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Transition metal borides are widely used in diffe-
rent applications due to their high melting tem-

perature, high hardness, high corrosion and wear re-
sistance, good chemical stability, high electrical and 
thermal conductivity. Among metal borides, iron 
borides (FexB) draw attention with their superior per-
formance and wide usage area, especially on metallic 
surfaces with boriding. Besides to boronization, B 
additive in steels is also made with FeB particles. In 
addition to iron and steel applications, iron borides 
are also used in many areas such as powder metal-
lurgy, magnetic material, catalysts and metal-air bat-
tery applications due to their superior physical and 
chemical properties [1-3].

Mass production of FexB particles is carried out by 
carbothermic reduction of oxide raw materials in elect-
ric arc furnaces. Although the carbothermic method is 
a simple procedure for mass production, it consumes a 
lot of energy and emits greenhouse gases [4]. Reaching 
the irreversible point of global warming requires the 
removal of fossil fuels, which cause high greenhouse 
gas emissions, from production processes. To reduce 
greenhouse gas emissions FeB production was studied 
by metallothermic (aluminothermic) reduction of oxide 
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raw materials. Although it is possible to produce with 
low energy and greenhouse gas with aluminothermic 
reduction, Al residues seen in the product could not be 
completely removed [5].  In addition to the aforemen-
tioned methods, FeB production can be made starting 
from semi-finished raw materials for low-volume spe-
cialized applications. The most widely used of these 
methods are solid state reaction of Fe and B, chemical 
reduction, mechanical alloying, molten salt electrolysis 
and metallothermic reduction processes[1, 2, 6-9].

Production of metal borides with low energy and 
low greenhouse gas emission from cheap oxidized 
components is also possible with metallothermic and 
molten salt electrolysis methods. In particular, metal-
lothermic methods come to the fore with the possibility 
of high-speed production. Metallothermic metal boride 
production is generally carried out by reducing metal 
oxide (MeO) and boron oxide (B2O3) with a reductant 
(Al, Mg, Ca, Y) in a ball mill under a protective atmosp-
here [10-12]. In this conventional method, oxide powder 
reduction takes place from outside to inside and a re-
ductant oxide film is formed at the MeO/Me interface. 
The reducing oxide film thickening over time at the Me/
MeO interface may slow down the reduction and cause 
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In this study, calciothermic single phase iron boride(Fe2B) production was investigated in 
a scalable molten salt system, starting from inexpensive, easily accessible oxide materials. 

First, the formation of Fe2B was examined in detail in the light of thermodynamic data 
and literature. After, effects of CaO amount (0-10 wt.%) and time (30-60 min) on particle 
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the CaO ratio was determined, the effect of the electrolysis duration was examined. In 
durations experiments, it has been observed that, in 30 minutes’ duration, the particles 
are composed of Fe, Fe2B and FeB, and by increasing the experiment time to 60 min, 
single-phase Fe2B particles are obtained. The magnetic properties of the single-phase Fe2B 
particles obtained at the end of the experiment period of 60 minutes were investigated by 
VSM. The saturation magnetization, permanent magnetization and coercivity values of 
the Fe2B particles were determined as 90.718 emu/g, 33.311 Oe, 1.684 emu/g, respectively.
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high oxygen content in the product. It is indicated that the 
MeO activity should be reduced in the reaction medium in 
order to obtain a product with low oxygen content. For this 
reason, studies are carried out to perform metallothermic 
reductions in molten salts with high oxide solubility [13, 14]. 
CaCl₂ and its mixtures are pretty commonly used in elect-
ro-deoxidation processes owing to their high decompositi-
on voltage, high O2− diffusion, low vapor pressure, and the 
high solubility of CaO and Ca. High decomposition voltage 
of CaCl2 allows direct electrochemical or metallothermic 
reduction of compounds with high thermodynamic stabi-
lity such as TiO2, SiO2, CaO etc. In recent years, molten salt 
processes have attracted attention with their scalable, fle-
xible structure and the possibility of production from cheap 
oxidized materials. In particular, studies on the production 
of high temperature metals by electro-deoxidation and me-
tallothermic reduction processes in the molten salt environ-
ment have become widespread. Ca is involved in many of 
these by the addition of CaO to the electrolyte and the in 
situ reduction of CaO [15-17]. In particular, Suzuki et al. stu-
died the production of Ti from TiO2 in detail by performing 
the electrochemical reduction of CaO in CaCl2 and showed 
that it is possible to produce Ti at low oxygen content [17]. 
Arriesgado et al. carried out calciothermic Ni production 
from NiO by electrolysis of CaO in CaCl2 [14]. The ability of 
calcium to reduce boron oxide as well as many metal oxides 
makes it possible to produce metal borides in molten salts, 
starting from cheap oxidized raw materials [18].

