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Cobalt Boride (Co,B) Particle Synthesis by One-step

Carbothermic Reduction
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ABSTRACT

n this study, crystalline Co,B powder production was carried out by a one-step carbother-

mal reduction method starting from cheap, easily accessible oxide-based materials. Firstly,
to determine the carbothermic Co B formation conditions, the decomposition temperatures
of the raw materials were analysed by TG/DTA, and the temperature-varying Gibbs free
energies of the expected reactions were calculated. Then, Co,B production was carried out at
constant CoO/B,0,/C (3.22/1.5/1.3) weight ratios at temperature (1273-1473 K) and time
(30-270 min). Scanning electron microscopy (SEM), X-ray diffraction (XRD), and vibrating
sample magnetometer (VSM) were used to characterize the particles. XRD results showed
that reaction temperature and time are the primary control on Co B formation and single-
phase crystalline Co,B particles with crystallite sizes of 88 nm were successfully produced at
1473 K and 150 min. The permanent magnetization, saturation magnetization, and coercivi-

ty values of Co,B particles were defined as 16.58 Oe, 35.361 emu/g, 0.501 emu/g, respectively.
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INTRODUCTION

obalt is a crucial component used in industrial,

military, and medical uses [1-3]. The most cru-
cial utilization parts of cobalt and its alloys are su-
per alloys, batteries, catalysts, magnetic alloys, high-
speed steels, and cemented carbides [4]. In recent ye-
ars, among Co alloys, cobalt borides (COXB) stand out
with their high hardness, excellent wear resistance
and superior magnetic and catalytic properties. Due
to these superior properties, studies have been carri-
ed out on using cobalt borides in many areas, such as
improving prosthetic alloys” corrosion and wear pro-
perties, and catalyst material for hydrogen producti-
on systems and fuel cells [5-9].

The production of Me B can be accomplished
using a variety of processes, such as the direct solid-sta-
te reaction of elements [10-12], chemical reduction [13-
15], molten salt electrolysis [16-18], mechanochemical
[19], and electric arc technique [20]. The corrosion and
wear resistance of cobalt-based alloys (CoCrMo) used
in producing orthopaedic prostheses is provided by thin
boride films formed on the surface. The boride film on
the surface of these alloys is formed by a molten salt
electrolysis and thermochemical processes [5-7]. Ruiz
et al. [21] formed a boride film on the surface of CoCr-
Mo alloys by thermochemical processes and observed

Cite as:

that hardness and tribo-corrosion properties increased.
Co B compounds are also used to enhance the surface
properties of mild steels owing to their high hardness
and wear resistance. Baris et al. [22] coated the surfa-
ce of S235]RC carbon steel with mechanochemically
produced Co,B particles using a laser and investigated
its machinability properties. In addition to improving
surface properties, it is also used as reinforcing partic-
les in metal matrix composites. Khoshsima et al. [23]
used CoB-TiB, particles produced by chemical reduc-
tion to improve the properties of parts produced from
Ti6Al4V particles by additive manufacturing. Co B par-
ticles have drawn attention in recent years, particularly
with their catalytic properties in hydrogen production
and storage, and studies in this field have intensified.
The production of particles for catalyst applications of
hydrogen storage and production systems is carried out
using high-temperature solid-state synthesis, chemi-
cal reduction and mechanochemical methods starting
from elemental Co and B [8-15,19,20, 24, 25].

Most methods used in producing cobalt boride
(Co,B) particles are unsuitable for industrial production
due to limitations such as high raw material cost, multi-
step and long experimental procedures, and high-cost
specialized equipment requirements. Industrial ma-
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nufacturing prefers simple, quick synthesis processes with
minimal production costs. In producing metal borides, car-
bothermic reduction stands out with its low cost, one-step,
simple and fast production possibilities [26, 27]. The most
well-known example of the carbothermic reduction in me-
tal boride production is ferrobor (FeB) production. Ferrobor,
used as an additive in the iron and steel industry, has been
produced by the carbothermic reduction method for a long
time [28, 29]. In this method, metal oxide and a B,O./H,BO,
combination are heated with carbon to produce carbother-
mic metal borides. The most significant parameters in car-
bothermic metal boride production are the Me:B ratio of the
oxide mixture, temperature, and reaction time.

In this study, the synthesis of crystalline single Co,B
phase particles by a simple, fast and one-step carbothermic
reduction process was carried out using CoO, B,0, and
C. Thermo-gravimetric/differential thermal analysis (TG/
DTA) analysis of the raw material and the Gibbs free energy
change graphs of the reactions with temperature were used
to determine the mechanism of Co B formation. The pha-
se structure of Co,B particles was studied in detail by XRD,
morphology by SEM and magnetic properties by VSM.

