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Cu-Zr-Fe(-Y) alloys were prepared by vacuum melting, and their microstructure, elemental distribution and
mechanical properties were analyzed. The microstructure evolution, dislocation morphology and precipitated
phase distribution due to aging were investigated by electron backscatter diffraction and transmission electron
microscopy. The optimal process parameters for the Cu-Zr-Fe(-Y) alloy after solution treatment at 930 °C with
60% cold rolling are 450 °C aging for 120 min and 500 °C aging for 20 min, resulting in microhardness, electrical

conductivity, and tensile strength of 60.9% IACS, 162.4 HV, 512.8 MPa and 54.8% IACS, 177.7 HV, 546.9 MPa,
respectively. The addition of Y has a fine grain strengthening effect, resulting in an increase in hardness and
strength by 9.4% and 6.6%, respectively. The precipitated CusZr and y-Fe phases pinned the dislocations and
played a significant role in the aging hardening of the alloy, being the main contributors to the strengthening

effects.

1. Introduction

Copper alloys play a crucial role in many industries due to their
excellent properties, including corrosion resistance and high electrical
conductivity, so they are widely used as electrical connectors, electronic
products, instruments, in aerospace and other fields [1-5]. Among them,
Cu-Zr alloy has been extensively studied due to its excellent creep
resistance, high thermal and electrical conductivity, and heat resistance
[6,7]. Cu-Zr is an age-hardened alloy, and its excellent electrical con-
ductivity is attributed to the extremely low solubility of Zr in the copper
matrix at room temperature, which rapidly decreases with decreasing
temperature [8]. The higher strength is due to the
dispersion-strengthening effect of the precipitated CuyZr compounds
inhibiting dislocation movement during the aging process [9]. For
example, Zhang et al. [10] studied the microstructure of the Cu-Cr-Zr-Ce
alloy after aging at 400 °C for 8 h by high-resolution transmission
electron microscopy (HRTEM), which showed that the alloy was aged. A
rod-shaped Cr-rich phase and a face-centered cubic (fcc) CusZr precip-
itated phase were found. The fcc precipitated phase was co-compacted
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with the Cu matrix, causing lattice strengthening. Wang et al. [11]
studied the properties of Cu-Cr-Zr alloys under different aging condi-
tions and observed two chromium-rich precipitated phases with
face-centered cubic and body-centered cubic structures, and two CusZr
and CusZr zirconium-rich precipitation phases by transmission electron
microscopy (TEM) and HRTEM.

The strength and electrical conductivity of Cu-Zr alloys are closely
related to the size, type, and distribution of the precipitates. Therefore,
by employing appropriate heat treatment processes or microalloying,
the distribution of precipitates can be controlled to achieve the optimal
comprehensive performance of the alloy. For example, Krishna et al.
[12] studied the properties of Cu-Ag-Zr alloys under different degrees of
cold rolling, and the alloy has the highest strength after 80% cold rolling
and 400 °C aging for 1 h, with the yield and ultimate tensile strength of
511 MPa and 560 MPa, respectively, and 12% ductility. Fu et al. [13]
explored the properties of aged Cu-Cr-Ti alloy and found that the alloy
has better overall properties after 80% cold rolling and 500 °C aging for
1 h with microhardness, tensile strength, and electrical conductivity of
166 HV, 551 MPa, and 78.2% IACS, respectively.
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In addition, according to previous studies that the role of
precipitation-strengthened Fe elements in alloying elements is to form
diffuse fine Fe phases to strengthen the matrix[14], the combination of
two precipitation-strengthened elements, Fe and Zr, in a copper base has
been the subject of a small number of studies in the past, such as Yang
et al.[15] through the calculation of the phase diagram to prepare a new
precipitation-strengthened Cu-0.18Fe-0.10Zr alloy, with the following
characteristics. After solid solution water quenching treatment at 950 °C
for 12 h and cold rolling treatment at 0%, 40%, 60%, 80% and 90%, the
alloy was subjected to aging treatment at aging temperatures of 450
°C-500 °C for different aging times. The results show that the alloy has
good comprehensive performance after 90% cold rolling and aging at
450 °C for 1 h, at this time, the hardness, electrical conductivity, tensile
strength of 165 HV, 72% IACS and 515 MPa, respectively, at the same
time, the two coherent with the substrate Fe phase, Fe;Zr phase pre-
cipitation in this aging conditions, the presence of two precipitated
phases have a significant impact on the improvement of the alloy in
terms of hardness and electrical conductivity. Nevertheless, the current
research on the preparation of high content Cu-Zr-Fe alloys by micro-
alloying method is minimal.

It is well known that rare earth elements are chemically active and
exhibit metallic properties [16,17]. Currently, a large number of studies
have found that adding appropriate amounts of rare earth elements to
copper alloys can optimize their comprehensive performance and refine
the microstructure. For example, Wang et al. [18] analyzed the role of
trace La element in the Cu-0.2Zr alloy for the heat treatment process.
The addition of La refined the alloy grain, and increased the alloy
hardness and strength by 3% and 4.5%, respectively, without signifi-
cantly reducing its electrical conductivity. Li et al. [19] investigated the
effects of adding small amounts of rare earth Ce element on the micro-
structure and properties of cast pure copper. Ce refined the grain sizes of
cast pure copper, and the alloy achieved a maximum tensile strength of
182 MPa with the addition of 0.12 wt% Ce.