The global problems that have been coming together 
in recent years have increased the prices of raw materials 
and made it difficult to obtain them. This has once again 
revealed the importance of production with the use of cheap, 
easily accessible raw materials. The aim of this study is to 
investigate the production of single-phase Fe2B particles by 
calciothermic reduction in a molten salt environment using 
cheap, easily available oxidised raw materials. Fe2B produc-
tion was carried out by potentiostatic reduction of CaO in 
CaCl2 and calciothermic reduction of Fe2O3, B2O3.

MATERIAL AND METHODS

Experiments were carried out under a constant 3.0 V cell 
voltage using technical purity materials (Fe2O3, CaCl2, 
B2O3, CaO). The electrolyte was formed by using cons-
tant proportions of calcium chloride (77 wt.% CaCl2), 
boron oxide (13 wt.% B2O3), calcium oxide (7 wt.% CaO) 
and iron oxide (3 wt.% Fe2O3) in all experiments. All 
components that made up the electrolyte were used after 
removing their moisture content at 383 K for 48 hours. 
The calciothermic production steps of FexB particles in a 
molten salt environment are given in Figure 1.

In experiments, a graphite crucible (Ø 45 mm, h 100 

Figure 1. Illustration of calciothermic reduction of Fe2O3 and formation 
of Fe2B.

mm) was polarized as the cathode, and a graphite rod was 
used as the anode (Ø16 mm). CaCl2, CaO and B2O3 were 
fed into the graphite crucible and heated to the reaction 
temperature in a medium frequency induction furnace (50 
kHz, 30 kW, 40 A) and kept at the reaction temperature for 
30 minutes before the experiment to ensure homogeneity. 
Fe2O3 was added 5 minutes before the voltage was applied 
to the cell, and the reduction was achieved over Fe2O3. The 
current was recorded with the help of the data acquisition 
system, and the temperature was monitored instantly using 
a K type thermocouple. During the experiment, the cell was 
scavenged with argon at 50 mL/min. After the experiments, 
the electrolyte surrounding the powders was removed by 
dissolving with hot water. Fe2B powders were dried at 378 
K and analyzed.

The structure, morphology and magnetic properties 
of powders were characterized using X-ray diffractometry 
(XRD-Phillips Model PW3710), scanning electron micros-
cope (SEM-ZEISS EVO LS 10), and vibrating sample magne-
tometer (VSM-Lake Shore 7407).

RESULTS AND DISCUSSION

Calciothermic Production Mechanism of Fe2B

Current, temperature and time are the most important 
parameters in diffusion-based electrochemical processes. 
In potentiostatic processes, high current is obtained by 
operating at the highest potential values under the elect-
rolyte breakdown voltage. In this study, the cell voltage 
was applied as 3.0 V in the experiments in order to ob-
tain high current. The high temperature allowed by the 
process conditions reduces the decomposition potential 
of the components, increases the current values by incre-
asing the ionic diffusion in the electrolyte, and accelera-
tes the B diffusion from interface into the particle (fig 2). 
The cathodic reduction-thermal diffusion process is said 
to provide high B layer thickness at 1273 K, especially in 
boronizing steels in molten salt [19]. The operating tem-
perature was determined as 1273 K, taking into account 



