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Thermal stability of refractory materials for
high-temperature composite applications

H. WIEDEMEIER, M. SINGH

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, NY 12180-3590, USA

A computational thermodynamic analysis of the stability of group 1V, V, and VI transition metal
borides, carbides, nitrides, and oxides is presented. The results of these computations can be
employed to assess the stability and decomposition of these materiais at high temperatures
under different ambient conditions. The thermodynamic stabilities of group IV, V, and VI com-
pounds increase with atomic number of the metal in the same group and decrease with atomic
number in the same period. Based on the equilibrium computations of the decomposition
reactions considered, V;B,, HfC, HfN and Ti;O4 are the most stable compounds in each class.
In general, the refractory oxides are the most stable compounds followed by the borides, car-

bides and nitrides.

1. Introduction

In recent years, considerable attention has been fo-
cused on the development of high-temperature struc-
tural composite materials, which might serve as re-
placements for superalioys in high-temperature and
aerospace applications. These materials should have
high melting points, good oxidation resistance, low
density, and superior high-temperature creep and
other mechanical properties. The thermochemical be-
haviour and properties of refractory borides, carbides,
nitrides, silicides and oxides are being investigated for
the above purposes. One of the major requirements for
the efficient design and operation of high-temperature
components and processes is reliable data about the
thermodynamic stabilities, decomposition and oxida-
tion behaviour under different conditions. These data
are very useful in estimating the vaporization losses
and predicting the lifetime of such materials.

Despite continuing research efforts and the use of
advanced experimental techniques, there are still
many gaps in the knowledge and understanding of the
high-temperature properties of these refractory mater-
ials. The considerable lack of reliable experimental
data concerning the stability and oxidation under
different conditions at elevated temperatures has en-
couraged us to estimate these properties using ther-
modynamic data.

The present investigation deals with the stability
relative to decomposition (vaporization) of boridés,
carbides, nitrides and oxides of group IV (titanium,
zirconium and hafnjum), group V (vanadium, niobium
and tantalum), and group VI (chromium, molyb-
denum and tungsten) metals. Several of these com-
pounds are of current interest for high-temperature
structural applications. Hillig [1] discussed various
problems and prospects for several of these com-
pounds as constituents (fibre/matrix/coating) for high-
temperature composites. Titanium diboride reinforce-
ments are reported to be compatible with and to

0022-2461/91 $03.00 + .12 © 1991 Chapman and Hall Ltd.

improve the mechanical properties of intermetallic
{aluminides) and of some ceramic {oxide) matrix com-
posites [2—4]. Pure and partially stabilized zirconia
(PSZ) are found to be quite attractive and effective as
thermal barrier coatings for high-temperature appli-
cations [5]. A number of compounds of this class, i.e.
TiC, TiN, TiO,, TaC, Cr;C, and Cr,0; are widely
used for different applications in heat engines [6]. In
addition, studies [7] indicate that TiC and TiB, are
also promising materials for use as limiters (the part of
a fusion reactor nearest to the plasma). Other applica-
tions of materials containing refractory metal car-
bides, nitrides and borides include their use as effective
wear-resistant materials for cutting tools [8-10]. A
number of composite systems containing these com-
pounds as reinforcements (whiskers, particulates and
fibres), matrices, and coatings arec reported in the
literature. The main objectives of this investigation are
to evaluate the thermal stabilities of these materials at
high temperatures and to provide a data base for
further computations. Other more specific analyses of
the high-temperature applications and properties of
these materials are part of a continuing effort and are
being reported elsewhere [11-13].

2. Thermodynamic considerations

Thermodynamic equilibrium calculations represent a
powerful tool to assess the chemical reactivities of
materials, in particular at elevated temperatures. The
frec cnergies of reactions provide guidelines with re-
spect to the dominant direction and extent of pro-
cesses. However, thermodynamically favourable reac-
tions may not occur owing to reaction kinetics. In
such cases the actual physical state of the material, e.g.
texture, porosity, stress and strain, may become very
important. The rate of a reaction is also affected by the
surface area available which, in turn, is related to the
porosity of the material. Reactions may be inhibited
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by the formation of protective layers. The latter case is
of particular interest for the application of many com-
posite materials at high temperatures, where the par-
tial pressures of gaseous reactant or product species
may stabilize or destabilize the system.

One of the main problems encountered in the ther-
mochemical analysis of the refractory materials is the
lack of reliable thermodynamic data for compounds at
high temperatures. In such cases, the estimation of
data is required. For the analysis of the decomposition
behaviour of a given material, various reactions are
considered which may occur in a particular system.
Using the available and estimated data, equilibrium
thermodynamic computations are performed for all
reactions. For a meaningful application and inter-
pretation of thermochemical computations a brief re-
view of the basic relationships and conventions may
be desirable.

