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Abstract: Cu—0.15Zr (wt.%) alloy with uniform and fine microstructure was fabricated by rapid solidification followed
by hot forging. Evolution of microstructure, mechanical properties and electrical conductivity of the alloy during
elevated-temperature annealing were investigated. The alloy exhibits good thermal stability, and its strength decreases
slightly even after annealing at 700 °C for 2 h. The nano-sized CusZr precipitates show significant pinning effect on
dislocation moving, which is the main reason for the high strength of the alloy. Additionally, the large-size CusZr
precipitates play a major role in retarding grain growth by pinning the grain boundaries during annealing. After
annealing at 700 °C for 2 h, the electrical conductivity of samples reaches the peak value of 88% (IACS), which is
attributed to the decrease of vacancy defects, dislocations, grain boundaries and Zr solutes.
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1 Introduction

Cu alloys with superior electrical and thermal
conductivities, high strength, and good ductility
show great prospect in lead frame for integrated
circuit, railway contact wire, electronic connectors,
and thrust chamber of rocket engines [1-5].
Generally, the above-mentioned Cu alloys are
designed with the addition of small amounts of
alloying elements, e.g. Cr, Nb, Ag, and Zr, to
enhance the strength. These alloying elements have
a low solid solubility at room temperature and
exhibit minor adverse effect on electrical
conductivity. It is reported that the addition of Zr is
beneficial to improving the tensile strength and

thermal stability of Cu alloy [6]. Cu—Zr alloy is one
of the materials with high conductivities, good
strength and excellent ductility at elevated
temperature, which has attracted considerable
interest in the recent years [7,8].

It is known that CusZr phase exhibits good
thermal stability at high temperature, and plays a
crucial role in strengthening the Cu—Zr alloy [8].
PENG et al [9] confirmed that the aging sequence
of the Cu—0.12Zr alloy is supersaturated solid
solution, Zr-rich atomic clusters, followed by
semi-coherent CusZr phase. NAKASHIMA et al [8]
demonstrated that the CusZr phase in the Cu-—
0.13Zr alloy presents two different morphologies
during aging: spherical particles and disk-shaped
particles, respectively. After aging treatment, the
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depletion of Zr solute atoms in the matrix is
beneficial to improving electrical conductivity,
while a large number of CusZr precipitates
contribute to the excellent strength [1,10].

To decrease the burning loss of Zr element
during high temperature melting, Cu—Zr alloy is
usually prepared by vacuum melting and casting,
followed by solution treatment and plastic
deformation [11,12]. However, the maximum
equilibrium solid solubility of Zr in Cu is only
approximately 0.12 at.% at 972 °C. The low
solidification rate of traditional casting process
will lead to serious macro-segregation in Cu—Zr
alloy [7,13,14]. The large-sized Zr-rich phase
cannot be dissolved by solid solution treatment or
crushed by plastic deformation. Therefore, the
properties of the Cu—Zr alloy are highly
restricted [15]. Fortunately, a high-strength alloy
with fine and uniform microstructure can be
obtained by rapid solidification/powder metallurgy
route due to the high solidification rate during
atomization process [16,17]. Gas atomization has a
high degree of supercooling, resulting in the
formation of metastable solid solution of the alloy
elements with low solubility in Cu [18-20].
Additionally, rapid solidification also contributes to
obtaining finer grains and precipitates as compared
with the casting method [21]. Such a fine
microstructure is helpful for improving the strength
and plasticity of the alloy simultaneously [22].

In this work, Cu—0.15Zr alloy reinforced by
fine and wuniformly distributed second-phase
particles was prepared by gas atomization followed
by hot isostatic pressing (HIP) and forging. In
consideration of the high-temperature service
environment when used as thrust chamber material
for rocket engines, the microstructural evolution,
electrical conductivity and mechanical properties of
the alloy after elevated-temperature annealing were
investigated.

