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Abstract 

Calculations o f  chemical equilibria for the M o - B - N  
system using the VCS algorithm were carried out 
for  the 30-1727°C temperature range and the 1.3 x 
10-3-1 x 10 7 Pa pressure range. Two BN: Mo molar 
ratios were selected. 1 : 1 and 2 : 1. It follows from 
these studies that Mo can react with BN in a very 
wide range o f  temperatures and pressures, giving 
new phases, namely Mo2B, MoB, MoB 2, Mo2B5 and 
MoB 4. The formation o f  these phases is strongly 
influenced by pressure-temperature parameters. In 
order to verify theoretical calculations by experiment 
equimolar and 2 : 1 BN : Mo batches were prepared 
and heated at 1427°C in vacuum and in argon 
atmosphere. Phase identification carried out by X- 
ray diffraction fully corroborated the computational 
results. 

Die chemischen Gleichgewichte des Mo-B-N-Sy-  
stems wurden mit Hilfe des VCS-Algorithmuses im 
Temperatur- und Druckbereich yon 30-1727°C bzw. 
1.3 x 10-J1 x 107 Pa berechnet. Es wurden zwei 
BN.  Mo- Verhdltnisse gewgihlt." 1 : 1 und 2:1. Aus den 
Berechnungen ergab sich, daft Mo in einem weiten 
Temperatur- und Druckbereich mit BN reagieren 
kann, und daft sich folgende neue Phasen bilden 
kOnnen." Mo2B, MoB, MoB 2, Mo2B 5 und M o B  4. Die 
Bildung dieser Phasen hgingt stark von der Tem- 
peratur und vom Druck ab. Zur Bestgitigung der 
theoretischen Ergebnisse wurden gleichmolare und 
2:1 BN : Mo Proben hergestellt und im Vakuum bzw. 
in einer Argonatmosphgire auf  1427°C erwgirmt. Die 
mittels ROntgenbeugung durchgeffihrte Phasenanalyse 
bestdtigte die berechneten Ergebnisse. 

On a calculk les caract~ristiques de l~quilibre chim- 
ique du syst~me M o - B - N  en utilisant l'algorithme 
VCS, ceci pour des tempkratures comprises entre 30 
et 1727°C, et des pressions de 1.3 x 10-3-1 x 10 7 

Pa. Deux rapports molaires BN : Mo ont ~tk sklec- 
tionnks. 1:1 et 2: 1. II ressort de cette 4tude que 
Mo et BN peuvent rkagir dans un large domaine de 

tempkrature et de pression, donnant de nouvelles 
phases." Mo:B, MoB, MOB:, Mo2B 5 et MoB 4. 
La formation de ces phases est fortement influencke 
par les paramOtres de tempkrature et de pression. 
Afin de vkrifier les prOdictions thkoriques de maniOre 
expOrimentale, des lots ~quimolaires et 2 : 1 de 
BN et Mo ont ktO prOpar4s, chauffks ~ 1427°C 
sous vide ou sous argon. L'identification des phases 
faite par diffraction X corrobore les rksultats 
numkriques. 
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1 Introduction 

Polycrystalline materials produced from cubic boron 
nitride are widely used in machine building due to 
their unique properties, such as high resistance to 
oxidation, good thermal conductivity, and chemical 
inertness to iron and iron alloys. These materials 
are synthesized in special reactors by high-pressure 
and high-temperature treatment. The following 
two procedures are usually applied: 

--direct transformation of the hexagonal modi- 
fication to the cubic one, 

-----cubic boron nitride sintering with the activa- 
tion of the sintering process. 

The latter procedure is more frequently used. 
Metals of groups IV, V, VI periodic table and/or 
other metallic elements such as aluminium, cobalt 
and nickel are added to activate the sintering. 
Chemical reactions between the activators and 
boron nitride occur, resulting in the formation of 
some new phases. The prediction of the final 
products of the reactions taking place during 
the sintering as well as the elucidation of their 
mechanism is of crucial importance in the selec- 
tion of the appropriate binding phase. 

