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POLLOWING ARE THE CORRESPONDING RUSSIAN AND ENGLISH
DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS

Russian English
sin sin
cos cos

tg tan
octg cot
seo seo
co0800 oso

sh sinh
ch cosh
th tanh
oth coth
sch sech
csch csch
arc sin sin-1
arc cos cos™t
arc tg tan=1
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arc sec sec-1
arc coses ole‘l
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arc ch cosh~i
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arc oth coth~1
aro sch sech™
arc csch ocsch"~
rot curl
1g log
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PREFACE

The principal bases of technical progress are the development
of power engineering [energetics], the automation of production and
the development of new materials. Such new materials must satisfy
the complex requirements of contemporary technology, possessing
either individual, specific, rather clearly expressed properties,
or complexes of properties.

Especially great importance is being acquired by the

- development of materials, which can bhe explolited a%t extreme — very
high, or very low - magnltudes of temperatures, pressures, velocitles,

stresses, radiation fluxes, gas flows.

Among, such materials the most promising are the refractory
metals, their alloys, ahd aiso compoqnds of refractory metals with
nonmetals - boron, carbon, nitrogen, silicon, and so forth, many
of which are already being successfully used in electronlics, atomic
power engineering, semiconductor and dielectric technology, spnace
technology, contemporary machine building, metallurgy, the chemical
industry, electrical technology and other fields. '

Speclal interest 1s helns manifested in compounds of metals
and nonmetals and nitrogen, tiie so-called nitrides, among which
many possess high refractoriness, dielectric and semiconductor
properties, the ablility to develop superconductivity a. relatively

FTD~-MT-24-62-70 vi
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high temperatures, with high chemical stability in different
aggressive medla, wear reslstance, and others - .catalytical activity,
low melting points, low values of hardness, lubricating properties.

The investigation of nitrides began in the first third of the
past century with the works mainly of French and German naturalists,
but was especlally expanded at the beginning of the Twentieth
Century in connéction with the overall development of chemistry and
the requirements of metallurgy #~d other fields of technology.

A consliderable contribution to the investigation of the methods
of p?oducﬁion, the properties and the fields of application of
nitrides waé made by Russjan scientists, of whom it is necessary to
mention first I. I. Zahukov, who carried out a number of fundamentally
important and in many respects bagic works on nitrides in the first
quarter of the Twentieth Century.

Important works in this ﬁireéticn were made abroad by G.
Brauer; R. Junza, G. Higg, Nu.Schénbarg, E. Gebhardt, C. Agte, E.
Griederich, L. Sittig. In the UééR'gprks on the synthesis and
investigation of nicrides of the %ra;sition metals and certaln
nonmetals were carried out in the ;Physicochemical Institute im.

L. Yz. Xarpov under the leadership oi B. F. Ormont, on electron
Giffractvion investigation of nitrides — in the Institute of Crystallo-
graphy of the Academy of Sclences of 4’12 USSR under the leadership

of Z. G. Pinsxer. 1In recent years woris have expanded on refractory
nitride materials (D. N. Poluboyarinov, N. I. Voronin, S. G.
Tresvyatskxiy), comprehensive investigations were conducted in the
Institute of Problems of the Science of Materials of the Academy

of Sg}ences of the Ukrainian SSR.

However the problem of investiggting and applying nitrides is
still far from being solved - 2ll thé preceding investigations have
only outlined the most promising directions for subsequent, more ‘

thorough works.

FTD~MT=2L=62~70 vii .




The information on nitvrides is éxtremely scatteféd‘iﬁfvarious
orizinal works, which appeared during the last one and-a- Half
centuries which hampers thelr application and the creation of a
3ingle concept about this important class of inorganic compounds.

In the present book the author has set as his purpose to fill
in this gap to some degree and %o assist in the subsequent investiga-
sion and expansion in the application of these compounds in practice,
arnd to familiarize the large community of metallurgists and chemists

with them.

It is natural, that this first attempt cannot be free from
deficiencies.’

The author considers it his duty to note the contribution in
the investigation of nitrides, which was made by his talented
pupil, T; S. Verkhoglyadova, who prematurely departed this life,
and. also to express his deep gratitude to P. V. Gel'd for the great
labor in reviewing this book and the valuable remarks, which made
it vossible to substantially improve the book, and dlso to all the
Soviet and foreign sclentists, who furnished impressions in their
works, which substantially facilitated the writting of this book.
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INTRODUCTION

Among the compounds, formed by the 2lements of the periodic
system with nonmetals, the compounds with nitrogen — the nitrides -
occupy a special place with respect to the atom ability of the nitrogen
to atcept electrons from a partner with the completion of the stable
(in an energy regard) configuration of szp6 electrons or to givelup
an c<lectron to a partner with the formation of the stable sp3
configuration. In the first case the compounds formed possess a
ciearly expressed lonic bond, in the second — a typical metallic
bond,fand in both cases they are accompanied by a lareser or smaller
fraction of a covalent bond, which becomes predominant or practically
the only one in compounds of nitrogen with nonmetals. Thus, a
large part of the nitirides is characterized by resonance [hetrobondins
or mesomersisri] binding with brosd ranges of a fraction of different
types of this binding, to which the variation in the nature and
the values of the physical and chemical properties correspond.
Thus, if nitrides of nonmetals are chiefly covalent compounds of
the dielectric class, then the ritrides of the transition metals
with a deficet of nitrogen as opposed to stoichiometric amount and
certain nitrides of saturated composition (CrM and others) possess
semiconductor properties with a mixed ionic-covalent-metallic-type
of obonding, and nitrides of the alkall and alkaline-earth metals
are ionic-covalent compounds. At the same time a large part of
the nitrides of the transition metals of saturated composition
with respect tc nitrogen are typical metallic substances.

FTD-MT-24-62..70 ix
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3 » The relative simplicity of the electronic rearrangements of

f’ the nitrogen atom itself and the electronic structure of nitrides

i makes them convenient "model" objects for studving chemiecal hinding.

‘ The variety of nitride phases with broad 1limits .of variation in the
nature of the binding and the physicochemical properties ensures
the application of nitrides in different regions of technélogy and vy
reveals broad potential possibilities for creating nitride phases

. and materials based on them with the previously mentioned properties.

AT BT gt EO e (R g

The mechanism of nitride formation is of great interest,
7 especially in the case of the effect of nltrogen on simple substances.
o With respect to the concepts developed in the present monograph,
of a nitrogen molecule has a structure of the type sp3:sp3, where
the stable sp3-configurations are bonded to each other by paired
electrons. This ensures the high ‘bonding strength and a certain
chemical inertness of molecular nitrogen, and also the latter
recombination of atomic nitrogen into molecular nitrogeén. Therefore,
E for the formation of nitrides it is necessary either to disturb a
covalent bond which requires suffﬂciently.strong excitations of a
thermal or electrical nature, or it is necessary to have a high
acceptor capacity of the atoms of the nitrided substance, or, finally,
the transler by the nitridated substance of electrons to the nitrogen
with the formation of szpe-configuretions and the disturbance as
a result of this of the structural cohfiguration'of molecular
nitrogen of the type: stable configuration — covalent bond — stable
configuration. Thus, the study of the process of the nitridation
E of simple substances makes 1t possible to draw imoortant conclusions
; concerning the nature of chemical binding in nitrides and those
energy changes, which occur with the destruction of the nitrogen

molecule and the formation of nitride phases.
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With the formation of nitrides from complex compound of the .
3 icnic type (by their thermal dissociation) nitrides of the ionic
3 type will also be frequently formed; this type is not inherent to
vre stable state and 1s metastable. This pertains 4o nitrides of
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transition metals, which when cbtained by the usual methods in the
stable state have compositions, not characteristic for ilonic compounds,

s and with the thermal dissociation of certain compounds compositions
are ovbtained, characteristic for ionic substances.
‘Y
The peculiarities of the electronic structure of nitrides
determine their remarkable properties — the high superconductivity

of certain of them, the high values of thermo-emf, the great magnitudes
of the width of the forbidden zone, the extraordinarily low or
extraordinarily high values of hardness and so forth, which by

itself evokes the necessity of a detailed study of the nature of
these compéunds. However, in spite of the accumulated material abocuc
the properéies; the structure and the peculiarities of the nrocesses
of produciﬁg nitrides, there are as yet essentially no works, which
would make it possible to examine all data from a single noint of
view, in particular from the point.of view of the electronic
structure of nitrides. Although the concepts available at the
present time concerning this question chiefly bear a qualitative
character, nevertheless the applic&tion of the indicated concepts

can lend much to the understanding.of the nature of nitrides.

In this monograph the author has set himself the task not only
collecting as much as possible of the available information on
nltrides, but also cf drawing attention to the interesting or hard-
to-explain pecullarities of the nitride phases and the processes of
their formation.
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CHAPTER I

THE STRUCTURE AND PROPERTIES OF NITRTDES

1. The Electronlc and Crystalline
Structures of Nitrides

The problem of the electronic structure of nitrides 1is part
of the preat problem of the electronic structure of commnounds of
és metals and nonmetals, on the one hand, with nonmetals, on the other,
;f and at the present time certalin steps in its solution are being made
g% malnly as part of the investigation of compounds of transition
E ¢ metals with nonmetals. Thils, naturally, is connected in the most
" intimate manner with the development of concepts ahout the electronic
A%: structure of the transition metals.

éf ’ Characteristic for the nitrides of transition metals 1s the
formation by them of interstitial phases, l.e., phases with simnle
- £ structures, structured according to the type of the introduction

g of nonmetal atoms into the crystal structure of a metal. The
condition of the formation of such phases is the satisfaction of
the Higg rule, according to which the radii ratio of a metal atom

. RMe and an atom of nonmetal RX should satisfy the criterion

2‘ Rx 2RM¢ < 0)59’ .

@; As follows from the data of Table 1, for nitrides of the
transition metals the ratio R,:R

| < is always smaller than Hapmg's
1 eritical value.
!

e
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Table 1. Ratio RN:RMe for

nitrides of transition metals.

ild|a|di2 | & |3 i
SlE|2 (& 2 & £

Se 10,431 Y [0.39] La—Lu] 0,370,400 ] — | —
T1 ]0.48] Zr [0,44) Ht 0,44 Thi O,
V 10,52} Nb [0,48 2 |. 0,48 R
Cr 10,511 Mo 0,50 xl 0,50 U | 0,48
Mn 10,53] Te }0,51 g 0,51 -] -
Fe ]0,56! Ru |0,82] Os 0,52 -] -
Co {0,686} Rh [0,52] ‘Ir 0,51 —] -
Nt |o0,56] Pd |0,511 Pt 0,51. —] -

The basis of interstitial structure of a metal lattice, into
the tetrahedral or octahedral'pores of which of nonmetal atoms
are 1n£roduced; with which a certain distortion of the lattlce can
occur. The interstitial phases with the composition Meux will
usually form CFC- [cubic, face~centered] lattice (Cl2), with the
composition MeZX — a hexagonal compact one (H12) with the composition
MeX-CF5 ,Cl2), or CBS [cubic, body-centered] (C8), or a simple
hexagonal one (H8) [777]. Since the number of octahedral nores in
H12 and Cl2 lattices is equal to the number of metallic atoms, and
the number of tetrahedral pores is twice as large, then with the
placement of nonmetal atoms in octahedral pores with saturated
composition it is MeX, and with the occupation of the tetrahedral
pores with saturated compogition it is Mexz.

The introduction of nonmetal atoms into the lattices of transition
metal atoms is not a simple placement of nonmetal atoms in the pores
of a metal lattice with the formation of compounds of the inclusion
complex type [clathrate compounds] [778]: but is accompanied by the
formation of strong chemical bonds between the metal and nonmetal
atoms, fundamentally changing their chemical identity and physical
nroperties. ‘

A great number of works have been dedicated to the clarification
of the nature of such chemical bonds, especially during the past
20-25 years. One of the first attempts to understand the nature
and peculiarities of chemical binding in interstitial phases was

FID-MT-24-62-70 2
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undertaken-by A. Kh. Breger [779]. He demonstrated that in bringing
about chemical binding there participate both d-, s-valence electrons
of a transition metal, and also s-, p-valence electrons of nonmetals,
which will) form resonance bonds in six directions (in the .case of
octahedral coordination) practically uniformly, since all six
neighbors in the lattice of the NaCl type are located at identical
distances from the central atom. Consequently, with respect to these
concepts, it 1s 'necessary to glve preference to the so-called atomic
bonds, i.e., mainly covalent bonds, characterized hy a distribution
of electronic density, simllar to the distribution ir. diamond
(electronic density between the closest atoms has finite value,

not diffeﬁing by an order of magnitude from the maxima of the electronic

density of corresponding atoms). In this work it is demonstrated
that the covélent bond is affected by a considerable fraction of the
ionic bond, increasing with the tﬁansition from C to N and O, and
also (in tsoelectronic structures) — from V to Ti. Below it will
be shown that this point of view, little known earlier, 1s finding
at the present time numerous confirmations.

Greaé renown has been obtained by the point of view of the
nature of chemical tinding in interstitial phases, developed by
Ya. S. Umanskiy [777, 781] and consisting in the fact that with the
introduction of nonmetals into thq lattices, formed by metal atoms,
"metallizing" of the nonmetal atom occurs, i.e., the transfer to
it of all or a definite part of the valence electrons in a certain
electronic association, common for metal and nonmetal atoms, and .
mainly determining the metallic nature of the bond between the atoms.
It is assumed that the valence electrons of the normmetals partially
pass over to the unfilled electronic d-subgroup of transition-metal
atoms which leads to an increase in the binding energy in the crystal
lattice, bringing them closer in their properties to elements with
more bulld-up shells and higher binding energies, like W and Mo.
Since the lonization potential of nitrogen is greater than carbon,
the electrons of nitrogen atoms, apparenily, participate little in
the bulld up of the d-shell of the metal, and the bonding force with

FTD=-MT-24.62-70 3
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the fogﬁation of nitrides hardly increases [78]. Although at the
present“time these concepts have been completely rejected in pradtice,
they were the initial stage in the development of the theory of
interstitial phases. ) ' s’

SRR R R R,

The author of this work has made an attempt to impart a certain
quantitative appraisal of the possibility and the degree of transition L4
of valence electrons of nonmetal atoms on the d-states of transition~
metal atoms [782], assuming, after Ya. S. Umanskly that the probability
of such a transition in general sﬁqpid increase with the reduction
of the ionization potential of the nonmetal atom. The propability
of the transition of the valence electrons of atoms of a given
nonmetal for thes d-state of the metal is increased, obviously, with
the reduction of the prinecipal quantum number of valence d-electrons
(i.e., proportionally 1/N, where N — the principal quantum number),
thanks to the possibility of the occupation by an electron of a
site on the d-shell with the greatest release of energy, and also
with the reduction of the number of electrons on the d-shell of
an 1solate§ltransition metal atom (proportionally 1/n, where n — the
number of ;iectrons on the d-shell), due to the tendency to fill
this shell, Consequently, the probability of the filling ty an
electron of a nonmetal atom of vacant.sites and the d-shell of a
metal atom is determined by the produét of particular events, i.e.,
by the number 1/nN.

evmsem 1 B ot - et

The correlation of the physical propertles of interstitial
phases and the indicated criterion, called the "acceptor' capacity
of a transition metal atom, is completely satlsfactory and made it
possible from definite positions to explain the nature of many
properties of interstitial phases. To this question are dedicated A
our numerous works; some of which were completed Jointly with V., S.
Neshpor and other colleagues (see, for example, [783-790]). It is
necessary to note that these correlations have not lost their -
significance at the present time, however in the number 1/nN a
completely different significance is placed than the capacity following
from the concepts of Umanskiy of transition-metal atoms to "accept"
valence electrons of a "metallizedq nonmetal atom.,
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In his work Parthe [791] indicates the necessity of three-

* dimensional bonds in lattices of interstitial phases and phases

' related to them for explaining the observed higﬁ values of "the
physical properties and the dense packing of structural elements of

T the smallest size.

According to Rundle [792], with the introduction of a nonmetal
into a transition metal the Me-Me bond is weakened, and the electrons
accomplishing this bond in the metal partially change to an Me-X
bond. He assumes that the bond in lattices of interstitial phases
are chiefly covalent (as does Breger also), and for interstitial
phases, formed by transition metals of the first row, four electron
pailrs resonate with respect to six bonds (formed by the three 2p-orbits
of the nonmetallic atoms). Such bonds are "electron-deficient”,
similar to the bonds in boron hydrides (boranes), and are characterized
by the fact that the paired-electron structure of the bond should
leave the stable bonding orbitals unused. In such a case several
atomic orbitals can be combined to form a bonding orbital with a
minimum of energy — such a combined orbital contains only one
electron pair, but can effectively bind more than two atoms. Thus
the concept of semibonds arises, waich will be formed, when one
element should have more stable bonding orbits than valence electrons
(i.e., it should be in general a metal), and the other component
should have relatively few bonding orbits and be in general a
nonmetal; also the electronegativities of both components should not
substantially differ. Phases of interstitial of the MeX type with
: the structure of NaCl conform to these three conditlons, where
X = C, N and sometimes O (if there is no significant difference in
electronegativity; fluorine 1s always too electronegative and similar
types of phases will not form). With the increase of the atomic
number of the transltion metal in the group an even greater number
. of electrons of the metal participates in the Me-Me bonds and a

smaller number of them 1s transmitted to an Me-X bond which causes,

" in the opinion of Rundle, difficulty fn the formation, for example,

by the transltion metals of the VI group of phases of the MeX type
with the structure of NaCl. '
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In the work of Engel [793] concepts have been developed about
the fact that each atom has fixed and a clearly.definite pattern of
quantum states, which 1s essentlally invariable; in any chemical
transformations, allotropic modifications ?ransitions of électrons
from one quantum state to another are ohserved, but withcut variation
in the general quantum pattern which 1s constant for a glven atom.

To a certain extent Engel approaches concepts concerning sets of
stable electronic configurations, about which more will be indicated
below. Iﬁ examining a compound of transition metals with nonmetals,
Engel considers that the ionization of atoms of nonmetals with the
transfer of a part of the valence electrons to the d-state of atoms

of transition metals is the most energetically efficient (spd-
hybfidizaﬂion'he considers improbable because of energy considerations,
since mixed compounds are usually weaker {794]). Thus, Engel's -
views in practically no way differ from the concepts of Umanskiy

and the concepts, developed in our previous works. Kiessling occupiles
the same positions {795], confirmfng that the transfer of electrons

by nonmetal atoms to metal atoms strengthens the Me-Me bond, which

1s determinant for interstitial pﬁases as compared to the Me-=X

bond. Similar views were also deéeloped by Robins [796], who
considers, however that for the férmation of interstitial phases

the Me-X bond 1s determinant. Roéing considers that the principal
characteristics of interstitial phases is the relationship of

the electronic concentration of the bond to the coordination number

of atoms of the metal.

Toman [948] also considers that in compounds with nonmetals the
3d-transition metals decrease the fullness of the sp-band, capturing
electrons from 1t, where this ability to capture is reduced in the
direction Cr > Mn > Fe > Co, For nlckel the least abillty to capture
electrons 1s practically equal to zero.

Recently concepts have been devéloped, based on the variation
0. the density function of the states near the Fermi surface with
the variation of the concentration of valence electrons fop the
atom [797-802]. It has been éhown that thz ekxtremes for the density
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curve of the states correspond to certain extreme values of the
electrophysical, thermodynamic and other properties. Of special

interest 1s the work of Dempsey [802], in which'althoﬁgh the point

of view of Umanskly is taken about the acceptor character.of d-

elements, and also the donor role of nonmetals, nevertheless there

is indicated the substantial role of the covalent bond between atoms

of the transition metals and 1ts absence in practice between metals

and nonmetal atoms. Attention is turned to the existence of specially
stable zones, containing about 6 electrons (5.5-6.5 electrons) to

which the extreme properties of metal with nonmetal compounds correspond,

Not having the possibility to examine in detail all the indicated
concepts, 1t is necessary to note that in the majority of the given
theories 1t 1s assumed that in the formation of compounds of the
type of interstitlal phases the nonmetal atoms transfer part of their
valence electrons to the d-states of transition-metal atoms. The
degree of transfer is reflected on the nature of the dependence of
the density of the states on the number of valence electrons on the
atom. The special, extreme properties of a substance correspond
to the extreme values of the density of the states.

A somewhat different approach to the consideration of the
electronic structure and properties of compounds of metals and
nonmetals with nonmetals is possible [803]. In the formation of a
solld from isolated atoms the valence electrons of the latter are
partially localized near the cores of the atoms, and partially
g0 over to a nonlocalized state. The localized fraction of the
valence electrons forms a rather broad spectrum of configurations,
distinguished by their energetic stability, i.e., by the reserve
of free energy, so that along with very stable configurations to
which the minimum of free energy corresponds, there appear fewer and
very unstable ones. Assuming that the statistical weight of the
stablest (in an energetic regard) eléctronic configurations of
atoms substantially exceeds the statistical weight of the unstable
ones, it is possible to ascribe to each atom states, corresponding
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to a limited number of the stablest configurations, calling the
latter. stable., Between the stable configurations and the nonlocalized
part of the valence electrons an exchange is carried out, responsible
for the hond betwren the stable configurations, and consequently

the cores of the atoms with each other. Between the nonlocalized

" electrons a strong nepative interaction is carried out, which leads

to the repulsion cf the stable conigurations and the cores of the
atoms by eéch other, which cause disintepgration of the crystal lattice
and weakening of the bond between the atoms. These initial circum-
stances make 1t possible to examine from single point of view the
peculiaritq of the electronic, crystal structure and the préperties

of the ele@ents and thelr compounds. It is exped!2nt to subdivide

all chemical elements into three basic groups by the cri.erion of

the configuration of the valence electrons of their isolated atoms:

1) s-elements, having external s-electrons with completely
filled or completely unfilled, deeper lyling electronlc shells;

2) ds- and fds-~elements, the atoms of which have incomplete
d- or f-shells;

3) sp-~elements, having sp-valence electrons.

To the first group belong the nontransition metals, to the
second — the transition metals, to the third — the nonmetals and

so-called semimetals.

Transition 2tals. The maximum number of electrons on the
d-shell of the truussition metals is equal to 10, and on the f-shell -
14, In the formation of a metallic crystal from isolated atoms of
d-transition metals the localized part of the valence electrons
can, as'was noted, form any configurations, among which the stablest
(in an energy regard) for d-elements are d0 (identical to an under-
lying szp6—configuration), d5 and dIQz The energetic stabllity
of such configurations was demonstrated in the works on the ligand
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field theory [8G4, 805]. The stabilization energy of & crystal field

in the contemporary theory of catalysis 18 equal to zero with the
number of electrons on the d-shell, equal to 0, 5, and 10 [806].

In works [807, 808] the spherical symmetry of the indicated configur-
ations was demonstrated, to which the minimum free energy should
correspond. In wark [809] the stability of ds— and dlo-configurauions
was established from the point of view of their energetic efficlency

in optical terms, where the conclusion concerning the greater

stability of ds—configurations was made. The great stabllity of

the semifilled d- and f-states was also demonstrated in work [5].
The resistgnt or stable configurations are the basis ¢f the covalent
bond. Acctrding to Pauling [810, 811], the maximum covalency is
observed inh the middle of each period of the system of elements.

'

i

The distribution of valence electrons was established by X-ray
spectral'investigation (with the transition of atoms from an isolated
state to the state of a metallic crystal) for this ensuring a
covalent bond (localized electronsb and collectivized bonds (non-

localized electrons) (Table 2). ?

!

i
i

Table 2. Distribution o? valence electrons
for atoms of transition metals and the stat-

istical weight of atoms with d5-configurations

in metallic crystals.
Number of Static
valencs Looalized } Nonloocalized weight of
~ Metal | slectrsns| elcotrons | electrons Literaturs | atoms with
(d «s) dS-sonfigu~
rations "
§ 3 - - -
Y 3 -— - —_ ;3
b3 | | =|.= | B
g - - 43
ﬁ'f : ~2,6 ~1,4 [812, 813} 52
\ 4 ] — — — 63
¥: g ~3,7-3.9 ~1,1-1,3 814} 76
L ' - I - 81
Ce | ] _~3.8 ~2.5 §815) 73
Mo [ ~y '-'0.95"1. b 88 ~
v { ) ’ — - — o4

*jscording to M. I. Korsunskiy and Ya, Ye, Genkin.
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Assuming that the atoms, having in the isolated state a number
of electrons on the d-shell nd < 5, will mainly form only the stable
configurations d0 and d5 of locallzed electrons, the statistical
welght of d5-conf1gurations of atoms in metallic crystals of *

zirconium, niobium and chromium can be determined.

Proceeding from these results, the statistical weight of
~configurations for the remaining transition metals with nd < 5
(using the number 1/Nn) can be approximately evaluated.

a2

Similar data can be determined in determining according to the
value of the llall constant the number of current carrier in a unit
cell on one atom, assuming a one-zone model (which, in turn, is
Justified by the locallization of a part of the valence electrons
near the cores of atoms of transition metals) and considering the
current carriers a nonlocalized part of the valence electrons. A
corresponding calculation, carried out by V. A. Gorbatyuk (Kiev
Polytechnic Institute) and in work [1037] led to approximate results.
Thus, the statistical weight of da-configurations, according to his
data, was equal to: for Ti - 4U4%, Nb — 76%, Mo — 86%, Ta — 78%.

A deviation was observed for chromium (83%), vanadium (78%), tungsten

(81%) which is explained by the inaccurate determination .of the Hall
constant..

Thus, with an increase in the number d-electrons in the
valence shell of isolated atoms there is an increase in the statistical
welght of atoms, possessing ds-configurations in metallic erystals.
With an increase 1in the principal quantum number of valence d4d-
electrons the energetic stabllity of d5-configurations is increased.

For d-elements with 5 < ng £ 10 it is possible to assume the
presence of atoms with the two stablest electronic configurations
d? and dlo, where the statistical weight of atoms, possessing
10

d”"-configurations, increases with the increase in n,-
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The essential difference between metallic crystals with
ng £ 5 and ny > 5 is the fact that for ny < 5 a considerable part
of nonlocalized electrons is characteristic, whereas for metals
with ny > 5 the electrons, liberated in the formation of d°-
configurations, are practically completely used for the formation
of dlo-configurations. This, in particular, is apparent from the
values of the number of current carriers on the atom, equal to
for Fe - 0.1, Co — 0.19, Ru -~ 0,04, Pd - 0.13, Pt — 0.5 [1037]
that indicates the considerable "mobilization" of all electrons for
the construction of stable configurations.

An analogous pattern 1s observed for f-elements, where the
metalllec crystals of elements with nf < 7 are combinations of atoms
with fo and f7-conf1gurations and a considerable number of nonlocalized
electrons, and with nf > 7 — combinations of el and flu-confimurations
with a small number of free electrons, where the stablest is the
semifilled f7-state, and the cnergetic stabllity of the correspondins
f-states 1s increased with an increase in the principal quantum
number of f-electrons.

In all cases an increase 1n statistical weight, the energetic
stabllity of stable configurations and a corresnonding decrease in
the statistical weight of nonlocalized electrons causes an increase
in the bonding forces, hardness, and melting points.

Nontransition metals. In the joining of s-metal atoms into

crystals, apparently, for metals, having an sl-valence electron,

the joining into sa—pairs, having spherical symmetry and accordingly
high stability; in the case of sz-metals — the disturbance of the

pairs for the possibility of organizing of the compound between the
atoms. The energetic stability of sa-configurations decreases with

the increase in the principal quantum number of s-valence electrons.

The statistical weight of sa-configurations sharply decreases with

the possibility of the transfer of part of the s~electrons to completely
vacant deep~lying d- or f-shells (for example, for potassium, silver).

11
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For metals of the beryllium subgroup s + p-transfers are possibie
with the transformation of sz-configurations into sp-configurations.
Due to a decrease in the energetic stability of any sp-configurations
with an increase in the principle quantum number of sp-valence
electrons (see below), this s + p-transfer is esneclally clearly
expressed for beryllium, weaker for magnesium and for calcium is
practically completely suppressed by the transfer of part of the
s-electrons to energetically stable d-states which subsequently
develops for strontium, barium, and radium.

Nonmetals. For nonmetal atoms, having in lsolated state sp-
valence electrons, the tendency toward the formation of more ener-

retically stable sp3- and szps-configurations 1s characteristic.

If an s2p6-configuration can be really called stable and efficient
from the point of view of the energetic state of the atom, then

the sp3-configuration is not stable in 1solated atoms; 1t arises due
to the effect of the field of the crystal lattice [809] and can be
called quasi-stable. The energetic stability of monotyple sp-
configurations always decreases with an increase in the principle
quantum number of the sp-valence electrons (for example, in the
carbon group — the decrease in the width of the forbidden zone,

the hardness, the melting point from diamond to germanium, the
degeneration of sp3-configprations for tin at normal temperatures,
for lead — at any temperatures, the severe delocallzation of electrons,

appearance of high plasticity).

All elements, located to the left of the nitrogen group (Be,
B, C, their analogs in corresponding groups), tend due to s + p-
transfers and the mutual exchange of electrons to acquire the )
maximum statistical weight of the most energetically stable sp3-
configurations; on the other hand, the elements, located to the
right of nitrogen (0, F and their analogs in the groups), tend to
build up to a stable s2p6-conf1guration. Nitrogen and its analogs
with respect (o the group occupy an intermedliate position. On
the one hand, a nitrogen atom, having in an isolated state a configu-

ration of s2p3-va1ence electrons, is transformable: szp3 + spu -+ sp3 +

+ p with the formation of sp3-conf1gurations and tﬁe transfer to a

12
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partner of one p-electron, and on the other — can accept electrons

from a partner by combination with the formation of szpé-configurations.
This peculiarity of the nitrogen atom determines the electronic
structure of its compounds with metals — nitrides and the compounds

of nitrogen with nonmetals.

Proceeding from these concepts; certain general, and also
concrete considerations about the electronic structure of nitrides
and thelr physical and chemical properties can be exnressed.
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Nitrides of nontransition metals. The low ionization potentials
of atoms of alkall metals mainly causes the transfer of their
valence electrons to nitrogen atoms with the formation of nitrides
of the Me3N composition which are compounds of the ionic type. Along
with this the transfer by nitrogen atoms of the highly mobile
p-electron to atoms of alkall metals with the formation MeN3 azides
is possible, where, for example, for sodium, potassium and so forth,
the formation of an azide is even more probable than of a nitride,
in épite of the ionization potential decreasing in this direction.
This 1s explained by the fact that beginning with potassium the
filling of the deep-lying d-states occurs, the stability of which
increases with the increase in the principle quantum number, which
causes the transfer of the highly moblle electron from the nitrogen
atom to an atom of an alkaline metal.
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In the formation of azides (M@N3) the determining factor is
the grouping of the nitrogen atoms, therefore the frequencies of the
oscillations of a linear N3-group in different azldes differ from

each other insignificantly [824].

Analogous phases are formed by the metals of the copper subgroun,
the atons of which can chiefly transmit valence electrons to nitrogen
atoms with the formation of a combinétion of le_ and szp6-stab1e
states witi, a less expressed nature of ionic bond as compared to

nitrides of aikali metals (since forgthé latter two 52p6-conf1gurations
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-~ and 52p6~

are combined, and for nitrides of copper and others d
configurations, i.e., confipgurations, typical for metallic and ionic
bonds). This, in particular, causes the semiconductor {(and not %h
dielectric) properties of metal nitrides of the copper subgroun, and
also the appearance of the cubic structure (and not the tetrasonal

or hexagonal),

The cohposition of the nitrides of beryllium, magnesium and
"the alkaline earth metals corresponds to the formula Me3”2’ which
indicates the transfer of valence electrons of the metal to the
nitrogen atoms with the formation of sz-combinations (for Be) or
sgpé-configurations (for all others) with szpﬁ-configurations of the
nitropen atoms. Due to the appearance for calcium of the possibility
of the transfer of part of the v-lence electrons to vacant d-states
the nitrogen complex with the transfer of part of the electrons of
nitrogen atoms to calcium is complicated which causes the format;on
of the pernitride Ca3Nu. The increase of the energetic.stability
of the d-states causes for strontium the appearance of still a
rreater number of nitride phases, including the subnitride SrQN,
possessing a metallic nature (an analogous subnitride phase also
exists for barium).

In metal nitrides of the zinc subgroun, as well as in metal
nitrides of the copper subgroup there will be formed combinations
of the two stable a0 and s2p6-conf1vurations (He3N2) with the

cublc lattice corresponding to these combinations.

Nitrides of transition metals. With the formation of nitrides
of transition metals there is assumed the formation for nitrogen
atoms of both szps- and also sp3-configurations, the relationship
of the statistical weights of which depends on the peculiarities of
the partner in the compound. 1In proportion to the increase of the
statistical weight of ds-configurations of atoms of a itransition
metal in a metallic crystal the possibility of the transfer of
nonlocalized electrons to nitrogen atoms should deerease with the

‘14
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formation by the latter of szpé-configurations, l.e., the statistical
welght of the d5- and 82p3-conf1gurat;ons increases and the statistical
welight of the d5- and sap6-configurations of the atoms of metal and
nitrogen, entering into the composition of the |nitride decreases.

In that same direction those properties of the nitride phases
should increase, the increase of which 1s connected with the increase
of the statistical weight of the most energetlcally resistant stable

" configurations and the decrease of the statistical weight of the

nonlocalized electrons, but up to a definite limit, since in the case

of the very high statistical weight of the ds-configurations of

the metal atoms, the atoms of nitrogen cannot acquire szp6—configurations
and their highly mobile electrons (higher than the sp3-configuration)
cause intense disintegration of the lattice.

