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Abstract: The recrystallization and softening resistance of a Cu—6.5Fe—0.3Mg (mass fraction, %) alloy prepared by
Process 1 (cold rolling heat treatment) and Process 2 (hot/cold rolling heat treatment) were studied using Vickers
hardness tests, tensile tests, scanning electron microscopy and transmission electron microscopy. The softening
temperature, hardness and tensile strength of the alloy prepared by Process 2 were 110 °C, HV 15 and 114 MPa higher,
respectively, than those of the alloy prepared by Process 1 after aging at 300 °C. The recrystallization activation energy
of the alloys prepared by Process 1 and Process 2 were 72.83 and 98.11 kJ/mol, respectively. The pinning effects of the
precipitates of the two alloys on grain boundaries and dislocations were basically the same. The softening mechanism
was mainly attributed to the loss of dislocation strengthening. The higher Fe fiber density inhibited the average free
migration path of dislocations and grain boundary migration in the alloy, which was the main reason for higher
softening temperature of the alloy prepared by Process 2.

Key words: Cu—6.5Fe—0.3Mg alloy; hot rolling; recrystallization activation energy; softening mechanism; dislocation
strengthening

conductive, heat-resistant materials. In addition, the

1 Introduction

Cu—Fe alloys are hard, electrically conductive,
and have remarkably soft magnetic properties. They
are widely used in heat sinks, optical devices,
mobile phone sockets, electrical contacts, and
shielding materials [1-3]. With the development of
industrial technology and the advent of the 5G era,
there has been a trend towards the development
of high-current large-capacity batteries, electronic
materials, and mobile phone wireless base stations.
Large currents inevitably generate more heat.
Consequently, there is greater demand for thermally

stability of electrical contacts is crucial for the
stable operation of plug-ins. Therefore, the high-
temperature softening resistance of the Cu—Fe alloy
materials is particularly important.

Cu—Fe alloy has a higher interface volume
ratio and higher energy at the phase interface,
which increases the driving force for the
recrystallization of the alloy [4], thereby reducing
high temperature softening resistance of the alloy.
The combination of large plastic deformation and
multi-stage heat treatment is necessary for the
improvement of the mechanical and electrical
properties of Cu—Fe alloys [1]. The Fe phases are
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fibrous, and the density of defects such as
dislocations and vacancies in the Cu increases
significantly during plastic deformation, which is
the main reason for the improvement of the
mechanical properties of the alloy [5—7]. However,
the large deformation energy storage increases the
recrystallization nucleation driving force and grain
boundary mobility of the alloy, and the fine Fe
fibers are prone to fracture and spheroidize
during the heat treatment process. This results in
a decrease in the high-temperature softening
resistance of the Cu—Fe alloy [8]. Previous studies
have shown that alloying with elements such
as Cr [9,10], Mg [11,12], and Zr [13,14] can
significantly = improve the  high-temperature
softening resistance of Cu alloys. The elemental Cr
mainly dissolves in the Fe phase. This inhibits grain
boundary diffusion and recrystallization, thereby
improving the heat resistance of the Fe fibers and
the softening temperature of the Cu—Fe alloys [10].
GUO et al [13] found that elemental Zr effectively
improved the thermal stability of a Cu—10Fe—1.5Ag
alloy by up to approximately 50 °C. The main
reason for this was that the Zr in the Cu alloy took
the form of a diffusion compound, which hindered
the diffusion and recrystallization of the Cu matrix
grain boundaries and improved the softening
temperature of the alloy. YUAN et al [12] found
that the elemental Mg is enriched at the
Cu/Fe phase interface, thereby inhibiting the
recrystallization of the Cu matrix and enhancing the
heat resistance of the Fe fibers. The alloying
elements Cr, Mg, and Zr can improve the softening
temperature of Cu—Fe alloys, but the effect is not
obvious.

The density and distribution of Fe fibers are
crucial for the high-temperature softening resistance
of Cu—Fe alloys. SARKAR et al [15] synthesized
the hierarchical fiber microstructures by rapid
solidification and produced Cu—Fe—Si alloys with
good thermal stability. In addition, thermo-
mechanical treatment can significantly increase the
density of Fe phase particles and optimize its
distribution. ZHANG et al [16] investigated fracture
behavior between the dendrite arms of the primary
Fe phases during cold working. This increased the
density of the Fe phase particles and the tensile
strength of the alloy. However, the mechanism by
which thermomechanical treatment influences the
high-temperature softening resistance of a Cu—Fe
alloy has not yet been reported.

Based on the analyses described above, in
the present study, two preparation processes, i.e.,
Process 1 (cold rolling heat treatment) and Process
2 (hot/cold rolling heat treatment), were designed
to explore the influence of thermomechanical
treatment on the mechanical properties and
softening temperature of a Cu—6.5Fe—0.3Mg (mass
fraction,%) alloy. The mechanism by which Fe
fibers influence alloy recrystallization and grain
coarsening behavior was also elucidated.

