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ABSTRACT
In this work, copper ferroalloys (CFAs) with various Fe contents (5, 10 and 30 wt-%) were
fabricated via the mechanical alloying and vacuum sintering method, followed by hot and
cold rolling. Microstructure, mechanical, electrical and magnetic properties were
investigated using scanning electron microscopy (SEM), X-Ray diffraction (XRD), tensile
testing, four-point probe, vibration sample magnetometer and dc BH circuit tracer,
respectively. The CFAs with homogenous and fine in-situ Fe particles prepared by powder
metallurgy showed better performance compared with previously reported conventional
casting. After annealing at 400°C, the cold-rolled CFA with 30 wt-% Fe had the tensile
strength of 621 MPa, the electrical conductivity of 50.2% IACS, magnetic saturation strength
(Ms) of 60.39 emu g−1 and coercivity (Hc) of 98.2 Oe, achieving a good combination of
mechanical and functional properties. Relations between the microstructure and mechanical
and functional properties are discussed in detail.
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1. Introduction

Copper ferroalloys (CFAs) have attracted a lot of
interest due to their high strength and electrical con-
ductivity, outstanding magnetic properties and elec-
tromagnetic shielding [1–4]. They have many
applications in electronics, machinery and transpor-
tation, such as magnetic recording storage elements,
shielding wires, cable jackets, new motor coils and
smartphone accessories. Thus, they have been a sub-
ject of research in materials science for many years.

However, the mixing enthalpy between Cu and Fe
is positive, resulting in an immiscible region of the
metastable liquid phase in the phase diagram. This
miscibility gap was first observed by Nakagawa [5].
When the homogeneous melt of this system is cooled
and enters the liquid-phase immiscible zone, it will
decompose into two mutually immiscible liquid
phases. In traditional casting processing, the homo-
geneous melt tends to form a structure with severe
segregation due to low cooling rates of about 102

K sec−1. Meanwhile, the Fe particles are coarse and
dendritic, which makes CFAs produced by casting
be apt to crack during plastic deformation. To solve

this problem, many researchers have studied CFAs
through various methods. Jeong et al. [6,7] controlled
the shape and size of Fe by adding a small amount of Si
element. Fine and spherical Fe phase was formed
when 2 wt-% Si was added, and the yield strength
was 35% higher than without Si. Li et al. [8] studied
the microstructure and properties of Cu-10Fe-3Ag
original composites. The addition of Ag can refine
the primary Fe weaving crystals under cold working
conditions. The tensile strength was 230 MPa, which
was higher than the Cu-10Fe composites, and the elec-
trical conductivity was about 4% IACS. The above
work demonstrated that the distribution and size of
Fe particles in CFAs were improved in the casting pro-
cess, along with the physical properties. Nevertheless,
the mechanical and functional performance of CFAs
by casting is far from satisfying, especially for CFAs
with more than 10 wt-% Fe, due to inherent immisci-
bility during casting.

It is well known that powder metallurgy (PM) tech-
nology is an effective way to minimise the segregation
of alloy components, eliminate coarse and uneven cast
structure, which is an advanced process for preparing
high-performance materials. Wang et al. [9] prepared
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Cu-15 wt-% Fe alloy by gas atomisation pre-alloy pow-
ders and spark plasma sintering (SPS), and subsequent
cold working. The results show that the tensile
strength was 1216 MPa, and the electrical conductivity
was 47.6% IACS when the total deformation strain was
6. The study of Kim et al. [10–12] shows that the elec-
trical conductivity and magnetic properties of CFAs
increased with the decrease of the size of gas atomisa-
tion alloy powders. When the powders particle size
was less than 24 μm, the electrical conductivity of
CFA 30 was 20.1% IACS, the magnetic saturation
strength (Ms) was 57 emu g−1, and the coercivity
(Hc) was 256 Oe. Jerman et al. [13] prepared a precur-
sor body by powder metallurgy and obtained a Cu-Fe
alloy with excellent properties through deformation
and heat treatment. Current studies of PM CFAs
have mainly focused on gas atomisation alloy powders
and SPS processing. However, atomised spherical
powders have the disadvantages of poor formability
and solid–liquid phase transition, and the preparation
efficiency is severely limited by the SPS process. Fur-
thermore, the systematic study of the relationship
between the microstructure, mechanical, electrical
and magnetic properties of Cu-Fe alloys produced
by PM is still lacking, which have important research
value in electromagnetic shielding materials related
to communication base stations and electronic
devices.