Substantial reBults in the study of the nature of chemical

.bonding in nitrides, especially ofi the transition metals, were

obtained with X-ray spectral investigations (227, 228, 836-841, 971].
In [228] there is indicated the displacement of the relative maximum
electronic density in titanium nitride toward the nitrogen atom and
the appearance of a strong fraction of ionic bonding [840] in contrast
to titanlium carbide, where the equal affiliation of the electronic
aggregate 1s assumed to metal and to nonmetal. Analogous conclusicns
are drawn in [227]. With the replacement of nitrogen atoms in
titanium nitride by carbon atoms (starting with a 30% concentration

of carbon in C + N) the pattern of the chemical bonds sharply changes,
which substantially departs from additivity [837]. The X-ray spectral
investigation of vanadium nitride in comparison with vanadium oxide -
V205 makes it possible to discuss the greater fraction of covalent
bonds in the nitride [836].

On the basis of X-ray spectral study of chromium nitrides,
carried out in work [815], the conclusion was drawn about the
transfer of part of the valence electrons of chromium to nitrogen

15
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in the process of forming nitrides, and also about the greater HMe-ie
interaction in Cer as compared to CrN and the strong Me-N interaction
in the CrN lattice.

The authors [839] indicate the exclusion of part of the valence
electrons from the metal atom in nioblum nitride. ‘

Similar views were developed by Hume-Rothery [409], who considers

"that ‘he introduction of nltrogen into iron leads to the acceptance

of part of the iron electrons by the nitrogen atoms and the liberation
of the corresponding 3d-states for bqnding; because of this the GPU-
structure of alloys of iron with nitrogen appears.

Frcm the results of X-ray spectral investigations [841] the
conclusion follows concerning the transfer of a part of the valence
electrons in nitrides from the transition-metal atoms to the nitroeen
atoms which agrees well with assumption about the localization in
a part of the nltrides, especlally of those metals, which have a low
weight of stable ds-states, valence electrons of these metals in

szps-states of nitrogen.

This applies first of all to nitrides of transition metals
which are clearly expressed donors of a noniocalized part of the
valence electrons (titanium, zirconium, hafnium and so forth).
For nitrides of transition metals, maﬁifesting fewer donor properties
(possessing high welght of atoms with stable configurations), it is
possible to speak about formation by nitrogen atoms of sgp - and
303-configurations Thls pertains, for example, to tantalum nitride,
the X-ray spectral investigation of which revealed features similar
to Tay04 (s p6-configurations of nitrogen atoms) and to TaC, Ta32

\so3-configurations of nitrogen atoms) [971]. DLk

Tendency of transition-metal atoms to transfer of part of theirgf
valence electrons to nitrogen atoms especially clearly appears in
the production of nitrides by the careful decomposition of compounds,

- 16




where the rnetal atoms already had a typicé.l ionic form, for example,
of complex ammonium~chloride, ammonium-fluoride and other similar
compounds. Metastable compounds also will be formed of the composi-
tions T1N1‘16, ZrN1.33; TaN1.67 (see page 88).

Information about the character of chemical bonding in nitrides
can be obtalned from a consideration of the dynamics of thermal
vibrations of a crystal lattice, as was done in [1029] 4in the
"processing of data on the low-temperature heat capacity of titanium
and vanadium nitrides. It has been shown that the bonding forces
between distant neighbors — atoms of a lattice — decrease with the
transition from carbides to nitrides'and further to oxides of
titanium and vanadium. This corresponds to the smaller energles of
atomization, melting points, hardness of nitrides as compared to
carbides and 1is caused by the decrease in the role of collectivized
electrons of the d-band in carrying out bonding between the atoms
in the lattice. Also partially confirmed 1s the covalent nature of
bonding in nitrides and other similar compounds.

Nitrides of nonmetals. The formation of nitrides of nonmetals
and in general, compounds of nonmetals with nitrogen is usually
connected with a minimization of the energy of the system as a
result of the formation of stable sp-configurations (with a tendency
toward the formation of the greatest statlistical weight of atoms
with the stablest sp3- and s2p6-configurations).

Such general conslderatlions about the electronic structure of
nitrides find their actual reflection in the peculiarities of the
crystal structure and the physicochemical properties of the individual
nitride phases.

2. Physical Properties of Nitrides

Nitrides of nontransition metals [844]. The nitrides of s-
elements are structured mainly after the type of compounds with hirh
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fractions of ionic bonding, caused by the transfer of valence electrons
by the metal atoms to the nitrogen atoms with the formation of high
statistical weipght of s2p6- or dlom and 52p6-configurations (for
lithium and beryllium - also of szvconfigurations). This determines
the semiconductor properties of nitrides with a'similar set of

stable configurations., Thus, lithium nitride L13N up to 350°C

practically does not conduct electrical current, but at hipher ”i

temperatures, due to the thermal excitation of the stable confirurations
and the partlal delocalizatlon electrons, it begins to conduct

current, acquiring the properties of a tyrical semiconductor. Tt

is significant that the temperature curve of conductivity at L4U6°C
changes direction which 1s connected with the disturbarnce at 350-360°C
cf one type of the stable configurations (probably, 52), and at

446°C — of another (probably, 82p6). Unfortunately, the electro-
physical properties of the nitrides of other alkalli metals are

unknowh, but it 1s possible to make the assumption that the meﬁallicity
of nitrides should increase with the increase of the principle quantum
number of the sl-valence electrons both in connection with the

decrease in the probabllity of the formation of stable sz-configurations
from sl-electrons, and also due to the transition of part of the
s~electrons to the d-states. This in particular, is observed for.
nitrides of the alkaline earth metals, for which beginning from
strontium subnitrides appear with a metallic type of bond. Whereas

the nitrides of beryllium and magnesium are typical dlelectrics which
1s connected with the formation the most energetically stable

s - and szps-configurations, on which a considerable fraction of

the valence electrons is localized and for the disturbance of which
high thermal or other excitations are required.

Metals of the copper and zinc subgroup form two tvpes of stable

configurations in nitrides: d10 and 32p6° This causes, as also

for the nitrides of the alkall and alkaline earth metals energetic

insulation of the atoms in the lattice, but less than for the latter .

10

ones, since the energetic stabélity of tne d “-configurations is
2

considerably less than the s p -configurations. Such substances are
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semiconductiors, but with less specific electric resistance, with
smaller width of the'forbidden zone. They are not like lithium
nitride insulators at normal temperatures. Thus, the specific
electric resistance of copper nitride at normal temperatures is
a total of 6:10° Q.cm.

The energetic insulation of atoms with stable configurations
causes the low thermal stabillty or nitrides of s-metals: they
decompose upon heating with the liberation of nitrogen. Those
nitrides decompose maore readily, in which the greatest number of
valence electrons is localized in the most energetically resistant
stable configurations. The same enefgetic insulation causes the
relatively low chemical stability of nitrides of s-metals, which
usually increases with an increase in the "metallicity" of the
nitride phases.

Mainly the ionic nature of the bonding between metal and
nonmetal atoms, and also the presence of a covalent bond between
metal atoms or nitrogen atoms (in azides) makes it possible to
consider these compounds structured according to the ionic-covalent
type with a very small fraction of metallic bonding in certain of
them.

Nitrides of transition metals. The physical propnerties of the
transition-metal nitrides have been studied the most. The correlation
of the values of these propercies with number 1/Mn has been basically
established which was noted above. Obviously, the t»us physical sense
of this number consists not in the evaluation of the "accentor
ability," but in the index of the total statistical weipght of the
stable configurations of the atoms. Thus, the high value of 1/!n for
titanium signifies the low localization of the valence electrons in
the stable configurations, and the low values of the number for
metals of the triad of iren and platinoids — the high degree of
localization of the valence electrons in stable states of any typnes,
i.e., the low statistical weight of nonlocalized electrons.
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In exemining from this point of view the electrophysical properties
of the nitrides of the transition metals of gfoups IV-VI of the
periocdic system (Table 3, Fig. 1) it is clear that the specific
electric resistance regularly increases witlh the: increase of the
statistical welght of the stable configurations which is csaused by
the decrease in the ccncentration of the current carriers and the
difficulty of excitation of the cciuductivity of electrons, entering
.into the composition of the increasingly energetic stable configura-
tions. For the same causes the coefficient of thermo-emf decreases
in the indicated direction. In work {816] an analysis of the values
of certain electrophysical properties of nitrides was carried out

2

b
on the basis of a consideration of the value § = n_u_ = n,uy, where

+

n_, u_ and n,, u, are respectively, the concentration and the

mobility of the ;1ectrons and the vacancies. For metals of group IV
the value of magnitude 6 is very small which indicates an approximately
equal contribution of electrons and vacancies in conductivity (let

us note that for these metals there are anproximately identical
fractions of localized and nonlocalized electrons). TFor titanium the
statistical weipght of the dS-configuration is equal to 43% and

§ = +0.05 which testifles to a certain prevalent of electron {n-type)
conductivity, and for zirconium - 52% and 8§ = -0.09 which testifies

to a certain prevalent vacancy or hole (p-tynre) conductivity. With
the transition to the nitrides of the metals of group IV (Ti, Zr,

Hf) value ¢ increases and has a positive sign, i.e., the n-type
conductivity is increased which 1s connected not only with the
transfer of a part of the nonlocalized electrons of the metal to the
nitrogen atom with the formation by the latter of a high statistical
welpht of s2p6-configurations, but also, probably, with a certaln
delocalization of electrons previously (in a metal crystal) localized
in stable configurations., With the transition tec mctals of grouns

V-VI the difference § sharply increases and has a negative sign, i.e.,
the hole contribution to conductivity is increased. It 1s necessary
to compage this with che increase of the statistical welrht of the

conuuctivity (Judging from the sign of the Hall coefficient and the

stable d”-states. The nitrldes of these metals have malnly n-typne

difference &) which indicates the small participation in current

“H%ﬁ.ﬂi
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Table 2.

Physical properties of transition-metal

; 5 nitrides,
iy Nitrogen |Cosfficient
3 § content of es :g'%giig Hall E’;}’,’;’{‘,ﬁ%wm ﬁt‘;g‘”ﬁ;"?'
3 Nitride themg_:emf :‘tesise, °;°‘€§1°§°:‘tu.cal/cuii's'-dee 2 e
{ 3 wt, % at % % piedeg | ‘;‘,“;%,‘Z,',,, rom/e kg/mm
B .
3 TiNogs |22,4149,8{—7,781,1 | 26£2 |-0,67:£0 10,046 40,003 | 1994137
= A ZrNggy |[13,2]49,8]—4,7840,5 | 28x3 [—1,3 £0,2 | 0,049 0,002 | 1520485
P HiNggs | 6,4[46,5/—2,96+0,6 | 83+5 |—4,2 £0,5 | 0,0517:£0,006 | 1640161
: E . VWNjas | 8,5]25,3]—5,3 £1,2 | 123110 [40,9 £0,! - 19004 162
3 VMo |16.8]424] - — - - - 1520£ 115
., : bes  ]20,5148,3]—4,6 £0,8 | 8514 [40,4540,16 0,0270:0,07 -
P s NbNoe | 6.6]31,7 - - -, - 17204100
P 3 NbNgg | 7,1}33,5{—4,57£0,7 | 14246 | +1,9+0,4 | 0,0200::0,08 -
: 2 NbNyos |12,7]49,1|—1,6520,1 | 85%2 |—0,47::0,2 - 1396426
: - NbNy oo |13,150,0] —2,2¢ 7844 |40,52:0,19(0,003 +0,002 -
TaNpys | 3.4]31,2{—~2,1720,4 | 263£22 |—0,4640,1 | 0,024040,005 }  —
: TaNpgs' | 4,3]36,6 - - - - 12204120
E- TN o | 7,3{50,3]—1,6 £0,3 | 12815 |—3,6:£0,9 | 0,0205+0,009 | 106072
3 CNoe |1t,2]32,00 . — - - - 1571449
; CrNo 4 |11.8/33,2]~2,3 £0,2| 7945 |—0,7210,1 | 0,0519::0,004 -
Noos [20.0]48,1] —9244 | 64040 —265+25 | 0,030040,003 -
; CrNpo; |21,0{49,8 - —_ — — 1093493
3 MoN,s | 6,8]33,5]+2,18+0,5 | 19,847 |4-2,8341,2 | 0,0427:£0,007 | 63086
T =3
i £ =
P
.. < LV/deg

¥ Tip. 1. The dependence of snecific electric
resistance and the coefficient of thermo-enf
3 of transition-metal nitrides on the number
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transmiss..on of the stable configurations of metals and the severe
delocalization of the valence electrons of nitrogern with their
transition tc a weakly bound state and the simultarecus formation of
sp3—c0ﬂfigurations by the nitrogen atoms. Thus, a hiph statistical
weight of stable d5- and sp3~conrigurations will be formed. However

a high statistical welght of the nonlocalized electrons will be
simultaneously which causes high fractions of the electronic part

o? resistance and thermal conductivity (Table 4, Fig. 2), with the
excentlion of the nitrides of tantailum and chromium, which possess

high fractions of lattice thermal conductivity [470]. This agrees
well with the semiconductor nature of the nitride CrN. It is possible
o comnare the aecrease in hardness of nitrides with the transition
from rroup IV to metals of =roups V and VI of the pneriodiec system

wita the antibonding role of weakly bound nitrogen electrons [147].

Table 4. Calculated and measured
electronic thermal conductivity
of nitrides (cal/cme.s.def).

3 ), 3 3
2. . <
el [3) 2l 2] 2
TIN 10,062/0,046] 1,34 leN 6,026 0,009| 2,97
ZeN 10,98610,049( 1,14 | T 0,000,024 0,25
HIN |0,047{0,081{ 0,93 || Td¥ |0,008]0;020| 0,40
VN {9,019{0,037} 0,71 {i Cr,N [0,021/0,061{ 0,41
NbgN {0,01110,020) 0,83 || Cr? 9.(!)3 0,088; 0,11
¥cal/cmesedeg . Rio‘em/c
| ‘,,d’_: Fie. 2. The dependence of thermal
> conductivity and the Hall coefficient
N of transition-metal nitrides on the
?’ nunber £.
40 2
ot T .
HOMC/ act L/ 0.1?1’ W"h
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All nltrides of transition metals have broad regions of homo-
geneity. The width of the regions of homogeneity narrows from the
nitrides of metals of group IV to nitrides of metals of sroups V,

. VI, VII, and VIII which corresponds to the decrease in the statistical
velght of the nonlocalized electrons of atoms of the transition
metals and to the increase in the statistical weight of the stable

. configurations. A reduction in the regions of homogeneitv is
noticeable with the transition from metal nitrides with a 40-60%
statistical weight of stable configurations to the large statistical
welghts: especlally narrow are the regions of homogeneity for the
nitrides of metals of group VIII, where as was mentioned above
the metals the greatest total weight of d5~ and dlo-configurations

and the small welight of nonlocalized electrons is characteristic
for the metals (Table 5, Fig. 3).

-

Table 5. Reglons of homogeneity of
certain nitride phases of transition

metals.
Region of homogeneity Region of homogeneity
Nitride) - “ _— itrida, ot % . %
Ti Very narrow Taﬁ{ 28,5—31 3,0 — 3,4
T 37,5-50 14,9 —22,6 || TaN | 44,6—47,31 58 — §,5 .
ZIN 4650 |11,5 —13,3 || Cr,N | 32 —33,3 |11,3 —11,8
VN 25—33 | 8,4 —11,8 | Mo,N {32 —33 | 6,4 — 6,7
vN | 41—50 160 —216 || Mn,N |18 —20 | 5.8 — 6.1
N’&N 28,5—33,5 15,7 —7,1 | MnN | 28,3—34,7 | 9,14—11,9
o8 | 42,9—44,0 110,2 —10,6 || Mn,N, | 38,2—41,0 13,1 —15,1
NbNg g | 46,8—49,5 [11,55—12,85 Re,N | 30 —33,3 | 10—11,2
NbN | 50,0-50,6 |13,1 —13,3 || Co,N | 26 —26,7]7,7 —8
v
T
?’ Fig. 3. The regions of homogeneity
. YN VN ' of transition-metal nitrides.
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A dezrease in the width of the regions of homogenelty was also
noticeable with a relative reduction in the nitrogen content in
nitride phases of one and the same metal which can hbe explained by
the more severe localization of valence electrons on the Me~Me

bond.

The physical properties of the nitride phases within the limits
the regions of homogeneity vary rather substantially, in particular
(Table 6) the specific electric resistance, the Hall coefficient,
the thermo-emf tlus, 202, 818], and the microhardness varv [145,
147]1. As 14 evident from Fig. U4, the concentration dependence of
microhardness of titanium nitride in the region of homogeneity has
a linear character and 1s analogous to the dependence of the micro-
hardness of the carbides TiC [819], zrC, [820, 821], Ta,C and TaC
£{148] on the carbon content in the regions of homogeneity. IHowever
for the indicated carbides extrapolation of the line of microhardness
for a carbon content, equal to zero, gives roughly the values of
the microhardness of the corresponding metals, whereas this is not
observed for titanium nitride. Consequently, in crystal lattices
of nitrides (in contrast to carbides) the character of the electronic
structure, the chemical binding, the distribution of electronic
density differs substantially from those in metals, apparently as
a result of the appearance of a certain fraction of ionic binding,
increasing in proportion the reduction of nitrogen content within
the limits of the repglons of homogeneity. The latter is connected
with the force of Ille-lle bonds, the localization on them of a considerable
part of the valence electrons, the decrease in the overlapping of
the bands of valence electrons of the metal and the nitrogen and by
corresponding appearance of energy gaps. The varilation in the
electric resistance of titanium and zirconium nitrides in the regions
of homogeneity (Fig. 5) also differs from the course of resistance
of corresponding carbides, being nonlinear. The appearance of an
energy gap in the lattice of titanium nitride with incomplete nitrogen
content, assumed in [822, 823], is confirmed by the variation in
electric resistance at high temperatures (Fig. 6) [145]. Titanium
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nitride with a nitrogen content, ciose to stoichiometric, reveals

a linear increase in elegiric resistance with temperature with a

% decrease in nitrogen content of up to 48.4 at. %; maximum of resistance
!

T ITEY PT

appears at 1800°C. With a further reduction in nitrogen content

the resistance increases with the simultaneous displacement of the

maximum into the region of lower temperatures. The width .of the

energy gap with a decrease in nitrogen content is increased. For

titarlium and zirconium nitrides with the decrease of nitrogen content
. in them wilthin the limits of the regions of homogeneity an increase

occurs in the width of the forbidden zone (see Table 6) [832].
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Table 6. The composition
and electrical properties
of titanium and zirconium
F nitrides in the region of
? ‘ their homogeneity.

(v it

E ] . Ol & @
7 + 48 ¢ RIS

5 [eids| Bk (8 20

: 8 £ -.“-‘n‘-:m& o8¢ °§> p=’>

s |9 33%.:54 = R i

. & | =5 (A5 3L |2k |5y
» ' g5 o3
: % oF Bt

: Ti—N | 35,8 {1125 [ _ — |om

. 38,6 2,5 0,5 { 0,61
41,0} 60,5 1,6 | —1,88] —

: 43,4150,51 09|26 |040
46,2128 |_060f —7.1 | —

498 28 | _9e7] 7300

Zr—N | 34,3 | 182 1,75] —2.4 | 1,69

40,3 {190 5,5 | —-0,981 0,73

: 43,31 75 1,2 | —4.0 | 0’50
E 45,0 | 58 -1 4 | =54 ] —

| 468137 | _145] —7.7 | 0,29
: g 48,2 —1,4 | =751 —
:: ;' ‘8.9 28'5 —1.3 ‘_'1.4 0
¥ 49,8 ~131-7310

! ’ Fig. 4. The concentration dependence
y of microhardness in a region of homo-
. . Ve geneity Ti-N.
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Pufd sem 2
o Fig. 5. The variation in the electric
) resistance of titanium and zirconium
59 '\ nitrides in regions of homogeneity:
_ \\' 1 — Zr-N; 2 — TN,
% (77 Nat, ¥

Fig. 6. The concentration-temper-
ature dependence of the electrical
resistance of titanium nitride in
the region of homogenelity: 1 —
36.6; 2 — 38.6; 3 ~ 41.0; 4 — u3.4;
5 —~ 48.4; 6 — 49.8 at. % of N.

L
0 w0 w0 1200 1000 ¢

The width of the forbidden zone of titanium and zirconium
nitrides varies linearly with an increase in theinitpoggqjcontent
(Fig. 7.). A certain deviation from linearity for the nitrogen
content below 40% is explained by thelslight contamination by oxygen,
the atoms of which can occupy free sites 1in the lattice of the
_ unsaturated nitride. This assumption is confirmed by the presence
E of the impurity nature of the electroconductivity for ZrN with 34
g at. 4 of N, whereas with other nitrogen contents this is not observed.
It is recessary to note that the value of the forhbidden zone and
the rate of its variation for zirconium nitride is greater tnan for
nitride of tltanium which is connected with the great weight of the
ds-configqrabions for zirconium and the greater localization of
electronsfon the Zr-Zr bonds than on the Ti-Ti bonds.

[ N AN
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Fig. 7. The concentrational depen-
dence of the variation of the width
of the forbidden zone in the region
of homogeneity: 1 - Ti-N; 2 -~ Zr-N.
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In Fig. 8 the variation in the Hall coefficient and thermo-emf
of titanium and zirconlum nitrides iIn the region of homogeneity

is shown.
? % a, uv/des
:g .
H
0??,.0!:\3/0 2
14 ]
£ .02 - ’
| <
i . \\\ﬁ_.
: .2 : Ky Mat. %
: - 7] Net, 3 3 - . ‘ . et P
; . a) o " b)
: Fig. 8. Variation of the Hall coefficient
d (a}) and the coefficient of thermo-emf;

(b) of titanium and zirconium nitrides in
the region of homogeneity: 1 - Ti-N;
2 —~ Zr-N.

Whereas the majority of transition-metal nitrides with a
saturated nitrogen content possesses metallic pronerties, in chromium
. nitride Cril semiconductor properties are clearly expressed [376-3281.
Hevertheless this nitride at low temperatures'also has metallic

(Fig. 9, section ab), with an increase in temperature — impurity

B T e
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(section bec) and subsequently — intrinsic conductivity (section cd),
characteristic for semiconductors. Probably, at increased tempera-

tures the excitation of nitrogen states occurs and the transfer of

one electron of a nitrogen atom to a chromium atom with the formation *
by chromium of stable dssz-configurations, and by nitrogen of sp3-
configurations with a corresponding energy gap between thém. At

the same time nitride Cr2N is not a semiconductor, anparently, in ‘
connection yith the fact that chromium atoms form a great statistical

"welight of d‘osa-configurations, and the nitrogen electron liberated
accomplished metallurgical conductivity.

T e ’ X
.' \\( . Fig. 9. The temperature idependence
2 - . of the electric conductivity of CrN.
N |
\4 ® 0
.\‘“k‘~=au—~
“'\\ =~ 4t Lt
@ v TR PR s

With the replacement in titanium nitride of a part of the ‘
nitrogen atoms by oxygen atoms (with 225-25 mole %4 of Ti0) a minimum j%
magnitude of resistance, Hall coefficlent (Table 7) and thermo-emf jg
1s attained [174] with the preservation of the metallic nature of
the conductivity. Upon heating a transition from metallic conductivity
to semiconductor conductivity occurs; the temperature of such
transition for all Ti0 contents is approximately identical and 1is
about 1200°C [818]. The width of the forbidden zone for them is
also identical and is 4.8-5 eV which is characteristic for ionic
compounds, for which AE § 5 eV. It is assumed that in the presence
of oxygen the atoms.of nitrogen and oxygen will mainly form 52p6-
configurations, diverting to them the nonlocalized electrons of
the titanium atoms, which in this case acquire a do-configuration,

i.e., typically ionic compounds will be formed.
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Table 7. Electrical
properties of alloys
of. TiN-T4i0

1

Composition, e LY g4,
wl. 8 |2adsls, | |3E (¥
. + O Ly ey
- © o‘ﬁc*-c-zvo{ &gd;:h
TN | TI0 |2 SuHA o ANl 8 ey
. a9 Eglen e 8l8% B
100 | O 2 -0,67} —9,3
9 {10 § 1791 —0.4} ~7.1
« 39,6]20,4] 13,1 | —0,17] —8,4
3.1 1,3 | —0,48] —0,78
65 (3 ["1z,1~ —0.82] —
62,7/37,3| 12,7 | —1,38] —8,8
47,6152,4] 14,2 | =1, -
46,7{53.3| — | —1,70] —13,4"
46 |54 | 14,3 ] =2, -
n_.s‘ss.z o7 | —2:6¢| —

In work [825] the temperature dependence of electroohysical
properties of ‘titanium and vanadium nitrides of saturated comnosition
was investigated. The electrlic resistance and the thermo-emf vary
linearly with temperature which testiflies to metallic conductivity,

although of a mixed type.

The great magnitudes of the coefficients of thermo-emf in the
wheole tempgrature interval of the measurements also confirm the
metallic nature of their electric conductivity. Like metals, the
dependence of the specific electric resistance of these compounds
on temperature can be described by a common exnresslon of the tyoe
P = oy X (1 + at), where a is the temberature coefficient of electric
resistance, 0 is the magnitude of electric resistance at 0°C. An
analogous expression can be used to describe the temperature dependence
of thermo-emf ¢ = €y X (1 + gt). Corresponding data are given in

Table 8.

Table 8. The temperature depen-
dence of certain electrophysical
properties of titanium and vana-
dium nitrides of saturated compo-

sition.
. =7
(-3 L) (-4
3! : 5
% _5 g'-!;o g’”ﬁﬁn s
ol Y= hrd ,g B Etg‘,ﬁsl 19
Z 1°3a S - 1R33¢0 S
TIN| 24 | 4,4 | 01200 |~3,7} 2,05 | 280—1200
VN | 8 | 0,7 | 0—1200{—6,2] 1,16 | 280—~120Q °
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A corparison of the Mott ([826] values a/Mez, (M 4s the molecular
welght, © 1s characteristic temperature), carried out for metallic
titanium and different titanium and vanadium compounds, shows that
for titanium and its diboride TiB2 the temperature dependence c/M02
1s analogous, and for TiC and TiN it rather greatly differs from
them (Fig. 10). This indicated deviation in the character of the
bonding in TiC and TiN as compared to metallic titanium. The small
value of the temperature coefficient of electric resistance for
vanadium nitride (0.7 deg'l) 1s explained by the possibility of the
formation by the vanadium atoms of a high statistical weight of
ds-configurations due to the attraction of the electrons of the
nitrogen atoms, and by the nitrogen atoms -~ of the correspondingly
high statistical weight of sp3-configurations, which are difficult
to excite with an increase in temperature. The low value of the
temperature coefficlent of the electric resistance of vanadium
nitride 1s connected with the high transition pcint to superconduc-~
tivity (7.50°K), which is also caused by the "inertness" of the
walls of the energetic "channels", formed by atoms with a hipgh
statistical weight of stable configurations.

;% w0

Fig. 10. The temperature denendence
of the indicated electrical conduc-

2 m———— T tivity of titanium and its compounds
:::::::::::=§= with nitrogen, boron and carbon.
— )
—— nie
¢ wo 200 1

The values of the thermoelectric quality factors 7 = az/pA
(a is thermo-emf, p is specific electric resistance, ) is thermal
conductivity) of transition-metal carbides in comparison with the
nitrides are given in Table 9, For the majority of nitrides the
quality factor is small (10" to lo's'deg°l) which agrees with the
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metallic character of thelr electrical conductivity. A higher 7
value 1s observed only for CrN which is caused by 1ts semiconductor
nature. From Fig. 11 [827] it is clear that with the increase of
number £ = 1/Nn or with the decrease in the statistical weipght of

the ds-configurations of the atoms of a transition metal the thermo-
electric quality noticeably increases which is caused by the increase
in the electronic contribution to thermal conductivity (and by the
decrease in the lattice contribution, caused by the electrons,

" localized in the stable configurations). It is interesting that

for a scandium-metal nitride, for which the formation of a high
statistical weight of do-states and a small statistical welght of
ds-states and strong delocalization of the valence electrons are
characteristic - the quality factor approaches that for semiconductor
chromium nitride. Obviously, this is due to different causes anu

in géneral characterized scandium nitride as a typical semimetal.

Table §. Coefficients
of the thermoelectric
quality of refractory
carblides and nitrides.

poard | deg'l“i‘ Compound.| 2, deg™*
TiC 21,1023} we {o,9-107¢
ZC 111408 ViC |3,0.100%
HIC " ]1,0.10°| SNpeg | 0,8-10~
VGos | 0,9:10~4§ TiNgss | 1.2.1075
NbCoge| 2,110~} ZrNiss | 4,0.107°
TaC* ['5,0-107%] HiNoss | 1,2-107%
CrCy |2.2:107%] VNosa | 2,5.107%
CrCy |3.0107%] NbN1oo | 3,1.10~7
CryCe | 3,0:1077 ] TaNrat | 2,3.1077 °
MoC |7,6.107%] CrNoss | To4T10—*
w2 vel. Fig. 11. The dependence of the quality
: Ch sl - factors of transition-metal on the
w2 13 __—__.a—-—“' .
-5 ”%? , humber l/Nn: o.are MeC carbides; o are
WY iyl . MeN nitrides; A 1is ch; A 1s M02C; vV is
)
.2 Te ) ¢ X
; - 2% = Cr7C3, is Cr302.
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Therinionic emission properties.

The work function in the case

of thermionic emission is determined by the relationship of the
statistical welghts and the energetic characteristics of localized
and nonlocrs iz-. parts of valence electrons, being increased with

an increas: in the weight and energetic stability of stable confipura-
tions of electrons localized near atoms [845].
transition-metal nitrides

The work function of
.Table 10) increases from titanium nitride

to tantalum and niobium nitrides (Fig.'12) [170, 252, 8U6-8uU9].

Table 10. Thermionic emission of nitrides.

1
|
:

Work Richard-
N func- son's
Hitrlde ) ion constant A, Notes Liter-
v > 5 ature
4. € a/cm” °K
TiN 2.92 120.% - f170]
3.75 - Effective work function at
2000°K, measured in powder [846]
Zrh 2.92 120, 4 [170]
3.90 - Effective work funccion at
1900°K, measured in powder [8u461]
Vi 3.56 - Effective work function at
1600°K [252]
NbY 3.92 - The same at 1950°K (8461
TaN h.o0 - The same at 1600°K [252]
ThN 3.1 - Photoemission (8481
UN - - The temperature denendence
of effective work function
is given by the expression
Pr=3,142,1x10~4 (8491
”: Tor Fig. 12. The dependence of the work
«2 \;\\\\ function in the case of thermoignig
y S emission of transition-metal niltrides
tgyw e T at a temperature of 1700°C on the
] I .
65 [T Qi owa number 1/Nn
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A comparison of the values of the work function of nitrides
and carbides shows that in the latter case they are smaller which
is explained by the formation 1n nitrides along with sp3-configurations
of nitrogen atoms (with the corresponding liberation of an electron
and 1its transfer to an aggregate), also of s“p -confirurations, the
formation of which is connected with the considerable localization
of the valence electrcns of both the transition metals, and also of

nitrogen. Transition-metal nitrides have as yet nct found practical

" -oplication in cathode electronics, since their thermoelectric

properties are not very high and, furthermore, they disscciate in

a vacuum upon heatiag.

Superconductivity. It has been established now that the greater

part of transition-metal nitrides is superconductors [275, 304,
2001, 1013]. The corresponding data on the superconductivity of

nitrides are presented in Table 11.

Table 11. Supercon~
ductivity of niirides.

