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A multiscale architectured structure, nanotwinned ultrafine grains surrounded by nano-precipitates at
grain boundaries, was developed in a bulk Cu-Cr-Zr alloy prepared by aging treatment following equal-
channel angular pressing. A superior combination of high strength, high electrical conductivity and good
thermal stability was obtained, which avoided the trade-off among these important properties of electric
conductive materials. This provides insight understanding on the mechanisms for strengthening, thermal

stability and electrical conductivity, and could help the development of high-performance electrical
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1. Introduction

As a promising engineering material for contact wires for high-
speed railways, CuCrZr alloys need more attractive combination of
ultimate tensile strength (UTS), electrical conductivity and thermal
stability to endure the service conditions of high-speed trains
[1-3]. However, high strength and high electrical conductivity are
often mutually exclusive in materials strengthened by conventional
methods, such as alloying, strain hardening, or grain refinement
[4—6]. During the last decade, materials with nanostructures, such
as nano-precipitates [7,8], nanotwins [6,9,10], nanograins [11—13]
etc., are extensively investigated for high strength and high con-
ductivity. By introducing these nanostructures, some incompatible
properties can be reached simultaneously. For example, nano-
particles precipitated from alloy matrix has been reported to pro-
duce higher electrical conductivity and at the same time higher
strength [14]. It was recently discovered that nanoscale twins led to
a very high tensile strength and a considerable electrical
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conductivity for pure Cu and Cu-Cr-Zr alloys [15—17]. Also, with
nanotwins, metals and alloys exhibit enhanced strength-ductility
synergy [6]. In order to introduce these nanostructures into
metals or alloys, many approaches have been attempted, such as
pulsed electrodeposition [15], dynamic plastic deformation (DPD)
[16], cryo-rolling [18], aging implemented after severe plastic de-
formations [14], and so on. Although the expected high strength
and high electrical conductivity have been reached, the low ther-
mal stability is still a limitation for practical applications [6]. By
equal-channel angular pressing (ECAP) and aging, a bulk nano-
structured Cu-Cr-Zr alloy was reported to have a tensile strength of
700 + 40 MPa, an electrical conductivity of 77% IACS (International
Annealed Copper Standard), and even good stability at elevated
temperatures and under cyclic loading [13,14,19—21]. The strength
and electrical conductivity are comparable to those of DPD-
processed samples strengthened by nanotwins and nanograins
[17], however, the strengthening mechanism in aged ECAP-
processed samples was roughly attributed to strain hardening
and precipitation strengthening. Obviously, the explanation is not
convincingly, more study is needed to understand the outstanding
combination of properties.

In this work, we carefully examine the microstructures in aged
ECAP-samples, and focus on the understanding special
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microstructure features responsible for the good comprehensive
properties of high strength, high electrical conductivity and ther-
mal stability.

2. Experimental section

A Cu-0.45Cr-0.12Zr alloy was made by melting pure metals in
appropriate weight ratios. The cast ingots were forged into bars
with a dimension of 11.5 x 11.5 x 125 mm. Prior to ECAP, bars were
homogenized in an air circulated furnace at 1000 °C for 2 h fol-
lowed by water quenching. Optical microscopy shows that the as-
homogenized specimens has an average grain size of ~500 pm.
ECAP was performed with 0.4 mmy/s velocity at room temperature
via the so-called “route B.” in a 90°die [22], which leads to an
imposed strain of about 1.0 per pass. The ECAP process was carried
out for 8 passes, after which the grains cannot be further refined
and mechanical property would not be further improved [14]. The
ECAP-processed samples were subsequently aged at different
temperatures for a certain period of time in muffle furnace followed
by air quenching, which is aimed to optimize the precipitation of Cr
particles and test the thermal stability.

Vickers microhardness was measured on a HMV-G 21DT Micro
Vickers Hardness Tester with an applied load of 100 g and a holding
time of 10 s. The electrical conductivity was measured relative to
the IACS by using a D60K-1201 digital conductivity meter. Both
hardness and electrical conductivity were obtained by averaging at
least five successive measurements. The tensile experiments were
performed on a Shimadzu AGS-X universal tester with a constant
strain rate of 1073 s~ The dog-bone-shaped specimens used in the
tensile tests were shaped by spark erosion to have a nearly rect-
angular cross-section of 3 x 2 mm? and a gauge length of 10 mm.
The specimen axis was aligned with the direction of extrusion. An
FEI Titan G2 60-300 transmission electron microscope (TEM) with a
spherical aberration corrector under the objective lens operated at
300 kV was used to characterize the microstructures. The thin foil
for TEM was sectioned from the plane perpendicular to the working
axis.

