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ARTICLE INFO ABSTRACT

Keywords: Cu-1Cr-0.1Zr (wt%) alloy strips were fabricated by a two-stage cryorolling and an intermediate aging treatment.
Cu-Cr-Zr alloy The microstructures, mechanical/electrical properties and precipitation behaviors of the alloy were investigated.
Cryorolling The results show that a desired combination of the tensile strength (690.13 MPa) and electrical conductivity

Intermediate aging

(67% IACS) were obtained after the primary 30% thickness reduction and intermediate aging at 450 °C for 2 h
Core-shell structure

followed by a secondary 60% thickness reduction at the cryogenic temperature. The improved strength can be
attributed to the interactions of twin boundaries strengthening, grain boundaries strengthening, precipitation
strengthening and strain hardening. For the alloy manufactured by cryorolling and intermediate aging
treatment, the twin/matrix lamellar thickness decreases 38% and 55% compared with the alloy manufactured
by cryorolling and room temperature rolling, respectively. In particular, results from energy-dispersive
spectroscopy (EDS) mapping show that a core-shell structure with the shell of Zr and the core of Cr appeared

after the intermediately aging treatment.

1. Introduction

Copper and copper alloys have been widely used in electric,
electronic, transportation and machinery manufacturing industries
because of their excellent electrical and thermal conductivities [1].
However, for copper and its alloys, high strength and high electrical
conductivity are mutually exclusive by nature. Copper alloys strength-
ened by simple or conventional approaches, such as solid solution
alloying [2], strain hardening and grain refinement, cannot satisfy the
growing industrial demands. Generally, solute atoms in the copper
matrix inevitably deteriorate the electrical conductivity of alloys [3].
Therefore, precipitation strengthened copper alloys are developed to
achieve an optimized combination of strength, electrical conductivity
and wear resistance through aging treatment [4]. Specifically, the Cu-
Cr-Zr alloys, as the typical precipitation strengthened copper alloys,
have been used in variety of applications such as railway contact wire
[5].

In recent years, severe plastic deformation (SPD) processes such as
equal channel angular pressing (ECAP) [6,7], accumulative rolling
bonding (ARB) [8], and high pressure torsion (HPT) [9] produce series
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of ultrafine grained copper alloys with superior mechanical properties.
High density of grain boundaries introduced by SPD process has
significant effect on strengthening but little effect on the electrical
conductivity [10]. Aging has also been implemented after SPD to
promote precipitation hardening and improve conductivity in copper
alloys [11,12]. Besides SPD processes, cryorolling, i.e., rolling at liquid
nitrogen temperature (LNT) has been attempted on several metals and
alloys to obtain ultrafine grained materials with high density of
dislocations for improving mechanical properties [13—-15]. Regarding
high stacking fault energy (SFE) materials, cryorolling suppresses the
dynamic recovery, thereby enhancing the efficiency of plastic deforma-
tion. The high density of dislocations in the cryorolled sample in turn
provide more nucleation sites for precipitates during aging, and there-
by improve the mechanical properties [16]. Regarding the materials
with medium to low SFE, the dislocation motion is restricted to planar
glide during cryorolling, which promotes the accumulation of stress for
twinning, and thus deformation twins could be obtained easily [17].
Recent reports have pointed out that the addition of Cr and Zr could
lower the SFE of copper matrix [ 18]. Hence, it is possible to form a high
density of deformation twins in Cu-Cr-Zr alloys by cryorolling. Twin
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boundaries (TBs) can effectively block the dislocation motion; as a
result, the strength of alloys can be improved further. In addition, the
electrical resistivity of coherent TBs is about one order of the conven-
tional grain boundaries (GBs) [19]. If it contains a high density of TBs,
a metal is expected to be effectively strengthened without losing its high
electrical conductivity. Meanwhile, aging treatment, which executes the
precipitation of solute atoms, plays a critical role during the manu-
facture process of Cu-Cr-Zr alloys [20,21]. So cryorolling and aging
treatment subsequently is a promising way to fabricate high strength
and high electrical conductivity Cu-Cr-Zr alloys. Li et al. fabricated
successfully a high strength and high electrical conductivity Cu-Zr alloy
by cryorolling and subsequent aging treatment [22]. In comparison to
SPD processes, cryorolling can achieve continuous producing, which
has a great potential for large-scale industrial applications [23].