147

L.
 K

ar
ta

l/
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

2,
 9

 (2
) 1

45
–1

50

the vapor pressure of CaCl2, which constitutes the majo-
rity of the electrolyte, and the melting points of the FexB 
compounds targeted to be produced. Mixing is an im-
portant factor that is neglected but increases the process 
efficiency and duration by reducing the diffusion layer at 
the cathode boundary. Mixing can be done by different 
methods such as mechanical, ultrasonic and etc,. In this 
study, induction was preferred for heating the cell, and 
the mixing feature of induction was also utilized [19]. 

The calciothermic synthesis of Fe2B in a molten salt ta-
kes place in 2 steps. First, Fe2O3 with low thermodynamic 
stability is reduced by Ca, then the B adhere to the surface 
of Fe and form FexB particles. Due to its low melting tem-
perature, B2O3 is molten and in full mixture with CaCl2 
under experimental conditions. CaO can be dissolved up 
to 20% by mole in CaCl2. CaCl2 was preserved within the 
CaO dissolving limits by adding 7 wt.% CaO, and a homo-
genous electrolyte was created [15, 20]. By applying voltage, 
CaO in contact with the large cathode surface is reduced 
and Ca is produced (eq. 1b). In CaCl2, 4% of the calcium ge-
nerated can be dissolved [18].  After adding Fe2O3 (5.24 g/
cm³) accumulates at the bottom of the crucible due to its 
density. Dissolved Ca reacts with Fe2O3 particles in a large 
surface area and performs Fe2O3 reduction [21]. While the 
reduction of Fe2O3 occurs in a large surface area with Ca 
dissolved in the electrolyte, it also occurs electrochemically 
from a narrow surface area where it comes into contact with 
the cathode from the moment the current is applied (eq. 2). 
Fe (7.874 g/cm³) particles produced as a result of cathodic 
and calciothermic reduction form the new cathode surface 
by accumulating at the bottom of the graphite crucible due 
to its density. Elemental B is formed by the reduction of B2O3 
by Ca at the Fe electrolyte interface, and B diffuses into Fe 
particles with the driving force of concentration gradient 
and temperature (eq. 6, 7). Thermodynamically, the first 
product formed on the Fe surface by B diffusion is always 
the boride compound (Fe2B) with the lowest mole fraction 
of boron (eq. 7). Fe2B turns into FeB with the increase of B 
amount and diffusion on the Fe2B surface (eq. 8a). With suf-
ficient duration allowed for B diffusion, Fe2B turns into FeB, 
while FeB reacts with Fe at the particle center to form Fe2B 
again (eq. 8b). A small amount of CaB6 formation in the cell 
seems also likely (eq. 9, fig 2). Due to the use of graphite ano-
des, CO and CO2 gases are expected to form on the anode 
(equation 3, 4) [22].

CaO =Ca2++O2-               (dissociation−ionization reaction)                (1a)

Ca2+ +2e− = Ca0 (Cathodic reaction) (1b)

Fe3+ +3e− = Fe0 (Cathodic reaction) (2)

C+2O2- = CO2 +4e− (Anodic reaction) (3)

C+O2- = CO +2e− (Anodic reaction) (4)

Fe2O3+3Ca=2Fe+3CaO        (cathode/electrolyte interface)                  (5)

B2O3+3Ca=2B+3CaO           (cathode/electrolyte interface)    (6)

2Fe+B=Fe2B       (on the cathode surface)      (7)

Fe2B+B=2FeB (on the cathode surface) (8a)

FeB +Fe=Fe2B (on the cathode surface) (8b)

Ca+6B=CaB6 (on the cathode surface) (9)

Decomposition potentials (ΔE) of the components 
were calculated from the Gibbs free energy of formation 
(ΔG) values of components. The decomposition potentials 
(ΔE) of the materials used were calculated using Eq. 1. In 
Eq. 1, n represents the number of electrons and F represents 
Faraday’s constant.

