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Vapour-phase reduction and the synthesis of boron- 
based ceramic phases 
Part I The phase equilibria in the B-C-N-O system 

S. J. YOON*,  A. JHA 
Department of Materials Technology, Brunel University, Kingston Lane, Uxbridge, 
Middlesex, UB8 3PH, UK 

Thermodynamic calculations have been performed to establish the partial pressure 
relationships between the gaseous species BO and CO at an isotherm during the 
reduction-nitridation of boric anhydride. This relationship enables us to establish the 
condition for the formation of boron nitride ceramic phase by selecting a suitable nitriding 
atmosphere. Relevant Gibbs free-energy equations have also been considered for 
establishing the phase equilibrium relationships over a wide range of temperature in the 
B-C-N-O system. The importance of BO gas formation and its subsequent reduction to BN is 
also discussed. 

1. Introduction 
Boron nitride, also known as white graphite, is 
a stable high-temperature ceramic phase that has 
found a diversified range of use as engineering mater- 
ials. Some of the important applications are as 
crucibles for molten metal and glass handling, compo- 
nents for high-temperature electric furnaces, in the 
nuclear industry as low-neutron cross-section mater- 
ial, and in tribological applications. The ceramic 
nitride, as its name suggests, is isomorphous and 
isoelectronic with graphite and has a hexagonal 
(h-BN) crystal structure that differs marginally with 
the graphitic structure. As compared in Fig. la and b, 
the h-BN structure has planar six-member rings 
stacked directly on top of each other. Each boron 
atom has a nitrogen-atom neighbour both within the 
layers and across the two layers. In the graphitic 
carbon structure, however, the carbon atoms in the 
adjacent layers are offset. The intraplanar bonding 
between the boron and nitrogen atoms is predomi- 
nantly covalent with a considerably large peak 
phonon-energy at 1370 cm- 1 wavenumber which cor- 
responds to (B-N stretching) [1], the magnitude of the 
wavenumber being an indicator of the strength of the 
covalent B-N bonds. Consequently, h-BN phase is 
one of the highest melting point materials, second only 
to graphite (in the absence of a nitrogen atmosphere 
the material tends to decompose). The interplanar 
bonds, on the other hand, are of weak Van der Waals 
type. The two types of widely different bonding ex- 
plain the reasons for anisotropic electrical, mechanical 
and thermal properties of hexagonal boron nitride 
and graphitic carbon. The latter is manifested in the 
solid lubricating properties of this material, as also 

observed in the case of synthetic graphite powder. The 
covalent bonding between the nitrogen and boron 
atoms contributes to the low thermal expansion coef- 
ficient and moderately high hardness. The ceramic 
material is also known to have a high thermal con- 
ductivity which makes it favourable as a promising 
electronic substrate material. The relative softness, 
arising from Van der Waals bonding, also aids easier 
machining of this material as compared with dia- 
mond. Table I, shown below, presents some important 
engineering properties of h-BN and compares them 
with the properties of the diamond cubic form of BN. 

The crystal structures of two metastable forms of 
stable h-BN differ considerably. The ever-elusive 
sphaleritic structure (c-BN), commonly known as the 
hard diamond form of boron nitride, has a diamond- 
cubic structure and resembles the properties of carbon 
diamond, whereas the wurtzite form (w-BN) has a 
hexagonal structure with both sp 2 and sp 3 hybridized 
bonds. In the cubic form, the B-N bond is sp 3 hybrid- 
ized and the lower sp 2 state is the feature of graphitic 
structure. On this basis, the wurtzite form is con- 
sidered as an intermediate "distorted" structure of 
h-BN while transforming to c-BN. W-BN is also 
known as the "hexagonal diamond" and its properties 
represent the two hybridized structures mentioned 
above. The crystal structures of w-BN and c-BN are 
shown in Fig. lc and d, respectively. 

A wide variety of boron- and nitrogen-based re- 
agents has been used and tried for the preparation of 
h-BN phase via chemical methods. Gmelin's Hand- 
book [2]-and Ullmann's Encyclopedia [3] describe 
several methods for the synthesis of h-BN phase. The 
more recent ceramic text book written by Segal [4] 
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Figure 1 Crystal structures of (a) hexagonal boron nitride (h-BN), (b) graphite, (c) wurtzite-type boron nitride (w-BN), (d) sphalerite-type 
boron nitride (c-BN). 

