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On the choice of hexagonal boron nitride for 
high pressure phase transformation using 
the catalyst solvent process 
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The degree of three-dimensional ordering, particle-size distribution and purity of two types of 
hexagonal boron nitride have been studied with a view to establish any possible correlation 
between these characteristics with the conversion of hexagonal form to cubic phase at high 
pressure and high temperature using magnesium as the catalyst solvent. The crystalline phases 
formed at high pressure and high temperature have been studied and the dependence of degree of 
graphitization of boron nitride and purity on the cubic boron nitride conversion discussed. 

1. Introduct ion  
The first high pressure phase transformation of hexa- 
gonal boron nitride to a hard denser phase of cubic 
boron nitride was achieved by Wentorf employing the 
catalyst solvent process with the use of magnesium 
[1, 2]. Later, a number of scientists succeeded in syn- 
thesizing CBN at high temperature and high pressure 
using the catalyst solvent process [3-8]. The catalyst 
solvents that were selected belonged to the series con- 
sisting of alkali and alkaline earth metals and their 
nitrides. Besides, other catalyst solvents such as Fe-A1 
and Ag-Cd alloys [9], water, urea and boric acid [10], 
and a mixture of ammonium fluoride and silicon [11] 
were also found to be effective for CBN conversion. 

CBN can also be synthesized by direct transforma- 
tion from HBN in a high temperature-high pressure 
environment. The first direct transformation of 
HBN-CBN was realized by Balchan and Drickamer 
[12] under static pressure. Subsequently, Bundy and 
Wentorf [13] and Corrigan and Bundy [14] studied 
the direct phase transformation of HBN to CBN in 
greater detail and obtained a comprehensive phase 
diagram for boron nitride. A shock-wave compression 
technique has also been adopted to synthesize CBN 
[15]. 

Ichinose et al. [16] investigated the effect of degree 
of crystallization, particle size and moisture in the 
starting material on the direct transformation of HBN 
to CBN. It was observed that the HBN of lower 
three-dimensional ordering and with smaller crystal- 
lite size transformed into CBN at much lower pres- 
sures than that observed for direct transformation by 
earlier workers. Endo and coworkers [8] studied the 
role of oxygen impurities present in the starting HBN 
in CBN conversion employing the catalyst solvent 
process with magnesium as the catalyst. It was con- 
cluded from this study that the presence of a high 
concentration (7.9 wt %) of oxygen tends to raise the 
lower temperature limit of CBN formation, 

The present investigation is an attempt to under- 
stand the possible role of degree of crystallization, 
particle-size and impurity present in the starting HBN 
samples in CBN conversion involving the catalyst 
solvent process with magnesium as the catalyst. The 
starting materials have been characterized in respect 
of the degree of graphitization, crystallite-size distri- 
bution and purity. HBN samples so characterized 
were used in synthesizing CBN using magnesium as 
the catalyst solvent in high pressure-high temperature 
environment. The reaction products were also charac- 
terized for variotts crystalline phases formed during 
high temperature and high pressure reactions. The 
results of these investigations are described and 
discussed with respect to the characteristics of the 
starting HBN samples. 

2. Experimental details 
2.1. Samples 
Two types of starting HBN have been used. The first 
was in powder form and was obtained from Union 
Carbide, USA (Grade HCP, high purity). The other 
starting HBN was in the form of a rod (6 mm dia- 
meter) and was obtained from Carborundum Co., 
(Combat Boron Nitride, Grade HP). For the sake of 
convenience the former type of HBN is labelled as 
type A and the latter as type B. Elemental magnesium 
(99.5% pure) obtained from Sarabhai Chemicals Ltd, 
Baroda, India was used as the catalyst solvent. 

2.2. Techniques  
Powder X-ray diffraction has been used to evaluate 
the degree of crystallization in HBN samples as well as 
to study the crystalline phases formed at high temper- 
ature and high pressure in the BN-Mg system. CuKa 
has been used as the exploring beam. 

Scanning electron microscopy (SEM) has been used 
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to determine the particle-size distribution in the initial 
HBN samples of types A and B. Particle-size range of 
the synthesized CBN was also determined by SEM. 
JEOL JSM-35 CF and ISI-130 DS SEMs were used in 
secondary electron emission mode. 