2 Experimental

The raw materials were electrolytic Cu
(99.99% in purity) and Cu—50%Zr master alloy.
The pre-alloyed Cu—0.15Zr powder was prepared
by vacuum melting and gas atomization under
argon atmosphere. Metallic Cu and Cu—50%Zr
master alloy were placed into crucible, and then the
atomizing chamber was completely sealed and

vacuumed. After the vacuum reached 1.0x107 Pa,
argon gas was fed into the chamber till it went back
to normal atmospheric pressure. The melting
crucible was then heated, and the temperature was
adjusted to 1350 °C for 30 min after the alloy was
completely melted. During atomization, the molten
Cu—0.15Zr alloy was poured into a pre-heated
tundish and impacted by a high argon gas at
1.2 MPa to obtain the pre-alloyed powder. Detailed
chemical composition of the as-atomized powder is
given in Table 1. The pre-alloyed powder was
mechanically sieved through 200 mesh (less than
74 um), and then filled into a cylindrical steel can
with an inner size of d120 mm x 180 mm. Tap
density of the powder was approximately 5.3 g/cm’.
The can filled with powder was vacuum degassed at
room temperature for 2 h, and then degassed at
400 °C for 2 h. The sealed can reached the vacuum
level of 1x10~° Pa. The pre-alloyed powder was
densified by hot isostatic pressing (HIP) at 830 °C
and 150 MPa for 2 h, followed by forging.

Table 1 Chemical composition of pre-alloyed powder
(wt.%)

Zr Cr Al Ni
0.1475 0.0704 0.0050 0.0047
Fe Mg Ag O Cu
0.0034 0.0015 0.0013 0.0029 Bal.
Chemical composition of the pre-alloyed

powder was analyzed using an inductively coupled
plasma optical emission spectrometer (ICP-OES,
SPECTRO BLUE SOP, Germany). Microstructures
were observed with optical microscope (OM, Leica
DMI 300M, Germany), scanning electron
microscope (SEM, Quanta 200, Holland) equipped
with electron backscatter diffraction (EBSD)
system, and transmission electron microscope
(TEM, Titan G2 60-300, America) equipped with an
energy dispersive X-ray spectrometer (EDS). The
samples for OM and SEM observations were
mechanically polished using conventional method,
and the OM samples were etched by 5 g FeCl; +
20 mL HCI + 100 mL H,O solution. The samples
for TEM and EBSD observations were twin-jet
electro-polished using a solution of 60 vol.%
CH;0OH and 40 vol.% HNO; at about —30 °C and
10—16 V. Electrical resistivity of the samples was
measured by a double arm electrical bridge device
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(QJ36S, China). Tensile tests were performed at
room temperature with a constant strain rate of
2 mm/min on a test machine (MTS 810, America).
The samples of tensile tests are rod-shaped, with a
deformation area of 50 mm in length and 9 mm in
diameter. Three samples were tested under each
condition. The tensile fractured surfaces of the
samples were observed by SEM.

3 Results and discussion

3.1 Microstructural characteristics

Optical microstructures of HIPed Cu—0.15Zr
alloy at different states are presented in Fig. 1. It is
seen from Fig. 1(a) that fine and equiaxed grains
with a maximum size of only 6 um are observed.
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Fig. 1 Optical microstructures of HIPed alloy (a), forged alloy (b), and annealed alloy at 600 (c), 700 (d), 800 (e) and

900 °C (f)
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However, the prior particle boundaries (PPBs) of
spherical-shaped powder are quite evident, as
indicated by the arrows. It is known that the
presence of PPBs will lead to the formation of
microvoids and cracks, resulting in poor
ductility [23,24]. The PPBs are broken and formed
tightly during the forging process, and the
microstructure uniformity is improved (Fig. 1(b)).
The primary equiaxed grains are elongated and a
large number of ultrafine grains with necklace
structure appear around the elongated grains.
This phenomenon indicates that dynamic
recrystallization occurs during forging of the HIPed
alloy. After the forged alloy was annealed at 600 °C
for 2h, the number of recrystallized grains
decreases slightly, and some annealing twins appear
in the larger size grains (as pointed by the white
arrows). As shown in Figs. 1(e, f), when the
annealing temperature is increased to 800 °C and

above, the grains in the alloy are obviously
coarsened and the thickness of twin lamella
increases with grain boundary (GB) migration.
Figures 2 and 3 display the SEM images of the
forged Cu—0.15Zr alloy before and after annealing
at various temperatures. As shown in Fig. 2(a),
particles larger than 200 nm are clearly observed at
the GBs and within grains of the as-forged alloy.
Additionally, nano-sized continuous precipitates
dispersed in the matrix can be observed in the high
magnification image (Fig. 2(b)). After annealing at
600 ° for 2 h, there is no significant change in the
volume fraction and size of the large size particles
and the continuous precipitates, as seen in
Figs. 2(c, d). However, it can also be seen that some
nano-sized particles precipitate at the GBs
(indicated by green circles). It is known that the
GB segregation or GB precipitation is more likely
to occur during heat treatment, because the GB

