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Although dilute Cu-Cr alloys are frequently used for applications involving sliding contacts,
their wear mechanism at elevated temperatures has rarely been explored. We fabricated a bulk
Cu-6 wt pct Cr alloy using high-energy ball milling and spark plasma sintering, and
systematically investigated its dry sliding wear behavior against 440C stainless steel at room
temperature and 300 �C. The alloy had a heterogeneous microstructure consisting of
coarse-grained Cu (average grain size: 1.5 lm) distributed into a nanocrystalline Cu-Cr matrix
(average Cu grain size: 77 nm; Cr-rich precipitate size: 18 nm), which gave high strength and
plasticity (ultimate compressive strength: 1020 MPa; strain-to-failure: 26.0 pct) at room
temperature. At 300 �C, the strength was significantly reduced, the coefficient of friction and
wear rate increased, and the dominant wear mode switched from adhesive wear to oxidative/
abrasive wear. Uniformly distributed nanoscale Cr-rich and Cr oxide precipitates hindered
severe plastic deformation near the sliding surface during wear at room temperature; at 300 �C,
severe plastic deformation was observed, with elongated Cu grains and uniformly dispersed
Cr-rich and Cr oxide nanoparticles. Formation of a discontinuous glaze layer consisting of
equiaxed nanograins of Cu, Cu oxides, and Cr oxides resulted in severe abrasion-assisted wear,
and reduced the wear resistance at 300 �C.
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I. INTRODUCTION

COPPER-CHROMIUM (Cu-Cr)-based alloys are
widely used for trolley wires in electric railways, spot
welding electrodes, casting molds, and tubes of crystal-
lizers,[1–9] due to their combination of adequate strength,
high fatigue resistance, high thermal and electrical
conductivity and excellent wear resistance at high-oper-
ating pressures and moderate temperatures (250 �C to
450 �C).

Precipitation hardening by aging treatments is a
common approach to increase strength and hardness
of Cu-Cr-based alloys.[1,6,9,10] Microstructure,[11–13]

mechanical properties,[2,3,14,15] and aging kinetics[16] of
these alloys have been systemically explored, with
particular focus on morphology, composition, crystal-
lography, and distribution of the precipitates in a
coarse-grained Cu matrix and their correlation with
mechanical and physical properties. Precipitation
strengthening by conventional processes is limited owing
to the low solubility of Cr in a Cu matrix,[14] so
considerable efforts have been devoted to enhancing the
mechanical properties through microstructure refine-
ment. Various severe plastic deformation (SPD) tech-
niques, including accumulative roll-bonding (ARB),[3]

high-pressure torsion (HPT),[6,17–19] and equal channel
angle pressing (ECAP),[20–23] have been used to produce
bulk ultrafine-grained (UFG) or nano-grained Cu-Cr
alloys.[24] With a combination of precipitation strength-
ening and grain boundary strengthening, the fabricated
Cu-Cr alloys show significantly higher strength than
their coarse-grained counterparts.[20–23] Bulk UFG or
nanostructured alloys processed by SPD, however, often
have a size (especially thickness) limitation.
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Mechanical alloying by high-energy ball milling
(HEBM) can produce nanostructured powders in
immiscible alloys,[25–27] but grains are coarsened during
the subsequent compaction into bulk at high tempera-
ture by conventional sintering.[28] Lower sintering tem-
peratures and shorter sintering times of spark plasma
sintering (SPS) could suppress grain growth during
sintering and preserve the nanocrystalline microstruc-
ture formed by HEBM.[29,30] Combining HEBM and
SPS provides a simple and effective processing proce-
dure to produce bulk UFG or even nanostructured
alloys with relatively large size.

Apart from strength, the sliding wear performance,
particularly at elevated temperatures, is critical to
determine the lifetimes of Cu-Cr-based alloys for a wide
range of applications and has attracted much research
interest. Purcek et al.[1,6] showed that the precipitates
dispersed within a UFG matrix significantly increased
the wear resistance of a Cu-Cr-Zr alloy. Kouhanjani
et al.[31,32] showed that an intermetallic wear-induced
layer was created during wear of cold-worked Cu-0.65
wt pct Cr alloy. Qi et al.[33] showed that the formation of
fine, dispersed, and coherent precipitates in the Cu
matrix could improve the hardness and wear resistance
of a Cu-Cr-Zr alloy, and revealed the wear mechanisms
under unlubricated conditions. Most investigations
have, however, focused on the friction and wear
behavior of Cu-Cr-based alloys at room temperature
(RT), where the wear resistance mainly depends on the
material’s hardness and sliding-induced microstructure
evolution below the sliding surface.[34–36] At elevated
temperatures, the surfaces of the alloys are not only
subjected to the mechanical stress, but are also suscep-
tible to thermal softening, grain growth and oxidation
by reaction with oxygen, which may significantly change
their overall wear performance.[34] Tribochemical reac-
tions during wear may result in the formation of a ‘glaze
layer’, which is mainly composed of compacted wear
debris or metallic oxides and leads to a transition from
severe wear to mild wear.[37–42]