In this study, PM CFAs were prepared by mechan-
ical alloying, cold isostatic pressing, vacuum sintering
and subsequent rolling deformation, with no solid–
liquid phase transition. This route can be used to pre-
pare large-size samples with the complex shape at a
low cost. The results showed that CFAs with fine
and uniform in-situ Fe particles were achieved and
their comprehensive performance was superior to tra-
ditional methods and previous research reports. The
relationship between microstructure and mechanical
and functional properties was discussed. It can pro-
vide relatively complete basic data for industrial
production.

2. Experimental procedure

Commercially available electrolytic Cu powders
(99.5%, D50 = 10 μm) and carbonyl Fe powders
(99.5%, D50 < 10 μm) were used as raw materials.
The powders were then sealed in a stainless steel jar
under an argon atmosphere with a ball-to-powders
ratio of 10:1, and the powders were ball milled for
16 h at room temperature using a GN-2 high-energy
vibration ball mill. 1 wt-% stearic acid was added as
a process control agent to prevent powders from stick-
ing to the tank during ball milling. To avoid oxidation
of raw powders before transfer to stainless steel jars,
the raw materials were stored in a glove box filled
with high purity argon gas and the powders loading

was completed in this box. The composite powders
after ball milling were annealed at 500°C for 1 h to
improve their formability. After that, cold isostatic
pressing (CIP) at 200 MPa was conducted to obtain
a green body with 100 × 100 × 12 mm dimensions.
The sintering process was performed at 1000°C for
2 h in a vacuum sintering furnace (10−2 Pa, HTS-
1500) at 5°C min−1 heating rate. Pure titanium pow-
ders as oxygen absorbents were placed around the
green samples but not in contact with each other
during sintering. The sintered block sample was
3 mm thick after hot rolling at 800°C, and then cold-
rolled into 0.5 mm thickness. Herein, εwas introduced
to represent the strain in the rolling process, ε = ln (h0/
h), where ε is the strain, h0 and h are the initial and
final thickness of the sample, respectively. Finally,
the cold-rolled samples were annealed at 400°C and
600°C for 1 h, respectively. The preparation process
is shown in Figure 1.

The density was measured according to Archi-
medes’ principle. Phase identification was evaluated
by X-ray diffraction (XRD, TTRIII) with Cu Kα radi-
ation at a scanning rate of 5° min−1, 40 kV and
30 mA. The microstructure and composition of
CFAs were analysed by field emission scanning elec-
tron microscope (FESEM, Zeiss Supra 55), energy dis-
persive spectra (EDS) and transmission electron
microscopy (TEM, FEI Tecnai G2-F20). Room temp-
erature tensile tests were conducted using a YHS-
216W-200N electronic universal testing machine,
according to the ASTM E8. Electrical conductivity
was measured by using a four-point probe at room
temperature. The results were expressed in units of
‘% IACS’ calculated by comparison with the electrical
conductivity of an International Annealed Copper
Standard. The magnetic performance test was carried
out by the Lakeshore-7400s vibration sample magnet-
ometer with a maximum applied magnetic field of
15,000 Oe. The measurement accuracy of the mag-
netic saturation strength (Ms) was 5 × 10−7 emu, and
the coercivity (Hc) was measured by a dc BH circuit
tracer with an accuracy of 10−2 Oe. After testing, the
samples were weighed using a precision balance with
an accuracy of 0.0001 g.

