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Abstract 

The phase diagram and thermodynamic properties of Zr-N alloys were modelled by presupposing the existence 
of the mononitrides with their metal sublattices having f.c.c., h.c.p, and b.c.c, structures. Each phase in the 
system was assumed to be composed of a filled metal sublattice and a partially filled non-metal sublattice. The 
lattice stability parameters of the h.c.p, and b.c.c, mononitrides were estimated from the salient features of the 
phase diagram. Without any particular effort to fit the model parameters to the existing experimental data, the 
thermodynamic properties of the alloys are predicted with reasonable accuracy. Crystallographic aspects related 
to the possible w-phase-like lattice distortion of the b.c.c.-Zr-N alloys are also discussed. 

1. Introduction 

When we deal with a phase diagram, we see the 
minimum free-energy (G) surface or an approximation 
of it. However, if we could put our heads a little above 
the minimum G surface, we should see varieties of 
structural possibilities. The structural energy differences 
among alternative structures have been defined in terms 
of the lattice stability energies for pure metals [1, 2] 
and quantum mechanical explanations of the origin of 
the structural stability among alternative atomic ar- 
rangements have been given for both pure metals and 
intermetallic compounds [2-4]. Generally the structural 
energy differences are small fractions of the cohesive 
energies of metals and alloys. 

That  there are a range of structural alternatives 
competing with each other is implicit in the thermo- 
dynamic analyses of phase diagrams. In some cases it 
is even useful to presuppose structural alternatives which 
are not only absent in the phase diagram but also might 
not be attained in the laboratory. Those structures are 
hypothetical in the sense that we would not have them, 
but real in the sense that they determine the constitution 
of the alloy systems. The Zr -N  binary, for which the 
thermodynamic properties and the phase diagram have 
yet to be better defined, is one such system. 

2. Analysis 

2.1. Formalism 

In the absence of detailed information on transition 
metal-nitrogen alloys, the Engel-Brewer theory [5] gives 

useful guidance. The theory correlates the long-range 
order of the metal lattice with the number of s and 
p valence electrons per metal atom. With increasing 
s and p electrons, b.c.c., h.c.p, and f.c.c, structures are 
stabilized in that order. Addition of N atoms to the 
metal lattice increases the p electron concentration to 
stabilize the h.c.p, vs. the b.c.c, structure and then the 
f.c.c, vs. the h.c.p, structure. (This does not necessarily 
mean that electrons are transferred from N to the 
metal. Complex non-metal-p and metal-d interactions 
in the transition metal carbides and nitrides have been 
analysed via band structure calculations by Schwartz 
and coworkers [6, 7]). 

Figure 1 shows the Zr -N  alloy phase diagram [8]. 
Below the solidus there are two series of solid solutions, 
a-Zr(N) and/3-Zr(N) with h.c.p, and b.c.c, structures 
respectively, and a non-stoichiometric compound 
ZrNl_x with an NaCl-type structure. The general be- 
haviour of the system follows the trend predicted by 
the Engel-Brewer theory. The a(h.c.p.)-/3(b.c.c.) tran- 
sition temperature is raised with increasing nitrogen 
concentration, while further addition of nitrogen leads 
to f.c.c.-ZrNl_x. 

For each phase qt in the system the free energy of 
formation, AGf(~), can be expressed by the sublattice 
formalism [9-11]. 

aa~(~)  = gvaa?(~-Zr)  + YN~Gf°(q'-ZrN) 

- TASid~al + AG Ex 

Here the phase ~ is regarded as a series of  solutions 
of pure ~-Zr  and the stoichiometric mononitride, the 
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Fig. 1. Phase diagram of the system Zr-N [6]. 

latter having the same structure of metal sublattice as 
xF-Zr. This is equivalent to regarding the structure of 

as consisting of a filled metal sublattice and a partly 
filled non-metal sublattice. YN and Yv are the fractions 
of nitrogen atoms and vacancies in the non-metal 
sublattice respectively, with YN+Yv = 1. The atomic 
fraction of nitrogen is XN=YN/( I+YN) .  The ideal en- 
tropy of mixing, ASide,,, is given by 

ASidc,~ = - R ( Y ~  In YN + Yv In Yv) 

The excess free energy of mixing, AG Ex, is expressed 
by the Redlich-Kister equation [12] 

AG zx  = ~YvYNQ,(Yv - Y N )  i -  ' 
i 

where the Oi are polynomial coefficients. Each poly- 
nomial coefficient could be a function of temperature. 

