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The Cu–Cr system alloys with different Ti contents were prepared and processed by deformation
and heat treatment. The microstructures, mechanical, and electrical properties were investigated
under as-cast and aged conditions. The results indicate that the Cr precipitates present a dispersed
distribution and exhibit a face-centered cubic (fcc) structure rather than equilibrium body-centered
cubic (bcc) structure in the initial stage of aging. A certain amount of Ti atoms dissolves in matrix
due to the large solid solubility, while the remaining atoms segregate around the interface of the
Cr precipitates to form a sandwich structure. Improvement of mechanical properties is achieved
with Ti addition and the increasing rolling reduction, which can be ascribed to multiple
mechanisms. In addition, Ti has a negative effect on the electrical conductivity, while deformation
has a slight effect on conductivity.

I. INTRODUCTION

Copper alloys with excellent mechanical properties
and electrical conductivity have received a great deal of
attention and obtained wide applications in recent
years.1–8 In particular, Cu–Cr alloy is one of the most
important commercial metallic materials due to their
favorable electrical properties under appropriate heat
treatment.9 But the mechanical performance is limited
because of the low solubility of Cr in the matrix.10 The
tensile strength of Cu–Cr alloy is less than 500 MPa,
which cannot meet the qualification of integrated circuit
lead frame and electrical contact.11,12

Alloying is a common approach to improve the
mechanical performance of Cu–Cr alloy. Various minor
elements, such as Zr, Mg, Ag, and Ti, have been added to
Cu–Cr alloy to achieve this objective.1,11,13,14 Ti is an
available alloying element in view of low melting loss
and cost. Nagesha et al. investigated the properties of
Cu–Cr–Zr–Ti alloy under low-cycle fatigue deforma-
tion.14 Wang et al. reported that Ti element can refine
Cr particles during annealing process.15 In addition, most
of the high strength copper alloys have to undergo the
deformation process to further increase mechanical prop-
erties, and cold rolling has a good effect on strengthening
as an effective deformation method.16,17 Besides, the
varying degrees of deformation can produce different
results of strengthening effect.18 However, alloying and

deformation can result in the decline of conductivity,
while it improves the mechanical properties.11,17 The
electrical conductivity is necessary to be considered in
industrial applications since an acceptable conductivity
can reduce the loss of electric energy. So a compromised
performance of mechanical and electrical properties
should be adopted to acquire the comprehensive perfor-
mance.
In the present study, the microstructure and properties

of Cu–Cr–Ti alloys after cold rolling and aging treatment
were studied. Attempts were made to investigate the
effect of Ti content and degree of deformation on the
microstructure and properties of Cu–Cr system alloys.

II. EXPERIMENTAL PROCEDURE

Four Cu–Cr system alloys were prepared with electro-
lytic copper (99.97 wt%), pure chromium (99.8 wt%),
and pure titanium (99.5 wt%) in an intermediate fre-
quency induction furnace. The compositions are listed in
Table I.
The ingots were homogenized at 850 °C and rapidly

hot rolled to a thickness of 10 mm. Then, the plates were
solution treated at 920 °C for 30 min, followed by water
quenching. The specimens were planed on both sides to
remove surface defects, and then cut into small samples.
The samples were cold rolled with 60, 70, 80, and 90%
reductions and subsequently isothermally aged at 450 °C
for various times. Processes A, B, C, and D correspond-
ing to the deformation reductions of 60, 70, 80, and 90%
were labeled, respectively.
The specimens were polished and etched in a FeCl3

solution. The microstructures were characterized by
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optical microscope (OM, MEF4, Leica company, Solms,
Germany) and field emission scanning electron micro-
scope (FESEM, SUPRA55, Carl Zeiss company, Oberko-
chen, Germany) equipped with an energy dispersion
spectrometer (EDS). For transmission electron microscopy
(TEM) observation, thin foils were ground to 30 lm in
thickness and subjected to low-angle ion milling with an
argon ion beam. The microstructures of TEM examination
and selected area electron diffraction (SAED) were carried
out by TEM (JEM-2100F, JEOL company, Tokyo, Japan).