Thermo-mechanical treatment containing multiple cold deforma-
tion and aging process is one of the most sophisticated techniques
applied in precipitation hardened alloys [24]. Yang et al. reported an
enhancement of both tensile strength and electrical conductivity of Cu-
Zr-B alloy through a double cold deformation and aging process [25].
So far, main studies report that the methods to fabricate high strength
and high electrical conductivity Cu-Cr-Zr alloys are only focused on the
one-step deformation and subsequent aging treatment [26,27]. In our
study, the method of fabrication includes two-step deformation and an
intermediate aging treatment. Meanwhile, it remains unclear that how
the intermediate aging treatment in the interval of cryorolling influ-
ences the microstructures, mechanical and electrical conductivity
properties of Cu-Cr-Zr alloys.

The main aim of this study is to develop a new method for
fabricating high strength and high electrical conductivity Cu-Cr-Zr
alloys. The effects of intermediate aging on the microstructures,
mechanical and electrical conductivity properties of the cryorolled
Cu-Cr-Zr alloys were investigated. What's more, the effects of pre-
cipitates on the deformation twins were discussed.

2. Method

A test material with a nominal composition of Cu-1 wt%Cr-0.1 wt%
Zr alloy was prepared by using electrolytic copper (purity of 99.99%),
pure chrome (purity of 99.99%) and Cu-49.9%Zr master alloy in a
vacuum induction furnace under argon atmosphere, and casted in a
metal mould with a size of 40x50x150 mm?®. The ingot was homo-
genized at 960 °C for 24 h and planed at both sides to remove the
oxidation layer, followed by hot rolling at 850 °C from 29.95 to
21.50 mm with 28.21% reduction in thickness. The hot rolled samples
were then solution treated at 960 °C for 1 h prior to water quenching.
After removing the oxidation layer and surface defects, the specimens
were subjected to rolling at room and cryogenic temperature with or
without intermediate aging, respectively. The rolling-aging routes are
summarized and labeled in Table 1. Cryorolling was performed by
immersing the samples into liquid nitrogen for 15 min. Multiple passes
were applied to deform the samples with 10% reduction in thickness
for each pass, after which the plates were dipped in liquid nitrogen
immediately and immersed for 10 min before further reduction.

Vickers micro-hardness (HV) was tested on the rolling plane
employing a MH-50 type micro-hardness tester with 3 kg load and
15 s loading time. The samples with sizes of 20x20 mm? were used to

Table 1
Three kinds of rolling-aging routes.

Label  Rolling temperature  Rolling-aging route

RTR 20 °C 90% reduction, without intermediate aging
CR LNT 90% reduction, without intermediate aging
CRA LNT 30% reduction+450 °C aging for 2 h+60%

reduction
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measure Electrical conductivity employing a D60K digital electrical
instrument, and each specimen was measured at least five times.
Samples with a parallel length of 40 mm were tensile-tested on an
Instron 5500 R universal tensile machine with an initial rate of 2 mm/
min at 25 °C. Discs of 3 mm in diameter punched from a longitudinal
section (Nominal direction-rolling direction plane) of the plates and
were ground to 30 um and then double jet thinned using a 25% nitric
acid in methanol solution at —30 °C. Transmission electron microscopy
(TEM) and scanning transmission electron microscopy-high angle
annular dark field (STEM-HAADF) observations were both performed
using a Talos F200x microscope operated at 300 kV.

3. Results and discussion
3.1. Deformation twins

Fig. 1 shows the typical cross-sectional bright field TEM images and
the corresponding statistical distributions of the twin/matrix lamellar
thickness of RTR, CR and CRA Cu-Cr-Zr samples. The microstructure
of the RTR sample is characterized by lamellar structures (Fig. 1(a)),
which is consistent with the typical feature of metals deformed at room
temperature [28]. A high density of dislocation cells can be observed in
the lamella parallel to rolling direction, and a small volume fraction of
deformation twins also exists in the RTR sample. In the matrix of CR
sample, a mixed microstructure is obtained consisting of many
deformation twins, lamellar structures and dislocations (Fig. 1(c)).
Fig. 1(e) shows that the microstructure of CRA sample is similar to that
of the CR sample, which includes a large number of deformations twins
in bundles and a small number of lamellar structures and dislocations.
Meanwhile, Fig. 1(e) shows some spherical precipitates, after the 2 h
aging treatment, distributed between the twin/matrix lamellae. The
fine particles are expected to be Cr precipitates coherent with matrix as
discussed elsewhere [29]. Statistical measurements from a large
number of TEM images indicate that the average twin/matrix lamellar
thickness of the RTR sample is 83 nm (Fig. 1(b)), 59 nm (Fig. 1(d)) and
37 nm (Fig. 1(f)), respectively. It can be known that the lamellar
thickness of CRA sample decreases obviously compared with the CR
and RTR samples, which decrease about 38% and 55%, respectively.

