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Abstract

The aim of this project is the production of calcium hexaboride (@dBm colemanite and petroleum coke and the determination of
the temperature-dependent phase transformation of boron carhi@g (#hich appears as an intermediate compound to;CHifds process
makes use of the advantages of tBC method as a special case of thedrbothermic methddfor the direct production of CaBfrom
natural raw materials.

Colemanite (2Ca@B,03-5H,0), taken from Eti holding Co. in Turkey, and petroleum coke are used as raw materials. As-received crushed
colemanite is processed by calcination between temperatures o€40@ 600C. X-ray diffraction analyses show that the obtained material
contains amorphous boron oxide,®) and calcium oxide (CaO) as well as calcium carbonate (Ga@ad SrSQ as additional crystalline
components.

The production of CaBwas carried out by sintering the powder mixture under argon between temperatures of B4@D2000C. The
products were analysed with an X-ray diffractometer.

The experimental results and thermodynamic calculations show jRaisBroduced as an intermediate product and remains present up to
temperatures of 1700-1850 as the boron source for the formation of GaBhe decomposition reactions of®to Cah; in this temperature
range were recorded by X-ray diffraction analyses and agree with thermodynamic calculations.

Itis concluded that thecarbothermic methddcan be directly used for the production of GafiBom the as-received unmilled raw material
obtained from the calcination of colemanite at 400and petroleum coke.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction papers have already been published on the physical, chemi-
cal and other propertiés’~22and the productich®-23-28f
Because of its hardness, melting point and electronic prop- CaBs. New investigations in the last 15 years are concerned
erties CaR is used in a variety of industrial applications, with the electronic structure and magnetism of ga%34
where it is known as an abrasive and deoxydation material. According to Kino et al3* CaBs has a quasiparticle band
Itis used in large quantities as a deoxydising additive for the structure and is of semimetallic character in bonding.
production of magnesia carbon bricks and for the refinement  The high temperature oxidation behaviour of hot-pressed
of pure iron, steel, and copp®r Furthermore, itis used as  and sintered bodies of CgBs studied by Matsushita and
a starting material for boron nitride synthe8islumerous Komarneni®® The phase diagram of the Ca—B system is
presented in “Binary Alloy Phase Diagrafi”’and also by

_— 137
* Corresponding author. Tel.: +49 1791 494621, Otani: . . X
fax: +49 1212 5137 69856, Usually, B,C is used as a starting material for the produc-
E-mail addresso.yildiz@gmx.de ©. Yildiz). tion of CaBs.2838-407enk et alf® have synthesised CaB
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powder via the reaction of CaGQwith B,C and carbon.  Tablel
The phase transformation dependency ontemperature and thBhase composition according to the thermodynamic calculation of raw ma-
quality of the raw material colemanite and on the production " 81600C

process of CaBhave not, however, been studied extensively Materials Properties
either by means of X-ray experiments or by thermodynamic Colemanite Calcined: 60C
calculations. Particle size: <25Q.m

82031 ~58 wt.%

Carbothermic reduction of a mixture of the metal oxide CaO~31wt%

and boron oxide with carbon at high temperature is known as
the carbothermic methadCarbon and/or BC are reducing
agents in carbothermic methdd:2428-40Vhen B,C is used

as a reduction material, the process is known asBj}@-
method The BsC-method is also a carbothermic process, swing mill. The properties of the used raw materials are given
but it provides both carbon for the reduction of the oxide in Table 1

as well as boron as a reactant. ThereforgC Bs preferred

in the production of CaBand other borides such as BB 2-2. Synthesis of CaB

TaB,.2:8:26-28

The mostimportant methods for the preparation of borides ~ CaBe is produced from a mixture of 60—95 wt.% coleman-
are therefore the following: ite and 4-25 wt.% petroleum coke. The application of the car-

i . . bothermic method in this work is the reduction of the mixture
(2) Synthesis of the compound through either melting, pres- of the calcium oxide and boron oxide by carbon through sin-