The reactions occurring in the system can, in 
principle, be predicted by thermodynamic calcula- 
tions. Thus, the main goal of this paper is to 
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elucidate the nature of the interactions between the 
metallic phase (in this case Mo) and boron nitride. 
In particular, the results of chemical equilibria 
calculations for the Mo-BN system are presented 
for a wide range of temperatures and pressures. 
Two B N : M o  molar rations are investigated: 1:1 
and 2: 1. Computational results are compared with 
X-ray diffraction phase identification. 

2 Calculation of Phase Equilibria for the M o - B - N  
System 

Although a few papers devoted to the studies of  
interactions between boron nitride and molybdenum 
have been published j3 the discussed phenomena 
are still unclear. In particular, available literature 
data do not give clear classification of the phases 
created upon such interactions at various tempera- 
tures and pressures. 

Molybdenum, a group V1 element, exhibits sig- 
nificantly lower chemical affinity to BN than the 
metals from the IV and V periodic groups. ~ Mo 
can react with BN according to the following 
reaction schemes: ~ 3 

2Mo + 

2Mo + 

4Mo + 

Mo + 

3Mo + 

½Mo + 

~Mo + 

BN = Mo2N + B (1) 

BN = MoaB + I N  2 (2) 

BN = Mo2B + Mo2N (3) 

BN = MoB + IN (4) ~- 2 

BN -- MoB + Mo2N (5) 

i BN = ½MOB2 + ~-N2 (6) 

BN = ½MOB2 + Mo2N (7) 

(8) 

(9) 

2Mo + 5BN = Mo2B 5 + ~N 2 

Mo + 4BN = MoB 4 + 2N 2 

The Gibbs energies calculated for these reactions 
are shown in Table 1; Gibbs energies of formation 
for the substrates and the products are taken 
from Refs 4-6. AG values of the reactions (1)-(9) 
between BN and Mo are positive at 25°C and 
1 x 105 Pa. In a few papers the same interactions 
between Mo and BN have been published. ~-3 The 
formation of MoB at 1123°C within 1 h in vacuum 

3 × 10w2 Pa was reported in Ref. 2, whereas according 
to Ref. 1, neither MoB nor Mo2 B were detected 
by XRD after synthesis at 1400°C in a vacuum of 
3 x 10 2 Pa. 

Thus the experimental data are scattered and 
incomplete. The authors have therefore undertaken 
a theoretical and experimental investigation for 
the M o - B - N  system. The calculations of chemical 
equilibria for the M o - B - N  system were carried 
out using the VCS algorithm, 7 i.e. an algorithm 
belonging to the so-called stoichiometric algorithms. 
In this procedure, the Gibbs energy of the whole 
reaction mixture is minimized subject to side con- 
ditions of elemental abundance and non-reactivity 
of the mole numbers. Reaction-extent variables 
derived from the transformation of the mass 
balance equations are the unknowns of the func- 
tion being minimized. Thus, the problem can be 
reduced to the minimization of the unrestricted 
function and in each iteration the mass-balance 
equations are fulfilled. The details of the proce- 
dure can be found elsewhere. 7 In the calculation of  
chemical equilibria of  the system investigated and 
related ones it is not known a priori which phases 
and components will appear in the equilibrium 
state (for given T, p and initial feed composition). 
The advantage of the VCS algorithm relies on the 
fact that only species which may, but do not need 
to, appear at equilibrium must be specified. There- 
fore, the program written on the basis of the VCS 
algorithm requires only the knowledge of the 
species which can occur at equilibrium together 
with their standard Gibbs energies of formation. 
In addition, the calculations require the knowledge 
of the exact number of moles of  elements intro- 
duced to the system and the values of p and T 
as well as the initial estimate. It should be noted 
here that the user of the program does not need 
to specify the number and form of independent 
reactions possibly occurring in the system under 
consideration. The VCS algorithm is one of the 
most powerful tools for the calculation of chemical 
equilibria, especially for systems with a large 
number of  condensed phases. 

