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Effects of Fe content on microstructure and properties of Cu—Fe alloy
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Abstract: Cu—Fe alloys with different Fe contents were prepared by vacuum hot pressing. After hot rolling and aging
treatment, the effects of Fe content on microstructure, mechanical properties and electrical conductivity of Cu—Fe alloys
were studied. The results show that, when w(Fe)<60%, the dynamic recrystallization extent of both Cu phase and Fe
phase increases. When w(Fe)>60%, Cu phase is uniformly distributed into the Fe phase and the deformation of alloy is
more uniform. With the increase of the Fe content, the tensile strength of Cu—5wt.%Fe alloy increases from 305 MPa to
736 MPa of Cu—70wt.%Fe alloy, the elongation decreases from 23% to 17% and the electrical conductivity decreases
from 31%IACS to 19%IACS. These results provide a guidance for the composition and processing design of Cu—Fe

alloys.
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1 Introduction

Cu-Fe alloys have the advantages of high
electrical conductivity and thermal conductivity of
Cu, soft magnetism, high strength and stiffness of
Fe [1,2]. Among them, Cu—Fe alloys with low Fe
content (<2wt.%) are widely used in lead frame
materials, especially the Cu—Fe—P alloy has a
mature commercial brand (C19700) [3.,4].
Cu—5wt.%Fe alloy and Cu—10wt.%Fe alloy have
higher strength and conductivity than those of
C5191 (Tin bronze) [5,6]. For Cu—Fe alloys with Fe
content higher than 20 wt.%, due to the magnetic

shielding properties of Fe, they have great potential
in the field of marine communication. When Fe
content is higher than 30 wt.%, the alloys obtain
good electromagnetic shielding performance and
wear resistance [7], and are widely used in cooling
plate of communication equipment, electromagnetic
shielding system, etc.

As a typical kind of metastable immiscible
alloy, Cu—Fe alloys will form two liquid regions
during solidification, namely, Cu-rich zone (L1)
and Fe-rich zone (L2) [8]. This will result in
serious macro-segregation and inhomogeneity in
composition, microstructure, and properties of
Cu—Fe alloys after solidification [6,9,10]. Especially
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in the traditional casting process, when the Fe
content exceeds 20 wt.%, the macro-segregation of
Fe phase is more serious. Some results show that
the liquid phase separation of Cu—Fe binary
system begins only 20 °C below the equilibrium
liquidus [11,12]. To solve the above problems,
Cu—Fe alloys with uniform composition and structure
can be prepared by powder metallurgy [13,14].
Firstly, Cu powder and Fe powder or Cu—Fe alloy
powder were mixed evenly, and then Cu—Fe alloys
were prepared by vacuum hot pressing sintering
process. It is not necessary to melt the alloys in the
technical preparation process. At the same time, it is
difficult for Fe to diffuse into Cu at low temperature,
so it can effectively restrain the influence of Fe
atoms on the electrical conductivity of the alloy.
What’s more, hot pressing sintering in vacuum can
effectively avoid impurities and oxidation problems
in the alloys. Besides, by adjusting the volume
fraction of Fe phase in the alloys, the plastic flow
behavior, microstructure evolution, and properties
during the heat treatment can be controlled [15].
SHI et al [16] found that when the mass ratio of Fe:
Cu is 7:3, the alloy had the best performance of
1200 MPa and HRB 98. Their research is mainly
used in diamond cemented carbide tools; however,
the conductivity of the alloy is not considered.

In this work, Cu—70wt.%Fe alloy powder and
Cu powder were used as raw materials to prepare
Cu—Fe alloys with different Fe contents by powder
metallurgy method. The microstructure and
properties of Cu—Fe alloys were studied by
adjusting the powder proportion, which provided
experimental and theoretical basis for the
development of Cu—Fe alloy technology.

