
Abstract. The thermodynamic properties of zirconium nitride
are presented, including the phase diagram of the Zr±N system,
homogeneity region, temperature and composition correspond-
ing to congruent melting of ZrNx, enthalpy of formation, as well
as electronic structure and chemical bond in zirconium nitride.
An equation is given approximating the temperature depend-
ence of the heat capacity of crystalline ZrN in the temperature
range of 298.15±3970 K. Temperature dependences of specific
heat and electrical resistance of liquid zirconium nitride of the
composition 0.9ZrN+0.1ZrO2 (up to 4500 K) measured by
heating with a microsecond current pulse are presented. The
main practical significance of these results is that ZrN serves as
an inert matrix for mixed nitride fuel �U;Zr�N and �Pu;Zr�N
for fast neutron reactors.
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diagrams, solid phases, melting, liquid state, enthalpy of
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1. Introduction

Zirconium mononitride ZrN has a number of unique
physical, chemical, thermal, and mechanical properties,

which determines its use in modern technologies and makes
it a promising material for future technologies.

Zirconium nitride has a high melting point, high electrical
and thermal conductivity, relatively high emissive capacity in
the visible and near IR regions, good resistance to acid and
alkali solutions, high hardness and wear resistance, and good
mechanical properties. Amongmetal nitrides and carbides, its
superconducting transition temperature of � 10 K is the
second highest after that in niobium nitride. Zirconium
nitride is used in power engineering, in particular nuclear
energy, aviation, and rocket and space technology.

This review covers the following topics.
(1) Critical analysis of published data (1930±2020) on the

solid state of ZrN:
Ð phase diagram;
Ð melting point;
Ð enthalpy of formation;
Ð electronic structure and chemical bonding;
Ð superconductivity;
Ð low-temperature heat capacity;
Ð high-temperature enthalpy and heat capacity (solid

state).
(2) Equation approximating the temperature dependence

of the heat capacity of ZrN in the range of 298.15±3970 K.
(3) Experimental data for 0:9ZrN�0:1ZrO2 (specific

heat capacity and electrical resistance) during melting and in
the liquid state (up to 4000 K).

(4) Application of zirconium nitride and prospects for
using the method of heating substances with a short current
pulse for the purpose of measuring high-temperature physical
properties of materials used in nuclear power and other
technical applications.

The need for such an analysis is due to the development of
nuclear technologies and particularly the prospects for using
nitride fuels.

Nitride fuel research and development programs for fast
neutron reactors (Generation IV) were launched in the
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United States, France, Germany, the United Kingdom,
Russia, Japan, and India back in the 1960s and 1970s. The
resumption and continuation of international programs to
create fourth-generation reactors has been reflected in the
work of international forums [1±3].

Sustainable development of nuclear energy requires the
creation of advanced fast breeder reactors. As international
initiatives related to Generation IV reactors have shown,
there remains a pressing need for better fuel characteristics for
this class of reactors, maintaining the integrity of the rods at
high temperatures, achieving the highest possible burnup, as
well as the subsequent regeneration of spent fuel and use of
structural systems [4].

In 2011, the state program Proryv (Breakthrough) of the
Rosatom State Corporation was launched. Mixed nitride
uranium-plutonium fuel (MNUPF) �U;Pu�N is considered
the basis for future fast closed-cycle power reactors, particu-
larly those such as BREST-300 and BN-1200. Closing the
nuclear fuel cycle and developing reactors with expanded fuel
breeding are considered to be some of the innovative
development of nuclear energy.

The advantages of nitride fuel �U;Pu�N over oxide fuel
are well known: it has a higher density and thermal
conductivity, the yield of aggressive fission products
(cesium, iodine, selenium, tellurium, etc.) is significantly less
than from oxide fuel, and, as a result, there is less corrosion of
the cladding of fuel elements [5±8]. Fuel elements with dense
nitride uranium-plutonium fuel are an innovative develop-
ment implemented in Russia. However, some unexpected
difficulties arose in the process of developing technologies
for creating this new type of fuel. A whole series of
experimental and computational studies performed at the
Kurchatov Institute National Research Center [9±12] are
devoted to clarifying the reasons for the degradation of the
mechanical characteristics of steel claddings and fuel elements
during interaction with �U;Pu�N fuel and developing
methods for eliminating undesirable effects. Thermody-
namic analysis and calculations of the equilibrium chemical
and phase composition of the fuel, presented in this work,
were performed using the IVTANTERMO software package
developed at the Joint Institute for High Temperatures of the
Russian Academy of Sciences.

Of particular interest is the effect of carbon and oxygen
impurities on the phase and chemical composition of the fuel
during its irradiation and on the mechanical characteristics of
the steel cladding of the fuel elements. The research results
presented in [13] indicate that the presence of oxygen
impurities significantly affects the physicochemical proper-
ties of the fuel. In particular, the presence of 1 wt.% oxygen
reduces the thermal conductivity of the fuel by 9±13%.
Carbon present in the initial nitride fuel as an impurity, as
well as carbon produced during burnout, worsens the
mechanical properties of steel fuel elements in the contact
zones with the fuel compared to fuel elements in contact with
oxide fuel.

Another type of mixed nitride, such as �U;Zr�N and
�Pu;Zr�N, is currently considered a possible nuclear fuel for
high-temperature reactors. In this case, zirconium nitride
serves as an inert matrix [14, 15]. The crystal structure,
microstructure, and density of zirconium nitride ZrN sam-
ples obtained by spark plasma sintering and used in nuclear
inert matrix fuel (IMF) were studied in [15].

It is obvious that the inert matrix material of nitride fuel
must have a number of properties, such as a high melting

point, thermal conductivity, hardness, and radiation stability.
Zirconium nitride is fully endowed with all these properties,
due to which it is especially attractive for use both in modern
nuclear power plants and as an ultra-high-temperature
ceramic for other applications in extreme environments.

One of the problems limiting the use of this type of fuel is
its insufficient study. To obtain comprehensive knowledge of
nitride fuel systems, it is necessary to create a reliable and
complete database that will allow, based on experimental and
theoretical work, improving and developing the necessary
modeling tools for predicting the behavior of modern fuels in
the reactor core.

Reviews and critical analysis of all available information
in the literature on the thermodynamic properties of
zirconium nitride in the condensed state and calculations
performed on their basis make it possible to model high-
temperature processes in a nuclear reactor containing ZrNx.

2. Phase diagram of Zr±N system

The phase diagram of a binary Zr±N system has been
investigated in many experimental and computing studies; it
is also reflected in reviews and reference books [16±36].

The base equilibrium phase diagram of the Zr±N system
at a pressure of 1 atm [28] is shown in Fig. 1. The authors of
[28] used the experimental data obtained in [16±18, 23] when
calculating the diagram. The Zr±N phase diagram includes:
(1) the nonstoichiometric phase ZrNx with an NaCl face-
centered cubic (FCC) structure, which is stable in the
composition series from � 40 to 50 at.% of N; (2) a solid
solution of nitrogen in zirconium with a hexagonal close-
packed (HCP) structure (aZr); (3) a solid solution of nitrogen
in body-centered cubic (BCC) zirconium (bZr); (4) a liquid
phase (L); 5) a gas phase (G).