In the above formulation we presuppose the existence 
of the mononitrides with their metal sublattices having 
b.c.c, and h.c.p, structures, which do not appear in the 
phase diagram. The crystallographic aspects of such 
nitrides are discussed in a later section. 

There may be alternative approaches, e~g. finding the 
model parameters from least-squares fitting of the phase 
diagram and existing thermodynamic data [13-15]. Such 
an approach, however, is difficult for this particular 
alloys system, where even the liquidus is not well defined. 
The following sections show the usefulness of the present 
method in predicting the thermodynamic properties of 
the Zr-N system. 

2.2 Free energies of  formation 
In the first step we shall neglect AG Ex. In the following 

discussion the hypothetical melting point (Tin) of an 
alternative structure ~ is introduced: 

rm(a/y)= A//m(~' - '~L)  
AS,,,( q ~  L) 

k 

,Xt-/m(q' , L) = Z a/-/( ,e , , L) 
i 

k 

ASm(~ ' L)=ZAS(~F , ~)+ASr,(~k ' L) 
i 

Here AH and AS are the enthalpy and entropy of 
transition respectively and the ~ (i = 1,2 .... , k) indicate 
the alternative structures with the same composition 
as ~F. L denotes the liquid. 

In Fig. 2 salient features of the Zr-N phase diagram 
are shown. With the above formulation this diagram 
is delineated as follows. 

(1) Boundaries between the h.c.p, and f.c.c, phases 
are almost vertical lines in the diagram. Conversely, 
their extensions hardly intersect the ordinates at YN = 0 
and 1. This is interpreted as showing the following 
inequalities at all temperatures below Tin: 

AGfl(h.c.p.-Zr) < AGfl(f.c.c.-Zr) 

AGfl(h.c.p.-ZrN) > AGf°(f.c.c.-ZrN) 

Similarly we can assume the inequality 

AGf°(b.c.c.-ZrN) > AGfl(h.c.p.-ZrN) 

since the boundaries tend to be vertical with increasing 
YN. Without a significant loss in accuracy we may assume 
the following relation independent of the temperature: 

AGf°(~-ZrN) - AGf°(9"-ZrN) = 

AH(9"-ZrN , ~-ZrN)  

Tmp(fCc-ZrN) 

liquid ..~ Tmp(h~.ZrN ) 

- - ~  "~ ' Tmp(bCc.-ZrN) 
Tmp(bce-Zr), 

Tmp(l'tc, la-Zr), 

Tmp(f~c,-Zr) 

0 YN 

Fig. 2. Schematic phase diagram of the system Zr-N and melting 
points of Zr and ZrN with various structures. 
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(2) Tm of pure h.c.p.-Zr lies on the extensions of 
the liquidus and solidus of the h.c.p, phase to YN = 0. 
Thus we would find Tm(h.c.p.-ZrN) on the extensions 
to Yr~ = 1. Similarly we would find Tm(b.c.c.-ZrN) at 
YN=I. 

(3) The width of the liquid-solid two-phase region 
increases in the order b.c.c. ~ h.c.p. ~ f.c.c. As long as 
the liquid is ideal or nearly regular, the width of the 
two-phase region is larger for the solid solution phase 
with the minimum of its AGf lying towards a larger 
YN" Therefore we would find 

- AGtO(b.c.c.-ZrN) < - AGf°(h.c.p.-ZrN) < 

- AGf°(f.c.c.-ZrN) 

This order is not only supported by the observations 
(1) and (2) but also agrees with the trends predicted 
by the Engel-Brewer theory. 

(4) The width of the liquid-b.c.c, two-phase region 
is very narrow. This suggests that the absolute values 
of interaction parameters of the liquid and b.c.c, phases 
are small. Considering our position in (3) also, we may 
assume that the liquid phase is ideal. 

On the basis of these observations, particularly (1) 
and (2), we can first estimate AGfl(b.c.c.-ZrN) and 
AGf°(h.c.p.-ZrN) from AGf°(f.c.c.-ZrN). AGf°(f.c.c. - 
ZrN) has been derived from thermal data of Alcock 
et al. [16]. AGf°(f.c.c.-Zr) obtained by Kaufman and 
Bernstein [1] and the enthalpy of fusion (AHm) of f.c.c.- 
ZrN estimated by Alcock et al. [16] are adopted. The 
free energies of formation of the components thus 
derived are listed in Table 1. 