Mitride .Tx." gilé;cr- Tx, °K

SN 1,40 TaN | <1,20
w (e |F gl 2
4,85 - 'CR? :

TiIN- |. 4,85 ,28
- ZsN | 8,90—10,7) MoN | ‘12,0
HIN 6.20 MoM] 5,0
VN 8,20 WeN | <1,28
- NbN 15,60 B}“N. 1,20
NbN | <1,20 éngo

It is noted that Tk in general increase with the increase in
the welght of stable ds-configurations of the atoms of corresponding

transition metals {for mononitrides), with the exception of tantalum,
With a decrease in the relative

cnromium and tuigsten nitr.des.
If it is consldered

1.' rogen content in the nitrlde phase Tk drop.
that the conditions of superconductivity, on the one hand, is the
formation by atoms of "energetic channels", the stability of the
"walls" of which is ensured by the strong localization of electrons
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in stable configurations, which possess a reduced capacity for
diffusion of conduction electrons, and on the other hand, the

formation by conduction electrons of Cooper pairs, also possessing

a reduced capacity for diffusion, then the 1ncre;se of mk with the
increase of the weight of stable configurations in a metal 1is well
explained. In the same way the high Tk of nitrides as compared

to carbides, borides and other similar compounds are explained in
general [275]. Actually, in the case of the formation of nitrides

of metals of group IV there is a high number of nonlocalized electrons,
which are partially locaiized on the s2p6-configurations of nitrogen
and the ds-configurations of the metal. With the transition to

metals of groups V and VI the localization of the valence electrons
near atoms of metals is higher which causes the formation of a high
statistical welight of ds-configurations of the metal and sp3m
configurations: of nitrogen. With this the high stabillity of the
"walls" is ensured of the energy gap [876] with a moderate concen-
tration of carriers. 1In case of tantalum, chromium and tungsten

such "walls" will also be formed, but with the simultaneous formation
of a reduced number of current carriers which leads to the reduction
of Tk' Therefore of great interest is the high Tk of solid solutions
of NbN-NbC, for which with the composition (NbC)o.28-(NbN)O.72 the
point of transition is 17.9°K [6§28]. Also the high statistical

welght of d5~configurations of niobium atoms, the sp3-configurations
of carbons and nitrogen atoms along with the optimum concentration

of current carriers is ensured. According to the theory of Bardeen,
Cooper and Schrieffer, the temperature of transition to superconductivity
is determined by the expression

kT = 1,14 (Xokp exp(— 1/N (0)-V),

where k is the Boltzmann constant; (nqﬂ,is the average energy of
phonons, scattering electrons near the Fermi surface (proportional

to the Debye temperature); N(0) is the normal density of the electronic
energy state near the Fermi surface; V is the constant of electron-
phonon interaction. It 1is poésible to affirm that transition temper-
ature to the superconducting state is mainly determined by the factor
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N(0).V or, considering the approximate constancy of V, by the density
of the states. In work [828] correspondence was actually shown between
Tk and the density of the states for a number of nitrides, and also

. for solid solutions of NbC-NbN (Fig. 13). The best results were
obtained by the correlatio= Tk with the theoretical density curves

of the states, obtained by Biltz, and also by Ern and Soitendik
< [Translator's Note: This name spelled two different ways in forelign

document (typographical error) See Fig. 13]. The authors assumed that
41 - the main role in the formation of the properties of substances belongs
] to the highly localized compounds between the metal and nonmetal

Q; atoms, l.e., covalent bonds.
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Fig. 13. Variation in the critical
» transition temrerature to super-

conductivity Tk in the series ZrB-

NbC-NbN-CrN: 1 — analytic curves
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’ states; 2 — according to Biltz;

3 — according to Ern and Svitenlik;

4 ~ according to Costa and Conte; 5

5 — according to Popper, 6 — accor-
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With the variation in nitroger. content in the reglion of homo-
geneity T, varles, and for zirconium nitride — monotonically (Fig.
14) [275, 1069], and for niobium nitride the maximum Tk corresponds
to the nonstoichiometric composition NbN (Fip. 15). The decrease
in Tk with a reduction in the nitrogen content in the region of
homogeneity or a definite part of it agrees with the decrease in
Tk in the nitride phases with the reduction in them of the nitrogen
content (for example MoN znd M02N). This is explained by the
strengthening of the Me-Me bonds and by localization on :hem of a
very large part of the valence electrons with a corresnonding
reductionin the concentration of conduction electrons and by the
appearance of energy gaps. In particular, chromium nitride is a
semiconductor. The energy pavs acqulre great 1mportanc? in tantalum
and tungstén nitrides, and also in the seminitrides Nb2N and ”ogN.
In the case of the variation of Tk in the region of homogeneity of
niobium nitride the reduction in Tk startine from a certain nitropsen
content toward stoichiometric composition (in reeion of from 0.95
to 1.00 niobium in NbN) can be explained by the anpearance with these
nitrogen contents of strong “e-Me and N-N bonds and ny the besinming
of the formation of an energy gap.

Val, elec/atom

45 4 41
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\b . Fig. 14. The variation of the
¢ transition to superconductivity
in the region of homogeneity
of ZrN.
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. The authors [1001] investigated the concentration dependence
of Tk ‘n the regions of homogeneity of titanium TiN]_x and vanadium
VNl_x nitrides and determined the value of Tk for yttrium mononitride.
Values of Tk in the regions of homogeneity of titanium and vanadium
nitrides, as also for zirconium and niobium nitrides, droo with a
decrease in the nitrogen content.

Magnetic properties. The first investigation of the maesnetic
properties of the nitrides of certain transition metals was conducted
in [329]. It showed the rather weak paramagnetism of titagium and
zirconium nitrides (xy for TIN + U8'10-6, for ZrN + 6010 "). It
was determined that chromium nitride is a ferromagnetic material
[331], the nitrides Mn),N, MnSN?, Fe)N are highly paramagnetic material
with effective magnetic moments respectively of 1.2; 3.94; 2,22
Sohr magnetons [140], the uranium nitrides ar very weak mapnetic
materials with a magnetic susceptibility of: UN + 7.73; U2M3 + 13.17
£508]. In a number of lanthanide mononitrides the magristic suscep-
tibllity increases [478]:
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Upon the dissolution titanium carbide in titanium nitride the
magnetic susceptibility of the alloy sharply- decreases [830], as 1is
shown in Fig. 16. :

L d
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Fig. 16. Magnetic suscentibility
of TiIN-TiC alloys.
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Thus, at the present time no considerable exverimental material
on the magnetic properties of transition-metal nitrides has not been
accumulated and no interpretations of the available data have been
proposed. It is only possible to note that the paramagnetism of
the lanthanide nitrides increases with an increase in the statistical
welght of the stable f7-configurations of the lanthanide atoms.

The decrease in the magnetic suscqptibility of titanium nitride
upon the dissolution in it of the carbide can be connected with the
reduction in the statistical weight of the szp6-conf1gurations and
the increase in the statistica® welight of the sp3-configurations
with the simultaneous rather high delocalization of the wvalence

electrons of both titanium and nitrogen.

Certain data on the magnetic properties uranium and plutonium
nitrides at low temperatures are glven in [831].

Thermal properties. 1t was shown above that for the majority
of nitrides the prevalent role is nlayed by the electronlc comnonent
of thermal coﬁductivity, with the exception of chromium, tantalum
and vanadium nitrides, for which due to the considerable localization

of valence electrons on covalent bonds the lattice component of
thermal conductivity prevails.
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The thermal expansion of transition-metal nitrldes was investi-
gated in [781, 225] (Table 12).

IR

Table 12. Thermal expanslion
of transition-metal nitr&des.

remperaty Cgai;x;‘miulzt Poro-
e emal |8
< Nitride interval °C gxpm.ion ‘o ¥hﬁ

Litera-
ture
a.10v, .deg-1{g2mPLe

TiN 20270 a.g‘léto.; {781

TiNyge] 201100 1o 22y
ZIN 20270 {10,240, | — 781
ZrNosa| 20—1100 7,24 4,4 125
HfNo,asJ * 201100 6.9 . 4 |1225)
VN 17190 ra.aszto.‘u - }78!
VNp,is| 201100 8,1 10 225

VNoss | 20—1100 | 9.2 | 45 |i225)
NN | 20-270 (101402 | — |{sie
NbNos| 20—1000 | 3,28 | 9,2 228
NbNio| 20—1000 10,1 3,7 |225)
TaNoss| 20—1000 5.2 5,4 1225}
TaNy, 1] 20—~790 3.6 7.8 1225)
CrNoss] 20—1100 | 9.4t |61 [f225)
CtNy on| 30800 2,3 }9 o 1251
850—1040 | 7,5 . ’ 1225)
MoNosi 20-700 | . 4,5 {225)
w100 | o2 |22 lizg
*Contaminated with carbon,

The rather high values of the coefficient of thermal expansion

of nitrides differ little from the values the coefficlent of thermal

expansion of the corresponding transition metals [781]. This

indicates that the bonding forces in nitrides of the MeN type

insipgnificantly exceed the bonding force in the transition metals

and are 2-3 times less than the bonding forces in the corresnonding

carblides. 1t is obvious cthat the loosening effect of the nonlocalized

part of the valence electrons 1s responsible for this. There is

observed, although not clearly expressed, a decrease in the coefficient
. of thermal expansion of nitrides with a growth in the localization

of valence electrons in the d5~configurations of a metal and the

sp3-configurations of nitrogen.

The thermal stability of nitrides at high temperatures has been
investigated in many works. In Fig. ‘17 there are given, according
to the data of [833], analytic curves of the elasticitv of the
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dissoclation of nitrides at various temperatures. The authofs [834] .
investigated the dissoclation of nitrides in a vacuum of 10 ' mm Hg;
the results are shown in Fig. 18. A detalled survey of the stability

of nitrides in a vacuum is given in monograph [835].

8% xs/cnd
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Fig. 17. Analytic curves of
the elasticity of dissociation
of nitrides [833].
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Investigations of the vaporization of nitrides in a vacuum
showed, that nitrides disscclate into metal and nitrogen

3 In work [203] the vanorization rates and the vapor pressures
E ol titanium and zirconium nitrides were determined. At temperatures
E

40




e

of 2000-2240°K the vaporization rate of titanium attains a considerable
magnitude, therefore th. dissoclation pressure was calculated in
this way

tessn PSR PR AR S A

i = 1
TiNray = Tiras + ?N.. (1.2)

Y G L)

Zirconium nitride under the same conditions dissociates in this
"way (I.1). Data on the vaporization rate and the dissociation
pressure of TiN and ZrN are given in Table 13.

".ﬂ'uu,: i
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Table 13. Vaporization

E . rate and dissociation

3 pressure of TIN and ZrN.

i TN =N

r.- [ L .

: 3 I af o

AR ENEIE 1T

: vl anl EE ||l 4
1987] '1.510] o0;650 0,53] 0,915
20171 1,972{ 0,854 (22591 1,2991" 2,397
2050 3,120| 1,%66|2318| 2,979 5,43
2058| 3,360 1,46912333} 2,714) 4,977
2155| 15,963} 7,146/2344} 3,020 8,53
2157 1 20,510| 9,178|2451 114,981 | 28,96
2217| 33,254 | 15,08 [2466 (18,127 31,04
2241 | 70,555 32,21

From Table 14 [74] it is clear that the dissociation of nitrides
is hampered by a decrease in the 1ocaiization of valence electrons
into stable configurations and 1s substantially facilitated with nigh
locallzation, extending as far as the appearance of energy gaps
between the metal atoms and the nitrogen atoms. For semiconductor
nitrides of cHromium, molybdenum and tungsten the elasticity of
dissociation 1s greatest at minimum temperatures. It is noted
that the relatively high elasticity of dissociation of vanadium
nitride, which can be compared with the low thermal coefficient of
electric resistance of this nitride, the relatively high transition
temperature of transition to 'superconductivity and other character-
istics, indicating the high statistiéal weight of the stable confie~
urations of vanadium and nitrogen atoms in this compound and the low
weight of the nonlocalized part of the valence electrons.
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Table 14. FElasticlity
of the dissociation
of nitrides [747.

Tempe rature
(°C) at a pressure of

s, :
I P
5 I
El1Te Le Le
ScN | 1880 | 1734 | 1607 | 1498 A

Optical properties. The optical proverties of transition-metal
nitrides have been 1little studied. The available data [340] on the
emisslon coefficient of nitrides at a wavelength of emitted light of

A = 650 nm are given in Table 15.

Table 15. Emission coeflicients of transition~
metal nitrides.

Nitridej 800°C| 900°C IOOO’C,IIW‘C I2N‘Cll300'cll“‘4|500‘cilm 1700°C14800°C11900°C[2000°C
TiN 0,82/0,8170,81(0,80}0,8010,8010,79/0,7910,791G,79}0,78(0,78] 0,78
ZeN 10,7310,7310,7310,7410,74(0,75(0,7510,75;0,75{0,75} 0,76} 0,76 | 0,78
HIN 10,84|0.84/0,84{0,84/0,84}0,84}0,84)0,84}0,84]0,8410,84|0,84} —
V,N [0,82]9,52;0,8270,8210,82/0,82}0,82/0,82{0,82] — | — | — } -
VN 0,7710,7710,77(0,77%0,77(0,77}0,77,0,77;0,7710,77} 0,77} 0,77} 0,77
NbN {0,82{0,82{0,82{0,82{0,82{0,82:0,820n,82(0,82/0,82| — | — -
NbN {0,83{0,83{0.83{0,83(0,83{0,83/0,83;0,383{7,83{0,83{0,83{0,83} 0,83
T‘ﬁ 0,83]0.83/0,83/0,83)0,83{0,8370,83/0,83/0,8370,83}] — | — -
Ta 0,79}0,79{0,79;0,7910,79}0,7910,79}0,79}0,79/0,79}0,7910,79¢ 0,79
Crt,N [0,65[0,60/0,69{0,60|0,60]/0,69{0.6)/0,69/0,69] — | — | — -
CiN - | —~1|-— [0,60}0,58{0,55/0,53;{0,5110,48]0,46{0,44]|0,42] 0,38 -

The diffusion of nitrogmen in transition metals. The obligatory

condition of diffusion is the formation as a result of the diffusion .

process of a system, stabler in an energetic regard than the mixture
of the initial components, i.e., possessing less free energy. This
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condition can be fulfilled, if as a result of diffusion the statistical
welght of the atoms, possessing stable configurations of a localized
part of the valence electrons, increases. With the diffusion of
nitrogen either the transfer by its atoms of one electron to the

metal atoms with the formation of an sp3
or the acceptance by the nitrogen atoms of the valence electrons
of the metal with the formation of an szpb-configuration. Since
part of the nitrogen atoms can glive up 2 highly mobile electron,

-configuration is possibhle

"then the activation energy of the diffusion of nitrogen in the trans-

ition metals is somewhat higher than the activation energy with the
diffusion of carbon in the same metals, but lower than horon. This

is explained by the fact that in the latter case the most energetically
efficient state of boron atoms is their unification with the

libepation of a part of the electrons and with the formation of sp3~
configurations (Table 16).

Table 16. Activation
with the diffusion of
certain nonmetals in
transition metals,
kJ/mole [850].

g‘ Boron' | Carbon *gﬂ‘“' ‘%{. :

i |128,12| 79,97| 141,51}140,26
Zr | 146,44 178 66] 164,12 124,77

it — | 233,65{233,83
Nb | 247,02] 133,98] 161.6 | 115,87
Ta | 200.57( 104.67| 184,221 121,42

cr | = [un3l 8.6
Mo | 184,4 [7.52] = | —
Wl = |19 - | =

The diffusion rate usually lncrease with an increase in activa-
tion energy, since the high values of activation energy correspond
to the formation on the surface of a not very high statistiral weight
of atoms with stahle configurations and to the relative ease of their
dlsturbance for the ccntinuation and development of the diffusion
process,

In practice at low temperatures solid solutions of nitrogen
in metals will be formed; at higher temperatures diffusion acquires
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|, .a Teaction character, l.e., 1t 1s acdompanied by ‘the formation of
‘_:ni%pide phases which are frequéntly uséd for the creation of nitride

coverings on metals.

Tensile properties. 'The strength of transition-metal nitrides
at normal and high temperatures has been 1little investigeted [140,
147, 851]. Between microhardness and the factor of Lindemann's -

equation, determining the frequency of the oscillations of linear
'bscillators, there is a certain correlation (Fig. 19) 8527, This

is -apparent, proceeding from the closeness of the processes, occurring
during melting and the measurement of hardness, to which in his time
Bbrn indicated, and in the application of interstitial phases — in
ﬁ852, 853]. In work [858] an attempt is made to connect hardness with
the energies of the atomization and the complete and free specific
surface energies. The hardness of the lowest nitride phases 1is
substantially higher than the hardness of mononitrides which can be
explained by analogy with the concepts of [854, 781] by the essential
strengthening of the Me-Me compounds with a decrease in the relative
number of interstitial atoms of nitrogen inzéhases of saturated
aomposition. In work [147] it was demonstraéed that with a decrease
in the nitrogen content within the limits of the region of homogeneity
of the nitride phases of transition @etalé hardness 1is reduced. The
decrease occurs at a greater rate than for carbides which 1s explained
by appearance for the nitrides of a fpaction'oﬁgan ionic bond,
increased with a reduction of the nitrogen qggtggp,githig the limits o
of the region of homogeneity, 1.e., with an increase in the localization

of elé}trons'on the Me-Me bonds and with an increase in the statistical

welght of the szp6-configdrations of nitrogen atoms. The decrease

i

e
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in hardness is accompanied by the appearance and the lncrease in
the energy géps between states of ‘the metal and nitrogen atoms that
externally appears in the increase in the width of the forbidden
zone.

For the phases of saturated composition with respect to the
nitrogen content hardness regularly decreases with an increase in
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the weight of the stuble configurations of transition-metal atoms
(Fig. 20). With this a reduction in the statistical weight of (spf.
configurations occurs and an increase in thie statistical weight of
the sp3aconfigurations of the nitrogen atoms, 1.e., a simultaneous
increase in the symmetry of the distribution of the electron density
to which .a reduction in hardness always corresponds [851]. It 1is
necessary to note that the factor of symmetry 1s stronger than the

. welght factor of nonlccalized electrons, thus, for example, fo.
" titanium nitride, in spite of the great welght of the nonlocalized

electrons .and the strong lossening of the lattice caused by them,
the hardness is even greater due to the acute asymmetry of the
distribution of the localized electrons.

Fig. 19. T=e relationship between the
microhardness numbers of transition-
metal nitrides and the factor of
Lindemann's equatlon.
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o2 ; Z fi

sor— ol oA Fig. 201 The denencence of the
| il F- microhardness of transition-metal

1200} A 1% [ .]  nitrides on the criterion .
~Few e
' .

The presehce of a relatively high welght of nonlocalized
electrons in the. transition-metal nitrides, participating in the
statistical exchange with localized electrons, determines not only
their lower hardness than the other analogous compounds (carbides,
borides, silicide), but also their lower fragility (655, 856]. 1In

" this case this is absolutely analogous to reducling the fragility

5




5
¥

Kottt

it

3
EX
3
3
Fo<
]
=
2]
J

=

e

EUIRKAEMY

oy

AL T o B A g

-arid increasing the plasticity in the C series (diamond) -~ Si-Ge-Sn

1white)'—‘Pb. In this series the localization of valeshnce electrons

on stable sp3-dbnfigurations is reduced; the configurations determining

the rigid, directional bonds, and the weight of the nonlocallzed
electrons 1is increaéed, which ensure bonding with the localized
electrons, entering into stable configuraticns’ and, consequently,
with the cores of the atoms. In other worda, for transition-metal
nitrides there exists the great capacity o. the breaking of the

" interatomic bonds, i.e., without destroyini the material.

The study of the abrasive capacity of certain nitrides carried
out by us showed that the abrasive capacity decreases in proportion
to the decrease in hardness, rather noticeably reducing with this
the abrasive capacity of the carbides and especlally of the borides
of those same metals [1068].

Transition-metal nitrides are destroyed by ultrasound [ultra-
sonic vibrations] [776]. ' .

Nonmetal nitrides. Nonmetal compounds with nitrogen are
characterized mainly by a covalent type of chemical bond and by

physical properties of a nonmetallic or semimetallic nature correspond-

‘ing to this type. The greatest interest is being manifested in

bonds of nonmetals and semimetals of ‘groups III and IV with nitrogen.

Transition-metal compounds of group III with nitrogen are semi-
conductor compounds of the type AIIIBV. With thelr formation atoms

of components A (A = B, Al, Ga, 1n, T1), having in an isolated state

an sapéponfiguration of valence electrons, acquire a stabler_sp2~
configuration as a result an s + p-transition, and then, joining
to themselves an electron of a nitrogen atom -~ guasi-stable sp3-

configuration, whereas a nitrogen atom, also losing electron, acqulres

an sp3-configuration, [857]. Semicondutors of the type ATIIRY ape

analogous in structure and properties to semiconductors of the carbon
(diamond) group. Obviously, ‘the staplest configurations of nartners

A and B should be possessed by the cublic boron nitride - 'borazon,
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which causes the great width of its forbidder zone, its high hardness
and melting point, and isolation of the stable configurations - dis-
proportionation upon heating and incongruent melting. With the
replacement of boron by aluminum and so forth, with the constant
second compu.iant nitrogen, the hardness, melting point and width

of the forbidden zone are regularly reduced (Table 17). Also the
energy isolation of the configurations of atoms 1is reduced; so that,
if BN upon heating is decomposed, then GaN vanorized molecularlly

" [616]. All A elements, except boron, form with nitrogen of compounds,

possessing not é lattice of sphalerite, and wirtzite, apparently,

due o0 the sharp difference in the energetlic stabllity of the corres-
pording electronic configurations. This results in the accepntor

roie of ni%rogen with the completion of 1ts electronic 52p3—
conf;guration up to the stable state s2p6-formation of 2 high

stavistical weight of these states by both atoms (A and B).

H —

t

Table 17. Physical properties of transition-metal

nitrides of group III of the perjodic systen, .
“"Hardness
Nitride Crystal Melting gégt?ogf accordine
‘ structure point, biéden to Mohs -
‘ °C zone ‘ev hardness
‘, . : 2 scale
BN - Cublc type
of sphale-
rite 3000 ~10 10
AIN Hexagonal ' )
type of
wirtzite 2200 3.8 9 =
GaN The same ~ 1500 3.25 -
InN The same 1200 - -
2.6

Considering the hipher stabllity of the s"p -confipgurations
in comparison to sp3, it is understandable, why compounds with the
ssructure of wurtzite a great width of the forbldden zone as compared
To compounds, crystallized in the fopm of sphalerite, and also
reliatively high values of melting points and hardness (AlN, GaN,
InN). :
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with the transition from nitrogen to phosphorus the sfarp

reduction in the stability of a possible szp6-conf1guration leads
to the giving up by the—sng—qonfigurations to component A of one
electron, to the formation of sp3-configuratibns_by both atoms and

accordingly - &f the structhre:of Sphalefite.

A definite correlation is observed betweén microhardness and
the width of the forbidden zone of AIIIBV semiconductors (Fig. 21),
‘and also a correlation betweer melting point and microhardness (Fig.
22). It is noted that the smooth diminution in the hardness of
compounds of boron; aluminum and indium is disturbed by the somewhat
higher coursegbf’?héiﬁIE?EEEFﬂness of a number of gallium compounds,
i.e., to the relatively smaller width of the forbidden zone: of -

IIIV -

A"""B gallium compounds there correspond the relatively higher
values of microhardness than for compounds of other A metals.

A similar departure 1s also observed for the melting poirits of
compounds of gallium, which have relatively high values of melting

- points, as well as values of microhardness. An increase in the
hardness and the melting point can be connected with the appearance
for these compdundsfaiohg—with«sﬁg-coﬂftguratidns of also a definite
statistical weight of configurations 6fﬂs3p6 type. This, apparently,
should become more pronounced- for 1ng§um,compounds. However due to
the appearance for indium of a completely vacant Uf-shell the
disturbance of sp-configuratidns‘is ppssible as a result of the
partial transitions of valence electréns to 4f-states. For aluminum
.the formaticn of ssz-configurations is most completely expressed

for AlN, as was already noted above, in comnounds of aluminum with P,
As, and so forth. The transfer of electrons from Al to phosphorus
and other B components 1s hampered as a result of the relatively clouse
energy states of the sp-electrons of both components. For gallium,
having a lower energy state of sp-electrons, the transfers

from it of electrons to component B are resumed. Thus, the for-

mation is possible by component atoms simultaneously of sp3-

and - szp6 electron configurations, the relationship of the statistical
weights of which can oscillate over a wide range — from practically
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100% Qf.sp3~cgnfiguration§ (and the formation of the strucjure of

sphalerite) tc practically 100% sep3~configurations (with the
formatlon of the structure of wiirtzite). Therefore for gallium
atoms 1n its compounds of the AIIIBV type a high statistical welght
of s2p6~configurations 1s possible, and i1t is possible to expect
polymorphous transformations fbr these compounds under certain

conditions.
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3. Thermodynamics of Nitrides!

The thermodynamic properties of nitrides are presented 1in

_reference books and survey works [M7,6112, 862]. Therefore in this

1This section was written by R. F. Voytovich.
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section the main attention is focussed on the relative thermodynamic
stability of nitrides in various media, the determination of the
temperature range on'thermodynamic stability and the equilibrium
values of the partial pressure of the nitrogen of nitrides, the
possibilit& of achieving reactions betwecen nitrides and other
compounds, and also on an evaluation of the expected propertics of
the products of the reactions.

In Tables 28 and 19 the thermodynamic properties of certain
n’‘trides are presented, and in Fig. 23 the dependence of the isoharic-
isothermic potentials [Cibbs free enerpies] of the formation reactions
of nitrides 18 presented.
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Thermodynamic properties of nitrides.
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Table-19. Thermodynamic potentials of nitride formation.

o : ALy 0TISTHeT - Tempera-
Reaotion - m 0 : -0 el Thterval,
kJ/mole Ikoal/molo kJ/mole [kcal/mole kJ/molgikul/molo XJ/mole |keal/mole °x
‘ )]
SL’(,’)‘}"/.N“” " — ja - : 198,75 —47 47’ — —— ]42.35 u,0 —
maLiyNg .
GBem,-f- ;:,).) 513,306 | 12%,601 —563,962| —134,7 . i —_— — 169,984} 40,6 208—1020
3M¢(ﬂ)+ ;(‘:) 399,722 | 96,472 | —458,673|3—109,6 " - - 198,496 | 47 41 208—923
"MOJNZ(u)q n
3MU(-)+Nz(r> - - —485,25 | —116.97 |  — - 227, 43{ 54,3 923—106:
=82 Natralg ; ‘ .
3Gy Ny - - 484,622 | 116,75 | - 226,464| 54,00 |1061—1300
=Mg:Ny vy : 1
3Ca,,,,+N2m 377,231 | 90,1 —439,614{ —105,0 | — 209,34 | 50,0 208--1000
N ) . :
3*¥2(rs) .
->Sr o) T Nag)= - - —382,67 | —91.4 - - 213.11 | 60,9 -
=Sty : I
3L i 4Ny )= 292,636 | €9,835 —364,252; —81,0 —_ - 240,3224 67,4 268—1000
N:(n) . .
h(,.,+’/.sz 210,677 | 64,66 —~301,868| —72,1 -1 - 104,67 { 25,0 2981000
wluN ' . ’
)
Cepyy+1/aN, oy 205,379 | 70,55 ~258,67 | —78,0 - — 104,67 | 25.0 208—1000
Y
xm%ﬂaﬁm 1187,665 | 283,669 | —1299.583| 3104 | _ | — 375,656 | 897 | 2982000
18) : -
Umt /-N‘ ™ | 269,971 | 62,003 | —286,796| —68,5 - - 90,016| 21,6 | 2982000
- (rs)
aumﬁi-m,(,, S - B4 | —216,0. | - - M2,9 81,9 -
R SN, 4(rw) ‘ - ont !
'\ ‘e x, “n- “.291 73-“ —3&'”‘ '—80.26 — band 92,9‘7 22,2 298—1183
wih ') H
Vit N ™ - - —338,603| —80,85 | - 06,376 | 22,78 |}165—i60
! |
ety | 336,422 | 80,383 | g5y 902 | —7,0 - - 93,387 22,306 | %8—1.%
‘.er(ﬂ) I ;
2-‘\.-.,; }+‘/.N3(,,~ - - - — - - - - ‘ —
=N N : j . ‘
"‘-(1-3'1"/-Nz(r)"' 340,808 81'. | —3AG,805 v —Bl,4 ! - | - — [ - )
41l gy ‘ i ! . : .
VientiNgey= | 223,797 | 53433 - —ei =137 =L T g s 26,3 ¢ L96—200
g Vi | | : ,
Tairay+/4Ng(ry= 218,183 | 52,1i2 , —246.603 | —68.9 -—28,889 | —6.9 166,844 39,85 | 253—2240
= LAN vy
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Tabde 19 (Cont®d).

—a2 AZyema - dTISTHer - ) Tempera=
Reaotion - s i LR ¢10 I’:{:rul.
kJ/mole fxoal /aole kJ/nole Jxcal/molef kJ/molefxcal /mole | kJ/molefkcal/mole %%
< - = —£9,501{ —16.8 | - - 21,0 11500—2000
3MDyy)+Ny(e) = } ~u1,87 | =51, 17| - - égf” 3%,4 -
-y . . ’ .
3Ny + Ny * - —191,76 | —458 | —= } — Y9 | BT | -
ST 403 | —0,963 ' ! J
AP+ Ny | J —0,837| —~02 | 48.661] 11,62 Jiou042 |—28.85 | 298—950
. -FC‘N(?') 294,621 0. 36 - : .
Al oNogy= * g —322,284 | =77.0 — - " 4§ 9318} 2.8 208--923
@ALY e - . . R
MatiNan= | = | = | o] 635 | — | — {isax| ;s o2
B+ Nyp= | - —108,857 | —2%,0 | - - | aweiz %7 [1200-2300
==BNrs) - ' !

&m+gemn- ; =. | —666,909 | —186.9 - - 23,00 | 53.8 2500—3000
[0 3 ) )
384 12Ny | 653.312 | 156,041 —753,62¢ | —180.0 - — %81 804 293—1680

«re) - X g i
Wit PNan= | 7 T | 463|234 | ~ — | e19,517 [ 1002 16801800
5Nyem —~790,458 | —188.8 -— - 12,4 98,8 18002000

Calculating the heat capacity of certain nitrides. In the
process of oxidation of refractory compounds analopgous to that,
otserved in the oxldation of metals and allovs, a multilaver cinder
willil te formed, consisting of several oxide nhases, amons which
at nizn temperatures the occurrence of various exchanse reactions
is possible, considerably varying the ccmposition of the cinder
and the condition of the diffusion through it the reaction comoonents.

~he expianation of the thermodynamic stability of refractorv
compouwnas in different media and the determination of the thermo-
dyr.amic possibllity of the occurrence of oxidation-reduction reactions
in a layer of the cinder consists in determining the isobaric-
‘sothernic rotentials [Gibbs free energies] of corresponding reactions

at different temperatures.

These values can be calcuiated by several methods, of which
the one deserving the greatest attention Is the method of determining
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thermodynamic values, in which the values of heat capacities Cp

at various temperatures, the heats of formation Angga and absolute
entropy 8298 ghe reaction components in the standard state are
used [863], and also a method, at the basis of which lies the use
of the given thermodymamic potentials [86L].

The values of the latter for many compounds and elements in
the gaseous and condensed states are given in special tables [864].
The latter method is extraordinarily simple since consists in the
direct calculation of the isobaric-isothermic potential [Gibbs free
energy ] Azg of reactions according to certain data of the heats of
formation and given thermodynamic potentials of the reaction compo-

nents.

However up to now the values of the glven thernodynamic potentials
exist only for a few nitrides and carbides which excludes the
possibility of the use of this method for the brcad class of comnounds,
Therefore the calculation Azg of reactions with the participation
of borides and silicide, and also the greater vart of the carbides,
nitrides and sulfides 1s possible only by the first method which

certain equations of the temperature dependence of heat capacity.

IFor the greater number of refractcry compounds in literature
the corresponding values of the power series of heat capacity are
absent. Therefore the values of the heat capacitles of nitrides
of the simplest type were calculated (Table 20), using the Debye
method [863].

The values of the heat capaclities of nitrides at a constant
volume (CV) were determined by interpolation of the table values of
the Debye functions 3CD for values of the calculated values 0'/T
at all temperatures taken for calculatlon.

The characteristic temperature of an element was determined
by the Lindemann formula
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where Tnnis the melting point of the element, M is the atomic weight,
V- 1is the atomic volume,

Table 20. Character- *
istic temperatures of

certain elements and

ccmpounds., - .

Characteristio

temperature, °K
g, ) (4 _
Tok v, cu :
" L3 . for a ‘tfora
X etal
a e ?2538;. '?i‘:%%::a
| et s
8. [1878]14.99) 44| — =
%g 22751 13,62 ig - -
] !m 21.18 i — -
5h” qg FL; Ig; - -—
i ool = | "=l | ma
Nl = | s | ®
‘UN- [2928] ~ -— 1 788

According to the theoretical cpncepts, developed in [863,
865], the characteristic température 0' for an element in a compound
was calculated by the formula

&= é,V Toa
. ., .na

where 6 is the characteristic temperature of the free element, e

and Tnn are respectively the absolute melting point of the comnound
and the element.

The values of the melting noints Tnn and the molar (atomic)
volumes V of metals, nitrogen and nitrides, and also the values of
the calculated characteristic temperatures are represented in
Table 20.
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Using value o' and summarizing the values of the atomlc heat
capacities found according to the curve 3cD = f(e/T), the heat
capacity Cv of refractory compounds at a given temperature was
determined. The transition to values of heat capacities at constant
pressure was accomplished with the help of approximate formula

Q=w@+mmum£ﬂ

The experimental values Cp for titanium carblde were comnared
with the values, calculated by the above described method. The
coincidence of theoretical and experimental values of Cp was satisfac-
tory (Fig. 24). 1In the region of high temperatures, higher +ho-
&73°C, the complete correspondence of calculated and experimental
data was observed; maximum divergence observed in region of temmer-
avures 273-473%K was about 5% of Cy.

&, sal/fmoLaedeg

12}

o T
&7 a7 nn 14} 200 2N A

Fig. 24. The temperature dependence of
the heat capacity of certain nitrides:
O~ HIN; C—3cN; ATAN; x —UN; @—TiC¢ (calculated);
~-——nc (experimental).

The calculated values of heat capacities Cp for the nitrides
erniumerated in Table 20 at different temperatures are given in
Table 21, and on Fig. 24 this.dependénce for nitrides is graphlcally
snown. The temperature dependence of these values can be represented
by equation

c’ = a + br‘ lﬂ-—cc 10‘01‘-’0
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‘ferent temperatures,
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The values :of the constants of equations of the temperature
dependence iof the heat capacity of nitrides are represented in
Table 22, ‘

Table 22. Values
of constants a,
b, ¢ of the equa-
tion;: —L,'{.{-.-u—l
T-—c-M

Co - .
tioeel o | vio] crw

SN Insef1,23 2,08

iy islie) b8

UN  [11.62]1,23| 1,0 |
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Thus, in the absence of experimental data on heat canacity the
Debye metinod can be successfully used for evaluating the heat
capacity of nitrides of the simplest type.

Having the necessapg:thermodynamic values évailable, it 1s
possiblé to carry out the thermochemical calculation of the interaction
in a nitride-gaseous phase system, %hereby determining the stability
of refractory compounds in different media.

Calculating given thermodynamic potentials of certain nitrides.
The simple and convenient method'of considering thermodynamic
equilibriuﬁs in a refractory compound-gaseous phase system and
estimating the isobaric-isothermic potentials [Gibbs free energies]
of the reactions of the interactidn of the components of such
systems consist in the direct caléulation of the isobaric-isothermric
potentials [Gibbs free energies]jif the reaction, in using the data
of the heats of formation in the 8tandard state AHggs and the given
thermodynamic potentials_of the r‘action components. The values of
the latter for elements and many %ompounds in the condensed and
gaseous states are given in special tables [864]. However values
of given %hermodynamic potentials{inst only for certaln |carbldes.
and nitri%es and the values of these magnitudes for borides and
sllicide are completely lacking.