Fig. 2 SEM microstructures of Cu—0.15Zr alloy after forging (a, b) and annealing at 600 (c, d) and 700 °C (e, f) for 2 h
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diffusion is reasonably higher than the bulk
diffusion. Compared with the alloy annealed at
600 °C, the volume fraction and size of large size
particles in the matrix annealed at 700 °C are
noticeably smaller, and more nano-sized GB
precipitates are observed (Figs. 2(e, f)). With further
increasing the annealing temperature, the volume
fraction of the large size particles decreases
gradually, due to the accelerated diffusion along
GBs. When the sample is exposed at 900 °C for 2 h,
these large size particles are completely dissolved,
while the number of nano-sized precipitates at the
GBs increases obviously. Based on the above
results, the volume fraction and size of large size
particles are all very stable when the forged
Cu—0.15Zr alloy is annealed below 700 °C. At the
same time, the number of the nano-sized GB

precipitates increases gradually with the dissolution
of large size particles. It can also be noted in
Figs. 3(b, d) that the continuous precipitates in the
matrix are extremely stable even during high
temperature annealing.

The large size particles, nano-sized GB
precipitates and continuous precipitates in the
matrix were further investigated by TEM, and the
bright field TEM images of the forged alloy are
displayed in Fig. 4. It can be seen that particles
larger than 200 nm are formed in the matrix. EDS
results (Fig. 5) of these particles illustrate that the
atomic ratio of Cu to Zr in the large size particles is
approximately 5:1, which is in consistent with the
CusZr phase reported [14,25,26]. These CusZr
particles play a role in accumulating dislocations
during forging of the alloy.
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Zr 212 159

2

3

Zr

Cu
Zr

Zr
0 5 10 15 20
Energy/keV

Fig. 5 EDS result of CusZr precipitates marked in Fig. 4

Figure 6(a) presents the bright field TEM
images of nano-sized GB precipitates in the alloy
after annealing at 600 °C for 2 h. It can be seen that
the discontinuous GB precipitates with size less
than 100 nm are nearly spherical. Compared with
Fig. 3, after annealing at 800 °C and above, the
number of nano-sized GB precipitates in the
sample increases remarkably. With the increase of
temperature, the diffusion rate of Zr atom increases,
and some large size CusZr particles gradually
dissolve, providing more diffusible Zr atoms in the
matrix. It is known that the GBs are the fast
diffusion paths of solute atoms, and also the places
where the preferential nucleation of precipitates
occurs at high temperatures. GB segregation can
decrease the driving force of grain coarsening
by reducing the conventional high-angle GB
energy [27,28]. Figure 6(c) shows the twins of the
alloy annealed at 800 °C for 2 h, and the thickness
of the twin lamella is approximately 2 um.

A large number of continuous precipitates

smaller than 10 nm are observed in the forged alloy
(Fig. 7(a)), and dislocations are trapped and
accumulated around these fine precipitates.
According to the selected area electron diffraction
(SAED) pattern (Fig. 7(b)) and the corresponding
schematic analysis (Fig. 7(c)), these continuous
precipitates in the matrix are CusZr phases, which
are coherent with the Cu matrix. These results
are in consistent with those in literatures [8,9,29].
Figures 8(a, d) illustrate the evolution of nano-
sized CusZr precipitates annealed at different
temperatures. According to the statistics analysis in
Figs. 8(e), the average size of CusZr precipitates
increases slightly with the increase of annealing
temperature. The dislocation density in the annealed
alloy decreases, while the volume fraction of CusZr
precipitates increases slightly. Moreover, only a few
“bean-like” precipitates become relatively coarse
when the annealing temperature exceeds 700 °C, as
indicated by arrows, suggesting that the coherence
between the precipitates and the matrix is broken at
high temperatures [30—32]. It can be concluded that
in the high-temperature annealing process below
700 °C, the continuous precipitates in the matrix
are very stable, and the fine and stable CusZr
precipitates can trap and accumulate dislocations to
provide obvious strain hardening during tensile test.

