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Introduction

ABSTRACT

A novel precipitation strengthening Cu—Fe-Zr alloy was designed and prepared
based on the results of calculation of the phase diagram. After solid solution-
izing, rolling and aging at 450 °C for 1 h, the alloy had a tensile strength of
515 MPa and an electrical conductivity of 72% IACS. There were two kinds of
precipitates in the alloy after aging at 450 °C for 1 h. Fe precipitates with an
average diameter of 4.3 nm were present in the deformed grains. Fe,Zr pre-
cipitates with an average diameter of 29.1 nm were present in the recrystallized
grains. Both the Fe and Fe,Zr precipitates had coherent interfaces with the Cu
matrix. The precipitation kinetics and effects on the properties of the alloy were
discussed. It is found that the cold rolling enhanced the driving energy of
precipitation. The precipitation of Fe and Fe,Zr had a dominant effect on the
increase in electrical and mechanical properties of the alloy.

particles can strengthen the Cu as well as improve the
EC [7, 8].
Be [9], Ti [10, 11], Fe [12], Cr [13], Zr [14], etc., are

High-strength and high-conductivity Cu alloys are
promising materials for electrodes, contact wires,
lead frames, etc. [1-3]. However, strengthening while
maintaining high electrical conductivity (EC) in Cu
alloys is a challenge since strengthening mechanisms
inevitably reduce the EC [4]. Precipitation strength-
ening is the most promising way to achieve an opti-
mized combination properties [5, 6]. The precipitated
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typical elements which have precipitation strength-
ening effect in the Cu alloys. Among them, Fe has
drawn much attention due to its low cost [15-17]. The
Cu-Fe (3-12 wt.%) alloys show high strength of
400-1100 MPa, but the corresponding EC is below
55% IACS [18]. The cold-drawn Cu-20 vol.% Fe alloy
owned a strength even high as 1100 MPa but a low
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EC of 42% IACS [19]. a-Fe and y-Fe particles would
be produced to harden the Cu-Fe alloys during aging
[20-22]. As a result, Cu-1 wt.% Fe alloy exhibited a
higher tensile strength (TS) (194 MPa) than pure Cu
(131 MPa) [23]. However, the use of Cu-Fe alloy is
restricted by its poor EC. Fe solution atoms deterio-
rate the EC of Cu-Fe alloys dramatically, and the
solubility of Fe in Cu is much higher than other ele-
ments [24, 25]. Therefore, micro-alloyed binary Cu-Fe
alloys were rarely used because of the limited
strengthening effect and obvious decrease in EC. On
the contrary, Cu—Zr alloy has a high electrical and
thermal conductivities, due to that Zr has very lim-
ited solubility in Cu [14, 26]. The precipitates in bin-
ary Cu—Zr alloys are Cu—Zr intermetallic compounds,
e.g., CusZr [14], CusZr [27], CusZr [28] and CuyZr,
[14]. Micro-alloyed Cu-0.12 wt.% Zr alloy was pre-
pared by melting, solution treatment, cold deforma-
tion and aging [14]. The alloy had a high EC (89.4%
IACS) but relatively low yield strength (YS)
(169 MPa) and TS (271 MPa). Since the solid solu-
bility of Zr in Cu is only ~ 0.13 wt.% [29-31], the
precipitation strengthening effect of the micro-al-
loyed Cu—Zr alloy is very limited.

Previous studies [32-34] found that the addition of
P could form Fe,P or Fe;P phases in Cu-Fe alloys,
which enhanced the precipitation of solid solution Fe
and recovered the EC. Cu-0.7 wt.% Fe-0.15 wt.% P
had an excellent high TS (467 MPa) and a high EC
(78% 1ACS) [32]. Then, can the Fe-Zr compound be
formed in the Cu-Fe-Zr ternary alloys to prepare
high-strength and high-EC Cu alloys? There were
few studies about the Cu-Fe-Zr alloys containing
high contents of Fe and Zr. A Cu-11.5 wt.% Fe-0.2
wt.% Zr alloy was prepared by casting, rotary
swaging, rolling and cold drawing [35]. The alloy had
a combination properties of 752 MPa TS and 61.4%
IACS EC. The microstructure and properties of the
micro-alloyed Cu-Fe-Zr alloys have never been
studied.