2 Experimental

The two preparation processes were designed
for the alloy after homogenization at 950 °C for 2 h,
and a schematic diagram illustrating the processes
is shown in Fig. 1. The hot rolling temperature was
950 °C and the compression ratio was 82%. The
compression ratios of the two cold rolling processes
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Fig. 1 Processing routes of Cu—6.5Fe—0.3Mg alloys



2902 Zhen-xia LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2900—2917

were 66.7% (3.6—1.2 mm) and 50% (1.2—0.6 mm),
respectively. The plastic deformation in Process 1
was due to cold rolling. The first plastic
deformation in Process 2 was due to hot rolling, and
the second and third plastic deformation processes
were due to cold rolling. Two intermediate
annealing processes, i.e., at 500 and 450 °C for 1 h,
were designed for Processes 1 and 2. Consequently,
internal stress was eliminated from the alloy, and
its plastic deformation behavior was improved.
Furthermore, the processes avoided the fracture and
spheroidization of the Fe fibers. Aging treatments at
various temperatures were designed to determine
the optimal performance of the alloy. Samples with
peak hardness after aging at 300 °C for 1 h were
selected for annealing at 400, 450, 500, 550, and
600 °C for 1h to investigate the recrystallization
behaviors and softening temperatures of the alloys
prepared using Processes 1 and 2.

The hardness and strength of each alloy were
tested using a QX.20-05 universal tensile testing
machine and a SHYCHVT-5Z Vickers hardness
tester (Laizhou Huayin). The yield strength was
determined three times and the hardness was
determined eight times. The average test point
spacing and thermal drift correction values were
25 um and 0.05 nm/s, respectively. The evolution of
the microstructure of each sample was revealed
by optical microscopy (OM; Axiolab 5, Zeiss,
Germany), scanning electron microscopy (SEM;
Mira3 LMH, TESCAN), electron backscattered
diffraction (EBSD), and transmission electron
microscopy (TEM; TecnaiG2-20, FEI) at 200 kV.
The SEM acceleration voltage was 20 kV. The
EBSD samples were fabricated by grinding,
polishing, electrolytic double-jetting, and ion
thinning. The accelerating voltage, grating value,
and scan step size were 20 kV, 120, and 0.3 um,
respectively.

3 Results

3.1 Microstructure

Figure 2 shows the OM microstructures and
element line scan analysis results of the
homogenized alloys. It was clear that the addition
of Mg optimized the distribution of the primary Fe
phase and refined the Cu grains. There were
numerous fine Fe phases in the Cu—6.5Fe—0.3Mg
alloy, mainly distributed at the grain boundaries,

which may promote non-uniform nucleation of the
alloy and refine the Cu grains. The addition of Mg
promoted the nucleation and precipitation of the Fe
phase at the grain boundaries, which had the effect
of pinning dislocations and inhibiting the diffusion
of the grain boundaries [6,7]. Furthermore, Fig. 2(c)
indicated that there was a greater distribution of
elemental Mg around the spherical Fe phase than in
the other regions.

Figure 3 shows the SEM images of the
Cu—6.5Fe—0.3Mg alloys. Figures 3(al, bl), (a2, b2),
and (a3, b3) are the SEM images after rolling at a
ratio of 97%, aging at 300 °C, and annealing at 550 °C,

0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 45
Line scanning distance/pm

Fig. 2 OM images (a, b) and element line scan analysis
results (c) of homogenized alloys: (a) Cu—6.5F¢;
(b, ¢) Cu—6.5Fe—0.3Mg
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respectively. The spherical Fe phases underwent
plastic deformation during large plastic deformation
to form fibrous Fe phases. However, the Fe fibers in
the alloy prepared by Process 2 were longer, denser,
and more uniformly distributed. This may be
attributed to the smaller deformation resistance of
the fine Fe phases. The average Fe fibers spacing of
the alloy prepared by Process 2 was 3.5 pm, which

50 pm
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was 1.3 pm smaller than that of the alloy prepared
by Process 1. In addition, there was no significant
change in the Fe fiber morphology after aging and
annealing, although the density of the Fe fibers in
the alloy prepared using Process 2 was always
greater than that in the alloy prepared using
Process 1.

Figure 4 shows the EBSD microstructures of
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Fig. 4 EBSD microstructures (al—a3, b1—b3), distribution of recrystallization (c, d), and grain statistics and defect
density (e) of Cu—6.5Fe—0.3Mg alloys after aging at 300 °C for 1 h: (al—a3, c¢) Process 1; (b1—b3, d) Process 2
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the Cu—6.5Fe—0.3Mg alloys after aging at 300 °C
for 1 h. Figures 4(al—a3) show the microstructure
of the alloy prepared by Process 1. The grains with
low-angle grain boundaries (adjacent grains with a
phase difference of less than 10°) were arranged in
rod shapes along the deformation direction, and the
alloy basically retained its deformed microstructure
(Fig. 4(a2)). Figures 4(b1-b3) show the micro-
structure of the alloy prepared by Process 2. The
grains with low-angle grain boundaries and Fe
phases were distributed in long strips in the alloy.
Similar to the alloy prepared using Process 1,
the alloy retained its deformed microstructure
(Fig. 4(b2)). However, the grains of the alloy
prepared using Process 2 were longer than those of
the alloy prepared using Process 1.

