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ABSTRACT

A copper alloy C151 (Cu-0.1%Zr) was processed by severe plastic deformation (SPD) called equal-
channel angular pressing (ECAP) through 2,4 and 8 passes at room temperature to produce an ultrafine
grains. An initial sample was annealed having grain size of ~30 [lm and a Vickers hardness of 60Hv. Ball-
on-disc dry sliding tests were conducted on both an anneal sample and ECAP samples with various applied
normal loads from 1 to 15 N. In order to evaluate the wear resistance, the coefficient of friction (COF),
volume loss and width of wear tracks were examined. The results shows that the COF, volume loss and
width of wear track for the samples processed by ECAP are lower than for the unprocessed annealed
samples. This indicates that the ultrafine-grained C151 processed by ECAP, one type of SPD, has a higher

wear resistance than an unprocessed annealed sample.

Keywords: Severe plastic deformation, Equal-channel angular pressing, Wear resistance
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pressing 130 ECAP
¥ '
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b e
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o Yy Y a = [] 1 LY o " oo g
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3.3 MIINATOUNTANNIOU (wear testing)
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v

¥ o { 4 C.; 1 _
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" =} o w e
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Load

Wear width

mavear width, “\ECAP sample

ECAP sample
Ball

Rotation

' ¥
519 3.2 uEeaVTIMEININAADUNIIANNIT DLV ball-on dise UUTUI [16]
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1 ¢ ' Ed
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¥ 4 ¥ L} Eﬁ'. o 4 1 : U o —
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1.0 T ¥ T Y T T X T
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09k ECAP: Bc,1102, RT
v =60 rpm
—
0.8 | 2 ~ -
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Wear test
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o
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05} —a— 1N -
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—v— 15N

03 1 n 1 L 1 " 1 L 1
0 2 4 6 8
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H 1 4 =} @ o g
51N 4.1 uamsnRdoveIdulsEAnsaANuFsANIUAUTILILATI ECAP (ECAP passes) 1Al

Asei lunuIaIRIn 1.5, 10, 15N
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=5
4.2 magaaed3anNns01nMsannIen (wear volume loss)
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ECAP: RT, B,
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Micro-wear

A Cu-0.1 wi.% Zr alloy was processed by equal-channel angular pressing (ECAP) through 8 passes at room
temperature to produce an ultrafine grain size of ~350 nm with an average Vickers microindentation
hardness (200 gf) of ~ 140. Ball-on-disc dry sliding tests were conducted on an annealed material and on
the ECAP-processed alloy using applied normal loads from 1 to 15 N. The coefficient of [riction (COF),
surface topography and wear volume loss were examined to evaluate the micro-wear resistance. The
results show that samples processed by ECAP have lower average values for the COF than the
unprocessed alloy and there is also a decrease in the wear depth and wear volume loss with increasing
numbers of ECAP passes. The ultrafine-grained alloy processed by ECAP has a higher wear resistance
than the annealed and unprocessed material due to the significant grain refinement and improved

Dry sliding tribology mechanical properties.
‘Wear property

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Equal-channel angular pressing (ECAP) is a promising processing
technique in which a material is subjected to severe plastic deforma-
tion (SPD) that produces an ultrafine-grained (UFG) microstructure
which is generally reasonably homogeneous and with a high fraction
of grain boundaries having high angles of misorientation |[1]. To date,
most of the studies of ECAP have concentrated on the microstructural
evolution with increasing strain and on the tensile properties and
thermal stability of these UFG materials [2-4|. These investigations
demonstrate that, relative to the unprocessed coarse-grained (CG)
samples, UFG materials possess better mechanical properties, a
combination of high strength and good ductility at room temperature
and a potential for exhibiting high strain rate and low temperature
superplasticity at elevated temperatures. Nevertheless, only very
limited attention has been devoted to the wear behavior of these
UFG materials and the results available to date are conflicting [5].
This is a surprising deficiency because wear resistance is of major
concern in many industrial applications and especially when the
processed parts are used as bearing liners or bushings.