T A B L E  I Comparison of properties of h-BN and c-BN I-2, 3] 

Properties h-BN c-BN 

Lattice parameters (nm) 
Density (kg m -  3) 
Melting point (K) 
Specific heat (J m o l - 1 K - 1 )  
Thermal expansion (K-1) 
Thermal conductivity (J m -  1 s -  1 K -  1) 
Electrical resistivity (f~ cm) 
Dielectric constant, e 
Dielectric loss, tang 
Hardness (GPa) 
Young's modulus (GPa) 

a = 0.2504, c = 0.6661 a = 0.36157 _+ 0.0001 
2270 (theoretical) 3488 
2600 (decomposition) 
17.460 
41 x 10 -6 (a-axis), -- 2.3 x 10 -6 (c-axis) 
15 (a-axis) 29 (c-axis) 
~ 1013 

4.0-4.3 
0.0005 (101~ c/s) 
- 6 ( ~ 7 0  

32 (HIP h-BN) at 298 K 

also cites several methods for the synthesis of hexag- 
onal BN. Typical examples are: pyrolytic boron nitride, 
carbothermic reduction of boric anhydride, nitrida- 
tion of boron metal, reaction of either metal borides or 
BzO3 with ammonia. An alternative method for the 
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production of BN advanced ceramic material utilizes 
the vapour deposition techniques such as the chemical 
vapour decomposition synthesis of BC13 gas in an 
atmosphere of ammonia leading to the formation of 
h-BN or amorphous form of BN (a-BN). The polymer 



T A B  LE  I I A summary  of reactions for the synthesis of hexagonal  
boron nitride 

Reaction Operational 
temperature 
(K) 

(1) B203 -t- NH3 = 2BN + 3H20  > 1173 
(2) B20 3 + CO(NH2) 2 = 2BN + CO2 + 2H20  > 1773 
(3) B + �89 = BN > 1473 
(4) B203 + 3C + N2 = 2BN + 3CO > 1773 
(5) 3CAB2 + B203 + 10N2 = 20BN + 3CaO > 1473 
(6) KBH4 + NH4CI = BN + KC1 + 4 H 2  > 1173 

pyrolysis routes are also a competitive route for BN 
synthesis. Neither of the above chemical processes, 
however, is capable of producing the high-pressure 
forms of boron nitride. The chemical reactions 
involved in various synthesis techniques for h-BN are 
summarized in Table II. This table includes the opera- 
tional temperatures in absolute scale (K) estimated 
from the equilibrium thermodynamic calculations. 
For this, the approximated standard Gibbs free-en- 
ergy change, AG ~ , for each chemical reaction, shown 
in Table II, was calculated from the data table com- 
piled elsewhere [53. The estimated temperature for 
each process is the minimum required for the synthesis 
of BN. For example, the CO(NH2)2 gaseous species 
was considered as a mixture of CO, H2 and NH3, 
because the standard Gibbs free energy of formation 
of this species is not known. 

The price of commercially available BN ceramic 
powders is an important factor in determining the 
overall manufacturing cost of a ceramic engineering 
component. Reduction of oxides with carbon for the 
synthesis of a range of ceramic powders has proved to 
be an economically viable route with the recent com- 
mencement of pilot production of silicon and alumi- 
nium nitrides and boron carbide [6]. In the present 
series of articles on the "synthesis of boron-based 
ceramic powders", we have investigated the mechan- 
ism of the reduction of boric anhydride to boron 
nitride and carbide phases in the presence of carbon. 
In addition to the synthesis of boron-based com- 
pounds, we have also studied the simultaneous reduc- 
tion of TiO2 and B 2 0 3  in the presence of carbon to 
TiB2 and related ceramic and metal-matrix composite 
powder admixtures. The mechanism of formation of 
vapour phase species namely, B203 and BO gases, is 
of paramount significance in the reduction of oxide to 
relevant ceramic phase and, their presence in the reac- 
tion chamber is also known to determine the rate of 
reduction of TiO2 to TiB2 via carbothermic reduction 
of titania (TiO2) and B203 powder mixtures. The 
transport mechanism of these reactive vapours and 
their subsequent conversion either to a required 
ceramic phase or to a ceramic phase mixture is the 
main principle adopted in the present investigation. 
This is discussed in four different parts. Part I of the 
present investigation covers the aspects of the phase 
equilibria in the B-N-C-O system and the calculation 
of thermodynamic equilibrium partial pressures of 
gaseous species for the synthesis of boron nitride 
phase. In Part II of the series, the mechanism of boron 

