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Abstract Formation of hexagonal boron nitride by car-
bothermic reduction of boric oxide under nitrogen atmo-
sphere at 1500 °C was investigated. Experiments were
performed for durations in the range of 15 min to 3 h.
Reaction products were subjected to powder X-ray dif-
fraction analysis, chemical analysis and were examined by
scanning electron microscope. Formation of hexagonal
boron nitride was found to be complete in 3 h with most
forming in the initial 2 h. Boron carbide was found to exist
in the reaction products of the experiments in which hex-
agonal boron nitride formation was not complete. The aim
of this study was to investigate the role of boron carbide in
the carbothermic production of hexagonal boron nitride.
For this purpose, conversion reaction of boron carbide into
hexagonal boron nitride was studied. Boron carbide used in
these experiments was produced in the same conditions
that hexagonal boron nitride was formed, but under argon
atmosphere. It was found that formation of hexagonal
boron nitride from boron carbide—boric oxide mixtures
was slower than activated carbon—boric oxide mixtures. It
was concluded that boron carbide is not a necessary
intermediate product in the carbothermic production of
hexagonal boron nitride.

Introduction

Hexagonal boron nitride (h-BN) is a unique ceramic
material with superior high temperature properties. Due to
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its thermal shock resistance, thermal conductivity, electri-
cal insulation and lubricating property; it finds a large
application area in industry [1]. Carbothermic formation of
h-BN is stated to be the most widely used industrial pro-
duction method [2]. In this method, boric oxide reacts with
carbon and nitrogen gas to form h-BN:

B,0;5(1) + 3C(s) + Na(g) = 2BN(s) + 3CO(g) (1)

Few studies have been done on the mechanism of car-
bothermic formation of h-BN [3-6]. Bartnitskaya et al. [3]
concluded that B,Oj first gets reduced to B by carbon and
then B reacts with N,(g) to form BN while Yoon and Jha
[4] considered h-BN formation to proceed through gaseous
BO. Pikalov [5] suggested h-BN formation to proceed in
two consecutive steps with B4C forming in the first step
according to the overall reaction:

2B,05(1) + 7C(s) = B4C(s) + 6CO(g) (2)

and h-BN forming by reaction of B,C with B,O5 in the
second step according to the overall reaction:

3B4C(s) + B,0s(1) + 7N (g) = 14BN(s) + 3CO(g)  (3)

Aydogdu and Seving [6] studied formation of h-BN by
subjecting pellets prepared from B,0O3-activated C mixtures
to N, gas at temperatures ranging from1100 °C to 1500 °C
for durations ranging from 15 min to 4 h and found the
reaction to be complete in 2 h at 1500 °C and B4C, in
addition to unreacted B,Os, unreacted C and BN formed, to
exist in the reaction products of the experiments in which
h-BN formation was not complete. They found from the
results of experiments directed to the mechanism of the
reaction by use of different geometrical arrangements that
liquid B,0Oj3 and solid carbon need not be in contact in the
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formation of BN from B,O3;, C and N, and concluded the
overall reaction (1) to proceed by evaporation of B,O5(1)
and reaction of B,03(g) with C(s) and N,(g) on C(s). By
thermodynamic analysis based on reaction (3), they showed
that either BN(s) or B4C(s) but not both can exist in the
system at equilibrium and that B,C(s) is unstable in the

3
system when the f%’ ratio is less than a critical value at a
N
given temperature wimich can be calculated to be 6.7 x 10°*
for 1500 °C by employing the data used by them. They

stated the ratio in their experimental system, where

co

Py
there is a conzinuous flow of N, gas, to be expected to be
less than the critical ratio when B4C is expected not to be
present in the system and suggested B4C to form in regions
of the pellet where N, pressure is too low due to insufficient
penetration of nitrogen gas. They concluded that some
h-BN forms according to the overall Reaction (1) and some
according to Reactions (2) and (3) taking place successively
and found from experiments conducted by subjecting
commercial B4,C-B,0; mixtures to N, gas the rate of
Reaction (3) to be lower than that of Reaction (1). While
B4C appears to be a necessary intermediate product
according to Pikalov, the results of Aydogdu and Seving
imply B4C formation not to be necessary in carbothermic
formation of BN. This study is a continuation of the study of
Aydogdu and Seving and was undertaken with the objective
of gaining further information as to the role of B4C in
carbothermic formation of BN. For this purpose in addition
to carbothermic h-BN formation experiments according to
Reaction (1), experiments were conducted to study B4C
formation according to Reaction (2) by subjecting B,O3;—C
mixtures to argon atmosphere. B,C powder produced in
these experiments, expected to have similar properties such
as grain size and morphology to the boron carbide forming
during carbothermic production of h-BN was mixed with
B,O; and subjected to N,(g) to study BN formation
according to reaction (3).

