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ABSTRACT

The formation of transition meta) nitrides is reviewed eritically
with special reference to newer production methods snd fabricetion
techniques, Crystal structures and types of vonding are dircussed
in relation to those of other nitrides and refractory hard metals
generally, ¢f.;, borides, carbides and silicides,

Information so far available on the sintering of naterials is
summarised, For nitrides (as with borides and carbides), the
sintering is influenced by additives and impurities such as oxzides
formed by partial hydrolysis and oxidation., Resistance *o oxidation
is increased by sintering and hot-presesing ihe refractories. The
kinetics and products of oxidation of nitrides so far srudied
depend mainly on the intrinsic reastivity of the materizl and available
surface at which oxidation can occur.

In the present research, changes in phase composition, surface
area; crystallite and aggregate sizes are correlated with oxidation
time and temperature conditions for nitrides of scme transition
metals, viz., Ti,Zr, V, Nb, Ta, Cr and Mo.Kinetics ané rates of oxidation
are influenced by the crystallite and aggresate sizes of the nitrides,
by differences in type of erystal siructure and in molecuiar volume
of the oxide products. Sintering of the newly-formed oxide is an
additional factor,

The nitrides were milled to ingcrease their surface activity
and to examine changes in the microsiructure zsused by the commimition.
The milled nitrides apparently have greater surface heterogeneitiy
and tend initially to give linear rather than parabolic cxidation
rates until sufficient oxide of rational crystallitie size composition
is formed to give stable oxide layers, The sintering of the oxides
ig controlled by surface diffusion promoting grain=boundary penetration
at lower temperatures (above about ¥ m.p, oxide iz X) and erystal
lattice diffusion at higher temperatures {above tne Tammamn Temperature,
about + m.p. oxide in K). Comparison of the oxidation of nitrided
and free metals indicates that oxide sintering is inhibited sometimes
by removal of nitrogen but accelerated occmsionally by the remaining

metal,
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Chapter 1

Nitrides are the nitrogen compounds formed generally at elevated
temperatures when nitrogen reacts with other elementa especially the
more electropositive elements.

Transition elements such as those of sub groups IVA, YA, and
VIA of the Periodic Table. form nitrides which have high melting
pointa and great hardness approaching that of diamond (Hhittemore,_
1968) Hence they are termed refiactory materials. They also possess
most of the properties of metals and alloys, Thus, they exhibit
thermal and electrical conduct1v1tiea of the same order of magnitude
as pure metals. These also show metallic lustre. The term"hard
metals' is often applied to these compounds together with the borides.
carbides and silicides of the metals (Schwarzkopf, 1950, Schwarzkopf
& Kieffer. 1953, pp 3-5; _Hagg 1953)

The above mentioned properties of the transition metal nitrides
cause them to be of considerable technological importance, Nitrides
of metals belonging to the IV A andIA subgroups of the Periodic
Table have been important in high melting point cermets (Schvarzkopf
& Kieffer, 1953) High melting points in combination with good non-
ecaling properties mage these materials useful for rochet technology
and jet propulsion. The reaction chambers of jet‘engines are lined.
uith these refractory materialst _The demands on these materials in
_respect‘of thermal shock resistance are varticularly severe, ouing to
the high rates of temperature change._which can hardly be reproduced
in testing (Eingery, 1955 ; Buessem, 1955). The blades of gas
_turbines are_also covered with coatings of these materials. The
refractory nitrides exhibit their greatest refractoriness in

nitrogen atmospheres - (Bradshaw, et.al., 1958). High electrical

(s)



conductivity and low reactivity towards normally corrosive chemicals
permits their application in fused salt electrqusig.

Nitriding is extensively used for hardening steel sgrfacesrlDuring
the process, atomic nitrogen is adsorbed from either a gaseous or
liquid (sglt) carrier and subsequehtly intq the base metal. The case
is qu;tg_hard gpﬂ_acquirgs excellent wear resigtqpce and galling
p:qge;ties. Presently, devices like gears, piniqgg, qhaftg. clutchea,
piston rings etc., are hardened by this techn;que. (Leening; 1964),

In the past, studies have been mainly confined to the direct
qxidgtion Qf_meta}s, and oxides have been applied extensively as
refractéry materials. The formation and reactivjty pf ox;des pas
therefore been studied in depth (e.g. Glasson, 1956, 1958 a-b,

1960 a-b, 1963 a-b, 1967; Glasson & Sheppard, 1968l Similar studies

on transition mgtgl Kitridgs have beep less extensive. Recgﬁtly

some nitrides of elements in groups IT, III, & IV of the Periodic

7Tgb1q haye bgen investigated (Jayawqera, 1969).‘;n this thesis:

solectgd nitrides of metals belonging to sub-grqupstI:A,ZT:A and

YT A of the Periodic Table have been studied with respectto their
production, éintering and oxidation. Since nitridation of metals follovgﬂ'
byro;idgtién constitutes indirect corrosion, comparisons have been

made with the oxidation behaviour of the corresponding metals.

]!1 C;ggqification of Nitrides,
Nit?i@es are categorised generally as ionic, cqvaleqt and
interstitial (or metallic) depending on the nature of their bonding
gBroyp, 1964, P.150; Moore, 1948), The atomic numper-of nitrOggﬁ

;s 7_and i?a elgctrop@c copfiguration in tye grqpnd state is,
the;efo;e 1S?, 232, ZP?E the @hree.Zp eiect;oﬁs occupy different

space orbitals in accordance with Hunds' Rule of Maximum Multiplicity.
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There are three possible ways in which nitrogen may acquire electironic
atability, (a) as in ionic compounds, it may form the nitride ion,

N

T ; (b) It may form covalent compounds by the overlapping of its
singly oqcup}ed orbitals with similar orbitals of other ayoms. and
(¢) in the interstitia) nitrides, the small nitrogen atoms (radius
0.923) occupy some or all of the-octahedral interstices in the
metallic lattices, which are generally close-packed,

There seems to be no need fqr a rigorous classification, in view
of thg fact that their bonding is heterodesmic ie. a combination
of metal;ic as well as ionic and covalent forces, of which one
type may predominate depending on the crxgtgl structure, However,
convenient classification dopend;ng on their properties can be made
as followa (Jayaweera, 1969),

Readily hydrolysable nitrides forﬁ;ng ammonia are considered
1qn1c._Tﬁggq are typified by lithium in group I (LigW) and the
alkaline-earth metals in group II (M3N2)° The formation of nitrides
by the other alkali metals in group I is restricted by crystal structure
conditious, Whether elements are capable of forming stable nit;ides
is indicated by comparing heats of formation‘(Kcal. per equiv.)
of corresponding oxideg an@ fluorides (van Arkel, 1956), which
are more stable than the nitrides, their atandard free energ;es
varying similarly witﬁ temperatures (Classon & Jayaweera 19%8).

Since the radii of F~, 0~ and N

are similar, variations in

heatq of formation will depend mainly on tq; chayge of the negative
ion. The electron affinities, E, and crystal energigs, UVVill,b°
affected, E ig expected to predominate in compounds with large

positive ions of low charge, so that the heat of formation decreases

with increasing negative ion charge; e.g. LiF, Li20 and LizN have

10)
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heats of formation of 146, Tt and 15 kcal. per equiv. respectively.

The sharper decrease from NaF (Juza et. al., 1959) to Na20 (Samsonov,
1965) suggests a very low value for NaszN, which is evidently unstable
at room temperature and has so far not been prepared in the pure condition,
The Madelung constant is significant in that it is unfavourable fo;
L13N and high for the fluori@e. Tbus. the decrease in heat bf fprmation
from fluoride to nitride is much greater than in the grqup'III series
AlF3 (Stadelmaier & Tong, 1961), A1203 (Mott, 1958) and AlN

(Guilland & Vyart, 1947), where the nitride has the higher Madelung
constant, compared with that of LizN. Comparison of the molecular
susceptibilities of Mg, Zn and Cd nitrides shows that the polarising
action of the metal ion decreases from Mg to Zn to cd(Croato, et.al.
1951).

Elements with high ionic charge and small jonic radius tend to fo;m
cova;e_nt nitrides e.g. B, Al;, Ga in group Ii';[. and Si, Sn, in group v
of the Periodic Table.

Interstitial nitrides are formed mainly by transition metals.
Theag are ggnera;ly nitrogen deficient, nonstoichiomet;;c cqmpounds,
wpich retain most of the properties of the parent metal. Although
non-metal vacancies cccur in large mumbers in these nitrides, there is
avidencé for metal vacancies in TN (A. Brager, 1939 Straumunis;
et.al. 1967) and NbN (G. Brauer, 1964). Most of these compounds
crystallize in eithgr cubic close—pacged or hexagonally close-
packed structure, or in a slight modification of one of these. There
are variations in the nnmbe; of nitrogen-occupied sites and their
type (octahedral or tetrahedral). Hence these compounds have certain
homogeneity ranges. UN is an extreme example, having the
stoichiometric composition. This may be ascribed to the large radius

o
(1.428) of the uranium atom, giving rise to large interstitial

(11)



sites, thereby facilitating their occupation by nitrogen atoms. The

.....

is not determined by the metal valency, in contrast to some transition

metal oxides, also having narrow homogeneity ranges.

1.2 Trangition Hetal Nitg'ldes

These materials form one of three fundamental-classeé of
refractory compounds;

(1) Compounds of metals with non-metals, sucg as borides, carbides,
nitrides, oxides, silicides, phosphides and su%yhides;

(2) compounds of no;;métale with each other, such as carpides,1
nitrides, sulphides and phosphides of bo;Pn and qilicon,

and also alloys of B and Si;

(}) Compounﬁs of met§1s with each other, generally known as
intermetallic compounds.

Thé nature of the chemical bond between the components of these
compounds is predominantly metallic or covalent wvith a small
'proporﬁipn of ionic bond. These types of bond are established
mainly by transition metals with non-metals having ionisation
potentials sufficiently low to avoid ezclusive ionic bond formation.
These bonds are also formed between two non-metals and c ertain metals
with each other. The metallic components of refractory compounds
include elements of the subgroups IIT A to VII A, group Viil,
lanthanides, actinides énd aluminium, The non-mgﬁallic cgmponents
include light non-metals of the short periods (B,C,N,0,51,P,S).

The chemical bond in the lattices of these compounds (in addition to
the §- and.gr glectrons of the metallic and nonfmetallic.components

respectively) is formed also by the electrons of the deeper

incomplete & and f- levels of the transition metals, Isolated

(12)




atoms of metals of group 1I, the alkaline-earth metals, do mnot
have any electrons in the d- and f- shells. But in compounds with
non-metals, energy states corregpénding'to these shells may occur
(gﬁaffe; & Samsonov, 1964; Samsonov, 1964; Samsonov, 1365).
Nitrides have correspondingly greater proportions of ionic

pqnd, because of_the higpe; ionisation potential of nitrqgeg cgmpa;eq
with the other non-metal refractory cqmpgngntgt. This ig_mq;g_gv@dgnt
in nitrides of metéle having a low acceptor capacity (Mo, W, Re),
while the nitrides of Nb, Ta and Cr show a combination of metallic
and ionic bond, with the latter predominating. Decreasing the
nitrogen content of the nitride phases, within their homogeneity
ranges strengthens the metal to metal bonds and weakepé the bonds of
metal to nitrogen. Fairly wide gaps in the lattice energy states
becomg possible ﬁnd @e;erming the semi-conductor propgrt}es of nitri@es
hgving'Nf deficient lattices.

The prgportion of ionic bdnq in meta% qxides having high accepfor
cha?actq;}gt}cé S?i, ?;, g?, Y) is rather less than in'tpg corfespoppiyg
nitridesi because oxygen hag a lower iop;sation poteptia} fhgp nit;gg?pf
These differences will bg more pronyunced for the lower oxides,

The second class of ?efractory compounds includes boron and silicon
qifrides (?hompaon & Wood, 1963; Poppgr &VRuddlesﬁep! 1957; ngdie
& Jack, 1957; Gill & Spence, 1962).Their bond character is also
het;rodes;ic. but Qith covalént bond predominating. Tpey haye gemi-
conduc tor properties as well as high electrica; resistance a? room
temperatu;ef Generally, their sprggty;p consists of layer chain 9r
skgletal structural groups or pattefns, and they either melt yith
decomposition or decompose before reaching the melting poiht .

Three typic.gl elements of groups JI and ITI, namely Be, Mg and Al

are intermediate in their ability to form refrgctory meta}-like and

(13)




non-metallic compohnds.»Fdirly refractory seﬁi—coﬁdqqtogs-are given
with non-metals (Shaffer & Samsonov, 1964). Thus borides of Be, Mg
and Al and also AIN. These three metals also can form intermetallic

compounds.,

1,3 Relationship Between Bonding and Crystal Structure

of Binary Compounds

An account of some of the attempts to explain the bonding and
crystal structure characteristics of refractory compounds is
included in the following subsections, Thg_n;t?ides of metals of the
first transition series are reviewed by Juza (1966)=
1,3.1 Hagg's Rule of Radius Ratio Limit

According to Hagg (1930, 1931 a-b, 1953), binary interstitial
compounds of the transition elements had simple or "normal” strﬁqtures
when the radius ratio, X;: ¥p of the non-metal and metal atoms was
less than 0.59:1 with the non-metal atoms occupying the interstices
qf;the original metal lattiqg, When the radius ratio excee@s th%s
f%ggrg, tyg sfrugtpres becone more complicated, but still retain
metallic characteristics. Higher non-metallic concentrations increase
the unit cell dimensions of the interstitial phases, effectively
making the radius ratio lgss favouratle for normal structures._?t
has been indicated that the limiting radius ratio rule is valid
only for carbides, the nitrides_generally having lower radius ?atios
SSchwa;zkopf & Kieffer, 1953).

Usually, the metal atoms 1in the interstitial compounds are
arranged differently from the original metal lattices. The non-metal
atoms occupy those interstices where they can remain in contact with
the metgl atqmqf The face=centred cpbic. c{pse—packed hexagogg; gn@
body-centred cubic lattices have two types of interstices, tetrahedrgl

and octahedral with co-ordination nmumbers of 4 and 6 respectively.

(14)



The octahedral hole is perfectly regular in the two close-packed
structures (face-centred cubic and close-packed hexagonal) but
has tetragonal symmetry in the body-ceatred cubic structure. The
only interstices of the simple hexagonal unit cell are the large
ocﬁghqual (6-fold cq—ordinated) gites a£ the cegtres of trigonal
prisms of metal atoms.
In the interstitigl structures, not all of the holes pf one
type are necessarily occupied, so thgt many homogeneous phases
show wide composiﬁiop ranges. Nevertheless, homogeneity ranges
of phases of ten apprqximate to some simple stoichiometric
composition corresﬁonding to the occupation of a definite fracfion of
the number of available interstices. In the éubic close-packed
lattice, the large octahedral sites are occupied only if the radius
ratio exceeds 0.41:1. Many mononitrides and monocarbides (1x-
type) have radius ratios within the range 0.41 - 0.59:1, and have
rock-salt structures irrespective of whether the parent metal has
a cubic close-packed structure or not (Rund}e, 1948).
1,3.2, Pauling-Rundle Theory
Rundle (1948) suggested that the metal to non-metal bonding
is octahedral, with six equal bonds being directed from the non-
metal tpwards the corners of an qctahedron. He»applied Pauling's
basic concept of resonance of four covalent N- or C- bonds
amongst the six positions (Pauling, 1938, 1940, 1947, 1948, 1949;
Pauling and Ewing, 1948). The concept of half bonds is introduced,
wvhere an electron pair in an atomic orbital is used to form two bonds,
In Rundle'e theory the non-metal atom can achieve an octahedral
arrangement in two ways: (i) two equivalent sp hybrid orbitals form
electron pair bonds and hybridize with four half—bonds given by the

two remaining p orbitals.
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(i1) the three 2p orbitals form six half-bonds, and an electron
pair occupies the 2g orbital. In each case, the resulting six bonds
have an octahedral arrangement, whiéh exemplifies the rock-salt
structure of the compounds. The directional nature of the bonds
explaing the brittleness and hardness of these materials.

Rundle also points cut that there is a marked increase in
mgtgllmetél distances, when refractory interstitia} conpounds are
formed. This observed increase indicates a weakening of the metal-
meﬁﬁi bonds. Thergfore, electrons are drawn away from_the metqu
metal bo?ds and gti}i;ed for the formation of metal to non-metal
bonds, Thg high melting points of these interstitial phasgsj therefore,
can be agcribed to the high strengths of the metal-nommetal bondg.
| A criticel appraisal of the Pauling's theory of metals has been
made by gumg-Rothery (1949)0 VHe has also criticised Rundle's théory.
HBume-Rothery (1953), has argued that the occupation of the octahedral-
sites by the non—metal would be equally valid in a hexagonally cloged—
packpq lattice. The face—centred cubic etructure! however, has begq
adopte@ because in this structure, the metal too has mutually
perpendicular covalent bonds directed to its six neighbouring non-
metal atomq, a gituation not present in the hexagonal structure._gln
the la;ter, the octahedral sites around a metal atom form a triangular
prism).

The taad theory of metals has been applied by Bilzr(1958)
and Denker (1968) to elucidate the electronic states for refractory
materials. Thus, metallic character is expected to develop with
increased electron occupation of the d-baad in the series SiN,'?;ﬁ,
VN. This is supported by nuclear magnetic resonance measurements on
' ScN and VN (Kume & Yamagishi, 1964). However, the expected increase
in metallie character is not sﬁpplemented by the trend in electrical

conductivities (Nemchenko et.al. 1962),
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Goodenough (1963, pp. 266-267) has termed nitrides with a rock-
salt structure as "ionic compounds with metallic conductivity", and
in particular related to the onides. The bond is partly ionic because
of the electro -negativity difference between the metal and nitrogen,
and also partly covalent. According to Goodenough (1960), in the
metallic bond in transition metals and their cogpounds,_the electron
distribution between localised and more delocalised bonding states
ig determined by a critical interatomic distance of 2093. Above
this separation the electrons are localised, but below it they are
' pregsent as "collective" electrons. Blectrical conductivity is
associated with partial filling_of the tog~ tands by collective
electrons, and is limited to compounds where the metal-metal
distances are less than 2,93, Nitrides possessing rock-salt struct-
ure are formed ;;1y if three or less d-electrons are available in
the formally trivalent cation, when the eg - orbitals are empty
and the tog - orﬁitals are ei%hgr half or less than half filled.
Great eleétronegativity differences produce a large forbidden zonse,
with the bonding electrons belonging mainly_to the nitrogen sub—latticq.
) Thus, in case of ScN, the bonding 8= and _g- eg = electrons are |
prédominantly on the nitfogen° Decreas;ng electronegativity differencee
confer a stronger eg character on the bonding electronsi Increasing

covalent bond chardcter may lead to cation-anion-cation interaction,

e.g. CrN. Special bonding relationships intermediate between the two
extremes exist for _-CrN (rock-salt lattice). Transition from
cubic to orthorhombic symmetry is associated with localisation of
the covalent bond and accords with changes in magnetic properties
(Goodenough, 1960, p.1442). Nitrides of thélPerovskite type, MgN
(M= Pe or Mn) are classified by GQPdenough.(1963) as interstitial

alloys, where the mgtgl—nonmetal bond is predominant i.e. N is
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probably present as a neutral atom. This agrees with Kuriyama's
determination of the W atomic scatteriﬁg factor in Mn4N, showing

- (Ku?iyamap et.al. 1963),

nitrogen to be present as K° or N
These results conflict with Elliott's (1963) determinations for

Fe,N, which indicate ¥ as the probable species. Mekata (1962)

4
based his qualitative band scheme forf - MngN on neutron
diffraction study. It is a modification of Goodenough’s scheme

for cubic face-centred manganese, differing in the energetic

arrangement of‘the &g- and $2g" bands relative to one another.

1.3.4 Ubbelohde-Sansonoy Theory

Ubbelohde (1932, 1937) presented evidence for the intérstitial
dissolution of hydrogen in palladium, tantalum and titanium. He
assumes that hydrogen dissolves in the form of atoms which ére
subsequently ionized; and the electrons of dissclved hydrogen
go into the vacant levelq of  the g: band ofit?e transition metal.
Thus, the metal is the accepfpr and hydrogen the donc_)r° Umanski?
(1393) gxtended this to carbides andhr’litridt_ala° Tp;s is expecteh,
because the ionizatiog pogentials of carbon and nitrogen ;re pf
the same order as that of hydrogen. Further support for this theory
is provided by Seith & Kubaschewski (1935) and Prosvirin {1937)
who-demonstrated the ionic characte? of dissolved carbon and n;trogen
in iron, Kigs;ling (}950) makes a similar conqlusipn from a study
of bq?idegf He has sgggested that the ability of ;he non-metal
to donate electrons increases in the order, QFNZQ'B'S? (Fie;gling,
1954, 1959). " The importance of bond lengthg has also bgen emphagize@
by Kieesling (1957). One of the prime requirements for metallic

bond formation is that the metal atoms should not be too far apart,
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This explains why small non-metal atoms only may form interstitial
compounds with transition metals. 7

Further development by Samsonov (1953a, 1956 a-c, 1964 b, 1965),
implied that thg bonding between the transition E?tal and the non-metal
in refractory compounds is essentially metallic in character.
S;milar theory has been described by Neshpor (1964) and Samsonov &
Ngshpor (19?8, 1959). This involves trapsfg; of non-metal valency
glect?ons inte the electron cloud of the compound, at least partially
‘filling the electron-defect of the metal atoms. The additional forces
of the donor-acceptor inte;action greatly strengthen the interatomic
bond. Thus,Jack (1948) and Clarke & Jack (1951) interpret the
structure of iron, cobalt and nickel nitrides, carbides and
carbonitri&es on the basis of electron transfe; from thevintgrstitia;
C and N atom to the metal lattice.

The degree of participation in the bond (of incomplete _cg_;
and f- electron lévels) and the distribution of electron concent;qﬁion
in the crystal lattice is expressed by the quantity T/Nn » termed
by ngsonov as "acceptor ability”. In this expression,.ﬂ is the
principal quantum npmber of the incomplete shell of g; or ;r_electrons
and n is the mmber éf such electrons. A high acceptor ability favours
a high electron concentration in the crystal latﬁice, i.e. greater
metallic character: Dgcreasing acceptor ability causes corresponding
decreasps in electrical conductivity (Schaffer & Samsonov, 1964),
heat of formation, lattice energy and hardness (Sarkisov, 1947;
Sarkisov, 1954; Baughan, 1959; Shulishova, 1962)3

The essentially metallic character of the interatomic tond
is cqmparable with the Hume-Rothery electron phases, the nature of the

crystal structure depending on the electron concentration (Kiessling,
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1954,'1958; Robins, 1958). Increasing concentration produces a
sequence of crystal lattipes, viz., body-centred cpbic, bage-cgpt?ed
hexggonal, face=centred cubic, simple hexagoenal, for similar

atomic radii ratios, x ¢ p ¢ where X = B,Si,C,N. The face-centred
cubic lattice? most characteristic of group IVA and VA metal carbides
and nitrides corresponds to an electrqn concentration of 5.5 to 6
electrons per atom. Nevertheless, formation of crystal structﬁres
characteristic for metal compounds does not necessarily arise from
‘the trangitional naturg of their atomic components. Thus, nitrides
of rarg-earth metals are mainly ionic (Jandell, 1956; Klemm &
Uinkelmann,'1956), yet crystallise in face-ceqtred cubic (rock-
.salt) lattic§, simiiar tc monoborides and monocarbides of group

IV and V transition.metals having metallic properties,

Weiner and Berger (1955) demonstrated that the occupation of_

incomplete.g—shells of the metal atoms by electrons donated froam

the non-metal atoms ?Bduced the magnetic moment. Results for Fe,Co
apd Ni nitri@es suggested donation of about three electrons by e;;h
nitrogen atom, The nitrogen was regarded as a positive ion or as
forming a covalent bond by interaction of the p~ electrons of N

with the unpaired d- electrons of the nearest neighbour afom°

There have been only liﬁited studies of the energy spectrum of

electrons in metallic compounds. These include an approximate quantum
mechanical analysis of the electron st;ucture of the interstitial phases
TiC and TiN (Bilz, 1956) and investigations of the X-ray spectra of
Ti,V,Nb, and Cr nitrides (Vanvshteyn & Vadli®yev, 1957: Vanyshteyn
& Zhurakovskiy, 1958, 19595 Nemnonov & Hgn’shikov, 1959; Korsunskiy

& Genkin, 1958; Karal'nik et.al., 1959), The latter are interpreted by the
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splitting of the 3d4- level into tog- and £g- levels by the crystal

field in the octahedral environment.

1.4 Relationship between Bonding & Crystal Siructure

of Ternary Compounds

The ternary compounds so far examined have been classified
by Juza (1966) and their properties are summarised by Glasson &
Jayaweera (1968. PP- 70-~71) in relation to whgt is known of thei:

crystal structures.

1.5 Production of Nitrides
1.5.1 Methods of Production

There are a number of diverse methods available for preparing
metallic nitrides. This is due mainly to grgat differences in thermal
gtability, associated in turn with heats of formation. Nitrides can
_ be prepargd by heating the elements in a nitrogen, ammonia or nitrogen
and hydrogen atmosphere (Mellor, 1927, p.97; Soliman, 1951; Juza,
1966; Brown, 1964). Variations of these methods include heating the
metal amalgams, e.g., Ca, Ba, lMn and Fe, or the metal oxide and
alumipium or magnesium, e.g. ée, La, Nd, Pr and U, or the metal
oxides and carbon, e.g. lig, and Si. Sometimes, howeverjheatipg metal
carpides in niyrogen produces carbonitrides such as cyanides and
cygnamides, e.g. in the case of Ti, Hf (Portnoi & Levinskii; 1963),
Ca,Sr, Ba;@;chet, 1931). An advantage of using ammonia (or ni trogen
and hydrogcn mixtures) over nitrogen is that the reaction is carried
out in & reduvcing atmosphere and thus the formation of oxide
impurities is kept to the minimum, Oxygen must be scrupulously

avoided aince it cannot be eliminated from the nitride phase

(Farr, 1968). RNitrides may be obtained also by decomposing suitable

(21)



metal amides, e.g. Co (Schmitz-Dumont, 1956) and Ni(vWatt
& Davies, 1948), The reaction between a metal oxide and ammonia
to form the nitride is the reversal of tpe hydrolysis of the nitride.
Thus, mercury nitride (Glasson, 1949) and gallium nitride (Lorenz
& Binkowski, 1962) are formed in this manner.

Transition metal nitrides are produced generally by the action
of nitrogen or ammonia on the respective metals or their hydrides,
oxides or halides, A classical method for preparing transition
metal nitrides is the reaction of metallic oxides, e.g. Ti0Op, with
nitrogen in presence of.Carbonn Tpis process was used by Friederich
and Sittig (1925) but did not lead to pure products. Very pure
carbide-free nitrides are best obtained by heating the metal powde;s
under very pure nitrogen or ammonia. Nitridation of metals by
nitrogen or smmonia gas has become more important with the increased
availability of high purity metals., Besides conventional heating
techniques, high frequency induction heating has been employed in
transition metal nitride production. 1In the ionitriding process an
electric glow discharge is utilised in splitting up molecular nitrogen
(Beisswenger, 1958; Bernhard Berghaus, 1961; Laplauche, 1963; Sterling
and Swenn, 1965; Sterling et.al., 1966).

The decomposition of metal amides or imides, may be used aa means
of obtaining nitrides. Other preparative methods include heating
an ammonium metallate in ammonia,; the action of c¢yanogen gas or
dinitrogen trioxide on the metal, the reaction between a metal salt
in liquid ammonis dnd a reducing metal, and by double decoﬁposition with
another nitride,.

Molten salt bath nitriding is used widely industrially to obtain
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thin protective nitride coatings. The bath usygl;y contains a
qyggide or cyanate of an alkali metal reacting with a trgnsition
metal or one of its alloys, e.g., Fe and its alloys. Vapour phase
deposition is ore of the widely used methods of industrial nitridation
(Canpbell et.al., 1949, 1952; Powell et.al., 1966). This process
involves the use of a volatile metal salt such as the chloride with
ammonia or nitrogen and hydrogen. A thin and uniform coating of
nitride on machine parts is produced by this method, which is
especially employed with transition metal nitrides. An explo@ing
yi;e technique also has been described'(Joncich et.al., 1966).