The stability region of ZrNx in the equilibrium phase
diagram is determined by its coexistence with solid solution
(aZr), liquid (L), and gas (G) phases. The ZrNx phase has a
wide range of nonstoichiometry associated with the forma-
tion of vacancies in the nitrogen sublattice. According to
Ref. [25], ZrNx exists in a compositional series from ZrN0:63

to ZrN1:00 and can accumulate up to 35% of vacant positions
in the nitrogen sublattice. The composition of 50 at.% of N
corresponds to the complete filling of the octahedral sites
(positions) in the NaCl structure with nitrogen atoms. The
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Figure 1. Phase diagram of Zr±N system [28].
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limits of the homogeneity region depend on the method of
obtaining the nitride, nitrogen pressure, the presence of
impurities, etc. According to [21], the mononitride phase is
stable in the series of compositions from ZrN0:6 to ZrN at
2258K. In [17, 18], equilibria in the Zr±N systemwere studied
in the temperature range of 2100±2800 K at nitrogen
pressures of 0.1±300 mmHg. As a result of the study, various
equilibrium compositions of zirconium nitride were obtained
in the range of ZrN0:56±ZrN0:97. According to the authors of
[17], the composition ZrN1:0 should be considered a rarely
realized case. To obtain it, higher pressure and a longer time
are probably required. It was noted that, in the process of
approaching the stoichiometric composition, the color of the
nitride changes from grayish yellow to golden.

As data on the structural, thermophysical, and thermo-
dynamic properties of zirconium nitride accumulated, the
basic phase diagram of the Zr±N system [28] was supplemen-
ted or partially revised in [29, 30, 32, 35].

The author of [29] assessed the structure and stability of
the (aZr) and (bZr) phases, as well as the part of the Zr±N
phase diagram rich in zirconium.

The authors of [30] assessed the thermodynamic functions
of the Zr±N system in the temperature range of 1500±3670 K.
The pressure-composition-temperature relationships were
determined in the poorly studied regions of (bZr) and
Zr�L�=ZrNc. The Gibbs energies of a nitrogen solution in
solid and liquid zirconium were calculated.

Optimization of the thermodynamic parameters of the
Zr±N phase diagram using the CALPHAD method was
performed in [32]. A complete Tÿx phase diagram for the
binary Zr±N system at temperatures above 500 K and a
pressure of 1 atm is presented based on available experimental
data and the results of calculations using the density
functional theory (DFT).

When considering the nonstoichiometric phase of ZrNx, a
sublattice model with the introduction of nitrogen vacancies
Zr1�N;Va�1 was used. According to the obtained phase
diagram, shown in Fig. 2, zirconium mononitride ZrNx is
stable in the series of compositions from 38.1 to 50 at. % of N
at a temperature of 2272 K.

The melting point of ZrNx at a nitrogen pressure of 1 atm
is 3084 K and corresponds to a composition of 46.5 at.% of
N. Comparing the Zr±N phase diagram calculated by the
CALPHAD method [32] with the basic one [28] shows good

agreement of the data regarding the maximum homogeneity
region of ZrNx, which, according to [28], is� 40±50 at.%ofN
at a temperature of 2261� 16 K. As for the melting point of
ZrNx, a significant discrepancy should be noted here:
according to [28], Tm � 3683 K at a nitrogen pressure of
1 atm and corresponds to a composition of 46 at.% of N.
Such a significant discrepancy in the melting point values can
be explained by the different choice and preference of studies
devoted to the determination of Tm.

Thermodynamic modeling of the Zr±N system using the
CALPHADmethod associated with ab initio calculations was
undertaken in Ref. [35]. The authors used all experimental,
crystallographic, structural, and thermochemical data avail-
able in the literature for the equilibrium phases in this system.
As a result of the calculations, the thermodynamic para-
meters of the (aZr), (bZr), and ZrN phases, as well as the
liquid phase (L), were obtained.

3. ZrNx melting temperature

The temperature and stoichiometry of the ZrNx composition,
corresponding to the congruent nature of melting, are still the
subject of research and discussion. The melting point of
zirconium nitride has been determined in experimental [23,
37±42] and computational studies [28, 29, 32]. It is known that
Tm of transition metal nitrides depends significantly on the
equilibrium nitrogen pressure. In this regard, the authors of
[23, 40, 42] investigated the effect of nitrogen pressure on the
melting point of nonstoichiometric ZrNx in the homogeneity
region (ZrN0:85±ZrN0:98). The studies were carried out in a
sealed water-cooled chamber in the pressure range of
10ÿ3ÿ60 atm and at temperatures of 2753±3973 K. The
nitrogen pressure, measured by manometers of different
types, was determined with an accuracy of �1%. The error
in temperature measurements using an optical pyrometer is
estimated at �1%. ZrNx samples were obtained by nitriding
zirconium foil with 99.999% pure nitrogen. Equilibrium
preparations were obtained by isothermal holdings of
zirconium nitride at a certain nitrogen pressure until a
constant composition was achieved.

In Ref. [23], it was found that, at a nitrogen pressure of
60 atm, zirconium nitride melts congruently at a temperature
of 3970� 70 K, while its composition corresponds to the
formula ZrN0:98. The obtained melting point value is more
than �700 K higher than the values of Tm given in earlier
papers [37] (3200�50 K), [38] (3255�50 K), and [39] (3283K).
In the listed studies, melting point measurements were
performed at a nitrogen pressure of 1 atm. In addition,
according to the analysis, the sample used in Ref. [37]
contained an oxygen impurity in the form of 7.5 wt.% of
ZrO2. It was shown that the oxygen impurity significantly (by
200±300 degrees) lowers themelting point of zirconiumnitride.

A study of the dependence of themelting point of ZrNx on
the nitrogen pressure under conditions of thermal equilibrium
between the gas and the nitride surface showed that, at
nitrogen pressures of 0.1, 1, 10, and 60 atm, the melting
points are 3333, 3523, 3733, and 3973 K, respectively [42]. In
this case, the compositions of the solid phase and the solid
phase in equilibrium with the liquid were close to each other
only in samples melted at a nitrogen pressure of 60 atm or
higher. In other cases, they differed significantly, indicating
an incongruent nature of melting.

In addition to experimental work, the melting behavior of
ZrNx was investigated using calculations [28, 29, 32].
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According to thermodynamic calculations [28], based on
experimental data, ZrNx melts congruently at a temperature
of � 3943 K and a composition of 48 at.% of N (nitrogen
pressure is higher than 60 atm). It was also found that, at a
nitrogen pressure of 1 atm, ZrNx melts incongruently at
3683 K and 46 at.% of N. According to the results of
thermodynamic modeling in [29], the competitive melting
temperature of zirconium nitride is 3233 K and corresponds
to the stoichiometric composition ZrN (50 at.% of N).
According to [32], the melting temperature of ZrNx at a
nitrogen pressure of 1 atm is 3084 K and corresponds to a
composition of 46.5 at.% of N.

