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The direct electrochemical reduction of a mixture of iron and copper oxides in molten salt (calcium
chloride) has been performed to investigate the possibility of iron and copper alloy production. To this end,
oxide pellets were prepared with a Fe2O3:CuO molar ratio of 1:2. To prepare samples with different
porosity, an appropriate amount of ammonium bicarbonate was added to the oxide mixture. Pellets sintered
at 900 �C for 4 hours. Then electrolysis was conducted at different times (30, 60, 90, and 120 minutes) on
oxide cathodes with different porosities (40, 60, and 70%) at constant temperature and voltage (820 �C and
3 V). During electrolysis, the applied electrical current was recorded to determine the degree of reduction.
Finally, reduced pellets were characterized using x-ray diffraction (XRD) analysis. The results showed that
the degree of reduction of Fe2O3-CuO mixture decreases with increasing pellet porosity, and the highest
reduction degree takes place for the sample with 40% porosity. XRD patterns of the products showed that
more electrolysis time results in more reduction of iron and copper oxide mixtures to metallic iron and
copper mixtures.
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1. Introduction

Fe-Cu alloys have a metastable miscibility gap in the molten
state and have minimal solubility in the solid state (Ref 1). On
the other hand, iron and copper alloys have good magnetic
properties, high thermal and electrical conductivity, high
strength, and good solar absorption (Ref 2–6). Iron-copper
alloys are used in contactors, contact bridging, vacuum
equipment (Ref 7), lead-frames (Ref 8, 9), solar absorbers
(Ref 5), connectors, semiconductor pins, and power sockets
(Ref 6). Also, they are used as master alloys to improve the
corrosion resistivity of copper and nickel alloys and the
mechanical properties of low alloyed coppers as well for grain
refining of some brass alloys and aluminum bronze (Ref 10).
Advantages of Fe-Cu alloys include low cost, abundance, and
availability of these metals compared to other metals such as
silver, niobium, tungsten, and chromium (Ref 4).

Owing to their unique properties, these alloys have attracted
attention from many researchers in recent decades and are
produced as supersaturated solid solutions and eventually
metastable alloys by non-equilibrium methods such as mechan-
ical alloying (MA), rapid solidification, sputtering, electrodepo-
sition, and severe plastic deformation (SPD) (Ref 5, 11, 12).
Alami et al. (Ref 5)mixed high purity iron and copper powders by
mechanical alloying to achieve a 50:50 (wt%) composition and
reported the formation of a Cu (Fe) solid solution with a FCC

structure after milling for 6 hours. In addition, Ino et al. (Ref 13)
formed the FCC ferromagnetic solid solution using mechanical
alloying in the iron and copper binary system with less than 60
wt% iron. Chen et al. (Ref 14, 15) produced a Fe-4%Cu alloy
through melting and rapid solidification. Langier et al. (Ref 16)
studied the processing of a layered Fe-Cu alloy using pulsed
magnetron sputtering (PMS) and impulse plasma deposition
(IPD). The results showed that two polycrystalline phases (FCC-
Cu and BCC-Fe) are obtained by PMS method, which indicates
that there is no mixing of iron and copper atoms. While the
deposition of Fe-Cu layers using the IPD method shows the
presence of non-equilibrium single-phase supersaturated solid
solution (FCC-Cu (Fe) or BCC-Fe (Cu)). Sarac and Baykul (Ref
17) electrodeposited the Fe-Cu film on indium-tin oxide substrate
in an electrolyte with different concentrations of iron (0.02, 0.04,
and 0.08 M), and the same concentration of copper sulfate and
boric acid (0.01 M). It was found that various concentrations of
iron ion in the electrolyte had a great influence on the chemical
composition, surfacemorphology, andmicrostructural properties
of the Fe-Cu films. Bachmaier et al. (Ref 2) processed the Fe-Cu
alloy using two-stage high-pressure torsion on various Fe100�X-

CuX compounds (X = 15, 50, 70, 85). Yang et al. (Ref 18)
developed a multi-layered iron and copper composite by
accumulative roll bending. Shingu et al. (Ref 19) produced a
multi-layered iron and copper bulk material in nanoscale using
repeated pressing and rolling processes.