P
' N i Vil
_As 1is known, the given thermq@ykﬁmic potential (Table 23) of

®% will be formed by adding the e&%halpy function Hg-Hg /T to both
L] : . 1
sides of the equation: A
Z—-M} i
Ty =T, (I.3)
obtaining . *
copmdntho g, B, (1.1)
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where index S designates the standard state; T 1s the temperature,
°K, and for temperature T, there is usually assumed. 298.15°K. For

the condensed phases ®* there can be obtalned from

T
T - . ‘
o = | et —-nta(}) - (x-5)
T -
. or, using the value of heat capacity, )
r r
s 1 cl
¢r=7-56:47'--54. (1.6)

Table 23. Values of the
given thermodynamic poten-

L]
tlals ¢p= $—Hm of cer-

tain nitrides at various
1

temperatures, cal.deg X
x mole 1. -
Mtre | ek | soex |iswex | 1500k | soeex
Li 29 (798} - -] —
Be’:t‘{ 120 |203]23.2]337] a4
195 {23.1]34i6]435] —
Ca 2586 |28,6140,2] — | —
m‘ 302 &" 49.5; - —
- Rt A o) Rl s
o 432 | 45.8]|59.5)71,7.|828.
B“il’." 134 [14.6]19,2]23.8]27.7
TIN 65 | 8.2(1271182] —
N 13'8' 1041471182 —
HIN 88 -— — — —
VN 89 |10,1]14,41180] —
NDN 107 J11,7116,3120,2]|238
. TaN 64 |105]17.6]| 223|258
: Cr, 180 |2,0[22,4] 9| —
Crl 52 | 6.0] 7.83] 78| —
Mo,N 210 | 22.9129.9] 3.7 [ 32,8 .
* Mn,N, ae [s25l = | — | —
3 - MingN, 330 (%3] -] -]~
Fe:N %s |Ba|ns) - | ~
] Fe,N %9 |o8](528] — | —
Al 92 | 95]132] —~ | 8¢
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For the standard temperature there iz usually assumed 298.15°K.
The connection between the two standard temperatures 1s carrled out
by using HgQB in the following way:

I e RO R

- .}

Ho—HS 22— it
+ et R (1.7)

For the chemical reaction Amg is determined in this way, as
well as AH or AZ.

L’ \d . v, ) o
Aﬁ"‘ z/?tthe reaction of products |=Z/Pror the initial ocomponents (1.8)

Since

' B
‘ M= =T (1.9)

A%} = —RTinK, | (I.10)

LA
>

) ‘ W
then o o *

i : A ' (I.11)
; : -'»Rin't,'(s%'-l-mb}

and ’ ) .

. Azp  anf ' (1.12)

_ } . .
. - . T . . T
®ror ths compound|ss 7=+ 2Pr the initial compoaents




e e~ e e o o it P S S I O

s,
P
RS

|
i

Thus, using the rglabiénsb&ps (xggz), it 15 pessible co determine
the value of the given tbétmpdynamiq potential of a refractory compound,
if the values of the:isnharfééisothermic potventials [Gibbs free
energies) AQOT_ of the formatiun eassion of tne compound at different
temperatures and the valves of its heaps of formation AHgQB in the
standard state are known.

SRR A A e R R AL

The values AmOT of tvhe formation reaction of nitrides (Table

23) were determined from equations ¢f the temperature dependence of
their iscbaric-isothermic potentials [Glbbs free energies], gmiven in
8623, The values of the piven thermodynamic potnetials o the
corresponding metals and nitrogen were taken from [8&4],

[er—

Having the necessary data QZOT and AHggs of the connectisns
available, and also the values of the given thermodynamic potentlals
of the corresponding metals and nitrogen, the values % of the

T
ritrides were calculated in accordance with equation (I.12).

The knowledge of the given thermodynamic potentials of certain
nitrides makes it possible to considerably simplify the calculations
of the thermodynamic potentials of the reactions, occurring with the
varticipation of.these compounds, not resorting to the laborious
method of determining these values, using the thermodynamic relation-
ships (1.3) .lth respect to the known, values of the heats of formation
AHO and of the absolute entroples Sggga and also the heat canacilty

298

cp of the reaction components in a broad region of temperatures.

7"he thermody:amic stablility of nitrides in different media. The
stabllity of refractory compounds is an important factor, determining

their successful use as high-temperature materials.

Higher stability 1s indicated by a large positive value of
standard free enrrgy of the inter:2tion reaction of a refractory
connection with a given gaseous phase. However, a certain interaction
is observed even at positive value Azg thanks to the fact that the
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reaction producte can exist with activities, less than unity, for
example, in their dissolution in the initial components. At a larre
positive value of AZ°T reaction becomes practically impossible.

It is algo necessary to consider the kinetics of the reactions.

In certain cases interaction with the surroundings is so weak that

* the use of the material under given conditions 1s possible, although
from the thermodynamic poiht of view 1t is unstable., Thus, thermo-

" dynamics, being a reliable means of predicting potentially stahle

compounds under'given conditions, does not mgke 1t possible to ohtain
a comprehensive evaluation of the stability of compounds. Let us’
consider certain regularities of the thermodynamic stability of
nitrides in a medium of air, carbon and in a vacuum,

"a. The stability of nitrides in an air medium. Below the

! thermodynamic conditions of the course of the interaction reaction
of nitrides with air at a pressure, equal to 1 at (0.2 at 10, and
0.8 at Na) are examined, -and the results of the thermodynamic
calculation of equilibriums in nitride-oxygen system and the deter-
mination of the.preésure equilibrium of the gaseous products of the
interaction reaction of a number of nitrides TiN, ZrN, VN, BN,
513Nu with the oxygen of the air are .given.

‘To calculate the thermodynamic vplues the given thermodynamic
potentials, tabulated for elements and compounds in gaseous and
condensed states in the special tables [864], were used. The
calculation is presented in accordance with equation (I.1ll).

_ For reactions, proceeding with the production of gaseous
products, equilibrium constant K can be represented as

Kowmieo C(1.13)

_where p 1s the partial pressure of the gaseous product of the reaction,
pob is the partial pressure of atmospheric oxygen at atmospheric
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pressure p, = 1 at., Equation (I.11) takes the form

; B e
1 —RInK =Gl ity £ 007 (I.14)
. '
i Inasmuoh as: pop of the air is 0.2 at (pNa = 0.8 at), the problem
é reducea to: determination of the pressure of the gaseous products
ZE or the reaction pNa(No) from certain tabular values AH298 and ¢h
¢ -of the reaction components.
The pésaible interaction reactions of the nitrides TiN, ZrN,
2 VN, BN andei3Nu with the oxygen of the air (0.2 at) are presented
g in Table 24, from vhich it 1s evident that the interaction of nitrides
E: with oxygen can occur both with the formation of nitrogen, and also
. of 1ts oxide NO.
SR Table 24, The equili-
;g T : brium -pressure N2 or NO )
3 of the oxidaticn .
3 reactions of certain :
nitrmes ""‘:H"'» . 1
[ ettonj o b
. N B
o
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The galculated values of the equilibrium pressures of the gaseous
products of reaction in accordance with equation (I.12) at different
temperatures (from 298 to 2000°K) are represented in Table 24 by
equations of the temperature dependence of the pressures of N2
and NO.

Nitrides are characterived by higher thermodynamic stability
(large negative values AZOT), than the corresnondine carbides at low

. temperatures, but by considerably less free energy of the formation

of the corresponding oxides. Therefore nitrides rapidly decompose
upon heating in air (or in oxygen) with the formation of stabler
connections-oxides. Considering that the the:modynamic stability

of ni:trides, oxides and nitrogen decreases with temperature increase,
the value of the free energy of an interaction reaction of nitride
with-oxygen also decreases. with the increase in temperature.

From a consideration of curves log p = £(T) (Figs. 25, 26) it
follows that the variation in the free energy of reaction and the
pressure of nitrogen and hitrogen cxide decreases with the increase
in temperature, l.e., thermodynamic stability of nitrides in air
is increased. At cértain definite temperatures ~or a given oxidation
reaction of a nitride AZOT = 0, 1.e., the occurrerce of the process
becomes thermedynamically improbable. An evaluation of the values
cf these temperatures shows that they lie in a region of very high
vaiues {more than 6000°K), exceeding by far the usual temperature
régions of experimental investigations. Consequen-ly, at normal
temperatures the oxidation proecces of niltrides 1s c¢..aracterized by
high thermodynamic probability and occurs spontaneovsly in the
direction of the formatlion of more stable reaction rroducts.

Tre calculated pressures of gaseous N2 and NO do not consider
the protective nature of the cinder layer forming. Nevertheless
under conditions of.constant gas generation the forming layer of
oxides 1s gradually disintegrated and the observed pressure of N2
and NO can sometimes be very close to the calculated values.
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Fig. 25. The tem atﬁre dependerice of
isobaric-isothermi® potentials [Gibbs free
energies] of the oxldation reactions of TiN

and ZrN:

Q) 1~SWN+IOIMONy 2~ ITIN4: 'm' é—pu v ITLO 4 Na
. 3—TINTD +‘z§r OO NO . e

DRI 1 e T L

As can be seen from Figs. 25, 26 the thermodynamic possibility
of the occurrence of the oxidation reaction nitrides with the
production of the corresponding oxide and gaseous nitrogen is much
greater than the thermodynamic possibllity of the oxldation reactions,
the product of which is NO. Actuallyi nitrogen oxide 1s characterized
in contrast to other compounds by a comparatively large negative
thermal effect of formation and by high value of entropy. This
determines the lower value of the free energy of the reactionsg, the
product of which is NO.

For a given nitride, the oxidation products of which can be
several different oxides, the thermodynamic possibility is maximum
for reactions, proceeding with the formation of the highest oxides

of the g¥ven metal. In oxygen medium, in spite of the fact that

0 0
Az 7N > AZ TIN? titanium nitride is thermodynamically stab}er than
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zirconium nitride, thanks to the lower value of the free energy of
the formation of T102 as compared to Zr02.
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Fig. 26. The temperature dependence of
isobaric-iscothermic potentisals [Gibbs free

energlies] of the oxidation reactions of VN,
BN and Si3Nu:

A=2VN 4 3/,0, = ¥,0, Ry = 90, = . N - :
From a consideration of thermodynamic equilibrium in nitride-
oxygen systems and the values of the pressure of the paseous reaction
products, it follows that in the temperature interval 298-2000°K the
nitrides are unstable in oxygen and can be subjected to oxidation
with the formatlon of the corresponding oxldes and gaseous nroducts

N2 and NO,

The interaction reactions of nitrides with oxygen, the products
of which is nitrogen, are characterized by higher values of nepative
free energy than reactions, occurring with the fermation of 4O,
Therefore in analyzins the products of the oxidation reaction of
nitrides, as a ruie, only nitrogen is detected.

The stability of nitrides in a vacuum. Nitrides are character-

ized by higher values of free energy of formation than the correspondine

carbides and sulfides. The thermodynamic stability of nitrides‘is
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usually higher than the thermodynamic stability of the corresponding
carbides at 298°K, however the value of the absolute values of the
entropy of the formation of nitrides is higher, which also determines
the sharp decrease in the free energy of the formatiou of nitrides
with a temperature rise.

Due to relatively low thermodynamic stability at high temper-
atures nitrides are characterized by high values of the dissociation
of nitrogen, and thils factor to a greater degree than the values of
their melting points, limits possibility of their use as refractorv

materials.

~ In Table 25 the calculated values of the equilibrium pressures
of nitrogen during the dissociation of certain nitrides are onresented

Az}

v, = —gzmr

where. pN2 is the equilibrium pressure of the dissociation of nitrogen,
AZOT 1s the variation in the free energy of the formation of nitride.

(2]
(@ o]

Table 25. The values of the partial pressure of
nitrogen with the dissoclation of certaln nitrides.

Reaction ; . K WK 1000* X 1500 °K 2000° X
2LiN6LI-N, 49-10~% I5.65.10~% - - -
BegNy23Be-+N, ,24.10~% -1 28.10~5% | 9 85.10~% - -
MeN,T3Mg+N, ,95.10~" 13,18.10-%% | 3,33.10~¢ | 9,06.10~ -
CayNg23Ca+N, ,45-10~%7 11,08.10~3% | 9,55.10~ - -
BaNy~3Ba+-N, 551 3,3.107 | 3,4.1077 - -
2LaN2SLa4-N, 51109 17.65.10~5% | 2 59.10~% - -
2CeN 22Ce+N, ,39.10~1%¢ Ps.ss.xo-" 6,84.10—% - -
3/ ThyNeYsTh+-N, ,78.10408 fg 31.10-% | 7,67.10~25| 1,55.10™1 | 6,97.10~%
UN22U+Ng 8,53-10~% 13,31.10-% }2,87.10~% | 2,74.107" | 2,67.10~¢
2TINXITIHN, 1,01.10~198 (3 58.10-8! | 4,25.10~% | 2,51.10"¢ -
2ZNP2Zr4N, 1,41.10-18 11 18.10-%7 | 5,3.16~* | 3,03.10~'¢ -
VN2V N, ,01.10-7 J9.62.10~ | 9,46.10~ } 3,83.10~% | 7,21.10~%
INDNE2NDN, 7,24-10~75 [3.38.10~ |1,06.10~'% | 9,08.10~° | 4,94.1
TNJ2Ta+N,  [3,72.10-77 J6,18.10~3 | 4,23.10~'8 | 4,75.10-'* | 3,9.107¢
27 N4Cr+N, 1,4-10°% [9.06.10~'% | 3.48.10~ |1,96.107% | - —
2CINECr-+Ny i34:10-3 13,42.101% | 1 64.10~% | 1,95-10 -
4CINZ2CNEN, ,03.10~% 12 68.10~17 |'4,53.10~ | 7,02 -
2Mo,NZ4Mo Ny ,83-10~18 1§ s5.10~% | q,27.10~ | 1,8.10 3,55-100
MngN25Mnt-Ny  14,07.10~% [6,31.10-1 S -
e e R e | = =

e 65 A2 i 2 - —

wamn;;":w&'h. ,58:10  14,69.100 1,04.10¢ - -
2AIN2A1+-N, ,23:10—% | 2.6.10~%8 | 3,172,102 - 1,39.107¢
CEBNP2B4N, . . | 2,402 [2.34.107% [ 7,55.10° | 4.6.10~ 3,61.10° _




On Fig., 27 the temperature dependence of the equilibrium
pressures of nitrogen are given. Temperature dependence log p - 1/T
can be described by an equation of the form log p = a + b/T. In
. Table 26 values & and b are presented accordingly for all the examined
nitrides.

Filg. 27. The temperature dependence of the
* partial pressures of nitrogen during the
dissoclation of nitrides.

g

. As follows from Fig. 27, the thermecdynamic stability of metal
nitrides decreases with an increase in the atomic number of the metal
forming the nitride. The highest thermodynamic stability is charsascter-

“1istic for zirconium and titanium.mononitrides. They have the lowest
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equilibriur pressure of nitrogen ard therefore can be used in a
vaduum. Somewhat lower stability is possessed by the mononitrides
of the rare-earth elements and the actinides, nitrides of 'group V
of the transition metals. The nitrides of group. VI are rather
unstable, For example, for MozN the partlial pressure of nitrogen
amounts to 1 at at a temperature of 895°C. Nitrides of group
VIII Fe2N and FeuN are characterized by great values of the equilibrium
pressure of nitrogen and are thermodynamically unstable in all
"examined region of temperatures.
|

The nttrides, the decomposition pressure of which 1s more
than 10~ -6 Lt,iare unstable and highly volatlile. From the data of
Table 26 i% follows that all nitrides, as a rule, are unstahle at

a temperature.of 2000°K

Table 26. The values of con-
stants a and b of the equation
of temperature dependence log
p=a + b/T of the partial.
pressures of nitrogen during
the dlssociation of certain

nitrides. ;

g%?a;ul O rh—' 'ggﬂx‘u‘ « | s

2 ~43,2] 6,8] 2T 7, ‘9
a'il,'u".v 10" | 30,4 2(::21 s.g . ”,4 '
mﬁ& 12447 2XrR\] 10 S X

Ca 12 |24 |2 7.4 :
Ba 13,4/ 19,6 |’ Ma,N, | 8.4] - 108
-2 10,6] 30,8 § Ma 8.4] 10

2CeN - 12 [ss,2]2eN| 8 | - 04
VTN, | 9.8/ 34,4 2Fe;N] .1
20N 10,8( 304 { 241N | 9.8 s .
N 9.2{ 34,9 2N |20 mnjynrq
2ZrN 10 | 38,4 x| 1a.s (1005200
2VN 9.2} 26 ' ».d
INBN 8 [ U4

In the process of the decomposition of the greater share of
the nitrides gaseous nitrogen_is liberated and a solid solution
o' nitrogen in the metal will be formed; other nitirdes, for
example UN, form gaseous nitrogeﬁ and vapors of the metal.
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The values of the partial pressures of nitrogen upon the
dissociation of nitrides at a given temperature can also be deter-
mined from Filg. 27. To determine the dissociation pressure of a
nitride at a given temperature it 1s necessary to connect point D on
extreme left of the vertical line, corresponding to a temperéture of
absolute zero, with the point on line AZOT for the particular
nitride and to contlinue this straight line until it intersects with
the right ~ressure scale. The point of intersection will give the
value of the partial pressure of the nitrogen of the nitride at a
given temperature.

The stability nitrides in a carbon medium. At high temneratures
nitrides are characterized by lower thermodynamic stabilitv than the

corresponding carbides, in consequence of which they interact with
carbon with the formation of corresponding carbldes or carbhonltrides
and the liberation of gaseous nitrogen.

In spite of the importance of such information, up to now
equilibriums in nitridé—carbon systems have been little investigated.
In work [112] certain thermodynamic data on the interaction reactions
of a number of nitrides (A1N, UN, 813Nu, TiC) with carbon at a
temperature of 2000°K are given.

In Table 27 the results of the thermodynamic calculation of.
equilibriums in a nitride-carbon system at temperatures of 298, 500,
1000, 1500, 2000°K are presented and the possible assumed reactions
between nitrides and carbon (but neglecting the possible formation
of carbonitrides).

Let us briefly examine the basic regularities of the processes
of the interaction of nitrides with carbon.

The thermodynamic stability of nitrides at 298°C is higher than
the thermodynamic stability of the correspond.ng carbides, however
the values of the absolute magnitudes of the entropy of nitrides are
higher, which also determines the sharp decrease ir. the value of the
free energy of formation of nitrides with a rise in temverature.
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Table 27. Equilibrium pressure of nivrogen of the interaction
of a number of nitrides with carbon at different temperatures.
i Value . at oefficients »
Reaction ' - ues oy ,g_au:ggon 1;‘;1:;::‘10\:"
WK | wek 100k | ek | woek « | o K%
+9/ : S
ﬁ”&n&m 1,26.10~% 4,90.10~%| 3,00.16~%1 1.108 - &4 32,2 | 2081000

. ' S 18,8 | 1000~1600

MgaNy+0Cm3MECy 4Ny |1,23.1078 | 1,23.30~10) 2,09 - - u fem| -~

© CgNyH0CmICICy N, | 8,25:10™0 | 5,28.10~1| 1 70.10 - - 18,28014,2 |~

35TheNy+-4/Com ol " :

L TN, | 10610~ 8,108 310108 1,12.107) 3200107 |7 |z ] . -

) . . .

‘ ﬁ?m-f-ﬁ'._ 4971079 4,21.107% 6,03.1014 [ 145007 | 24610~ |7 19,2 -

SUNHECm2UCHN, .| 1,50:10%. 1,05.00~% 3,39.10=1 | 1,1.10™* | 1,90.10~ | 8,2 |20,15 -

. SUNPG UGNy | 7,50:105% | 9,33.10% 1 59.10~10] 2,14-10~ | 3,08.10~ | 8,15 }19,02 -

| SUNSGmIUCEN, | 2,40:107% | 1,78010~2] 1,1.10-10 | 8,13.10~% | 3,82.10= | 9,2 o0 -~

| FINGEmITCEN, | 3,631074) 1060078 2,6000~7 | 2,85:100 |~ Ip;fisas] -

. . J0-¥ g0~ ] 2,63.100 - 129,765 23,45 | 298—500

wr{m-m Ny, |8,33 _x.o*“ X ._w_- 3.09-107 3.1 = i ‘5.53‘. N

. OVNGCmVCHN, 467108 F2,08.0078 - |~ - [8.08 %068} |~

| SUNHICRIVCHN, | 6,17.104 | 1,2.10~9 | 5,5.10-12 3,47.10~% | 8,32.10= | &  |20,5 -

NGB CHI | 1,07.107% | 41072 4,9.10% {363,103 | ~ 6,35 [s.g8|

i . . JR R _'63

* SNBNHICmINDCHNy | 6,28:1077 | 7,04:107'%{ 9,12.107 | 2,04.10 = [aB 048]~

| STINGCmTOCHN, | 1,48.10°%) 2,04.007%] 2,00.107% | 9 19,108 | 100100 | 7,25 -

i JTaN$CaITaCN, | 2,87010°2 | 6,76.0071] 6,02.10 | 2,14.10 | 2,60.108 | 4,48 -

i e NFWlw | T |

Pt 1011 6,31.10% | 4,27.10" 1.1,15.10 - 1 208500

S S I R AR mal b R It

] - 4 - - -~ - = 1+0,83]. 10001500

I 9CIN$1/Con 1,68.10~'7} 1,38.10~ | 3.31.10 | 3,63.10¢ = ] 600f 5,00

o =YCHCetNy ] 1 . :

‘ :E;.c:cffi 134167% | 2,60.1070 | 3,09-167 | 2,85.10 - |62 -
f'rlh,lgr:lcf;N. 1,41.1072¢] 1,35.10—1° | 3,72.10 1,85 108 - 14,25 -
’%’}é}*_‘é’.ﬁﬁ 1 7,59.10%] 6,31.10™13} 3,55 4,67.108 - 15 -
bt 'S .

2MoN-+2C=2MoC+-N | 1:20-10722] 4,47.10710 2,67.107 | { 23,108 |®,92.100 |14,63 -

Mﬂ.Nd'./.c_.IMNIL 6,17.1¢—2 2.’9'10." — - — 7.92 -
'.‘.'17%2’#:. 871078 | 112.007B) -~ - - |82 -

Mot CmMahty |-1,380072] 1784071 — - - e _
Loyt Y] FRT B - i L -

2PNt/ ContfyFesCoitiy | 1,91:1070 | 6,13:1072 | 1108 - - |82 -

QFeN+C=AFe,CH+N, | 1,7.1078 | 4,67.107 } 7,41.108 - - s, 2 -
e | 1a0mt | siia0 | 3,30000 - - |78 -

» N - -— . . 8,1 —-—
BNAYCBCHY | - = N el AL ) =
BAINHYCmV/pACoHNy | 9,12:10°0 | 2451079 1,300~ | — i -
;/st.n.+.l.c../.snc+u.‘ 1,88:10™41 1,96.107% 5,89.107% | 8,32.10-% | ¢,68.10 | 0.5 lm—gg:
o o=yt - - T hand - 500~
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In the® interaction of nitrides with carbon the corresponding
carbides will be formed and gaseous nitrogen will be liberated. The
~ thermodynamic possibility of the occurrence of a reaction and its

: . variation with an increase in temperature depends on the resultant
é : balance of the variation with temperature of the thermodynamic sta-
9ility of the products and the initial reaction components. Thus,
it is possible to expect that in a region of low temperatures of the
inceraction reactions of nitrides with carbon will be thermodynamically
_improbable. With an increase in temperature the process of the
interaction of nitrides with carbon occurs spontaneously, i.e.,
H the nitrides in the carbon medium are thermodynamically unstable, and
move in the direction of the formation of the corresnonding carbide
and gaseous nitrogen.
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% -Actually, the data obtained by us on the calculation of the

! isobaric-isothermic potential [Gibbs free energy] of the interaction
reaction of nitrides with carbon (Fig. 28, see Tahle 27) show that
the pressure of nitrogen increases with an increase in temperatureg.

b it D R U R

From a consideration of the lines log o - 1/T it follows that
the variation in thé free energy of the reaction and accordingly the
aressure of nitrogen increase witﬁ‘an increase in temnerature, i.é.,
the thermodynamic stability of the nitrides in the presence of carbon
decreases. From a consideration of the condition AZOrp =0 (K=1)
{the condition of the impossibility of the occurrence of reaction)

iv T

interaction reactions of nitrides with carbon hecomes thermodynanlcally
improbable. The corresponding temperatures calculated by us,

: responding to condition AZOT = 0, are different for all nitrides and

é usualliy increase with a decrease in the valence of the metal, forming

the nitride.

oilows that at certain completely definite temperatures of the
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%2 Thus, from an analysis of lines log p - 1/T it follows that the
tnermodynamic stability of nitrides in a carhon medlum decreases
with an increase in the a§omié number of the metal groun, forming
the nitride. '
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Fig. 28. The temperature dependence
of the equilibrium pressure of nitro-
gen of the interaction of nitrides
with carbon (the numbers'of the curves
correspond to the numbers of the
reactions in TaRle 27).

From Fig. 28 1t is clear that according to their stability with
respect to carbon all nitrides form several definite groups. The
highest thermodynamic stability 1s characteristic of the nitrides
: Tq3Nu, AIN, The interaction of reactions of the nitride ThgN),

3 with carbon are characterized by the lowest values of the magnitude
of pressure of nitrogen in a broad region of températures, thanks
to which Th3Nu can be used in reduction media up to temperatures of
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2500°K and asbove. Characterized by their somewhat lower stability

are the nitrides of the transition metals of the fourth and fifth
groups VN, UN and ZrN, and distingaished by their st1ll lower
stabllity are the nitrides Si3Nq, YbN and TiN. Of all the enumerated
nitrides the most thermodynamically stable with respect to carbon 1is,
thus, thorjum nitride Th3Ng, and all the remaining enumerated nitrides
can interact with carbon starting with a tewperature of 1500°K.

Distinguished by theilr considerable instabllity are the nitrides
of the sixth and seventh groups of the periodic system. The stabliity
of nitrides decreases in the foliowing sequence: CrN, MozN, Mg5N2
anc ”rad Chromium moronitride 1s stavler than 1ts lower nitride
Crzh. The most stable in this group is tne nitride Ca3N2.

In contrast to the nitrides of the preceding group for the
enunerated nitrides at 100°C and above the process of interaction
with carbon can be thermodynamically probable \pNZ at 1000°C ¥ 1 at).

Trhe latter zZroup of nitrides is composed of the iron nitrides
reuN ana Fe2N3 whicn are characterized by the absence of any stability
in the presence of carbon and at comparatively low temperatures
(higher than 500°C) can intersct with carbon. The 1ron.Fe2N nitride
is thermodynamically unstable in the presence of carhon even at
temperatures of the order of 3G0°K.

Thus, from z consideration of thermodynamic data for nitride-
carbon systems it follows that at temperatures, exceeding 1500°K,
a1l examined nitrides, with the exception of ThBLM’ are thermo-
dynamically unstable and can irtensively interact with carbon. The
Semperatures of the beginning of interaction (or, more exactly, of
intense interaction) are different and vary considerably from one

nitride groun to another.

4. The Classification cf Nitrides

Analysis of the properties and the electronic structure of
rides makes it possible to propose a classification for them based on

~
daas
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unique priaeiples [§59, 860]. This classification, naturally, ensures
from a ¢lassification of the elements of the periodlic system into
-, ds-, fds-metals and sp-elements (nonmetals and semimetals).

The' first class includes nitrides of electrbpositive metals
of groups I and II of the periodlc system, the atoms of which have
externai:a-electrons witﬁ completely vacant or completely fllled
deepnlyinz shells (in a state of isolated atoms). These nitrides have

'"omposiﬁions, corresponding to the usual valences, are characterlzed

by the transfer by the metal atoms of valence electrons to the nitrogen
with the Iormation of stable szp -configurations by both components
(metal and nitrogen) or a0 and seps-configurations which determines
their ionic ¢haracter, manifested externally in hydrolysis by the
liberation of ammonia, high electric resistauce, and semiconductor
properties. Along with the strong and c¢learly expressed Me~N ionile
bonds these nitrides are also characterized by covalent component

of bonding, mainly, between the metal atoms (in nitrides) and the
ritrogen atons (in azides). This class of nitrides with respect to
the type of chemical bond can be called the ionic~covalent nitride
class.

It is necessary to note that the relationship of these two
types of bonds in the nitirdes of the indicated class differs rather
greatly; for certain nitrides attribufes of metallic bonding also
appear, for example, for nitirdes of the alkalli earth metals.

The second class includes nitrides, formed with sp-elements,
i.e., nonmetals and semimetals. For them the formation by both
components of stable sp-configurations is characteristic, which in

proportion to the increase in their energetic stability are isolated
from each other in an energetic regard,

This causes the anpearance
of energy gaps between the nonmetal and nitrogen atoms and corres-

ponding semiconducvor or dielectric properties. Basically they
correspond to the usual valence formulas; the bonds between the atcms
in the crystal lattices are directional, rigid, and of the covalent
type, — which determines absence in them of regions of homogeneity.
This class of nitrides can be called the covalent nitride class.
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The third clags includes transition-metal nitrides with fillec
d- and f-electron shells. The nitrides of thi; class are characterized

by more or less broad regions of homogeneity, by mainly metallic
properties, high electric conductivity, high melting points, and
hardness. The nitrides of this class are formed from elements with
considerable liberation of heat and are the result of such a redis-
tribution of the valence electrons of the metal and nitrogen, which
leads to the formation of the maximum statistical weight of atoms,

" possessing stable configurations of a localized part of valence

electrons. For transition-metal nitrides thc presence of a strong
covalent bond between the metal atoms 1s characteristic, and also
mainly of a metallic bond between the metal and nitrogen atoms which
makes it possible to include them in the covalent-metallic nitride
ciass.

'he range of variation in the physical properties within this
class of nitrides is extraordinarily broad. Along with the mainly
metal-like nitrides within this class there is a group of nitride
phases, in which the covalent bond predominates, and a certain
Srecieion of ionic bond also appears. Such phases possess semlconductor
prepervies, but with characteristic properties, which are inferior
to tne properties of the typically covalent nitrides.

This classification has an arbitrary character, since it is
impossihle to draw sharp and clear boundaries between any-classes
of nitrides. The properiies, the electronic structure and the
types of chemical bonding of nitrides vary discretely, i.e., with
the transition from nitride to nitride a single general line and
direction of the variation of the electronic structure and properties
exlsts corresponding to the same variation in the properties of
chemical elements, forming nitrides [861].
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CHAPTER 1II

METHODS OF PREPARING NITRIDES

The most important methods ol preparing nitrides are: 1) the
direct action of nitrogen, ammonia or other gaseous nitrogen-
containing compounds on elements or their hydrides; 2) the reduction
of oxides in the presence of nitrogen, ammonia; 3) the thermal
dissoclation of compounds, containing a given element and nitrogen;
4) the precipitation of nitrides from the gas phase.

The direct interaction of elements with nitrogen is accomplished

by the action of nitrogen, ammonia or other gaseous nitrogen-
containing compounds on the powders of metals and nonmetals or on
solid metals, or on the hydiides.

The interaction reaction between elements (3) and nitrogen
is described by the equation

23 4 N, 2= 29N,

In spite of the high dissoclation energy of the nifrogen
molecule (225 kcal/mole [73L4]), 1ts use for nitridation is more
preferable than ammonia. Thils is explained by the fact that the
hydrogen forming upon the dissociation of ammonia, although it is
a reducing agent, removing {. -~ oxlde films a surface, 1t can form
with many elements, especiaily metals, relatively stable hydrides.
Thus, to remove the hydrogen and to replace it with nitrogen an
additional expenditure of energy 15 necessary that is expressed in
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higher formation temperatures of nitrides. For example, in the
nitridation of translition metals by the action of ammonia complex
Interstitial phases of nitrogen and hydrogen will be formed in the
spaces between the metallic atoms [735], the so-called nitridehydrildes,
the removal from which of hydrogen occurs at higher temperatures than
from normal hydrides. Thus, with the action of nitrogen on

zirconium powder, zirconium nitride ZrN will be formed in the

course of 1-2 h at a temperature of 1200°C, and when the action of
ammonie zirconium nitride with a saturated content of nitrogen can

be produced only after being held for two hours at 1400°C [178].

The same was observed wlth the use instead of the metals of thelr
hyéricdes.' Thus, at 500~800°C, when titanium hydride is rather stable
the nitrogen con%ent in tne nitridation product is two times less than
in unhydrided titanium powder, nitridated under the same conditlons.
Av 1000YC, when titanium hydride noticeably dissoclates, saturation
with nitrogen osccurs mere intensively and the maximum saturation
with nitrogen is attained at 1200°C in the course of 2-% h, i.e.,
under the same conditions, as for pure titanium. It follows from
tnis that in general the nitridation of hydrides occurs more readily
than the treatment of pure metals with ammonia, i.e., under the
conditions, wher. ccuplex interstitial phases of the nitride-hydride
type will readiiy be formea.

In many cases nitridation more perferably occurs with ammonia,
wnich is able with certein metals to form amides, which are readily
transformed in the corresponding nitrides [6]. Thus, alkali metals
even at normal temperature and especially rapidly with heatlng
disicige one atom of hydrogern from the ammonia molecule with the
formation of amides of the metals

2 Me 2 NH, - 2 MeNH, 4 H.

The alkall earth metals form amides with great difficulty and
only with heating.

Upon heating the amides décompose with the formation of nitrides
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3NaNH, = Na,N + 2NH,,

and the amides of aikalli metals decompose with much more difficulty
than those of the alkall earth metals.