nitride synthesis reaction is discussed, together with 
a detailed analysis of the resultant microstructure of 
the nitride phase. In this context, the role of sub-oxide 
gaseous species during the nitriding reaction is parti- 
cularly explained. In this section, the microstructural 
variations observed as a result of controlling the para- 
meters of the carbothermic reduction process is com- 
pared with the structure of ceramic powder obtained 
from other routes. Part III will cover the aspects of the 
thermodynamic stability of the boron carbide phase 
and its microstructure. We have also reviewed the 
kinetics of boron carbide synthesis reaction and com- 
pare the results of kinetic analysis with the data ob- 
tained in the present investigation, Relevant chemical 
reaction model equations are derived and the pre- 
dicted reaction rates are reported as a function of the 
temperature. The results of structural analysis will 
also be presented with a concluding note on the diver- 
sity of carbothermic reduction process in comparison 
to conventional arc furnace and magnesium-metal 
reduction process. Finally, Part IV will cover the as- 
pects of the synthesis of titanium diboride via car- 
bothermic reduction technique and, the results from 
the calculated phase equilibria, reaction rate and crys- 
tal growth kinetics and microstructure of the phases 
produced are discussed. 

2. Thermodynamic aspects of the 
nitriding reaction 

The phase equilibrium diagrams in the B-N-C-O 
system are important for determining the conditions 
for the synthesis of boron nitride and carbide phases. 
In the current literature, there is a lack of such in- 
formation. However, relationships between the partial 
pressures of dominant gaseous species such as B203 
and BO can be readily established by deriving the 
relevant free-energy functions in the B-N-C-O sys- 
tem. Several such examples are discussed below in 
order to determine the conditions for the reduction of 
boric anhydride to BN and B4C phases. 

2.1. Vaporization of boric anhydride above 
its melting point 

Boric anhydride (B203) at temperatures higher than 
its melting point (723 K) begins to evaporate; the 
vapour pressure of the gaseous phase was measured at 
different temperatures and compiled elsewhere [3]. 
Before we consider the thermodynamic aspects of the 
boric anhydride reduction-nitridation reaction, it is 
important to derive the free-energy equation for the 
vaporization of the boric anhydride liquid from the 
measured vapour pressure data. The vaporization 
reaction of B 2 0 3  is defined as 

B203( l iq)  = B203(gas  ) (1) 

for which the.value of standard Gibbs free energy, 
AG = A H  -- T A S ,  can be expressed in terms of the 
equilibrium constant 

K1 = exp(-  A G 1 / R T )  

= PB203tg)/aB203,, ,  (2) 
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Figure 2 A comparison of log PB~o~ versus 1/T relationships for the 
vaporization of boric anhydride (B203). (-.-) from [7], AH = 
362670J, AS= 155.7JK-1; (--�9 from [-3], AH = 359 995 J, 
AS = 186.2JK 1. 

Here P and a are the partial pressure and thermo- 
dynamic activity of the species respectively, under 
consideration. The vapour pressure of B203 gas was 
measured above pure boric anhydride liquid for which 
aB~O3 ---- 1 leading to 

K1 = e x p ( -  AG1/RT) 

= PB2o3,, ,  (3) 

which can be written in terms o f  the enthalpy, AHx, 
and entropy, AS1, of the vaporization reaction. There- 
fore, Equation 3 can also be expressed as 

lnKa - AH1/RT + AS1/R 

= ln[PB2o~J (4) 