Experimental procedure

Preliminary experiments were conducted by reacting acti-
vated carbon-boric oxide mixtures at 1500 °C under
nitrogen atmosphere using the same set up used by
Aydogdu and Seving [6] in which similar results were
obtained. The furnace in this system was a horizontal tube
furnace in which the service life of the furnace tube and the
heating elements was rather short due to attack of the boric
oxide vapor. In the current study the configuration of the
furnace was altered in order to increase the lifetime of the
furnace elements and the experiments were conducted in a
vertical tube furnace which had an 800 mm long mullite
tube of 50 mm inner and 60 mm outer diameters. The
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mullite tube was closed at both ends by water-cooled brass
heads having thermocouple insertion, gas inlet and outlet
tubes. Nitrogen gas was introduced into the furnace from
the bottom and the exit gas was removed from the top.
Temperature of the furnace, kept constant at +1 °C by a
digital temperature controller, was measured with an S type
thermocouple inserted into the system from the bottom.
Before the experiments the furnace was heated to and
stabilized at 1500 °C.

Experiments were performed using boric oxide—acti-
vated carbon mixtures containing B,O; 100 mole% in
excess of the amount calculated in accord with the stoi-
chiometry of Reaction (1) to account for loss due to
vaporization. The mixtures consisted of 1.9861 g boric
oxide and 0.5140 g activated carbon.

Activated carbon—boric oxide mixtures were prepared
by grinding and thoroughly mixing in acetone in an agate
mortar and pestle. Activated carbon was over 99% purity.
Its XRD pattern revealed no peaks indicating that it had an
amorphous structure. It was found after complete burning
by keeping at 600 °C for 40 h in a muffle furnace that the
activated carbon contained 0.3% ash. Boric oxide was
produced by calcination of boric acid of 99.8% purity at
900 °C in an alumina crucible for 1 h and then by pouring
the melt onto the surface of a stainless steel plate. During
cooling and solidification, boric oxide separated itself from
the surface of the stainless steel plate due to shrinkage. It
was then collected and stored as bulk pieces in a closed jar
in a desiccator. No other phase was detected by powder
X-ray diffraction (XRD) analysis in the produced boric
oxide.

At the beginning of the experiments, the activated car-
bon-boric oxide mixture was placed into a graphite crucible
the interior of which was lined with a thin (~0.5 mm) h-BN
layer. The furnace tube was flushed with N, for 5 min and
the graphite crucible with its contents was lowered from the
top end of the tube into the hot zone of the furnace by
hanging to an alumina bar. Then, the top end of the tube was
closed airtight. Time was taken as zero when the furnace
regained its stable state at 1500 °C, which was about
3-5 min after the positioning of the sample in the furnace.
At the end of the experiments the crucible was removed
from the furnace. The crucible and the contents were cooled
to room temperature under flow of argon gas in a closed jar.
The reaction product was in the form of an aggregate, which
was then cut longitudinally into two pieces. One of the
pieces was ground in agate mortar and pestle and subjected
to XRD analysis and chemical analysis. The other piece was
used for scanning electron microscopy (SEM) examinations
on fracture surfaces.