The FFC Cambridge process, invented by Fray, Farthing,
and Chen (Ref 20), is a technique based on direct electro-
chemical reduction of oxides or other compounds (especially
more stable compounds such as TiO2, SiO2, Nb2O5) as single
or mixture to their respective metals or alloys in a molten salt
electrolyte (usually CaCl2). Compared to the conventional
metal extraction processes, this approach offers the advantages
of process simplicity and fastness, as well lower cost and higher
quality of the product. In the case of oxides, it is assumed that
the electro-deoxidation stages include oxygen ionization in a
solid oxide cathode, its dissolution in the molten salt elec-
trolyte, its migration toward the anode under the applied
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electrical potential, and its discharging on the anode. Oxygen
forms carbon dioxide and carbon monoxide in the graphite
anode and it evolves as gaseous oxygen in neutral anodes. The
applied cell potential is lower than the molten salt reversible
decomposition potential, and the amount of oxygen removal in
this process generally depends on the potential and duration of
the electrolysis process (Ref 21).

To produce the alloy, metal oxides can be mixed with the
desired ratio and used as the cathode. As the oxygen removal
from mixed oxides occurs, the metals are combined as desired
alloy or intermetallic. This type of alloying, without the melting
of the relevant metals, has many advantages over common
methods, including the feasibility of alloying of metals with
significantly different melting points and that of metals which
their alloying are impossible by conventional techniques, as
well solving of problems such as segregation and oxidation of
reactive metals. The oxides of Ni, Ce, Hf, U, Zr, Nb, V, Fe, Cr,
B, Al, or their mixtures have been reduced, and many alloys,
such as Ti-Al, Ti-Al-V, Ti-Ni, Fe-Ti, and Nb3Sn, have been
produced in the laboratory scale using FFC process. Also, it
seems that most metal carbides can be produced by the FFC
method (Ref 21).

Gordo et al. (Ref 22) studied the preparation conditions of
chromium oxide pellets and the effect of sintering temperature on
the porosity of the pellet. Dai et al. (Ref 23) investigated the effect
of sintering temperature on the production of CeCo5 alloy using
the FFC process and showed that increasing sintering temper-
atures result in poor reduction efficiency. In the electroreduction
process, the electrolyte composition influences the reduction rate
and the product quality. Calcium chloride and sodium chloride
are most commonly used in the FFC process, and their eutectic
composition is used to decrease the reduction temperature and
energy consumption. Zhao et al. (Ref 24) studied the effect of
electrolyte temperature on reducing a mixture of cerium and
nickel oxides and concluded that by increasing the temperature of
the molten salt, higher reaction rates could be achieved. The
applied voltage is another influential factor on the process rate,
which its increasing leads to higher reduction rates. On the other
hand, higher applied voltage results inmore energy consumption,
and decreased current efficiency. Therefore, an optimum level of
voltage will be industrially essential. Zhu et al. (Ref 25) studied
the effect of voltage on the reduction of nickel oxide and titanium
oxide mixtures and showed that by increasing voltage to 2.6 and
2.9 V, the amount of Ti-Ni increased, and some Ni3Ti phase was
observed. By increasing the reduction time, the extent of
reduction increases. However, for energy savings, the operation
must continue to an optimal time depending on the oxide used as a
cathode. Ors et al. (Ref 26) studied the impact of electroreduction
time on the processing of Fe-4.6 wt%B. Their findings show that
after 12 hours of reduction, the oxide pellets are wholly reduced
and converted into a combination of Fe and Fe2B.

Non-equilibrium methods for the processing of
metastable Fe-Cu alloy require high energy and costs. On the
other hand, pure iron and copper elements, which are used in
these methods, are more expensive than related oxides. Also,
there is the possibility of their oxidation and contamination
during the production of alloys. Regarding the advantages of
the direct electrochemical reduction method in terms of
simplicity and the use of cheap oxide compounds (relative to
pure elements), the direct electrochemical reduction of a
mixture of iron and copper oxides in molten salt (calcium
chloride) has been carried out in this research.

2. Experimental

2.1 Materials

Fe2O3 powder (hematite, extra pure, Scharlu, £ 1 lm) and
CuO (tenorite, extra pure, Scharlu, 5-15 lm) were used to
prepare oxide pellets. The SEM images with related EDS
analysis of the powders are shown in Fig. 1. Anhydrous CaCl2
powder (extra pure, Scharlu) as an electrolyte and ammonium
bicarbonate powder (extra pure, DAEGUNG) in different ratios
(weight ratios of ammonium bicarbonate to the pellet of 0.25: 1
and 0.5: 1) to increase the porosity of pellets were used.