The morg etable n4t;ide§ e.g., Ti,Zr,Hf,V and_Ta, mgy be
depos;ted directly on ﬁeated su:faces from gaseous mixtures of
suitable volatile metal halides and nitrogen énd hydrogen"(Yan Arkel
' &:¢e-ﬁoer, 1925; Agte & quré, 19%1: Becker, 1933; Vgn A;kq}, t§34;

" Pollard & Woodward, 1948; Minster & Ruppert; 1953; Minster, 1_957-).
This method is preferred, particularly when metal su;facé ﬁitr;dation
qigws down considerably after formation of a thin skin of nitride.

_ Several hours are required for coatings of more than one or two mm
1ﬁickness, unlegs much higher temperatures are used to ensure adequate
d?ffugion aéross tbe nitride layer. Small TiN crystallites have o
been obtgined‘in the cooled anode cévities, when TiCl, is introduced
into the nitrogen-argon stream ofaplasma burner (Stokes & Knipe,

’1'.960; Opfe;{;ieann, 1964). Hydro;en is not required,- since the elements
are ionised in fhe.ﬁiasma bean.

A summary of +tranisition metal nitride production methods is given
in Table 1.1, which also includes a selection of references to methods

of producing these compounds:=
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ZTable 1,1 Methods of Tramsition Metal Nitride Production

1) Action of.
Nitrogen (orAir)

METALS NITRIDED

e A

REFERENCES

s e A

on:-
(a) Metal i, 2r, Y, U, i (Samsonov et.al., 1959 b,
i 1961a) Kirchevskii & Khazanova
(1950);
Cr, Mn,rare Lyntaya & Samsonov (1964);
Campbell et.al., (1949);
earth metals, i Evans (1965)
Ta, V, Fe, Th, Co, Sc
(b) Oxide Zr
(c) Ox;:e & Al or | o vLa, Wb, U, Zr
Ed) Oxide & Carbon; Si, Ti, V, S¢ i Lyntaya & Samsonov (1964)
e) Hydride . Ti, 51, vV, U, Tu E Kempter et. al., (1957);
| Anselin & Pascard (1963
(f) Boride Cr, Fe { Samsonov (1964 a, pp. 312-19)
2) Action of i
Ammonia or i !
nitrogen & :
hydrogen mixture i
on - !
(a) metal Ti, Ni; Ce, lLa, Ca Neugebauer et.al., %1959;
Si, Nb, Mn, Fe, Mo,W | Moreau & Phillipot (1963);
. U, cr, Co. | Septier et.al., (1952);
; Deeley (1964) :
{b) oxide “i T4, In, ¥, Cu, NDb | Neugebauer et.al., 21959;
b Ca Lyntaya & Samsonov (1964);
[ Lorentz & Binkowski (19625;.
Ec; boride ‘ Cr, Fe, Y, Kiessliing & Liu {1951)
d) hydride Si | Sterling & Swann (1965);
] | Sterling et.al. (1966)
(e) Metal salt & | GCa, In, T1, |
reducing metal | Fe, Co, Ni, ! Schneider et.al, (1963)
with liquid . Ru, Rh, Pd ; /
ammonia | Os, Ir, Pt ;
(f) Ammonium . Nb, Ta, U, Cr, i Samsonov et.al. $1961a);
me tallate i FPFe, Re, W. i Funk & Boehland 1964);

i
i
3) Action of cyan—j
ides & cyanates
on metal
(or alloy)

|
{
1
!
|
|

Fe and its alloys:
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1.%.2 Thermodynamics of Nitride Production

~ Although the extensive thermodynamic prOpQ;ties such gq'enthglpy
and free eﬁergy of élements and their compoun@s cannot ﬁe measured
absolutely, it is possible to estimate relative changes in th@se
. properties when a chemical reaction takes place, The standard free
energy change A G°, for a particular reaction affords a direct
quantitative measure of the extent to which the reaction may proceed.
The'stability of the nitrides and their production at vqpioué
températures are related to their standard free energies of formation,
86%, (Margrave & Sthapitanonda, 1955). If data is compiled for the
reactions of some of the transition elements with nitrogen, the
relative affinities of these elements canr be ascertained by plpt¢igg
. the q?andg;@ free energy chaﬁge per gram equiyaleptléf the e;?menﬁf
as a function of femperature Sin oK)_° ihis g?aph;cal metpqd‘of
presentation, the Ellingham diagram (1944), readily indicates the
?eaaipility of;a_reacfion over a particulartfemperature range and
also the compatibility of materials at high.temperagﬁres. ihelﬁore
n?gativé va{peé of stapqard free energies indicgﬁe stablexr compoundg.
In Fig.1.1, the values of L;GOT are compared for a selection of
oant . .
transition metal nitrides on an Ellingham diagram, ps;ng data cpmpileg
by Wicks & Block (1963); see algso Pearson & Ende (1953) and Olette & ]
Ancey-Moret (1963).. Nitrides of transition metals belonging to group
Iv aﬁd Y have ﬁﬁe greatest stability. This progressively decreases for
nitrides in the lower groups and for transition metals in groups Vi
to VIII. The iron nitrides, FesN and FeyN are relatively unstable, having
poéitive AG% values for a fairly wide tqmpgrature range. By

comparison, ammonia is less stable than most nitrides.
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From Figure 1.1 the standard free energy changes for the reaction
of metal with ammonia ( to form the nitride and hydrogen ) can also
be compared for different metals. Thus for titanium nitride, the

value of G% for the reaction,

¥Ti + Y NEs = FTiN + $Hp

is the difference between the values for the reactions:-

+Ti o+ 1/6 N =.§Til_¢

and +H +1/6Np =¥ NE3
Hence the difference between the graphs for ¥ TiN and ¥ NH3 in
Figure 1.1 indicates the relative ease pf nit;iée formation from ﬁhe
mqtg} + a;monia, whgn the materials are in their standard s?qteg.
F;om the thermochemical data, it is evident that all the metal nitrides
can be formed from the metal and ammonia, excqpt FggN and FeyN, at
lpwqr tepper;tures. However, althopgh ene;ggtipally poasible, these
reactioqs may be kinetically unfavourable, as thermodynamics does
not give any information regarding the rate of the processes under
consideration, This applies especially to solid state reactions, where
the nmumber of variable factors is high, e.g., solubility of the gases
in the various solid phases, formation of binary and te;nary cogpounds,
gdhefeppg of cpmpouﬁd layer on to the metal. Thg last of these
factors is important in the kinetics of thg reaction as discussed later
in section 1.6.2,

A plot qf f;ee energy dgta for the oxidation of some transition
metal nitrides is presented in Figure 1.2, which shows that the oxidaf
#}on products are appreciably stabler than the corresponding nitrides,

especially at low temperatures.
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1:‘,1 gate of Nitridation

Nitridation rates are expected to copform to the same principles
as applied for meta)l oxidations (Kubaschewski & Hopkins, 1962_)7 A mumber
of relationships are known which relate the extent of nitridation
(o; oxidation) with reaction time. They give the weight increase per
unit surface areas, m, as a function of time, A

The simplesé relationship which is the linear one, namel?}c

m = K°'t :

where XK' is a constant. Sirce the-ﬁeight increase per unit area is

proportional to the thickness of the nitride (or oxide) film, y,

and this in turn is proportional to the decrease in thickness of
the metal, y, the above equation can be written as,
y= K¢
Where | is a constant.
The parabolic law, generally encountered at higher temperatures

can be stated as follows:

y = Kt+cC
It gives a straight line when the square of the weight gain is plotted
against time; a non-zero valve of constant C implies an initial induction
period, Factors causing slight deviations from the parabolic rate law
in the earlier reaction stages are probably similar to those encountered
in metal oxidations (Gulbransen & Andrew! 1951), viz.,, decreases in
surface heterogeneity and specific surface as the reaction proceeds,
impurity concentrations, changes in local surface temperatures caused py
the heat of reaction, solubility effects and possible changes in

nitride composition.
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Other relationships described are, cubic, logarithmic and
inverse logarithmic. A single nitridation curée may have combinations
of twé or more of the above relationships, e.g.,the nitridation of
a ﬁetal or alloy may begin parabolically and continue linearly.
This is termed a paralinear relationship.

1.6.2 Factors Affecting the Rate of Reaction
In the direct nitridation of metals a nitride layer is formed

between ths metal and its gaseous environménto The reactants have
to pass through this barrier if the reaction is to continue and
the nitride layer to grow. The overall rate of a reaction may be
influenced by one or more of the following type of rates:-

1)} the rate of supply of reacting gas to the outer surface

of the nitride layer.

2) the rate of transport of reacting species through the nitride
layer,

3) the rate of reaction between metal and nitrogen forming
nitride. ‘

Each of the above rates is governed by factors such as temper-
ature, external gas pressure, defects in the nitride structure,etec.
The slowest of the above rates is the rate-determining step.

The mechanical stability of the nitride layer is important in
determining rate and extent of nitridation. The strength of the layer
on the metal depends on the diffefences in molecular volume and type
of 6rystal lattice of the product layer compared with the original
metal (Pilling & Bedworth, 1923), and alsoc on the rate of nitride
sintering. Higher temperatures enhance sintering, ig., they promote

recrystallisation of newly formed nitride, but also increase evaporation
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of the metal below the nitride laye;{ This is exemplified by
electropolished magnesium in very pure mitrogen (Gregg & Bickley, 1966),
at 10 cm mercury pressure above 5009, Such evaporation is usually
absent in the nitridation of transition metals as they have very high
evaporation temperatures. (Table 1?2)

Tabig 1.3 summariseé molecular volume and crystal lattice
gyﬁpges acqpmpan&ing nitridat;on of some of the t;aqeition elgmentg,
The_calculgtioﬁs are based on X-ray data compiled by Taylor & Kagle
(1963), and checked experimentally, densities being deduced from
metgl apﬁ nitride cryatai structg;és éxietent at temperatures hgrmal}y
used for nitridation. Volume changes é:e expressed as fractions of
the original meta} volume,.allowing for weight increases during
nitridation, expansions and contractions are indicated by + and -
signs respectivelyﬂ In Table 1.4 these changes are recorded for
conversion of thg ﬁitrides to.thein corresponding stable oxides.
Whe;e.small decreases in unit cell size are caused by sintering-of
the newly-formed nitride or oxide, the lowest limiting value is

recorded,
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Table 1.2 Evaporation Temperatures

of some Transition Metals

Evaporation Temperature *

: Metal
: Titanium 1703 1980
| Zirconium 2397 2670
. Vanadium (1) 1845 2118
. Niobium 2500(M.P.) 2773 (M.P.)
P = 1,8§ﬁx
Tantalum 2996 (M.P.) 3269 (M.P.)
P = 5oQ/Q-
Chromium 1392 1665
Molybderum (1) 2577 2850
Tungsten 3334 3607

* The evaporation temperature is taken as the temperature at which
a vapour pressure of 0,0t torr or 10/& is attained.

(1) indicates that the material is liquid at the specified
temperature,

Notes. (1) Data reproduced from Powell, Oxley & Blocher, Jr., 1966,
PpP. 224-25,

(2) Unlike the above transition metals, magnesium readily
undergoes evaporation due to its lower evaporation

temperature, i.e., 442°c,
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Table 1.3 Fractional Volume aqd
C;xgtal Lattice Qhagges on Nitridation

Nitride Fraction- Ele?ent Nitride _
?rzlume Crystal ! lattice Crystal | Lattice
Change Lattice | Congtants Lattice ! Congtants
e " { in R ' ( in A
- : - - —
15v 1 40,05 b.c.csﬁg Da=3.30 |
i +0,08 h.c.plw) ; a = 2,95 Cubic ‘a=4,24
{ - e=4,68 ;] NaCl
ZrEw 0.00 b.c.c?ﬂg : a = 3.60 b :
| 40,02 h.c.pft) | a =3.23 1 Cubic  a=4.56
© i e=515 iJ NaCl ;.
VN [ +0.27 b.c.c. ' a= 3,03 cubic . a=4,28
: | RaCl :
NoN(E) | +0.18 b.c.c. | & =3.30  hexagonal; a = 2.97
o : ; 7l e=5.53
TaH (8) i + 0,26 b.c.c. | a=3.3 hexagonali a = 5.19
’ i : ’ ] -, ‘ c= 2691
WH | +0.49 b.c.c. . a=2.88 , Cuble,
: P : o i 'NaCl a=4.15
CroR | +0.21 b.c.c. g a=2.88 | hexag ﬁ?li a= 4.7%
i o : : superlatc.: ¢ = .
MoN (§) i +0, 21 b.c.c. | a=3.15 | hesagomal;a = 3:13
R R T | ¢ = 5.61
| - Posurergiles
MopN® | 40,09 b.c.c, +a=3.15 { cubic, !a=4,16
' ' g b ' ! NaCl i
W) 416 |bie.e. [ a=3.17 ! hexagonal|a =2.89
3 . { ! E e = 2. 83
: . H - - i
WoN (8) 40,39  [b.ec.c.  : oa = 3,17 cubic i

* low temperature form
b.c.c. =" body-centred cube

h.¢.p. = hexagonal closé—packéd

()




Table 1.4 Practional Volume and
Cryatal Lattice Changes on Oxidation of Nitride

- | |
; Nitride Fractional Nit#éde i Oxide ;
vg;:mee Crystal @ Lattice Crystal ' Lattice |
; ng Lattice Congtants  Lattice Cons tants |
; in £ in x 'i
TR +0.649 Cubic,NaCl a=4.24 tetragonal a=4.5 !
' (rutile) ¢c =29 |
ZyN +0,518 Cubic, NaCl a = 4,56 . Monr~linic a=5.14

| (2r0,) b=15.20 !
c=5.2107 |
A =990 14"
VN +1,272 Cubic, NaCl a = 4,28 Orthorhombic a = 11.52 |
| o , (v,05) b=3.5 |
' c.= 4.37 |
NbN(E) +1,.375 hexagonal a =2,97 Monoclinic a= 21,34 |

| L ¢ = 5,53 (Nby0g) i b= 3,816
TaN(E) | +40.985  hexagonal a =5.,19 Orthorhombic a = 6,19
S ' ¢ =291 (Tay0g) b = 44.02
_ ' ¢ =3.90 ‘!
foN +0,354 Cubic NaCl a=4.15% 1Hexe.gonal a=4.,9% ’
(cr203) c=13.58 |
. CroN +0,597 hexagonal - a=4.T6 . 5
o : superlattice ' ¢ = 4,44 !
_MoN(é) 1.606 " hexagonal . a=5."72 ] ;
5 o ' superlattice - ¢ = 5.61 lLorthorhombic i
| Mo, N 1.839 cubic, NaCl a=4,16 j (Mo0=z) a=13.85 |
2 A . 37 I
!' , : b = 3.69 $
L ' c= 3.96 !

i
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1,6.3 Jonic Diffusion: Parabolic Relationship

At higher tempsrature ranges (above 500°C), the diffusion of the
reacting species through the nitride layer involves the movement
of cations from the metal-nitride interface towards the nitride-
chemisorbed nitrogen interface. Anion diffusion is slower because
of larger size, but is not always important, Simultaneocus movement
of anions and cations also is known to be significant in some
mechanisms of reactions.

Cation migration is possible because of vacant cation lattice
sites in the nitride layer., Such migration is favoured therefore
by a high degree of nonstoichiometry and a large number of cation
defects in the nitride lattice. The overall effect is, therefore,
a flow of ca@ion vacancies through the nitride layer towards the
metal-nitride interface or cations in the opposite direction,
i,e., an electric current through the nitride layer. Cabrera & Mott
(1948), present a thin film theory, which stipulates that the ions

nove under the potential difference set up between the anions and

cations on the respective interfaces. The gmlions are formed by anens

the migration of electrons through the film by the "tunnel effect"
followed by reaction with gas molecules adsorbed on the outer
surface éf the film. (tunnel effect is a quantum mechanical
phenomenon which predicts a finite chance thgt an electron can pass
through a thin film of an insulator without requiring appreciable
activation energy). The accumulation of vacancies at the nitride-
metal interface leads to the formation of cavitiesf

Many nitridation and oxidaticon processes follow the parabolic

(35)



law, A simplified derivation of the law is described by Chilton
(1968: p.5). If ion (or electron) migration is the rate determining
step, the reaction rate, i.e., the rate of growth of product layer,
is proportional to the conductance of the layer, or inversely

proportional to its thickness, y Therefore,

Rearranging and integrating the above equation,
72 = 2kt + C
Where K and C are constants.

In a parabolic process the driving force for the reaction is
two-fold. Firstly, there is a concentration gradient across the
film and secondly, there is an electric potential gradient. These
factors are responsible for diffusion and migration across the film
respectively. The concentration gradient in the film produces
a difference in chemical potential across the film which in turn

results in the necessary free energy change for diffusion to occur.

1.6,4 Linear Growth Rate

The derivetion of the parabolic law described above assumes that
the product layer renains adhered to the metal during the course of
the reaction and keeps it completely protected from the reacting gas,
This is not the case when stresses generated within the layer are large
enough to cause its breakdown when its thickness resches certain
. critical value, or if the specific surface of the product layer is less
than that of the ﬁetal originally., The mechanical stability of this
layer depends on the molecular volume changes accompanying the

reaction. Larger volume changes, enhance quicker splitting of the layer.
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Film rupture exposes fresh metal surface to the reacting gas, and the
resulting reaction may follow a new parabolic rate. HMore nitride is then
produced in contact with the metal and after a similar time interval,
disruption of the film again takes place, %“hen film breakdown takes
place at frequent intervals the number of paraboias increases and
their size decreases., The resulting curve then approximates to a straight
line, i.e, corresponds tc a linear rate process (Jayaweers, 1969),

A simplified derivation of linear rate law is as follows. In the
absence of a coherent nitride layer, the metal is continuously exposed
to the reacting gas and the reaction rate is independent of the

decrease in the thickness of the metal, ¥y, under a given set of conditions,

Therefore,
ay _ ¢
dt -
Whence;
y= St +¢C

Where & and C are constants.
Unlike the parabolic and logarithmic rate equations, for which the rate
of reaction decreases with time, the rate of linear reaction is constant
with time and is thus independent of the amount of gas or metal previocusly
consumed in the reaction. 1If the nitridation is linear, ionic migration
cannot be the rate determining step, instead the surface or phase
boundary process is ;‘ate»determininga

A comprehensive account of reaction rates applicable to thin films

are summarised by Kubschewski & Hopkins (1962, p.71).

1.6.5 Nature of Nitride Scale

For the formation of thick oxide (or nitride) layers, Vagner (1933)
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has provided a satisfactory theory {Jubaschewski & Hopkins, 1962,
p.84). 'A'ccording“_to this theory, the mechanism is controlled by
ii.fmsion due to a concentration gradient. The parabolic rate law
applies when the ac)ale is uniform in thickmess,

Formation of non-uniform (i.e. porous or cracked) scales
depends partly on the pilling-Bedworth Ru-le, which is probably
less significant if the scales grow by outward migration of matter
(Vermilyea, 1957). It is more important when diffusion is from the
surface towards the metal-scale interface. Fractional volume changes
are comparatively small for the formation of the group IV XA metal
nitrides, TiN, and ZrN (Table 1.3). Hence, titanium nitride f£ilms
flake much less than those of the oxidised metal (fractional volume
change for rutile, TiOp, formation is 0.73), as found by various
workers (Carpenter & Reavell, 1948; Gulbransen & Andrew, 1949;
- Richardson & Grant, 1954; Wasilewski & Kehl, i1954). Both nitrogen
and oxygen are involved in the scaling of zirconium in air. The
two=layered scale ultimately formed consists of an outer white
or buff scale (Zer) and an imer black scale (consisting of Zr0,,Zrn
and poesib]ny). The white scale predominates below §050° and the
black above that temperature (Fhalnikar & Baldwin, 1952).
Similarly, vanadium, niobium and tantalum in group VA, form oxides
of exceptionally:v-large volume ratios (fractional volume changes of
2.19, 1.68 and 1.50 f_or their pentoxides) compared with the nitrides .
(Table 1.3), The resultant extensive rupturing of the oxide films
changes the kinetics from parabolic to approximately linear at lower
temperatures, 500==‘70.0°D for b (Argent & Phelps, 1960; Hurlen et.al.,
1959; Kofstad & Kjollesdal, 19613 Cathcart et.al., 1958), and Ta(Ge=

bhart & Seghezzi, 1959; Peterson, et.al., 19543 Cathcart et.al.,1960).
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If the scale becomes coherent and protective, the reaction may
practically be stopped, even when the scale is completely detached
from the metal surface, e.g., 'asympto¥ic' oxidation of niobium
at 1250°C, { Kubaschewski Schneider, 1949).

The group IV Aand V A metals nitride much more slowly than
they oxidise at corresponding temperatures (Gulbransen & Andrew,

1950). Rates of nitrogen diffusion through.s.and B-Ti and TiN indicate
that the nitridations are controlled ultimately by diffusion through
titanium and the surface nitride layer (Wasilewski & Kehl, 1954).

The initial controlling process is more likely diffusion through

%= Ti. Licewise, the low activation energies for nitrogen diffusion
injéaZr compared with those for the nitridation ( Gulbransen & Andrew,
1946@, indicate that the rate of solution in the_ﬁ%-phase is not

the rate-determining factor (Mallet et.al., 1954), Nitridations of
the other group IV A and V A metals are similar., The nitride films
make the reaction rates practically insensitive to nitrogen gas
pressure variations, and the film thickneas is governed by the rate of
nitride formation and the rate of dissolution of nitrogen in the metal
(Duwez & 0dell, 1950: Gulbransen & Andrew, 1949%, 1950; Ang, 1953).

The M-N systems with M = V, Nb and Ta are very similar for low
N-contents, but differ for high N-contents. The solubilities of nitrogen
in the metal lattices are only about 2 atomic-per cent (Brauer &
Jander, 1952)., The interstitial structure type, M2N, is common for the
three M-N systems (Hahn, 1949; Schonberg, 1954; Epelbaum & Ormont, 1947;

Rostoker & Yamamoto, 1947; Brauer & Zapp, 1953). The metal atoms are
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hexagonally close-packed and the N atoms are in one of the two metal
atom octahedral voids of the unit cell, This phase has a comparatively
broad homogeneity range with the upper phase limit closely corresponding
to the composition, MoN. The NbN 0.8-0,9 and TaN 0,8-0,9 Phases are
isomorphous, but there is no analogous V=N phase reported. The &..

phase in the Nb=N system (Table 193) represents the transitional

state between the atomic arrangements in the-ﬂ} and éz— phases

(Schbnberg, 1954),

Nitridation of uranium is more complicated. Reaction rates
with nitrogen ( 1 atm., pressure) measured volumetrically indicate
parabolic nitridation with some deviations initially and after the
period of parabolic kinetics (Mallett & Gerd, 1955). The surface
nitride formed at temperatures between 550° and 750° is mainly
UN, (probably deficient in nitrogen); at higher temperatures, viz.,
775-9000, the three nitrides, UH, U2N3 and UNp form a rather
.foughened scale surface. The region between UN and UpN3 consists
of two phases, but that between UpNz and UN, is a homogeneous solid
solution; the crystal structure changes from a distorted (U2N3) to
a true fluorite=type (UN2), Table 1.3. This has been reported by
-, Rundle et.al., (1948). However, Vaughan (1956), regards UpN3
as being isomorphous with ThpN3 amd suggests it is polymorphic (two
forms). Reaction between nitrogen erd uranium or thorium films
has been followed by surface potential studies (Riviere, 1968). At
higher nitrogen pressures, rapid variations in the rates of change in
potential with time are assoclated with the formation of higher nitrides

at the surfaces.
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]!6!6 Kinetic studies of Nitride Formation with Ammonia

The kinetics of metal nmitridation with ammonia has been
studied by comparatively few workers, and mainly relates to metal
catalysts for nitrogen fixation., Metallic chromium, molybdemum
and tungsten do not react appreciably wifh nitrogen at 900°c
under ordinary pressures (Duparc, et.al., 1930; Neumann, et.al,, 1931).
Tﬁey reédily react with ammonia, even at lower temperatures (700-
900°C) giving single or mized nitrides, MN & MaN (Table 1.3), where
M = Cr (Blix, 1929; Eriksson, 1934; Korolev, 1953), Mo (Sieverts‘&_
Zapf, 1936; Ghosh, 1952) or W (Hag, 1930; Laffitte & Grandadam, 1935;
Kiessling & Liu, 1951; Kiessling & Peterson, 19%4; Schﬁnbgrg, 19549,
Heats of decomposition of CroN and FeyN to saturated solid solutions
compared with enthalpies of formation, indicate heat absorptions of
about 5000 calories per g. atom of nitrogen, dissolving in either of
the two body-centred cubic soclvents. This accords with the similar
electronic distributions of Cr and Fe about the N atoms. The much
lower stability of FeyN compared with Cr,N derives from the smaller
radii of the octahedral sites available for N atomsa (10893 in Pe,
compared with 2.1BX in Cr). Nitridation kinetics of iron have been
diécussed by Glasson & Jayaweera {1968, p.72).
],6}1 Effect of Gas Pressure on Nitridation Kinetics
| Much iﬁformation of theoretical and potential practical interest
can be obtained from studies of the kinetics of the uptake of gases
by the metal surface as a function of temperature as well as gas
pressure, When the rate-=determining step involves the dissociation

of the attacking diatomic gas {nitrogen or oxygen), the reaction rate
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is expected tc be proportional to the square root of the gas
pressure. The rate-determining step in this case is the direct '
reaction at the solid-gas inteface, :

Yhen gases dissolve in metals; Henry's Law is obeyed; also
the molecules of the gas spiit up into atoms {or ions) or.dissociation.
Hence, the solubility of a diatomic gas in a metal would also be
expected to'varf as the square root of gas pressure. The diffusion
of gaseous atoms through a metal also fequires a square root
relationship with pressure when the metal surface is directly
exposed to the gas.(Barrer, 1941, p.146). The effact of nitrogen
preasure on the rate of gas dissolution has been investigated
by Gulbransen and Andrew (1949_)F who report that although a slight
increase in reaction rate with increasing Np- pressure was observed,
the effect was not proportional to the square root éf the pressure.
Wagsilewski and Kehl (1954) on the other hand, found that a reduction
in No- pressure causes a slight increase in rate of uptake.
Richardson and Grant (1954) measured changes in No- pressure occurring
with time when a titanium specimen was nitrided at temperatures in
the range 787~1014°C in a closed vessel containing nitrogen at
initial pressures between 150-380 mmHg. All three groups of workeré
agree that the rate of dissolution of nitrogen is much less rapid than
that of oxygen,.

1.7 Reactivity of NRitridea
A general account of active solids together with references to

the original literature are described by Gregg (195t, 1958) and Gregg

& Sing {1967).




The reactivity of solids is influenced by a number of factors,
of which particle size is a significant one. An increase in activity
is generally ascribed to an increase in the specific surface (1.e.,
the surface area per unit mass) of the substance and quite of ten, fo
imperfections in the lattice itself. A substance consisting of small
pafticles possesses high surface energy. Also lattice imperfections
represent a.high level of ‘bulk’ potential energy. Thus an active
solid is in a meta-stable state and tends to go back spontaneously
to a more stable state of lower energy content. This loss of activity
takes place (usually very slowly) on mere standing at room temperature,
and is called "ageing". Ageing results in the formation of large
crystallites with lesa imperfections. It is enhanced by increasing
temperature, as increased thermal agitation of the constituent atoms
or ions facilitate their movement into positions of minimum potential
energy.

1.7.1 Sintering of Nitrides

In its broadest sense, sintering, includes all the processes
employed to produce adhesion or consolidation of the materials of
refractory nature. In the narrower, technical sense, it may be defined
as the mechanism whereby a single pure material consolidates under
the influence of temperature, pressure and time less than that sufficient
to cause complete breakdown of molecular structure ie., melting.

Theories of sintering have been developed by Kingery (1960), Huttig
(1941), Coble (1961, 1964), Kuczynski (1961), White (1962, 1965) and
Fedorchenko & Skorokhod (1967).

At present there is much more information available on the sintering
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of oxides which is expected to resemble that of nitrides. The
chemical reactivity of nitrides is controlled considerably by the .

extent to which they have been sintered during their formation and.