In this paper, rare earth element Y is combined with high content Cu-
Zr-Fe alloy to prepare a new copper alloy for in-depth study. The
microstructure, electrical and mechanical properties of Cu-Zr-Fe-(Y)
alloys under 0% and 60% cold deformation, and different aging condi-
tions were investigated. The effects of Y on the microstructure evolution
due to aging was investigated by electron backscatter diffraction
(EBSD). The morphology of dislocations, types, and distribution of
precipitates in the alloy after aging were observed using transmission
electron microscopy to study the strengthening mechanisms.

2. Experimental procedures

The experimental Cu-Zr-Fe(-Y) alloys were vacuum melted in a ZG-
0.01-40-4 melting furnace at 1100-1200 °C. The raw materials for the
experiments were: standard copper cathode Cu-CATH-1 with 99.95%
purity, Cu-10%Zr intermediate alloy, and Cu-10%Fe intermediate alloy.
The nominal and actual composition of the alloys is listed in Table 1.

The alloy ingots were homogenized at 850 °C 1 h, forged into ¢40
mm cylinders and then machined into 135 mm x 10 mmx 2 mm sam-
ples, followed by 930 °C water quenching solution treatment for 1 h with
Ar gas protection. The samples after solid solution treatment were cold
deformed by 0% and 60%, respectively, and then the cold rolled samples
were cut into 12 mm x 10 mm slices for aging treatment at 400 °C,
450 °C, 500 °C and 550 °C for 10-480 min. The whole process was

Table 1
Chemical composition of the Cu-Zr-Fe-(Y) alloys.
Alloy Analyzed composition in wt%
Zr Fe Y Cu
Cu-0.6Zr-0.3Fe 0.5201 0.2952 0 Bal.
Cu-0.6Zr-0.3Fe-0.15Y 0.5903 0.2835 0.1563 Bal.
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protected by argon gas. The specific aging treatment process flow is
shown in Fig. 1.

The HVS-1000 microhardness tester was used to measure the hard-
ness of the alloy according to the GB/T 4340-2009 standard. A
Sigma2008 digital eddy current metal conductivity meter was used to
measure the electrical conductivity of the alloy according to the GB/T
351-2019 standard. Each sample was tested three times, and the
average value was reported. CMT450 microcomputer-controlled elec-
tronic universal tensile testing machine was used to test the specimens
with the non-standard geometry shown in Fig. 2. The physical phase
analysis of the solid solution alloy was carried out by X-ray diffraction
(XRD, D8 ADVANCE), and the microstructure, fracture morphology, as
well as elemental distribution of the alloy, were observed by optical
microscopy (OM, CX40M), field-emission scanning electron microscopy
(FESEM, JSM-7800 F), and energy dispersive spectrometry (EDS). The
specimens were also characterized by EBSD and TEM to analyze the
microstructure evolution, dislocation morphology and precipitated
phases of the alloy after aging. The EBSD specimens were finely ground
first, mechanically polished, and then electrolytically polished for
1 min. The electrolyte was a mix of 50% alcohol and 50% phosphoric
acid with a 1:1 ratio, followed by 5 min of ultrasonic cleaning to prevent
oxidation. The samples were observed by FESEM operated at 20 kV with
a 2.5 um step size. The TEM specimens were selected from the samples
processed under optimal aging conditions. The specimens were first
processed from rough to fine grinding below 70 um, and then the TEM
specimens were obtained by punching out the ¢ 3 mm discs in the
appropriate position on the samples and thinning them using the ion
milling apparatus (Gatan 69).

3. Results and discussion
3.1. Solid solution microstructure and properties

Fig. 3(a, b) show the microstructure of the Cu-Zr-Fe(-Y) alloy after
solid solution treatment at 930 °C for 60 min. It is observed that there
are some black dot-like eutectic phases between grains with spherical
characteristics due to the large surface tension, accompanied by a large
number of annealed twins, as pointed by arrows in Fig. 3. The twins
contribute to the improvement of the alloy’s plasticity and twin
boundaries can hinder dislocations [20,21]. It is evident by comparing
Fig. 3(a) with Fig. 3(b) that Y addition refines the reticulation sub-
structure and the eutectic. On the one hand, this is due to the larger Y
radius than Cu, Fe, and Zr, and a large number of vacancies may be
generated due to the movement of Y during high-temperature crystal-
lization, making it easier for solute atoms to dissolve and facilitating the
formation of eutectic structure. On the other hand, since rare earth el-
ements have limited solubility in copper, Y can easily enrich the
solid-liquid interface front, which will lead to an increase in the degree
of supercooling and accelerated nucleation rate, resulting in finer sub-
structure [22]. Fig. 3(c) shows the hardness and electrical conductivity
of the alloys in the solid solution state. The hardness and electrical
conductivity of the Cu-Zr-Fe-Y alloy is higher than the Cu-Zr-Fe alloy,
which originates from the fine grain strengthening of Y and the purifying
effect of Y on the matrix.