2.2 Preparation of Oxide Pellets

The required amounts of powders with a Fe2O3:CuO molar
ratio of 1:2 (equal weight ratio of 1:1) were weighed and
poured into the plastic container along with a number of
hardened chromium balls (10 mm in diameter, the ball to
powder weight ratio of 1:1). The enclosed container was
manually shaken for 30 minutes to mix the powders homoge-
neously. The desired amount of mixed powder (about 0.65 g)
was weighed and poured into a steel mold (10 mm in diameter),
and pressed under uniaxial pressure of 70 MPa. The prepared
oxide pellets were sintered at 900 �C for 4 hours under an air
atmosphere to enhance their strength. Then the porosity of
sintered pellets was measured by the Archimedes method. The
approximate dimensions and porosity of the pellets prepared
are presented in Table 1.

Figure 2 shows SEM images of the prepared pellets before
and after the sintering. As it is seen, the particles were coarser
after sintering, which is a result of decreased pellet porosity
from about 55% to 40%. According to the map analysis on the
SEM image of the sintered pellet (Fig. 3), all elements were
uniformly distributed in the sintered pellets, indicating the
proper mixing conditions of the powders.

2.3 The Setup and Procedure of Direct Electrochemical
Reduction

An alumina crucible (external height of 7 cm, inner height of
6.5 cm, outer diameter of 6 cm, and inner diameter of 5.5 cm)
was used as a container for molten calcium chloride electrolyte.
A 310 stainless steel tube (height of 60 cm, outer diameter of
7.8 cm, and internal diameter of 6.8 cm) was used as the reactor
chamber. A Teflon (PTFE) cap with four holes (two holes of 4
mm in diameter for anode and cathode rods, two others of 6
mm in diameter for gas in and out) was put on the steel
chamber (see Fig. 4a). A graphite rod (15 cm in height and 13
mm in diameter, Alfa Aesar) connected to a Kanthal rod (3.5
mm in diameter and 45 cm in length) was used as the anode. As
shown in Fig. 4b, the oxide pellet was put on a small sheet of
nickel previously welded to a Kanthal rod (3.5 mm in diameter,
60 cm in length) and wrapped by Kanthal wire (0.15 mm in
diameter) to enhance the electrolyte, cathode, and electrical
conductor triple points. The reactor was placed in a vertical
cylindrical resistance furnace. The experimental setup sche-
matic is shown in Fig. 5.

120 g of calcium chloride was put in an alumina crucible,
and the crucible was placed inside the steel chamber. Then the
Teflon cap was put on the steel chamber, while the anode and
cathode were hanging on the top of the crucible. The furnace
was heated to 400 �C at 5 �C/min, kept at this temperature for
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one hour to ensure salt drying, then warmed to 820 �C at the
same rate. After stabilization of the temperature, the cathode
and anode were immersed in the molten electrolyte. Then by
applying a 3 V electrical potential difference between anode
and cathode, the electrolysis began at 820 �C. In order to
investigate the effect of reduction time, electrolysis was
performed for 30, 60, 90, and 120 min on pellets with �40%
porosity. Also, to evaluate the effect of porosity, electrolysis
was carried out for 90 min on pellets with different porosities.
In all experiments, argon gas (purity of 99%) flowed at a rate of
150-200 mL/min during electrolysis. Electrical current was
automatically recorded at 10 sec intervals during each test to
plot the current versus time graphs.

At the end of the electrolysis time, the electrodes were
removed from the molten electrolyte and cooled to ambient
temperature under the argon gas flow. The reduced pellets were
first washed in a diluted HCl solution and then in distilled water
for salt removal. Then the pellets were dried and prepared for
microstructural and characterization studies.

2.4 Characterization of Raw Materials and Reduction
Products

The morphology of the initial oxide powders and oxide
pellets was investigated using SEM (Cam Scan model MV300)
equipped with EDS. Map analysis on the SEM image of pellets
was performed to determine the distribution of elements (Cu,

Fig. 1 SEM image and EDS analysis of iron oxide (a and b) and copper oxide (c and d) powders

Table 1 Dimensions and porosity of prepared pellets

Weight ratio of ammonium bicarbonate to pellet Pellet thickness, mm Pellet diameter, mm Porosity, %

0 2–3 10 40
0.25:1 3–4 10 60
0.5:1 4–5 10 70
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Fig. 2 SEM images of a mixture of iron and copper oxides pellet; before (a) and after sintering (b)

Fig. 3 SEM image and map analysis of the sintered pellet
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Fig. 4 (a) Teflon cap, graphite rod (anode), oxide cathode, gas in and out pipes, (b) The Kanthal wire wrapped oxide pellet (cathode) on the
nickel plate

Fig. 5 Schematic presentation of the experimental setup
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Fe, and O). Also, XRD of the primary and reduced pellets were
prepared by Bruker diffractometer (D8 advanced model) under
Cu ka radiation (k = 1.1541 nm), the voltage of 40 kV, and
current of 40 mA.