'; sny subsequent calcination. Sintering is enhanced by compacting the

”powdered nltrlde e. g , Be, La, Ti, Th, U and Ta, before calcining

L\- .

in vacuo to prevent possible oxidation or hydrolysls (Chlotti. 1952)

It is also affected by 1ow melting addltlves (Glssson, 1967) but these

. may cause serious reductlons in optical and mechanlcal properties,

However, T1N is extremely brlttle and may be sintered with a metal
such as cobalt to give a satisfactory cermet, or may be used as a

surface coating (Munster, 1957). The thermodynamics of the'Sintering

' of TiN 1n the presence of carbon (Blum, 1962) and the defect structure

and bonding of ZrN contalnlng excess nitrogen have been described
(Strauman1s et al., 1962). The micro-hardness of vanadium and
chromlum n1tr1des varies with bonding changes dnrlng progressive metal
nltridlng and subsequent slnter1ng (Samsonov & Vbrkhoglyaiova, 1962)
the lower nitrrdes, V3N and Cr2N are harder }han VN and CrN. Bes:des
uitride formstion,_iutroduction of nitroger into metallic chromium
increases brittleness by locally distorting the metal lattice (Weaver,
1957).,

- S‘intering is enhanced by high pressure e.g., hot pressing which
often'e'xte_nsitely densifies materials (_Schwaizkopt’ & Kieffer, 1953;‘
Spriggs & Atterass, 1966), giving almost theoretical densities
for some oxides such as CaO, Mg0, and AlO05 (Rice, 1969). Mt a

prerequisite is the production of finely divided material with suitable

particle size range. The Bas producing contaminants such as carbonates

and hydroxides delay the extent of sintering, Hence, often, vacuum

hot pressing is'preferred ( Pulrath, 1969). These factors are
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impo;ﬁant in céraﬁic'fabrication science (Cooper, 1969), Nitride
siptefing is also influenced by partial nitride hydrolysis or

o?idation; or both, forming oxide impurities. When BN is purified at
highér temperatures to reduce oxide content, the increased particle size
makes subsequent hot pressing more difficult (Ruddlesden, 1962).

The rate of sintéring of a solid markedly increases within a narrow
range of tempeéature near OOSﬂgK, where TmoK is the mélting point of .
"the solid (Huttig, 1941). At tnis t emperature, called the Tammann
temperatﬁre, vaéancies in the solid are no 1opger "frozen", so that
ionic migration through the bulk of the solid (i.e. "latfice“_gr "vdlume"
diffus;pnz sharply increases. At lower temperatgrea eg., in the region
of.about 0.3 TmQK, “gﬁrface" diffusion along grain and crystallite bound-
aries is the more imﬁoitan? factor,

;'iTﬁeré-gre twbioverldppiné stages in-sintering which can be
.d;sfinguiéﬁgd; .Thé'first stage ié characterized by ;he formation and
gréﬁth-éf contécf»q;eas Setweep adjacent powder particles. During the
gecénd stage, tﬁ§ material is densified and the pore volume decreased,

" The driving force in both stages of sintering is recognised ?9 be the
éﬁ;fac; free eﬁergy; The energy rgquired fof gintering is supplied by
the decrghse of.surfgcg areas or by the replacement of interfaces of
high.energy ﬁy thdée‘of iover energy (e.g.:grgin boundaries)., The
surface free energy is sufficient to account for sintering, p;ovided a
suifap;e mechaniéﬁ_is available for the tranéport of_atoms_involved_in
the consolidation of powder compacts. The following five possible
mechanisms are likely in the case of homogeneous materials:-

i) Evaporation followed by condensation

ii)} - Surface diffusion

iii) Volume diffusion
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iv) Viscous flow (characterized by a linear relationship

between strain rate and stress).
v) Plastic flow (character’ized by the existence of a yield
- atress )b
Frenkel (1965) made the first attempt to develop a quantitative
theory, assuming that:‘::?th crystalline and amorphous poﬁders?viscoué
fiow'won.;ld occur unde;' the variation influence of the capillary f;)rces

associated with the curved surfaces of the pores with time. The

viscoéity'may be represented by the qquation:-

Prd

o "
7 =X1/p0
‘Wwhere,
| '}é = viséosity
D = coefficienf of self diffusion
T = absolute temperature
% = constant
== = atomic volume,

The mechanism of deformation of solids by viscous flow and the
rate of diffusion in the deformation of crystalline solids was evolved
further by Schaler & Wulff (1948), Natarro (y94s) and Herring (1950).

Methods of preparing finely divided materials (active solids)_ ,
include grinding, calecination, sublimation and precipitation, In the
first case, the mechanical breaking up of the particles is opposed to
somevextgnt by the tendency of the fine particles to adhere together
under joint influence of surface forces and the mechanical pressure of
the mill, This effect is more pronounced if tbe grinding is carried

out for longer periods (Jones, 1970).
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Qalcigation is based on chemical reactions of the type:-
Solid A —> Solid B + Gas G

e.g8., the decomposition of hydroxides and carbonates (Gregg, 1953;
Glasson, 1956, 1958a, 1961b, 1963a; Glasson and Sheppard 1968).
The s pecific surface of B is considerably greater than that of A
if the two solid phases possess different lattices and if there is
a large volume change between them, c.f., Pilling & Bedworth (1923)
rule for inetal_o;idations°

Sub;imation and precipitation are ‘;ondensation’ methods of
preparing active qoli@s, whereas grinding and”ca;c}nat?on are
'fragmentation' methods. The preparation of gvapo?ated netal films
is an example of a sublimation method, and is generally carried gut
under high vacuum, Films of calcium, magnesium, 2inc and cadmium
have been investigated by Jayaweera (1969) and chromium and nickel
by Maude (1970).

In the present work, ball-milling has been used to produce
activated materials and the enhanced reactivity has been determined
with respect to incréased surface area and oxidation behaviour.

1,7.2 Oxidation and Hydrolysis of Nitrides

The chemical reactivities of refractory nitrides have been

summarised by Shaffer (1964) and Samsonov (1964), those of Ti, Z?.
Fb and Ta have been investigated by Popova & Kabannik(1960). -These
workgrs haye studied action of water, aqueous acids and alkalies,
TalN appears to be the most stable to the attack of different reagents,
and ZrN the least. In nitride production, usually oxygen must be
avoided, for it prevents nitrogen from reacting with the clean metzl

surfaces,
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The transition metal nitrides are less readily hydrolysed,
but some of them, e.g., those of Ti, Zr, BHf, Th, V, Nb, Ta, Cr, Mo,
¥, and U are converted to oxides on calecining in air. The oxidation
rate depends mainly on two factors, (a) the intrinsic reactivity of
the material itself and (b) the available surface for oxidation to
occur, Thorium mononitride oxidises rapidly and quantitatively in
.moist air at room temperature even in ingot form, but powdered uranium,
ti tanium and zirconium mono=nitrides are quite stable at 100°C in
boiling water (Dell, et.al,, 1966}, UN powder ignites in dry oxygen
at about 30009 but WoN, MopR and CrN have an increasing oxidation
stability (Dell, et.al., %966), |

The only interstitial nitride oxidations that have been studied
in any detail are those of TiN (Munster & Schlamp 1957; Glasson &
Jayaweera, 1968) and UN (Dell, et.al., 1966)u They illustrate factors
to consider and problems to be encountered in further investigations
of other transition metal nitride oxidations. Although, the corrosion
resistance of surface layers of these nitrides is good, the scaling
regsistance in air (or oxygen) is poor.

In this thesis the author has studied and compared the oxidation
behaviour of some of the nitrides of transition elements in groups
IVA, VA and VIA. Changes in phase composition and crystal structure
for oxidation of these nitrides have been investigated by X-ray,
optical and electron—-micrographic methods. Surface area determinations
have been made by gas sorption and correlated with changes in ¢rystal
structure and crystallite size on oxidation. Similar studiés of the effect
of milling of the nitrides on their oxidation rates and sintering charact-

eristics have been carried out. The average crystallite sizes of the milled
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nitrides have been estimated from X-ray line or peak-broadening
(Glasson, 1964). Certain metal powders have been further oxidised
end compared with the oxidation behaviour of the corresponding
nitride, in a similar manner,

In the following sections of this chapter a summarised account
of the studies made by other workers on formation of the above
nitrides is presented.

1.8 Titanium Nitride, TiN

1.8,1 Formation

Mellor (1927, ~§.117) and Brown (1964, p. 167) have summaris;ed
various methods of production of titanium nitridg. A review of-these
methods also has been given by Jayaweera (1969). Agte & Moers ({931)
havg produced the nitride by heating Ti-metal powder under‘very pu?e
nitrogen in molybdenum boats in a porcelain tube furnécec _This method
of direct combination of elements has been ngPted at temperatures
ranging from 400 to 1200°C (Ehrlich, 1949; Chiotti, 1952; Cuthill,
et.al., 196C; Clair, 1960; Arai, et.al.,, 1962). Metal nitridation
by armonie or mixtures of hydrogen 4 nitrogen has been employed
(Chiotti, 1952; Wyatt & Grant, 1954, 1957; Samsonov et.al., 1961a;
Sato & Yamane, 1955). Alexander (1949) has patented a methcd which
consgists of reducing titanium dioxide to the metal gnd subsequent
nitridation. - '

Anothgrvwideiy used method of titanium nitride production is the
vapour phase deposition from & mixture of titanium chloride and
ammoniaz or nitrogen and hydrogen mixture. Thus Hughes & Harris (1957)

have patented a method whereby anhydrous NH3- gas and TiCl, vapour
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rreact to fo;m TiN with a uniform partiqle size less than 1 f{mr
Thié method was first evolved by Qan Arkel and de Boep_(1925),
with the nixtures in contact with heated tungsten filaments. Aivazov
& Melekin_(}967) have crystallised TiN from the gaseous phases accorﬁing
to the reaction. |

2TiCly + 4Hp + Np = 2TiN + 8HC1
They have claimed tﬁat at 1400°C. favourable conditions exist for
the growth of 3 x 3 mm crystals. Suchet (1960) has reported the
formation of & nitride of titenium having composition, Ti3N4, by
passing a high f requency discharge through the mixture of Qapou;s.
Niederhauée (1962) has been able to produce the nitride via the-
fo;mat%on of an intermediate ammoniated complex. The complex form-
atiqn has been avoided by Ruppert & Scwedler (1958, 1959) by using
high enough temperature preferably between the range 900—1200°C¢
According to_Brager (193&@ there are two forms of the intermediate
complex, £ - and 4~ TiC.._ 4NHz, The thermod-mamics of the reactions
has been discussed by Munster & Ruppert (1953%}1nd Munster et.al.,
(1956).

There are two prime reasons for the widespread use of vapour
deposition process in industry. Firstly that a uniformly thin coating
of nitride can be prepared on the surface of an object, regardless
oflits shape., Secondly,the reaction can be controlled accurately.
»In this way mechanical and other properties of articles have been
improve@ by coating them with titanium nitride anq other refractory
materials, (Minster & Weber, 1958; Lohberg et.al., 1958).

Titanium carbide reacts with nitrogen forming,nitride. Zelikman
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& Govorits (1950)p have reported formation of TiC-=TiN solid
solutions at 1300=1800°C during the reaction. They have also
remarked that a nitrogen pressure greater than it atmosphere is
necessary for complete nitridation of the carbide. Portnoi &
Levinskii (1963) also report the formation of solid solutions of
TiC-TiN at 1500°C, but the product obtained had carbide impurity.
However, when metallic titanium is heated with a mixture of carbon
and nitrogen, only the nitride is obtained, Umezu (1931) and
Samsonov & Petrash (1955) have obtained similar results, when they
heated titanium oxides with carbon in the presence of nitrogen.
These observaticns can be explained by the greater diffusion rate
of nitrogen than of carbon. Blum {1962) claims that sintering of
titanium nitride is possible on a graphite support without being
attacked.

Starting materials for other production methods of titanium
nitride include the hydride, sulphide and reduced titanium halides
(Foster, 1952; Duwez & 0Odell, 19503 Jacobson, 1954; National Lead
Co., 1956). |
1:8.2 The System Titanium-Nitrogen

A comprehensive account of the titanium-nitrogen phase diagram
studies is given by Brown (1964, p.168). McQuillan & McQuillan (1956)
have algo discussed this system. It is well known that at 882,5°C -
pure Ti-metal undergoes an allotropic phase transformation from a
hexagenal close-—packed 5P'structure (stable at low temperatures)

to a cubic body-centred /Y- phase, which persists
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up to the melting point of the metal, i.e. 1668 t 5°C (this
uncertainty is due to the possibility of dissociation as N»

gas). In this respect the behaviour of titanium is similer to that
of zirconium (transfozmation temperature, 865?0).

Ehrlich (1949) who carried out X-ray investigations on this
system, concluded from his results that at room tempera ture oﬁly
the “ -Ti solid solution and the nitride, TiN, existed in
the composition range up to 50 atomic % nitrogen. This was confirmed
by a more detailed investigation by Palty et.al., (1954), who
concluded that both the L -phase and TiN have wide ranges of
homogeneity. They algo demonstrated the existence (at a
composition of about 26 atomic % nitrogen), of a second compound,

S = TiN formed at a temperature between 1000-1100°C., The crystal
structure of the F-phase has been found to have a tetragonal
lattice (Palty et.al., 1954). Holmberg (1962) assigns the formula,
Ti, N, to fhe compound he prepared, and considers that his phase is
the one designated as the i~ nitride by Palty et.al. (1954),70150n .
ﬁ1967) reports the preparation of a compound with formula, TisN,.

Although titanjum nitride phase is usually described as TiN,
it has a fairly wide range of homogeneity around the stoichiometric
composi tion (Mﬁnéﬁer & Sagel, 1953), varying between TiNg, 42 (Ehrlich,
1949) and Tig gN (Holmberg, 1962). However, Schwarzkopf and |
Kieffer (1953, p.23q) consider that the only étable nitride of

titanium existing is TiN

1.9 Zirconium Nitride, ZrN

109,1 Formation

Zirconium nitride can be produced by methods similer to those
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for titanium nitride (Mellor 1927, p.120; Brown 1964, p.177).
In the formation of this compound from the elements, temperatures
varying from 700 to 2000° have becen used (Agte and Moers, 1931;
Clausing, 1932; Fﬁjiwara, 1950; Chiotti, 1952; Clair, 1960;
Samsonov et.al., 1961a; Hough, 1962; Salibekov et.al., 1964),
The metal has been nitrided also by ammonia gas (Chiotti, 1952;
Wyatt & Grant, 1557), when the reaction rate is correspondingly
lower (Samsonov et.al., 1961a).

The var Arkel-de Boer (1925) method of vapour deposition of
the nitride from the chloride can be used also (Moers, 1931;
Campbell et.al.,1949), The production of zirconium nitride has
been effected by using other starting materials such as bromide,
hydride, and oxide (Foster 1952; Duwez & 0dell, 1950; Alexander,
1949b; Schneider et.al., 1963). Zirconium, like titanium,
reacts preferentially with nitrogen rather than with carbon,
owing to the gfeater diffusion rate of the former (Portnoi &
Levinskii, 1963). Blum (1962), reported that ZrN, unlike TiN,

is attacked by carbon at higher temperatures and forms the carbide.

1,9.2 The System Zirconium-Nitrogen

A summary of the phase diagrem studies of the Zr-N system
has been presented by Brown (1964, p.178); see also Domagala
et. al.,_(1956) and FParr (1968), Two forms of metallic zirconium
aée reported; agjﬂrform having a hexagonal close-packed structure,
stable up to 865;=transforms to afi-form with a cubic body-centred
structure above this temperature. Metallic zirconium forms a solid

golution with nitrogen up to an atomic percentage of 20 (de Boer &
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& Fast, 1936; Jeffe & Campbell, 1948). Above this limit, the
nitride phase is precipitated. The absorption of nitrogen, like
that of oxygen, raises the transformation temperature {865°¢)

of the metal. Ishii (1943) & Ishii & Wada (1943) reported the
existence of two modifications of ZrN, but this has not been
conf;rmed by other researchers. The homogeneity range of ZrN
varies from nitrogen-deficient ZrlNy 4¢ at 1985°é to‘ZrN below

600°¢C.
1.10 Vanadium Nitride, VN

1,10,1 Formation

A summary of production methods of vanadium nitride is
given by Mellor (}927, p.124) and Brown (1964, p.185).

Vanadium nitride is difficult to produce by heating mixtures
of vanadium pentoxide (V205) and carbon in a nitrogen current
because at temperatures below 1200°C, the nitride is transformed
to carbide in the preéence pf carbon. Friederich and Sittig (1925)
vere able to pfepare a product containing 78.3% V, 21.1% N and
0.5% S10, {theoretical values for VN; 78.45% V and 21.55% N).

Puré vanadium nitride has been prepared by reaction of ammonium
vanadate with ammonia at 900-1100?CI(FPe1baum & Ormont, 1946, 1947;
Epelbguml& Brager, 1940; Juza, 1945). Direct nitridation of pure
;Anadium metal powder in a nitrogen current hns been employed by
Duwez & Odell (1950) and Hahn (1949), The latter has also obtained
a product of lower nitrogen content, i.e..VzN, by sintering
vanadium n;tride with metallic vanadium powder in sealed quartz

tubes for 24 hours at 1000-1100°C.

(54)



The van Arkel ﬁeﬁhod of deposi£ion of vanadium nitride from
VQ14-NQ—HZ vapour mixtures on tungsteg wires at a temperature
range of 1400-1600°C was used by Moers (j931). The fine crystalline
qoatings had a brownish-grey colour. Campbell and coworkers (1949)
employed, for the same vapour mixtures, deposition temperatures
of 1100-1600°C, while Pollard and Fowles (1952) reported for the
continuous deposition an optimum temperature of 1540~1570°C, ‘
1,103?7The System Vanadium-Nitrogen
| This systemﬁhas been thoroughly iqvestigated by Hahn (1949) and
confirmed by Schgnberg (1954). The s0lid solubility of nitrogen
in vanadium has been found by Rostoker & Yamamoto (1953) to be
at least %5 atomic % nitrogen above 900°C ., According to
Hahn (1949) the nitride has a wide homogeneity range extending from
VN,oolto VN0°71. The stoicheiometric phase (E?GYN) has been well
gstablished and its thermodynamic characteristics d:termired by
Sato (19}8):King (1949) and Brewer et.al., (1950), Epelbaum &
Ormont (1947):5have extended the upper limit of this phase to
VN1_04. Besides t?—Vn (Cubie, NaCl) phase, there exists only
oné other nitride phase (j%-phase, hexagonal), which likewise
has a wide homogeneityyﬁgngg. Between VNg 43 = VN 37 (10.5%

- 9.3% N) thé hexégonai phase alone exists,iwhich ié less stable
than tl_1e cubic one.

Brauer & Schnell (1964) have re-examined the published data
- on the phages of the Vanadium-Nitrogen system. Hosoya & Co-workers
(1968) have also studied tﬁis system using a powder of almost

stoicheiometric VN,
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1.11 Nicbium Nitride, KNDbN

1,11.1 Formation

A summarised account of various methods used in preparation
of niobium nitride is given by Mellor (1927, p.125) and Brown
(1964, p.189).

Pufe niﬁbium nitride can be prepared without difficulties
by nitriding "niobium metal powder with nitrogen at 1200°C
(Duwez & oaén, 1950; Brauer, 1940; Brauer, et.al., 1952, 1953),
Using a continuous flow method, erystalline niobium nitride can
be deposited from NbCl5 vapour in the pfesence of N2 + H2
mixtures on a heated tungsten filament. With an optimum fllament
temperature of 1340-1360°C, small silver-grey crystals are
obtained (Pollard & Fowles, 1952).

Kroll and Bacon (1947) patented a method which imvolves
separation of powdered pentoxides of Nb an@ Ta by nitriding
at 500-800°C with ammonia or at a little below 900°C, with
No + Hy mixture, Niobium nitride is produced if the reaction
proceeds quickly, but very little or no tantalum nitride is
formed, Meerson et.al., (1966) bave prepared the nitride also
from its pentoxide.

If a compressed mixture éf equimolecular proportions of niobium
nitride and hiobium metal is heated at 1700°C for 15 minutes, the
pale-grej heminitride (szN)is obtained, This substance is ~lso
formed if niobium wire is heatéd in ammonia at 1400-1800°C.

(septier, et.al., 1952).
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1,11.,2 The System, Niobium-Nitrogen
The solubility of nitrogen in the niobium lattice is very

small; thus Brauer & Jander (1952) found that up to about 2 atomic-
% nitrogen would dissolve, giving the so called -'=phase. A

/= phase corresponding to the composition range NbNO,4O - NbNO°SO
(i.e._Nng) was found to be of the common ‘interstitial?

structural type with the metal atoms hexagonally close-packed
(Epelbaum & Ormont, 1948). A vhase which is the richest in
nitrogen (called “-phase by Schénberg) has the composition NbN1°OO
and possesses a hexagonal lattice. A nitride of the formula
Nb3N5 has been reported way back in 1907 by Muthmann, et.al.,

but has not been confirmed,

Solid solubility studies have also been made on this system
by Taylor & Doyle (1967), and phase transformations investigated
by van Torn & Thomas 1964)., The niobium-nitrogen constitution
diagram has been examined from 1100 to 1450°C at 1 atmosphere
nitrogen pressure {Guard, et.al., 1967). The phase diasgram studies
" of this system have also been conducted by Elliot & XKomjathy (1960).

1:12 Tantalum Nitride, TalN

1,1g,1 Formation

Mellor (1927, p.126) and Brown (1964, p.192) have summarised
methods of production of tantalum nitride. The nitride, TaN, can
be prepared by causing tantalum metal to react with nitrogen or
ammonia; Chiotti (1952) treated tantalum metal powder with ammonia
for 18 hours at 900°C, and even this procedure does not give

complete conversion to the mononitride.

{s7)



When the powéered pentoxide reacts with ammonia at
500-800°C or with N, + Hy mixture at about QOOOC, little or no
TaN is formed {Bagnall, 1957). Agte & Moers {1931) mixed
the pentoxide with lampblack and then caused the mixture to react
with nitrogen at 2300°C.

The vapour phase deposition of tantalum nitride (TaN)
from TaClS vapour, nitrogen and hydrogen on a heated tungsten
filament is reported (Agte & Moers, 1931). The deposition is
difficult below 1600°c, because Ta metal is deposited in the
presence of hydrogen. According to Agte & Moers (1931)fit is
best to work with pure nitrogen and to use filament temperatures
as high as about 2,500-2,800?Ca A patent method based on this
principle is reported (CIBA, Ltd., 1966).

Highly nitrided films of tantalum have been prepared by
cathodically sputtering high-purity tantalum in a pure nitrogen
atmosphere_(Coyne & Tauber, 1968}), Rairden (71968_) synthesized thin
film of tantalum nitride on soda-lime glass substrates by the reactive
evaporation process, i.e, the film was deposited by evaporation of
tantalum from an electron~beam heated source in a nitrogen atmosphere
at preassures of 10_4 - 10'3 torr. Another vacuum deposition method
is given by Gaydd;l(1967)o Goon (1969) has described preparation
of TgN powder by hydriding Ta, milling to a fine powder,
dehydriding and then nitriding under conditions to avoid sintering.
Preparation of TaN by means of a nitrogen plasma jet has been
reported (Matsumoto & Hayakawa, 1966). The red nitride "TasNg '

has been prepared from pure TapOg and exira pure gaseous ammonia
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at 860—92000 in the presence of titanium shavings as oxygen

getter (Braver & Weidlein, 1965).

1.12.2 The System, Tantalum-Nitrogen

In this system the existence of the compound TaN with
hexagonal close-packed structure apjeared well established.
Chiotti(1952), however, presented evidence indicating that the
structure attributed to TaN is actually that of TapN. The same
conclusion has also been reached by Rundle (1948) from theoretical
considerations. The 'Ta2N° phase has a homogeneity range of
TaNg 5 = TaNo.41, while the ‘TaN? phase has & homogeneity range of
TaN to TaNp, g9.

Investigations pertaining to the solubility of nitrogen in

tantalum has been carried out by Griffiths & Pryde (1967),
Osthagen & Kofstad (1963) & Bakish (1958), The equilibrium
studies in the system tantalum=nitrogen have been repoerted by
Gebhardt et.al., (1961) and U.S. Air Force Technological Division
in 1966,

1,13 Chromium Nitride, CrN

1.13.1 Formation

Preparative methods have been described briefly by Mellor
(1927, p.126) and Brown {1964, p.197).

Chromium nitride (CrN), can be prepared by the direct combin~-
ation of nitrogen and chromium at 900°C and 25 atmospheres,
(Neumann, et.al., 1931; Dupare et.al,, $930). Kiessling & Liu
(1951) report the formation of CroN as well as CrN by reaction of

chromium borides with dry ammonia. At 735°C only CrN is obtained;
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between 800° and 1100°C both nitrides are formed whilst at
1,180°C, only CrpN is formed. Arkharov etal., (1959) confirm
that nitridation of chromium below 1030° produces layers of the
two different phases, a thicker inner layer of Cer and a thinner
outer layer of CrN,

De Gelis (1966) has been able to prepare the nitride
by the action of ammoniz on chronium (III) chloride. The
latter, in finely divided state, is heated to above 500°C under
vacuum and ammonia is added from a reservoir to maintain 1
atmospheric pressure. Another method petented by Gooding &

Parratt (1965) involves sintering of chromium metal powder in
hydrogen atmosphere for 24 hours and then nitrding in a furnace
with nitrogen, also for 24 hours at an optimum temperature
range of 1400-1450°C.

The formation of textured chromium nitride layers on chromiunm
(produced in vacuo by condensation on Mo=plates from the wvapour
phase) has been studied by Vasyutinskii et.al., (1962). The
hemi-nitride (Cer) has been obtained also by treating chromium
metal powder with nitrogen and hydrogen gas mixture in the temp-
erature range 1100-1310°C (Schwerdtfeger, 1967),

1.13.2 The System, Chromium=Nitrogen

The two nitrides of chromium, CroN and CrN are novw well-estab-
lished compounds. Blix (1929) has made an X-ray study of a series of
chromium-nitrogen products which had been prepared by heating
electrolytic chromium in a stream of ammonia at 900°C. He concluded

from his work that the se¢lid solubility of nitrogen in chromium can
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be only low. According to Brick & Creevy (1940), 1liquid
chromium dissolves at atmospheric pressure .i per cent by
weight of nitrogen. Blix (1929) also revealed the existence
of two intermediate phases in the system. In one of these, corr-
esponding to Cr2N, the nitrogen atoms have random interstitial
positions in the hexagonal close-packed Cr-lattipe. Eriksson
{1934) observes that this hexagonal phase (CrgN) has a "super-
structure" with a volume three times that of the close-packed
hexagonal lattice. The other phase reported by Blix (1929)
corresponds to CfN and has the cubic sodium chloride structure.
The equilibrium studies on the system Cr—CroN-CrN have
been performed by Mills (1967). He has reported that Cr2N and
CrN both exhibit a homogeneity range; the upper limit of CroN
is 11.35 weight —%N, which is less than the stoichiometric value
of 11.87 weight % nitrogen. The lower limit varies from 10.45
wt % N at 950° to 8,7 wt. % N at 1200°C.

1:14 Molybdenum Hitride, MoN

1,1 Formation

Mellor (1927, p=128) and Brown (1964, p.200) have summarised
the various production methods used to obtain molybdenum nitride.
The reaction between molybdenum and hitrogen proceeds at a
correspondingly lower rate than the one between chromium and
nitrogeh. Henderson & CGalletly (1908) reported that by reaction
of metallic molybdenum with ammonia at BSOOC, only a small portion
of the metal is transformed into nitride. An X-ray investigation

of the products of the action of nitrogen on molybdenun at
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temperatures between 4OOOC - 1000%C showed nc indidation of
nitride formation (Ghosh, 1952). Hagg (1930) nitrided very
pure molybdenum for 4 hours in a porcelain tube furnace with
amnonia betwcen 400-725°C.  The smount of nitrogen in the product
ranged from 0.77 weight - % to 7,15 weight - or 5. 1 z4rmic 2
to 316 ntonde -5, roccsetively,
By carrying out the nitriding reaction for pericds up to 120
hours at 70000, Hagg (1930} was able to obizin products with
nitrogen contents of up to 48 atomic—;én,

A patent method for obtaining molybdenum nitride consists
of passing anhydrous ammonia on heated finely-powdered molybd: um
oxide (Oswald, 1950). Molybdenum plate and wire annealed at
1400°C absorb only very small quantities of nitrogen between
900 and 1200°C (Sieverts & Zapf, 1936). Unannealed wolybdenum
wire, however, absorbs much greater quantities of nitrogen.
Sieverts & Zapf (1936) also report that on cooling unannealed
molybdenum wire that has dissolved nitrogen at higher temperatures,
a nitride phase sevarates; this can be demonstrated microscopically
and by X-rays.