Nitrogen flow rates of 50 cc/min, 100 cc/min, 200 cc/min
and 400 cc/min were tested in the preliminary experiments
in order to determine a suitable rate for investigation of the
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formation of h-BN. It was seen in most of the experiments
conducted with 50 cc/min N, flow rate that there was pop-
ping of a flame when the top brass head of the furnace was
opened for taking the sample out. Also, the amount of hex-
agonal boron nitride as well as boron carbide was observed to
be less than the amounts obtained at higher flow rates. These
results were taken as indications that there could be a high
concentration of carbon monoxide in the system when 50 cc/
min N, flow rate was used, which might have slowed down
the reactions. It was observed that nitrogen flow rates above
100 cc/min did not have a significant effect on the amount of
boron nitride formed. Based on these findings it was decided
to use a nitrogen gas flow rate of 200 cc/min in the experi-
ments. The BN-coated graphite crucible used to contain the
B,05- activated carbon mixtures had an ID of 2.5 ¢m, an OD
of 3 cm and a depth of 3 cm while the reaction products in
aggregate form had depths of 1 to 1.5 cm. Holes close to the
circumference of the bottom of the BN-coated graphite
crucible used to contain the B,Os-activated C mixtures were
drilled in some of the preliminary experiments to have better
contacting of N, gas with the B,Oj3-activated C mixtures
contained in the crucible and to find if the unoccupied vol-
ume above the reaction mix in the crucible to have any effect
on the reaction. This geometry was found not to have a sig-
nificant effect on the quantity of BN and B4C forming but
resulted in higher evaporation loss of B,O5;. All of the
experiments reported were conducted by subjecting B,O3-
activated C mixtures contained in a BN-coated graphite
crucible having no holes at the bottom to nitrogen gas
introduced into the system at a flow rate of 200 cc/min.
Reaction products were analyzed by a Rigaku Multiflex
Powder X-Ray Diffractometer with Cu-Ka radiation in the
20 range of 10° to 80° with 0.02° steps at a rate of 2°/min.
XRD data was processed and phases were identified by the
Qualitative Analysis program. It is a software embedded in
the computer of the XRD device, where smoothing,
background subtraction, Ka2 elimination and phase iden-
tification operations were performed on the XRD patterns.
Grain size and morphology were examined by SEM. The
amounts of the constituents of the products were deter-
mined by following a method, which is very similar to the

method used by Aydogdu and Seving [6]. The method is
schematically shown in Fig. 1 and explained below.

The product of each experiment was ground in an agate
mortar and pestle and moisturized in order to convert all of
the boric oxide into boric acid and dried at 40 °C until
constant weight. In the products, only boric acid was sol-
uble in water. Therefore, the product was dissolved in
water and filtered. Amount of unreacted boric oxide,
Ws,0,, was determined volumetrically by titrating the fil-
trate with NaOH. The residue containing boron carbide,
boron nitride and unreacted carbon was placed in a small
alumina boat and oxidized at 800 °C for 15 h, as a result of
which boron carbide was completely converted into boric
oxide and unreacted carbon was completely burned. It was
found in our previous study [6] that boron carbide gets
oxidized but h-BN does not at 800 °C. The oxidized
product was analyzed by powder XRD and it was verified
that no boron carbide remained in the sample. The oxidized
products were weighed and dissolved in water and then
filtered. Amount of boric oxide, Ws,05, which was formed
by the oxidation of boron carbide was determined volu-
metrically, from which the amount of boroVr; carbide was

B,O*

e X 95.25.

The final product contained only h-BN. Amount of boron
nitride was calculated by subtracting the amount of boric
oxide, Wg,o;, formed by the oxidation of boron carbide
from the weight of the products after oxidation:
Wegn = W3 — WBzog- Calculated weight of boron nitride was
also verified by weight of the final product. Amount of
unreacted carbon was calculated by subtracting the weight
of boron carbide and boron nitride from the weight of the
product before oxidation: We = W> — W,c — WaN.

In all the filtering operations, Whatman #42 filter was
used, which is the slowest filter paper and specifically used
for filtering fine crystalline particles. A vacuum pump was
used in the filtering system to speed up the process. No
solid particle passed to the filtrate, which would cause
blurring and difficulties in the titration process. All of the
titrations and analysis of the samples were conducted twice
in parallel. The values from two analyses were compared

calculated by use of the equation: Wg,c =

Fig. 1 Method of analysis for
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and repeated if they were inconsistent. The average of the
two values was reported, if the two analyses were consis-
tent with each other.

Boron carbide formation experiments were performed
by the same procedure as h-BN formation, but argon
atmosphere was used instead of nitrogen. In order to
investigate the conversion of B4C into h-BN, the produced
B,4C was then mixed with boric oxide, the amount of which
was 150% more than the stoichiometric amount according
to Reaction (3). The mixture was reacted under nitrogen
atmosphere at 1500°C for 3 h and the reaction products
were examined.

