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ABSTRACT

| The formation of transition‘metai nitrides is revieved critically
with special reference to newer production methods and fabrication
techniques, Crystal structures and types of bording are direuséed
in relation to those of other nitrides and refrectory hard metals
generally, c¢f., borides; carbides and silicides,

Information so far available on the sintering of materials is
summarised, PFor nitrides (as with borides and carbides), the
sintering is influenced by additives and impurities such as oxides
formed by partial hydrolysis and oxidation, Resistanc-e %o oxidation
is increased by sintering and hot-pressing the refraciories. The
kinetics and products of oxidation of nitrides so far studied
depend mainly on the intrinsie reactivity of the maerizl and available
surface at which oxidation can oeccur,

In the present research, changes in phase ¢smposition, surface
area, crystallite and aggregate sizes are correlated with oxidation
time and temperatuie conditions for nitrides of some transition
metels, viz,, Ti,2r, V, Nb, Ta, Cr and MHo.Kinetics and rates of oxidation
are influenced by the crystallite and aggresate sizes of the nitrides,
by differences in type of crystal structure and in molecuiar volume
of the oxide products. Sintering of the newly-formed oxide is an
additional factor.,

The nitrides were milled to insrease their surface activity
and to examine changes in the microstructure caused by the commimtion.
The milled nitrides apparently have greater surface heterogeneity
and tend initially %o give linear rather than parabolic oxidation
rates until sufficient oxide of rational crystalliie size composition
is formed to give stable oxide layers. The sintering of the oxides
is controlled by surface diffusion promoting grain=boundary penetration
at lower temperatures {above about ¥ m.p. oxide iu X) and crystal
lattice diffusion at higher temperatures (above the Tammann Temperature,
about + m.p. oxide in K), Comparison of the ozxidation of nitrided
and free metals indicates that oxide sintering is irhibited sometimes
bty removal of nitrogen but accelerated occaziomally by the remsining

metal,
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‘Chapter 1
NTRODUCTORY SURVEY AYD REVIEN

Nitrides are the nitrogen conponnee formed generally at elevated
temperatures when nitrogen reacte with otne; elenents eepecinlly tne
more electropoeitive elemente.

Transition elements such as those of sub groups I¥a, YA, and
VIA of the Periodic Table, form nitrides vhich have high melting :
points end great hardness approaching that of diamond (Whittemore,
1968l ‘Hence they are termed reflactory materiale. They also possess
most ot the propertiee of metals and alloys, Thue{ they exhibit
thernal and electrical conductivitiea o? tne eame order of megnitude
as pure metals. These also show metallic luetre. The term-'haro
metala' ie of ten applied to these compounds together vith the boridee.
carbides and silicides of the metals (Schwarzkopf, 1950; Schwarzkopf
& Kieffer, 1953, pp 3-5; Hagg 1953).

The above mentioned prOpertiee_of the transition metal nitrides
cause them to be of considerable technologicel importance, Nitridea
of metels belonging to the Iva andIA eubgroups of the Periodic
Table have been important in high melting point cermete (Schwarakopf
& Kieffer, 1953) High melting points in combination with good non-
scaling propertiee make theee materials ugeful for rocket technology
and Jet propulsion, The reaction chambers of Jet enginee are lined
eitn tneee refractory materielei__The demande_on these materials in
_teepect_of thermal shock resistance are particularly severe, oeing to
the high rates of temperature change, ehich‘can hardly be rep;oduceq
in testing (Kingery, 1955 ; Buessem, 1955). The blades of gas
turbines are also covered with coatings of these materials, The
ref?acto:y nit:i@ee exhibit their greatest refnnctoriness in

nitrogen atmoaphe:ee~ (Bradshae, et.al,, 1958). High electrical
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conductivity gnd low reactiﬁity towards normally corrosive chemicals
permits their application in fused salt eleétrglysig.

Nitriding is extensively used for hardening steel sqrfaces,“During
the process, atomic nitrogen is adsorbed from either a gaseous or
liquiﬁ_(salt) carrier and subsequehtly into the base metal. The case
isrqu;teAhard and acquires excellent wear resistance and galling
p:qperties. Preeeptly, devices like gears, pinioqsy qhaftg, clgtches!
piston rings etc., are-hardened by this technique. (Leeming; 1964),

In the past, studies have been mainly confined to the direct
gxidgtion qf me tals, and oxides have been apblied extensively as
refractéry materials. The formation ard reactivity of ox;des has
therefoge been atu@ie@ jn depth (e.g. Glasson, 1956, 1958 a=b,

1960 a-b, 1963 a~b, 1967; Glasson & Sheppard, 1968), Similar studies
on transition metal Nitrides have been less extensive. Becqgtly
some nitrides of elements in groups IT, 1Y, & IT of the Periodic
_Te_;‘.ble_ha.g'e been investigated (Tayaweera, 1969). In this thesis,
qelectqd ni;ri¢ea of me}als bg{gnging té aub-grquys:IIfA,iT:A and
YT A of the Periodic Table have been studied with respectto their
production, éintering and oxidation. Since nitridation of mqgale followe§'
by o;;gg@ign cqnqtitutes indirect corrosion, comparisons have been
made with the oxidation behaviour of the corresponding mgtals.

]!t Classification ofﬂN;trideg.

Nit;i@es are categorised gene:ally as ionic, cqvqleqt and
interstitial (or metallic) depending on the nature of their bonding
(Brown, 1964, P.150; Moore, 1948), The atomic mumber of nitroggx';
is 7 and its electronic configuration in the ground state is,
the:efo:e 1$?, 29?, 2p§; the #hree.2p electroﬁs 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 electronic
stability, (g) as in ionic compounds, it may form the nitride ion,

N

N ;_{b) It may form covalent compounds by the overlapping of its
singly ogcup?ed orbitals with similar orbitals of other atoms, and
(c) in the interstitial nitrides, the small nitrogen atoms (radiua
0.923) occupy some or all of the octahedral intersiices in the
metallic lattices, which are generally close-packed.

There seems to be no need fgr a rigorous classification, in view
of thg fact that their bonding is heterodesqic ie. a combination
of metallic as well as ionic and covaient fofces, of which one
type may predominate depending on the c?qgtgl struptu?e. Howgver,
convgnient classification depending on their properties can be made
as follows (Jayaweera, 1969).

Readily hydrolysable nitrides forming ammonia are considered
ionic. Tﬁg_sg are typified by lithium in group I (LiaN) and the
alkaline—eartp_mgtals in group IT (H3N2). The formation of nitrides
by the other alkali metals in group I is restricted by crystal structure
conditions, Whether elements are cgpable of forming stable ni@;ides
is indicated by comparing heats of formation'(Kcal. per equiv.)
of corresponding oxides and fluorides (Van Arkel, 1956), which
are more stable than the nitrides, their standard free energies
va;ying similarly with temperatures (Glasson & Jayaweera 19@8).
Since the radii of F~, 07 and N> are similar, variations in
heats of formation will depend mainly on the charge of tpe negative
ion. The electron affinit;es, E, and crystgl epergies, Uryill‘be
affected, E iq expected to predominate in compounds with large
gpaitive ions of low charge, so that the heat of formation dec;easee

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

(10)



heats of formation of 146, 71 and 15 kcal. per equiv. requctivq;y.

The sharper decrease frqm.NhF (Juga et. él., 1959) fo Na20 (Samsonov,
1965) suggests a very low value for NagN, which is evidently unstable
at room tg@pgrature and has so far not been prepared in the pure cqudi@ion.
Thg Madelung constant is significant in that it is unfavoufable for
LizN and high for the fluoride. Thus, the decrease in heat of formation
from f;uoride to nitride is much greater than in the grgup_I;I series
A1F3 (Stadelmaier & Tong, 1961), A1203 (Mott, 1958) and AlN

(Gui-lland & Wyart, 1947), where the nitride has the_hi@ler Madelun_g
constant, comparéd with that o{ LizN. Comparison of the molecular
susceptibilities of Mg, Zn and Cd nitrides shows that the pq;g?iging
action Qﬁ“thg metal ion decreases from Mg t9 Zn to Cd(Croato, eﬁ.al.
1951). |

Elemeqts with high ionic charge and small iomic radius ten@ to fogm
covalent nitrides e.g. B, Al, Ga in group III and Si, Sn, in group IV
of-the_Pe;iodic.Table.

Interstitial nitrides are formed mainly by transition metals.
Thes? are ggnera;ly ni trogen deficigqt, nongfoichiomet;}g compounds,
which retain most of the.p;operties of the parent metal. Although
non-metal vacancies occur in large mumbers in these nitrides, there is
evidence fo;»meta} vacancies in T™N (A.rBrageg, 1939 Stgaumunis:
et.al. 1967?-apd an‘(qf'Braugr, 1964 ). Most of thgae compounds
cryatalliée in gitpgr cubig_close—pacged or h?xagonglly close-
packe& structure, or in a s;ighf modification of one of these. There
are variations in the numbgg of nitrogen-occupied sites and their
type (octahgdrgl or tetrahedral). Hence these compounds have certain
homogeneity ranges. UN is an extreme example, haying the
stof.chiom_etric composition. This may be ascribed to the large radius

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

an




sites, thereby facilitating their occupation by nitrogen atoms. The
composition of interstitial nitrides with a NArTOW range of homogengity
is not determined by the metal valency, in contrast to some transition
metal oxides, also having narrow homogeneity ranges.

These materials form one of three fundamental classes of
refractory compounds;

(1) Compounds of metals with non-metals, such as borides, carbides,
nitrides, oxides, silicides, phosphides and sulphides;

(2) Compounds of no;nmetals with each other, such as carbides,
nitrides, sulphides and phosphides of borpn and silicon,

an& also alloys of B and S5i;

(3) Compounds of nmetals with each other, generally known as
intermetallic compounds.

The nature of the chemical bond between the components of these
compounds is predominantly metallic or covalent with a small
proportion of ionic bond. These types of bond are established
mainly by transition metals with non-me tals having ionisation
potentials sufficiently low to avoid exclusive ionic bond formatiom.
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 III & to VII A, group VIIiL,
lanthanides, actinides and aluminium. The non-metallic cqmponents _
include light non-metals of the short periods (B,C,N,0,5i,P,S).

The chemical bond in the lattices of these compounds (in addition to
the §- and p- glectrons of the metallic and non=metallic components

respectively) is formed also by the electrons of the deeper

incomplete & and f~ levels of the transition metals. Isolated
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atoms of metals of group 1I, the alkaline-earth metals, do not
have any electrons in the d- and f:-- shells. But in compounds with
non=-metals, energy ;tates corresponding to these shells may occur
(Shaffer & Samsonov, 1964; Samsonov, 1964; Samsonov, 1965).

Nitrides have correspondingly greater proportions of ionic
bond, because of the higper ionisation potential of nitrogen compare@
with the other non-metal refractory components. This is more evident
in nitrides of met;13 having a low acceptor capacity (Mo, W, Re),
while thé nitrides of Nb, Ta and Cr show a combination of metallie
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 weakens the bonds of
metal to nitrogen. Fairly wide gaps in the lattice energy states
become possible and determing the semi-conductor properties of nitrides
having.N— deficient lattices.

The proportioq of ionic bond in metal oxides having high acceptor
charactgr}gt?cs (Ti, Zr, Bf, Y)‘is rather less than in thg correapon@ipg
nitridest because oxygen has a lower iop;sation potential than nitrogen.
These differences will be more proncunced for the lower oxides.

The second class of refractory compounds includes boron and silicon
nitrides (Thompson & Wood, 1963; Popper & Ruddlesden, 1957; Hardie
& Jack, 1957; Gill & Spence, 19622.?heir bond character is also
heterodesﬁic, but with covalent bond predominating. They haye semi-
conductor properties as we;l as high electrical resistance at room
temperature. Generally, their structure conaistes of layer chain or
skeletal structural groups or patterns, and they either melt with
decomposition or decompose before reaching the melting poiht .

Three typical elements of groups TI and ITI, namely Be, Mg and Al

are intermediate in their ability to form refractory metal-like and
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non-metallic compounds._Fdirly refractory semi-coﬂdchoqg are given
with non-metals (Shaffer & Samsonov, 1964). Thus borides of Be, Mg
and Al and also A1N, 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 cqmpounds is
included in the following subsections, ?he.nit;ides of metals of the
first transition series are reviewed by Juza (196§)°

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® st;ggturea
when the radius ratio, ¥x: ¥n of the non-metal and metal atoms was
less than 0,59:1 with the non-metal atoms occupying the interstices
of the original metal lattice. When the radius ratio exceeds this
f{gure, FP? s?rugturga become 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 1gss favouratle for normal structures.lIt
has been in@icate@ that the limiting radius ratic rule is valid
only for carbides, the nitrides generally having lower radius ratios
‘Schwarzkopf & Kieffer, 1953).

Usually, the metal atoms in the interstitial compounds are
arranged differently frqm the original metal lattices. The non-metal
atoms occupy those interstices where they can remain in contact with
the me?gl atpms? The face-=centred cubic, c{pee-packed hexagoga} qgg
body-centred cubic latticeg have two types of interstices! tetrahed;al

and octahedral with co-ordination numbers of 4 and 6 respectively.
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The octahedral hole is perfectly regular in the two cloae—Packed
structures (face-centred cubic and clo§e-§acked hexagonal) but
has tetragonal symmetry in the body-centred cubic structure. ?he_
only interstigea of the simple hexagonal unit cell are tpe la;gq
octahedral (6-fold cq-ordinated) sites at the centres of trigonal
prisms of metal atoms.
In the interatitigl structures, not all of the holes of oﬁe
type are ngcessa;ily occupied, so thgt many homogeneous phases
Qhow wide cpmposiﬁiop ranges. Nevertheless, homogeneity ranges
of phases often,apprqximate to some simple stoichiometric
composition corresponding to the occupation of a definite frac?ion of
the number of available interstices. In the éubic close-packed
lgptige. the large éctahedral sites are occupied only if the radius
ratio exceeds 0.41:1. Hapy mononitrides and monocarbides (MX-
typq) hgye radius ratios within the range 0.41 - 0.59:1, and have
rock-salt structures irrespgctive_of whether the parent metal has
a cubic close-packed structure or not (Rundle, 1948).
1.3.2, ngligg:RundlerTheorx
Rundle (1948) suggested that the metal to non-metal bonding
is octahedral, with six equal bonds being directed from the non-
metal tqwards the corners of an qctahedron. Ee_applied Pagling'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,
where an electron pair in an atomic orbital is used to form two bonds.
In Rup@le'a theory the non-metal atom can achieve an octahedral
arrangement in two ways: (i) two equivalent gp hybrid orbitals form
electron pai: bonds and hybridize with four half-bonds given by the

two remaining p orbitals.
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(ii) the three 2p orbitals form six half-bonds, and aﬁ electron

pa;r occupies the 28 orbital. In each case, the resulting six bonds
have an octahedral arrangement, which exemplifies the rock-salt
structur'e of the compounds. The directional nature of-‘ the bonds
explains the brittleness and hardness of these materials,

Rundle also points out that there is a marked increase in
mgtal;metgl distanceg, when refractory interstitial compounds are
formed. This observed increase indicates a weakening of the metal-
meﬁqi bonds, Ther?fore, electrons are drawn away fromrthe metgl—
me tal bogds and gtili;ed for the formation of metal to non-metal
bonds, The high melting points of these interstitial phasgsf therefore,
can be ascribed to the high strengths of the metal-nonmeta; bond95

A critical appraisal of the Pauling's theory of metals has been
madg bylgumg—Rothery (1949). He has alsc criticised Rundle's théory.
Hume-Rothery (1953) has argued that the occupation of the octahedrgi
sites by tpe non—metal would be equally valid in a hexagonally cloged-
packe@ latticg. The face-centred cubic structure, however, has heen
adopte@ becau;e in this structure, the metal too has mutually
pgrpendicular covalent bonds directed to its six neighbouxing non-
metal aﬁoms, a situation not present in the hexagonal structure._(ln
the la£ter{ the octahedral sites around a metal atom form a triangular

prism).
1.3.3 Application of Band Theory

The taad theory of metals has been applied by Bilz (1958)
and Denker (1968) to elucidate the electronmic states for refractory
materials, Thus, metallic character is expected to develop with
incregsed electron occupation of the d-baad in the series SiN,_?}N,
VN. This is supported by nuclear magnetic resonance measurements on
_ScN and VN (Kume & Yamagishi, 1964), However, the expected increase
in metallic character is not supplemented by the trend in electrical

conductivities (Nemchenko et.al. 1962),
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[—————-* s

- Goodenough (1963, pp. 266-267) has termed nitrides with a rock-
galt structure as "ionic compounds with metallic conductivity", and
in particular related to the oxides. 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 bornd in transition metals and their coypounds,_the electron
distribution between localised and more delocalised bonding states
is determined by a critical interatomic distance of 2593. Above
this separation the electrons are localised, but below it they are
present as "collective" electrons. Electrical conductivity is
associated with partial filling_of the tog~ taands by collective
electrons, and is limited to compounds where the metal-petal
distances are less than 2,93, Nitrides possessing rock-salt struct-
ure are formedlpnly if three or less d-electrons are available in
the formally trivalent cation, when the ¢g - orbitals are empty
and the 2o - orﬁitals are either half or less than half filled,
Great electronegativity differences produce a large forbidden zone,
with the bonding electrons belonging mainlyvto the nitrogen sub—latticq.

Thus, in case of ScN, the bonding 8= and p~ eg = electrons are

predominantly -on the nitrogen. Decreasing electronegativity differences
confer a.stronger eg character on the bonding electrons. 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 thi; Perovskite type, M4N
(M= Fe or Mn) are classified by Goodenough (1963) as interstitial

alloys, where the metal-ponmetal bond is predominant i.e. N is

(17)




probably present as a neutral atom. This agrees with Kuriyama's
determination of the N atomic scattering factor in MnyN, showing

1=

nitrogen to be present as N° or N (Kuriyama, et.al. 1963),

Thegse results conflict with Elliott’s {1963) determinations for

F§4N, which indicate N3°

as the probable species. Mekata (1962)
based his qualitative band scheme for€ — MnyN on neutron
diffraction study. It is a modification of Goodenough’s scheme

for cubic face-centred manganese, differing in the energetic

arrangement of the eg- and jgg- bands relative to one another.

1.3.4 Tbbelohde-Sansonoy Theory

Ubbelohde (1932, 1937) presented evidence for the intdrstitial
dissclution of hydrogen in palladium, tantalum and titanium. BHe
assumes that hydrogen dissolves in the form of atoms which are
subsequently ionized; and the electrons of dissolved hydrogen
go into the vacant levelg of  the g: band of'the transition metal.
Thus, the metal is the acceptpr and hydrogen the donor. Umanskii
(19@}) extended this to carbides and Aitridgga This is expected,
because the ionizatiog potentials of carbon and nitrogen are of
the same order as that of hydrogen. Further support for this theory
is provided by Seith & Knbasgheyski (1935) and Prosv;rin (1937)
who demonstrated the ionic character of dissolved carbon and nit;ogen
in iron, Kiessling (]950) makes a similar conclusion from a study
of bo?idegﬁ He has sgggested that the ability of Fhe non—me tal
to donate elec?rons ingreases in the order, Q,N,C.B,Si (Kiessling,
1954, 1959). The importance of bond lengthg has also been emphagize@
by Kiessling (1957). One of the prime r?quirements for metallic

bond formation is that the metal atoms should not be too far apart.

(18)



Thie explains wa ema}l non—metal atoms only may form interstitial
cOmpounds with tran51t10n me tals, .

Further deveIOpment by Sameonov (1953&, 1956 a-c, 1964 b, 1965),
implied that the bonding between the transition metal and the non-metal
in ref;aetory cempoupee is essentially metal;ic in characte;r
Similar theory has been described by Neshpor (1964) and Samsonov &
Neshpor (1956, 1959). This involves transfer of mon-metal valemey
elect;ops into the e}ect;on c}oud of the_cempound, at ;eeet partially
'f};ling the electron-defect of the metel atoms, The additional forces
of the donor-acceptor inte?action greatly strengthen the interetemic
bond. Thus,Jack (1948) end Clarke & Jack (1§51 ) interpret the
structure of i?on, cobalt and nickel nitridee! carbides aed
carbonitrides on the basis of electron transfe?_frop the.;nterstit@a;
C and N atom to the metal lattice.

The degree of particiéetion in the bond (of iecomplete g:
and £~ electron levels) and the distribution of electron concentration
in the cryeta; lattiee @e_expreseed by the quaptity 1/Nn » fermed
by Semsppov as.ﬁacceptgr ability”. In this e;preseion,_ﬁ is tpe
principal quantem nppber of the incomplete shell 9?_§Z,°r g:welect?ops
en@ guie ?he mmber ef such eLeetrone. A'high acceptor abil;tf favou;e
a high electron concentration in the cryetai ;aﬁﬁiee, i.e. greater
metallic eparaeter:_ Peereeeing acceptor epility eausee eor?eeponding
decreases in electrical conductivity (Schaffer & Samsouov, 1964);
heat of formation, lattlce energy and hardness (Sarkisov, 1947;
Sarkieov, 1954; Baughan, 19593 Shuliehova, 1962)

The eeeentially metallic cheracter of the interatomic tond .
is comparable 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, bagefcgnyred
hexggonal, face=centred cubic, simple hexagonel, for similar

atomic radii ratios, ; ¢ p , where X = B,54,C,N. The face-centred
cubic lattice, most characteristic of group IVA qu VA metal carbides
and nitrides corresponds to an electrpn concentration of 5.5 to 6
electrons per atom. Nevertheless, formation of crystal structﬁree
characteristic for metal compounds does not necessarily arise from
the transitioqal nature of their atomic components. Thus, nitrides
of rarg-earth ;etals are mainly ionic (Jandell, 1956; Klemm &
Winkelmann, 1956), yet crystallise in face-centred cubic (rock-
salt) latticg, similar to monoborides and monocarbides of group

IV end V transition-metals having metaliic properties,

Weiner and Berger (1955) demonstrated that the occupation of
incomplete d-shells of the metal atoms by electrons donated from
the ﬁon—mgj&l atoms ;educed the magnetic moment. Results for Fe,Co
apd Ni nitri@es suggested donation of about three electrons by.e;eh
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 atom.