Matsumoto (1966) prepared MooN by the nitrogen plasma jet
‘in a 40% yield. 'The maximum surface tenperature of Mo was 2900°C=

1.14.2 The System, Molybderum-Yitrogen

A phase diagram of the molybdenum-nitrogen system constructed
by Hagg has been reproduced by Browm (1964, n.202), Hagg (1930)

based his investigations on X-ray measurements on the products

Obtained by treatment of the pure metal powder with ammonia at
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temperatures from 400°¢C to 72500 for periods of up to two days.
He has reported four phases:-
(i) - phase representing the solubility of nitrogen in
molyovdenun which is very small.
(i1) ﬁ - phase, which is stable only above 600°C. The
homogeneity range lies at about 28 atomic % of ni trogen.
The metal atom form a face-centred tetragonal lattice.
Hagg could not ascertain the positions of the nitrogen

atoms,
(iii) ,?-phase at temperaturea below 600-700°C., This phase
has & narrov homogeneity range in the region of 33 atomic
-% N, corresponding to formula MooN. The metal atoms
form a face~centred cubic lattice
(iv) ‘j?_ phase vhich exists at about 50 atomic =§ cf
nitreogen, corresponding to the formula HoN:' The metal
atoms form a single hexagonal lattice; the weak extra
lines in the X-ray disgram indicate the existence of a super-
lattice, -According to Pauling et.al., (1952), the distance
of 2,168 between molybdenum and nitrogen atoms in this
phase ggrees with the assumption of half=bonds.
The work of Hagg has been confirmed in all respects by Schonberg
(1954)., He has found that the mﬁ= phase is & super=structure containing
8 MoN molecules, It is also suggested that in this phase the non-

retal atoms are situated at the centres of trigonal prisms (ldrgest

interstices)of metal atoms.
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CHAPTER II

EXPERIMENTAL TECHNIQUES

The experimental techniques employed in this work, including
the principles underlying them and a description of the relevant
apparafus, are described hriefly in this chapter.

2.1 X-ray Diffraction

An extensive account of the theory and practice of X-ray
diffraction techniques is given by Peiser and Coworkers. (1960,
pp. 27=322).

2.1.1., Theory of X-~ray Diffraction

A crystal consists of a regular three dimensional network
of atoms in space. Points having identical surroundings in the
structure are called lattice points, and a collection of such points
in gspace form the crystal lattice. If fhe neighbouring lattice
points are joined together; the unit cell is obtained., It is the
smallest repeating unit of the structure. In general the unit
cell is a parallelopiped, but in some cases, depending on the
symmetry of the crystal, it can have more regular shape,'eug;,
a rectangular box, or in the extreme case;, a cube, The shabéﬁsfnfhe
unit cell is completely described by the length of its three edges
or axes and the angles between them. By convention, the axes are
named x, y, 2 or a, b, ¢ and the angles d., /@_._-f..
The angle between y and & is . , amd so on,

Crystals have been classified into seven clagses depending
on their syammetry. The unit cell dimensions of a crystal obey some

relationships according to the crystal class., These relationships

are presented in Table 2.1
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TABLE 2.1 Classification of Crystals

14
: 1
Crystal Class Conditions Limiting Cell Minimum Symmetry <
; Dimensions §
! ! ok
Triclinic afdbdc ;LL82 ~,-?="f 90° - , l
:_ : ':
: Monoclinic a~ b= ¢ sd = J= 900'--,/3 one 2-fold axis or !}
: one plane of symmetry,
Orthorhoubic a - bEec ; oA =ﬂ= p7= 90° Two perpendicular
: 2~fold axes or two
! rerpendicular planes
: | of symmetry '
H [}
Tetragonal a=bfc ;d=p=y=90° one 4-fold axis
‘Hexagonal a=bdec s o = /1=909/4120° | one 6-fold axis
s 0
iTrigonal a=b=c :d=0=74%90 one 3-fold axis
i . :
iCubic a=b=c¢ sl =fi= Vq= 90° ‘ Pour 3-fold axzes I
i i
e s :

It is possible to draw various sets of parallel planes through
the lé.ttice points of a crystal. Each',set of parallel planes is
tdentified by a set of three integers, namely, the Miller indices,
h, k, 1, corresponding to the three-axes 8, b, &, respectively. The
index h is the reciprocal of the fractional value of the intercept
made by the set of planes on the g axis, and so on.

When an incident beam of X-rays impinge on a crystal, they are
scattered by the atoms. Since the scattered radiation results from
the acceleration and deceleration of electrons set in motion by the
Y-rays, it has the same wave-length as the incident X-rayas, This

fact plus the regularity of the pattern of atoms in a crystal, permits

the crystal lattice to act as a three dimensionsl diffraction grating.
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A diffracted beam emerges from a particular set of lattice planes

when their scattering is in phase., This is governed by Bragg's

Law:
?=24d Sin7
Where, = Wavelength of X-rays
4@ = interplanar spacing
and {* = angle of incidence = angle of diffraction

4 is related to the unit cell dimensions of the crystal andé the
Miller indices of the set of planes. Hence, the measurement of
Bragg angles can lead to the determination of lattice parameters.
then the crystal is large, i.e.; there are a large mumber of
lattice planes in each set, the diffracted beam appears at a sharp
angle., However with appreciébly amall crystals, diffraction takes
place over a range of Bragg angle. The X-ray line broadening
provides information on crystallite size.
If a single crystal of a substance is rotated in a beam of
monochromatic X-rays, the diffraction pattern forms a series of
spots on a photographic film, However, if the sample is.in the
form of a powder with the crystallites in random orientation,
the diffracted Lesms lie along the surfaces of a set of coaxial
cones, The pattern can then be recorded photographically in a powder
camera, or by scanning with a radiation detector;(e.gﬁ,Geiger counter)
moving contimiously around the diffractometer table.
The distribution with respect to Bragg angles and intensities
of the diffracted beams is characteristic of a particular structure

and can be used ther=fore as a meszns of identification. The X-ray
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powdér diffraction patterns of most of the crystalline shbsténées'-
are recordéd in the A,S.T.M. to which reference can.be_madé to |
identify "unknown" substances. The powder pattern of a mixture of
erystalline substances consists of the superimposed patterns of the
individual structures. Thus, the method can be used to identify

the different components of a mixture also.

2:1.2, X-ray Generators

Two X=ray generators of different designs were used for the
diffraction experiments, namely, (a) a Silus-Schall unit connected
to a sealed tube containing the filament and target, (b) a Raymax
60 generator mamifactured by Newton Victor limited, with intér-
changeable target and replaceable filement and kept contimuously
pumped by an oil diffusion pump coupled to a rotary pump. A sealed
tube generator has a more stable X-ray output- than a contimiously
pumped one. The radiation used was the well-=known Copper Ky,
wavelength 1.5423 . This was obtained by having a copper target and
a nickel filter to remove the k5 component,
2,1,3. Debye—Scherrer Powder Diffraction Camera

The phase compositions of crystalline samples were investigated
by recording their powder diffraction patterns in two ways, (1)
by a photographic method, and {2) by using'an X-ray diffractometer
with attached counter and ratemeter.

For the photographic method of recording diffraction data, a
Debye-Scherrer camera, of 9 cm diameter and mamifactured by Unicem
Instruments Ltd., was used. The strip of film was mounted according

to the ¥ain fykel Hethod. The specimen for X-ray investigaticn was

(67)



prepared by loosely filling a glass capillary tube - about

0.5 mm in diameter and 1 cm.in length - with the crystallirne
powder, and sealing both ends of the capillary tube with an
adhesive., The sample was mounted vertically along the camera
axis and necessary alignment was made by means of two push-pull
screws set at right angles to each other, The specimen was
rotated about the camera azis ccrrequently bringing each set of
lattice planes of erery crystallite to a diffracting position
several times during an exposure. In this way, variations in
the incident X-ray intensity were accounted, To avoid the
scattering of X-rays by air the camera was evacuated by having
it continuously pumped during the exposures which varied up to
several hours. The powder camera was used in conjunction with the
Raymax-60 generating unit.

Kodirex X~-ray films were used in the powder camera. After
exposure the film was develoyecd for 5 mimutes at 20°C in Kodak
D-196 developer, rinsed with water, fixed in Kodak FX-40
fixer, washed in running water for + hour snd hung up to dry.
The fixing time was twice the time required for the milkiness
on the film to disappear. This was usually about 5«6 minutes.
The films were examined and measured on an illuminated screen fitted
with a scale, The intensities of the powder diffraction lines were
visually compared.
2.1.4. The Counter Diffractometer

The counter diffractometer gives a direct, simple and accurate

measurement of Bragg angles of the various reflections in the powder
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diffraction patterns. This method was used extensively in this
work as it has the added advantage of rapid determination and
interpretation of interplanar spacings. A S>lus- S:hall X-ray
diffractometer fitted with a Ceiger counter and connected to a
Panax ratemeter and an Elliot chart recorder was used. The diff-
ractometer works on the focussing principle described by Bragg &
Brentano. The diameter of the diffractometer is 50 cnm.

The sample Br examinetion was prepared by pouring a suspension
of the crystalline powder in acetone onto a glass slide. Generally
it was necessary to mix an adhegive with the suspension to ensure
the adherence of the powder to the glass slide when the organic
solvent evaporated. The glass slide containing the flat specimen
was mounted vertically at the centre of the diffractometer on a
circular specimen table and rotated at half the speed of the detector.
The X-rays, generated in a sealed tube unit, passed through a
collimator diaphragm on to the specimen. The reflected X-rays from
the sample are incident on the counter diaphragm. The intensity
of the diffracted radiation as a function of the diffracting anglefe R
was given by the chart recorder coupled to the associated rate-meter.
The full chart deflection could be made equal to 2,000 10,000
or 40,000 counts per minute to accommodate the traces of the peaks,

To give reaszoneably smooth traces, a time constant of 25 seconds

was used for the most expanded scale (2,000 c.p.n) and 5 seconds

for the other two zcsles. Since the peaks are recorded at different
times by the diffractometer, it is necessary to have a stable incident
bean of X-radiation. IHence the sealed -off tube type generator with

a copper target was used with the diffractomeler. It was necessary
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to use nickel filter to remove Kﬁf component, for obtaining:
monochromatic radiation. The tube was operated at.a rating of

30 KV and 10 ma. The Elliot chart recorder could be operated

at either 3 inches per hour or at 30 inches per hour and records
the line intensities. Both the specimen and the counter could

be rotated in a clockwise or anti=clockvise direction by means

of a geared electric motor having three available speeds of

¥, 1 and 2 angular degrees per minute. The phase composition
studies of all the specimens were carried outat.one angular
degree per minute'whilst all line-broadening investigations were
made at ¥ of an angular degree. per minute, The recordings of the
diffracted radiation were used for two purposes. Firstly, to
qualitatively analyse the original nitride samples and their oxid-
ation products:for their phase composition. Secondly, to

estimate the amount of line-broadening by measuring the intensity
and breadth of the reflections of the appropriate samples i.e.,
ball milled nitrides. The measurements on these specimens were
made as follows, The best smooth line was drawn through the
statistically fluctuating pattern recorded on the chart. 1In order
to obtain the intensity of a particular peak, the mean background
level on either side of the peak was subtracted from the iﬁtensity
at the nax.mum peak height. The breadth of the peak was measured
at half-maximum intensity. This measurement was carried out, with

a ruler, to a precision of about 5 per cent of the breadth,
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2.1.5 X-ray Line Broadenin

The lines or peaks in a diffraction pattern are always
broadened due to instrumental causes (e,g. the finite slit-width
of a counter diffractometer). 1In addition, there may occur an
intrinsic broadening, i.e.:. a broadeninz associated with small
crystallite size or crystal lattice strain of the sanmple,
The ground nitride samples gave such intrinsically broadened lines,
A discussion of the causes of line broadening has therefore been .
included.

2.1 n) Broadening due to small crystallite size

If the linear diméngions of the crystallites in a specimen
fall below about'1000X, appreciable intrinsic broadening of the
lines will result. The mean crystalline dimension (D) normal to
the diffrac » planes is related to the intrinsic broadening
gﬁ) by the S herrer equatiox:{1918),

D:K'}&g

Cos

ithere, K = the S :herrer constant, approximately equal to
unity.

\

/A = the wave length of tne X-rays

and E?

the reflecting or "Bragg" angle (Peiser et.al.1955,p.413)
The value of K depends on the way the line width fﬁ is measured

(integral breadth or breadth at half-maximum intensity). The shape

and size distribution factors for the crystallites, as well as the

shape and breadth of the diffraction profile affect the value of XK.

In view of the fact that little is usually known about these factors,

the absolute accuracy with which one can calculate the crystallite
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dimensions cannot be expected to exceed the range of 25 to 50 per cent.
For this reason the value of D is often called the apparent crystallite
gize. The relative values of D, particularly for a related series
of specimens, will in gone:r~1 ™2 xeliable to a-preciahbly greater
extent.

According to the recommendation by K'ugz and Alexande~(1954), the
widespread practice of putting ! equal to unity has been udopted
in the present work. This has been ¢laimed to provide an easy
comparison of the most published investigations in this field.

2.1,5(n) Broadening due to Lattice Distortion

The mean lattice distortion or lattice strain () normal to

the diffracting planes is related to the intrinsic broadening (ﬂ)
by the relation,
. i= ' bot

The broadening is ¢ aused by variations in the dimensions of the
unit cell. The strain distribution factor will affect the shape
end breadth of the diffraction profile. There is little information
available about such a factor and thus the absolute accuracy with
which the strain can be calculated will be poor. The value of 2l ds
often termed as the apparent strain component. There is also an
inherent difficulty in separating the instrumental from the
intrinsic line broadening which adds a further amount of uncertainty
to the value of .' . The same difficulty arises in the determination
of D,

2.1,6, Measurement of Intrinsic Broadening:-

The experimentally reacured line breadth has to be corrected
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fwice in ordexr to obtain the intrinsic broadening. A correction has

to be made because the diffracted radiziica is not monochromatid; but
consists of an ede- doublet (”—:»c’cl and ‘ima(.ﬁ.g:},

Instrumental breouadening has alsoe to . correcied for, Unfortunately

the amounts of broadening due to various factors such as non=-
monochromatic, instrumental and intrinsic ones are not linearly

additive, A graphical method due to Jones (1938) has been used to effect
the separations. The curves are reproduced in Appendix { and can

be used to calculate the intrinsic broadening due to the single
radiation, K =¢.;. The symbols shown in the Appendix have the

following meanings.

Rediation Observed Breadth Instrumental Intrinsic
Breadth Broadening
K -d B b A
K =sidoublet Bb bo /30

The angular separation, 4, of the K=<t , and K=<L2 radiations is
calculated using the expression, whose derivation is given in

Appendix 2,

= ) [/ - >\’~‘u =
A = 360 ey Ly tan Gavemge C tan ©
"‘ A average

The value of C for copper K =e¢f{ radiation is 0,285,

The intrinsic line broadening of the milled nitride sampies
were determined by comparing their X-ray powder line profiles with
those of the original nitrides. The broadening of the latter
samples was assumed to be entirely due to instrumental factors, This
agsumption is reasonable in view of the conditions of production of

the nitride. At the temperatures of formation (>>1200°C in most cases)
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the nitride crystallites are extensively annealed and therefore freeof
gtrain. Also; because these temperatures are well above the respective
Tammann temperatures of the compounds, sintering is expected to be
extensive., This is confirmed by electron and optical microscopic
examination of the samples and also by surface area determination by
gas sorption. The surface areas of these samples were found to be

15 Further confirmation of the above assumption

mostly below ng@
was made by comparing thetx-ray line profiles of the nitride samples
with those of the cleavage plane (2052 reflegtion) of a single
calcite crystal. The 2022 reflection at 14043“ was used mainly to
standardize the diffractometer settings for each nitride.

The curve of A/B against b/B‘was derived by Jone (1938) using the
function:

1{1 + K? xz)
where, K = a2 constant

the angular distance from the top of the peasak,

and, X

This function describes the intensity distribution across the
diffraction line obtained urder ideal conditions of no instrumental
broadening. The evidence available so Ffar (Jones, 1938, 1950) suggests
that this function is the best one to describe the intrinsic diffraction
profile where an even distribution of cryvstallite sizes or strains
is present. In applying the Jones" Method of correction, it was
assumed that there was such a distribution of crystallite sizes
or strains in the milled material.

2.1.7. The Interpretation of Intrinsic Broadening

During milling, either a strained lattice or very small crystallites
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or both may be produced. These in turn may give rise to

intrinsic line broadening. In theory, it should be possible to

distinguish between these two possible causes of broadening since:-
_ﬁ?;{_ﬁsec «; = for small crystallite broadening.

and T .7tan .- - for lattice strain broadening.

Klug and Alexandeé?ﬁgge pointed out that the task of matching the

experimental data requires a precise technique and high accuracy.

Further discussion of this method of separating the causes of

intrinsic line broadening will be dealt with in subsequent chapters.

2,2 Electron Microscopy and Diffraction

Comprehensive accounts of the theory and practice of electron
microgcopy and diffraction are given by Hirsch et.al., (1965),
Kay (1965) and Zworykin et.al., (1945).
2,2,1. Theory of Electron Hicroscopy & Diffraction

A beam of electrong possesses wave properties similar to
those of a beam of electromagnetic radiation, the wavelength being

given by the de Broglie relationship:

L=h =h_ .. o oo .. (1)
P nv
Where,
s = wavelength
h = planck®s constant
m = rpass of an electron
v = velocity of electron
and r = momentum of the electron

If the accelerating potential difference is ¥, the energy, E,
of an electron is given by;
E ='§'ll‘lv2=ve e e ? e ) ae (ii)

‘There, e electron charge
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Combining equations (i) and (ii) and eliminating ¥, it followss

R*‘-‘-h oce 000 oo o (iii)

—_—
V2 meV

A relativitr correction has to be applied to equation (iii) to
account for the variation in the mass of the electron with velocity,
which itself depends on the voltage, In practice, however, the wave
length if required, is determined by recording the diffraction
pattern of a substance with known unit cell dimensions. This
enables a single factor, the camera constant, LLELg to be calculated9
where L is the effective camera length. If the seame instrument,
is used at the same accelerating voltage, then L}L remains constant.
At an accelerating voltage of 100 kilovolts, the wavelength of
an electronic beam is 0.0373°

As mentioned earlier, ig view of the fact that electronrbeams
possess wave properties, they can be used in a magnifying in;frument
with electromagnetic fields as lenses, just as light waves are used
in the optical microgcope with glass lenses. The theoretical limit
of resolution of a microscope is half the wave-length of the radiation
used. For the electron microscope this is about 0.02& whilst for
an optical microscope it is about 20003’° The shorter wave length
of electrons enables & much greater resolution to be achieved on the
electron microscope, although this is g&£ill very far from the theoret-
ical 1limit.

The construction of an electron microscope, is in principle,
similar to that of the optical microscope, Figure 2.1. It consists

of a cathode, , which provides a source of illuminating electroms.
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A high voltage struck between C and the anode A , accelerates the
electrons, which pass through a small hole in A, The condenser

lense, Lc¢, converges the electron beam on to the specimen, 0, situated
in the magnetic field of the objective lens, Lo. An image, I

is formed due to magnification by the objective lens. This is followed
by further magnification by the projector lens, Lp, to form a final
image, Ig on a screen, S. The microscope, used in this work and
described in the next section, consists of two more lenses (not shown
in the figure), namely a diffraction lens and an intermediate lens,
placed between the objective and the projector. The intermediate

lens enables a high overali magnification to be reached without the
magnifications of the individual lenses having to be excessively
large. 1t also helps to keep the length of the instrument short

and to attain easily a continuously var&ing magnification within

wide limits. The diffracfion lens is energised only when diffraction
patterns or low magnifications are required off the sample.

The energy of electrons is reduced vhen they are scattered
readily on collision with gas molecules. Hence, the instrument is
opercted at a sufficiently low pressure (about 10“6mm Hg). Pocussing
is achieved by the variation of the strengths of the magnetic fields
by changing the currents generating them. A phosphor screen is
provided at the end of the tube to align and select a suitable part
of the image, and the magnified image can also be recorded on to a
35 mm photographic film held in a camera within the instrument.

‘ Electron diffraction by a crystal is similer in principle to
that of X-rey diffraction, but it differs incertain respects.

Because of their electrical charge, electrons are heavily scattered
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by so0lid materials, and therefore the depth of the penetration
of the electrons is relatively small (say, a few hundred ﬁlj
Hence only very thin crystals (of few hundred X thickness) can be
used in contrasf to 7~rays which penetrate deeply and yileld
information about the bulk propertics., The diffraction pattern
of a single crystal consists of "reflections" from a plane of
reciprocal lattice points. In this case; electrons, because of
their very short wavelengths differ from X-rays. Nevertheless
for a polycrystslline gpecimen in random orientation, the
diffraction pattern consists of the typical concentric porder
rings, provided the sample is sufficiently thin.
2.2:2. The Equipment

In the presemt work, direct transnission and diffraction
micrographs of powdered materials and transmission micrograph
surface replicas of sintered refractory materials were obtained,
using a Philips E.M,100B model electron microscope (Van Dorsten,
Nieuwdorf & Verhoeff, 1950). The instrument has a resolution of
252p under normal operating conditions. The pumping systenm
of the mricroscope consists of a prevacuun rotary puamp, a mercury
diffusion pump and an o0il diffusion pump. The magnification is
varied by adjusting the currents to the electromagnetic lenses.
There are alsc control knobs prqvided for focusaing and for moving
the sanple holder =o thet different regions of the grid can be
observed. An imege of a section of the sample is thrown on the

fluorescent screen in front of the observer. The megnification of

the image is determined by reading a scale and then reference is made
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to standardrtables. Vhen a diffraction micrograph is required an
exclusive area of the sample is selected by means of diffraction
selection diaphragms; the diffraction lens is switched on and the
interrediate lens switched off. Diffractiorn micrographs require
longer exposuras because of their iower intensity, whilst trans-~
mission micrographs are exposed up to a few seconds according to
the brightness of the imag2., The microscope was usually operated
at 80 KV,

Specimens were supported by thin films of carbon lying over
copper grids. The carbon films were prepared in a 'S jeedivac"
High Vacuum Coating Unit 1226 model; manufactured by Fdwards High
Vacuum Ltd. The unit consists of a glass work chamber sealed with
an L section Viton A gasket; evacuated by an oil diffusion pump
backed by a rotary pump. Low vacuum in the work area inside the
chamber was registered by a Pirani gauge and the high vacuum by
a Penning gauge. The ultimate vacuunm obtainablé with this unit
was 3 x 10¢5 torr. The electrical supplies to the carbon electrodes
and tungsten fi;aments were provided by a 10V, 60 amp gource, the
current being regulated as necessary by means of controls,

2.2.3. Preparation of 3amples

Samples of the crystalline powders for microscopic examination
were made by dispersing the particles on a carbon film supported
on a copper grid. The thickness of the carbon film was roughly 2003.
A copper grid consists of a 3 mm diameter and a mesh of square windows
100 #m across,

The substrate used for devositing the carbor film was freshly

cleaved high quality mica available from "Hica and liconite Supplies
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Ltd." The dimensions of the mica plates were 2 x 1 inches. A thin
film of carbon was deposited on to the mica substrate placed
inside the workchamber by striking an electrivarc between two
gspectrographically pure.carbon electrodes. The carbon electrodes
were of 4" diameter, The arc voltage was 10 volts and the current
60 amperes. The arc was struck in about 8 intermittent bursts, in
order to cool the carbon electrodes. Each burst consisted of
approximately three seconds duration. The pressure inside the
chamber was of the order of 3 x 10‘35 torr. |

The carbon film was floated off on distilled water by carefully
dipping the mica substrate at an angle of about 45°, This operation
stripped the carbon film off the mica due to the surface tension
of the water. It was facilitated by trimming the micz sheet around
its edges after deposition of the film and contaminating the mica
sheet by breathing heavily on to it before deposition.

A section of the floating carbon film was picked up by a copper
grid. The grid carrying the film was transferred to a vertical
cylinderical holder and held in position with a cylinderical cap.
The latter had an open end, hence exposing the grid. Micro-
crystalline samples, for direct transmission were prepared by
suspending the powder in distilled water or an organic solvent which
remained inert. The particles were well dispersed by means of an
ultrasonic dispersion unit. A drop of the suspension was placed
on the copper grid carrying the film, and evaporated to dryness
under an infra-red lamp. Finally the sample was transferred into

a microscope grid holder, which was inserted in the instrument.
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2.2.4. The Replica Technique and Shadow Casting

The principle of the replica technique involves the transfer
of a surface topography of a solid body to a thin film whigh may
be observed by transmission electron microscopy. The detail of a
surface may be sharpened by shadowing'with a heavy metal which
abaorbs electrons strongly. Where the surface detail was
of particular igterest; carbon replicas with a shadow casting of
palladium metal were prepared as follows:

A little amount of a polystyrene polymer was melted on a
glass slide, which was held over a bunsen burner, until the polymer
is melted. The appropriate surface of the sintered sample is
pressed into the clear melt and allowed to cool, when it solidified.
The sintered sample surface thus transferred_its features and
impressions on to the solidified polymer, which was fixed inside
the vacuum unit and a carbon film was deposited on it, as described
~above. The film replica so produced was then shadowed i.e. coated
with a film of palladium placed inside a helical tungsten filament,
On passing a heavy current through the filament, the thin palladium
metal wire evaporated and struck the film replica obliquely.
In this manner, the surface structure was highlighted. The polymer
was dissolved away, using 1:2 dichloroethylene. The film was picked
up on a copper grid, dried under infra-red lamp and the specimen
was ready for examination, under the electron microscope.

Before each evaporation-operation with the filament,-the latter
was "flashed" i.e., its temperature was raised to remove dirt etc.;
by passing slightly higher current through it than was subsequently

used for metal evaporation.

(82)



On completion of a set of exposures the film camera was
removed from the microscope, and developed in a fine grain developer
to give optimum contrast. Prints were made from the "negative"
on to Kodak bromide paper noting the magnification factor of the
enlargenent from its negative. Tn this menner magnificaticna
of over 70,000 times the original size were obtained.

2,3 Optical Microscopy

The determination of particle sizes of specimens was carried
out by a Polarising Hicroscope (llarufactured by Vickers Ltd.l)This
is the only method i1 which direct observation can be made of
the particle size, .B.S. 3406, 1963), Examination of the samples
under reflected 1light, using a high power objective (magnification
x 40) gave an approximate estimation of single crystallite and
aggregate sizes and shapes. A graticule (as described in B.S.
3625,"1963) was mounted in the eye piece (magnification x 10}.

The magnified image formed by the high power obJective in the plane
of the graticule was viewed through the eye-piece, The total
magnification obtained was x 400, Reference open circles, closed
circles and the rectangles inscribed on the graticule were matched
with particles having approximately the same area., The dimensions
of the graticule were calibrated by means of a stage micrometer.

| 2.4 Surface Area Heasurement by Gas Sorption

A most importart guentity to be determined in this
investigation is the specific surface (i.e., the surface area per
unit mass), The amount of gas adsorbed on a so0ild depends cn the
specific surfage of the solid. The mean particle size of a specimen

can readily be calculated from its specific surface. Thus by
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measuring the fruelextent of the surface of the solid under

consideration, the changes in particle size produged by milling
or sintering can be followed. A general account of the
techngiue is given by Gregg & Sing {1967). Refer also de Boer
(1969) and Joy (1969) & Briiish Standards 4352 Part I (1939).
214 1. BET Procedure

To determine the specific surface of a solid from the nitrogen
sorption data, the well-known and widely used method due to
Brunauer, Emmett & Teller (1938) has been used. Although the
method is open to several criticisms, it is the one very coften
used when comparing the specific surfaces of a series of related
solids,

The B.R.T. equation is usually expressed in the linear fomrm,

—2 . = S -2 ,
z (po- p) " Po X
where,

P = pressure of adsorbate vapour inegquilibrium with

adsorbent,
Po= saturated vapour pressure of vapour adsorbed.
X = amount of vapour adsorbed, (g:g=1, OT C,C. g")
x = capacity of filled monolayer, (g.gq°1 or c.c. g=1)
C = a constant, related to the heat of adsorption
There are five principal itypes of adsorption isotherms as
illustrated in Figure 2.2. The type II isotherms give the best
agreement with the BET equation over limited renges of relative
vapour pressure (Gregg, 1961 pp.31, 56). Thus a plot of _p_

x(Po“' P)
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against p/Po results in a straight line of slope £ _= 1 and

X g C

intercept _Jj . Zlimination of C from these two expressions gives

%, C
e The region of relative vapour pressure (p/po) over which a

straight line is obtained is not very great. For a type II isotherm,
the values of p/po varies between the limits 0,09 to about 0.3,

The adsorbate vapour can be measured either gravimetrically or
volumetrically {Gregg & Sing. 1967<s .p.310)

The specific surface, S, is related to x; by the equafion:n

A=

S: ,ﬁg“NAﬂ
] '

where,

ot molecular weight of adsorbate,

N

A

Avogadro number,

It

cross sectional area of an adsorbate
molecule in a completed monolayer

If the specific surface (§) of a powder is known, the average
crystallite size._g_,assuming that all the particles are spherical

can be easily detec.mined.