* Correspondence to: Science Campus of HIT, B1, R206, 2 Yikuang Street. Harbin,
150080 China. Tel: 86 451 86403958.
E-mail address: xjhnt@hiteducn (J. Xu).

http://dx.doi.org/10.1016/).wear.2014.12.022
0043-1648/¢ 2014 Elsevier BV. All rights reserved.

There are a number of studies reporting an improved wear
resistance when ECAP, or the similar SPD technique of high-pressure
torsion (HPT) [6], is used to produce UFG structures. In an investiga-
tion of wear in a Cu-10% Al-4% Fe alloy under dry sliding conditions
at different sliding speeds and bearing pressures, it was concluded
that processing by ECAP improved the mechanical properties and
thereby reduced the friction coefficient and the wear rate [7-9].
Similarly, a characterization of the dry sliding wear of copper and its
alloys showed that the wear intensity of the submicrocrystalline
structure decreased compared to the CG structure due to the higher
values of hardness and the strong hardening of a surface layer after
frictional effects [ 10]. In tribological experiments on titanium, it was
shown that HPT-processed UFG samples exhibit an abrasive mode
with improved wear resistance over CG Ti where there are ploughing
and wedge formation modes [11]. It seems from these results that
samples after ECAP may have an enhanced load-bearing capacity and
this may be explained by the traditional Archard relationship which
is given by [12]

Vil (1)

H

where V is the volumetric wear loss, N is the applied load, L is the
total sliding distance, K is the wear coefficient and H is the hardness
of the wear surface.
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By contrast, there are also some contradictory results. For
example, the wear resistance of UFG materials obtained by ECAP
was reported as lower than for the CC as-received conditions [13].
Dry sliding wear testing of an Al-1050 alloy was carried out on the
as-received material and UFG materials with grain sizes of
~1.3 pm processed by ECAP through 8 passes [14]. The samples
processed by ECAP had a similar coefficient of friction (COF) and
higher mass loss than the as-received sample although the
microhardness increased significantly after ECAP processing. An
investigation of UFG AISI 1024 steel severely deformed using a
warm multiaxial forging technique showed significantly improved
hardness and strength properties but no improvement in the wear
resistance due to the higher density of grain boundaries and the
presence of submicrometer-sized cementite particles [15]. It is
surprising to note that wear tests on pure titanium found a
strengthening by ECAP but no corresponding improvement in
the wear resistance which was attributed to the occurrence of a
tribochemical reaction leading to oxidative wear with an abrasive
effect [16].

As a consequence of these varying reports, it is readily apparent
that further investigations are critically needed in order to evaluate
the wear behavior of UFG materials processed by SPD techniques
[5.11,17,18]. Accordingly, the present research was initiated in order
to investigate, using different loads and sliding velodities, the dry
sliding wear behavior of a Cu-0.1 wt% Zr alloy processed through
different numbers of passes by ECAP. A worn surface examination
by scanning electron microscopy (SEM) and a confocal scanning
laser microscope was used to evaluate the volume loss and the wear
rate and also to identify the relation between the wear mechanism
and the microstructure. A Cu-0.1 wt.% Zr alloy was selected for this
investigation because earlier experiments demonstrated that pro-
cessing of this alloy by ECAP or HFT produced excellent grain
refinement to the submicrometer level [19-21].