Tensile tests were conducted on a computerized uni-
versal testing machine, and the fracture morphology was
also observed by FESEM. Vickers hardness was tested on
a MH-5L type microhardness tester with a load of 200 g
and loading time of 15 s. Electrical conductivity was
measured by a D60K conductivity measuring instrument,
and it was characterized by International Annealed
Copper Standard (%IACS). The resistivity is obtained
by taking the reciprocal of conductivity.

III. RESULTS

A. Microstructure

The optical micrographs of Cu–0.5Cr–0.18Ti alloy under
different conditions are shown in Fig. 1. The microstructure
is composed of coarse columnar crystals at an as-cast state
[Fig. 1(a)]. After cold rolling, the columnar crystals bend
toward the rolling direction at higher rolling reduction and
gradually evolve into strip-like morphology [Figs. 1(b) and
1(d)]. When the reduction is up to 90%, the morphology of
alloy is fibrous stripes due to the large deformation [Fig. 1
(d)]. In a transverse section, the grains become flattened
because of the high rolling force [Fig. 1(c)].

Figure 2 shows the TEM image and SAED pattern of
Cu–0.5Cr–0.18Ti alloy after aging at 450 °C for 60 min.
Plenty of precipitates exhibit dispersive distribution in
matrix [Fig. 2(a)]. The corresponding SAED pattern of
the alloy is shown in Fig. 2(b). Additional diffraction
spots (marked with arrow) are observed in the pattern. It
is found that the structure of precipitates is almost the
same as that of the matrix, namely the fcc structure. The
lattice parameter of the precipitates corresponding to
these diffraction spots is calculated to be 0.4143 nm. In
previous studies, Huh et al.19 theoretically predicted that
the cell constant of the fcc Cr cluster is 0.413 nm, and Xia
et al.17 deduced from the diffraction spots that the lattice

parameter is 0.4219 nm, which is in accordance with the
result of this work. So the dispersed particles in matrix
are fcc Cr precipitates, which are derived from matrix
during aging treatment as the solubility of Cr in the
Cu matrix decreases with the decreasing temperature.
Besides, the precipitates have a crystal cell larger than
that of the matrix, revealing a cube-on-cube orientation
relationship with the matrix.17

The SEM images of Cu–0.5Cr–0.18Ti alloy after
different rolling reductions and aging at 450 °C for
120 min are shown in Fig. 3. The grain size along the
direction of rolling force dramatically reduces, and the
strip texture is further refined with increasing deforma-
tion. The Cr precipitates are dispersed in the matrix after
aging with two kinds of reductions, and some precipitates
become coarsened (points A and C) after aging for
120 min. As the EDS analysis shown in Table II,
a number of Ti atoms presents segregation in the interface
between Cr particles and matrix to form a sandwich
structure (points A and C), and the remaining atoms
dissolve in matrix to form a solid solution (points B and D).

B. Mechanical and electrical properties

The hardness curve of 90% cold-rolled Cu–Cr system
alloys isothermally aged at 450 °C is exhibited in Fig. 4(a).
The hardness of Cu–Cr alloy reaches the peak after aging
for 120 min and then decreases with increasing aging time,
while that of Cu–Cr–Ti alloys increases quickly at the initial
stage and then maintains at a high plateau. The presence of
Ti even in small amount dramatically improves the hardness
of alloy. With increasing Ti content from 0.1 to 0.18 wt%,
no significant increment in hardness is observed. Figure 4
(b) presents the hardness of Cu–0.5Cr–0.18Ti alloy after
different rolling reductions and isothermal aging at 450 °C.
From an overall perspective, the hardness improves with an
increase in the rolling reduction. The variations of hardness
versus aging time under every rolling reduction are exactly
similar, exhibiting an initial increase followed by a mild
ascent after aging for 150 min.

The yield strength, ultimate tensile strength (UTS), and
elongation of aged Cu–Cr system alloys with different Ti
contents and various cold deformations are shown in Fig. 5.
The Cu–Cr alloy after aging possesses the UTS of 493 MPa
and good ductility. It is evident that Cu–Cr–Ti alloys have
superior strength compared with Cu–Cr alloy, and the
tensile strength is enhanced with the increasing Ti content.
However, the increment of UTS is minor as the Ti content
exceeds 0.1 wt%. The elongation presents a significant
reduction with the addition of Ti as a response of the
improved strength. The increment of tensile strength about
Cu–0.5Cr–0.18Ti along diverse rolling reductions is notice-
able. High strength is found to benefit from more serious
deformation. But the elongation reduces with the increase of
deformation in response to the excellent strength.