Inverse pole maps of the samples before and
after annealing are shown in Fig. 9. High angle
grain boundaries (HAGBs, misorientation >15°) are
plotted as black lines, while low angle grain
boundaries (LAGBs, misorientation <15°) are
plotted as white lines. The corresponding
misorientation angle distributions are presented in
Fig. 10. Microstructure of the forged Cu—0.15Zr
alloy is characterized by fine/equiaxed grains and

Fig. 6 TEM morphologies of discontinuous precipitates at GBs in alloy annealed at 600 °C (a, b), and twins in alloy

annealed at 800 °C (c)
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Fig. 7 TEM microstructure of CusZr precipitates and dislocations in forged alloy (a) and SAED pattern (b) (The

electron beam is parallel to [112]c,)
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Fig. 8 TEM microstructures of nano-sized CusZr precipitates in matrix of alloy annealed at 600 (a), 700 (b), 800 (c¢) and
900 °C (d) for 2 h, and variation of average size for nano-sized CusZr with annealing temperature (e)

large/elongated grains, indicating that partial
dynamic recrystallization occurs in the alloy.
Additionally, some LAGBs are observed in the
large/elongated grains, and 31% of the boundaries
are calculated to be LAGBs. After annealing at
700 °C for 2 h, the number of fine/equiaxed grains
decreases slightly, and the number fraction of
LAGBs reduces to 17%. It is found that after

annealing at 800 °C, only a small number of
fine/equiaxed grains are observed, and the number
fraction of LAGBs decreases to 9%. Generally, the
LAGBs are mainly associated with the dislocations
and dislocation cells, which means that the lower
number fraction of LAGBs is consistent with the
lower density of dislocations in the alloy [33].
When the annealing temperature rises to 900 °C, the
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Fig. 9 EBSD orientation maps of alloy after forging (a) and annealing at 700 (b), 800 (c) and 900 °C (d) for 2 h (The
inserted color code is used to identify the crystallographic orientations)
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fine/equiaxed grains are completely consumed and
almost all LAGBs transform into straight and flat
HAGBs by absorbing dislocations during
annealing.

The variation of average grain size of the
forged alloy with annealing temperature is plotted
in Fig. 11. The grain size information is obtained
from the EBSD orientation map and OM image.
The average grain size of the forged alloy measured
by EBSD is 9.5 um, which is smaller than that the
result determined by OM image of 13.5 pum. It is
known that the wvisibility of GBs under optical
microscopy is related to the boundary state, such as
precipitation distribution, solute content around the
GBs and misorientation angle [34]. However, these
factors have little influence on the identification of
GBs by EBSD method. Moreover, some small
grains are lost even if the alloy is etched due to
the relatively lower resolution level of optical
micrograph. This means that the statistical grain
size from EBSD is more accurate. After annealing
at 700 °C for 2 h, the grain size of forged alloy
increases slightly, and the average grain size
obtained by EBSD is approximately 12.3 um. The
GB migration velocity is accelerated with the
increase of temperature. As depicted in Fig. 2(e),
even after annealing at 700°C for 2h, a
considerable number of large size granular CusZr
particles are retained in the alloy. This plays a vital
role in preventing grain growth by pinning the
migration of GBs at high temperature. When the
annealing temperature is 800 °C, the number and
size of large size granular CusZr particles decrease
significantly, and the average grain size increases to
19.2 um according to the EBSD data. The chain-

30

[\S]

[0

T
—q— —p—

g€ 20+
g o — [
g 10 1: Jeniie Y

--¥- EBSD analysis
5r --&- Optical microscopy analysis

07750 300 600 700 800 900
Annealing temperature/°C
Fig. 11 Influence of annealing temperature on grain size
of rapidly solidified and forged Cu—0.15Zr alloy

like precipitates at the GBs and the nano-size CusZr
precipitates in the matrix are too small to pin the
GB, and the large size granular CusZr particles are
dissolved, so the grain growth rate increases rapidly.
As the annealing temperature increases to 900 °C,
the average grain size analyzed by EBSD is
approximately 22.0 um.

3.2 Mechanical properties

Figure 12 shows the wvariation of tensile
properties of the alloy with the annealing
temperature. The yield strength (YS), ultimate
tensile strength (UTS) and elongation of the forged
alloy are 164 MPa, 289 MPa and 40%, respectively.
With the increase of annealing temperature, the YS
and UTS of the alloy decrease, but the elongation
increases. When the annealing temperature is not
higher than 750 °C, the UTS and YS drop slightly.
The large size granular CusZr precipitates
effectively slow down the grain growth rate. When
the annealing temperature rises to 800 °C, the
fraction of LAGBs, large size granular CusZr
particles and fine/equiaxed grains decreases sharply,
and the strength of annealed sample decreases most.
After the alloy was exposed at 900 °C for 2 h, the
large size granular CusZr particles are almost
completely dissolved, and the number of GB
precipitates increases significantly. Discontinuous
GB precipitates have weak pinning effect on GBs,
resulting in the lowest UTS and YS of 92 MPa and
246 MPa, respectively.