Cu-Cr alloys are often operated at moderate temper-
atures in the range of 250 �C to 450 �C, but their wear
and deformation mechanisms in this temperature range
have rarely been reported. This motivated us to explore
the sliding wear behavior of these alloys at moderate
temperatures, which is essential to understanding their
wear performance in a service environment. A bulk Cu-6
wt pct Cr alloy with heterogeneous microstructure was
fabricated using a combination of HEBM and SPS.
Based on detailed characterization of the microstructure
of the sintered alloy and examination of its mechanical
properties, its dry sliding wear behavior was systemat-
ically investigated at both RT and 300 �C, with partic-
ular focus on the sliding wear-induced microstructural
evolution and wear mechanisms at moderate
temperature.

II. EXPERIMENTAL

A. Fabrication of Cu-6 Wt Pct Cr Alloy

Commercially pure copper (Alfa Aesar, 10 lm,
99.9 pct) and chromium (Alfa Aesar, < 10 lm,
99.2 pct) powders with nominal composition of Cu-6
wt pct Cr were used as the starting material. The powder
mixture and hardened steel balls were loaded into a
hardened steel vial at a mass ratio of 1:5 and subjected
to HEBM using a SPEX 8000D mill (SPEX Sam-
plePrep, USA) at RT [(25 ± 1) �C] in an argon glove
box for 20 hours. Stearic acid (1 wt pct) was added as a
process control agent to prevent the powder from cold
welding. The ball-milled powder was dried at 110 �C in
a vacuum oven to vaporize the stearic acid. To inves-
tigate forced chemical mixing of the Cu-6 wt pct Cr
system, both the starting powder mixture and the
powders after ball milling for varying times were
analyzed by X-ray diffraction (XRD).
The 20-h-ball-milled powder was packed into a

graphite die with an inner diameter of 10 mm and then
compacted by SPS (SPS-211Lx, Fujidempa Kogyo Co.,
Ltd., Japan) at 750 �C and 50 MPa for 10 minutes in a
vacuum. The consolidated bulk samples were ground
with SiC emery papers and then vibrationally polished
(VibroMet� 2, Buehler, USA) with diamond and
alumina suspensions. The density of the as-sintered
samples, as measured by the Archimedes method
(ASTM B962-15), exceeded 98 pct.

B. Mechanical and Wear Testing

Micro-hardness of the sintered alloy was measured
using a high-temperature Vickers diamond pyramidal
indenter (Archimedes Industrial Technology Co., Ltd.,
London, United Kingdom) under a load of 3 kgf for
5 seconds. At least five individual measurements were
performed; the average values with standard deviations
are reported. Nano-hardness was measured at RT using
a Hysitron TI-950 Triboindenter with a diamond
Berkovich tip and calibrated with standard aluminum
and fused quartz. At least ten indentations were
performed for each sample and the average values are
reported. Following the Chinese GB/T 7314-2005 stan-
dard, uniaxial compression tests were performed at RT
and 300 �C with an initial quasi-static strain rate of
5.0 9 10�3 s�1, using a universal testing machine
(DDL100, Sinotest Equipment Co.,Ltd., China).
Prior to the wear tests, pins of 3 mm in diameter and

6 mm in length were cut from the bulk cylindrical
samples using electrical discharge machining. Both the
surfaces of the pins and the counter-body disk were
mechanically polished with SiC papers down to 1200
grit. Considering that Cu-Cr alloys have been widely
used for tubes of crystallizers, we selected martensitic
440C stainless steel (SS 440C) with a hardness of ~ 300
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HV as the mating material. Pin-on-disk wear tests
(Pin-on-Disk Tribometer, Anton-Parr, Austria) were
performed in air at RT and 300 �C under a load of 5 N
at a constant sliding velocity of 0.1 m/s with a total
sliding distance up to 1000 m. Wear rates were calcu-
lated according to the following equation:

w ¼ Mloss

P� L� q
; ½1�

whereMloss is the weight loss of the pins, P is the applied
load, L is the sliding distance and q is the density of the
pins. Before weighing, the pins were ultrasonically
cleaned with 100 pct acetone for 10 minutes. Three
independent tests were run at each temperature and
average wear rates and coefficient of friction values were
determined.