The degree of arbitrariness in each extension of 
solidus and liquidus to YN = 1 can be compensated by 
a suitable choice of the coefficients 1~. 

2.3. Excess free-energy terms 
The next step is to find a set of polynomial coefficients 

1~ i to define AG Ex. In the estimation almost all we 
need are the approximate positions of the two peritectic 
reactions (1) h.c.p. ~ f.c.c. + liquid and (2) 
b.c.c. ~f.c.c. + liquid. The procedure is as follows. 

T A B L E  1. F r e e  e n e r g i e s  of  f o r m a t i o n  ( r e f e r e n c e  s t a t e  is a 

( h . c . p . ) -Z r )  

S p e c i e s  AG~°(J mo1-1)  

H . c . p . - Z r  0 
B .c . c . -Zr  3940  - 3 .475T  

F . c . c . -Z r  3350  
L i q . - Z r  2 4 8 7 0 -  13 .315T 

H . c . p . - Z r N  - 357443 + 93 .789T  

B . c . c . - Z r N  - 347160  + 93 .789T  

F . c . c . - Z r N  - 367355 + 93 .789T  
L i q . - Z r N  - 300411 + 73 .222T  

T A B L E  2. R e d l i c h - K i s t e r  p a r a m e t e r s  fo r  t he  h.c.p. ,  b.c.c,  a n d  

f.c.c, p h a s e s  

P h a s e  f~ 

H.c.p .  - 25600  + 6 .23T 

B.c.c. - 7712 + 4 .49T 

F.c.c.  f~I = 0, f~2 = 40000 

(1) As stated above, we assume ll~iq,~d = 0. 
(2) Find 12f~ which gives the first peritectic reaction. 
(3) Find f~ncp which gives the first peritectic reaction 

and also satisfies the h.c.p.-f.c.c, equilibria at lower 
temperatures. 

(3) Find flbcc which gives the second peritectic reaction 
(Fig. 2) and also satisfies the b.c.c.-h.c.p, equilibria at 
lower temperatures. Besides, f~be¢ should not differ 
significantly from zero (point (4) in Section 2.2). 

Considering the possible experimental errors, repro- 
ducing the experimental boundaries within + 20 K and 
+ 2 at.% would be satisfactory. The resulting parameters 
are listed in Table 2. The f.c.c, phase has to be assumed 
subregular to reproduce the equilibrium compositions 
in the first peritectic reaction. The b.c.c, phase is regular 
with a ~b= value of only + 2 kJ mol-1, which changes 
moderately with temperature. 

The equilibria were calculated with the free-energy 
minimizer CHEMSAGE [17]. 

3. Results and discussion 

3.1. Phase diagram and partial pressures 
The calculated phase diagram is shown in Fig. 3 and 

agrees with the assessed diagram (Fig. 1) within ex- 
perimental error. 

The calculated partial pressure of Nz, p(N2), as a 
function of composition within the homogeneity range 
of the nitride is shown in Fig. 4. The experimental 
partial pressures over ZrN in the literature [18-20] 
show significant scatter. This scatter is considered to 
be largely due to the wide homogeneity range of the 
nitride and the preferential loss of nitrogen from the 
sample surface: one cannot be sure of the exact com- 
position. Hoch et al. [18] have measured the weight 
loss of the nitride in a Knudsen effusion cell, where 
most of the weight reduction could be ascribed to the 
evaporative loss of nitrogen. It is almost impossible to 
relate p(N2) to the nitride composition in this type of 
measurement. Only Khromov and Svistunov [19] have 
measured p(N2) over ZrN as a function of the initial 
bulk composition by a Knudsen cell effusion and mass 
spectrometric analysis. The calculatedp(N2) agrees well 
with their data (solid and open circles) within the 
homogeneity range. 
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The nitrogen-saturated Zr solid solution should even- 
tuaUy precipitate from the nitride as a result of pref- 
erential vaporization loss of nitrogen. Values of p(N2) 
in the Zr + ZrN two-phase region are shown in Fig. 5. 
The calculated p(N2) (solid curve) is higher by a factor 
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10-1o . . . .  Khromov 
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10,000/-I'(K) 
Fig. 5. Calculated (solid curve) and experimental [17-19] nitrogen 
partial pressures in the two-phase region of h.c.p.-Zr and ZrNl_x. 