Obviously, with such a spread of data on the temperature
and composition of ZrNx corresponding to the competitive
nature of melting, further direct experimental studies are
necessary, as is numerical modeling based on a critical
assessment of the entire array of experimental data.

In this paper, preference is given to studies [23, 42]:
zirconium nitride melts specifically at a temperature of
3970� 70 K, while its composition corresponds to the
formula ZrN0:98. When choosing the value of Tm, the quality
of the samples was taken into account, confirmed by X-ray
and chemical analysis, as well as the thoroughness in
conducting the experiment.

4. ZrNx formation enthalpy

The enthalpy of zirconium nitride formation was determined
by the calorimetric method in [43, 44]. The preparations used
in [43] were obtained by nitriding zirconium powder in a
nitrogen stream at 1373 K. The samples contained 12.09±
12.245 wt.% of nitrogen, which corresponds to a nitride
frequency of 90.86±91.99%. The combustion of the samples
in oxygen in a calorimetric bombwas carried out at an oxygen
pressure of 25 atm. For the enthalpy of formation of ZrN (cr.)
at 292 K, the authors of [43] obtained a value of
ÿ343:9 kJ molÿ1.

A more reliable value for the formation enthalpy of
zirconium mononitride, close in composition to stoichio-
metric, was obtained in Ref. [44]. Two batches of samples
were prepared by nitriding zirconium in a stream of high-
purity nitrogen for 5 h at 1300±1400 K. According to X-ray
and chemical analyses, both batches of samples were single-
phase and contained 13.35 (batch A) and 13.31 (batch B)
wt.% of nitrogen with a theoretical content of 13.31 wt.% of
N. The samples were burned in oxygen (30 atm) at 303.15 K.
According to [44], the combustion completeness of samples
from batch A was 99.95%, and that of preparations from
batch B was 99.956%. Based on the enthalpy of formation of
DfH

0 (ZrO2, cr., 298.16K)� ÿ1094:1� 0:8 kJmolÿ1 [45], the
authors of [44] obtained the value of ÿ365:3� 1:7 kJ molÿ1

for the standard enthalpy of ZrN (cr.) formation at 298.15 K.
The evaporation of ZrN at temperatures of 2236±2466 K

was studied by the Knudsen effusion method in Ref. [46].
According to the authors, during evaporation, ZrN decom-
poses into metallic Zr and nitrogen N2. Considering the
enthalpy of this reaction (332.8 kJ molÿ1), the standard
enthalpy of formation of DfH

0 (298 K)� ÿ336:5 kJ molÿ1

for ZrN was calculated.
In Ref. [47], based on measurements of the thermal effect

of explosion of a mixture of lead azide in zirconium
(PbN6 � Zr), the value of ÿ301 kJ molÿ1 was obtained for
the enthalpy of zirconium nitride formation at 298 K.
Experiments with mixtures were carried out in a calorimetric

bomb made of stainless steel. The content of powdered
zirconium in the mixture was 65.2 wt.%. The error in
measuring the thermal effect of explosion did not exceed
0.4%.

The enthalpy of ZrNx formation in the homogeneity
region and of a solid solution of nitrogen in zirconium
(a-phase) were determined by the calorimetric method in [18,
48, 49]. The starting materials for obtaining zirconium
nitrides of various compositions from ZrN0:56 to ZrN0:97 [18,
48] were metallic zirconium of 99.7 purity, special purity
nitrogen, or purified ammonia. According to chemical and
X-ray phase analysis, all compositions have a face-centered
cubic lattice. The combustion products of zirconium nitride
and a solid solution of any composition are ZrO2 and
nitrogen. The standard enthalpy of ZrO2 (cr.) formation
(ÿ1100:6� 0:7 kJ molÿ1) required for calculations was
taken from [50]. It should be noted that the value of
DfH

0 (ZrO2, cr., 298.16 K) obtained in [50] is in excellent
agreement with the value of the corresponding quantity
obtained earlier in Ref. [45]. As established by the authors of
Refs [18, 48], with a change in the composition of ZrNx

(x � 0:56ÿ0:97), the enthalpies of ZrNx formation change
significantly (from ÿ234:7� 2:9 kJ molÿ1 to ÿ367:8�
0:8 kJ molÿ1 at 298 K), which should be taken into account
in thermodynamic calculations.

In Ref. [49], samples of a solid solution of nitrogen in
zirconium (a-phase) were prepared by sintering a thoroughly
ground mixture of zirconium nitride of the composition
ZrN0:85 with metallic zirconium. Subsequent annealing was
carried out in a nitrogen atmosphere at a temperature of
1000 �C for 500 h. The dependence of the formation enthalpy
of a solid solution of nitrogen in zirconium and zirconium
nitride on the composition in the homogeneity region are
approximated by two expressions ((1) and (2), respectively):

DfH
0 �ZrNx; 298 K� � ÿ 429:3x� 7:1 �kJ molÿ1�

�0 < x4 0:78� ; �1�

DfH
0 �ZrNx; 298 K� � ÿ�202:1� 169:5x�
� 9:2 �kJ molÿ1� �0:784 x4 1� : �2�

According to Eqn (2), for stoichiometric zirconium nitride
DfH

0�ZrN; 298K��ÿ371:6� 9:2 kJ molÿ1.
Along with experimental determinations of the zirconium

nitride formation enthalpy, this value was estimated using
various calculation methods in Refs [30, 32, 35, 51].

The authors of Ref. [30] estimated the formation enthalpy
of zirconium nitride DfH

0 �ZrN� � ÿ370 kJ molÿ1 at 298 K
and established a relationship between the heat of nitride
formation and the N=Zr ratio.

The enthalpies of formation of stoichiometric nitrides and
carbides of transition metals, including zirconium nitride,
were estimated in Ref. [51] using the chemical bond model.
The bond model is based on the interaction between the
d-orbitals of the metal and the p-orbitals of the nonmetal in
compounds that crystallize in the NaCl structure. For
stoichiometric ZrN, the calculated value of the formation
enthalpy was DfH

0 (298 K)� ÿ365:3 kJ molÿ1.
Using the local density approximation (LDA) and

generalized gradient approximation (GGA) methods, the
authors of [32] estimated the enthalpy of stoichiometric
ZrN formation as ÿ332:897 and ÿ416:599 kJ molÿ1,
respectively.
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In Ref. [35], thermodynamic modeling of the solid phase
in the Zr±N system was performed using the CALPHAD
method in comparison with ab initio calculations. Based on
the analysis of all experimental data available in the literature,
obtained during thermochemical and thermophysical studies,
the authors of Ref. [35] calculated various thermodynamic
parameters, including the enthalpy of stoichiometric zirco-
nium nitride formation: DfH

0 (ZrN, 298 K) �
ÿ350:444 kJ molÿ1 (CALPHAD); DfH

0 (ZrN, 298 K) �
ÿ341:593 kJ molÿ1 (ab initio).