3. Results

Fig. 1a shows the hardness and grain size of samples after ECAP
and aging at different temperature for the same time (1 h). It was
found that grain coarsening began when the ECAP-processed
sample was isothermally annealed above 500 °C (for a duration of
1 h). At the same time, the hardness of the sample dropped rapidly.
In other word, the temperature Ty, at which the maximum H, was
achieved, is close to 500 °C for 8-pass ECAP-processed specimens.
The aging temperature was designed to be 460 °C. Fig. 1b shows the
hardness and electrical conductivity of samples after ECAP and
aging at 460 °C for different times. It is clear that the electrical
conductivity increased with longer aging time, due to solute atoms
aggregation and defects reduction. This increasing trend is espe-
cially apparent for the first hour. The hardness reached the peak
value of 219 HV at 1.5 h and then decreased slowly.

Fig. 2 shows typical tensile stress-strain curves of the ECAP-
processed and aged samples and the specific performance data
for the tensile samples. The peak-aged samples have the highest
tensile strength 676 MPa and the electrical conductivity of 73%
IACS, which is close to the industry requirement of 75% IACS. The
over-aged samples have higher electrical conductivity of 78.1% IACS
and lower tensile strength of 612 MPa. Compared with the best
combination of a tensile strength of 700 MPa and an electrical
conductivity of 77% IACS, reported by Vinogradov [14], the drop of
strength is mainly due to the larger average grain size of 256 nm in
this study than that of 160 nm in Ref. [14], caused by lower Zr
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Fig. 1. Properties of CuCrZr alloy samples: (a) variations of hardness and grain size
with aging temperature. The aging time is 1 h; (b) variations of hardness and electrical
conductivity with aging time. The aging temperature is 460 °C.
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Fig. 2. Typical tensile stress-strain curves of the ECAP-processed sample and aged
samples, along with other properties listed in the table inset.

content and ECAP-pass number.

The samples corresponding to the peak aging were selected for
TEM characterization, and the results are shown in Fig. 3a-d. Fig. 3a
shows that the aged samples consists of equiaxed grains with
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Fig. 3. The microstructures of CuCrZr alloy: (a) bright-field TEM image of a sample aged at 460 °C for 1.5 h, the insets are the corresponding SAED pattern and the grain size
distribution; (b) the enlarged TEM image of a sub-micronsized grain from (a) containing nanotwins and the corresponding SAED pattern; (c) the HRTEM image of multiple twins
from the boxed area in (b), and the statistical distributions for thickness of the T/M lamellae were obtained from the many TEM images of the same sample; (d) elemental map of the
sample as the same as that for (a); (e) a schematic illustration of the multiscale architected structure composing of microstructures shown in (a—d).

random orientations (see the selected area electron diffraction
pattern, SAED). The statistical results inserted in Fig. 1a show that
more than 95% grains are smaller than 400 nm, with an average
value of about 256 nm. One grain in (a) was enlarged along [110]
orientation as shown in Fig. 3b, the grain contains a high density of
nanotwins. The high-resolution TEM (HRTEM) image in the boxed
area in Fig. 3b is displayed in Fig. 3¢, which clearly shows multiple
twins with thicknesses of few nanometers. At the end of the twins
are high-density stacking faults.

The statistical results of the twin lamella thickness, from 300
such nanotwins embedded in 50 different sub-micronsized grains,
are mostly distributed from several nanometers to dozens of
nanometers. The twin lamella thickness distribution shows a peak
at less than 5 nm, and the average lamellae thickness is approxi-
mately 8.6 nm for the edge-on twins. These special types of grains
with sub-micrometer dimension, containing a high density of
multiple twins with twin boundaries (TBs) spaced in the nano-
meter regime, are hereafter referred to as nanotwined ultrafine
grains (UFGs). These nanotwined UFGs are ubiquitous in ECAP-
processed and aged samples. Statistically, more than 65% grains
are embedded with this architectured structure.

In ECAP-processed samples aged at 460 °C for 4 h, the elemental
map in Fig. 3d demonstrates that most nanoscale Cr precipitates are
located at the grain boundaries (GBs). Few precipitates were found
in Twin/Matrix (T/M) lamella, which is different from the results
reported by Li et al. [18]. The precipitates in the peak-aged sample
are very small, beyond the resolution limit of the energy dispersive
spectrometer (EDS). But according to the distribution of pre-
cipitates in over-aged sample, it is reasonable to assume that the
precipitates in peak-aged samples are also mostly located at the
boundaries of sub-micronsized grains.

4. Discussion
4.1. The formation of multiscale architected structure

Based on the above results, a sketch of microstructures in aged
ECAP-processed samples corresponding to the microstructures
shown in Fig. 3a—d, is given in Fig. 3e. It shows a general view of
multiscale architected structure, composed of high popularity of
nanotwined UFGs with Cr nano-precipitates at the GBs. An inter-
esting strategy is demonstrated for strengthening and stabilizing
the high conductive materials, UFGs containing nanoscale multiple
twins providing strengthening and the nano-precipitates located
on the GBs providing both strengthening and stabilization of the
nanoscale structures.