2 Experimental

First of all, Cu—70wt.%Fe alloy powder was
prepared by atomization method. Cu—70wt.%Fe
alloy powder and pure Cu powder with particle size
less than 37 um were screened by 37 um screen.
After mixing the Cu—70wt.%Fe alloy powder and
pure Cu powder with different composition ratios,
Cu—5wt.%Fe, Cu—10wt.%Fe, Cu—20wt.%Fe,
Cu—40wt.%Fe, Cu—60wt.%Fe and Cu—70wt.%Fe
alloys were prepared by vacuum hot pressing. The
hot pressing temperature was 600 °C, the pressure
was 400 MPa, and the holding time was 3 h. Cu—Fe
alloys with different compositions were hot rolled.

The hot rolling temperature was 500 °C and the
deformation was 50%.

The tensile samples of Cu—Fe alloys were
processed by wire electrical discharge machining
(WEDM). The length, width, and thickness of
gauge are 35, 5, and 2 mm, respectively. An MTS
universal material testing machine was used to test
the mechanical properties of alloy samples with
different compositions. The tensile strain rate of the
samples at room temperature was 10 >mm/s .
Three samples were tested in each group, and the
average value of the test results was taken.

Specimens with size of 50 mm (length) x
Smm (width) x 2 mm (thickness) were cut from
alloy samples with different Fe contents. The
resistivity in different states was measured by
double-bridge method. Three specimens in each
group were tested, and the average value was used
to calculate the conductivity.

Specimens of 5 mm (length) x 5 mm (width) x
2 mm (thickness) were cut from alloy samples with
different Fe contents. After mechanical polishing
and vibration polishing, the specimens were
analyzed by electron backscatter diffraction
(EBSD). A Tescan mira3 field emission scanning
microscope was used for electron microscopy and
EBSD. And electron probe micro-analysis (EPMA,
JXA—-8800R, JEOL, Japan) equipped with
OXFORD INCA 500 wavelength dispersive X-ray
spectrometer (WDS) was used to determine the
distribution of elements. The detection plane was
the longitudinal section of the strip to obtain more
accurate information of microstructure evolution.

3 Results

3.1 Microstructure of Cu—Fe alloy

Figure 1 shows the SEM images of Cu-—
xwt.%Fe (x=5, 10, 20, 40, 60, 70) alloys prepared
by powder metallurgy. The microstructure of the
alloys consists of Fe phase in dark gray region and
Cu phase in light gray region. The circular Fe phase
is uniformly distributed in the Cu phase, and the
average size is approximately 30 um. The size and
morphology of the original Cu—70wt.%Fe alloy
powder particles are retained. The Cu phase is filled
in the gap between Cu—70wt.%Fe alloy powders. In
addition, most of the sintering defects exist at the
interface between Cu and Fe, as shown in the black
area. With the increase of Fe content, the amount of
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Fe phase increases. When the Fe content is To further analyze the distribution of Fe in the
increased to 70 wt.%, the Cu—Fe alloys prepared alloy, the Cu phase and Fe phase in Cu—20wt.%Fe
from Cu—70wt.%Fe alloy powder obtain a more alloy were analyzed by EPMA, as shown in Fig. 2.
uniform structure. Figure 2(a) represents the backscattered electron

Fig. 1 Microstructures of Cu—Fe alloy with different Fe contents prepared by powder metallurgy: (a) Swt.%; (b) 10wt.%;
(c) 20wt.%; (d) 40wt.%; (e) 60wt.%; (f) 70wt.%
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Fig. 2 EPMA of Cu—20wt.%Fe alloy: (a) Backscattered electron image; (b) Element distribution map
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image of the alloy, and Fig.2(b) displays the
element distribution map of the corresponding
region, and the right side shows the rainbow
diagram of the corresponding element content. The
gray area in Fig. 2(a) is Fe phase, and Cu-rich zone
with a size approximately 1 um can be observed in
the middle of Fe phase [17]. According to the
rainbow diagram, the dark blue area is the area with
higher Cu contents (Cu content is 80—100 wt.%,
77.82—100 at.%), and the red area is the area with
higher Fe contents (Fe content is 70—100 wt.%,
72.64—100 at.%). The Fe content in the green zone
is 30—40 wt.% (32.78—43.14 at.%), which indicates

that there is a certain degree of mutual diffusion of
elements in Cu—Fe alloys during hot pressing,
forming a certain degree of metallurgical bonding.