In order to elucidate the composition of the solid solution eutectic,
SEM and EDS analysis of the solid solution-treated Cu-Zr-Fe(-Y) alloys
was carried out in Figs. 4 and 5. There are banded alloy phases in the
matrix of both alloys, and the specimens were further characterized by
EDS surface scanning and point analysis. The distribution of Cu, Fe, and
Y elements is relatively homogeneous in the Cu matrix, but there are Zr-
rich phases in the region of banded alloy phases. This is because Zr has
limited solubility in the Cu matrix, and according to the Cu-Zr phase
diagram [8], the solid solubility of Zr in the Cu matrix at the eutectic
temperature of 967 °C is 0.15 wt%. Zr is not completely dissolved since
the amount of Zr added to this alloy is much higher than its maximum
solubility. In addition, according to the EDS results, there was less Fe
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Fig. 2. Dimensions of the tensile specimen.

precipitation, and judged by the Cu-Zr atomic ratio, Cu-Zr compounds
were also present in the strip alloy phase.

Fig. 6 shows the XRD patterns of the solid solution Cu-Zr-Fe(-Y)
alloy. Although there is only Cu phase X-ray reflection after the solid
solution treatment, the diffraction angle is slightly shifted to the higher
diffraction angle compared to pure Cu. The lattice constant of the Cu-Zr-
Fe(-Y) alloy was calculated using Bragg’s law:

2dsinf = n\ (@]

Here, d is the crystal plane spacing, 6 is the diffraction angle, n is the
number of diffracting planes, and A is the wavelength (A = 0.154 nm).
The crystal plane spacing of the alloy can be calculated from Eq. (1), and
then according to the relationship between the crystal plane spacing and
the lattice constant in the fcc structure, the lattice constant of the alloy is
calculated as:

a=dx VR +i2+P2 2

Here, a is the lattice constant and h, k, [ are the crystallographic
indices.
Taking the (111) diffraction reflection as an example, combining the

two equations yields the results in Table 2, which shows that the lattice
constant of the alloy changes with the solidification process, producing a
lattice distortion, which illustrates the significant solidification effect of
the solute atoms in the Cu matrix.

3.2. Aged state properties

After solid solution treatment, cold deformation treatment of the
alloy before aging can lead to higher electrical and mechanical prop-
erties [23-25]. Moreover, dislocations and other defects introduced
during cold deformation avoid the agglomeration of precipitated phases
at grain boundaries during the subsequent aging process, resulting in a
more homogeneous distribution of the diffuse and fine precipitated
phases [26]. Fig. 7 shows the microhardness of the Cu-Zr-Fe(-Y) alloy
under different deformation and aging conditions. At the early aging
stage, the microhardness rises rapidly to the peak value, then decreases
with aging time, and finally tends to be flat or decreases at the last stage.
This is mainly due to the high content of solid solution atoms in the
matrix at the beginning of aging, and the excessive saturation with
precipitation of a large number of secondary phase particles, which
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Fig. 4. SEM and EDS analysis of Cu-Zr-Fe alloys: (a) SEM image; (b, ¢) EDS point scans; (d) EDS combined map; (e) Cu; (f) Zr; (g) Fe elemental maps.

hinder dislocation motion and significantly strengthen the alloy
[27-29]. However, over-aging occurs with prolonged aging when the
precipitated phase grows and coarsens, deteriorating the mechanical
properties [30,31]. Without cold deformation, the microhardness of
Cu-Zr-Fe alloys aged at 400 °C and Cu-Zr-Fe-Y alloys aged at 400 °C and
450 °C tends to slowly increase, caused by the low aging temperature

and small precipitation power, unfavorable to the diffusion of the solute
atoms, along with slow and relatively stable precipitation of the sec-
ondary phase.

The time for alloys with different degrees of deformation to reach
their peak hardness decreases with temperature and deformation, and
the peak hardness increases with deformation. At 0% deformation in
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Fig. 5. SEM and EDS analysis of the Cu-Zr-Fe-Y alloy: (a) SEM image; (b) EDS combined map; (c) elemental content; (d) Cu; (e) Zr; (f) Fe; (g) Y elemental maps.
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Fig. 6. XRD patterns of solid solution Cu-Zr-Fe(-Y) alloy.

Table 2
Lattice constants of alloys.
Alloy Cu-rich phase d, A a, A
diffraction reflections
Cu (111) 2.09 3.61
(£ 0.005) (+ 0.002)
Cu-Zr-Fe (111) 2.08 3.60
(£ 0.006) (= 0.002)
Cu-Zr-Fe-Y (111) 2.07 3.59

(+0.001) (£ 0.001)

Fig. 7(a), the time to reach the peak microhardness of the Cu-Zr-Fe alloy
aged at 450 °C, 500 °C, and 550 °C is 240 min, 60 min, and 20 min,
corresponding to the peak hardness of 105 HV, 100 HV, and 99.2 HV,
respectively. At 60% deformation, the time to peak hardness when aged
at 450 °C, 500 °C, and 550 °C was 120 min, 20 min, and 10 min,

corresponding to peak hardness of 162.4 HV, 156 HV, and 142.3 HV,
respectively. The higher the temperature, the faster the decomposition
of the supersaturated solid solution, the stronger the diffusion capacity
of the atoms, and the greater the precipitation power to reach the peak
hardness, and the shorter the aging time. Moreover, the alloy in the cold
deformed state will produce dislocations and other defects in an effort to
reduce the energy of the system dislocations in the form of slippage,
climbing shift, etc. to form two-dimensional and three-dimensional
dislocation network structures, which provide channels for the diffu-
sion of the solute atoms to accelerate the secondary phases precipitation.
Besides, large cold deformation increases the defect density, as precip-
itated phases and dislocations are prone to interact, increasing the
resistance to dislocations movement [32] with high-density dislocations
and excess solid solution atoms formed by the Kirchhoff’s gas cluster
also playing a role in pinning dislocations, and thus strengthening the
matrix [33].

