The Vanadium-Nitrogen System: A Review

O.N. CARLSON, J.F. SMITH, and R. H. NAFZIGER

This paper is a critical review of the available phase equilibria, crystallographic, and thermodynamic
data for the vanadium-nitrogen system. Three nitride phases, BV;N,_,, §VN,_,, and 6'VN,_,, have
been identified and their crystal structures, ranges of homogeneity, and melting or decomposition
temperatures determined. The solvus boundary for the vanadium-rich solid solution is placed at
3.8 at. pct N at 550 °C and increases to 11 at. pct N at 1500 °C. A break in the solvus observed at
550 °C is associated with the formation of a metastable phase, V¢N. Other metastable phases have
been identified, but their exact stoichiometries and structures have not been unambiguously deter-
mined. The enthalpies and free energies of formation, heat capacities, and dissociation pressures for
the subnitride and mononitride are evaluated and correlated.

I. INTRODUCTION

THE existence of a mononitride phase in the V-N system
was first reported by Roscoe in 1868 and later by White-
house in 1907." In 1925 Friederich and Sittig” prepared this
compound and determined its melting point. Likewise a
subnitride phase was reported as early as 1858' and ten-
tatively identified as V,N by Muthmann et al. in 1907.° The
carliest attempt to determine the V-N phase diagram was
that of Hahn' who studied the solid solubility of nitrogen in
vanadium and determined the structures of VN and V,N by
use of X-ray diffraction. Since that time there have been
numerous studies on the solid solubility in vanadium and the
composition ranges, structures, dissociation pressures, and
thermodynamic properties of the intermediate phases in the
V-N system.

II. PHASE RELATIONS

In spite of the extensive amount of work on the V-N
system there remains much uncertainty over the number and
stability of the phases occurring in the system. Two inter-
mediate phases, fcc § VN, -, and hep 8V,N,_,, having wide
ranges of homogeneity, have been well established. These
are shown in the proposed diagram of Figure 1. An ordered
phase having a stoichiometry of V;,N, has also been re-
ported. There appears to be substantial evidence for its
existence, and it is shown in the equilibrium diagram as
8'VN,_,. Other intermediate phases with the stoichiometries
of VieN, VisN, V4N, VgN, V,N,, and V,N have also been
reported, but it is believed that these phases are metastable
if indeed they do exist. These latter phases are therefore not
shown in the equilibrium diagram in Figure 1.

The solid solubility of nitrogen in vanadium has been
investigated rather extensively by a variety of techniques.
There is considerable variation in the results, but agreement
is generally within =1 at. pct at a given temperature.
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The various regions of the equilibrium diagram are dis-
cussed in detail in the succeeding sections along with an
attempt to make sense out of the confusing plethora of
metastable phases.

A. Vanadium Terminal Solid Solution (V)

The results of the different investigations of the solid
solubility of nitrogen in vanadium are presented in Figure 2.
The earliest attempt to determine the solid solubility of
nitrogen in vanadium was that of Hahn.! From room tem-
perature lattice parameter measurements, he concluded that
vanadium exhibits very little solubility for nitrogen.

Horz* determined the solubility in the temperature range
600 °C to 1200 °C by X-ray parameter and resistivity meth-
ods, and Henry et al.® determined it for the same range by
X-ray and metallographic techniques. As can be seen from
Figure 2, their results are in rather poor agreement. Sub-
sequent work by Potter ef al.® was in better accord with the
data of Henry (see Figure 2) as were later results of Horz.”
Recent results of Nouet ez al.® place the solvus somewhat
closer to the original Hérz curve.* There appears to be gen-
eral agreement, however, that the heat of solution for the 8
nitride phase in vanadium is approximately 16 kJ/mol.’

Monroe and Cost’ determined the solubility between
275 °C and 575 °C by internal friction. Their data indicate
that there is a break in the solvus at ~575 °C with a mea-
surably higher heat of solution, 23.0 kJ/mol, at the lower
temperatures. These differences are due to the precipitation
of a metastable phase, Vi¢N, in the lower temperature®
range. Horz' also observed the precipitation of an inter-
stitially ordered phase during aging of a quenched 6 at. pct
N alloy between 280 °C and 350 °C. A more detailed dis-
cussion of this and other metastable phases appears in a later
section of this paper.

The vanadium-rich solvus shown in Figure 1 in the range
of 575 °C to 1500 °C is that of Horz.” His study appears to
be the most comprehensive to date and was based on a
combination of X-ray parameter, electrical resistance, and
hardness measurements. The V of his investigation was
reported to be of “particularly high purity”.

