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Abstract: Cu–Cr–Ti alloy with gradient properties was
prepared at 960°C for 2 h in air, 80% cold rolling, and
then aging at 500°C for 1 h. The results showed that the
surface layer of Cu–Cr–Ti alloy had achieved a good
match of electrical conductivity (96.2% International
Annealed Copper Standard (IACS)), thermal stability (soft-
ening temperature of 650°C), and wear resistance (friction
coefficient of 0.17). Meanwhile, the core region maintains
high tensile strength (519MPa) and good electrical con-
ductivity of 71.8% IACS. Transmission electron microscope
characterization revealed that the precipitates of surface
layer are composed of Cr oxides, complex oxides formed
by Cu, Cr, and O, and Ti-rich phases. The existence of
oxide particles with discontinuous distribution and stable
properties is the reason for the good electrical conduc-
tivity, excellent thermal stability, and outstanding wear
resistance of the surface layer. The main precipitates of
the core are Cr. The high tensile strength of the core is
ascribed to the aging strengthening effect of these fine
Cr particles. This work provides ideas and approaches
for the preparation of copper alloy with excellent prop-
erties for high-speed railway contact wire, and solves
the drawbacks of composites synthesized from hetero-
geneous materials.
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1 Introduction

With the rapid development of railways, the speed of
railway transportation is increasing again and again, and
it is about to enter 400 km/h or even higher. The contact
line of high-speed railway needs higher conductivity,
higher strength, better thermal stability, wear resistance,
and so on, but it is difficult to improve the strength and
conductivity at the same time [1–3]. In order to obtain
the materials that meet the above requirements, some
researchers have prepared oxygen-free Cu [4] or single
crystal Cu [5–8] by special techniques, whose transmis-
sion frequency was greatly improved, but their mechan-
ical properties was very poor. In addition, the skin-effect
of high-frequency signals was also studied to synthesize
copper [9–13]/aluminum clad steel [14–16] by using
steel wire with high tensile strength in the core region
and copper/aluminum with excellent electrical conduc-
tivity in the surface layer. However, many impurities
and lattice defects will inevitably be introduced during
the process of preparation, which were distributed at the
interface between copper/aluminum and steel, affecting
the bonding strength between them. Furthermore, the
presence of impurities and defects will reduce the effect
of signal transmission. And simultaneously due to the
great difference in mechanical and physical properties
between copper/aluminum and steel, there is a great dif-
ference in deformability between the two metals, which
will also affect their bonding strength and ultimately
weaken the excellent properties of copper/aluminum
clad steel. Besides, it was reported that a nanostructured
supersaturated solid solution of Cu–Cr alloy was pre-
pared by combining the mechanical alloying and spark
plasma sintering, and the high temperature mechanical
properties have been greatly improved, but the electrical
conductivity is only about 60% International Annealed
Copper Standard (IACS) [17]. In addition, the tensile
strength of another Cu–Cr alloy with up to 80% IACS
is less than 500 MPa [18,19]. And the comprehensive
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properties of Cu–Cr–Ti prepared by traditional heat treat-
ment and deformation cannot meet the application require-
ments of the contact line of high-speed railway [20–22].

Therefore, the aim of this work is to prepare a Cu
alloy with excellent comprehensive properties, to achieve
high electrical conductivity on the surface and high
strength in the core in a single alloy, to achieve a perfect
combination of higher electrical conductivity and higher
strength, to solve the drawbacks of composites synthe-
sized from heterogeneous materials. The Cu–Cr–Ti alloy
was treated by the combinational process of internal
oxidation [23], cold rolling, and aging. The traditional
internal oxidation process requires a medium to supply
oxygen, such as the commonly used Cu2O [24,25]. In this
work, the internal oxidation only needs to be carried out
under the atmosphere of air, so the process is simple
and easy to operate. Moreover, Ti can delay the growth
of precipitates and improve the mechanical properties of
the alloy [26]. In addition, since the solid solubility of Cr
in Cu at high temperature is only 0.65 wt% [27], even if
the Cr remains in the Cu matrix that is not internally
oxidized, it can be easily precipitated by the subsequent
heat treatment [28–30]. Hence, the electrical conductivity
of Cu–Cr–Ti alloy is greatly improved, and the Cr oxide
particles precipitated on the surface layer greatly improve
the thermal stability and wear resistance. At the same
time, the fine Cr particles precipitated on the core play
an aging strengthening role on the matrix, so that the
surface layer achieves a good match of electrical conduc-
tivity, thermal stability, and wear resistance, while the
core ensures the strength. More importantly, owing to
the continuous distribution of the atomic lattice at the
interface between the surface and the core region, the

interfacial bonding is strong, and the interface is pure
without impurities.

