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Abstract

In this study, the synthesis of calcium hexaboride powder via boro/carbothermal reduction (BCTR) using a single-
step-processed gel product prepared from commercial boric acid, readily available and low-cost D(-)-Mannitol and
calcium carbonate was investigated. The gel product was characterized by means of Fourier Transform Infrared Spec-
troscopy (FTIR) and Simultaneous Thermal Analysis (STA). The effect of the boro/carbothermal reduction temper-
ature and dwell time on the phase formation were examined with x-ray diffractometry and scanning electron mi-
croscopy. CaB synthesis was performed with the gel product without additional heat treatment in air to obtain the
appropriate C amount in the gel precursor. Ca;B,0,, B,C and Ca,B O were formed as a transitional phase to create
CaB particles. To understand the formation and consuming mechanism of the transitional phases, thermodynamic
calculations were performed based on reactions that probably occurred in the system. The optimum synthesis condi-

tions for the formation of calcium hexaboride were determined as 1400 °C for 12 h in an argon flow.
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I. Introduction

In recent years, the unique properties of calcium hexa-
boride (CaBy), such as its high melting point, high chemi-
cal stability, high hardness and the ability of its composites
to absorb neutron radiation, have attracted the attention
of the researchers and related industry 1-2. CaBg is a good
candidate for cathode materials 3, filler material for bipo-
lar plates in proton exchange membrane (PEM) fuel cells 4
and for other similar electronic materials owing to its low
electronic work function and diverse magnetic orders 3. It
isalso commonly used as an antioxidant in refractory mag-
nesia-carbon bricks ¢ and as a deoxidant in pure iron, steel
and mostly in copper production owing to its minimal ef-
fect on electrical conductivity 7.

The common reported production methods for CaBg
are: (i) the direct reaction of pure elements at high tem-
perature and pressure 8, (ii) carbothermic-metallother-
mic reduction of oxides or borates =10, (iii) boro/car-
bothermic reduction 5, (iv) electrochemical synthesis 11,
(v) mechanochemical synthesis 12and (vi) reaction of com-
pounds in an autoclave 13, etc. Since the properties of the
end-product depend on the properties of the raw mate-
rials and the production method, it is important to select
an appropriate method to synthesize CaBg 4. Boron car-
bide (B4C) is used as a starting material for CaBg syn-
thesis on account of the high mass yield of CaBg 15. The
reaction of the metal oxide and B4C with carbon (C) at
high temperature is called boro/carbothermic reduction
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(B4C-method), in which B4C provides both boron (B)
as a reactant and C for the reduction of the oxide ?. The
reaction for the boro/carbothermal reduction (BCTR) of
calcium carbonate is given below.

2CaCOs +3B,C +C — 2CaBy,) + 6COy, (1)

To synthesize fine CaB, powder, itis necessary to use fine
B4C powder. Commercially, B,C is synthesized via car-
bothermal reduction (Eq. 2.) at a high synthesis tempera-
ture and the resulting B4C ingots are crushed to produce
powders. Owing to the high hardness of B,C powder, itis
difficult to obtain and use fine B4C powders as a raw ma-
terial 16. In addition, the use of commercial B,C as a raw
material prevents the production of fine CaB ¢ powder ow-
ing to aggregate formation during BCTR 15,

2B203(Lg) + 7C(s) — B4C(S) + 6CO(g) (2)