In this work, the nanotwins are formed during plastic defor-
mation and originated from GBs with high-density dislocations as
shown as Fig. 4. These T/M lamellae is much thinner than those
reported in Refs. [9,23], making them more difficult to be observed
due to their weak contrast mixing with the strong contrast from
high-density of stacking faults. They are only distinguishable in
high-resolution TEM mode or under the weak beam conditions. It is
understandable that there is no twins observed in Ref. [ 14| through
ordinary bright-field TEM and selected area electron diffraction for
multicrystal copper alloy. This nanotwined UFG structure are
different from those reported by Lu et al. in Ref. [ 15]. Here, there are
high-density of dislocations located at TBs (Fig. 4), typical of
deformation twins [10,24]|. However, in Ref. [15] most TBs were
perfectly coherent and atomically sharp, typical of growth twins. It
is also different from the single austenite phase with some
remaining nanotwin bundles in the form of islands embedded in
static recrystallization (SRX) grains reported in Refs. [9,23].
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Fig. 4. Nanotwins formed via reaction of partial dislocations emitting from GB with
high density of dislocations, the outlined area showing the presence of Shockley partial
at theTB.

It was routinely believed that during ECAP, significant grain
refinement occurs together with dislocation hardening, resulting in
the significant enhancement of strength of a working material
[14,25]. However, the high density of dislocations and GBs will lead
to lower electrical conductivity [13] and thermal stability [26].
Obviously, it is easy to understand the high strength, but it is
incomprehensible for the high electrical conductivity. It is known
that the electrical resistivity of the coherent TBs is about one order
of magnitude lower than that of conventional high-angle GBs [27].
With the addition of Cr and Zr, the stacking fault energy (SFE) of
CuCrZr alloy becomes lower than that of pure Cu [28]. Lower SFE
implies that the partial dislocations will be separated farther apart,
which will induce more dislocation tangles to restrain dislocation
movement because cross slip will be very difficult and even
forbidden in some case [29]. With further straining, these disloca-
tion tangles evolve into low angle GBs and act as dislocation
sources, shown as Fig. 4. Low stacking fault energy also promotes
twinning [30]. Twinning is orientation dependent. During ECAP, for
the polycrystalline CuCrZr alloy with random orientations indi-
cated in Fig. 3a, nanotwins may form only in a fraction of grains that
possess favorable crystallographic orientations [9,31]. In the route
B, the sample was rotated 90° every pass to change the strain
paths, which significantly increases the twinning probability.

Cr precipitates prefer to form at the GBs of nanotwined UFGs,
which would make sense in connection with the T/M lamellae
thickness in samples here is in the same order as those of Cr pre-
cipitates, much less than that in room temperature rolled (average
thickness of 87 nm) or cryo-rolled samples (average thickness of
48 nm) as reported in Ref. [18]. During aging, Cr atoms are easily to
aggregate at TBs with low energy, due to the short diffusion dis-
tance (approximate to a half of T/M lamellae thickness). This
diffusion distance to TBs is approximately the same as or even less
than that for the forming of Cr precipitates. Cr atoms easily diffuse
to TBs and then move to GBs along TBs. In other words, TBs serve as
the passage for Cr atoms diffusion to GBs. If T/M lamellae is thicker,
more Cr precipitates forming in twins [18]. As well as known, if the

grain size decreases down to nanometer, there is no precipitate
forming in the interior of gains [32]. By the same logic, it is well
understood that there is no precipitate in the interior of nanotwins.

4.2. Strengthening mechanism

Generally, the yield stress (gys) of alloys processed by SPD can be
described as the sum of all calculated strengthening contributions
in the following form:

O'ys=0'0+I<Hd70'5+0'55+0'p+0'13 (1)
where, g is the friction stress for pure Cu (= 36.5 MPa [13]), Kyd~%°
is the contribution from grain size, gss, 0, and op are contributions
from Cr solutes, Cr precipitates and stored dislocations calculated at
the oneset of yield (0.2% strain), respectively. Note that gss is quite
low in peak- or over-aged sample, and thus can be neglected. In
general, the contribution of precipitates (o) can be estimated using
the well-known Orowan bowing or shearing mechanism,
depending on precipitate size and the nature of interface. These
estimating methods are suitable for intragranular precipitate.
However, in this work, most of precipitates locate on GBs (Fig. 5), it
should consider the interaction between grain boundary glide and
the Cr particles, rather than the interaction between gliding dis-
locations and the Cr particles. According to empirical relation, the
stresses attributed to dislocation strengthening (op) can be gener-
ally estimated by Kuhlmann-Wilsdorf mechanism [33]. In this
work, we did not observe numerous forest dislocations in the grain
interiors in the peak-aged ECAP samples, but a high density of
dislocations at GBs and TBs. In this case, the stresses attributed to
dislocation strengthening, estimated from Kuhlmann-Wilsdorf
mechanism, are much higher than the experimental data. Actu-
ally, in this work it should give more consideration about the
coupling relation between GBs/TBs and dislocations/precipitates,
rather than the interaction between dislocations or and pre-
cipitates. However, at present there is no a suitable mechanism to
assess the contribution from this coupling relation. For here, the
best we can do is calculating the sum of contributions from these
coupling relation according to Eq. (1) and the measured yield
strength.