Petroleum coke Washed, dried and grinded
Particle size: <250.m

sure sintering or hydrolysis. o tering at high temperaturez000°C) in argon (1 bar) and in
(b) Reduction ofthe metal and boron oxide with carbuar{ a graphite crucible. The reactions generally occur according
bothermic method to the following equations:

(c) Reaction of the metal oxide with,B (B4C-methodl
600°C

(d) Reduction of the metal and boron oxide with metals Al, 2Ca0. 3B,03 - 5H,0 —> [2Ca0+ 3B,03] + 5H,0 4
Si, Mg (aluminothermic reductigretc.). ar

(colemanite) (amorphous)

The selection of the production method is dependent onthe 1)
properties of the raw material and the desired end product of
boride. In addition, the conditions of the reaction mechanisms 2ca0+ 38,03 22°°*°%%S caB,0, + CaR0; )
play a very significant rolé?-2 argon (1 bar)

In this work, the production of Cafrom colemanite and

petroleum coke, and the determination of the temperature- 2[caB,0, + CaB,0] 4 12¢232%1800°¢

dependent phase transformation frogCBto CaB; were argon (1 bar)

studied. Furthermore, it was investigated whethgCBs +4Ca0+ 9CO, 1 (3)
formed as an intermediate product and whether the advan-

tages of the B4C method in the direct production of CaB 1700-2000°C

can also be used in the application of thearbothermic 3B4C +2Ca0 argon (1 bar) 2Cafs +3CO1T (4)
method.

2.3. Characterisation of CaB

2. Experimental procedure X-ray diffraction analyses were used in the determination
of the phase formation and decomposition oftBt0 Cak;
2.1. Materials in products obtained at temperatures between 1608nd

2000°C with different dwell times.

The starting materials in this study are washed petroleum CaBs is obtained as a molten slag. The raw product was
coke and colemanite processed only by calcination. The then broken and milled. After the preparation of powder sam-
characteristics of these materialtable ) and the X-ray ples (<45.m), the phases were analysed by a Philips PW
diffraction analysis of the raw and calcined material of cole- 3020 type X-ray diffractometer using Cw# radiation.
manite at different temperatures are published separately by
Yildiz. 4142 2.4. Thermodynamic calculations

The raw material colemanite is calcined at 6@for 3 h
in air. After calcination, the powder is dry-sieved according The thermodynamic calculations, carried out by the pro-
to the norm DIN 66165 through a sieve of Retzsch type Vibro gram “Fact-Win"#3 determined the particular phase compo-
SP 1000. The petroleum coke (after drying at6Cor 24 h) sitions in temperature steps of 50 corresponding to the
and the calcined colemanite powder (after sieving <2&() same environmental conditions as those found in the experi-
are both dry-grinded (10 min) separately in a hard metal-lined ments.
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The raw material colemanite calcined at 6@is consid- =
ered as a starting material for all thermodynamic calculations. [:/;] ]
The raw material mixture of colemanite and petroleum o
coke used here contains humerous components §Oz,B 9 1 . O oo
CaO, CaCQ@, SG;, Si0Oy, SrsQ, MgoO, Fe0s, Al,03, K20, ol oo P HM 0 o o
etc)*? Since some of these components were present in " *q
small quantities they were not considered in the calculations. 1 ‘ ’ ‘
For the theoretical calcination, petroleum coke containing o | ANl | |
some impurities (S§ etc.) was taken as pure carbon, o 10 20 30 40 50  60[20170
and the raw material colemanite as an ideal colemanitecol-600ll T T TTT MM TITTIIITITT T T TTT 1
(2Ca0B,03-5H,0), containing quartz (Sig) and a clay 05-0593 Celestine, syn =~ S5rS04
mineral (with the oxides KO—SiQ—MgO-Fe03-Al,03). 38-1454 Strotium Al“min“m Si1 = SrAlZSizOB
CaCQ and SrSQ are neglected. 24-0027 Calcite ) ICaCOB
In order to identify the influence of both excess carbon and 42-1414 Bictite-l\TIM\RG * KMg,Fe™), (Al Fe ysi

boron oxide, the overall mixture was varied in the calcula- 33-1161 lQuartz, syn

*

SiOZ

tions by using fractions and an admixture of the experimental

base material (53-95 wt.%), petroleum coke (3—31 wt.%) and  Fig. 2. XRD analysis of raw material colemanite calcined at8D0

B,O3 (7—36 Wt.%).

