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0f four phases in the U - N system, the sesquinitride with an Mn,03-
type body-centered cubic structure, a-UsN3, exhibits a wide nonstoichio-
metric range of composition. The defect characteristic of a-UyN3 has
been examined from the standpoint of crystal structure and thermodynamic
properties. From the varilation of the lattice parameter in the UpN3 - UNp
system, two separated linear relationships between lattice parameter and
the N/U atom ratio are obtained: one is characteristic of UpN3 and the
other of UN,., Using the density data, it is deduced that the nonstoichio-
metry in UsN3 is caused by the interstitial nitrogen atoms, and the
nonstoichiometry in UN, is due to the nitrogen vacancies. X-ray and
neutron diffraction analyses also show that the excess nitrogen atoms
£111 the vacant interstitial positions without any structure change.
Thermodynamic data suggest that the excess nitrogen is simply dissolved
in U,N3 with the wide homogegeous range of composition; the results are
consistent with those obtained from the measurements for lattice parameter

and density, and from the structure analysis.
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1. Introduction

The use of uranium mononitride as an advanced nuclear fuel is being
considered, because it possesses many essential properties such as high
uranium density, high thermal conductivity, high melting temperature,
large negative enthalpy of formation, etc. Interest in the mononitride,
therefore, has generated many studies of the U - N system,

0f many nitrides, we feel great interest in the physical and chemical
properties of uranium nitride. The reasons are as follows: there are
different bonding types of the nitride — the mononitride is metallic, and
the sesquinitride is rather ionic; the sesquinitride with a cubic structure
is a nonstoichiometric compound, which has a wide range of composition;
thus it has been considered that the cubic sesquinitride makes the con-
tinuous solid solution connected to the dinitride; and the phase relations
of the U - N system are analogous to those of the Am - O and Cm - O sys—
tems in the actinide - oxygen systems, Thus the structural and thermo-
dynamic properties of uranium nitrides, especially of the cubic sesqui-

nitride, have been examined with emphasis on nonstoichiometry.

2, General Survey of Nitrides

Most elements form rather stable compounds by the reactions with
nitrogen. They are called nitrogen compounds, and many of them are known
by the name of nitride. So-called nitride is applied to those compounds
in which nitrogen is combined with elements of lower or about equal
electronegativity. The nitrides, which so far are known, are summerized
in Table I. The following metals are not known to form nitrides or to be
in a pure state: K, Rb, Cs, Au, Ru, Rh, Pd, Os, Ir and Pt. Nitrides of
the transition metals generally have the formulas, Me,N and MeN. The
nitrides of Mn, Fe, Co and Ni form a group of less stable compounds of
greater complexity than those of the other transition metal nitrides.

The lanthanide and actinide nitrides are expressed by the formula MeN.
All the nitrides except Th3N,, U,N3 and UN; have the composition of the
Nitrogen-to-Metal ratio equal unity or less. In the table, the line above

a2 formula shows to be the nonstoichiometric nitride.

From the nature of the chemical bonding, nitrides can be usually



JAER] -M 6874

classified into three types: ioniec, covalent and metallic. In some cases,
an element forms nitrides of quite different types: e. g. one nitride
shows the behavior as an ionic compound, and another has the character-

istic of a metallic conductor.

(1) Ioﬁic nitrides are formed from Li, Na, Group IIA metals, and Zn and
Cd, Their formulas, MesN and Me3N,, correspond to what result from
combinations of the metal ions with the N3~ ions, as Li+3N3'. The radius
of the N°  ion in these nitrides would appear to be close to 1.5 A. All

the ionic nitrides are of stoichiometric composition.

(2) Covalent nitrides are formed from the elements of Groups IIIB, IVB
and VB, There are various covalent nitrides, and their properties vary
greatly depending on the element with which nitrogen is combined. They

also are stoichiometric compounds.