Based on an analysis of the entire set of data presented
above, for practical calculations, it is possible to recommend
the value of the formation enthalpy of zirconium mononi-
trides (stoichiometric and nitrogen-defective), obtained
experimentally in Refs [18, 44, 49]. For stoichiometric
zirconium nitride ZrN, the following consistent values are
given: DfH

0 �298 K� � ÿ367:8� 0:8 kJ molÿ1 [18],ÿ365:3�
1:7 kJ molÿ1 [37], ÿ371:6� 9:2 kJ molÿ1 [49]. The average
value of the enthalpy of formation for stoichiometric
zirconium nitride, taking into account the weights of the
given values equal to 1=�Di�2 (where Di is the uncertainty of
the ith value), is DfH

0 �298 K� � ÿ366:98� 1:00 kJ molÿ1.

5. Electronic structure. Chemical bond

The electronic structure and nature of the chemical bond in
zirconium nitride are considered in Refs [21, 31, 34, 52±58],
based on numerous experimental studies and calculated data.
An analysis of the papers showed that the chemical bond in
nitrides of transition metals of group IV has a complex nature
and includes contributions from covalent, metallic, and ionic
components. Due to this combination of bonds, the materials
have an unusual set of useful properties: very high melting
points (5 3000 K) in combination with high thermal and
electrical conductivity.

The determinative properties of nitrides are the Me±N
and Me±Me interactions. The ratio of various contributions
and the change in the nature of the chemical bond in nitrides
depend mainly on the features of the electronic structure of
the elements that form these compounds. The electronic
structures of zirconium and nitrogen atoms can be repre-
sented as �Kr�5s24d2 and �He�2s22p3, respectively. The Zr±N
covalent bond is due to four valence electrons of the metal
atom that form directional bonds with four valence electrons
of the nitrogen atoms. With an increase in the nitrogen
content in zirconium nitride, the total strength of the
chemical bond within the homogeneity region increases,
with the Zr±N covalent bond being dominant [34, 52, 56].

Nitrides of transition metals of group IV with expanding
d-shells, when interacting with nitrogen, tend to stabilize the
d5 configuration as much as possible, which leads to greater
localization of valence electrons on the Me±Me bonds and a
further increase in the share of this bond in the total strength
of the chemical bond. With a decrease in the nitrogen content
in nitrides of such metals, a redistribution of the electron
density between the Me±N and Me±Me bonds occurs,
accompanied by a change in the nature of the bond from
predominantly covalent to metallic [55±58].

The ionic contribution to the chemical bond is a
consequence of the difference in electronegativity between
the metal and the nonmetal. As is known, nitrogen is one of
the most electronegative elements, due to which the covalent
bond in zirconium nitride is somewhat polarized, and the
overall degree of the bond ionicity increases with increasing

nitrogen content in the compound. Zirconium nitride has an
electron type of conductivity throughout the homogeneity
region. The high thermal and electrical conductivity of ZrNx,
characteristic of metals, is due to the ability of delocalized
electrons to move through the crystal lattice. In general,
nitrides of refractory metals are characterized by a covalent-
metallic bond.

6. Superconductivity

Some nitrides, such as TiN, ZrN,HfN, and dNbN (all with an
NaCl structure), are superconductors with transition tem-
peratures Tc of 5.5, 10, 8.8, and 17.3 K, respectively [21].
Superconductors are materials whose electrical resistance
becomes zero upon reaching a certain, so-called critical,
temperature Tc. In a constant magnetic field, superconduc-
tors behave differentlyÐ there are type I and type II super-
conductors. It has been experimentally found that, in a
cylindrical-shaped type I superconductor placed in a long-
itudinal magnetic field, the field is completely expelled
(Meissner effect) if the field magnitude does not exceed a
certain critical level Hc. In a field of higher intensity,
superconductivity disappears, and the superconductor tran-
sits to the normal state. Such a transition is a first-order phase
transition. Pure metals, except for niobium, in which super-
conductivity is observed, belong to type I superconductors.

Many alloys and nonmetallic materialsÐ carbides,
nitrides, and borides, including zirconium nitrideÐare
type II superconductors. There are several critical magnetic
fields (H1, H2) for type II superconductors. If the field
strength H is less than H1, the magnetic field is completely
expelled from the volume of the conductor, demonstrating
the complete Meissner effect. The substance is then comple-
tely in the superconducting state. If the field is such that
H1<H<H2, the field is not completely expelled from the
conductor. A partial Meissner effect, or the so-called mixed
state, is observed, in which the sample contains both super-
conducting and normal phases. It is also possible that there is
another critical field H3, such that, if the field strength
H2 < H < H3, the volume of the conductor is in the normal
state, and its surface layers are in the superconducting state.
In a field aboveH3, only the normal phase exists. Transitions
of a type-II superconductor in a magnetic field from one state
to another are second-order phase transitions.

For compounds of variable composition, which include
ZrNx, it was found that the transition temperature to the
superconducting state Tc has a maximum value for samples
with a stoichiometric composition and decreases with devia-
tion from it [25, 59].

The authors of Ref. [59] investigated the dependence of
the critical temperature Tc on the composition of ZrNx by
measuring electrical resistance using a universal four-contact
method and heat capacity using a low-temperature adiabatic
calorimeter. The composition of the four samples studied,
according to chemical analysis data, was as follows: ZrN1:01,
ZrN0:93, ZrN0:88, ZrN0:74 (or 50.2, 48.2, 46.8, 42.5 at.% of
nitrogen). According to the results of electrical resistance
measurements, three samples, ZrN1:01, ZrN0:93, and ZrN0:88,
demonstrate the phenomenon of superconductivity at tem-
peratures of 8.5, 5.1, and 1.96 K, respectively. Heat capacity
measurements were performed in the temperature range of
2±15K for ZrN1:01 and ZrN0:93 and in the range of 2±10K for
ZrN0:88 and ZrN0:74. According to calorimetric measure-
ments, only two samples with the maximum nitrogen
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content, ZrN1:01 and ZrN0:93, undergo a transition to the
superconducting state at temperatures of 8.9 and 6.1 K,
respectively. According to the authors of [59], this circum-
stance can be explained by the fact that the critical
temperature Tc for the sample of the ZrN0:88 composition is
lower than the temperature at which the heat capacity
measurement begins. The results of measurements of the
heat capacity of ZrN1:01 and ZrN0:93 samples in the range
of 2±15 K are presented as the plot of Cp=TÿT 2 in Ref. [59].
The width of the temperature range in which the transfor-
mation occurs is DT � 1:5ÿ3 K. Moreover, according to
the plot, the maximum values of heat capacity for ZrN1:01

and ZrN0:93 samples at the transition points are approxi-
mately Cp�8:9 K��0:049 J molÿ1 Kÿ1 and Cp�6:1 K� �
0:024 J molÿ1 Kÿ1, respectively. The authors of [59] note
that, when measuring the heat capacity in a magnetic field
that suppresses the transition to the superconducting state,
the heat capacity curves are almost straight lines without any
anomalies. As noted in [59], the superconducting transition
temperature Tc depends significantly on the stoichiometry of
zirconium nitride ZrNx, as well as on themethod of obtaining
the sample and its preliminary temperature treatment.