The calculations were performed for the tem- 
perature range of 27-1727°C and for the pressure 
range of 1 x 10 3-1 X 107 Pa. Two B N : M o  molar 

Table  1. Gibbs free energy values calculated for reactions (1) - (7)  

Temperature AG (kJ/mol) 
(°c) 

Reaction 

(1) (2) (3) (4) (5) (6) (7) 

25 332.9 182.5 290-8 179 280.1 198.1 310.4 
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ratios were studied: 1 : 1 and 2: 1. It was assumed 
that the following species can be present in the 
equilibrium state: B(g), B2(g), N2(g), BN(g), 
Mo(g), B(1), Mo(1), Mo(s), B(s), BN(s), MoB(s), 
Mo2B(s), MoB2(s), Mo2Bs(s) and MoB4(s ) (g, 1, 
and s denote gas, liquid and solid, respectively). 
Thermodynamic data necessary for calculations 
(Gibbs energies of formation of individual species) 
were taken from Refs 4-6. 

The calculations were carried out in intervals of 

100°C. Below 1427°C the equilibrium molar 
numbers of each phase change discretely, above 
this temperature the changes are more continuous. 
For these reasons for the data below 1427°C the 
pressure ranges are listed and above this tempera- 
ture only representative pressures are given. 

In Table 2 the calculated equilibrium composi- 
tions are listed for the mixture consisting of 
equimolar amounts of Mo and BN. At tempera- 
tures 27427°C there is no reaction and the equi- 

Table 2. Calculated equilibrium compositions f o r  1 : 1 molar BN : Mo mixture 

Temperature Pressure Ne(g) B(g) BN(g) Mo(g) Mo(s) BN(s) MoB(s) MoB2(s) MoeBs(s ) Mo2B(s ) 
(°C) ( Pa) (tool) (mol) (mol) (mol) (mol) (mol) (mol) (tool) (mol) (tool) 

2 7 ~ 2 7  1.3  × 10 3 t x 10  7 1 . 0 0 0 0  1 - 0 0 0 0  - -  

5 2 7  1,3  X 10 3 0 - 2 5 0 0  - -  0 . 5 0 0 0  - -  0 - 5 0 0 0  

5 2 7  2 x 10 3 1 x 107 1 - 0 0 0 0  1 . 0 0 0 0  . . . . .  

6 2 7  1.3 x 1 0 3  8 x 1 0 2  0 - 2 5 0 0  - -  0 . 5 0 0 0  0 - 5 0 0 0  

6 2 7  9 x 10 2 1 × 10  7 - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  

7 2 7  1.3 x 10 0 . 2  × 10 0 . 2 5 0 0  - -  0 - 5 0 0 0  - -  - -  0 - 5 0 0 0  

7 2 7  0 . 3  x 10 1 × 10  7 1 " 0 0 0 0  1 " 0 0 0 0  - -  

8 2 7  1.3 x 1 0 3  2 x 10 -2 0 . 5 0 0 0  1 . 0 0 0 0  . . . . .  

8 2 7  3 x 10 2 2 × 10 0 . 2 5 0 0  - -  - - -  0 . 5 0 0 0  0 - 5 0 0 0  

8 2 7  3 × 1 0 - 1  x 10  7 . . . . . . . . . . . .  1 " 0 0 0 0  1 ' 0 0 0 0  

9 2 7  1"3 X 1 0 3  5 X 10 ~ 0 " 5 0 0 0  - -  1 ' 0 0 0 0  - -  - - -  

9 2 7  6 × 10 ~ 2 X 102 0 " 5 0 0 0  0 " 5 0 0 0  

9 2 7  3 × 10  2 1 X 10 7 . . . . .  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  