The aim of this study is to synthesize CaB¢ powder via
BCTR of in-situ-formed transitional phases and calcium
oxide (CaO) based on transient formation of B4C and
Ca,B,O, (calciumborates) ina gel product. To achieve -
situ-formed transitional phases, the BCTR technique was
studied using a single-step-processed gel product that in-
cludes H3BOj3 as a B source, D(-)-Mannitol as a C source
and calcium carbonate (CaCO3) as a calcium source. To
synthesize boride in a one-step process with minimal sec-
ondary phases, it is important to minimize B loss by form-
ing B-O-C bonds in the gel product. Creating B-O-C
bondsin the gel productaccelerates the dispersion of com-
pounds and the synthesis temperature decreases owing to
the superior activity of the enlarged surface area of the
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species I7. A few studies are available on the synthesis of
CaBg via transient B4C formation. Coke as a C source
and colemanite (2Ca0O-3B,03-5H,0) as both a Caand B
source were used as raw materials, and with this method,
CaB formation was observed atabove 1700 °C 2. Another
reported study, which was performed at low temperature
(1400 °C) based on transient B4C formation, was aimed
at synthesizing CaB using a condensed product obtained
from PVA-H;BO3 With this method, itis reported that to
obtain raw materials for CaB synthesis, heat treatment in
air is performed for a mixture of H3BO3-PVA to obtain an
appropriate amount of C in the condensed product, then
this product was mixed with the calcium source 16. Man-
nitol is a common polyol and can be classified as a sugar
alcohol that is used for the titration of H3BO; owing to
its unique ability to form borate esters with H3BO3 18.In
addition to this, Mannitol is one of the low-cost polyols
for use as a C source, since sugar alcohols can be synthe-
sized from starch and sucrose. Moreover, Turkey is one
of the richest countries with regard to boron reserves and
its soil contains rich calcium carbonate deposits. For these
reasons, H3BO3; and CaCOj are readily available at rel-
atively low cost. Starting from this point of view, D(-)-
Mannitol is a good candidate to obtain transient B4C. In
this study, CaB¢ powder was synthesized via BCTR with
a gel precursor. To eliminate an extra mixing step for the
gel product and calcium source, CaCO3, C4H4O¢ and
H3;BO; were allused in a single-step process to synthesize
gel and C/B,0O3 was set directly to an approproiate ratio
without heat treatment in air.

For CaBg, there are a few sintering studies in the litera-
tureand these studies were generally performed with com-
mercially available CaB4 powders. It is known that sub-
micron- to micron-scale boride powders are generally fa-
vored compared to coarser powders for use in engineering
applications. Available technical grade CaB ¢ powders (Ta-
ble 1) have a purity between > 95 % to >99 % and a parti-
cle size between 44 — 840 um. In addition to this, industrial
grade CaB¢ powders also can be found economically with
220-50 um particle size.

Table 1: Available CaB powders.

Source Grade Purity |Particle |Price

Size  |(2016)
Sigma- Technical {99.5% |74pm |80.2€/10g
Aldrich™

Alfa Aesar™ | Technical [>95% [840um |509€/1kg
Alfa Aesar™ |Technical {99.5% |44 um [461€/100¢g
Alfa Aesar™ | Technical [>99% [840um |593€/500¢

China-Mass  |Industrial |Fe, Ti, |20pm |18-45€/1kg
Production Mg, Cu,
Mn, Na,
Co, Zn,
Ni, Pb,
K, N, C,
S, 0O

In this study, CaB powders synthesized at 1400 °C for
12 h have a um-size (smaller than 5 um). In addition to this,
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the raw materials used in our study are readily available
raw materials. As Turkey has 74 % of the world’s boron
resources, they can be found locally at low price in Turkey.
To summarize, owing to the powder’s particle size and raw
materials that used in this study, it offers many advantages.

II. Experimental

(1) Syntbhesis of calcium hexaboride powder

The raw materials used in this study were CaCOj;
(Merck, 99 %), H3;BO3 (ETI™ Mine, 99.5 %), D(-)-
Mannitol (C¢H 404, Merck™, 99 %) and all of them
were used as received. The precursor was prepared by
means of the dehydration condensation of mixed H;BO5-
deionized water (DIW) and D(-)-Mannitol-DIW solution
in a certain molar ratio that includes excess B,O5 (15 %)
according to the necessary C/B,Oj ratio for carbothermic
reduction (Eq. 2) to offset the probable B,Oj3 loss. Firstly,
1 mole of D(-)-Mannitol was dissolved in 25 ml of DIW.
Secondly, 4 moles of H3BO3 were dissolved in 1 liter of
DIW (Table 2). All the solutions were stirred at 200 rpm
and heated at 65 °C. After dissolution, the D(-)-Mannitol-
DIW solution was added dropwise at a rate of 2 ml/min
into the H3BO3;-DIW solution. Then, 2 mole CaCO; was
added to the stirred solution for every 3 mole of H;BO;
to obtain the appropriate ratio for boride production (Ca-
CO3:B,05 = 1:3). The mixed semi-transparent solution
was kept at 65 °C for 4 h and then heated until all water
was evaporated at 80 °C. The resulting semi-transparent
product was dried in an oven for 24 h at 100 °C.