2. Experimental material and procedures

A commercial Cu151 alloy with a compesition of Cu-0.1 wt.% Zr
was used in this investigation. This alloy was supplied by Olin
Brass (East Alton, IL, USA} in the form of a plate with dimensions of
760 x 250 x 15 mm?*. The plate was machined into individual
billets with diameters of 9.8 mm and lengths of ~70mm and
these billets were then annealed at a temperature of 973K for 1 h
followed by furnace cooling. Processing by ECAP was conducted at
room temperature using a solid die in which two channels
intersected at an internal angle of 110° and with an outer arc of
curvature of 20° at the point of intersection. This geometry leads to
an imposed strain of ~0.8 on each separate pass through the die
[22]. Billets were processed repetitively by ECAP for 2, 4 and
8 passes corresponding to a maximum imposed strain of ~6.4. All
samples were processed using route Bc in which the sample is
rotated by 90° in the same direction between each consecutive
pass [23]. This processing route was selected because it leads most
expeditiously to an array of equiaxed grains separated by a high
fraction of high-angle boundaries [24-26].

After ECAP processing, all samples were machined into round
plates having thicknesses of 1.5 mm for the micro-wear tests. The
samples were ground with SiC abrasive papers from 180 to 2400
grits and then polished with Al,0; powders of 20—60 nm on
micro-cloths to give an average surface roughness Ra of < 0.2 pm.
Each sample was cleaned in a solution of ethyl alcohol in an
ultrasonic bath for 20 min and then dried in hot air.

Specimens were cut from the ECAP billets perpendicular to the
pressing direction and the effects of the ECAP processing on the
microstructure and the microhardness were examined by SEM and
using a microhardness tester, respectively. The annealed copper

alloy samples were etched in a solutien of 1.0 ml nitric acid with
3.0 ml hydrochloric acid and the grain sizes were measured by
optical microcopy (OM). Electron backscatter diffraction (EBSD)
was used to examine the microstructure of the alloy after proces-
sing by ECAP through 8 passes. The cut samples of the annealed
and ECAP-processed alloy were mounted, polished to mirror-like
surfaces and then microhardness testing was conducted using an
FM-1e Vickers microhardness tester. Measurements were taken
across diameters of the discs at intervals of 0.5 mm with a load of
200 g and a dwell time of 10 s. The average values of the Vickers
microhardness, Hv, were calculated for all samples.

The wear properties were evaluated using ball-on-disc dry
sliding testing as illustrated schematically in Fig. 1(a) for both
the annealed material and the alloy processed by ECAP using a
micro-tribometer UMT-2 (CETR Co., USA) following the ASTM G99-
05 (2010) standard. This micro-tribometer system can satisfy the
demands of micro-wear testing from 0.5 to 50 N with rotational
speeds from 0.1 up to 5000 rpm. In these experiments, the balls
supplied by the same company were made of 440C stainless steel
having a diameter of 1.6 mm with a hardness of HRC 62 and a
surface roughness Ra of ~0.01 pm. A new 440C ball was used for
each dry sliding test in order to avoid any influence from wearing
of the balls and each test was conducted three times
in order to confirm the reproducibility. The tests were conducted
under normal loads of 1-15N with a rotational speed of
60-300rpm (equivalent to sliding velocities of 0.0063-0.031 m
s~')and the revolution radius and sliding time were 1.0 mm and
10 min, respectively. All of the micro-wear tests were performed at
room temperature (298 K) under a relative humidity of ~55%. The
friction coefficient and the wear depth were continuously recorded
using the micro-tribometer system. The volume loss of the disc was
used to determine the micro-wear and to calculate the width of the
wear scar based on the following relationship:

V=§XRK$ @)

where V is the volume of micro-wear, w is the width of the wear
track on the disc, R is the radius of the wear track and r is the
spherical radius of the ball After micro-wear testing, the wear track
widths were measured using OM equipped with software for length
measurements (Olympus Co. GX71) and an average value of four
length measurements were recorded in the radial sliding direction.

Six separate profiles of the wear track cross-sections, designated
Al to A6 in Fig. 1(b), were measured using a confocal scanning laser
microscope (Olympus Co. OLS-3000) in order to calculate the wear
groove area as depicted in Fig. 1(c). The laser was focused to measure
the wear profile and the wear rate was then calculated from the
relationship [9,27]:

zD\ &
WK: (Em) I‘—SIA' (3)
where Wy is the wear rate, Ai is the area above the profile at the six
different sections (where i =1-6), D is the mean diameter of the
wear track, L is the total sliding distance and N is the load.