MATERIAL AND METHODS

In the synthesis of Co B powder, cobalt oxide (CoO) was
used as Co resource, diboron trioxide (B,0,) (>97%) as B
resource and carbon (>99%) as a reductant. Stoichiomet-
ric weight ratios of constant CoO/B,O,/C were used as
3.22/1.5/1.3 in the experiments. The investigated process
parameters are summarized in Table I.

Table 1. Experimental parameters of carbothermic Co B synthesis.

Weight ratio Experiment

Group (C00/B203/C) Parameter conditions Variables
i 1273 K, 1373 K,
i Temperature 150 min
P 5 1473 K
3.22/1.5/1.3 ) )
I Time 1473K 30 min, 150 min,

270 min

Before the synthesis, the powders constituting the raw
material were mixed using agate mortar. Then powder mix-
ture was fed into the furnace in alumina boats. The experi-
ments were conducted under an argon atmosphere, and the
argon flow was constant at 0.5 L/min during heating, reacti-
on, and cooling. Each experiment's heating rate was 283 K /
minute. The synthesis steps and schematic depiction of the
experimental setup are shown in Fig. 1.

After synthesis, the products were leached with hot wa-
ter to remove unreacted compounds and dried at 353 K for
2 hours.

The analyses of the raw materials and obtained pro-
ducts was carried out using thermo-gravimetric/differential
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Figure 1. Schematic depiction of the experimental setup (a) argon
cylinder (b) furnace (c) gas washing bottle (d) fume hood.

thermal analysis (TGA/DTA-HITACHI-STA7300), X-Ray
diffractometer (XRD-(PANalytical X-Pert3 Powder)), scan-
ning electron microscopy (SEM- ZEISS EVO LS 10) and
vibrating sample magnetometer (VSM-Lake Shore 7407).
Gibbs free energy (AG) values of the predicted reactions ob-
tained with the help of HSC 5.1 software.

To calculate the crystal size of single-phase particles,
the Scherrer equation was utilized. Scherrer equation for
the calculation of particle crystal size is;

D=kA/ BcosO 1)

where (3 is the Full width at half maximum (FWHM)
of the peak, 0 is the Bragg angle, \ is the wavelength of the
used X-ray beam (1.54), and K is the Scherrer constant [30].

RESULTS AND DISCUSSION

Carbothermic synthesis mechanism of Co B

TG/DTA results and Gibbs free energy (AG) values of the
predicted reactions were used to determine the carbot-
hermic Co B synthesis mechanism. Firstly, the thermal
behaviour of the mixed powders was investigated at a
warming rate of 283 K/min to determine the thermal de-
composition temperatures. The obtained TG/DTA curve
is given in Fig. 2. In the TG graph, a low weight decrea-
se occurred initially due to moisture loss of the powder
mixture and then little weight change was observed up to
900 K. Between 900-1173 K the weight change increased
compared to the weight change between 473-900 K. Abo-
ve 1173 K, a sharp weight loss was observed, which may
be due to the formation of CO gas. Four typical endother-
mic peaks were identified in the DTA curve given in Fig.
2. The first endothermic peak occurred at 404 K because
of the removal of the water contained in the mixture. Se-
cond, endothermic peaks at 1109 K are believed to be ca-
used by the reduction of the powder mixture, such as Co
and B from CoO and BZO3, while the third endothermic
peaks at 1172 K are thought to be due to the formation of
the Co,B phase and fourth peak at 1226 is thought to be
due to the formation of the CoB. TG/DTA analysis reve-
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Figure 2. TG/DTA curves of CoO/B,0,/C at warming rate of 20 °

min.
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als that the appropriate carbothermic synthesis tempera-
ture for producing Co B using the CoO/B,0,/C powder
mixture is above 1226 K.

In addition to the TG/DTA analysis, the Gibbs free
energies of the predicted reactions were calculated to deter-
mine the mechanism of Co B formation. The temperature-
dependent Gibbs free energy changes of the reactions are
given in Fig. 3. Carbothermic CoB production proceeds in
the following steps:

CoO + C = Co + CO

() )
B,0,+ 3C = 2B + 3CO,, 3)
4Co0 +B,0, +7C =2Co,B +7CO,,, @)
2C00 + B0, +5C = 2CoB +5C0, (5)

When the graph in Fig. 3 is examined, it is seen that
CoO can be reduced via C thermodynamically at 773 K,
Co,B can be produced at 1033 K, and CoB can be synthesi-
zed at 1218 K and higher temperatures.