Table 2: Chemical composition of the gel product.

H3BO3 D(-)-Mannitol C3C03 C/B203 C3C03/B203
(mole) (mole) (mole)

4 1 0.66 3 0,33

Thermal decomposition was performed at 400 °C for
2 hin an argon atmosphere. Decomposed gel product was
ground with an agate mortar and pestle and pressed into
pellets on a hydraulic press at 40 MPa. The pellets were
placed in a graphite crucible and heated at 13001500 °C
for 6—12h under an argon flow at a heating rate of 10 K/
min. The powders were purified using 1 M hydrochloric
acid solution for 30 min to remove unreacted compounds.
Then the powders were filtrated with a filter system and
washed five times with hot water. At every washing step,
the pH of the solution was measured and the powders were
washed until the pH value was neutral.

(2) Characterization

Phase analysis of the resulting products was conduct-
ed withx-ray diffractometry (XRD-Rigaku, MiniFlex600,
Rigaku Co., Ltd., Tokyo, Japan) operated at 40 kV and
15 mA with monochromated CuK« radiation. Raw mate-
rials and synthesized powders were pressed into pellets by
mixing of KBr powders to investigate functional groups
using Fourier Transform Infrared Spectroscopy (Bruker-
Tensor 27 FTIR) in transmission mode.
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Thermal analysis of the gel product was performed to
obtain the decomposition temperature of the gel prod-
uct with simultaneous thermal analyser (STA)-thermo-
gravimetric analysis (TG)/differential thermal analysis
(DTA) (Netzsch 449F3) and heating scans were performed
up to 700 °C at arate of 10 K/min in an argon atmosphere.

Morphology and microanalysis of the resulting powder
were conducted via using scanning electron microscopy
and energy dispersive spectrometer (SEM-Zeiss Supra 50
VP/EDS-Oxford INCA) operated at 15 kV. The EDS was
calibrated on boron nitride grains. Samples were coated
with Au-Pd before SEM imaging. Thermodynamic calcu-
lations were performed using the FactSage-Reaction Mod-
ule, under presumption of non-isothermal and standard
state and with using Pure Substance (FACT-SGPS), Oxide
(FACT-OXID) and Elements (FACT-ELEM) databases.

III. Results and Discussion

(1) Properties of the gel product

To characterize the bonding states in the gel product, the
FTIR spectrum was obtained (Fig. 1). The broad absorp-
tion peaks between 3500 and 3200 cm~! were related to the
stretching band of O-H groups in ester. The absorption
peaks between 3000 and 2800, 1620 and 1080 cm™! were
attributed to C-H, C-C and C-O bands, respectively 19.
There is no absorption peak at 1195 cm-1, which is related
to the deformation band of B-O-H 17. Therefore, it can be
said that all boric acid in the gel product has reacted with
D(-)-Mannitol and no unreacted boric acid is left in the
precursor. Two absorption peaks at 1130 and 965 cm! in-
dicated that B-O-C bonds were formed successtully 17,20,
In addition to these, peaks between 1480 and 1400 and be-
tween 850 and 650 were related to B-O bonds 17:21,22_ and
peaks at 875 and 1465 cm™! were related to CaCOj3. On
the basis of all this information, the FTIR spectra con-
firmed that gel product has been successfully formed by
H3BO3,C6H1406 and CaCO3.

Absorbance (a.u.)