3. Results and discussion

3.1. Calcination behaviour of the raw materials

A detailed study was carried out by Yildiz*2comprising
DTA-TG (in air and argon), SEM-EDX and chemical analy-
ses of the raw materials colemanite and petroleum coke, and
the influence of calcination on the particle size fraction (sieve
analysis), the phase change in the colemanite (XRD) and the

surface area (BET).
Colemanite is a boron mineral with 5mol of crystal wa-

ter. Fig. 1 shows the X-ray powder analyses of this raw 35 Thermodynamic calculation of the raw material

material. Colemanite loses its crystal water2(l wt.%) by

endothflrznzlc reactions between temperatures of @0&nd Thermodynamic calculations of the phase composition at

460°C. o _ 600°C reveal the compounds listedTable 2 In experimen-
Before calcination at 600C the raw material possesses 5] studies by calcination of colemanite at 6@) CaB04

a particle size <25(Am (~31wt.%), while after calcina- CaB,07 were not formed but amorphous®; and CaO

tion this fraction comprises~86wt.%. This as-calcined \yere observedHig. 2). CaB0; first forms at 1000C in air

fraction <25Qum shows a surface area of 2.88lmand  anqat1400C (300 min dwell time) in argon from a mixture
contains 52wt.% of amorphous,8s and 30wt.% CaO of colemanite and petroleum cokiigs. 3 and %

according to the chemical and the X-ray diffraction analyses
(Fig. 2.

Upon heating, the combustion of petroleum coke lasts un-
til 600°C in air and 1000C in argon. After combustion of
petroleum coke in air at 100, about 10 wt.% of it is left
behind as ash residdé.

3.3. Phase transformation fromyB to CaB
(thermodynamic calculations)

According to thermodynamic calculations,® forms

first in small quantities starting at 125G (Figs. 5 and &
. Figs. 5 and 6show the influence of temperature and of C-
[1“@ 2 and B,Oz-amount on the formation of f£. The maximum

Table 2

terial at 600C

Phase composition according to the thermodynamic calculation of raw ma-

Components Quantity (wt.%)
Cak Oy 5372
CaByOy4 3172
Mg2B20s5 4.09
SiO; (quartz) 349
33-0267 Colemanite & @ St e CagFeSiz01, (andradite) B2
05-0593 Celestine, syn® Srso4 KAISi,0g (leucite) 221
: : e e e et o vt e e e ) CaAbSib0s (anorthite) 123

- Calcit -

Oo-On8sLalaiie, ava, I Cacod CaSQ (anhydrite) 122
Sum 10000

Fig. 1. XRD analysis of raw material colemanite.
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Fig. 3. XRD analysis of the mixture of colemanite and petroleum coke cal- Temperature [ C |
cined at 1000C in air.

Fig. 6. Formation of CaBas a function of temperature and quantity of added
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Flg 4. XRD analysis of the mixture of colemanite and petroleum coke sin- 1700 1750 1800 1850 1900 1950 2000
tered at 1400C (300 min dwell time) in argon. Temperature [°C |
quantity of BC is formed at a temperature of 170D with Fig. 7. Formation of CaBas a function of temperature and quantity of added

a mixture of 23 wt.% C without BO3 or of 25wt.% C with C and BOs.
13 wt.% B,O3 (Fig. 6).