C. Microstructural Characterization

The phases of the powders and bulk samples were
identified by XRD recorded by a diffractometer in the
2h range from 10 to 100 deg using Cu-Ka radiation
(Smartlab-9 kW, Rigaku, Japan; k = 0.154056 nm, 45
kV, 200 mA) with a step size of 0.02 deg and speed of
10 deg/minute.

Morphology and chromium distribution of the sin-
tered bulk sample were characterized by scanning
electron microscopy (SEM; TESCAN MIRA 3, Czech
Republic) equipped with an energy-dispersive X-ray
spectroscopy (EDX; AZtec EDX system with an
X-MaxN 50 mm2 silicon drift detector, Oxford Instru-
ments, UK). Surface morphology of the worn pins and
disks was analyzed by SEM. The SS 440C disk also
contained 16-18 wt pct Cr, so Cu and Fe were traced to
distinguish the pin and disk materials. Surface profiles
were measured using a three-dimensional (3D) optical
microscope (ContourGT-K, Bruker, Germany). Phases,
morphologies, and chemical compositions of wear
debris were characterized by XRD, SEM, and EDX,
respectively. Microstructures of the bulk samples before
and after wear were characterized by secondary-electron
(SE) imaging of a focused ion beam (FIB; Helios
NanoLab� 600i, FEI, USA) on milled cross-sections,
transmission electron microscopy (TEM), high-resolu-
tion TEM (HRTEM), and high-angle annular dark-field
scanning TEM (HAADF-STEM; Tecnai G2 TF30
S-Twin, FEI, USA) with an attached EDX, operated
at 300 kV. All TEM samples were prepared by FIB
milling using a site-specific standard lift-out technique.
The directions normal to the sliding surface, along the
sliding direction and perpendicular to the sliding direc-
tion in the sliding plane were defined as ND, SD, and
TD, respectively. ND–SD cross-sectional TEM samples
were prepared. To protect the original worn surface, a
platinum (Pt) cap layer with thickness of ~ 1 lm was
deposited using an ion beam before milling the trench.
To minimize surface damage by Ga+ ion implantation,
the acceleration voltage was reduced to 2 kV during the
final step of polishing. Grain/precipitate size distribu-
tions in both the matrix and precipitates were statisti-
cally measured from HAADF-STEM images. The

images were analyzed using the Heyn (4) Lineal Inter-
cept Procedure in accordance with ASTM E112-10
(Standard Test Methods for Determining Average
Grain Size). At least 100 grains/precipitates were mea-
sured to determine the mean lineal intercept length.

III. RESULTS

A. Phase and Microstructure of As-Sintered Cu-6
Wt Pct Cr Alloy

Phase evolution of the powders during ball milling
and subsequent SPS was characterized. The XRD
pattern (Figure 1(a)) of the starting Cu-6 wt pct Cr
powder clearly showed the Cr (110) diffraction peak at
2h ~ 44.4 deg. With an increase of ball milling time, the
intensities of both the Cu and Cr reflections were
significantly reduced and the diffraction peaks were
broadened (Figures 1(b, c)), due to grain refinement and
lattice strain. The XRD patterns showed almost no
difference between the powder after ball milling for 18
and 20 hours, which meant that the system had reached
a relatively stable state; therefore, we used 20 hours-
ball-milled powder for the subsequent SPS.
In comparison with the XRD pattern of the starting

powder, after 20 hours of ball milling, the Cu (111)
reflection at 2h = 43.32 deg slightly shifted (0.15 deg)
to a larger 2h angle and the Cr (110) reflection at 2h
~ 44.4 deg was still visible, albeit with very weak
intensity, suggesting formation of a Cu-Cr supersatu-
rated solid solution and existence of some remaining
body-centered cubic (bcc) Cr phase.[5] The formation of
Cu-Cr supersaturated solid solution was caused by
forced chemical mixing induced by SPD during HEBM,
which is known to increase the solubility in many
immiscible alloy systems.[25,43–45] The presence of
remaining bcc Cr phase was due to the large positive
heat of mixing of Cu-Cr (12 kJ/mol)[46] and, thus, only
very limited intermixing was observed, as frequently
found in other face-centered cubic (fcc)-bcc systems.[47]