Calculation of phase diagrams (CALPHAD) is a
powerful method for designing new alloys [36].
Pandat is one of the most commonly used CALPHAD
software for designing new alloys. Thermodynamic
parameters of the phases in the Co-rich region of the
Co-Al-Ni-W quaternary alloys were calculated
using the Pandat software [37]. The calculated results
agreed well with the experimental results. CoNi-
based wrought superalloy was designed by using
Pandat software [36]. The designed alloy exhibited a
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higher mechanical property than the traditional Co-
based superalloys. For Cu-Fe-Zr ternary system,
although the ternary phase diagram has been studied
in the past, little attention was focused on the Cu-rich
corner with low Fe and Zr contents [38].

In this study, the Cu-rich corner of the Cu-Fe-Zr
system was calculated using the Pandat software and
the CALPHAD method. It is found that the Fe,Zr
compound could form in the Cu alloy. Based on the
phase diagram calculation results, a Cu-0.18 wt.%
Fe-0.14 wt.% Zr ternary alloy was designed and
fabricated. High strength and high EC were simul-
taneously obtained in the alloy. The microstructure
was characterized and the strengthening and con-
ductive mechanisms of the Cu-Fe-Zr alloy were
discussed.

Phase diagram calculation
and experimental

CALPHAD-based Cu-Fe-Zr alloy
composition design

Phase composition calculations in the Cu-Fe—Zr alloy
under equilibrium were performed using the Pandat
software package. Figure la and b shows the
isothermal cross section of the phase diagram at
500 °C and 950 °C, respectively [27, 29, 38, 39]. The
green lines in the two-phase area of the phase dia-
gram are the tie lines. The equilibrium phase of the
alloy composition on each tie line is composed of the
phases at both ends of the tie line. In the Cu-Fe-Zr
alloy, we hope to obtain the Fe,Zr precipitate only, so
the alloy composition needs to be within the range of
the two-phase (Fcc Cu + Lavas_C15 Fe;Zr) region.
Cu phase should be as pure as possible to ensure
high EC in theory. Assuming the aging temperature
is 500 °C (Fig. 1a), when the alloy composition falls
on the bottom tie line of the two-phase region, the Cu
phase is relatively pure. At the same time, the solu-
bility of Zr in Cu is about 0.14 wt.% at 950 °C
(Fig. 1b). Then, the ideal composition of the Cu—Fe—
Zr alloy contains about 0.18 wt.% Fe and 0.14 wt.%
Zr.

Experimental procedures

The Cu-Fe-Zr ingot was fabricated in an induction
furnace under an Ar atmosphere using pure copper,
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Figure 1 Isothermal cross
section of the Cu—Fe—Zr phase
diagram at a 500 °C and
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pure iron and pure zirconium. The actual composi-
tion of the ingot was measured to be Cu—0.18 wt.%
Fe-0.10 wt.% Zr. The ingot was solution treated at
950 °C for different time and then cold rolled at room
temperature to various reductions in thickness.
Finally, the samples were annealed at 450, 500 and
550 °C for various time.

The microstructure, EC, hardness and TS of the
samples were tested. The details of those testing
methods could be found in previous studies [40, 41]
for avoiding overlap.

Results

Figure 2 shows the metallographic (OM) structure of
the samples in the as-cast state and solution treated at
950 °C. The spherical and granular primary phases
are present in the Cu matrix in the as-cast alloy
(Fig. 2a). The scanning electron microscopy (SEM)
and energy-dispersive spectrometry (EDS) were
conducted for the further characterization of the
primary phases, as shown in Fig. 3. Points 1-3 in
Fig. 3a mark the primary phases, and the EDS results
show that the atom ratio of Fe/Zr is about 2 (Fig. 3b).
So, the primary phase is deduced to be Fe,Zr in the
Cu-Fe-Zr alloy. Figure 2b—e shows that the diame-
ters of the Fe,Zr phase have a trend to decrease as the
solution time increases. When solution treated at
950 °C for 12 h, the Fe and Zr elements are com-
pletely dissolved into the Cu matrix. The sample is in
a supersaturated solid solution state (Fig. 2f).
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Therefore, the optimized solution process is solid
solution at 950 °C for 12 h.

After solution treatment at 950 °C for 12 h, the
samples were subjected to cold rolling. The grains are
elongated after cold rolling compared to the solid
solution state (Fig. 4). The heavier the cold rolling
deformation, the longer the grains. Besides, the
deformation zone appears in the Cu matrix after cold
rolling. The deformation zone is a local area where
the crystals split from a single orientation into two
complementary orientations due to the grain orien-
tation and certain stress conditions during deforma-
tion. As the thickness reduction increases from 40%
to 60%, the area and density of the deformation zone
increase (Fig. 4a and b). As the cold rolling continues,
the density of the deformation zone increases and the
grains in the deformation zone are preferentially
divided and broken to form sub-crystals (Fig. 4c and
d).