Comparison of Fig. 7(b) and Fig. 7(d) shows that the Cu-Zr-Fe(-Y)
alloys deformed by 60% reached the peak microhardness of 162.4 HV
and 177.7 HV after aging at 450 °C for 120 min and at 500 °C for
20 min, respectively. The Y addition significantly increased the hardness
of the alloys, which is attributed to Y refining the grain, enlarging the
area of grain boundaries, and enhancing the hindering effect on dislo-
cations, which increased the microhardness of the alloys [34]. Y pro-
moted the secondary precipitation phases and pinned dislocations
during the aging process, which resulted in a more significant effect of
precipitation reinforcement, and contributed to higher hardness [35].

Fig. 8 shows the electrical conductivity of the Cu-Zr-Fe(-Y) alloys
under different cold deformation and aging conditions. The conductivity
increased rapidly at the beginning of aging and leveled off or increased
slowly as aging progressed. At the beginning of aging, the matrix has a
high degree of supersaturation, the precipitation power is high, and the
secondary phase will precipitate rapidly out of the matrix, reducing the
effects of electron scattering, and thus rapidly increasing electrical
conductivity [36]. The concentration of solute atoms within the matrix
decreases and precipitation is weaker with continued aging and no
significant conductivity change. Additionally, the conductivity of the



M. Guo et al.

—@— 400 °C|

Microhardness, HV

60 L ' ' L '
0 100 200 300 400 500
Aging time, min
(c)
—8—400°C
120 | —|— 450 °C
—¥— 500 °C
110 —@—550°C

Microhardness, HV

60

200 300 400 500
Aging time, min

0 100

Journal of Alloys and Compounds 977 (2024) 173418

(b)

—o— 400°C

—.— 450°C

I
S

=
3

Microhardness, HV
>
=]

120
1ot
100
90 : : : : :
0 100 200 300 400 500

Aging time, min

Microhardness, HV
S & @
e o o

=
S

110

L 1 L L 1

0 100 200 300

Aging time, min

400 500

Fig. 7. Microhardness of the Cu-Zr-Fe(-Y) alloys under different deformations and aging conditions: (a) Cu-Zr-Fe alloy at 0% cold deformation; (b) Cu-Zr-Fe alloy at
60% cold deformation; (c) Cu-Zr-Fe-Y alloy at 0% cold deformation; (d) Cu-Zr-Fe-Y alloy at 60% cold deformation.

two alloys aged at 400 °C and 450 °C continue to increases due to the
slower precipitation rate at lower temperatures.

In Fig. 8 the electrical conductivity increases with temperature for
both deformations because the speed of vacancies generated by cold
deformation will be faster, which increases the diffusion rate of solute
atoms, favorable for the rapid purification of the matrix, weakening the
scattering effects of solute atoms on the matrix, and thus accelerating the
rate of electrical conductivity increase [37-40]. In Figs. 8(b) and 8(d)
the electrical conductivity of the Cu-Zr-Fe(-Y) alloys at 60% deformation
is 60.9% IACS and 54.8% IACS for the aging parameters corresponding
to the peak hardness. The small decrease in the electrical conductivity by
the addition of Y may be attributed to the fact that the rare earth ele-
ments purify the matrix while promoting the precipitated phases, which
pinned dislocations to the extent that more dislocations are retained in
the matrix, leading to a decrease in the electrical conductivity [41,42].
Therefore, the optimal aging parameters for the Cu-Zr-Fe(-Y) alloys were
obtained from the comprehensive analysis as 120 min aging at 450 °C
and 20 min aging at 500 °C, respectively.

The mechanical properties of the two Cu-Zr-Fe(-Y) alloys aged at
respective peak hardness temperatures for different times were also
investigated, listed in Table 3 and Table 4. The Cu-Zr-Fe(-Y) alloys
reached the maximum tensile strength at peak hardness aging conditions
of 512.8 MPa and 546.9 MPa. A comparison of the tensile strengths of
the two alloys showed that the addition of Y increased the strength by
6.6%. Therefore, a comprehensive analysis concludes that Y signifi-
cantly improves the microhardness and strength of the alloys and opti-
mizes their overall properties.

Table 5 further compares the tensile strength and electrical con-
ductivity of Cu-Zr-Fe(-Y) alloy with that of conventional copper alloys
[43-49]. It can be observed that the addition of Fe and Y elements
significantly improves the properties of Cu-Zr alloys, albeit at the cost of
a reduction in electrical conductivity. In contrast, Y seems to have a

more pronounced effect on the electrical conductivity, which may stem
from the fact that although rare earths have the role of purifying the
matrix, but in the aging process Y plays a role in promoting the pre-
cipitation of precipitated phases precipitation and grain refinement is
much greater than the former, which makes the matrix in the grain
boundaries increase, increasing the scattering effect on the electrons,
which in turn reduces the alloy conductivity. Therefore, it can be
concluded from Table 5 that Cu-Zr-Fe(-Y) alloys have good compre-
hensive properties.