An XRD pattern of the spark plasma-sintered bulk
Cu-6 wt pct Cr alloy is shown in Figure 1(b). All peaks
became sharp again, indicating grain growth and strain
release during SPS. In addition to the Cu and bcc Cr
phases, a trace amount of Cr oxide was also detected.
Detailed microstructural characterization of the spark

plasma-sintered Cu-6 wt pct Cr alloy was undertaken.
Figure 2(a) shows a backscattered secondary-electron
(BSE) image of the alloy. In addition to several pores,
shown as black contrast, the alloy exhibited two distinct
contrasts. EDX elemental maps revealed that the matrix
(gray contrast) showed a uniform distribution of Cu and
Cr, while the other region (relatively bright contrast)
only contained Cu: no Cr was detected. High-magnifi-
cation SE images (Figures 2(c, d)) of FIB-milled
cross-sections revealed that the Cu zone had a coarse-
grained microstructure with an average grain size of
~ 1.5 lm, while the matrix had a nanocrystalline
microstructure. HAADF-STEM and TEM characteri-
zations of this latter region revealed further detail of its
microstructure. HAADF-STEM (Figure 3(a)) and EDX
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(Figure 3(b)) analyses showed that the nanocrystalline
matrix consisted of three phases: (1) the bright contrast
corresponded to Cu; (2) the gray area was Cr-rich
nano-precipitates; and (3) the dark area was Cr oxides.
Statistical measurements from the HAADF-STEM
images (Figure 4) showed that the average sizes of the
Cu grains and Cr-rich precipitates (averaged over more
than 100 grains/precipitates) were 77 and 18 nm,
respectively. Both their sizes followed a normal distri-
bution (Figures 4(b, c)). A bright-field TEM image and
corresponding selected-area electron diffraction (SAED)
pattern are presented in Figure 3(c). Only Cu and bcc Cr
were present in the SAED pattern, while no Cr oxide
was detected. This further confirmed that the amount of
Cr oxide was rather limited, consistent with the XRD
pattern shown in Figure 1(b). The inter-planar distance
(d) calculated from the SAED pattern for Cu (111) was
slightly larger (about 0.002 nm) than that of pure Cu
(JCPDS No. 70-3038), suggesting that supersaturated
solid solution still existed in the Cu-Cr alloy.

This detailed microstructural characterization demon-
strated that this Cu-6 wt pct Cr alloy, fabricated using a
combination of HEBM and SPS, contained a heteroge-
neous microstructure of nanocrystalline Cu-Cr matrix
and coarse-grained Cu.

B. Mechanical Properties of Spark Plasma-Sintered
Cu-6 Wt Pct Cr Alloy

Mechanical properties of the fabricated Cu-6 wt pct
Cr alloy were measured. Micro-hardness values of this
alloy at RT and 300 �C were measured to be 246 (± 5)
and 185 (± 2) HV, respectively. Compared with other
dilute Cu-Cr alloys fabricated by SPD,[48–50] the present
Cu-6 wt pct Cr alloy showed the highest micro-hardness
value at RT. To further distinguish the hardness
difference between the coarse-grained Cu and nanocrys-
talline Cu-Cr matrix, nano-hardness tests were per-
formed at RT in these two regions, as shown in
Figure 5. The average value of the nano-hardness of

Fig. 1—XRD patterns of Cu-6 wt pct Cr powder and consolidated alloy. (a) Starting Cu and 6 wt pct Cr powder; (b) powders after ball milling
for different times; (c) enlarged XRD patterns with 2h in the range of 42.5 to 45.5 deg; (d) consolidated Cu-6 wt pct Cr alloy.
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coarse-grained Cu and nanocrystalline Cu-Cr matrix
were 1.38 (± 0.25) GPa and 2.74 (± 0.23) GPa, respec-
tively. The compressive stress–strain curves at RT and
300 �C are presented in Figure 6. The yield strength,

ultimate compressive strength, and strain-to-failure at
RT reached 709, 1020 MPa and 26.0 pct, respectively.
This combination of high strength and good plasticity
was attributed to the heterogeneous microstructure of

Fig. 2—Microstructure of spark plasma-sintered Cu-6 wt pct Cr alloy. (a) BSE image; (b) EDX elemental map showing the distributions of Cu
and Cr in (a); (c) SE image of a representative site for FIB milling; (d) SE image of an FIB-milled cross-section.

Fig. 3—STEM/TEM characterization of nanocrystalline Cu-Cr matrix. (a) HAADF–STEM image; (b) EDX spectra obtained from the three
contrasts in (a); (c) bright-field TEM image with corresponding SAED pattern.
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the alloy, in which the nanocrystalline matrix and
uniform dispersion of Cr-rich nano-precipitates con-
tributed to the high strength, while the coarse-grained
Cu contributed to the plasticity. At 300 �C, the yield

strength and ultimate compressive strength decreased to
287 and 322 MPa, respectively, while no fracture was
observed for the Cu-Cr alloy during the compressive
tests.