The equation for chemical equilibrium can be intu-
itively expressed in terms of activities, namely

w(T, p,comp.) = u’ + RTInay(7T,p,comp) (1)

where pyf is the chemical potential of a substance in its
standard state in a particular phase. The choice of
standard states for a substance is a matter of conveni-
ence. Conventionally, the standard state of a compon-
ent in a gaseous phase is that of unit fugacity, ie. the
pure gas in the hypothetical ideal condition at temper-
ature T'and 1 atm pressure. Thus ¢; —» p; as p; » 0. For
a pure solid or liquid or for a solid or liguid solution,
the most convenient standard state is the pure solid or
liquid (or pure solvent) at temperature 7" and 1 atm
pressure. For such a substance, a, —» x; as x; = 1 if
the pressure is 1 atm. Unless the pressure is very high,
the pressure dependence of y; of condensed phases can
be neglected because of the small molar volume in the
term v;dp of the modified Gibbs—Duhem equation.

With Equation 1 the change in Gibbs free energy for
a chemical reaction is defined as

AG= Y v = Y v + RTY vina, (2)

where the stoichiometric coeflicients v; are negative for

reactants and positive for products. Introducing the

quantity AG® for Y v,u?, Equation 2 can be written in
i

the form
AG = AG° + RTlnH ay. (3)

It is useful to recall that AG? is the change in Gibbs
free energy for a process starting with the stoichio-
metric number of moles of reactants in their standard
states, and ending with the stoichiometric number of
moles of products in their standard states. The second
term in Equation 3 is the product of activities and/or
partial pressures of reactants and products. When the
process is at equilibrium, AG =0 and Equation 3
takes the form

AG 0 =

il

AG® + RTInK,,, )

where K, = I, a}" and is the equilibrium constant of
the reaction. When gaseous species are involved in the
reaction, the symbol K is frequently used for K. The
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equilibrium condition is commonly expressed by the
equation

AG® = —RTInK,,. )

The quantity AG? is related to the reaction enthalpies
and entropies of substances in their standard states by
the expression

AGS = AHY — TASY 6)

For computational purposes Equation 6 can be ex-
panded to
T
AGY = AHY4s + J ACdT — TAS3yq
298
T 0
- T j A—C‘ldT Y
298 T

where AHY,4 and ASY,, are enthalpy and entropy
changes, respectively, of reaction at 298 K. Thus, AG®
can be computed for any reaction and at any temper-
ature for which thermodynamic data (heats of forma-
tion, absolute entropies, heat capacities) of reactants
and products are available. Assuming that the reac-
tion process involves at least one reactant or product
substance in the gaseous state and that the others are
in the condensed state, then based on the above defini-
tion of AG® and at equilibrium, the activities of the
substances in the condensed phase are unity and of
those in the gaseous state are equal to their equilib-
rium partial pressures.

Under these conditions, the sign of AG? indicates
the endo- or exo-thermicity (direction) of the reaction
as written. The magnitude of AG® is related to the
magnitude of the partial pressure(s) of gaseous species
present, which, in turn, is related to the amount(s) of
gaseous substances in the reaction system. On the
other hand, the activity of a pure condensed phase (at
1 atm) is unity by definition and independent of the
amount of substance present. Thus, for a process in
which only reactants and products in the condensed
phase participate, AG® indicates the direction of a
process, but not the “extent” of the reaction. If
AG? < 0, then eventually all reactants must disappear;
if AG® > 0, eventually all products must disappear.
Only at one particular temperature is AG® = 0, and
the ratio of activities is unity for condensed-phase
reactions. Therefore, generally it is not meaningful to
compute equilibrium constants from thermodynamic
data for reactions involving only condensed-phase
substances. The computation of AG® values for such
reactions provides an indication whether the reaction
as written is thermodynamically favourable or not. As
indicated above, kinetic factors may have a con-
siderable influence on the actual behaviour of a pro-
cess under given conditions of temperature, pressure,
and of the physical state of the materials involved.