∆ ∆E G nF  = − ( )/ (10)

The temperature dependent decomposition potenti-
als of the probable reaction couples expected to take place 
within cells under the experimentation conditions are given 
in Figure 2. The decomposition voltage of CaO was deter-
mined to be approximately 1.0 V lower than its theoretical 
value while using a carbon anode (Fig. 2). The low decompo-
sition voltage of CaO eliminated the risk of Cl2 (g) emission 
and permitted the opportunity for calciothermic reduction 
under a wide range of potentials below the CaCl2 decompo-
sition voltage. 

Figure 2. Change in the decomposition potentials (ΔE) for CaCl2, CaO, 
and Fe2O3 as a function of temperature

In processes where formation of more than one com-
pound is possible, change of Gibbs free formation energies 
of reactions are used in product estimation. The Gibbs free 
formation energies of the compounds that can be formed 
in the light of the reactions taking place in the cell, which 
change with temperature, are calculated with the help of the 
HSC Chemistry 5.1 version and given in figure 3. When the 
graph in Figure 3 is examined, it is understood that the first 
compound to be formed is Fe2B. While FeB formation is ex-
pected to occur with a lower probability than Fe2B, it is seen 
that the lowest expected formation is CaB6.

Effect of CaO Amount on Current

In this study CaCl2/CaO/B2O3 mixture was employed as 
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an electrolyte which mostly contained CaCl2. Because of 
its complete molten state at the reaction temperature, the 
amount of B2O3 was held constant. Because of its restric-
ted solubility in CaCl2, impact on solution viscosity, and 
impact on oxygen content of the product via increased 
oxygen activity in the electrolyte, CaO was the most im-
portant ingredient in the electrolyte.  Low amounts of 
CaO resulted in insufficient reduction, whereas too much 
CaO resulted in very high CaO activity and produced a 
very high oxygen content in the product. The impact of 
the amount of CaO on FexB production was examined 
over a range of 0 to 10 wt.% of CaO under a constant cell 
voltage of 3.0 V at a reaction temperature of 1273 K for 
30 minutes. The current changes depending on the CaO 
ratios are given in figure 4. The average current value inc-
reased with increased CaO, while the change trends were 
similar for different durations of experimentation[17]. 
The increase in the initial current value with increased 
CaO concentration indicated more Ca production in the 
electrolyte. For low amounts of added CaO the current 
dropped after a very short time owing to the easy reduc-
tion of CaO. However, adding 7 wt.% of CaO – or higher 
concentrations – made this reduction slower and more 
gradual. High CaO content provided a high current re-
gime within the electrolyte. High CaO was reported to 
reduce the dissolution of CaO in the vicinity of catho-
de by forming concentrated CaO regions, and this can 
prevent the cathodic reactions [23]. Additionally, high 
CaO also considerably reduced the solubility of Ca [21]. 
It was discovered that as the amount of CaO rose, the 
cathode products produced grew by 7% and reduced by 
10% in weight. Considering the solubility limits of CaO in 
CaCl2, amount of cathode product, the literature and the 
current values obtained, it was decided to use 7 wt.% CaO 
for the experiments. 

The fixed percentage of CaO used in the experiments 
was decided by considering the current efficiencies obtai-
ned in the experiments performed with different CaO amo-
unts.  The current efficiencies, which vary according to the 

amount of CaO, are calculated over the theoretical amount 
of Ca that should be produced with the current used and 
the amount of Ca used for the amount of product produced. 

The current efficiencies obtained at different CaO rati-
os are given in Figure 5. It was observed that as the amount 
of CaO rose, the efficiencies grew by 7% and reduced by 10% 
in weight. Considering the solubility limits of CaO in CaCl2, 
amount of cathode product, the literature and the current 
values obtained, it was decided to use 7 wt.% CaO for the 
experiments. 