Electron spectroscopy for chemical analysis (ESCA) 
has been used to assess the purity in the HBN samples. 
A MgK~ (1253.6 eV) X-ray beam was used to excite 
ESCA spectra of the constituent elements in the HBN 
samples of types A and B. An ESCA assembly manu- 
factured by Inficon-Leybold Heraeus was employed 
for this purpose. The operating conditions of the mag- 
nesium target were 11 kV and 36 mA. HBN samples of 
type A were prepared in the form of pellets for record- 
ing ESCA spectrum. The surfaces of both types A and 
B specimens were cleaned by using the argon ion 
sputtering technique in a ESCA vacuum chamber. 
A silver substrate was used as a sample holder to 
record the ESCA spectra. 

3. Results and discussion 
3.1, Degree of graphitization in starting HBN 
The degree of crystallization or three-dimensional 
ordering in HBN samples of types A and B was 
evaluated by adopting a method proposed by Thomas 
and coworkers [17] using powder X-ray diffrac- 
tometry. The degree of graphitization in HBN is 
known to be influenced by the manifestation of (100), 
(101) and (102) lattice planes in the HBN lattice. The 
resolution of X-ray diffraction lines due to these lattice 
planes and their relative diffracted intensities are gov- 
erned by the degree of three-dimensional atomic or- 
dering in HBN. It was also observed that as the degree 
of crystallinity decreases the resolution of (100) and 
(102) reflections and the intensity of (102) diffraction 
line tend to diminish. Following these observations 
Thomas and coworkers [17] defined the degree of 
three-dimensional ordering in terms of the "graphiti- 
zation-index" (GI) for HBN as 
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Figure 1 Powder X-ray diffraction pattern depicting (100), (101) and 
(102) reflections of HBN samples: (a) type A (b) type B. 

TABLE I X-ray diffraction data for three-dimensional ordering 
for HBN samples 

Sample Lattice Integrated GI 
planes intensity 

Type A (100) 2642 1.68 
(101) 1755 
(102) 2604 

Type B (100) 14761 
(101) 6102 
(102) 11656 

1.79 

According to this definition a higher value of GI 
would mean less three-dimensional ordering in HBN 
and vice versa. Thomas et al. [17] obtained a GI value 
of 1.60 for the completely graphitized (crystallized) 
HBN and a value of about 50 as an upper limit for the 
least three dimensionally ordered HBN. 

Fig. la and b show powder X-ray diffraction pat- 
terns depicting the (100), (101) and (102) reflections 
obtained for HBN samples of types A and B, respect- 
ively, using CuK~ as the exploring beam under ident- 
ical experimental conditions. The integrated X-ray 
intensities for (100), (101) and (102) corresponding to 
these two patterns were determined with the aid of 
a computer attached to the powder X-ray diffrac- 
tometer and the results are summarized in Table I. 

It can be seen from Fig. 1 and Table I that these 
samples are highly crystallized, with GI values of 1.68 
and 1.79 for HBN samples of types A and B, respect- 
ively. It can, therefore, be concluded that as far as the 

degree of three-dimensional ordering is concerned 
there is not much difference between type A and B 
specimens. 

3.2. Particle-size distribution in the starting 
HBN samples 

Particle-size distribution analysis of HBN samples of 
types A and B was carried out in detail using SEM. 
For this purpose a large number of SEM micrographs 
of both types of specimen were recorded in the second- 
ary electron emission mode with 0 ~ tilt. Fig. 2a and 
b show typical SEM micrographs obtained for sam- 
ples of types A and B, respectively. Particle-size distri- 
bution of boron nitride (BN) grains in types A and 
B was obtained manually from magnified SEM photo- 
graphs. For the evaluation of particle size the maxi- 
mum value of the edge-to-edge length of the grain was 
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a particle-size range of 0 to 2 gm for BN grains was 
obtained, with 48% of the particles having a particle 
size of about 1 gm. 

Figure 2 Typical SEM micrographs of HBN samples: (a) type 
A (b) type B. 