The vanadium solidus is based on some recent obser-
vations by the present authors. The melting temperature for
a series of alloys containing 2 to 14 at. pct N was deter-
mined by an optical pyrometer method, the results of which
are plotted in Figure 1. These data indicate a minimum in
the solidus at 3 to 4 at. pct N as is seen from the diagram.
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Fig. 1 —Proposed equilibrium diagram for V-N system.

B. BVZNI-)’ Phase

The existence of a hexagonal subnitride phase is well
established, but there is still some uncertainty over its exact
stoichiometry or composition range. Hahn' was the first to
investigate the structure of this subnitride. From X-ray lat-
tice parameter data he determined the range of homogeneity
as extending from VN, 3, to VN3 (0.26 2 y = 0.14). The
temperature associated with these boundaries was not speci-
fied. Potter and Geils" investigated the structure of this
phase by use of selected area electron diffraction and ob-
tained a hexagonal structure with lattice parameters and ¢/a
ratio similar to those reported by Hahn. Christiansen and
Lebech!! determined the structure of this phase by neutron
diffraction and showed it to be isomorphous with hexagonal
€F62N.12

Arbuzov et al.” determined the phase boundaries of
BV:N,_, between 700 °C and 1500 °C from lattice param-
eter-composition measurements on quenched alloys. They
obtained a value of 31.0 = 0.6 at. pct N (VNg4 v =
0.08) for the nitrogen-rich boundary with very little tem-
perature dependence. This is corroborated by the work of
Khaenko and Fak™ who placed the boundary at 31.3 at. pct
at both 700 °C and 1500 °C. This is somewhat lower than
the earlier results of Brauer and Schnell® who placed the
boundary at 32.8 at. pct N, close to stoichiometric V,N
composition. X-ray diffraction evidence by Arbuzov et al. "
indicates that the range of homogeneity does not extend to
the composition of V,N; hence, the 8 phase is represented
by substoichiometric designation V,Nj_,.
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The position of the vanadium-rich boundary is somewhat
less certain. Hahn' and Brauer and Schnell® place it some-
where between 28 and 30 at. pct at 1500 °C, Arbuzov
et al.” at approximately 25 at. pct, Fromm and Gebhardt'®
at 27 at. pct, and Khaenko and Fak' at 26.7 at. pct at this
temperature, increasing to 28.7 at. pct N at 700 °C. Agree-
ment among the data supports the boundary of Khaenko and
Fak and has been so constructed in Figure 1. No data are
available on the melting or decomposition temperature of
V,N,_,. Brauer and Schnell" measured the vapor pressure of
VN3 (y = 0.14) between 1375 °C and 1600 °C. In view
of the relatively low dissociation pressures in this tem-
perature regime, it can be assumed that this phase should
be stable to relatively high temperatures under 1 atm N,
pressure. This phase has been shown in the diagram as
undergoing peritectic melting similar to that postulated by
Levinskii'’ for BNb,N in the Nb-N system.

C. 8VN,_,and 8'VN,_, Phases

The mononitride phase, 8 VN, _,, has the NaCl-type B1
structure and exists over a wide range of compositions.
Brauer and Schnell”® placed the room temperature bound-
aries at VNp,» and VN, o from lattice parameter mea-
surements. These boundaries are in good accord with the
earlier work of Hahn.! Recent X-ray parameter data of
Kieda et al.® indicate that the range of homogeneity at
temperatures between 1200 °C and 1500 °C extends from
VNg. (40.5 at. pctN)to VN;45(49.5 at. pctN). Kozheurov
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et al.” determined the vanadium-rich boundary from disso-
ciation pressure measurements between 1300° and 1650 °C,
and Onozuka® determined the boundary at 575° and 650 °C
from X-ray diffraction data. The data of Kozheurov et al.*
extrapolated to lower temperatures have been used to con-
struct the vanadium-rich boundary of Figure 1. The
nitrogen-rich boundary is placed at 50 at. pct N (VN) in
accord with the findings of other investigators.'>'>? Al-
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Fig. 2— Nitrogen solid solubility in vanadium reported by various
investigators.

though Kieda et al. " did not reach this composition in their
study, they concluded that it could have been attained if a
higher nitrogen pressure or lower temperature had been used.

Several investigators"'>'>*' have reported a continuous
linear relationship between lattice constant and nitrogen
content across the entire VN, _, region, but Onozuka® has
found two linear segments with a slope discontinuity near
VNo 4, as is seen from Figure 3. This was cited as evidence
for an ordered phase, 8'VN,_,, occurring below 520 °C.
Onozuka noted that all of the previous lattice parameter
measurements were made on samples that were annealed
and quenched from above 520 °C.

The melting point of the mononitride phase was reported
as 2025 °C in the early work of Friedrich and Sittig,” but
later work by Ettmayer et al.? places it as 2340 + 10 °C at
1 atm N, pressure. Ettmayer et al. determined the melting
point of §VN,_, at pressures of 0.5 to 60 atm and found it
to be nearly independent of nitrogen pressure or composition
over the range of Vyg, t0 Vyes. This is the basis for the flat
maximum shown for this phase in the proposed diagram.