In Ref. [60], the critical temperature Tc was measured in
two samples prepared by two different methods (nitriding of
metallic zirconium in nitrogen and nitrogen-hydrogen plasma
arcs). Both ZrN samples had a stoichiometric composition:
the powder density measured by the pycnometric method was
close to the density determined by the X-ray diffraction
method. The values of Tc obtained by measuring the
electrical resistance by the four-contact method were 10.4
and 10.1 K, respectively.

In Ref. [61], the effect of tensile and shear deformation on
the superconductivity of ZrNwas investigated by calculation.
The results show an increase inTc to 17.1K, which is achieved
by stretching along the crystallographic axis [001].

7. Zirconium nitride low-temperature
heat capacity

Low-temperature measurements of the heat capacity of
zirconium nitride [62] were performed following the high-
temperature ZrN enthalpy measurements in [63]. The materi-
als used in [62] were identical to those described in [63].
Zirconiumnitride ZrNwas prepared from amixture of 94.8%
of zirconium nitride and 5.2% of zirconium hydride. The
material was treated at 1250 �C in a nitrogen and hydrogen
flow in a ratio of 3:1 until analysis showed a content of
86.65% zirconium, after which there was further heating in
vacuum at 1250 �C for 14 h. According to a chemical analysis
of the final product, the ZrN sample contained 86.75%
zirconium, with a theoretical content of 86.69% Zr. The
heat capacity measurements were performed in the tempera-
ture range of 53±298K using a vacuum adiabatic calorimeter;
the measurement error was estimated by the author at 1.7%.

Extrapolation to 0 K was performed using the empirical
Debye and Einstein functions according to the equation
Cp�T � � D�360=T � � E �673=T �. According to [62],
S 0�0ÿ51 K� � 1:73 J molÿ1 Kÿ1 and S 0�51ÿ298:16 K� �
37:15 J molÿ1 Kÿ1. Thus, the standard value of the entropy
of ZrN is S 0�298:16 K� � 38:88� 0:20 J molÿ1 Kÿ1.

Until recently, these were the only experimental studies of
the low-temperature heat capacity of zirconium nitride. A
2009 paper [64] presents the results of measurements of the
heat capacity of ZrN in the temperature range of 1.8±303 K

using the high-vacuum (pressure � 0:01 mbar) semi-adia-
batic setup PPMS-9 (Physical Property Measurement Sys-
tem. Quantum Design). A sample of zirconium nitride was
obtained by sintering a powder (Alpha Aesar) containing
87.53 wt.% of Zr and 12.29 wt.% of N, which corresponds to
the formula ZrN0:9088. The main impurities were Hf
(0.6739 wt.%) and C (0.09 wt.%); the density of the sample
was 82.4% of the theoretical value. The measurement results
are presented in graphical form. The authors of [64] note very
good agreement between their results and low-temperature
data [62]. It should be noted that the transition of ZrN to the
superconducting state, previously noted in [59], was not
detected in [64].

The standard values of heat capacity, entropy, and
enthalpy of ZrN at 298.15 K adopted in this study were
calculated according to the data from [62] and are
C 0

p �298:15 K� � 40:42� 0:20 J molÿ1 Kÿ1, S 0�298:15 K� �
38:90� 0:30 J molÿ1 Kÿ1, and H 0�298:15 K�ÿH 0�0� �
6:590� 0:03 kJ molÿ1, respectively.

8. High-temperature enthalpy and heat capacity

Characterization of high-temperature dynamic properties of
zirconium nitride used as an inert matrix plays a key role in
assessing the performance and safety associated with the
implementation of nitride fuel systems in a nuclear reactor.
High-temperature measurements of the enthalpy increment
of ZrNx were performed in [63, 65±67]. The results of the
measurements [67] are also reflected in books [54±56]. In all
cases, the studies were carried out by the dropping method, in
which enthalpy is the characteristic determined directly. To
achieve an equilibrium state of the substance under study, the
holding time of the sample at each measurement temperature
is at least 30 min, after which the sample is dropped into a
calorimeter.

The measurements of the zirconium nitride enthalpy
increments in Ref. [63] were performed in the temperature
range of 371±1672 K. As was said above (Section 7), the ZrN
sample contained 86.75% of zirconium, which is close to the
stoichiometric composition.

The high-temperature enthalpy of zirconiummononitride
was investigated in [65] (533±2928 K) and [66] (523±2772 K).
The sample used in [65] contained (wt.%) 86.9 of Zr, 12.8 of
N, and 0.1 of Fe. In Ref. [66], the samples obtained by hot
pressing, according to chemical analysis data, had a purity of
98%and contained (wt.%) 84.6 of Zr and 13.5 ofN, as well as
impurities (0.8 of H, 0.5 of Ca, 0.4 of Si, and 0.2 of F).

In Ref. [67], the enthalpy of zirconium mononitride in the
homogeneity region was studied in the temperature range of
1200±2400 K. The authors used powders of preparations
obtained by nitriding zirconium in an ammonia flow at
1170 K for 3 h with subsequent holding in purified nitrogen
at 1350±1500 K (up to 4 h). X-ray analysis of the obtained
samples for the compositions ZrN0:72, ZrN0:84, ZrN0:90, and
ZrN0:96, carried out before and after the experiments,
confirmed the single-phase nature of the preparations. The
change in the mass of the samples during the experiments did
not exceed 0.1%, which indicates the stability of the
composition of the studied preparations. The given values of
the enthalpy increments represent the average values of 6±
7 measurements at each temperature.

As a result of processing their experimental data, the
authors of Ref. [67] derived a generalized concentration-
temperature dependence of the enthalpy of zirconium
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mononitride in the homogeneity region at temperatures of
1000±2200 K, which is described by the equation

H 0�T � ÿH 0�298 K� � �1ÿ2:705x� 3:643x 2�
� �41:885T� 503:672� 10ÿ5 T 2ÿ12971� �J molÿ1� ;

�3�
where x is a variable expressing the composition of the nitride
ZrN1ÿx. The standard deviation of the experimental data
from those calculated using this equation is 1.3%.

Taking into account the good agreement of their resultswith
the data in [63], the authors of [67] calculated the main
thermodynamic characteristics (heat capacity, enthalpy,
entropy, and reduced thermodynamic potential) for stoichio-
metric ZrN (x � 0) in the temperature range of 298±2500 K. A
comparison of the values of the enthalpy increments of
stoichiometric zirconium nitride calculated by Eqn (3) at
temperatures of 1200, 1600, 1900, and 2200 K with the data
from [65] and [66] reveals discrepancies of (ÿ7:4, ÿ5:3, ÿ3:7,
ÿ2:2%) and (ÿ3:8,ÿ2:7,ÿ2:9,ÿ3:0%), respectively, while the
maximum discrepancies between the results from [67] and the
reliable data from [63] do not exceed 1%. For this reason, the
data from [65] and [66] were not taken into account when
deriving the heat capacity equation for ZrN in the present study.