A computer program has been developed to calcu-
late AGP values for all individual reactions considered
in this work over wide temperature ranges. The major-
ity of the chemical reactions employed in the thermo-
dynamic analysis of the different systems contain one
or more gaseous reactant(s) and/or product(s). For
these condensed-gas phase reactions, based on the



TABLE I Sources of thermochemical data for substances considered in equilibrium calculations of this work

Substance Ref. Substance Ref.  Substance Ref. Substance Ref.
B(s, 1) 17 Ta(g) 16 ZrC(s) 17 CrN(s) 18
B(g) 17 Cr(s, 1) 15 HIC(s) 14 Cr,N(s) 18
C(s) 19 Cr(g) 16 VC(s, 1) 15 TiO(s, 1) 14
C(g) 19 Mo s, 1) 15 V,C(s, 1) 14 TiO(g) 14
C,(g) 17 Mo(g) 18 NbC(s) 18 TiO,(s, 1) 14
Ci(g) 17 Wi(s) 14 Nb,C(s) 14 Ti,05(s, 1) 14
N(g) 19 TiB(s, 1) 17 TaC(s) 15 Ti,Os(s, 1) 14
N,(g) 19 TiB,(s) 17 Ta,C(s) 15 ZrO(g) 14
O(g) 19 ZrB,(s) 17 Cr;C,(s) 18 ZrO,(s, 1) 14
0,(g) 19 HfB,(s)* 17 Cr,C5(s) 18 HfO,(s, 1) 14
Ti(s, ) 17 V3B,(s) 15 Mo, C(s)* 14 VO,(s, 1) 14
Ti(g) 17 VB(s) 15 WC(s) 14 V,0s5(s, 1) 14
Zr(s, 1) 17 V;B.(s) 15 W,C(s) 15 NbO(s, 1) 14
Zr(g) 17 V,B;(s) 15 TiN(s) 17 NbO,(s, 1) 14
Hf(s, 1) 14 V5Bg(s) 15 ZrN(s) 17 Nb,Os(s, 1) 14
Hf(g) 16 VB, (s) 15 HfN(s)* 14 Ta,04(s, 1) 14
Vs, 1) 15 NbB,(s) 14 VN(s, 1) 18 Cr,04(s, 1) 18
V(g) 18 TaB,(s) 14 NbNs, I) 14 MoO,(s) 18
Nb(s, 1) 14 CrB(s)y - Nb,N(s) 14 MoOs(s, 1) 18
Nb(g) 18 CrB,(s)* - TaN(s) 15 WO, (s, 1) 18
Ta(s) 14 TiC(s) 17 Ta,N(s) 15 WO,(s, 1) 18

* Extrapolated to higher temperatures.

stoichiometry of the reaction and on Equation 5,
equilibrium constants (K,) for individual reactions
and equilibrium partial pressures of different gaseous
species are computed. For those reactions containing
only substances in the condensed phase, AG® values
are reported. For the representative compound of a
given class of materials, the equilibrium constants of
individual reactions are given as a function of temper-
ature in graphical representation. In the interest of
numerical accuracy and for the convenience of the
user, the AG? and equilibrium constant values of all
individual reactions are expressed in the form of lin-
ear, two-term equations. The numerical constants a
and b of these equations are listed in tables. In this
way, the results provided can be used for specific
reactions alone, and in combination with other reac-
tions of the same and of other systems.

The sources of the thermochemical values of the
elements and compounds used in the present com-
putations are listed in Table I. The heat capacity and
entropy values of HIN and HfB, are given in the
literature [14] only up to 1500 and 1700 K, respect-
ively. Thermochemical data for the molybdenum and
tungsten borides and nitrides are not readily available.
There are various sources of thermochemical data in
the literature for a given material. The selection of the
sources used in this work is based on a critical analysis
of literature data and on a comparative evaluation of
theoretical predictions and experimental evidence.

3. Results and discussion

Among the important criteria for the assessment of
thermochemical properties and for the application of
composite materials at high temperatures is the sta-
bility of their constituents with respect to decomposi-
tion (volatilization) and their “inertness” with respect
to chemical reactivity. Based on common experience
and on available literature [ 1], some stability criteria

of these materials have been established. Vapour pres-
sures or dissociation pressures of about 1076 atm or
less present no long-term stability problems. However,
vapour pressures of about 1072 atm or higher are
considered excessive and may cause serious damage
and failure of components of a system. Thus, vapour
pressures of about 1077 atm may be taken as an
upper-bound safety limit.

These criteria are, of course, qualitative guidelines,
and individual materials have to be evaluated under
actual conditions. Detailed analyses of the decomposi-
tion behaviour of these materials involve specific
assumptions about the reaction mechanisms. Thermo-
dynamic analyses of individual chemical reactions
have been carried out to estimate their relative im-
portance and that of different vapour species particip-
ating in the decomposition process. The chemical
stabilities of the refractory borides, carbides, nitrides
and oxides will be discussed in separate sections
below.