To eliminate the defects in Cu—Fe alloys, the
hot rolling process was carried out on the Cu—Fe
alloys. The hot rolling temperature was 500 °C and
the deformation was 50%. Figure 3 shows the SEM
images of Cu—Fe alloys after hot rolling. It can be
noticed that the defects at the interfaces between Cu
phase and Fe phase in the alloys disappear,
indicating that hot rolling can effectively eliminate
the sintering defects of the alloys (compare
Figs. 3(a—c) and Figs. 1(a—c)).

10

Fig.3 Microstructures of Cu—Fe alloys with different Fe contents after hot rolling: (a) 5 wt.%; (b) 10 wt.%; (c) 20 wt.%;

(d) 40 wt.%; (e) 60 wt.%; () 70 wt.%
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To further study the effect of Fe content on the
microstructure of Cu—Fe alloys, EBSD was used to
analyze the microstructure of Cu—Fe alloys after hot
rolling, as shown in Figs. 4-9. In Figs. 4-9, (b) and
(d) display the microstructure of Cu phases, and (c)
and (e) show the microstructure of Fe phases.
Precisely, (b) and (c) are the dynamic

recrystallization distribution of Cu phases and Fe
phases, respectively, where the red area is the
deformed structure and the yellow area is the
sub-grain structure. Besides, the blue area suggests
the dynamic recrystallization structure. (d) and (e)
in Figs. 4-9 are the inverse pole diagrams (IPF) of

Cu phase and Fe phase, respectively. In addition,
the black thick lines are large angle grain
boundaries (>15°), and the black thin lines are small
angle grain boundaries (2°—15°).

Figure 4 shows the EBSD structure of
Cu—5wt.%Fe alloy. It can be seen that most areas
in the alloy are Cu phase with less Fe phase.
Additionally, there are some fine Cu phase particles
in the Fe phase (yellow region). It can be observed
from Figs. 4(b) and (c) that most of the Cu phase
and Fe phase in the hot-rolled Cu—5wt.%Fe alloy
are of sub-crystalline structure, and a small amount
of dynamic recrystallization structure exists in the
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Fig. 5 EBSD images of hot-rolled Cu—10wt.%Fe alloy: (a) Phase distribution diagram; (b) Recrystallization distribution
of Cu phase; (c) Recrystallization distribution of Fe phase; (d) IPF of Cu phase; (e) IPF of Fe phase
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Fig. 6 EBSD images of hot-rolled Cu—20wt.%Fe alloy: (a) Phase distribution diagram; (b) Recrystallization distribution
of Cu phase; (c) Recrystallization distribution of Fe phase; (d) IPF of Cu phase; (e) IPF of Fe phase
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Fig. 7 EBSD images of hot-rolled Cu—40wt.%Fe alloy: (a) Phase distribution diagram; (b) Recrystallization distribution
of Cu phase; (c) Recrystallization distribution of Fe phase; (d) IPF of Cu phase; (e) IPF of Fe phase

Cu phase. Figures 4(d) and (e) are the IPF of Cu
phase and Fe phase in the alloy, respectively. It can
be found from the figure that some twins are
produced in the Cu phase, and the average grain
size is approximately 12 um. The grain orientation
of Fe phase is basically consistent, which indicates
that the deformation degree of Fe phase in the alloy
is small.

Figure 5 shows the EBSD structure of
Cu—10wt.%Fe alloy. The amount of Fe phase in the
alloy increases and it is elongated along the rolling
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direction. According to Figs. 5(b) and (c), the
deformation degree of Fe phase of Cu—10wt.%Fe
alloy is significantly higher than that of Cu—
Swt.%Fe alloy, and the dynamic recrystallization
grain fraction also rises significantly. It can be seen
from Figs. 5(d) and (e) that the average grain size of
Cu phase is approximately 8 um, and the average
grain size of Fe phase is approximately 6 pm which
is smaller than that of Fe phase in Cu—5wt.%Fe
alloy. It is also noticed that the grain orientation in
Fe phase is more dispersed.
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Fig. 8 EBSD images of hot-rolled Cu—60wt.%Fe alloy: (a) Phase distribution diagram; (b) Recrystallization distribution
of Cu phase; (c) Recrystallization distribution of Fe phase; (d) IPF of Cu phase; (e) IPF of Fe phase
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Fig. 9 EBSD images of hot-rolled Cu—70wt.%Fe alloy: (a) Phase distribution diagram; (b) Recrystallization distribution
of Cu phase; (c) Recrystallization distribution of Fe phase; (d) IPF of Cu phase; (e) IPF of Fe phase