TABLE II Particle-size distribution of BN grains in samples of 
types A and B 

Sample of type % of particles Particle size 
(rtm) 

A 10 5.0 
30 6.25 
26 7.50 

4 8.75 
12 10.00 
4 11.25 

14 12.00 

4 0.6 
6 0.8 

38 1.0 
10 1.2 
26 1.6 
14 2.0 

taken as a measure of particle size. Table II shows the 
result of particle-size distribution analysis made on 
HBN samples of types A and B. This table shows the 
percentage distribution of particles having a particular 
value of particle size in type A and B specimens. It can 
be seen in Table I! that BN grains in type A specimen 
lie in the range of 5 to 12 gm, with 60% of the particles 
having a range of 6 to 9 ~tm. For type B specimen, 
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3.3. ESCA characterization of the starting 
HBN 

The starting HBN samples of types A and B were 
characterized for purity using ESCA. The surface of 
the specimens was cleaned by argon ion sputtering for 
1 h in three steps, each lasting for 20 rain, and the 
corresponding ESCA spectra were recorded. Initially 
the spectra for both the specimens showed an intense 
1S1/2 peak in their kinetic energy ESCA spectra due to 
carbon, whose height was considerably reduced after 
cleaning the surface for 20 min. Further cleaning did 
not, however, yield any reduction in either C1St/2 or 
O1S1/2 spectra. Fig. 3a and b show the kinetic energy 
ESCA spectra obtained for HBN samples of types 
A and B, respectively, after 1 h argon ion sputtering. 
The ESCA spectra observed in Fig. 3 have been 
marked with each photo-emission line of the constitu- 
ent elements along with the kinetic energy of the 
emitted electrons. It can be seen that some of the 
Auger lines are also observed, however, some of the 
silver lines are also seen in Fig. 3. This is due to the 
sputtered silver atoms from the probe holder being 
deposited on the sample surface during the argon ion 
sputtering process. 

In the present study an attempt has been made to 
compute the atomic concentration of the different 
elements observed in samples of types A and B in their 
ESCA spectra. For this purpose, only the ESCA com- 
ponent of the spectra has been used. The area of the 
different lines has been determined and with the use of 
the sensitivity factor of the corresponding elements the 
atomic concentrations were determined. A sensitivity 
factor of 0.13, 0.42, 0.25 and 0.66 for B, N, C and O has 
been used, respectively [18]. The atomic concentra- 
tions have been calculated from the following expres- 
sion: 

Atomic percentage 

(Area[ESCA line] x Sensitivity) • 100 

(Area[ESCA line] x Sensitivity.)/ 
i 

Table III shows the atomic percentage of B, N, C and 
O obtained for HBN samples of types A and B. It can 
be seen that oxygen is present in these samples in quite 
appreciable amounts, type A sample showing a larger 
concentration (51.4 at %) than type B (37.7 at %). The 
atomic concentrations determined in this manner 
represent the approximate concentration of different 
elements present on the surface. The actual bulk com- 
position of elements may still be different. Although 
a more accurate analysis is possible using neutron 
activation analysis, for the purpose of this study which 
mainly concerns the affect of the relative concentra- 
tion of oxygen, the present analysis appears to be 
adequate. 
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TABLE III Atomic percentage of elements present in HBN 
samples 

Atomic % 

HBN B N O C 

Type A 8.1 32.7 51.4 7.8 
Type B 6.96 48.7 37.7 6.6 

3 . 4 .  C B N  c o n v e r s i o n  

HBN samples of types A and B, whose characteriz- 
ation results regarding three-dimensional ordering, 
particle-size distribution and purity have been de- 
scribed in Sections 3.1, 3.2 and 3.3 were used as the 
starting material for high pressure phase transforma- 
tion into CBN using magnesium as the catalyst sol- 
vent. The pressure and temperature were optimized 
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for maximum CBN conversion in both cases. The 
maximum conversion was achieved at 5.8 GPa and 
1450~ Fig. 4a and b show SEM micrographs for 
CBN crystals synthesized from types A and B HBN, 
respectively. The CBN crystals are predominantly of 
the shapeless variety in both cases. Intertwinning and 
clustering among crystals have also been observed. 
The size of the crystals is found to lie in 10 to 50 gm 
range. 