3.1. Stability of metal borides

The decomposition reactions of the refractory metal
borides presently considered to yield different product
species are represented by the following generalized
equations:

MB,(s,I) = M(s,1) + xB(s,1) (8)
MB,(s, ) = M(g) + xB(s,]) 9)
MB,(s,]) = M(s, 1) + xB(g) (10)
MB,(s,]) = M(g) + xB(g) (11)

where M is a refractory metal of group IV, V, and VI
elements and x is the number of boron atoms per
metal atom. Because of the large number of com-
pounds and reactions involved, a detailed representa-
tion of the K, values against reciprocal temperature
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TABLE II Values of a and b in the relation log K ,=a+ (10* b/ T) for different decomposition reactions of refractory borides; the headings
indicate the type of reaction products, but not in all cases the stoichiometry

Compound? M(s, ) +B(s, )® M(s, )+ B(g) Mi(g)+B(s,]) M(g)+ B(g)
TiB a=730.86 a= 8273 a= 17926 a= 15358
b= 04414 b=-3762 b= —3.308 b=—6.191
TiB, a=150.89 a="16.595 a= 8.348 a= 23.689
b= 0.8353 b= —7.283 b= —3.919 b=-9711
ZrB, a=59.20 a= 16746 a= 8481 a= 2382
b= 0955 b= -7.515 b=—4942 b=-10.73
HfB, a=70.48 a= 16.088 a= 7.678 a= 2301
b= 04847 b=—-7.554 b= —5405 b=—11.20
V,B,* a=64.56 a= 16.187 a= 23857 a= 39.34
b= 03745 b=—7.395 b=—9.620 b=—1542
VB? a=2942 a= 8.065 a= 7933 a= 15.781
b= 0.1689 b=—-3.627 b=-3.394 b= —6.302
V;B,° a=102.2 a= 3220 a= 2439 a= 5535
b= 0.6417 b= —14.15 b= —10.58 b= —22.18
V,B,? a=72.10 a= 24.09 a= 1635 a= 39.58
b= 04717 b=-—-10.51 b=-7.159 b=—15.86
VsB* a=1185 a= 5204 a= 44.18 a= 90.62
b= 2846 b= —2141 b=-17.38 b= —34.78
VB,* a=41.98 a= 16.066 a= 8293 a= 23.786
b= 03029 b= —6.868 b=-3741 b= —9.544
NbB, a=136.09 a= 15.766 a= 8304 a= 2364
b="0.2555 b= —6.701 b= -4.738 b=—10.53
TaB, a=43.31 a= 15862 a= 7.860 a= 23.18
b= 0325 b= —6.889 b=-5172 b= —10.96
CrB* a=17.21 a= 17.753 a= 7274 a= 15017
b= 0.0179 b=—-3.284 b= -—2427 b=-5328
CrB,* a=18.25 a= 15843 a= 7.609 a= 23.145
b= 0.1705 b= —6.288 b=-2.529 b=-8330

® All K, values are for the temperature range 500 to 3000 K, except for those compounds marked (*) which are for the temperature range 500

to 2500 K.

b AG® values from AG® = a + (10*b/T) are given in kcal mol ™! for the reactions in this column only {1 cal = 4.19 J).

- for the individual solid—gas phase reactions of TiB and
TiB, is given in Fig. 1. The temperature dependence of
the equilibrium constants of the other group IV, V,
and VI borides is represented by the ¢ and b terms of
the corresponding linear equations listed in Table II.

S
ViEsa
\§§ \A\
Q.
~30} l%o\
-\
80y \\A
Q
o |
X
=901
o
]
-120¢
°
~150+
]
~180 . — - —
2 6 10 14 18 22

Temperature, 104/7 (K1)

Figure 1 Equilibrium constants as a function of reciprocal temper-
ature for the main solid-gas phase decomposition reactions of
TiB(s) and TiB,(s). (A) TiB(s) = Ti(g) + B(s, 1); (3) TiB(s) = Ti(s, 1)
+ B(g) (+) TiB(s) = Ti(g) + B(g); (8) TiB,(s) = Ti(g) + 2B(s, 1);
(<) TiB,(s) = Ti(s, 1) + 2B(g); (M) TiB,(s) = Ti(g) + 2B(g).
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No reliable thermochemical data for the borides of
molybdenum and tungsten are presently available.
Therefore, these compounds are not included in the
present investigation.

It is evident from Fig. 1 that at lower temperatures
the reactions yielding gascous species are rather insig-
nificant with respect to decomposition of TiB and
TiB,. But with increasing temperature and owing to
the increasing dominance of the entropy contribution,
these reactions may become important for the stability
evaluation of the materials. If the gaseous molecules
can escape from the reaction interface, even a minor
reaction may become critical and become a “runaway
reaction”. It is also apparent from Fig. 1 that TiB is
less stable with respect to decomposition than TiB,. It
is intuitively obvious that the decomposition reactions
of a given compound yielding condensed-phase pro-
ducts require less energy than those leading to gaseous
products. Thus, under given temperature and pressure
conditions, the former reactions are more critical with
respect to thermal stability of the compound than the
latter.