There have been only liﬁited studiea of the energy spectrum of
electrons in metallic compounds. These include an approximate quantqm
mechanical analysis of the electron st_ructune gf the in-terstitial phases
TiC and TiN (Bilz, 1958) and investigations of the X-ray spectra of
Ti;V,Nb. and Cr nitrides (Vanyshteyn & Vadli'yev, 1957; Vanyshteyn
& Zhurakovskiy. 1958, 1959:; Nemnonov & Mgn“shikdv, 1959; Korsunskiy

& Genkin, 1958; Karal'nik et.al., 1959)., The latter are interpreted by the
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splitting of the 3d- level into t>g- and £~ levels by the crystal
field in the octahedral environment.

1.4 Relationship between Bonding & Crystal Structure

of Ternary Compounds

?he 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 what is known of their
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 great differences in thermal
stability, 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, Mn and Fe, or the metal oxide and
alumipium or magnesium, e.g. Ce, La, Nd, Pr and U, or the metal
oxides and carbon, e.g. llg, and Si. Sometimes, however heating metal
carbides in nitrogen produces carbonitrides such as cyanides and
cyénamides, e.g. in the case of Ti, Hf (Portnoi & Levinskii, 1963),
Ca,Sr, Ba_@)chet, 1931)n An advantege of using ammonia (or ni trogen
and hydrogen mixtures) over nitrogen is that the reaction is carried
out in a reducing atmosphere and thus the formation of oxide
inpurities is kept to the minimum. Oxygen must be scrupulously
avoided since it cannot be eliminated from the nitride phase

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

(21)



metal amides, e.g. Co (Schmitz-Dumont, 1956) and Ni(Watt

& Davies, 1948), The reaction between a metal oxide and ammonia

to form the nitride is the reversal of the hydrolysis of the nitr;de.
Thus, mercury nitride (Glasson, 1949) and gallium nitride (Lorenz

& Binkowski, 1962) are formed in this menner.

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 nit;ides is the reaction of metallic oxides, e.g. TiO2, with
" pitrogen in presence of Ca_x_'bon° Tpis process was uged by Friederich
and Sittig (1925) but did not lead to pure products. Very pure
carbide-free nitrides are best obtained by heating the metal pow@q;s
under very pure nitrogen or ammonia. Nitridation of metals by
nitrogen or ammonia gas has become more important with the increased
avdilabili;y of high purity metals. Besides conventional heating
techniqpes, high frequency induction heating has been employed in
transition metal nitride production. In the ionitriding process an
electric glow discharge is utilised in splitting up molecular nitrogen
(Beisswenger, 1958; Bernhard Berghaus, 1961; Laplauche, 1963; Sterling
and Swann, 1965; Sterling et.al., 1966).

The decomposition of metal amides or imides, may be used as means

of qbt;ining nitrides, Other preparative methods include heating

an ammonium-metallate in ammonia, the action of cyanogen gas or
dinitrogen trioxide on the metal, the reaction between a metal salt

in liquid ammonia dnd a reducing metal, and by double decomposition with
another nitride.

Molten salt bath nitriding is used widely industrially to obtain

»
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thin protective nitride coatings. The bath uspglly contains a
gyégide or cyanate of an alkali metal reacting with a transition
metgl or one of its alloys, e.g., Fe and its alloys. Vapour phase
deposition is one of the widely used methods of industrial nitridation
(Qampbell et.al., 1949, 1952: Powell et.al., 1966). This p;chss.
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
Qépecially employed with transition metal nitrides. An explo@ing
vire technique also has been described_(Joncich et.al,, 1966),

The more s;able n;t;ides e.g., Ti,Zr,Hf,V and Ta, may be
déposited directly on heated su?faces from gaseous mixtures of ‘

suitable volatile metal halides and nitrogen and hydrogen (Van Arkel

.. &de Boer, 1925; Agte & Moers, 1931; Becker, 1933; Van Arkel, 1934;

7 Pollard & Woodward, 1948; Munster & Ruppert, 1953; Mﬁn;ter, [§57).
This method is preferred, particularly when mefal surface nitriéation
sigws down considerably after formation of a thin skin of nitride.
_ Several hours a{e_requiped for coatings of more than one or twé nm
fhicknees, unless much higher temperatures are used to ensure adequate
d?ffusion across tpe nitride layer. Small TiRN crysta;lites.have -
been obtgined.in the cooled anode cavities, when TiCl4 is introduced
into the nitrogen-argon stream ofaplasma burner {Stokes & Enipe,
{960; Opfegéénn, 1964). Hydro;;n is not required, since the elements
;re 1onise& in khe piaema beam . |

| 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 compoundss—
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Zable 1,1 Methods of Transition Metal Nitride Production

METHOD

1) Action of

7
u
t
3
]
T

Nitrogen (orair)

METALS NITRIDED

!
i
i
1

'
i

~ REFERENCES

on:- x ;
1
i
(a) Metal Ti, 2r, ¥, U, : (Samsonov et.al., 1959 b,
1 1 1G61a) Kirchevekii & Khazanova
| (1950); ‘
Cr, ¥n,rare i Lyntaya & Sanmsonov (1264);
| ‘ Campbe%l etsal., (1949);
i earth metals, i Evana (1965
Ta, V, Fe, Th, Co, Scj
(b) Oxide I zr i
(c) Oxﬁge & Al or ' oo 1a, Wb, U. Zr |
! ;
d) Oxide & Carbon! Si, Ti. V, Sc ' Lyntaya & Samsonov (1964)
e) Hydride . Ti, Si, V, U, Tu ! Kempter et, al., (1¢57);
i . Anselin & Pascard (1963
(f) Boride b cr, Fe : camsonov (1964 a, pp. 312-19)
2) Action of ; i
Ammonia or i
nitrogen & i
hydrogen mixture! i
on = ? f
|
(a) metal ; Ti, Wi, Ce, La, Ga ! Neugebauer et.al., {1959;
l Si, Nb, Mn, Fe, Ho,¥ | Moreau & Phillipot (1963);
i U, Cr, Co. ' Septier et.al., (1952);
i ' Deeley (1964)
(b) oxide © ™, In, ¥, Cu, Nb | Neugebauer et.al., 21959}
' Ca i Lyntaya & Samsonov (1964);
| | Lorentz & Binkowski (1962);
(¢) voride | Cr, Fe, Y. | Kiessling & Liw (1951)
(d) hydride . Si | Sterling & Swann (1965);
i i Sterling et.al. (1966)
(e) Metal salt & ; Ga, In, T1, :
reducing metal : Fe, Co, Ni, | Schneider et.al. (1963)
with liquid * Ru, Rh, Pd ;
ammonia E Og, Ir, Pt } :
(f) Ammonium " Nb, Ta, U, Cr, . Samsonov et.al, i1961a);
metallate { Pe, Re, V. Funk & Boehland (1964);

3) Action of cyan-

ides & cyanates
on metal
(or alloy)

Fe and its alloys:

(24)
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],5.2-Thermodxgamigs of Nitride Production

Although the extensive thermodynamic properties sﬁgh as_enthglpy‘
and free energy of élements and their compoun@s cannot Se measured
absolutely, it is possible to estimate relative changes in thgse
_ 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 various
temperatures are related to their standard free energies of formation,
ISGQT (ﬂargrave & Sthapitanonda, 1955). 1If data is compiled for the
reactions of some of the transition elementg with nitrogen, the
;eiative affinities of these elements can be ascertaingd by plpﬁ¢ipg
- the standard free energy change per gram equiya;ept éf the e;?ment’

- a8 a function of . temperature Sin OK)° This g?aphicgl methqd.bf
'prgsgntation, the Ellingbam diagram (1944), readily indicates ﬁhe
feaaibili@y of:a reaction over a particular temperature range and
also‘the éompatibil;ty of materials at high temperatures. _iheléore
nggat@vé values of standard free energies indicgﬁe stabler compound;.

In Eig,i:j? the valueslof [~G% are compared for a selection of
traneition metel nitrides on an Ellingham diagram, us;ng data compileq

by Wicks & Block (1963); see also Pearson & Ende (1953) and Olette &
Anceyéﬁoreﬁ (1963).- Nitridgg of pransitign metals belonging ﬁo group

IV and ﬁ have ﬁhe 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 Feyll are relatively unstable, having
positive AG% values for a fairly wide tempgrature range. ﬁy

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°T for the reaction,

§ i o+ ¥ NHz = %’TiN + %Hg

is the difference between the values for the reactions:=

tTi +1/6 Ny = ¥ TiN

and ¥+ H + 1/6N2 = ¥ NH3

Hence the difference between the graphs for ¥ TiN and ¥ NHz in
Figure 1.1 indicates the relative ease of nitride formation from the
mgtg} + ammonia, when the materials are in their standard stgteg.
From the thermochemical data, it is evident that all the metal nitrides
can be formed from the metal and ammonia, except F¢2N and FeyN, at
lpwer temperatures. However, althopgh enepgetigally possible, these
peactions may be kXinetically 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 mumber of variable factors is high, e.g., so;qpility of the gases
in the various solid phases, formation of binary and te;pary cogpounds,
Fdhefenpg of cqmpound layer on to the metal. The last of these
factors is important in the kinetics of the reaction as discussed later
in section 1.,6.2,

& plot qf free energy data for the oxidation of some transition
metal nitrides is presented in Pigure 1.2, which shows that the oxidaf
tion products are appreciably stabler than the corresponding nitrides,

especially at low temperatures.

(27)
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t!§ Kinetics of Metal Nitridation

1.6,1 Rate of Nitridation
Hitridation retee are expected tc_conform to the same principlee
as applied for meta] oxidations (Kubaschewski & Hopkins, 1962) A mumber
of relationships are known which relate the extent of nitridation
(or oxidation) with reaction time. They give the weight increase per

unit surface area, m, as a function of time, t.

i
]

The simplest relationship which is the linear oms, namel¥}:

m = K't 2
) ' -

where K' is a constant, Since the weight increase per unit area is

proportional to the thickmess of the nitride (or oxide) film, 3, s
and thlg in turn is pr0portiona1 to the decrease in thickness of

the metal, y, the above equation can:pe written as,
Kt
Where K is a constant.
The parabolic law, generally encountened at nigner temperatures
can be stated as follows: |
»f? = Kt+c

1t gives a straight iine vwhen the aquare 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 netal oxidations (Gulbransen & Andrew,_1951), viz., decreases in
surface heterogeneity and specific surface as the reaction proceeds
impurity concentrations, changes in local surface temperatures caused by -
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 curve may have combinations
of two or more of the above relationships, e.g..the nitridation of
a metal or alloy may begin‘parabolically and continue linearly.

This is termed a paralinear relationship.
1,6,2 Pactors Affecting the Rate of Reaction

In the direct nitridation of metals a nitride layer is formed
between the metal and its gaseous éx_avironment° 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 ore or more of the following type of rates:=

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

- of the nitride }dyer.

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,etc.
The slowest of the above rates is the rate-détermining atep.

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

recrystallisation of newly formed nitride, but also increase evaporation

; (30)



of the metal below the nitride layer. This is exemplified by
electropolished magnesium in very pure nitrogen (Gregg & Bickley, 1966),
at 10 cm mercury pressure above 500°, Such evaporation is usually
absent in the nitridation of transition metals as they have very high
evaporation temperatures. (Table 1.2)

Table 1.3 summarises molecular volume and crystal lattice
qyanges accompanying nitridation of some of the transition elements.
The calculations are based on X-ray data compiled by Taylor & Kagle
(1963), and checked experimentally, densities being deduced from
metgl and nitride crystal structures existent at temperatures hormally
used for nitridation. Volume changes are expressed as fractions of
the original metal volume, allowing for weight increases during
nitridation, expansions and contractions are indicated by + and -
signs respectively. In Table 1.4 these changes are recorded for
conversion of the nitrides to their corresponding sfable oxides.
Where small decreases in unit cell size are csused by sintering of
the newly-formed nitride or oxide, the lowest limiting value is

recorded,
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Tahle 1.2 Evaporation Temperatures

of some-Transition Metals

Evaporation Témperature *

Metal
E oc X
| Titanium 1703 1980
% Zirconium 2397 2670
| Vanadium (1) 1845 2118
! Niobium 2500(M.P.) 2773 (1.P.)
P = 1.,85,_&
Tantalum 2996 (M.P.) 3269 (M.P.)
P= 5.0%
Chromium 1392 1665
Molybdermm (1) 2577 2850
Tungsten i 3334 3607

[

£
13

* The evaporation temperature is taken as the temperature at which

a vapour pressure of 0,01 torr or 10/s is attained.

" (1) indicates that the material is liquid at the specified

temperature,

Notga° (1) Dhta reproduced from Powell, Oxley & Blocher, Jr., 1966,
PP. 224=25,

~

(2) Unlike the above transition metals, magnesium readily

undergoes evaporation due to its lower evaporation

temperature, i.e., 442°¢,
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Table 1.3 Fractional Volume and

Crystal Lattice Changes on Nitridation

Element Nitride
Nitride zia°ti°n" I , - I
Volume Crystal Lattice ' Crystal ! Lattice i
Change Lattice , Constants | Lattice Congtants
ne in A ; in A |
T4 ¥ * 40,05 b.c c§5; a= 3,30 ff %
+0,08 h.c.pls-) a=2.95 .{ Cubic a=4,24
c=4.68 | NaCl ;
Zr* 0.00 boc.cEﬂ) a=73,60 f
+0,02 h.c.pld)  a=3.23 .} Cubic a=4,5 |
i ¢=5,15 J NaCl !
i !
VN +0,27 b.c.c. a=73.03 , cubic a=4,28
' . ! NaCl {
WoM(E)  : +0.18 b.c.c 8 = 3.30 hexagonal & = 2,97 .
: c =555 !
wad(8) ' + 0.26 b.c.c. "a =331 | Thexagonal a = 5,19
; : . e =291
LaN . +0.49 b.c.c. a=2,88 Cubic, ' |
- ? NaCl ia=4.19 !
CroN 1 40,21 b.c.c. ' a=2,88 | hexagonal a=4.76
' ' : superlatc. ¢ = 4.44 !
MoN (f) | +0.21 b.c.c. - a=73.15 hexagonal; a = 5,72
| ! supert%?:ce !
Mooi® . +0.09 b.c.c a=3.15 . cubic, ‘a=4.16
- ' ;  NaCl j 5
wN () . +1.16 b.c.c. a=73.17 : hexagonal | a = 2.89 5
, te=2,83 |
. . ! {
WoN (8)  +0.39 b.c.c a = 3,17 : cubic ' l
2% v =
; ! Nac1 8 =4.13

* low temperature form

b.c.c¢. = body-centred cube

h.c.p. = hexagonal close-packed
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Table 1.4 Fractional Volume and

Crystal Lattice Changes on Oxidation of Nitride

i l -
] Nitride% Fractional Nitride — Oxide
. Vgiuiee Crystal ' Lattice Crystal " lattice
i ang Lattice - Congtants Lattice ~ Congtants
i in % in
j
- TiR i +0.649 Cubie, NaCl a=4.24 tetragonal a = 4.59
i (rutile) c = 2.96
ZyN i +0.518 Cubic, NaCl a=4,56 Monrnlinic a="514
! (2x0,) b=5.20 |
g c = 5.3107 :
: So=99° 14
VN 1 +1.272 Cubic, NaCl -~ a = 4.28 Orthorhombic a=11,52".
i -, (v505) b = 3.56
[ c =4.37
’NbN(E) o +1,.375 hexagonal a=2,97 Monoclinic a=21.34 ;
| | c = 5,53 (Nby05) b= 3.816
. ‘ Cc = 19-47
TaN(E) i +0.986 hexagonal a=5,19 Orthorhombic a=26,19
¢c =291 (Tay0g) b = 44,02
c = 3.90
~CrN +0.354 Cubic NaCl a =4.15 }Hexagonal a=4,95
1(Cr203) c = 13.58
Cv¥oN +0.597 hexagonal a=14.,76 ?
’ superlattice ' ¢ = 4.44 }
MoN(d ) 1.606 hexagonal a =572 .
' superlattice ¢ = 5,61 lorthorhombic !
. Mo, 1,839 cubic, NaCl a = 4.16 (MoO=) a=13.85 |
2 3 l
. - : b= 3.69 5
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1,6,3 Ionic Diffusion: Parabolic Relationship

At higher temperature 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. Simultaneous moverent
of anions and cations also is known to be significant in some
mechanisms of reactions.

Cation migration is possible because of vacant cation lattice
gites 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, theréfore,
a flow of cation vacancies thrqugh the nitride layer towards the
metal-nitride interface or cations in the opposite direction,

i,e., an electric current through the nitride layer. Cabrera & Hott
(1948), present a thin film theory, which stibulates that the ions
nove under the potential difference set up between the anions and
cations on the respective interfaces. The cations are formed by
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 oxidation processes follow the pﬁrabolic
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1aw; A simplified derivation of the law is described by Chilton
(1968: p.5). 1If 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,
dy _ k
dt y

Rearranging and integratiﬁg the above equation,
P o= 2kt e

tWhere k an& 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 derivation of the parabolic law described above assumes that
the product layer remains 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 reaches certain
critical velue, or if the specific surface of the product layer is less
than that of the metal 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 2 new parabolic rate. HMore nitride is then
produced in contacf with the metal and after a similar time interval,
disruption of the film again takes place. VYhen 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 to a linear rafe pProcoss (Jayaweera, 1969).

A simplified derivation of linear rate law is as follows. 1In the
absence of & 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;
&y
dt = X
Whence.
y: j(t+C

Where X 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 previously
consumed in the reaction. If the nitridation is linear, ionic migration
cannot be the rate determining step, instead the surface or phase
boundary process is rate-dstermining.

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)° According: to this theory, the mechanism is controlled by
diffusion due to a concentration gradient. The parabolic rate law
applies when the scale is uniform in thickness,

Formation of non-uniform (i.e. porous or cracked) scales
depends partly on the pilling-Bedworth Rule, which is probably
leas significant if the scales grov by outward migration of matter,
(vermilyea, 1957). It is more important when diffusion is from the
surface towards the metal-scale interface. PFractional volume changes
are comparatively small for the formation of the group IV A metal
nitrides, TiN, and ZrN (Table i.3). Hence, titanium nitride films
flake much less than those of the oxidised metal (fractional volume
change for rutile, TiO», formation is 0.73), as fourd by various
workers (Carpenter & Reavell, 1948; Gulbransen & Andrew, 1949;
Richardson & Grant, 19543'Wasilewski & Kehl, 1954). Both nitrogen
- and oxygen are involved in the scaling of zirconium in air. The
tvwo=layered scale ultimately formed consists of an outer whitg
or buff scale (2r0,) and an inner black scale {consisting of 2r0,,Zrn
and poasib]y:N)o The white scale predominates below $050° and the
black above vthat temperature {Phalnikar & Baldwin, 1952).
Similarly, vapadium, niobium and tantalum in group VA, form oxides
of exceptionally large volume ratioe (fractional volume changes of-
2.19, 1,68 and 1,50 for their pentoxides) compé.red 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=-=700°, for Nb (Argent & Phelps, 1960; Hurlen et,al.,
1959; Kofstad & Kjollesdal, 1961; 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 beéome_s coherent and protective, the reaction may
practically be stopped; even when _the scale is completely detachgf}
from _the metal surface, e.g., ‘asymptotic® oxidation of niob_i;um
~at 1250%C, ( Kuba schewski Schneider, 1949),
The grouﬁ IV Aand V A metals nitride much more slowly than
they oxidise at corresponding temperatures (Guibransen & Andrew,
1950), Rates of nitrogen diffusion through.-and B-Ti and oty indicate
that the nitridations are controlled ultimately by diffusion through
titani_x_{m and the surface nitride layer (Wasilewski & Kehl, 1954).
The initial controlling process is_ more likely diffusion through
AL - Ti, Licewise, the low. activation‘ energies for nitrogen diffusion
inlé"-Zr compared with thos.e for the nitridation ( CGulbransen & Andrew,
194%), indicate that the rate of solution in the )B—phase is not
the rate-determining factor (Mallet et.al., 1954). Nitridations of
‘l?lEe oi_:h_gr_g?_oup iva a.n‘d V A metals are similar. The nitri.de filmg
make the reaction r_atgs practically insens.itive to ﬁtrogen gas
pressure variations_‘,r_ and the film thickneass is governed by the ra;l:e of
nitride formation and the rate of dissolution of nitrogen in t.he metal
(Duwez & Odell, 1950; Gulbransen & Andrew, 1949°%, 1950; Ang, 1953).
The M-N systems with M = V, Kb and Ta are very sixx;ilar fbr low
N-contents, but-differ for high N—-conteﬁtso The solubilitids of ni trogen
in the metal lattices are only about 2 gtom:_lc-pér cent (Brauer &
J.ander, 1952). The int_erstitié.l structure type, MoN, is common for the
three 1N systems (Hahn, 1949; Schonberg, 1954; Epelbaum & Ormont, 1947;

Rostoker & Yamamoto, 1947; Brauer & Zapp, 19‘5})o 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 NDN 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 1.3) represents the transitional

state between the atomic arrangements in the'if and éih phases

(Sch8nberg, 1954).