Fig. 3 reveals that CoO will undergo reduction first in
accordance with reaction (2). The carbothermic reduction
of B,O, alone (3) is not thermodynamically possible at the
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Figure 3. Gibbs free energies of reactions (2)-(5) change with
temperature.

proposed reaction temperatures. The carbothermic reduc-
tion of B,O, in the presence of CoO to form Co,B and CoB
according to reactions (4) and (5) appears to occur. Conside-
ring the Co-B diagram and the literature, stable Co B com-
pounds were identified, and according to these compounds’
formation reactions were deduced [31]. Co B production
proceeds in the following steps:

2Co +B=Co B ©6)
Co+ B=CoB 7)
Co,B + B = 2CoB (8)
CoB + Co=Co,B 9)

The temperature-varying Gibbs free energy of the for-
mation graph of the proposed reactions is given in Fig. 4.
Diffusion-based thermochemical synthesis of Co B occurs
by diffusion of B into Co particles with the driving force of
B concentration gradient and temperature (equations 6-9).
The first product formed on the surface of Co particles by
B diffusion is thermodynamically always the boride compo-
und (Co,B) with the lowest mole fraction of boron (equation
6). With increased B diffusion on the Co,B surface, Co,Bis
converted into CoB (equation 8). With sufficient time allo-
wed for B diffusion, Co,B transforms into CoB, while CoB
reacting with Co in the particle centre forms Co,B again
(equation 9).
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Figure 4. Gibbs free energies of reactions (6)—(9) change with
temperature.

Carbothermic synthesis mechanism of Co B

From the TG/DTA analyses given in Fig. 2 and the Gibbs
free energy of formation graphs of the reactions given in
Fig. 3, it is seen that CoB conversion occurs at 1218 K and
above. Therefore, the influence of temperature on Co B
synthesis was thermodynamically investigated at tempe-
ratures of 1273, 1373 and 1473 K above the CoB formati-
on temperature of 1218 K.

The phase structures of the particles were synthesized
at different temperatures for 150 minutes were investigated
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by XRD and given in Fig. 5. According to the XRD patterns
in Fig. 5, unreacted oxidized phases were found besides Co
at 1273 K, while the particles synthesized at 1373 K were
found to consist only of the Co phase. When the tempe-
rature was boosted to 1473 K, the conversion to Co B inc-
reased, and Co,B formed the main phase structure in the
particles. Temperature increase improves B diffusion. The
Coand Co,B phases produced at 1173 K on the surface were
changed into CoB by raising the temperature to 1273 K, ac-
cording to Calik et al. [2]. At 1473 K, almost all Co phases
obtained at 1273 and 1373 K transformed into Co,B.
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Figure 5. XRD patterns of Co-CoxB particles synthesized at different
temperatures for 150 min.

SEM was used to investigate effects of temperature on
particle morphology. Fig. 6 shows the detailed morphology
of Co-Co B powders obtained at different temperatures.
From the images in Fig. 6, it is understood that the particles
were formed in a vast size range, spherical morphology and
due to agglomeration of fine-grained particles.

Under 1473 K, no significant Co B synthesis occurred,
and only CoO was reduced. Therefore, the images given in
Figs. 6a and 6b represent mainly Co particles. By increasing

the temperature to 1473 K, 88 nm crystal size single phase

Figure 6. SEM images of Co-CoxB particles produced for 150 min at
different temperatures: (a) 1273 K, (b) 1373 K, (c) 1473 K.

Co,B particles were synthesized. No significant change in
particle morphology was observed with increasing the tem-
perature to 1473 K.

Effect of process duration on Co B particles

In diffusion-based thermochemical synthesis processes,
reaction time and temperature are the most critical pa-
rameters. Diffusion of B increases with duration [5]. The
effect of reaction time on particle structure and morpho-
logy was investigated at 30, 150 and 270 min. To ascerta-
in the phase transition, the investigates were conducted
at a constant temperature of 1473 K, where considerable
CoxB phase synthesis took place. XRD patterns of partic-
les synthesised at three different times are given in Fig. 7.
The results of the XRD analysis confirmed that the par-
ticles only contained Co because B diffusion did not take
place in adequate amounts in them over a short period of
time (30 min). When the time was extended to 150 min
to obtain single phase Co B, it was determined that the
Co,B phase replaced the main Co phase seen at the end
of the 30 min, and the particles contained only the Co2B
phase. Then, to obtain the CoB phase by increasing B
diffusion, the time was extended to 270 min. At the end
of 270 min reaction time, it was observed that the partic-
les obtained consisted of Co,B and CoB as expected. At
the end of 270 minute, the coexistence of Co, Co,B and
CoB phases in the powder supports the predicted diffusi-
on-based synthesis and indicates that the diffusion-based
synthesis takes place in the form of Co-Co,B and CoB [5,
6]. It is estimated that the possible reason for the presen-
ce of metallic cobalt, which does not form boride in the
structure despite the long test times, is the removal of bo-
ron oxide compounds with low evaporation temperature
from the system by evaporation.