The dislocations in the alloys prepared using
the two processes increased rapidly owing to
slippage and climbing. Numerous vacancies and
dislocations were formed during the deformation
process, resulting in an increase in the alloy defect
density (the total number of defects such as
dislocations, vacancies per unit area, and low-angle
grain boundaries), as shown in Figs. 4(a3) and (b3).
This was consistent with previous reports [6,7].
An increase in the number of defects provides
favorable conditions for recrystallization nucleation
and atomic diffusion. The defect density (p) of
an alloy can be calculated using the formula:
p=2\/§9/ (3bh), where 6, b, and h are the average

Sustructured

orientation difference, the amplitude of = Burgers
vector, and the step size (0.3 um), respectively. The
defect density of the alloy prepared using Process 1
(2.8x10"m™) was larger than that of the alloy
prepared using Process 2 (2.4x10*m™?), as shown
in Fig.4(e). The figure shows that the alloy
prepared using Process 1 was easier to nucleate and
recrystallize in a high-temperature environment.

Figure 5 shows the EBSD microstructures of
the Cu—6.5Fe—0.3Mg alloys after annealing at
450 °C for 1 h. The Cu grain boundary of the alloy
prepared using Process 1 changed from low-angle
to high-angle, mainly owing to the recrystallization
behavior of the alloy, and the recrystallization
proportion of the alloy reached almost 60%. In
contrast, the alloy prepared using Process 2
retained a small-angle grain boundary, and its
recrystallization proportion was only 12.3%, which
was far lower than that of the alloy prepared by
Process 1. This demonstrates that the alloy prepared
using Process 2 had higher recrystallization and
softening temperatures. In addition, the Fe phases in
the alloys prepared by the two processes basically
retained a variable morphology.

Figure 6 shows the EBSD microstructures of
the Cu—6.5Fe—0.3Mg alloys after annealing at
550 °C for 1 h. Figures 6(al—a3) show the micro-
structure of the alloy prepared by Process 1. There
were numerous recrystallized grains with high-
angle grain boundaries (adjacent grains with a phase
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Fig. 5 EBSD microstructures (al, a2, bl, b2) and frequency of recrystallization (a3, b3) of Cu—6.5Fe—0.3Mg alloys
after annealing at 450 °C for 1 h: (al—a3) Process 1; (b1—b3) Process 2
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Fig. 6 EBSD microstructures (al—a3, b1-b3), frequency of recrystallization (c, d), and grain statistics and defect
density (e) of Cu—6.5Fe—0.3Mg alloys after annealing at 550 °C for 1 h: (al—a3, ¢) Process 1; (b1—b3, d) Process 2

difference greater than 10°) and annealing twins.
The alloy basically recovered and recrystallized.
Figures 6(b1-b3) show the microstructure of the
alloy prepared using Process 2. It is obvious that
numerous grains retained low-angle grain
boundaries, and that the matrix still had a deformed
microstructure. Therefore, the results did not differ
significantly from those shown in Fig. 4(b2). The
proportions of the recrystallized microstructures of
Cu and Fe in the alloy prepared using Process 2
were 40.1% and 12.6%, respectively, which were
35% and 13.4% smaller than those in the alloy
prepared using Process 1 (Figs. 6(c) and (d)). In
general, the alloys formed undistorted grains by
nucleation and growth through recrystallization.
Therefore, the defects of the alloys were
greatly reduced as recrystallization progressed
(Figs. 6(a2, a3, b2, b3)). It is worth noting that the
alloy prepared using Process 2 still retains a higher
defect density compared to the alloy prepared using
Process 1 (Fig. 6(e)). This may be attributed to the

dense Fe fibers, which suppressed the annihilation
of dislocations and vacancies. The grain sizes of the
alloys prepared using the two processes did not
differ significantly.

Figure 7 shows the XRD results of the aged
and annealed Cu—6.5Fe—0.3Mg alloys. The crystal
plane indices of the Cu and Fe phases in the alloys
prepared using the two processes were the same.
The indices of the Cu phases were mainly (111),
(200), (220), (311), and (222), and those of the a-Fe
phases were mainly (110), (200), and (211). It is
worth noting that all the Cu peaks of the alloys
prepared using the two processes shifted to the right
after annealing at 450 °C, but the shift angles of the
peaks were not exactly the same. The precipitation
of solid solution atoms leads to the migration of all
Cu peaks. Moreover, a decrease in the density of
defects such as dislocations and vacancies leads to a
decrease in the degree of lattice distortion, which
causes individual peak shifts [9]. Compared with
the 97% rolled alloy, the peak maximum shift angle
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Cu—6.5Fe—0.3Mg alloys: (a) Process 1; (b) Process 2

of the alloy prepared using Process 2 was 0.15°,
whereas the peak maximum shift angle of the alloy
prepared using Process 1 was 0.18°. This shows that
the dislocation density of the alloy prepared
using Process 1 decreased more, which reflects the
greater degree of recrystallization. As the annealing
temperature increased to 550 °C, the Cu peaks in
the alloys prepared using the two processes shifted
slightly to the right. This may be attributed to the
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redissolution of the Fe phase at high temperatures,
which is consistent with previous studies [17].