High-temperature measurements of the heat capacity of
ZrN were performed in [64, 68±70] using a differential
scanning calorimeter (DSC). No experimental data are
presented. The results of the studies in all the listed papers
are presented as equations of the temperature dependence of
the heat capacity for stoichiometric ZrN.

In [68], a polycrystalline ZrN sample was prepared from
powder by spark plasma sintering. X-ray analysis at room
temperature showed single-phase ZrN with a cubic NaCl-
type structure. The bulk density was 82% of the theoretical
value. Heat capacity measurements from room temperature
to 1273 K were performed in an atmosphere of high-purity
argon (99.999%). The results are presented as an empirical
equation for the heat capacity of ZrN in the temperature
range of 400±1300 K:

Cp�T ��67:10ÿ3:171� 10ÿ2 T� 2:00� 10ÿ5 T 2ÿ1:505
� 106 Tÿ2 �J molÿ1 Kÿ1� : �4�

The heat capacity values calculated using the equation given
in [68] are higher than those in the rest of the data array by
� 5ÿ6% over the entire measurement range.

The experimental results ofmeasuring the heat capacity of
ZrN in the temperature range of 400±1400 K, carried out in
[69], are presented in the form of the equation

Cp�T � � 45:86� 6:82� 10ÿ3 Tÿ5:54
� 105 Tÿ2 �J molÿ1 Kÿ1� : �5�

Comparing the results obtained for zirconium nitride with the
literature data, the authors of [69] note the best agreement
with the experimental data in Ref. [63] and those calculated in
[71]. The authors of [71] proposed a method for calculating
the temperature dependence of the isobaric heat capacity of
titanium, zirconium, and hafnium nitrides using IR absorp-
tion spectra and elastic constants in the range of 300±1800 K.
According to the authors of Ref. [71], good agreement
between the calculated and experimental values allows one
to reliably estimate the heat capacity of nitrides and other
isostructural phases up to their melting temperatures.

The measurements of the heat capacity of zirconium
nitride, performed in the same laboratory with an interval of
2 years, are presented in [70] (2007) and [64] (2009). A detailed
analysis of the sample of composition ZrN0:9088, used in both
papers, is given in Ref. [64] (Section 7). The empirical
equation of the temperature dependence of the heat capacity
of ZrN in the range of 373±1463 K, obtained in [70], describes
the experimental data with an average error of 1.15%:

Cp�T � � 43:50� 6:82� 10ÿ3 Tÿ6:00
� 105 Tÿ2 �J molÿ1 Kÿ1� : �6�

However, at high temperatures, as noted by the authors, the
calculated curve Cp�T � deviates from the experimental data,
the maximum discrepancy being � 4%. According to the
authors of Ref. [70], such behavior of the heat capacity of
zirconium nitride at high temperatures can be caused by
oxidation of the sample, as evidenced by its darkening after
several measurement cycles. The results of the repeated
measurement [64] are also presented in the form of an
equation for the temperature dependence of the ZrN heat
capacity in the range of 373±1463 K:

Cp�T � � 43:60� 6:82� 10ÿ3 Tÿ5:00
� 105 Tÿ2 �J molÿ1 Kÿ1� : �7�

A comparison of the heat capacity curves Cp�T �, obtained in
Refs [70] and [64], shows that the curves lie equidistant from
each other in the entire temperature range of 373±1463Kwith
an insignificant discrepancy of 0.3%. At the same time, a
comparison with themost reliable literary data shows that the
results [70, 64] are underestimated by � 5%.

Critical analysis of all the above-mentioned literature data
indicates a significant scatter in the results of high-tempera-
turemeasurements of the enthalpy and heat capacity of ZrNx.
The scatter in the thermodynamic characteristics of zirco-
nium nitride can be due to a number of reasons, such as the
stoichiometry of ZrNx, the presence of structural defects
(vacancies in the nitrogen sublattice), microstructure, poros-
ity, the presence of impurities (mainly oxygen, carbon,
hafnium), and, last but not least, the method of obtaining
and preliminary heat treatment of the studied samples.

When selecting the data for deriving the equation for the
heat capacity of crystalline ZrN, the quality of the samples
and the characteristics of the measuring equipment were
considered. The equation for the temperature dependence of
the heat capacity of ZrN in the temperature range of 298.15±
3970 K was obtained by joint processing of the data [63, 67,
69], with the error of all data estimated at 2%. The results of
high-temperature measurements were consistent with the
low-temperature data [62]:

C 0
p �T � � 46:691� 6:693� 10ÿ3 Tÿ7:361

� 105 Tÿ2�0:156�10ÿ6 T 2 �J molÿ1 Kÿ1� : �8�

The form of this dependence, as well as the data [64, 68±70],
are shown in Fig. 3.

Worth attention are studies of the heat capacity of mixed
nitrides �Pu0:25Zr0:75�N [69] and �Zr0:78Pu0:22�N [64], which
are of interest in the context of using nitride fuel, in which
ZrN serves as an inert matrix. In Ref. [69], the measurements
of the heat capacity of �Pu0:25Zr0:75�N in the range of 400±
1400 K were performed using a differential scanning
calorimeter (DSC 404 NETZSCH). The measurement error
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was estimated by the authors at� 5%. The experimental data
obtained were approximated by the equation

Cp�T � � 47:24� 1:18� 10ÿ2 Tÿ2:78
� 10ÿ6 T 2 �J molÿ1 Kÿ1� : �9�

The results of high-temperature measurements of the heat
capacity of �Zr0:78Pu0:22�N, performed using a semi-adiabatic
DSC in the temperature range of 373±1463 K [64], are
presented by the equation

Cp�T � � 33:83� 4:75� 10ÿ2 Tÿ4:00� 105 Tÿ2ÿ3:60
� 10ÿ5 T 2�1:00�10ÿ8 T 3 �J molÿ1 Kÿ1� : �10�

The measurement error, according to the authors' estimate
[64], was 3%.

The curves of the temperature dependence of the heat
capacity Cp�T � of mixed nitrides are shown in Fig. 4.

9. Liquid zirconium nitride heat capacity

Until recently, the thermodynamic properties of liquid
zirconium nitride had not been considered in the literature.
The heat capacity of stoichiometric liquid ZrN was estimated
in the reference books [72] (66.944 J molÿ1 Kÿ1), [73]

(66.944 J molÿ1 Kÿ1), and [74] (58.576 J molÿ1 Kÿ1). The
estimated enthalpies of melting at the recommended melting
temperatures (3253, 3253, and 3225 K) were 83.68, 83.68, and
67.362 kJ molÿ1, respectively.