Figure 3. Change in Gibbs free energy of boron, calcium and iron reac-
tions as a function of temperature as a function of temperature.

Figure 4. Current time curves obtained during electrolysis at 1273 K 
with a constant potential of 3.0 V for 30 minutes.

Figure 5. Variations of current efficiency versus CaO amount.

Effect of Process Duration on FexB Synthesis

Considering the experimental conditions and the materi-
als used, the maximum temperature and voltage were se-
lected, and the effect of the time was examined. The pha-
se structure of the particles obtained at different times 
was examined by XRD analysis, and the XRD patterns 
are given in figure 6. XRD results revealed that 30 min 
is not sufficient for B diffusion and single-phase particle 
structure, due to the presence of Fe, Fe2B and FeB phases. 
The experiment was repeated under the same conditions 
by extending the experiment duration to 60 min, and un-
like 30 min, it was observed that the particles consisted 
of a single Fe2B phase. 

The morphology of the particles obtained at different 
durations were examined by SEM (fig. 7). While there was 
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no big difference in morphology over time in the particles 
given in Figure 7, it was observed that the particle morp-
hologies were polygonal. Similar particle morphologies have 
been seen in metallothermic reactions carried out in vario-
us conditions [24][25]. 

The magnetic behaviours of Fe2B particles produced at 
under 1273 K temperature for 60 minutes’ conditions were 
examined at room temperature. From the magnetization 
curve given in Figure 8, it was determined that it showed a 
soft magnetic behaviour under the magnetic field and had 
hysteresis like ferrimagnetism. The powders had a satura-
tion magnetization value of Ms=90.818 emu/g, a coercive 
magnetization value of Mc=33.311 Oe, and a remanent 
magnetization value of Mr=1.684 emu/g, according to the 
results.

CONCLUSION

In this study, it has been shown that calciothermic Fe2B 
can be produced in one step from technical purity quality, 
inexpensive, easily accessible materials without the need 
for pre-and post-treatment. Experiments were carried out 
using CaCl2-CaO-B2O3-Fe2O3 electrolyte under constant 
1273 K temperature and 3.0 V cell potential conditions 
for 30 and 60 min. The experimental results obtained are 
summarized as follows;

a) The formation of single-phase Fe2B was examined in
detail in the light of thermodynamic and experimental data, 
and it was determined that the conversion of Fe2O3 to Fe2B 
would take place in the order of Fe-FeB-Fe2B.

b) The influence of the amount of CaO on current was
examined over a range of 0 to 10 wt.% of CaO under a cons-
tant cell voltage of 3.0 V at a reaction temperature of 1273 K 
for 30 minutes. It was observed that the current value incre-
ased continuously with the increase in CaO and reached 24 
A at the amount of 10 wt. % CaO.

c) The effect of the time was examined by performing
experiments at 30-60 min., single-phase particles could not 
be obtained in 30 min. It was determined that the particles 
consisted of Fe, Fe2B and FeB phases. With the increasing of 
the time to 60 min, it was shown that Fe and FeB structures 
contained in the particle were turned into Fe2B. 

d) The magnetic properties of the Fe2B particles produ-
ced at 1273 K temperature, 3.0 V cell voltage for 60 minutes 
were investigated under room temperature conditions in 
the range of 0-1.5 T.  The saturation magnetization, perma-

Figure 7. Current variations versus time and SEM images of FexB pow-
ders produced at different durations at constant 3.0 V cell voltage.

Figure 8. Magnetization curves of Fe2B powders produced at cons-
tant1273 K temperature and cell voltage of 3.0 V for 60 min durations.

Figure 6. XRD patterns of FexB powders produced at different durati-
ons at constant 3.0 V cell voltage.
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nent magnetization and coercivity values of the Fe2B par-
ticles obtained at the end of the 60 min experiment period 
were determined as 90.718 emu/g, 33.311 Oe, 1.684 emu/g, 
respectively.
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