Fig. 5a shows a powder X-ray diffraction pattern 
for the reaction mixture obtained from type A HBN as 
the starting material. The diffraction line observed at 
20 = 44 ~ (d = 0.2058 nm) corresponds to CBN. The 
diffractogram also shows the presence of HBN with its 
(002), (100) and (102) diffraction lines at 20 = 26.8 ~ 
42.5 ~ and 49.4 ~ respectively. The other crystalline 
phases that are present in the reaction product ob- 
tained from type A HBN are Mg, MgO and Mg3N 2, 
MgB 6 and MgBIz. The different reflections corres- 
ponding to these phases are marked in Fig. 5a with 20 
and d values, however, few weak diffraction lines ob- 
served at lower 20 values could not be identified. 

Fig. 5b depicts the X-ray diffractogram of the reac- 
tion product obtained from HBN of type B. The 
different X-ray diffraction lines observed in Fig. 5b are 
labelled along with their 20, d values and the corres- 
ponding crystalline phases. The phases are: HBN, 
CBN, Mg, MgO and Mg3N 2. No borides of mag- 
nesium have been observed in this case. The absence of 
borides is being studied in greater detail and will be 
reported subsequently. 

The present investigation shows that even though 
the graphitization index i.e. the degree of three-dimen- 
sional ordering (GI = 1.7) was nearly the same for 
type A and B HBN starting materials. CBN conver- 
sion was found to be drastically different in the two 
cases. For HBN samples of type A, the yield was more 
than 70% by weight, whereas in case of type B the 
yield did not exceed 25%. The explanation for the 
large difference in the yield in the two cases does not 
appear to have its origin in the characteristics of the 
starting materials, because the degree of three-dimen- 
sional ordering and the impurity level in types A and 
B HBN are essentially of the same order. The in- 
creased CBN conversion in the case of type A HBN is 
presumably due to the fact that the solid state reaction 
at high pressure and high temperature is nearly com- 
plete because of the homogeneous mixing of the 
starting HBN powder (type A) and magnesium. The 
homogeneously mixed starting material being in pow- 
der form, provides an increased effective surface area 
for the solid state reaction resulting in better percent- 
age conversion, however, since the type B HBN was in 
the form of a solid rod and the catalyst solvent (mag- 
nesium) was put on its surface only, the solid state 
reaction could have taken place only at the boundary 
and within a thin section of the HBN rod yielding 
a lower CBN conversion. 

Ichinose et al. [16], in a direct conversion of HBN 
to CBN, observed that HBN of lower structural order- 
ing (higher GI) and smaller particle size can be con- 
verted at lower pressures (6.8 GPa) and vice versa, 
bringing the pressure down to less than 70% of that 
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Figure 4 SEM micrographs of CBN crystals synthesized by using 
HBN samples of (a) type A, (b) type B. 

required otherwise for direct conversion. In the cata- 
lyst solvent process Fukunaga et al. [7] using the 
BN-Mg, BN-Li3N and BN Mg3N 2 system studied 
the growth P - T  regions employing a large variety of 
starting HBN obtained from different sources. In this 
study [7], however, any possible relationship between 
the three-dimensional ordering in the starting HBN 
with CBN yield or lowering of pressure required for 
CBN conversion was not discussed. Endo et al. [8] 
studied CBN conversion employing the catalyst- 
solvent process (BN-Mg) in which two types of start- 
ing HBN, namely R-type and N1 type, with GI values 
of 1.56 and 1.39, respectively, were used. CBN conver- 
sion was studied from 6 to 8 GPa and at different 
temperatures. No specific mention about any possible 
role of three-dimensional ordering in HBN structure 
was made. In the present case, HBN samples of types 
A and B with GI value of 1.68 and 1.79, respectively 
(Sec. 3.1) were used for CBN conversion. As described 
earlier (Section 3.4) a CBN conversion of more than 
70 wt % was achieved from type A HBN at fairly 
moderate P - T  values (5.8 GPa, 1450~ The pre- 
sent results indicate that in the catalyst solvent process 
the role of three-dimensional ordering in the starting 
HBN has no significant effect on CBN conversion 
with respect to yield or lowering of pressure. This 
observation can be understood in the following way. 
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Figure 5 Powder  X-ray diffraction pattern of the C B N  reaction product obtained by using H B N  samples of (a) type A ,  ( b )  t y p e  B .  