(3) Metallic nitrides are formed by the transition metals, including the
lanthanide and actinide elements. The metallic nitrides, sc-named because
of their physical similarity to refractory hard metals, are often called
interstitial nitrides. In the nitrides, the metal atoms are approxi-
mately, or in some cases exactly close-packed. Compounds of the type Mej)N
are generally derived from hexagonal close-packing, and those of the type
MeN from cubic close-packing. These nitrides are often not exactly
stoichiometric compounds, and have a tendency to result in the nitrogen-
deficient. The deviation from the stoichiometric composition occurs

a variation in physical and chemical properties. Therefore, unless the
stoichiometry is given, observed values have no meaning whatever. As
shown in the table, the heminitrides of Ti, V, Nb, Ta and Cr, the mono-
nitrides of Ti, Zr, Hf and V, and the sesquinitride of U, have wide

ranges of composition.

3. Phase Relations in the U - N System

3.1, Phase Diagram

In the U - N system, four phases are characterized: mononitride,

cubic and hexagonal sesquinitrides and dinitride. The mononitride UN is
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stable from room temperature to its melting point of 2830°C in 5 atm Ns.
In the sesquinitride there are two modifications: Mn,0;~type body-centered
cubic UpN3 and Lap0y-type hexagonal close-packed UpN3. Both U,N3 are not
allotropic modifications of the same compound, but they are conventionally
designated as a- and B-UyN3, respectively. a~U,N3 exhibits a wide
nonstoichiometric range of composition: i. e. UNj.gy — UNj.75. BR-UpNj is
a nearly stoichiometric compound. The o + 8 transition occurs above
800°C[6,16,30]. The decomposition temperature of U,N3 at 1 atm pressure
of nitrogen 1s 1350°C. The dinitride UN, occurs at the N/U atom ratio
beyond 1.75, but has never been obtained as a stoichiometric compound.

The phase diagram is shown in Fig., 1[3l]. A few of the phase boundaries

are still in doubt and these are represented by dashed lines.

3.2, The UN Phase

UN, which is of a NaCl-type face-~centered cubic structure[26], has
a narrow range of stoichiometry from room temperature te about 1100°C,
At higher temperatures UN has a slightly tendency to broaden its range of
stoichiometry and dissolves limited amounts of either uranium or nitrogen.
The composition range is between 0.991 and 1.005 as N/U atom ratio(5,7,
15].

3.3. The Uo,N3 Phase

o-U,N3 is a hyperstoichiometric compound with an Mn,03-type body-
centered cubic structure[26]. The U-rich phase boundary has been deter-
mined from tensiometric measurements[10,19,23,29]. The isotherms of
nitrogen pressure - composition of the UN - UN, system show bending at
UN;.54[10,29]. The N-rich phase boundary is taken to be at approximately
UNy.75 from the lattice parameter versus composition data of Fig. 2[30].

B-UsN3 had been reported to have the composition range, UNj.3y -
UN;.51(5,6,27,28), However, the structural analysis[22] and the obser-
vations of the phase[6,7] show that the composition of the nitride is
close to the stoichiometric. The structure is a Laj03-type hexagonal
close-packed[22,36].

3-40 The UN2 Phase




4AERT-M 6874

UN, is assigned to have a CaF,~type face-centered cubic structure[26].
This phase occurs above the N/U atom ratio of 1.75, but is not obtained
at the N/U ratio beyond 1.80[34].

4, Defect Types of UoNa and UN,

The defect type of a nonstoichiometric compound can be known by
determining lattice parameter and density of the compound as a function of

composition.

4.1. Lattice Parameter Change in the U,N3 - UN; System

Figure 2 shows the variation of the lattice parameters of U,N3 and
UN, determined as a function of the N/U atom ratio. It is divided into
the three regions: the two-phase region of a-UsN3 + UN or a-UpN3 + 8-UpN3,
the single a-U,N3 phase, and the UN; phase. In the two-phase region, the
lattice parameter of o-UsN, prepared under various conditions is the con-
stant value, 10.684 A. As nitrogen is added to the structure, the nitride
results in the single phase of a-U,N3. The lattice parameter value de-
creases linearly with increase of the N/U ratio. This tendency, which is
the characteristic of the ionic bond, is opposite to that in the case of
MeN. The lower existence limit of the phase is taken to be UN;.s,. The
composition is in good agreement with those determined by the tensiometric
measurements: UN.535_1.545[10] and UNj.s542{29]. The upper limit is
determined at UNj.75.