The morphologies of the worn surfaces were also examined
using SEM (FEI Co. Quanta 200F) and an analysis of the worn
surfaces was conducted using an energy-dispersive X-ray spectro-
meter (EDS) in the same microscope.

3. Experimental results
3.1. Microstructure and microhardness after ECAP processing

Fig. 2 shows microstructures of the alloy (a) after annealing and
(b) after processing by ECAP through 8 passes. These micrographs
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Fig. 2 Microstructures of (a) annealed material and (b) after processing by ECAP through 8 passes.

show that the coarse grains are refined and there is a homogeneous
structure of ultrafine grains after processing by ECAP through
8 passes. Measurements gave average grain sizes of ~30pm in
the annealed alloy and ~ 350 nm after processing through 8 passes.
These results are consistent with an earlier report of a grain size of
~0.4pum for a Cu-0.18% Zr processed by ECAP through 6 passes
using a die with an internal angle of 90° [28].

Values of the average Vickers microhardness, Hv, are plotted in
Fig. 3 as a function of the number of ECAP passes. These results show
the average values obtained from measurements across the dia-
meters of the cross-sectional planes which are generally defined as
the X planes in conventional ECAP [29]. The validity of plotting these
average values follows directly from earlier results on aluminum-
based alloys showing that an excellent hardness homogeneity is
established after processing through 8 passes on both the cross-
sectional [30| and longitudinal [31] planes and by more recent results
demonstrating a similar homogeneity in the Cu-01% Zr alloy after
ECAP through 8 passes [19]. Fig. 3 shows that the average hardness

160
5 MO ./,,/.' e
£
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40 R s L
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Number of passes
Fig. 3. Variation of the average Vickers microh, with the bers of ECAP

passes.
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increases from ~60 in the annealed sample to ~125 after 1 ECAP
pass and thereafter it increases to ~140 after 8 passes.

3.2. Coefficient of friction during the micro-wear testing

Curves of the dynamic COF versus the sliding time are shown in
Fig. 4 under the four applied normal loadsof 1 N,5 N, 10 Nand 15N
for (a) the annealed condition and after processing by ECAP through
(b) 2, (c) 4 and (d) 8 passes. These plots show that the COF initially
increases up to ~ 100 s under different applied loads and then the
curves oscillate and exhibit significant fluctuations which show the
friction is unsteady for both the annealed and the ECAP-processed
samples during the dry sliding testing. These results are similar to
those reported earlier during wear tests on the AZ31 magnesium
alloy [18] and an Al-Mg-Si alloy [32] processed by ECAP.

In order to reduce the influence of these fluctuations, an average
COF was adopted to provide a more comprehensive evaluation of
the influence of ECAP on the f[riction. Therefore, Fig. 5 plots the
average values of the COF for the annealed and ECAP-processed
samples under the four different applied loads where the points
were obtained by averaging over the total sliding time of 600 5. The
results demonstrate that processing by ECAP leads to a small and
essentially insignificant improvement in the average value of the
COF at 1 N with values varying from ~0.82 to ~0.79 whereas with
increasing load the average values are reduced for the samples
processed through 8 passes of ECAP and at the largest load of 15 N
the average values of the COF vary from ~0.64 in the annealed
condition to ~0.43 after 8 passes. These results are similar to those
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reported earlier for a Cu-10% Al-4% Fe alloy processed by ECAP [7]
and copper with nano-scale twins [33].
3.3. Wear (rack profiles and wear volume losses

The cross-sectional profiles of the wear tracks after the ball-on-
disc sliding tests are shown in Fig. 6 under the applied normal
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Fig. 5. Average values of the COF versus number of ECAP passes with a sliding time
of 600 s under different applied normal loads.
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Fig. 4. Variation of the COF with the sliding time under different applied normal loads for (a) the annealed material and after processing by ECAP through (b) 2, (c) 4 and