1 0 2 7  1.3 x 10 3 0 . 5 0 0 0  - -  1 . 0 0 0 0  - -  

1 0 2 7  8 x 10 1 x 103 0 . 2 5 0 0  - -  0 . 5 0 0 0  0 - 5 0 0 0  

1 0 2 7  2 × 103 1 X 107 1 - 0 0 0 0  1 - 0 0 0 0  - -  - -  

1 1 2 7  1.3 X 10 3 6 X 10 0 . 5 0 0 0  - 1 . 0 0 0 0  - -  

1 127  7 × 10 7 × 103 0 . 2 5 0 0  0 - 5 0 0 0  - -  0 . 5 0 0 0  

1 1 2 7  8 × 103 1 X 107 - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  

1 2 2 7  1.3 x 10 3 3 X 102 0 . 5 0 0 0  - -  - -  1 . 0 0 0 0  - -  

1 2 2 7  4 x 102 2 X 104 0 . 2 5 0 0  . . . . . .  0 - 5 0 0 0  - -  0 . 5 0 0 0  

1 2 2 7  3 x 104 1 x 107 - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - 

1 3 2 7  1.3 x 10 3 1 x 103 0 . 5 0 0 0  . . . .  1 . 0 0 0 0  - -  

1 3 2 7  2 × 102 9 X 104 0 . 2 5 0 0  - -  - -  0 . 5 0 0 0  - -  - -  0 - 5 0 0 0  

1 3 2 7  1 × 105 -1 x 107 - -  1 . 0 0 0 0  1 - 0 0 0 0  - -  - -  - -  

1 4 2 7  1.3 × 10 3 0 - 5 0 0 0  - - -  0 . 9 9 9 9  - -  

1 4 2 7  2 × 10 3 7 x 103 0 . 5 0 0 0  - -  - -  1 . 0 0 0 0  - - -  - -  

1 4 2 7  8 × 103 2 x 105 0 . 2 5 0 0  - -  - -  0 . 5 0 0 0  - -  0 . 5 0 0 0  

1 4 2 7  3 × 105 1 x 107 - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  

1 5 2 7  1.3  x lO 3 0 . 5 0 0 0  0 - 0 0 0 4  - -  0 . 0 0 0  1 - -  0 . 9 9 9 4  - - -  0 . 0 0 0 3  

1 5 2 7  5 x 10 2 2 x 10  4 0 - 5 0 0 0  - -  - -  1 - 0 0 0 0  - - -  - -  

1 5 2 7  3 × 1 0 4 - 6  x 105 0 . 2 5 0 0  - -  0 - 5 0 0 0  . - -  0 . 5 0 0 0  

1 5 2 7  7 x 105 1 × 1 0  7 - -  - -  1 - 0 0 0 0  1 . 0 0 0 0  - -  - -  

1 6 2 7  1.3 × 10 3 0 - 5 0 0 0  0 . 0 0 3 4  - -  0 . 0 0 0 8  - -  0 . 9 9 4 0  - -  0 . 0 0 2 6  

1 6 2 7  6 × 10 2 0 . 5 0 0 0  0 . 0 0 0 1  - -  - -  - -  0 . 9 9 9 9  - - -  0 . 0 0 0 1  

1 6 2 7  8 N 10 4 0 . 5 0 0 0  - -  - -  1 - 0 0 0 0  - - -  - -  

1 6 2 7  9 X l O  4 l X 10  6 0 . 2 5 0 0  - -  - -  - -  0 - 5 0 0 0  - -  0 - 5 0 0 0  

1 6 2 7  2 x 106 1 × 107 - -  - -  1 - 0 0 0 0  1 . 0 0 0 0  - -  

1 7 2 7  1-3 x 10 3 0 . 5 0 0 0  0 - 0 2 6 5  0 - 0 0 6 6  0 . 9 5 3 7  - -  - -  0 . 0 1 9 8  

1 7 2 7  1 × 10 t 0 - 5 0 0 0  0 . 0 0 0 3  0 - 0 0 0 1  - -  0 . 9 9 9 4  - - -  0 . 0 0 0 2  

1 7 2 7  2 × 105 0 - 5 0 0 0  - -  - -  1 . 0 0 0 0  - -  - -  

1 7 2 7  3 × 105 0 - 2 5 0 0  - -  - -  0 . 5 0 0 0  - -  - - -  0 . 5 0 0 0  

1 7 2 7  2 × 106 0 - 2 5 0 0  - -  - -  0 . 5 0 0 0  . . . .  0 . 5 0 0 0  

1 7 2 7  3 × 106 1 X 107 . . . .  1 - 0 0 0 0  1 . 0 0 0 0  . . . . .  
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T a b l e  3 .  C a l c u l a t e d  e q u i l i b r i u m  c o m p o s i t i o n s  f o r  2 : 1  m o l a r  B N  : M o  m i x t u r e  