15. = 4‘71‘.(&/2)2 n - -

EE

' by
4/37(¥/2)> ng el
where, m = nunber of particle: per gram of solid
~ and {_ = the density of the solid (adsortent)

The assumption that all the particles are cubic leads to the
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same expression, similar relationships can be derived for plate
and needle=shaped crystallite powders.

2.4 . The Apparatus

The sorption balance used in this work is based on one
designed by Gregg (1946, 1955). The balance aims are made of glass
and_supported on saphire needles set into a glass cradle. OCne arm
~of the balanceléupports buckets for the sample and counterweights
the other arm either a solenoid or magnet enclosed in glass and
surrounded by an'external solenoid. The whole assembly is encased
in glass and connected to a system of evacuation pumps, gauges
and gas reservoirs, The balance used for low temperature nitrogen
adsorption as described by Glasson (1956) and B.S. 4359, Part I
(1969)and is shown in Figure (2.3),

The current in the external solenoid is varied %o obtain the
nmull point, which is observed by noting the position of a horizontal
metal pointer attached to the balance arm egainst a similar fixed
pointer. The instrument is caiibrated by measuring the current
reauf;éd to observe the mull point for known weight.

24 3. leasurecment of Sorption Isothemms

The samples for which specific surfaces were to be determined,
were placed in the specimen bucket and outgassed to remcve physically
adsorbed vapour. This was usualiy_carried ov 1t 200°¢C by surrounding
the balance limb with a furnace (Glaécoﬁ, 1964-&:’)c

The adsorbate was nitrogen gas (supplied cr BOC Ltd;)nBoiling
liquid oxygen contained in a Dewar flask was used as a coolani, so

that the isotherms were measured at = 18%3°C. The weight of the sample
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was determined in wvacuo, and dcsss of nitrogen were introduced into
the system. Simultaneous readings of sample weight and nitrogen
gas pressure were taken after equilibrium was reached, To obtain
the desorption branch of the isotherm (if necessary), increments
of the nitrogen vapour were pumped away and the changes in the weight
of the sample again followed.

All the weight changes had to be corrected for buoyancies of
the samples and their cOntainer[s° These were determined from
experiments using materials of known X-ray density and negligible
surface area,

2.5 Thermoanalytical Techniques

The technique of thermogravimetric analysis at a series of
fixed temperatures in air has been used extensively in this work
as a tool for the detailed analysis of thermal reactions ir-nlving
fine particles (Gregg & Sing, 1952; Gregg & Wheatley, 1955
Gregg & Packer, 1955). In this technique the weight gain or loss
of a sample can be continuously followed over a period of time

while the temperature is maintained constant.

2,5.1, Thermal Balances

The thermal balance usvally consists of a modified single or
double pan analytical balance (Gregg & Winsor, 1945). 1In the
present investigation, a Stanton=Redcroft Hodel A 49, balance was
used, which could detect a weight change of 10~% grem, One
pan of the balance was furnished, on its underside, with a hook
carrying a length of nichrome wire, The wire passed through a hole

in the balance shelf and supported a sample bucket, made of silieca
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which was susp;nded in an electric furnace. The temperature in
the vicinity of the sample was measured using a chromel-alumel
thermocouple placed close to the sample bucket and attached to a
milli-volt meter. (Baird and Tatlc *k=Resilia). The general
arrangement is shown in Figure 2.¢,

The main kinetic study was carried out by determ;nation of the
veight gain on 1 gram of a samplc, The furnsce is prenstgbilised
at the required temperature, and the sample is introduced into it,
The weight of the sample wes recorded at known intervals of time.
Samples of unmilled and milled nitrides were studied at a series
of suitable fixed temperatures. The weight gains of thke specimen
were plotted against the corresponding time to provide oxidation
rates from these isotherms.

Newkirk (1960) has shown that changes in the buoyancy of the
sample and the bucket and the convection currents inside the furnace
can cause apparent weight changes. This effect is more pronounced
in dynamic thermogravimetry i.e. the one in which the sample is
heated under a continuous rate of increase of temperature. 1In case

of isothermal weight-change determination (or static thermogravimetry)

ool this effect has been assumed to be negligible,
2,9.2 High Temperature Vacuum Furnace

The metals Research High Temperature Laboratory Furnace
comprises a fully sealed element assembly housed ina water cooled
case containing aiumina insultaing powder. The element assembly
consists of an impervious alumina sheath, having a molybdemmn element
wornd externally and placed concentrically inside a larger sheath

of the same material, The sheaths are joined by a water—=cooled metal
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header, which completes the assembly and seals the annular space
through which the hydrogen is passed to protect the molybdemum winding.
A w/ﬁ;Re thermocouple is positioned in the annular space close to the
centre of the furnace winding.

A complete displacement of air from the interior of the furnace
is ensured by passing hydrogen gas at least for an hour before the
power supply is switched on. This gas flow is maintained unfil the
furnace is completely cold after a run, otherwise contraction of the
gas in the furnace on cooling will permit air to be drawn into the
element assembly with consequent oxidation of the dement., The
flow rate of nitrogen gas; used for nitriding the Ti-=base alloys,
vas controlled by a gas flow meter.,

A schematic illustration of this furnace is presented in Figure

2.5,
2.5.3 Analysig of Materials

Thé nitrogen content of the more ionic and readily hydrolysable
nitrides may be determined by the Kjeldahl method. This process
inﬁolves three stages: (i) Dissolution of the sample in an acid
solution to convert nitrides into ammonium salts, followed by additiom
of alkall to liberate ammonia {ii) geparation of ammonia by distillation
and (iii) determination of ammonia by standard volumctric or
colorimetric methods, The first stage is very difficult for the
majority of interstitial nitrides, These are extremely stable and
temperatures above 1600°C are required for decomposition. In such
cases, alkali fusion methods are recommended (Passer, et.al, 1962)°
The sample is fused with sodium hydroxide in a Pyrex-glass test tube

. and the ammonia evolved ia swept by a slow stream of argon through
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a trap into a solution of boric acid and titrated with hydrochloric
acid. The argon is passed through a bubbler containing water to
ensure that sufficient water is present for ceomplete reaction.

This methed affords a rapid determination of nitrogen in the
more covalent nitrides such as boron; aluminium and silicon nitrides.
It is applicable also to some of the interstitial nitrides vhere...
the corresponding metal ozides are sufficiently amphoteric.
The resultant sodium sélts, foer example, Na-zirconate, may ngt
be readily secluble in water and require acidification by hydro-
chloric acid before the hydrpus metal oxide can be precipitated by
ammonia at a suitable pB {Britton, 1955) . Elwell & ‘.4%)0(1 (1961)
have also recommended Kjeldahl distillation method for some nitrides,
At the concentration levels of 0=100 ppm, a spectrophotometric
finish appéars to be preferable to the fitrimetric finish used
at higher concentration levels. Orsage (1964) deascribe-
vacuum or inert gas fusion method, in which case nitrogen is evaluated
by "difference", The present state of }this analysis is less satisfactory.
Moreover, many nitrides may resist vacﬁgm extraction; on the other
hand occluded or free nitrogen eludes the Kjeldabl analysis,
Sloman et.al., (1951) reported that several combinations of nitrogen
may co-exist in a sample and there is no known method which will
ensure their destruction with high temperatures or their transformation
inte emmonium ions for their chemiecal analysis,

Several methods have been described for the determination of
nitrogen in boron and silicon ritrides. (Bennett & Lindop, 195€;
Cosgrove & Shears, 1960: Kriege, 195G). But these methods are lengthy

end require considerable manipulative skill and are of doubtful
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accuracy when applied to highly refractory materials. Bennett and
Lindop’s oxidising fusion method requires several hours even for
boron nitride which yields a readily fusible oxide, B203D m pt.
450°C° Techniques of gas analysis in metals, including interstitial
nitrides have been reviewed by Jemes (i964). A tube furnace oxidation
method has also been desciibed (Hcyer et.al., 1G67 ).

The Dumas method; where the sample is mized with cupric oxide
or lead oxide (Tsuchiya, 1959) and heated in & current of pure C02,
is generally unsuitable where the nitride becomes surrounded by
impermeable oxide layers e.g. vanadium nitride (Gerschbacher, 1947).
Thus, atmospheric oxidation at high temperatures fup to 1200%C)
has proved more effective; preferably at temperatures permitting .
diffusion of nitrogen and ocxygen through the surrounding oxide layers.
In cases where the oxidation is not quantitatiive, dissolution of the
oxide and further oxidation by either alkaline fusion wiéﬁ sodium
hydroxide or acidic fusion wiih”ﬁotassium bisulphate is suitable.

Ball mill;ng igs a simple method of reducing the particle size
of a solid material. The mills used were cylinderical drums
containing porcelain balls. Each pot had radiused ends to present a
smooth interior surface free from corners and crevices. The open
end cover was secured by a quick-release bar and screw. The pots
were of 2.5 1 capacity and; containe® th~ -ar- number-of balléjr‘
three different sizes (3€ of 18,7 mr diameters 81 of 12 6 mm diameter
and 180 of 9.5 mm diameter),

In the tur¥ling motion within the mill, wearing of the surfaées
of the mill mey occur, depending on the properties of the porcelain.

This is described by the makers, the Pascall Engineering Company,
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as being a hard, dense, ron-porous ceramic material whick is in

a vitreous condition after firing to over 1200°C, In view of its
high resistance to abrasion and chemical inertness, the makers
claim that it is useful when absence of contemination is required.
The porcelain is; however, lacking in ductility and suceptible to
breakage under violent impact.

Although the nitrides milled were hard materials {Mehs'
hardness upt to 9)9 nevertheless no fragments of porcelain were
detected in the X-ray traces of the milled samples, The milling
times, however, were iO hours or less. The ball-milling was
carried out under standard conditions, i.e. a constant ratio
of sample weight to mumber and sizes of the porcelain balls
was maintained. Besides the same porcelsin pot was used for a
particular nitride for different lengths of time,

251 Computation

The IBM programme for computing specifis surfaces by the

B.E.T. method was that devised by P. 0°Ne1ll and Denise Harris

(Plymouth Polytechnic) and is given in Appendix.
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CHAPTER III

* TITANIUM AND ZIRCONIUM_ NITRIDEJ

3.1 Titanium Nitride
3.1.] Ritridation of T;taniuml
The titonium-nitrogen system and its thermodynamics have been
described in Chapter I. Yet resctions which are thermodynamically
feagible ar§ not necessarily kinetically favourable, especially where
solids are concerﬁad.. Here, the rates depend notlonly on the
1ﬁtrinsic :';éctiﬂvity of the mat-grial concerned, but also on the
available surface or iﬁfeffaéo at vhich reaction can occur.
lTho reaction of titaniﬁm with nitrogen at atmospheric pressure
-ia ;ohiidofably slowver thnn‘thgtﬁjith oxygen at-corresponding
‘ ‘tempérafures (Bradford, et.al.; 3949).’Thé'rate obeys essentially -
a“parasolic law in the températurgkgange,550—85000. over times
-Iof'up to two:hours. Gulbransen and Andrew (1949a & b) find that the
fate constant in this temperature range is:- |
| kp = 3.8 x 10~7 exp.{~36,300/RT) &2 et

_Nitridation at higher temperatures will be more éomblicaféd

. erystallographically aipce alpha-titanium transformg to 5eta;titdﬁium
at 882.500. In this work, therefore, crystal éhanges have been
studied in the formation of titanium nitride lagfrs on subéirétes

of titanium and aome of its alloys. ;

Titanium, one of the lightest of the transition-élementa, has
other desirable propqrgiea such as resistance to corrosion, strength'
and toughn?sa. In thé pure state it exists as'aiphé-hexag&ngl _
_phase, but commercially pure titanium is essentially a di}ﬁie'alloy

of titanium with oxygen, nitrogen and carbom. According to
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McQuillan &hﬂcqnillan (1956) and Sabroff et.al. (1968), it is
convenient to divide commercial titanium alloys into -tl}ree classes:=
(a) the alpha-phase alloys, consisting of elemen:t_s which stabilize
the alpha-phase in titanium, namely O, N, C and a number of non=-
transitional elements, ©eBey Al, Sn, Some of thege allbys may ha.ve.a
small amount c-'f the beta-form " frozen" in the structure at ‘Toom
temperature and are known as 'near' or 'super' alpha allbys,.

(b) +the mixed alpha-beta alloys, contain additional elements which-
stabilize the beta-phase to such an extent that ths microstmcture..
at room temperatufe, consists of a mixture of the alpha and beta
phases, The addition of Transition el_ements, such as Fe, Cr, Mo

ami V, atabilizes the bdeta~phase. Tﬁese alloys are very important
because it is poéaible to control their mechanical properties by -
precipitation-hardening,

(c) the beta-phase alloys, are all of beta-form at room tempsrature
and contain a large prc_»por'd.on_ of beta-atabilizing elements, e.g.,
Mo, Cr an_d V. These have limited applicab:liity since they are not
weldable, but sheet forms can be aged up to an ultimate tensile
strength of 131,000 lb/inz(Crossley & Kessler, 1954).

The alloys aro‘produced commercially as cylindrical ingots by -
vacuum arc-melting in consumable-electrode furnaces (Sabroff et.al,,.
1968).

The occurrence of an allotropic transformation in pure
titanium controls the type of structures which can be produced by the
hea.t-ti'ea'hnen‘l; of titanium-rich alloys. Phase diagrams of the binar-y
alloy systems are illustrated schematically in Figure 3.1 (McQuillan

& MeQuillan, 1956).
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Figure 3.1 Major Types of Phase diagrams

for Ti-rich binary systems

The binary systems of titanium with the elements oxygen, nitrogen,
carbon and the industrially importar;t addition element aluminium,

are of the alpha-phase stabilizing type shown in Figure 3.1(a).
Transition elements, on the other hand, all appear to give rise to
diagrams of either type (b) or type (c). The beta—phase containing
more than a crifical concentration of addition element. can be retained
in an unatable conditio;i at room temperature by rapidly quenching
from the beta-phase field, Figure 3.1(c) represents also the systems
of titanium with copper, silver and gold. The gamma-phase is aaid to
exist on the titanium-rich side of the TiCu composition (47-50 at %
copper) and is body-centred tetragonal (McQuillan & McQuillan, 1956
p.206).

The phase compositions of commercially availsble titanium
(I.M.I. Limited) are presented in Table 3.1, Boride coating of these
alloys has been described by Jones (1970) and in the present work
four of thege, i.e, I.M.I., 130, 230, 318 and 205, have been subjected

to nitridation at various temperatures.
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TABLE 1

The Composition and phases of commercially available titanium
(Imperial Metal Industries (Kynmoch) Limited)

{00T)

I.H.T. B.S. SPECIFICATIONS COMPOSITION ' PHASE CLASS DENSITY REMARKS
| _ o cn3 | |
130 —_— Commercially pure "Alpha | I - 4.51 become successively
160 TA, 7, 8, 9 Commercially pure Alpha - I 4.51 mechanically stronger
230 TA, 21, 22, 23, 24 | ™1 - 2.5 Cu Alpha I . 4.56 Duc tile, medium
: : . strength .
314 — Ti-441 - 4Mn Alpha-beta | 11I(2) —_ : -—
315 ———— | Ti-241-2Mn Alpha-beta | IT1(2) 4.51 Low strength
317 TA, 14, 15, 16,17 | Ti-5A1-2.55n Alpha-beta | ITI(1) 4.46 Medium strength
318 Thy 10, 110 12, 131 0y 60147 Alpha-beta | I1I(2) 4.42 Medium strength
205 ———s T4 - 15Mo Beta 11 -— High Strength

s e T



The alloys Wwere sectioned by a diamond grit wheel (Ballo:;.ir_
Diamond Products Etd.) and polished. Specimens, about 1 c.m. in
diameter, in fused alumina crucibles (Thermal Syndicate Ltd. ),
were put in a high temperature yacuum furnace (Hetals Resea.rch.' ‘Type
PCA1O, descrifed in Chapter I1I, section, 2.52)' For. vacuum and
inert atmospheres (argon) & small amount of titanium hydride (TiB,)
was placed in _the, furnace to Qetter any residual oxygen or nitrogen
in the system. For nitridation, specimens were heated at temperatures
between 750-1400°C, using nitrogen flow rates of 100-125 ml/min.
Subsequently, the samples were cooled Blﬂ.W].J;" to allow thé titanium
phases to equilib'riate. The coatings were examirad by X-ray diffraction
.and by electron microscopy of mglicns . Appwtimate thickmesses
of the nitrided.layers were ectimated from weight irncreases and surface
areas of the initial metal samples (Table, 3.25,Re}v?'i-cas 4m Plates 3.1 &

on partial.\n:-!.i:xidation of the alpha-titanium (Figure 3.2 a)
at 1000°C for four hour and eight h.our periods (gas flow rate 125 ml/min)
only TiN cor:}esﬁ;nding to t_l;;ﬁ;;:oic-heiometric composition was form_eé.

The remaining alpha-Ti showed a small lattice expansion alc;ng the a-axis
(2.95 to 2.972) and contraction along the c-axis .(4.68 to 4.58%). i.e.,
the (002) spacing decreased from 2.34 to 2.293 and passed through

the ‘valve 2.31 & , which coincides with the main spacing of bata-titanium
(110-spacing). Therefore any beta-Pi formed at 1000°C has pee;;

nitrided, for no other beta-Ti peaks were detected,' 1.9: Tiﬂand ‘._c..rp,
accounted for all the peaks cFig. 3.2(b) & (c). The dgcx;east;d 002"
spacing (2.292) is approxinately that recorde;i in the literature for
main peak of the so called E-TiN, but two other main peaks for the

latter were not observed as they would have been masked by TiN and

an -
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alphadmi peaks,
In Flgures 3.2, 3.3, 3.4 and 3.5 the X-ray diffractometer

patterns of the alloys along with those of the corresponding nitrided.

2"

o --‘t v.r
] = . b

samples are preaented for comparison. _

| There was no appreciable nitridation of alpha-Ti "(130) at 750°C
in half-hour implying that the alpha-phase remained stable during thie
time interval, When the nitridation of alpha—Ti (130) was carried out
at higher temperatures (2h at 1200°C + t h at 14oo°c), there was
complete conversion to TiH in the top layer and the (111) reflection
became the most prominent instead of the (220) as was observed at
lowgr temperatures (e.g. 106000), where development of crystallinity
may not have been c omplete, Figures 3.2(c) and 3.2(a) illustrate

this obaervation. In accordance with the findiﬁés of Bradford, et.al.,
(1949), traces of oxygen resulted in rutile formation which pregominated
over nitridation even at the lower temperatures (900-1000°). ‘At

900°¢ (Figure 3.2(e)), i.e. Suat above the alpha-betaltransformation
temperature, the X-ray trace shows peaks for both the alpha-Ti (002)
¢-spacing at 2.34% and, the 2.293 spacing. This again suggests sdme
dissolution of nitrogen in the original alpha=-Ti to slightly distort
1ts lattice, before further nitridation andfformation oftwell-defined
crystalline TiN. The relative thickmess of ;hia interfacial zone between
unchanged alpha-Ti and TiN depends on tempefature; and is probably
greater at lover teﬁperatures when the nitrogen diffusion is slower,
The ‘beta=Tt alloy, stabilised with 15 Mo [Figure 3.3(a) gives & mixture
of'rutile'(Tiba) and TiN in the presence of .small amocunts of oxygen

(Pigure 3,3'b)). However, it nitrides completely to [Til at 1400°C
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(of1)

- =
=
. »
.l : - _—

Fla' 33(a) " ;X-“f{‘/ —D_fff’mc'fomeﬁy

7 vace 07[’_ imlT [Tf'-f -’_5-/’70]_



I

1

}

1

N

oo

|
i o
N

}

|

A i F—_—

1
v 8 — b
b

R N

ot 1000°C

)., Nitrided For_ §h_

( /’3: 77

\3 33(b)

F



(i)

e e e ey . , _
_ | _ | ' 3
. . _ <
y -
[ - = - - - —
_— e L NS
LN
! ]
e — e — . - i = - ~ - i
o 1
— . . _ .-
e — e - e
.
[}
. _ j
- - _ - ——  e— — - —— B o s - 4- — O
S S N ST SN S
- - i _ ~ ! _ [} ! _ — _
H 1 ¢ | , ,"

|

T 2%°5 8 o L4°8

D%. 33(0) - IMI @09 (B-Ti), Nitvided for 11 at /400 C.



- O

b et = e - e e WAt 8

Flj. 3 4 X-ny D'.'f)CB'aC{omejer Trace 0f Untreafed I.M,I_[ T»'-fZ;-S—CLLI



—_— e . ) ] . . } . . , ) . . o(._ R d.-\{3 -..___
— — -— X i . H —— __-.v-'ﬁ——_~.
i . | . . N . . ! . -‘ N & I
e e e e e N l R [ . . PR P | O

! : X . : . | !
: - f i 1 . ' ’ . ) ' i
Lo amm aeeeam — b e e o e m e g —a o e pee oy m e b i e —— e —

' . : : i : 1 ! ' ' ! |
! i - 4 . {

R . , 1

N ? | o S R S N R S N R

E 8 o e e e T
I -

- ; . Y S S S S S . e e e ] -

~ S @ «

Fla.‘&ﬁ_ - X"“‘g Di-)f)(,racfomej@v Tyoce of Uy fveated I-M.1 @é(—/?%[ﬂ'+éﬂ+40.



within % hour im the tOp layer (Figure 3.3 {¢)). The X-ray 1.;raco
again shows a further peak for a 2. 29&. spacing (corresponding to ﬁ-TiH)
replacing the original main peak for the (110)-spacing of beta-Ti
(2. '51‘A) Comparison of Fi{gures 3,3(a) and 3.3(b) illustrates this.
observation. Electron micrographs of replicas of the original and
nitrided surfaces of alpha-Ti (230) and B -Ti (205) are presented
in Plates 3.1 & 3.2. |
Similar results are obtained on nitriding alpha-Ti (230) alloy
(with 2.5 cu). The X=-ray diffractometer trace on the original- is shown:
in Pigure 3.4. The mixed ;1pﬁa-beta-Ti (318) alloy (with 6A1 + 4V)
also nitrides completely near the surface to TiN at high temperatures
(2 nours at 1200°C + 1 hour at 1400°C), giving a trace similar ‘to "
that shown in Figure 3.3 (¢). The diffractometer trace of the original
material is illustrated in Figure 3.5.
a) Compactness of Titanium Nitride Pilms -
The titanium nitride films all atrongljr adhered to the metal
surface for wide ranges of thick:ﬁess and temperatures of formation,
The thicknesses calculated from weight gains on nitridation am
shown in Table 3.2.
By analogy with general theories of metal oxide formation
(Evans, 1968), it would be expected that at hiéher temperatures good
adhesion of th; nitride layer would be facilitated by lattice diffusion.
'fhie explanation is applida.ble only above the Tammann tanparatui'e
(above 700°C for Ti and 1330°C for TiN). At lower temperatures (above

about 375°C for T and 795°C for the nitride), the adhesion may be

-:l
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TABLE 3.2

Thicknesses of Till formed at different temperaturesg

I.M.I. Alloy Nitridation Temperatures | Nitride film
& Time _ thickness, 4#m
. !
230(Ti + 2.5 eu) | (1) 1000%, 8'h 23
(11) 12007¢, 2 b +
1400°C, 1 h 53

130 (commercially

pure alpha=Ti) (1) 100000, 8h - 15
(11) 1200°%, 2 h + 22

1400°%, 1 h
205 (11 + 15Mo0) (1) 1000°%c, 8 n 110

(11) 12007, 2 b +
1400°C, 1 b 41

gaused by keying - in' through grain boundary penetration ( Tylecots,
1960) where auz"face diffusion is opsrative. '
Inter;oclgi.ng or gdherence may be produced by solution of nitrogen
in the metallic phase followed by nucleation of internal platelets
when the nitrogen concentration exceeds a saturation value (0.9
at % at 1000°C & 4.5 at % at 1560°c). Alternatively, there ma.y
be interlocking by nitridation at the walls of crevices or by
penetration along dislocations and grain boundaries, In these
t'ypical. cases, where there is an iﬁcrea_se in volume on nitridation
(Table 1.3, Chapter I), any nitride formed at the metal-nitricie
interijace is likely to produce compression. This tends to keep the
internally-formed nitride pressed against the metal, reducing the
risk of poor adhesion due to possible cavity-fomatior;. Thus, the
Pilling-Bedworth rule is probab.ly more important for scales where

there is anion diffusion from the surface to the metal-scale interface .

- - R T




-&ompared ﬂi$h scales that grow by cutward migration of matter as
- TR Tt
ﬁ%erved by Vermilyee (1957). In the present work, cation diffusion

;;‘-f;r titanium is feasible at temperatures above 70000 vhich explains
the stability and larger grain sizes of the nitride films formed
at 1000°C &1200°C + 1400°C,
31,2, Mitling of Titanium Nitride

The high temperatures reduire@ for the production of nitrides
cause sintering to the extent that samples generally have specific

2.=1 and average crystallite sizes (equivalent

~» surfaces of below 1 m“g~
-.3§spheriéal diameters) of over 2 um. Thus, samples of titanium ﬁitride
were milled to increase their surface activity and to examine
:Eiﬁchanges in microstructure caused by the commimtion. Vhen 6 g-
'}sampleg were milled (under conditions described in Chapter II, Section
2.6), the specific surface progressively increased as shown in-
Figure 3.6a. Electron micrographs showed thz;t the original nitride
consisted of single crystals and aggregates of about 0=5"5}bm
size (Plate 3.3). The micrographs of milled (2h andlqh) and oxidised
samples are also presented (Plates 3.4, 3,5 and 3.6). The single
crystals were fractured during the earlier stages of the milling and
the fragmenté were incd;ﬁorated into the aggregates which remained
approximately the same size throughéut the milling. Thus, the average
crystallite size (Figure 3.6b), decreased rapidly at first and later
slowly when the crystallites became of submieron size. .This is in
accordance with the findings of Bradshaw (1951) and Hattig (1957),
who found that if aggregation and attrition processes proceed at
equal rates, ‘'a grinding equilibrium® would be set up. Then the

specific surface or the average crystallite size, will remain
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practically constant. PQolongad mil;ing may favour the tendency qf_
the finest partiéles to adhere to one anothe;, and thus causing a slight
reduction in specific surface after a maximum has been reached.
(Gregg, 1961, p.300 Such a process has been\founﬁ.to occur in ths
ball milling of Kaolinite (Gregs et.al., 1954), graphite (Hickman,
1959) and molybdenum disuiphide (Braithwaite, 1959). .

The milling caused strain to be set up within the crystallites,
80 that there was X-ray line (or peak)- broadening. Table 3.1 shows
the half-peak widths of the (111) and (200) reflections.

' TABLE 3.%

Lattice Strain in Milled TiN Bamplgg;

Pitanium Nitride | Half-peak widths (2 ) in Strain Eradians)
Minutes for Reflections (Using (200)
Tin (111) TiN (200) reflections.

Unmilled 14 14 -

Milled, 2 h 52 36 1.99 x 1072

Milled, 5 h o34 36 1.94 x 1072

Milled, 10 h 35 36 .| 1.90 z 107

The strain was calculated from the half-peak width of the (200) I-fay
reflection (Section 2.1,5), after allowing for_broadeniné due to |
crystallite size. Figure 3.6{(c) illustrates the éevélopment of strain -
which oceurved main1£ during the firet two hours milling when the single
crystals were fractured and incorporated into the aggregates.
$upseguently, the ptrain renained yractically coqstant.