Figure 6 shows the EBSD structure of Cu—
20wt.%Fe alloy. The distribution of Fe phase is
similar to that in Cu—10wt.%Fe alloy. It can be seen
from Figs. 6(b) and (c) that almost all Cu and Fe
phase grains are sub-crystalline and recrystallized.
At the same time, the recrystallized grains of Fe
phase are finer, approximately 1 um, and the
average grain size of Cu phase is approximately
7 um, which indicates that the deformation degree
of Fe phase in Cu—20wt.%Fe alloy is further
increased under the same hot rolling conditions.

Figure 7 shows the EBSD structure of Cu—

40wt.%Fe alloy. As the proportion of Cu—70wt.%Fe
alloy powder increases, the contact area between
Cu—70wt.%Fe alloy powders increases, and a large
area of continuous Fe phase region is formed in the
alloy. With respect to Figs. 7(b) and (c), there are a
lot of recrystallized grains in both Cu and Fe phases.
In addition, Figs. 7(d) and (e) suggest that the Cu
and Fe phases are broken up more finely during
deformation.

Figure 8 shows the EBSD structure of
Cu—60wt.%Fe alloy. The amount of Cu phase in the
alloy decreases, while the amount of Fe phase
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increases obviously and becomes the main phase
composition. After hot rolling, the Cu phase in the
alloy is elongated along the rolling direction and
becomes a slender fiber structure. The
recrystallization degree of Fe phase is also
enhanced obviously. The average grain size is
approximately 12 pm, and the refining degree is
reduced.

Figure 9 shows the EBSD structure of
Cu—70wt.%Fe alloy. It can be seen from the figure
that the Cu phase particles are evenly distributed in
the Fe phase, and part of the Cu phase is elongated
into fibrous structure along the rolling direction,
as shown in Fig. 9(a). In addition, dynamic
recrystallization occurs in most Cu and Fe phases,
and the deformation degree of the alloy is uniform,
as shown in Figs. 9(b) and (¢).

3.2 Mechanical properties and electrical
conductivity of Cu—Fe alloys

Figure 10 shows the change of tensile strength
of Cu—Fe alloys with Fe content after hot rolling
and hot rolling + aging (420 °C, 2 h). It can be seen
from the figure that with the increase of Fe content,
the tensile strength of hot-rolled alloy increases,
from 305 MPa of Cu—5wt.%Fe alloy to 736 MPa of
Cu—70wt.%Fe alloy, indicating that Fe content is
one of the main factors affecting the tensile strength
of the alloys. Additionally, the tensile strength of
the alloy is improved after aging for 2 h.
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Tensile strength/MPa

—=— Hot rolling

300 - *— Hot rolling+aging for 2 h

5 10 20 40 60 70
Fe content/wt.%

Fig. 10 Tensile strength of Cu—Fe alloys with different
Fe contents

Figure 11 shows the change curve of
elongation of Cu—Fe alloys with Fe content after
hot-rolling and hot-rolling + aging (420 °C, 2 h),
respectively. According to Fig. 11, the elongation of

the hot-rolled alloys drops with the increase of Fe

content. When the Fe content increases to 60 wt.%,
the elongation of the alloy reduces from 23% of
Cu—5wt.%Fe to 15% of Cu—60wt.%Fe, and the
elongation of the alloys slightly increases to 17%
when the Fe content continues to increase to
70wt.%. When the Fe content is 5—40 wt.%, the
elongation of the alloys after hot rolling and aging
treatment is slightly higher than that of the hot-
rolled alloys.
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Fig. 11 Variation of elongation of Cu—Fe alloy with Fe
content