Temperature Pressure N2(g) B(g) BN(g) Mo(g) Mo(s) BN(s) MoB(s) MoB2(s ) Mo2Bs(s ) Mo2B(s ) 
(°C) (Pa) (mol) (mol) (mol) (mol) (mol) (mol)  (mol) (mol) (mol) (mol) 

2 7 - 4 2 7  

5 2 7  

5 2 7  

6 2 7  

6 2 7  

7 2 7  

7 2 7  

8 2 7  

8 2 7  

8 2 7  

9 2 7  

9 2 7  

9 2 7  

1 0 2 7  

1 0 2 7  

1 0 2 7  

1 127  

1 1 2 7  

1 127  

1 127  

1 2 2 7  

1 2 2 7  

1 2 2 7  

1 2 2 7  

1 3 2 7  

1 3 2 7  

1 3 2 7  

1 3 2 7  

1 4 2 7  

1 4 2 7  

1 4 2 7  

1 4 2 7  

1 5 2 7  

1 5 2 7  

1 5 2 7  

1 5 2 7  

1 5 2 7  

1 5 2 7  

1 6 2 7  

1 6 2 7  

1 6 2 7  

1 6 2 7  

1 6 2 7  

1 6 2 7  

1 6 2 7  

1 6 2 7  

1 6 2 7  

1 7 2 7  

1 7 2 7  

1 7 2 7  

1 7 2 7  

1 7 2 7  

1 7 2 7  

1 7 2 7  

1 7 2 7  

1 7 2 7  

1.3 × 10 3-1 × 107 1 - 0 0 0 0  2 . 0 0 0 0  - -  - -  

1.3 X 10 3 0 - 2 5 0 0  . . . .  1 . 5 0 0 0  - -  - -  - -  0 . 5 0 0 0  

2 x 1 0 3 - 1  X 107 . . . .  1 . 0 0 0 0  2 . 0 0 0 0  . . . .  

1.3 x 10 3 -8  x 10 2 0 . 2 5 0 0  . . . .  1 . 5 0 0 0  - -  - -  - -  0 . 5 0 0 0  

9 x 10 2 1  x 107 - -  - -  - -  1 . 0 0 0 0  2 . 0 0 0 0  - -  - -  

1.3 × 10 3 - 0 . 2  x 10 0 . 2 5 0 0  - -  1 . 5 0 0 0  - -  - -  - -  0 . 5 0 0 0  

0 .3  x 10 1 x 107 - -  1 . 0 0 0 0  2 . 0 0 0 0  . . . .  

1-3 × 10 3 - 2  X 10 2 0 . 5 0 0 0  - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  - -  

3 × 10 2 2 X 10 0 - 2 5 0 0  - -  - -  - -  1 - 5 0 0 0  - -  - -  0 . 5 0 0 0  

3 x 1 0 - 1  x 107 - -  - -  - -  1 - 0 0 0 0  2 - 0 0 0 0  - -  

1.3 x 10 3 -5  x 10 ~ 0 . 5 0 0 0  - -  - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  - -  

6 x 10 ~ 2 x 102 0 . 2 5 0 0  - -  - -  - -  1 - 5 0 0 0  0 . 5 0 0 0  

3 x 102 1 x 107 - -  - -  - -  1 . 0 0 0 0  2 . 0 0 0 0  - -  - -  - -  

1.3 x 10 3 - 0 . 7  × 10 0 - 5 0 0 0  - -  - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  - -  

8 x 1 0 - 1  x 103 0 . 2 5 0 0  - -  - -  - -  1 - 5 0 0 0  - -  - -  0 - 5 0 0 0  

2 x 103 1 x 107 - -  - -  - -  1 . 0 0 0 0  2 . 0 0 0 0  - -  - -  - -  

1.3 x lO 3 -3  x lO 3 1 . O 0 0 0  . . . .  0 - 1 3 4 2  0 . 8 6 5 8  - -  

4 × 10 3 - 6  × 10 0 . 5 0 0 0  - -  - -  - -  1 - 0 0 0 0  1 . 0 0 0 0  - -  - -  - -  