The lattice constants of the alloys prepared
using the two processes first decreased and then
increased slightly as the annealing temperature was
increased. It is worth noting that the difference
between the lattice constants of the two alloys
gradually increased. This further indicates that the
alloy prepared using Process 2 had a lower degree
of recrystallization.

The TEM microstructure was examined to
further investigate the microstructure of the 97%
deformed Cu—6.5Fe—0.3Mg alloy, and the results
are shown in Fig. 8. The selected area diffraction
pattern (SADP) is shown in Fig. 8(c). Analysis of
the SADP reveals that the elongated second phase
of the alloy was [011]n.re. It is obvious that the
elongated Cu grains and Fe fibers were arranged
alternately in the alloys prepared using the two
processes, although they were more densely
arranged in the alloy prepared using Process 2.

Fe fibers

Fig. 8 TEM images of Cu—6.5Fe—0.3Mg alloys after
97% rolling: (a) Process 1; (b) Process 2; (c) Selected
area diffraction pattern

Figure 9 shows the TEM microstructures of
the Cu—6.5Fe—0.3Mg alloys after aging at 300 °C.
The alloys prepared using the two processes
retained numerous dislocations, but there were a
small number of subgrains in the alloy prepared
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using Process 1, indicating that the recovery
microstructure already existed in the alloy. In
addition, there were numerous nano-precipitated Fe
phases with spherical or rod-shaped particles in the
alloys prepared by the two processes. The average
diameter of the precipitates in the alloy prepared
using Process 2 was 6.81 nm, which was 0.4 nm
smaller than that of the alloy prepared using
Process 1.

Figure 10 shows the TEM surface scan results
of the alloy prepared using Process 1 after aging
at 300 °C for 1 h. The second phase in the alloy
during the annealing or aging processes was the
precipitated Fe phase. It is worth noting that,
compared with the Cu matrix, more elemental Mg
was distributed at the Cu/Fe phase interface
(Fig. 10(d)), which was consistent with the results
from a previous report [12]. This can inhibit the
coarsening of the Fe phase.

To investigate the recrystallization behavior of

the alloys prepared using the two processes, the
alloys aged at 300 °C were subjected to isochronous
annealing treatment for 1 h. Figure 11 shows the
TEM microstructures of the Cu—6.5Fe-0.3Mg
alloys after annealing at 450 °C for 1 h. There were
numerous recrystallized grains and annealing twins
in the Cu-6.5Fe-0.3Mg alloy prepared using
Process 1, and the dislocation content was greatly
reduced. However, numerous dislocations remained
in the Cu-6.5Fe-0.3Mg alloy prepared using
Process 2, and no recrystallized grains were found,
indicating greater resistance to recrystallization.
Figure 12 shows the TEM microstructures of
the Cu—6.5Fe—0.3Mg alloys after annealing at
550 °C for 1 h. It is obvious that the recrystallized
grains of the alloy prepared using Process 1 were
abnormally coarsened after annealing at 550 °C for
1 h. Numerous substructure microstructures and
fine recrystallized grains were found in the alloy
prepared using Process 2. The fine Fe fibers in the
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Fig. 9 TEM images (a, b, d, ¢) and precipitate size distribution (c, f) of Cu—6.5Fe—0.3Mg alloys after aging at 300 °C

for 1 h: (a—c) Process 1; (d—f) Process 2
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Fig. 10 TEM image (a) and EDS mappings (b—d) of Cu—6.5Fe—0.3Mg alloy prepared by Process 1 after aging at 300 °C

for 1 h
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alloy prepared using Process 2 were fractured and
spheroidized. This reduced the inhibition effect of
the Fe fibers on grain boundary migration and grain
coarsening. However, some Fe fibers remained in
the alloy prepared using Process 2. Furthermore, the
precipitates in the two alloys were coarsened. This
is not conducive to the pinning effect on the grain
boundary. The average size of the precipitates in the

Zhen-xia LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2900—2917

alloy prepared using Process 2 was 7.65 nm, which
was finer than that in the alloy prepared using
process 1 (7.82nm). The point scan results
corresponding to EDS1 and EDS2 in Fig. 12 are
shown in Fig. 13. The figure reveals that the
nano-precipitated phases were Fe phases, and a
small number of Fe atoms remained dissolved in
the Cu matrix.