Fig. 4—Cu grain and Cr-rich precipitate size distributions of nanocrystalline Cu-Cr matrix in the spark plasma-sintered Cu-6 wt pct Cr alloy. (a)
and (b) show HAADF–STEM images at different magnifications; (c) and (d) show Cu grain size and Cr-rich precipitate size distributions,
respectively.

Fig. 5—Nano-hardness tests of the spark plasma-sintered Cu-6 wt pct Cr alloy. (a) Representative SEM image with indents at nanocrystalline
Cu-Cr matrix and coarse-grained Cu; (b) and (c) EDX elemental maps of (a); (d) nanoindentation load-displacement curves with a maximum
load of 8000 lN.
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C. Coefficient of Friction and Wear Rates

Coefficient of friction of the bulk Cu-6 wt pct Cr alloy
as a function of sliding distance at RT and 300 �C is
plotted in Figure 7. At both temperatures, the tribo-sys-
tem reached steady-state wear over a sliding distance of
about 100 m. The steady-state coefficient of friction of
wear at 300 �C (0.67 ± 0.01) was slightly higher than
that at RT (0.62 ± 0.03). The measured wear rate of the
alloy at 300 �C was 5.73 (± 0.59) 9 10�4 mm3/(N m),
which was more than twice that at RT (2.50 (±
0.17) 9 10�4 mm3/(N m)). The coefficient of friction
and wear rate of this Cu-6 wt pct Cr alloy at RT were
close to those reported for a Cu-10 at. pct W alloy
fabricated by HEBM and warm pressing.[51]

D. Morphology, Size and Composition of Wear Debris

The morphologies and chemical compositions of the
wear debris collected after wear testing are presented in
Figure 8. At RT, the debris consisted of large flakes with
an average size of about 150 lm, similar to that
frequently observed in other Cu-based alloys after
sliding wear tests.[1,4,52,53] The EDX spectrum in
Figure 8(b) showed that the debris contained Cu, Cr,
Fe, and O; the XRD pattern (Figure 8(c)) showed that

the debris mainly comprised Cu with a minor amount of
Cr2O3. In contrast, the size of the wear debris generated
from wear at 300 �C ranged from several microns to
~ 150 lm (Figure 8(d)) in size and much more oxygen
was detected, as evidenced by the strong oxygen peak in
Figure 8(e). The XRD pattern in Figure 8(f) further
revealed that besides Cu, large amounts of Cu oxides
and Cr oxide were observed, including CuO, Cu2O and
Cr5O12. The composition and phase analyses revealed
that, at both RT and 300 �C, the generated wear debris
mainly originated from the pin material, especially at
300 �C.

E. Surface Morphology, Composition and Profile
of Worn Pins

Figure 9 presents a comparison of typical surface
morphology, composition, and profiles of the worn pins
at RT and 300 �C. At RT, the worn pin showed features
of localized material flow and extrusion (Figure 9(a)),
which are typical characteristics of adhesive wear. EDX
elemental maps (Figure 9(b)) showed that the surface
composition consisted of dominantly Cu and Cr with
uniform distributions, and a rather low concentration of
Fe and O in some regions, which suggested that a trace
amount of counterface material was transferred onto the
pin surface. The correlated distribution of Fe and O
indicated the formation of iron oxides during wear.
Figure 9(c) shows the 3D surface profile over an area of
850 lm 9 1130 lm. Scattered peaks were observed on
the worn surface with roughness (Ra) of 1.777 lm.
At 300 �C, the worn pin surface showed a distinct

appearance from that at RT, in the form of parallel
grooves, which was proof of abrasive wear (Figure 9(d)).
EDX elemental maps (Figure 9(e)) showed that, besides
the uniformly distributed Cu and Cr, much higher
concentrations of Fe and O were detected (Figure 9(f)).
Except for fresh surface exposed within grooves, as
denoted in a representative region in Figure 9(d), the
surface was mostly covered by oxides. A 3D profile
(Figure 9(f)) also clearly showed such parallel grooves/
ridges with lower roughness of Ra = 0.743 lm.