Generally, twin/matrix lamellar thickness, in addition to the
volume fraction of twins, is a crucial structure parameter for the
twinned materials, which plays a decisive role on the mechanical
properties. Recent research indicates that an extremely high strength
has been achieved in polycrystalline Cu with a high density of
nanometer-thick twins [19]. In addition, formation of nano sized
grains via fragmentation of nanoscale twins provides an alternative
approach for grain refinement [30]. Formation of copious twins with
nanoscale thickness becomes a necessary precursory process for this
grain refinement mechanism. The formation of stable twins comprises
the nucleation of twin embryos and their subsequent growth. The
critical twin nucleus thickness, Ac, can be described by the following
equation [31]:

_ 5apGrrp

Ac
262

1)
where G is the shear modulus and p is the ratio of thickness to diameter
of the twin embryo(a constant), 7, is the twin boundary energy (which
is proportional to the SFE), and ¢ is the driving stress of twin
nucleation. Due to the addition of Cr and Zr, the SFE for Cu-1Cr-
0.1Zr alloy (0.037 + 0.002 J/m?) was almost half of the SFE of oxygen-
free high-conductivity copper (0.074 +0.004 J/m?) [18]. The lower
SFE of Cu-Cr-Zr alloys leads to a smaller critical twin nucleus thickness
(Ac). Thus, it is easier to form deformation twins in the RTR Cu-Cr-Zr
alloy compared with pure copper. It is known that the driving stress for
twin nucleation (¢) increases with an increasing deformation strain
rate and/or the decreasing deformation temperature for face centered
cubic alloys [31]. According to Eq. (1), Ac is inversely proportional to
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Fig. 1. A cross-sectional bright field TEM image of RTR sample (a), CR sample (c) and CRA sample (e); the statistical distribution of the twin/matrix lamellar thickness in RTR sample

(b), CR sample (d) and CRA sample (f).

62, and thus cryorolling can effectively decrease the width of the twin/
matrix lamellae of Cu-Cr-Zr alloys. It is obvious that the CR and CRA
alloys have a larger volume fraction of deformation twins than RTR
alloy. Rolling at low temperature increases the volume fraction of
deformation twins and decreases the thickness of the twin/matrix
lamellae at the same time. Apart from the deformation temperature
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and strain rate, the globally applied stress 7 also has an influence on the
driving stress o, and the relationship between the two can be describe
by the following equation [32]:
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CusZr[113]

Fig. 2. (a) A bright field TEM image of Cr precipitates in CRA Cu-Cr-Zr alloy; (b) A HRTEM image of the precipitates in the matrix and the inset shows the FFT image along a [1-13]

zone axis of CusZr.

where a is parameter that depends on the dislocation character, b is
Burgers vector, [ is the dislocation pile-up of length. During the
intermediate aging treatment in the interval of cryorolling, fine
spherical Cr precipitates (Fig. 1(e)) and Zr-enriched precipitates
(Fig. 2) are distributed in the copper matrix. These precipitates can
pin the motion of dislocations and induce local stress concentration,
which leads to a bigger 7 compared with the CR sample. Combining the
Egs. (1) and (2), it can be known that the Ac is inversely proportional to
74, and thus the increase of the applied stress 7 has a significant effect
on the width of twin/matrix lamellae. Therefore, the intermediate aging
treatment in the interval of cryorolling can effectively decrease the
thickness of the twin/matrix lamellae.

3.2. Precipitates

Fig. 2(a) describes a bright field TEM image of Cr precipitates in the
CRA Cu-Cr-Zr alloy. It can be observed that Cr particles are surrounded
by a high density of dislocations. Fig. 2(b) shows the typical coherent
precipitates in the copper matrix (marked by a rectangle), which is
confirmed by the fast Fourier transformation (FFT) image (the inset in
Fig. 2(b)). The interplanar spacing of the precipitate is 0.21057 nm,
which is consistent with the (311) plane of CusZr. This result agrees
with the previous work, in which fine chromium and CusZr phase were
observed [33]. Huang et al. also confirmed the existence of chromium
and zirconium-rich phase in the Cu-Cr-Zr alloys [29].