By constructing a straight line graphical relationship 
between In [PB~o3,,,] and 1/T, the values of slope and 
intercept can be readily evaluated which will then 
yield the values of enthalpy and entropy of vaporiz- 
ation reaction in the temperature range shown in 
Fig. 2. The derived values of slope and intercept yiel- 
ded the temperature dependence of the standard 
Gibbs free-energy change for the vaporization of boric 
anhydride in the temperature range 1450-2420K, 
which is equal to A G =  359995-186.2TJmo1-1.  
The boiling point of B203 liquid is therefore 1933 K at 
which Pmo3 is 1 atm. The derived values of AH and AS 
differ with the reported values in the thermodynamic 
data compilation in [-7]. From data compilation, the 
measured value of boiling point of boric anhydride is 
2329 K and the entropy of vaporization of liquid 
phase is 155.7 Jmo1-1 K-1.  This yields the value of 
the enthalpy of vaporization which is equal to 
362 670 J/mol B203. The vapour pressures of B203 at 
different temperatures, reported by Knacke et al. [-7], 
are compared in Fig. 2. The two sets of data differ 
significantly and this is likely to have arisen due to the 
presence of moisture in the B203. The presence of 
moisture in B203 is known to enhance its rate of 
vaporization. In the present text, however, the meas- 
ured results [3], shown in Fig. 2, have been used to 
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perform the phase equilibria calculations. This option 
was exercised because in spite of handling B203 pow- 
ders inside a dry glove box, the avoidance of moisture 
absorption during pellet preparation was proved to be 
an insurmountably difficult task. 

2.2. Fo rmat ion  of  sub -ox ide  gaseous  
species under  reduc t ing  cond i t i ons  

Boric anhydride, like SiO2 and A1203, has a tendency 
to decompose at elevated temperatures to a sub-oxide 
species, namely boron monoxide (BO). This gas can 
form either from liquid or from gaseous boric anhydr, 
ide. The reaction considered below 

1 B203(liq) or (gas) = 2BO(g) + ~O2(g) (5) 

is thermodynamically less feasible. The values of stan- 
dard Gibbs free-energy change for the formation of 
BO gas from liquid and gaseous boric anhydride are 
1221 820 - 387.8T J and 861 825 - 201.6T J, respec- 
tively, and, the corresponding equilibrium temper- 
atures are 3151 and 4275 K. These two equilibrium 
temperatures signify that the values of K for reduction 
reactions are unity, i.e. K5 = (PBo) 2" (Po=) 1/2 = 1. All 
thermodynamic calculations in this text ~ have been 
performed by using the data compilation in [5]. From 
the sub-oxide formation reaction in Equation 5, it is 
apparent that provided the partial pressure of oxygen 
gas (Po~) is lower than the equilibrium partial pressure 
in the reaction chamber, the reaction equilibrium will 
shift in the forward direction. For example, at 
T = 1573 K, the value of Po2 should be at least lower 
than 6.7 x 10-3v atm which is the equilibrium partial 
pressure of oxygen for B 2 0 3  (g) = 2BO(g) + 102(g ) 
reaction. Such a low pressure is difficult to achieve in 
practice; therefore, an alternative means to lower the 
equilibrium temperature, Teqm, and the oxygen partial 
pressure for Reaction 5 is to form a stable product gas 
such as CO. This can be achieved by the use of carbon. 
From Table III, note that the use of CO as a reducing 
gas leading to the formation of CO2 as a product gas 
does not thermodynamically favour the sub-oxide 
formation reaction. The estimated equilibrium tem- 
peratures rise sharply due to the lower stability of 
CO/produc t  gas than CO at elevated temperatures. 

The calculated values of Teq m in Table III point out 
that in order to promote the formation of the sub- 
oxide gaseous species at a practically accessible tem- 
perature, the presence of carbon is essential. B/O3 gas 
will similarly convert into BO gas at temperatures 
above 2600 K. The reactions summarized in Table II! 
are called "the BO generation reaction". The equilib- 
rium constants, for example, B 2 0 3 0  ) q- C(gr) = 
2BO(g) + CO(g) reaction is K6, and is equal to a 
product 

K6, = (PBo)Z'Pco (6a) 

whereas with CO the relationship is 

K6b = (PBo) 2"PcOJPcO (6b) 