The mechanism of a nitridation reaction in general reduces to the
diffusion of nitrogen in the depth of a métal or a nonmetal (with
the formation of a sclid solution). After achieving a definite
temperature normal heterodiffusion changes to reactionary diffusion
with the formation of nitride phases. The formation rate of a nitride
is limited by rate of the reaction and by the diffusional transmission
of nitrogen through the layér of an already formed nitride. The
mechanism of the nltridation process is analogous to the mechanism ol
the oxidation process [76], however, as a rule, the rate of nitration
1s less than the rate of oxidation. This can be explained by the
fact that whereas oxygen, an isolated atom of which has an sepu
configuration of valence electrons, tends to bte filled to a stable
szps-configuration as the only one possible (with transformation into
an 02' ion), for a nitrogen atom (the configuration of the valernce
electrons is 32p3) there is both the tendency to complete the szp6-
configuration, and also the probability of giving up one electron
with the formation sp3-configurations{ which serves as a factor,
delaying diffusion as compared to oxygen [1070]. For the same
reason the reaction rate constant of nitridation increases in
proportion to the reduction in the statistical weight of the non-

localized electrons (Table 28) [178].

- Table 28. Reaction rate constants of the
nitridation of powders certain transition
metals, g/cm3.s.

Tempar- . -
ature TI-N N VN Nb-—-N To—-N Cr-N

o

4
500 |5,68-10°%(8,22.10~8] 1,7.1073 {2,21.50"% |2,47.1072 | 1,08

600 [2,20.10-%1 4.1.10-512,95.10~3{3.79.10-5 7 28.;0~2 | 2,51-

700 [1,65-10~°) 6,8.1073[3.72.10~%| 8.1c~5]1,58.10 | 5,27-107! -
800 [3.33.10~°18.3.10-%| 5,8-10°%] 1,117} 1,8.1073 | 3,38.

000 |6,0.107%}5,2.105| 1,8.107% ] 1,4-10%} 1, 11072 | 7,21.

1000 | 4,1.107% 101104 2,3-10%] 2,5.107* [3,35.1074 | 5,88.10~}

1100 17.47-10%) 2,2.104] | — 4,3.167%8,95.10~% { 6,28.16!

1200 17.47.10%{ 2,2.104 {3, 711074 |6,11.10~°%|  —~  |4,55.10~

)
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Consequently, to accelerate the process of nitride formation
maximum pulverization of particles of the powder is necsssary.
However, when the téndency toward surface oxidation exists,
simultaneously with the pulverization the relative content of oxygen
in the powder ihcreases and nitridation is hampered. Thus, in each
individual case a certain optimum size of particles should be
selected.

Of great importance is the maximum development of the reaction
surface with the formation in the process of nitridation of nitrides
with covalent type bonds and following from this with a low transfer
rave of nitrogen atcms (BN, AIN). In this case from the greatest
surface deveopment special "linings" or "carriers" are used from
substances, possessing a high free surface. Such type of substances
include chalk, calcium phosphate and many other substances, which
decompose upon heating with the liberation of gaseous components,
bringing about their intense loosening, the formation of a thin,
openwork structure with a high surface. The lining can also be under
certain conditions the obtained nitride itself with the formation
by it of very thin particles (for example, the production of
gluminum nitride by nitridation of aluminum powder, mixed with a
nitride; the same in producing boron nitride).

Analogous measures are taken 1n those cases, when the temperature
of nitridation is higher than the melting point of the metal and the
reaction surface is sharply limited by the molten surface, as is
osserved in obtaining gallium and indium nitrides. The metal being
nictrided 1s mixed with a substance, which actively decomposes upon
heating, for example, with ammonium carbonate. Upon decomposition of
the Latter ammonia and CO2 are liberated, loosening and mixing the
melt, facilitating the admission of nitrogen; furthermore, ammonia
produces an additional nitriding effect.

On the other hand, the nitridation of certain relatively fusible
metals upon the formation of the molten metal occurs more rapidly
than in the solid state. Nitridation moreover occurs spasmodically,
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approximately at the melting point of the metal. This 1s explained
by the disturbance of (upon melting of the thinest and nitrogen-
quasiimpermeable) the nitride film. Obviously, the formation of
the nitride occurs in the short interval of time of melting before
the formation of a continuous surface of molten metal.

Table 29. The value of the ratios of
the heats of formation of nitrides to
the heats of fusion of the corresponding
metals.

Property At | la | C | T8 | & V|Ta| M

Latent heat of fusion |
n.ic“l/g 93 {19,4{13 90] 60 {80 31 60
Heat of formation of

the nitride Qm.cal/i 1820} 472 | 500 11350) 700 | 930 | 308 | 80
Qosp/Qua 19,6/24,3138.4] 15112,8/11,6} 8,4 | 1,34

If the heat of fusion of the metal being nitrided is substantially
less than the heat of formation of the nitride (Table 29), then the
reaction mass is sharply heated, for example in the nitridation of
metallic cerium and lanthanum, and also aluminum.

This factor also determines the high reaction rate and,
probably, should be considered in all cases of nitridation, when
on the metal surface a quasi-impermeable (for gases) film forms.
This type of film can be disturbed during nitridation under pressure,
as 1s observed, for example, in obtaining aluminum nitride from
aluminum powder [590]. Furthermore, nitridation under pressure
frequently makes it possible to intensify the process of the formation
of nitride phases (the reaction rate of nitridation increases
approximately proportionally to the square root of the pressure).

Besldes khe indicated example of the nitridation of niobium in
{590], thls method was used in the nitridation of niobium in [295].
The device for the nitridation of niobium under pressure up to 240

at is shown in Fig. 29.

Supernigh pressures are used only in irdividual cases, for
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example in producing the cubic modification of boron nitride
(borazon) from hexagonal BN of the graphite type. For this pressures
of the order of 40-70 thousand at are used and equipment, analogous
to the devices for producing artificial diamonds.

Fig. 29. A device for the nitridation of
niobium under pressure: 1 - steel pipe;
2 - steei f_ange; 3 - steel cover; 4 =~
sealing ring; 5 - connecting cap; 6 -
corundum pipe; 7 - ceramic pipe from py-
thagorean mass; & - molybdenum band; 9 -
centering component of brass; 10 - springy
copper plate for contact; ll - current
supply; 12 - insulating bushing; 13 -
current supply cable; 14 - container with
the substance; 15 - thermocouple in a
‘protective tube; 16 - connecting cap with
lead-ir for thermocouple; 17 - platinum
wire; 18 - cooling Jjacket.

As .was indiczted in [1047], of great importance in the direct
nitridation of powders is the rate of heat removal from the reaction
space. At a slow removal rate the temperature of the sample is
sharply increased and the reaction rate of nitridation increases,
i.e., thermal ignition occurs, as a result of which the powder is
severely bakeu or meitved whicn, in turn, impairs gas permeability
and the conditions of nitridation. It has been established that the
addition of nitrides to metallic powders very significantly increases
thelr ignition point irn nitrogen, smooths the temperature effects
at the time of ignition, promotes improvement in the gas permeability
of the charge and in the technological properties of the intermediate

and end products of nitridation.
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The production of nitrides of refractory metals, aluminum and
magnesium by the nitridation of powders under industrial conditions
(843] was carried out by the continuous method, i.e., with the
continuous supply of powder into the heating zone of the furnace
in an atomized (suspended) state. This makes it possible to increase
by approximately 50 times the productivity of the furnaces as
opposed to periodic loading, and also to obtain nitrides not in
form of sintered masses, but in form of powders which practically
eliminates subsequent pulverization and makes the process less
expensive.

Recently attempts have been made to obtain nitrides by the
atomization of metals in a plasma stream with the application of
nitrogen. Thus, in [950] magnesium and titaniv: nitrides were
synthesized by treating metals in a plasma stream of nitrogen. The
obtained products contained 30-40% of the corresponding nitrides.
With the analogous treatment of tungsten and molybdenum nitrides
will not be formed. 1In principle the same method can be used to
obtain complex nitrides - 1n treating borides by a plasma stream
metal nitrides or boronitrides willi be formed: complex compounds
with nitrogen with the treatment of silicides and carbides will
also be formed [951, 952].

The reduction of oxides in the presence of nitrogen with the
formation of nitrides occurs according to the reaction

_MeO 4 Me(X) +- Ny + MeN 4 MeO(XO0),

where Me 1s the metal-reducing agent, X is the nonmetallic reducing
agent (carbon, silicon, boron, etc.).

The usual reducing agent is carbon. However, in the reduction
of oxides of carbide-forming metals along with a nitride a carblde
will also be formed, which can yield with the nitride a continuous
series of solid solutlons, as occurs in the production of titanlium
nitride, where the solid solution TiN — TiC (or TiN — TiC — Ti0) will
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be formei [110]. This limits the possibilities of using the method
mainly to the production of technical nitrides, if the contamination
by carbon does not substantially affect their subsequent use,

The peculiaritles of producing nitrides by the reduction of
metal oxides with carborn with simultaneous nitridation sere investi-
gated using as an example titanium and nicbium nitrides [1047]}. It
was demonstrated that with an increase in temperature and a reduction
ir the nitrogen pressure the carbide content in MeC - MeN equilibrium
solid solutions 1s increased. Thus for the producticn of titanium and
niobium nitrides, minimumally contaminated with carbon, it is
necessary to carry out the reactions at the lowest possible tempera-
tures and at increased nitrogen pressures. A substantial effect on
the rate of reduction and nitridation is rendered by the diffusion
of carbon monoxide and nitrogen into the pores of the compressed
crarge (the degree of this effect depends on the radius of the pores
and the geometric dimensions of the briquets of the compressed
cnarge). The restoration reaction of a metal oxide with carbon and
the saturation of the reducec metal with nitrogen occurs mainly
within the pores of the charge, i.e., it is connected with the
removal of the carbon monoxide and with influx of nitrogen to the
site of the reacvion. II the rate of circulation of carbon monoxide
and nitrogen in the pores 1is greater than the rate of the reaction,
then efficient reaction rates will cccur. The delayed diffusion of
carbon monoxide and low nitrogen pressure which delays the formation
reaction of the ritride, and shifts it in the direction of the
formation of carbide. It has been established that the mechanism of
the transfer of carbon monoxide and nitrogen into the pores of the
charge and the intermediate reaction products is determined by a
Knudsen regime, for which a small diameter of the pores as compared
to the length of the free path of the molecules 1s characteristic,
and also a low coefficient of diffusion, as a result of which a
large gradient of pressures of carbon monoxide and nitrogen 1is
created with respect to the cross section of the briquet of the
charge. Under Knudsen conditions the flow of molecules through a
capillary with length Ax and radius r is described by the equation
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where dn/dt 1s the molecular flow per second; m is the molecular
mass; K is the Boltzmann constant; T 1s the temperature Ap/Ax 1s the o
pressure gradient in a pore.

The calculated values of the radius of pores of the lnitial
compressed charges in producing titanium and nioblum nitrides

were equal to 400-500 2 with an overall porosity of 47 % and the
calculated radii of the pores of thg intermediate reaction products

are within the limits of 3000-5000 A with overall porosity of 60-80%,
where with an increase in reaction time the values of radil of the
pores and total porosity increase. Proceeding from this, it was shown
that the flow rate of molecules of carbon monoxide and nitrogen in the
pores of the intermedlate and end reaction products at identiecal
gradlents of pressures was several orders greater than in the pores

of the initial charge. Due to the low rate of Knudsen molecular

flow in the pcres of the initial charge in the first reaction stage
the greatest partial pressure of carbon monoxide is created and

the reaction is slowed down, and the external crust of the inter-
mediate product or nitride formed during the reaction on the surface
of the briquet practically does not create an additional gradient

of pressure, and the reaction front with the passage of time shifts
toward the center of the briquet, i.e., the reaction does not proceed
with respect to the whole volume simultaneously, but shifts from

the periphery to the center, where the rate of increase in the thick-
ness of the nitride crust (layer) obeys the linear law Ax = krt,

where 1T 1s time.

g A calculation of the equilibrium and kinetic peculiarities of .
- the course of reductions-nitridation reactions makes it possible to
establish the optimum conditions for producing of titanium and niobium
nitrides which are respectively, temperatures of 1250 and 1400°C, »
a nitrogen pressure of 4.10° N/m2, a nitrogen flow rate of 0.18 m/s,

a heating period of 3 and U4-5 h (for charges, granulated into pellets
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with a diameter of 13 mm). The niobium and titanium nitrides,
obtained under these conditions, contain respectively, 12.9 and 21.5%
nitrogen with the absence of carbon in the niobium nitride and a
nitrogen content of 0.5-0.7% in the titanium nitride.

As a reducing agent not only carbon and other nonmetals are
used, but also metals - calcium, magnesium or their hydrides. The

. authors [192] developed methods of producing titanium, zirconium and

tantalum niltrides according to the following schemes

TiO, (T2,0,) + CzH, -» Ti {Ta) -k H:O + Ca0,
2Ti (Ta) + Ny (2NH) ~ 2TiN(TaN) - (3H,)

or

70, - 2Mg - Zf + 2MgO,
2Zr -+ N3 (NHY) — 2Z1N + (Ha).

This method was analyzed in detail with respect to the producing
of zirconium nitride [251]. Certain difficulties of its use are
shown, connected with the fact that in proportion to the reduction
of zirconium dioxide by magnesium and the transition in the region
of <he solld solution of oxygen to zirconium level of the binding
energy substantlally increases and the removal of the remaining
oxygen requires the selection of a corresponding regime of the
reduction and its careful control. The reduction process passes,
apparently, through the stage of the formation of magnesium nitride
Mg3N2.

The reduction temperatures of oxides with the use of metals or
their hydrldes as reducing agents are usually 800-1200°C; for carbon

they are higher (for example, for the formation of titanium nitride —
1600-1700°C).

in certain cases the reduction of oxides with the formation of
nitrides 1s accomplished directly with ammonia, the hydrogen
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of which plays the role of the reducing agent. For example, by this
method it 1s possiblie to produce copper nitride

3Cu,0 - 2NH; - 2Cu,N + 3H,0.

According to [1024], there is indicated the possibility of a
sharp reduction in reduction temperatures and nitridation temperatures
with the use of freshly precipitated hydroxides, which are treated
with mixtures of ammonia and hydrogen.

Thermal dissociation 1s carried out with the application of
compounds, simultaneously containing a metal and nitrogen. Thus
aminochlorides can be used, for example

TiCls-4NHy —~ TiN -+ NH, + HCI

or complex ammonium fluoride compounds of the type (NHu)xMer [274],
upon the decomposition of which (at 300-800°C) corresponding nitride
phases will be formed. This method makes it possible to produce the
nitrides A1N, VN, NbN, Ta3N5, CrN, U3Nu, Fe2N, however manganese,
beryllium, zinc, titanium, zirconium nitrides either cannot be
produced by this method or they can be with difficulty.

Since a metal enters into the composition of compounds already
in the ionized state, then with delicate decomposition frequently
nitrides will be formed, approaching the composition, which is
determined by the lonic bonding components of these compounds. This,
in particular, was observed in the formation of titanium nitride
from aminochlorides, when it was possible to obtain tne nitride
of the composition T1N1.16, and also in the preparation of tantalum
nitride from (NHu)zTaF7, which leads to the formation of Ta3N5. In
the direct nitridation of metals the formation of these types of
metastable phases with hypertrophied fractions of an ionic bonding
is practically never observed.

Included in this group of production methods is the thermal
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decomposition of amides and imides, described above, and alg@xthe
thermal dissociation of the higher (with respect to nitrogen content)
nitride phases with the fnrmation of the lower ones. It is necessary
to note that in the latter case it is fairly difficult to produce a
nltride of a definite phase composition, l.e., pure nitrile phases
without impurities of the higher phases (in case of transition-metal,
the highest nitrides of the nontransition metals - azides ~ decompose
with the formation of phases of a strictly definite composition).

.

The precipitation of nitrides from the gaseous phase was used
iong ago in diverse varlants, and at the present time 1is acquiring
-t especially great importance in connection with the possibility of
f : producing in this manner single-crystal and pure nitrildes.

An example of thls method is the 1interaction of chlorides or
oxychlorides of metals with ammonia, which can be represented by the
followihg schemes:

B R

© McCly-+ NH, - MeN + HCI,
McOCl, + NH, - MeN +.H,0 -+ HCL.

These reactions usually occur at temperatures of the order
of 800°C. 1In this manner titanium [736], vanadium [737], chromium
and other transition metal nitrides are obtained [257].

e

Below (Table 30) the conditions of the precipitation of nitrides
i with the interaction of chlorides with a nitrogen-hydrogen mixture
g are given.

AN e L i o 5

Table 30. Conditions of
¢ the preciplitation of ni-
: trides from the gaseous
i phase.

= Niw Initial |Nitriding|Precipitation
E i tride jchloridefagent temperature,
. oC

e——

TN | Tick | aNe+H, | 1100—1700
N |zl | aNpiHL | lioe—2700

2rCl, A 2600—3000
HIN | HIC, | anqfH, | 1106—2700
VN | vCl, | 3N.+H; |  1100—1600
TaN | TaCls N, 24002600
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A thermodynamic investigation of the conditions of the precipita-
tion of nitrides frcm the gaseous phase and for the precipitaticn of
titanium nitride by iron was conducted [157].

TiCls + 1/2Na 3% TiN + 2Cl,, (II.1)
TiCl, + 2H; - 1/.N, 2= TiN + 4HC\, (I1.2)
TiCl, -+ 2Fe 4 1/2 N, 72 TiN 4 2FeCl,. (II1.3)

The dependence of the decrease in free energy on temperature is

expressed by the corresponding equations

AF, = 96100 —6,7T,
AF, = 7500 — 13 45T,
AFs = 51300 — 34,2T.

The completeness of the course of reactions (II.1) and (II.2)
increases with an increase in the temperature of precipitatvion;
reaction (II.3) above 1100°C hecomes inefficient.

The preparation of articles from nitrides in principle is
possible by various methods, of which the basic ones are: 1) the
sintering of intermediate products, compressed from previously
produceé nitride powders; 2) the hot compressing of nitride powders;
3) reactlon sintering; L4) the casting of articles from nitrides.

The sintering of intermediate products, compressed from a
nitrice powder, can be accomplished in a nitrogen medium, nitrogen-
containing reducing gases cor in 1 vacuum. In the latter case z
certain loss of nitrogen occurs (of the order of several tenths of a
percent), however at definite temperature regimes this loss can be
reduced to a minimum with the simultaneous producing of sufficiently
dense (a porosity of 0-2%) articles [232]. Titanium, zirconium,
vanadium, niobium, tantalum nitrides vary little with sintering in
vacuun; on the contrary, chromium and molybdenum nitrides lose
considerable amounts of nitrogen in a vacuum and it is not possible
tc sinter them in this way. The best results are obtained by sinter-

ing 1r a protective nitrogen medi .m,
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The hot compressing of nitride powders gives satisfactory
results, however a sintered article in the case of the use of the
usually employed pgraphite molds is considerably contaminated with
carbon and special measures are required to prevent this contamination
(the use of nonconducting molds of nitrides, the thorough coating
of the internal surface of the molds with boron or aluminum nitride,
ete. ;.

Hov compressing should be carried out in a protective (containing
nitrogen) or a neutral (argon) gaseous environment [232].

Reaction sintering - the combination of the processes of nitrice
fermatlion and their sintering - frequently gives the most favorable
results [740]. 1In this case due to the formation of new phases and
the increased activity of the atoms or atomic complexes the processes
leading vc shrinkage and compaction of the articles as compared to
ordinary sintering of the preliminarily compressed intermedlate
producte from the powders of the previously produced compounds are
sharply intensified. The specific volume of the phase formed during
nilridatior is larger than the specific volume of the original metal
wnich leads to a reduction in the porosity of the sintered inter-
mediate product due vo the purely volume factor. From a comparison
of the atomlc volumes of metals and the molecular volumes of the
nitrides (Table 31) it follows that the increase in volume is
usually considerable, and if it does not exceed the porosity cf
the intermediate products compressed from the metallic powder, then
1t is necessary to compact a briquet.

However reaction sintering alone does not make it possible to
sroduce sufficienvly low residual porosity (it is usually not lower
than 10-15%) which is result of strong forces pushing apart, caused
by .the formation of new phases (according to Raub and Plate [738]).
Therefore after reaction sinterling additional sintering is necessary
with hot pressing [739], which leads to the production of articles
with low residual porosity. Dgring hot pressing contamination of
the article occurs due to the material of the mold, since the
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possibilities of the penetration of these impurities 1nto a
preliminarily sintered briquet sharply are reduced as compared to

not pressing of a powder. In Table 32 the recommended regimes of
operation [739] are glve for this double process - reaction sintering

with subsequent hot pressing.

Table 31, A com-
parison of the
atomic volumes of
metals and the
molecular volumes
of their nitrides.

- o™ ® -
TR
o s -t 6 LAl g
g o ¢ 29 4; -ot
f; 5 °3 35 w2la s
2 legslesilis
. = ZFEfES Sl AR
TiN l10.6 j11,4 | 478
ZeN 114,031 14,8 1 -+5,5
HiN [13.64]13.9 ] 1,9
Vgt 3,76 10.8 {4+28,3
VN 8,36 | 10,7 |+28,0
NbN {1008 | 12,9 [419,2
NbN 10,8 | 12,8 {413,5
Te,N 19,9 [ 12,2 1412
TaN 110,9 } 12,7 |+ 16,5
crN | 7,231 10,1 |+33.5
CrN 7,23110,8 |+43,3
Mo | 9.40 ] 13,6 |+45

Table 32. Conditions of
producing compact samples.

Sirmul taneous {Additional sinter-
nitridation ng by the hot
and sintering ompression method
Come [+] © s Is o [
pound 'st ~ g E -v‘-: - g 'E
. e }+ ] W b o
£ 15 fie [osald |34
Baa (Y Byl |
62512, 125 |5 9)5. | 2%
u&) £~ 2k g. 8_‘5. 23 o, 3.
TiN 2.0 1200 | 240 150 2300 3
7N 1,8 | 12001 240} 150 2300 3
HIN 1.8 1200 2140} 150 2300 3
V3N 1,81 s00 480 100 1850 3
VN 9,3 1300 | 240} 100 180G} 3
N&.N |1.8) 500} 480 100 j185¢] 3
NbNo.'ls 2,0] 1100 480} - — —
NbNM, 1,81 1160 480} — — —
NON 2,31 1200 {240 | 100 1800 3
fa.N 3,0 +00 | 480 11850 3
TaN 1260 | 240 | 100 }1800 3
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For activation of the sintering process of nitride powders, in
particular during hot pressing, small metallic additives are some-
times introduced into their composition, which create the
possibility of recrystallization of the particles through liquid
phase and after this are partially removed evaporation at high
sintering temperatures. An example of this 1is the sintering of
articles from uranium nitrides.

Regarding the casting of artlcles from nitrides, it practically

is not used, with the rare exception, for example, of producing
arvicles from uranium nitrides.
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CHAPTER IIT

METAL NITRIDES OF GROUP I OF TEE PERIODIC SYSTEM

1. Nitrides of the Alkalil Metals

Lithium nitrides. Ir the lithium- nitrogen system there has
been established the existence of a nitride of the composition
Li3N; there are separate indications about the existence of the
nitride (azide) LiN3 {1]. The compound L12N supposedly forming dur-
ing the action of nitrogen on the nitride L13N was not confirmed
with the carrying out of this reaction in work [2]. The phase
diagram of the lithlum-nitrogen system was investigated in [3] only
for the Li-Li3N section (Fig. 30). 1In this work it was not possible
to establish the nature of interaction for the section, directly
adjacent to lithium. An investigation was carried out with alloys
somewhat contaminated by iron which, in the opinion of the authors,
caused a reduction in the melting point of the nitride to 815°C
(instead cf the value frequently mentioned in literature - 845°C),

tX T T
%0 LB

////. Fig. 30. A section of the phase
600 diagram of the lithium-nitrogen

//' e system.

%00 [ \
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The usual method of preparing lithium nitride L13N is the
action of nitrogen on metallic lithium in the cold state or with
heating [24]. Dafert and Miklauz [4] established that l1lithium
nitride will be formed by the action of dry nitrogen on lithium
during the course of several hours. Upon heating the reaction is
accelerated and occurs especlally energetically at a temperature of
450-460°C (it is accompanied by combustion) [1.5-9]. In work [14]
Li3N was also produced by the interaction of lithium with nitrogen
at a temperature of 450°C. Frankenburger [10], who investigated
kinetics of the interaction of lithium with nitrogen, determined
that the rate of reaction depending upon temperature is elther in
the kinetic, or in the diffusion region. Klinayev studied this
question most completely [11], his results makes it possible to
attribute the nitridation reaction of lithium to topokinetic
reactions, characterized by a sharp phase border between the initial
and the newly forming phases. The reaction kinetics of the nitrida-
tion of lithium at a temperature of 25°C 1s described by the
Koimogorov-Yerofeyev topokinetic equation,

where o is the portion of reacting substance to time t, k 1s a
contant, n is integral index.

The formation rate of the nitride, according to [11], is
substantlially affected by additives, for example in nitridation at
25°C the addition of potassium (0.18%) to lithium accelerates the
reaction, but the additions of magnesium (1.13%) or aluminum (0.53%)
retard it. Sodium (1.45%) and calcium (0.38%) impurities do not
noticeably affect the formation rate of 1lithium nitride.

Oxygen and hydrogen are inhibitors of the interaction reaction
of lithium with nitrogen. Thus, the presence in nitrogen more than
14 vol.% of oxygen or more than 3.5 vol.% of hydrogen completely
prevents nitridation, irrespective of the purity of the original
metal.
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According to [1059], it is recommended that lithium nitride
be produced by the action of nitrogen on lithium under precsure
for a period of 1-2 h. The temperature is gradually increased to

170-175°C, the pressure of the nitrogen -~ to 6-8 at; they are held
under these conditions for U4-6 h, after which the product is cooled
and unloaded. The yield of lithium nitride is 98-99%; the ratio

of the Li:N content in the obtained nitride is 3.0 * 0.1; the nitride
1s produced in the form of dark-red or brown plates; the melting
point is 845°C; the density at 20°C is 1.390 g/cm3 (see also [1071]).

Under the effect of air on lithium a mixture of nitride (75%)
and oxygen compounds of lithium of indefinite composition will be
formed [12]. The impurities in lithium have a substantial el'fect
on its interaction rate with air at a temperature of 20°C (Fig. 31).
An increase in atmospheric humidity (Fig. 32) and temperature also
4 increase the nitridation-oxidation rate. Above 60°C the stability
of lithium with respect to air increases (with the presence of
a protective film, consisting mainly of lithium nitride).

T e

2 M
1 e 23020 (. 0
3 & a“l”/ -
N 2 - <o
3 S 5
1 X Licow 3 I/
)
'3 25 / 25
G 2_2 =
o ° S e
& % g 7
R 20 ] zoé 4
5 W7 i =g ] 12 18
Duration of the inter- ‘Duration of the interaction,
action, days days
Fig. 31. Fig. 32.
Flg. 31. The effect of impurities on the interaction .
g

of lithium with alr.

Fig. 32. The interaction of lithium with air of
various humidity: 1 - humidity 100%; 2 - humidity
50%; 3 - humidity 30%; 4 - dry air.

The lithium nitride, produced by the interaction of lithium
with nitrogen at a temperature of 450-460°C, is a porous substance
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from blue-black to violet-black in color, sometimes in transient
light having a ruby-red color (mixture of L13N and Li,0 have the

same color).

Lithium nitride has a hexagonal structure with the lattice
constants, given in Table 34.

Lithium nitride changes rapidly in alr (therefore it is stored
in a nitrogen medium); under the effect of water it decomposes with
the formation of hydroxide and ammonia

Li;N + 3H,0 -+ 3LiOH 4 NH,.

Upon heating in hydrogen lithium nitride 1s converted to
lithium hydride with the formation of ammonia. The reaction passes
through 1lntermediate stages with the formation of the amide LiNH2
and the imide Li2NH. Upon heating to a temperature of 800°C it
corrodes iron, nickel, copper, platinum, quartz and porcelain [13].

With nitrides of other metals lithium nitride yields compounds
of' the L13N°MeN type [236). The interaction of lithium nitride with
nitrogen at temperatures of 400-500°C and at pressure of 300 at does
not lead to the formation of the highest lithium nitrides [2].

In work [241] the sclubility of lithium nitride in molten salts
was studied (Table 33).

Table 33. The solubility of
Li_N in molten salts.

3
119N, solue
Tempara= ’
Molten salt moles per 1
ture,°C lioia of mol-
ten salt

KCl — 58,3 mole % LICI |495—635 | 0,063—0,080
LiCly— 28 mole % LIF  |535—610 | 0,161—0,220
O aeies e |00 | 0.i28—0li6s
— moie

 Zimole W Lili |495—585 | 0,175—0,236
LiBr 590—665 | 0,11—0,126
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At temperatures up to 360°C lithium nitride practically does
not conduct an electric current, but with an increase in temperature
to about 550°C its electric conductivity rapidly increases [14],
where within the limits of 350-549°C the curve of thc dependence of

¥ ca 1/T consists of two segments, intersected at a point, correspond-

1 1

ing to temperature 446°C, and k = 12.3’10"6 Q "+em ~. The tempera-

ture dependence of electric conductivity is described by the express-

fon k = 5.28-207° exp (-6196/T) + 4.3 x 107 exp (-21700/T},

characteristic for ionic conductivity. Upon the electrolysis of
Li3N at 480-550°C lithium is deposited on the cathode, nitrogen is
given off at the anode, but on the electrodes an emf of polarization
appears which proves the presence in L13N of the ion N3_. The basic
properties of lithium nitride are given in Table 34.

Table 34. The properties of nitrides and azides of the alkali
metals.

IR
characteristic LigH LiN, Na,N ] NaN, KN KN, RbyN | RUN, | CsN iCiN.
!
Nitr;zﬁn c%ntant, 40,22 85,82} 16,88 64,864 110,67 51,80 5,18 | 32,96] 3,39 | 24,02
waight 1
Sryszal ;tructuro Hexagonal — Rhomb o toxam - Totrad Tetram. ; — Tatras| — —
. hedral gonal }{gonal | gonal gonal
Lattice constants, kX
: I e B RN IR R e L el
. — - - - {77088 | = |74l — } —
2/3 1,061 - —_ 3.8-: - 1,168 - 1188, -~ -
-— —_ -— 43’ —-— - - - -— ~—
Specific gravity 1.23 - 1,846 1,838 — 2,056 2,7881 —
Melt:ing point, ¢ 845 -_ . 3H3 321 — i 326
ﬁecomposzgion tempar- 300 . 3
ature, OC 215 - 355 395 - 90
eat °f,f°P"3t1°“y —49,5 2.6¢ -3,6¢ 5,1 20° —-O.g‘ 43% (0,1 75* |—~2,4*
kesl/mole )
leat eapacity, 11,73423,0. 10T} — 19.1 — - - —_ —_ - -
. cal/gedeg (273—-373°K) L
Laiticé energy, .
_, kcal/mole* 1221 194 17 176 1605 [ 167 %64 152 |91l | 146
Trge energy,
kcal/mola L 4 — - -— - ; - — - — -

*Caloulated data according to [1C1°],

Sodium nitride. 1In contrast to lithium sodium interacts only

with nitrogen, transferred to the atomic state by an electric
discharge, by the ir:adiation of sodium vapors in a nitrogen atmo-
sphere [15], or by the action of nitrogen on sodium hydride [9].
in coth cases a nitrlide of the composition Na3N is obtained.
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The azide of sodium NaN3 has been more studied, forming by only
indirect means [15, 16]. The nitride NaN3 1s produced by passing
notrous oxide over molten sodium amide

2 NaNH, + N,C ~ NaN, + NaOH -+ NH,.

This reaction, according to [9], occurs at a temperature of
100-160°C in the course of 9.5 h with a yield of about 90%. The
NaN3 will aiso be formed by the followling reactions

NaNO, + 3 NaNH, - NaN, - 3NaOH + NH, (176°C),
NgH, - H;0 + C,HNO, + NaOH - NaN, +4- C;H,OH - 3 H,O,
Na -+ NHN, + NHy (11qusq)— NaN; +- 2 NH, -+ H.

Sodium nitride NajN is stable at room temperature, in air and
in hydrogen 1t is decomposed by water; upon heating to 300°C it
dissoclates; it reacts readily with chlorine, phosphorus and sulfur.
Dllute acids decompose the nitride with the formation of ammonia
and the corresponding sodium salts.

Sodium azide NaN3 is white nonhygroscopic substance; at room
temperature it dissolves in water with the formation of an electric
conducting solution (at 17°C in 100 parts H20 41,7 parts NaN3 is
dissolved) [15, 24]. At high temperatures NaN3 is decomposed by
water according to the scheme

3NaN, + 3H,0 - 3 NaCH -+ NH; + 4N,.
It dissolves in nonaqueous solvents: gasoline, alcchol,
benzene. 1In 100 parts of nonaqueous alcohol at 16°C 0.315 g of
NaN3 is dissolved, at 0°C - 0.22 g of NaN3.

Upon heating to 270°C NaN, is decomposed without melting.
.3

In work [22] the azide single crystals NaN were studied.
Single crystals with dimensions of 4 x 6 x 1 mm were produced in a
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speclal convection tube. A study of the bands of doubls refractior
of single crystals shcwed that they intersect at an angle of 120°

and represent a plane in the crystal at a certain angle to axis ¢

with an index (110). The appearnace of the planes is comnnected

with the phenomena of slip, a combination of slip and twinning, “
multiple twinning.

Irradiation with y-~rays at a dose of 107 R causes the appearance .
of deep grooves along these linec of intersection, and also pyramidal
etching pits.

A survey of the properties of sodium nitride and azide can also
be seen in [1017].