As discussed above, the CRA process contains two stages cryorolling
and an intermediate aging. In the first stage cryorolling, a large number
of dislocations and vacancies were introduced into the matrix, which
will provide sufficient nucleation sites for of the precipitation of Cr and
Zr during the subsequent aging treatment [34]. After the formation of
Cr and CusZr precipitates, the aged sample was then subjected to the
second stage cryorolling. In this stage, the Cr and CusZr precipitates
pin the motion of dislocations and stimulate much narrower twin/
matrix lamellae (37 nm) compared with the cryorolled Cu-Cr-Zr alloy
without precipitates. As a result, fine spherical Cr precipitates are
surrounded by a large density of dislocations, and deformation twins in
bundles bypassed the spherical Cr precipitates (Fig. 2(a)). What's more,
the CusZr precipitates are distributed at twin boundaries, sub-grain
boundaries, and within the twin/matrix lamellae (as seen in Fig. 2(b)).
These precipitates strengthen both the twin/matrix lamellae and the
intervals between twin bundles [22].

Fig. 3 describes the STEM-HAADF image and EDS mapping of the

CRA Cu-Cr-Zr alloy. The distribution of Cu, Cr and Zr element could be
observed distinctly. The Cr-rich precipitates are almost spherical shape
with an average diameter about 500 nm. The Zr element is widely
distributed in the copper matrix and segregated at the edge of Cr-rich
precipitates. More interestingly, it shows that the Cr-rich precipitate
exists with a core-shell structure; the core is surrounded by a Zr-rich
shell. Similar structure was discovered in the aged Cu-Cr-Zr-Si-Cr-Fe
alloy [35] and Mg-Zn-Gd-Zr alloy [2].

The formation of the core-shell structure can be attributed to the
fact that the formation of Cr-rich phases gradually consumes Cr from
the solid solution, leading to a Cr-lean region in the vicinity of Cr-rich
phase. It is the Cr-lean region that accelerates the diffusion or
partitioning of Zr toward the Cr-rich phases, resulting in that the Zr
atoms are concentrated around the Cr precipitates, and then forming
the core-shell structure. The formation of the core-shell structure is
proposed to reduce the strain between Cr-rich phases and Cu matrix,
which can hinder the coarsening of Cr-rich phases and thereby increase
its strengthening effect. Meanwhile, the structure causes a little
decrease in electrical conductivity due to scattering conducting elec-
trons by the dissolved solute atoms.

3.3. Mechanical properties and electrical conductivity

Fig. 4 shows the engineering stress-strain curves of the RTR, CR
and CRA Cu-Cr-Zr alloys. The variations of the ultimate tensile
strength (UTS) and electrical conductivity under different conditions
are showed in Fig. 5. After the 90% rolling reduction in thickness, the
UTS of the CR sample (559.27 MPa) is much larger than that of RTR
sample (478.18 MPa). Meanwhile, the uniform elongation of CR
sample (1.58%) is also improved compared with that of the RTR
sample (1.12%). It should be noted that the UTS of the CRA Cu-Cr-Zr
alloy is 690.13 MPa, which is increased by 23.4% and 44.3% compared
with the CR sample and RTR sample. In addition, the hardness of the
RTR, CR and CRA alloy approaches 151.33, 172.13 and 201.71 Hyv,
respectively. What's more, the electrical conductivity of the CRA
sample (67% IACS) is increased prominently compared with the RTR
(36.67% IACS) and CR (37.70% IACS) sample. It is obvious that the
CRA process improves the tensile strength and electrical conductivity
simultaneously.