7 × 1 0 - 7  × lO 3 0 . 2 5 0 0  - -  - -  - -  1 - 5 0 0 0  - -  - -  0 - 5 0 0 0  

8 × 103 1 × 107 - -  1 . 0 0 0 0  2 - 0 0 0 0  - -  

1.3 x 1 0 3  2 × 1 0 2  1 . 0 0 0 0  . . . .  0 . 1 3 4 2  - -  0 . 8 6 5 8  - -  

3 x 10 2 3 x 102 0 . 5 0 0 0  - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  

4 x 1 0 2 - 2  X 104 0 . 2 5 0 0  - -  - -  - -  1 . 5 0 0 0  - -  - -  0 . 5 0 0 0  

3 x 104-1  x 107 - -  - -  1 . 0 0 0 0  2 - 0 0 0 0  - -  - -  - -  

1.3 × 10 3 - 2  x 10 1 1 . 0 0 0 0  . . . . .  0 . 1 3 4 5  - -  0 - 8 6 5 8  

3 x 10 5 1 X 103 0 . 5 0 0 0  - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  

2 x 1 0 3 - 9  x lO 4 0 . 2 5 0 0  - -  - -  - -  1 . 5 0 0 0  - -  - -  0 . 5 0 0 0  

1 × 105-1  x 107 - -  - -  - -  1 " 0 0 0 0  2 ' 0 0 0 0  - -  - -  - -  

1"3 X 1 0 3 - O - 1  X 10 1 . O 0 0 0  0 - 0 0 4 8  - -  - -  - -  0 . 1 3 8 3  - -  0 - 8 6 1 7  

0 . 2  × 10 7 x 103 0 - 5 0 0 0  - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  - -  

8 X 1 0 3 - 2  X 105 0 - 2 5 0 0  - -  - -  1 . 5 0 0 0  - -  - -  - -  0 . 5 0 0 0  

3 X 105-1  X 107 - -  - -  - -  1 . 0 0 0 0  2 . 0 0 0 0  . . . .  

1.3 × 1 0 3  1 . 0 0 0 0  0 - 0 5 2 9  - -  - -  - -  0 . 4 1 4 2  0 . 5 8 5 8  

0 . 2  × 10 3 1 . 0 0 0 0  0 - 0 3 3 8  - -  - -  - -  0 . 3 7 6 0  0 . 6 2 4 0  - -  

0 . 5  x 10 1 . 0 0 0 0  . . . . .  0 - 3 0 8 8  0 . 6 9 1 2  - -  

0 . 6  × 1 0 - 2  × 1 0 4  0 . 5 0 0 0  - -  - -  1 . 0 0 0 0  1 . 0 0 0 0  - -  

3 × 1 0 4 - 6  X 105 0 . 2 5 0 0  . . . .  1 . 5 0 0 0  - -  - -  0 . 5 0 0 0  

7 × 105-1  × 107 - -  - -  - -  1 . 0 0 0 0  2 . 0 0 0 0  - -  - -  

1.3 x 1 0 3  1 . 0 0 0 0  0 - 5 9 7 6  - -  - -  - -  0 - 3 8 3 7  0 . 6 1 6 2  - -  

2 x 10 3 1 . 0 0 0 0  0 - 3 4 7 0  . . . .  1 . 0 0 0 0  - -  

3 x 1 0 3  1 . O 0 0 0  0 . 2 4 8 3  . . . .  0 . 8 0 3 4  0 . 1 9 6 6  - -  

9 x 10 ~ 1 - 0 0 0 0  0 . 0 0 0 7  . . . .  0 - 3 1 0 1  0 . 6 8 9 9  - -  

1 × 10 1 . 0 0 0 0  0 - 0 0 0 1  . . . . .  0 - 3 0 8 9  0 . 6 9 1 1  

2 × 10 0 . 8 2 6 5  - -  - -  0 . 3 4 7 0  1 . 0 0 0 0  - -  - -  

3 x 10~8  x 104 0 . 5 0 0 0  - -  - -  1 . 0 0 0 0  1 - 0 0 0 0  - -  - -  

9 × 1 0 4 1  X lO 6 0 . 2 5 0 0  . . . .  1 . 5 0 0 0  - -  - -  0 - 5 0 0 0  

2 × 106-1  X lO 7 - -  - -  - -  1 . 0 0 0 0  2 . 0 0 0 0  . . . .  