Figure 12 shows the electrical conductivity of
Cu—Fe alloys with Fe content after hot rolling and
hot rolling + aging treatment, respectively. With the
increase of Fe content, the electrical conductivity of
hot-rolled alloys decreases. After aging at 420 °C
for 2 h, the electrical conductivity of the alloys
increases in varying degrees. For example, the
conductivity of Cu—5wt.%Fe alloy increases
from 31%IACS to 44%IACS, while that of
Cu—70wt.%Fe alloy increases from 14%IACS to
20%IACS.
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Fig. 12 Variation of electrical conductivity of Cu—Fe

alloy with Fe content
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4 Discussion

4.1 Effect of Fe content on microstructure of

Cu—Fe alloys

According to the results of metallography,
EPMA, SEM and EBSD, the microstructure of
Cu—Fe alloys during hot rolling is closely related to
Fe content. In terms of the difference of Fe content,
the microstructure changes of Cu—Fe alloys can be
divided into three categories: (1) when the Fe
content is less than 20 wt.%, the dynamic
recrystallization results in refinement of Cu phase
and Fe phase structure, in which Fe phase is
elongated into fibrous structure along the rolling
direction; (2) when the Fe content is 20—60 wt.%,
the dynamic recrystallization degree of Cu phase
and Fe phase increases, the grain refinement degree
of both phases also increases, and the deformation
streamline is more and more obvious; (3) when the
Fe content is higher than 60 wt.%, the Cu phase
distributes uniformly in the Fe phase, and most of
Cu phase and part of Fe phase are recrystallized
dynamically, and the deformation of alloy is
uniform.

When Fe content is less than 20 wt.%, Cu—Fe
alloys consist of Cu phase and honeycomb Fe
phase. In the hot rolling process, the yield strength
of Cu phase is obviously lower than that of Fe
phase [18]. In addition, under the rolling force, Cu
phase is more prone to plastic deformation than Fe
phase, and the deformation degree of Cu phase is
obviously higher than that of Fe phase, which
results in larger shear strain at the interface
between Cu phase and Fe phase. Under heat and
strain, the dynamic recrystallization occurs in Cu
phase and Fe phase, and the grains of both phases
will be refined. In addition, due to the large particle
size of Fe phase (approximately 35 um), the plastic
flow during hot rolling and the shear strain between
Cu phase and Fe phase make Fe phase deform
along the rolling direction and form fibrous Fe
phase structure, as shown in Fig. 5(a).

When the Fe content is 20—60 wt.%, the
amount of Fe phase in the alloy rises, and the
interfaces between Cu phase and Fe phase also
increase. The shear strain of the interfaces between
the two phases increases correspondingly, which
enhances the dynamic recrystallization of Cu phase
and Fe phase obviously, and leads to grain

refinement. On the other hand, the hot rolling
deformation promotes the grain refinement of Cu
and Fe phases, which is more conducive to the
thermoplastic flow of Cu and Fe phases, forming
deformation streamline structure along the rolling
direction, as shown in Fig. 7(a).

When the Fe content is higher than 60 wt.%,
the amount of Fe phase in the alloy is larger than
that of Cu phase. The soft Cu phase is surrounded
by hard Fe phase. During hot rolling, the
deformation degree between Cu phase and Fe phase
is higher, and the deformation degree is relatively
uniform. The shear deformation degree between
them is obviously less than that of the alloys with
Fe content of 540 wt.%. The results suggest that
there is less dynamic recrystallization of grains and
grain refinement.

4.2 Effect of Fe content on properties of Cu—Fe
alloys

The solid solution elements in the alloy matrix
remarkably affect the electrical conductivity and
mechanical properties of the alloy. From the EPMA
result shown in Fig. 2, there is a certain degree of
atomic diffusion at the interface between Fe and
Cu phases. Therefore, this section discusses the
property evolution of the Cu—Fe alloy after hot
rolling and hot rolling + aging for 2 h.