Nitridation of uranium is more complicated. Heaction 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
UNo (probably deficient in nitrogen); at higher temperatures, viz.,
775-9000, the three nitrides, UH, UpN3 and UN» form a rather
';oughened scale surface. The region between UN and UpN3 consists
of two phases, but that between UsN3 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 UoN3
as being isomorphous with Th2N3 and suggests it is polymorphic (two
forms). Reaction between nitrogen and uranium or thorium films
has been followed by surface potential studies (Riviere, ]968). At
higher nitrogen pressures, rapid variations in the rates of change in
potential with time are associated with the formation of higher nitrides

at the surfaces.
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1.6.6 Kinetic studies of Nitride Formation with Ammonia

The kinetics of metal nitridation with ammonia has been
studied by comparatively few workers, and mainly relates to metal
catalysts for nitrogen fixation. Metallic chromium, molybdenum
and tungsten do not react appreciably with nitrogen at 900°c
under ordinary preésuras (Duparc, et.al,, 1930; Neumann, et.al., 1931).
They reédily react with ammonia, even at lower temperatures (700-
900°C) giving single or mized nitrides, MN & MoN (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, 1954; Schdnberg, 19543,
Heats of decomposition of Cr2N and Fe4N 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 solvents., This accords with the simila?
electronic distributions of Cr and Fe about the N atoms. The much
lover étability of Fe4N compared with Cr,N derives from the smaller
radii of the octahedral sites available for N atoms (19893 in Fe,
compared with 2.133 in Cr). Nitridation kinetics of iron have been
discussed by Glasson & Jayaweera (1968, p.72).
1,6.7 Effect of Gas Pressure on Nitridation Kinetics

Much information 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. |

When gases dissolve in metals, Henry's Law is obeyed; also
the molecules of the gas split up into atoms {or ions) on dissociation.
Hence, the solubility of a diatomic gas in a metal would also be
expected to vary as the square root of gas pressure. The diffusion
of gaseous stoms through a metal alse requires a square root
relationship with pressure when the metal surface is directly
exposed to the gas (Barrer, 1941, p¢146). The effect of nitrogen
pressure on the rate of gas dissolution has been investigated
by Gulbransen and Andrew (1949_)c who revnort that_although a slight
increase in reaction rate with inereasing Ns- pressure was observed,
the effect was not proportional to the square root of the pressure.
Wasilewski 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 specimer was nitrided at temperatures in
the range 787-10149C in & closed vessel containing nitrogén at
initial pressures between 150-380 mmHg. All three groups of workeré
agree that the rate of dissoiution of nitrogen is much less rapid than
that of oxygen.

1.7 Reactivity of Nitrides

A general account of active golids together with references to
the original literature are described by Gregg (1951, 1958) and Gregsg

& Sing (1967).
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The reactivity of solids is influenced by a number of factors,
of which pafticle size is a significant one. An increase in activity
is generally ascriped to an increase in the specific surface (i.e.,
the surface area per unit mass) of the substance and quite of ten, to
imperfections in the lattice itself. A substance consisting of small
pa;ficles possesses high surface energy. Also lattice imperfections
répresént a high level of ‘bulk® potential energy. Thus an active
solid ié 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 (usualiy very slowly) on mere standing at room temperature,
and is called "ageing". Ageing results in the formation of large
crystallites with less 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 Nitrideé

Iﬁ its broadest sense, gintering, includes a;l 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), Blittig
(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

any subsequent calcination, Sintering is enhanced by compacting the
powdered nitride e.g., Be, La, Ti, Th, U and Ta, before calcinipg

in vacuo to prevent possible oxidation or hydrolysis (Chiotti? ;952).
It iﬁ also affected by low melting additives {Glasson, 1967)ﬁbut these
may cause serious reductions in optical and mechanical properties,
However, TiN is extremely brittle and may be sintered with a metel
such as cobalt to give a satisfactory cermet, or may be used-as a
surface coating (Mﬁnster, 1957). The thermodynamics of the sintering
of TiN in the presence of carbon (Blum, 1962) and the defect structure
and bondinglof ZrN conteining excess nitrogen have been described
(Straumanis et.al., 1962). The micro=hardness of vanadium and
chromlum nltrldes varies with bonding changes dur1ng progre351ve metal
nitriding and subsequent sintering (Samsonov & Verkhoglyalova, 1962)
the lower nitrides, VzN and Cer are harder than VN and CrN, Besides
nitride formation, introduction of nitrogen into metallic chromium
increases brittleness by locally distorting the metal lattice (Veaver,
1957).

Sintering is enhanced by high pressure e.g., hot pressing which
often extensiwly densifies materials (Schwarquﬁ'& Kieffer, 1953?
Spriggs & Atterass, 1966), giving almost theoretical deqsitiesi
for some oxides such as Ca0, HMg0O, and A1203 (Rice, 1969). But a
prerequisite is the production of finely divided material with suitable
particle size range. The gas producing cdntaminants such as carbonates
and hydroxides delay the extent of sintering, Hence, often, vacuum

hot pressing is preferred ( Fulrath, 1969), These factors are
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important in ceramic fabrication science (Cooper, 1969)u Nitride
sintering is also influenced by partial nitride hydrolysis or

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

The rate of sintering of a s0lid markedly increases within a narrow
range of temperature near 0.5T2K, where TmOK is the melting point of
the solid (Buttig, 1941). At %nis temperature, called the Tammann
temperature, vacancies in the solid are no longer "frozen", so that
jonic migration through the bulk of the solidr(i.e. "lattice" or "vélume"
diffusipq) sharply increases, At lower temperatures eg., in the region
of about O.B'Tm9K! "gurface"” diffusion along grain an@ crystallite bound-
aries is the more impertant factor.

There are two overlapping stages in sintering which can be
distingqished@ The first stage is characte:ized by the formation and
growth of contact areas betweep adjacent powder particles. During the
second Stage, tﬁe mate;ial is densified and the pore %olume decreased,

" The driving force in both stages of sintering is recognised to be the
surface free energy. The energy required for sintering is supplied by
the d ecrease of surface areas or by the replacement of interfaces of
high energy by those of lower energy (e.g.fgrain boundaries), The
surface,free energy is sufficient to account for sintering, provided a
suitable mecﬁgnism is available for the transport of‘atoﬁs;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 {characterized by the existence of a yield
stress l
Frenkel (1965) made the first attempt to develop a quantitative
theory, assuming thééfggth crystalline and amorphous poﬁders?viscous
flow would occur under the variation influence of the capillary f;rceé

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

viscogsity may be represented by the gquation:=

Z =KT/D‘“"0

where,
| ’7, = viscosity
D = coefficient of gelf diffusion
T = absolute temperature
k’ = 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 (1948) and Herring (1950).

Methods of préparing finely divided materials (active solids)
include grindingt calcination; sublimation and precipitation. 1In the
first case, the mechanical braeasking up of the particles is opposed to
some extgnt 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 the grinding is carried

out for longer periods (Jones, 1970).
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Célcipation is based on chemical reactions of the type:-
Solid A-—e? So0lid B + Gas G

e.g., 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
a2 large volume change between them, c.f., Pilling & Bedworth (1923)
rule for metal oxidations.

Sublimation and precipitation are ‘condensation’ methods of
preparing active solids, whereas grinding and calc;nat;on are
'fragmentation' methods. The preparation of gvapo;ated metal films
is an example of a sublimation method, and is generally carried qut
under high vacuum. Films of calcium, magnesium, zinc 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
aptiyated 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

A fhe chemical reactivities of refractory nitrides have been
summarised by Shaffer (1964) and Samsonov (1964), those gf Ti, ZF’
Fb and Ta have been investigated by Popova & Kabannik(1960), .These

workers have studied action of water, agqueous acids and alkalies.,

TaN 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 metal

surfaces,
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The transition metal nitrides are leas readily hydrolysed,
but some of them, e.g., those of Ti, Zr, Hf, Th, V, Nb, Ta, Cr, Mo,
¥, and U are converted to oxides on caleining 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, tut powdered uranium,
titanium 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-300°, but WaN; MogN and CrN have an increasing oxidation
stability (Dell, et.al., 1966). |

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). 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
resistance in air (or oxygen) is poor,

In this thesis the author has studied and compared the oxidation
behaviour of gome 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 crystal
structure and crystallite sise on oxidation. Similar studies 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 gstimated from K-ray line or peak—broadenigg
(Glasson, 1964). Certain metal powders have been fgrtbeerxid;sed
gpd compared yith the oxidation behaviour of the corresponding |
nitride, in a siqilar manner,

In the following secticns 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
Meilor (1927, p.117) and Brown (1964, p. 167) have summarised

various methods of production of titanium-n;tridg. A review of_these
mgtﬂods also has been given by Jayaveera (1969). Agte & Moers ({931)
havg produced the nitride by heating Ti-metal powder under.very pu;é
nitrqgén in molybdenum boats in a porcelain tube furnace, _ths method
of direct combination of elements has beeﬁ adopted at temperat@;eg
fanging froml400 to 1200°C (Ehrlich, 1949; Chiotti, 1952; Cuthill,
et.al.;r1960; Clair, 1960; Arai, et.al., 1962). Metal nitridation
by ammonia or mixtures of hydrogen + nitrogen has been employed
(Chiotti, 1952; Wyatt & Grant, 1954, 1957; Samsonov et.al., 1961a;
Sato & Yamane, 1955). Alexander (1949) hgs ratented a me;hod which
consists of reducing titanium dioxi@e.ﬁo the metal and subsequent
nitridation. | | _

| Anothg;lwiQely used method of titanium nitride production is the
;yapour phése deposition from a mixture of titanium chloride and
zammonia or nitrogen and hydrogen mixture. Thus Hughes & Harris (1957)

have patented a method whereby anhydrous NHz- gas and TiCl4 vapour
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react_to fo:m TiN with a uniform partiqle sizerless than 1 f‘mf
This method was first evolved by van Arkel and de Boer (1925),
with the mixtures in contact wifh hgated tungsten filaments. Aivazov
& Melekin (!967) have crystallised TiN from thg.gaseoué phasés accorﬁipg
to the reaction, | |

2TiCl4 + 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 a nitride of titanium having composition, Ti3N4( by
passing a high f requency discharge through the mixture of Qapogrs.
Niederhause (1962) has been a ble to produce the nitride via the
formation of an infgrmediate ammoniated complex. The complex form—
ation has been avoided by Ruppert & Scwedler (1958, 1959) by using
high enough temperature preferably between the range 900-1200°¢.
According to Brager (193@@ there are two forms of the intermediate
complex, « - and A- TiC.. 4NH3. The thermod-mamics of the reactions
has been discussed by M;nster & Ruppert (19533)\nd Minster et.al.,
(1956).

There are two prime reascns 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
of_its shape. Secondly.,the reaction can be controlled accurately.

“In this way mechanical and other properties of articles have been
improved by coating them with ti tanium nitride an@ other refractory

materials, (Minster & Weber, 1958; Lohberg et.al., 1958).

4
{

Titanium carbide reacts with nitrogen formingzgitride. Zelikman
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& Govorits (1950), 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 t atmosphere is
necessary for complete nitridation of the carbide. Portnoi &
Levinskii (1963) also report the formation of solid solutions of
TiC-TiN at 1500°C9 but the product obtained had carbide impurity.
However, when metallic titanjum 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 obgervations 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 & Odell, 1950; 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)
bave also discussed this system. It is well known that at 882,5%
pure Ti-metal undergoes an allotropic phase transformation from a
hexagonal clese=packed é"atructure (stable at low temperatures)

to a cubic body=centred }3~ phase, which persists
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up to the melting point of the metal, i.e. 1668 + 5°C (this
uncertainty is due to the possibility of dissociation as No

gas). In this respect the behaviour of titanium is similar to that
of zirconium (transformation temperature, 865°C).

Ehrlich (1949),Who carried out X-ray investigations on this
system, concluded from his results that at room temperature only
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 oL -phase and TiN have wide ranges of
homogeneity. They also demonstrated the existence (et a
composition of about 26 atomic % nitrogen), of a second compound,
£ - TiN formed at a temperature between 1000-1100°C. The crystal
structure of the £-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»&- nitride by Palty et.al. (1954)f Olson
ﬂ1967) reports the prepa;ation of a compound with i‘ortrn.11a,»Ti31\I_o

Although titenium nitride phase is usually described as TiN,
it has a fairly wide range of homogeneity around the stoichiometric
coﬁposition (Mﬁng;er & Sagel, 1953 ), varying betiween TiNou42(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

_1,9£j Formation

Zirconium nitride can be produced by methods similar 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, temperatu?es
varying from TCC to 2000° have been used (Agte and Moers, 1931;
Clausing, 1932; Fiijj.wara, 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, 1957), 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 zirconiun nitride has
been effectéd by using other starting materials such as bromide,
hydride, and oxide (Foster 1952; Duwez & Odell, 1950; Alexander,
1949b; Schneider et.al., 1963). Zirconium, like titanium,
reacts preferentially with nitrOgen rather than with carbon,
owing to the greatef 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 éummary of the phase diagram studies of the Zr-N system
has been presented by Brown (}9649 p.178); see also Domagala
et. al., (1956) and Farr (1968). Two forms of metallic zirconium
afe reported; ap'ﬁrform having a hexagonal close-packed structure,
stable up to 865;1transforms to a/@-form with a cubic body-centred
structure above this temperature. Metallic zirconium forms a solid

solution with nitrogen up to an atomic percentage of 20 (de Boer &
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& Féat, 1936; Jeffe & Campbell, 1948). Above this limit, the
nitride phase is precipitafed. The absorption of nitrogen, like
that of oxygen, raises the transformation temperature (865°C)
of the metal. Ishii (194}) & Ishii & Wada (1943) reported the
existence of two ﬁodifications of ZrN, tut this has not been
couf%rmed by other resea;chers. The homogeneity range of_ZrN
varies from nitrogen-deficient ZrNy ,¢ at 198506 to'ZrN below

600°¢.

1,10 Vanadium Nitride, VN

1,10.1 Formation

| A summary of production methods of vana@ium nitride is
given by Mellor (1927, p.124) and Brown (1964, p.185).

Vanadium n;tride 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 preéencelof carbon. F:iederich and Sittig (1925)
were able to p?epare a product containing 78.3% V, 21,1% N and
0.5% Si0, (theoretical values for VN; 78.45% V and 21.53% N).

»Ppré vanadium nitride has been prepared by reaction of ammonium
vanadate with ammonia at 900-1100°C (Epelbaum & Ormont, 1946, 1947;
Epelbaum & Brager, 1940; Juza, 1945), Direct nitridation of pure
;;nadium metal pqwder in a nitrogen curreﬁt has been employed by
Duw.ez & Odell (1950) and Hahn (1949). The latter has also obtained
a-product of lﬁwe£ nitrogen content, i.e..V3N, by sintering
vanadium nitride with metallic vanad;uﬁ powder in sealed quartez

tubes for 24 hours at 1000-1100°C.
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The van #Arkel ﬁgfhod of deposifion of vanadium nitride from
VC14-N2-H2 vapour mixtures on tungsten wires at a temperature
range of 1400-1600°C was used by Moers (1931). The fine crystalline
coatings had a brownish-grey colour., Campbell and coworkers (1949)
employed, for the same vapour mixtures, deposition téﬁperatures
of 1T00—1600°C, while Ppllard and Fowles (1952) repprted for the
continuous deposition an optimum temperature of 1540-1570°C7
1,10,? Tpe sttem Vanadium—Nitrogen
' This system has been thoroughly investigated by Hahn {1949) and
confirmed by Schonberg (1954). The solid solubility of nitrogen
in vanadium has ﬁ?en found by Rostoker & Yamamoto (1953) to be
at least 3.5 atomic % nitrogen above 900°C . According to
Hahn (1949) the nitride has a wide homogeneity range extending from
VN; o to VNg 71. The stoicheiometric phase (g?=VN) has been well
estgblished and its thermodynamic characteristics dztermined by
sato (1938), King (1949) and 3Brewer et.al., (1950), Epelvaunm &
Ormont (1947)j;have extended the upper limit of this phase to
VNy,04. Besides y -Vn (Cubic, NaCl) phase, there exists only
oné other nitride phase gg-phase, hexagonal), which likewise
has a ?;de homogeneity_sgngg. Between VNO'43 - VNO,B? (10°5%

- 9.3% N) the hexagongi phase aléne exista, which ié-less stable
than tpe cubic one,

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

stoicheiometric VN,
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1,11 Niobjum Nitride, NbN

1.11.1 Formation

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

Pufe niobium nitride can be prepared without difficulties
by nitriding hiobium metal powder with nitrogen at 1200°C
(Duwez & Odéll, 19503 Brauer, 1940; Brauer, et.al., 1952, 1953).
Using a continuous flow method, crystalline niobium nitride can
be deposited from NbCl5 vapour in the presence of N2 + H2
mixtures on a heated tungsten filament. With an optimum filament
temperature of 1340-1360°C, small silver-grey crystals are
obtained (Pollard & Fowles, 1952).,

Krell and Bacon (1947) patented a method whiph involves
separgtion of powdered pentoxides of Wb an@ Ta by nitriding
at 500-800°C with ammonia or at a little below 900°C, with
No + Hp mixture, Niobium nitride is produced if the reaction
proceeds quickly, but very little or no tantalum nitride is
formed, Meersor et.al., (1966) have prepared the nitride also
from its pentoxide.

If a compressed mixture of equimolecular proportions of niobium
nitride and hiobiun metal is heated at 1700°C for 15 minutes, the
pale-grey heminitride (WbyN)is obtained, This substance is ~lso
fored if niobium wire is heated in ammonia at 1400-1800°¢ .

(septier, et.al., 1952).
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1.11.2 The System, Niobium-Niirogen

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 o4 -phasé. A
g@f_phase corrgsponding to the composition range NbNO°4O - NbNooso
(i.e..szN) was found to be of the common ‘interstitial’
gtructural type with the metal atoms hexagonally close=packed
(Bpelbaum & Ormont, 1948). A phase which is the richest in
nitrogen (called 8-phase by Schonberg) has the composition NbN; gg
and possesses a hexagonal lattice. A nitride of the formula
NbzNe has been reported way back in 1907 by Muthmann, et.al.,
but has not been confirmed,

So0lid solubility studies have als3o been made on this system
by Taylor & Doyle (1967), and phase transformations investigated
by vean 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 diagran studies
of this system have also been conducted by Elliot & Komjathy (1960).

1,12 Tantalum Nitride, Tal

1.12,1 Formation

Hellor (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,
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When the powdered pentoxide reacts with ammonia at
500-800°C or with N, + H, mixture at about 900°C, 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 TaClg 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 & lMoers (1931):it is
best to work with pure nitrogen and to use filament temperatures
as high as about 2,500—2,80000° 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 (1968) 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 pressures of 10—4 - 1072 torr. Another wvacuum deposition method
is given by Gaydog(1967)o Goon (1969) has described preparation
of TaN powder by £ydriding 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 mitride °Ta3N5'

has been prepared from pure TapOp and extra pure gaseous ammenia
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at 860—92000 iﬂ the presence of titanium shavings as oxygen
getter (Brauer & Weidlein, 1965).
1:12.,2 The System, Tantalum-Nitrogen

In this system the existence of the compound TaN with
hexagonal close-packed structure eupeared well established,
Chiotti(1952), however, presentgd evidence indicating that the
structure attributed to TalN is actually that of TapN, The same
conclusion has also been reached by Rundle (1948) from theoretical
congiderations. The 'T32N° phase has a homogeneity range of
TaNg,5 - TaNQ.41, while the °TaN°® phase has a homogeneity range of
TaN to TaNp,99-

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 systemn tantalum-nitrogen have been reported by
Gebhardt et.al., (1961) and U.S. Air Force Technological Divison
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)c

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; Duparc et.al., 1930). Kiessling & Liu
(1951) report the formation of CroN as well as CrN by reaction of

chromium boridea 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 CroN is forﬁed. Arkharov etal., (1959),cpnfirm
that nitridation of chromium below 1030° produces layers of the
two different phases, a thicker inner layer of Cr,N and a thinner
outer layer of CrN.

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

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

The formation of textured chromium nitride layers on chromium
(produced in vacuo by condensation on Mo-plates from the vapour
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).

1,12,2 The System, Chromium=Nitrogen

The two.nitrides of chromium, CrsN and CrN_are now well=estab-
lished compounds. Blix (1929) has made an X-ray study of a series of
chromium-ni trogen products which had been prepared by heating
electrolytic chromium in a stream of ammonia at 900°C. He conclﬁded

from his work that the solid solubility of nitrogen in chromium can
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be only low. According %o Brick & Creevy (1940), 1iquid
chromium dissolves at atmospheric pressure 4 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 CroN, the nitrogen atoms have random interstitial
positions in the hexagonal close-~packed Cr-lattice. Eriksson
(1934) observes that this hexagonal phase {CrsN) 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 CrN and has the cubic sodium chloride structure.
The equilibrium studies on the system Cr=CryN-CrN have
been performed by Mills (1967). He has reported that Cr,N and
CrN both exhibit a homogeneity range; the upper limit of CryK
ig 11.3% weight Q%N, which is less than the stoichiometric value
of 11.87 weight % nitrogen. The lower limit varies from 10.45
vt % N at 950° to 8.7 wt. % W at 1200°C.

1,14 Molybdenum Nitride. lioN

1.1 Formation

Mellor {1927, p.128) and Brown (1964, p.200) have summarised
the various production méthods 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 & Galletly (1908) reported that by reaction
of metallic molybdenum with ammonias at 85000, only a small portion
of the metal is transformed into nitride. An X-ray investigation

of the products of the action of nitrogen on molybdenum at
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temperatures between 400°C - 1000°C showed no indidation of
nitride formation (Chosh, 1952). Higg (1930) nitrided very
pure molybdenum for 4 hourg in a porcelain tube furnace with
ammonia between 400-725°C, The amount of nitrogen in the product
ranged from 0.77 weight - % to T.15 weight -% or 5.1 ztomic -%
to 34.6 atomic -%, rospectively,
By carrying out the nitriding reaction for periods up to 120
hours at 700°C, Bagg (1930) was able to obtain products with
nitrogen contents of up to 48 at0m1c~‘?$,

A patent method for obtaining molybdenum nitride consists
of passing anhydrous ammonia on heated finely-powdered molybde:num
oxide (stald, 1950). Molybdenum plate and wire annealed at
140000 absorb only very small quantities of nitrogen between
900 and 1200°C (Sieverts & Zapf, 1936). Unannealed molybdenum
wire, however, absorbs much greater quantities of nitrogen.
Sieverts & Zapf-(1936) also report that on cooling unannealed
molybdenum wire tﬁat has dissolved nitrogen at higher temperatures,
a nitride phase separates; this can be demonstrated microscopically
and by X-rlays°

Matsumoto (1966) prepared MopN by the nitrogen plasma jet

'in a 40% yield. The maximum surface temperature of Mo was 290000,

1:.14.2 The System, Molybdemum-Nitrogen

A& phase diagram of the molybdenum-nitrogen system constructed
by Hagg has been reproduced by Brown (1964, p.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 pericds of up to two days.
He has reported four phases:=
(1) d- phase representing the solubility of nitrogen in
malyopdenun which is very small.
(ii). ﬁ - phase, which is stable only above 600°Cb The
homogeneity range lies at about 28 atomic % of nitrogen.
The metal atom form a face-centred tetragonal lattice,
Hagg could not ascertain the positions of the nitrogen
atoms,
(13i) 2Zuphasca at temperatures below 600-700°C. This phase
ﬁ;; a narrow homogeneity range in the region of 33 atomic
-% N, corresponding to formula MooN. The metal atoms
form a face~centred cubic lattice
(iv) é - phase which cxists at about 50 atomic =& of
nitregen, corresponding to the formula HoN. The metal
atoms form a single hexagonal lattice; the weak extra
lines in the X-ray disggram indicate the existence of & super-
lattice, According to Pauling et.al., (1952), the distance
of 29162 between molybdenum and nitrogen atoms in this
phase sgrees with the assumption of half=bonds.
The work of Hagg has been confirmed in all respects by Schonberg
(1954), He has found that the éra phase is a 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 (largest

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 briefly in this chapter.