2 Experimental

The composition of the Cu–Cr–Ti alloy used in this
experiment was 0.34 wt% Cr and 0.066 wt% Ti. And the
as-cast Cu–Cr–Ti alloy can be obtained by the following
steps: first, the A-grade electrolytic Cu was put into the
crucible, next Cu–25% Cr was added after the electrolytic
Cu melted completely, then Cu–22% Ti alloy was added
after holding for 5 min; meanwhile, the temperature was
raised and held for 10 min and at last cast for molding
(the casting temperature was controlled at about 1,400°C).
Subsequently, it was treated by the internal oxidation
process. The atmosphere was air containing 20.8% O2,
the temperature was 960°C, and the time was 2, 4, 6, 8,
10, and 12 h, respectively. In particular, the part that
was internal oxidized was denoted by ITOX, and the
rest was considered to have undergone solution treat-
ment, which was denoted by ST. Then, it was subjected
to 80% deformation and aging treatment at 500°C for 1 h
under the atmosphere of Ar. The samples after aging
treatment were represented by ST + 80% + aging and
ITOX + 80% + aging, respectively. The internal oxida-
tion and aging treatment were performed in a tube fur-
nace with a pipe diameter of 80 mm (OTF-1200X, Hefei
Kejing material technology Co., Ltd, China). The whole
process flow is shown in Figure 1.

The hardness was tested by a Vickers hardness tester
(HVS-1000Z, Shanghai Juhui Instrument Manufacturing

Figure 1: The process flow of the Cu–Cr–Ti alloy.

3208  Shaoli Fu et al.



Co., Ltd, China) under 200 g load for 15 s. The electrical
conductivity was assessed by a digital metal electrical
conductivity tester (D60K, Xiamen Xinbot Technology
Co., Ltd, China). The friction coefficient was measured
by a reciprocating friction-wear tester (HSR-2M, Lanzhou
Zhongke Kaihua Technology Development Co., Ltd China).
The tensile properties were measured by a 50 kN universal
testing machine (X050, Zwick Corporation, Germany) at
room temperature. Remarkably, in order to complete
tensile test, wear test and other of the ST and ITOX
samples, Cu–Cr–Ti alloy was treated at 960°C for 12 h
in air. Then we can get a materials with the internal
oxidation layer of 1.3 mm, 1.3 mm was regarded as
ITOX, and the remaining part was ST. The two parts
were subjected to the corresponding tests. The scanning
electron microscope (SEM, Quanta FEG 450, FEI, USA)
was adopted to observe the friction-wear morphologies
and hardness indentation. Transmission electron micro-
scope (TEM, Tecnai G2 F30, FEI, USA) was utilized to

characterize themicro- and nano-scale structural morphol-
ogies. Energy Disperse Spectroscopy (EDS) was used to
analyze the composition of the precipitates. In addition,
it should be pointed out that the hardness and tensile
strength of Cu–Cr–Ti alloy treated only by ST or ITOX
were low, which cannot meet the requirements of practical
use, so the softening temperature and tensile strength
of the two states were not discussed.