1.3 x 10 3 1 . 0 0 0 0  1 - 0 0 2 4  0 - 0 0 0 1  0 . 0 0 2 5  - -  0 . 9 9 7 5  - -  - -  

6 × 10 3 0 . 9 9 9 9  0 . 9 8 4 1  0 - 0 0 0 1  0 . 0 0 0 1  - -  - -  0 . 9 7 6 5  0 . 0 2 4 3  - -  - -  

1 x 1 0 2  1 - 0 0 0 0  0 - 4 2 3 7  - -  O-O001 - -  0 - 1 1 7 4  0 . 8 8 2 5  - -  - -  

2 x 10 2 1 . 0 0 0 0  0 . 2 7 8 7  - -  0 . 0 0 0 1  - -  0 . 8 6 4 1  0 . 1 3 5 9  - -  

4 x 10 1 . 0 0 0 0  0 . 0 0 0 1  . . . .  0 . 3 0 9 0  0 . 6 9 1 0  

5 × 10 0 . 8 2 6 5  0 . 0 0 0 1  - -  - -  0 . 3 4 6 9  - -  1 . 0 0 0 0  - -  

2 × 102 2 × 105 0 " 5 0 0 0  . . . .  1 . 0 0 0 0  1 - 0 0 0 0  - -  

3 × 1 0 5 - 2  × 106 0 - 2 5 0 0  - -  - -  - -  1 - 5 0 0 0  0 . 5 0 0 0  - -  - -  

3 x 106-1  x 107 - -  - -  - -  1 . 0 0 0 0  2 . 0 0 0 0  - -  - -  - -  
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Fig. I. X-Ray diffraction pattern of  1:1 molar B N : M o  
mixture (T = 1427°C,p = 2 × 10 3 Pa). 

librium state consists of BN and Mo phases. 
From 527°C molybdenum can react with boron 
nitride in very wide range of pressures and 
temperatures (p : 1.3 × 10 3-2  × 106 Pa, T : 
527-1727°C). Two new phases are formed, namely 
molybdenum borides (MOB, Mo2B ) whose amount 
is strictly dependent on the parameters of the pro- 
cess (T, p). Mo2B is the only solid phase (0.5 mol) 
present in the temperature range 527 727°C and 
at low pressures. Beginning from 827°C MoB 
appears (1 mol) whose pressure range of existence 
widens as the temperature increases. In contrast, 
the range of coexistence of BN and MoB signifi- 
cantly narrows and shifts towards higher pressures. 

In the 527-1727°C temperature range nitrogen 
gas appears in the system. Its content increases 
from 0.25 to 0.5 mol, depending on the values of 
the pressure and temperature. At high pressures 
molybdenum does not react with boron nitride in 
the whole temperature range investigated and the 
pressure range of BN and Mo coexistence dimin- 
ishes as the temperature increases. Above 1527°C 
gaseous molybdenum and gaseous boron appear 
in the equilibrium state. 

The results of calculations performed for BN:Mo 
2:1  molar ratio mixture are listed in Table 3. 
Above 527°C the phase equilibrium composition 
depends on the pressure. Two equilibrium states 
can be distinguished (for low pressures). In the 
first one gaseous nitrogen (0.25 mol) appears, 
whereas in the second one two solid BN (1.5 mol) 
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Fig. 3. X-Ray diffraction pattern of  1:1 molar B N : M o  
mixture ( T =  1427°C,p = 1 × 107 Pa). 