3. Results and discussion

3.1. Powders characterisation

The SEM micrographs of raw powders are shown in
Figure 2. Figure 2(a) shows the electrolytic Cu pow-
ders with an irregular shape and an average particle
size of about 10 μm. Figure 2(b) shows the carbonyl
Fe powders, with spherical shape and the particle
size less than 10 μm. Figure 2(c) shows the mechani-
cally alloyed composite powders with a flake shape
and a size of fewer than 10 μm. Figure 3 shows the
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X-ray diffraction patterns of the ball-milled CFAs
(containing 5, 10 and 30 wt-% Fe, marked by CFA 5,
CFA 10 and CFA 30, respectively) composite powders
before and after annealing. All diffraction reflections
in the spectra are attributed to body-centred cubic
(bcc) α-Fe and face-centred cubic (fcc) Cu phases.
No reflections of other intermetallic compounds
were found. The reflections positions of the Fe and
Cu phases did not change with different composition,
indicating that the crystal structure remained stable.
The composite powders of CFA 5 and CFA 10 had
only diffraction reflections of Cu, and CFA 30 had a
tiny hump of Fe (110) in addition to Cu after ball
milling. After annealing, (110), (200) and (211) Fe
diffraction reflections appeared, and their intensity
got stronger with increased Fe content. In addition,
Cu (200) reflection position after annealing was
shifted to a larger angle, and the diffraction reflection
became narrower. This indicated that the Fe in CFA 5
and CFA 10 had been completely dissolved in Cu,
while CFA 30 still had a small amount of undissolved
Fe after ball milling, which was consistent with pre-
vious reports on the mechanical alloying of Cu-Fe
alloys [14–17]. According to the Cu-Fe phase diagram,
the equilibrium solubility of Cu and Fe at room temp-
erature is close to zero, but mechanical alloying can
extend the equilibrium solubility limit to form a
supersaturated solid solution [18]. Because the atomic
radii of Fe and Cu are very close (1.26 and 1.28 Å,
respectively), and their electronegativity is also com-
parable, it is easy to form a substitutional solid sol-
ution, causing a certain degree of lattice distortion
because of the repulsion induced from the positive
enthalpy between Cu and Fe. After annealing, the Fe
element precipitated from the Cu matrix, which
resulted in the occurrence of Fe diffraction reflections
and the slight shift of Cu narrower diffraction reflec-
tions to larger angles.

Figure 4 is the EDS mapping spectrum of the cross-
section of the CFA 10 and CFA 30 composite powders
after mechanical alloying. The element distribution
profile showed that Cu and Fe overlapped well, and
the distribution was uniform, without obvious segre-
gation. This indicated that Fe was uniformly dissolved
in Cu after ball milling, which was consistent with the
XRD results.

3.2. Microstructure

Figures 5 and 6 are SEM images of cross-sections and
longitudinal sections of CFAs with different Fe con-
tents after hot rolling and cold rolling, respectively.
As shown in Figure 5, CFAs have achieved densifica-
tion after the large deformation (ε = 1.2) during hot
rolling, and the density of CFA 5, CFA 10 and CFA
30 have reached 95.5%, 97.2% and 98.3%, respectively.
The reason for the lack of complete densification is
that there may be some oxides and pores in the sample
which hinder the densification process and are
difficult to weld in hot rolling. This is beneficial to
the subsequent cold rolling process, which can not
only alleviate the internal stress of rolling, but also
hinder the propagation of microcracks. The dark
grey and irregular area related to the Fe-rich phase,
and the bright white area is related to the Cu-rich
phase. Figure 7 shows the element distribution
profile and the element energy spectra of the EDS
mapping in the longitudinal section of CFA 10 after
cold rolling. It could be seen that the Cu phase was
surrounded by the Fe phase, which proved that the
grey particles were Fe particles and the bright white
area was the Cu matrix. The measurement result of
Fe content was about 10.23 wt-%, which proved the
advantages of controllable structure and composition,
uniform structure and no segregation in the PM pro-
cess. The number of pores reduced with increased Fe
content after rolling. The Fe particles had an irregular
shape in the transverse direction and were distributed
in a strip shape in the longitudinal direction due to
deformation and elongation. The deformation of the
particles was not uniform. Some Fe particles were
more elongated in the rolling direction, and the length
and width were relatively large. Others still maintained
a small aspect ratio, and the pores were also elongated
in the rolling direction due to deformation, which
induced large cracks along the rolling direction.
After cold rolling, the pores were further reduced,
and the relative density of CFA 5, CFA 10 and CFA
30 reached 98.8%, 99.2% and 99.6%, respectively.
The cross-section of Fe particles was irregular and ran-
domly oriented. The Fe particles need to be compati-
ble with the matrix during deformation to adapt to the
strain of the matrix, resulting in an irregular shape. A

Figure 1. Schematics of the CFAs fabrication process.
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similar phenomenon has been reported by Biselli [19].
The longitudinal section of Fe particles was elongated
in a strip shape along the rolling direction, and partly
lenticular due to the uneven deformation. After cold
rolling, the thickness difference between the Fe par-
ticles in the longitudinal section was very significant,
and the spacing between the particles decreased,
showing obvious orientation distribution character-
istics. The microstructure of the deformed CFAs was
similar to previously reported deformed structures of
Cu-Fe alloys [19–21]. Raabe et al. [22] pointed out
that only when the amount of deformation was
large, the secondary phase fibres with small size and
uniform distribution could be formed.