TABLE I. Chemical composition of the prepared Cu–Cr–Ti alloys
(wt%).

Alloy Cr Ti Cu

Cu–0.5Cr 0.52 . . . Bal.
Cu–0.5Cr–0.05Ti 0.52 0.06 Bal.
Cu–0.5Cr–0.1Ti 0.48 0.1 Bal.
Cu–0.5Cr–0.18Ti 0.51 0.18 Bal.

P. Zhang et al.: Influence of cold deformation and Ti element on the microstructure and properties of Cu–Cr system alloys

J. Mater. Res., Vol. 30, No. 13, Jul 14, 20152074



FIG. 1. Optical micrographs of Cu–0.5Cr–0.18Ti alloy under as-cast conditions and aging at 450 °C for 60 min with different rolling reductions:
(a) As-cast, (b) process C, longitudinal section, (c) process C, transverse section, and (d) process D, longitudinal section.

FIG. 2. TEM micrograph and SAED pattern of Cu–0.5Cr–0.18Ti alloy aged at 450 °C for 60 min: (a) Bright field image and (b) SAED pattern
with zone axis [011]Cu.

FIG. 3. SEM images of Cu–0.5Cr–0.18Ti alloy after different rolling reductions and aging at 450 °C for 120 min: (a) Process C, transverse section
and (b) process D, transverse section.
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The tensile fracture surfaces of Cu–Cr system alloys
with various rolling reductions are presented in Fig. 6.
The presence of dimples can be identified from the
fracture surface of Cu–0.5Cr alloy with 80% rolling
reduction [Fig. 6(a)]. Such type of fractography is typical
ductile fracture, which is generated by the formation,
growth, and coalescence of microvoids during the
necking process in the course of tensile deformation.
Shallow dimples are observed in the fractography of
Cu–0.5Cr alloy with 90% reduction [Fig. 6(b)],

indicating a reduced toughness under severe plastic
deformation. The fracture surface of Cu–0.5Cr–0.18Ti
alloy shows lower dimples [Fig. 6(c)] compared with
Cu–Cr alloy, suggesting a decreased elongation with the
addition of Ti element. After large deformation of the
above alloy, a series of tiny dimples aggregate to form
the dominant feature of fracture morphology [Fig. 6(d)],
and the elongation is deteriorated.

The electrical conductivity curves of Cu–Cr system
alloys after 90% rolling reduction and aging at 450 °C for
various times are shown in Fig. 7(a). The Cu–Cr alloy
possesses excellent conductivity, which is 8.8 %IACS
and 22.1 %IACS greater than that of the alloys with
0.05 wt% Ti and 0.1 wt% Ti, respectively, after aging for
180 min. For Cu–0.5Cr and Cu–0.5Cr–0.05Ti alloys,
a fast raise in conductivity during the initial stage of
aging can be seen owing to the decomposition of the
supersaturated solid solution. The increment in conduc-
tivity is slow after aging for 60 min, and the conductivity
nearly remains stable after 150 min. The conductivity of
alloys with 0.1 and 0.18 wt% Ti presents a gradual
enhancement during aging. Figure 7(b) exhibits the

TABLE II. The EDS results of Cu–Cr–Ti alloys at different points as
shown in Fig. 3.

Spectrum point Cu (wt%) Cr (wt%) Ti (wt%)

A 71.13 28.52 0.35
B 99.85 . . . 0.15
C 74.19 25.37 0.44
D 99.86 . . . 0.14

FIG. 4. Hardness of Cu–Cr–Ti alloys under different conditions: (a)
Cu–Cr system alloys isothermally aged at 450 °C, process D and (b)
Cu–0.5Cr–0.18Ti alloy after different rolling reductions and isothermal
aging at 450 °C.