F. Surface Morphology, Composition and Profile
of Wear Tracks

Figure 10 presents a comparison of typical surface
morphology, composition, and profile of the wear tracks
at RT and 300 �C. At RT, the SEM image (Figure 10(a))
and the EDX elemental maps (Figure 10(b)) showed that
more than half of the surface was covered by strong
shear-deformed Cu patches transferred from the pin and
that the O signals were very weak. The 3D profile in
Figure 10(c) showed that most areas of the disk surface
after wear were at a similar height and some pits were
irregularly distributed. In contrast, at 300 �C, the disk
surface was covered by fine oxides, but there was still
evidence of grooves (Figure 10(d)). EDX elemental maps
(Figure 10(e)) demonstrated that almost the entire sur-
face was covered by Cu transferred from the pin material
and a significantly higher concentration of O was

Fig. 6—Compressive stress–strain curve of spark plasma-sintered
Cu-6 wt pct Cr alloy at RT and 300 �C.

Fig. 7—Coefficient of friction as a function of sliding distance at RT
and 300 �C for Cu-6 wt pct Cr alloy sliding against a SS 440C disk
under a load of 5 N and at a sliding velocity of 0.1 m/s.
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detected. The O was uniformly distributed on the disk
surface. The 3D surface profile (Figure 10(f)) clearly
revealed that the disk surface consisted of parallel
grooves/ridges with Ra = 0.599 lm. Compared with the
worn pin surfaces, the disk surfaces after slidingwearwere
much smoother at both temperatures.

G. Wear-Induced Subsurface Microstructural Evolution

To understand this wear behavior and reveal its wear
mechanism, wear-induced subsurface microstructures
were characterized by cross-sectional FIB/TEM. SE
images of FIB-milled ND–SD cross-sections yielded
good contrast over large fields of view. TEM/

Fig. 8—Characterization of the wear debris of Cu-6 wt pct alloy sliding against SS 440C at room temperature and 300 �C. (a) through (c) show
an SEM image, EDX spectrum, and XRD pattern of the wear debris generated at room temperature, respectively; (d) through (f) show the
analogous data generated at 300 �C.

Fig. 9—Characterization of worn pin surfaces upon wear exposure at room temperature and 300 �C. (a) through (c) show an SEM image, EDX
elemental maps, and 3D surface profile of the worn pin measured at RT, respectively; (d) through (f) show the analogous data measured at
300 �C.
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STEM-based analytical techniques were then used to
extract more detailed chemistry, crystallography, and
microstructure information.

Figure 11 shows an ND–SD cross-sectional SE image
of the subsurface microstructure of the alloy after
sliding wear at RT. No appreciable plastic deformation
was found in the nanostructured Cu-Cr mixed zone, but
significant shear deformation occurred in the coarse-
grained Cu zone. Figures 12(a, b) present ND–SD
cross-sectional HAADF–STEM and corresponding
bright-field TEM images. EDX analyses (Figure 12(c))
showed that three phases were present, which were
similar to those found in the Cu-6 wt pct Cr alloy before
wear testing (Figures 3(a, b)). The trace amount of Fe
detected in the EDX spectra was probably from the
counterface disk. Cross-sectional HAADF–STEM and
bright-field TEM images and the SAED patterns

obtained at different depths (Figures 12(d, e)) revealed
that no apparent deformed layer was present below the
sliding surface. The SAED patterns obtained at two
distinct depths from the sliding surface showed almost
no difference, suggesting that no glaze layer formed at
RT.
On wear exposure at 300 �C, the worn pin surface

contained two distinct characteristic regions: oxy-
gen-deficient grooves and oxygen-rich ridges, as
marked in Figure 13(a). The corresponding distribution
of oxygen is shown in Figure 13(b). The cross-sectional
subsurface microstructures were separately character-
ized for both regions. Figure 13(c) presents an ND–SD
cross-sectional SE image obtained from the grooves
(area A). No glaze layer was found in this region.
Detailed characterization by TEM and
HAADF–STEM with EDX chemical analysis is pre-
sented in Figure 14. Below the sliding surface, an SPD
region with elongated Cu grains and uniformly dis-
persed Cr-rich and Cr oxide nanoparticles was
observed, extending to a depth of ~ 1 lm
(Figure 14(a)). Such wear-induced deformation is sim-
ilar to that of Cu-W alloy,[51] but not as obvious as
that found in Cu-Ag[54] and Nb-Ag[37] alloys, because
the uniformly dispersed Cr-rich/Cr oxide nanoparticles
would impede dislocation motion. HAADF–STEM
and EDX elemental maps (Figures 14(b, c)) showed
that the SPD region consisted of Cu, Cr-rich nano-pre-
cipitates, and a small amount of Cr oxides.
A glaze layer with a thickness of ~ 1.1 lm was formed

on oxygen-rich ridges, as shown in Figure 13(d). Below
the glaze layer, the deformed pin matrix had a
microstructure similar to that in the oxygen-deficient
grooves, while the SPD region extended to a depth of
~ 3.5 lm. Coarse-grained Cu was also found at ~ 3 lm
away from the sliding surface. Several twin boundaries
were observed in the coarse-grained Cu zone. Bright-

Fig. 10—Characterization of the wear track. (a) through (c) show an SEM image, EDX elemental maps, and 3D surface profile of the wear
track measured at room temperature, respectively; (d) through (f) show the analogous data measured at 300 �C.