2.1 X-ray Diffraction

An extensive account of the theory and practice of X-ray
diffraction technigues is given by Peiser and Coworkers, (1960,

pPp. 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 space 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 QP,?h?“,, .
symmetry of the crystal, it can have more regular shape,ve;g.,r:
a rectangular box, or in the extreme case, a cube. The shaéé'af;fhe
unit cell is completely described by the length of its three edgea'l
or axes and the angles between them. By convention, the axes are
named X, Y, 2 Or a, b, ¢ and the angles &, ‘é ,17,
The angle between y and Z is <. , and so on.

Crystals have been classified into seven classes depending -‘
on their symmetry. The unit cell dimensions of a crystal obey somel_

relationships according to the crystal class. These relationships

are presented in Table 2.1
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TABLE 2,1 Clagsification of Crystals

}'Crystal Class

Conditions Limiting Cell

ll-iinimum Symmetry

3

el ey —

1
1

H

Bk gt mien e

! Dimensions

! Triclinic atbvidc ;L4824 900 | - s
; §

: Monoclinic a b=ec 3ud=4=09°p | one 2-fold axis or :
one plane of symmeiry
* Orthorkoubic e brc ;A=fuy= 900 Two perpendicular
2=fold axes or two

: i rerpendicular planes
! { of symmetry i
i

‘Petragonal a=bfde ;ud=p=y=90° one 4-fold axis ' i
' t
‘Hexagonal a=bfc 5<=,=909%120°! one 6-fold axis ’ i
; 74 o | i
iTrigonal a=b=c¢ ;<%=0f=#090" | one 3-fold axis i
i '

iCubic a=b=c¢ ; Four 3-fold exes !
4 i

ettt 4t e

L =fi= 37: 900 i

It is possible to draw various sets of parallel planes through

the lattice points of a crystal.

Kach set of parallel planes is

identified by a gset 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.

Wlhen 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

J-rays, it has the same wave-length as the incident X-rays, This

fact plus the regularity of the patterm of atoms in a crystsl, permits

the crystal lattice to act as a three dimensional 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:
2=24d Sin%
Where, %= Yavelength of Y-rays
d = interplanar spacing
and ¢ = angle of incidence = angle of diffraction

4 is related to the unit cell dimensions of the crystal and the
Miller indices of the set of planes. Hence, the measurement of
Brage angles can lead to the determination of lattice parameters.
When 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 appreciably small 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 crystaliites in random orientation,
the diffracted beams 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.gﬁgGeiger counter)
moving contimiously arcund 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 therzfore as a means of identification., The Z-ray
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powdér diffraction patterns of most of the crystalline sﬁbsténéeé'
are recordéd in the A.S.T.M. to which reference can.be made to‘.
identify "unknown" substances. The powder pattern of a mixture of
crystalline substances consists of the superimposed patterms of the
indi&idual structures. Thus, the method can be used to identify

the different components of a mixture also,.

2,1.2, X=-ray Gener#tors

Two X=ray generators of different designs were used for the
diffraction experiments, namely, (#) a S>lus-Schall unit coqnected.
%0 a sealed tube containing the filament and target, (b) & Raymax
60 generator.manufaqtured by Newton Victor Limited, with intér-
changeable target and replaceable filament and kept continuously
pumped by an oil diffusion pump coupled to a rotary pump. A sealed
tube generator has a more stable X-ray output than a contimuously’
pumped one. The radiation used was the well=known Copper K,
wavelength 1.5423 . This was obtained by having a coﬁper target and
a nickel filter to remove the kpp component.

2,1,3, Debye=Scherrer Powder Diffraction Camera

The phase compositions of crystalline samples were investigated
by recording their powder diffraction patterms 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 mamufactured by Unicam
Instruments Ltd., was used. The strip of film was mounted according

to the van Mvkel Method. The specimen for X-ray investigation was
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prepared by loosely filling a glass capillary tube - abouf

0.5 mm in diameter and 1 cm.in length = with the crystalline
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 ahout the camera axis coirequently bringing each set of
lattice planes of esery 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 contimuously pumped during the exposures which wvaried up to
several hours. The powder camera was use=d in conjunction with the
Raymax-60 generating unit.

Kodirex X-ray films were used in the powder camera, After
exposure the film was develojyed for 5 mimutes at 20°C in Kodak
D=-196 developer, rinsed with water, fixed in Kodsk PX-40
fixer, washed in running water for + hour and hung up to dry.
The fizing 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 fiﬁted
with a scale. The intensities of the powdér diffraction lines were
visually compared.
2.1.4, The Counter Diffrectometer

The counter diffractometer éives a direct, simple and acburaﬁe

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 ndvantage of rapid determination and
interpretation of interplanar spacings. 4 S»>ius S:thall X-ray
diffractometer fitied with a CGoiger countevr and connected to a
Panax ratemeter and an ¥lliot chart recorder was used. The diff-
ractome ter works on the focussing principle described by Bragg &
Brentano. The diameter of the diffractometer is 50 cm,

The sample Br examination was prepared by pouring s suspension
of the crystalline powder in acetone onto a glass slide. Generally
it was necessary to mix an adhesive 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 meunted 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 angle. & ,
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 4C,000 counts per minute to accomodate the traces of the peaks,

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

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

for the other two scilzs. 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 copver target was used with the diffractomeler. 1t was necessary
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to use nickel filter to remove Kﬁé 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=clockwige 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 wore carried outat one angular
degree per mimute 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 vere
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 intensity
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 Broadening

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

If the linear diﬁquiOﬁs of the crystallites in a specimen

fall below about 10008, appreciable intrinsic broadening of the
lines will result, The mean érystalline dimension (D) normal to
tﬁe diffrac”’. 1 planes is related to the intrinsic broadening
(p) by the S herrer equatioz.f 1918),

D = K A

Cos

Where, K

the S :herrer constant, approximately equal to
unity.
A

and 59

the wave length of the X-rays

1l

the reflecting or "Bragg" angle (Peiser et.al.1955,p.413)
The value of k depends on fhc way the line width j@ 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 d%ffraction profile affect the value of K.

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

the absolute accuracy with which one can calculate the crystallite
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 dimensions cannét be expected to exceed the‘raﬁge‘of 257to 50 éef”cgﬁfJ
For this reason the value of D is often called the apparéhfiprystalli;evj
size: The relative values of P, particulerly for a‘réiatédegeries_”.l
of'spécimens, will in general be reliable to appreciahly.gféater
exfent. ! |
Accordlng to the recommendation by Kug and. Alexande*(1954), the
widespread practlce of putting X equal to unity has been adopted
_ in the present work, This has been cla1med to prov1de,an easy
comparison of the most published investigations iﬂifﬁidhfieldl"u

' 2.1 Broadening,due to Lattice Distortion-

The mean 1att1ce ‘distortion or lattice strain (%) normal 'to
the diffractmg planes is related to the intrinsic broadening (b)
by the relation.

'”%L= fiCotfi

The broadenlng is (aused by variations in the d1mens;ons‘of the
unit cell, The: strain dlstrlbutlon factor will affect the shape-.
‘and breadth of.the diffraction profile. There is iittlelinfbrﬁﬁéion
available about such a factor and thus the absoclute aécuracy:with
whichlthe straih can be calculated will be poor,. Thé.value-bf i is
often termed as the apparent strain component. There is aisb an
inherent difficulty in separating the instrumental from t;ie
intrinsic line broadening which adds a further amount of ﬁncertéinty:
- to the value of %{ . The same difficulty arises in the determination
of D,
2:1.6. Measurement of Intrinsic Broadening :-

The ‘experimentally measured line breadth has to be corrected
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fwice in order to obtain the intrinsic broadening, A correction has
to be made because the diffracted radiairca is not monochromatic, but
consists of an ol douhlat l'_r‘,\? and .'Lg#_-;?_}.

Instrumental troadening hos also o .« corcected for. Unfortunately

the amounts of broadening due tc 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 1 and can

be used to calculate the intrinsic broadening due to the single

radiation, K -¢44, The symbols shown in the Appendix have the

following meanings.

Radiation Observed Breadth Instrumental Intrinsic
Breadth Broadening
K - B b B
K -+doublet B, b, Bo

The angular separation, &, of the K=« ,, and K=c£2 radiations is
calculated using the expression, whose derivation is given in

Appendix 2,

.

A = 360 Aeln ™ >‘='»‘-c. tan 8 = ( tan @
o —_—= = average
A N average

The value of C for copper K =+{ 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 viaw 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 fregof
strain. 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
ges sorption., The surface areas of these samples were found to be
mostly below fi ngmiu Further confirmation of the above aséumption
was made by comparing the.X—ray line profiles of the nitride samples
with those of the cleavage plane (2022 reflection) of a single
calcite crystal., The 2022 reflection at 14043“ was uged mainly to
‘standardize the diffractometer settings for each nitride.

The curve of A/B against b/B was derived by Jone (1938) ugsing the

function:
1{T + B x%)
where, K = a constant
and, x = the angular distance from the top of the peak.

This function describes the intensity distribution across the
diffraction line obtained urnder ideal conditions of no instrumental
broadening. The evidence available so far (Jones, 1938, 1950) suggests
that this function is the best one to describe the intrinsic diffraction
profile where an even distribution of crvatallite 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; The Interpretation of Intrinsic Broadening

During milling, either a strained lattice or very small crystallites
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or both ﬁay 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:-
F?;{“Hsec .- « for small crystallite broadening.

and .7 tan .. - for lattice strain broadening.
Klug and Alexandeéyigié 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
microscopy and diffraction are given by Hirsch et.al., (1965),
Kay (1965) and Zworykin et.al., (1945).

2,2.1. Theory of Electron Microscopy_&_ Diffraction

A beam of electrons possesses wave properties similar to
those of 2 beam of electromagnetic radiation, the wavelength being

given by the de Broglie relationship:

-\'\‘ ='Lln =z‘m L4 « @ -] .‘(i)
P nv
Where,
Iy = wavelength
h = plarnck‘s constant
m = rass of an electron
v = velocity of electron
and P = nmomentum of the electron

If the accelerating potential difference is ¥, the energy, E,

of an electron is given by;

E =-1rmV2=Ve s o e oo o (li)

Yhere, e electron charge
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Combining equations (i) and (ii) and eliminating ¥, it follows;

A=h oo coo e (iii)

—
V2 meV

A relativits 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, l;jig to be calculated,
where L is the effective camera length. If the same instrument,
is used at the same accelerating voltage, then Lji,remains copnstant.
At an accelerating voliage of 100 kilovolts, the wavelength of
an electronic beam is 000373u

As mentioned earlier, in view of the fact that electron beams
possess wave properties, they can be used in a magnifying instrument
with electromagnetic fields as lenses, just as light waves afe used
in the optical microscope with glass lenses. The theoretical limit
of resolution’of a microscope is half the wave-length of the radiation
uged. For the electron microscope this is about 0,023 whilst for
an optical microscope it is about 20001?.'o The shorter wave length
of electrons enables a much greater resolution to be achieved on the
electron microscope, although this is &ill very far from the theoret-
ical limit.

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

of a cathode, C, which provides a source of illuminating electrons.
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A high voltage struck between C and the anode A , accelerates the
eléqtrons, which pass through a small hole in A. The condenser
lense, L¢, converges the electron beam on to the specimen, 0, situated
in the magnetic field of the objective lens, Lo. An image, 14;
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, I3 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 & high overall magnification to be reached without the
magnifications of the individual lenses having to be excessively
large. It also helps to keep the length of the_instrument short
and to attain easily a continuously varying 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 when they are scattered
readily on collision with gas molecules. Hence, the instrument is

6mm Hg). Focussing

operated at a sufficiently low pressure (about 107
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 cnd 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-ray diffraction, but it differs in certain respects,

Because of their electrical charge, electrons are heavily scattered
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by solid materials, and therefore the depth of the penetration
of the electrons is relatively small (say, a few hundred RlQ
Hence only very thin crystals (of few hundred K thickness) can be
used in contrast to 7-rays which penetrate deeply and yleld
information about the buik properties. 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 polycrystelline specimen in random orientation, the
diffraction pattern consists of the typical concentric parder
rings, provided the sample is sufficiently thin.

2;2,2. The Eguipment

In the present work, direct transmission and diffraction
micrographs of powdered materials and transmission micrograph
surface replicas of sintered refractory materials were obtaiﬁéd,
uging a Philips E.}M.100B model electron microscope (Van Dorsten,
Nieuwdorf & Verhoeff, 1950). The instrument has a resolution of
253, under normal operating conditions., The pumping system
of the microscope consists of a -prevacuum rotary pump, a mercury
diffusion pump and an oil diffusion pump. The magnification is
varied by adjusting the currents to the electromagnetic lenses.
There are also control knobs provided for focussing and for moving
the sanple holder 0 thezt different regions of the grid can be
observed. An imzge of a section of the sarmple is thrown on the

fluorescent screen in front of the observer. The ragnification of

the image is determined by reading a scale and then reference is rade
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to atandardthSIes, Wh;n 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. Diffraction micrographs require
longer exposures because of their lower intensity, whilst trans-
mission micrographs are exposed up to a few seconds according to
the brightness of the image. 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 12E6 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 o0il 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 vacuum obtainable with this unit
was 3 x 1072 torr. The electrical supplies to the carbon electrodes
and tungsten filaments were provided by a 10V, 60 amp source, the

current being regulated as necessary by means of controls,

2,2.3, Preparation of Samples

Samplés 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 2002;
A copper grid consists of a 3 mm diameter and a mesh of square windows
10Qf4m across.

The substrate used for depositing the carbon film was freshly

cleaved high quality mica available from "Hica and HMiconite 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
spectrographically 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“5

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 irimming the mica 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 piéked 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-
cryst#lline 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, vhich 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 which may
be observed by transmission electron microscopy. The detail of a
surface may be sharpened by shadowing with a heavy metal which
absorbs electrons strongly. Where th; surface detail was
of particular igterest: carbon replicas with a shadow casting of
ralladium metal ﬁere prepared as follows:

A little amount of a polystyrene polymer was melted on a
glass slide, which was held over & bunsen burner, until the polymer
is melted. The appropriate surface of the sintered sample is
lpressed into the clear melt and allowed to ccol, 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 desecribed
_above, The film replica so prodﬁced 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 micrascope.

Before each evaporation operation with the filament,Athe latter
wag "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.
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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 facter of the
enlargenent from its neemtive, In tpis manner magnifications
of over 70,000 times the original size were obtained.

‘213 Optical Microscopy

The determination of particle sizes of specimens was carried
out by a Polarising Wicréscope (lianufactured by Vickers Lfd.l)Thia
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 light, 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) vwas mounted in the eye piece (magnificati;n 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
ciréles 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 CGas Sorption

A most imvortart quantity to be determined in this
investigation is the specific surface (i.e. the surface area per
unit mass). The amount of gas edsorbed on a soild depends on the
apecific surface 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 ﬁrue‘éxtent of the surface of the solid under

consideration, the changes in particle size produced by milling
or sintering can be followed. A general account of the
technqiue is given by Gregg & Sing (1967). Refer also de Boer
{1969) and Joy (1969) & Dritish Standards 4%5¢ Part I (1939,
2.4 1. BST 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 (4938) has been used. Although the
method is open to several criticisms, it is the one very often
used when comparing the specific surfaces of a geries of related
solids.

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

—Dn = S 1 .2 . 4
where,

P = pressure of adsorbate vapour inequilibrium with

adsorbent.
Po= saturated vapour pressure of vapour adsorbed.
x = amount of vapour adsorbed, (g.g=', or c.c. g~1)

Vor coc. g1)

x = capacity of filled monolayer, (g.g.~
C = a constant, related to the heat of adsorption
There are five principal types of adsorption isotherms as
illustrated in Figure 2.2. The type II isotherms give the best
agreement with the BRET equation over limited ranges 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 C_= 1 and

X C

intercept _J1 . Ylimination of ¢ from these two expressions gives
xC
X - The region of relative vapour pressure (p/p ) over which a
o

straight line is obtained is not very great. For a type I1 isotherm,
the values of p/Po varies between the limits 0,05 to about G.3.

The adsorbate vapour can be measured either gravimetrically or
volumetrically (Gregg & Sing. 1967.;.p.3t0)

o

The specific surface, S, is related to xz; by the equation:-

S = Xy - NiAﬁ

M

where,

ot molecular weight of adsorbate;

i

i

hn

Avogadro number,

cross sectional area of an adsorbate
molecule in a completed monolayer,

If the specific surface (§) of a powder is known, the average

<

crystallite size, 2

a
—ra

assuming that all the particles are spherical

can be easily detw.mined.

J;' = 4Ti(ﬁ/g)z'n - -

SR Ty
4/37(W/2)3 g ¢l
where, 2 = nunber of particle: yver gram of solid
and {_ = the density of the solid (adsortent)

The assunmption 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 éorption 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, One arm
of the balance supports buckets for the sample and counterweights
the other arm either a solenoid or magnet enclosed in glass and
surrounded by an external solenoid. The vhole assembly is encased
in glass and connected t0 a system of evacuation pumps, gauges
and gas reservoirs., The balance used for low temperature nitrogen
adsorption as described by Glasson (1956) and Bc‘sc 4359, Fart I
(1969)and is shown in Figure (2.3).

The current in the external solenoid is varied to obtain the
mill 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
requf%éd to observe the null point for known weight.

24 3 -.leasurcment of Sorption Isothems

The samples for wnich specific surfaceé vwere to be determined,
were placed in the specimen bucket and outgassed to reme¢ve physically |
adsorbed vapour. This was usualis.:arried ov at 200°%C by surrounding
the balance limb with a furnace (Glaéaoﬁ, 196¢a)¢

The adsorbate was nitrogen gas (supplied <7 BOC Ltd.)_ Boiling

liquid oxygen contained in a Dewar flask was used as a coolani:, 80

that the isotherms were measured at = 18%°C. The weight of the sample
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was determined in wvacuo, and dcses 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 avay and the changes in the weight
of the sample again followed,

A1l the weight changes had to be corrected for buoyancies of
the samples and their containefs° These were determined from
experiments using materials of known X-ray density and negligible
surface area.

2.5 Thermoanalytical Technigues

The technique of thermogravimetric analysis at a seriés of
fixed temperatures in air has been used extensively in this work
as a tool for the detailed analysis of thermal re;ctions ir-nlving
fine particles (Gregg & Sing, 1952; Gregg & Wheatley, 195%

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 usually consists of a modified single or
doudble pan analytical balance (Cregg & Winsor, 1945). In the
present investigation, a Stanton-Redcroft Model A 49, balancé was
used, vhich could detect a weight change of 104 gram, 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 silica
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which was suspended 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 determination of the
weight gain on 1 gram of a samplc. The furnace is pre-stabilised
at the required temperature; and the sample is introduced .into it.
The weight of the sample was 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 tke specimen
were plotted against the corresponding time to provide oxidation
rates from these isotherms.

Newlcirk (1960) has shown that changes in the buoyancy of the
sample and the bucket and the comvection 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. In case
of isothermal weight-change determination (or static thermogravhmetry)
this effect has been assumed to be negligible,

2:.5.2 High Temperature Vacuum Furnace

The metals Research High Temperature Lahoratory Furnace
comprises a fully sealed elerment assembly housed ina water cooled
case containing alumina insultaing powder. The element assembly
consists of an impervious alumina sheath, having a molybderum element
wotnd 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 vhich the hydrogen is passed to proteet the molybdemum windihg.
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 fhc furnace
is ensured by passing hydrogen gas at least for an hour before the
pover sgpply 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,
was controlled by a gas flow meter,

A schematic illustration of this furnace is presented in Figure
2,5,

2.5.% Analysis of Materials

Thé nitrogen content of the more ionic and readily hydrolysable
nitrides may be determined by the Kjeldahl method. This process
involves three stages: (i) Dissolution of the sample in an acid
solution to convert nitrides into ammonium salts, followed by addition
of alkali to liberate ammonia (ii) separation of ammonia-by distillation
and (iii) determination of ammonia by standard volumetric 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, j962),
The sample is fused with sodium hydroxide in a Pyrex-glass test tube

end 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 bubdler containing water to
ensure that sufficient water is prescnt for complete reaction.

This method affords a repid determination of nitrogen in the
more covalent nitrides such as boron; aluminium and silicon nitrides.
It is appiicable also to some of the interstitial nitrides wvhere..-

the corresponding metal oxides are sufficiently amphoteric.

The reéultant sodium sélts, for example, Wa-zirconate, may no
be readily soluble in water and require acidification by hydro-
chloric acid before the hydrous metal oxide can be precipitated by
ammonia at a suitable pH (Britton, 1955)$ Elwell & wgod (1961)
have also recommended Kjeldahl disrillaé?bn method for some nitrides.
At the concentration levels of 0-100 ppm, a spectrophotometric
finish appéars to be preferable to the #itrimetric finish used
at higher concentration levels, Orséée (1964) describe-
vacuum or inert gas fusion method, in vwhich casc nitrogen is evaluated
by "difference". The present etate of this analysis is less satisfactory.
Moreover, many nitrides may recsist vaéﬁgm 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 iheir destruction with high temperatures or their transformation
into ammonium ions for their chemizal analysis,
Several methods have been described for the determination of
nitrogen in boron and silicon nitrides. (Bennett & Lindop, 195&;
Cosgrove & Shears, 1960: Kriege, 1959). But these methods are lengthy

and require considerable manipulative skill and are of doubtful
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accuracy when applied to highly refractory materisls. Bennett and
Lindop’s oxidising fusion meihod requires several hours even for
boron nitride which yields a readily fusible oxide, 32039 m pt.
450°Co Techniques of gas analysis in metals, including interstitial
nitrides heve been reviewed by Jamee (1964). A4 tube furnace oxidation
method has also been described (lieyer et.al., 1G87).