Potassium nitrides. Analogous to sodium potassium does not

interact with molecular nitrogen even under pressure or at high
temperatures [15]. With the action on potassium of nitrogen,
activated by an electric -discharge, two compounds of potassium with
nitrogen will be formed: the nitride K3N and the azide KN3, where
the nitride willl be formed in considerably smaller quantlties

than the azide [15].

The usual method of producing potassium nitride is by heating
potassium hydride KH in a stream of nitrogen [6, 9], and also by
heating of potassium azide in a vacuum [16].

Potassium azide KN3 is produced by the effect of potassium on
a solution of NEuN3 in liquid ammcnia according to the reaction

t17, 15]

T e

K 4+ NHN, - KNy + NHs + 1/2H; T

with the action of KNO3 on liquid ammonia [18, 15]
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by passing nitrous oxide at 270-280°C over potassium amide [19, 20,
15] ‘

. 2 KNH, -+ N;O -~ KN, - NH, + KOH.

In the latter case the azide KN3 will be formed with a high
yileld.

The nitride K3N will be formed from the elements by an exothermic
reaction. Upon heating with nitrogen or mercuric oxide potassium
nitride loses nitrogen and reacts with water to KOH and NH3 [9];
upon heating with phosphorus and sulfur it yields potassium
phosphides and sulfides [21, 9]. Upon interaction with dilute
aclids potassium nitride will form ammonia the corresponding
potassium sait. Potassium nitride 1s an unstable connection and
is separated in itvs pure form with great difficulty.

The nitride (azide) KN3 consists of a brilliant colorless
crystals of tetragonal structure. It readily dissolves in water

[15, 24]:
t, °C 0 10.5 15.5 17 100
KN, (g per 100 g H,0) 41.4 46.5 u48.9 49.6 105.7

In water it hydirolyzes with the formation of caustlc potassium
and ammonia

KN, + H,0 - KOH + NH,.

In presence of platinum niello the potassium azide 1s decomposed
by water according to the following scheme

) 3KN, + 3H,0 - 3KOH 4 4N, + NH..

Potassium axide dissolves well in liquid ammonia, methyl and
ethyl alcohols (in 100 g of ethyl alcohol at 0°C 0.16 g of KN3 is

101




AT e e e Beae o
TR TR TR BT SRS T B B A i s

dissolved); it is less soluble in benzene {15, 16].

A solution of potassium azide cdoves not react with iodine, but
in presence of small quantities of CS2 (0.04-0.08 mole per 1 mole of
KN3) an energetic reaction occurs

2vN L2l 2Kl 4 3Ny

In work [22] single~crystals of KN3 with dimensions of 6 x 6 x
x 3 mm were produced by the evaporation of a saturated aqueous
solution in the course of several months. As aiso in crystals of
NaNB, double refraction bands were detected, intersecting at an angle
90° and corresponding to planes with the index (112). The causes of
thelr formation, and also the results of variation under the effect
of y-rays were the same, as for single-crystals of NaN3.

The azide KN? is an explosive; it decomposes upon being melted.

Rubidium nitride. In a rubidium~-nitrogen system there are two

cormpounds ¢ Rb3N and RbN3. Rubidium nitride Rb3N is obtained by

neating the hydride RBH in a stream of nitrogen [6, 9], and also

by decomposing the azide RbN3 at a temperaturs of the order of
340°C [23].

The azlide RbN3 is obtained by interaction of ammonia with
rubidium carbonate, or rubidium hydroxide or by the reaction between
ubidium sulfate and barium azide BaN6 [23].

Rubidium nitride Rb3N is red in color, is stable at normal
temperatures in air and in hydrogen; upon heating in a hydrogen
medium it is changed to the hydride RbH; it readily reacts wi‘h
chlorine, phosphorus and sulfur. Upon the interaction of EoN3 wich
dilute aclds the cerresponding rubidium salt and ammonia will ve
formed [25].
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The azide RbN3 is readily soluble in water: at 16°C the
solubility is 51,7%. The solubility in absolute alcohol is 0.182 g
per 100 g of alcohol; it is insoluble in ether [24]. With heating
it changes intc Rb3N, and upon heating in a vacuum it decomposes

to a metal and nitrogen which is used to produce rubidium of high
purity [23]. In contrast to lithium, sodium and potassium azides

it 1s not explosive.

Ceslum nitrides. Cesium nitride CsN is obtained by heating i%s
hydride CsH in a stream of nitrogen or by careful heating of the
azide CsN3 (at 340°C). The azide CsN3 will be formed by the action
of ammonia on cesium carbonate [24]

Cs,CO, -+ 2NH; + 2CsN; ++ HO 4 CO,

or by the interaction between cesium sulfate and barium azide BaN6
{9, 231.

Cesium nitride GsN3 is a powder, grayish-green in color; it is
stable in dry air; in moist air i1 3Jecomposes with the liberation
of ammonia; 1t is very hygroscopic. Its solubility at 16°C is
307.4 g per 100 g of water and 1.037 g per 100 g of absolute alcchol;
it 1s insoluble in ether [24]. In hydrogen at normal temperatures
it is stable and upon heating it is converted to the hydride CsH.
Rubidium nitride CSN3 (sic] r-:dily reacts with sulfur, phosphorus
and chlorine; it interacts with dilute acids to form salts and
ammonia [25].

Upon heating it decomposes to the nitride Cs3N and nitrogen,
upon being heated in a vacuum 1t loses nitrogen completely, being
transformed into metallic cesium. The azide CsN,, as well as the
corresponding rubidium azide, to not explode. 7

The properties of the n. .rides and azides of the alkall metals
are given ir Ta '» 33; the thermodyrnamic characteristics are given
in [1017]. ’
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2. Nitrides of the Metvals of the Copper Subgroup

Copper nitrides. The phase diagrams of the metals of the
copper subgroup with nitrogen have not been studied. Nitrogen does
not dissolve either in solid or in liquid copper, at least up to
temperatures of 1400°C, at which investigations have been conducted
[26, 27]; interactions of copper with nitrogen have not been
devected up to 900°C [28].

Nevertheless in the copper-nifrogen system the existence of
the three compoundés Cu3N, CuN3
obtained by indirect methods.

and Cu(N3)2 have been detected,

The nitride Cu,N 1s obtained by passing ammonla over finely
pulverized Cu0, Cu25 or CuF, at a temperature of 250-280°C [291].
The assumptions about the formation of copper nitrides with the
passage of ammonia over copper temperatures of 900-1000°C have not
been confirmed. The fragility of copper under these conditions is
explained not by the formation of chemical compounds, but by the
effect on copper of hydrogen, obtained by the dissociation of ammonia.

The Cu3N will aiso be formed by the action of ammonia on
copper hydroxide [1]

6 NH, +- 3 (4 Cu0-H,0) = 2CuN +3Cu,0 + 2N, + 12H,0.

Copper azile CuN3 1s produced by the reduction of coprer sulfate
with the help of KHSO3 by the addivion of sodium azide _30].

SRk Gy A TS RN A b S A T e s Rty s

“Hind

Copper nitride Cu_N is a dark-green powder, stable in alr under
normal conditions, but decomposing upon heating in a vacuum to U450°C.

EEANERT SR

The Cu3N has a cublec structure of the 3303 type, the spece group

SAk 4}

Pm3n(0'n) with one formulz unit in the unit celil [31, 32]. Copper

R

AR
15

nitride Cu3N is a semiconductor with an elsctric resistance 7

2 . . e L

6+10° Q+cm at room temperature and with a width of th
J

-

(o)

¢ Torpidden zoue
.23 eV [33]. The temperature dependence of the electric re-

sistance of CusN is shown in Fig. 33.
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It is readily dissolved in acids; upon dissolution in HC1
cuprous chloride and ammonium chloride will be formed [34]; it is
violently decomposed in concentrated H2SOM and HNO3. At 4o00°cC
in a stream of oxygen it is oxidlzed with intense heating; it 1s
decomposed in a vacuum at 450°C [24].

Copper azide CuN3 is an unsgable compound, forming with a
great increase in free energy AE , the component according to [351],
for the reaction Cu + 3/2 N2 = CuN3 71219 cal. T%e azide CuN3 has
a tetragonal crystalline structure; space group Cuh with eight
formula units in the unit cell [30]. The structure consists of
copper lons and linear groups of nitrogen atoms (Nl is in the
middle, N, is on the outside), which are located in the form of
chains in direction (111). The shortest intervals are Cu-Cu =
= Nl-N1 = 3.§6; Cu-N1 = 2.795; Cu-N, = 2.23; 3.28 and 3.56;

N-N2 = 3.56 A.

Barlier the structure of CuN3 was considered rhombohedral

[361].

The authors [24] indicate the existence of another azide of
bivalent copper Cu(N,)2, which is obtained by the reaction

Cu (NOa)z T 2 NaN' == Cu (N;)g <+ 2 NaNO.

or upon the interactlion of those same reagents in the hydrated

state in an alconhol solution or by the decomposition of the compound
Cu(N3)2°2NH3 [37]. The azide depending upon the method of production
has the form of a bliack-brown powder or opaque needles of the same
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color (it 1s crystallized in a rhombic sysvem). It is poorly

soluble in water and in organic solvents; it is readily soluble in

acids, CH,( .' and NHuOH; in an aquecus solution of hydrazine it

is reduce: ‘. CuN3f It readily explodes; it 1s distinguished by .
intense deconational properties, detonating 6 times more powerfully

than lead azide and in 450 times more powerfully than fulminating

mercury {24]. .

Silver nitrides. Nitrogen does nov dissolve either in solid or
in liquid silver up to 1300°C, however by indirect methods silver
nitride Ag3N and silver azide AgN3 are produced [26].

Siler nitride Ag3N will be formed curing the prolonged storage
ammonium solutions of silver oxide or by the decomposition of an
ammonium solution of Ag20 by aicohol, and also by zcetone and by
the precipitation of an ammonium solutior of AgCl by a solid alkali
£391]. Uﬁon the dissolution of Ag,0 in a concentrated ammonia
solution and subsequent setting preparations of Ag3N are obtained,
contaminated with an admixture of silver and Ag20 Preparations of
Ag3N contaminated with silver will also be formed and with the
holding of AgzN 2NrI3 compound over sulfuric acid [24]. Silver
nitrides can also be produced by the interaction of silver vapors
with ammonia at 1280°C [6].

The silver azide AgN3 is obtained by the interaction of silver
nitrate with hydrazine sulfate cr hydrazoic acid [1, 9] or by the
interaction of silver nitrate witha sodium azide [24]

AgNO, + NaNj =
= A{-’,Na 4- NaNO;.

The nitride Ag3N has the form of black flakes or black
orilliant crysvals; it 1s insoluble in water, soluble in the dilute
mineral acids; it reatts explosively with concentrated acids [24];
in air in the dry and humid stgte it is svable; it slowly decomposes
at room temperature. It is resistanc in cold to the erffect of
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alkalis; in a vacuum at room temperature it rapidly decomposes
[39]. An important peculiarity of Ag3N is its capacity to explode
(Berthollet's fulminating silver); it decomposes explosively in air
at 165°C, and also in contact with various solids, with friction or
shock.,

Silver nitride Ag3N has a face-centered cubic lattice, in which
the nitrogen atoms occupy octahedral pores in FCC-lattice of
silver atoms [39].

Silver azide AgN3 is a colorless substance, crystallized in
the form of needles (a rhombic pseudotefragonal lattice, a rhombically
distorted KN3 type); upon heating to a temperature of 170-180°C
the color changes to grayish-violet. It 1s readily soluble in an
agueous solution of ammonia, and 1in potassium cyanide; it 1s not
very soluble in water (0.0l welght parts per 100 weight parts of
water) and nitric acid. It is an explosive, which is exploded by
by shocks, and also upon heating to approximately 300°C.

Gold nitrides. Nitrcgen does not dissolve in solid and liquid
gold up to a temperature of 1300°C [26]. Two golid nitrides are known.
One of them - the hydrate-nitride Au3N'5H20 - 1s obtained by the
acticn of ammonlia on gold oxide with subsequent boiling of the
fermed product in water. With the ianteraction of AuO with ammonia
the nitride of bivalent gold Au3N2 will be formed [1, 9]

3A00 -+ 2 NH, = AugN, 4 3H,0.

Both nitrides are explosives. In Table 35 the basic properties
of the metals of the copper subgroup.
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CHAPTER IV

METAL NITRIDES OF GROUP II OF THE PERIODIC SYSTEM

1. Beryllium, Magnesium and the Alkaline-
kEarth Metal Nitrides

Beryllium nitrides. The Be-N2 system has not been investigated;
only the existence in it of the nitride Be3N2 and the azide Be(N3)2
has been established. The nitride Be3N2 is obtained by the inter-
action of powdery beryllium with nitrogen at a temperature of 500°C
and at 900°C in the case of the use of lumpy beryllium [6]. The
formation reaction of the nitride occurs slowly (from 24 to 60 h);
to accelerate hydrogen (2-6%) is added to the nitrogen which is
a catalyst of this reaction.

The kinetics of the interaction reaction of beryllium with
nitrogen were investigated in the works of Gulbransen and Andrew
[41], who established that the rate of the reaction at temperatures
of up to 850°C was slow, at 950°C the reaction occurs two times
slower than the oxidation reaction of beryllium. As a result of
the conducted experiments [41] on nitridation at 76 mm Hg within the
limits of 725-925°C the parabolic law of nitridation was detected
with an activation energy of Be3N2 of 75000 cal/mole. Upon nitrida-
tion of beryllium very dense, gas-impermeable films will be formed,

. intensely hampering of the nitridation process [76].

L According to [42], the nitridation of pig beryllium with the
£ passage of 64-fold amount of nitrogen changes at 700°C to 56%, at
800°C - to T70%, and at 900°C it is almost completely terminated even

109

T S 5 1 W




i b g,
(xl.!gP it

il TR foy P
it g

il

e

in the absence of hydrogen. By the nitridation of beryllium powder
at 1000°C in the course of 12-18 h with a mixture of nitrogen with
5% hydrogen beryllium nitride powder was produced, containing 95-
98% Be3N2, 1-5% BeO and 0.05-0.2% Be,C [42].

Beryllium nitride can be produced by the nitridation of the metal
with ammonia: from technical finely pulverized beryllium after
nitridation in a current of dry NH3 in the course of 3 h at 850°C
and the subsequent three-fcld nitridation at 1000°C products are
prqduced, containing 94-95% Be3N2. With the use of purer metal
there can also be produced by this method purer nitride [24]. An
analogous method of obtalning beryllium nitride by the nitridation
of the metal powder with ammonia at a temperature of 1060°C was
described by Busev [6].

Chiotti [43] by nitriding beryllium powder with ammonia in
the ccurse of 5 h at 800°C and 17 h at 900°C obtained products,
containing respectively U46.4 and 43.2% nitrogen (as compared to
50.89% nitrogen in Be3N2). After treating these products in a
vacuum at 2006°C X-ray-diffraction analytically pure beryllium
nitride was obtained,

A promising method of obtalning beryllium nitride of technical
purity 1is the reduction beryllium oxide by carbon in a stream of
nitrogen [9], and also the heating of beryllium carbide Be,C in a
stream of nitrogen at 1250°C or in stream of ammonia at 1000°C

[a2].
Beryllium azide Be(N3)2 is obtained by heating the compound
Be(CH3)2, frozen at the temperature of liquid nitrogen with a surplus

of ether solution of HN3, however it is very difficult to separate
it from the aqueous solutions due to the tendency to hydrolyze.

The solubility of nitrogen in beryllium is small [44],

Beryllium nitride Be;N, 1s in its pure state a white substance,
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in its contaminated state - gray-colored powder. It crystallizes to
a cubic system of the anti-Mn203 type; it melts at a temperature of
2200°C; it decomposes with the liberation of nitrogen at temperatures
higher than 2240°C (the elasticity ot dissociation attains 1 at at
2400°C), in a vacuum it sublimates at 2000°C [45].

According to [961], beryllium nitride vaporizes at temperatur::
of 1640-1950°K congruently, its decomposition according to the
reaction Be,N, (solid) = 3Be (gas) + N2 (gas) occurs simultaneously;

o372
the pressure of nitrogen (at) is determined by the equation

lgpy,= —1,828.10'7" + 6,213.

The .enthalpy of dissociation is equal to -136 * 5 kcal/mole,
which agrees well with the data accepted in literature (-137.8 &
+ 1.5 keal/mole). Langmuir enthalpy of activation for samples with
a porosity close to 18% is equal to 430.2 t 6.8 kcal/mole, which
is 22% higher than equilibrium enthalpy. The vaporization
coefficlient of Be3N2 is equal to 0.001. Beryllium nitride possesses
great hardness; in the presence of additives of A1203 and c2rtain
others it acquires the ability to phosphoresce [6].

The heat capacity of Be3N2 is expressed by the series Cp =

= 15.45 + 19.64-1057-4,80:10°T3 cal/deg-mole [47].

Beryllium nitride is completely stable in air; it 1s very
slowly decomposed by boiling water with the liberation of ammonia;
it is decomposed by dilute by soluticns of halide acids with the
formation of halide salts of beryllium; concentrated HC1l interacts
with Be,N, at a temperature of 700-800°C with the formation of

372

anhydrous BeCl2

Be,Nj 4 8HCI = 3BeCly -+ 2NHCL
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With boliling with oxygen-concaining acids it 1s slowly decomposed.

At temperatures up to 500°C Be3N2 is resistant to oxidation with
dry oxygen; at a temperature of 1000°C it is rapidly oxidized [42,
457.

Beryllium azide rapidly decomposes in humid air; in a flame it
bursts into flame; it does not detonate [L4, 9].

Articles of beryllium nitride are prepared by sintering, by
hot pressing in graphite molds at a temperature of 1800-1900°C, at
a pressure of 140 kg/cm2 with the production of a deasity, close to
theoretical [42].

The addition beryllium nitride to beryllium leads to a reduction
in the plasticity of beryllium, and to an increase in its strength
at increased temperatures (Table 36).

Table 36. The effect
of Be3N2 additives on

the mechanical prop-
erties of beryllium

fu2].
Tensile Helative
sirength, elongation,
BegNp | ky/mm
addie
tive,
% 61 C s0°Cl eC | s00°C
0 14,3 14,4| 18,2 |6,
5 i7.5 — 3.4 —
10 | ~ty-15] — 1~2,3 | —
20 | ~l4—15} 6,1 |~2,3 | 6,4

Magnesium nitride. In a magnesium-nitrogen system the existence
of the nitride Mg3N2 and the azide Mg(N3)2 has been established,
where M33N2 exists in one crystal form [1025]. The formation of
magnesium nitride was detected by St. Clai. Deville and Caron [48]
upon the sublimation of magnesium in air. Magnesium nitride will he
formad 1in the shape colorless, needle-shaped crystals which are

rapidly decomposed by water with the formation of magnesium oxide
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and the liberation of ammonia. The first systematic investigation of
the process of the formation of magnesium nitride was conducted by
Brigleb [49] by heating magnesium filings in a stream of ammonia

or nitrogen in porcelain combustion boats. It was noticed that
silicon passes into the composition of the nitride from the boat,
therefore it 1s recommended that boats, already previously in use,

be used for the production of the nitride. In this same work magnesium
nitride, contaminated with silicon, was obtained by the heating of
magnesium silicide in a stream of nitrogen.

Hartung [50] produced magnesium nitride by heating of magnesium
powder in an ammonia medium and established that the interaction
reaction betwecn the magnesium and the nitrogen begins at a tempera-
ture of U450°C, and occurs most intensively at 600-700°C; at 900°C
the formed nitride dissociates.

Mucgulescu and Cismaru [244] demonstrated that at 500-580°C
magnesium is nltrided by nitrogen at atmospheric pressure. The
temperature dependence of rate of the reaction has a parabolic
character, and the activation energy of the process 1is 31.7 kcal/mole.

Merz [51] found that magnesium nitride is readily produced by
the simple heating cf maghesium in a glass test tube in the air in
the flame of a gas burner. Moreover, as also in experiments [49],
the transfer of silicon from the glass into the composition of the
nitride was detected, accompanied by turbidity and blackening of
the glass.

Kaiser [52] produced magnesium nitride by the action of nitrogen
on heated magnesium sulfide and chloride, and also on magnesium
hydride, and it was revealed that magneisum hydride readily converts
to nitride, and the latter - back in hydride

3MgH, -+ 2N, = MgN, -- 2NH,,
2Mg,N, + 12H, = 6MgH, 1 4NH,.
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In the opinion of Smits and Paschkovetsky [53, 54], for the

preparation of magnesium nitride it is better to use not nitrogen,
but amuonia. The passage of dry ammonia over magnesium, heated to
600°C, produced Mg3N2 also in [6]. Conversely, Neumann with his
colleagues [55] holds the opinion that in the nitridation of
magnesium by ammonia an intense adsorption of ammonia by the nitride
occurs which delays dissoclation and participation in the process of
nitride-formation,

Kirchner [56] obtain surface layers of magnesium nitride on
compact magnesium samples upon heating them in air.

According to Eidmann and Moser [57], magnesium nitride can be
produced by heating magnesium powder mixed with highly oxidizing
metals in aif, and also in mixture with carbides of certain metals.
For example, a mixture of equal parts of magnesium and iron, heated
in an opeﬁ crucible, w;il form a product, containing about 36%
magnesium nitride. According to the same data, upon heating
magnesium powder in a tightly closed crucible with a very small hole
in the cover two layers will be formed: an upper layer - of magnesium
oxide and a lower one - of nitride. Eidmann [58] observed the for-
mation of magnesium nitride with the heating to red heat of metallic
magnesium powder with boron and silicon nitrides, and alkall and
alkaline-earth metal cyanildes.

Szarwasy [59) obtained magnesium nitride hy heating of a mixture
of magnesium filings with carbon first in a hydrogen medium and then
in air.

Mehner [60] and Neuberger [61] prepared magnesium nitride by
an analogous method: by heating a mixture of magnesium and carbon
black in nitrogen medium.

Vocurnasos [62] discovered that magnesium nitride can be produced

by the interaction of magnesium with cyanides, where a reaction of
the following type '
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2KCN - 3Mg = MgN, «+ 2K + 2C

takes place very energetically.

Of all the enumerated, and frequently very ingenious methods of
obtaining magnesium nitride only those methods have practical
application, which are based on the treatment of heated magnesium
with nitrogen or ammonia. However up till now the optimum temperatu.e
conditions of carrying out these processes have not been worked
out,

The majority of researchers propose relatively high temperatures
for the nitridation of magnesium: within the limits of from 7C0 to
900-950°C. Thus, according to Zhukov [63], the interaction of
magnesium with nitrogenr with the formation of nitride begins at
780-800°C; according to Neumann, Krdger and Kun [64] it is recommended
that magnesium nitride be produced by the nitridation of magnesium
powder, freed of iron by magnetic separation, in a current of
dexoygenated nitrogen during the course of b5 h at a temperature
of 800-850°C (the nitrogen content in such a nitride is 27.3-27.6%
which almost corresponds exactly to the calculated content c¢f
nitrogen in Mg3 5s equal to 27.74%). Porter [65] indicates that the
nitridation of magnesium by ‘ammonia, preheated to 300°C, or by
nitrogen, heated to 400°C, should be carried out at 900-1000°C.

Davis [66] for the productlon -cf magnesium nitride in a stream of
nitrogen or ammonia recommendrs using a temperature, located within
the limits between the sublimation and boiling points of magnesium

so the the sublimated magnesium could destroy the nitride layer for
the purpose of continuous nitridation. Stackelberg and Paulus [U46]
produced magnesium nitride by heating magnesium for 4 h in a stream
of ammonia at a temperature of 850°C with subsequent 1.5 h of heating
in a stream of nit rogen to rcmove the adsorbed ammonia. In this same
work a method of preparing single-crystals of magnesium nitride is
described, consisting of the rapid heating of a piece of magnesium

up to 1050°C (i.e., almost to the melting point, equal to 1107°C) in
a slow stream of nitrogen in an iron combustion boat. On the surface
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~of the piece of metal and ocn the walls of the boat transparent color-
less needles of magnesium nitride crystals will be formed having a
habit of nexahedral prisms with a trihedral pyramid or plane at the
free end. The direction of needles 1s (111), of the lateral faces
-{211), of the pyramid or end site (111). :

Mitchell [68] obtained rather pure magrnesium nitride (with 0.9%
MgO impurity) by passing nitrogen over magnesium filings in an iron ]
combustion boat first at 650-700°C for 3-4 h, with a subsequent
increase in temperature to 950°C and holding at this temperature
for 12 h,

Murgulescu and Cismaru [2U44] demonstrated that at temperatures
of 500-580°C magnesium is nitrided by nitrogen at atmospheric
pressure. The rate of reaction obeys to the parabolic law; the
activation energy is equal to approximately 31,700 cal/mole.

The authors [244] investigated the nitridation of compact
magnesium at a pressure of nitrogen fom 7.5 to 30 at, at temperatures
from 575 to 635°C for a long period of time (more than 115 h). 1In
this work, as in [271], it was shown that nitridation with the
surface occurs slowly; magnesium nitride will be formed, close in
composition to stoichiometric magnesium nitride.

The experiments on producing magnesium nitride were repeated
by us jointly with T. V. Dubovik and V. S. Polishchuk [242].
Magnesium filings with dimensions of 0.1-0.2 mm were nitrided in
a porcelain boat, located in a reactor and surrounded by nitrogen.
As the obtained data showed (Fig. 34), noticeable absorption of
nitrogen by the magnesium begins at a temperature of 500-550°C, end-
ing with the formation of a nitride (with a nitrogen content of 26.5%) y
after 4 h at 800°C and 1/2 h at 900°C, The magnitude of the lattice
constant of magnesium nitride was found to be a = 9,92 % which
coincides well with the tabular data for Mg3N2.
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An analysis of the mechanism of the process of nitridation of
magnesium leads to the following conclusions. The sharp acceleration
in nitridation process at 700°C can be explained in accordance with
the data of work [75], according to which, in spite of the relatively
low activation energy with the nitridation of magnesium, the diffusion
of nitrogen into the magnesium occurs slowly (approximately two
times slower than oxidatlon, although the activation energy of
oxidation is almost twc times greater than the activation energy of
the nitridation of magnesium). This is explained by the formation
on the magnesium of a dense gas-impermeable film. Obviously, up
to a temperature of 700°C the film substantially impedes the
nitridation process. At 700°C the melting of the magnesium occurs
and the breakdown of the integrity of the film and the nitridation
process 1s sharply accelerated. Nitridation at a temperature of
900-1000°C actually occurs even with melted magnesium, the nitridation
surface of which is 1limited by the surface of the molten metal.
Therefore nitridation in general proceeds more poorly. At a tempera-
ture of 800°C it is still not possible to form a surface of molten
magnesium and the nitride film has already been destroyed, conse-
quently, 750-800°C can be considered the optimum temperature for the
nitridation process.

The indicated pecullaritles of the process of the formation of
magnesium nitride lead to the conclusion of necessity of introducing
into the magnesium powder before nitridation of a sufficiently inert
filler, which would prevent the sintering the magnesium powder and
the formation on it of a continuous nitride film. As such a filler
previously obtained magnesiﬁm nitride has been used [242]: for the
normal course of the process the amount of nitride should be 30-40%.

117




=3 T vl phAPLJAL AN, R iyl il
T e o T I e e B B P Sl TR0 i it o R 0 ooy iiie,

- sy

This method makes it possible to obtain a nitride of sufficiently
nigh quality composition.

The kinetics of the nitridation of magnesium were studied in
detail in [75]. They used pure magnesium, containing 0.01% Fe,
0.005% Mn, 0.005% Al, 0.001% Si, 0.0001% Cu, 0.005% Pb, and nitrogen, B
thoroughly purified by passing it over copper shavings at 400°C
through a column with Mg(ClOu}2 for the removal of 0, and H,0.
Figure 35 shows the isothermal curve of maghesium nitridation,
which has three sections; the first section, the nitridation 2
section and the section, at whi~h the vaporization of magnesium begins 3
to intensively take affect. The effect of the temperature of .
nitridation within limits of 415-485°C in Fig. 36, from the data of
which the equation of the temperature dependence of the nitridation
constant was derived.

K =2,2.10%exp (22300/RT) [mg/ cm?. h].
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Fig. 35. Fig. 36.

Fig. 35. Nitridation of magnesium at 465°C
(pN = 100 mm Hg): I - the initial period
2 -
of nitridation; II - the period of nitrida-
tion; III - the period of vaporization.

Fig. 36. The temperature dependence of
the nitridation of magnesium (pN = 100 mm .
3 Hg). . 2

A A comparison with the constant of the oxidation rate of magnesium
K = 6.2.10%2 exp (50500/RT) shows that the activation energy of the
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nitridation process 1is two times less than activation energy of the
oxidation process (Fig. 37). However the nitridation rate is many
times less than the oxidation rate which is explained (within the
limits of the second kinetic section of the nitridation process) by
the formation of a dense, gas-impermeable film of nitride on the
magnesium. The increase in the nitridation pressure causes an
increase in the constant of the nitridation speed (Fig. 38).

~togh,ma/cm?eh

! o
£
S 260rm)
\\<3w ? 100 :>‘{//’j
2 : ré P
- B b= P
Mo-¥ -g’ / /
N £ -
3 8
AN :
2,
¢ £ 0 20 M0 49
7 U % fn 2 Time, min

Fig. 37. Fig. 38.

Fig. 37. The temperature dependence of the re-
action constants of the oxidation and the ni-
tridation of magnesium.-

Fig. 38. The dependence of the rate of nitri-
dation of magnesium on pressure at a temperature
of l465°cC,

A comparison of the kinetics of the nitridation and oxidation
of magnesium was also made in [272]. It was demonstrated that the
differences in the processés are connected with the fact that crack
formation in the oxidized layer occurs more readily than in the
nitrided layer. And with oxidation, and with nitridation at first
a layer stable in time will be formed, the subsequent increase in
which to a certain critical thickness causes the appearance of cracks.

In work [247] the kinetics of the nitridation fine magnesium
powders of brands M-3 (99.57% Mg) and M-4 (99.60% Mg) with an
admixture of iron (0.01-0.023%) was also studied. The dimensions of
the M-3 powder particles were on the average 250-300 u, and M-y -
about 50-100 u. It was determined that at 400°C in both cases the
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time dependence of nitridation obheys the logarithmic law, and at
450°C ~ the parabolic law. The kinetic characteristics of the process
of the nitridation of magnesium powders are given in Table 37.

Table 37 The kinetic characteristics
of the process of nitridation of mag-
nesium powders.,

“Meke | Tem= L
of pera Y + s +4 5

powe ,ggre’ Equation of rate of nitridation h
der

M.a | 400 | Am®=0,0056 Igyee
<1 450 Am = —08,0315--0,0733v—
—0,0893212
M4 400 Am =0,00155 lgv
450 in =0.00654+0.500’211 4=
<

0,

* Am - the incraase in weight mg/s2,
¢¢ £~ the time of nitridation, he

It 1s noted that the course of the nitridation process on damp-
ing curves is caused by the protective prope.-sies of the magnesium
nitride film. Pcwder M-4 is more reactive than M-3, due to the
magnesium. Powder M-U4 is more reactive than M-3 due to the very
well-developed surface (the specific surface of M-l is equal to 3500,
and M=-3 — to 616 cm2/g); this. in particular, is attested toc by the
lower activation energy of the nitridation of powder M-4,

The experiments conducted in this work on the oxidation of
magnesium powders in air showed that Mg0O and Mg3N2 will be formed
simultaneously.

According to [246], the nitridation of magnesium is substantially
accelerated by the addition to it as a catalyst of 5% KHF,.

The magnesium azide Mg(N3)2 is produced by dissolution of
magnesium of hydrazoic acid [1, 9]. '

Magnesium nitride Mg3N2 is a friable powder of yellow-orange

color, intensely fluorescing when irradiated with ultravioclet rays
[68]. The Mg3N2 has a cubic face-centered lattice, anaiocgous to
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the lattices of magnesium stibnide and bismuthids, and also of
beryllium nitride, with a constant, composing according tc various
data from 9.93 to 9.95 &. In the nitride unit cell theére are 16
formula units. According to Mitchell [68], magnesium nitride exists
in three allotropic versions o, B and y; the temperature of the

@ ¥ B-transformation is 823°K (the heat of trancformation is 220
cal/mole), and the temperature of the B Z y-transformation is 1961°K
(the heat of transformation is 260 cal/mole).

The variation in the heat content of the individual versions
within the limits of from 350 to 1200°K is determined by the
equations '

AHg = — 7125 - 22,817 4- 2,65-107°72,
AHp = — 10020 - 29,607,
AHy = =~ 9695 -+ 29,54T.

According to Kelley [38], the molar heat capacity of the

different versions of the nitride Mg3N2 can be calculated from the
equations

Cr = 20,77 + 11,2010~T (298 — 823 K),
Crb = 2007 +-10.66-10~°F (323 — 1061°K),
Cpy + 28,50 (1061 — 1300°K).

The specific electric resistance of the nitride is equal to
2°106 Qecm [63].

Magnesium nitride is stable in dry alr; the temperature of
dissociation under these conditions 1is equal to 1500°C [1]. 1In

humid air the nitride is rapidly decomposed with the liberation of
ammonia [69, 24]

MgN; -+ 6H,0 = 3Mg {OH): - 2NH,,

thus storing it 1is possible only in sealed ampules [64].
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iw Whitenouse {[70] found that magnesium nitride is reduced by

Ef water gas to metallic magnesium with the simultaneous formation of

= carbon and cyanamlides; dry hydrogen does not reduce the nitride to

3 metallic magnesium. .
;; In dry oxygen magnesium nitride burns with intense incandescence

3 and radiation of light. With concentrated and dilute acids and .
;‘ phosphorus trichloride 1t reacts according to the following

4 patterns:

Mg, + BHCI = 3MgCl, - 2NHC,

Mg N -+ 8HNO, == 3Mg(NO,); + 2NH/NO,;

5Mg,N, - 6PCly = 15MgCl; - 2P,N,.
,g Magnesium nitride does not react with ethyl alcohol, an alcohol

3 solution of glycerine, oxalic acid and phenol [71].