In an attempt to compare the relative thermodyna-
mic stabilities of the metal borides investigated here,
the lowest AG? values at 2000 K, corresponding to the
decomposition of a given compound to condensed-
phase products, are graphically represented in the
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Figure 2 Standard Gibbs free energy changes of the thermodynami-
cally most favourable condensed-phase decomposition reactions of
metal borides at 2000 K (1 cal = 4.19 J).

form of a bar diagram in Fig. 2. In other words, the
Gibbs free energy changes (under standard conditions)
of the thermodynamically most favourable decom-
position reactions of these metal borides are given.
Within the constraints of the definition of AG® and of
the meaning of activities for condensed-phase reac-
tions, and assuming that all other conditions (e.g.
kinetic limitations) are the same for different com-
pounds, the heights of the bars in Fig. 2 provide a
qualitative guideline for the relative stability of the
compounds. A larger AG® value indicates a more
stable compound. Apparently, with increasing atomic
number of the metal atom, the stabilities of the borides
increase within the same group and decrease within
the same period of the periodic table for compounds of
the same metal to non-metal ratio. In view of the
above constraints, a further interpretation of Fig. 2 is
not justified. Bolgar et al. [19] measured high-temper-
ature thermodynamic propertics {enthalpy and heat
capacity) of transition metal refractory borides and
has shown that with increasing number of boron
atoms per metal atom in the compound, the bond
strength of the compounds increases. The same trend
is predicted in Fig. 2, based on independent thermo-
chemical computations. These computations suggest
that V,B, is the most stable boride followed by V,B,
and HfB,.

3.2. Stability of metal carbides

High-temperature applications of metal carbides re-
quire resistance to decomposition and to chemical
attack at a free surface. The high melting points and
low vapour pressures of group IV, V and VI trans-
ition-metal carbides provide the stability in vacuum
and inert atmospheres of these materials. For most
metal carbides, decomposition occurs by vaporization
which may be congruent or incongruent. For some
decomposition reactions, product species containing
metal-carbon bonds have been reported. The follow-
ing decomposition reactions of the above metal car-
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Figure 3 Equilibrium constants as a function of reciprocal temper-
ature for the main solid~gas phase decomposition reactions of
TiC(s). () TiC(s) = Ti(g) + C(s); (A) TiC(s) = Ti(s, 1) + C(g); ()
2TiC(s) = 2Ti(s, 1) + Cy(g); (<) TiC(s) = Ti(g) + C(g); (+) 3TiC(s)
= 3Ti(s, 1) + C4(g); (e) 2TiC(s) = 2Ti(g) + C,(g); (M) 3TiC(s)
=3Ti(g) + Cs(g).

bides are considered for the computational analysis:

MC(s,1) = M, 1) + C(s) (12)
MC(s, 1) = M(g) + C(s) {13)
MC(s, 1) = M(s, 1) + C(g) (14)
2MCs, 1) = 2M(s, 1) + C,(g) (15)
MCG, 1) = M(g) + Clg) (16)
3MCGs, 1) = 3M(s, 1) + Cs(g) (17)
2MC(s, 1) = 2M(g) + Cy(g) (18)
IMC(s, 1) = 3M(g) + Cs(g) (19)

where M is the same as above. The equilibrium con-
stants as a function of 1/T for the most important
solid-gas phase decomposition reactions of TiC are
graphically represented in Fig. 3. The overall trend of
the temperature dependence of the different decom-
position reactions and the interpretation are very sim-
ilar to those of TiB. Again, reactions involving gaseous
products can become rather critical at elevated tem-
peratures and seriously affect the stability of the ma-
terial. The a and b values of the linear equations for
the above thermodynamic functions of the other metal
carbide decomposition reactions are given in Table
IIL. Reliable thermodynamic data for MoC are pre-
sently not available. Drowart et al. [20] reported that
at temperatures of about 2500 K and higher, TiC
evaporates predominantly as Ti(g) and C,(g). The
different slopes of the decomposition reactions in
Fig. 3 are consistent with these observations. For HfC
and TaC, Engelke et al. [21] reported that a vapour

. pressure of carbon higher than that of the metal leads

to a loss of carbon at temperatures close to the melting
point. A more comprehensive review of the properties
of refractory carbides is given by Storms [22] and by
Toth [23].

Analogous with the borides, the decomposition
reactions of the metal carbides yielding exclusively
condensed-phase products are more favourable than
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TABLE I11 Values of a and b in the relation log K, =a +(10* b/T) for different decomposition reactions of refractory carbides; the headings
indicate the type of reaction products, but not in all cases the stoichiometry.