(1) Mechanical properties

The effect of Fe content on the mechanical
properties of Cu—Fe alloys is closely related to the
quantity and microstructure of Cu phase and Fe
phase. Under the experimental conditions of this
work, Cu—Fe alloys with different compositions
(5-70 wt.% Fe) can be considered as composites,
whose properties are decided by Fe phase and Cu
phase. Fe phase is a hard phase and Cu phase is a
soft phase. In the Cu—5wt.%Fe alloy, the minor
contribution of Fe to the strength is caused by the
small amount of Fe phase and its low deformation
degree. Meanwhile, the dynamic recrystallization
occurs in the Cu phase. The working hardening of
alloy is low, which contributes to a lower strength
(305 MPa) and a higher elongation of the alloy
(23%). With the increase of Fe content to 60 wt.%,
the amount of Fe phase in the alloy increases, and
the amount of Cu phase decreases. The increase of
hard Fe phase has a greater effect on improving the
strength of the alloy than the decrease of soft Cu
phase. At the same time, the number of phase
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interfaces between Fe phase and Cu phase increases,
the dynamic recrystallization of Fe phase and Cu
phase increases obviously, and the grain size of
both phases is obviously refined. The results show
that the strength of the alloy increases with the
increase of Fe content. In addition, with the growth
of the amount of Fe phase, the hot-rolled work
hardening of the alloy is also significantly improved,
and the elongation decreases with the increase of Fe
content. When the content of Fe is 70 wt.%, the
amount of Fe phase continues to increase. The work
hardening of the hot rolling alloy also increases,
which makes the strength of the alloy continuously
increase. Meanwhile, the soft Cu phase distributes
evenly in the Fe phase, which makes the elongation
increase slightly after fracture of the alloy.

The hot-rolled Cu—Fe alloys with different
compositions were aged at 420 °C for 2 h. The Fe
atoms which dissolved in Cu phase precipitated and
then dispersed as nano-size particles within the Cu
phase, leading to the precipitation strengthening
effect in a certain degree [13]. Meanwhile, the
aging also caused a recovery in the alloy, which
reduced dislocations and other defects in Cu phase
and Fe phase. However, the effect of precipitation
strength of Fe phase is greater than that of recovery
softening, which causes slight increase in the
strength of alloy (20—50 MPa) and the elongation
after fracture.

(2) Electrical conductivity

The influence of the electrical conductivity of
Cu—Fe alloys is closely related to the amount of Fe
phase and Cu phase, the number of atoms and
defects in alloy, and the conductivity of Fe phase is
significantly lower than that of Cu phase. For the
Cu—Fe alloys, with the increase of Fe content, the
amount of Fe phase increases and the amount of
Cu phase decreases, which makes the electrical
conductivity of the alloy decrease. In addition, the
number of Cu/Fe phase interfaces also increases,
and the degree of electron scattering increases.
Therefore, the increase in Fe phase and Cu/Fe
interfaces is the main reason for the decrease of
electrical conductivity of Cu—Fe alloy. The hot-
rolled Cu—Fe alloys with different compositions
were aged at 420 °C for 2 h. The Fe atoms which
dissolved in the Cu phase precipitated and the
electron scattering decreased, which led to the
improvement of electrical conductivity of the alloy
after aging.

5 Conclusions

(1) Cu—Fe alloys with different Fe contents
were prepared by mechanical mixing and hot
pressing with pure Cu powder and Cu—70wt.%Fe
alloy powder. After hot rolling at 500 °C and aging
at 420 °C for 2 h, the tensile strength, elongation to
failure and electrical conductivity of Cu—70wt.%Fe
alloy are 755MPa, 17% and 20%IACS,
respectively.

(2) Fe content has a great effect on the
microstructure of Cu—Fe alloys. When w(Fe)<60%,
the dynamic recrystallization extent of both Cu
phase and Fe phase increases, which improves the
grain refinement of both phases, and the
deformation streamline is more obvious. When
w(Fe)>60%, the Cu phase is more evenly
distributed into the Fe phase, and dynamic
recrystallization happens in most of Cu phase and
part of Fe phase.

(3) With the increase of the Fe content, the
tensile strength of Cu—5wt.%Fe alloy increases
from 305 MPa to 736 MPa of Cu—70wt.%Fe alloy,
the elongation decreases from 23% to 17%, and the
electrical conductivity decreases from 31%IACS to
19%IACS.
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