(d) 8 passes.
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Fig. 6. Cross-sectional profiles of the wear tracks for the annealed and ECAP-
processed samples under applied normal loads of (a) 5N, (b) 10N and (c) 15N,

loads of (a) 5N, (b) 10 N and {c) 15 N. The measured depths of the
wear tracks are ~ 18 pm for the annealed samples and ~ 10 pm for
the samples processed through 8 passes under a load of 5N as
shown in Fig. 6(a) although in practice the measured maximum
depths are very similar for the samples processed through differ-
ent numbers of passes. With increasing applied normal load, it is
apparent that these depths increase not only for the annealed
condition but also for the ECAP-processed samples. Thus, these
maximum depths are ~18 pm and ~38 ym for the annealed
material when applying loads of 5N and 15 N, respectively. The

depths of the wear tracks increase by a smaller amount from
~10pm to ~18 pm for the ECAP-processed samples under the
same normal loads. These results confirm that processing by ECAP
leads to an improvement in the micro-wear resistance for the Cu-
Zr alloy.

The variation of the wear volume loss with sliding velocity is
shown in Fig. 7 for different normal loads for {a) the annealed
condition and (b} after processing by ECAP through 8 passes. These
results show that the wear volume loss generally increases with
increasing sliding velocity for both the annealed and ECAP-
processed samples. Nevertheless, the wear volume loss tends to
be slightly lower after ECAP processing which again indicates an
improvement in wear resistance with processing. Similarly, Fig. 8
shows the wear rate, Wy, as defined in eq. { 3) plotted as a function
of the sliding velocity for (a} the annealed and (b} the ECAP-
processed samples under different loads. These results show the
wear rates for the annealed samples increase from ~5.0 x 10™* to
~2.0 x 107* mm*/N m with increasing load from 5 to 15 N whereas
the rates increase only from ~4.0x 10~ * to ~80 x 10~* mm*/N m
over the same applied loads for the samples processed by ECAP
through 8 passes. This result is similar to a Cu-10% Al-4% Fe alloy
processed by ECAP [7] but appears to be different from results on Cu
processed by HPT [34,35].

The widths of the wear tracks of the annealed and ECAP-
processed samples are summarized in Table 1 after micro-wear
testing with a sliding velocity of 0.0063 m s ', a total sliding time
of 600 s and with applied normal loads from 1 N to 15 N. For the
annealed condirion, the widths of the wear tracks increase from
~146+ 3 to ~684 + 8 pm when the applied lcad is increased from
1 to 15 N. Thus, there is an increase in the wear track by ~540 pm
with increasing load from 1 to 15 N. By contrast, the widths of the
wear tracks increase over the same range of applied load only to a
total of ~330 um, from ~ 145 + 3 to ~477 + 7 pm, for the samples
processed through 8 passes of ECAP. It is apparent from Table 1
that the widths of the wear tracks range from ~145 to ~151 pm
for the various samples with an applied load of 1 N and thus for
this load there is no significant improvement in the wear resis-
tance after processing by ECAP. By contrast, for a load of 15N the
widths of the wear tracks differ by > 200 ym before and after
processing by ECAP which confirms the superior micro-wear
resistance at this higher load.

The values of the wear volume loss after ball-on-disc sliding
with a total sliding time of 600 s are recorded in Fig 9 as a
function of the number of ECAP passes under different applied
loads. The results show the wear volume loss decreases with
increasing numbers of passes except for the lowest normal load of
1 N since the sliding time is too short to reveal a significant
variation. These results again indicate that processing by ECAP
improves the wear resistance compared with the annealed mate-
rial and this confirms earlier reports on Cu-10% Al-4% Fe and Al-Si
alloys processed by ECAP [7,36] and nanocrystalline copper by a
surface mechanical attrition treatment [37,38]. In addition, the
wear volume loss increases with increasing load as in earlier
results for Ti and NiTi processed by ECAP [3940]. However, the
results differ from an earlier report on the wear weight loss in a
eutectic Al-12% Si alloy processed by ECAP [41].