than the experimental results (dashed line) over a 
Zr+  ZrN mixture obtained by Khromov and Svistunov 
[19]. Gingerich [20] has applied a Knudsen cell effusion 
and mass spectrometric analysis to a commercially 
obtained sample of approximate overall composition 
Zr0.64No.alOo.os , which would be in the Z r + Z r N  two- 
phase region. He obtained p(N2) (open circles) higher 
than the model prediction. However, particles in com- 
mercially obtained ZrN powder often show a large 
degree of inhomogeneity when they contain a significant 
amount of oxygen. Eron'yan et al. [21] have measured 
the temperature at which the liquid metal appears on 
the surface of in situ prepared ZrN sheet under a given 
nitrogen pressure. The measurements gave a p(N2) over 
the Z r + Z r N  mixture (chain line) which agrees with 
the model prediction at about 3000 K, but the agreement 
deteriorates with increasing temperature. 

The above comparisons indicate that the accuracy 
of the model prediction is comparable with that of 
careful measurements. The present model is considered 
to give a reasonable description of the vaporization 
behaviour of ZrN. 

Figure 6 shows the Zr activity a(Zr) and p(N2) in 
the b.c.c., h.c.p, and f.c.c, phases at 2000 K. In each 
phase the activity coefficient of Zr is greater than or 
equal to unity at the lower phase boundary but decreases 
with increasing nitrogen constant. In other words, Zr 
is stabilized in each phase with increasing nitrogen 
content. At the same timep(N2) increases progressively 
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with increasing nitrogen content. Eventually the given 
phase is overtaken by the other phase which better 
accommodates nitrogen. In the figurep(N2) in the h.c.p. 
phase is shown by a dashed curve in the regions where 
this phase is unstable. As expected, nitrogen is stabilized 
in the following order: b.c.c. < h.c.p. <f.c.c. 

The zirconium activity a(Zr)  and p(N2) at a low 
temperature of 973 K are plotted in Fig. 7. Itoh et al. 
[22] have studied the reactions of U-Zr  alloys with 

nitrogen. At 973 K they found that a-Zr (h.c.p.-Zr) 
containing about 20 at.% N (XN = 0.2) is in equilibrium 
with an alloy of approximate composition Uo.gZro.1. The 
value of a(Zr) is about 0.65 in the latter alloy [23], 
which agrees with the predicted value of a(Zr) in the 
alloy of approximate composition a-Zro.sNo. 2. The equi- 
libria in the ternary system U-Zr -N will be discussed 
in more detail elsewhere [24]. 

3.2. Crystallographic aspects 
The assumption that the metal sublattice is filled 

and the non-metal sublattice is a mixture of nitrogen 
atoms and vacancies agrees with the lattice parameter 
and density measurements on f.c.c.-ZrNl_x [25]. 

There are nitrides and carbides that have a metal 
sublattice with the h.c.p, structure [26]. 6'-NbN has 
the anti-NiAs structure, in which the Nb atoms occupy 
the As positions and the N atoms the Ni positions. 
Each N atom is surrounded by six Nb atoms in an 
octahedral coordination. With the other transition met- 
als, anti-NiAs structural derivatives such as L3' (Fe2N 
type) are more common [26]. Howe [27] confirmed 
experimentally that the N atoms in a-Zr occupy the 
octahedral sites. Therefore we may safely regard a- 
Zr(N) as a solution of h.c.p.-Zr and h.c.p.-ZrN. 

On the contrary, it is hard to imagine a mononitride 
with the b.c.c, metal sublattice, since the interstitial 
cavities in the b.c.c, metals are too small to neatly 
accommodate the N atoms. However, there is a mod- 
ification of tantalum nitride, e-TaN [28, 29], whose 
structure appears to be related to the b.c.c, structure 
as discussed below. 