Onozuka® identified a cubic superlattice, indicated here
as 8'VN,_,, between VNj ,, and VN, after prolonged an-
nealing at 500 °C. Evidence for this are the break in the
lattice parameter-composition curve previously noted, elec-
tron diffraction patterns that show extra reflections, and A
points in heat capacity curves near 500 °C. Other evidence
for the phase are discontinuities in electrical resistivity be-
tween 350 °C and 500 °C* and indications of N ordering
from neutron diffraction® at a composition of VNj;, and
from NMR at a composition of VNg ;5.7

Khaenko and Fak" identified § VN, _, as the only phase in
a VNg o alloy that had been annealed at 350 °C. This places
the V-rich boundary below this composition. In Figure 1,
this boundary has been extrapolated from that of Refer-
ence 19 to room temperature in preference to the sharp in-
flection of Reference 20 just above the 520 °C peritectoid
horizontal.

D. Metastable Phases

Rostoker and Yamamoto® were the first to report an inter-
mediate phase between the V terminal solid solution, (V),
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Fig. 3—Plot of lattice parameter vs composition for VN,_, phase field from Onozuka.”
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Fig. 4— Metastable phases in vanadium-rich end of V-N system.

and the BV,N;_, phase. This intermediate phase was indi-
cated to be body-centered tetragonal with a = 0.2970 nm
and ¢ = 0.3395 nm and was formed from an arc-cast and
annealed 16 at. pct N alloy. Subsequently, a wide variety of
intermediate phases has been reported in this region.>%#%7-%
Reported stoichiometries range through the list previously
noted, and the indicated crystal structures are diverse. How-
ever, all of the structures that have been reported to date
involve ordering of interstitial N atoms in one or another
distortion of the lattice of elemental V.

None of these intermediate phases occurs above ~550 °C,
and below that temperature the occurrence depends upon
time and upon the thermal history of the specimen. A typical
sequence of appearance that has been observed®® during
aging of a supersaturated terminal solution (V) is as follows:

500 °C
V) 1 (V) + VigN ——> (V)

500 °C
+ VgN,(or VoN) m (V)

500 °C
+ V, —_
«N(or VyN) 2004

(V) + BVoN,,
The inference of metastability for these phases is based on
the time dependence, even though cooling to low tempera-
tures can cause persistence for prolonged periods of time.
Electron microscopic studies indicate that there are charac-
teristic morphologies associated with the individual phases,
and extensive twinning occurs in some of them. This com-
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plicates the interpretation of diffraction patterns and has led
to some reports of rather large multiple lattice parameters.

Differing thermal histories, aging times, and sample com-
positions have all contributed to the diverse reports concern-
ing the numbers, structures, and stoichiometries of these
metastable phases. For example, Nouet ef al.® and Potter
et al.® observed a bet phase in a 10 at. pet N alloy (~V,N)
quenched from 1100 °C or above.

A proposed metastable equilibrium diagram for the vana-
dium end of the system is given in Figure 4. The solvus
representing metastable equilibrium between (V) and VN
is that of Monroe and Cost.” The peritectoid horizontal at
550 °C is based on the results of Henry et al.® and Epstein
et al.® in preference to the Horz’ value of 500 °C. Three
metastable phases, Vi¢N, VgN, and VyN,, are represented on
the diagram although no attempt is made to designate the
temperature ranges over which the latter two exist.

L.
A. (V) Phase

Pure V crystallizes in a bce array with two atoms per unit
cell and with @ = 0.30321 nm.” N dissolves interstitially
in this structure to expand the lattice. Though the terminal
solubility at room temperature is quite limited, lattice pa-
rameter measurements on quenched alloys have allowed
determination of the compositional dependence over several
atomic percent. Results from three investigations are shown

CRYSTALLOGRAPHY
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Table I. Coefficients for the Linear Relationships Found by

Different Investigators for the Compositional Dependence of

the Lattice Parameter for the Terminal Solid Solution of N in
V: ay = mc + b, with a, in nm and ¢ in At. Pct N

Comp. Range
(At. Pct.) 10* m b Ref.
Oto5 4.8 0.30255 7
Oto8 3.8 0.30273 6
Oto7 32 0.30265 5

in Table I. From the table it may be noted that in all three
investigations the compositional trends were found to be
linear. The data of Horz’ are preferred because of the purity
of his material. However, in none of the investigations is the
intercept value at pure V as low as the commonly accepted
value. This leaves open to question whether there may be
some curvature in the lattice parameters vs composition
relationship at very low N contents such as was reported by
Brauer and Schnell” or if this disparity in intercept values
may be due to the presence of other impurity species.