Fig. 9 shows the tensile fracture morphology of the two Cu-Zr-Fe(-Y)
alloys at their respective peak aging temperatures. The two alloys have
larger, deeper, and more uniform tough nest sizes in the under-aged
stage, which is typical of ductile fracture morphology, at which time
the alloys have excellent plasticity, as shown by the yellow arrows in
Fig. 9(a, d). In addition, the plasticity of the alloy is slightly restored by
cold rolling[50], and as aging proceeds, the appearance of serpentine
slip lines on the walls of the surrounding ligament fossa is observed,
which are indicative of the characteristics of toughness fracture of the
alloy, as shown by red arrows in Fig. 9(b, e). The presence of precipi-
tation phases or impurity particles was also observed in the depth of
some toughness nests, such as the circled areas in Fig. 9(b, f). These
particles play an important role in the toughness nest fracture because
when fracture occurs at high temperatures, cracks sprout around the
particles and form smaller microporous holes. The molding principle of
toughness nests lies in the aggregation of voids, which grow and
aggregate under the action of the slip, forming toughness nests [51]. The
comprehensive tensile fracture analysis of the Cu-Zr-Fe(-Y) demon-
strates tough fracture, indicating that the alloy has good plasticity.

3.3. Aged microstructure analysis

It is concluded that Y addition significantly improves the
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Fig. 8. Electrical conductivity of Cu-Zr-Fe(-Y) alloys after different deformation and aging conditions: (a) Cu-Zr-Fe alloy at 0% cold deformation; (b) Cu-Zr-Fe alloy at
60% cold deformation; (c) Cu-Zr-Fe-Y alloy at 0% cold deformation; (d) Cu-Zr-Fe-Y alloy at 60% cold deformation.

Table 3
The tensile strength of the Cu-Zr-Fe alloys aged at 450 °C.

Cu-Zr-Fe Alloy Aging time, min

60 min 120 min 240 min
Tensile strength, MPa 467.9 512.8 471
(£4 (£5(£4

Table 4
The tensile strength of the Cu-Zr-Fe-Y alloy aged at 500 °C.

Cu-Zr-Fe-Y Alloy Aging time, min
10 min 20 min 30 min
Tensile strength, MPa 483.8 546.9 525
(4 (£3)(£10)

Table 5
Comparison of tensile strength and conductivity of Cu-Zr-Fe(-Y) alloys with
conventional copper alloys.

Alloy Tensile strength, MPa Electrical conductivity, %IACS

Cu-Zr-Fe 512.8 60.9
Cu-Zr-Fe-Y 546.9 54.8
Cu-0.3Zr 420 92
Cu-0.3Zr-0.4Cr 450 84
Cu-0.5Zr 482 83
Cu-0.7Cr-0.3Fe 365 74
Cu-1Cr 413 81
Cu-2.3Fe-0.1Sn-0.03 P 450 70
Cu-2.3Fe-0.03 P 401 92

comprehensive properties of the Cu-Zr-Fe alloy. In order to study the
distribution of solute atoms in the alloys after aging, EDS observations
were made with Y as an example. Fig. 10 shows the surface scan of the
Cu-Zr-Fe-Y alloy in the peak aged state. The distribution of each element
is more homogeneous compared with the solid solution state. In order to
further investigate the microstructure evolution of the alloys during
aging, the Cu-Zr-Fe(-Y) alloys subjected to 60% cold deformation aged at
500 °C for 20 min and 240 min were characterized by EBSD. Figs. 11
and 12 show the inverse pole figure (IPF) plots and average grain size
distribution of the two Cu-Zr-Fe(-Y) alloys. There are multiple colors in
the IPF plots, which are due to the different orientations of the grains
within the crystals. The grains are elongated due to cold deformation
before aging, and a large number of fine, distortion-free equiaxed grains
are produced at the grain boundaries of the deformed grains. The
average grain size of the Cu-Zr-Fe alloy aged at 500 °C for 20 min and
240 min is 40 yum and 64.3 um, respectively, in Fig. 11(c, d). The
average grain size of Cu-Zr-Fe-Y alloy aged at 500 °C for 20 min and
240 min is 35.1 ym and 22.3 um, respectively in Fig. 12(c, d). The
addition of Y weakens the grain growth, which originated from Y pro-
moting precipitated phases, which pinned grain boundaries, hindering
their migration. It is found by comparing Fig. 11(c, d) with Fig. 12(c, d)
that the average grain size of the Cu-Zr-Fe-Y alloy is smaller than the Cu-
Zr-Fe alloy, which indicates that Y refines the grain size, and plays the
role of fine-grain strengthening. Based on the Hall-Petch formula, the
smaller the grain size, the higher the hardness and strength of the alloy,
so the addition of Y enhances the hardness and strength of the alloy.

Fig. 13 shows the kernel average misorientation (KAM) diagram of
the two Cu-Zr-Fe(-Y) alloys. The geometrically necessary dislocation
density [52] of the alloys can be calculated as:

GND __ 20

= b 3
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Fig. 9. Tensile fracture morphology of Cu-Zr-Fe(-Y) alloys: (a) Cu-Zr-Fe alloy aged at 450 °C for 60 min; (b) Cu-Zr-Fe alloy aged at 450 °C for 120 min; (c) Cu-Zr-Fe
alloy aged at 450 °C for 240 min; (d) Cu-Zr-Fe-Y alloy aged at 500 °C for 10 min; (e) Cu-Zr-Fe-Y alloy aged at 500 °C for 20 min; (f) Cu-Zr-Fe-Y alloy aged at 500 °C
for 30 min.
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034 03
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(b)

Fig. 10. SEM morphology and EDS analysis of peak aged Cu-Zr-Fe-Y alloy:(a) SEM image; (b) EDS combined elements image; (c) elemental content; (d) Cu; (e) Zr; (f)
Fe; (g) Y maps.