3 Results

3.1 Effect of internal oxidation time on the
properties of Cu–Cr–Ti alloy

Figure 2(a) shows the thickness of the internal oxidation
layer against time. The thickness increased with the

Figure 2: (a) Effect of internal oxidation time on the thickness; (c) microhardness indentation image of Cu–Cr–Ti alloy; (b) microhardness
and (d) electrical conductivity of Cu–Cr–Ti alloy after ST and ITOX treatment for different time.
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prolonging of time. The reason was that the decrease in
the diffusion activation energy of Cr atoms in the Cu lat-
tice made it easier for oxygen atoms to penetrate into the
interior through the surface, so the depth of the internal
oxidation layer increased gradually. Therefore, we can
control the thickness of the internal oxidation layer by
controlling the time. As shown in Figure 2(b), the micro-
hardness of ST was about 68 HV, and it was significantly
increased to about 82 HV after the internal oxidation
treatment. The reason was that Cr has a strong affinity
for O [31], which made Cr gradually precipitate from the
Cu matrix, forming stable and dispersed strengthening
phase particles, hindering the movement of dislocations
and greatly improving its hardness [32]. Figure 2(c) is the
microhardness indentation image of the sample treated
at 960°C for 2 h, and the blue arrow is marked as the
internal oxidation layer. It can be clearly seen from the
inset c1 that when the microhardness indentation trans-
ited from the ITOX to the ST layer, the size of the indenta-
tion suddenly increased from 62.4 to 71.9 μm, that is, the
hardness decreased.

Figure 2(d) displays the electrical conductivity of
ITOX and ST states, which varies with internal oxidation
time. The electrical conductivity of ITOX reached above
96% IACS compared with the 45% IACS for ST. Moreover,
the internal oxidation time had almost no effect on the
conductivity. This was because the Cr and Ti elements
were dissolved in the Cu matrix for ST, and the existence
of solid solution atoms distorted the lattice of Cu, which
increased the probability of electron scattering, leading

to a decline in the electrical conductivity. During the
process of internal oxidation, the Cr atoms dissolved in
the Cu matrix had a strong affinity for O atoms, and Cr
was oxidized and gradually precipitated from the Cu
matrix, resulting in an increase in electrical conductivity.

3.2 Electrical conductivity and tensile
strength of Cu–Cr–Ti alloy

Figure 3(a) shows the stress–strain curves of Cu–Cr–Ti
alloy after being treated by ST + 80% + aging and ITOX
+ 80% + aging. The electrical conductivity and tensile
strength are shown in Figure 3(b). It can be seen from
Figure 3(a) that the elongation after ITOX + 80% + aging
treatment can reach about 20%, which was better than
the elongation of 7.5% after ST + 80% + aging treatment.
However, its tensile strength (342 MPa) was far lower
than that of ST + 80% + aging (519 MPa), and the elec-
trical conductivity of 96.2% IACS for ITOX + 80% + aging
was much higher than that of 71.8% IACS for ST + 80% +
aging, as shown in Figure 3(b). The reason for this phe-
nomenon is that the size of the precipitates after ST +
80% + aging is smaller than ITOX + 80% + aging, making
the tensile strength of the former higher owing to the
effect of stronger precipitation strengthening. But mean-
while, the effect of fine precipitates on electron scattering
is greater, so the electrical conductivity of the latter is
better than that of ST + 80% + aging.

Figure 3: (a) Stress–strain curves and (b) electrical conductivity and tensile strength of Cu–Cr–Ti alloy after being treated by ST + 80% +
aging and ITOX + 80% + aging.
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3.3 Softening resistance of Cu–Cr–Ti alloy

Figure 4 shows the microhardness of Cu–Cr–Ti alloy
varied with temperature after being treated by ST +
80% + aging and ITOX + 80% + aging. As displayed in
Figure 4, the microhardness decreased slowly when the
temperature was lower than 500°C, and the downturn
trend became faster after the temperature was higher
than 500°C. And the downturn speed of ST + 80% + aging
was faster than that of ITOX + 80% + aging. When the
temperature was 568°C, the hardness of the ST + 80% +
aging state was 132 HV, which dropped to 80% of the

original hardness of 166 HV, so its softening resistance
temperature was 568°C. When the temperature was
578°C, the hardness for two states were equal. When
the temperature was lower than 578°C, the hardness
of ST + 80% + aging was higher than that of ITOX +
80% + aging. But as the temperature continued to rise,
the hardness of ST + 80% + aging was lower than that of
ITOX + 80% + aging. When the annealing temperature
was 650°C, the hardness of the ITOX + 80% + aging
state was reduced to 108 HV (80% of the initial hard-
ness of 136 HV), so its softening temperature was 650°C,
which was higher than that of ST + 80% + aging. This
was because the oxides formed by internal oxidation
have more stable properties and stronger ability to
resist softening.