T T T T T
4000 3600 3200 1600 1200 800 400
Wavenumber (cm™

Fig.1: FTIR spectra of the gel product obtained from H3;BO;-
C6H14O()—C3CO3.

To investigate the thermal characteristics of the gel prod-
uct, TG/DTA analysis were conducted simultaneously
(Fig.2). The heating rate was chosen as 10 °C/min up to
700 °C in an argon flow. The significant decomposition
peak was observed approximately at 400 °C. Therefore,
400 °C was selected as an appropriate temperature for the
thermal decomposition of gel product. With increasing

temperature, weight loss took place between 250550 °C.
There are no endothermic peaks or weight loss below
170 °C, which is the melting point of boric acid. It was al-
so seen that there is no evidence for melting or decompo-
sition of a boric acid in a gel product, so this means that
there is no unreacted boric acid in the gel product and all
boric acid in the system has been used to form borate es-
ter with D(-)-Mannitol. There is also no endothermic peak
between 450550 °C, which indicates the melting point of
B,0j3. Theseresults reveal that B-O-C bonds were formed
homogeneously in the gel product.
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Fig.2: TG/DTA curves of the gel product obtained from H3BO3-
C6H1406—CaCO3.

(2) Properties of the resulting powder

The formation temperature of the CaB¢ powder is prob-
ably related to the formation of the transitional phases
(Table 3). Therefore, it is important to determine the for-
mation temperature of the transitional phases. The main
transitional phases in CaB synthesis are Ca,B,O, and
B,C.Fig. 3 and Fig. 4 show the standard Gibbs free energy
change (AG®)-temperature relation of the formation reac-
tion of the B4C and Ca,B,O,, respectively.

600000 - 2,04 *7C(5)—>B4C(e)*6C0 g

—&— 2B)03()*7C(s)—>B4Cig)*6C0g)

400000

200000 -

L
1000 1200 0 1 1800
T (°C)
-200000 ~

-400000 -
Fig. 3: Standard Gibbs free energy change (AG®)-temperature rela-
tion of the reaction given in Eq. 2.

AG® (J)

According to the thermodynamic data, B,C formation
can occur by carbothermic reduction over both liquid
phase (B,O31)) approximately at 1550 °C and gas phase
(B2O3g) whichis in an equilibrilium with its liquid phase
approx. at 1290 °C (Fig. 3). The Ca,B, O, formation reac-
tion has a large negative Gibbs free energy, therefore it is
obvious that the formation of calcium borates can be spon-
taneous and the formation of calcium-rich borates easier
than that of boron-rich borates.
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Table 3: Possible formation and BCTR mechanism in our work.
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Scenario

Formation of
transitional phases

Reaction

CtBaO31g 2 B4C»+COG)

CtB203) 2 B4Co+CO)

2CaO(S)+3B203(Lg) - CazB 6O 11(s)

3C3.O(S)+B203(1,g) 4 Ca3BZO6(s)

C32B6011(5)+C30(S) d Ca3B206(S)+ BzO:;(Lg)

BCTR of

transitional phases

Ca3BZO 6(s)+4B4C(s)+2C(s) - 3CaB6(S)+6CO(g)

CazB(,O11(S)+2B4C(S)+6C(s) 4 2CaB6(S)+ BZO3(g)+8CO(g)

2C3.O(S)+3B4C(S) —2CaB 6(5)+C(s)+2CO(g)

2CaCO3(S)+3B4C(S)+C(S) —2CaB 6(s)+6CO(g)

CaO(S)+3B2O3(1,g)+1OC(S) — CaB 6(s)+1OCO(g)

Table 4: EDS microanalysis results of the powders obtained by BCTR.