B. BV,N,_,

Hahn' used X-ray diffraction to examine this phase
and found the V sublattice to be adequately described as
a hexagonal close-packed array. Weak extra lines from
the N sublattice showed that it was necessary to rotate the
primary unit cell 30 deg and to expand the gy, parameter
such that ag = \/gahcp with cg = cyep. Hahn reported the
phase to have a range of homogeneity of VNj3; to VNg;
(0.26 = y = 0.14) with ag = 0.4920 nm and ¢; =
0.4550 nm at the N-rich boundary and ag = 0.4913 nm and
cg = 0.4542 nm at the V-rich boundary, the temperature
for these bounds was not specified. Lattice parameters at
intermediate compositions could be fit within experimental
scatter by linear dependence upon composition. Hahn’s
choice of a unit cell has been corroborated by subsequent
X-ray,"! electron,” and neutron" diffraction. With regard
to the boundaries of the phase, Khaenko' has reported the
N-rich composition to be near VNy 4 (y = 0.08) with little
dependence upon temperature, and the V-rich composition
was found to vary from near VNy 4 (v = 0.20) at 700 °C to
near VN3 (y = 0.28) at 1500 °C. These boundaries are
based upon lattice parameter measurements of quenched
specimens with c¢g = 0.4547 nm and ag = 0.4913 nm
along the N-rich boundary at both 700 °C and 1500 °C and
with ¢g = 0.4547 nm and a; = 0.4907 nm at 700 °C and
cg = 0.4547 nm and a; = 0.4892 nm at 1500 °C along the
V-rich boundary.

The neutron diffraction investigation'' produced the best
resolution of the N atomic positions, and the structure that
resulted from this investigation is based upon P31m space
group symmetry with

6V in 6(k): x = 0.323 y=0 z = 0.272
INin2(d): x = ¥ y=% z=W
2Nin 1(a): x =0 y=0 z=0

This structure is of the eFe,N-type. Deviation from ideal
stoichiometry occurs through a defect mechanism with
vacant N sites."?

METALLURGICAL TRANSACTIONS A

TableIl. Values of the Slope and Intercept as Found by Vari-
ous Investigators for the Linear Composition Dependence of
the Lattice Parameter of 6VN;_,: ao (hm) = mx + b

Comp. Range Comp. Range

(1-x) x) —m b Ref.
0.68 0098 0.32 t00.02 0.0230 0.4137 18
0.72 t01.00 0.28 to 0.00 0.02629 0.41398 15, 27
0.70 to 1.00 0.30 t00.00 0.0207 0.4134 1*
07851t 0.99 0.215t0 0.01 0.0233 0.4134 38
0.84 t01.00 0.16 t00.00 0.0275 0.4139 20

*Hahn’s values have been converted from kX units rather than from A.

C. oVN,_,

There is general agreement that at high temperatures
this phase crystallizes with the cubic NaCl-type struc-
ture. 11820213839 Composition variation results from varia-
tion in the number of vacancies on sites in the N sublattice
with x being the fraction of sites vacant. The lattice parame-
ter has been found by all investigators to depend linearly
upon composition, and data in Table II illustrate the level of
scatter that has been observed among a number of indepen-
dent investigations. The close agreement of the experi-
mental measurements of Ajami and MacCrone®' with the
earlier measurements of Brauer and Schnell™ leads to a
preference for the relationship

a, = —0.02629x + 0.41398

where a, is in nm and x is the value in VN,_,. The tem-
perature dependence of the lattice parameter has been mea-
sured for the composition VN, 4; by Bogdanov et al.* over
a temperature range from room temperature to 600 °C. They
found

ao(VNpgs) = 0.41293 + 2.886 X 107% + 1.330
X 107%?

with a, in nm and ¢ in °C. From this relationship, an expres-
sion for the temperature dependence of the linear coefficient
of thermal expansion may be derived:

a,(VNgge;) = 6.988 X 1075 + 6.441 x 107%

with @ in units of °C™! and ¢ in °C.

D. 8'VN,_,

In Table II it may be noted that the data of Onozuka® span
only the composition range 0.16 = x = 0.00. In the range
0.26 = x = 0.16 he found the lattice parameter to be de-
scribed by the relationship

a, = —0.0220x + 0.4130.