Compounds® M(s,)+C(s)F M(@+C(s)  M(s,D+Clg MG D+Ca(g) Mis,D+Cilg) Mg+ Cle)  M(g)+Cy(e) M(@)+Csl(g)
TiC a=33.94 a= 7844 a= 9017 a= 11639  a= 12400 a= 16126 a= 2621 a= 3442
b= 05072 b=-3401 b=—4727 b=—6300 b=-7051 b=-7147 b=-1125 b=-1444
ZiC a=39.48 a= 7645 a= 8801 a= 11587 a= 12491 a= 15889 4= 2573 a= 3371
b= 03668 b=-4248 b=—4784 b=—6505 b=-7328 b=-7994 b=—1294 b=-1699
HIC a=48.50 a= 7417 a= 8731 a= 11422 a= 12231 a= 15661 a= 2528 a= 3301
b= 03271 b=-4850 b=-4953 b=—6861 b=-7860 b=-8596 b=—1415 b=—1879
vee a=18.06 a= 8259 a= 8811 a= 11670 a= 12523 a= 16521 a= 2709 a= 3558
b= 02933  b=-3212 b=-4293 b=-5529 b=-5857 b=—6968 b=—1088 b=—1387
V,C a=3345 a= 1579  a= 8438 a= 1106  a= 1153  a= 2406  a= 4231 a= 5840
b= 00704 b=—6132 b=-4524 b=—6001 b=—6561 b=-9889 b=—1673 b=—2265
NbC a=31.05 a= 8003 a= 8362 a= 10685 a= 11137 a= 16241 a= 2645 a= 3477
b= 00743 b=-—4542 b=—4468 b=—5874 b=—6381 b=-8297 b=-1353 b=—1787
Nb,C? a=39.81 a= 1655  a= 893  a= 1209  a= 1299  a= 2482 a= 4383 a= 6068
b= 02736  b=—-8681 b=—4771 b=—6497 b=-7300 b=-1244 b=-2183 b=-3030
TaC a= 3510  a= 7226 ag= 8120 a= 10209 a= 10408 4= 15463 a= 2489 a= 3243
b= 00942 b=_4804 b=-4482 b=—5902 b=-6422 b=-8558 b=-—1405 b=—1865
Ta,C a= 4795  a= 14699 a= 8326 a= 10473 a= 10796 a= 2293 a= 3982 a= 5484
b= —00101 b=-9199 b=-4814 b=—654 b=-7379 b=—1295 b=-2284 b=-3183
Cr,C,? a= 2783  a= 20995 a= 15755 a= 9790 a= 1944  a= 3750 a= 3155 a= 8474
b=-03679 b=—6551 b=-7934 b=—4876 b=-9755 b=—1406 b=—1101 b=-2815
Cr,C, a= 5487  a= 4920 a= 2318 a= 14251 a= 9292 a= 7397 a= 6505 a= 6008
b=—07351 b=—1512 b=-1208 b=—7.501 b=—5066 b=-2639 b=-2180 b=—1937
Mo,C* a= 1350  a= 14921 a= 8011 a= 1008  a= 1016  a= 2319 a= 4040 a= 5564
b=—00866 b=—7.084 b=-3999 b=—4943 b=—4980 b=-1084 b=-1862 b=—-2550
wC a= 7653 - a= 7989 a= 1084  a= 1130 - - -
b= 00678 - b=--3932  b=—4858  b=—4851 - - -
w,C a= 31.64 - a= 6037 a= 6039 a= 4163 - - -
b=—1397 - b=-3805 b=-4548 b= —4391 - - -

* All K, values are for the temperature range 500 to 3000 K, except (%) for 500 to 2500 K and (°) for 500 to 2000 K.
* AG® values from AG® = a + (10*b/T) given in kcal mol~! for the reactions in this column only (1 cal = 4.19J).

those yielding gaseous products within a given tem-
perature range. Thus, the thermal stability of the metal
carbides is limited by the former reactions. Within the
same constraints as discussed above for the metal
borides, the relative stabilities of the metal carbides at
2000 K are compared in terms of the AG® values for
the most favourable condensed-phase decomposition
reactions in Fig. 4. Under these conditions, it is appar-
ent from Fig. 4 that the stabilities of the mono-
carbides increase with atomic number of the metal in
groups IV and V and for the di-metal carbides of
group V at 2000 K.