3,1,3 Oxidation of Titanium Nitride

Variations in phase composition, surface areas, crystallite and

-aggregate sizes during the oxidation of the ummilled titanjum nitride
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have been described in an earlier papér covering the prelimjinary .

part of the present imvestigation (See Appendix4). Crystailj.teg
of'rﬁtrle, Ti0,, split off from the remaining titanium nitride:befére’?
they sznter. and inhibit further oxidation° Accordingly stﬁdies';f'.'
Oxid.ation rates on milled Til at 450 ¢ (Figure 3.7) show that the
reaction proceeds readily until there is sufflclent tltanlum dioxide{f
of rational crystallite size compositioh for sintering to form surface
films through r.rhich normal gaseous diffusion ﬂ?annot easily ocour.

Ag befdre (Glasson & Jayaweera, 1969), this Eo%responds to about

50% conversion of the nitride. | )

The oxidation rates for the longer-milled (10 h) and more finely—l
divided sample are_slightly greater than for the shorter (2 h) milled |
sample, The curve for the latter is slightly sigmoidal indicating
initial nucleation. The later part of the oxidation is somewha#_
paralinear, This temperature (450°C) is just sufficiené’-'} hlgh ':_%or
sintering of the titanium dioxide by surfaée diffusion (¥ n.p. in K;
Ti0, = 460°C), It would appear that -the oxide film is not sufficiently
strong to prevent some scaling in the final stages when tﬁe oxidation
rate becomes nearly linear. At 600° and 700°C (Figs, 3.8 & 3.9)
the initial rates are alao‘practically linear and later become parébolic,
as found before (Glasson & '.'.J’ayaweera, 1969) for unmilled TiN,

However, there is little difference in oxidation rates at 600° and
'70000 and this is ascribed to the more rapid sintering of the titanium
dioxide at these higher temperatures, c.f., negative temperature coeff-
icient found for 'oxidation of certain metals such as niobium (Argent

& Phelps, 1960; Aylmore, et.al., 1960).

301.3 ‘a! Comparison with oxidation of Titanium Metal

For the oxidation of titanium, Jenkins (1955) and Wallwork

& Jenkins (1958; 1959) have suggested a similar mechanism to

(12%)
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account for paralinear growth., Briefly, it involves the following stages::
(i) The passage of oxygén to the metal-oxide interface through
an essentially non-protective acale; o .
(11) The dissolution of oxygen in the metal phase, resulting in
the nucleation and growth of oxide, on and just beneath the
surface, simultaneously with the establishment of an oxygzen
diffusion gradient extending in depth as a function of time and.
temperature;
(iii) The intermittent exfoliation of thin sections of the metal
surface under the influence of the stressea-develbped by the
mecleation and solution processes;l ) .

. (iv) The conversioﬁ of these thin layers to the highest oxide
commensurate wiéh the existing oxygen potential in the vicinity,
followed by partial sintering of the layers into a porous and
stratified scale__(See also Stringer, 1960).

‘Jenkins proposed that the parabolic region corresponds to the
period when oxygen is taken into solid solution through the metal
surfacél-fremgier, 1958 én Zirconium) at a rate in excess of that

required for the establishment of exfoliation conditions at that

auffacd. The oxygen flux through the interface diminishes with
time as the oxygen gradient pénetrates deeper into the metal, angrthe
paralinear transition is thought to occur when the flux Just
balances tbe_demand made by the intermiftent exfoliation process,

' Subsequently the oxygen absorption as measured experimentally is wholly:
attriﬁutable to the conve:aion of exfoliated metal surface layers to

rutile scale. The extremely regular-layered structure of the scale
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observed on titanium has been explained on this basis (étringer,
19603 Wallwork & Jenkins, 1959). As required by the theory, the
oxygen gradient in titanium does in fact reach a 'steady state’,
cenaing to extend in depth during the linear ogidation period,
Further, if the scale is removed from the metal at this point and
the gspecimen re-oxidised at the same temperature, the rate is
approximately linear as before, indicating that the scale is not
acting as a diffusion barrier in this instance.

A model that would account for linear followed by parabolic
oxidgtion has been suggested earlier by Evans (1924), Fischbeck
(1933) and NSi;ige (1938), If the rate—determining reaction
is a boundary effect at the beginning, and becomes diffusion=-.
controlled in the later stages, the reaction may be considered as
a flux of matter, J, which has to overcome a series of resistances,
namely, the diffusion resistance R g (the diffusion coefficient being

'takenlto be independent of concentration) and the surface reacfions.
Ry and R2°at the metal-film and film-gas boundaries. The drivipg
force is as usual, a difference in concentration, A ¢, at the two
interfaces. |

J = const. Ac:
Rd + Ry +R2

If the flux of material is approximately constant, then,

J=.d’§/d_t' Rd=a§, » R44Ry = B

and const. AC =Yk where a, b, k are constants,
Hence, d fb /it = k/(a ?+b),

and on integration,

a.§/2 + 2b, §, = 2k, t

(127)
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or ;)y combining the constants,
;2 + K. = K.t

the integration constant being gzero if §= 0 at t = 0,
This corréspond-s to a generalized parabolic law which involves the
possibility that two different processes can be rate-~determining
during the progress of oxidation. The interface reaction governed
by the term K1a§ , would be rate—determining in the initial stages
of oxidation, and when the scale becomes thicker this term will
become negligible, the square temm governing the total reaction
rate (Eubaschewski & Hopkins, 1962, p.99).

b) Com igon with Oxidation of Titanj Boride and Carbide

The oxidation mechanisms for these refractory hard metals .
TiBp and T4C (Minster, 1959 and Samsonov & Golubeva, 1956) are
essentially similar to those for tifanium nitride and for t.he metal
itself. Munster used platimum markers which were found at the scale
surface after oxidation, Thus, the oxide-nit:r.l-ide interface moves
away from the oxide-gas interface. In conjunction with the defect
mechanism of rutile, this suggests that diffusion of oxygen ions
(O?-) through the scale is rate~determining, at least in the parabolic
stage of the oxidation; cf., diffusion of anion vacancies 'in the TiO,
(n~ type conductor) which controls oxidation of titanium between
600° and 700°C and gives a simllar energy of activation for coai'ser
sa;nples'('l‘yle_cote & Mitchell, 1960), The linear p;rtion of the ra't;e
curve- suggestsr that a phase boundary reaction may finally become
rate-controlling. Probably, the atomic nitrogen diffuses from the .
metal to the outer scale surface where it then forms gaseocus molecules,

as in the decomposition of &-iron nitride (Goodeve & Jack, 1948).



Small amounts of nitrogen are retained in the oxide lp.yer, and some
may have dissolved in the nitride phase tdeficieht in nitrogen) when
freed by the o;ddation reaction. The amount of nitm-gen rotained

! dépends on tixe- reaction rate, sintering temperature and changes in
crystallite sizes of the matérials, Thus, it becomes appreciable for
the faster oxidations of titanium nitride above 800°C ~whe;re
sintering of the titanium dioxide is also rapid. The final product
~of composition TiOp.Ng (75 obtained at 1000°C resembles 003,80, 20,4
given when UN oxidises (Dell et.al., 1966); the latter is sensitive
also to crystallite size variations and both the intermediate UoN3
and UQO> are epitaxially orientated with respect to the UR,

The paralinear kinetics are modified by.several factors
contributing to the detailed shape of the initial rate curves of the
oxidation isotherms (Gulbransen & Andrew, 3951) e.g., decreases in
gsurface hete\rogeneity as the reaction proceeds, changes in specific

surface or in local surface temperature due to heat of reaction,

solubility effects, impurity concentrations, possible changes in

oxide composition and electrical double layer effects. Hence, often
the nitride oxidations do not immediately give parabolic kinetics,
as found in the present work, and in the oxidation of A1N (Coles
ot, al., 1969)., Before coherent oxide layers are formed, the free
nitride surfaces remain exposed to the gas phase, so that the kinetics
a;;proach linearity. The subsequent parabolic kinetics may be re=

- placed 'finally by approximately linsar kinstics with abnormallyslow
rates where oxide sintering is extensive, of ten giving considerable

variations in the energy of ectivation.
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. 352 Zirconiym Njitride

3.2,1, Nitridation of Zirconium

The zirconium-nitrogen system and its thermodynamics .haa bee_n
described in Chapter I. The kinetice of nitridation of zirconium
has ?een investigated by various workers (Brown, 1964, p.179).
Gulbransen & Andrew (1949a, <) report that the‘reaction is nmch
slower than the corresponding one with oxygen or hydrogen. They.
observed that the rate is independent of nitrogen pressure in the
tenperature range 400=-850 C, and asciibe this ‘to the formatlon
of a surface nitride layer., This observatu):n was. made also by
Dravnieks (1950) at higher temperaimres,- From a: study of the reaction
at 900—1600 c, Hallet et.al., (19539 1954) report the format;on
of a ﬁ—solld solution and a thin ,J.ayer of o= s0lid eolut:.on
surrounded by zirconium nitride., The rate of dlffusion of nitrogen
into zirconium is much lower than that of oxygen. Near the,
transformation temperature (852°C) there is a marked increase
in the absorption of both gases {Guldner.& Wooten, 1948; Hayes
. & Roberson, 1949), Saliberkov et.al..;,._(-'i,’s's_z';) studied the nitridation
of zirconium at 1460=1700°° They obsexl-ved the formation of an '
outer layer of.nitride, a second layer ofgg_ golid solution, and
a base mixture of &solid solution with some .",.l‘.' solid solution
:‘:pre_c:lpitated as a result of cooling. At;cording to all the above
workers the maction rate is parabolic. |
The. following experimental results have been reported
covering wid;a rénges_of temPerat\ii-e, and thesé show.that the rate
of reaction on zirconium with_nitrogen is strictly parabolic.

Nitrogen pressure = 0.1 atm., 400-825°c (Gulbransen & Andrew, 1949)




- T
{\.u

kp = 5 x 1072 exp (=393200/RT) g2cn~4s™

e _
PN, = 10 = 300 m Hz., 860-1045%(Dravneiks, 1950)

N
]

kp = 3.2 x 10 exp'(=5é;doq/ RT) glomie- e,
PN, = 1 stm., 975-1640°C (Mallet etoal., 1954)
Kp = 7.8 x 10~ exp (=48,000/RT) g?em=4s”

In the last eq-\’la'd.on the values of Kp are réduce. somewhat, presm-n'-'
ably -because hafnium-free iodide=girconium was used, Since the
rea.ct;l.oi_x rate is virtually independent of pressure (Dravnieks, 1950),
and because of the applicabilitj of t.h,e 'p:ar_abol_ic time relationship,
oxidation is very probably diffusion-contro]-.ived .by a Bca;e consisting
of an n~-type semi=conductor,

Production of zirconium nitride from the tetrachloride
vapour and nitrogenthydrogen (Agte &Moers, 1931) and by heating
the metal in nitrogen give samples of girconium .tlgj._!:ride showing
homogeneity ranges fr;)m nearly stoicheiometric ZrN-(13.,3 wt =%,
50 at -#N) at 600°C to lower nitrogen conten-ts at temperatures up"’
to 180000. Thus, typical samples of nitrided éirconium used in.
the present work contained lbnly 10,32 wt. o, 42.8 at=%N .nd 9.29wt-%,
40.0 at. % N,

2,2 Milling of Zirconium Nitride

The nitride samples sintered extensively during preparation,
so that their specific surfaces were only about 0.2 ng:", and average
crystallite sizes about 4 Am. The sample containing 9.29 wt -%(40.0
at -%)nifmgen was milled to inorease its surface activity and to
exam:L'ne changes in the microstructure caused .by the commimition,

6g-portions of the zirconium nitride (69.1 wt «% ZrN + 30,1 wt-#2r)

(131)
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féée milled under standard condi tions degcribéd in Ssction 2,6,
Chapter II. The specific surface progressively increased ( Fig.,
3.10(%,) during the first 5 hours milling, while the initial single
crystals were fractured and incorporated into the aggregates. Thus,
the average crystallite sige decreased rapidly at first and later
slowly when crystallites. became of submicron size, similar to the
behaviour of titanium nitride on milling. However, longer milling,
5 to 10 hours, appeared to give a considerable decrease in

2¢=1) and increase in average

apecific surface (from 8.2 to 5.2 m
crystallite size (from 0,10 to 0,16 ftm), a5 shown ip Figure 3°10(BD.
The milling caused strain to be set up within the c;ystallites
80 that there was X-ray line (or peak)abroadening as showﬁ in Pig.3.11
Theée traces reveal that the metal present has be;q more extensively
milled than the nitride., After 5 hours milling, the softer metal
became difficult to remove from the balls of the mill,“acccunting for
the lower specific surface and larger crystallites of éhe 10 hour
milled sample (Figure 3911,d) which was more representative of the
nitride present. Nevertheless, the strain in the nitride crystﬁilites
increased progressively throughout the milling, as shown in Table 3,2,
TABLE 3.4

Lattice Strain in Milled ZrN Semples

Zirconium | Half-peak Widths (2 ) in Min- | Strain radians

Nitride utes for Reflections (using (200)
ZrR(III) | Zrk(200) [ &L-2r(101)| reflections

Unmilled 23 19 30 -
Milied, 2h 24 22 32 2.53 x 1072
Milled, 5h 30 31 2 70 1,03 x 10=2
X 10"°2

Hilled, 10h 44 40 x70 1.88

(235)



3,2,3 Oxidation of Zirconium Nitride
Changes in phase composition, surface area, crystallite and

aggregate siges during the oxidation of the unmilled zirconium nitride
(10.32 wt <%, 42.8 at -#N) have been described in an earlier paper
covering the preliminary part of the present investigation (see
Appendix 4 ), Tpe zirconium nitride oxidation is complicated by
formation of tetragonal ZrCs at higher temperatures, particularly

over 1200°, and monoclinic ZrOp at lower temperatures. The nitride
initially forms the so-called ‘amorphous’ cubic ZrO,, notably between
4009-600°C, which may be stabilised somewhat by the remaining cubic
2rN. Subsequently there is a further fractionsl volume increase vhile
formation of monoclinic ZrO2 is being completed.

When samples of zirconium nitride containing some free gzirconium
meta) are calcined in air, the metal oxidises rapidly at temperatures
of 3500-400°C.m The nitride requires correspondingly higher oxidising
temperatures, and initially forms the go—called ‘amorphous' cubic
Zroa (Mazdiyasni & Lynch, 1964), notably between 400° and 600°C
(ef, cubic ZrO2 from Zr-alkoxides decomposed in nitrogen at 300°-
400°C} which may be stabilised somewhat by the remaining cubic ZrN-
in the present work), . X-ray diffractometer traces show an additional
reflection at 2094:-:952p some reinforcement of the 2,548 spacing and
displacement and broadening of the 1.81 and 19543 spacings of mono-
clini¢c ZrO, towards the shorter distances of 1.80 and 10532 of the
cubic form., At higher temperatures (700=1000°C), the additional
reflection disappears and the main monoclinic ZrO reflections at
3.16 and 2.843 develop more rapidly, The conversion of cubic face-
centred ZrX (a = 4056§) to cubic face—centred Zr0, (a = 5,093)

involves a fractional volume increase of 0,367 {of the initial

(136)
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volume) which further increases to 0.5i8 when formation of
monoclinic ZrO, is completed,

The nitride samples are completely oxidised to ZrO, at
temperatures above 600°C within reasonable lengths of time, X-ray
diffractometer traces and powder photographs give no indications
of any oxy-nitiride being formed at temperatures between 4002 1000°cC,
Variations in specific¢ surface, Jp actu&l surface ares, S/(for 1 8.
initial sample} and average crystallite size are shown in Figure 3,12,
(a), (v), (d), fof unmilled zirconium nitride samples, oxidised
at 500°C in air. About i:bf:the material is oxidised within half-
hour (?i&ure .12 (cfi Tﬁefe is a copgiderable increase in specific
surface and the actual surface area, §ﬁ1 Thus; when the zirconia
crystallises out from the nitride matrix, i% evidently splits
off to give smaller crystallites, which are mainly of sub-micron
size, caused b§ changes ip typeﬁ*of crystal lattice and by the volume
increases given in the- previous paz;agraph° Subsequently the oxidation
becomes very slow and the specific surface decreases whilst the average
crystallite size increases as the material slowly sinters. After the
first stage moat of the surface area is that of the oxide which then
has an average crystallite size almo;t equal to that of the whole
material. The oxide apparently forms impermeable layers around the
remainder of the nitride through which normal gaseous diffusion
cannot occur, since the oxidation is incomplete even after much
longer heating. The high melting point of zirconium dioxide (270000)
gives a Tammann temperature of =bout 1210°C (one=helf of the r.p. in
K) for eppreciable lattice diffusion aml a temperature of about 720°C

(one-third of the m.p), above which surface diffusion can be operative,

(138)
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Any sinte‘ring is ‘probably given by grain boundary penetration,
~ promoted by the presence of unoxidised metal (m.p 1860°C), which
can be effective abqve about -}-‘m.p. of zirconium metal (i.e. J44o°c)
This type of behaviour has been observed recently in the oxidation
of Nickel and Chromium where more_extensive oxide sintering gives
good protective f£ilms (Maude, 1970). |
Milled z:l.rconi_um' n;i.fr:ide (5 hours milled) oxidises rapidly even
at lowver temperatures, vig., 400°C'. The verj finely-divided Zr-metal
present oxidises very rapidly (Pigure 3.13 (b)), so that there is
an initial decrease in surface. Later, the surface increases as
more of the mitride is oxidised (Fig. 3.13(a)), but fimally an
impermeable oxide layer 1_5 formed which rrevents further oxidation
at this temperature, Similar oxidation behaviour is shown at
30000, 435°C, and 540°C (Pigs. 3.14 (a) (b) & (c)] for the samples
that have been milled for.é hours and 10 hours. The somewhat
lower fi;ial amounts of oxid-ation for the milled samples are caused
by the difficulties in complete removal of the zirconium metal
component of the‘origina.l nitride from the mill, This effect seems
to be proportional to 'thelmilj.:!.ng time in the present case, and has
been discussed in the previous section. ‘ |
Electron micrographs of the unmilled, milled anmd: ovidiged
zirconium nitride samples are presented in Plales. 3.-3.10.
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CHAPTER IV

VANADIUW, NIOETUM AND TANTALUM NITRIDES
- 4.1 VANADIUM NITRIDE . | o
41,1 Nitridation of Vepadiug |
The vanadium=nitrogen system and its thembdjnamics have
been described in Chapter I, As generally found for transition_metal- .
nitrides-', the kinetics of formation depend not only on the intri,nsic
roacf.tvity of the materie;l concerned, but also on the available
surface or interface a}: vhich reaction can ;ccuro .
The nitridation rate for vanadium is much less at a given
tgmperature than for the corresponding oxidation, but it 'is 'aimilgr
to those for the reactions of nitrogen with niobium or tantalum.
Likewise, the nitride films dissolve in these ﬁetals as fast as they
. are formed. Both, nitridation and oxidation of; vanadium progresé
al:lr_loét,j parabolically for temperature ranges of 6oo°=-900°c and '
400°-=600°C respectively, The rate equations for P = 0.1 atm, -
and t (Maximun) = 2 h (Gulbransen & Andrew, 1950) are as follows:
N2 s Ky = 0,94z 10~ exp (=31,400/R7) g2em~45=?

02 8 Bp = 1,3 x 107> oxp (<30,700/27) gZem™ts™!

' i
Preliminary nitriding treatment was found to lower both the initial

and ultima-ffe oﬁdation rates.

. 421,2 Milling of Vanadium Nitride

.,:Aa with the nitrides of group IV (T:‘L9 Zr)p the high t emperatures. P’
required for producing those of group I (V, Nb,Ta) csuse sintering
" to the “extent that samples generally have specific surfa.ces of

2,1

‘below {1 n“g™'., and average crystallite sizes (equivalent spherical

.
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diameters) of over 2pMm, :;‘hii“s', samples of vanadium nitride, VN, vere
milled to increase the::xr surface activity and to examine changes _ih
mi;ro;stmcture caused by:'.t‘Eoﬁiminution, Vhen 6g-samples ﬁere milled
(under conditions described in Chapter II, Section 2.6), the specific -
surface progreasively increased as shown in Fig. 4.1(a). Electron.
micrographs showed that the original nitride consisted of single
crystals and aggregates-of about D-#—S/m size (Plate 4.1). The single
?ﬁgrystals were fractured dur_:_ing the earlier stages of the milling and-
1":1:1'e fragments were incor.porated into the aggregates which remained
approximately the same size tﬁroughout the milling. Thus,- the avére.ge
crystanite,sizé’(mg° 4.1.b), decreased rapidly at first and later

slowly when the crystallites became of sub-micron sige. This behaviour

:is -similar to that found for the milling of titanium nitride, TiN,

’ 25 %éé%iped in Chapter III, Section 3.1.2. Electron micrographs of

| . 2hda_.:‘fiii0h milled samples é.re presented in Plates 4.2 and 4.3 respectively.
Agiun, the milling caused strain to be set up within the

crystallites, so that there was X-=ray line (olr peak) - broadening.

Table 4.1 shows thethalfapeak widths of the_0ﬂ4) and (200)

reflections, The strain was calculated from the half-peak width of the

(200) X-ray reflection (using Jonea® Method, Chapter II, Section 2.1.5),

after elloving for broadening due to crystallite size, Figure 4.1(c)

illustrates the development of strain, which occurred mainly during

the first two hours milling when the single crystals were fractured

and incorporated into the aggregate, Subsequently the strain remained

practically constant,

(1u47)













TABLE i

Lattice Strain in Milled VN Samples

Vanadium Half=Peak widths (28) in Strain éradians)
Nitride ___Minutes for Reflections (Using 200; '
VN A vN(200) reflections
Unmilled 7 18 =
Milled, 2h 30 32 1,04 x 10=2
Milled, Sh 40 42 2,11 x 10=°
Milled, 10h 40 42 2,07 x 1072

4.1.% Oxidation of Vanadium Nitride

Vanadium nitride, VN, is converted to vanadium psntoxide,
VEOS’ at 450°-650°C in air, X-ray diffractometer traces give
no indications of any oxynitrides or lower oxides of vanadium
being formed at these temperatures. Variations in specific
surface, S, actual surface area (for 1 g, initial sample), §,
and average crystallite size (equivalent spherical diameter) are
shown in Figure 4.2 (a) & (b) for 5 hours-milled vanadium nitride
oxidised at 550°C in air. About % of the material oxidises
comparatively rapidly, while S and §’ cecrease considerably aﬂ& the
average crystallite size rapidly increases to above 1 mm,
Subsequenfly, the oxidation proceeds much more slowly with corresponding—
ly smaller changes in the surface areas and average crystallite
sizes, When the oxide crystallises out from the nitride matrix, the
change in type of crystal lattice (cubic F~VN to orthorhombic V20s5)
and large fractional volume increase (1,272 of the original volume),
would be expected to produce considerable splitting away of oxide

cryastallites. However, the gurface areas decrease since vanadium

-

“\ (151)
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pentoxide sinters very readily at 550°C, This temperature is well
above the Tammann temperature (cao-% m.p. in K) of about 200°C for
vanadium pentoxide and close to its m.p. of 674°C, so that lattice
'diffusion can be extensive, S:nce the Tammann temperature of the nitride
is very much higher (about 900°C), in the later stages of the
oxidation, the nitride particles are surrounded by iayers pf oxide
impermeable to normal gaseous diffusion, Thus, the initial
approximately linear kinetice become parakolic being controlled by
lattice diffusion through the oxide layer. This is demons trated
further by oxidation isotherms on 1 gram=samples of milled and
unmilled vanadium nitride shown in Figures 4.3 and 4.4. The maximum
oxidation rate is given at about 575°C for both the 2 hours and 10
hou;s milled samples, The rate at 650°C is considerably lower in
each case apparently caused by more extensive sintering of the oxide
impeding the oxidation, ¢f. negative temperature coefficients
obgerved for oxidation rates of Hiobium metal (Aylmore et.al.,

1960; Argent & Phelps, 1960)., Accordingly electron micrographs

show that the initial irregular particles of unmilled or milled
vanadium nitridé ultimately give regular.shaped V205 particles

P d
on oxidation at 600°C (Plate 4.4)

T 4 AL

4,2,1 Nitridation of HNiobium
The niobium-nitrogen system and its thermodynamics have been

described in Chapter I. Neumann et.al. (1934), Brewer et.al, (1950)
and Armﬁtrong (1949) have also given thermodynamic data on this
nitride. The reaction between niobium and hitrogen mainly followa the
parabolic rate law At 700°C the rates are similar to those for the

nitridation of titanium and tantalum, but correspondingly slower than

-
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£br zirconium. The data of Gulbransen and Andrew (194¢2 and 1950)
deviate slightly from fhe parabolic law in the early reaction stages.
These workers have measured the rate constant of the reaction of niobium
metal with O.1 atm. of nitrogen and is represented by:
Nb : 500 - 800°C : K, = B x10°8 exp (=25,400/RT) gzcm=4a‘1‘
However, by using the method of van Liempt (see Barrer, 1941), it
has been shown that the parabolic rate law follows from consideration
of direct diffusion of nitrogen into the metal, The negligible effect
of pressure is similar to that found for the reaction of nitrogen
with tantalum. In vacua of 10:6 mm., Hg or lower the niobium-nitrogen
product loses weight below 605°Cp while at higher temperatures the
metal acts as a ‘getter® in a similar manner to tantalum and zirconium.
The reaction apparently does not take place directly on the m=tal but
rather through a film of nitride which hinders the pressure from
exerting its normal influence on this type of reaction. The nitride
. film thickness is governed by the rate of formation and the rate of
solution, The energy of activation for diffusion of nitrogen in
niobium is 39,500 cal/mole (Ang, 1953).
4:2.2 Milling of Niobium Nitride
When 6g-semples of niobium nitride were milled {under conditions
deacribed in Chapter II, Section 2,6), the specific surface progress—
ively increased as shown in Figure 4.5(a), The changes were of
similar magnitude to those found for venadium nitride, VN, under
identical milling conditions, even though the niobium nitride sample
vas almost pure ¢ - NbN (in which nitridation had been nearly complete
giving bl g ) bhaving a widely different crystal structure, viz.,
hexagonal, ‘?fn MoC (Bi), compared with the cubic F =type lattice for

VN, Electron micrographs (Plates 4.5, 4.6, & 4.7) did not show any

(157)
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well-defined hexagonal structures either in the original niobium nitride
or in the milled material. Fracturing of single crystals in the earlier
stages of the milling and their incorporation into the agéregates caused
comparatively larger decreases in average crystallite sgize (Fig. 4.5 b)
and production of more submicron-gized material. The strain set up in
the crystallites caused X-ray line {or peak) = broadening of the several
reflections associated with one or both of the a- and c~ axes of the
hexegonal lattice; but individual intensities and peak separations

were insufficient for even approximate determination of strain

perpendicul&r to the different crystal plarnes,

4.2,3 Oxidation of Niobium Njitride

=

The niobium njtride £ - NbN, is converted to ;= niobium
pentoxide, szo;; at 300=300°C in air., X-ray diffractometer traces
give no indications of any oxynitrides or lower oxides of niobium
being formed at these temperatures; ¢f3 Schonberg's (1954) initial
oxynitride products formed by nitriding & or:i= NbN in stcam and excess
hydroger at 70000 or by ammonia nitriding of niobium oxides or ammonium
niobate (WbN, 40, , and Nblg g00,3-0,3 having a cubic P-lattice).

Variations ip gpecific surface §, actual surface area (for 1 .
initial sa.mple)p §’} and average crystallite size are shown in Figures
4,6, and 4.7 for the atmospheric oxidation of unmilled and Sh -milled
niobium nitride. These are compared with similar charges for the
oxidation of niobium metal in Figure 4.6.