Here, p%P is the geometrically necessary dislocation density in m 2, It is observed from Fig. 13(a, b) that the dislocation density of the Cu-
6 denotes the average localized orientation difference in rad, p is the Zr-Fe alloy aged at 500 °C for 20 min and 240 min is 4.49 x 10'* m~2
scanning step size of 2.5 um, and b is Burger’s vector of 0.255 um. and 4.31 x 10'* m~2, respectively. The dislocation density of the Cu-Zr-
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Fig. 11. IPF plots and grain size of Cu-Zr-Fe alloys: (a, ¢) Cu-Zr-Fe alloy aged at 500 °C for 20 min; (b, d) Cu-Zr-Fe alloy aged at 500 °C for 240 min.
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Fig. 12. IPF plots and grain size of Cu-Zr-Fe-Y alloy: (a, c¢) Cu-Zr-Fe-Y alloy aged at 500 °C for 20 min; (b, d) Cu-Zr-Fe-Y alloy aged at 500 °C for 240 min.
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Fig. 13. KAM plots of Cu-Zr-Fe(-Y) alloys: (a) Cu-Zr-Fe alloy aged at 500 °C for 20 min; (b) Cu-Zr-Fe alloy aged at 500 °C for 240 min; (c) Cu-Zr-Fe-Y alloy aged at

500 °C for 20 min; (d) Cu-Zr-Fe-Y alloy aged at 500 °C for 240 min.

Fe-Y alloy aged at 500 °C for 20 min and 240 min is 4.46 x 10'* m

and 4.11 x 10 m~2, respectively in Fig. 13(c, d). The decrease in the
dislocation density of both alloys with aging time is mainly due to the
high energy at the defects in the crystals, recrystallization, and precip-
itation, which in turn decreases the dislocation density [53]. By
comparing Fig. 13(a, ¢) and Fig. 13(b, d), it is found that the addition of
Y decreases the alloy’s dislocation density, this suggests that the Y
addition accelerates the dislocation depletion and facilitates
recrystallization.

Figs. 14 and 15 show the recrystallization distributions of the Cu-Zr-
Fe(-Y) alloys under different aging times, respectively. From Fig. 14(c)
(d) and 15(c)(d), it can be seen that the recrystallized volume fraction of
the Cu-Zr-Fe alloy increases from 5.23% to 6.63% and that of the Cu-Zr-
Fe-Y alloy increases from 6.87% to 10.2% with increase of aging time,
which indicates that the longer aging time can allow the alloys to
recrystallize sufficiently. In addition, by comparing Figs. 14(c) and 15(c)
with Figs. 14(d) and 15(d), it can be found that the addition of Y can
increase the recrystallization volume fraction, which indicates that Y
promotes the recrystallization of the alloy.

Fig. 16 show the orientation angle distribution of Cu-Zr-Fe(-Y) alloys.
It can be observed from Fig. 16(a, b), that the Cu-Zr-Fe alloy has 16% of
large angle grain boundaries when aged at 500 °C for 20 min, and the
percentage of large angle grain boundaries of the alloy aged for 240 min
increases to 16.70%. The Cu-Zr-Fe-Y alloy has 16.55% of large angle
grain boundaries when aged at 500 °C for 20 min, and the percentage of
large angle grain boundaries of the alloy aged for 240 min is elevated to
25.10%, as seen in Fig. 16(c, d). It is known that the size and the
orientation angle of the grains on both sides of the grain boundary are
closely related to recrystallization. The larger the orientation angle, the
higher the migration rate of the grain boundaries, more conducive to the
generation of fine recrystallized grains strengthening the matrix [54,
55]. A comparison of the two alloys reveals that the Cu-Zr-Fe-Y alloy has
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a higher percentage of large-angle grain boundaries, which indicates
that the Y addition allows the alloy to fully recrystallize, consistent with
the previous analysis results.

In order to investigate the texture evolution of Cu-Zr-Fe(-Y) alloys
after different aging conditions, pole figure, inverse pole figures, and the
corresponding distribution of crystal texture were obtained in Figs. 17
and 18. The texture of Cu-Zr-Fe alloys aged at 500 °C for 20 min and
240 minis {011}< 100 > Goss texture and {001}< 100 > Cube texture,
and the main texture of Cu-Zr-Fe-Y alloys aged at 500 °C for 20 min and
240 min is {011}< 100 > Goss texture and {112}< 111 > Copper
texture, and the maximum texture strength of Cu-Zr-Fe-Y alloys was
greater than that of Cu-Zr-Fe alloys. Furthermore , it can be seen from
Figs. 17(c, d) and 18(c, d) that the addition of Y caused a change in the
distribution of grain surface texture strength. The comprehensive anal-
ysis shows that Y can change the type, distribution and strength of alloy
texture.