During rolling the microstructure of Cu-Fe alloy
evolved as during typical deformation process of iso-
tropic polycrystalline materials. When the material
was deformed, the internal pores were compressed
and welded, while some unwelded areas may be

stretched to form micro-cracks. Meantime, the num-
ber of pores will be greatly reduced, increasing the
relative density. During the deformation process, the
Fe particles first rotated to the optimal orientation
that was easy to be deformed. When the stress acting
on the particles was large enough to reach the yield
stress, the Fe particles will plastically deform and
stretch in a stripe distribution along the rolling direc-
tion. When the stripe thickness was larger, the particle
spacing was smaller, and the deformation tendency
was related to the original particle size [19]. It can
be observed from the cold-rolled longitudinal section
SEM image of CFA 30 that the thickness of the lenti-
cular Fe particles varies along the axis direction, which
might be due to the uneven thickness of the original
particles. The required stress was lower and therefore
more prone to plastic deformation. The parts of the Fe
particles were thinner in the central region, and local
‘necking’ occurs during the deformation process.

Figure 2. SEM images of raw material powders: (a) electrolytic Cu powder; (b) carbonyl Fe powder and (c) mechanically alloyed
composite powder.

Figure 3. XRD patterns of CFAs before and after annealing: (a) 20–90°; (b) 44–52°.
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When the stress acting on the region was large
enough, it would break into two independent particles,
resulting in the refinement of Fe particles. The gener-
ation of ‘necking’ helped the Fe particles and the cop-
per matrix to be compatible with each other during the
deformation process and maintain continuity with the
two phases.

3.3. Mechanical properties

Figure 8 shows the bar chart of mechanical properties
of CFAs with different Fe content after cold rolling fol-
lowed by 400°C annealing. The ultimate tensile
strength (UTS) increases and the elongation (EL)
decreases with Fe content. When the content of Fe
was 30 wt-%, the UTS was 621 MPa and the yield
strength (YS) was 535 MPa, which is 169% and
339% higher than pure Cu, respectively. Figure 9
shows the true stress–strain curves of the CFA 30
alloy as hot rolled, cold rolled and annealed. After
cold rolling the tensile strength was as high as 826
MPa, and the elongation was 2.5%. After annealing
at 400°C, the tensile strength decreased to 621 MPa,
and the elongation increased to 11%. After annealing
at 600°C, the tensile strength decreased to 542 MPa,
and the elongation increased to 14.3%.

According to previous research results, Fe particles
size, phase interface, grain size and the accumulation
of dislocations during the rolling process were the
main strengthening mechanisms of CFAs. Annealing
promoted the coarsening of Fe particles, the precipi-
tation of Fe particles, the recovery and recrystallisation
of Cu matrix, which led to grain growth and the
change of phase interface and dislocation as the funda-
mental reasons for the decrease of mechanical

properties [23–25]. In this work, TEM analysis of
CFA 30 cold-rolled and annealed at 400 °C was con-
ducted, as shown in Figure 9. Figure 9(a,b) are TEM
images of cold-rolled CFA 30 in the longitudinal sec-
tion, in which many dislocations and dislocation cells
(marked by yellow arrows) can be observed due to
cold deformation. In addition, the grains were
elongated along the rolling direction. In the meantime,
a small amount of Fe particles in the size of ∼20 nm
was found in the copper matrix. The EDS results in
Figure 9(c) confirmed that the black particles were
Fe. Figure 9(d) shows the TEM image of the cold-
rolled CFA 30 after 400°C annealing in the longitudi-
nal section. Many nano-sized Fe particles can be
observed in Figure 9(d), and most of them were dis-
tributed in the dislocation network. This is due to
the fact that after annealing, abundant nano-sized Fe
particles precipitated at the defects of the copper
matrix, and simultaneously the dislocation density
decreased. The above reasons led to the change of
mechanical properties and electrical conductivity,
which will be discussed below.