For the nitride with the N/U atom ratio of 1.76, it was found that
X-ray powder diffraction patterns lacked weak reflection. This indicates
that the transformation of the Mn,0O3-type b. c¢. ¢. structure into the
CaF,-type f. c. c. structure. At the same time, the lattice parameter of
the CaFp-type becomes half the value of the Mnp03-type structure. In
addition, the lattice parameter of UN;.yg drops by about 0.02 A from
5.32 A, which is half the value for UpNj3 at UN;.75.

In order to know what the lattice parameter varies with the N/U atom
ratio in the U,N3 - UN; system, the lattice parameter for the stoichio-
metric UN, should be estimated. It was obtained by using the known values

for uranium nitrides and americium oxides. As given in Table II, the
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ratio of the lattice parameter for an americium oxide to that of the
isostructural uranium nitride is 1.032, and this relationship is applied
for UN, a-U,N3 and ag of B-UpN3. Therefore, the lattice parameter value
for UN, is calculated as 5.21 A from that for AmO,. Fig. 3 shows the
lattice parameter data obtained by the present author and by others[2,8,12,
24,26,27,34,35]), and also.the estimated value for the stoichiometric UN;.

A solid solution between an Mn,03-type and a CaFy-type cubic com~
pound is reported to occur in the systems: Pr;03 - PrOj, Tby03 - TbO;
Am;03 - AmO, and Cmp03 - CmOj. Generally, a solid sclution occurs between
a trivalent-metal oxide Me,0; and a tetravalent-metal oxide Me'O,. Here,
Me,03 are Y,03, and the rare earth C-type sesquioxides, and Me'O, are
Ce0,, Zr0,, Hf0,, ThO,, NpO,, U0, and PuO;. For solid solutions in the
oxide systems of Pr, Tb, Am and Cm, it is seen that the variation in
lattice parameter with O/Me atom ratio is nearly linear, even though inter-
mediate compounds exist. Accordingly, the lattice parameters determined
for UNj.75 - UNj.gg may be connected linearly with the value estimated for
UN,. The relations between the lattice parameter and the N/U ratio in the
U,N3 - UN, system are represented by two straight lines; one is charac-
teristic of UyN34x and the other characteristic of UNy.y. Their different
slopes and the gap between two lines at UNj.75 will suggest that the

structure of a-UsN3 is not a simple extension of the UNp structure.

4.2, Defect Types of a-UsN3 and UN»

Variation in density of U;N3 and UN; with composition is shown in
Fig. 4. Measurements were carried out at 25.0 + 0.1°C using toluene as
a pyknometer fluid. In the single phase region of UpN3, the density
increases with the N/U atom ratio. For UNj.;g, observed values are as

large as those for UNj.7.

In order to examine the nature of nonstoichiometry in a-U;N3 and UNjp,
the observed changes in density are compared with those calculated for the
various possible models. The calculated density will indicate whether the
deviation from stoichiometry is due to interstitial atoms or to vacant
lattice sites. The theoretical density of a binary stoichiometric com-

pound, MXg, containing n molecules per unit cell, is given as



JAERI-M 6874
pg = n(MsX)/NV (1)

where M and X are the atomic weights, s the atom ratio of X-to-M, N
Avogadro's number and V(=ag’) the volume of the unit cell, and ao the
lattice parameter. For a nonstoichiometric compound, MXg+§, the theoret-
ical densities resulting from the two defect types are calculated from the

following equations. The densities in the MXgy§ region are

Pgy = n[MX(s+6)]/NV (2)

for interstitial X, and

pVM = ns[M/(s+8§)+X]/NV (3)

for vacant M, and those in the region of MXg.s are

DVM n[M+X(s-8) ]/NV (4)

for vacant X, and

Pyy = ns[M(s=-8)+X]/NV (5)
for interstitial M.