and Mo2B (0.5 mole) phases coexist. In the 
temperature range 527-1627°C, the pressure range 
in which the previously mentioned phases coexist 
varies. In the temperature range 827 1027°C (for 
low pressures) MoB (1 mol) and BN (1 mol) coexist 
at equilibrium. Between 1527 and 1727°C two equi- 
libria can be distinguished: MoB coexisting with 
M o B  2 o r  M o B  2 coexisting with M02B 5. Relative 
contents of these phases are strictly dependent on 
the parameters of the process (p, T). With increasing 
temperature the pressure range of coexistence of 
MoB 2 and M02B 5 shifts towards higher pressures. 
Similarly, as in the case of the 1 : 1 BN: Mo system, 
Mo does not react with BN under high pressures. 
With increasing temperature the pressure under 
which BN and Mo do not react increases. 

The ranges of gaseous nitrogen, molybdenum 
and boron existence are identical to those calcu- 
lated for the 1 : 1 molar ratio. 

3 Experimental 

In order to verify the calculated equilibria with 
experiment BN: Mo mixtures of 1 : 1 and 2: 1 molar 
ratios were prepared. Boron nitride (ABN-300, 
De Beers, 3-5 /~m grain size) and molybdenum 
powder (HC Starck, 3 5 /~m grain size) were 
mechanically mixed in ethyl alcohol medium and 
then pressed into pellets of 6 mm diameter using a 
pressure of 2 x 102 Pa. The pellets were then 
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Table 4. Compar i son  of  calculated and  experimental ly determined equil ibr ium composi t ions  for 1 : 1 and  2 : 1 molar  BN : M o  
mixture ( T  = 1427°C, p = 2 x 10 3 Pa, 1 x 105 Pa and  1 x 107) 

Phases BN : Mo 
at 

equilibrium 1 : 1 (mol) p = 2 x 10 -3 Pa 1 : 1 (mol) p = 1 X 105 Pa 2 ." 1 (mol) p = 1 x 105 Pa 1 ." 1 (mol) p = 1 X 107 Pa 

Calculated Experimental Calculated Experimental Calculated Experimental Calculated Experimental 

N2(g ) 0.500 0 - -  0.250 0 - -  0.250 0 - -  - -  

B(g) . . . . .  

B2(g ) . . . . . . .  
BN(g) . . . . .  

Mo(g) . . . . .  

Mo2N(s ) . . . .  

B ( 1 )  . . . . . . .  

Mo( l )  . . . . . .  

Mo(s) . . . .  1.000 0 1.000 0 

BN(s) - -  0.500 0 0.470 0 1.500 0 1.500 0 1.000 0 1.000 0 

B ( s )  . . . . .  
MoB(s) 1.000 0 1-000 0 - -  - -  - -  

Mo2B(s ) 0.5000 0.4900 0.5000 0-4900 - -  

MoB2(s ) . . . . . .  

Mo2Bs(s ) . . . . . . .  

MoB4(s ) . . . . . .  

heated at different temperatures around 1427°C and 
under various pressures for 1 h. Then they were 
immediately cooled to room temperature. The 
treated specimens were subjected to X-ray 
diffraction studies. Representative diffractograms 
are presented in Figs 14 .  Depending on the 
parameters of thermal treatment either single-phase 
MoB can be detected or a two-phase mixture of 
BN, Mo2B and BN, Mo. Quantitative determina- 
tion of the amount of each phase was performed 
by comparison of the relative intensities of the 
most intensive Bragg reflections. 

The comparison of the calculated equilibrium 
compositions with the experimentally determined 
ones is presented in Table 4. 

4 Conclusion 

The results of X-ray diffraction studies unequivo- 
cally indicate good agreement of the experimental 
data with the calculated equilibrium compositions 
for both molar ratios studied, at least in the 
temperature and pressure ranges investigated 
experimentally. One (MOB) or two (BN, MozB 
and BN, Mo) phases were detected, as predicted 
by the VCS algorithm. The calculated and experi- 
mentally determined contents of coexisting phases 
agree within the experimental error. 

This agreement shows, in turn, that equilibrium 
conditions can reasonably easily be reached for 
the system investigated. Such calculations are 
extremely important from the technological point 
of view, since they facilitate the engineering of 
new materials with desired properties. 
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