After the large plastic deformation during cold roll-
ing, the Fe particles were elongated into stripe distri-
bution, which increased the dislocation density and
phase boundaries, maintained the strain hardening
level and high-density stripe interface, and finally
obtained higher strength [26]. After annealing at
400°C, the matrix recovered and recrystallised, fine
Fe particles precipitated, dislocation density
decreased, internal stress caused by lattice distortion
was released, and the strain hardening effect was par-
tially eliminated. At the same time, the Fe stripe chan-
ged through longitudinal splitting, crushing and
spheroidisation, and the particles became thicker

Figure 4. EDS mapping of the CFAs composite powders cross-section after mechanical alloying: (a) CFA 10; (b) CFA 30.
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[27]. These were the reasons for the decrease in
strength. When annealed at a higher temperature at
600°C, more Fe particles precipitated from the matrix,
and the spheroidisation of the stripe, the significant
decrease of dislocation density and the complete elim-
ination of internal stress greatly reduced the interfacial
density and interfacial strengthening level, so the
strength of the alloy was further reduced.

Fracture surfaces of the tensile samples were
observed in detail by SEM, and the fracture mor-
phology of CFAs in different states is shown in
Figure 11. Many dimples of different sizes, shapes
and depths were observed in all figures, and there
were Fe particles in the pits of the dimples, showing
typical ductile fracture characteristics. The large dim-
ple size was ∼2 μm and the small dimple size was

∼200 nm, which was consistent with the stripe size
and spacing observed by SEM. The dimple size
obviously increased after annealing, which was due
to the growth of Fe particles. The fracture morphology
and stripe size reflected the morphology of the Fe
stripe from another point of view.

3.4. Electrical conductivity

Figure 10 shows the change of electrical conductivity
of cold-rolled CFAs before and after heat treatment.
Before heat treatment, the electrical conductivity of
CFA 5, CFA 10 and CFA 30 was 43.2% IACS, 42.7%
IACS and 38.4% IACS, respectively. The electrical
conductivity increased to 61.1% IACS, 57.5% IACS
and 50.2% IACS after annealing at 400°C, respectively.

Figure 5. SEM images of hot rolled CFAs: (a), (b) and (c) transverse section; (d), (e) and (f) longitudinal section; (a) and (d) CFA 5; (b)
and (e) CFA 10; (c) and (f) CFA 30.

Figure 6. SEM images of cold rolled CFAs: (a), (b) and (c) transverse section; (d), (e) and (f) longitudinal section; (a) and (d) CFA 5;
(b) and (e) CFA 10; (c) and (f) CFA 30.
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Even if the conductivity of CFA is lower than pure Cu,
it can meet the requirements of electromagnetic
shielding applications. The broadband electromag-
netic shielding effect of CFA can be achieved by add-
ing magnetic iron to reduce the electrical conductivity
of copper. The resistivity of the alloys mainly came
from phonon scattering, interface scattering, impurity
scattering and dislocation scattering, which can be
expressed by the following formula [28]:

rt = r pho + rint + rimp + rdis (1)

where ρt is the total resistivity, ρpho is the resistivity
contribution from the phonon scattering, ρint is the
interface scattering, ρimp is the impurity scattering
and ρdis is the dislocation resistivity. Among them,
the value of ρpho is constant at room temperature,
which can be ignored [13]. ρint and ρimp have the great-
est influence. Therefore, in this experiment, due to the

plastic deformation, the resistivity was mainly affected
by the interface between Cu matrix and Fe particles,
the amount of Fe dissolved in the Cu matrix, and
the dislocations formed. Without heat treatment,
many dislocations form in the rolling deformation.
Owing to the increase of the deformed phase interface
of Fe particles confirmed by TEM results in Figure 9
(a), the scattering of electrons by Fe dissolved in Cu
matrix increases, which led to the lower electrical con-
ductivity of CFAs. It is worth noting that the effect of
Fe content on the conductivity seems to be small, and
the difference between the conductivity of CFA 5 and
CFA 30 as cold-rolled was only 3.8% IACS. This is
because, after a large amount of cold rolling, part of
the precipitated Fe may be re-dissolved in the Cu
matrix to form a supersaturated solid solution, but
the amount of solid solution is less [21]. For the Cu-

Figure 7. EDS maps of the longitudinal section of CFA 10 after cold rolling.