The fracture surfaces of the samples after
tensile tests were observed by SEM, and the results
are shown in Fig. 13. It can be seen that the fracture
surfaces of all samples are cup-shaped and cone-
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Fig. 12 Influence of annealing temperature on tensile
properties of Cu—0.15Zr alloy
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Fig. 13 Morphologies for fracture surfaces of forged alloy (a—c) and alloy after annealing at 700 (d—f), 800 (g—i) and

900 °C (j-1) for2 h

shaped, and some deep microvoids are
approximately 10—15 pm, indicating that the alloy
has excellent ductility. Additionally, a large number
of fine dimples of only a few microns can be
observed in the high magnification images, and the
number of deep microvoids increases gradually
with the increase of annealing temperature, which
indicates that the ductility of the alloy is improved.

3.3 Electrical conductivity
After annealing at different temperatures for

2 h, the evolution of electrical conductivity of
the alloy is shown in Fig. 14. It can be seen that
the electrical conductivity of the forged alloy is
76% (IACS). After annealing at 600—700 °C, the
electrical conductivity of the alloy is improved to a
certain extent, and the peak value of 88% (IACS) is
reached after annealing at 700 °C for 2 h. However,
further increasing the annealing temperature leads
to gradual decrease of electrical conductivity.
Generally, the electrical conductivity of
deformed Cu alloy depends largely on the vacancies,
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Fig. 14 Effect of annealing temperature on electrical

conductivity of Cu—0.15Zr alloy

dislocations, solutes and interfaces [35—37]. During
the forging process, the alloy will inevitably
produce vacancies and dislocations. When the alloy
is annealed at 600—700 °C, the vacancy defects and
dislocation density decrease with increasing the
temperature. Additionally, the precipitation of Zr
solutes from the matrix and the reduced number of
interfaces by grain growth are conducive to weaken
electronic scattering and improve the electrical
conductivity of the alloy. However, after annealing
at higher temperature (750—900 °C), the formation
of a large number of nano-sized GB precipitates
significantly increases the interface area, resulting
in enhanced electron scattering and reduced
electrical conductivity of the alloy. Additionally, the
dissolution of large size granular CusZr particles at
high temperature increases the number of solute Zr
atoms in the matrix, which leads to the increase of
lattice distortion and is detrimental to the electrical
conductivity. This result is also supported by similar
observation from other researchers [38—40].

4 Conclusions

(1) The Zr-rich particles exhibit good thermal
stability during elevated-temperature annealing. For
the nano-sized CusZr precipitates, no significant
coarsening is observed even after annealing at
900 °C for 2 h, and the precipitates maintain a
coherent relationship with the matrix. When the
annealing temperature is higher than 700 °C, the
large size CusZr particles gradually dissolve into
the matrix, accompanied by the formation of
nano-sized GB precipitates, weakening the pinning

effect of large size precipitates on GB migration
and resulting in the grain growth.

(2) The Cu-0.15Zr alloy exhibits good
comprehensive mechanical properties after high
temperature annealing. When the annealing
temperature is not higher than 750 °C, the UTS and
YS drop slightly due to the continuous CusZr
precipitates and large size granular CusZr particles
increasing the microstructure stability. When the
annealing temperature increases to 800 °C, the
fraction of LAGBs, large size granular CusZr
particles and fine/equiaxed grains decrease sharply,
resulting in a significant decrease in the strength of
the alloy. Excellent ductility is obtained after
annealing, and the fracture surface is dominated by
ductile dimples.

(3) The electrical conductivity of Cu—0.15Zr
alloy increases first and then decreases with the
increase of annealing temperature, and reaches the
peak of 88% (IACS) after annealing at 700 °C. The
increase of conductivity is attributed to the decrease
of defects scattering, GBs scattering and solute
scattering. When the annealing temperature exceeds
750 °C, the increase in the number of the solute Zr
atoms in the matrix and the formation of nano-sized
GB precipitates lead to the decrease in the
conductivity of the alloy.
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