The Dumas method; where the sample is mized with cupric cxide
or lead oxide (Tsuchiyai 1959) and heated in a current of pure 0029
is generally unsuitable where the nitride teccmes surrounded by
impermeable oxide layers e.g. vanadium nitride (Gerschbacher, 1947).
Thus, atmospheric oxidation at high temperatures iup to 1200°C)
has proved more effective, preferably at temperatures permitting i
diffusion of nitrogen and cxygen through the surrounding oxide layers.
In cases where the oxidation is not quantitative, dissolution of the
oxide and further oxidation by either alkaline fusion with sodium
hydroxide or acidic fusion with potassium bisulphate is suitable.

2:6_Ball Milling

Ball milling is 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; contained th~ -ar- number‘of baliéjr’
three different sizes (36 of 18.7 m: Giaumetery 81 of 12.6 mm diameter
and 180 of 9.5 mm diameter-)°

In the tur%ling motion within thé mill, wearing of the surfa?es
of the mill may 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, non=porcus ceramic meterial which is in

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

Although the nitrides milled were hard materials (Mohs®
hardness upt %o 9), nevertheless no fragments of porcelain vere
detected in the X=ray traces of the milled samples; The milling
times, however, were 10 hours or less. The ball—mill}ng 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 porcelain pot was used for a

particular nitride for different lengths of time.

o 2.7 Computation
The IBM programme for computing specifis surfaces by the
B.E.T. method was that devised by P. O?Neill and Denise Harris

(Plymouth Polytechnic) and is given in Appendix.
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CHAPTER I1I

TITANIUM AND ZIRCONIUH NITRIDES

1 Iitanium i tride

- 3.1.1 Witridation of Titanium

"The titanium-nitrogen system and its thermodynamics have been
deacribed in Chapter I. Yet reactions which are thermodynamiceally
feasible aré not necesaarily'kinetically favourable, eépeciaily where
SOlldB are concernnd, Hern, the rates depend not-only on the
1ntr1nsic reactlvity of the material concerned, but also on the
availab;e surface or interface at vhich reaction can occur.

”

The reaction of titanium with nitrogen at atmospheric pressure

i8 considerably slower than that:with oxygen at corresponding

temperatures (Bradford, et.al., 1949). The rate obeys essentially -

a parabolic 1aw in the tempérnture rangé 550—85000. over times

. of up to two houre. Gulbransen and Andrew (1949a & b) £ind that the

rate constant in this temperature range is:-
kp = 3.8 1072 exp (=36,300/RT) g2 cmis "

:Nitrldation at higher temperatures will be more compllcated

crystallographically since alpha-titanium transforms to betartitanium
at 682.500. In this work, therefore, crystal éhanges have been
studied in the fomation of'titanium nitride lag?rs on subsérntea
of titanium and sme of its alloys. o

Titanium, one of the lightest of the transition elements, 'has
other desirabie prqpnrﬁfes such as registance to corrosion, strength

and toughness. In the pure state it exists as alpha-hexagonal

_phase, but commercially pure titanium is essentially a di}uﬁe alloy

of titanium with oxygen, nitrogen and carbon. According to
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MeQuillan & McQuillan (1956) and Sabroff et.al. (1968), it is

convenient to divide commercial titanium alloys into three classes:=

(a) the alpha-phase alloys, consisting of elements which stabilize

the' alpha~phase in fitanium'. nanmely O, N, C and a mumber qf non-
trangitional elements, ©egey Al, Sn, Some of these alloys may have'a

small amount ;f the beta~form " frozen" in the structure at room o
temperature and are known as 'mear' or ‘'super' alpha alloya,

(b) the mized alpha-beta alloys, contain additional elements which
stabilize the beta-phase to such an extent that the microstructure-,

at room temperamx"e, consists of a mixture of the alpha and beta G
vhases., The addition of Transition elements, such as Fe, Cr,» Mo
apd V, atabilizces the heta~phase, These alloys are very important
because it is possible to control their mechanical properties by |
precipitation-hardening,

(c) the beta-phase alloys, are all of beta-form at room temp_erature-n

and contain a large proportion of beta-stadbilizing elements, e.g., e

(X

Mo, Cr and V., These have mted applicability since they are not
woldable, but sheet forms can be aged up to an ultimate tensile
strength of 131,000 lb/j_nZ(Crossley & Kessler, 1954). ,

The alloys are produced commercially as oyiindrical ingots by -
vacuum arc-melting in consumable-electrode furnaces (Sabroff et.al.'.
1968). |

The occurrence ﬁf an allotropic transformation in pure
titanium controls the type of structures which can be produced by the
heat-treatment of titanium-rich alloys. Phase diagrams of the binary
alloy systems are 111ustrat;d schematically in Figure 3.1 (McQuillan

& McQuillan, 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 importaﬁt 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 critical concentration of addition element cap be retained
in an unstable conditio£ at room temperature by rapidly quenching
from the beta-phase field, Figure 3.1{c) represents also the gystems
of titanium with copper, silver and gold, The gamma-phase’ is said to
éxist 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 available 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 these, 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 commercislly available titanium
(Imperial Metal Industries (Kynoch)'himited)

~

PHASE

1.K.I. B.S. SPECIFICATIONS COMPOSITION CLASS DERSITY
_ - g/cnd

'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 | T - 2.5 Cu Alpha: 1 4.56 Ductile, medium

. <o strength .
314 — Ti~4A1 - 4Mn Alpha-beta | III(2) — - -—
315 .| Ti-281-2Mn “Alpha-beta | II1(2) 4.51 low strength
317 TA, 14, 15, 16,17 | Ti-5A1-2.55n Alpha-beta | ITI(1) 4.46 Medium strength
318 14, 10, ;;' 12, 13| pi_ga1-4v7 . Alpha-beta | ITI(2) 4.42 Mediun strength
205 -— ™4 - 15Mo : 11 -—

Beta

High Strength

R - T
A - 2
H



The alloys were sectiomed by a diamond grit wheel (Bullock
Diamond Products Ltd.) and polished. Specimens, about 1 c.m. in
diameter, in fused alumina crucibles (Thermal Syndicate Ltd.).r
vere put in a high temperature yvacuum furnace (lletals Research, Type
PCA10, descriﬁed in Chapter II, section, 2.52) For vacuum and
inert atmospheres (argon) a small amount of titanium hydride (TiHp)
was placed in the furnace to g_etter any residual oxygen or nitrogen
in the system, For nitridation, specimens were heated at temperatures
between 750-140000, using nitrogen flow rates of 100-125 nl/min,
Subsequently, the samples were cooled slowly to allow .the titanium
phases to equilibriate. The coatings were examinad by X-ray diffraction
and by electron microscopy of replicas, Appwiimate thickmesses
of the nitrided layers were cst'mnmated f{rom weight increases and surface
areas of the initial metal sauples (Table, 323 Retlicag in Plales 3. 1 &
On partial nitridation of the alpha-titanium (Figure 3.2 a, 3.2
at 1000°C for four hour and eight hour periods (gas flow rate 125 m1/min)
only TiF corfespbnding to t£;1¥oicﬁeiometric composition was formed.
The remaining alpha=-Ti showed a small lattice expansion along the a-axis
(2.95_1:0 2.972) and contraction along the c-axis (4.68 to 4.583). i.e.,
the (002) apacing decreased from 2.34 to 2.29?( and passed through
the valﬁe 2.3 g , which coincides with the main spacing of beta-titanium
(110—spacix-xg). Therefore any beta-Ti formed at 1000°C has pee‘\n
nitrided, for no other beta-Ti peaxs were detected,l i.a.'fTiN-e:md .,:‘—('T"
accounted for all the peaks [Fig. 3.2(b) & (cﬂ. The d;cfeaséd 002"
spacing (2.292) is approxin.tely that recorded in the literature for
main peak of the so called £-TiN, but two other main peaks for the

latter were not observed as they would have been masked by TiR and
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alphs~Di peaks, ' ' A

_In F;igures 3.2, 3.3, 3.4 and 3.5 the X-ray diffractoﬁeter
patterns of the alloys along with those of the corresponding nitrided.
gamples are preaented for comparison. _ e

There Wzs no- apprec¢iable nitridation of alp}m-‘l‘i (130) at 750 C
in half hour implying that the alpha-phase remained stable during this
time interval, When the nitridation of alpha-Ti (130) was carried out

at higher temperatures (2h at 1200 “C + 1 hat 1400°C) there was

_complete conversion to TiN in the top layer and the (111" reflection

became the most prominent ‘instead of the (220) as was observed at

lower temperatures (e.g. 1000°C), where develoment of crys‘lallinﬁy :
may not have been c omplete. Figures 3.2(c) and 3,2(d) 1llustrate

this obeervat.ion. In accordance with the findings of Bradford, et.al.,
(1949), traces of oxygen resulted in rutile formation which predominated
over nitridation even at the lower temperatures (900—10000).- At

900°¢ (Figure 3.2(e)), i.e. just above the alpha-beta transformation

temperature, the X-ray trace shows peaks for both the alpha-Ti (002)

o R -
_ c-spacing at 2,344 and the 2.294 spacing. This egain suggests some

dissolution of nitrogen in the original alphe-Ti to slightly dietort

its lattice, before further nitridation andffomation of well-defined
crystalline TiN, The relat?l.ve thickness of- 1':’;115 interfacial zone between
unchanged alpha-Ti and TiK depends on temperature, and is probably
greater at lower temperatures when the nitrogen diffusion is slower.

'I'he bata-T:I. alloy, stabilised with 15 Mo [F:lgure 3. S(a)] gives a m:thure
of rutile ! '1‘102) and TiN in the presence of .amall amounts of oxygen

(Figure_3.3_b)). However, it nitrides completely to TN at 1400° c )
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within {1 hour in the toé.Iayar (Pigure 3.3 (¢)). The X-ray érace _
again shows a further peak for a 2.293; spacing (corresponding to ﬁ_—‘l‘iN)
replacing the original main peak for the (110)-spacing of beta-Ti
(2.31&). Comparison of Ffgures 3.3(a) and 3.3(b) illustrates this.
observation. Electron micrographs of replicas of the original and
nitrided surfaces of alphe-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 alpﬁa-beta-Ti (318) alloy (with 6A1 + 4V)
also nitrides completely near tl_le surfac; 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 (c¢). The diffractometer trace of the original
material is illustrated in Figure 3.5,
3.1.1{a) Compactness of Titanium Nitride Films _
The titanium nitride films all iatrongl} adhered to the metal
surface for wide ranges of thickx;ess and temperatures of formation.
The thickmnesses calcuiated from weighf gains on nitridation are
shown in Table 3.2.
By analogy with general theories of metal oxide formation
(Evans, 1968), it would be expected that at higher temperatures good
adhesion of the nitride layer would be facilitated by lattice diffusion,
This explanation is applicable only above the Tammann temperature
(above 700°C for Ti.and 1330°C for TiN). At lower temperatures (above

about 375°C for Ti and 795°C for the nitride), the adhesion may be
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TABLE 3.2

Thicknegses of TiN formed at different temperatures

I.M.I. Alloy Ritridation Temperatures Nitride film
& Time thickness,/um
230(Ti + 2.5 cu) | (1) 1000°%, &8h 2%
(is) 120020, 2h+
1400%c, 1 h 51
130 (commercially
pure alpha-Ti) (1) 1000°%, 8 h 13
(14) 1200°%C, 2 h + 22
1400, t h
205 (Ti + 15Mo) (1) 1000°%c, 8 n 10
(11) 1200°C, 2 b +
1400%C, t h 41

caused by keying - in' through grain boundary penetration ( Tylecote,
1960) where eugface diffusion is operative.

Interlocking or adherence 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
et % at 1000°C & 4.5 at % at 1560°C), Alternatively, there may
be interlocking by nitridation at the walls of crevices or by
penetration along dislocations and grain boundaries, In these
typical cases, where there is an increase in volume on nitridation
(Table 1,3, Chapter I), any nitride formed at the metal-nitride
interface is likely to produce compression., Thie tends to keep the
internally formed nitride pressed against the metal, reducing the
risk of poor adhesion due to possible cavity-formation. Thus, the
Pilling~Bedworth rule is probably more important for scales where

there is anion diffusion from the surface to the metal-scale interface
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’f%§§pared_ﬁ;$h scales that grow by outward migration of matter as

"Eéerved by Vermilyea (1957). In the present work, cation diffusion

for titanium is feasible at temperatures above '700°C .which explains
the stability and larger grain sizes of the nitride films formed
at 1000°¢ %1200°c + 1400°C, |
3,1.2, Miiling of Titanium Nitride
The high temperatures required for the production of nitrides
ca.u's'e":aintering to the extent that samples generally have specific

2:=1. and average crystallite sizes (equivalent

-.g.wffaces of below 1 m“g~
i

% .

i gpherical diameters) of over 2 um. Thus, samples of titaniun nitride
‘were milled to increase their surface activity and to examine

‘:,;ig?changes in microstructure caused by the commimtion. VYhen 6 g

’ -':sampleg were milled (under conditions described in Chapter II, Section
2.6), the speci.fic surface progressively increased as shown in-
Figure 3.36&. Blectron micrographs showed that the original nitride -
consisted of single crystals and aggregates of about o-5- 5'f4m .
size (Plate 3.3). The microg.raphs of milled (2h andl?h) and oxidised
samplesl 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 vere incorz:;p»orated into the aggregates which remained
approximately the same size throughout the milling. Thus, the avezl'age‘
crystallite size (E_‘igure 3,6b), decreased rapidly at first and later
elowly when the crystallites became of submicron size. This is in
accordance with the findings of Bradshaw (1951) and Buttig (1957),
who found that if aggregation and attrition processes proceed at
equal rates, 'a grinding equilibrium® would be set up. Then the

apeciﬁc surface or the average crystallite size, will remain
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practically constant. Prolenged mil;ing may favour the tendency qf
the fipest partiéles to adhere to one another, and thus ceusing a slight
reduction in specific surface after a maximum has been reached,
(Gregg, 1961, p,S«O Such a process has been found to occur in the
ball milling of Kaolinite (Gregz et.al., 1954), graphite (Bickman
1959) and molybdemum disulphide (Braithwaite, 1959).

The milling caused strain tobe set up within the crystallites,
so 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 Samples

Titanium Nitride | Half-peak widths (2 ) in Strain sradians)
Minutes for Reflections (Using 200)
Tin (111) TiN (200) reflections.
Unmilled ' 14 14 -
Milled, 2 h 32 36 1.99 ' 102
Milled, 5 h ! 36 1.94 x 1072
Milled, 10 h 35 36 1.90 x 1072

- -

The strain was calculated from the half-peak width of the (200) x-fay
reflection (Section 2.1.5), affer'ailowing for broadening due to |
crystallite size. Figure 3.6(c) illustrates the development of strain
which occurred ma1n1y during the first two hours milling when the s1ngle
'crysta;a vere fractured and incorporated into the aggregates.
Supsequeptly, thé strain remained p»ractically constant.
3,1.3 Oxidation of Titanium Ritride

Variations in phase composition, surface areas, crystallite and

‘aggregate pizes during the oxidation of the upnmilled titanium nitride
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have been described in an earlier paper covering the preliminary
part of the present imveastigation (See Appendix4). Crystallites
of ;utile, TiOy, split off from the remaining titanium ni tride before
tﬁe} sinter, and inhibit further oxidation. Accordingly studies of
oxi@ation rates on milled TiN at 450°C (Figure 3.7) show that the
reaction proceeds readily until there is sufficient titanium dioxide
of rational crystallite size composition for sintering to form surface
films through which normal gaseous diffusion cannot easily oceur.
As before (Glasson. & Jayaweera, 1969), this co}responds to about
50% conversion of the nitride. |

The oxidation rates for the longer-milled (10 h) and more fiﬁely—
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 somewhat'
paralinear. This temperature (450°C) is just sufficient%} higﬁgior
sintering of the titanium dioxide by surface diffusion (¥ m.p. in K;
Ti0, = 460°C). It would appear that the oxide film is not sufficiently
strong to prevent some sceling in the final stages when the oxidation
rate becomes nearly linear, At 600° and T700°C (Figa., 3.8 & 3.9)
the initial rates are also_practically lipear and later become parabolic,
as found before (Glasson & Jayaweera, 1969) for unmilled TiN.
However, there is little difference in oxidation rates at 600° and
70000 and this 1s ascribed to the more rapid sintering of the titanium
dioxide at these higher temperatures, c.f., negative temperature coeff-
jcient found for oxidation of'certain metals such as niobium (Argent
& FPhelps, 1960; Aylmore, et.al., 1960).

a) Comparison with oxidation of Titanium Mets
For the oxidation of titanium, Jenkins (1955) and Wallwork

& Jenkins (1958:; 1959) have suggested a similar mechanism to
(122)
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account for paralinear growth. Briefly, it involves the following stages:

(1) The passage of oxygen to the metal-oxide interface through A
an essentially non-protective scale;

(11) The dissolution of oxygen in the metal phase, resulting in

the mucleation and growth of oxide, on and just beneath the

surface, simltansously with the establishment of an oxygen

diffusion gradient extending in depth as a function of time and
temperature;

(111) The intermittent exfoliation of thin sections of the metal
surface under the influence of the stresses-developed by the
mcleation and solution processes; '

(iv) The conversion of these thin layers to the highest oxide
commensurate with the existing oxygen potential in the vicinity,
followed by partial sintering of the layers into a porous én@
stratifieq'ecale,.(Sea also Stringer, 1960).

Jenki;s.proposed that the parabolic region corresponds to the
period when ozygen is taken-into s01id solution through the metal
eurface (Ibmsler, 1958 on Zirconium) at a rate in excess of that
required for the establishment of exfoliation comditions at that .
surface. The oxygen flux through the interface diminishes with -
‘time.as the oxygen gradient penetrateé deeper into the metal, ang'the
paralinear transition is thought to occur when the flux jJust

balances the demand made by the intermittent exfoliation process.

‘ Subsequently the oxygen absorption as measured expérimentally‘ie vholly

attributable to the con?ersion 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 (Stringer,
1960; Wallwork & Jenkins, 1959). As required by the theory, the
oxygen gradient in titénium does in fact reach a 'steady state!,
craning to extend in depth during the linear oxidation period,
Further, if the scale is remo#ed from the metal at this point ard
the specimen re-oxidised at the same temperature, the rate -is
approximately linear as before, indicating that the scale is ﬁot
acting as a diffusion barrier in this instance.

A model that would account for linear followed by parabolic
oxidation has been suggested earlier by Evans (1924), Fischﬁeck
(1933) and Ngldge (1938). If the rate=determining reaction
i8 a boundary effect at the beginning, and becomes diffusion-
controlled in the later stages, the reaction may be considered as
a f1u§ of matter, J, which has to overcome a series of resistances,
namely, the diffusion resistance R q (the diffusion coefficient being
taken_to be independent of concentration) and the surface reactions
Ry and R at the metal-film and film-gas boundaries. The driving
force is as usual, a difference in concentration, & c, af the two
interfaces, -

J =const. _Lec_
Rd + Ry +R2

If the flux of material is approximately constant, then,
J =d§/dt. Ry =af , B4Ry =b

and consto.ALC..= k vwhere a, b, k are constants,

Hence, a ? /dt = ¥x/(a ?+b2

and on integration,

e..gp? + 2b. §, =2k, t
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LY -

or Ly combining the constants,
?2 + K‘a. = K1botp

the integration constant being zero if §== O at t = 0.
This corrésponﬁs 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 KQ@ | , would be rate—determining in the initial stages
of oxidation, and vhen the scale becomes thicker this term will
become negligible, the square temm governing the total reesction
rate (Rubaschewski & Hopkins, 1962, p.99).

3,1.3(b) Comparison with Oxidation of Titanium Boride and Carbide
' The oxidation mechanisms for these refractory hard metals

TiBy and' T4C (Minster, 1959 and Samsonov & Golubeva, 1956) are
essentially similar to those for titanium nitride and for tpe metal
itself, Munster used platimum markers which were found at the scale
surface after oxi@ation° Thus, the Oxide-nitride intefface moves

avay from the oxide-gas interface, In conjunction with the defect
mechanism of rutile, this suggests that diffusion of oxygen ions

(02-) through the scale is raéendetermining. 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 similar energy of activation for coaiser
samples (Tylecote & Mitchell, 1960). The linear portion of the raée
curve.suggests-that a phase boundary reaction may finally become
rate-?ontrollingo Probably, the atomic nitrogen diffuses from the .
metal to the outer scale surface vhere it then forms gaseous molecules,

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

(128)



Small amounts of nitrogen are retained in the oxide lgyer, and some
m;y have dissolved in the nitride phase (deficient in nitrogén) when
freed by the o;idation reaction, The amount of nitrogen retain@d
deperds on the reaction rate, sintering temperature and changes in
cfyatallite sizes of the materials. Thus, it becomes appreciable for
the faster oxidations of titanium nitride above 800°C where

sintering of the titanium dioxide is also rapid. The final product
of composition Ti0p.Ng o75 obtained at 106600 resembles U0s.Np 50,4
given when UN oxidises (Dell et.al., 1966); the latter is sensitive

also to crystallite size variations and both the intermediate UzK3

" and U0y are epitaxially orientated with respect to the UN.

The paralinear kinetics are modified by several factors
contributing to the detailed shape of the initial rate curves of the
6xi¢ation igotherms (Gulbransen & Andrew, 1951) €.8.; decreases in.
surface heterogeneity 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 AlN (Coles
et, al,, 1969). Before coherent oxide layers are formed, the free
nitride surfaces remain exposed to the gas phase, so that the kinetics -
approach linearity. The subsequent parabolic kinetics may be re-
placed finally by approximately linear kinetics with abnormallyalow
rates where oxide sintering is extensive, of ten giving comsiderable

variations in the energy of activation.
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3,2 Zirconium Nitride

3.2:1, Nitridation of Zirconium
The zirconium-nitrogen system and its thermédynamics has been

described in Chapter 1. The kinetics of nitridation of zirconium
has peen investigated by various workers (Brown, 1964, p.179).
Gulbransen & Andrew (1949a, c) report that the‘reaction is much
slower than the corresp'onding one with oxygen or hydrogen. They
observed that the rate is indepéndent of nitrogen presaure-in the

temperature range 400=850 C, and ascribe this to the formation

oA
_',‘Jf

of a surface nitride.layer. This observaéion was. made also by
Dravnieks (1950) at higher temperatures° "From a:study of the reacﬁion
at 900-1600°C, Hallet et.al., (1953, 1954) report’ the formation

of a }g-solid solution and a thln,layer of &{~ solid solutlon
surrounded by zirconium nitride, The rate of diffusion of nitrogen
into zirconiuﬁ.is much lower than that of oxygen. Near tpe}
tranéfomation temperature (852°¢) théﬁe is a marked increase

in the absorption of both gases (Guldnq:;& Wooten, 1948; Hayes

. & Roberson, 1949), Saliberkov et,al.;L(1954) studied the nitridation

of zirconium at 1400=1700°, They observed tie formation of an
ocuter layer of nitride; a second layer ofggg-solid solution, and

a base mixture of Asolid solution with some o= s011d solution

'brpcipitated as a result of cooling. According to all the above

workers the reaction rate is parabolic.