Figure 8. Ultimate tensile strength (UTS), yield strength (YS)
and elongation (EL) of cold-rolled pure copper and CFAs
with different Fe content after 400°C annealing.

Figure 9. Stress-strain curves of CFA 30 in different states: (1)
Hot rolled; (2) Cold rolled; (3) 400°C annealing; (4) 600°C
annealing.
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Fe alloy system, previous studies have shown that the
amount of Fe dissolved in the matrix was the main fac-
tor affecting the electrical conductivity of the alloy
[29,30]. Because the solid solubility of Fe in Cu was
very small and limited, the solid solubility of Fe in
CFA 5 and CFA 30 was almost the same, and both
were supersaturated, so their electrical conductivity
was very similar. Annealing increases the intra-atomic
energy of Fe, promoted the precipitation of Fe in the
solid solution, changed the morphology of Fe stripe,
decreased the interfacial energy, and reduced the
matrix recovery and recrystallisation dislocation den-
sity, all of which reduced the scattering of electrons,
resulting in a significant increase of electrical
conductivity.

3.5. Magnetic properties

3.5.1. Saturation magnetisation
Figure 11 shows the hysteresis loop of cold-rolled
CFAs with different Fe content before and after
annealing. It can be observed that all prepared alloys
exhibit soft magnetic behaviour characteristics with
narrow hysteresis loops. Magnetic saturation strength
(Ms) was attained when all the magnetic moments are
aligned along some common direction resulting in the

largest value of the magnetisation. Before and after
annealing, as the Fe contents increased in the Cu
matrix, the magnetic saturation strength (Ms) of the
alloy increased. Although the present preparation
route of CFAs is different from previous studies, it
was also found that the Ms of CFAs increased with
the Fe content, consistent with the results of previous
studies [31,32]. Before annealing, the Ms of CFA 5,
CFA 10 and CFA 30 was 14.76, 29.30 and
84.79 emu g−1, respectively. After annealing, the Ms

of CFA 5, CFA 10 and CFA 30 is 9.7, 19.91 and
60.39 emu g−1, respectively. This demonstrated that
annealing the CFAs resulted in a corresponding
decrease in the magnetic saturation strength.

Sumiyama et al. [33] reported that for the Cu-Fe
alloy prepared by mechanical alloying, when the Cu
content was higher than 65% critical value, the for-
mation of fcc-Cu supersaturated solid solution led to
the paramagnetism, while the increase of Fe content
brought about the change to ferromagnetism. In this
study, Fe existed in the form of the bcc phase due to
no solid–liquid phase transition in the preparation
process, which can also be obtained from the XRD
results. The binary phase diagram of Cu-Fe shows
that Cu and Fe are almost insoluble at room tempera-
ture equilibrium. Due to mechanical alloying and

Figure 10. TEM results of CFA 30 cold-rolled and after annealing at 400°C: (a) and (b) TEM images of cold-rolled CFA 30 in the
longitudinal section; (c) EDS results of the marked particles; (d) TEM images of CFA 30 after annealing at 400°C in the longitudinal
section.
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subsequent rolling deformation, a supersaturated solid
solution of Cu may be formed in the cold-rolled CFAs.
In the rolling process specifically, the large defor-
mation not only caused the two phases to be stretched
but also changed the phase composition and formed a
supersaturated solid solution. This has been reported
many times in the research of Raabe et al. [34]. Bcc
Fe existed in the Cu matrix as a single-phase or solid
solution in Cu. Each Fe atom in the alloy had a com-
plete magnetic moment, and the Fe atoms were paired
with each other, distributed in the Cu matrix, and each
particle was ferromagnetic, forming multiple magnetic
domains. In this study, because the content of Fe dis-
solved in fcc Cu was relatively small (<35%), the fcc Cu
phase shows paramagnetism, and the contribution to
saturation magnetisation (Ms) in CFAs mainly came
from the Fe phase particles distributed in the Cu
matrix. Therefore, it was not difficult to understand
the phenomenon that the Ms was improved with
increased Fe content. In addition, it is noted that the
Ms of CFAs decreased after annealing. This was con-
trary to what Liu et al. reported [35]. This is because
the Ms of an alloy depends not only on the number
of ferromagnetic magnetic domains, but also on the
crystal defects (such as dislocations and phase bound-
aries) in the material and the size, shape and orien-
tation distribution of the magnetic domains. After
low-temperature annealing, fine Fe particles precipi-
tated from the Cu matrix, and the size of elongated
Fe particles during cold rolling changed through
longitudinal splitting, break-up and spheroidisation,
and the particles became thicker [27,36]. Therefore,