For the chromium, molybdenum and tungsten car-
bides the trend is different owing to the molecularity
effect. But on a per-atom basis, the trend is the same.
Electronic band calculations for these carbides
[24-26] suggest that electron transfer occurs from the
metal to the interstitial carbon atoms upon bond
formation in the above carbides. This direction of
transfer would lead to the formation of a stronger
C-M bond associated with a weakened M-M bond in
MC relative to the pure metal. Shohoji [27] estimated
the carbon—metal interactions in carbides and re-
ported that the C—M bonds in group IV metal car-
bides tend to strengthen with increasing atomic num-
ber of the metal from titanium to hafnium. These
theoretical considerations [27] are consistent with our
thermochemical predictions concerning the relative
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stabilities of TiC, ZrC and HfC based on their de-
composition reactions evaluated in this work (Fig. 4).

The metal-carbon bond energy (Ey) of the vana-
dium, niobium and tantalum carbides was also estim-
ated by Shohoji [27]. The trend in the E.y values is
the same as that for the titanium, zirconium and
hafnium carbides. But the Esy values of group V

8G° (keal mol™ 1)

T AT T Hﬂm

Tic ve Vo€ Cr3C;  We
irC NbC szc MOZC WZC
HeC TaC TayC

Figure 4 Standard Gibbs free energy changes of the thermodynami-
cally most favourable condensed-phase decomposition reactions of
metal carbides at 2000 K (1 cal = 4.19]).



metal carbides are less negative (i.c. weaker C-M bond
strength) than those of the group IV carbides. These
trends are also reflected in our thermodynamic es-
timations. Our predictions are also supported by the
suggestion of Storms [22], relating the increases in the
melting points of group IV and V metal carbides
relative to those of the pure group IV and V metals to
the different C-M bond strengths in these metal car-
bides. Because the metal-carbon bonds in group IV
(titanium, zirconium and hafnium) carbides are much
stronger than the bonds in titanium, zirconium and
hafnium metals, these carbides show a considerable
increase in their melting points relative to those of the
pure metals.

The corresponding differences in M-C and M-M
bond energies in group V (vanadium, niobium and
tantalum) carbides and metals, respectively, are less
pronounced, which leads to the smaller increases in
melting points of group V carbides relative to those of
the pure metals. Samsonov et al. [28] presented a
configurational model for these materials, according
to which the degree of localization of valence electrons
in stable configurations of titanium, zirconium and
hafnium is not high. Thus, on forming carbides, these
metals employ a greater part of their non-localized
electrons for M-C bond formation. This leads to
stabilization of the sp® configuration of carbon atoms,
and titanium, zirconium and hafnium carbides are
formed with strong metal-carbon bonds.

Based on our thermodynamic estimations, the sta-
bilities of group IV, V and VI carbides are in the order
of group IV > group V > group VI, and HIC is the
most stable of these carbides.

3.3. Stability of metal nitrides
The main decomposition reactions of the metal nitri-
des considered in this work are given by the reactions

MN(s, ) = M(s, ) + 2N, (g) (20)
MN(s, 1) = M(g) + 3N,(g) 21

The temperature dependences of the equilibrium con-
stants of the above decomposition reactions of titan-
ium, zirconium and hafnium nitrides are given in
Fig. 5. It is apparent from the results that at lower
temperatures the reactions leading to M(g) are rather
insignificant. At higher temperatures these reactions
become increasingly more important, reflecting the
increased dominance of the entropy contribution to
the free energy of reaction. Combined with a con-
tinuous escape of the gaseous products under non-
equilibrium conditions from the reaction interface,
these reactions may cause catastrophic failure of the
materials.

The a and b values of the linear log K, against 1/T
equations of the metal nitride reactions considered
here are given in Table IV. The maximum log K,
values associated with the dominant reactions of
group IV, V, and VI metal nitrides at 2000 K are
graphically represented in Fig. 6. From this diagram it
is-evident that the stabilities of group I'V and V metal
nitrides increase with increasing atomic number of the
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Figure 5 Equilibrium constants as a function of reciprocal temper-
ature for the main solid-gas phase decomposition reactions of
TiN(s), ZeN(s) and HIN(s). (O) TiN(s) = Ti(s, ) + N, (g} (&)
TiN(s) = Ti(g) + IN,(g) (0) ZIN(s) = Zr(s, 1) + IN, (g (+) ZrN(s)
=Zr(g) + N, (gh (8) HIN(s) = Hf(s,1) + IN,(g); (&) HIN(s)
= Hf(g) + 2N,(g).

metal within the same group and with increasing
number of metal atoms in the compound. Reliable
thermodynamic data for molybdenum and tungsten
nitrides are not available. The relative thermodynamic
stabilities of group I'V, V and VI refractory nitrides are
in the order group I'V > group V > group VL

3.4. Stability of metal oxides
The decomposition reactions presently considered for
the selected refractory metal oxides are

M.O,(s,) = xM(s,h) + (y/2)0,(g)  (22)
MO, 1) = xM(g) + (¥/2)0,(g) (23)