Results and discussions

Experiments were conducted in order to investigate the
formation of hexagonal boron nitride and to determine the
duration for the completion of the reaction. In the initial
runs the weight of boric oxide in the activated carbon-boric
oxide mixtures was 50 mole % in excess of the amount,
calculated in accord with the stoichiometry of Reaction (1)
to account for loss of boric oxide by vaporization. This
quantity of boric oxide was found more than adequate for
completion of h-BN formation in the preliminary experi-
ments conducted in the horizontal furnace used by
Aydogdu and Seving [6] but the products of experiments
conducted in the vertical furnace described above were
found to contain boron carbide and h-BN but no boric
oxide at 1500 °C for durations longer than 2 h. It is known
that some boron carbide forms in carbothermic production
of h-BN according to Reaction (2), which is then converted
into h-BN by reacting with boric oxide and nitrogen
according to Reaction (3) [3, 6]. Reaction (3) is known to
proceed in the presence of N, gas until at least one of B,C
or B,O5 is completely used [6]. Presence of B4C but ab-
sence of B,O;5 in the reaction products stated above indi-
cated that 50 mole% excess boric oxide was not sufficient
and that more boric oxide would be necessary for complete
conversion of B4C into h-BN. The higher loss of boric
oxide was attributed to the vertical position of the furnace
used in the current study. Later experiments were con-
ducted with activated carbon-boric oxide mixtures having
100-mole% excess boric oxide.

Formation of h-BN was followed by powder XRD
analysis. The XRD patterns of the products of the experi-
ments conducted with 100-mole% excess boric oxide for
15 min to 3 h are given in Fig. 2. h-BN phase (ICDD card
# 34-0421) was identified in the XRD patterns and it was
seen that B4C peaks (ICDD card # 35-0798) were present
up to 2 h. The decrease in the peak broadening (full width
at half maximum, FWHM) of the (002) peak of the formed
h-BN with increasing duration may be taken as an
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indication that the average crystal thickness of h-BN
increased with duration [7].

Amounts of the constituents of the products of the
experiments conducted with 100-mole% excess boric oxide
for durations in the range of 15 min to 3 h at 1500 °C are
presented in Figs. 3 and 4. It is seen from the results that
the amounts of unreacted activated carbon and boric oxide
decreased with increasing duration. Amount of h-BN in the
reaction products increased with time and was constant
after 2.5 h. Amount of boron carbide in the reaction
products increased in the first 30 min and then decreased.
This behavior may be as a result of two competing reac-
tions. The first one is Reaction (2), where B4C formation
occurred and the second is Reaction (3), where consump-
tion of B4C took place. It can be inferred from Fig. 4 that
rate of formation of B4,C was higher by Reaction (2) in the
initial stages, i.e. up to 30 min, most probably due to the
high concentration of carbon in the reactants. As the
amount of carbon decreased, the rate of Reaction (3)
became higher than Reaction (2) and consumption of B4,C
dominated, resulting in a decrease in the amount of B,C
after the first half hour. It can be suggested therefore that
the overall formation of h-BN took place by two parallel
reactions. Some of the total h-BN formed by Reaction (1),
where boric oxide was directly reduced by carbon in the
presence of nitrogen in order to form h-BN. Additionally,
some of it formed as a result of combination of Reactions
(2) and (3), where B,4C first formed from boric oxide and
carbon and simultaneously converted into h-BN.

h-BN (002)
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@ \
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Fig. 2 XRD patterns of the products of the experiments conducted
for (a) 15 min, (b) 30 min, (¢) 1 h, (d) 1.5 h, (e) 2 h, (f) 2.5 h and (g)
3h
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Fig. 3 Amounts of B,O5 and activated carbon in the products of the
experiments conducted for 15 min to 3 h

SEM micrograph of the product of the experiment
conducted for 3 h is given in Fig. 5. It was observed in this
micrograph that h-BN particles forming by reaction of
gaseous B,0; and nitrogen gas on C(s) had flaky structure;
and were below 1 p size.

The reaction products were in the form of solid aggre-
gates which were kept together by the solidified boric oxide
and in which some small and large pores existed. It was
observed by visual examination of these aggregates that
B4C formation mostly took place in the core and bottom
regions. It can be suggested from this observation that B,C
formed at points where nitrogen gas could not penetrate
into the aggregate and where N, partial pressure was too
low for h-BN formation. This observation may be taken as
an indication that B4C may not be a necessary intermediate
product in the carbothermic production of h-BN under
nitrogen atmosphere.

SEM micrographs of boron carbide rich parts of the
products of the experiments conducted for 1 h are given in
Fig. 6a and b. It can be seen that boron carbide forming in
the system had various shapes such as whisker like for-
mations as in Fig. 6(a) and blocky—angular grains as in
Fig. 6(b).