we believe that because the precipitation kinetics of
Fe was too slow, the mass fraction of fine ferromag-
netic Fe particles was very small, which had little
effect onMs. On the contrary, the Fe stripe distributed
in the Cu matrix was coarsened and the phase inter-
face increased, which weakened the orientation distri-
bution of magnetic domains, resulting in the decrease
of the overall Ms. In order to better understand the
change ofMs, we tried to make theoretical calculations
for the annealed CFAs as an example.

The phase content of ferromagnetic bcc-Fe in the
alloy can be estimated from XRD results. Because Ms

mainly came from bcc-Fe, the Ms of CFAs increased
linearly with the Fe content as:

MT
s = hT

FeM
P
Fe (2)

whereMT
s is the theoretical value of saturation magne-

tisation, hT
Fe is the theoretical calculated value of the

bcc Fe mass fraction. MP
Fe is the saturation magnetisa-

tion per unit mass of primary bcc Fe. Taking the sat-
uration magnetisation of CFA 5 as the reference
value, the theoretical saturation magnetisation values
for CFA 10 and CFA 30 can be obtained by calculation

Table 1. Comparison between theoretical and experimental
values of calculated CFAs with reference to CFA 5 after
annealing.
Composition CFA 5 CFA 10 CFA 30

ηFe (wt-%) 4.61 11.25 33.20
MFe (emu g−1) 210.40 210.40 210.40
Theoretical Ms (emu g−1) 9.70 23.67 69.85
Experimental Ms (emu g−1) 9.70 19.91 60.39

Figure 11. SEM micrographs of tensile fracture surface of CFA 30 in different states: (a) Hot rolled; (b) Cold rolled; (c) 400°C
annealed; (d) 600°C annealed.
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as 23.67 and 69.85 emu g−1, respectively. The calcu-
lation results are listed in Table 1. It can be seen
from Figures 12–14 that the calculated theoretical
value was higher than the experimental value, and
the difference increased with the Fe content. This
may be caused by the factors such as the orientation
of Fe particles, the phase interface, the morphology
and the existence of holes in the alloys. Deformation
led to defects and distortion of microstructure,
which might also lead to the decrease of saturation
magnetisation. A better understanding of the mechan-
ism affecting the magnetic behaviour of samples
requires more accurate research, which will be dis-
cussed in our next work.

3.5.2. Coercivity
Coercivity (Hc) is also one of the important par-
ameters of magnetic materials. From the results of
the magnetic hysteresis loop, the coercivity increased
with the increase of Fe content and after annealing.

Before heat treatment, the coercivity of CFA 5, CFA
10 and CFA 30 was 56.3, 65.6 and 85.1 Oe, respect-
ively. After annealing at 400°C, the coercivity corre-
spondingly increased to 66.4, 73.5 and 98.2 Oe. The
coercivity came from the irreversible magnetisation
process, so the factors that affected the irreversible
magnetisation process, such as magnetic anisotropy,
impurities, pores, dislocations and other defects will
affect the coercivity, which is a structure-sensitive par-
ameter [37,38]. In this experiment, Fe particles were
ferromagnetic, and each particle was the single
domain. The magnetic moment increased with the
number of Fe particles, which led to the increased
magnetic anisotropy energy, and the greater the
block to the reverse magnetisation process, the stron-
ger magnetic field was needed for magnetisation rever-
sal. Additionally, the phase interface increased with
the Fe content, resulting in greater structural distor-
tion. In the process of the domain wall displacement
or rotational magnetisation, these phase interfaces

Figure 12. Effect of annealing on the conductivity of cold-
rolled CFAs with different Fe content.