3. Results and Discussion

3.1 Reduction Time

The XRD patterns of the pellets before and after reduction
for 30, 60, 90, and 120 min are presented in Fig. 6. As shown in
the XRD pattern of unreduced pellet, the detected phases are
CuFe2O4, CuO, and Fe2O3. In the pellet reduced for 30 min,
although the major phases are the same as the unreduced pellet,
some peaks of Fe (BCC) and Cu (FCC) are also detected. After
reduction for 60 min, the number of peaks was decreased for
oxide compounds, whereas sharper Cu (FCC) and Fe (BCC)
peaks were increased. As a result, a reduction for 60 min is not
adequate to reach the desired amount of the metallic structure.

Only the peaks of Fe (BCC) and Cu (FCC) are observed in
the XRD patterns of the samples reduced for 90 and 120 min,
and that of the oxide compounds are not detected, which
indicates the removal of more oxygen and the reduction of iron
and copper oxides to iron and copper. Also, it is observed that
by increasing the reduction time from 90 to 120 min, the
intensity of Fe (BCC) peaks is increased compared to that of Cu
(FCC) peaks, which can be attributed to the diffusion of Cu
(FCC) in the Fe (BCC) phase and the formation of a solid
solution with a BCC structure. Similar solid solution structures
in the Fe-Cu system were reported by other researchers, for
example, Cu (Fe) solid solution by Alami et al. (Ref 5), a BCC
solid solution by Chen et al. (Ref 14, 15), and non-equilibrium
single-phase supersaturated solid solution (FCC-Cu (Fe) or
BCC-Fe (Cu)) by Langier et al. (Ref 16). In conclusion, by
increasing the reduction time, the reduction of iron-copper

oxides increases; however, the possibility of the formation of
solid solution is also increased. The pellets reduced for 30 and
60 min have no metallic luster, and no significant difference is
observed with the unreduced pellet. Most of the surfaces of the
pellets reduced for 90 min have metallic appearance, and the
pellet reduced for 120 min displays more metallic luster.

The current vs. time diagrams plotted during the electrolysis
of oxide pellets are presented in Fig. 7. Similar results were
reported by Zhao et al. (Ref 24), where a 3-step regime can be
considered for the current variations. It includes initial quick
raising (once the voltage is applied), relative fast falling during
less than 20 min, and gradually decreasing to a relatively
stable state as a current plateau is reached. The initial current
increase is attributed to the initiation of the reaction at the three
phases interlines of the conductor-oxide-electrolyte (the con-
necting points of the oxide cathode to wrapped Kanthal wire)
and its propagation on the surface of the pellet. By progressing
the reduction reaction across lower pellet layers, the current
drop in the diagrams occurs, indicating a slow reduction due to
longer path of oxygen ions diffusion (Ref 27, 28). Finally, the
current plateau is related to the continued reduction of inner
layers of the pellet by mass transport of ions through molten
salt penetrated in metalized porous layers toward the surface of
the pellet (bulk electrolyte) (Ref 29). Extending the reduction
time (in the range of current plateau) results in decreased
residual oxygen content, which varies from less than 10%
oxygen to a negligible extent. This results in the coarsening of
the metal particles that have been reduced at the early stages of
step 3 and the formation of the alloy too (Ref 30).

According to Faraday’s law (Eq. 1), the mass of ionized
oxygen in electrolysis is proportional to the amount of passed
electrical current.

m ¼ MIt

nF
ðEq 1Þ

Fig. 6 XRD patterns of the pellets before and after reduction for different periods
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where m is the mass of ionized oxygen (g), M is the molar mass
of oxygen (equal to 16), I is the electrical current (A), t is the
electrolysis time (s), n is the electrical capacity of oxygen
(equal to 2), and F is the Faraday constant (equal to 96500
Coulomb/mole).