Substituting the values 238.03, 14.01, 4 and 1.5 for M, X, n and s,
respectively, in Eqns (2) and (3), and using half the lattice parameters
for the sequinitride given in Fig. 2, the theoretical densities for
UsNa4x can be obtained. With s = 2 and the lattice parameters
for the dinitride shown in Fig. 2, the densities for UN;_y can be simi-
larly obtained. The results of calculation for Eqns (2) to (5) are shown
by the four solid lines in Fig. 4. As indicated in the figure, if the
defect structure of a-U,N; is due to cation vacancies, the density should
decrease as the N/U atom ratio increases. The measured densities, however,
increase as the N/U ratio increases. Therefore, the fact shows that the
deviation from the stoichiometry in the U2N3'region is predominahtly due
to the presence of the interstitial nitrogen atoms rather than to the
cation vacancies. In the UNp_y region, it can be easily deduced that the

nonstoichiometry is caused by the nitrcgen vacancies.
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5. Crystal Structure of Nonstoichiometric U-Nj

The defect type in a nonstoichiometric compound may also be con-
firmed by determining the crystal structure. Here the effect of non-

stoichiometry on the crystal structure of UyN3 is examined.

5.1. Structure of a-U,N3

0-UyN3 crystallizes in the Mnjy03-type body-centered cubic structure
[26]. The ideal unit cell contains 16 formula units, with two uranium
atom positions U(I) and U(II), and one nitrogen atom position N(I). The
space group of the nitride is Ia3 with the atoms in the positions{37]:

U(I):8(b) 1/4 1/4 1/4; 1/4 3/4 3/4; 3/4 1/4 3/45 3/4 3/4 1/4; B.C.
U(II):24(d) +(u 0 1/4; 1/4 uw 0; 0 1/4-u; u 1/2 1/4; 1/4 uw 1/2;
1/2 1/4 u); B.C.
N(I):48(e) +(xy z; xy 1/2-2; 1/2-x y z; x 1/2-y z; z x ¥;
1/2-z x y3 z 1/2-x y; z x 1/2-y; y z x3 ¥y 1/2-2 x;
y z 1/2-x; 1/2-y z x); B.C.

The structure has 16 nitrogen vacancy positions, denoted as N(II}:16(c).
They become filled with nitrogen atows, as UyN3 with the ideal structure

dissolves more nitrogen than represented by its chemical formula.

The positions of U(II) sites have one parameter u. This parameter is
examined from X-ray[3,20,26,33] and neutron diffraction[21,33]. According
to Rundle et al.[26] and Anselin[3], the parameter changes continuously
with increase in nitrogen content to the N/U ratio of 1.75. However,
Tobisch and Hase[33] and Masaki et al.[20] indicate that the parameter is
a constant value even if nitrogen content is varied. They obtained -0.021
and -0,015, respectively. The parameters for nitrogen atom positions,
N(I) and N(II), also have been determined from neutron diffraction for
the nitrides with the N/U atom ratio of 1.600, 1.655, 1.685 and 1.740.

The parameters in the position 48(e), x, y, z, are 0.38, 0.14, 0.38,
respectively, and that in the position 16(c), v, is 0.15[21,33]. From
these results, it is concluded that all uranium and nitrogen positions in
UyNy are not affected by nitrogen dissolution. In the analysis, no empty

site is found at the position N(I):48(e). The excess nitrogen atoms,
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causing the deviation from the ideal composition of U,Nj3, are distributed
only at N(II):16(c) sites without the structure change. It is shown

that the results of the structural analysis are consistent with those of
the lattice parameter and density measurements. The crystal structure of

U, N3 is shown in Fig. 5, as a projection along a cubic axis.