1300 °C-6h (AP) 1400 °C-6h (BP) 1400 °C-12h (AP)

Spectrum 1 Spectrum 2%) Spectrum 1 Spectrum 2 Spectrum 1

Element | Weight | Atomic | Weight | Atomic | Weight | Atomic | Weight | Atomic | Weight | Atomic
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

C 6.06 7.12 100 100 38.54 32.26 33.98 10.89 - -
B 62.74 81.89 - - 19.13 25.51 43.22 50.71 73.56 91.16
Ca 31.19 10.98 - - 18.32 10.59 9.83 3.11 26.44 8.84
(] 6.06 7.12 - - 24.01 31.64 12.97 35.29 - -
Total 100

*) EDX data was taken on the large carbon particle.

—a&—Ca0 +B,0,,—»CaB,0,
—=—3Ca0,+B,0,,~Ca,B,0,
—=—Ca0 +2B,0, —»CaB,0,
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Fig. 4: Standard Gibbs free energy change (AG®)-temperature rela-
tion of the formation reactions of Ca,B,O,.
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With reference to thermodynamic data, CaB, powder
synthesis reactions via BCTR were performed between
1300 °C and 1500 °C. XRD patterns of powders synthe-
sized by BCTR for 6 h at 1300, 1400 and 1500 °C are given
in Fig. 5. This result indicated that CaB¢ was successfully
synthesized as a single phase when BCTR was performed
at 1500 °C for 6 h. However, the XRD pattern of the prod-
uct obtained at 1400 °C for 6 h showed that the single-

phase formation of CaBg was not achieved in these con-
ditions on account of the observation of additional phas-
es like B,C. In addition to this, as the BCTR temperature
was keptat 1300 °C, C was detected along with some B,C
(Table 4). From this, it can be seen that a dwell time longer
than 6 h may be necessary at 1300 and 1400 °C to synthe-
size single-phase CaBy. As a result, CaB formation was
firstly observed at 1300 °C and this observation was com-
patible with the thermodynamic data.

The effect of longer dwell times was also investigated at
1300 °Cfor 10 and 14 h (Fig. 6). The XRD results revealed
that more than 14 h were required to synthesize single-
phase CaB at 1300 °C since B,4C peaks still have a high
intensity in the XRD patterns of powders synthesized at
1300 °C for 14 h.

In order to understand the effect of longer dwell times,
boro/carbothermal reduction was conducted at 1400 °C
for 8, 10 and 12 h (Fig. 7). For the powders synthesized
by means of boro/carbothermal reduction at 1400 °C for 8
and 10 h, there is still some B4C in the powder. However,
for powders synthesized at 1400 °C for 12 h, all peaks can
be identified as CaBg¢. Therefore, 1400 °C as a reduction
temperature and 12 h as a dwell time are sufficient to syn-
thesize single-phase CaBy. As a result, the precursor pre-
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pared from the gel H3BO3-D(-)Mannitol-CaCOj prod-
uct by means of thermal decomposition in an argon flow
is afavourable precursor for low-temperature synthesis of
CaB powder. In Table 5, the weight loss values of samples
after BCTR and after chemical purification can be seen. As
expected, after BCTR, the weight loss values of the sam-
plesincreased with increasing temperature and dwell time.
By-products in the system, such as suboxides and calcium
borates, have high volatility owing to the high tempera-
ture, the weight loss of samples obtained at higher temper-
atures and dwell time is much greater than that of the sam-
ples obtained at lower temperatures. Similarly, the amount
of the unreacted compounds in the samples obtained at
higher temperatures and dwell time is also much higher
than in samples obtained at lower temperatures. These re-
sults also reveal that the reduction completion ratios are
higher at higher temperatures and dwell times.

R ® CaBg (01-074-1171)
0B4C (00-035-0798)
VC  (00-026-1076)

| S W

1500°C
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e W E 2 W\
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1300°C

20 30 40 50 60

Fig.5: XRD patterns of the products obtained by BCTR at 1300,
1400 and 1500 °C for 6 h in an argon flow.
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Fig. 6: XRD patterns of the powders obtained by BCTR at 1300 °C
for 6—14h in an argon flow.