An attempt to study the melting process and the heat
capacity of the liquid phase of ZrN was made in Ref. [75].
The authors used the pulsed electric current heating method
[76], which makes it possible to measure the bulk properties
of a substance (electrical resistance, enthalpy, and heat
capacity). Zirconium nitride samples were deposited in the
form of a thin layer (2.5 mm) on insulating substrates
(K-8 glass) using magnetron sputtering. Pulsed current
heating ensured that the nitride reached the melting region
within 5 ms. The same authors subsequently used the
method under consideration to study comparatively mas-
sive sintered zirconium nitride samples [77] containing
about 10 mol.% tetragonal zirconium dioxide, i.e., a large
amount of oxygen impurity. Given the lack of other data,
we will consider the results of these studies in more detail.
Figure 5a shows a view of ZrN coating deposited on a K-8
glass plate [75]. A typical view of a glass cell with a glued-
in sintered sample (plate) is shown in Fig. 5b.

Figure 6 shows a typical form of oscillograms obtained
in an experiment on pulsed heating of a sintered ZrN
sample [77].

The results of processing oscillograms for one such rapid
heating of zirconiumnitride are presented below (see Figs 8, 9).

In Refs [75, 77], the temperature of the samples was
measured using a high-speed brightness pyrometer, which
was calibrated using a temperature lamp. The temperature of
the samples was calculated in [78] using Planck's formula for
blackbody radiation and literature data on the spectral
emissive capacity of zirconium nitride, which resulted in the
dependence T �ti�. Measurements of the current through the
sample and the voltage drop across the sample were
performed using a digital oscilloscope.

The Joule heating energy dissipated in the sample was
calculated using the formula [79]

E �t� � 1

m

� t

0

I�t�U�t� dt � 1

m

Xk
0

I�ti�U�ti� t ; �11�

wherem is the sample mass; t is the current time, a multiple of
t, where t is the digital oscilloscope sampling period; t1 is the
ith moment of time from the start of the sweep; U�ti� �
u�ti� ÿ L�I�ti�1� ÿ I�ti��=t is the voltage drop across the
active resistance of the sample; u�ti� is the voltage drop on
the sample; and L is inductance of the sample.

The heat capacity of the samples was calculated, ignoring
small heat losses (less than 1% for massive samples)
according to the formula [79]

Cp �
E
ÿ
T �ti � nt��ÿ E

ÿ
T �ti�

�
T �ti � nt� ÿ T �ti� ; �12�

where E �T � is the Joule heating energy (11); ti, �ti � nt� is the
beginning and end of the i-th time interval; and n is the
number of points in the specified time interval. The obtained
value of Cp was related to the average temperature of the
interval Tref � �T �ti � nt� � T �ti��=2.

The elemental composition of the samples in [75, 77] was
approximately the same: N=Zr � 1:33 and 1:36, the oxygen
content being 10.76 and 7.25 at.%. The nonmetal/Zr ratio
was greater than the N=Zr ratio. The density was 6.7 and
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6.9 g cmÿ3, respectively. The density of the ZrN coating was
estimated by the mass of the deposited layer on the witness
sample. For comparison, the density of pure ZrN according
to [80] is 7.09 g cmÿ3, while according to [31] theX-ray density
is 7.32 g cmÿ3.

It should be noted here that, unlike zirconium carbide, the
nitride lattice can have not only nonmetal (nitrogen)
vacancies, but also metal vacancies, i.e., the N=Zr ratio can
be either less than or greater than 1, depending on which
sublatticeÐmetal or nonmetalÐhas more vacancies [31]. In
these samples, the number of vacancies in the zirconium
sublattice was greater than in the nitrogen sublattice.

The microstructure of the film samples (Fig. 7a) differed
from that of the bulk samples (Fig. 7b). The surface of the
ZrN coating (Fig. 7a) consisted of blocks with dimensions of
0.2±0.5 mm, between which developed slit-like pores were
visible. The fracture of the sintered ZrN sample (Fig. 7b)
was predominantly transcrystalline in nature with character-
istic cleavage steps on the grains of the base material, the
linear dimensions of which were � 10 mm.

The difference in microstructure resulted in significant
differences in the specific electrical resistance (related to the
initial dimensions of the sample): in [75] it was 900 mO cm
near the melting point and in [77] it was 130 mO cm.

According to [75, 77], zirconium nitride melted at 2700 K
(in [77] in the temperature range of 2600±2700 K), which is
significantly lower than the Tm values given in other
experimental studies (3200±3970 K depending on the nitro-
gen pressure (see Section 3)). The authors of [75, 77] explained
such a low melting point by the presence of a large amount of
oxygen in both cases (4.05 and 2.6 wt.%, respectively). It is
known that an oxygen impurity in an amount of 0.5±1 wt.%
reduces the melting point of zirconium nitride by 200±300 K
[42]. It can be assumed that the higher content of this impurity
in [75, 77] led to a greater decrease in the melting point of ZrN
(by 500 K or more). The effect of the superstoichiometric
composition of the samples on the melting point cannot be
ruled out either.

The temperature dependences of the specific heat capacity
[75, 77] are plotted in the temperature ranges of 2000±3200 K
and 2300±4500 K, respectively. In [75], the specific heat
capacity of liquid ZrN was approximately constant, and it
was Cp � 140� 70 J molÿ1 Kÿ1 in the temperature range of
3000±3200K. The large error in thesemeasurements is caused
by the high error in determining themass of the sample (errors
in measuring the density and measuring the thickness of the
film sample). Figure 8 shows the specific heat capacity of
sintered ZrN, obtained in experiment [77].

In [77], the specific heat capacity of the solid phase was not
measured, and the liquid phaseCp (curve 3 in Fig. 8) decreases
after melting and then remains almost constant in the
temperature range of 2900±3700 K with an average value of
84� 25 J molÿ1 Kÿ1. Then, it increases almost linearly to
116� 35 J molÿ1 Kÿ1 with an increase in temperature to
4000 K, which is possibly due to the sample approaching the
boiling point. For sprayed samples, the measurement error is
significantly higher than for sintered ones. Due to much
smaller uncertainties, preference should be given to the data
from [77]. Note that the result in [77], 84� 25 J molÿ1 Kÿ1, is
close to estimates [72, 73].

Figure 9 [77] shows the result of measuring the tempera-
ture dependence of the specific electrical resistance of the
nitride 0:9ZrN� 0:1ZrO2. The studied range of 2300±4500 K
is divided by the break points of curve 1 into three regions: the
solid phase (up to 2600K); themelting region of 2600±2700K;
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Figure 5. (a) Side surface of plate ofK-8 glass with ZrN coating. Coating thickness is indicated [75]. (b) One of the glass cells with a sample of sintered ZrN:
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and the region of the liquid phase, in which the electrical
resistance increases almost linearly. In the temperature range
of 2700±4200 K, this dependence has the form r �
183� 0:106�Tÿ2700� (mO cm).