In order to investigate the conversion of B4C into h-BN,
B4C was produced in the same experimental conditions

0.5
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S 0.3 . 0 B,C
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3 o = h-BN
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o [e]
:E! 01{ 7 e 0 o
s E
= -
0w T T T T T Q
0 0.5 1 15 2 25 3

Duration (h)

Fig. 4 Amounts of h-BN and B,4C in the products of the experiments

conducted for 15 min to 3 h

METU 2B KU

Fig. 5 SEM micrograph of h-BN formed in 3 h

that h-BN formation was studied, but under argon atmo-
sphere. SEM micrograph of the boron carbide powder
produced by reacting activated carbon-boric oxide mix-
tures under argon at 1500°C for 2.5 h is given in Fig. 7. A
mixed morphology of boron carbide grains was observed.
There were some rod-like or whisker-like formations, also
blocky and angular grains of 2—7 microns were present. It
was realized from SEM examinations that the size and

Fig. 6 (a) and (b) SEM micrographs of boron carbide rich parts of
the product of the experiment conducted for 1 h
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Fig. 7 SEM micrograph of the produced boron carbide powder

morphology of the B4C grains produced under argon were
comparable to those formed during h-BN formation.

Produced boron carbide phase was clearly detected by
XRD analysis given in Fig. 8a. It was also realized from
this XRD pattern that some graphite might have been
formed by the graphitization of activated carbon. Similar
results were observed in other studies [8].

The produced boron carbide was mixed with boric oxide
and the mixture was reacted under nitrogen atmosphere for
3 h. It can be seen in the XRD pattern given in Fig. 8b that
h-BN was formed; however boron carbide phase was also
present with h-BN, indicating that the conversion of boron
carbide into h-BN was not complete. This may be taken as
an indication that reaction of boron carbide and boric oxide
under nitrogen (Reaction 3) in order to form h-BN requires
longer durations than 3 h.

SEM micrograph of the product of the experiment
conducted by reacting boron carbide—boric oxide mixtures
at 1500 °C for 3 h under nitrogen atmosphere is given in
Fig. 9. Unreacted B4C grains could be distinguished in the
reaction products. It was inferred from the boron and
nitrogen peaks in the energy dispersive analysis by X-ray
(EDX) that the points indicated as (1) in Fig. 9 were h-BN;

Fig. 9 SEM micrograph of the product of the experiment conducted
by reacting boron carbide-boric oxide mixtures at 1500 °C for 3 h
under nitrogen

and from the carbon and boron peaks, the grains indicated
as (2) were B4C.

Conclusions

The aim of this study was to investigate the role of B,C
forming during carbothermic production of h-BN. It was
found from the experiments conducted at 1500 °C under
nitrogen atmosphere that activated carbon in boric oxide—
activated carbon mixtures was completely converted into
h-BN in 3 h. In order to investigate the conversion of B,C
into h-BN, B4C was produced in the same conditions of h-
BN formation but under argon atmosphere. It was deter-
mined by XRD and SEM analysis that the produced boron
carbide was not completely converted into h-BN in 3 h.
Therefore, it could be concluded that formation of h-BN
from boron carbide by Reaction (3) was slower than for-
mation of h-BN from carbon by Reaction (1). This result
may be taken as an indication that boron carbide is not a
necessary intermediate product in formation of hexagonal

Fig. 8 XRD patterns of (a) 7 h-BN
produced boron carbide, (b) R
after reacting produced boron 1
carbide—oric oxide mixtures
under nitrogen at 1500 °C for el
3h &
2
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boron nitride and that formation of boron carbide slows the
rate of formation of boron nitride. One important point to
be taken into account in carbothermic production of boron
nitride is the very high losses of boric oxide. This loss
primarily arises from evaporation of boric oxide and some
boric oxide is lost due to formation of gaseous BO and B
and increases with time. Increasing the rate of formation of
boron nitride is expected to decrease the boric oxide losses.
Prevention or minimization of boron carbide formation
during carbothermic production of boron nitride appears
not only to increase the rate of formation of boron nitride
but to decrease the boric oxide losses also. Studies directed
to this objective should be useful. B,C was found to have
formed in the core and bottom regions of the reaction
mixture where nitrogen partial pressure was probably too
low for h-BN formation. Better contacting of the boric
oxide—carbon reaction mixture with nitrogen gas may be
helpful to decrease the quantity of B4C forming in carbo-
thermic formation of boron nitride.
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