In Equations 6a and b, we have considered the pure 
liquid boric anhydride and graphitic carbon as the 
comparative thermodynamic standard states and, 



T A B L E  II I  Values of standard Gibbs free-energy change and equilibrium temperatures for the formation of BO gas under reducing 

conditions 

Reaction Toqm (K) AG = AH - TAS(J) 

(a) B203(1 ) + C(gr) = 2BO(g) + CO(g) 2338 1 106 844 -473 .4  T 
(b) B20311) + CO(g) = 2BO(g I + CO2(g) 3120 940730 - 301.5 T 
(c) B203~g~ + CIgr) = 2BO(g) + CO(g) 2600 747 380 - 287.4 T 
(d) BzO3(g ) -}- CO(g) = 2BOlg ) + CO2(gl 5038 580735 - 115.3 T 

T A B L E  IV Values of standard Gibbs free-energy change for the reduction-nitridation Of BO gas 

Reaction AG = AH - TAS(J) 

(a) BO(g) + C(g,) + �89 = BN(he~) + COig ) - 361 420 + 90.7 T 
(b) BOig ) + C(g~) + NH31g) = BN(h~x) + CO(g) + 1.5H2(g~ - 307 633 -- 25.9 T 
(c) BO(g) + CO(g) + 2-2Nz(g) = BNihex ) + CO2(g) - 527938 + 261.8 T 
(d) BO(g) q- CO(g) q- NH3(g) = BN(h,~) + CO2(g) + l-5H2(g) - 474190 + 145.2 T 

hence both aB2o3 and ac, by definition, reduce to 
a value of unity. For the reduction of B 2 0  3 gaseous 
phase, the relationships shown in Equations 6a 
and b should then include the partial pressure of B 2 0  3 

gas in the denominator. Once the BO gas forms at 
elevated temperatures, it can be converted either to 
BN or to a boron carbide (BgC)  phase. 

2.3. The reduction-nitridation of BO gas 
The formation of BN can take place in the presence of 
a nitriding atmosphere either with nitrogen or with 
ammonia gas. For the synthesis of BN, the equilibria 
in the presence of nitrogen and ammonia gaseous 
atmospheres can then be expressed as 

1 
BO(g) + C(gr) -~ gN2(g) = BN(hex) + CO(g) (7a) 

BO(g) + C(gr) + NH3(g) = BN(h~x) + CO(g) + 1.5Ha(g) 

(7b) 

The derived values of the standard Gibbs free-energy 
change for these two nitriding reactions are shown in 
Table IV for which the equilibrium constants KTa and 
K7b are 

KTa = __Pco'I (8a) 

PBo" (PN~) 1/2 

Kvb = Pco ' (Pm) l's (8b) 

PBo" PNm 

For comparative purposes, relevant equilibria for the 
formation of hexagonal boron nitride with CO as 
a reducing agent in the presence of nitrogen and am- 
monia are also considered below. 

1 
BO(g) q- CO(g) q- gN2(g ) = BN(hex) -F C O 2 ( g  ) (9a) 

BO(g) + CO(g) + N H a ( g  ) = BN(hex) + CO2(g) + 1.5Hz(g) 

(9b) 

The equilibrium constant relationships for the ni- 
triding reactions with CO can be derived in a similar 
way as shown above in Equation 8a and b. The values 
of standard Gibbs free energy for Reactions 7a and b, 
9a and b are summarized in Table IV. The chemical 

reactions summarized in Table IV are called "the 
consumption of BO gas" and their equilibrium con- 
stant relationships mathematically differ from that of 
the generation reactions. The overall reduction-ni- 
tridation reactions are the sums of BO generation 
reaction (cf. Table III) and the corresponding con- 
sumption reactions of BO during nitridation (cf. 
Table IV)~ Two particular examples of nitridation, one 
with nitrogen gas and the other with ammonia are 
discussed below 

B203(1) n t- 3C(gr) + N2(g) = 2BN(hex) + 3CO(g) (10a) 

AGloa = 384537 -- 292.2 TJ  

and 

BzO3(I) + 3C(g,) + 2 N H 3 ( g ) =  2 B N ( h e x ) +  3CO(g)  

+ 1.SHz(g) (10b) 

A G l o  b = 492109 - 525.4 TJ  

The equilibrium for these two reactions will shift in the 
forward direction above 1316 and 937 K, respectively. 
The lower equilibrium temperature in Reaction 10b is 
possible due to higher nitriding potential of ammonia 
gas than pure nitrogen. When ammonia decomposes, 
the partialpressure of nitrogen above the equilibrium 
temperature could exceed well above 1 atm. Further- 
more while using ammonia gas, it is also important to 
consider the decomposition equilibrium constant rela- 
tionship (2NH3 = N 2  + 3H2), i.e. 