3.4 The friction properties of Cu–Cr–Ti alloy

Figure 5(a) and (b) shows the friction coefficient and
microhardness of Cu–Cr–Ti alloy after being treated by
ST, ITOX, ST + 80% + aging, and ITOX + 80% + aging,
respectively. The friction coefficient of ST fluctuated
greatly in the initial stage, which can be explained as
the polishing process during the wear test, and it finally
stabilized at about 0.9. The formation of oxide particles
during the ITOX process enhanced the hardness of the
Cu matrix (as shown in Figure 5(b)), making the ability
of failure resistance improve, that is, its wear resistance
improved. Therefore, the friction coefficient of the ITOX

Figure 4:Microhardness of Cu–Cr–Ti alloy after treated by ST + 80%
+ aging and ITOX + 80% + aging.

Figure 5: Friction coefficient (a) and microhardness (b) of Cu–Cr–Ti alloy after being treated by ST, ITOX, ST + 80% + aging, and ITOX + 80%
+ aging.
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was smaller than that of the ST. Moreover, the friction
coefficient of the ST + 80% + aging (the yellow curve)
and ITOX + 80% + aging (the green curve) was reduced
compared with those of ST and ITOX. This was due to the
fact that fine and dispersed second phase particles will
precipitate from the matrix after aging, which will pro-
duce a significant strengthening effect on the matrix,
making the hardness increase dramatically, as shown
in Figure 5(b). The oxide particles formed by internal
oxidation had better stability, so the friction coefficient
of ITOX + 80% + aging treatment was the smallest and
the wear resistance was the best.

Figure 6 shows the SEM images of the friction-wear
morphologies of Cu–Cr–Ti after being treated by ST,
ITOX, ST + 80% + aging, and ITOX + 80% + aging. As
shown in Figure 6(a), since the hardness of ST was low,
the hard spots moved on the soft matrix during the fric-
tion and wear process, so the surface wear was very
serious, and there were a lot of peeling fragments accom-
panying the formation of chipping pits and grooves, and
their wear mechanisms were delamination and adhesive
wear. As shown in Figure 6(b), the phenomenon of debris
peeling became weaker, and there was a furrow formed
by squeezing and scraping against the grinding ball.

The main wear mechanism was abrasive wear and weak
delamination wear. After ST + 80% + aging, the hardness
of Cu–Cr–Ti alloy was greatly improved due to the pre-
cipitation of dispersed Cr and deformation strengthening.
A small amount of exfoliated fragments and grooves
formed by spalling were observed on the worn surface,
and the wear mechanism was mainly delamination wear,
as shown in Figure 6(c). It can be seen from Figure 6(d)
that the worn surface of Cu–Cr–Ti alloy after ITOX + 80%
+ aging treatment was the smoothest, only a weak furrow
phenomenon was observed on the worn surface, and the
wear mechanism was abrasive wear.

According to the above analysis, the Cu–Cr–Ti alloy
treated by ITOX + 80% + aging has higher electrical con-
ductivity, excellent softening resistance, and better wear
resistance, while the part treated by ST + 80% + aging has
higher tensile strength and hardness. And the properties
of Cu–Cr–Ti are superior to the reported Cu-Gd2O3 gra-
dient composites [33], copper/bronze laminates [34], and
gradient structured Cu [35]. The diagrammatic drawing
of Cu–Cr–Ti gradient alloy is shown in Figure 7. The
thickness of the internal oxide layer can be controlled
by adjusting the internal oxidation time. Finally, we
can prepare the materials with gradient properties, the

Figure 6: SEM images of the friction-wear morphologies of Cu–Cr–Ti after being treated by (a) ST, (b) ITOX, (c) ST + 80% + aging, and
(d) ITOX + 80% + aging.
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surface layer has good electrical conductivity, excellent
wear resistance, and high softening resistance, and the
core region has high strength to meet the requirements of
high-speed rail contact line.