Figure 5 shows the changes in the properties of the
Cu-Fe—Zr alloy aged at 450, 500 and 550 °C for dif-
ferent time. The EC of the sample increases quickly at
the initial stage and then slowly at the late stage
when aging at 450 °C (Fig. 5a). It is indicated that the
second phases precipitate during aging to purify the
Cu matrix and recover the EC. The rolled samples
show faster ascent rates of EC at the early aging than
the un-rolled samples and achieve higher EC at the
late stage of aging. It is mainly because the cold
rolling can promote precipitation. The difference in
rolling reductions has little effect on the EC of the
samples in the late stage of aging. As shown in
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Figure 3 a SEM
microstructure of the sample in
the as-cast state. b The second
phase EDS composition results
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Fig. 5b and c, the variations of the EC with the aging
time of the samples aging at 500 and 550 °C show a
similar tendency with that aging at 450 °C. Unlike the
variations of the EC, rolling significantly improves
the initial hardness of the sample (Fig. 5d—f). The
larger the rolling reduction before aging, the stronger
the work hardening effect and the higher the alloy
hardness. From Fig. 5d, the hardness of the un-rolled
sample and the samples rolled 40% and 60% increa-
ses rapidly at the early stage and then shows a slow
increase rate. The samples rolled 80% and 90% have
higher increase rates and higher hardness values at
the initial aging stage, but show a hardness declining
tendency at the over-aging stage. The declining ten-
dency is mainly due to the softening effect related to
the dislocation recovery, recrystallization and the
precipitate coarsening at the over-aging stage [42]. As
shown in Fig. 5e and f, when aging at 500 and 550 °C,
the hardness of un-rolled and pre-rolled samples
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both increases at the initial stage. However, the
hardness of the un-rolled sample decreases at the
over-aging stage, especially when aging at 550 °C. It
is mainly because of the coarsening of precipitates at
high-temperature aging. The hardness of the pre-
rolled specimens aging at 500 and 550 °C decreases
faster than that aging at 450 °C at the over-aging
stage. The larger the rolling reduction, the faster the
softening rate of the alloy.

The comprehensive EC-hardness properties of the
specimens at different states are shown in Fig. 6a.
The sample aged at 450 °C for 1 h after solid solution
and cold rolled to a 90% reduction of thickness has
the largest product value of hardness and EC.
Therefore, the optimized preparation process of the
Cu-Fe—Zr alloy is considered to be aging at 450 °C for
1 h after solid solution and 90% cold rolling. The
corresponding comprehensive performance is 165
HV and 72% IACS. The sample shows the hardness
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Figure 4 OM images of the
samples cold rolled in the

a 40%, b 60%, ¢ 80% and

d 90% reductions of thickness.
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of 149 HV and EC of 77% IACS when aging at 450 °C
for 12 h. Figure 6b shows the tensile properties of the
samples subjected to different processes. The as-so-
lution sample has the YS, ultimate TS and uniform
elongation (UE) of 88 MPa, 179 MPa and 29%,
respectively. After cold rolled to a 90% reduction of
thickness, the YS and TS of the alloy reach 466 MPa

@ Springer

and 486 MPa, respectively. The UE of the alloy
declines to 1% due to the deduction of plasticity
caused by the work hardening. After aging at 450 °C
for 1 h, the sample shows the YS, TS and UE of
508 MPa, 515 MPa and 2%, respectively. The increase
in strength is mainly due to the second phase pre-
cipitate and brings about precipitation strengthening
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effect after aging. The improvement in UE is mainly
because of the dislocation recovery. After aging at
450 °C for 12 h, the alloy shows lower YS (348 MPa),
lower TS (431 MPa) and higher UE (6%) than that
aging for 1 h. It can be detected that the softening
effect caused by dislocation recovery, recrystalliza-
tion and precipitates coarsening is strong when aging
for 12 h.