KNH ̀  = PN=(PH=)3/(PNH3) 2 (11) 

which suggests that if the partial pressure of NH3 gas 
is fixed and Pm is lowered in a NH3/H2 gas mixture 
such that the sum PNm + P m  changes only with Pro; 
then the partial pressure of nitrogen, as shown in 
Equation 11, will rise inversely with the cube power of 
Pro. This is particularly advantageous in manipula- 
ting the nitrogen chemical potential while synthesizing 
BN via Reaction 10b. 

We also point out that while considering the equi- 
libria related to the consumption of BO gas, the 
derived values of equilibrium temperatures from 
the free-energy equations do not reflect the true 
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Figure 3 Relationships drawn between the partial pressures of gases 
BO and CO at 1573 and 1773 K using Equations 6a and 8a. These 
two equations represent the BO generation and consumption reac- 
tions respectively. PN2 = 1 atm, a c = 1, aB~o, = 1. 

processing temperatures. This is because of the values 
and signs of AH and AS in the free-energy equation 
and, due to this much lower values of temperatures are 
predicted at which the BO gas is thermodynamically 
unstable. This aspect will become more apparent in 
the following section where the phase predominance 
area diagrams are established from the thermodyn- 
amic calculations. 

From the equilibrium constant in Equations 6a and 
8a, for example, we can establish relationships be- 
tween BO and CO for a given nitrogen partial pres- 
sure or nitrogen potential and carbon activity at an 
isotherm. We find that for the sub-oxide gaseous 
phase generation reaction, the partial pressure of BO 
is inversely related to Pco; whereas the partial pres- 
sure of BO is directly proportional to Pco for the 
consumption reaction. The relationships for both 
liquid and gaseous B203 are plotted in Fig. 3 for 
PN~ = 1 atm. The presence of B203 gas enhances the 
corresponding vapour pressure of BO gas at a given 
CO partial pressure. This would mean that in practice 
the partial pressure of BO gas will rise approximately 
by an order of magnitude. However, by considering 
Equilibrium 7b, we find that equilibrium partial pres- 
sure of BO gas at PNn~ = 0.1 and PH2 = 0.04 atm, for 

example, drops substantially lower than when 
PN2 = 1 atm. Evidently, the PBo partial pressure differ- 
ential changes by nine orders of magnitude at 1573 K, 
and Pco = 0.1 atm if nitrogen gas is replaced by am- 
monia as a nitriding agent. Such a large chemical 
potential difference will determine the driving force for 
the nucleation of ceramic phase and hence the particle 
size of BN will be expected to be dependent on this 
pressure differential because the rate of nucleation is 
dependent on this factor. From Fig. 3, it is also evident 
that as the equilibrium constant rises with increasing 
temperature, the PBo-Pco line accordingly shifts to 
higher PBo values. In conclusion, it is apparent that 
the equilibrium partial pressure of BO in the reduction 
of B203 is always larger than that for the nitridation 
reaction. The temperature range selected in the cal- 
culated results shown in Fig. 3 also represents our 
experimental condition for the synthesis of hexagonal 
BN. 