In a direct transformation of HBN to CBN, starting 
with a lower degree of crystallization in HBN may 
facilitate breaking of bonds in the hexagonal structure 
under the influence of high pressure, whereas much 
greater pressure would be required for breaking the 
bonds to "pucker" them into a diamond structure in 
the case of highly crystallized (GI = 1.6) HBN, on the 
other hand, in case of the catalyst solvent process, 
since CBN growth is achieved through dissolution 

and precipitation (chemical process), the degree of 
three-dimensional ordering in the structure of HBN 
may not play a major role in CBN conversion. 

The role of oxygen present in the starting HBN in 
CBN conversion using magnesium as the catalyst sol- 
vent is not clearly understood. It may be mentioned 
that although HBN of type A contained a higher 
concentration of oxygen, the yield obtained in CBN 
conversion was quite high (70 wt %) even at moderate 
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P=T conditions (5800 MPa, 1450~ In the case of 
type B HBN no good CBN conversion was obtained 
even though the oxygen concentration in this case too 
was comparable to that of type A (about40 at %). 
Low conversion in type B specimen, as already ex- 
plained earlier, is, however, due to inhomogeneous 
mixing of HBN and magnesium, resulting in a poor 
chemical reaction. There have been a number of at- 
tempts to understand the effect of oxide impurity 
present in the starting HBN in CBN conversion. 
Fukunaga et aI. [7] used several different starting 
HBN samples having varying degrees of oxide impu- 
rities at fixed P-  T conditions in CBN stable region of 
P - T  diagram for CBN synthesis. They found that the 
amount of MgO formed decreased with increasing the 
purity of the starting HBN. In another series of experi- 
ments to establish that the oxide impurity in the 
starting material was responsible for the formation of 
MgO, they wrapped the reactants in zirconium foil 
and then treated them to high P - T  conditions. Since 
the zirconium acted as an oxygen getter, they found 
that no MgO was formed. It was suggested, therefore, 
that the content of oxide impurity plays a minor role 
in determining the growth region of CBN [7]. 

In another investigation by Endo et al. [-8], two 
I-IBN starting samples (R type and N type) with nearly 
the same graphitization index and with 1.9 and 7.9 
wt % of oxygen concentration, respectively, were used 
to study the effect of oxygen impurities on the CBN 
growth. It was suggested that the CBN precipitates 
from an intermediate compound Mg3BzN 4 in the 
CBN stable region. The oxygen impurities present, e.g. 
B20 3 react with Mg3B2N 4 forming MgO or 
Mg2(BOa) z. In this process thus, BN instead of pre- 
cipitating in the cubic form is consumed otherwise. 
They deduced that the lower temperature limit of 
CBN formation shifts towards higher temperature by 
300 ~ in N1 type HBN [8]. The present results on the 
CBN conversion using HBN samples with high oxy- 
gen concentration (Type A) show that a high conver- 
sion of CBN is achieved even at temperatures as low 
as 1450 ~ at 5800 MPa. It appears that oxygen im- 
purity in starting HBN samples has no significant 
effect on CBN conversion. 

4. Conclusions 
The present investigations on the CBN synthesis using 
the catalyst solvent process with magnesium as the 
catalyst, shows that starting HBN when used in pow- 
der form, yields better CBN conversion. The role of 
degree of crystallization in the starting HBN on the 
CBN conversion using the catalyst solvent process has 
been discussed for the first time. It has been found that 
this does not affect the minimum P - T  conditions 
required for CBN conversion contrary to the case of 

direct transformation of HBN-CBN. The amount 
of oxygen present in the starting HBN samples does 
not adversely influence the yield of CBN in the 
HBN-CBN transformation. 
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