TABLE IV Values of @ and b in the relation long:LH—(lO“b/T)
for the decomposition reactions of refractory metal nitrides; the
headings indicate the type of reaction products, but not in all cases
the stoichiometry

Compounds® Ms, )+3N,(g) M(g)+3iN;,(g)
TiN a= 4938 a= 12.031
b=—1.762 b=—4.190
ZrN a= 4.847 a= 11936
b=—1.091 b=—-5122
HfN a= 4409 a= 11.707
b= —1.901 b= —15.508
VN a= 4305 a= 11910
b=—1.121 b=-3.789
NbN a= 3875 a= 11.753
b=-—1.194 b=—5203
Nb,N* a= 4110 a= 17.064
b=—1.275 b= —9.069
TaN a= 4.187 a= 11.491
b=-1272 b= —-5352
Ta,N a= 4336 a= 19.199
b=—1.364 b=—9.526
CrN a= 3.847 a= 11.667
b= —0.5%4 b= —2.669
Cr,N? a= 3.590 a=—18.104
b= —0.632 b= —4.719

* All K, values are for the 500 to 3000 K temperature range except
(a) which are for the 500 to 2500 K temperature range.
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Figure 6 Equilibrium constants of the thermodynamically most
favourable decomposition reactions of metal nitrides at 2000 K.

M,0,(,1) = MO,(s, 1) + MOGs, 1) (24)
M,0,(s,1) = MO,(s,1) + MO(g) (25)
MO,(s,]) = MO(s,1) + 10,(g) (26)
MO,(s,1) = MO(g) + 30,(2) (27)
M;05(s,1) = 2MO,(s,1) + MO(s, 1) (28)
M;0s(s,1) = 2MO,(s,1) + MO(g)  (29)
MOjs(s,1) = MO,(s, 1) + 30,(g) (30)
M,04(s,1) = 2MO,(s,)) + $0,(8) (3D

The temperature dependences of the equilibrium con-
stants for the TiO and TiO, decomposition reactions
are shown in Fig. 7. The a and b values of the linear
equations of the log K, and AG® values of the re-
fractory oxides are given in Table V. The maximum
log K, values associated with the dominant decompo-
sition reactions of the different refractory oxides at

0 §+
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A§§§2\\\\\\\+
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-100}
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Figure 7 Equilibrium constants as a function of reciprocal temper-
aturé for the main solid—gas phase decomposition reactions of
TiO(s) and TiO,(s). (O) 2TiO(s) = 2Ti(s, 1) + O,(g); (A) 2TiO(s)
=2Ti(g) + O,(g) (0) TiO,fs) = Tis, 1) + O,(g); (+} TiO,(s)
= Ti(g) + Ox(g); (+) 2TiO,(s) = 2TiO(, 1) + Oy(gh (©) 2Ti0,(s)
= 2TiO(g) + O,(g).
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Figure 8 Equilibrium constants of the thermodynamically most
favourable decomposition reactions of metal oxides at 2000 K.

2000 K are shown in Fig. 8. It is apparent from Fig. 8
that for the same composition, the stabilities of group
IV, V, and VI oxides increase with increasing atomic
number of the metal within the same group. Also, the
higher metal oxides are more stable than those of the
lower oxidation states.

4. Summary and conclusions

The equilibrium thermodynamic computations sug-
gest that at 2000 K, V3B, is the most stable boride
followed by V,B, and HfB,. Of the refractory car-
bides and nitrides, HfC and HfN are predicted to be
the most stable compounds. In the case of refractory
oxides, Ti;O5 and Ta, O are the most stable ones
with respect to decomposition at 2000 K. Based on the
thermodynamic functions (AG®, K,), the stabilities of
refractory metal borides, carbides, nitrides, and oxides
are in the order

oxides > borides > carbides > nitrides

The predictions of our thermodynamic computations
agree well with experimental observations and with
other theoretical computations reported in the literat-
ure. The thermal stability of materials is one of the
most important criteria for the selection of constituent
materials for high-temperature composites. Other rel-
evant considerations include mechanical properties,
density, vaporization (mass loss), oxidation and ther-
mal shock resistance.

The usefulness of our thermochemical comput-
ations is multifold. Based on the results obtained,
work is in progress to estimate the vaporization (mass
loss) rates of these materials under different condi-
tions. In addition, the data produced in this work
provide valuable guidelines for the selection of mater-
ials and for the prediction of their relative stabilities as
constituents (fibre, matrix and coatings) in composite
systems. Corresponding computations for selected
systems are in progress in our laboratory. Most im-
portantly, these theoretical considerations provide a
scientific basis for a meaningful modification of pre-
sent and design of new high-temperature materials.
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