5.2. Structure of the Intermediate Nitride

The X-ray and neutron diffraction pattern of UN;.7¢ are quite dif-
ferent from that of U,N3. Although a few very weak reflections in the
pattern are still visible, a number of weak reflections, deduced from the
Mn,03-type structure, are detected no longer. The X-ray and neutron
diffraction patterns for UN;.7,; and UNj.7¢ are shown in Fig. 6. The
figures disclose the difference between two crystal systems of both the
nitrides. The profiles for 220, 311, 222, 331, 420 and 422 reflections
give twice, or more, the half width of the nitrides with the N/U atom
ratio below 1.75. Broadening of the line profiles of UN,.7g is possibly
explained on the basis of the rhombohedral pseudo-cell, which comes from
only a slight distortion of the ideal CaF,~type cell. The CaF,-type
structure with the lattice parameter of 5.29 A can be transformed into
the rhombohedral structure with the lattice parameter of a,' = 6.50 4,

o = 99.7°, and with the volume of 7.4 times of the CaF; unit cell., It is
shown that broadening of the line profiles is caused by overlapping of
some diffraction lines. Similarly to the case of the systems composed
between a sesquioxide and a dioxide in lanthanide and actinide oxides, the

rhombohedral modification is also found in the U - N system.

6. Thermodynamic Properties of a-UsN3

6.1. Equilibrium Nitrogen Pressure

The decomposition pressure of U;N3 have been studied using the direct
manometric measurement method in the temperature range between 600 and
1300°Cc[10,14,18,19,23,31]. The decomposition of U;N3 into UN is repre-

sented by the following equation:

U N34xp = 2 UN + (I+x,)/2 N, (6)
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where x is the value at the U-rich phase boundary, and Xy = 0.08.
Although the o + B phase transition has been reported to occur at tem-
peratures above 800°C, the formation of B-U,N3 is not observed during the
pressure measurements, The equilibrium pressures over the two phases of

UN + Uy;N3 are expressed by
log pNz(atm) = 7,201 - 1.174x107%/T (7
Nitrogen dissolution in U;N3 of the single phase can be expressed as:
UaNa4x + 8x/2 Np = UpN34x+6x (8)

The nitrogen pressure over the single phase is variled as a function of
temperature and composition. Measurements are performed by using an
apparatus containing a thermobalance and a pressure measurement system{l13,
19], or by using the Sievert apparatus[l10,23]). The pressure -~ composition
isotherms have been examined at a given temperature between 500 and 1100°C
[10,13,19,23]. Fig. 7 shows the results obtained by Fujino and Tagawa[l3],
which are in good agreement with those by Bugl and Bauer[10]. The data
indicate that the dependence of log p on the N/U ratio is linear, and that
the slope of these isotherms becomes steeper with decreasing in the tem-
perature from 1000 to 500°C. Although the N-rich phase boundary of U;N3
should be at UNj.75, it is difficult to obtain the isotherm at the com-
position beyond the N/U ratio of 1.71, because it requires very long time
to attain an equilibrium. Figure 8 shows a plot of log p versus 1/T at
given N/U atom ratios between 1.56 and 1.70. '

6.2. Thermodynamic Properties of a-UsNj3

- Thermodynamic functions of the decomposition of a-U;N3 are obtained
using Eqns (6) and (7). The change in Gibbs free energy for UpNj.gg at

temperatures between 750 and 1050°C is given as
AG°T = =29.000 + 17.80 T(cal/mol) (9)
The standard heat and entropy of the decomposition at 298.15K may

be derived from Eqn (9), provided that the thermodynamic functions are

available for UN(s), N5(g), and UsNz(s). However, no high temperature
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heat content or enthalpy increment has determined. The heat content for

U,N3.g0g was estimated from extrapolation of the low-temperature Cp values:
Cp® (UsN3.gg) = 31.690 + 9.220x1073T - 8,0296x10%/T?(cal/deg.mole)

Using the equation, the author[29] obtained the heat of decomposition to
be AH°gg(3rd) = 33.4 kcal/mol.

