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Abstract—The atomic structures of interstitial solid solutions O and N in V at relatively low concentrations
O(N)/V =1/16 or 1/8 are calculated using the Monte Carlo method. A combined model of long-range inter-
action between interstitial atoms is employed. The first 12 shells contain ab initio energies and the energies in
shells 13—18 are calculated on the basis of a phenomenological model of deformation interaction. The
ordered solid solutions are long-period structures with body-centered tetragonal crystal lattices and tetrago-

nality ¢c/a < 1.
DOI: 10.3103/S1062873814100050

INTRODUCTION

Interactions between dissolved atoms determine
the short- and long-range orders in interstitial solid
solutions. For solutions with relatively weak interac-
tions between interstitial atoms (e.g., O in HCP metals
(a-Ti,Zr,Hf)), the experimental data on superstruc-
tures are consistent [1, 2] and coincide with calcula-
tions [3]. For solid solutions with strong interaction
between interstitial atoms (O and N in BCC metals of
V, Nb, and Ta), the experimental data are contradic-
tory [4—7]. For V=0 and V—N alloys with relatively
low concentrations O(N)/V = 1/16—1/8 in particular,
several phases released from the solid solution as a
result of different thermal treatments were reported in
[6—14]. According to the authors, most of these phases
are metastable and can be ordered solid solutions with
both BCC or BCT structures or other (e.g., FCC or
hexagonal) lattices. The last structures can also be
formed by ordering the interstitial solid solution.
However, when there are strong displacements of
metal atoms around interstitial atoms (particularly the
atoms of O and N in V considered in this work) defor-
mation transitions to BCT, FCC, hexagonal, orthor-
hombic, and other structures occurs during ordering
in the initial crystal lattice of the solvent metal [15].
This leads to the formation of other phases that differ
from simply ordered BCC or BCT solid solutions at
relatively high concentrations of the solid solution
(O(N)/V = 1/4—1) in these alloys [6, 7, 15].

The content of ordered structures is usually deter-
mined by the average concentration of interstitial
atoms in an alloy, but only when all of the solid solu-
tion is converted to the ordered phase. However,
another situation is observed due to the low solubility
of oxygen and nitrogen in vanadium [6, 7], particularly
at room temperature: particles of the ordered phase
are liberated from a solid solution when its content can
differ from that of the initial solution. An alternative to

this is determining the content from the structure of
ordered phase using experimental diffraction data.
However, this method can lead to confusion, since
modeling atomic structures solely on the basis of dif-
fraction data does not always yield clear results.

Another technique for studying the atomic struc-
ture of ordered solid solutions is to perform calcula-
tions using different theories of interaction between
interstitial atoms [16]. In such calculations, it is
assumed that the superstructure is formed by the redis-
tribution of interstitial atoms over the octahedral or
tetrahedral interstices of a metal-dissolvent initial lat-
tice until the minimum of the internal configuration or
free energy is attained. For solid solutions with rela-
tively weak interaction between interstitial atoms—H
inV, Nb, Ta [17] or O in a-Ti, Zr, Hf [3]—such cal-
culations agree well with the experimental data. In the
former case, the energies of interstitial atom interac-
tions can be calculated using the phenomenological
theory of deformation (elastic) interaction [16]; in the
latter, we can apply ab initio principles in the context
of density functional theory.

The energies of interaction between interstitial
atoms, as determined by ab initio calculations in
12 coordination spheres in the context of density
functional theory, were given in [18] for solid solutions
of O and N in V, Nb and Ta. It was also shown that an
adequate description of the behavior of interstitial
atoms can be obtained using a combined model in
which these ab initio energies of interaction in the first
12 coordination shells are added to those in shells 13—
18 through deformation interaction, calculated on the
basis of the phenomenological model [19]. Such an
approach allows us to consider the long-range charac-
ter of interaction, which is almost impossible to do in
ab initio calculations because of the excessive time
required for calculations.
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It is of interest to study the structure of ordered
solid solutions in the context of the model of long-
range interaction between interstitial atoms. In this
work, such calculations are performed for interstitial
solid solutions of O and N in V with relatively low con-
centrations: O(N)/V=1/16 or 1/8.

CALCULATION PROCEDURE

The energies of O—0O and N—N interatomic pair
interaction in the first 12 coordination shells were
taken from [18] (the distance between interstitial
atoms was from 0.5 to 1.803 a, where a is the period of
BCC crystal lattice of vanadium). They were calcu-
lated on the basis of the density functional theory using
the VASP software and included both chemical and
deformation (elastic) contributions. In spheres 13—18
(1.870—2.236 a), we used energies of deformation
interaction calculated in the context of the phenome-
nological Krivoglaz—Kanzaki—Khachaturyan model
[16] presented in [19]. The energies in the 18 coordi-
nation shells are shown in Table 1.