Fig. 19 shows the texture and contents of the alloys, which are
analyzed as an example of Cu-Zr-Fe-Y alloy. Fig. 19(a, b) show the
texture composition of Cu-Zr-Fe-Y alloy aged at 500 °C for 20 min and
240 min, and the corresponding contents are shown in Fig. 19(d). After
20 min aging, the percentage of Cube, Goss, Brass, Copper, and S texture
is 2.9%, 8.47%, 22.9%, 17.9%, and 28.1%, respectively. When the aging
time was increased to 240 min, the percentage of Cube, Goss, Brass,
Copper, and S texture was 7.14%, 3.4%, 2.67%, 23.2%, and 28.4%,
respectively. It is a known fact that the properties of the alloys are
closely related to the content of these five main textures, and the
stronger the texture, the better the performance [56]. Therefore, the
overall performance of the alloys aged for 20 min is superior to 240 min
aging. In addition, Fig. 19(c) shows the texture content of Cu-Zr-Fe alloy
under this aging condition, it is observed comparing Fig. 19(c) and
Fig. 19(d) that the Y addition has led to an overall increase in the content
of the five main textures, which also proves that the performance of the
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Cu-Zr-Fe-Y alloy is superior to the Cu-Zr-Fe alloy.

3.4. TEM analysis

In order to investigate the types of precipitated phases during the
aging process, the precipitated phases of Cu-Zr-Fe-Y alloy after 60% cold
deformation and 500 °C aging for 20 min are discussed. Fig. 20 shows
the TEM organization of Cu-Zr-Fe-Y alloy under this experimental con-
dition. It can be observed from Fig. 20(a) that there are a large number
of fine precipitated phases diffusely distributed in the matrix, which play
the role of diffusion strengthening. In addition, typical microstructure
such as dislocation tangles, dislocation cell walls and dislocation cells in
alloys can be clearly found in Figs. 20(b) and 20(c). The formation of this
microstructure is due to the pinning effect of the precipitated phases and
the interaction between the precipitated phases and dislocations as ob-
stacles to dislocation motion, which in turn improves the hardness and
strength of the alloy and strengthens the matrix. Meanwhile, the phe-
nomenon of dislocation bypassing appears, pointed by the red arrow in
Fig. 20(b), where the dislocation motion encounters the diffusely
distributed particles by passing them to continue the motion and leaving
the dislocation ring as the Orowan strengthening mechanism. Besides,
the appearance of twinned crystals is observed in Fig. 20(d), which is a
special kind of eutectic grain boundary that hinders the formation of
substructures and delays the occurrence of dynamic recrystallization
[57]. Fig. 20(e) shows the SAED model of Fig. 20(a), where one set of
bright diffraction spots and two sets of weak diffraction spots are
observed. The bright spots are the diffraction spots of the Cu substrate,
the set of weak spots indicated by the yellow arrows are the diffraction
spots of the CusZr precipitated phase, and the set of weak spots indicated
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by the red arrows are the additional diffraction spots caused by sec-
ondary diffraction. Furthermore, the presence of many parallel streaks
can be observed in Fig. 20(f), which are due to double diffraction be-
tween the matrix and precipitation phases [14].

In order to investigate the composition of the precipitated phase, the
high-resolution morphology of the alloy shown in Fig. 21(a) was ob-
tained, and the Fourier variations and inverse Fourier transform images
of the region A in Fig. (a) are shown in Fig. 21(b, c), and the Fourier
variations and inverse Fourier transform images of the region B in
Fig. (a) are shown in Fig. 21(d, e). The precipitated phase was deter-
mined to be y-Fe phase by standard diffraction spot pattern calibration,
and it was found from Figs. (b, d) that the spots of the precipitated phase
and the substrate were almost coincident. However, from the inverse
Fourier transform of the precipitated phase in Fig. (c), the presence of
dislocations and periodic stress field is found, and also because the lat-
tice constants of the y-Fe phase and the Cu substrate are very close to
each other. Therefore, to further determine the consistency between
them, the degree of mismatch between the two phases can be calculated
according to Eq. (4).

d—dy

p=2

a C)

Where § is the mismatch between the precipitated phase and the matrix,
d; is the matrix lattice constant (d; = 0.2490 nm), d; is the precipitated
phase lattice constant (d = 0.2467 nm), it can be seen from the calcu-
lation that the mismatch between (0 2 2),.pe and (0 2 2)y is 0.9%, it
shows that the y-Fe phase is in complete coherent with the Cu matrix.
The presence of the precipitated phase pins dislocations and hinders the
slipping and climbing of dislocations, which can effectively strengthen
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the matrix, and the precipitated phase attenuates the electron scattering
effect on the substrate, which helps to improve the electrical conduc-
tivity of the alloy.

Fig. 22 shows the TEM organization of Cu-Zr-Fe-Y alloy after 60%
cold deformation and aging at 500 °C for 120 min Fig. 22(a) shows the
high-resolution morphology of the alloy under this aging condition,
from which the presence of long strip-like precipitated phases can be
clearly observed. Fig. 22(b)(c) shows the Fourier transform and inverse
Fourier transform images of Fig. 22(a), respectively, and the phase was
determined to be the a-Fe phase by diffraction pattern calibration, and
from Fig. 22(c), the crystalline spacing of (1 1 1)cy is 0.214 nm, and the
crystalline spacing of(0 1 1)q.fe is 0.203 nm, and the mismatch degree of
5.1% can be calculated from Eq. 4, indicating that with the prolongation
of aging time with the matrix, there exists a part of the y-Fe phase, which
is complete coherent with the matrix, transformed into the semi-
coherent a-Fe phase, which explains the decrease in microhardness of
the Cu-Zr-Fe-Y alloy in the over-aging stage.