Thus his plot of a, vs x showed a distinct change in slope at
VNgss (x = 0.16). Electron diffraction showed that the V-
rich region between 0.26 = x = 0.16 had an ordered ar-
rangement of N atoms that required a doubling of the lattice
parameter of the ordinary NaCl-type structure. This result
has also been confirmed by X-ray diffraction.”® Onozuka
has proposed a crystal structure based upon space group
P4,/nmc with a total cell occupancy in the eightfold mul-
tiple cell of 32 V atoms and 26 N atoms. The proposed
positions of the atoms are as follows:
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4V in 4(c) with z = V4 2a N in 2(a)

4V in 4(d) with z = % 283 N in 2(b)

8V in 8(¢) 4y N in 4(d) withz = 0

8V in 8(g) with x = ¥ 88 N in 8(f) with x = ¥
z=0

81 N in 8(g) with x = %

z=0
8V in 8(g) with x = V4
z=%"

8& N in 8(g) withx = V4

z=W

Here a, B, v, 6, n, and £ represent the occupation proba-
bilities of N atoms on each site and obey the constraint
that @ + B + 2y + 486 + 4n + 4 = 16(1 — x). From
the diffraction intensities, values of « = € =1, B8 = %,
v = 8 = %, and n = % were derived for a composition of
VNps (x = 0.19). Heat capacity anomalies near 520 °C
were observed in alloys of compositions in the range VNg ¢
to VNp (0.31 = x = 0.22) but became less distinct in
alloys with greater N content. For x < 0.22 the temperature
associated with an anomaly decreased with increasing N
content, and the anomalies no longer were observable with
N content above VNggs (x = 0.15). Entropy changes in-
ferred from the 520 °C anomalies were found in semi-
quantitative accord with entropy changes to be expected
from the disordering of the proposed ordered structure to
produce a disordered NaCl-type structure.

It should be emphasized that, for low values of x, the
disordered 8 VN,_, phase with the NaCl-type structure per-
sists to room temperature and below. A variety of physical
measurements indicates that the high-temperature disor-
dered structure is easily retained at room temperature and
below for all values of x. Thus, even for higher x values, the
ordering Kinetics are diffusion controlled and are not rapid.

E. Metastable Phases

In the earlier section on Phase Relations, it was noted that
a typical aging sequence below 550 °C of a supersaturated
solid solution (V) was as follows:

(V) = (V) + VieN = (V) + VsNy(or VoN) — (V)
+ VsN(or VoN) = (V) + BV3N,_, .

Potter et al.”*? have examined the most V-rich meta-
stable phase in this sequence, and the assignment of stoi-
chiometry of VN is from their reports. With a phase
composition of ~7.4 at. pct N, they found that X-ray pat-
terns indicated a body-centered tetragonal V sublattice
with ¢y = 0.300 nm and ay = 0.308 nm, c/a = 0.97. It
was further found that the ¢/a ratio was composition de-
pendent and increased with decreasing N content passing
through unity near 6 at. pct N.” Electron diffraction studies
indicated that ordering of N atoms interacted with the V sub-
lattice to produce twinned arrays with an overall unit cell 16
times larger than the sublattice cell. This supercell was
face-centered orthorhombic with as = 1.2140 nm = 4ay,
bs = 1.2504 nm = 4ay, and ¢g = 0.3035 nm = ¢y. From
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the composition and symmetry, the N atoms were inferred
to occupy the 000 and %, ¥4, ¥ superlattice sites. Thus the
superlattice cell contains 16 subcells with 32 V atoms and
2 N atoms for a net stoichiometry of Vi¢N.

Potter and Altstetter? have made electron microscopic
studies that indicate that formation of this metastable phase
was responsible for the deviant solubility boundary ob-
served by Monroe and Cost.’ It also seems likely that the
V5N phase reported by Henry® is the V6N phase. Further,
it may be noted that the V(N structure is built from an
ordering of N atoms in the V sublattice that is only slightly
distorted from the elemental structure; this appears to be
the case for all of the metastable phases for which any
meaningful structural information is available.

Epstein et al. * have used electron diffraction to study the
structure of the second metastable phase in the foregoing
sequence. They found the phase to be body-centered cubic
with a V sublattice parameter of ay = 0.3046 nm, which,
when combined with the N sublattice, required a supercell
with as = 0.9139 = 3ay. Further investigation® of this
phase indicated space group symmetry [432. Within sym-
metry constraints, there are three possibilities for the lo-
cation of N atoms. One possibility utilizes tetrahedral sites
and results in a stoichiometry of VyN,. The other two possi-
bilities utilize octahedral sites but result in appreciably dif-
ferent stoichiometries, one with VoN and the other with
VgN,. Though there is appreciable difference in the total
scattering power from the two different stoichiometries, it
proved impossible to select from among the three structures
because of the effect on the weak diffraction intensities from
displacement fields of the V atoms surrounding each inter-
stitial atom. Epstein et al.® have pointed out that there is a
phase TayN; with N atoms in tetrahedral sites analogous to
one of the three possible V4N, structures. Since V and Ta are
from the same group in the periodic chart, isomorphism
would not be surprising.