The crystal structure was calculated using the
Monte Carlo method ina 12 x 12 x 12 @ BCC model
cell with periodic boundary conditions. One aspect of
our calculations was that the transitions of interstitial
atoms were considered not only in the nearest octahe-
dral interstices but in any that were free. The configu-
ration’s contribution to heat capacity C was calculated
from the temperature dependence of the internal con-
figuration energy.

In an BCC crystal lattice, the octahedral interstices
form three sublattices, x, y, and z, in which the two
atoms closest to the interstice are located along axis x,
vy, and z, respectively. When one of the sublattices is
filled in, the lattice parameter increases along the cor-
responding direction x, y, or z and decreases along the
two others. If the three sublattices of an octahedral
interstice are not equally filled with interstitial atoms,
we see tetragonality, and the sublattice becomes a
body-centered tetragonal. When the concentration in
one sublattice exceeds that in the other two, the tetrag-
onality is ¢/a > 1; otherwise, it is ¢/a < 1. This param-
eter is determined in most experimental papers and
can be used to compare calculations with experimen-
tal data.

Long-range order parameters a were determined

from sublattice filling with the maximum concentra-
tion of interstitial atoms:

a=(@p _pav)/(pmax _pav)s (1)

where p is the probability of interstice filling for given
sublattice, p,,.. is the maximum probability, and p,, is
the average probability at a given concentration.

RESULTS AND DISCUSSION

The temperature dependence of the heat capacity
(Fig. 1) and long-order parameters (Fig. 2) indicate

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES. PHYSICS

1031

Table 1. Energies of pair interaction between interstitial at-
oms [18,19] (positive energies correspond to repulsion)

nﬁ;‘fgler 2/a /a V-0 V-N
1 010 | 05 +1.53 | —0.02
2 011 | 0707 | +085 | +0.84

11 | 0866 | +027 | +0.15

4a 020 | 1.0 +0.05 | —0.02
4b 002 | 1.0 +1.59 | +1.50
200 | 1118 | 4006 | —0.05

6 121 1225 | +0.09 0.00
7a 20 | 1414 | +0.10 | +0.04
7b 202 | 1414 | +0.11 | +0.10
8a 22 | 15 +0.12 | 4011
8b 030 | 1.5 —0.03 | —0.04
9 103 | 1581 | +0.01 | +0.06
10a 311 1.658 0.00 0.00
10b 113 | 1658 | +0.16 | +0.15
1 2 | 1732 0.00 | —0.01
12 230 | 1.803 0.00 | —0.03
13 31 1871 | +0.01 0.00
14a 400 | 2000 | —0.03 | —0.02
14b 004 | 2000 | +0.16 | +0.18
15a 410 | 2062 | —0.04 | —0.05
15b 232 | 2062 | —003 | —0.02
16a 141 | 2121 0.00 0.00
16b 303 | 2121 0.00 | +0.02
17a 31| 2179 | 4002 | +0.01
17b 33 | 2179 | —0.02 | —0.03
18a 420 | 2236 | —0.01 | —0.01
18b 024 | 2236 | +0.01 | +0.01
18¢ 402 | 2.236 0.00 0.00

ordering occurred in the investigated alloys. The tem-
perature of the heat capacity’s maximum and the tem-
perature below which the long-order parameters
began to increase were both taken as the ordering tem-
perature (Kurnakov temperature 7). Temperatures
T determined from the two characteristics (Table 2)
were in very good agreement, especcially when we
consider that the calculations were performed with
steps of 20°.

The ordering temperatures for all four alloys were
above room temperature; i.e., ordered structures
formed upon the rather slow cooling to room temper-
ature at which the experimental data were obtained.
Vol. 78
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Fig. 1. Changes in the configuration part of heat capacity
upon the cooling of alloys: (/, 3) V=0; (2, 4) V-N. Con-
centrations: (1, 2) O(N)/V =1/16; (3, 4) 1/8.

At the same time, the degree of order was high: the
long-order parameter was a = 0.9 at 300 K in V,;O0
alloy and a. = 1 for other alloys. 7 rose with growing
concentration and was higher in nitrogen-containing
alloys, due possibly to the interaction in the first coordi-
nate shells differing substantially (Table 1): it was
strongly repulsive in V—O but weakly attractive in V—N.