e-TaN has one Ta atom at the point position l(a), 
two Ta atoms at 2(d) and three N atoms at 3(/') in 
space group P6/mmm.  The atomic coordinates are: 

x y z 

Ta(1) l(a) 0 0 0 
2 L Ta(2) 2(d) ~ 3- z 

N 3(f) 0.393 0 0 

The Ta(1) atoms form a centred hexagon and the Ta(2) 
atoms an uncentred hexagon. The metal sublattice thus 
consists of alternating layers of two types of hexagons, 
which reminds us of the hexagonal lattice of the meta- 
stable to phase of zirconium-based alloyds [30]. The to 
phase is oriented with respect to the original b.c.c. 
phase (_Fig. 8): <0001>.e,11<111>~o and 
(2110),exl[(101)bcc. The original atomic positions in the 
b.c.c, cell viewed in the hexagonal cell are (0, 0, 0), 
_+ (], ], ]); the atomic positions in the oJ phase are (0, 
0, 0), _+ (], t, ~ t). The atomic positions in the to phase 
agree with those of the metal atoms in oTaN. The 
lattice parameters of the to phase are thus related to 
that of the original b.c.c, cell: 
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In E-TaN, however, ahe x = 1.57abee is a little larger, while 
Chex-"0.88ab~ approximates to the above correlation. 

The large ahex in E-TaN allows the accommodation 
of the N atoms at z = 0. The N atoms are positioned 
in the distorted octahedral cavities of the metal sub- 
lattice, but actually off centre of it. In other words, 
the N atoms are coordinated by five Ta atoms in a 
four-sided pyramid; four Ta(2) atoms are at 0.216 nm 
and one Ta(1) atom at 0.204 nm from the N atom 
[28]. Hence between pure Ta (a=0.330 nm) and e- 
TaN there are differences in the distances (nanometres) 
associated with the octahedral site. 

From the centre ---, From the N atom 
to the corners to the Ta atoms 
of the octahedron in e-TaN 
in b.c.c. Ta 

First-nearest 0.165 ( x  2) 
neighbours 

Second-nearest 0.234 (X4)  
neighbours 

In Fig. 8 the first-nearest neighbours to the centre of 
the octahedron (solid circle) of the b.c.c, lattice are 
the atoms numbered 6 and 9; the second-nearest neigh- 
bours are atoms 1, 4, 7 and 8. 

There seem to be no experimental data on the position 
of the N atoms in/3-Zr. There are, however, observations 
on other metals showing the b.c.c lattice response to 
interstitial nitrogen. Danilkin et al. [31] have studied 
the vibrational spectrum of N atoms in b.c.c.-V (a = 0.302 
nm). The spectrum obtained for the V-(3-5)at.%N 
alloy was explained by positioning the N atom in the 
distorted octahedral site of the b.c.c, lattice, which is 
further deformed to accommodate this atom. The 
changes in the distances (nanometres) are similar to 

-~ 0.216 (×2)  

--, 0.216 (×2) ,  0.204 (×1)  

The first-nearest neighbours to N are pushed away by 
about 30% and the second-nearest neighbours are pulled 
in by 5%-10%. 

Local lattice distortions have also been found in 
dilute interstitial alloys of Nb with nitrogen and oxygen, 
in which to-phase-like diffuse neutron-scattering inten- 
sities were observed [32]. In the case of Nb-N alloys 
the displacements around the N atoms were similar to 
the above cases: the first neighbours were pushed away 
by 30% and the second neighbours pulled in by 8.5%. 

We do not have direct evidence that b.c.c.-Zr exhibits 
a similar local lattice distortion around N impurities, 
but Zr among the b.c.c, metals is very susceptible to 
the b.c.c. ~ to phase transition. 

The local lattice distortions discussed above are cer- 
tainly related to the fact that the b.c.c, transition metals 
in general exhibit instabilities to lattice strains in the 
[111] direction [33]. The "E-TaN"-type or the to-like 
structure may be an answer to the problem of accom- 
modating the N atoms in the b.c.c, lattice. However, 
this does not necessarily mean that the origin of this 
type of local lattice distortion is solely the volume 
mismatch between the nitrogen atom and the octahedral 
site of the b.c.c, lattice. Thermodynamically, the volume 
mismatch effect appears as the positive contribution 
to AGf from the strain energy, which should be rather 
small in this case because of the lattice instability in 

those found for e-TaN. 

From the centre to the ~ From the N atom 
comers of the octahedron to the V atoms 

0.151 (×2)  --* 0.192 ( × 2 )  
0.214 (×4)  -o 0.201 ( × 4 )  
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the [ 111] direction. However, the raised liquidus-solidus 
with increasing nitrogen content in b.c.c.-Zr (/3-Zr) 
shows that this strain energy term is more than offset 
by the enhanced bonding due to the addition of p 
electrons of nitrogen to the lattice. It is most likely 
that the to-like distortions in the interstitial alloys of 
the b.c.c, metals are electronic rather than mechanical 
(volume mismatch) in origin. 
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