Note the good agreement between the results of measur-
ing the specific electrical resistance of ZrN in the solid state
during pulsed and steady-state heating. However, the melting
temperature (region 3±4 in Fig. 9) is underestimated due to
the significant oxygen content in the original samples.

It follows from the above that the melting process and
thermodynamic properties of the liquid phase of zirconium
nitride require further careful study using samples with a
minimum content of impurities (especially oxygen). A
convenientÐand practically the onlyÐmethod for such
studies is heating with a current pulse of microsecond
duration [76]. In such a short time, all types of heat loss are
less than 1±2%, which allows them to be ignored and the
specific heat capacity of the sintered sample to be directly
measured. The method is used to study metals [81], as well as
graphite [82] and conductive ceramics [83], to temperatures of
5000±8000 K. In the latter case, as experiments show, it is
possible to heat brittle samples of carbides, as well as the
zirconium nitride under consideration, until melting without
destruction.

Let us note the main important advantages of studying
conductive substances with rapid (microsecond) heating by
current:

(1) The sample has a constant cross section (foil or wire).
This ensures the equality of the current density, and therefore
the temperature, at all points of the sample, which allows
reliable measurement of the temperature, in particular, when
using the black bodymodel (when the emissive capacity of the
material is unknown).

(2) Due to the short duration of the process, the shape of
the sample remains unchanged during the experiment (due to
the inertia of the mass), while thermal expansion is not
limited: the speed of sound in the material ensures normal
thermal expansion during the experiment. For example, in the
experiment, the boiling of hafnium was observed at a
temperature of about 4900 K [81] (in the form of a piece of
wire) with both the shape of the cylinder and its position in
space remaining unchanged.

(3) To conduct the experiment, it is sufficient to use a
small amount of material. For example, in [83], data are
presented on the study of the properties of a plate of mixed
carbide (TaC�HfC) with a thickness of 1 mm up to 5000 K.
This property of the method is advantageous, for example, in
the study of precious metals.
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Figure 7. (a) Surface microstructure of ZrN coating 2.5 mm thick. (b) Microstructure of the sintered ZrN sample kink. Light areas are enriched with

tungsten.
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0:9ZrN� 0:1ZrO2: 1 Ðdata for ZrN [72, 73]; 2 Ðdata for ZrN [74];

3Ðdata from [77]. The dashed part of curve 3 is presented for illustration

only; 4Ðmelting region; 5Ðhypothetical boiling [77].
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[84]; 3 Ðmelting beginning; 4 Ðend of melting and beginning of liquid

phase [77].
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10. Zirconium nitride in modern technologies

Below is a brief illustrative list of works demonstrating the
continuing interest in zirconium nitrideÐa substance that
finds application in a wide variety of fields of science and
technology. The use of ZrN in nuclear technology was
mentioned above. Review [85] examines modern thermal
protection systems for aircraft and summarizes the achieve-
ments ofRussian and foreign science in the field of developing
carbon-ceramic composite materials, ``...the components of
which are super-refractory borides, carbides and nitrides of
transition metals of group IV (ZrB2, HfB2, ZrC, HfC, ZrN,
HfN)'' [85]. Review [85], in general, is aimed at studying
methods for providing thermal protection for aircraft under
high-temperature conditions in the presence of thermal and
chemical processes in the gas flow and in the protective
coating itself.

Zirconium nitride has a relatively simple NaCl-type
lattice, which can be represented as two face-centered cubic
lattices consisting of zirconium and nitrogen atoms, nested
one inside the other and shifted relative to each other by half a
period. The simplicity of this lattice allows studying the
properties of ZrN and materials based on it using computa-
tional methods [86], as well as investigating the possible
existence of a whole set of stable and metastable nitride
phases of zirconium of different stoichiometries using com-
puter modeling [87].

The set of unique properties of ZrN (thermal, electrical,
radiative, etc.) finds application in promising solar energy
systems [88] and fuel cells [90]. Analyses of the superconduct-
ing properties of ZrN are used to create new superconducting
materials [90]. A large number of papers are devoted to the
description of variousmethods for obtaining and studying the
properties of nitride films [91].

11. Conclusion

The combination of nuclear-physical, thermal, and mechan-
ical properties makes zirconium nitride a promising material
for nuclear power engineering, in particular, as an inert
matrix material in the development of fuels for various types
of reactors. Zirconium nitride is used in aircraft and rocket
engineering as one of the components of composite heat-
shielding materials. Zirconium nitride is also known to be
used in other high-temperature technologies. All this requires
obtaining reliable data on the thermophysical properties of
zirconium nitride in the widest possible temperature range.

Based on a critical analysis and numerical processing of
experimental data on the high-temperature enthalpy and heat
capacity of zirconium nitride available in the literature, an
equation for the temperature dependence of the heat capacity
of solid ZrN in the temperature range of 298.15±3970 K was
obtained:

C 0
p �T � � 46:691� 6:693� 10ÿ3 Tÿ7:361

� 105 Tÿ2�0:156�10ÿ6 T 2 �J molÿ1 Kÿ1� :

Based on the analysis of available literature data on the
nature and melting point of zirconium nitride of various
compositions and at various nitrogen pressures, the tempera-
ture of congruent melting of ZrNx was selected. When
choosing the temperature and stoichiometry of the ZrNx

composition corresponding to the congruent nature of
melting, preference was given to the value Tm �

3970� 70 K with a composition of ZrN0:98 and a nitrogen
pressure of 60 atm.

To obtain the most accurate value of the enthalpy of
ZrNx formation in the homogeneity region, calorimetric
measurement data and estimates of this value by various
calculation methods were used. As a result of the analysis of
the entire set of data presented, the value DfH

0�298:15 K� �
ÿ366:6� 1:5 kJ molÿ1 can be recommended for stoichio-
metric ZrN.

The liquid phase of zirconium nitride had not been studied
until recently. For the first time, the properties of the liquid
phase of zirconium nitride were investigated by the method of
rapid microsecond heating with a current pulse up to 4000 K.
Samples of nitride with an oxygen content of� 10 at.% were
investigated in the form of a film coating 2.5 mm thick and in
the form of sintered ceramics 140 mm thick. According to
preliminary estimates, the high content of oxygen impurities
led to a decrease in the melting point of the nitride to 2700 K.

The heat capacity of the liquid phase of zirconium nitride
(composition 0:9ZrN�0:1ZrO2) at temperatures of 2900±
3700 K is constant and equal to Cp�84� 25 J molÿ1 Kÿ1,
which is close to the estimates obtained earlier in several
reference books. The specific electrical resistance of the liquid
phase of zirconium nitride of the same composition in the
temperature range of 2700±4200 K changes linearly:
r � 183� 0:106� �Tÿ2700� [mO cm].

In this paper, it is shown that the method of heating with a
microsecond current pulse allows studying zirconium nitride
and other superdense substances on comparatively massive
and thin sprayed samples. This method is most suitable for
studying the properties of the solid phase nearmelting and the
melting region of the liquid phase of refractory and super-
refractory conducting substances.
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