4 Discussion

According to the above experimental results, there is a
great difference in the performance of ITOX + 80% +
aging and ST + 80% + aging, so it is necessary to study
the specific form of precipitates. For the region treated by
ITOX + 80% + aging, 80% cold rolling and aging treat-
ment did not change the existence form of the precipi-
tates. Hence only the existence form of the particles by
ITOX was analyzed.

Figure 8 illustrates the TEM images of Cu–Cr–Ti alloy
after ITOX treatment. From the bright field image of
Figure 8(a) and the dark field image of Figure 8(b), it
can be seen that there were rhomboid (circle A), short
rod-like (circle B), and rod-like (circles C and D) precipi-
tates in the Cu–Cr–Ti alloy. In order to study these
precipitates, high-resolution observation, selected area
electron diffraction (SAED), and EDS were carried out
on the particles A, B, C, and D. From Figure 8(c), the
rhomboid particles mainly contain Cu, Cr, and O ele-
ments, and their size was about 47 nm. The inset c1 and
c2 showed that the particles were composed of CuCrO4

particles with orthorhombic structure, cubic Cu2O parti-
cles, and rhombohedral Cr2O3 particles. CuCrO4 (221),
Cr2O3 (006), and Cu2O (200) crystal planes overlapped
to form the interface among each other, which was par-
allel to the Cu (002) [31,36]. As displayed in Figure 8(d),
the short rod-like particles mainly contain Cu, Cr, O, and Ti
elements. The inset d1 showed that the width was about
13 nm. The inset d2 proved that the short rod-like precipitate
contained CuCrO2 (rhombohedral), Cr5O12 (orthorhombic),
Cu4Ti3 (tetragonal), and Cu2O (cubic) particles. And the
interface between these particles and the Cu matrix was

parallel to the Cu {111}. Figure 8(e) and (f) shows the
morphologies of two rod-shaped precipitates with dif-
ferent size. Figure 8(e) showed that the width of the
particles C was about 16 nm, and the EDS analysis showed
that the main elements were Cu, Cr, and O, and it was the
co-phase of CuCrO4 and Cr2O3. The width of the particles in
Figure 8(f) was about 8 nm. EDS analysis showed that the
main elements were Cu, Cr, O, and Ti, and themain phases
were CuCrO2 and Cu4Ti3.

Based on the above analysis, we can conclude that
the precipitates were the coexisting phases of different
oxide particles or Ti-rich phases. This was because Cr
had a higher chemical affinity for O than Cu, so Cr was
easy to form dispersed nano-sized CrxOy and CuCrmOn

particles in Cu matrix. The existence of these fine and
hard particles with good thermal and chemical stability
enhanced their ability to resist softening. Meanwhile
they can nail dislocations, making dislocations multiply
rapidly, which greatly increased the dislocation density,
hindered the movement of dislocations, grain bound-
aries, and sub-grain boundaries. Moreover, they can
inhibit static and dynamic recrystallization, so the hard-
ness of ITOX was higher than that of ST. In addition, the
Cr element was dissolved in the Cu matrix for ST, which
distorted the lattice of Cu matrix, and increased the prob-
ability of electron scattering, thereby reducing the elec-
trical conductivity. As a result, the electrical conductivity
of the ST samples was very low. During the process of
internal oxidation, the Cr atoms gradually precipitated
from the Cu matrix for ITOX, so the electrical conduc-
tivity of ITOX was much higher than that of ST. The
subsequent deformation and aging treatment greatly
increased the dislocation density of the Cu–Cr–Ti alloy,
so the mechanical properties were improved. For the
part treated by ST + 80% + aging, due to the precipita-
tion of Cr atoms from Cu matrix, its conductivity was
greatly improved compared with ST. While for the part
treated by ITOX + 80% + aging, since most of the Cr
atoms have formed stable CrxOy and CuCrmOn, that
is, they have precipitated from the matrix during the
internal oxidation, its conductivity has almost no change
compared with ITOX.