The phase transformation from4s8 to CaB begins B4C is obtained. But starting from a certain quantity of above
at 1700°C (Figs. 7 and B and is completed at 185C ~12-15% the amount of resultingyB is constantFig. 10
(Figs. 5 and B It becomes clear that the formation and the shows the carbon-dependent formation @fCBat 1700°C
quantity of B,C and CaB are dependent on quantity of C and of CaB at 2000°C.
and B as well as on the reaction temperatligg. 5—9. According to the thermodynamic calculations the forma-

The formation of BC and decomposition to CgBvithout tion of CaB starts at temperatures between 1700and
B20O3 is shown inFig. 9. By increasing the C-amount, more 1800°C depending on the C/B ratid-igs. 7 and 8 Car-

O VL oy .
254 —=— 3IC/6B

-—9—- 15C/8 B

—m—- [4C/14B —&— 271C/ 7B
207 —A—- I13C/208B —8— 25C/I3B

X —@—- 13C/25B 2 —A— 23C/ —
E 15 —0— 12C/29B z ----- 21C/TB
- —A— 11C/33B o :
o = ce.m... 20C/13B
- 104 R DY off g 0 ‘
& —6— BC/8B Ao~ 19C/19B
5 —a— B8C/I5B : ---- 18C/24B
—A— 7C/21B <e0--- 17C/28B
N S T { o] T = & e 16C/32B
0 —— T y T 0 ——p— — x
1250 1350 1450 1550 1650 1750 1850 1700 1750 1800 1830 1900 1950 2000
Temperature [°C | Temperature ["C]

Fig. 5. Formation of BC as a function of temperature and quantity of added Fig. 8. Formation of CaBas a function of temperature and quantity of added
C and BOs. C and BOs.
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Fig. 9. Influence of C on the decomposition ofBto Cabs.

bon and BO3 as well as colemanite (CaO and®s) have

Fig. 11. XRD analysis of product (150C, 240 min dwell time).

[%]
an interdependent influence on the formation @fCBand 100 1
CaBs. Although about 4wt.% BC forms from a mixture ¢ | .
of 5wt.% C and 95wt.% basis material colemanite, about a6 | of ¢
1.5wt.% CaB forms but B,C and CaB do not form from a i 0 L2 o ®
mixture of 5wt.% C, 90 wt.% colemanite and 5wt.%@; 16 ) i3 hed Pzl ol o .
(Figs. 5-8. CaBs forms most favourably from a mixture of 4 o
25wt.% C, 62 wt.% colemanite and 13 wt.%@®s. P I N LA L] l 1ni
o 10 20 30 40 S0 60[20] 70
3.4. X-ray diffraction (XRD) analysis of products 5:_80_2?3 ICalc:l.un Imril' L "'e” "c!sls] e
35-0798 norbide ¢ BAC
B4C could first be identified at 150@€ (240 min dwell 29-1129 Moissanite—3\TTC\RG, sy o sic
time) (Fig. 11) and continued to be present until 20TD 12-0744 Calcium Hydrogen Borate v CaHBO3
(without dwell time). Although with a dwell time of 300 min 03-0957 Iron Boride + FeB
at 1400°C, B4C could not be producedr{g. 4), it was 29-0044 Aluminum Iron Carbide # AlFe3C0.5
observed at 1600C (60 minf*? and at 1500C (240 min) 36-0018 strontium metasilicate ® srsio3
(Fig. 11). Cabs first occurs experimentally at 170Q after a 26-1080 Carbon 8 ¢

dwell time of 180 min and at 180 after 60 min Fig. 12).
The identification of the compounds between temperatures
of 1300°C and 1800C was complicated by the fact that all
phases of the borate 4B and other compounds were formed
at the same time.

According to thermodynamic calculations;Bis present

Most of the phases in small quan

Fig. 12. XRD analysis of product (180C, 60 min dwell time).