Thé following experimental results have been reported
covering wide rénges.of temperatﬁ;e, and thesé show. that the rate
of reaction éf zirconium with nitrogen is strictly parabolic.

Hitrogen pressure = 0.1 atm., 400=825°C (Gulbransen & Andrew, 1949)
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P,*;.% Co

T
=5x 1072 oxp (=399200/RT) gzcm=4s
PH2 = 10 = 300 m Hz,, 860-=1045%(Dravneika, 1950)
kp = 3.2 x 103 exp (52,000/ BT) gecmts-1 - .
PN, = 1 stm., 975-1640°C (Mallet et.al., 1954)

Ep = 7.8 x 1072 exp (=48,000/RT) g?cm=4s"
In the last equation fhe walues of Kp are r‘e'duce'.. 1omewhat,,_ pregum=
ably -because hafnium=free iodide—girconium was used. Since the
reactio;x rate is virtually indeperdent of pressure (Dravnieka, 1950),
and because of the applicability of the parabollc time relationahip,
oxidation is very prohably dlffusionwcontrolled by a scale consisting
of an n-type semi=conductor,

Production of zirconium nitride from the tetrachloride

vapour and nitxjpgen-ﬁnhydmgep (Agte &Moers, 1931) and by heating
the metal in nitrogen give samples of szirconium nitride showing
homogeneity ranges from neariy si.:oicheiometric zZrN (13.3 wt <%,
50 at -%N) at 600°C to lover nitrogen contents at temperatures u; n
to 1800 C. Thus, typical samples of nitrided girconium used in
the present work contained only 10,32 wt.=%, 42.8 at-%N and 9,29wt-%,
40.0 at <% K. |
3.2.2 Milling of Zirconium Nitxide

The nitride samples sintered extensively during preparation,

so that their specific surfaces were _émly about 0,2 mag“‘i

» and average
crystallite sizes about 4 AMlm, The sample containing 9.29 wt #(40.0
at =%)n1trogeﬁ was milled to increase its surface activity and to
'exami}xe changes in the microstructure caused by the comminution.

6g-portions of the zirconium nitride (69.1 wt <% ZrN + 30.1 wt-%Zr)
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;;;e milled under stardard condigions described in J:ction 2,6,
Chapter II. The specific surface progressively increased { Fig.,
3,10(2)) during the first 5 hours milling, while the initial single
crystals were fractured and incorporated into the aggregates. Thus,
the average crystallite size decreased rapidly at first and later
slowly when crystallites became of submicron size, similar to the
behaviour of titanium nitride on millingolvHowever, longer milling,
5 to 10 hours, appeared to give a considerable decrease in
specific surface (froﬁ'BOZ to 5.2 ng=1) and increase in average
crystallite size (from 0,10 to 0,16 H m), as shown in Figure 3.10(b).
The milling caused strain to be set up within the crystallites
8o that there was X-ray line (or peak)»broadening as shown in Fig.3.11
These traces reveal that the metal present has been more extensively
milled than the nitride, After 5 hours milling, the softer metal
became difficult to remove from the balls of the miil,“accounting for
the lower specific surface and larger crystallites of éhe 10 bhour o
milled sample (Figure 3.11.d) which was more representative of thé&
nitride present. NRevertheless, the strain in the nitride crystailitea
increased progressively throughout the milling, as shown in Table 3,2,
TAEBLE 3.4

Lattice Strain in Milled ZrN Samples

Zirconium Half-peak Widths (28) in Min- | Strain radians
Nitride "|__utes for Reflections (using (200)
ZrR(III) | Zr8(200) | £=2Zr(101) | reflections
Unmilled 23 19 30 - ’
Milied, 2h 24 22 32 2.53 x 1072
Milled, Sh 30 31 = T0 1.03 x 1o=-§
1.88 x 10°

Milled, 10h 44 40 =70




3,2,3 Oxidation of Zirconium Nitride

Changes in phase composition, surface area, crystallite and
aggregate siges during the oxidation of the u.nmilleci zirconium ;:itr:i.de
(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 ). The zirconium nitride oxidation is complicated by
formation of tetragonal ZrCp at higher temperatures, particularly
over 1200°, and monoclinic Zr0, at lower temperatures. The nitride
initially forms the so-called ‘amorphous® cubic 2r0,; notably between
400°~600°C, which may be stabilised somewhat by the remaining cubic
ZrN, Subsequently there is a further fractional volume increase while
formation of monoclinic Zr0, is being completed,

When samples of zirconium nitride containing some free zirconium
metal are calcined in air, the metal oxidises rapidly at temperatures
of 350°-400°C. The nitride requires. correspondingly higher oxidising
temperatures, and initially forms the so-called ‘amorphous’' cubic
2r0» (Mazdiyassni & Lynch, 1964), notably between 400° and 600°C
(cf. cubic Zro, from Zr—alkoxides decomposed in nitrogen at 300°-
40000, which may be stabilised some'what by the remaining cubic ZrK-
in the present work). ZX-ray diffractometer traces show an additional
reflection at 2.,94&»9539 some reinforcement of the 2.54f spacing and
displacement and broadening of the 1,81 and 1,‘543' spacings of mono-
clinic ZrO, towards the shorter distances of 1.80 and 1°53x of the
cubic form, At higher temperatures (T00=1000°C), the additional
reflection disappears and the main monoclimic ZrQp reflections at
3.16 and 2.,843 develop more rapidly., The conversion of cubic face-
centred ZrN (a = 4.,563:) to cubic face-centred Zr0O, (a = 59092)

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

(136)
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volume) which-fur%ber increases to 0,518 when formation of
" monoclinic ZrO, is completed, ‘

The nitride sampies are completely oxidised to zfoz at
temperatures abov; 600°C_within reasonable lengths of time, X-ray
diffractometer traces and powder photographs giie no indications _
of any oxy-nitride being formed at‘teﬁperaturea between 4002 1000°C,
Variations in specific surface, & actual surface ares, S’(for 1 8.
initial sample) and average crystallite size are. shown in Flgure 3.12,
(a) (b) (d), for unmilled ztreonium nitride. samplesp oxldised
at 500°C.in air. About %§6i¥th; material is oxidised within half-
hour_[?géh?e 3,12 (c)} There i5 a considerable increase in specific
surface and the actual su;face area; §’, Thus,‘when the zirconia
erystallises out from the nitride matrix; it evidently splits
off to give smaller crystailiteé, vhich are mainly of sub-microh
size, caused by changes in types“bf crystal lattice anﬂ by the volume
increases given in the previous paragraph,- Subsequently the oxidation
becomes very slow and the specific surface decreases whilst the average
crystallitg size increaseé as the materidl-slowly sinters. After the
first stage moat of the surfacevaréa is that of the oxide which then
has an average crygtallite size almost equel to that of the whole
material. The oxide apparently forms impermeable layers around the
remainder of the nitride ¥hrough which normal gaseous diffusion
cannot occur, since the oxldation is incomplete.even af ter much
longer heating., The high melting pgint of zircbnium dioxide (2700°¢C)
gives a Tammann temperature of about 1210°C (one=half of ths m.p. in
K) for appreciable 1aftice diffusion and a temperature of about 720°

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

(138)
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Any sinte’riné is 'probably given by grain boundary penetration,

~ promoted by the p,resex'nce of unoxidised metal (m.p 1860°C), which
can be effective above about ¥ m.p. of zirconium metal (i.e. 440%¢)
Thig type of behaviour has been observed recently in the oxidation
of Nickel and Chromium where more eoxtensive oxide sintering gives
good protective films (Maude, 1970).

Milled zirconium pifri;do (5 hours milled) oxidises rapidly even
at lower temperatures, vig., 400°C., The very finely-divided Zr-metal
present oxidises very ﬁp;dly (Figure 3.13 (b)), so that there is
an initial decrease in’ surface. Later, the surface increases as
more of the nitride :i;av oxidised (Fig. 3.13(a)), but finally an
imparmeable oxide .layer is formed which prevents further oxidation
at thie temperature. Similar oxidation behaviour is shown at
300%c, 435°C, and 540°C (Pigs. 3.14 (a) (b) & (c)] for the samples
that have been milled for-.a hours and 10 hours, The somevwhat
lower fi_ﬁal amounts of ox:l._dlat:l.on for the milled samples are caused
by the difficulties in complete mmt;val of the zirconium metal
component of ‘the original mitride from the mill. This effect seems
to be proportional to the milling time in the present case, and has
been discussed in the previous section. |

Electron micrbgraphsof‘ the unmil]ed, milled and oxidised
zirconium nitride sampies are presented in Plates3.7, 3.8, 3.7 and )
3.10, |
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v 41,2 Mi)1ing of Vanadium Nitride
[} Y
';:Ae with the nitrides of group IV (Ti, Zr), the high temperatures- #H

"~ to the ."extent that samples generally have specific surfa:ces of

CHAPTER IV

VANADIUM, NIOBIUM AND TANTALUM NITRIDES
4.1 VANADIOM NITRIDE
4.1,1 Witridation of Vepadium

The vanadium=nitrogen system ar;d its thefmpdjrnamics have
been described in Chapter I. As generally found for transition metal
nitrides"'p the kinetics of formation depend not: only on the intrinsic
reactivity of the matene;l concerned, but also on the available
surface or interface at which reaction can oceur.

The nitridation rate for vanadium is much less at a given
temperature than for the corresponding oxidation, but it .fLs similar
ﬁ those for th; reactions of nitrogen with niobium or tantalum,
Likewise, the nitride films dissolve in these metals as fast as they
are formed. Both, nitridation and oxidation 'of-'_vanadium progres"s
all.noétlf parabolically for teniperature ranges of 600°=900°c and A
400°=660°C respectively. The rate equations for p = 0.1 atm. ‘
and t (Maximum) = 2 h (Gulbransen & Andrew, 1950) are as follows:

Np s Ky = 0,94 x 1072 exp (=31,400/RT) gPcm4s"

02 8 Ep = 1.3 x 107 axp (<30,700/2T) gcn™ts™"

i
Preliminary nitﬁ_ding-treatment was found to lower both the initiml

and ultimate oxidation rates,

required for producing those of group X (V, Nb,Ta) cause sintering

-

below 1 ng"’., and average crystallite siges (equivalent spherical. -

L
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diameters) of over 2;3m;‘Thusb samples of vanadium nitride; VN, were
milled to increase their surface activity and to examine changes in
microstructure caused bywbonninution; When 6g-samples were milled
(under conditions described in Chapter II, Section 2.6), the specific
surface progressively increased as shown in Fig. 4.1(a), Electron
micrographs showed that the original nitride consisted of single
crystals and aggregates of about 0'#-8Bum size (Plate 4.1). The single
érystals were fractured during the earlier astages of the milling and
%he fragments were incorporated into the aggregates which remainsd
approxrinately the same size throughout the milling. Thus, the average
crystallite size (Fig. 4.1.0). decreased rapidly at first and later
slowly vhen the crystallites became 6f sub micron size., This behaviour
is similar to that found for the milling of titanium nitride, TiN,
'ggag;-ibed in Chapter III, Section 3.%.2. Electron micrographs of
éﬁ3§#3 10h milled samples are presented in Plates 4.2 and 4.3 respectivaly.
;SE;in, the milling caused strain to be set up within the
crystallites, so that there was X-ray line (o; peak) — broadening.
Table 4,1 shows the halfopeak widths of the (117} ana (200)
reflections, The strain was calculated from the half-peak width of the
(200) %-ray refiection (using Jones® Hethod, Chapter II, Section 2.1.5),
after allowing for broadening due to crystallite sige, Figure 4.1(c)
illustrates the development of strain, which occurred mainly during
the first two hours milling when the single qrystals were fractured
and incorporated into the aggregate, Subasequently the strain remained

practically constant,
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TABLE i

Lattice Strain in Milled VN Samples

Vanadium Half-Peak widths (28) in Strain fradians)
Nitride Minutea for Reflections (Using 2003

VN 444 ™§{200) reflections
 Unmilled " 17 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 102

4:1.3 Oxidation of Vanadium Ritride

Vanadium nitride, VN, is converted to vanadium pentoxide,

V%OS’ 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 % ¢” the material oxidises

comparatively rapidly, while §,and‘§/ decrease considerably aﬁ& the
average crystallite size rapidly increases to above i am,

Subaequenfly, 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 V205)

and large fractionai volume increasge (19272 of the original volume)}
would be expected to produce considerable splitting away of oxide

crystallites. However, the surface areas decrease since vanadium

-

"\ (151)
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pentoxide sinters very readily at 550%C., This temperature is well
above the Tammann temperature (ca. % m.p. in K) of about 200°C for
vanadium pentoxide and close to its m.p. of 674%, soifhat lattice -
‘@iffusion can be extensive, S.nce the Tammann temperature of the nitride
is very much higher (about 900°C), in tﬁe later stages of the
oxidation, the nitride particles are surrounded by layers _of oxide
impermeable to normal gasecus diffusion. Thus, the initial
approximately linear kinetics beccme paraholic being controlled by
lattice diffusion through the oxide layer, This is demonstrated
further by oxidatiorn isotherms on 1 gram=samples of milled and
upmilled vanadium nitride shown in Figures 4.3 and 4.4, The maximum
oxidation rate is given at about 5%5°C for both the 2 hours and 10
hou:a 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, cf. negative temperature coefficients
observed 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 nitride ultimately give regular shaped V205 particles
on oxidation at 600°C (Plate 4.4)

4.2 WIOHIUM NITRIDE
4,2.,1 Nitridation of Niobium “

The niobium-nitrogen system and its thermodynamics have been
deseribed in Chapter I, Neumann et.als (1934), Brewer et.al. (1950)
and Armstrong (1§49) bave also given thermodynamic data on this
nitride. The reaction between niobium and hitroggn mainly follows the
parabolic rate law At 700°C the rates are similar to those for the

nitridation of vitanium and tantalum, but correspondingly slower than

(15€)



for zirconium, The data of Gulbransen and Andrew (194¢8 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 bys

Nb : 50C - 800°C : KP = 8 xio~8 exp (=25,400/RT) 82¢m=4s‘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 mn, Hg or lower the nicobium-nitrogen
product loses weighf below 605009 vwhile at higher temperatures the
metal acts as a ‘getfer' in a saimilar manner to tantalum and zirconium,
The reaction apparently does not take place directly on the metal tut
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, $953).

4.2:2 Milling of Niobium Nitride

When 6g-samples of niobium nitride were milled (under conditions
described in Chapter II, Section 2,6), the specific surface progresg=
ively increased as shown in Figure 4.5{a), The changes were of
similar magnitude to those found for veanadium nitride, VN, under
identical milling conditions, even though the niobium nitride sample
was almost pure £ - NbN (in which pitridation had been nearly complete
giving NbN, . " having a widely different crystal structure, viz.,
hexagonal, ‘zln MoC (Bi),, compared with the cubic F =type lattice for

VN, Electron micrographs (Plates 4.5, 4.6, & 4,7) did not show any
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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 aggregates caused
comparatively larger decreases in average crystallite size (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 beth of the a= and ¢c= axes of the
hexagonal lattice, but individual intensities and peak separations

were insufficient for even approximate determination of strain
perpendiculb,r to the different crystal planes.

4.2,3 Oxidation of Niobium Nitride

The niobium nitride £ - NbN, is converted to 5 niobium
p;ntoxide, Nbaosf at 300-800°C in air. X-ray diffractometer traces
give mo indicatiéns of any oxynitrides or lower oxides of niobium
being formed at these temperatures; cf; Schonberg®s (1954) initial
oxynitride products formed by nitriding & or ¥= Nbi in stcam and exzcess
nydrogen at 700°C or by ammonia nitriding of niobium oxides or ammonium
niobate (NbN, 0, . and Nb¥g 600,5-0,3 having a cubic F-lattice).

Variations ir gpecific surface J, actual éurface area (for 1 8.
initial sample), §4; and average crystallite size are shown in Figures
4,6, and 4.7 for the atmoshheric oxidation of unmilled and S5h -~milled
riobium nitride, These are compared with similar chamges for the
oxidation of niotdum me¥a1 in Figure 4.8, .

Vhen the unmilled nitride is oxidised at 400°C in air, S
increases considerably (Figure 4,6 a & c), Thus, when the niobium oxide .

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

give smaller crystallites, Any additionsl 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 samplea proceeded

to give oxidation rates similar to those of samples which had been
contimously heated. Hence, the crystallite splitti‘ng results mainly
from changes in type of crystal structure (hexagonal EZL MoC (Bi) to
/,Sg’- monoclinic) and a volume increase of 1,37 of the original volume
«8 the nitride is converted to the less d-~nae oxide.

Changes in the actual surface area g wd in the average
crystallite size of the remaining niobium nitride (assuming no
appreciable sintering) and the niobium oxide, A= Nb205, are deduced
from the surface area data and volume changes and are shown in Fig.4.6
(b) and {4). These confim the ultimate sintering of the oxide, and
the 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
compogsition, it tends to form a stable coating &r ind the remaining
nitride particles., Therefore, :t-'he gurface area g’,, in the earlier
stage of the oxidation, increased much more rapidly (Figa 4.6 (b))tha.n
it would if & stable oxide layer had been formed throughout the
oxidation. The experimental results lie well above the theoretical
curve calculated from the formula for a contimially stable oxide
layer (G'Ilslasusonp 1958), viz.,

(1 + .5 0

o

where, S = surface of product (oxide + remaining nitride)
S = ap,surface of original ig- miride.

and x = fraction of nitride oxidised.

(165)
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This is confirmed by the increafes in the mumber of

) -
crystallites calculated from (s1/s)3, where S, =5 /1,77

i.e. 8y = E& 2:37)§s to allow for volume changes on oxidation

(Figure 4.6(c)).

4.2.3.1. Comparigson with Oxidation_of Niobium Metal N

Similar behaviour to that of?unmilled niobium nitride is shown
by S5h~milled niobium nitrﬁde and niobium powder on oxidation in
air at 300°C and 400°C respeciively (Figures 4.7 and 4.8). The
milled meterial 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
isotherms 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 increases on oxidation. For oxide layers on larger
metal samples (sheets)p Kofstad (1960) bas attributed similar
behaviour.to 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 pcowder.

For isothemal oxidations of 1g = portions of niobium nitride,
a maximum rate was exhibited at about 360°C for both the 2h~ and
10h- milled samples {Figure 4,9(b)). The rates at about 600°C are
correspondingly lower, particulaerly in the later stages of the
o;idationp probably due to the onset of sintering which tends to
inpede the oxidation process, This reversal of the temperature coeff-

icient to negative values is gimilar to that found for oxidation

(168)



of milled titanium nitride in section %2,1.2 and niobium metal

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

m@re extensive sintering of the oxide at the higher temperafuree
pfeventing normal gaseous diffusion., This is in accord with the Tammamn
temperature of Nby0g (¥ m.p. in K) being about 610°C, when lattice
diffusion becomes extensive, Sintering promoted by surface diffusion
can become appreciable above about ¥ m.p. in K, i.e, 320°C9 which

is approximately the temperature for the maximum oxidation rates for
ﬁhe milled nitride, At temperatures above 600°C, the oxidatién

rates for vamilled niobium nitride increase again with temperature,
cf., rates at.600o and BGOOC in Figure 4,10, as the lattice diffuasion
increases. The oxide crystallites obtained from the nitride at _
300°C and 400°C are below 0.2 Aim average size (Figures 4.6 (d) and
4.7 (d)); tut thet 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)o Since the metal is comparatively high melting

it would seem that the removal of nitrogen inhibits sintering of the
oxide from the pitrided metal. In both cases, the porosity of the
resulting oxides is low at all the temperatures studied. Adsorption
hystefesis is only just detected in the most active semples., Hence,
the increases in the numbers of crystallites are correspondingly much
higher for the nitride oxidation than for the metal oxidation, cf.,
Figures 4.6(e) and 4.8 (e), Neverthsless, electron micrographs

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

the nitride at higher temperaturez, (Plate 4.8)
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4,3 _TANTALUM NITRIDE

4.3.1 Nitridation of Tenialum
The tantalum-nitrogen system and its thermodynamics have been

described in Chapter I. Neumann et.al., (1934)9 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 éf'titanium and miobium;, but correspondingly slower than
for zirconium, The data of Gulbransen and Andrew (194%¢, and 1950)
deviate slightly from the parabolic law in the early reaction stages.
These workers have measured the rate constant of the reaction of
niobium metal with 0,1 atm. of nitrogen and is represented by:

. e ] — e
Ta 5 600-850 C 3 K = 1,4 x 1074 exp (-39,400/RT) glcn~4a=t

However, it is interesting to note that with the method of van Liemp$
the parabolic rate law could be deduced from consideration of diredt
diffusion of nitrogen into the metal. The negligible effect of preasure
is similar to that found for the reaction of nitrogen with niobium.
In a vacuum of 10 or lower the tantalum-nitrogen product loses
weight below 605009 vhile at higher temperatures the metal acts as
a 'getter! in a similar manner to niobium and girconium, The reaction
apparently does not take place directly on the metal but rather through
a film of nitride which hinderwx 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 reaction at this temperature range involves both the

dissolution of nitrogen in the metal 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,OB’
Taaﬂ, TaNO,8~0°9 and TaN, has been reported; the relative

amounts depen&ing on experimental conditions, At temperatures below

o : . - ; ' : ]
i000°C, mainly TazN is formed, while above this femperature TaNO,B—O,Q

and TaN are the main reaction products. TaNOOOS is formed in traces
at the nitride-metal surface. The X~ray diffraction and microhardness
measurenments show that an outer layer of tantalum metal is rapidly
saturated with nitrogen. The nitrides adhere extremely well to
the metal surface.
Su rerconduc ting properties of tantalum nitride thin film

resistors have been critically evaluated by Gerstenberg & Hall (1964)
and Berry et.al., (1964)
4.3.2; Milling of Tantalum Nitride

When a 6g = sample of tantalum nitride was milled under conditions
described in Chapter II, section 2.6, the specific surface progressively
increased as shown in Figure 4,11(a). After about 5 h, the specific
surface and average crystallite size remained practically cdnstant
on further milling (Pigure 4011.(a) and (b)l This is the hardest
of the nitrides presenily investigated, since there was less X-ray line
(or peak)- broadening (Figure 4.12).