Figure 13. Hysteresis loop curves of different Fe contents before and after annealing of cold rolled CFAs: (a) Before annealing; (b)
After annealing. Here, the number, 1, 2 and 3, is on behalf of the hysteresis loop curve of CFA 5, CFA 10 and CFA 30, respectively.

Figure 14. Theoretical and calculated values of magnetic sat-
uration intensity of annealed CFAs.
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and distortions hindered the domain wall displace-
ment, and dislocations would also bring about the
increase of spin pinning position, which were the
reasons for the increased coercivity [10].

After annealing, the Cu matrix and Fe phase would
precipitate fine Fe and Cu particles, respectively, along
with the growth of Fe phase particles and stress relief.
The non-ferromagnetic Cu precipitated from the Fe-
rich phase had a strong pinning effect on the domain
wall displacement or rotational magnetisation process,
which hindered the domain wall displacement and led
to the increase of coercivity after annealing. Compared
with the pinning effect of precipitates, the growth of Fe
phase particles and the reduction of stress removal
were not the main influencing factors [35].

Table 2 shows the comparison of electrical and
magnetic properties of CFAs prepared in this study
with those prepared by different methods from the lit-
erature. The magnetic saturation intensity (Ms) and
electrical conductivity of CFA with the same compo-
sition can be obtained. The results of this study are
better than those reported in the literature, showing
a better functional combination. Although the coer-
civity (Hc) of CFAs prepared by traditional casting
was low, the magnetic saturation strength (Ms) was
much smaller than that prepared by PM. This was
related to the formation of coarse Fe dendrites and
the possible formation of non-ferromagnetic γ-Fe in
the solid–liquid phase transition during the traditional
casting process. The comparison in Table 2 shows that
the magnetic saturation strength and electrical con-
ductivity of the CFA prepared in this work were higher
than reported in the literature. Because there was no
solid–liquid phase transition in this process, the Fe
particles were magnetic bcc Fe, and the size distri-
bution was uniform. The Fe particles were elongated
along the deformation direction after cold rolling,
and the magnetic domain showed stronger magnet-
ism, so the magnetic saturation strength was larger.
The reason for the higher electrical conductivity
than reported by Kim et al. [10] may be that due to
the high sintering temperature and long time, so Fe
dissolved in Cu precipitates more easily, and a large
number of dislocations and other defects were pro-
duced after later deformation processing, which was
more conducive to the precipitation of Fe, and the

Cu matrix had fewer solid solution atoms, resulting
in higher electrical conductivity. The relatively high
coercivity (Hc) and low electrical conductivity of the
alloy prepared by atomised powders may be related
to defects such as lattice distortion caused by thermal
stress during rapid solidification. The lower CFA pre-
pared by this process than reported by Kim et al. [10]
may be due to higher sintering temperature, easier
precipitation of atoms dissolved in the matrix after
hot rolling, smaller lattice distortion and smaller
resistance of domain wall displacement. Therefore,
the CFAs prepared in this study had excellent func-
tional properties and good mechanical properties. It
follows that CFAs prepared by powder metallurgy
have good application prospects in the electromag-
netic field.

4. Conclusions

To summarise, in this study, mechanical alloying and
vacuum sintering, followed by hot and cold rolling
processes were used to prepare dense CFAs with
different Fe content. It proves that the Fe uniformly
dissolves in Cu by mechanical alloying, and trans-
forms into a supersaturated solid solution. Sub-
sequently, the highly dispersed fine Fe particles are
precipitated during annealing and sintering. Fe par-
ticles were elongated after rolling, and the orientation
became more obvious with Fe content. After anneal-
ing, the precipitation of Fe and the spheroidisation
of Fe particles reduced the mechanical and magnetic
properties, but the electrical conductivity was signifi-
cantly improved, and the effect of microstructure on
mechanical and physical properties was considered.
After annealing at 400°C, CFA 30 had a tensile
strength of 621 MPa, electrical conductivity of 50.2%
IACS, magnetic saturation strength (Ms)
60.39 emu g−1, coercivity (Hc) 98.2 Oe, had good com-
prehensive mechanical and physical properties for
good application prospects in the electromagnetic
field.
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