Fig. 11—SE image of an FIB-milled ND–SD cross-section of Cu-6
wt pct Cr alloy after sliding against SS 440C at room temperature.
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field TEM (Figure 15(a)) and corresponding SAED
patterns (Figure 15(b-d)) revealed that the glaze layer
consisted of equiaxed nanocrystalline (several nanome-
ters) Cu, Cu oxides, and Cr oxides. The Cu oxides were
mainly in the form of Cu2O (JCPDS No. 99-0041, space

group Pn-3m) and the Cr oxides were Cr5O12 (JCPDS
No. 73-1787, Pbcn), CrO2 (JCPDS No. 89-3079, P42/
mnm), and Cr3O4 (JCPDS No. 12-0559, I41/amd). These
species were further confirmed by HRTEM analyses
(Figure 16).

Fig. 12—ND–SD cross-sectional microstructure of Cu-6 wt pct Cr alloy after sliding wear against SS 440C at room temperature. (a) and (b)
show HAADF–STEM and corresponding bright-field TEM images, respectively; (c) EDX spectra obtained from the three contrasts in (a); (d)
and (e) are SAED patterns obtained from the regions marked in (b).
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IV. DISCUSSION

This work focused on the wear mechanism and
evolution of wear-induced subsurface microstructures
in Cu-6 wt pct Cr alloy with a heterogeneous
microstructure and its correlation with wear perfor-
mance at RT and 300 �C. The results clearly indicated
that both the coefficient of friction and wear rate were
higher at 300 �C than those at RT. The primary wear
mode switched from adhesion at RT to abrasion and
oxidation at 300 �C.

At RT, a very limited amount of oxides formed
during wear, as confirmed by composition analyses on
both the contact surfaces and in the wear debris. A
minor amount of chromium oxides was generated
during fabrication of the alloy. The metal-to-metal
contact and plastic deformation of the fabricated Cu-6
wt pct alloy yielded wear debris in the form of large
flakes and material transfer from the pin surface to the
counterface disk. The coefficient of friction of 0.62 ±
0.03 is typical for dry sliding of metallic materials and

the adhesive wear mode is common for Cu-based
alloys upon sliding against metallic mating
materials.[4,36,51,55–59]

On wear exposure at 300 �C, the oxidation reaction
would significantly influence the wear behavior, as
observed in other alloys at elevated tempera-
tures.[37–41,60] The kinetics of metallic surface oxidation
has a controlling effect on oxidative wear, while the
oxidation rate of the metals is dependent on tempera-
ture. The generated wear debris that remained on the
worn surface was oxidized and compacted into a glaze
layer.[61] With progression of sliding wear, the formed
glaze layer breaks down to form debris and the debris
particles sinter to consolidate the layer. These two
processes compete during sliding.[41] A stable thick glaze
layer can protect the substrate from severe wear and
thereby improve the wear resistance.[42,62] Kinetically,
increasing temperature could increase the oxidation rate
of metals in the debris and accelerate sintering and
consolidation of the glaze layer.[41] If the temperature is
not sufficiently high, however, the particles would not be

Fig. 13—(a) and (b) show an SEM image and corresponding EDX elemental map of oxygen of a selected representative area from the worn pin
surface upon wear exposure at 300 �C, respectively; (c) and (d) show SE images of the FIB-milled ND–SD cross-sections corresponding to areas
A and B in (a), respectively.
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well sintered to establish a stable protective glaze layer
and the generated hard oxides may plow the surface,
leading to severe abrasion-assisted wear, generation of
grooves on the worn surface of the pin, and a high wear
rate. In this work, the moderate temperature of 300 �C
was obviously unable to provide sufficient oxidation or
adequate sintering rates of debris particles on the worn
pin surface, as confirmed by the ND–SD cross-sectional
microstructure after wear (Figure 15), which showed
that non-oxidized Cu still existed in the glaze layer. The
wear debris contained a large amount of Cu and Cr
oxides, including CuO, Cu2O, and Cr5O12. Such oxides
have much higher hardness; for example, Mohs hard-
nesses of CuO and Cu2O are 3.4 and 4, respectively.[63]