X-rays even at 2000C (without dwell time) Fig. 13.

tity (including® dis-

appear at 2000C and only Cal remains as a major phase

until 1850°C; however, experimentally it can be seen by (Fig. 13.
[%]
100 b )
4 *
80 - ¢ CaBg ' T 64 .
S ' 36 ¢ 0
Z o ¢
m@ 16 6
(o]
& 4 . NI I 'PJ* . eL ¢
% s o pofe \
() o
= 10 20 % " 60261
@ 00 [ T [T T [ ITIT T 1T Il 1]
310254 Calcium Boride ¢ CaB6
294129 Moissanite-3\ITC\RG, sy O Ssic
.“ 32-0463 Iron Boride + FeB
= 08-0464 Oldhamite, syn ® Cas
Petroleumcoke (C) | wt% | 35-0798 norbide ¢ B4C

Fig. 10. Influence of C on the formation of,B and CaB.

Fig. 13. XRD analysis of product (200C, without dwell time).
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The thermodynamic calculation of CgBrom the mix- terials (crystal water content, quantity of other components,
ture of 25wt.% C, 62wt.% colemanite and 13 wt.%@3 particle size distribution, homogeneity of mixture, etc.) play
at temperature of 200 is in agreement with the reactions an important role on the phase formation ofBand CaRB
observed in the experiments. It is suggested that the reactionsn the carbothermic method.

may occur according to the following equations:

600°C

The advantages of thesB method can clearly be used
for the production of CaBif the reaction conditions and

2Ca0. 3B,03 - 5H,0 — CaBy04 + CaB4O7 4 5H,0 1 the suitable processing of the raw materials can be optimally
air . . .
) determined for the phase formation ogf®and CaB, without
using B,C as a reducing agent.

All reactions for the formation of CaBBcan be summarised
generally as Eq6).

1700-2000°C References
CaO+ 3By03 + 5C—— CaBs + 5COp ¢ (6) . . .
argon (1 bar) 1. Graf von Matuschka, A., Technischer Einsatz von Borverbindungen.

Eq. (5) goes only according to the thermodynamic cal-
culation, whereas Eqg1) and (2) follow an experimental
observations. Borate can be identified until 16G0The re-
actions in the Eqq3) and(4) are identical for experimental
observations and the thermodynamic calculations.

There are small differences between calculated and exper- 4.
imental formation and decomposition temperatures 4% B
because ideal conditions and idealized components are con-
sidered for the thermodynamic calculations, whereas kinetics
should be taken into account as well. Therefore the formation
and decomposition temperature of®Bin the thermodynamic
calculations are lower than those obtained from experiments.
With the increase of the dwell time, one may approach an 7.
equilibrium temperature. For example,®@can not be found
after 60 min dwell time at 1500C, however, BC occurs in
larger quantities after 240 min dwell timEi¢. 11). 9

Itis clearly seen that the phase transformation froi@ B

Cabs is finished later (above 185C) in mixtures with more  10.

B,Oz-amount (over-13 wt.%) compared to other mixtures,
and that the amount of carbon (untiR7 wt.%) plays a pos-
itive role in the formation of BC as well as of CaR

12.

4. Conclusions

13.

Because the water-containing raw material colemanite is 14,

a problem as a starting material for the production of the
borides?? it must be calcined at 40@ or even better at
600°C. A mixture from this material and petroleum coke
can be used for the production of CaB

It was theoretically predicted and experimentally deter-

mined that CaBforms with B,C as an intermediate product. 17.

In addition, the formation as well as the decomposition rate
are mainly dependent on the reaction temperature and time}
and on the stoichiometry of the raw material mixture.

B4C begins to form theoretically at 125C and experi-

mentally starting from 1500C after 240 min annealing time.  19.

The decomposition of BC to CaB; begins theoretically and
experimentally at 1700C (dwell time of 180 min).

The reaction conditions (sintering temperature and time,
heating rate of the furnace, formation vapour phase, partial
pressure, etc.) as well as the characteristics of the raw ma-
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