The interaction of magnesium nitride with carbon monoxide and
carbon dlioxide was studied by Fichte and Scholig [72], who established
that at a temperature of 1000-1250°C these reactions are described
by the followinz equations:

MgN; + 3CO = 3Mg0 + 3C + Ny,
Mg Ns -+ 3CO, = 6MgO + 3C -+ 2Ny,

4 where the interaction reaction of magnesium nitride with 002 proceeds
more actively than with CO.

The magnesium azide Mg(N3)2 upon heating decomposes explosively

g (1.

E The physical properties of magnesium nitride Mg3N2 are given
in Table 38. At the present time the semiconductor properties of
magnesium nitride are belng investigated, however 1lts practical use
in this region 1s very problematical due to 1ts low chemical
stability.
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More practicable is the application of magnesium nitride as
a dehydrating agent in inorganic and organic synthesis and in the
rubber industry [65]. The negative effect of the formation of
magnesium nitride in magnesium alloys is well known [73], where it
increases the porosity and sharply reduces the mechanical properties,
especlially the resilience, both at room temperature and also at high
temperatures; however a noticeable effect on the workability of alloys
by pressure and thelr aging processes has not been found.

Calcium nitrides. The sectlion of the phase diagram of the
calcium-nitrogen system in the region of alloys, rich in calcium,
is shown in Fig. 39 [77].
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In the calcium-nitrogen system the presence of three compounds
has been established — Ca3N2, Ca3Nu and CaN6.

The Ca3N2 exists in three versions: «, B and y [1025, 1072].
The low-temperature version, black in color, B-Ca3N2 is formed

at a temperatur= higher than 350°C by the interaction of nitrogen and

ammonia with metallic calcium, changes at a temperature of 700°C

into a-Ca3N2, where the transition is possible only in one 8 + a

direction [263]. The interaction of calcium with nitrogen already
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begins at room temperature, and upon heating the reaction proceeds
very rapldly and explosively. The normal temperature for obtaining
B-Ca3N2 is 450°C, at which the calcium 1s held in a stream of
purified nitrogen for a period of 3-4 h [24]. The presencec of oxygen
in the calcium sharply inhibits the nitridation process and increases
the temperature of the beginning of nitridation due to the poor gas-
permeability of the calcium oxide film. Conversely, the presence of
even a small admixture of sodium assists nitridation, since the

sodim prevents the formation on the calcium of a continuous nitride
film. 1In the nitridation of calcium by ammonia along with the
nitride there 1s also obtalned a certain amount of calcium hydride.

It was found that B»Ca3N2 has a pseudohexagonal structure; the
density is 2:67 g/cm3.

The average-temperature brown modification a-Ca3N2, existing in
& temperatvure interval of 700-1050°C, has a cubicz lattice of the
anti-Mn,0, type; its density is 2.64 g/cm> [1072].

The existence of the high-temperature yellow version y-Ca3N2
was first indicated by Moissan [264, 265], then confirmed by other
authors [77, 265, 268, 269]; it was investigated in detail in [270].
The y-Ca3N2 phase has a rhombic structure; its density is 2.63 g/cm3.
It is formed by the nitridation of calcium at temperatures higher than
1050°C with subsequent rapid cooling, i.e., by condensation from the
vapor pvhase. The formation of y-Ca3N2 proceeds especially intensively
with the introduction of heated calcium into nitrogen at 1200-1300°C
and with rapid (practically instantaneous) cooling. Good results
are glven by the nitridation of calcium in a boat of fired A1203;
the carrying out of the process in boats of other materials causes
the formation of by-products (in iron and steel - calcium cyanamide,
and 1n boats of silica - calcium silicate). Upon heating to 900°C
the sudden transition of y-Ca3N2 to a—Ca3N2 occurs. This transition,
as well as the transition 8 + a, is possible only in one direction,
lceey ¥ 2> a.
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Calcium nitride is stable upon heating and melts without
decomposition at a temperature of 1195°C. It 1s obvious, that this
pertalns to y-Ca3N2 or most likely to a mixture of the a- and y-
phases, which were most frequently produced in early operations by
the nitridation of calcium (for example, to the high-temperature
product of nitridation, having a yellowish-golden color; a cubic
lattice of the anti-ano3 type was assigned [297). Zhukov [63]
assumed that the upper boundary of temperature stability of calclum
nitride was a temperature of 1250°C.

The molar heat capacity of calcium nitride (B-Ca3N2), according
to Kelley [38], in the interval 298-800°K is expressed by the tempera-
ture dependence Cp = 20.44 + 22,0°1073 T cal/mole*deg; a somewhat
different expression is given in [76].

Calcium nitride is decomposed by water with the formation of

Ca(OH)2 and ammonia; it is also decomposed by weak mineral acids; it
is insoluble in alcohol.

According to [241], the solubility of calcium nitride Ca3N2 in
LiCl varles within the temperature limits of 625-720°C from 0.068 to
0.085 moles of nitride per 1 mole of molten LiCl, which is
substantially less than the solubility of lithium nitride in molter

salts (see page 22).

The nitride Ca3N4 (pernitride) is obtained by heating calciunm
amide in a vacuum [6], and the compound CaNg - an azide, 1s obtalned
cnly from aqueous solutions.

Strontium nitrides. 1In the strontium-nitrogen system the
following compounds are known: Sr2N (subnitride), Sr3N2, Sr3Nu

“(pernitride) and SrN6 (azide).

Strontium subnitride Ser is obtained by the decomposition in
a vacuum at a pressure of the order of 10"2 mm Hg and at a temperature

of 400-500°C the nitride Sr3N2 in the course of 1-2 h [81]. In turn

126




the nitride Sr3N2 will be formed by heating metaliic strontium in a
medium of nitrogen or ammonia; nitridation begins at 380°C. This
nitride can also be obtained by the decomposition of the azide

SrNG in a vacuum.

The methods and condition of obtaining strontium pernitride
Sr3Nu were investigated in detail in the work [82]. By the action
on strontium at normal or reduced pressure of ammonia (~10 mm Hg)
strontium hexammine Sr(NH3)6 with a golden colcr will be formed,
which spontaneously decomposes at normal temperature with the
liberation of ammonia and hydrogen, being converted in the compound
Sr(NH2)2 with 2 white color; the latter at 500°C decomposes with the
liberation of ammonia, yielding yellow-colored SrNH. Upon heating
in a high vacuum this sequence of reactions is suppressed by the
direct decomposition of the hexammine to the pernitride

381 (NHy)s = StyN, - 14NH, 4 6H,
or

asr (NH,). = St Ny 2NH3 4 3H,.

The second path is more preferable, since the more rapid evacuation
of smaller volumes of gases occurs, but it is two-phase and less
productive with respect to weight yield.

Before nitridation of raw strontium is purified by vecuum
distillation at a temperature of 675-870°C, after which in a special
apparatus by the action of ammonia on strontium the hexammine is
obtained, which decompcses in the course of two days to the amide.
The latter decomposes in a vacuum, however at a temperature of 400°C
the product of decompositiorn contains about 6%% pertnitride; a
further increase in temperature leads to its decomposition with the

formation of free strontium. The maximum content of pernitride, which

it was possible to obtain in the products [32], dces not exceed 70%,
the remainder is the impurity SrNH.
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The azides SrN. or Sr(N.). analogous to barium azides are

a - - )
a SrNg Ny
obtained by preparative methods.

D

Strontium subnitride is a black-color powder. The measurements .
of its magnetic susceptibility, conducted in work [83] (Table 39),
led to the conclusion about its metallic nature. The metallic
bond in the lattice 1is provided by one of the four electrons of .
strontium atoms, uncompensated by their bond with trivalent nitrogen.

Table 39. The
temperature depen-
dence of the molar
magnetic suscepti-
bility of stron-
tium nitrides.

Molar magnetic
susceptibility
Tempers turef x10°

o¢

SryN, I St.N
" 20 279 155
100 250.3 | 145
200 2503 | U°

The increased paramagnetism of Sr3N2, not agreeing with the
concepts, according to which this compound should be diamagnetic, 1s
explained [83] by the presence in the preparations of iron impurities
the content of which, apparently, wes sharply decreased in the
vacuum production from Sr3N2 of subnitride Sr2N.

The measurements of the magnhetic properties of the pernitride
[82] showed the insignificant paramagnetism of this compound: the
effective magnetic moment (in Bohr magnetons) ~0.30 at 90°K to
“0.60 at 673°K. The obtained data [82] attest to the salt-like, .
ionic character of Sr3NM' Two hypotheses are advanced, explaining
the anomalously small value of Mopd® a) the presence of anti-
parallel and mutually compensated spin angular momentum and orbital .
moment {in this case the inﬁeraction should be 1lit%le affected by
an increase in temperature), b) the existence of temperature-
dependent equilibrium: Ng' (diamagnetic) IZNS' (paramagnetic),
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severely shifted in the direction of a dimeric ion. The authors
consider the second assumption less probable.

Strontium subnitride reacts with water according to equation
[81]

Ser o 4H20 = 25r (0"*)2 -+ NH:: + ‘/'.‘H3'

It is rapidly decomposed by mineral acids with the formation of
the corresponding salts.

Strontium nitride Sr3N2 is stable compound; it melts at a
temperature of 1027°C, it decomposes in a vacuum with the formation
of the subnitride.

Strontium azide SrN6 is a nonstable compound, readily glving up
nitrogen with the formation of Sr3N2, decomposing explosively upon
heating to 169°C. When shocked a weak flash occurs, accompanied by
the emanation of a flame. The azide will be formed by an endothermic
reaction with the absorption of heat in the amount of 49 kcal/mole.

Barium nitrides. In the bariun-nitrogen system the existence
of four compounds is revealed - the subnitride Ba2N, the nitride
Ba3N2, the pernitride BaN2 and the azide Ba(N3)2. There are also
indications of the existence the barium pernitride Ba3Nu [999], which
is obtained by the decompoistion of barium azilde Ba(N3)2.

Barium subnitride Ba2N is obtained analogous to strontium
subnitride [81], 9y the decomposition of Ba3N2 in a vacuum (10"3
mm Hg) at a temperature of 450-500°C in the course of 1-2 h according
to the reaction 4Ba3N2 = 6Ba2N + N, + 35.2 cal.

Barium nitride Ba3N2 1s prepared by heating netallic barium in

alr at temperatures of 260-600°C (nitridation is most conveniently
at 450°C in the course of 3-4 h) [24].
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Barium pernitride BaN, 1s obtained [81] by the interaction of
the nitride Ba3N2 with nitrogen at a temperature of 400-500°C and
a pressure of 200-320 at, and also by the decompostion under the
same conditions of barium azide [81, 85].

The azide Ba(N3)2 will be formed by the interaction of barium
hydroxide with hydrazoic acid HN3 (1, 24, 86, 87]

9NaN, 4 2H,50, == 2NaHSO, + 2HN,,
2HN, - Ba(OH), = Ba(N); + 2H:0.

Barium subnitride (a powder of black color), like strontium
subnitride, is a metal-like compound with a specific electrical
conductivity of the order of 1072 g tiemt (81, 83]. It is assumed
that the metallic nature is determined by a spare electron, remaining
after the formation of the compound between the two barium atoms (4
electrons) and nitrogen atom (3 electrons). However, the operation
of the electrons on the bond between the barium atoms in the crystal
lattice is not considered at all, which also causes the relatively
high elertric resistance of the compound with the preservation of
the negative coefficient of electrical conductivity, characteristic

for metals.

Barium subnitride 1s decomposed by acids and water with the
formation of barium hydroxide and ammonia.

Barium nitride Ba3N2 is black crystalline powder with a
pseudohexagonal structure; it i1s stable under normal conditions; it
is decomposed upon being heated in a vacuum; reacts with hydrogen (at
300°C), and with carbon monoxide (at 700-750°C); it is decomposed
by water in cold with the formation of barium hydroxide and ammonia.
The pernitride Ba3Nu is decomposed by water, HNO3, and air [999].

Barium azide is unstable; it decomposes explosively at 219-
225°C: upon being shocked under normal conditions 1t yields a weak
flash with a flame; it has a monoclinic crystalline structure of the

KClOu type.
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2. Metal Nitrides of the Zinc Subgroup

Zinc nitrides. Nitrogen does not dissolve in solid and liquid
zinc [89-91]. Zinc forms two compounds with nitrogen - the nitride

Zn3N, and the azide Zn(N3), [ZnNg].

. Zinc nitride Zn3N2 is obtained by heating zinc (or zinc vapors)
to 1ncandescence in a stream of ammonia for 17 h at a temperature
of 500°C, then for 8 h at 550°C and 16 h at 600°C (see also [1073]).
Under these conditions zinc converts to nitride without melting;
about 2% of the zinc is driven off (is lost with the stream of
ammonia) [24, 92]. 1In producing the nitride at 600°C it slowly
decomposes which causes the formation of a product, depleted by
ritrogen, to which can be ascribed the formula Zn3N2-nZn [93-95].
According to Hartung [50], who heatsd zinc dust in ammonia for 0.5
h, the temperature zone of the formation of stoichiometric nitride
is very narrow (Fig. 40), therefore it 1s necessary to precisely
maintain the temperature regime. Thus, Bently and Sterne [97], in
nitriding zinc dust with ammonia at 650°C (for 30 mir' produced the
nitride with a yield of 36.8%. This is explained by the admixture
of free zinc in the nitride, produced under the above-cited conditions

3 [92], which, however, is driven off at 600°C.

: "
: Fig. 40. The temperature dependence
2 2 of the absorption of nitrogen by
zinc.
0 _/// .
200 0 L%

Another method of preparing the nitride Zn3N2 is by the
decompostion of zinc amide at 200°C [96]

E 370 (NHz), = ZnN, -+ 4NH,,

and also by the heating of zinc cyanide with ammonium nitrate [62]
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3Zn(CN); + 12NHNO; = ZngN; + 6CO; - 14N; -+ 24H,0.

According to [98], zinc nitride is prepared by heating a
mixture of calcium nitride with zinc powder at 700-800°C.

Zinc nitride 1s formed by the electrolysis of water with a
suspension of ammonium chloride, using a zinc anode and a piatinum
cathode [99]. The porous mass formed (the specific weight is
4.6 which 1s lower than the density of the nitride, equal to 6,22
g/cm3) libersates upon heating nitrogen and a certain amount of
hydrogen which makes 1t possible to assume the formation of a
compound of the amide type, but not pure nitride.

Certain works [100-101] have been dedicated to producing zinc
nitride by passing an electric spark between zinc electrodes in a
nitrogen medlum. The device, used for preparing zinc nitride in
[101], is shown in Fig. 41. 1In glass tube A there is placed
platinum cathode B, sealed in the glass. Moveable anode C is made
from zinc or another metal, whose nitride it is desired to produce.
The distance between the anode and the cathode is regulated by
turning plug D, equipped with a screw thread. The plug is packed
with mercury in can S. The lateral tubes F and G are used for
collecting the nitride, forming in the lower part of the reaction
tube. Into the lower part of tube A liquid nitrogen is fed and an
arc 1s created. The zinc and nitrogen vapors are heated, the
formation of the nitride occurs, which is rapidly cooled by the
surplus of liquid, surrounding the arc. A mixture 1 volume of
nitrogen with 9 volumes of argon is used which increases the rate of
consunmption of the zinc electrode.

Zinc azlde Zn(NQS2 analogous to the azides of the alkaline-
earth metals is prodﬂced by indirect methods [1, 9].
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Fig. 41. A device for producing zinc
nitride.

Zinc nitride Zn3N2 is powder of black-gray color;® it has a
cubic lattilce gf the anti-Mn203 type, with a lattice constant of
0.7ll3 + 0,005 A [102]. The molar heat capacity in the interval
298-800°K can be calculated by the equation Cp = 19,03 + 20.80°1073
T (¢al/mole‘*deg) [38]. According to [103], it is:

Temperature, °Covciveceesee 25 100 30C 419.6
Cp’ Cal/m013°deg....... TR 26010 27962 31.8“ 3“.“6

The nitride is a semiconductor (Figs. 33, Y2) with a resistance
at room temperature of 4.5'103 2+cm and a width of the forbidden

zone of 0.09 eV (Fig. 42, [33]).

Fig. 42. The electric resistance of
nitrides of certain metals [33].

~n

Upon heating in a vacuum the nitride is decomposed to zinc and
nitrogen at 300°C, at atmospheric pressure - at 700-750°C. it 1s

1The nitride, prepared by the decomposition of amides, has a
greenish color.
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decomposed by water with the formation of ammonia and zinc hydroxide
[96], by dilute acids with the formation of ammonia and zinc salts.
In air it is rather stable [92].

The azide is a highly endothermic, unstable compound, more
explosive than even the azides of the alkaline-earth metals [1].

Cadmium nitrides [1026]., Nitrogen does not dissolve up to a
temperature of U400°C neither in solid nor in liquid cacmium [89].
As for zine, there are known for cadmium the nitride Cd3N2 and
the azide Cd(N3)2.

The production of cadmium nitride Cd3N2 by the nltridation of
metallic cadmium by ammonia 1s inhibited due to the high volatility
of cadmium oxide and its difficult reducibility to metal. Thereforse
for the preparation of cadmium nitride the decomposition of the
amide in a vacuum is usually used at 180°C for 36 h [106, 107, 24]

URITR—Y

3Cd (NH.)s = CdsNy 4 4NH,.

The increase in the temperature of decomposition causes the dissocia-
tion of the nitride.

Attempts were made to produce cadmium nitride by the electrolysis
analogous to csinc nitrige [99].

s

Cadmium nitride 1s a black crystalline substance with & cubic
structure, iuomorphic to anti- Mn203, the lattlce parameter 1s a
= 10.79 + 0,02 A there are 16 atoms in the unit cell [102]. It is
very unstable; upon heating it decomposes at 320°C; 1in air 1t
decomposes with the formation the oxide; it .- explosively decomposed
by water.

i

The azide Cd(N3)2 is still less staple than the nitride, and it
explodes ypon heating.

{

li';.»n,% g;géxﬁ‘puwﬁ s gl A, A
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Mercury nitrides. Mercury forms with nitrogen the nitride
Hg3N2 and the azides Hg(N3)2 and Hga(N3)2. The compound Hg3N2 is
produced by passing ammonlia over yellow mercury oxide heated to
100-150°C or by the indirect path from the compound NHg ,J (108, 109,
6].

The azides are also produced by indirect methods, in particular
by the rapid precipitation from highly concentrated aqueous solutions
Hg(NO3)2 or Hg2(N03)2 with the help of NaN3. After centrifuging
the residues of Hg(N3)2 or ng(N3)2 are repeatedly washed with
alcohol and dried in a vacuum [1074].

The nitride Hg3N2 1s powder of brown color; it is extremely
explosive; the azldes have a white color and are somewhat less

explosive; they dissociate readily.

An investigatlion of the infrared-specira cf the azides, carried
out in work [1074], showed that in Hg(N3)2 the azide groups are
mufually "twisted" (the symmetry is Cz), and in Hgg(N3)3 form the
highly symmetric trans-form (C,,).

The properties of the metal nitrides of the zinc s .ibgroup are
given in Table 40.

Table 40. The properties of metal nitrides cof the
zinc subgroup.

Characteristic 2n,N, 2r{N;)y . CAN, Cd(N,), | HnN;| H_ Ny,
Nitrogen content, wt. % 12,41 56,22 7,67 43,28 4,45) 17 32
Cubic Cubic .
Crystal lattice . : — — — -
° (162} {102}
Lattice constant, 4 . 9,74, - . 10,7 — — -
[102] {102} .
Specifio weight: 6,22 — 6,8 - —_ -
pyonometric {102 [102]
rosntgenographic 6,60 —_ 7,67 — — —
) 1162 (102}
Temperature decomposition It It
og 700—730 | eXplodes)  gap explodes, — —
Heat formation, kcal/mole] 3,3 -50.8 —28,6 —106.2] — |—100]84]
keal/mole {104) 1103 jor* {9)
Heat gapmoity, 26,10 —- - —_ - -
_oal/moleedeg {103) .
Specific electric rozig. | 4.5.108 - - - —_ -
tance, {)+om 43’3&
{20°C)
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CHAPTER V

NITRIDES OF TRANSITICN METALS

1. Nitrides of the Rare-Earth Metals (Scandium,
Yttrium and the Lanthanides)

Scandium nitrides. The most complete 1lnvestigation of the
conditions of the formation and certain properties of scandium
nitride ScN was carried out in the work by Friederich and Sitting
f110].

In attempting to obtain
by the reduction of scandium
higher than 1300°C a product
Upon adding 10% ferric oxide

scandium nitride in a stream of nitrogen
oxide with carbon at a temperature

is formed, containing only 15% nitride.
to the initial charge the nitride content

increases somewhat. A still more favorable effect 1s rendered by

the addition of a 10% mixture of Na2003 + 2%0 to the initial charge
that increases the nitride content in the reduction of product to

95-96% (22.6% nitrogen and 4.5 80203, insoluble in HC1).

The pure nitride is produced at a temperature of 1700-1800°C in
a stream of well purified nitrogen according to the reaction f110]

SCQO‘ + 3C + Ng g 2SCN + 3CO.

The temperature regime was checked in [456, 467], in which
chemically pure scandium oxide was mixed with carbon black and
reduced in a stream of nitrogen at temperatures of 1400-2000°C,
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As follows from the data of Table 41, nitridatior

temperature of 1400°C. However a sharp lncrease in the nitrogen
content occurs at 1600°C; for complete reduction of Sc203 a
temperature of 1900-2000°C 1s necessary. The products obtalned here
have a composition, expressed by the formula SCN0.96U—0.970; the
products are contaminated with carbon and oxygen impurities. The
application in the charge composition of carbonate ammonium as a
loosener, facilitating the access of nitrogen, somewhat actlvates

the nitridation process at temperatures of 1600-1700°C. But since
for complete reduction of scandium oxlide it 1is necessary to raise the
temperature to 1800-2000°C, then in the final analysis the addition

of carbonate ammonium is inexpedient. A product of the composition

ScN0 970 has a cubic face-centered lattice with a cell constant of

a = 4,499 + 0.002 Z It is necessary to note that the obtalned
nitride has a better composition than the nitride, formed by the
method of [111], however, it nevertheless is a solild solution with a
concentration of about 1.2% ScC in ScN.

Table 41. The composition of the reaction products of Sc203 + 3C +

+ N2 = 2ScN + 3CO0 (reaction time 2 h).
o Chemical composition % H
° E.n
+>
» O Siet
g Without the addition of (NH4)2003 With the addition of (NH, )2c03 “é% g,
.‘é gg@ ‘-z\l
g ] . | 296
i + RESY - Y-
§ g | } 2 S gi 2 g di*gvvfl
41 =1 ¥ g | & |2d+| a | = 13 15|53 E 1 5sEs
1400 | — | = | = | = .
-] - -] -] 248 - | = — ] - - -
1600 | = 16,71 — | = —_ - 76,75120.58]| 1.8 | 1,1 0,7 | 0,40 99,5
* — » . + * ] . . 3 -
§388 ;g-gg §°-59 0,87 Ng§97 0,60 | 2,54 |99,48176.15i21.07| 215 J.38 | 0,77 ] 0,30 lsoled| —
139)21,181 0,70 |No¥ 10,70 | 0,39 |99,16)76,52|21,80) 0,70 |Not | 070 Nob 190,02} SeNpgyg
, 1 ek doger- | |dfee-
1900 176,81 122,05 0,40 |The = { 0,40 |Not  199,26|76,80|22,15| 0,42 ; The 0,42 [The 199,37 | ScNp o4
ggmm game same )
2000 | 76,4122,75] 0,23 The ! "
¢ ' n 0.23 sas 99,39:76,52}22,621 0,25 ! 0,25 99,39 SCNo‘gm

¥With the presence of Sc in the samples its content 1s

203
included in the total. .
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In this work [467] the possibilities of preparing the nitride by
the direct nitridation of metallic scandium were studied. The
results of the nitridation of metallic scandium (Table U42), indicate
that the interaction of scandium with nitrogen begins at a
temperature of 500°C; at 1000°C the nitrogen content attains a
value, practically not varying with a further increase in temperature,
The total scandium and nitrogen content does not attain vilues,
exceeding the scandium content in the initial metal, 1.e., the oxygen,
located in the metal, remains completely in the nitridation product. :
The ratlo of the scandium and nitrogen content, neglecting the %
presence of oxygen, corresponds to the formula ScN0.922, however in

practice oxynitride will be formed in this case, responding to the
approximate formula ScN0 8500 06° The oxyniltride has a cubic

(o]
face-centered lattice with a parameter of a = 4.503 + 0.005 A,

Table U42. The
results of the
nitridation of metal-
lic scandium¥,

Conditions Chamiocal compo-
o nitride~ sition of the
tion nitridation
products, %
Tomw .
peru~ Time, Se N Total
ture,
0o
500 | 1 - 1,181 =
600 | 1 —_ 1,26} —
700 | 1 — 1.83] —
800 | 1 — 3,22} —
900 |1 0,5 ; — | 8,8 —
900 | | — 9,25§ —
900 | ¢ - 9,45f —
900 { 4 — 14,78} —
’ 1600 | 1 77,98120,111] 98,09 .
2 1000 | 2 78,19120,18: 98,37
b 1003 | 4 78,48(20,15] 98,63 H
2 1160 i 77,27120,68} 97,95
3 1200 | 0,5 [77,71120,70} 98,41
. 1200 | 1 78,05120,63} 98,68
. 1200 | 2 77,33} 20,751 93,05 ¢
= 1300 | 0,5 {77,93{20,45] 93,43
3 1350 | 1 77,43120.851 98,2
g 13:0 | 4 77,05§20,751 98,80
4 1400 | 0,5 |77,85120,42} 98,27
- 1400 | 1 78,02120,85| 95,87

*The calculated
oomposition of SoN ist 3
S6 e 76424%, N « 23,76%, 3
total - 1007,
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after which rapld oxidation begins, which 1s finally completed at
1200°C (Table 43) [466].

Table 43.
The varia-
tion in the
. nitrogen

content in
scandium
nitride
during oxi-
dation in
air#,

lg o w
ol o iay |28,
ErloasiPd [2ad
sElERSRE ase
= oP |2 O W]gs P2
300 1 22,151 o©
300] 2 {21,08] o0
4001 1 j21,93] o0
400] 2 [22.02] ©
5001 1 |22,10] o
5007 2 [22.13] o
600 1 {22,05] o©
Go0| 2 [21.86] ©
00| 1 [13,14] 40,02
700 2 { 9,02f 58,9
700) 4 | 5,87] 73.3
700{ 6 | 2,03| 0,7
800{ 1 { 1,16} 94,7
00| 2 | 0,65] 97,0
90| 1 | 0,99] 981
00 f 2 | 0,42] 95,5
1000 1 | 0.57| 97.4
1000 2 | 0,49] 97,7
100 ) 1t | 0,13{ 99.4
00| 2 Net !

atec~

tec_ﬁ |
1200 | 1 100
1200 2 F%ﬂ]um

*The contea} in
the original powder
was N = 22,12%,

The chemical properties were studied for scandium nitride powders
with the composition ScNo'g70 (466, 612] and for compsct samples,
prepared by the hot pressing of the nitride in graphite molds in an
argoni: medium with respect to the conditions, given in Table Ll. As
can be seen from these data, the nitrogen content in the sintering
process practically did not vary; the residual porosity of the samples
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was from 14 to 30%. The data on the stability of scandium nitride
powder in concentrated and dilute mineral acids (Table 45) show
that the nitride is completely decomposed by all acids, with the
exception of sulfuric, which also decomposes rather rapidly. The
rnitride is stable in cold and hot water; it is decomposed by an
NaOH solution, where the rate and completeness of the decomposition
increase with the increase in the concentration of the alkaline
solution (Table 46). Compact samples of the nitride (Table 47)
behave in boiling mineral aclds like powder, only in sulfuric acid
they decompose very slowly. The stabllity of compact samples in
boiling NaOH solutions, where the tendency toward a reduction in
stability with an increase 1n alkaline concentration noticeably
smoothes out (Table 48).

Table LU, Condi-
tions for sinter-
ing of scandium
nitride by hot

pressing*
*

of leg L2
2% 1EE pg|ad
$8 s, peedlad

[+ NQ © [
YRR HEE
2000 4 21,787 30,1
2200 2 21,9} 24,0
2200 4 21,841 23,1
2400 4 122,02{ 14,4

*The hot pressing of
the nitride powder wes
carried out under a pres~
sure of 150 kg/om?,

**The original powe
der contained 21,98% N,
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Table 45, The
behavior of
scandium nitride
powder in boiling
aclds.

Undecomposed part,
Time,
h
1,50, O,
i Bt
1 16,89 0,52
2 3,84 0,36
3 2,82 0,42

Note:  Scandium nitride
in boiling HNO;

(1:1), HNO3 (31,19),

HCY (111) does not
desomposes

Table U46. The
behavior of
scandium nitride
powder in bolling
alkaline solutions.

: Undecomposed
Time, h  P&rt %

10%. 20%.
Neou | Neow

i 71,94 26,01
2 7,37 18,49
2: 68,93 9,59

Note: Scandium nitride in
407%=NaOH does not
decompose,

Table 47. The
behavior of compact
samples of scandium

in bolling acids.
: Undeoomposed part, %

Time, h o o
'(’x’.%o' l"('ls:'n‘
1 99,40 | 97,50
2 99,23 | 95,47
4 99,14 | 96,24

Note: Scandium nitride in
T boiling HNO3 (1.4),

HNO3 (1:1), HC1 (1.19),

HC1 (1:1) does not
decompose,
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Table U48. The

behavior of

compact samples of

scandium nitride

in boiling of ‘
alkaline solutions.

Undecomposed

Tme, h sample .

=D =
00 ¢

588
Patuty

At room temperature only nitric acid noticeably affects compact
samples of scandium nitride (Table 49).

Table 49. The behavior 3
of compact samples of ;
scandium nitride in
acids ané alkaline
solution. at room tem- E
perature (24 h). 7

I3 ® t 5
! iﬁ* i..‘g\{ *s
Reagent 25‘3 o| Reagent |8y o :
o et O o~ e

‘ oo @420,

. |84 P H

- . I I

H,S0, (1,84) ;100 10%-NaOH 99,34
:f‘ﬂ) 100 20%-N:0H 199,00
HNO; (14) | 21,8} 40%-Naon |98.65 i
HNOj-:1) | 6.7 -~ ;
HA ~ (1,18yT100- - - :

HQ (1:1) | 89,9 - -
In determining physical properties [466] samples of the %
composition ScN0 970° prepared by hot pressing were used. . !

The microhardness of scandium nitride, measured with a load of
50 g, 1s equal to 1170 + 150kg/mm2; the melting point, determined by .
the method, described in [468], is equal to 2550 + 50°C. The
coefficient of thermal expansion of the nitride, determined on a
quartz dilatometer, in the temperature interval 20-1070°C is
8.68-107° deg’l.
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The specific electrical resistance was measured for several
samples of the same composition, but with different porosity; the
obtained results were extrapola’=d the nonporous state with the
use of an approximational formuia, which for investigated samples
had the form:

0 =0, (1 —r*,

where Py and pnlare the resistivities respectively of the nonporous
and porous samples; n 1s the porosity in fractions of a unit. At
room temperature the specific electrical resistance of scardium
nitride is 25.4-0.9 uf+-2m, The dependence of specific electrical
resistance on temperature, determined by the method of [469], is
given in Fig. 43. 1In the temperature interval from 20 to 1000°C the
electrical resistance increases linearly wlth the temperature

and can be described by the expression

e, = 23 4 0,095¢.

Aufl-cm 0 é
p/// #

1 13

8¢ / IO"E
4

8‘

Yo

Lo N

40 — 90 o D
VN i=
(-]

2%

e ‘50

400 800 %

Fig. 43, The temper-
ature dependence of
electrical resistance
and thermo-emf of
scandium nitride.

The temperature coefficient of electrical resistance at room

temperature is +3.8-10"3 deg'l.'
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Comparing the values of the physical properties of scandium
nitride of the composition ScNO.970 determined in this work with
source material, 1t 1s necessary tc note that the melting point
determined in work [466] satisfactorily coincides with that established
earlier (2550 and 2650°C respectively). Scandium nitride is less
refractory than the metal nitrides of group IV of the periodic system,
but more refractory than the nitrides of the transition metals of
groups V, VI, The value cf the specific electrical resistance
established in [U466] is order less than that reported in [112],
where the figure 308 pQ-cm is cited. The linear increase in the
electrical resistance of scandium nitride with temperature indicates

the metallic nature of this compound.

i T

fon ool

iy

The thermal coefficient of electrical resistance of scandium
nitride occuples an intermediate position between the values of
those for the nitrides of titanium (+2.48) and zirconium (+4.3) and
is substantlally higher than those for tantalum and vanadium nitrides

(+0.7 and +0.03).