FIG. 5. Tensile properties of Cu–Cr–Ti alloys under different con-
ditions: (a) Cu–Cr system alloys aged at 450 °C for 120 min, process D
and (b) Cu–0.5Cr–0.18Ti alloy after different rolling reductions, and
aging at 450 °C for 120 min.
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conductivity curves of Cu–0.5Cr–0.18Ti with different
rolling reductions. A marginally downward trend of
conductivity is obtained with the increasing deformation.
The conductivity of Cu–0.5Cr–0.18Ti reaches 54.9 %
IACS after 90% rolling reduction and aging at 450 °C for
180 min, which is just 0.2 %IACS and 1.7 %IACS lower
than that of the alloys with 80 and 60% deformation,
respectively.

IV. DISCUSSION

A. The formation of microstructure of Cu–Cr
system alloys

The microstructure of Cu–Cr system alloys signifi-
cantly changes after plastic deformation. The coarse
crystals elongate along the rolling direction. The grains
are replaced by fibrous textures and possess an increased
aspect ratio with severe plastic deformation.

For Cu–Cr system alloys, due to the limited solubility
of Cr atoms in Cu matrix, Cr particles are precipitated
and dispersed in matrix after aging. The Cr precipitates
exhibit the fcc structure rather than the equilibrium bcc
in the initial stage of aging. This is because the structure
of nanoscale Cr precipitate is determined by cluster
energy.19 The surface energy is a critical factor in
determining the cluster energy due to the great surface-
to-volume ratio of nanoscale cluster. Fewer surface atoms
are needed for fcc structure, which is ascribed to the
higher packing fraction of fcc structure (0.74) than the
bcc structure (0.68). However, the surface-to-volume

ratio is reduced with the coarsening of Cr precipitate
and even becomes negligible with the extended aging
time. Then the precipitate transforms into its inherent bcc
structure.19

Due to the large solubility of Ti in Cu matrix, a certain
amount of Ti atoms dissolve in matrix. The remaining Ti
atoms segregate around the interface of Cr precipitates to
form a sandwich structure. The reason for this phenom-
enon is that the phase boundaries between the coarse Cr
precipitates and matrix get incoherent with increasing
aging time. In response, a large amount of vacancies
and/or dislocations are generated in the interface
regions20 and easy diffusion paths for dissolved Ti atoms
are formed.21 Following this, the sandwich structure is
developed owing to the segregation of Ti atoms in the
interface of Cr particles.

B. Effects of Ti element and plastic deformation
on mechanical properties of Cu–Cr system alloys

Cold rolling brings high density dislocations, which
can significantly improve hardness of Cu–Cr system
alloys. Dislocations interact with each other and tangle
together to impede their own motion.22 Hence, high
density dislocations are capable of improving the
mechanical properties of metal. Besides strain hard-
ening, grain refinement strengthening mechanism also
plays a role in improving mechanical properties
during rolling process. Cold rolling refines the grains
and generates a high density of grain boundaries,
which can increase the hardness and tensile strength.23,24

FIG. 6. SEM micrographs of the fracture surfaces of Cu–Cr system alloys aged at 450 °C for 120 min: (a) Cu–0.5Cr, process C, (b) Cu–0.5Cr,
process D, (c) Cu–0.5Cr–0.18Ti, process C, and (d) Cu–0.5Cr–0.18Ti, process D.
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In brief, the increased mechanical properties after cold
rolling can be attributed to the interaction of strain
hardening and grain refinement strengthening.

After aging, the supersaturated Cu–Cr system alloys
decompose, and the Cr particles are precipitated from the
metastable alloys. The precipitates have a great effect on
pinning subgrain boundaries and dislocations, which can
impede the migration of boundaries and accelerate the
accumulation of dislocations inside the grains. Then, the
hardness is further improved owing to the precipitation
hardening. Meanwhile, the strength is also reinforced by
the contribution of precipitation strengthening. Ellis and
Michal reported that Orowan stress is inversely pro-
portional to the interprecipitate spacing in the strength-
ening mechanism.25 The coarsening of precipitates can
result in the increase of interprecipitate space. So the
hardness of Cu–Cr system alloy merely exhibits slight
rising and even declines with the increasing aging time.

It is noticeable that since Ti element added to Cu–Cr
alloy, the mechanical properties are evidently enhanced
in various states, which can be attributed to solid solution
strengthening mechanism. A certain amount of Ti atoms

dissolves in Cu matrix, and the motion of dislocations is
impeded owing to the variation of strain fields,26 thereby
improving the mechanical properties.