3.5. Strengthening mechanisms

Copper alloys have four main strengthening mechanisms: solid so-
lution, deformation, fine grain and precipitation strengthening, which
are analyzed in detail by taking the peak-aged Cu-Zr-Fe-Y alloy as an
example. The yield strength of Cu-Zr-Fe-Y alloy can be expressed by
Eq.5:

6 = 00+ 05+ 04+ 0, +0gp

(%)

Here, oy is the yield strength of copper matrix (6o = 20 MPa)[58], o
represents solid solution strengthening contribution, og4represents
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deformation strengthening contribution, oz represents fine grain
strengthening contribution and ¢, represents precipitation strength-
ening contribution.

The solid solution strengthening contribution of the Cu-Zr-Fe-Y alloy
can be described as:

1 3 X,
o = 61+ 55 ' 2

Here, G is the shear modulus of the copper alloy (G=46 GPa), & is the
lattice change factor (6 = 0.1105), 1 is the change factor of the shear
modulus of the alloy before and after the solid solution treatment
(n = 0.3171), and x, is the mass fraction of solute atoms. The Zr, Fe, and
Y contents of the Cu-Zr-Fe-Y alloy are 0.58%, 0.3%, and 0.18%,
respectively, as shown in Fig. 10(a). Therefore, the solid solution
strengthening contribution of Cu-Zr-Fe-Y alloy can be calculated as
78.1 MPa.

The solid solution Cu-Zr-Fe-Y alloy was subjected to 60% cold
deformation, which produced a large number of dislocations, twins, and
other organizational strengthening of the matrix during the cold defor-
mation process. The contribution produced by deformation strength-
ening is:

(6)

64 = MaGb\/p @

Here, M is the Taylor coefficient of the alloy M= 3.06, « is the
geometrical constant « = 0.3, G is the shear modulus of the copper alloy
(G=46 GPa), b is the Burger’s vector b= 0.2556 nm, and p is the dislo-
cation density of the alloy in Fig. 13(c). Therefore, the contribution
resulting from deformation strengthening was calculated to be
221.46 MPa.
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The contribution of fine grain strengthening can be expressed by the
Hall-Petch equation: Ocp =

®

Sita
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field images.

Here, K, is the Hall-Petch coefficient (K,=150 MPa pm%), d is the
average grain size in Fig. 11(c). Thus, the contribution of the alloy fine
grain strengthening is 25.3 MPa.

The precipitation of precipitated phases and the interaction between
precipitated phases and dislocations during aging of alloys play a very
important role in enhancing the strength of alloys, and this precipitation
strengthening mechanism can be expressed by the Orowan-Ashby
equation [59]:

In($)

(7\ - dp)

MGb

o, =0.81 x
2z(1

)

— D)1/2

Here, G is the shear module of copper alloy (G=46 GPa), M is the
Taylor factor for the fcc matrix (M=3.06), v is the Poisson’s ratio
(v=0.34), b is the Burgers vector of copper alloy (b=0.2556 nm), d,is
the average size of precipitates, 1 is the spacing between particles in the
glide plane, which can be expressed as Eq. 10:

1 3
A= dpy [
277\ 2f,

Here, f, is the volume fraction of precipitates, d,and f,can be
calculated by zooming in on the TEM brightfield image (d, = 7.1 nm, f,
= 0.76%). Therefore, the degree of precipitation strengthening of the
alloy can be calculated as o,= 233.6 MPa. Finally, the yield strength of
Cu-Zr-Fe-Y alloy can be calculated to be about:c =06y + 05 + 045 +
ogg + 0p=20 + 78.1 + 221.5 + 25.3 + 233.6 = 578.5 MPa, the theo-
retical values are slightly higher than measured values (546.9 MPa), this
is due to the large size of particles such as a-Fe. It is seen through the
above analysis that the main strengthening mechanism of the Cu-Zr-Fe-Y
alloy during aging is precipitation strengthening and deformation

(10)
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strengthening.
4. Conclusions

1) Two Cu-Zr-Fe(-Y) alloys were solid solution treated at 930 °C for
60 min, resulting in a number of black dot-like eutectic particles,
accompanied by a large number of generated annealing twins.
Under 60% cold rolling, The optimal aging process parameters for
the two alloys were 450 °C aging for 120 min and 500 °C aging for
20 min, with the microhardness, electrical conductivity, and tensile
strength of 60.9% IACS, 162.4 HV, 512.8 MPa, 54.8% IACS, 177.7
HV, and 546.9 MPa, respectively. The rare earth Y element improves
the microhardness and strength of the alloy with a slight decrease in
electrical conductivity, which significantly optimizes the perfor-
mance of the alloy.

EBSD analysis of the two alloys after 60% cold deformation and
500 °C aging for 20 min and 240 min revealed that the Y addition
refines the grains, reduces the dislocation density, enhances the
texture strength, and facilitates the onset of recrystallization of the
alloys.

The age-hardening effect of CusZr and y-Fe precipitation phases
pinning dislocations is the main reason for the strengthening of the
alloy. The precipitation strengthening and deformation strength-
ening are the main strengthening mechanisms.
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