To understand the formation and consuming mechanism
of transitional phases, thermodynamic calculations were
performed based on reactions that have probably occurred
in the system. Fig. 8 shows the standard Gibbs free energy
change (AG®°)-temperature relation of the formation reac-
tions of CaBg over Ca,B,O,, B,O3 and C. It is obvious
that the carbothermic reduction temperature of B,O5 and

CaO is lower than the carbothermic reduction tempera-
ture of ByO3 and Ca,B,O,. Inaddition to this, CaB syn-
thesis via carbothermic reduction over B,O3 and CaO can
occur at approximately at 1300 °C theoretically, but high-
er temperatures are necessary if Ca,B,O, takes the place
of CaO. In the event of boron-rich borates being present
in the system, the carbothermic reduction temperature is
higher compared with the carbothermic reduction of cal-
cium-rich borates.
«CaBy (01-074-1171)

o 0B, C (00-035-0798)
‘ .
| | . o
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Fig. 7: XRD patterns of the powders obtained by BCTR at 1400 °C
for 6—12h in an argon flow.

Table 5: The weight loss of samples after BCTR and after
chemical purification.

Weight Loss (%)
Sample After BCTR  |After chemical
purification

1300 °C-6h 70.5 11.5

1300 °C-10h 72.3 8.6

1300 °C-14h 73.2 7.4

1400 °C-6h 81.8 6.2

1400 °C-8h 82.2 4.5

1400 °C-10h 84.6 3.7

1400 °C-12h 84.9 1.3

1500 °C-6h 89.7 0.8

—8—Ca0, *3B,0,*10C,—~CaB,, +10C0
——CaB,0,+5B 0 +20C_—2GaB__+20C0
—— CaB,0,+28,0,+10C_—CaB,_+10CO
—¥—CaB,0,+B,0,+10C_—CaB_, +10C0
——Ca,B.0,+8B,0,+30C, ~3CaB,, +30C0

2000000

1000000 A
=
) 1 1
(i? 800 1000 1200 1 1800
T (°C)

-1000000

Fig. 8: Standard Gibbs free energy change (AG®)-temperature re-
lation of the formation reactions of CaBg over Ca,B,O,, B,O3
and C.
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In Fig. 9, the standard Gibbs free energy change (AG°)-
temperature relation of the formation reactions of
CaBg via BCTR can be seen. CaBg synthesis via BCTR
over CaO can occur at approximately 1400 °C theoretical-
ly. In contrast to the carbothermic reduction of B,O3 and
Ca,B,O,,it can be seen that the reduction of boron-rich
borates take place easily compared with the reduction of
calcium-rich borates.

—m— Ca0+15B,C, »CaB, +CO+05C,

—8— CaB,0,+058,C,;+6.5C, CaB, +7CO,,
—A— CaB0+B,C, +3C, >CaB, +4CO

—¥- CaB,0,+2 5B,C,+25C, ~2CaB,, +5C0
—— CaB,0.+4B,C, +2C, 3CaB, +6C0,

1000000 ~

500000

m . .

0
600 800 1000 1200 1400 1 0
T (°C)

Fig. 9: Standard Gibbs free energy change (AG®)-temperature rela-
tion of the formation reactions of CaBg via BCTR.
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Fig.10: XRD patterns of the powders synthesized by BCTR at
1400 °C for 6 h: (a) before purification (BP) and (b) purified with
hydrochloric acid leaching (AP).

Fig. 10 shows the XRD patterns of powders before and
after purification with acid leaching. It is known that Ca-
COj; can be decomposed to calcium oxide above 800 °C.
After decomposition, CaO reacts with other substances
in the system to create transitional phases. It is also obvi-
ous thatin the gel product, first transitional phases such as
Ca3B,04, Cay,B4Oand B4C were formed from calcium,
B and Csourcesat 1300 °C, which was compatible with the
thermodynamic data. In the gel precursor, CaO:B,03 was
chosenas 1:3. Therefore, CaB4O g may be expected to oc-
cur as a transitional phase, but it is known that calcium-
rich borates have a higher negative Gibbs free energy, es-
pecially Ca3B,Oyq, so probably Eq. 3 and Eq. 4 occur dur-
ing the process.