As mentioned above, cryorolling decreases the twin/matrix lamellar
thickness and increases the volume fraction of deformation twins.
These profuse nano-scale twins can effectively improve the tensile
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Fig. 3. (a) A enlarged STEM-HAADF image of precipitates in CRA Cu-Cr-Zr sample; (b) — (d) elemental mapping of Cu/Cr/Zr corresponding to (a).
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strength. Twin boundaries (TBs) have a strengthening effect similar to
that of grain boundaries (GBs), and the increase in yield strength due to
TBs Aorp can be described by a Hall-Petch-type relationship [36]:
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where K™ is a constant, and A is the average twin thickness.
According to Eq. (3), Aorp is inversely proportional to the average
twin/matrix lamellae thickness A7z, As discussed above, the average
twin/matrix lamellae thickness of the RTR, CR and CRA sample obeys
the following relationship:Agsg >Ack > Acgra. Therefore, it can be in-
ferred that Aocgy > Aocr > Aogrg, which is consistent with the UTS of
three kinds of samples. In addition, the fine crystallites derived from
fragments of deformation twins play a role in improving the strength.
Therefore, twinning and grain refinement strengthening are respon-
sible for the improved strength of CR sample compared with RTR one.
To improve strength further, an intermediate aging treatment was
designed. After aging treatment, the Cr-rich precipitates and nano-
scale CusZr precipitates are decomposed from the supersaturated solid
solution, which is responsible for the improvement of UTS and
electrical conductivity. In the following second stage cryorolling, the
precipitates pin the motion of dislocations and deformation twins, and
dislocations are piled up around the precipitates, resulting in introdu-
cing higher dislocation density. Therefore, besides TBs strengthening,
precipitation strengthening and strain strengthening are responsible
for the improved strength of the CRA samples compared with CR ones.
Fig. 5 shows the strengthening mechanisms under different conditions
of the Cu-Cr-Zr alloys intuitively.

As discussed above, the uniform elongation of the CR sample is
higher than that of RTR sample. Cryorolling changes the plastic
deformation mode and large numbers of deformation twins are
developed in the CR sample. Dislocation slip plays a major role of
the plastic deformation in the RTR sample while twinning bears the
majority in the CR sample. Decreasing deformation temperature
facilitates the formation of high density of twins and wide stacking
fault ribbons generated by dissociated dislocations. The improved
ductility is due to improved dislocation storage capacity and higher
rate of strain hardening, which is caused by the formation of profuse
twins and stacking faults [37,38]. What's more, the uniform elongation
of CRA sample is lower than that of CR sample. It may cause by the
interactions between precipitates and dislocations as discussed above.

It is known that the solute Cr and Zr atoms in the copper matrix act
as impurity centers for the scattering of electron motions and thus
deteriorate the electrical conductivity significantly. As a result, the
electrical conductivity of the RTR and CR sample without aging
treatment is only 36.67% IACS and 37.10% IACS, respectively.
However, the electrical conductivity of the CRA sample rapidly
increases to 67% IACS due to decomposition of the supersaturated
Cu-Cr-Zr alloy and the formation of Cr-rich precipitates and nano-scale
CusZr precipitates.

Therefore, the proper manufacturing route of the present Cu-Cr-Zr
alloy strip is that: homogenization — hot rolling 30% — solution
treatment — cryorolling 30% — aging at 450 °C — cryorolling to 90%.
After the treatments of the route, the strength and electrical conduc-
tivity are simultaneously improved.

4. Conclusion

The microstructure, mechanical and electrical properties are stu-
died in a Cu-1 wt%Cr-0.1 wt%Zr alloy. Based on the results obtained,
the following conclusions can be drawn:

1. The intermediate aging treatment can decrease the thickness of the
twin/matrix lamellae obviously. The average twin/matrix lamellar
thickness of CRA sample is 37 nm, which decreases nearly 55% and
38% compared with that of the RTR and CR samples, respectively.

. Cr-rich precipitate exists with a core-shell structure; the Cr-rich core
is surrounded by a Zr-rich shell. This structure can prevent Cr
particles from growing up resulting in a large increase in softening
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resistance, and a little decrease in electrical conductivity due to
scattering conducting electrons by the dissolved solute atoms.

. The strength and electric conductivity of the Cu-Cr-Zr alloy are
simultaneously improved by cryorolling and an intermediate aging
treatment. Specifically, a desired combination of tensile strength
(690.13 MPa) and electrical conductivity (67% IACS), can be
obtained for the alloy after primary 30% cryorolling and aging at
450 °C for 2 h followed by secondary 60% cryorolling.

. The improved strength of the Cu-Cr-Zr alloy is attributed to the
interactions of TBs strengthening, GBs strengthening, precipitation
strengthening and strain hardening during deformation and aging
treatment.
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