Partial molar quantities were calculated from the data of Fig. 8 for
a given composition. Figure 9 shows the partial molar free energy AG(Np)
for the N/U atom ratic of 1.56 to 1.68 in the temperature range from 800
to 1400K. It is seen in the figure that the variation in AG(N,) with
N/U ratio is linear at the measured temperature region.

Partial molar entropy and enthalpy are obtained from the intercept
and the slope of the straight lines in Fig. 8, respectively. The values
of dg(Nz) are shown in Fig. 10. As the nitrogen content of the nitride
increases, the partial molar entropy increases from -32,.2 at UNj.5¢6 to
-23.1 cal/deg.mol N, at UNj.gg. The partial molar enthalpy AH(N,), as
shown in Fig. 11, also increases from -51.0 at UNy.s5¢ to ~24.,3 keal/mol Njp
at UNj.gg. No maximum and minimum are found in the curve of ﬂg(Nz)
versus N/U ratio, and also in the curve of AE(NZ) versus N/U ratio.
Therefore, it may be concluded that nitrogen is dissolved in the single
phase of U,N3 without any change of the structure. The results are
consistent with those obtained from the lattice parameter and density

measurements, and from the structure analysis.

For the systems Ce,03 - Ce0,[9], Pry03 - Pr0,[17], Puy03 - Pu0,[25],
and Am,03 - Am0,[11], thermodynamic functions have been measured in the
wide nonstoichiometric range of composition. Every oxide system has
the continuous solid solution between the sesquioxide and the dioxide, as
already mentioned. Figure 12 shows the partial molar entropies of these
oxide systems together with the results measured on UpN3. The variation
in the partial molar entropy with the O/Me ratio is nearly linear in the
systems of Pu — O .and Am - 0. The slope of AE(OQ) versus O/Me ratio for
the Pr - O system is similar to that of AS(Ny) versus N/U ratio of the
present work. On the contrary, AS5(0,) for the systems Ce - 0, Pu - 0 and
Am - O decrease with increasing of the 0/Me ratio. Generally, the pre-

dominant feature of the correlation of partial melar entropy with
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composition is a decrease in d§(02) with increasing oxygen content in the
nonstoichiometric region, and this is also found in other compounds.

The trend is attributed to the domination of partial molar entropy value
in the configuration term, whatever the model of defect structure is taken.
In fact, the results, calculated on the nonstoichiometric UyN3 using a
statistical model[l3], show that the theoretical AE(NZ) value decreases
with increasing in the N/U ratio, However, the experimental AS(Ny) value
increases with the N/U ratio. It 1s not yet clear what is the reason of
the discrepancy between the theoretical and the experimental E§(N2). It
might be thought that the excess nitrogen is dissolved in U,N3 to form the

ordered state.

This paper was presented at the Japan - US Joint Seminar on 'Defects
and Diffusion in Solids" held at Tokyo, October 4 - 6, 1976,
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Table I. Periodic classification of nitrogen compounds.

IA |TA XA VA | VA [VIA[VIA VIl IB |18 {EIB VB |VB[VIB MB

H N
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CaN,! SeN M Fe N [Co,N Ni N iCu,NZn N/GaN [Ge,NJAsN (SeN))
e,N CogNINi,N
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SN, | YN TeN AgNICAN, InN
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gé| s

BaNf LN | HFN [Ta N Hg,N; TLN

g£| 38 2

AnN

LnNj LaN |CeN | PrN NdN | PmNSTN {EuN [GAN TbN |DyN |HoN JErN (TmN|YbN |LuN

AnN ThE [PaN {UN [NpN [PuN |AmN|CmN
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URANTUM NITROGEN NITROGEN; NOT FULLY
OCCUPTED

Fig. 5. Crystal structure of nonstoichiometric UoN3 projected on (001).
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