2.4. Phase equilibria in the B-N-C-O system 
2. 4. 1. The reducing condition leading to the 

formation of boron carbide and 
nitride from boric anhydride 

The phase equilibrium diagrams in the B-N-C-O 
system were constructed by plotting - RTlnPN~(kJ) 
against the reciprocal of the absolute temperature for 
the equilibrium relationships shown in Table V. We 
have assumed that the activity of carbon is unity and 
the total partial pressure of CO gas is 1 atm. From 
Fig. 4, we find that the univariants (a) and (c) listed in 
Table V, intersect each other at point B. This means 
that the phase field A'BD' defines the stability region 
for boron carbide, whereas BN and B203 are stable 
above DBD' and A'BD lines, respectively. The point 
B is the invariant point where three boron-containing 
condensed phases are in equilibrium with the gas- 
phase mixture of CO and nitrogen. We have also 
plotted CC' univariant (reaction f in Table V) which 
defines the equilibrium between all boron compounds, 
carbon and nitrogen and CO gas mixture. As expected 
from the Gibbs phase rule, the line CC' must go 
through point B. This is shown in Fig. 4. The line CC' 
points out that the stability of boron anhydride has 
significantly changed to a higher PN2 value and this is 
only possible because B4C and B 2 0  3 c a n  combine to 
form BN phase. However, by plotting univariant (f) 
(i.e. line EE' in Fig. 4), which is also concurrent at 
point B, the effect of B203 gas on the phase stability 

TAB L E V The values of the standard Gibbs free-energy change for the reduction condition of boron anhydride to BN and B4C and for the 
nitridation of boron carbide 

Reactions AG~ 

(a) B203(1) + N 2 + 3C = 2BN + 3CO 
(b) B203(1) + B4 C + 2C + 3Nz = 6BN + 3CO 
(c) B4C + 2N2 = 4BN + C 
(d) B203(1 ) + 7C = B4C + CO 
(e) B2030) + 2NH3 = 2BN + 3H20 
(f) BzOa(g) + B4 C + 2C + 3N2 = 6BN + 3CO 

384426 -- 292 T 
- 5 7 6 5 5 5 + 5 3  T 
- 960981 + 345 T 

1729 833 -- 929 T 
92 592 -- 100 T 

- 936 550 -- 239.2 T 
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Figure 4 Ln PN2 versus liT in the B - C - N - O  system defining the 
regions of relative stability for B203, BN and B4C phases. Point "B" 
is an invariant point. Pco = 1 atm. The univariants are defined in 
Table V and are designated (a), Co), (c), etc, in this figure and in the 
table. 

Table VI. Once the necessary equations are defined, 
the univariants (log PBO versus T) curves can be 
constructed by arbitrarily fixing the partial pressures 
of CO and N2 gases. The total pressure is t atm and 
the thermodynamic activity of carbon is unity. The 
partial pressure of CO in all reactions in Table VI is 
1 atm, except in Reaction (A) where we have arbitrar- 
ily fixed the partial pressure of nitrogen gas to 
0.25 atm such that Pco/(PN=) 1/2 = 1. This is to simplify 
the calculation of univariants described above. In Fig. 
5, points a, b, c and d are the invariant points between 
two boron-containing condensed phases, one of which 
may be metastable, carbon and a gas mixture. At these 
points, the condensed phases are in equilibrium with 
CO and N 2 ga~s mixture. Owing to the metastability of 
one of the boron-containing phases, the thermodyn- 
amically unstable regime of BO gas is possible to 
define, as shown in Fig. 5. 

For a complete representation of the B-C-O phase 
equilibria, Reactions (B)-(F) should be considered. 
The invariant point a determines the stability of BN 

I 
2t 

can be recognized. Line EE' reduces the phase stabil- 
ity area of B 2 0  3 with the concomitant expansion of 4 
the B N  phase field. The importance of the phase 
equilibrium calculation will become apparent in Part 

6 
II of the present series, in which the experimental 
results are discussed, The new phase fields are as 
follows: ~ 8 o 

(a) above the curve A'BC, BN is stable; "= 
(b) in the region A'BD', B 4 C  is stable; ~ lo 
(c) and below the curve A'BC, B203 is stable. 