3.4. Nature of the wear surface morphologies after the dry sliding
tests

Fig. 10 shows SEM images of the worn surfaces after dry sliding
testing under an applied normal load of 5 N for (a) the annealed
material and after processing by ECAP through (b) 2,(c)4and (d) 8
passes, respectively, and similar displays are given in Fig. 11 when
using an applied load of 15 N. The results in Fig. 10 for a load of 5N
demonstrate that the worn surfaces of the ECAP-processed alloy
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Table 1

Width of the wear tracks after sliding tests (pm).
Applied normal load | N 1 5 10 15
Annealed samples 146+3 373+4 531 £3 684+8
2p 151+8 303 +2 393 +3 519+ 10
4p 146+ 6 286+3 363+ 6 497+ 26
8p 145+3 272+6 364+ 15 4777

exhibit plastic deformation characterized by narrow and deep
grooves formed by microploughing parallel to the sliding direc-
tion. In addition, wedges are formed and become detached from
the edges of the wear tracks as can be seen in Fig. 10(a)-(d). These
worn surfaces become smoother when the load is increased to 15
N as can be seen for the annealed condition and after 2 and
4 passes in Fig. 11(a), (b) and (c), but the wear surfaces tend to
become relatively rough with increasing numbers of ECAP passes
as shown in Fig 11(a)~(d) with the occurrence of some deep
groves and occasionally some abrasive particles that are generated
from loose debris. The worn surfaces tend to exhibit wider and
deeper grooves for the annealed condition by comparison with the
ECAP-processed samples, especially under the higher load of 15 N.
All of these observations are consistent with the measurements of
wear track widths as recorded in Table 1.

The EDS spectra of the worn surfaces are shown in Figs. 12 and 13
for (a) the annealed samples and (b) the samples processed through
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Fig. 9. The wear volume loss versus the number of ECAP passes for a sliding time of
600s under normal loads of 1 N, 5N, 10N and 15 N.

8 passes using loads of 5 N and 15 N, respectively. The measurement
areas are marked with points and rectangles in images on the left
and the EDS analyses are shown on the right. In Fig. 12 there is a Cu
peak and a small oxygen peak on the wear surface which includes
debris, delamination and grooves after the sliding tests with a load of
5 N. This analysis demonstrates that the worn surface after ECAP
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Fig. 10. SEM images of the worn surfaces after shiding wear tests (a) of the annealed material and after processing by ECAP through (b) 2, (c) 4 and (d) 8 passes under a
normal load of 5 N.

Fig. 11. SEM images of the worn surfaces after sliding wear tests (a) of the annealed material and after processing by ECAP through (b) 2, (c) 4 and (d) 8 passes under a
normal load of 15 N.

processing has the same chemical composition as for the annealed However, there is a change in the chemical composition of the debris
samples and thereby it confirms the wear mechanism as abrasive for the ECAP-processed samples when the load is increased to 15N
wear in both the annealed samples and after ECAP processing. as shown in Fig. 13(b) because Fe and Cr peaks are then present in
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Fig. 12. EDS analysis of worn surfaces of (a) the annealed sample and (b) a sample processed by ECAP through 8 passes under a normal load of 5N.

the debris transferred from the stainless steel ball. These peaks are
not found in the annealed samples, which indicate an improvement
in the wear resistance of the UFG Cu-Zr alloy.

4. Discussion

Fig. 3 show that a significant hardness improvement can be
achieved from ~60 in the annealed sample to ~140 in the
samples after ECAP processing through 8 passes and this is much
lower than the hardness HRC 62 of the 440C stainless steel ball.
Thus, the effect of any wear of the slider ball can be ignored during
the dry sliding testing of the Cu-Zr alloy processed by ECAP. It is
worth noting that no lubricants were used in these tests and thus
the results are not necessarily applicable to tribological compo-
nents where lubricated sliding occurs.