When the unmilled nitride is oxidised at 400°C in air, S
increases considerably (Figure 4.6 & & ¢}, Thus, when thé niobium oxide .

crystallises out from the nitride matrix, it evidently splits off to

give smaller crystallites, Any additional spalling at the oxide-nitride

(1.61)
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interface when the samples were cooled for surface area determination
was negligible by comparison, since the reheated samples proceeded

to give oxidation rates similar to those of samples which had been
contimioualy heated, Hence, the crystallite splitting results mainly
from changes in type of crystal struciure (hexagonal )ZL- MoC (Bi) to
E- monoclinic) and a volume increase of 1,37 of the original volume
as the nitride is converted to the leas d~nae oxide,

Changes in the actual surface area é’p wnd in the average
cryatallite size of the remaining niobium nitride (assuming no
appreciable sintering) and the niobium oxide, f= Nb205, are deduced
from the surface arees data and volume ‘changes and are shown in Fig.4.6
{v) and (d). These confim the ultimate sintering of the oxide, and
t"he larger crystallite sizes given in the first half of the oxidation
(above the broken line in Figure 4.6 (d))are caused probably by some
of the newly-formed oxide not being detached from the nitride surface,
This is similar to the behaviour of aluminium nitride on oxidation
(Glasson et.al,, 1969),

When there is sufficient oxide of rational crystallite
composition, it tends to form a stable coating arocund the rémaining

’

nitride particles. Therefore, the surface area §", in the earlier
stage of the oxidation, increased much more rapidly (Fig. 4.6 (b))than
it would if a stable oxide layer had been formed throughout the
oxidation. The experimenial results lie well above the theoretical

curve calculated from the formula for a contimally stable oxide

layer (Glasson, 1958), viz.,

L g{}, = (1 ¢ 037 0
| where, S = surface of product {oxide + remaining nitride)
S = sp.surface of original ig- nitride.
and x = fraction of nitride oxidised.

(165)
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This is confirmed by the increaSes in the number of

. 3 s
crystalliter calculated from (S1/S) , where S, =5 /1,77

i.e. 85y = S? 2:37)?g to ellow for volume changes on oxidation
(Figure 4.6(e)).
4.2.3.1. Comparison with Oxidation of Niobium Metal ~.

Similar behaviour to that of?unmilled niobium nitride is shown
by Sh-milled niobium nitrﬁde and niobium powder on oxidation in
air at 300°C and 400°C respectively (Figures 4.7 and 4.8). The
milled material apparently has greater surface heterogeneity and
tends initially to give linear rather than parabolic oxidation rates
(as discussed in Section 3.1.3 for titanium nitride and by Glasson
et.al, (1969) for aluminium nitride oxidation). Further oxidation
igsotherms are compared in Figure 4.9 for the milled samples. The
oxidation rates ultimately become almost linear with the formation
of thicker oxide layers which are subject to cracking and partial
detachment from the underlying metal or nitride because of the very
large volume incréases on oxidation. For oxide layers on larger
metal samples (sheets), Kofstad (1960) bas attributed similar
behaviourrto the formation of suboxides near the metal-oxide interface,
but these lower oxides were not detected in the present work,
involving oxidation of the metal powder.

For isothermal oxidations of 1g = portions of niobium nitride,
a maxipum raté was exhibited at about 360°C for both the ﬁHL-and
10h- milled samples (Figure 4.9(b)). The rates at about 600°C are
correspondingly lower, particularly in the later stages of the
o;idationp probably due to the onset of sintering which tends to
impede the oxidation process, This reversal of the temperature coeff=-

icient to negative velues is similar to that found for oxidation
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of milled titanium nitride in section %.1.2 and niobium metal

py Aylmore, Gregg and Jepson (1960). It has been ascribed %o

more extensive sintering of the oxide at the higher ‘temperatures
ﬁéeventing normal gaseous diffusion, This is in accord with the Tammamm
témperature of Nb205 (¥ m.p. in K) being about 610009 vhen lattice
diffusion becomes extensive., Sintering promoted by surface diffusion
can become appreciable above about ¥ m.p. in K, i.e. 32000, which

is approximately the tempersture for tpe maximum oxidation rates for
the milled nitride, At temperatures above 600°C, the oxidation

rates for unmilled niobium nitride increase again with tempersture,
cf,, rates at 600° and BOC'C in Figure 4.10, as the lattice diffusion
increases, The oxide crystallites obtained from the nitride at

300°C and 400°C are below 0.2 Al average size (Figures 4.6 (d) and
4.7 (d));, ut that obtained from the niobium metal at 400°C is
correspondingly larger reaching average sizes of 0.5-0.7Am,

(Figure 4.8 (d)) although the fractional volume increase is rather
greater for the metal oxidation (1068 compared with 1.37 for the
nitride oxidation)a Since the metal is comparatively high nelting

it would seem that the removal of nitrogen inhibit$s sintering of the
oxide from the pitrided metal. In both cases, the porosity of the
rogsulting oxides is low at all the temperatures studied. Adsorption
hysteresis is only just detected in the most active samples. Hence,
the increases in the numbers of crystallites are correspondingly much
higher for the nitride oxidation than.for the metal oxidation, cf.,
Figures 406(0) and 4.8 (e), Neverthesless, electron micrographs

show rounding of the edges of the aggregates of oxide formed from

the nitride at higher temperatures. (Plate 4.8)
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4.3 TANTALUM NITRIDE

4.3.1 Hitridation of Tantalum

The tantalum-nitrogen system and its thermodynamics have been
described in Chapter 1. Neumann et.al., (1934), Brewer et.,al, {1950)
and Armstrong (1949) have also determined thermodynamic data on this
nitride, The reaction between tantalum and nitrogen mainly follows the
parabolic rate law, At 700°C, the rates are similar to those for the
nitridation Af‘titanium and niobium, tut correspondingly slower than
for zirconium, The data of Gulbransen and Andrew (1949¢D and 1950)
deviate slightly from the parabolic law in the early reaction stages,
These workers have moasured the rate congstant of the reaction of
niobium metal with O,1 atm. of nitrogen and is represented by:

Ta ; 600-850C s Ky = 1.4 x 10™% exp (~39,400/R?) glem™3s™

However, it is interesting to note that with the method of van Liempt
the parabolic rate law could be deduced from consideration of diredt
diffusion of nitrogen into the metal, The negligible effect of pressure
is similar to that found for the reaction of nitrogen with niobium.
In a vacuum of i0® or lower the tantalur-nitrogen product loses
weight below GOSOCp while at higher temperatures the metal acts as
a "getter’ in a similar manner to niobium and zirconium. The reaction
apparently does not take place directly on the metal but rather through
a film of nitride which hinders the pressure from exerting its normal
influence on this type of reaction, The nitride film thickness is
governed by the rate of formation and the rate of solution of nitrogen.
The reaction between tantalum and nitrogen between the temperature
range 800-1300°C has been investigated by Osthagen and Kofstad (1963)°
The total re£ction at this temperature range involves both the

dissolution of nitrogen in the meial and nitride formation, The
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former process is predominant during the initial stages of the
reaction,» Formation of four different nitrides, namely, TaNO 05°*
Tasz TaNO°8a099 and TaN, has been reported; the relative

amounts depending cn experimental conditions, At temperatures below

o s : 5 . : _
1000¥C; mainly Ta2N is formed, while above this temperature TaNO,8-0.9

and TaN are the main reaction products. TaN0°05 is formed in traces

at the nitride-~metal surface, The X=ray diffraction and microhardness
measurements show that an outer layer of tantalum metal is rapidly
saturated with nitrogen. The nitrides adhere extremely well to

the metal surface,

Su rerconducting properties of tantalum nitride thin film
resistors have been critically evaluated by Gerstenberg & Hall (1964)
and Berry et.,al., (1964)

43,2, Milling of Tantalum Nitride

Yhen a 6g = sample of tantalum nitride was milled under conditions

described in Chapter I1I, section 2.6, the specific surface progressively
increased as shown in Figure 4.1i(a). After about 5 h, the specific
surface and average crystallite size remsined practically constant
on further milling (Figure 4.11 (a) and (b)), This is the hardest
of the nitrides presently investigated; since there was less X-ray line
(or peak)= broadening (Figure 4,12),

The initial nitride consisted of a mixture of about equal parts of
E - TaNo°9m1od and §:= TBNO°8~O°9 giving an overall empirical
composition TaN0093'; 0.03 (from analysis and oxidation). During the
10Oh~ milling,lﬁhe gfform is progressively comverted © the g;
form as shown by the ¥=ray diffractometer traces in Figure 4,12, This

involves a transformetion from a hexagonal CoSn (B35) type=lattice
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to another hexagonal VW(C (Bh) type=lattice. The true homogeneity

range of the £ - TaN structure is nearer 1 than 0,9 atom

nitrogen per tantalum atom, viz., 0.99=1.00, and that of theJ structure
is nearer 0,9 rather thar 0.8 atomi¢ nitrogen per tantalum atom, vis.,
0.87-0.90, c¢f., Schénberg (1954). The crystal lattice transformation
evidently adjusts the distribution of nitrogen to approach these

homogeneity ranges favourable to the &u and § = structures. It involves

0
reducing the ¢ - axis lattice constant from 2,91A for £ = TaN to

o
2,88A for the {m form and rearrangement of the layers so that the
0

a - axis lattice constant of $.19A for the E= unit cell with 3

o
mclecules becomes 2.94A for the simpler{ - unit cell with 1 molecule.

This is equivalent to an increase of about 2% in the a dimensions within
the layers accompanied by a decrease of about 155 in the ¢ - distance
between the layers. Blectron micrographs of the unmilled and 10h-
milied nitride give no indication of any well-defined hezxagonal
structures (Piates 4.9 & 4.11).

4:3.3 Oxidation of Tantalum Nitride:

The tantalum nitride is converted to é_«= tantalum pentoxide,
'1‘9,205, at 400-600°C in air, X-ray diffractometer traces give no
ind_ications of any oxynitrides or locwer oxides of tantalum being
formed at these temperatures,

Variations in specific surface, ﬁ actual surface area (for
1! g-initial s:ample)p qg;u and average crystallite size are shown in
Figure 4.13 for the atmospheric oxidation of 1Ch= milled tantalum
nitride. These are compared with similar changes for the oxidation
of tantalum metal in Figure 4.14."

" When the milled nitride is oxidised at 500°C in air (Figure

4.,13a), £ increases rapidly to a maximum value and then decreases

to an almost constant value after about 1 hour. Thus, when the

(175)
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tantalum pentoxide crystallites ocut from the nitride matrix, it
evidently splits off to give smaller crystallites. Anﬁr additione,l
spalling at the oxide-nitride interface, when the samples were cooled
for surface area determination was negligi‘lble by comparison since
reheateld samples proceeded to give oxidation rates similar to those
of samiie~ +vhich had been contimuously heated. Hence, the crystallite
splitting results mainly from changes in type of crystal structure
(hexagonal CoSn (B35) and WC (B, ) %o f- orthorhombic) and a volume
increase of 0,97 of the original volume as the nitride is converted
to the less dense oxide,

2

Changes in the actual surface area,,.s s and the average
crystallite size of the remaining tantalum nitride (aasuming no
appreciable s:.ntering) and the tantzlum oxide, ﬁ T32 50 are

deduced from the surface area data znd volume changes. These are

MQ\; ‘El.lustrated in Flgure 4, !B(b) and (d), confirming the ultimate

' sintering of th.e oxide, When there ig sufficient oxide of ratlonal
crystallite size composition, it tends to form a stable coating
aroun’ ‘the remaining nitride particles. Therefore, the surface
areap.f in the earlier stages of the oxidation, increased much
more rapidly than it would if a stable oxide layer had been formed
throughout the oxidation (Figure 4.93(b)). The experimental results

lie above the theoretical curve and are calculated from the formula

for a cont:.nua]ly stable_ oxide layer (Glasson, 1958), viz,,
5" (1 + 0,97x)%

where, S/
AS’ .

and x

surface are of product (i.e, oxide + remain-

"ing nitride).

specific surface of original { g nitride.

fraction of nitride oxidised.
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Accordingly, increases in the number of crystallites of up to
o 7
1.8=fold are caleulaied from (é%égﬁ’o vhere JS; = 45;'/“‘3?9 1.8.9

£;='S/0°90§

» to allow for volume changes on oxidation,
4.3.3.(n)Comparison with Oxidation of Tantaium Metal

Similar behaviour to that of milled tantalum nitride is shown
by tantalum powder on oxidation in air at the same temperature, viz.,
500°C (Figure 4,14), The surface areas fluctuate somewhat during the
earlier and more rapid part of the metal oxidation. The heat
generated by the high oxidation enthalpy of the finely-divided metal
is not conducted away sufficiently rapidly and increases the
temperature of parts of the sample, giving non-isothermal oxidation
and non-uniform sintering. The mixdd black, grey and white colours
of the products indicate very uneven distribution of the metal and
the ozide. This is analogous to the observations of other workers
(Gulbransen & Andvew, 19495 Schmahl et.al,, 1956, 1958: Caplaen, 1960)
on rapid oxidation of finely-divided metals, where effects of ageihg and
of overheating may account for some of the difficulties in interpreting
the earlier oxidation behaviour for film thicknesses between about
100=3000§n

The surface heterogeneity of the milled tantalum nitride initially
causes almost linear rather than parebolic oxidation rates (as found
for niobium nitride), Further oxridation isotherms are compared in
Pigure 4,15 for unmilled tantalum nitride, The oxidation rates
ultimately become almost linear with the formation of thicker oxide
layers wvhich are subject to cracking and partial detachment from the
underlying metal or nitride, This is more prevalent with the metal since

the volume increase on oxidation (1050 of the original metal volume)
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is much larger than that for the nitride (0097 of the original
volume.), In the case of the milled nitride a stable oxide layer
is established at an eariier stage in the oxidation a% 500°Cp af ter
which the reaction is impeded -2nsiderably and the surface area
becomes practically conztant (Figure 4.13(s) & (¢))

The Tammann tcimperstuie i the oxide (m.p. 1!8'7000) is about
800°C, so that crystal lattice diffusion is minimal although surface

diffusion can be appreciable at 500°C (¥ m.p. of Ta,0p = 440°C)

5
to promote sintering.,

The smallier initial TaN crystallites compared with those of the
metal ultimately produce smaller oxide crystallites (Figures 4.13(d)
and 4.14 (d)). The initial milled TaN crystallites are smaller than
those of the metal and eventually also produce sn'mller oxide
crystallites (ca, 0,07 sen compared with 0,28 2im from the metal
at 50000)., A similar difference in oxide crystallite sizes was found
for the oxidations of niobium nitride and metal, even when the initial
materials were of similar crystallite size, Agsin, the fractional
volume increase is greater for the metal oxidation (i.50 compared
with 0,97 for the nitride oxidation), and the metal is comparatively
high melting (ca., 300000), Hence, removal of niftrogen again seera
to inhibit sintering of the oxide from the nitrided metal, 1In
both cases, the porosity of the resulting oxides is low at the
temperature studied (500°C), and adsorption hysteresis was not
detected even in the most active gamples,

Increases in the number of crystallites for the milled nitride
oxidation are rather less than those in the metal oxidation (up to
about 2-fold compared with 4-fold respectively). Newertheless,
the average crystallite size of the initial nitride 'is much less than

that of the metal (OOO’Y/‘! m compared with 0,30 em respectively),
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Electron micrographs (Plates 4,10 and 4.12) do not show
such rounding of the edgewz of ‘he aggregates of the oxide formed
from the nitfide or the metul as found with thé loWwer-melting
nicbium oxide at similar temperatures. viz., 550=600009
4.3.3f0)_vuxidation of Tantalum and its Niiride at Higher Temperatures
At hgher temperatures crystal lattice diffusion becomes more
important in the oxidation of larger niobium and tantalum metal
samples (sheets)o Niobium pentoxide and tantalum pentoxides are
n-type oxides in which diffusion is inward via vacant anion sites
(Cathcart et.al., 1958; Cathcart et.al,, 1960), Inaddition, as
mentioned ¢arlier niobium and tantalum form the respective pentoxides
involving large volume increases., These conditions typically produce
the following oxidation mechanism; oxygen ions diffuse from the
surface to the metal-oxide interface wbert they form new oxide

which, owing to its large volume increase (1u68 and 1,50 for N‘b205

and Ta205 respec:tively.)P expands against the resistance of the
exiating oxide layer, As & resuli of this expansion, severe stresses
develop which eveniually rupture the film. Ir the case of tantalum,
its conversion into oxide has been shown to cccur by the nucleation
and growth of little plates alomng the (100) planes of the body-centred
cube metal (Cathcart et.al., 1950}, Simultaneouasly, oxygen dissolves
in the metal., Ideally, an initial parabolic growth turning into

2 linear one has been observed by various investigators at
temperatures between 500 and 70006 (Peterson et.al., 1954; Gebhardt
& Seghezzi, i959; Cathcart et.al.,, 1960), The mechanism is, however,
likely to involve some self-=healing so that there may be considerable
deviations from linear oxidatior and the relationship between the gas

pressure and oxidation rzte is not simple. These types of irregularities

(182)
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heve been observed by Hurlen et.al,, (1960-€i) in the case of
niobium, On the other hand, the oxidation of tantalum depeniis
essentially on the square root of the oxygen pressure (Cowgill

& Stringer, 1960}, The structure cr nge of tantalum on heating in
air and oxygen has been z%udied by Terao,(1967)p using X-=ray
diffraction technique, He has identified numerous forms of tantalum
oxides, e.g., Ta-0 (solid scl‘ution)p Taly, Tabzi é}form

(Taoz) and néf'TaECp' which are formed in alr at either atmospheric
- pressure or reduced pressure, The nitrogen in the air is believed
to be important for high tempgrature oxidation of tant.e.luﬁQ since
nitrides such as Ta;N and é;TaN were observed, Heating of tantalum
powder in oxygen causes vilent ignition and the gidfazogp wbich

has hitherto been conaidered tn be the high t;mperature form of

Ta 0 is obtained, The transformation <¢*4# occurs on heating

in oxygen and the inverse transformation é}*g& occurs on heating

in vacuum at a temperature higher than 1300000 The Helium (Terao, 1967)
method of density measurement showsd that the & -form is an oxide

lower than Taéogo In the preczent work, oxidation of tantalum

. [¥] . A : . i
nitride at temperaturea of £00-1000 C gave producis congis ting mainly

=~

ofﬁL=T3205 with small amounts ofg&ﬂrazﬁgg detected from X-ray
diffractometer ¥Yraces.

Industrially, a study of the thermal oxidation of tantalum
nitride thin films has led to the developmeni of a thermal processing
technique by which these metal films can be made to exhibit superior
resistor characteristice (Rut et.al., 19€5). The thermal procesas
simply involves nea'ting the tantalum nitride (TaN) film resistors
in air at some femperature between 450 and TOOOCQ Radiant heating
was found to be mosi convenient for this purpose. While the resistor
is meintained at the elevated t{emperature, its resistance is monitored

and when it reaches the desired wvalue, the heat scurce 18 quickly removed,

{18s)




CEAPTER V.
CEROMIUM AND MOLYEBDENUM NITRIDES
5.1 CHROMIUM NITRIDE

5.1.1 Nitridation of Chromium

The chromium-nitrogen system and its thermodynamics have

been described in Chapter I, Neumann et.al., (1934),Sato, (1938a),
Maier, (1942) and Brewer et, al., (1550) have also given
thermodynamic data for chromium nitrides. KNitrogen has a marked
effect on thehmelting péint of chromium due to solid soclutions
being formed. In the present work, X-ray analysis of high nitrogen
specimens indicates the presence of two phases: (1) a Cer- phase
with a close~packed hexagonal superlattice (1:3) structure with
a= 4n762 and ¢ = 40442- (usually found at the lt-poor boundary)
and (1i) a CrN-phase having a cubic NaCl (B1) lattice structure
with g = 4.152a The latter is difficult to prepare pure. According
to Neumann et.al., (1931)9 the formation of mixgd crystalé makes it
difficult to determine the heat of formation of CrN from dissociation
pressures, Thus, the nitride sample usedlfor milling and oxidation
contained 79.9% CrN and 20,3% Cr N (from analysis and oxidation
data),

Kinetics of the nitridation of chromium and ferrochrome alloys
of iron and the solubility of nitrogen in chromium have been studied
by (ngielaki. 1966)., X=ray examination indicated phases Cr, CrFe :f _
and Cer but not CrN present during the nitridation. The whole

process can be divided into three stages:

(185)
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(;) adsorp%ion of N2 on the su;facg'of the metal and b;eaking

'up of Nza‘molecule into N~ atomsg
(i1) diffusion of nitrogen atoms into the metal (slowest, ie.

rate=controlling Btage‘)g and
_(iii) chemical reaction for CréN formation,
The nitriding rate and the solubility of niffogen increased with
temperature. The nitride Cr2N was formed ‘on the surface and dif-
fused slowly into the specimen. Diffusion studies in chromium=
ﬁifrOgen system have béen carried out also by Arkharov et.al,;
(1959).

Th; conditions of formation and decomposition of chromium
'1niﬁ£%des are reported by (Zak, 1962), who has also shown by
thermodynamic calculations the followings

() the reaction, 2 Cr + ¥ N, == Cr,N predominates above 400°¢,
(41) “at 400-1032°¢, Cr,N is forued first, then CrN according
to the reaction, Cr N + ¥N, &= 2 CrF, '
(iii) above 1032°C CrN is dissociated-i; form CrgN, the latter
disasociating above 1477009 and
(}Y) a;-pressure drors the dissociation temperature of nitrides
is lowered.

Measurement of nitridation kinetics for nitrogen-=ghromium
surface reactions during the early stage of the nitride film
growth has been investigated by Johnson (1966) using Ellipsometry.
The film is assumed to be Or,N, which is optically isotropic.

The . kinetic bghéviour obeys a parabolic law, with the rate constant
of 4.4 x !d=16 co2st, The reactions of chromjum with nitrogen +

hydfbgep gas mixtures at elevated temperatures (1100=1310°C) have
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been investigated by Schwerdtfeger (1967).

Using a thermogravimetric technique, Mills (1967) has studied
the reaction, 2 Gr2N + N, == 4CrN, The formation and decomposition
of this higher nitride of chromium is not sharply defined and the
reaction exhibits irreversibility, and there is a temperature region,
at constant nit;rogen pressure, of abcut_25°c in which the stable’
c0mpo§ition is a mixture of Créﬂ and Cfﬂ, The stability of these
nixtures is difficult to account for at present, An average
value of 11032_wta% N has been obtained as the upper limiting
composition of Cer., The latter was found to have a homogeneity
range of approximately 3 wt.% nitfogen (Mills, §967a). Hills_(tgﬁj)
found CrN to be nitrogen-deficient with a homogeneity range. ‘At
one atmosphere pressure of nitrogen the upper limiting composition
of Crl contained 20,80 wi-%N compared with the stoicheiometric
composition of 21,22 wt-% N. The chromium nitride sample used
in the pz‘:esent work contained 19.3 wt.% N,

5212 Milling of Chromium Nitride

W@en 6 g;?sahplea of the chromium nitride were milled (under
conditions described in Chapter II, Section 2.6), the specific
surface progréésively inereased as shown in Figure 5,1(a). Optical '
observations. indicated tha% the original nitride consisted mainly
of single crystals or large aggregates of'5~25,am aize with some
more finely d;viﬂed material shown in the electron micrograph
(Plate 5.1). The single crystals were fractured during the earlier
stages of the milling and the fragments were incorporated into the
aggregates which remained approximately the same size throughout

the milling, Thus, the average crystallite size (Figo 5.1(b)
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decreased rapidly at first and later slowly when the crystallites
became of sub-micron size, This behaviour is similar to that

found fdr the milling of nitrides of groups IVA and VA described

in Chapters III apd IV. Electron micrograr™ of 2 hand 10 h milled
samples are presented. in Plates 5 § ind Ecé‘.'especﬁ.vely,

Again, the milling caused strain to (. set up within the
crystallites; so that there was X-ray line (o~ peak)- broadening.
Table 5.1 shows the half peak widtha of the (f18) and (200).
reflections, The strain was calculated from the half=peak
width of the (200) Xaray‘reflec'tionp after allowing for broadening
due to crystallite size. Figure 5.1(c) illustrates the development
of strain, vhich occurred mainly.during the first two hours milling

TABLE 5.1
Lattice Strain in Milled Cr-Nitride Sampleg

Chromium Nitride | Half-Peak widths {2%) in Strain %radiana)
' Minutes for Reflection | (using 203
cen (111) ¢ri(200) reflections
Unmilled 42 12 -
Milled, 2 h 38 . 28 1,27 x 102
Milled, 10h 36 26 1,02 x 1072

whgn the single cryatals were fractured and incorporated into the
aggregateas. Subsequently, the atrain remainsd almost constant.
Slight decreases mny have rgsulted from pessible redistribution
of N to within homogeneity ranges more favourable to the Crén

{
and CrN structure; cf., behaviour of g&-_and.é}—tantalum nitrides,
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2.1.3 Oxidation of Chromium Nitride

_ Chromium_.faitride is converted to chromium sesquioxide
(cl_:;omiq 'o,x_ide), craos, at 750=1200°C in air, X-ray diffract-
ometer traces glve no indications of any cxynitride or other oxides
of chromium being formed at these temperatures. Variations in
g-ecific surface, §, actual surface area (for ig —initial sample),
é’ and average cxystallite size (equivalent spherical diameter)
are shown in Fig. 5.2., for 5 h-milled chrom_ium nitride oxidised
at 1000°C in air, About 3 of the mate-ial oxidises compafative]y
rapidly (f’igure '):,2(0),, while S and g’ Jecrease and the average
crystallite size increases to ébout‘ 0.5 Am, Sgbsequently the
oxidation proceeds much more slowly with correspondingly sm-allesr
changes in the surface areas and average crystallite sizes,

. When the oxide erystallises out from the nitride m:ai:ri_x9
the c_hax_mée in type of crystal lattice (cubic F==CrN.unr1' hexagonal
superlattice Cr,N to (hezagonal) rhombohedral Cr, 03) and fractional
volume inoreases (00354 and 0,597 of the origimal nitride volumes)
would be expected to gwoduce aplitting away of oxide crystallites,
However the surface areas desrease since ohrpniium oxide sinters
readily at 100000,» which is near the Tammann temperature '(ab.out '
" m.p. in K for Cr,0 5 18 1060 °¢), 80 that lattice diffusion can
be appreciable as well as extensive gurface diffusion (above
'r},tqop; = 620‘_’({)0 When gufficient oxide of rational crystallite
size compﬁsiti'on is formed, the remaining n:;.tx;ide particles are
surrounded by ox:'_ide layers imperheable 1'.9 normal gaseous di.:f';_‘i‘uai'onD

Thus, the initial approximately lineax kinetics become parabolic

(192)
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being controlled by lattice diffusion through the oxide layer,
This is démonstrated further by oxidation isotherms on 1 g=samples
of milled and unmilled chromium nitride shown in Figures 5.3 and

. 5.4. The greater surface heterogepeity of the milled samples tends
initially to give linear rather than parabolic oxidation rates
(as generally found for ithe aitrides of groups IVA and VA and
discussed ir section 3.{.3), The oxidation rates become almost
linear with the formation of rthicker oxide 1ajers= sc that complete
oxidation is not achieved wi-.n'~ 2 r1eazonable time at %@mperatures
below liOOOC (of., Figﬁ,Sagzﬁkm{ oo D inesron mlcfgg;aph of

an oxidised nitride sample . pres :ed in Plate 5.4,

5:.%.3 (a) Comparison with Oxidation of Chromium Metal

N

A8 in the oxidation of the nitride, the main orxide formed
on heating chromium metal in air at various temperatures up to

1200°C is the segquioxide, Cr,0,., Electron diffraction rings

2
are sharp when the oxide is formed at SOOOC but diffuse for

lower temperatures (cf. Plates 5.5 and 5.6). Research on the

oxidation of vapourndepositéd chromium films by Glasson & Maude
e (1970) shows éLat oxidation firs£ becomes appreciabvle above 300°C

with the sizés4of the oxide particles increasing gﬁ higher temperatures?i.

and being comparable with those of chremium oxidg‘obtaingd by decomposition

of the hydroxide at similar temperatares o in_}ﬁe newly formed

Cry0y, the 2¢48§ (110) apacing is the mqsi'b{§minent (Glasson and

Leach; 1964),

The sintering of chromium sesquioxide was studied further by
calcining separate portiéns of chromium hydroxide for 2 hours at

a series of fixed temperatures in 2ir on a thermal balance (Gregg

& Winsor, 1945), The weight lcsses showed that the shromium

) _
{134}
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hydroxide had lost adsorbed waler at 200°C when its formula

was epproximately Cx(OH)5 or Cry0,.38,0. The decomposition to
chfbmic sesquioxide, CIZQ}g was practically complete within 2 hours
at 400°C°-Samples obtained in two hours at 300940000 had lost
".most of their water of crystallisation but ccntained some oxygen
in excess of Crojaso-(accordjng to Rode {1965 up vo Cro
0 at.about 35090) from atmospheric oxidation,

1.9%°
0.06 H

2
The samplés Wwere outgassed a% ZOOOG(Glassong TS&#QJ@nd their
specific surfacee measured from nitrogen isotherms recorded on
the sorption Eﬁlanceo No adgorption hysteresis was shown at
SOOOC end over, Nevertheless, slight hysteresis was observed
for the more active oxide somples prepared at 300»40000 and the
"adsorption" points (Figure S.6) were used for caleulations,
The variations in specific surface, S, and the zorresponding
crystallite sizes of the oxide products are shown in Figs, 5.7
& 5.8, The oxide samples of largeat spscific surface and smallest
average crystallite size are ohtained whan decomposition of the
hydroxide is practically complete within the given time, i.e.,
2 hours (ef., decomposition rates in Fig, 5.9). This behaviour is
similar to that found for nickel hydroxide {Glasson & Maude, 1970).
The increase in surface area constitutes an activation
ascribed to an increase in the number of micrordgions in the
decomposition product as compared with the initial substance
(Glasson, 1956)9 and the decrease in aree tc sintering of the product,
Crystallite splittirg results from the changes in type of crystal
structure (hexagonaft%b rhombohedral) and volume decreases (0.394 of

the of{kinal volume) as the hydroxide (density = 4,3 approx) is
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converted to the more densn-ox1de {density = 5,23), Dezomposition
of x gram in a 1 g-sample of chromic hydrorzde would cause a’
proportionate volume change of ﬁidx)+006061 =1 = 0039413 o If the
development is approximately the same in each 4° -ertion, the
corresponding change in surface is (v - C‘,,B‘Bfr:r:}:;'i ..1c¢h amounts to
(09606)§, ‘ e,y 0,716 for complete decomposition, In general

if S and §/ are the actual surface areas of the original chromic
hydroxide anda its partly decomposed product, then, assuming no
crystallite split®ing. -

e

AN l3:39ax)5‘

fod
-

Changes in the mumber of c¢rystallites (Ficure 5,10} can be eslimated

- from the ratio (S‘/S)39 where 13 the velue of the surface area

4

of the chromic oxide, i.,e., '/ 7167
LN

of the original chromic hydroxide. Thus, allowante being made

ani 3. the apecific surface

for the change in crystal lattice (Glasson, *956k); (See Fﬂ;.5=”°)=
; Sintering of the chrog%pm sesquioxide, ngigﬂ is feund to be
enhanced by increased tempé;atures@ This is illustrated by the
decreases in specific¢ surfaces and ithe rmunber of crystallites

and also the increaseg observed in the averase crystailite sizes

of the oxide Brepared 8t higher tempvaratures (FigsL 5.7, 5.8

& 591(_))° Longer calecinatior alsc increases sintering as shown

by deéfeases in-specifis surface and increases in avernge crystallite

size (Pig. 5.11). Since the chromic hydroxide decompcses more

rapidly at the higher temperatvies, the newly-formed oxide will

- have progressively ncre time 10 sinter. causing further decreases

in gspecific surface and incrcases in average orystailite size,
p : Y
The aggregate sizes of the chromium sesguioxide products at

various temperatures are snowr by elestron microgramns (Haude, 1970),
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The aggregates increase in size with higher temperatures and
hecoming more rounded at the edges at 100000. illustrating
dxtensive sintering. They are found to be similar te those of
ohromium eesquicxide formed by oxidlﬁing-tﬁe nitride at 1000°C
(Plate 5.2). However, the oxide formed by oxidising chromium
povwder &t 1000°C in air consisted of much larger crystallites

and aggregateé.oﬁsorved optically to be‘mainly above 5 um.

