressed through two right angled
(90°) channels of a special die.

The notification of the experimental materials is ex-
plained in Table 1.

Microstructure was studied using TEM thin foils, in or-
der to reliably identify matrix and nanosized phases.

Wear testing was performed on a High Temperature
Tribometer THT, by CSM Instruments, using ball-on-disk
technique. The sample was fixed on a turntable with ad-
justable rotational speed. The tangential force exerted on
the holder was measured and from that the coefficient of
friction (COF) was calculated and recorded as function of
distance/time/laps. The vertical position of the holder was
measured in order to monitor the displacement due to ma-
terial removed by wear. As friction partners steel balls with
6 mm diameter were used. The loading of 1 N was applied
using a dead weight system. The nominal wear track radius
was 2 mm, the sliding speed was set to 5 cm/s and the over-
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all sliding distance was 100 m. Testing was done on air (hu-
midity 40% £5%), in dry conditions at temperatures 293 K,
473 K, 673 K, and 873 K. The heating was provided by an
integrated furnace which reached the target temperature in
the sample chamber in about 30 minutes and then during
another 30 minutes it was allowed for the temperature to
homogenize and stabilize. After the tests, both tribological
partners (the steel ball and the sample) were observed using
light microscopy. The depth and shape of the wear tracks
were measured by a stylus profilometer (Mitutoyo SJ-201)
on three or more places, the average trough cross section
area was calculated and subsequently the volume of the re-
moved material was estimated. The specific wear rates (W)
were then expressed according to ISO 20808 [5] as the vol-
ume loss (V') per distance (L) and applied load (F),):

vV [mm?
"~ L-F,[m-N

and compared for both material systems.
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3 Results and Discussion

Figure 1 and Figure 2 show the TEM photographs of the mi-
crostructures of the experimental materials. Typical grain
size in the material Cul was about 1-2 pum (Figure 1)
whereas in the material Cu2 it was much smaller, typically
from 100 to 200 nm. (Figure 2).

The friction behavior of both materials was in terms of
coefficient of friction (COF) generally quite similar. In the
beginning there was a short run-up phase (2 up to 20 meters
of sliding distance) where the contact surfaces were setting
up (Figure 3). The coefficient of friction exhibited either
lower or higher values than expected. Then the macroscopic
failure of the surface began to take place and the COF set-
tled at 0.45-0.60, i.e. the values typical for steel-copper dry
friction contact [6, 7]. This level of friction then remained
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Figure 1. TEM micrograph of the micro-composite Cul.
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Figure 3. Examples of variation of the coefficient of fric-
tion along the sliding distance.
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Figure 4. Coefficient of friction as function of temperature.
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Figure 5. Wear tracks in Cu-Al, O3 composites made at various temperatures. Cul — left column, Cu2 — right column.
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Figure 6. Temperature variance of wear rates.

stable at all temperatures till the end of the test, up to 100 m
sliding distance (nearly 8000 laps), except 873 K, where for
both materials after the initial stage the COF decreased to
nearly 0.4 and then it was very slowly increasing during the
whole test. The average values of COF are plotted as func-
tion of temperature in Figure 4. The tendency in both mate-
rials is similar, there is slight increase of COF at 473 K and
significant decrease at higher temperatures. The Cul here
showed higher friction. At 873 K both materials started to
behave nearly identically, which can be seen also from the
development of the COF along the wear distance (Figure 3).

After finishing the testing the wear tracks were observed
and measured by optical microscopy and profilometry, in
order to quantify the wear resistance. Figure 5 shows op-
tical micrographs of the wear tracks. The development of
wear damage with temperature can be immediately appre-
ciated as the wear tracks become narrower with increas-
ing test temperatures. Figure 6 compares the wear rates of
the two materials at the testing temperatures. It shows that
the material Cu2 was at lower temperatures about 3 times
more wear resistant than the Cul. This finding is analo-
gous to literature data [8] for pure copper with submicro-
and nanocrystalline microstructures. At higher tempera-
tures both materials behave almost identically. They do
suffer the wear damage, but the wear tracks are very thin
and hardly any penetration into the material is found. At
873 K even deposition of ferrous oxides could be observed
on some parts (negative values of depth with high scatter).
This significant drop of wear damage between 473 K and
673 K is partly related to the recrystallization process which
for Cu-5A1,03 occurs at about 673 K [1]. The material be-
comes susceptible to strong deformation and creates a su-
perplastic tribological film in the contact zone. Further-
more, at testing in air at elevated temperatures, i.e. in an
oxidizing environment, the wear behavior of copper-based
materials with high level of oxidation depends on the rate
of oxidation and on thickness, morphology, adherence, and
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Figure 7. Concentration of oxygen (in atomic %) on the

surfaces of both materials tested at various elevated tem-
peratures.

toughness of the oxide layer that forms on the surface of
the material during the oxidation process [9-11]. In our
case, with increase of temperature oxidation intensifies ac-
cording to the parabolic law of oxidation (Figure 7), as it
was confirmed by EDX. Very similar concentrations in both
materials suggest that the oxidation is governed by volume
processes rather than by the grain boundary diffusion. The
formation of the hard oxide layer (Cu,O) affects the wear in
such a way that the mechanisms dominant at room tempera-
ture (extensive yielding and plastic shearing and/or material
transferring to the pin) are less important and oxidized sur-
face layer mechanisms based on adhesion and brittle frac-
ture become more significant.

Wear of the spherical steel pin was also observed and
evaluated but here only little changes were seen.

4 Conclusions

The results of the experiments allow to conclude the follow-
ing.

For both materials coefficient of friction decreased at
673 K. The friction of Micro-Cu-Al,O3 tended to be
slightly higher than that of Nano-Cu-Al,O3.

At lower temperatures the nano-grained material was
about three times more wear resistant than the micro-
grained one. With increasing temperature the wear rate de-
creased and at and above 673 K it reached zero. This is
caused mostly by formation of hard oxide layer on the sur-
faces of both experimental materials.

Oxidation of both materials follows the parabolic law
and has very similar profile for both materials which sug-
gests that the oxidation is dominated by volume diffusion.
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