The third metastable phase in the foregoing sequence has
been examined by Potter er al.® with electron and X-ray
diffraction and with electron microscopy. They found the
base structure to have body-centered tetragonal lattice pa-
rameters of @ = 0.3132 nm and ¢ = 0.2970 nm. In con-
sideration of morphological and crystallographic features
being analogous to V;0O and with an area fraction analysis
indicating a probable composition of 9 to 10 at. pct N, this
phase was tentatively assigned a stoichiometry of VsN. This
may be a separate and distinct metastable phase. An alterna-
tive possibility, however, for this third metastable phase is
one or the other of the VgN structures that are discussed
subsequently.

A variety of other structures and stoichiometries has
also been reported. This presumably results from the dy-
namic nature of the N ordering with dependence upon time,
temperature, and composition. Part of the diversity among
the reports may be attributable to the proclivity of these
structures to twinning and to the development of anti-
phase boundaries, and part may be due simply to differ-
ences in sensitivity of measurement and in the weighting of
weak diffraction intensities. As an example, Khaenko and
Frenkel*** have observed in quenched and aged alloys in
the composition range S to 8.5 at. pct N both a tetragonal
structure and an orthorhombic structure. Their lattice pa-
rameters for the orthorhombic structure nicely match those
of Potter et al.?”?* for the phase designated as V (N, but
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for the tetragonal supercell Khaenko and Frenkel have
chosen ag = 2\/fav and ¢ = cv; this looks suspiciously
like a difference in the degree of twinning.

On the other hand, Cambini®' studied specimens that were
slowly cooled from 1150 °C rather than quenched and aged.
Cambini used X-ray and electron diffraction in combination
with electron microscopy and failed to find V|(N. He did
find, however, a precipitate phase with a stoichiometry be-
lieved to be VN that was dimorphic. His results indicated
that both polymorphic forms were based upon a triclinically
distorted, pseudo-tetragonal V sublattice with ay = by =
0.3114 nm, ¢y = 0.2994 nm, a = B = 90.5 deg and
v = 90 deg. The superlattice parameters of one poly-
morphic form were as = bs = 2V2 ay, and c¢g = 2cy; the
second polymorphic form appeared to be a periodically
twinned modification of the first form. Cambini refers to the
twinning in this latter structure as “strain-ordered.” It may
be noted that Galkin et al.*>* also have reported an ordered
phase with as = bs = 2V2 avy and with ¢ = ¢y but did not
report a triclinic deviation from tetragonality. This latter
work was done by neutron diffraction, and the structure that
was proposed was based upon space group P4,/mnm with
8V in 8(i) with x = 0.625 and y = 0.125; 4V in (f) with

= 0.165; 4V in 4(f) with x = 0.379; and 2N in 2(a) for
a net stoichiometry of VgN.

Nouet et al.® have proposed a still different structure for
a stoichiometry of VgN. This structure is based upon X-ray
and electron diffraction combined with electron microscopy
and has the same lattice parameters as the VN structure of
Galkin and Vavilova,* but the N atoms are located statisti-
cally in a fourfold set. Nouet et al.® have also reported a
phase with V,N stoichiometry with pseudo- orthorhombic
symmetry. When lattice parameters and composition are
taken into consideration, their indexing of this orthorhombic
cell looks suspiciously like an orthorhombic representation
of the hexagonal cell of BV,N,_,, particularly since they
indexed BV,;N;_, on the basis of the V sublattice with
ay = 0.282 nm and ¢y = 0.457 nm, rather than with
ag = 0.488 nm with c¢; = 0.456 nm.

IV. THERMODYNAMICS
A. 8VN,_, Phase

Thermodynamic data for VN, _, from the period prior to
1975"10.15.19.2641-50 haye been reviewed by Chase et al.”' For
the enthalpy of formation of the phase at the stoichiometric
limit (x = 0), they selected

AH? 5 = —108.6 * 2.5 kJ/mol atoms,
and AHp, = —108.1 * 2.5 kJ/mol atoms;
for the absolute entropy at 298 K they selected

S%s = 18.64 + 0.21 J/K mol atoms.

It should be noted that the unit of reference is a mole of
atoms (g-atom) and not the gram formula weight. The se-
lected values for the enthalpies of formation are based pri-
marily upon the combustion calorimetric measurements of
Mah® though a second-law value of AH? = — 109.0 *
3.1 kJ/mol atoms from high-temperature effusion-mass
spectrometric studies® is in good accord. Values for the
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enthalpy of formation from an early dissociation pressure
measurement,*' from dissociation pressure measurements
off stoichiometry,”" and from emf measurements* were
not weighted. Modification of AH{ s to AH7, was done
with the low temperature heat capacity data of Shomate and
Kelley,” and the evaluation of %3 was also based on those
data. Combination of the absolute entropy, S%s, with abso-
lute entropies for solid V*" and N, gas™ yields an entropy of
formation of ASf s = —44.68 = 0.38 J/(K * mol atoms).
Combination of the values for the enthalpy and entropy of
formation yields a value for the Gibbs energy of formation
of AGf s = —95.3 = 2.5 kJ/mol atoms.