Recrystallized grains

2 /4 22272
0 2 4 6 8 10 12 14 16
Precipitate diameter/nm

. 3(55) : ® Ave diameter: 7.65 nm
B3 %
Z %8: %

024 6 8 10 ETRTRY;
Precipitate diameter/nm

Fig. 12 TEM microstructures images (a, b, d, ) and precipitate size distribution (c, f) of Cu—6.5Fe—0.3Mg alloys after

annealing at 550 °C for 1 h: (a—c) Process 1; (d—f) Process 2

4 Cu (@) (b)
+ Fe
+ Fe
Cu Element at.% Element at.%
ki Cu 99.01 Cu 12.8
Fe 0.99 Fe 87.2
C
Fe C*u ke lie* Cu
0 5 10 15 20 0 5 10 15 20
Energy/keV Energy/keV

Fig. 13 Point scan results corresponding to EDS1 (a) and EDS2 (b) in Fig. 12
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3.2 Mechanical properties

Figure 14 shows the Vickers hardness of the
Cu—6.5Fe—0.3Mg alloys after aging. The Vickers
hardness of the alloys prepared using the two
processes increased at first and then decreased as
the aging temperature increased, reaching a peak at
300 °C. At that point, the Vickers hardness of the
alloy prepared using Process 2 was HV 207.7,
which was HV 15 higher than that of the alloy
prepared using Process 1.

To explore the softening behavior and
conductivity of the Cu—6.5Fe—0.3Mg alloys
prepared using the two processes, the alloys aged
at 300 °C were subjected to isochronous annealing
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Fig. 14 Vickers hardness of Cu—6.5Fe—0.3Mg alloys

after 97% rolling and aging
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treatment. Figures 15(a, d) show the Vickers
hardness and yield strength of the Cu—6.5Fe—
0.3Mg alloy after isochronous annealing for 1 h,
respectively. The Vickers hardness and yield
strength values of the alloys prepared using the two
processes decreased as the annealing temperature
increased. However, the plastic properties of the
alloys prepared using Processes 1 and 2 were
improved and their tensile strengths were 704 and
818 MPa, respectively (Fig. 15(f)). The Vickers
hardness and yield strength of the alloy prepared
using Process 2 declined at a lower rate and to less
extent than those prepared using Process 1. The
Vickers hardness and yield strength values of the
alloy prepared using Process 2 were reduced by
HV 48 and 160 MPa, respectively, after annealing
at 600 °C. These reductions were HV 15.7 and
90 MPa lower than those of the alloy prepared
using Process 1.

Figures 15(b) and (e) show the percentages of
hardness and yield strength, respectively. According
to Standard GB/T 33370 — 2016, the softening
temperature is that at which the hardness of the
alloy drops to 80% of its initial value during heat
treatment. The hardness percentage is proportional
to the softening temperature: the faster the hardness
percentage decreases, the lower the softening
temperature of the alloy is. It is obvious from
Fig. 15(b) that the Cu—6.5Fe—0.3Mg alloy prepared
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Fig. 15 Mechanical properties of Cu—6.5Fe—0.3Mg alloys after isochronous annealing for 1 h: (a) Vickers hardness;
(b) Percentage of hardness; (c¢) Conductivity; (d) Yield strength; (e) Percentage of yield strength; (f) Engineering

stress—strain curves



2910 Zhen-xia LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2900—2917

using Process 2 had greater softening resistance
than that prepared using process 1. The softening
temperatures of the Cu—6.5Fe—0.3Mg alloys
prepared using Processes 1 and 2 were 460 and
570 °C, respectively. Furthermore, the percentage
of yield strength in Fig. 15(e) follows the same trend
as that in Fig. 15(b). Moreover, the conductivities of
the alloys prepared using the two different
processes initially increased and subsequently
decreased as the annealing temperature increased,
and did not differ significantly from each other. The
peak conductivity was approximately 65.8% (IACS)
(Fig. 15(c)).

Figure 16 shows the Vickers hardness values
of the Cu—6.5Fe—0.3Mg alloys after isothermal
annealing at 550 °C. The Vickers hardness values of
the alloys prepared using the two processes
decreased rapidly and reached equilibrium
gradually over time. The Vickers hardness of the
alloy prepared using Process 2 decreased more
slowly than that prepared using Process 1. It took
46 min longer for the hardness of the alloy prepared
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Fig. 16 Vickers hardness (a) and percentage of hardness

(b) of Cu—6.5Fe—0.3Mg alloys after isothermal annealing

at 550 °C

using Process 2 to drop to 80% of the initial value
than it took for the hardness of the alloy prepared
using Process 1 to drop by the same amount. This
demonstrates that the alloy prepared using Process
2 had greater softening resistance.