The passed charge (I.t) can be estimated by calculating the
area under the current-time diagram, and consequently, the
amount of ionized oxygen (m) is approximately calculated
according to Eq. 1, assuming the current efficiency of 100%.
The amounts of the calculated area and corresponding ionized
oxygen (m) are listed in Table 2 for pellets reduced at different
electrolysis times. The data indicated that extending the
electrolysis time leads to more significant values of I.t and
the mass of ionized oxygen, and consequently, the progress of
reduction is increased, confirming the XRD patterns of reduced
pellets (Fig. 6).

3.2 Oxide Pellet Porosity

XRD patterns of the pellets of various porosities, elec-
trolyzed at 820 �C and 3 V for 90 min, are demonstrated in
Fig. 8. Some peaks of oxide compounds have been detected in
the pattern of the more porous pellet (70% porosity), while it is
limited to Fe2O3 peak at pellet with 60% porosity and finally
vanished in the case of the pellet having 40% porosity. Also,
the intensity of Fe (BCC) and Cu (FCC) peaks in the pellet
containing 60% porosity is lower than that of the less porous
pellet (40% porosity). Thus, it can be concluded that lower
porosity of pellet corresponds to a higher degree of reduc-
tion. The metallic luster of the reduced pellet is decreased by
increasing the porosity of the pellet.

Figure 9 shows the I-t diagrams plotted during electrolysis
of the pellets with different porosities for 90 min at 820 �C and
3 V. Despite the similar trend of the current variations versus

time, the amount of initial current decreases with increasing the
porosity of the oxide pellet, and its further lowering occurs in
the subsequent stages of the process. The values of calculated
I.t and m for the pellets containing various porosities are
presented in Table 3. The results reveal that the values are
decreased with increasing the porosity of the pellet, confirming
the former result observed from XRD patterns. According to
the results, with increasing porosity, it will be more difficult to
achieve more significant reduction in a shorter time, and longer
times will be needed, which in turn will increase the energy
consumption and thereby questioning the feasibility of the
process.

The lower degree of the reduction with increasing the
porosity of the pellet can be explained by the increased distance
between the oxide particles and, consequently, the discontinuity
of the particles reduced in the initial minutes of the electrolysis.
These particles provide a vital path for charge transfer from the
wrapped Kanthal wire toward unreduced particles, thereby
decreasing the continuity of the reduced particles leads to the
lower rate of electrical charge transfer in the pellet and hence
decreased degree of reduction. Yasuda et al. (Ref 31) showed
that the reduction rate of the dense pellet of SiO2 is higher than
that of the SiO2 pellet containing more than 60% porosity. Also,

Fig. 7 The variation of current vs. time during the electroreduction of pellets at 820 �C and 3 V for (a) 30, (b) 60, (c) 90, and (d) 120 min

Table 2 Calculated values of I.t and m for reduced
pellets at different reduction times

Reduction time,
min

The area under I-t curves
(Coulomb)

Ionized
oxygen, g

30 4520 0.38
60 8220 0.7
90 11600 0.96
120 14000 1.15
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simulation of the electroreduction of the porous oxide pellets
revealed that the maximum degree of the reduction is achieved
at pellets containing an optimal amount of porosity, so the
pellets of upper porosities result in a lower degree of reduction
(Ref 32).

According to the results, it can be stated that the amount of
porosity of the oxide pellet has a meaningful effect on the
reduction, and higher porosity corresponds to a lower degree of
direct electroreduction.

4. Conclusion

The direct electrochemical reduction of a mixture of iron
and copper oxides in molten salt (calcium chloride) has been
investigated. In order to evaluate the effect of the electrolysis
time and pellets porosity, the elctroreduction experiments were
done on pellets of Fe2O3:CuO at a molar ratio of 1:2,
containing different porosities, at 820 �C under the electrical
potential of 3 V for various times. The results showed that the

Fig. 8 XRD patterns of pellets containing different porosities reduced at 820 �C, 3 V, 90 min

Fig. 9 Current versus time diagrams for reduced pellets of different porosities

Table 3 Calculated values of I.t and m for electrolyzed
pellets containing various porosities

Porosity,
%

The area under I-t curves
(Coulomb)

Ionized oxygen,
g

40 11600 0.96
60 4890 0.4
70 3390 0.3
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reduction of a mixture of iron and copper oxides increased with
extending the electrolysis time. Also, the direct electrochemical
reduction of the mixture of Fe-Cu oxides decreased with
increasing the porosity of the pellet, and the maximum
reduction value was obtained in the pellet with 40% porosity.
Regarding the promising results, further investigations on the
product microstructures and properties will be required.
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