The experimental results of this investigation provide valuable
information on the tribological properties and the wear mechan-
ism in a Cu-0.1 wt% Zr alloy processed by ECAP to obtain an

ultrafine grain size of ~350 nm. It is apparent that processing by
ECAP decreases the average value of the COF as shown in Fig. 5 due
to the enhanced mechanical properties associated with the SPD
process. In addition, the results show that a higher applied normal
load leads to a greater reduction in the average value of the COF
due to the increased contact area that is an inherent feature of the
sliding operation when the applied normal force is increased |42).

The measurement results for the wear track profiles and the wear
surfaces demonstrate that both the wear depth and the wear width
decrease with increasing numbers of ECAP passes as shown in Fig. 6
and Table 1, respectively. Thus, the wear volume loss of the samples
processed by ECAP becomes much lower compared with the annealed
alloy due to the higher microhardness introduced by ECAP processing
as predicted by the conventional Archard relationship in Eq. (1).
Processing by ECAP can produce bulk materials with significantly
enhanced mechanical properties due to the grain refinement and
therefore the wear loss of the ECAP-processed alloy is much smaller
than for the annealed alloy. Inspection of Figs. 10 and 11 shows that
narrow wear tracks are a fundamental characteristic of the alloy after
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Fig. 13. EDS analysis of womn surfaces of (a) the annealed sample and (b) a sample processed by ECAP through 8 passes under a normal load of 15 N.

processing by ECAP. In addition, it is noteworthy that the Fe and Cr
peaks are transferred from the stainless steel ball only for the sliding
testing under the condition of 15N and 8 passes processed by ECAP as
shown in Fig. 13. This indicates that the effect of the wearing of the
balls on the apparent wear track width can be neglected in examining
the overall trends in the present experiments. Therefore, it is con-
cluded that ECAP processing improves the wear resistance properties
of the Cu-Zr alloy and this is consistent with earlier results for a Cu-Cr-
Zr alloy processed by ECAP and aging [43].

The worn surfaces of the Cu-0.1 wt.% Zr alloy processed by
ECAP are characterized by wide and deep grooves formed by
microploughing parallel to the sliding direction and this confirms
the prevailing wear mechanism of abrasive wear. In addition, mild
oxidative wear is present on the worn surfaces from the results
obtained by EDS analysis. The worn surface morphology is composed
of plastic deformation, microploughing along the sliding direction and
some worn debris with a little oxidation for all samples. Therefore, the
micro-wear mechanism of the Cu-0.1% Zr alloy is identified as a mix of
typical abrasive wear with some limited oxidative wear for both the
annealed samples and the samples processed by ECAP.

. Summary and conclusions

. A Cu-0.1 wt. % Zr alloy with an annealed grain size of ~30 pm

and a Vickers microhardness of Hv~ 60 was processed by
equal-channel angular pressing to produce an ultrafine grain
size of ~350nm and an increased Vickers microindentation
hardness of Hv =~ 140. Following processing by ECAP, ball-on-
disc dry sliding tests were used to evaluate the wear resistance
after processing by ECAP through different numbers of passes.

. The results show that processing by ECAP leads to a reduction

in the average values of the measured coefficients of friction
due to the improved mechanical properties attained using
ECAP processing. The widths of the wear tracks and the wear
volume losses of the samples processed by ECAP processing are
smaller than for the unprocessed annealed samples. These
results demonstrate that the UFG Cu-Zr alloy processed by
ECAP has a higher wear resistance which is favorable when
using this alloy in industrial applications.

. The worn surfaces of the Cu-01% Zr alloy after dry sliding

testing are composed of plastic deformation, micro-ploughing
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and a small amount of wear debris and oxidation for both the
annealed samples and the samples processed by ECAP. This
surface morphology shows that the micro-wear mechanism is a
mixture of abrasive wear and oxidative wear.
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