The electron backscatter diffraction (EBSD) char-
acterization was conducted to investigate the grain
structure of the rolled samples aged at 450 °C for O h,
1 h and 12 h. Figure 7a shows the inverse-pole-fig-
ure (IPF) map of the rolled sample. Different colors
represent different grain orientations as indicated in
the inset of Fig. 7a. The grain is elongated along the
rolling direction (RD). The deformation zone parallel
to the transverse direction (TD) distributes in the
elongated grains. Figure 7b shows the distribution of
grain determined from the IPF map. The grain size in
the cold-rolled sample is uneven. There are both large
crystal grains and small sub-crystals. Combined with
Fig. 10b, it can be concluded that the sub-crystals are
dislocation cells, which are caused by the increase in
dislocation density during the plastic deformation.
The average size of the sub-crystals (d cg) is 6.2 pm
(Fig. 7d). The inset of Fig. 7c shows the misorienta-
tion angle map derived from the IPF map in Fig. 7a.
According to statistics, the average misorientation
angle (A cr) is 10.5°. The grain boundaries are mainly
the low-angle grain boundaries (LAGBs, < 10°),
which are caused by the dislocation aggregation in
the work hardening regions. High-angle grain
boundaries (HAGBs) are mainly distributed in the
deformation zone and sub-crystals regions.

Figure 8a shows the IPF map of the rolled sample
aged at 450 °C for 1h. Figure 8b shows the

< 400 /
s
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H P
: 2200
Q999 @ —'—'—'_\
100
g T L T * T L 0I b 1 III" * N o= |
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distribution of grain determined from the IPF map.
There are a large number of large-sized deformed
grains still elongated along the RD which are not
recrystallized. The deformation zone parallel to the
TD still distributes in the elongated grains. The small-
sized grains with an average diameter (d ;) of
6.6 um (Fig. 8d) are formed by the dislocation
recovery and recrystallization. The inset of Fig. 8c
shows the misorientation angle map derived from
Fig. 8a. The average misorientation angle (A 4;) is
9.1°, and the grain boundaries in the alloy aged at
450 °C for 1 h are still mainly the LAGBs.

The EBSD results of the sample aged at 450 °C for
12 h are shown in Fig. 9. Figure 9a shows the IPF
map, which indicates that the grains are still elon-
gated along the RD but the inside deformation zone
density is decreased. Compared Fig. 8b with Fig. 9b,
the area of the deformed grains decreases, and the
region of small-sized grains increases. Combined
with Fig. 10f, the small-sized grains are recrystallized
grains with an average diameter (d a12) of 6.1 pm
(Fig. 9d). The misorientation angle map shows that
the grain boundaries in the alloy aged at 450 °C for
12 h are still mainly the LAGBs and the average
misorientation angle (A a1p) is 9.0°. In summary, the
cold-rolled sample and the samples aged at 450 °C
for 1 h and 12 h are all composed of deformed grains
and small-sized sub-grains. The grain boundaries are
all LAGBs, and the alloy is not completely recrystal-
lized during aging at 450 °C.

Transmission electron microscopy (TEM) charac-
terizations were also conducted to investigate the
deformed microstructure and recrystallized grains.
Figure 10a indicates that the deformed grains are in a
strip-shaped = morphology =~ with  high-density
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Figure 7 EBSD results of the
cold-rolled sample. a EBSD
IPF map (color orientation
code shown in the bottom right
corner). b Distribution of grain
determined from the IPF map.
¢ Misorientation angle map
and distribution statistics
result. d Grain diameter
distribution in the black box in
b.

Figure 8 EBSD results of the
sample aged at 450 °C for 1 h.
a EBSD IPF map (color
orientation code shown in the
top right corner).

b Distribution of grain
determined from the IPF map.
¢ Misorientation angle map
and distribution statistics
result. d Grain diameter
distribution in the black box in
b.
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Figure 9 EBSD results of the
sample aged at 450 °C for

12 h. a EBSD IPF map (color
orientation code shown in the
top right corner).

b Distribution of grain
determined from the IPF map.
¢ Misorientation angle map
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Figure 10 Bright-field TEM images of the (a, b) cold-rolled in a 90% reduction of thickness, (¢, d) aged at 450 °C for 1-h and (e, f) aged
at 450 °C for 12-h samples.
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dislocations in the rolled samples. High density of
dislocations entangle and form a cellular substructure
shown in Fig. 10b. After aging at 450 °C for 1 h, the
strip spacing of the strip-shaped deformed grains
becomes wider (Fig. 10c), and few recrystallized
grains appear in the Cu matrix (Fig. 10d). As the
aging time increases, the deformed microstructure
continues to recover. The strip spacing of the elon-
gated grain becomes wider and more recrystallized
grains arise in the samples aged at 450 °C for 12 h
(Fig. 10e and f).