Yot,any splitfing away of the oxide crystallites cannot be
extonsive since the specific svifacves of the 6xidisod metal
samples are below 0.2 ng?io The oxidation generally obeya a L
parabolic rate law consistent with the formation of a stable oxide
layer and a diffusion mechanism (Figure 5.12). In the absence of
aintoring, the average crystallita ‘size should increase by (2. 00)*
i.e,, 1.26~f0ld, for complete ozidation of every chromium crystal;ite.
As found for zirconium and niobium metal powder oxidation, the
aintering of Cr203 is probably accelerated by the remaining chromium
metal. In contrast, the finely divided, C::=,20,E9 pmrepared from the
hydroxide sinters only slowly at 1000°C inair, like the oxide
obtained from the nitride. In the latter case, sintering is
inhibited probably by the removal of nitrogen.

It would be expected that at femperatures higher than IOOOOC,

oxidation by outward metal migrction predominates. Gulbransen &
" Andrew (1957) claim that at about IOOOOC9 the rate of gvaporation

of chromium becomes equal to the rate of oxidation, in terms of the

mumber of chromium atoms evaporaiting or reascting with oxygen (Pilling-

which reduce the adheslon, This causes detachment of the thicker

(207)
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and appreciably-sirained oxide filme ¢.f.. analogous behaviour
of iron on oxidation (pauicicn & Thiel. 1940),

©  This type of oxidai.on wechanism at higher temperatures would
assist further the oxidation of the metal nitride, the former was
found to be complete within a few hours at 1100°C in conkrr $\ to
incomplete oxidation over a much longer period at 1000% ( Fig,
5.5}

3.2 Molybdenum Nitride

5:02.1 Nitridation of Molybdenum

The molybdenum=nitrogen system and its thermcdynamics have
been described in Chapter J, Neumann e%.al., (1934), Sato
(1938 b), and Brewer et.al., (1950) have also compiled thermodyn-
amic data on ;nglybdermm nitrides. Since there is little or no

¥

nitride formation by direst action heitween the metal and nitrogen
in the temperature range 400=!OOOOC (see Sectigﬁ 1,14, Chapter 1),
k netic meesurements mainly concern the rate of diffusion of
nitrogen through molybdenum at various temreratures (Smithells and
Kansley, 1934,1935). Tha e~ tion corr mned is:
DX ﬁ g:a_P/(i+ a‘P)]

whore, D = Diffusion coetf, k and a are constantsaP = pressure

of nitrogen gas whick alliows for the fraction of surface
covered by the adsorbted layer, according to Langmuir®s isotherm.

Conditions for nitride formation from the metal and ammonia

and the thermal stabilities of the cryatalline phases Mozﬂ'and FoN
have been discussed previocusly in Section i.!4. The nitriding
of the almost pure Mo-alloy TsM=2A (C 0.003, Ti 0,09 andZr 0,14 Wt=%)
by ammonia {Lakhtin & Kogan, i958) produces a maximum surface

hardness at 900=1400°C due to the formation of [-Io?ﬂ and loN,

(209)



Nitridation at temparatures above 1400°C resulted in a decrease in
hardness due to recrystallisation of molybdemum and lack of pitride
formation. Optimum nitriding conditions were 900-1000%¢ for i hour.
Nitrided molybdenum showed insreesed resistance {(by 60-90%) to
plastic deformation at 1000»1400°Cc The ni trided layer was brittle.

In the present work, the nitride uszed for milling and oxidation
studies had & composition of 72,6 wt=% Mo N and 27.4 wi, =% Ho
(4.93%N compared with 6,80 % for MazN)
5:3,2, Milling of Molybdenum Nitride

6 g-portions of the Molvbdenum nitride were milled under
standard conditions described in Section 2.6 Chapter I,
The specific surface progressiveliy insreased and the average
crystallite size decreased during milling times of up to 10 hours
(Pigure, 5.13). L

The milling caused strain %o be set up within the crystallites,
so that there was X«ray line (or peak)=broadening as shown in
Figure 501{5 These X=ray diffractometer traces rcveal that the
nitride présigt (in the i1nitial sawple) has been more extensively
milled'than the metal, in countrast %o the behaviour found in the case
of zirconiug mitride and the metal, as zeported in Section 3.2.2

Chapter I1I. The main Mo and Mo,N X-ray peaks were too close to

o
determine accurately the changes in half=peak widths for estimating

the crystal lattice‘strainso

The initial aggregates and single crystals are reduced
considzrably in size during the first 2 h milling, cf. change in
average crystallite 8i2e ilinst-ated in Figure 5.i3(b) and
electron micrograpne, Platez 5.9 & 5.10, This probably represents also

3
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removal and commirmution of more brititle nitride from the

outside of the partly nitrided metal particles, On further
milling (2-10 hours) there was comparatively less change in the
average crystallite sizes and the aggregate sizes of the material,

5.2.3 Oxidation of HMolybderuw Nitride

[T
iy
pe-t )

Molybdenum nitride is converted to molybdic oxide, MOOE:
at temperztures between 350-600°C sn atr. Y~ray diffractometer
traces give no indicaticns of any oxynitrides or lower oxides of .
molybdenum being formed at these tenperatures, Variations in
specific surface, §, actual surface area (for 1 g initial sample)
gv’ and average crystallite size (equivalent sphericel diameter)
are shown in Figure 5.5, for % h-milled molybdenum nirride
subjectced to atimospheric oxidation at 4OOOC: About + of the
ﬁaterial oxidises conmparatively rapidly, while S and Sﬁ values
decrease and the average crystallite ai:ze increase to about 0.5 pMm,
| hen the oxide crystallises out from the mitride matrir, the
chang:n in tv es of crystal lattire (cubic llaCl (B?) of Mo N or
cubic b.c. ¥(£2) of No to orthorhombic MoOB) and iarge fractional
volume increases (1.84 and 2.3 of the origminal M02N and Ho volumee
respectively) would he expecied 6 prcduce considerable splitégng
away of oxide crystrllites. Howevar, the surface areas decrease
since molybdic oxide (MOOT) sinters wvery readily a* 400°C. This
temperature is well above the Tammann temperature (about % m.p. in

K) of about 2607¢ for moiybdic oxide, 30 that crystal lattice diffusion;

>
‘a

can be extensive. Henze. in the later etages of the oxidation the
remaining nitride particles are surrcunded bty layers of oxide

L

impermeable_to normal gaseous diffusion, The initial approximately

(214)
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linear kinetics become paratolic being zontrolled by lattice diffusion
- through the oxide layer. This is shown also for oxidation of milled
and unmilled nitride samples in Pigures 5.15(c}, 5.16 and 5.17 at
temperatures ranging between 250-450°¢. As found for other nitrides,
the milled material apparently has the gieater surface heterogeneity
and has acre tendency o give initial Llinear rather then parabolis
cxidation rates {as discussed i1n Sestiorn 2,1.3). The cxidation ratee
increase comparatively 1litila between £50° and 600609 ¢f., Fig. 5.18(a)
and (b)p most probably caused hy mors ezxtensive ointering of the oxide
‘impeding the reaction at the higher temperarure {zf. vanadium
nitride, Section 4~E°3), and s:imilarly impedings the final oxidation
of the 10 h-compared with the 2 h-miiled samples. Accordingly
electron micrographs show thht the i1nitial irregular particles of
unmilled or milled nitride ultimately give regular shaped MoO,
parti les on oxidation at 47" and espec ially at ESOOC(Plates 5.9
& 591ﬂ), The unmilled nitride snows some crystallite splitting in the
earlier oxidation stBges at the iower temperature, vigz,, 400009
but more extensive sintering predominates at the higher tempsrature,
55000g when less finely.-divided material is given,
2:2.2{a) Comparison with oxidation of Molybdemn meial

The main oxide formed an oxidation of moiybdenum powdef in
eir at 500°C ie nolybdic oxide, WoC., a8 foand for the oxidised
nitride, Abaut 4- of the metal is oxidised rapidly, accompanied
by some splitting away of the oxide crystallites.from the metal matrix
as evidenced by increases in epecific surface, § and actual surface
area,,gf (for a t & -initial metal sample) and decreases in average

crystallite size (Figure 5,19}, This behaviour is ascrited to the




FIGURE 5,19
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PLATE 5,12 lioiybdems Metal Voider, Oxidised in Air at 500°C for 1 how

Magnification x 20,000 Page (22%)

PLATE 5,13 Uolybdenum Metal Powcer, Oxidised in Air at 430°C for 5 hours




change in typs of crystal lat%ice and lérge fractionezl volume increase
(viz., 2.3 of *he original volume described in ihe preceding section)
when the metal is oxidised to the lese dense oxide. Subsequently,
oxide sintering predominates sc that S and éq diminish and the average
crystallite size increases. This etable oxide lemllgke that obtained
from the nitride ggein considerably impedes the oxidgfionu Similarly,
electron micrographs ghow that the criginal rounded (SLniered) particles
of Moiybdenum powder are large'vw unsffected by 1limited (11%) oxidation
at 40006 in 5 nours {Plate %. B Thut more extensive cxidation at
SOOOC in air (about 70% oxidatlon in ﬁh} producesa some finer material
with less rounded aggregatves  Tnis part of ithe oxidised specimen

is shown ele¢trop-aicrographicaily zv Plate $5.12,but togeﬁher vith
coarser remainder of the met~rinl, iT sinters extenaively orn further

heating to above ome micron in virze,

[N
)
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The present research reported in Chapters ITIT - V demonstrates
wral o araincinlas prezanted in Chnycar P The Xaneties and
monueie of oxidaiion o e wrToades ol LI sition solals, rin
Ta, 2r, Y. Nb, Ta, Cr ana lo, Senond mainly on tne 1ntrinsgid
reactivity of the material and the available surface at which
oxidation can gacur,

The temperatures for *he formation of the nitridea are
sufficiently high t¢ cause extensive sintering s¢ that the

. 2 =i

products usually have specific su:faces below ¥ m ¢  and average
crystallite sizes above C.7 sm. When the nitrides ere mililed
the spec¢ific surface progressively increases, Electroo micrographs
ghov that the original nifrides consist of aingle crystals and
ageregates, ?ae single crystais are fractuzed in the earlier
stoges of che-mjlling and the fragmenis are incorporated into thne
aggregates. The average ¢ ryetallite sizes decrease rapidly at
first and later slowly when the <crystallites bacome of submicron
size,

The wmilled nitrides apparenily hawve grealer surface heter- =
ogeniety and tend initially to give iinear rather than parabolic
oxidation ratee, until sufiicient oxide of raticnal crvstallite-
gize composition is formed %¢ give stabie oxide layera, The
kinetics and ozidation rates are influen:ed alse by differeuces in
type of crystal structure and iz moiecular volume of the nitrides
and their oxide producte. This leads o spl:tting avay of newly=

formed oxide crystallites from ihe remaining nitride matrix,
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particularly in the zarlier atages of many of the oxidations.
Thua, there are initial increesses in speeifis surfsce and dearesses
in arerage TroweTallit saze.

Tn contract, szids erntoriay deczeases e surinze arsa, nvsing
enhanced by longer caelcinatiosn and higher temperatures. The
sintering is c¢ontrolled by sarface diffusion promoting grain-
boundary penetration at lower temperatures-(above about ¥ . P.
in K) and crystal lattice diffusion at higher temperatures (above
the Tammann temperature, about + m,p, in K). Comparison of the
oxidation of nitrided and free metals indiecates tha% oxide
gintering is inhibited sometimes by removal of nitrogem but
accelerated occcasionally by the remaining metal,

In the formation of titaninm nitride from _.-, _=~, and
mixéd c,wsititanium alloys, the nitride layers adhere strongly
to the metal subsirate. X-ray analysis indicates that thers is
some dissolution of nitrogen in the origimal _- or _- titanium
to slightly distort their lattices to that of the so-called E -
TiN, before further pitridation and formation of well--defined
crystalline PiN, There are only small volume increases (0,05
to 0,08 of the original metul volume) during the nitridations,
facilitating good adhesion of the nitride leyer. At lower
temperatures (800-1300°C) lattice diffusion is also operetive.
However, the scaling resistance of titanium nitride in air is poor,
since it oxidisos appreciably at temperatures above only QOODCQ

In the oxidation of éitan;um nitride, crystallites of rutile
split off from the remainiﬁg nitride tefore they sinter and inhibit
further oxidation. Zirconium nitride oxidation ie complicated by

¥

formation of tetragonal Zroz at hagher tempavatures, particularly
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o . N .
above 1200 °C, ond monoclinic Zx(, at lcwer temperatures. The

nitride initially forms the go-called ’amorrhous’ cubirs Zr0,,

notably between 400n603°C" which may be stabilised someswhat by the
remainmang cubic Zril. Sehscquentlsy inrerct 1z s further fractional
voluue incresss while Forvroian of riome v 200 0 1t reing
compls bed,

The atrmosplieric gxiaatvion oI wapoediwm natrade, Vi) al
450w650°0 produces vanadium pentaxide, VzO,L whi=h 18 comparatively
low meliing (m,pq 57&00} and sinterz extensively. Hence, oxide
gintering predomi-atea over possibie unrfuce sciivat.on caused by
any crystallite splitting throuwgh change 1n %ype of arysial lattice
and large fractional volume increase (1.27 of the original volume)9
as the nitride is converted to the less densze ¢xide. The maximum
oxidation rate is given st ahout 50&000 Lover rates at SOOrESOOC
are ascribed to wore extensive oxide sintering inpeding the
oxidation,

Niobium nitride (E- NWN) and tastalum nitride (B- and _-
TaN) are ccnverted ia air to nicbiunm pentoxide, GNEZO? at 300-800°¢C
and tantalum pentoxide, =Ta20ﬁ at 400v6&0°0 respectively. There
are considerable incresses in specific surface and decrsases in
average cryatalliie size in th2 earlier stiges of the cxidations
when the oxides crystallise out from the remasning niiride matrises,
Sinilar bchaviour is shown when the met:lg are oxtdigsed in alr.

In all cases, thare are iarge volume :u¢Tences resuliing in extensive
crystallite splitting. Subasquently. the newly-Iormed oxides uinter
cauging the oxidation to be wmpeded, The sintering of the niobium
pentoxide between §00-£00°F i exteusive enough? to reverse the

temperature coefficient 1o negative values for the oxidation rates of



the nitride as well as those previously found for the metal. At
temperatures, above 60000, the oxidation rates increase again with
temperature as the crystal lattice diffusion increases, Produétion

£ correspondingly smaller oxide crystalliles from the nitride compared
with the metal oxidations suggests that removal of nitrogen inhibits
oxide sintefing; the comparatively high melting metal ie not expected
to accelerate sintering in the metal oxidation.

Chromium nitrides, CrN and CrZN, are the most oxddation-resistant
of the nitrides studied, Both oxidised to give chromium-sesquioxide,
Crzqsp at temperatures beiween 750-1200°C. The chromic oxide sinters
extensively at temperatures above 1:000°¢ (i.e. above about its Tammann
temperature) 80 tﬁat oxidation of the nitrides is impeded. Nevertheless,
éintering is %;ss extensive than that found in the oxidation of the
netal at corresponding temperatures. I%t is more comparable with that
of chromic sesguioxide formed by thermally decomposing chromic
hydroxide, The comparatively lower melting chromium metal apparently
accelerates oxide sintering.

When molybdemum nitride, Mo,N, oxidises in air between 350»550009

2
mainly molybdic oxide, MoQ, is formed, Since, this oxide is

3
comparatively low-melting (79500) it sinters readily and hinders
oxidation of both the nitride and the metal,

These studies are being extended to other transition metal nitrides,
lnotably of tungsten., Further inveatigations have been carried out in |
this ﬁepartment on the formation and reactivity of ionic and -
covalent nifridea (¢lasson & Jayaweera, 1968-69 and Coles, 1969a70)

and also on other refractory hard metal cnd non-metal borides, carbides

and silicides (Glasson & Jones, 1969=T70),
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-Appendix ¢

Caicuiatién-of.tﬁe éngu}ar separation of the 1
~. and: components of K radiation
Date for angular separation of the two components of
various K radiations are given in the Intzrnationale Tabellen®
accurate to two significant figures. A direct calculation using
thé Bragg relationship

sin 6y = %4 sin 6 , = A"2

2d 2d
wherein 4 is the crystal spacing and A is the wavelength in
:ngstrom units, is tedious and gives only two or three
significant figures, becsuse the two & -angles must be subtracted
to obtain angular separation,

An equation for small values of wag developed as follows:

subtracting the above equations,

Aw A
X2 % = sin0, - 8in€, = 2 sin} (92-6,“) cos -5-(92 +91)

2d

A
26ink (6, -8) = X2 "

2d cosf av

Sutatituting
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For very small angles, the sin 1s very nearly equal

to the angle in ra&iam, i.e.,
2 8in ¥ (8,-6,) =8,-6

1
Thus,
A =360 4{2-)&11 tan 0,
W L ]
A .
= ¢ tan § av

Various velues of C for different X-ray tube targets are

given below:
K- Radiation Cc
Cr 0.195
Fe 0.233
Co 0.249
Ni 0.266
Cu C.285
Mo 0.690

Example: Cu K-of radiation,

Bragg angle O = 14%43";

A = 0.285 tan 14°43"

f

0.0746

* Internationale Tabellen zur Bestimmung wvon Kristallstrukturen,

vol. 2., 1935, Gebr'\'xder, Borntraeger, Berlin.
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APPENDIX %
I.B.M. 1130 Computer Programme for the determimation of Specific
Surfaces by the B,E.T. Method using least squares method to determine

the intercept and slope of the isotherm.
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FORMATION AND REACTIVITY OF NITRIDES

Iv.*

TITANIUM AND ZIRCONIUM NITRIDES

By D. R. GLASSON and S. A. A. JAYAWEERA

‘Fhe reaciivities of the interstitial tuanium and zirconium nitrides have been comparcd. Samples of these nitrides

have been converied 10 oxides by being calcined in air.
and aggregate sizes have been correlated with oxidation t

Changes in phase composition, surface area, crystallite
tme and temperature.

Crystallites of rutile, TiQ,, split off from the remaining tlitanium nitride before they sinter, and inhibit further

oxidation. Zirconium nitride oxidation is complicated by

formation of tetragonal ZrQ, at higher temperatures,

particularly over 1200°, and monoclinic ZrQ, at lower temperatures. The nitride initially forms the so-called

‘amorphous’ cubic ZrQ;. notably between 400—600°,

which may be siabilised somewhat by the remaining cubic

ZrN. Subsequently. there is a further fractional volume increase while formation of monoclinic Zr0; is being

completed.

Introduction

The formation, hydrolysis and oxidation of the more ionic
and covalent nitrides have been described in carlier papers.!-*
This research is extended now to a further study of titanium
and zirconium nitrides which are regarded generally as inter-
stitial nitrides.' The thermodynamics of their formation and
the relation between bonding and crystal structure have been
discussed in Part 1.' Their preparation has been described
previously by the authors.®* The titanium nitride was found
to be stable up 10 1000°, but the zirconium nitride showed 2t
range of homogeneity from nearly stoicheiometric ZrN
(13:3 wL-%, 50 atom-3, N) at 600° to lower nitrogen con-
lents at temperatures up to 1800°. Thus, a typical sample of
nitrided zirconium contained only 10-32 wt.-%, 428 atom- Y,
N. '

Most interstitial nitrides are hydrolyscd less readily than the
ionic and covalent nitrides, but are converted 1o oxides on
calcining in air.! Hence, although the corrosion resistance
of layers of titanium or zirconium nitrides on the metal sur-
faces is exccllent, the scaling resistance in air (or oxygen) is
not very good. Preliminary investigations® have indicated
that the conversion of nitride 10 oxide involves splitting of the
newly formed oxide layers. Changes in molecular volume
and type of crystal lattice are important (cf. Pilling-Bedworth
rule for oxidised metals®), and also the rate of oxide sintering.
These variations arc examined now more closcly at different
temperatures and calcination times.

Experimental
Procedure

Separate portions of finely divided titanium and zirconium
nitrides were calcined in air for various times at each of a
series.of fixed temperatures. Oxidation rates were estimated
from weight changes in the samples during calcination.® The
cooled products were outgassed at 200° in vacuo before their
specific surfaces were determined by B.E.T. procedure® from
nitrogen isotherms recorded at — 183° on an eclectrical SOTp-
tion balance.”® The deduced average crystallite sizes (equi-
valent spherical diamecters) were compared with particle
size ranges determined by optical or electron mICroscopy.

Phase composition identification

Samples werce examined for phase composition and crystal-
linity using an \X-ray powder camera and a Solus-Schall
A-ray diffractometer with Geiger counter and Panax rate-

meter. Certain suhwplcs were examined further by optical-
and clectron-microscopes (Philips EM-100).

Results

Fig. 1 (@), (b) and (d) shows the overall variations in
specific surface, S, and average crystallite size during the
conversion of titanium nitride to titanium dioxide {rutile) at
600° in air. These are compared with oxidation rates in
Fig. 1(c). Electron-micrographs of the titanium and zir-
contum nitride samples and their oxidation producis are
presenied in Fig, 2.

2
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Fig. |. Calcination of titanium nitride in air ar 600°¢

In (b), broken curve represents actual surface area (S, for an
initial one-gramme sample of titanium nitride

*Part 1Il: preceding paper
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The maximum increase in the number of crystallites, cal-
culated from ($°/5)® and allowing for molecular volume
changes,'® is about twenty-fold, similar to that found for the
aluminium nitride oxidation at 1000°. The splitting apparently
facilitates release of nitrogen, since the material ultimately
(after 200 h) reaches constant weight corresponding to the
calculated weight-loss for complete conversion of nitride to
TiO,.

The m.p. of TiN (2930°) and TiO, (1920%) give Tammann
temperatures (half m.p. in °k) of 1600° k and 1096 °k, in-
dicating very little crystal lattice diffusion at 600°, but limited
sintering promoted by surface diffusion should be possible
for TiO, but not TiN at this temperature, cf. one-third m.p.
= 460°c and 800°c respectively. This is confirmed by de-
creases in surface area and increases in average crystallite
size during the later stages of the titanium nitride oxidation
{Fig. 1{a), (b) and (d}). i.e., as TiN is consumed by oxida-
tion, its crystallite size must decrease while that of the oxide
increases. Longer calcination (up to 200 h) causes very little
additional sintering. In contrast, there is extensive sintering
during the oxidation of titanium nitride at 1000° in air,
giving a solid mass of TiO,, mainly formed within 2 h.* It is
cven greater than sintering of TiO,;, promoted by crysial
lattice diffusion at temperatures above 1000°, which has been
reported recently by one of the authors for samples from
other sources.!'! The titania from the TiN must be produced
in a more compact form, possibly also giving a more suitable
grain size composition for sintering. Electron micrographs
also indicate fragmentation and subsequent sintering of
material during the oxidation of titanium nitride, cf. Fig.
2 (a), (b) and (c).

Oxidation of zirconium nitride

Zirconium nitride, Fig. 2(d), is converted to zirconium
dioxide, Fig. 2 (¢), which subsequently sinters at 1000° in air,
Fig. 2 (f): at this temperature, any initial crystallite splitting
is hidden by the more extensive oxide sintering which gives

denser and more rounded aggregates. The oxidation of this
nitride is complicated by the formation of tetragonal ZrQ,'?
at higher temperatures, particularly over 1200°, and mono-
clinic ZrQ,'%-'3 at lower temperatures.

When samples of zirconium nitride containing some free
zirconium metal are calcined in air, the metal oxidises rapidly
at temperatures of 350—400°. The nitride requires corres-
pondingly higher oxidising temperatures, and initially forms
the so—called ‘amorphous’ cubic ZrO,,'* notably between 400°
and 600° (cf. cubic ZrO, from Zr alkoxides decomposed in
nitrogen at 300—400°'* which may be stabilised somewhat
by the remaining cubic ZrN in the present work). X-ray
diffractometer traces show an additional reflection at 2-94—
5 A, some reinforcement of the 2-54 A spacing and displace-
ment and broadening of the 1-81 and 1-54 & spacings of
monoclinic ZrQ, towards the shorter distances of 1-80 and
1-53 A of the cubic form. At higher temperatures, 700-—
1000°, the additional reflection disappears and the main
monoclinic ZrQ, reflections at 3:16 and 2-84 A develop more
rapidly. The conversion of the cubic F-ZrN (@ = 456 A) to
cubic F-ZrO, (@ = 5-09 &) involves a fractional volume in-
crease of 0-367 (of the initial volume) which further increases
to 0-521 when formation of monoclinic ZrQ, is completed.
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ERRATUM

In the paper by Marson, J. appl. Chem., 1969, 19, page 97, left hand column, line 12:

Jor *S(ugiml of Cu*) = 6-357 x 10* log,o (4-03 — pH)"
- read 'S(ug/ml of Cu*) = 6-357 x 108-03-on*
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