Heat capacity measurements above room temperature
have been conducted by King* through the range 408 to
1611 K and are the basis for the tabulated values of Chase
et al.” These tabulated values have been fitted to within the
precision of measurement by the relation

= 22.589 + 4.718 X 10°T
~ 4462737  J/(K * mol atoms).

Subsequently, Litvinenko et al.>® measured relative en-
thalpies by drop calorimetry at several compositions within
the range of homogeneity of the phase and at temperatures
through the range 400 to 1500 K. Their data have been fitted
during the present assessment to the relation

HS — Hg = (2 — x)"'e 042
- (43.376T + 5.535 x 107°T?
+ 772785T " — 16016)
and the derivative with respect to temperature is
C,= (2 —x)"'e **(43.376 + 11.071 x 107°T
— 773785T %) J/(K + mol atoms).

In these expressions, the value of x is the x in VN,_,.
Numerical values from this last expression with x = 0 ac-
cord within ~1 pct or better at all temperatures of mea-
surement with values from the earlier expression that is
based upon King’s data. On this basis, the Litvinenko data
are accepted as valid for the complete phase field.
Combination of the Litvinenko data for the C, of VN,_,
with C, data for V¥ and N, gas™ leads to the following:

AC, = (2 — x)7'[e7"4%(43.376 + 11.071 X 107°T
— 7.738 X 10°T %) — (24.134
+ 6.196 X 107°T — 1.389 X 10°T 2
- 0.7305 X 107°T%) — (1 — x)
< (11.575 + 6.314 X 107°T — 1.147
X 10°T % — 1.469 X 1075T?)]

J/(K - mol atoms) for the temperature range 298 to 900 K,
and

AC, = (2 — x)"'[e7***(43.376 + 11.071 X 107°T
- 7.738 x 10°T %) — (25.9
= 0.125 X 107°T + 40.8 X 10°T %)
- (1 —x)(11.575 + 6.314
X 107°T —~ 1.147 x 10°T 2
— 1.469 x 107°T?)

J/mol atoms
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J/(K - mol atoms) for the temperature range 900 to 2000 K.
The first relation can be used to convert the 298 K values
for AH7 and AS; at stoichiometry (x = 0) to AHfoo =
—106.9 kJ/mol atoms and AS;%p = —41.8J/(K -
mol atoms).

A number of measurements have been made of the dis-
sociation pressure for N, over §VN,_, at various tem-
peratures and compositions.'>!**# The data are not in
complete agreement as can be seen from Figure 5 where
values of temperature are plotted vs composition for a dis-
sociation pressure of 1 atm (~1 bar). In this plot the data of
Turkdogan and Fenn* fall well below the rest of the data.
The single point of Onozuka® and the single point of Brauer
and Schnell® are in reasonable accord with the data of
Pompe,* and the composite line through the points from the
three investigations falls very nearly midway between the
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Fig. 5— Comparison of experimental temperature-composition values at
which dissociation pressure of 8VN,_, is 1 atm (~1 bar).

results of Kieda ez al." and of Kozheurov et al.” On this
basis the data of Pompe are preferred. With AGy =
YART In Py, in the VN,_, solution region, Pompe plotted
AGy vs 1/T for a number of compositions to find values of
AHy in the temperature range 1223 to 1873 K and in the
composition range 0.208 = x = 0.036. His plots showed
AHy to be nearly independent of composition and tem-
perature with a value of —155 * 4 kJ/mol N. Combination
of this value with AG/ for stoichiometric VN, together
with approximation of the entropy of mixing x vacancies
and (1 — x) N atoms as ideal, allows estimation of
AG; 7(VN,_,) at off-stoichiometric compositions:

AG;(VN;-,) = AG;(VN) + (x/2)155000 + (RT/2)

‘[xInx + (1 —x)In(1 —x)]  J/mol atoms.

The 8VN,_, phase becomes superconducting at low tem-
peratures, and this has led to the measurement of the heat
capacities of VNp 7, and VNg g in the temperature range 1.8
to 20 K by Lovtchinov et al.* and of VN by Hulm et al.*
and by Geibel.” For all three stoichiometries, it was found
that the heat capacity in the normal range could be described
by the relation

C, = 4T + BT,

and the experimental values of y and B with the derived
densities of electronic states, Ny, and derived Debye tem-
peratures, fp, are shown together with the superconducting
transition temperatures, T,, and electron-phonon coupling
constants, A, in Table III.