LR

PR R ARy

The thermoelectromotive force of scandium nitride has a negative
value and decreases with a temperature increase which, according to
[469], primarily indicates the electronic character of the on
conductivity of this compound. Notice is taken of the high (for
metallic conductors) absolute value of the thermo-emf of scandium
nitride (from -20 to -40 ug/deg) in the temperature region of {
100-600°C with low specific electrical resistance. This points to
the prospect of using scandium nitride as a3 material for the negative
arm of a thermoelectric converter turning thermal energy in
electrical energy. In comparing the electrical properties of metallic
scandium nitride with those for semliconductor of chromium nitride
(3261, it 1s necessary to note that for evaluating the efficlency .
factor of the thermoelement the important wvalue ae/p (where o is the
thermo-emf, p 1s the specific electrical resistance) is greater for
scandium nitride than for chromium nitride CrN (they are respectively
1.45 and 1.27 in relative units at room temperature). The value of

t

v
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the thermo-emf of scandium nitride is the greatest of all values of
thermo-emf for the metallic conducting nitrides of the transition
metals,

Thermal conductivity of scandium nitride with the composition
ScNO.970, measured by the method of steady-state heat flow at room
temperature [470], is 0.27 W/cm.deg. It is known that the thermal
conductivity of a solid, caused by the thermal diffusion of free
electrons, 1s linked with electrical resistance by the Wiedemann-
Franz law Ap/T = 2.135-10"8 W-Q-deg-l. For ScN with the use of
established values of thermal and electrical conductivity there is
obtained Ap/T = 2.34-10"8 W-Q-deg—l, i.e., the thermal conduction of
scandium nitride 1is entirely caused by the free electrons, and the
role of lattice thermal conductivity as compared to electronic

conductlvity 1s insignificantly small.

Scandium nitride ScN 1s a dark-blue powder; its physical
properties are given in Table 50. At normal temperatures ScN is
stable; upon heat treating in air it is oxidized to Sc203 (lower
oxldes of scandium have not been established), where oxidation occurs
with great difficulty. It readily dissolves in hydrochloric, nitric
and sulfuric aclds; upon heating with sodium hydroxide and fusing
with KOH ammonia is liberated and decomposition of scandium occurs;
it 1is readily hydrolyzed by water.

Experiments, conducted in studying the behavior of scandium
nitride as an incandescent filament of an electric bulb, showed that
it 1s completely vaporized in the course of 1 h [110].

Yttrium nitrides. Upon reducing yttrium oxide with carbon in a
stream of nitrogen a nitride will be formed, containing at a
reduction temperature of 1300°C yttrium nitride only in part, at
higher temperatures yttrium carbide will be formed, therefore the
preparation of pure yttrium nitride is difficult.
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Table 50. The properties of the rare-earth metal nitrides,

Stoichiomet- | ) Hleotrical,,
ggigktxg:ao- %x;.%;gr %goshamioal Thermal proportiss properties
Dsnsity, A g '
Nie et E S o
vl . . ofom o R % $ o Temperature, % [74] gs A
513 |3 E_13 v, il I,
@ 3 ® I lo “ S
iR | . |2 iRk [Eis EREH
g |8 bt 2 ) o S aw 0 &0 0 0w oo 0y
5 |e®|° E 05 [ssl. |B2s5- I I O T
3 l8sls |13 |2 [s¥lE |2ig ®|e |8 |88 [FIo)E2
© 2'& bre] o ?: £ «pa ?. N g i% E ~ N ™ ~ ° gé" a
T |2T & 0 g 3 SSIE RIS &R Ll | tb (2aR|ds
= ZF | o= | = Bl = =X o o 1) A | -~ - A A juaolsn
ScN| 58,97i23,76 | 4,45 | 4,21 | 4,2 | ~2650 168,0] 25 — ]1880| 1734 1607 [ 1495} 1230 | 25,4 -
{11 "“Jo ‘54751 {1y ] (466)
YN | 102,93(13,61 [4‘.’8377 (51.133] [‘.&0‘ >[2l6‘;" 7,51 28 — 1990|1838 1704 [ 1587 | 1230 493 -
90
LaN| 152,93} 9,16 0] “.75)5 — 72,1| 25 | 9-10-%{2010 1855|1721 | 1602 — [1403)01 1-7680]
CeN | 154,14} 9,09 L‘.loazl 8‘)1038‘7 - - 78,0 25 [30.10-4|21862029| 18841756 | — (41878] !s:’;%l)s
PN | 154,937 9,04 %ﬁf lﬁﬁ - - - = 13104 - | = = | =] - &ml -%%%
- 490 88
NdN| 158,28) 8,85 51.1‘0] :7“699]\ - —_ -] - - e T O 7(54 4%8, -%-4581:]0
SmN| 164,44 | 8,52 -5.‘%416 81’1491 - - - - -— -] -] -] =] - ~l210 -;l-ll2’5
483 488
EuN | 166,01 | 8,44 51,89114 :81,‘796'7 - - -] - -— - | -] -] - Ll2%) Cbg. [4&8]
488
GdN|{ 171,27 8,18 él,lggsl [91'1'&5 - -— -] - - — | ] =] -] - .[..20% +25600
488 88
TUN| 172,94 8,10 41.‘9313 [9&596]7 - - -] - d —_ ] —— -] -] - L20{) 4!2393)0
483 8
DyN| 176,52 7,94 %l'lgg. [91.99313 - - el - -_ ] - - ] - [418‘())] -4!43892)0
4
HoN| 178,95 7,83 | 4,87,{10,26 | — - -_— - - o e B R [110] -+!478
119) | [119) [490] | (488
ErN| 181,281 7,73 (41.1893]. 1[o‘,lgs - -— —_— - - -_— | - = -] - 7%0 4-36300
. 4 488
TuN | 182,95 7,66 ?l.lag. llol'l] -— - -] - -— -~ | -] -] -] - [!80, rd)
9 ] 488 488
YON| 187,05 7,49 l41.17981. “1'1393] - - -] - e e B B B 54818 [725]0
488
LuN | 189,00 7,41 | 4,76, 1[1.59 - - - | - - - | ] -] - seo']' l-]
{119) 1 {119} [488)
*Under nitrogen,
**Weak parasmagnetism, not depending on temperature.
Pure yttrium nitride was produced in [113] by the action of

nitrogen on yttrium hydride YH2 at 900°cC.

In work [485] it was proposed producing yttrium nitride by the
hydrogenation of the compact metal at low temperature (350-400°C),

which loosens the surface, with the subsequent treatment by nitrogen
at a low excess pressure 2-3 kg/cm2 at a temperature of 1400-1600°C

(see also [10751).
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Yttrium nitride is decomposed by water with the formation of
hydroxide and the liberation of ammonia.

According to [1001], yttrium mononitride 1s not a superconductor
at least higher above 1.U4°K,.

Lanthanum nitrides. The first experiments in producing
lanthanum connections with nitrugen were undertaken by Friederich and
Sittig [110]. Lanthanum nitride LaN was obtained by them by
Leating lanthanum oxide with carbon in a stream of nitrogen. The
formation of lanthanum nitride begins at a temperature of 1300°C,
and at 1500-1700°C lanthanum carbide will form [114], therefore the
products prepared by this method are a mixture of nitride with
carbide.

-

Pure lanthanum nitride 1s produced by heating of filings or
shavings of metallie lanthanum in a stream of nitrogen [115].
Lanthanum filings, prepared in a medium of dry helium or nitrogen,
are placed in a molybdenum boat, set in a furnace. At first the
filings are degasified, by pumping the reaction space to a pressure
of 10-5 mm Hg at room temperature, then nitrogen is introduced and
the heating of furnace is actlivated. The témperature in the course
of 1 h is brought up 600°C, at which temperature the reaction begins.
Subsequently the temperature 1is increased to 750°C and held there
from 2 to 4 h, then the temperature i1s raised to 900°C, and held
there from 1 to 2 h. The full homogenization of the product is
attained by holding it for 20 h at 900°C.

Lanthanum nitride was obtalned by analogous method in early
works [116, 117], however nitridation was carried out at somewhat
higher temperatures (100°C higher according to [115]).

In the survey [24] it is reported that the nitridation of filings
of metallic lanthanum at a temperature of red heat in a stream of
nitrogen occurs slowly: the nitrogen content in nitridation product
after 15 min - is 4.4%, after 30 min — 6.0%. Complete nitridation
with the production of LaN (9.18% N) is completed after 2.5 h.
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The nitrides of lanthanum and the lanthanides are obtained by
nitriding the metals with ammonla, where for standardization in
subsequent X-ray patterns KCl (REM + 3KCl) [Translator's note:

REM 1s rare-earth metal], was added to the metals [119]. The
mixtures were placed in a quartz tube in the furnace in a corundum
boat and heated in a stream of ammonia (obtained by evaporating
liquid ammonia) for 3-4 h at 700°C. The nitride formed here
practically correspondeg exactly to the formula and had a lattice
parameter gf a = 5,301 A which was rather close to the value

a = 5.295 A, [115].

In work [473] experiments were repeated for producing of
lanthanum nitride by direct nitridation of metallic lanthanum. The

The nitridation was carried out with ammonia and nitrogen in the
reactor, described in [178].

The results of the interaction of the metallic lanthanum with
the nitrogen (Fig. U4) indicate that up to a temperature of 700°C
the nitridation of lanthanum with nitrogen proceeds slowly, at T700°C
the nitrogen content increases immedliately to a value, close to
stoichiometric; with a subsequent increase in temperature and
exposures of the nitrogen content practically does rot vary. It is
noted that the temperature of the complete saturation of lanthanum
with r..frogen with the formation of LaN within the limits of the
accuracy of 1ts determination corresponds to the melting point of
metallic lanthanum (826°C), where the formation of the nitride is
accompanied by severe heating of the reaction mass, analogovs to the
production of cerium nitride (see p. 153,. It was shown that for
cerium and lar.thanum a high ratio of heat of formation of the nitride
phase to heat of fusion of the matal is characteristic {see Table 29)
which, obviously, is the cause of the severe heating of the reaction

o it

mass at the melting point of the metal, and partly explains the

% very rapid and complete nitridation, oc.. 'ring with the melting of

3 lanthanum. Upon melting, probably, the gas-semi-impermeable nitride
film is destroyed which also accelerates nitridation; at the moment
of melting the atoms of the metal are in thelr most actlve state.
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[ ;;;”L?%;7';‘:J Fig. U4, The temperature dependence of

TS ; the nitrogen content in lanthanum (h)
/ / (the time of nitridation is 1 h)., 1 -
o the calculated content of lanthanum in
/ j LaN. 2 — treating lanthanum with
ammonia. 3 — treating lanthanum with

;
/ / nitrogen.
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With the use of ammonla as a nltriding agent the process of
saturation of metallic lanthanum with nitrogen is essentislly different
from the preceding case (see Fig. 44), in the first place, by the
much higher rate of nitridation at low temperatures, and also by the
achievement of the maximum nitrogen content already at 600-700°C.
This, obviously, is connected with the loosening of metallic larithanur
as a result of the formation and the decomposition of the hydride
phases, which, according to [474], are produced even at low
temperatures, and which also have cubic lattices or which are
identical, or close in type to the LaN lattice. The reaction products
with ni.rogen, produced at temperatures of 800°C and above, and zlso
the reaction products with ammonia, produced at 600°C and above, have
a lattice of the NaCl type with a constant of: a = 5.302 + 0.002 A.

fccording to Greenthal [475], for lanthanum nitride, produced
by the action of liquid ammonia on lanthanum powder at low temperatures.
a rhombic structure was revealed with lattice constants of: a = 5.32,
b =5,30, ¢ = 5.25 A. The pycnometric specific gravity of this
nitride was equal to 4.69 which is considerably lower than the specific
gravity of the nitride LaN. Obviously, the product, obtained by
Greenthal, is a secondary nitride phase of lanthanum with a higher
nitrogen content than in LaN.,

‘ According to Kelley [475], the standard free energy AF of the
reaction LaN = La + 1/2 N, in the interval of temperatures 25-800°C
is AF =72,100-25.0 T, cal/mole.
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Lanthanum nitride is a gray to dark-gray powder, According to
[126], at temperatures higher than 1.8°K LaN does not manifest
superconductivity. However in the recently conducted work [479],
where the superconductivity of lanthanum nitride was more thoroughly,
studied, it was shown that LaN 1s a superconductor with a diffused
region of transition between ~1.35°K (according to magnetic
measurements) and VU°K (according to the beginning of the anomaly of
heat capacity). The existence of this region 1is due to the presence
of two versions of lanthanum nitride which to a certain degree 1is
confirmed by the above-cited Greenthal data.

The specific heat of LaN was determined in [480].

Lanthanum nitride is chemically unstable; i1t is decomposed in
moist air with the liberation of ammonia; it is somewhat stablier in
cold water and upon neating in water it 1s rapidly decomposed with
the liberation of a large quantity of ammonia [131]. Upon heating in
air it is oxidized to lanthanum oxide La203-LaN; it readily dissolves
in mineral acids and alkaline solutions. Lanthanum nitride 1is stable
for a long period of time in media of nitrogen, argon and 002 (4737,

Crucibles, made from LaN, rapidly decompose as a result of
nydrolysis [120]. Researchers [492], who studied the erfect of
rare-earth metals on the behavior of nitrogen in liquid iron and
steels, note the role of the formation here of lanthanum nitride.

Cerium nitrides. In the cerium-nitrogen system there has been
established the existence of one chemical compound with the composition

CeN.

Friederich and Sittig [110] tried to produce cerium nitride by
the reduction of cerium oxide by carbon in a nitrogen medium according

to the reaction

2(‘/‘:0,+4C+N,==2CeN+4CD.
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However neither at 1250°C nor at higher temperatures up to 1600°C
were there detected in the reduction products of any noticeable
quantities of cerium nitride.

Matignon [121] prepared cerium nitride by the reduction of CeO2
by magnesium or aluminum in a medium of nitrogen or by the reduction
of cerium chloride by sodium in nitrogen.

Vournasos [62] produced cerium nitride by the interaction of
metallic cerilum powder with molten potassium cyanide.

Cerium nitride can be produced by the action of nitrogen on
metallic cerium [122], The nitridation reaction at low temperatures
proceeds slowly [123], but at 850°C it proceeds very energetically
and 1s accompanied by intense heating. With the use of oxygen-free

nitrogen a product with a black color with bronze irldescence will be
formed.

Certain researchers have produced cerium nitride by the action
of nitrogen on cerium hydride at a temperature of 800-900°C [124].
Cerium nitride is also prepared by heating of cerium carbide in
nitrogen or in ammonia at 1250°C, where the reaction with nitrogen
proceeds faster than with ammonia [125], which 1s explained by the
formation of a semi~impermeable film of nitride. According to [1],
cerium also absorbs nitrogen at room temperature, but very slowly.

As is reported in [129], cerium nitride 1is produced, like the
nitrides of other lanthanides, by the nitridation of mixtures of
Ce + 3KC1 with ammonia during the course of 3-4 h. However in [478]
this method of producing cerium nitride could not be reprcduced — the
nitridation products contalned only 50-60% nitrogen as opposed to its
content in Ce; the remaining cerium remalned in the metalllc state.

Conversely, compact electrolytic cerium was nitrided well by ammonia
at 800°cC.
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A detailed study of the conditions of the formation of cerium
nitride was conducted in [467, 476] by the method of nitriding 98%
metallic cerium in a stream of nitrogen and ammonia in a quartz !
reactor with double walls, between which nitrogen was passed to i
prevent atmospheric oxygen from getting into the reaction space. As R
the results of the nitridation of metallic cerium in a stream of well
purified nitrogen (Fig. 45), up to 700°C showed, the cerium practically
does not interact with nitrogen, and at 800°C CeN will be formed .
(during the course of 0.5 h), and the subsequent increcse in
temperature up to 1100°C does not have any effect on the composition
of the nitridation product. The X-ray analysis showed that the nitri-
dation proguct has a lattice of the NaCl type with a cell constant of
a = 5.023 A which coincides well with the tabular data.
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The formation of cerium nitride "spasmodically" at a temperature
of 800°C agrees well with the data of work [123], in which, however, %
tue formation temperature of the nitride is equal to 850°C. It is
absolutely obvious that this temperature within the limits of the
accuracy of its determination coincides with the melting point of
metallic cerium (815°C). It 1is necessary to assume that nitridation
occurs at a high rate upon the melting of cerium, apparently, due to .
the destruction of the very thin and nitrogen-semi-impermeable of
nitride film [125] and the relatively the high vapor pressure of
cerium at the melting point. As was observed in [123] and also by @
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us the intense heating of the reactlion mass with the formation of
cerium nitride can be explained by the low heat of fusion of cerium
in comparison with the heat of formation of the nitride (see Table 29).
- This factor also determines the high rate of reaction and, probably,
should be considered in all thcse cases of nitridation, when on
the surface of the metal being nitrided a gas-semi-impermeable film
. will be formed. It is necessary to note the similarity of the
observed effect to the phenomenon of the vigorous growth of grains
upon the sintering of articles made from thoriated tungsten.

The nitridation of cerium in a stream of ammonia already begins
at a temperature of 100°C. The nitrogen content sharply increases
at 200°C; a nitrogen content, equal to that calculated, in CeN 1s
attained at 700°C, subsequently not varying substantially. In this
case the cerium is hydrogenated by the hydrogen of ammonia, accorcing
to [477]; the time, necessary to the hydrogenation of cerium, at
200°C 4is minimal, i.e., the rate of hydrogenatlion is greatest.
Cerium hydride, apparently, prevents the formation of a continuous
nitride film on metallic cerium. Furthermore, the replacement of
the hydrogen in the lattice by nitrogen 1s beneficial in a thermo-
dynamic regard (the heats of formation of the hydride and the
nitride of cerium are equal respectively to 42.3 and 78 kcal/mole).
The formation of active cerium atoms upon the dissociation of cerium
hydride does nct have substantial importance, since the pressure of
dissociation of cerium hydrides, at least up to 700-800°C, is small.

According to [485], cerium nitride was produced by the
hydrogenation of the compact metal at a temperature of 350-400°C
with the subsequent treatment with nitrogen at 1400-1600°C,

In dry air and carbon dioxide at normal temperatures cerium
nitride is stable; in moist air it is rather rapidly oxidized [62].

v Under the effect of hydrogen on cerium nitride at 100-400°C (especially
at 200°C) CeN is decomposed with the formation of cerium hydride and
ammonla.

CeN + 3H3 = CeH; + NH;.
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With the action of a mixture of nitrogen an n on
cerium nitride will be formed, which according to the above-cited
equation decomposes with the formation of ammonia. This makes it
possible to examine cerium nitride as a unique catalyst of the
process of bind;ng nitrogen with hydrogen into ammonia.

The interacticn of cerium nitride with water proceeds very
energetically; it is accompanied by intense heating up to 700-800°C
[131]

2CeN + 4H.Q = 2Ce0, + 2NH, + H,.

The CeN slowly dissolves in an cqueous solutlorn of KON with the

formation of cerium hydroxide and ammonia; upon interaction with
dilute acids dissolution proceeds actively with the forme -ion of
cerium salts and ammonium

2CeN -+ 411,50, = Ce; (SOu)s + (NH():SOs.

The dissolutlion in certain cases is accompanied by such intense
heating that part of the liberated ammonia 1s decomposed into
nitrogen and hydrogen.

According to [126], CeN at a temperature of higher than 1.8°K
does not manifest superconductivity. The standard free reaction
energy of CeN = Ce + 1/2 N2, according to Kelley [475], is equal to
78,000-25.0 T cal/mole.

The authors [959] investigated the variation in the electrical
resistance of CeN at low temperatures (to 300°C). Here the normal
course resistance was detected without any anomalies of the magnetic
order-disorder type., It was determined that the paramagnetism of

cerium nitride is caused by the Ce3+; X = Xp + C(T-0), where

Xg = 315~10°6, © = 85°K, C = 2.75 Bohr magnetons.
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Pragseodymium nitrides. Praseodymium nitride PrN is produced

by the nitridation of praseodymium at 900°C; by the action of ammonia
at temperatures up to 1000°C on praseodymium carbide; by heating
praseodymium in a stream of ammonia, and also by the reduction of
praseodymium oxide with a magnet [Translators note: probably means
magnesium] nitrogen medium [6, 9].

These investigations were continued by M. D. Lyutaya and A. B.
Goncharuk, who showed that the formation of the nitride under the
effect of ammonia cn metallic praseodymium occurs rather rapidly.
Compact samples of metallic praseodymium with dimensions of 10 x 5 x
X 5 mm intenslively interact with ammonia starting at a temperature of
200°C, when the nitrogen content in the nitridation product attains
6.5%, and after one~hour effect of ammonia at 400°C the praseodymium
is completely converted to a nitride of stoichiometric composition,
where the sample is scattered irn a powder or fine pleces of the
nitride. Nitridation by ammonia at a temperature of 600°C leads to
the transition of the metal into the nitride with cracking of the
samples, and at 700°C — to the production of compact samples of the
nitride with the preservation of the shape of the originzi metallilc
sample. With a further increase in the temperature of the nitridation
with ammonia the nitrogen content in the samples of praseodymium
sharply decreases and composes at 800°C — 1.5%, and at 1000°C — 1.8%.
The rapid nitridation at low temperatcures can be connected with the
loosening action of the simultaneously forming hydride. At high
temperatures the rate of decomposition of the hydride is higher than
the rate of its formation which causes a sharp reduction in the rate
of nitridation and practical cessation of hydrogenation.

Praseodymium nitride is a black-colored substance, unstable in
air under normal conditions, which hydrolyzes rapidly [131].
According to [989], the Curie point is PrN © = - 11°K, the magnetic
moment 1is 3.57 Boh; magnetons.
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Neodymium nitrides. The neodymium nitride NAN is produced by
the methods, mentioned above for praseodymium nitride, and under the
same temperature conditions. In [1] the producing of neodymium
monoitride is indicated by the effect of very pure ammonia on metallic
neodymium at a temperature of 700°C during a period of 3-4 h. The
chemical properties of neodymium nitride are analogous to the

properties of praseodymium nitride.

T. S. Verkhoglyadova showed that upon nitridation of neodymium by
nitrogen the nitride will t: formed after 2 h at 800°C and after 15
min at 1000°C. It i1s interesting that i1t was possible to repeatedly
produce, especially at temperatures of 1050-1200°C, praseodymium
neodymium nitrides with a considerably greater nitrogen content than
is required by the formula MeN. These products corresponded to the
conditional formulas MeN; . , g (2 nitrogen content up to 14-14.5
weight %). Thus the praseodymium and necdymium atoms have in the
isolated state f-electron configurations of Uf3 and Mfu respectively,
which can be readily transferred to a partner with a transition
to the stable fo-state, then the obtained experimental results seem

logical.

The authors of work [1075] demonstrated that in the nitridaticn
of compact samples of metallic neodymium with ammonia the interaction
begins at 300°C, and at 500°C a compact sample of neodymium nitride
wlll be formed. An increase in the temperature of nitridation of
the metal causes a sharpreduction in the nitrogen content. The
causes of the increase in the temperature of nitridation of neodymium
are analogous to those in the nitridation of compact praseodymium

(see above).

The researchers [485] produced neodymium nitride by the
hydrogenation of the compact metal at 350~-400°C with subsequent
treatment with nitrogen at 800-1600°C, 1In work [481] the elecgrical
resistance and the thermo-emf of neodymium nitride (a = 5.126 A) at
low temperatures were investigated. The temperature dependence of
electrical resistance (Fig. 46, curve 1) is an expression of integral
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resistance: p = B + Py + ;:3, where o iz the fraction of electrical
reslstance, caused by defects and impurities; Py 1s the fraction of

electrical resistance, caused by the scattering of phonons; p3 is
the fraction of electrical resistance, caused by the disordering of
the spins. On the same graph the calculated values Py (curve 2) and
Py (curve 3) are plotted. At absolute zero Py = 84 pq.cm, and value
Pg = 12 uyQ-cm. The thermo-emf of the nitride in this whole region
of temperatures is negative (Fig. 47) and at a temperature of 60°K o
is a ~0.17 uV/deg.
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Fig. 46. The temperature depen-
dence of the electrical resis-
tance of neodymium; — 1 — experi-
mental curve. 2 — the fraction
of the resistance, caused by the
scattering of phonons. 3 — the
fraction of the resistance,
caused by the disordering of the
spins.
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Fig. 4/. The temperature
dependence of the thermc-emf of
NdN.
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In this work the conclusion concerning the semimetallic nature
of neodymium nitride was made and the presence in NdN, as in the
other lanthanide nitrides [482] of a magnetic superlattice was
confirmed. The Curie point of NAN is T 7} 27°K [480].

Samarium nitrides. The methods of production of samarium
nitride SmN are analogous to the methods of production of praseodymium
nitride. In addition to that SmN has been prepared by the action of
ammonia at a temperature of T700°C for 3-4 h on metallic samarium [119].

Researchers [128] have prepared of samarium nitride in the

following manner. Samarium shavings in a molybdenum boat were placed i
in the tube of a vacuum furnace, in which titanium shavings (as an :
oxygen absorber) were simultaneously located. The tube was pumped
to a pressure of 10'5 mm Hg and held at this pressure for 4-6 h. §
Nitrogen from a cylinder was passed through the heated titanium. :
The closed system was held for 12-16 h at 800°C. The product of

nitridation was collected in a receiver filled with dry argon.

Iandelli [129] prcduced samarium nitride by heating metallic
samarium (99.2-99.7%) at 1000°C in a molybdenum boat in a nitrogen
medium. Metallic samarium was prepared by the vacuum distillation
of samarium by an aluminothermic-reduction reaction of the oxide
Sm203 at 1500°C. The nitridation reaction of samarium proceeds much
slower than that of lanthanum, cerium, praseodymium and neodymium,
and a content in the nitridation products of 94-95% SmN is attained
only after 15-20 h. Nitridation is hampered by the formation on each
particle of the metal of a thick gas-impermeable nitride film.

Samarium nitride 1s a hard powder; it 1s rapidly hydrolyzed in o
air, and 1t 1is assumed that the hydrolysis proceeds according to the
reaction

However the experimentally determined weight increase of the samples
does not coincide with that calculated by this equation. The

o —
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assumption that this 1s caused by the arrest of ammonia in the solid
phase, also was not confirmed. The X-ray analysis of the products,
located in alr for one week, showed their amorphism. Detailed
investigations of both the hydrclysis process of samarium nitride,
and also of the dehydration process of the hydroxide, establish that
upon hydrolysils of the nitride hydrated hydroxides Sm(OH)3-2.8H20
and others will be formed.

Samarium nitride has a cubilc face-centered lattlce with a
parameter of the unit cell, according to various authors of:oa =
= 5,0481 + 0,0008 [128], 5.039 + 0.003 [129], 5.046 + 0.001 A [119].

Upon heating samarium nitride to a temperature of 1600°C in a
vacuum of 10-§ mm Hg its vaporization or dissociation was not
revealed [128].

Europium nitrides. Only the compound of europium with nitrogen
EuN was obtained by the nitridaticn of metallic europium with ammonia
during a period of 3~4 h at 700°C [119], and also by the direct
action of nitrogen on europlum under the same conditions, which are
described above for samarium nitride [128].. Europium nitride is a
substance of black color, and in chenical behavior 1s similar to
the other rare-earth-metal nitrides. In [119] to determine the
possibility of the existence of bivalent europium in the nitride the
latter was decomposed by water, however the llberation of hydrogen
with the products of decomposition was not noticed neither for
europium nitride nor for samarium and ytterbium nitride.

Gadolinium nitrides. Gadolinium nitride GAN 1is produced by
nitriding metallic gadolinium with pure ammonia for 3-4 h at a
temperature of 700°C [119]. Endter [130] by X-ray analysis detected
GAN in the surface layer, forming upon the heating of gadolinium in
air.

159




. S TTTTTOETE SR mm e S RS i s e mme — e e L el L

Gadolinium nitride {s a black-colored substance with a cublic
structure; 1its chemical and physical properties have almost not been
studied. Gadclinium nitride is a ferromagnetic material with a
Curie point of 69°K and ferromagnetic moment of 7 Bohr magnetons,
equal to the paramagnetic moment. Under pressure of up to 100 kbar
urie point i~ for GdN BTC/BP = +0.08° i0.04°K

-

the variation in ¢ Cu
{1007]. 1In work [1008} the spontaneous magnetization of this nitride

was investigated.

Nitrides of terbium, Jdysprosium and holmium. The information
about the nitrldes of these metals 1is very limited, TbN, DyN and
HeN have been prepared by the action of ammonla for 3-4 h at a
temperature of 700°C on the respective metals [119]). An attempt to
produce dysporsiun nitride by the reduction of dysprosium oxide with
carbon in a nitrogen medium did not give positive results; formed

product was not moncphase [110].

In work [U483] terbium and holmium nitrides were produced from
the pure metals (99.5%), which were first hydrogenated, and then the
hydrides were nitrided with ammonia at temperatures of 850-1100°C.
Chemical analysis showed that the preparations contained more than
95% of the n}trides.

The properties of these nitrides have almost not been studied;

in [119] thelr crystal scructures are given.

According to [153], ToN and HoN are ferromagnetic materials with
Curie points respectively of 18 and U3°K; the magnetic moment of HoN
is 8.0 + 1.0 Bohr magnetons [475]. On the basls of the study of the
magnetic properties of TbN in [484] a conclusion is drawn about the
fact that an electron is transferred from N3' to Tb3+, gilving the

nitrogen an antiparallel spin.

Erbin nitrides. With *he reduction of erbium oxide with carbon

in a nitrogen medium

Er;0; + 3C + N+ ErN + CO
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a product 1s obteined, containing about 50% ErN, and upon the addition
to the charge of a 10% mixture of soda with carbon (see scandium
nitrides, p. 136) at a temperature of 1250°C an almost pure nitride
will be formed.

As 1s reported in [119], erbium nitride is prepared by the
action of ammonia at 700°C for 3-4 h on metallic erbium.

Erbium nitride of ErN is a grayish-white-colored substance; it
is gradually decomposed in air with the liberation of ammonia; its
decomposition 1s completely finished within several days.

The physical properties of erbium nitride have not been studied
(only its crystal structure has been determined [1191]).

Thulium nitrides. The only mention of thulium nltride TuN [TmN]
is in [119]. It 1s formed, analogous to the other rare-earth-metal
nitrides, by the action of ammonia on metallic thulium at 7¢G0°C.

Ytterbium nitrides. The first attempts at the production of
ytterbium nitride YbN were made by Friederich and Sittig [110] who,
hcwever, were not able to prepare the pure nitride by the reduction

of ytterblum oxide with carbon in a nitrogen medium at temperatures
of 1100-1600°C.

In work [119] ytterbium nitride, like the nitrides of the other
lanthanlides, were obtalned by the action of ammonia on metallic
ytterbium at 700°C.

- Eick with his colleagues [128] prepared ytterbium nitride
analogous to the samarium and europium nitrides (p. 158 ) by the
action of nitrogen on metallic yttevbiun, however the formation

- reaction of ytterbium nitride in contrast to the samarium and
europlum nitrides occurred so slowly that it was necessary to reject
this method. The method of preparing ytterbium hydride with its
subsequent conversion to nitride wss used. Ytterbium shavings were
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treated for 12 h at a temperature of 500°C with pure hydrogen,
obtained by the decomposition of uranium hydride UH3. The hydride
formed YbH2 was heated in a stream of nitrogen, purified by being
passed over activated copper anc¢ titanium shavings, at temperatures

of 600-1000°C for 12 h. Even with very long exposures and nitridation
temperatures of the order of 1000°C (which is 200°C higher than

the melting point of ytterbium) the reaction does not occur completely.
In an attempt to drive off metalilc ytterbium from the nitride in a
vacuum of 10-5 mm Hg turned out that upon sufficiently prolonged
exposure at 1U400°C the metal and nitride are converted into a
distillate. Thus, ytterbium nitrice is readily vaporized in a

vacuum which distinguishes it from the niltrides of certal.. other
lanthanides, in particular samarium,

tterblum nitride has a cubic structgre of' the Nall type with
a lattice parameter gf a = 4,786 + 0,001 A according to [119] or
a = 4.8752 + 0.0008 A according to [125].

In work [119] the liberation of hydrogen was not detected with
the acction of ytterbium nitride of water which attests to the absence
of bivalent ytterbium nitride.

Lutetium nitrides. Lutetium nitride of LuN 1s produced by the
action of ammonia on metallic lutetium at a temperature of 700°C

£2191].

The structures and pnysical propertles of rare-earth-metal
nitrides. All nitrides of the rare-~earth-metals, including scandium
and yttrium, crystallize in a cubic face-centered lattlce of the
NaCl type and correspond to the composition MeN. Compounds of other
composition in the rare-earth-metal system with nitrogen have nct
been detected. The formation of rare-earth-metal mononitrides with
a simple lattice agrees well with the values of the ratios of the
radius of the nitrogen atom to the radil of the rare-earth-metal
atoms, being in accordance with the data of Table 51 from 0.3%4 to
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0.43 which corresponds to the Hagg condition of the formation of
simple structures of the interstitial phase type.

Table 51. The ratios
of the radius of the
nitrogen atom to the
radll of the rare-
earth-metal atoms,

o || - of
&3 &38| &
2| & | =|&||=]|F
Sc {0,434 Pm 0,391 Mo [0,40
Y 0,39 |} Sm ) 0,38 || Er 10,40
ta 0,37 || Eu j 0,34 || Tu 10,40
Ce {0,38].Gd | 0,391 Yb 0,36
Pr 10,38 Tb | 0,40 ] Lu |0,40
Nd | 0,38 | Dy | 0,40 ’

The dependence of the lattice constants of nitrides on the atomic
number of the rare-earth elements (Fig. 48) [119] displays the
effect of lanthanide contraction. The sequence of this dependence
is analcgous to the sequence on effect in the lattlce constants of
rare-earth-metal oxides, which attests to the significant role of
ionic bonding in nitrides. This also indicates the absence of
anomalies in the lattice constants for europium and ytterbium, which
in the metals themselves and metalli:z type compounds (hexaborides and
dicarbides [486]) have increased significance in connection with a
valance of Eu and Yb less than +3, manifested in the metallic state.
A certain anomaly for gadolinium nitride, coinciding with a similar
anomaly for gadolinium oxide (also emphasizing the similarity in the
types of chemical bonding in the lattices of these bonds), is
caused by the effect of the semioccupied electronic configuration
aat3 (7 electrons of 14 on the 4f-level). The latter along with the
configurations of lanthanum (ﬂfo) and lutetium (Mflu) is the stablest
and ensures the exact trivalence of the gadolinium ion in contrast to
the other lan