4 Discussion

4.1 Recrystallization theory
4.1.1 Recrystallization kinetics

After large plastic deformation, the alloys
recovered and recrystallized successively during
heat treatment. However, the mechanical properties
of the alloys were greatly reduced in the
recrystallization stage. The recrystallization volume
fraction (Xv) is the standard used to measure the
degree of recrystallization, which is closely related
to the change in Vickers hardness with annealing
time (Fig. 16), and can be expressed using the
following formula[18,19]:

_ HV,-HYV,

=1 ' 1
HV, —HV,., O

\%
where HV; is the Vickers hardness of the alloy after
aging at 300 °C for 1 h, HV, is the hardness after a
given annealing time ¢, and HVre is the hardness of
fully recrystallized material. The volume fraction
change of recrystallization during annealing at
550 °C was calculated, as shown in Fig. 17(a). It is
obvious that the recrystallization volume fraction of
the alloy prepared using Process 1 reached a peak
faster than that of the alloy prepared using Process
2. The functional relationship between the volume
fraction of alloy recrystallization and the annealing
time can be described by the Johnson—Mehl—
Avrami—Kolmogorov (JMAK) equation [18,19]:

Xv=1—exp(—kt") (2)

where k is a constant and 7 is the Avrami exponent,
which reflect the nucleation and growth
characteristics of the recrystallized grains,
respectively. The recrystallization volume fraction
expression of the alloys prepared using the two
processes can be obtained from Fig. 17(b). The
recrystallization volume fractions were calculated
after annealing at 550 °C for 1 h, and the results are
shown in Fig. 17(a). The results show that the
calculated values were basically consistent with the
measured values (Fig. 6). In addition, the values
of the Avrami exponent were lower than the
theoretical value of 3 (for recrystallization with
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site-saturated nucleation), which indicates that the
recrystallized grains of the alloy were formed by
non-random nucleation [20].

In general, the recrystallization rate is
commonly represented by the following classical
Arrhenius equation [20]:

%=Aexp[—QR /(RT)] 3)

0.5

where #ps5 is the annealing time corresponding
to a recrystallization ratio of 50%, QOr is the
recrystallization activation energy, A4 is a constant,
R is the molar gas constant, and 7 is the
thermodynamic temperature. The following formula
can be obtained by simultaneously taking the
logarithms of both sides of Eq.(3): In ¢,% =
—Or/(RT)tIn A. The mathematical relationship
between In ¢, and 77'is described in Fig. 17(c).

The Q value of the Cu—6.5Fe—0.3Mg alloy
prepared using Process 2 was 98.11 kJ/mol, which
was 25.28 kJ/mol higher than that of the alloy
prepared using Process 1. This demonstrates that
the recrystallization of the alloy prepared using
Process 2 required a higher activation energy. In
other words, recrystallization was less likely to
occur.
4.1.2 Driving pressure for grain growth

The alloys prepared using the two processes
demonstrated different resistances to the high
temperature recrystallization (Figs. 4-6). The
dislocations move and rearrange, and spontaneously
combine to a low-energy state to form sub-crystals
during high-temperature annealing [21]. The
recrystallized grains formed by the consolidation of
the sub-crystals grow through grain boundary
migration and mutual engulfment. Therefore, the
driving pressure for grain growth (P) after large
plastic deformation depends mainly on dislocation
density, which can be expressed using the following
formula [22]:

P=KGb?*pcy 4)

where K(=0.5) is a constant, G represents the shear
modulus of the Cu matrix, and pc, represents the
difference in the Cu matrix dislocation density
before and after annealing. The related parameters
are shown in Table 1. The dislocation density value
can be obtained using Egs. (5) and (6) [27,28]:

p=3.46¢/(Db) (5)
fcos 0=KA/D+(4sin Q)¢ (6)

where ¢ and D represent micro-strain and grain
size, respectively, f and 6 are the half-width and
diffraction angle, respectively, and K(=0.9) and
A(=0.15405 nm) represent the material constant and
the incident wavelength of XRD, respectively. The
pcos G—4sin 0 linear fitting relationship is obtained
from the XRD data in Fig. 7. Therefore, the
dislocation density can be obtained in conjunction
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with Eq. (5). The driving pressure of grain growth
indicates the tendency toward grain growth. The
greater the driving force of grain growth is, the
more easily the grain boundary migrates and
the more easily the grain grows. According
to Egs.(4)—(6), the average P values of the
Cu—6.5Fe—0.3Mg alloys prepared using Processes 1
and 2 were 1.36 and 1.32 MPa, respectively, during
annealing at 550 °C. The calculated results show
that the grain boundary of the alloy prepared using
Process 1 migrated more readily and the grains
were more readily coarsened than those of the alloy
prepared using Process 2.

Table 1 Relevant parameters of model

Parameter Value Ref.
M 3.06 [23,24]
Gc/GPa 46 [23,24]
Gr./GPa 58 [23,24]

b 0.2556 [25]

v 0.34 [25]

acu 0.26 [23]

OFe 0.3294 [23]

Ky/(MPa-m!?) 0.15 [26]

M is the Taylor factor; v is Poisson’s ratio; acy and are are the
lattice constants of copper and iron, respectively; Ky is the
Hall—Petch slope

The analysis of the recrystallization activation
energy and driving pressure for grain growth
showed that the Cu—6.5Fe—0.3Mg alloy prepared
using Process 2 was better able to resist
recrystallization and grain coarsening than the alloy
prepared using Process 1.