Figure 9 displays the TEM images of Cu–Cr–Ti alloy
after the ST + 80% + aging treatment. The dark field
image of Figure 9(b) shows that the fine dispersed pre-
cipitates (bright spots) were present in the matrix after
aging treatment, and the size ranged from 3 to 7 nm,
which was smaller than that of oxides formed by ITOX
+ 80% + aging treatment. Figure 9(c) is the SAED pattern
of the area A in Figure 9(a), the calibration showed that
the precipitates were bcc Cr. Compared with the ST, the

Figure 7: Diagrammatic representation of the prepared Cu–Cr–Ti
gradient alloy.
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precipitation of Cr improved the tensile strength and elec-
trical conductivity of Cu–Cr–Ti alloy after the ST + 80% +
aging treatment.

We can conclude that the main strengthening mech-
anism of ST + 80% + aging and ITOX + 80% + aging is the
precipitates strengthening, so the theoretical calculation

Figure 8: TEM images of Cu–Cr–Ti alloy after ITOX treatment: (a) bright field image; (b) dark field image; (c, d, e and f) the enlarged images;
(c1), (d1), (e1) and (f1) high resolution TEM images inset; (c2), (d2), (e2) and (f2) SAED pattern of particles A, B, C, and D in (b).
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is very important to support the experimental results. The
main contributions of precipitation strengthening are
coherent strengthening and orowan strengthening, and
ST + 80% + aging is coherent strengthening, while ITOX
+ 80% + aging enhancement is mainly orowan strength-
ening. The main improved strength for ST + 80% + aging
and ITOX + 80% + aging can be expressed as the fol-
lowing equations [37,38]:
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where M (3.06) is Taylor index, G (42.1 GPa) is the shear
modulus of the Cu matrix, b (0.2556 nm) is the Burgers
vector, β (0.015) is the mismatch strain constant, d and Vf

are the average size and volume fraction of the precipi-
tates, F is the tension of the pinning dislocations of the
second-phase, α (0.3) is the geometric parameter, ν (0.34)
is the Poisson’s ratio, λ is the distance between the pre-
cipitates. The increment in strength for ST + 80% + aging
and ITOX + 80% + aging strengthening are 209 and
90MPa, respectively, which are in good agreement with
the experimental results.

Figure 10 presents the XRD patterns of the Cu–Cr–Ti
alloy of ST + 80% + aging and ITOX + 80% + aging. There
were only Cu peaks and no secondary phases after ST +
80% + aging treatment, the reason was that the peak
intensity of the precipitates was too weak to detect.
Hence, they were covered by the strong peaks of the Cu

matrix. The small angle diffraction of the black ellipse
proved that there were CuCrO2 (012) peaks in addition
to Cu after ITOX + 80% + aging treatment, but no peaks
of Cr and Cu oxides were present, indicating that the
nano-precipitates after internal oxidation treatment
were mainly complex oxides formed by Cu, Cr, and O.

5 Conclusion

1) With the increase in internal oxidation time, the
thickness of the internal oxidation layer increases
gradually, and the electrical conductivity (above 96%
IACS) and hardness (82HV) of the ITOX region are
much higher than those of the ST region (45% IACS
and 68HV).

2) After 80% deformation and aging at 500°C for 1 h, the
Cu–Cr–Ti alloy exhibits obvious gradient properties.

Figure 9: TEM images of Cu–Cr–Ti alloy after the ST + 80% + aging treatment: (a) bright field image; (b) dark field image; (c) SAED pattern of
the area A in (a).

Figure 10: XRD patterns of the Cu–Cr–Ti alloy of ST + 80% + aging
and ITOX + 80% + aging.
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The surface area has an electrical conductivity of
96.2% IACS, a softening temperature of 650°C, a ten-
sile strength of 342 MPa, and a friction coefficient of
0.17, while the core region has a tensile strength of
519 MPa, an electrical conductivity of 71.8% IACS,
and a softening temperature of 568°C.

3) The precipitates of the surface layer are Cr oxides, the
complex oxides formed by Cu, Cr, and O, and the
Ti-rich intergrowth phases, while the precipitates of
the core are finely dispersed Cr.
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