The sample aged at 450 °C for 1 h obtains the
optimized properties of 165 HV hardness and 72%
IACS EC. It is observed that deformed and recrys-
tallized grains both exist in the sample. The deformed
grain structure is further characterized by the scan-
ning transmission electron microscopy (STEM). Fig-
ure 11a shows a scanning transmission electron
microscopy-high-angle annular dark-field (STEM-
HAADF) image, showing high-density precipitates
distribute in the Cu matrix. The corresponding EDS
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Figure 11 a, a-1 STEM-HAADF image of the deformed area in
the sample aged at 450 °C for 1 h; Elemental mappings of a-2 Cu,
a-3 Fe and a-4 Zr acquired from the area in a-1. b Precipitate
diameters from the deformed area in the sample aged at 450 °C for
1 h. ¢ STEM-HAADF image of the precipitates in the sample aged
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mappings (Fig. 11a-1-a-4) indicate that the precipi-
tates are rich in Fe, but poor in Cu and Zr. The
average diameter of the Fe nanoparticles is as small
as 4.3 nm (Fig. 11b). High-resolution STEM observa-
tion is conducted on the precipitates, shown in
Fig. 11c. Figure 11c-1 is an inverse fast Fourier
transform (IFFT) pattern of the area marked with the
red box in Fig. 11c. It can be seen that the Cu/pre-
cipitate interface is fully coherent. The fast Fourier
transform (FFT) pattern reveals that there is only one
set of diffraction spots of Cu. This result also proves
that Cu and nanoprecipitate have a coherent inter-
face. The EDS mappings (Fig. 11c-3—c-5) indicate that
the precipitates in the un-crystallized area are Fe
particles.

There are different precipitates in the recrystallized
grain in the specimen aged at 450 °C for 1 h. Fig-
ure 12a shows a STEM-HAADF image of the recrys-
tallized grains and large-sized precipitates found in
the Cu matrix. The precipitate density is decreased
compared with that in the un-recrystallized area. The

o 25 -
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20F
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< / \
Zr 8-10 \
ol
(VI 5 \
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at 450 °C for 1 h (taken from < 110 > ¢,); ¢-1 IFFT pattern of the
interface acquired from the area in c¢; c¢-2 FFT pattern and
elemental mappings of ¢-3 Cu, c-4 Fe and ¢-5 Zr acquired from the
area in c-1.



] Mater Sci (2023) 58:1752-1768

EDS mappings show that the precipitate is rich in Fe
and Zr, but poor in Cu (Fig. 12b-1-b-4). Figure 12c-1
shows an FFT pattern of the area marked with the
blue box in Fig. 12b-1. There is only one set of
diffraction spots in the FFT pattern, indicating that
the precipitate has the same crystal structure as the
Cu matrix. Figure 12c-2—c-4 shows the IFFT pattern of
the Cu/precipitate interface using only (1 1 1)c,, (11
ey and (200)c, reflections, respectively. No mis-
match dislocation is found at the interface. It is
revealed that the Cu/precipitate interface is coherent.
The high-resolution STEM image of the precipitate is
shown in Fig. 12d-1, and its corresponding FFT pat-
tern is shown in the inset. The lattice parameter of the
precipitate is measured to be the same as that of Cu.
EDS result reveals that the atomic ratio of Fe to Zr is
about 2. Figure 12d-2 shows an EDS line scan result,
which also proves that the precipitate is Fe,Zr in the
recrystallized grains. According to statistics, the

j (b-1)

5-[#],

e ot £
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97

Fe
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90
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Fe,Zr particles have an average diameter of 29.1 nm,
which is bigger than the particle diameter of Fe
(4.3 nm) in the un-recrystallized grains.

Discussion
Precipitation kinetics

The phase transformation process of the alloy is
reflected by the variation of EC, due to the sensitivity
of EC to the precipitation behavior [43, 44]. Fe and Zr
atoms are continuously precipitated as nanoparticles
during the aging process. The volume fraction (f) of
the Fe and Fe,Zr precipitates at the aged time (t) can
be expressed as [45]:

Vi
f= 4 1)

where V; and V are the volumes of precipitates in a

m
35 .
1(d-2) ——Fe L(e) dr=29.1 nm
30 + -
_25 | )
3 o
=20 }.‘
: K
15 - p.q
.. %2
10 72 1
11X]
5 %
1028
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Figure 12 a, b-1 STEM-HAADF image of the recrystallized area
in the sample aged at 450 °C for 1 h; elemental mappings of b-2
Cu, b-3 Fe and b-4 Zr acquired from the area in b-1. ¢-1 FFT
pattern of the Cu/precipitate interface acquired from the area
marked with the blue box in b-1. IFFT pattern of the
Cu/precipitate interface using only ¢-2 (111)¢y, ¢-3 (111)¢y,
and c-4 (200)c, reflections. d-1 High-resolution STEM-HAADF