The im tial nitride consisted of a mixfure of about equal pé.rts of
and é = Tali

0, 8=C,
(from analysis and oxidation). During the

& - TaN 9 glving an overall empirical

0,9-1.0
composition TaNO°93': 0,03
10h~ milling, the‘g-form is progressively conrerted © the S;

form as shown by the X-ray diffrectometer traces in Figure 4.12. This

involves a transformation from a hexagonal Co3n (st) type=lattice
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to another hexagonal YIC (Bh) type=lattice. The true homogeneity

range of the £ - TaN structure is nearer 1 than 0.9 atonm

nitrogen per tantalum atom; viz., 0.,99-1.,00; and that of tl_:e;-n structure
is nearer 0.9 rather thar .8 atomic nitrogen per tantalum atom, visz.,
0.87=0.90, cf., Schonberg {1954). The crystel lattice transformation
evidently adjusts the distribution of nitrogen to approach these
homogeneity ranges favourable to the éw and & = structures. It involves

0
reducing the ¢ = axis lattice constant from 2.9'A for € - TaN to

)
2.88A for the éim form and rearrangement of the layers so that the
o
a - axis lattice constant of 5.19A for the &= unit cell with 3

0
molecules becomes 2.94A for the simplerg= 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. Electron micrographs of the unmilled and 10h=-
milled nitride give ne indication of any well-defined hexagonal
structures (Plates 4.9 & 4.11).

4:3.3 Oxidation_of Tantalum Nitride:

The tantalum nitride is converted to /_3_-= tantalum pentoxide,
Tazosp at 400-600°C in air. X-ray diffractometer traces give no
_‘ind_icatioms o_f any oxynitrides or lower oxides of tantalum being
formed at the‘se temperatures.

Variations in specific surface, § actual surface area (for
¥ g-initial sample)p Qj and average crystallite size are shown in
Figure 4,13 for the atmospheric oxidation of 10h= milled tantalum
nitride. These are compared with similar changes for the oxidation
of tantalum metal in Figure 4.i4:"

- When the milled nitride is oxidised at SOOOC in air (Figure
4.13a), Q inoreases rapidly to a maximum value and then decreases

to an almost constant value af ter about 1 hour. Thus, when the
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tantalun pentoxide crystallites out from the nitride matrix, it
evidently splits off to give smaller crystallites. Any additionél
spalling at the oxide=nitride interface, when the samples Qere cooled
for surface area determination was negligiﬁle by coﬁparison gince
reheatgd samples proceeded to give oxidation rates similar to thoae
of samiie~ +hich had been continuously heated. Hence, the crystallite
8plitting results mainly from changes in type of crystal structure
(iiexagonal CoSn (B35) and WC (Bh) to f= orthorhombic) and a volume
inerease of 0,97 of the original volume as the nitride is converted
to the less dense oxide,

Chaﬁges in the actual surface areag,.sﬂ; and the average
crystallite sige of the remaining tantalum nitride (assuming no
apprec:Lable sintering) and the tantalunm oxide, p Ta 05, are

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

'“ﬁﬂézh,“p;;sFrated in Pigure 4.13(b) and (d), confirming the ultimate
.\sintering of the oxide, When there is sufficient oxide of ratiomal
crystallite size composition, it tends to form & stable coating
aroun’ ‘he remaining nitride particles, Therefore, the surface
areaaz 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 4,13(b)). The experimental results

lié above the theoretical curve and are calculated from the formula

for a continua)lv stabie oxide layer (Glasson, 1958), viz.,
S5 o G 0.97x)%

where, S"

surface are of product {i.8, oxide + remain-

ing nitride),

ASf = gpecific surface of original i g ni tride,

and X fraction of nitride oxidised,
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Accordingly, increases in the number of crystallites of up to
P - ‘3; L
1.8=told are zcalculaied from Lé%ésﬁ’o where Jg; = é&/i 9 l1.8.9

/ -
§ = S/(zm)g;

to allow for wvolume changes on oxidation,

4,3.3(n)Comparison with Oxidation of Tantalum Heial

Similar behaviour o that of milled tantalum nitride is shown

by tantalum powder on oxidation in air at the same temperature, viz,,
500°C (Pigure 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 oxide. This is analogous to the observations of other workers
(Gulbransen & Andrew, $949; Schmahl et.al., 1956,' 19583 Caplan, 1960)
on rapid oxidation of finely-divided metals, where effects of ageiﬁg and
of overheating may account for some of the difficulties in interpreting
the earlier oxidation behaviour for film thicknesses between about
100=30002°

The surface heterogeneity of the milled tanialum nitride initially
causes almost linear rather than parabolic oxidation rates (as found
for niobium nitride), Further oxidation isotherms are compared in
Figure 4,15 for unmilled tantalum nitride, 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., This is more prevalent with the metal since

the volume increase on oxidation {i.,50 of the original metal volume )
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is much 1arge£ than that for the nitride (0,97 of the original
volume.). In the case of the milled nitride a stable oxide layer
is established at an earlier stage in the oxidation at 500°CP after
which the reaction is inmpeded onsiderably and the surface ares
becomes practically conszani (Figure 4,13(s) & (@il

The Tammann tcwperztui. ¢t the oxide (mopo ﬂSTOOC) is about
80000p 80 that crystal lattice diffusion is minimal although surface
diffusion can be appreciable at 500°C (¥ m.p. of Ta,0; = 440%)
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 eventuslly also produce sﬁaller oxide
crystallites (ca., 0,07 /s compared with 0,28 am from the metal
at SOOOC)° 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. Again, the fractional
volume increase is greater for the mctal oxidation (i.50 compared
with 0,97 for the nitride oxidation), and the metal is comparatively
high melting :'(caop 300000)° Hence, removal of nitrogen again seeras
to inhibit sintering of the oxide from the nitrided metal. In
both cases, the porosity of the resulting oxides is low at the
temperature atudied (50000)9 and adsorption hysteresis was not
detected even in the most active samples,

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

that of the metal (0001/ﬂ m compared with 0,30 ,4e¢m respectively),
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Blectron micrographs (Plates 4,10 and 4.12) do not show
such rounding.of the edge® of ihe aggregates of the oxide forred
from the nit?lde or the wetul as found with the lower-melting
niobium oxide at similar temperatures, viz.. 550m600°CD

4.3.3 [b)_uxidation of Tantalum and its Nitride at Higher Temperatures

At Hgher temperatures crystal lattice diffusion becomes more
important in the oxidation of larger niocbium and tantalum metal
samples (sheets), Niobium pentoxide and tantalum pentoxides are
n=type oxides in which diffusion is irnward via vacant anion sites
(Cathcart et,al., 1958; Cathcart et.al., 1960), In addition, as
mentioned arlier niobium and tantalum form the respective pentoxides
involving large volume increases. These conditions typically produce
the fo;lowing oxidation mechaniswm; oxygen ions diffuse from the
surface to the metal-nxide interface where they form new oxide

which, owing to its large volume increase {1.68 and 1.5C for Nb205

and Ta205 respectively)g expands against the resistance of the
existing oxide layer. 4s a resuli of this expansion, severe stresses
develop which eventually rupture the film. Ir the case of tantalum,
its conversion intoc oxide has been shown {0 occur by the mucleation
and growth of little plates aiong the (100) planes of the body-centred
cube metal (Cathcart et.al,, 1960}, Simultaneossly, oxygen dissclves
in the metal, Ideally, an ipitvial parabolic growth turning into

a linear one has been observed by warious investigators at
temperatures between 5030 and TOOQG (Peterson et.al., 1954; Gebhardt
& Seghe2219 1959; Cathcart et.al., 1960). The mechanism is, however,
likely to invcolve some self=healing so thati there may be considerable
deviations from linear oxidation and the relationship between the gas

pressure and oxidation rate is not simple. These types of irregularities
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have been observed by Hurleun et.al., (196(}::61) in the casge of
niobium, On the other hand, the oxidation of tantalum depends
esgentially on the square root ¢f the oxygen preasure (Cowgill
& Stringer, 1960}, The structure cb nge of tentalum on heating in
air and oxygen has been e%u&ied by “erao,(1967), using X-ray
diffraction technique, He has identified nmumercus forms of tantalum
oxides, e.g., Ta=0 (so1id solutlon)p TaOy, TabzD é}form
(Ta02) andﬁiéragcy- which are formed in air at either atmospheric
pressure or reduced pressure. The nitrogen in the air is believed
to be important for high femperature oxidation of tantal'uﬁ9 since
nitrides such as Ta;N and égmaﬁ were observed., Heating of tantalum
powder in oxygen causes vilent ignition and the gnggEOBD wyich
has hitherto been considered w» be the high t;mperature form of
Ta,0g is obtained, The trensformation %4~A occurs on heating
in oxygen and the inverse transformation g@*g& occurs on heating
in vacuum at a temperatur® higher than 130000° The Hoelium (Terao, 1967)
method of density measurement showsd that the ¢ ~form is an oxide
lower than Tazoso In the present smork, oxidation of tantalum
nitride at femperatures o 500-5000°¢C gave producis consisiing mainly
of;ﬁ=T3205 with small amounts afgéATazﬁgg detected from X-ray
diffractometer %races,

Industrially, a study of the thermal oxidation of tantalum
ni tride thin films has led to the developmeni of a thermal processing
technique by which these metal films can be made to exhibit superior
resistor characteristics (Ruw ek.,a8l., 19€5). The thermal process
simply involves ne;ting the tantalum nitride (TaN) film resistors
in air at some temperature between 450 and ?’OOOCn Radiant heating
was found to be most convenmient for this purpose, While the resistor

is maintained at the elevated {emperature, its resistance is monitored

and when it reaches the deasired value, the heat scurce 18 quickly removed,
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CHAPTER ¥V

CHROMIUM AND MOLYBDENUM NITRIDES

1 CHROMIUM NITRIDE
iﬁls] Nitridation of Chromium

The chromium=-nitrogen system and ita thermodynamics have

been described in Chapter I, Neumann et.al., (1934) Sato, (1938&)
Maier, (1942) and Brewer et. al., (1950) have also given
thermodynamic ﬁata for chromium nitrides. Nitrogen has a marked
effect on the.melting péint of chromium due to solid solutions
being formed, In the present work, X-ray analysis of high nitrogen
specimens indicates the presence of two phases: (i) a craN- phase
with a close~-packed hexagonal superlattice (L3) structure with
8= 49763 and ¢ = 40442‘-. (usually found at the l-poor boundary)
“and (ii) a CrR-phase having a cubie NaCl (B ) lattice structure
with a=4, 15A. The latter is diﬂf1cult to prepare pure. According
to Neumann et,al., (1931), the formation of mixed crystals makes it
difficult to determine the heat of formation of CrN from dissociation
pressures, Thus;, the nitride sample used for 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 (Kazielski, 1966), X=-ray examination indicated phases Cr, CrFe

R P

and Cr N tut not CrN present during the nitridation. The whole “~

process, can be divided into three stages:

[£]
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(i) adsorption of N, on the surface of the metal and breaking
up. of Ny~ mole;txie into N~ atomsg
(j.i) diffusion of nitrogen atoms into the metal (slowest, ie.
ratenc;ntmiling stage ), and
(1id) chemicatl reaction for Cr,N formationm,
The nitriding rate and the solubility of nifrogen increased with
temperature. The nitride Cr2N was formed on the surface and dif=-
fused slowly :lx;to the specimen, Diffusion studies in chromium=
éi.trogen systen bhave be.en carried out also by Arkharov et.al.;
(1959).
The conditions of formation and decomposition of chromium
- "ni__tz;;des are report.e& by (Zak, 1962), who has also shown by
thermodynamic calculations the followings
. () the reaction, 2 Cr + ¥ N, & Cr,N predominates above 400°¢,
“(11) ‘at 400-1032°C, Cr,N ie formed first, then CrN according
"to the reaction, C1°2N + 1}1-:22 > Cr¥N,
(iii) above 1032°C CrN is dissociated 3:6 form 0r2N., the latter
dissociating above 1477°C, and
(iv) as pressure drops the dissociation temperature of nitrides
is lowered,

Heasurement of nitridation kinetics for nitrogen—chromium
surface reactions during the early stage of the nitride film
growth has been investigated by Johnson (1966) using Ellipsometry,
The film is a;éumed to be crzm which is optically isotropic,

| The . kinetic behaviour obeys a parabolic law, with. the rate constant

‘of 4.4 x -go‘?‘s

C’mzs'-:io The reactions of chromium with nitrogen +

hydzl'-ogen gas mixtures at elevated temperatures (1100=131 OOC) have

-




been investigated fy'Schyerdtfeger (1967).

Using & thermogravimetric technique, Mills (1967) has. studied
the reaction, 2 (&:‘215[‘-!- N2 == 4CrN., The formation and decomposition
of this higher nitride of chromium i3 not sharply defined and the
reaction exhibits irreversibility, and there is a temperature region,
at constant nitrogen pressufe, of aboutrésoc in which the stable’
composition is a mixture of Cer and CrN, The stability of these
nixtures is difficult to account for at present, An average
value of 11,32_wto% Il has been obtained as the upper limiting
composition of CrZN,, The latter was found to have a homogeneity
range of approximately 3 wt,% nitrogen (Mills, $967a), Mills (1961)
found CrN to be nitrogen-deficient with a homogeneity range, At
one atmosphere pressure of nitrogen the upper limiting composition
of CrHAcoPtained 20,80 wi-®N compared with the stoicheiometric
compositigp of 21,22 wt-% N, The chromium nitride sample used
in the pfesent work contained $9.3 wt.% N.

5.1,2 Milling $f Chromium Nitride

When 6 gbhsamplga of the chromium nitride were milled (under
conditions described in Chapter I1I, Section 206), the specific
surface progressivély increased as sbown in Figure 5.1(a). Optical
observations indicated tha% the original nitride consisted mainly
of single erystals or large aggregates of 5-25/um size with some
rore finely divided material shown in the electron micrograph
(Plate 5.1). The single crystals were fractured during the earlier
stagea 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 (Pig. 5.1(b)
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decreased rapidly ai first and later slowly when the crystallites

‘became of sub~micron size. This behaviour is similar to that

fqund-fdr the milling of nif;rides of groups IVA and VA desoribg;i
in Chapters If[ and IV, Electron micrograr> of 2 hand 10 h milled
samples E.re'present'ed.'in Plates 5.8 ind £, & respectively.

., Again, the mill‘ing caused strain to s set up within the
crystallites,»so that there was X-ray line (o> peak)- broadening.

Table 5.1 shows the half peak widths of the (114) and (200)

reflections. The strain was calculated from the half-peak

width of the (200) X-ray reflection, after allowing for broadening
due to crystallite size. Pigure 5.1(c) illustrates the develo;:ment'
of strain, which occurred mainly dnri;1g the first two hours milling
TABLE 5.1
Lattit;e Strain in HMilled Cr-Nitride Samplesg

Chromium Nitride | Balf-Peak widths (28) in | Strain g'rédians)
' Hinutes for Reflection (using 203
ceN (111) crN(200) reflection
Unmilled S92~ 52 -
Milled, 2. h 38 28 1,37 x 1072
Milled, 10h 36 26 1,02 x 102

when the single crystals were fractured ard incorporated into the

-aggregates., Subsequently; the strain remaine=d almost constant.

Slight decr'éases may have resulted from possible redistribution

of I to within homogeneity ranges more favourable to the Cr, ¥

"and CrN é'truoture: ef., behaviour of £~ and _{-— tantalum nitrides,
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5.1.3 Oxidation of Chromium Nitride

Chromium nitride is converted to chromium sesquioxide
(chromic oxide), Cry0y, at 750-1200°C in air, X-ray diffract-
 ometer traces give no indications of any oxynitride or other oxides
of chromium being formed at these temperatures. Variations in
e-ecific surface, S, actnal surface area (for 1g ~initial sample),
§,’ and average crystallite size (equivalent spherical diameter)
are shown in Fig., 5.2.; for S h-milled chromium nitride oxidised
at 1000°C in air, About ¥ of the mate-ial oxidises comparatively
rapidly (Figure' 5:.,2(0),, while S and éd, lecrease and the average
crystallite size increases to about 0.5 Atm. Subsequently the
oxidation proceeds much more slowly with correspondingly 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<CrN and hexagonal
superlattice Cr,N to (hemgona__l) rhombohedral Cr203) and fractional
volume increases (0,354 and 0,597 of the original nitride volumes)
would be expected to produce splitting away of oxide crystallites. |
However the surface areas desrease since chromium oxide sinters
readily at 1000°C, vhich is near the Tammann temperature (about
+ m.p, in X fo_lr (21:-203 is 'ioso°c),, 8o that lattice dﬁﬁsion can
' be appreciablé as well as extensive surface diffusion (above
ﬁjmop,.? 620°c). wnén sufficient oxide of rational crystallite
size ;ompbsitlon is formed, the remaining'nitride particles are
sgrrounded by oxide layers imperheable to normal gaseous diffusion,

Thus, the initial approximately limear kiretics become parabolic
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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 nitwride shown in Figures 5,3 and
5.4. The greater surface heterogeneitiy of the milled samples tends
injitially to give linear rather than parabolic oxidation rates

(as generally found for the nitrides of groups IVA and VA and

discussed irn section Soj,S), The oxidation rates become almost

linear with the formation of thicker oxide layers, so that complete

oxiaation is not achieved wi‘hi» 3 reasonable time aﬁéﬂ%mperatures
LI L

below 1100°C (cf., Figs, 5.3 @nel 575 ) Tleciron nidbgroph of

an oxidiéed nitride sample 1S presented in Platéigiﬁo

5.1.3 (a! Comparison with Oxidation of Chromium Metal

A Fd
&8 in the oxidation of the nitride, the main oxide formed

on heating chromium metal in air at various temperatures up to

- 1200°C is the sesquiioxide, Cr,0y. Electron diffraction rings

113
are sharp when the oxide is formed at 500°C but diffuse for

lower temperatures (cf. Plates 5.5 and 506)° Research on the
oxidation of vapour=depositéd chromium films by Glasson & Maude ;';

(1970) shows that oxidation first becomes appreciable shove 300°C- '%ﬂ

Wwith the sizes of the oxide particles increasing at higher temperatures %
-'2. "

and being comparable with those of chromium oxidéfdbtaingd by decomposition

Er

of the hydroxide at similar temperature?_o:tq;tﬁe pevwly formed

L] Lo
Cr2039 the 2.48& (110) apacing is the most prominent (Glasson\and

o

Leach, 1964).

The sintering of chromium sesquisxide was studied further by
caleining separate porti;ns of chromium hydroxide for 2 hours at
a series of fixed temperatures in air on & thermal balance (Cregg

& Winsor, 1945). The weight losses showed that the chromium

(19%4)
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hydroxide had lost adsorbed water at 200°C when its formula

was approximately Cr(OE)§ or Crzﬁguﬁﬁzﬂc The decomposition to
chfomic sesquioxide, Cr2059 was practically complete within 2 hours
at 400°C°-Samples obtained in two hours a¥ 300a400°C kad lost
'_most'of their water of crystallisation but contained some oxygen

in excess of CrOioao
0,06 H20 at about 350°C) from atmospheric oxidation,

{according to Rode (i965}up %o CrO; gao
The samples were outgassed a% EOOOC(Glassong 1964Q9and their
apecific surfaces measured from nitrbgen isotherms recorded on
the sorption balance, Nc sdsorptiopn hysteresis was shown at
50000 and over, Nevertheless, slight hysteresis was observed
for the more active oxide scmplee prepared at 300a400°0 and the
"adsorption" points (Figure 5.5) were used for calculations.
The variations in specific svrnface, S, ana the zorreaponding
crystallite sizes of the oxide products are shown in Figs. 5.7
& 5.8, The oxide samples of largest specific surface and smallest
average crystallite size are obtained when decomposition of the
hydroxide is practically compiete within the given time. i.e.,
2 hours (cf. decomposition rates in Fig, 5.9). This behaviour is
similar to that found for nickel hydroxide (Glassom & Maude, 1970).
The increase in surface area constitutes ap actavation
ascribed to an increase in the number of mlcforégions in the
decompogition product as compared with the initial substance
(Glasson, 1956), and the decrease in area %c sintering of the produci.
Crystallite splitting resclts from the changes in type of crystal
structure (hexagonal to rhombohedral) dnd volume decresses (0,394 of

the original volume) as the hydroxide (density = 4.% approx) is
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converted to the more dense oxide (density = 5,23). Decomposition
of x gram in a ! g=sample of chromic hydroxzde weculd cause a
proportionate volume change of ﬁivx)+006061 =1 = 09394%H .« If the

development is approximately the same in each d° -ertion, the

’

corresponding change in surface is (1 - 0n394x}% ..1ch amounts to
(0,606)§, i e,, 0.716 for compiete decomposition. In general
if S and §/ are the actual surface arsaa of the original chromic
hydroxide and its partly decomposed preduct, then, assuming no

erystallite split'ing.
s

g = (- 0:394::)'%

Changes in the nmumber of c¢rystallites fPigure ©,10) can be estimated

from the ratic (Si/s)}p where i3 the velue of the surface area

o

of the chromic oxide; i.e., :”/V 216° and S, the apecific surface

of the original chromic hydroxide. Thus, allowanre being made
for the change in crystal lattice (Glasson, * ";'8&;-); (.5¢€ Fi;-"-;"»o),
Sintering of the chroq&ym sesquioxide, Créﬁ%p is feound to be
A3 2

enhanced by increased tewperatures, This is illnstrated by the

decreases in specific surfaces and ihe mumber of crystallites

and also the increases observed in the averarse crystailite sizes

of the oxide prepared at higher temparatures (Figs. 5.7, %.8
& SGIQ). Longer calcination alsc increases sintering as shown
by deéfeases in-specific surface and increases in average crystallite
size (Pig. 5,1j)e Sioce ihé chromic hydroxide decompeses more
rapidly at tﬁé ﬁighcr tenperatures, the newly-formed oxide will
have progressively mcre iime 1o ginter., causing further decreases
in specific surface and increcazses in avercge crystailite size,
The aggregate sizes of the chromium sesjywioxide products at

various temperatures are showr by eleciron microgravnhs (Maude, 1970).