4.2 Recrystallization mechanism

The Fe phases in the alloys prepared using the
two processes were transformed into Fe fibers
(Fig. 3 and Fig. 6), and numerous Fe phases were
precipitated after thermomechanical treatment.
Nano precipitates inhibit dislocation movement,
grain boundary migration, and grain coarsening by
pinning dislocations and grain boundaries [29]. Part
of the driving pressure for grain growth by the
curvature of the grain boundary is offset by the
pinning pressure exerted by the particles at the
grain boundary, and the Zener pinning pressure Pz
is expressed by the following formula [22]:

P, =3f/(2r) ©

where f and r are the volume fraction and radius of
the second phase, respectively, and y is the
boundary surface energy per unit area. It is obvious
that the Zener pinning pressure is closely related to
the ratio of the precipitate volume fraction to the
precipitation radius. Mg can effectively promote the
precipitation kinetics of the Fe phase and increase
the density of the precipitates [17]. Furthermore, the
Mg atoms distributed at the interface of the Cu/Fe
phase can inhibit the coarsening of the Fe phase,
which can increase the Zener pinning pressure of
the precipitates relative to the grain boundary,
thereby increasing the recrystallization temperature
of the alloy. According to the data in Table 2, there
was little difference between the ratios of the
volume fractions and the radii of the precipitates of
the alloys prepared using the two processes.

The analysis shows that there was little
difference between the sizes and volume fractions
of the precipitates in the alloys prepared using the
two processes, and their effects on the dislocation
Zener pinning pressure were basically the same.
However, the density of the Fe fibers in the alloy
prepared using Process 2 was higher than that of the
alloy prepared using Process 1. This may be the
main reason for the fact that the alloy prepared
using Process 2 had greater recrystallization
resistance.

A schematic diagram of the evolution of
dislocation and grain morphology during heat
treatment is shown in Fig. 18. The density of the Fe
fibers in the Cu—6.5Fe—0.3Mg alloy prepared using
Process 2 increased significantly (Fig. 18(b1)). As
shown in Figs. 18(a2) and (b2), the Fe fibers
formed a dense barrier that effectively inhibited
the movement of dislocations and the migration
of grain boundaries in the X direction (rolling
direction), and reduced the mean free path of their
movement. The barrier effectively inhibited the
nucleation and growth of the recrystallized grains.
However, when the heat treatment temperature was
greater than 500 °C, the Fe fibers fractured and
spheroidized [30,31], which greatly reduced their
inhibitory effect on dislocation movement and
recrystallization. In addition, the Mg atoms
distributed around the Fe phase (Fig. 3) effectively
enhanced the stability of the Fe fibers and
slowed down their fracture and spheroidization.
This was consistent with the previous findings [12].
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Table 2 Calculated (omoa1) and measured (o) values of yield strength
Alloy prepared by Process 1 Alloy prepared by Process 2
Parameter
Aging at 300 °C Annealing at 550 °C Aging at 300 °C Annealing at 550 °C
dprecip/NM 7.21 7.82 6.81 7.65
Jorecip/%0 0.37 0.358 0.348 0.354
do/pm 1.68 3.56 2.65 3.268
pew/m? 9.87x10™ 7.78%10% 1.72x101 8.41x10™
pre/m 2 2.58x10M 1.46x10" 7.21x10% 1.58x10
oo/MPa 60 60 60 60
A6orowan/MPa 158.6 145.7 158 147.2
Acg.a/MPa 290.2 89.6 389 261.4
Aogs/MPa 115 80 92.6 83
Aoss/MPa 23 23 23 23
ototat/ MPa 646.8 398 722.6 578.7
o/MPa 635 407.7 752 599.3

dprecip 18 the precipitated phase diameter; fprecip 1S the precipitated phase volume fraction; dc is the grain diameter; pcu is the dislocation density
of the copper matrix; pre is the dislocation density of the iron matrix; oo is the strength of the Cu matrix; Acorowan 1S precipitation
strengthening; Acu-an is the dislocation strengthening; Accsis the grain-boundary strengthening; Aoss is the solid solution strengthening; orotal
is the calculated value of yield strength; o is the actual measured value of yield strength
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The alloy prepared using Process 2 had a higher
recrystallization activation energy and a smaller
driving pressure for grain growth than the alloy
prepared using Process 1. This may be attributed

to the fact that the dense Fe fibers inhibited
dislocation movement and grain boundary
migration. Therefore, the dense Fe fibers were the
main reason for the stronger recrystallization
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resistance of the Cu—6.5Fe—0.3Mg alloy prepared
using Process 2.

4.3 Softening mechanism

During the annealing process, the softening
temperature of the alloy prepared by Process 2
(570 °C) was much higher than that of the alloy
prepared by Process 1 (460 °C) (Figs. 15 and 16).
The yield strengthening of a Cu alloy is mainly
determined by the joint action of dislocation
strengthening, precipitation strengthening, grain
boundary strengthening, and solution strengthening
[32—34]. During the heat treatment, the dislocation
density, precipitate density, and grain size changed,
resulting in a change in the yield strength of the
alloy. Therefore, the strengthening mechanism of
the Cu—6.5Fe—0.3Mg alloys after aging at 300 °C
and annealing at 550 °C was investigated to
determine the softening behavior of the alloys
during heat treatment.