0 20
Position(nm)

0 10 20 30 40 50 60 70 80
Particle diameter (nm)

40 60 80

image of the precipitate acquired from the area marked with the red
box in b-1; the corresponding FFT image is in the inset. d-2 EDS
result of the Fe and Zr elements acquired from line 1 in b-1.
e Distribution of the precipitate diameters determined from TEM
images of the recrystallized area in the sample aged at 450 °C for
1 h.
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unit volume of the Cu matrix after aging for ¢ minutes
and at the end of the aging process, respectively. V.
=0 and f = 0 before phase transformation, and the
EC of the rolled alloy can be defined as Cy. The EC
reaches the maximum C,,x when the precipitation
process is finished. According to Matthiessen’s rule
[46], the EC of the alloy increases with f. The rela-
tionship between the C and the f can be expressed as
a linear relationship, which is:

C=Co+ff 2)

When phase transformation is finished, C = Cpnax,
f=1,and then = Cax-Co. The f at a certain time can
be expressed as:

C—-GCy
ficmax_CO

(3)

Then, the f at any ¢ can be calculated according to
the EC of the alloy. The C and the f in the Cu-Fe-Zr
alloy during aging at 450, 500 and 550 °C for different
time are given in Table 1.

The kinetics Avrami equations of phase transfor-
mation can be expressed as [47]:

f=1- exp(-bt") )

where b and n are constants. Taking natural loga-
rithms of both sides, then Eq. 4 can be expressed as:

1
1g<ln1f>:1gb+nlgt (3)

lg[ln1/(1 — /)] and lgt have a linear function rela-
tionship, as shown in Fig. 13a. Igb is the intercept,
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and 7 is the slope of the function line. Therefore, the
phase transformation kinetics equation of the Cu—Fe-
Zr alloy subjected to solid solution and then aging at
450, 500 and 550 °C can be expressed as:

fsa—aso = 1 — exp (—2.20597"%673¢) (6)
fsa—so0 = 1 — exp (—1.74359t%759%) (7)
fsa—sso = 1 —exp (—1.12568t"61°70) ()

The samples subjected to the solid solution, cold
rolling (90% reduction of thickness) and then aging at
450, 500 and 550 °C can be expressed as:

fsra—ss0 = 1 — exp (—0.360581"2%0%) ©)
fsra—s00 = 1 — exp (—0.20433"20577) (10)
fsra—ss0 = 1 — exp (—0.288961"%7%%) (11)

Relationships between the f and lgt are shown in
Fig. 13b. The sample aging at 450 °C after solid
solution shows an “S”-shaped kinetic curve which is
typical of the diffusion phase transition. The precip-
itation rate is lower at the initial stage and higher at
the later stage and then drops. The degree of Fe and
Zr supersaturation in Cu acts as the precipitation
driving energy [48]. The precipitation rates are higher
when aging at 500 and 550 °C than at 450 °C. The
higher aging temperature provides stronger precipi-
tation driving energy for the nucleation and growth
of Fe and Fe,Zr phases. At the initial aging, the
samples aging after solid solution and cold rolling
show a much higher precipitation rate than the

Table 1 C and f of the alloy aging at different temperatures for different time

120 240 360 480 720 960 1440

Samples t (min) 0 15 30 60
SA-450 °C C 38.0 42.1 43.2 45.6
f 0 0.11 0.14 0.21
SA-500 °C C 38.0 43.1 46.7 50.8
f 0 0.15 0.25 0.37
SA-550 °C C 38.0 49.5 52.5 59.4
f 0 0.33 0.41 0.61
SRA-450 °C C 39.0 64.0 68.4 72.2
f 0 0.62 0.73 0.82
SRA-500 °C C 39.0 68.2 68.1 70.7
f 0 0.71 0.70 0.77
SRA-550 °C C 39.0 69.0 69.3 70.0
f 0 0.73 0.72 0.73

53.1 64.5 70.1 72.8 73.2 74.7 74.4
0.41 0.72 0.90 0.95 0.96 1 0.99
553 63.0 67.7 68.9 71.7 72.4 72.8
0.50 0.72 0.85 0.89 0.97 0.99 1
65.2 70.8 72.2 72.7 71.0 73.3 73.1
0.77 0.93 0.97 0.98 0.93 1 0.99
72.4 73.2 733 75.8 77.4 79.1 79.4
0.83 0.85 0.85 0.91 0.95 0.99 1
72.7 74.1 74.2 75.2 76.5 79.0 80.4
0.81 0.85 0.86 0.87 0.90 0.96 1
71.6 74.2 74.7 75.1 77.4 81.1 81.2
0.77 0.83 0.84 0.85 0.91 0.99 1