CaO(S) + CaB(,Olo(s) — CazB(,Oll(s) (3)
3C3.O(S) +B203(s) — C3~3B206(s) (4)

Fig. 11 shows an SEM micrograph of powder obtained
by means of BCTR at 1400 °C for 6 h prior to purifica-
tion by means of hydrochloric acid leaching. It is obvi-
ous that the particles belonging to n-situ-formed tran-
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sitional phases are submicron in size. It is known that
fine starting materials are needed to synthesize fine boride
particles. Therefore, submicron-sized in-situ-formed par-
ticles are also important for the BCTR process. In Ta-
ble 4, EDS spectrum results taken from two different
points are given. Spectrum 1 and Spectrum 2 reveal the fol-
lowing chemistries by wt%, respectively: 38.54 wt% C,
19.13 wt% B, 18.32 wt% Ca, 24.01 wt% O and 33.98 wt%
C, 4322 wt% B, 9.83 wt% Ca, 12.97 wt% O. The EDS
spectrum results show that transitional phases were ho-
mogeneously dispersed.

Fig.11: SEM micrograph of the powder obtained by BCTR at
1400 °C for 6 h (BP).

; - M el
Fig. 12: SEM micrographs of the powders obtained by BCTR at
2) 1300 °C, b) 1400 °C and c) 1500 °C for 6h.

Fig. 12(a)-(c) show the SEM images of CaBg powders
synthesized for 6 h at 1300-1500 °C. In powders synthe-
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sized at 1300 °C for 6 h, the residual C could be recognized
bothin Fig. 5 and arrowed in the SEM images in Fig. 12(a).

Powder sizes obtained at 1400 °C for 6 h were smaller
than those obtained at 1500 °C for 6 h; but the reduc-
tion at 1400 °C for 6 h was not sufficient for the formation
of single-phase CaB. Fig. 13 shows SEM images of pow-
ders obtained by means of boro/carbothermal reduction
at 1400 °C for 12 h.

When the reduction was completed at a sufficient dwell
time, the particles were coarse. Particle size of powders ob-
tained at 1500 °C was a few micrometers; but the distribu-
tion of particle sizes was not homogeneous owing to the
formation of transitional phases. It was known that the re-
duction temperature and dwell time influence the particle
size and the formation of second phases. As a result, CaB
powders obtained at 1400 °C for 12 h were fine compared
to powders obtained at 1500 °C for 6 h. At high magnifica-
tions, it can be seen that CaBg has a few hundred nanome-
ter-size particles with a smooth surface and smaller sub-
particles. EDS microanalysis of powder obtained by BC-
TR at 1400 °Cfor 12 hcanbe seenin Table 4. The elemental
analysis was conducted as Spectrum 1. The EDS spectrum
shows the following chemistries: 73.56 wt% B, 26.44 wt%
Ca. These results reveal that there are only Ca and B in the
system.

100 nm

Fig.13: SEM micrographs of powders obtained by BCTR at
1400 °C for 12 h with: a) low and b) high magnification.

IV. Conclusions

In this study, a simple method was developed to synthe-
size CaBg via BCTR from a gel precursor that was ob-
tained from low-cost, readily available C(H{4,O¢, CaCO3
and commercial H3;BOj3 from local sources. To obtain the
gel precursor, the raw materials were mixed in a single

step and dehydration gelation was performed. CaB ¢ pow-
der could be synthesized by means of boro/carbothermal
reduction without the existence of secondary phase, and
without the need for expensive raw materials such as B,C
or extra steps such as mixing of raw materials. Ca3;B,Oy,
B,4C and Ca,B4O 4 were formed as a transitional phase
to create CaBg particles and these results were compat-
ible with the thermodynamic data. CaB4 was formed at
1300 °C for 6 h; but the residual C and some B4C were al-
so present in the powder in these conditions. Single-phase
CaB¢ powder could be synthesized at 1500 °C for 6 h or
at 1400 °C for 12 h by means of boro/carbothermal reduc-
tion.
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