These hard oxide particles could plow the pin surface,
causing abrasive wear, generation of grooves on the
worn surface of the pin (as observed in Figure 9(d)), and

an increase in wear rate at 300 �C. High temperature
may also cause thermal softening and grain growth in
the alloy. To verify this, the hardness and compressive
test of the Cu-6 wt pct Cr alloy were performed at
300 �C and the Cu grain and Cr-rich precipitate sizes in
the base alloy were statistically measured in a region far
away from the sliding surface after wear at 300�C for 104

s (sliding distance of 1000 m and a sliding velocity of
0.1 m/s). The hardness decreased by ~ 25 pct, from 246
HV at RT to 185 HV at 300 �C. The average Cu grain
and Cr-rich precipitate sizes increased to 95 and 41 nm,
respectively, as shown in Figure 17. Such thermal
softening and grain growth is also expected to con-
tribute to the high wear rate at 300 �C.
The wear-induced microstructures at RT and 300 �C

differed considerably. At RT, no obvious plastic defor-
mation below the sliding surface was observed, which

Fig. 14—TEM/STEM characterization of ND–SD cross-sectional microstructure of Cu-6 wt pct Cr alloy after sliding wear against SS 440C at
300 �C in the grooves without glaze layer. (a) Bright-field TEM image; (b) and (c) show the HAADF-STEM image and the EDX elemental
maps, respectively.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 50A, JULY 2019—3143



was attributed to hindering of plastic deformation of the
nanocrystalline Cu-Cr matrix in the spark plasma-sin-
tered Cu-6 wt pct Cr alloy by nanoscale hard Cr-rich
and/or Cr oxide precipitates, similar to that of nanocrys-
talline Cu-10 at. pct W alloy.[51] When the temperature
was raised to 300 �C, the wear-induced microstructure
contained an SPD region with elongated Cu grains.
Elevated temperature will facilitate by-passing of pre-
cipitates by grain boundary dislocations through glide/-
climb mechanisms. In addition, grain rotation probably
also served as an important deformation mechanism at
elevated temperature: under these conditions, disloca-
tions may move continuously across grain boundaries
through grain rotations.

V. CONCLUSIONS

A bulk Cu-6 wt pct Cr alloy was fabricated by a
combination of HEBM and SPS and its wear behavior
was systematically investigated at RT and 300 �C. The
following major conclusions were drawn:

1. The spark plasma-sintered Cu-6 wt pct Cr alloy
showed a heterogeneous microstructure, consisting
of coarse-grained Cu distributed into a nanocrys-
talline Cu-Cr matrix. The coarse-grained Cu had an
average size of 1.5 lm, while the nanocrystalline
Cu-Cr matrix had Cu grains of 77 nm in size and
uniformly dispersed Cr-rich precipitates of 18 nm.

2. The heterogeneous microstructure enabled high
strength and plasticity with an ultimate compressive

Fig. 15—TEM characterization of ND–SD cross-sectional microstructure of Cu-6 wt pct Cr alloy after sliding wear at 300 �C in the ridges with
glaze layer. (a) Bright-field TEM image, (b) through (d) show SAED patterns of the glaze layer obtained at different depths from the sliding
surface marked in (a).
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strength of 1020 MPa and strain-to-failure of
26.0 pct, and hardness of 246 (± 12) HV at RT.

3. On increasing the temperature from RT to 300 �C,
the strength was significantly reduced and both the
coefficient of friction and wear rate increased. The
primary wear mode switched from adhesion at RT
to abrasion and oxidation at 300 �C.

4. At RT, no glaze layer was formed. The coarse-
grained Cu showed pronounced plastic deforma-
tion, but the nanocrystalline Cu-Cr matrix showed

no significant difference from its initial state, owing
to hindering of plastic deformation by the nanoscale
Cr-rich or Cr oxide precipitates.

5. At 300 �C, a discontinuous glaze layer consisting of
equiaxed nanocrystalline Cu, Cu oxides, and Cr
oxides was formed. An SPD region with elongated
Cu grains and uniformly dispersed Cr-rich and Cr
oxide nanoparticles was observed. The generated
hard oxides would plow the surface and lead to
severe abrasion-assisted wear.

Fig. 16—HRTEM characterization of different chromium oxides present in the glaze layer. (a1) through (a3) show an HRTEM image, higher
magnification HRTEM image of the selected area, and corresponding inverse Fourier transform (IFFT) image of Cr5O12, respectively; (b1)
through (b3) and (c1) through (c3) show the analogous data for CrO2 and Cr3O4, respectively.
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