Modeling showed that small isolated clusters of
interstitial atoms do not form, as is usually assumed
when describing solutions with such relatively low
concentrations; rather, there were solid areas of
ordered solid solution. Our model superstructures are
depicted in Figs. 3—5. They are all long-periodic in
two directions with periods of 4a or 3a, while the third
period is 1a, where a is the period of the BCC lattice of
vanadium (Table 2). The concentrations of super-
structures in alloys where O(N)/V = 1/16 was higher
than the average alloy concentrations: 1/8 for V—O
and 1/6 for V=N, respectively. An ordered solid solu-
tion with a higher concentration of interstitial atoms

Fig. 2. Changes in long-order parameters upon the cool-
ing of alloys: (1, 3) V=-0; (2, 4) V—N. Concentrations:
(1, 2) O(N)/V=1/16; (3, 4 1/8.

occupied part of our model crystal, forming flat clus-
ters whose sizes matched those of a model crystal in
two dimensions and were half the size in the third. Our
initial solid solution thus separated into a pure metal
and an ordered solid solution. Ordered VO and VgN
phases were formed in alloys where O(N)/V =1/8. In
these cases, virtually all of the solid solution became
ordered and occupied all or almost all of a model
crystal.

In all four alloys, two sublattices of octahedral
interstices were occupied in the ordered BCC solid
solution, while the third was completely free. Since the
crystal lattice is stretched biaxially and compressed
along the third axis when two sublattices are filled with
interstitial atoms, tetragonality results with c/a < 1.

Shortening the range of interaction between inter-
stitial atoms from 18 to 12 coordinate shells (from
2.236 to 1.803 a), i.e., performing calculations with
only the ab initio energies of interactions, produces

Table 2. Characteristics of interstitial ordered solid solutions of V—O and V—N

Alloy V-0 V—-N

Concentration O(N)/V 1/16 1/8 1/16 1/8
Ordering temperature, K (heat capacity) 400 720 560 780
Ordering temperature, K (long-order parameter) 400 700 560 800
Periods of superstructure 4x4x1 4x4x1 4x3x1 4x3x1
Content of ordered phase VO VO VN VgN
Tetragonality c¢/a <1 <1 <1 <1
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Fig. 3. Atomic structure of ordered solid solution in V—O
alloys with O/V contents of 1/16 and 1/8. Circles are vana-
dium atoms; triangles are oxygen atoms. For clarity, vana-
dium atoms in the centers of BCC cells are not shown.

fuzzy ordered structures with almost the same degree
of filling for all three sublattices of the octahedral
interstices. No tetragonality is observed, but there is a
maximum of heat capacity that indicates ordering;
however, temperatures 7 are much lower than for
18 spheres. This can be explained by the mutual
attraction between interstitial atoms in shells 13—18.

It is difficult to compare the results obtained in this
work with results from experiments, since most exper-
imental phases are nonequilibrium and only a few
structures were presented in [8§—14]. Even though
none of our calculated structures coincide with ones
proposed on the basis of experimental diffraction data,
several general features of our structures are in good
agreement with those of experimental results:

(i) Some experimentally investigated vanadium-
based oxides and nitrides were ordered solid solutions,
as was demonstrated by the presence of superstructure
reflections, and these solutions had body-centered tet-
ragonal lattices. Using our model of interaction
between interstitial atoms, calculations also reveal
ordering even at relatively low concentrations of a
solid solution.

(ii) Most of the studied solid solutions, whether
they were equilibrium or not, had BCT structures with
tetragonality ¢/a < 1, as was found in our calculations.

(iii) In some reference works [10, 11], experimental
data suggest the existence of long-periodic structures
with 4 x 4 x 1a3 cells, as do our results.

The discrepancy between our simulated structures
and those reconstructed on the basis of experimental
data is apparently due to the calculated structures are
equilibrium, while experimental ones seem to be meta-
stable. To some extent, our calculation results prove the

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES. PHYSICS

Fig. 4. Atomic structure of an ordered solid solution in
V—N alloy with an N/V content of 1/16. Circles are vana-
dium atoms; triangles are nitrogen atoms. For clarity,
vanadium atoms in the centers of BCC cells are not shown.

Fig. 5. Atomic structure of an ordered solid solution in
V—N alloy with an N/V content of 1/8. Circles are vana-
dium atoms; triangles are nitrogen atoms. For clarity,
vanadium atoms in the centers of BCC cells are not shown.

suggestion of many authors that V—O and V—N phases
investigated in dilute alloys are metastable.

CONCLUSIONS

Modeling interstitial superstructures in dilute V—O
and V—N alloys using the model of long-range inter-
action between interstitial atoms reveals the formation
of continuous areas of ordered solutions with concen-
trations higher than or equal to those of the initial dis-
ordered solutions. Ordered solid solutions are long-
Vol. 78
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