In conclusion, the excellent mechanical properties can
be attributed to multiple mechanisms. Figure 8 summa-
rizes the hardening mechanisms of Cu–Cr system alloys
under different conditions. The significant hardness of
Cu–Cr–Ti alloy is ascribed to multiple mechanisms,
comprising of precipitation hardening of Cr precipitates,
solid solution strengthening of dissolved Ti atoms in
matrix, strain hardening, and grain refinement strength-
ening from deformation process. Similar to hardness, the
tensile strength also benefits from above mechanisms.

C. Effects of Ti element and plastic deformation
on conductivity of Cu–Cr system alloys

The conductivity of whole Cu–Cr system alloys
presents an upward trend during the initial period of
aging and maintains a relatively steady state after aging
for 150 min. Due to the inverse relationship between
conductivity and resistivity, the conductivity can be
characterized by the contribution of four scattering
mechanisms of resistivity:27

1
�
ralloy ¼ qalloy ¼ qpho þ qdef þ qint þ qimp ; ð1Þ

where ralloy and qalloy are the conductivity and resistivity
of Cu–Cr system alloys, and qpho, qdef, qint, and qimp are
the resistivity contributions from phonon scattering, de-
fect scattering, interface scattering, and impurity scatter-
ing, respectively.

Temperature is the only influential factor of phonon
scattering. The phonon scattering is equal because the
resistivity of all specimens is measured at the same
temperature. Experiments of alloys with different com-
positions have shown that the conductivity presents
progressive decrease with the increasing Ti content,
implying that the dissolved Ti atoms have a large impact

FIG. 7. Conductivity of Cu–Cr–Ti alloys under different conditions:
(a) Cu–Cr system alloys isothermally aged at 450 °C, process D, (b)
Cu–0.5Cr–0.18Ti alloy after different rolling reductions and isothermal
aging at 450 °C.

FIG. 8. The multiple hardening mechanisms of Cu–Cr system alloys
under different conditions.
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on the impurity scattering. During the initial aging
process, the conductivity presents an increasing trend,
which is attributed to gradually reduced impurity scattering
accompanied by the precipitation of Cr particles. With
aging time increasing to 150 min, the conductivity is
basically stable owing to the absence of dissolved Cr
atoms in matrix. The impurity scattering from dissolved Cr
atoms progressively weakens, while the interface scatter-
ing from precipitated Cr particles intensifies throughout
the aging process. But overall, the conductivity increases
under the combined action of the two mechanisms,
signifying that the solute atoms possess intense scattering
effect for conduction electron, while the contribution from
interface scattering is less prominent.

For the Cu–0.5Cr–0.18Ti alloy, mechanical deformation
can introduce fine grains and plentiful defects, intensifying
the extent of scattering electrical resistivity. However, only
a modest decline is observed with deformation. The
phenomenon shows that the effects of interface and defect
scattering are not remarkable on resistivity.

In brief, the resistivity of Cu–Cr–Ti alloy is affected by
the action of multiple scattering mechanisms. The impu-
rity scattering from dissolved Ti atoms plays a leading
role, while the interface and defect scattering have
a moderate influence on electrical behavior.

V. CONCLUSIONS

(1) Cr precipitates present a dispersed distribution and
exhibit the fcc structure rather than equilibrium bcc
structure in the initial stage of aging. A certain amount
of Ti atoms dissolve in matrix, while the remaining atoms
segregate around the interface of Cr precipitates to form
a sandwich structure.

(2) The mechanical properties of Cu–Cr–Ti alloys are
positively correlated with the increasing Ti content and
deformation degree, which can be ascribed to multiple
mechanisms. The excellent hardness of Cu–Cr–Ti alloy is
obtained due to the comprehensive mechanisms, com-
prising of precipitation hardening of Cr precipitates, solid
solution strengthening of dissolved Ti atoms in the
matrix, strain hardening, and grain refinement strength-
ening from deformation process.

(3) The added Ti element reduces the conductivity of
Cu–Cr system alloys, while the deformation has a slight
effect on conductivity. This indicates that the impurity
scattering from dissolved Ti atoms plays a leading role
while the interface and defect scattering have a moderate
influence on electrical behavior.
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