SA the sample aging after solid solution treatment. SRA the sample aging after solid solution treatment and cold rolling
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Figure 13 Relationships between a lg[Inl/(1 — f)] and Igt,
b f and Igt of the samples aging at 450, 500 and 550 °C for
different time. SA the sample aging after solid solution treatment.
SRA the sample aging after solid solution treatment and cold
rolling.

samples directly aging after solid solution. That is
because the cold-rolling deformation introduces
crystal defects, which provide more nucleation sites
for precipitation [48, 49]. The rolling produces dis-
tortion energy in the crystal to increase the precipi-
tation driving energy. At the later aging stage, the
rolled samples have precipitation rates as low as that
of the un-rolled samples. Besides the decrease in
solute atom concentration, recovery and recrystal-
lization also occur in the rolled samples after aging.

Precipitation behavior and its effects
on the strength and EC

The precipitates in the deformed grains are Fe phases
(Fig. 11) and in the recrystallized grains are Fe,Zr
phases (Fig. 12). The mean diameter of Fe is 4.3 nm
and Fe,Zr is 29.1 nm. The Fe and Fe,Zr precipitates
both have coherent interfaces with the Cu matrix.
Previous studies [50-52] indicated that coherent
metastable y-Fe phases precipitated firstly in the
microalloying Cu-Fe binary alloy. The y-Fe would
not transform into o-Fe until long-term aging or cold
deformation [53]. The nucleation incubation period of
the y-Fe phase is very short, on the order of a few
seconds [54]. However, the precipitation process of
Cu-Fe alloy is very slow. Because the process is
limited by the slow growth of y-Fe, this is controlled
by the slow diffusion of Fe atoms in Cu. To accelerate
the precipitation of Cu—Fe alloy, two key parameters
should be controlled: reducing the equilibrium solid
solubility and increasing the diffusion coefficient of
Fe in Cu [39, 55]. The first-principles calculation
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results [55] showed that the Zr addition could
increase the diffusion rate of Fe in Cu from 1.69 x
107" em®/s to 1.18 x 107'? cm?/s. Our CALPHAD
results indicate that Zr and Fe can form Fe,Zr in Cu,
which reduces the solid solubility of Fe in Cu at low
temperatures. The experimental results confirm the
precipitation of Fe,Zr phases. As far as the Cu-Fe-Zr
alloy precipitation sequence is concerned, the y-Fe
nucleates preferentially in the Cu matrix due to its
short nucleation period. Then, the y-Fe grows slowly
and Zr gradually diffuses to it. The Zr accelerates the
diffusion of Fe. Fe and Zr react and precipitate Fe,Zr
phases. The diffusion rate of Fe combined with Zr is
accelerated, and the growth of the Fe,Zr is acceler-
ated. The coarsening of the precipitates is often
accompanied by the recrystallization process [56].
Then, it can be seen that most of the precipitates at
the recrystallization region are larger-sized Fe,Zr.
This precipitation process is similar to the precipita-
tion of y-Fe and coarse Fe;P phases in the Cu-Fe-P
alloy [33].

The precipitation of Fe and Fe,Zr has a precipita-
tion strengthening effect on the Cu-Fe-Zr alloy. The
particle size and density of the precipitates and the
relationship between dislocations and precipitates
determine the precipitation strengthening effect [57].
The relationships between the dislocations and pre-
cipitates have two mechanisms: dislocation bypass-
ing or cutting particles [58]. The former generally
occurs when the precipitates are hard to shear or the
phase interface is incoherent. The latter often takes
place when the precipitates are soft and the precipi-
tates have a coherent interface with the matrix [57].
Shi et al. [23] investigated the interactions between
dislocations and Fe precipitates with a particle
diameter of 5.5 nm in the Cu-1 wt.% Fe alloy. The
coherent Fe particles hinder the dislocation move-
ment by the cutting mechanism. The contribution of
the cutting mechanism on the YS of Cu-Fe-Zr (Agp)
can be divided into two mechanisms: One is the
coherency strengthening (Ac.), which operates by
virtue of the elastic interaction between the strain
fields of the coherent Fe particles and dislocations,
and the other is the modulus hardening (A¢y,), which
occurs because of the shear moduli difference
between the Cu and Fe phases. These mechanisms
can be expressed as [59]:
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1/2
Ao, = 2.6M(:G)* (%) (12)