(20L)
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The aggregates increase in sine with higher temperatures and
bacoming more rounded at the edges at 100000. illustrating

dxténsive sintering. They are found to be similar to thosa of
ohromium sesquicxide formed by oxidisging the nitride at 1000°%¢C
(Plato 5.2)., However, the oxide formed by oxidising chromium

powder at 1000°C in air consisted of much larger crystallites

and aggregates observed optically to be mainly above fhmo

Yet,any splitting away of the oxide crystallites cannot be

extensive since the specific suvifaces of ‘the oxidised metal

samples are below 0.2 ngfto The oxidation gensrally obeys a
parabolic rate law consistent with the formation of a stable oxide
layer and a diffusion mechaniam (Figure 5012), In the absence of
sintering, the average crystallitelgi;e should increase by (2,00)§
i.e,, 1.26-fold, for complete oxidation of every chromium crystallite.
As found for zirconium and niobtium metal powder oxidation, the
sintering of Cr203 is probably accelerated by the remaining chromium
metal. In contrast, the finely divided, Crgoqg prepared from the
hydroxide sinters only slowly at 100000 inair, like the oxige
obtained from the nitride. 1In the latter case, sintering is
inhibited probably by the removal of nitrogen.

It would be expected that at temperatures higher than IOOOOC,
oxidation by outward metal migrstion predominates, Gulbransen & |
" Andrew (1957) claim that at about IOOOOG? the rate of gvaporation
of chromium becomes equal to the rate of oxidation, in terms of the
mumber of chromium atoms evaporaiing or reascting with oxygen (Pillingm
Bedworth rule becomes less significant). Ultimately, the removal
of the chromium at the metal-ozide interface leavea hehind vacancies

which reduce the adhesion. This causea detachment of the thicker

{(20/)
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and appreciably-sirained oxise {:1lm> <.f., znalogous behaviour
of iron on oxidation (mpukjon = TLiel. 1940/,

* This type of oxida!.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 contr: gL to

inc » lete >xidation over a much lpuger period at 1000°¢ {  iig.

5 5}@‘"

o7 i e

5:2:1 Nitridation of Molybdenum

The molybdenum@nitroéen system and its thermcdynamics have
been described in Chavter I. Neumann e%,al., (1934), Sato
(1938 b), and Brewer et.al., (1950} have also compiled thermodyn-
amic data on molybderum nitrides, Since there is little or no
nitride formation by direct action bhetween the metal and nitrogen
in the temperature range 4GOmEOOGOC {see Section 1.14, Chapter I),
k netic measurements mainly concern the rate of diffusion of
nitrogen through molybdenum at wvarious temreratures (Smithells and
Kansley, 19%4,1935), The cﬂyﬂt1on concevned 1S«
D= K JF ;}P/(i+ agﬂ
where, D = Diffusion coeff, kK and a are constantsﬂp = pressure
of nitrogen gas whichk aliowa for the fraction of surface
covered by the adsorbed layer, according to Langmuir"é isothernm,
Conditions for nitride formation from the met2]l and ammonia
L and MoN

2

have been discussed previously in Section 1.14., The nitriding

and the thermal siabilities of the crystatline phases Ma

of the almost pure Mo-alloy TsM-2a (C 0.003, Ti Q.09 andZr 0,14 Wt-%)
by ammonia (Lekhtin & Kogan, i658) produces a msximum surface

hardness at 900:1400°C due to the formation of Ho?H and MoN,

(207)



Nitridation at temperatures abowve %40000 resiulted in & decrease in
hardness due to recrystallisation of molybdemum and lack of nitride
formation. Optimum nitriding conditicona were 90u=fOOO°G for 1 hour,
Nitrided molybdenum showed increcsed resisuance (by £0-90%) to
plastic deformation at iOOOu1dOOoCa The nitrided layer was brittle.

In the present work, the nitride used for milling and oxidation
studies had a‘composition of 72.6 wi-% MOZN and 27,4 wi,=% Mo
(4.93%N compared wita 6,80 % for MOEN)
2:8,2. Milling of Molybdenum Niiride,

6 g-portions of the Moliytdenum nitride were milled under
standard conditions describved in Section 2.6 Chapter I.
The specific surface progressively inareased and the average
crystallite size decreased during milling times of up to 10 hours
(Figure, 5,13), Y

The milling caused strain to be set up within the crystallites,
80 thét there was X~-ray line {or peak)abroadening as shown in
Figure 50143 These X-ray diffractcometer traces reveal that the
nitride Pr°5i9t (in the initial sample) has been more extensively

milled than the metal, in contrasst %2 the behaviour found in the case

of zirconium:mitride and the metal, as reporied in Section 3.2.2

Chaptar I1I. The main Mo and HOEN X-ray peaks were too close to
Ll

determine accurately the changes in half-peak widtha for estimating
the crystal lattice"étminsu

The initial aggregates and singls :=rystals are reduced
considarably in size during the first 2 h milling, cf. change in

average crystallite size iliust-ate@ in Figure 5,i3(b) and

electron micrograpns, Plates &,% & 5.3 This probably represents also

(210)
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removal and commimution of more brittle nitride from the
outside of the parily 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 Molybderun Nitride
Molytdenum nitride i3 convarted to molybdic oxide, Mooz.
at temperatures between 350&60000 wn air, X=ray diffractometer
traces give no indicaticns of any oxymitrides or lower oxides of .
molybdenum being formed at these temperatures, Variations in
specific surface, S, actual surface area (for 1 g initial sample)
gv’ and average crystallite size (equivalent spherical diameter)
are shown in Figure %.1%, for % h-milled molybdegum nitride
subjectcd to aimospheric oxidation at 40000: About + of the
ﬁaterial oxidises comparatively rapidly, while §:and,§n values
decrease and the average cryntallite 3ize increase to about 0.5 pm,
P

Then the oxida crystallises out from the nitride matrir, the
chang:s in trpes of crystal lattice (cubic laCl (B?) of Mo,N or
cubic b.c. ¥{£2) of lo to orthorhombic Mooj) and ierge fracticnal
volume increases (1.84 and 2.3 of the oripsinal M02N and Me volumes
reSpectively);%ould bhe exprcted 1o precduce considerable splicting
away of oxide crystrllites., BHowever, the surface areas decrease

gince molybdic oxide (MOOW) ainters wery readily at 40000u This

temperature is well above the Temmann temperature (ebout % m.p. in

P - , . . s os .
K) of about 260" ¢ fox meiybdic oxide, 3o thab crystal laitice diffusion

can be extensive. Hence. in the later stages of the oxidaiion the
remaining nitride particles are surrounded by layers of oxide

impermeable to normal gasecus diffusicn, The initial approximately
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linear kinetics hecome parabolic being controllied by latiice diffusion
through the oxide layer. This is shown alge for oxidation of milled
and unmilled nitride samples in Figures S,45(e), 5,16 and 5,17 at
tenperatures ranging between ESO:QSOOCa 4s found for other nitrides,
the milled naterial apparently has the greater surface heierogeneity
and has acte tendency o give initial linear rather thaa paraboliz
oxidation rates {as discuszed in Jection 2,%.3). The oxxdation ratee
increase comparatively li%tls between £50” mnd 600065 cf., Pig. %,18(a)
and (b).n most probably ceused ty more exiensive sintering of the oxide
inpeding the reaction at the higher iemperature («f. vanadium
nitride, Section 4.i,3), and similarly impeding the final oxidation
of the 10 L-compared with the 2 h-milled samples. Accordingly
electron micrographs show thnt the 2nitial irregular particles of
unmilled or milled nitride ultimately give regular shaped MoO}
parti les on oxidation at 47" and especially a% 550°C{Plates 5.9
& 5.1%). The unmilled nitride snows some crystallite splitting in the
earlier oxidation stages al the lower tewmperature, viz,, 400009
bt more extensive sintering predominates at the higher tempsrature,
550°C, when less finely-divided material is given.
5:2,3(a) Comparison with ox:dation .of Molybdemn metal -

The main oxide formed arn oxidation of moiybdenum powder in
air at SOOOC is wolybdic oxide NQCE, an found for tne oxidised
nitride. Abéut-}»or the metal ia oxidised repadly, accompanied
by some splitting away of the oxido crystalli:esrfzom the metal metrix
as evidenced by increasses in epecific suzface, S and actual surface
~area, ;F (for a 1 g -initial metal csample} and decreases in average

crystallite size (P1gurs 5,15). "~ Thias behaviour is ascribed ic the
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change in type of crystal latiice and- large fractional volume increase
(viz., 2.3 of the original volume described in the preceding section)
when the metal is oxidised éo'the less dense oxide, Subsequgnﬁlyg

oxide sintering predominates so tha% §,and‘gﬁ diminish and the average
erystallite size incresses. This stable oxide film;%?ke-that obtaing&..
from the nitfride sgain considerably impsdes the oxid;..tionn Siuiilarlyg
electron micrographs show that the original rounded (sintered)‘particles
of Molybdenum powder are lar-ge"ﬁ‘ unaffected by limited (99%) oxidation
.at 400°¢ in 5 hours (Plate 5} -1 ) tut more extensive cxidation at

500°C in air (about 70% oxidaiion in th) produces some finer material
with less rounded aggregates. This part of the oxidised spegimen

is shown electron-miorographicaily in Plate S5.12,but togefher with
coarser remainder of the materinl, it sinters extensively on further

heating to above one micron in sice,




CHAPTER VI

The present tesearch reported in Chapters ITV - V demonstrates
the general principles presented in Chapter I. The kineties and
products of oxidation of the nitrides of transitioh metals, viz.,
Ti, 2r, V., !b, Ta, Cr ana Mo, depend malnly on tne intrinsic
reactivity of the material and the svailable surface at which
oxidation can gaour,

lThe temperatures for the formation of the nitrides are
sufficiently high t0 cause extensive eintering sc¢ thail the
products usially have apecific surfaces helow 13 ngrﬁ and average |
erystallite sizes above C.2 pdm. When the nitrides sre milled
the specific surface progreasively increases, Eleclioon micrsgraphs
show that the.ariginal Gitrides consist of amngre crystals and
aggregatea. The sipgle crystais are fractuzed in 'he earlier
atages of the milling and the fragmenis are incorperated into the
aggregates, The average reystallite sizes decrease raprdly at
first and later slowly when the crystallites bscome of submicron
size,

The milled riirides apparenily have g-eater surface heler~
ogeniety and tend initially o give iinear rather than parﬁbolic
oxidation ratee, unt:l sufiicient oxide of raticnal crysialiite-
size composition is formed “c give siable oxide layers. The
kineiics and ozidation rates are influenzed also by differeunces in
type of crystal structure and in molecular volume of the nitrides
and their oxide producta., This leads to spl:tting sway of newly-

formed oxide ¢rystallites from the remaining nitride matrix,

(226)
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particularly in tho esarlier 3tages of many of the oxidations,
Thus, thers ave wariag inrresa2s oo spreific surface and decresses
in averonge cyystaliclz: Srze.

In contrast, oxide Sinterirg decreases the surface area, being
enhanced by longer calcination anvl haigher reaperatures., The
qintering is controlled by sarface diffusion promoting grain-
boundary penetraticn ai lower temperatares (above abeut ¥ m.p.
in K) and crystal lattice diffusioa at higher ‘emperatares (above
the Tammann temperature, ahour % m.p. b K. Comparison of the
oxidation of nitrided and free metals indica‘es thal oxide
sintering is inhibited scmetimes by removal of nitrogen btut
accelerated cocsaionally by the remaining meral,

In the formation of tiippivnm pitride from &y ﬁz—, and
mixdd.gﬁl}- ritanium alloys. the pitride layers adhere sirongly
to the metal subsirate. X-ray analysis wpdicates thal there is
some dissolution of nitrogen in the originalo— or é—- tatanium
to slightly distort theair latiices o that of the so called E ~
TiN, before further nitridaticn aund formation of well.defined
crystal}ine TiN. There are only smali volume increases (0,05
$0 0,086 of the original metm! volume) during the mitridations,
facilitating gond adhesion of the nitride levor. A% lower
temperatures (BOOu?BOOQC) iattire diffusion 138 also operciive,
However, the scaling resistance of titanlum aoii¥ride in air is poor,
since 1t oxidises appresi=bly at tempevaturag above only'600°C.

In the oxidation cf tiiamium nitride, crvstalliiea of rutile
8plit off from the remasning nitride kefore thev sinter and inhibit
further oxidation. Zirconium nitride oxidaticn 12 complicated by

formation of tetragonal Zx, a® highzr terpnyatures, parvicularly
o

Y
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above 1200 C,. and monoclinic ér‘t‘,) at icwer temperaturesz. The

nitride initinlly forms the so-called ‘amorchous’ cubiz Z'r,();_

notably between 400ﬂ6090C“ wnich mav be stabilised somawhat by ihe
remaining cubic ZrH. Ssksequantly irers 2o s farther fractional
volune increass while fo-mation ol monoclinic ZkOZ 18 being

comple ted,

The atmospheric ¢xtoation of vanadiuwm hitride, Vi, ot
450=650°C produces vapadium pentoxide, Vqut whiech is comparatively
low meliing (m~pu 575003 and sinterz extensiwvely, Hence, oxide
gintering pre&bminatea over pogaible gurface sciavation caused by
any crystallife splitting throush change in type of ¢rystal lattice
and large fractional voiume increase (1.27 of the original volume),
as the nitride is converted to the less dense oxide. The maximum
oxidation rate is given at about EGQOGO Lover rates at SOOvESOOC
are ascribed to wore extensive oxile sintering impeding the
oxidation,

Niobium nitride (B~ Wull} and iactalum nitride {8~ and §~
TaN) are converted in air to nicbium pentoxy de;/BcN‘GZO,_‘; at 300-800°¢C
and tantalum pentoxidegérv‘ra?'}:’. at 400-:=6C:C1°C respactively., There
are considerable incresses in gpecific surface and decreases in
average cryztallite size in {he enrlier stages of the oxidations
when the oxides crystallise out from the remmining nitride matrices,
Similay bechaviour is shown when {he metsals are oxidisved in air.

In all cases, there are 1ﬁzge colum? :nvreases resuliing in extensive
crystallite splitting., Subaequently, the pewly-{orwed oxides wvinter
causing the oxidation to be wmpaded, The aintering of the niobium
pentoxide between 400-£00°C is extensive enought* %o reverse lha

tenperature coefficient 10 negaiive evslues for the oxidation rates of

(Y]
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the nitride as well as those previously found for the metal. At
temperatures, above 600°Cg the oxidation rates increase again with
temperature as the crystal lattice diffusion increases. Production

of correspondingly smaller oxide cryotalliies from the nitride compared
with the retal oxidatioans suggests tha! removal of nitrogen inhibits
oxide sintering; the comparatively high melting metal ie not expected
to accelerate sintering in the metal oxidation.

Chromium nitrides, CrN and c:ém, are the most oxldation-resistant
of the nitrides studied. Botb oxidised to give chromium=sesquioxide,
Cr2039 at temperatures between 750=5200°C“ The chromle oxide sinters
extensively at temperatures above +000°¢C (i.e. above about its Tammann
temperature) so that oxidation of the nitrides is impeded., Nevertheless,
sintering ie leas extensive than that found in the oxidation of the
metal at corresponding temperatures, It is more comparable with that
of chromic sesquioxide formed by thermally decomposing chromic
hydroxide, The comparatively lower melting chromium metal apparently
acceleratea oxide sintering,

When molybdemum nitride, Mosz oxidises 1n air between BSOHSSOOCQ
meinly molybdic oxide, Moox is formed, Since, this oxlde is
comparatively low-melting (TQSOC) it sinters readily and hinders
oxidation of both the nitride and the metal,

These studies are heing extended tc other transition metal nitrides,
notably of tungsten. Further investigations have been carried out in
this Department on the formaticn and reactivity of ionic and
covalent nitrides (Glasson & Jayaweera, 1968-69 and Coles, 1969-7C)
and also on other refractory hard metal and non=-metal borides; carbides

and silicides (Glasson & Jones, 1969-70),

1229)
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Appendix ¢

Calculation of the angular separation of the 1

and 2 components of K radietion

Data for angular separation of the two components of
various K radiations are given in the Int:rnationale Tabellen®
accurate to two significant figures. A direct calculation using

the Brogg relationship
sin By = %4 sin 8, =

2d 2d

Y

——

vherean 4 is the crystal spacing and A is the wavelength in
:ngstrom units, is redious and gives only two or three
significant figures, beceuse the two & angles musti be subtracted
to obtain angular separation.

An equation for small values of D uas developed as follows:

subtracting the above equations,

A A |
_:(..2___:’1'_ = sin02 - sin()r = 2 sin¥ (62"97.) coa {-(92 +f3})
2d

/\u<2 - /lv('l

ey ———— e b e,

2d cosh avy

2 sin (:62 --QT) =

Subztituting

Lo A

av.

2 8in B av

3

2 sin ¥ (92-91,) ;:A‘(Q.,_A_.‘(l

A

tan 6
av,
av, ’
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For very emzll angles, the sin 1s very nearly equal

to the angle in ra&ians, i.e.,
2 sin ¥ (92 -31) a 92 -eﬂ

Thus,

A =360 ————“2-& tan 6 .o,

T A

= (2t::1naav

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

given below:

K- Radiation C
Cr 0.195
Fe 0.233
Co 0.249
Ni 0.266
Cu 0.285
Ho 0.6%0
Ag 0.899

Example: Cu Keof radiation,

Brogg angle © = 14%334;

A = 0,285 tan 14°43¢

0.0746

¥ Internationale Tabellen zur Bestimmung von Kristallstrukturen,

vol, 2., 1935, Gebr'l'lder, Borntraeger, Berlin.
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APPENDIX ¥
I.B.M. 1130 Computer Programme for the determination 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

The reactivities of the imterstitial titanium and zirconium nitrides have been compared. Samples of these nitrides
have been converted to oxides by being calcined in air. Changes in phase composition, surface area. crystallite
and aggregate sizes have been correlated with oxidation time and temperature.

Cryslallites of rutile, TiO,, split ofl from the remaining titanium nitride before they sinter, and inhibit further
oxidation. Zirconium nitride oxidation is complicated by formation of tetragonal ZrO, 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 stabitised somewhat by the remaining cubic
ZrN. Subsequently, there is a further fractional volume increase while formation of monoclinic ZrQ, is being

compleled.

Introduction

The formation, hydrolysis and oxidation of the more 10nic
and covalent nitrides have been described in carlier papers.! =
This rescarch 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 retation 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
10 be stable up to 1000°, but the zirconium nitride showed a
range of homogeneity from nearly stoichciometric ZrN
(13-3 wi.-%, 50 atom-% N) a1 600° 1o lower nitrogen con-
tents at temperatures up to 1800°. Thus, a typical sample of
nitrided zirconium contained only 10-32 wt.-%. 42-8 atom- %
N.

Most interstitial nitrides are hydrolysed less readily than the
ionic and covalent nitrides, bui are converted to oxides on
calcining in air.' Hence, although the corrosion resistance
of layers of titanium or zirconium nitrides on the metal sur-
faces is excellent, the scaling resistance in air (or oxygen} is
not very good. Preliminary investigations® have indicated
that the conversion of nitride 1o 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 ratc of oxide sintering.
These variations are examined now more closely 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
serics of fixed temperatures. Oxidation rates were estimated
from weight changes in the samples during calcination.* The
cooled products were outgassed at 200° in vacue before their
specific surfaces were determined by B.E.T. procedure® from
nitrogen isotherms recorded at — 183° on an electrical sorp-
tion balance.”® The deduced average crystallite sizes (equi-
valent spherical diameters) were compared with particle
size ranges determined by optical or electron microscopy.

Phase composition identification

Samples were examined for phase composition and crysial-
linity using an X-ray powder camera and a Solus-Schatl
X-ray diffractometer with Geiger counter and Panax rate-

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

Results

Fig. | (a), (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. Thesc are compared with oxidation rates in
Fig. 1(c). Eleciron-micrographs of the titanium and zir-
conium nitride samples and their oxidation products are
presented in Fig. 2.

2

{a) (b}

SPECIFIC SURFACE, 5, mig-!

(e}

@
o
T
¥

CONVERSION 10 OXIDE, %
~
- o
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1 \\ |
- ~N
AVERAGE CRYSTALLITE SIZE um

t 1 1 1 0
40 8o 0 i0 BO

TIME  h CONVERSION , 7,

=]

Fig. 1. Calcination of titanium nitride in air ar 600°c

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

*Part l1: preceding paper
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The maximum increase in the number of crystallites, cal-
culated from (S’/8)* 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 TiQ; (1920°) give Tammann
temperatures (half m.p. in °k) of 1600° k and 1096 °«, in-
dicating very little crystal tattice diffusion at 600°, but limited
sintering promoted by surface diffusion should be possible
for TiQ, 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 decrcase 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 sotid mass of TiO;, mainly formed within 2h.% Itis
even greater than sintering of TiO;, promoted by crystal
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 1o zirconium
dioxide, Fig. 2 (e), which subsequently sinters at 1000° in air,
Fig. 2(f); at ihis 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 Zr0,'%!3 at lower temperatures,

When samples of zirconium nitride containing some free
zirconium metal are calcined in air, the metal oxidises rapidly
al 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). AX-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 181 and 1-54 A spacings of
monoclinic ZrOQ; 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 (g = 4:56 A) 10
cubic F-ZrO; (a = 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 ZrO, is completed.
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ERRATUM

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

Sor *S(ug/m! of Cu¥) = 6-357 x 10* log,o (4-03 —pHY’
read 'S(pg/ml of Cu*) = 6-357 x 10*-03-pH*

J. appl. Chem., 1969, Vol. 19, June