B. BV.N,_, Phase

Thermodynamic data for V,N,_, from the period prior to
1975"°0%8 have also been reviewed by Chase et al.>' For the
enthalpy of formation of the phase at a stoichiometry of
VNjy.465, Chase et al. selected values of

AHf s = —90.2 £ 1.7

AH7, = —88.8 = 1.7

and for the absolute entropy at 298 K they selected
S%s = 18.23 = 0.03 J/(K - mol atoms).

Their selected values for the heat capacity in the range 298
to 2800 K can be fitted to better than 0.2 pct at all tabulated
points by the relationship

C, = 20.517 + 9.413 x 107°T — 3.120 x 10°T 2
- 0.617 x 1077

in units of J/(K + mol atoms). These selected values are
based almost exclusively on the measurements of Pankratz

kJ/mol atoms,

kJ/mol atoms,

Table III. Low-Temperature Heat Capacity Parameters and Related Quantities

Ny
¥ 10°8 T. 6 States/eV
Stoichiometry mJ/(K? mol Atoms) mJ/(K* mol Atoms) (K) A (K) per V Atom Ref.
VNo.74 5.95 8.65 1.8 0.440 608 0.88 56
VNo.30 7.4 24.1 6.0 0.607 432 0.98 56
VN 8.60 26.2 8.5 0.614 420 1.13 53
VN 9.1 21.3 9.2 — 450 —_— 57
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et al.,”® who performed low-temperature heat capacity mea-
surements, high-temperature enthalpy measurements, and
combustion calorimetric measurements on samples of the
same material. The composition of this material was deter-
mined by chemical analysis as VN 45 and was indicated to
be the nitrogen-rich boundary of the phase. The selected
value for the absolute entropy when combined with data for
V¥ and for N, gas™ yields

Aszzgg = -33.24

and union of this value of ASy s with the foregoing value
of AH? g produces AGf ;s = —80.3 kJ/mol atoms. Fur-
thermore, combination of the above heat capacity rela-
tionship with corresponding values for V¥’ and for N,*
yields for VNg 45,

AC, = 0.369 + 3.237 X 107°T — 2.535 x 10°T *
—11.382 x 10772,

in units of J/(K + mol atoms) for the temperature range 298
to 900 K and,

AC, = —0.836 + 8.319 x 107°T — 3.483 x 10°T?
—64.03 X 107°72,

in the temperature range 900 to 2000 K, again in units of
J/(K + mol atoms). For convenience, the first expres-
sion has been used to convert values of AH; and ASf
from 298 K to 900 K: AHf 9o = —92.0 kJ/mol atoms and
ASf9p0 = —36.3 J/(K + mol atoms). These values lead
to AGf s = —59.3 kJ/mol atoms, which can be extended
to AGf i = —53.1 kJ/mol atoms. This latter value im-
plies that the value of AG/ 03 = —31.3 kJ/mol atom
for VNy4, from Gridnev ef al.” is insufficiently negative.

The only thermodynamic measurements on this phase at
a stoichiometry other than VN 4s or VNg 4, are those of
Brauer and Schnell” who measured the dissociation pres-
sure of VN ; in the temperature range 1300 to 1600 °C. The
relationship for the dissociation pressure,

In P(atm) = —(2.18 X 10*/T) + 4.57,

can be generated from their graph of dissociation pressure vs
reciprocal temperature. Comparison of dissociation pres-
sures from this relationship with dissociation pressures
found by Kozheurov et al." along the V-rich boundary of
the 6VN| ., phase shows the Brauer and Schnell values to be
about an order of magnitude lower than those of Kozheurov
et al. When it is recognized that the data of Kozheurov et al.
are themselves higher than most other data for VN, and
that the dissociation pressures for the two phases must be
equal in the intermediate two-phase region, the comparison
furnishes additional support for selecting the Pompe data®
for the dissociation pressures of VN, _,.

J/(K - mol atoms),

C. Liquid

Revyakin and Kozina® have reported nitrogen pressures
over liquid solutions of nitrogen in V at 1930 °C (2203 K)
for compositions below 23 at. pct N. Their results can be
converted to partial molar Gibbs energies through the re-
lation AGy = YART In Py,. From their published graph, the
data in Table IV have been inferred. Comparison of these
nitrogen pressures with those of Farber and Srivastava®
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Table IV. Nitrogen Pressures and Partial Molar Gibbs
Energies at 1930 °C (2203 K) for Liquid Alloys of N in V.

Comp. Py} —AGx
(At. Pct N) (atm"?) (kJ/mol N)
2.5 0.019 73
5.0 0.039 59
7.5 0.057 52
10.0 0.075 47
12.5 0.118 39
15.0 0.161 33
20.0 0.251 25

imply that either these pressures are high or the Farber-
Srivastava data are low, with the difference being about one
order of magnitude.
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