2\ V2 —143m/2

A,y = 0.0055M(AG)>? (%) b(7) (13)
where M is the Taylor factor; fv is the volume fraction
of Fe precipitates; G is the shear modulus of Cu; b is
the Burgers vector; r is the radius of the habit plane;
m is a constant; and ¢ and A G are the fractional misfit
and difference of shear modulus between Cu and Fe
precipitate, respectively. In contrast, the Fe,Zr is
recognized as an unshearable phase due to its super
high hardness of 19.3 GPa [60]. Then, the increase in
YS caused by the bypassing mechanism of Fe,Zr
(Ao}) can be expressed by the Orowan—Ashby equa-
tion [61]:

o, = 0.81MGb ln(dR/fa) (14)

2”(1_V)1/2.1d 3\ g4
25 ep) R

where v is the Poisson’s ratio and dg and f;, are the
average diameter and volume fraction of the Fe,Zr
precipitates, respectively. Because Fe and Fe,Zr pre-
cipitates exist simultaneously in the Cu matrix after
aging at 450 °C for 1 h, it is hard to accurately cal-
culate fy, f,,, Aop and Acp. But it is generally recog-
nized that the coarsening of the precipitates will lead
to the weakening of the strengthening effect [62, 63].
Then, in the alloy aging at 450 °C for 1 h, the Fe
precipitates with smaller size and higher density
have the dominant strengthening effect on the alloy.
But the Zr addition enhances the precipitation of Fe,
and the formation of Fe,Zr also takes a key role in
strengthening. The TS of the precipitation strength-
ening binary Cu-1 wt.% Fe alloy is only 194 MPa
[23]. But in this work, the TS of the micro-alloyed Cu-
0.18 wt.% Fe-0.10 wt.% Zr after aging at 450 °C for
1 h is as high as 515 MPa.

The effect of precipitation on the EC can be dis-
cussed with reference to the Matthiessen’s law, and
the electrical resistance of the Cu-Fe—Zr alloy (p) can
be expressed as [64]:

P =Pcut Pp+pp+ps (15)

where pc, is the electrical resistance of pure Cu. pp,
pp and pg are the electrical resistance caused by the
defects (e.g., vacancy, grain boundary and disloca-
tions), precipitates and solute atoms, respectively.
Generally, defects have little effect on the EC, and pp
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is negligible to a certain extent [65]. The influence of
the precipitates on the EC of the alloy (C) can be
expressed as [66]:

C=Cu (1 *%) (16)

1f
3 Toc

where Cy; is the EC of the matrix; Cp is the EC of the
precipitates; and f is the volume fraction of the pre-
cipitates. In the precipitation strengthening high-
strength and high-conductivity Cu alloys, Cp is usu-
ally much higher than Cy and f is less than 3 vol.%,
and then, C ~ 0.97 Cy. It can be seen that the influ-
ence of precipitates on the EC is small. It is confirmed
that the pg is the primary factor that decreases the EC
in precipitation strengthening Cu alloys [7], i.e., the
EC of the alloy is mainly dependent on the purity of
the Cu matrix [2]. Then, the more sufficient precipi-
tation of the Fe and Zr solute atoms, the purer the Cu
matrix and the higher the EC of the Cu—Fe—Zr alloy.
After aging at 450 °C for 1 h, 82% of the Fe and Fe,Zr
particles precipitate (Table 1), resulting in the corre-
sponding high EC (72% IACS) of the alloy. The
electrical resistance of the alloy is mainly caused by
the still solid solution of Fe and Zr atoms in the Cu
lattice.

Conclusions

The Cu-rich corner of the Cu-Fe-Zr system was cal-
culated using the Pandat software according to the
CALPHAD method. It was predicted that Fe,Zr can
be precipitated in the Cu matrix. A novel system of
Cu-0.18 wt.% Fe-0.14 wt.% Zr was designed and
prepared with the reference to the CALPHAD
results. The designed alloy had the excellent combi-
nation mechanical (hardness of 165 HV, YS of
508 MPa and TS of 515 MPa) and electrical properties
(EC of 72% IACS). Two kinds of precipitates were
found in the Cu alloy. The coherent Fe precipitates
with a particle size of 4.3 nm were present in the
deformed grains. The Fe,Zr precipitates which also
had coherent interfaces with the Cu had an average
diameter of 29.1 nm, and they were formed in the
recrystallized grains. The cold rolling enhanced the
driving energy of precipitation. The precipitation of
Fe and Fe,Zr had a dominant effect on the increase in
strength and EC of the alloy.
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