Fig. 8 shows the morphology of the particles obtained
at different times. It was shown that the particles obtained
at all times directed similar formation mechanisms, and
the accumulation of nanoparticles produced the secon-
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Figure 7. XRD patterns of Co-Co B powders produced at constant 1473
K for different durations.
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dary large-sized particles. It has been seen that single-pha-
se nanocrystalline Co,B particles with a crystal size below
100 nm can be produced carbothermically in a single step
from inexpensive starting materials. It is understood that
carbothermic synthesis produces lower sized particles than
calciothermic produced Co,B particles, while chemical re-
duction processes produce larger sized particles. Simsek et
al. [15] reported that Co,B particles with particle sizes ran-
ging between 30-100 nm were produced by chemical reduc-
tion. Baris et al. [33] succeeded in producing nanocrystalline

Co,B particles with a crystal size of approximately 10 nm by
mechanochemical method using Co, B,O, and Mg. Kartal
[16] produced Co,B particles calciothermically in molten salt
medium starting from CoO and B,O, and stated that the
particle sizes are very variable but above 10 microns.

Figure 8. SEM images of Co-Co B powder synthesized at 1473 K for
different durations: (a) 30 min, (b) 150 min, (c) 270 min.

The magnetic behaviour of Co,B powders were investi-
gated at ambient temperature in the range of +20 kOe using
VSM. The magnetization curve given in Figure 9 shows
that Co,B powders show soft magnetic behaviour under a
magnetic field and draw ferrimagnetism-like hysteresis. It
was defined that the saturation magnetization value of the
powder was Ms=35.361 emu/g, the coercive magnetization
value was Hc=16.58 Oe, and the permanent magnetization
value was Mr=0.501 emu/g. It was observed that Co,B par-
ticles produced by different methods showed similar mag-
netic properties. Kartal [16] reported the saturation magne-
tisation, coercivity and permanence values of the particles
produced calciothermically starting from B,0O, and CoO as
30.107 emu/g, 40.210 Oe, 0.764 emu/g, respectively. Baris et
al. [33] found that the saturation magnetisation values of the
particles produced magnesiothermically using Co and B,O,
varied between 35 and 50 emu/g. Simsek et al. [15] obser-
ved that the saturation magnetisation values of the particles
produced by chemical reduction with the use of high purity
starting materials varied between 19 and 68.5 emu/g depen-
ding on the calcination medium. Besides the production
method, particle size is also effective on magnetic properties.
Petit et al. [32] investigated the size-dependent magnetic pro-
perties of nanoscale Co B particles. The study reported that

the magnetic behaviour could shift from ferromagnetic to
superparamagnetic depending on the particle size, and Ms
values increase with decreasing particle size. While the Ms
value of particles with a 2.5 nm size was 70 emu/g, the Ms
value of particles above 10 nm was 35 emu/g, like this study.

2
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Figure 9. Magnetization curves of Co2B powders produced at
constant1473 K temperature for 150 min.

CONCLUSION

This study investigated single-phase, nanocrystalline
Co,B particles production by carbothermic reduction
using low-cost, oxide-based starting materials. The effect
of temperature (1273-1473 K) and time (30-270 min) on
Co,B production was investigated at constant weight rati-
os of CoO/B,0,/C (3.22/1.5/1.3). The experimental results
obtained are summarised as follows;

a) XRD analyses showed that the synthesis of
CoxB occurred in the form of Co-Co,B-CoB as predicted
by thermodynamic calculations.

b) As a result of XRD results, it was determined
that B diffusion increased with the rise in temperature
and time, and the production of single Co,B phase partic-
les occurred at 1473 K temperature and 150 min time.

9] SEM images showed that micron-sized secon-
dary particles with irregular morphology were formed
due to the agglomeration of nano-sized primary particles.
d) Single-phase nanocrystalline Co,B particles
with a crystal size of 88 nm showed high agglomeration
tendencies.

e) Saturation magnetisation, permanent magneti-
sation and coercivity values of Co,B particles were deter-
mined as 35.361 emu/g, 16.58 Oe, 0.501 emu/g, respecti-
vely.
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