(1) Dislocation strengthening (A gg-ai)

Dislocations are staggered and tangled by
external forces, which hinder their movement [37].
Therefore, dislocation strengthening is one of the
main methods by which Cu alloys are strengthened.
The strengthening effect is closely related to the
dislocation density (p) [28]. The matrix phases in
Cu—Fe alloys are mainly Cu and Fe phases.
Therefore, it is expected that the dislocation
strengthening (Aoggan) of the Cu—6.5Fe—0.3Mg
alloy would result from the combined effect of the
dislocations in the two phases, as expressed by the
following equation [28]:

Ogal = WeuOdcu T WreOdre (8)

where wcy and wre represent the mass fractions of
Cu and Fe, respectively, and o4cu and ogr. are the
dislocation strengthening values in the Cu matrix
and Fe phase, respectively.

(2) Precipitation strengthening (Acorowan)

Cu—Fe alloys are typical precipitation-
strengthened alloys. When dislocations bypass the
precipitated Fe phases, they hinder the movement
of dislocations, thereby improving the stress
resistance of the alloys. Its reinforcement model is
combined with Orowan reinforcement [24—26].

(3) Grain-boundary strengthening (Aogg)

Two crystal grains with different orientations
undergo plastic deformation under the action of
external force, and the dislocations inside the

crystal grains slip along the crystal planes to form
dislocation accumulations, thereby improving the
yield strength of the alloy. Its reinforced model
conforms to the Hall-Petch model [26].

(4) Solid-solution strengthening (Aoss)

The Mg and Fe atoms dissolved in the Cu
matrix cause lattice distortion, which increases the
stress required for dislocation movement and the
difficulty of dislocation slip [35]. At room
temperature, the solid solubility of the Fe atoms in
the Cu matrix is small and the addition of Mg
promotes the precipitation of the Fe phase.
Therefore, the solid solution strengthening effect
caused by elemental Fe can be ignored.

Equation (9) can be used to calculate the total
yield strength of an alloy [36]:

Aotota=AG)+HAGOrowan T Add-at Aoget+Aadss (9)

where oy is the strength of the Cu matrix (generally
60 MPa).

The values of the related parameters are shown
in Table 1. Table 2 lists the contribution of each
strengthening mechanism to the total yield strength.

The calculated yield strengths of the aged
Cu—6.5Fe—0.3Mg alloys prepared by Process 1 and
Process 2 are 646.8 and 722.6 MPa respectively;
they are 398.3 and 578.7 MPa after annealing at
550 °C for 1h, which are consistent with the
experimental results. It is worth noting that the
dislocation strengthening of the alloy prepared by
Process 2 always dominates before and after
annealing at 550 °C for 1h, while the dominant
strengthening mechanism of the alloy prepared by
Process 1 changes from dislocation strengthening
to precipitation strengthening. The precipitation
strengthening, grain boundary strengthening and
solution strengthening of the alloys prepared by two
processes have no significant changes before and
after annealing at 550 °C for 1 h. It is obvious that
the loss of alloy strength (the softening mechanism)
is mainly attributable to the decrease in dislocation
strengthening after annealing. The dislocation
strengthening loss rate of the alloy prepared using
Process 2 (32.8%) was far lower than that of the
alloy prepared using Process 1 (69.1%). This is
mainly attributable to the fact that the dense Fe
fibers in the Cu—6.5Fe—0.3Mg alloy prepared using
Process 2 inhibited the movement and annihilation
of dislocations, resulting in higher softening
temperature of the alloy.
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5 Conclusions

(1) The recrystallization activation energy and
driving pressure of the grain growth of the alloy
prepared using Process 2 were 98.11 kJ/mol and
1.32 MPa, respectively. Therefore, the Q value was
25.28 kJ/mol higher and the P value was 0.04 MPa
lower than those of the alloy prepared using Process
1. The Cu—6.5Fe—0.3Mg alloy prepared using
Process 2 was better able to resist recrystallization
and grain coarsening than the alloy prepared using
Process 1.

(2) The softening mechanism of Cu—6.5Fe—
0.3Mg alloys prepared using the two processes
was mainly attributable to the synergistic effects
of precipitation strengthening, grain boundary
strengthening, and dislocation strengthening; the
loss of dislocation strengthening was the main
factor. The density of Fe fibers in the Cu—6.5Fe—
0.3Mg alloy prepared using Process 2 was higher
than that of the alloy prepared using Process 1. The
dense Fe fibers effectively inhibited the annihilation
of dislocations and the migration of grain
boundaries, resulting in the higher softening
temperature of the alloy prepared by Process 2.

(3) The softening temperature, Vickers
hardness, yield strength, and tensile strength of
the alloy prepared using Process 2 were 570 °C,
HV 207.7, 752 MPa, and 818 MPa, respectively,
and after aging at 300 °C for 1 h, they were 110 °C,
HV 15, 117 MPa, and 114 MPa higher, respectively,
than those of the alloy prepared using Process 1.
The peak conductivities of the alloys prepared using
the two processes were not significantly different,
i.e., approximately 65.8% (IACS).
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