Considering the contribution from grain size (the second termin
Eq. (1)), it must note there are two types of UFGs, as shown in Fig. 5,
one is traditional UFG (f, = 35%) and the other is nano-twinned UFG
(fv = 65%)-

With traditional UFGs, the yield strength of metals can be
expressed by Hall-Petch relationship [34]:

ggp = 0g + KHd70'5 (2)

where, Ky is the Hall-Petch coefficient, d is the effective grain size
calculated by the distance between any boundaries with a
misorientation > 2° [3536]. As reported [13,37],
Ky = 0129 MPa m®°. According to the statistics in Fig. 3a,
d = 256 nm. The ggg was calculated to be 291 MPa.

With nanotwined UFGs, the yield strength of metals follows the
conventional Hall-Petch relationship with grain size replaced by
average twin thickness A [38]:

o1 = 00 + KrpA ™% (3)

However, the above classical relationship breaks down when
A < 15 nm due to the softening caused by the preexisting Shockley
partial dislocations at TBs (a natural phenomenon especially in
deformation twins) [39,40]. The experimental yield strength for
equiaxed grained nt-Cu samples with 2 = 8 nm was determined to
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Fig. 5. Microstructure contributions to strengthening: UFGs, nano-twinned UFGs and precipitates.

be 550 MPa [39], it can be used here to estimate the strengthening
from nt-UFGs.

Based on the above discussion and the rule-of-mixtures, Eq. (1)
can be simplified in this work as:

Oys = 0Gp X 35% + o1p X 65% + 0p + 0p (4)

where, the sum of the first two terms is about 459 MPa, the gy of
the peak-aged ECAP sample is 676 MPa, the strengthening contri-
bution from Cr precipitates and dislocations is deduced to be
217 MPa.

4.3. The mechanism for high thermal stability and electrical
conductivity

It is well accepted that a high thermal stability can be achieved
in the UFG state of CuCrZr alloys subjected to severe plastic
deformation, which is also confirmed by hardness measurement or
differential scanning calorimetry (DSC) [14,41,42]. In this work, the
thermal stability of the UFG structure was characterized by hard-
ness and grain size. The grain size monitor is also used to study the
thermal stability of ultrafine grained copper [43]. Fig. 1a shows that
no grain growth during annealing under 500 °C for 1 h, mainly due
to GBs with low energy and also nanometer-sized Cr precipitates at
the GBs blocking the motion of GBs. The solubility of Cr in Cu varies
from 0.05 wt% at 500 °C to 0.27 wt% at 1000 °C [44], the grain
coarsening and hardness decreasing at the temperature above
500 °C is partially due to dissolution of Cr-particles.

As well known that the electrical conductivity of Cu alloys is
lower than 80% IACS, depending upon the alloy content and the
state of being. The electrical conductivity of ECAPed CuCrZr alloy is
low in Fig. 1b because of the supersaturated Cr in Cu. The electrical
conductivity recovers significantly at the early stage of aging due to
Cr precipitation. After 1 h, electrical conductivity recovers to 70.7%
IACS, and then keeps going up though slightly slower, reaches to
83.1% IACS at 8 h. Besides the contribution of Cr precipitation,
deformation-induced defects (dislocations and vacancies) annihi-
lation during annealing is also helpful. Additionally, boundaries
also influence the electrical conductivity of alloy. Researches indi-
cate that the intrinsic GBs resistivity of Cu will increase
2 x 1077 nQ m? with GB misorientations from low to high angles
[17]; the electrical resistivity of TBs is usually considered to be half
of the specific stacking fault resistivity, much lower than those of
conventional GBs [15]; numerous dislocations accumulating at the
TBs have a negligible influence on the specific TB resistivity [45].
Consequently, the deformation TBs is helpful to increasing the
overall electrical conductivity.

5. Conclusions

In summary, a novel multiscale architectured structure, i.e.,
nanotwined UFGs surrounded by nano-precipitates, was observed

in aged ECAP-samples in a CuCrZr alloy. It produced a superior
combination of strength, electrical conductivity and thermal sta-
bility in the alloy. This provides insight understanding on the
mechanisms for strengthening, thermal stability and electrical
conductivity, and could help the development of high-performance
electrical conductors.
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