2.4.2. Equilibrium between metallic boron, 
B4C, BN, carbon and the gas phase 

An alternative method of establishing the phase rela- 
tionships in the B N - C - O  system is to consider a set 
of independent chemical reactions that involves both 
the condensed phase and a gas-phase mixture com- 
posed of BO, CO and N 2. The equilibria we have 
considered are listed in Table VI. Additional reactions 
can also be considered but there are only five indepen- 
dent reactions relating to four boron-containing con- 
densed phases, i.e. B 2 0 3 ,  B, B 4 C  and BN. The other 
two dependent equilibria (.F) and (G) are also shown in 

12 

14 

16 

(d) 

Unstable ~ "\ 4 
BO gas ~ \, 

- ~". BN 

Carbon 

(a) 

i * 

Stable 
BO gas 

4 5 6 7 8 9 10 11 

104/  T(K -1) 

Figure 5 Log PBO versus lIT in the B C N O system. The regions 
of phase stability are uniquely defined and points a, b, c and d are 
invariant points. Capital letters designate reactions in Table VI. 
a c = l  a n d P N = = l a t m .  

T A B L E  VI Phase equilibria equations in the presence of BO gas 

Reaction AG~ 

(A) BO + �89 2 4- C = BN + CO 
(B) 4BO + 5C = B4C + 4CO 
(C) BO + C = B + CO 
(D) B203(1) + C = 2BO + CO 
(E) B4C + BO = 5B + CO 
(F) B203(1) + B4C = 4B + 2BO + CO 
(G) B203(1) + B4C + 2N2 = 4BN + 2BO + CO 

- 361 209 q- 90.63 T 
- 4 8 4 8 5 4  + 17.61 T 
- 110587 + 3.01 T 

1106844 - 473.38 T 
-- 69082 -- 2.55 T 
1152152-- 390.16 T 

145 863 -- 128.49 T 
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Figure 6 A plot of standard Gibbs free-energy change, AG, of BN or 
B4C against temperature, T, indicating the dominance of ammonia 
nitridation at lower temperatures, ( ) BN (N2), ( - - - )  B4C, 
(- -- ) BN (NH3). 

and boron anhydride phases over a wide range of 
temperature. Only above 1315 K, can BN crystals be 
thermodynamically stable and below this temperature 
B203 is a stable phase. Fig. 5 is an informative dia- 
gram and indicates the operational temperature range 
for the synthesis of ceramic and metal phases. This 
diagram also confirms why electric arc furnace opera- 
tion yields B4C phase above 2473 K; this is because of 
the high-temperature stability of boron carbide phase. 

In Fig. 6, the univariants for the carbothermic re- 
duction and ammonia nitridation are plotted. The 
nitridation with ammonia has the lowest free energy in 
the low-temperature range and it will therefore favour 
the formation of BN which is also one of the ways for 
the synthesis for h-BN. At higher temperatures than 
1500 K, nitridation with nitrogen gas becomes more 
stable and eventually above 2000 K boron carbide is 
the most stable phase. This is consistent with the 
above phase relationship shown in Figs 4 and 5. 

3. Conclusion 
The vapour pressure of B203 above its melting point 
is high and at the nitridation and reduction temper- 
atures of boric anhydride, the vapour pressure cha- 
nges by four orders of magnitude between 1423 and 
1723 K. The value of enthalpy of vaporization of 
B203 from the data compilation in [-7] is similar to the 
value reported in [-3]. However, the entropy of vapor- 
ization appears to be dependent on the overall moist- 
ure content of B203. 

The reduction-nitridation of either B2O 3 liquid 
phase or gaseous phase proceeds via a two-step 
process. In the first step, B203 reduces to BO gas, 
called the "BO generation reaction" and, in the second 
stage, the sub-oxide gas is reduced in the presence of 
a nitriding gas. The presence of ammonia as a nitrid- 
ing gas increases the partial pressure difference be- 
tween the BO generation and reduction reactions. 
This pressure differential is an important factor in 
controlling the size of the ceramic phase. 

The univariant diagrams in Figs 4-6 point out the 
regions of relative phase stability of BN, B4C, B203 
and metallic boron phases.-Boron carbide is only 
stable at higher temperatures, and much larger partial 
pressures of BO gas is required to form this phase. On 
the other hand, boron nitride is stable over a large 
temperature range and at a relatively lower value of 
PBo than required for B4C. Metallic boron, however, 
can only form well above the stability range of B4C as 
the equilibrium partial pressure of BO gas at a given 
temperature is higher than the value necessary for the 
stability of B4C. This is evident from Fig. 5. 
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