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ABOTAALD

Nitrides cre vrevicved ranerally with respect tc their
bonding, producticn (including thoermolynomics and kinetics of
formation) and roactivity. Thie i5 followed by o ounzary of the
stusies by previsus workers on the foraution and renctivity of
the particular nitrides, which are the eudject of the rregent
iavestication.

This theeis anbodies further studies on various aspects
. of the fornation and reactivity of nitrides of sone Group II - IV
elenents. Thoy include nitrides of nore active cetals such as
calcius and sagnesiur, ond of lens active oancse cuch o titonium
ond z2irceniume. Fhe foroer cay Ve considorad to be interrmedicte
products in the indirect corrogion of mpetala; the letter aro
inportont as refracturies and bard coterinlo.

Vilme of cetallio calciunm, oagnesiusm, sinc azd cadsiog
have bssn prepared by vapour depoaition and their nitridaticn
investicuted on ths electron nicroscope. The electron diffraction
patterns of tho filma are correlatsd with their oicrooryctalline
uniforzitye.

The bLydrolysss 0f colciun 2nd mopnesiug nitrides uuder
vearious conditions are gtudied by K-ray powder 8iffraction,
elactron ricroscopy und gas sorztion measurspente, The chanfes
in crystnllite size and ohapes of the resultipng hydéroxzides cre
folloxsd, and compariscono acde vﬁch tie hylroxides produced by
other sethods. Tha reactivity of nitrides tcwards water (vapour
and 1iquid) ct diffovent teopuralurcs Sré corselated with $he

changes in cryastal structurc and purticie cige.
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s
el dero}maig of Caleium and Bagneaium Ritridga

Z2e2s1 lintarinls

“he calcium and iagnesium nitriden uced in tho following
experigents were rroducts of Alfa Inorgonics, Inc. BDE precipitated
magnesiun and calciuc kydroxidan wvers used in the ;rojurction
of tho rcapective exides.

“he calcium nitride was the high tenperniure (trown)
fors lving a cubic (nnti-ﬂseca, a « 11,358) structurc. {icco
it was oroduced above 7500. it was sointered cxten ively, far
this wao ruch higher thun its Tamunh tenperafuce (4G19).

The well-pintcrod éalcium nitride, broken into lumps of about
1 ar. oize, bad o lov cpecific purfoce Ql;;é;éé% u.ag.'1)jk

ire zarnesiva nitride wos & precnich~yollov pcidar,
fsonorphous with calcius nitrice, {e = 9.958), It e mot
e cxteacively ainteresd and concisted of oincle :;§é£:1u
mainly of mires voryin: from 20 tolﬂﬁﬁf-(ﬁ_z Vest to U0
m.ac.°1).*

Saleiun ond mugnesiun nitrides hydrolype rapidly,

oven in the presernce of atmospheric wnter wapcur. .hue, Genples
of the substuncea, inclwding lumpo ceveral nillicetrss thici,
cruadle into finely-adivided hydroxide on sxpooure to uir.

Jelad Frocelure

“bo nitride camplow vere 'wot' Lydrolyssd ot 280 b
addisa: thom slovly to freshly-diotiliel watcr, wiich wac
stirred for variour longtﬁn of ¢time. 'wet' hydrclysia at

o
05 was carried out by placin; th: rozotion vassel in ¢ hot

¥ Lgbanolrcd 7 %&ad .wcw,m?.‘a L Gunrinalin
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Chapter 6 157

TRRAHIUL ALD CIVCCHTM NITRINIS

Ga1 Celcination of the litriden

.97 Fatorizls

The titanius and sirceniun nitrides are products of
Alfe Iporzonics Ince Qitanjus nitride ioc a dark greenish-
brown powdar. Sirconiunm nitride is a grey powder and coataino
ac=e froe matel, vhich shovs up clearly on the X-ray powder
gatternso,

Gate2 Trrocedure

The nitride samplos were caldined in cir for various
laenpths of tiba end a% different teoperaturcs, and their
woight changes detcravined. The nroducts were exanined by
nethods pimiler to theooe uced with the hydrcolysis graoducts
¢f caleiuer and mogneaiun nitrides, Section 3.2.2.

Gole3 Fesulto

Troe varinticne in the specific eurface aand averace'
cryetnllite pize of titopivc bitride with the extent of
oxidntion ot €00 are shown in Pigurea G.la-d. The rate of
oxidation at 1000° ig ahoun in Figure G.2. Ulectron
microgrophe illustrating the chunges are presentéd in
Flotee H.1 = 6.3,

Ths rate cf oxidation of zirconium nitride at variouo
temperatures is chown in rigure G.3. The change acconpanying

tho resction ig iliustroted in Flatem Gob - (.5,
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6.1.4 Uiscussion

Colcination cf titsniug nitride in sir ot 600°
regults in the teirsgonal oxide (rutils, Tica) being forumed.
Figure C.lc confima thut the weight incresse io initielly
ropid, accelerating during the firat half hour, before
becoming approximately linear and then parsbolic (Seagonov &
Golabevs, 15%6; zﬁn."éa;“.'“??;s?a.u. 19503, ae ia cbservad
for aluginium nitride (Coles, Clssson & Jayawecra, 1369).

The X-ray (iffrection potteras of products forced
betwaea BOO - 10007 obow ritride and oxide “reflectiong"
onlyp, inGicoting ro intercediate coupounds with different
1attice dicensions, 6.0, Cxynitrides. it C05° the reflsctions
due to rutile are ohgservod e¢nly after avoul 25% of aitride
i5 cxidiosd. Howaver, at SﬁDo broodened oxide peaks uppear
after only 7?4 oxicdatien in Sh. “he longer calcination time
gt the lower tarperaiure perpits corystsllisatios of rutils.
At hisher tenperatufss crystollisation may be returded by
the abiiity of oxyoea to replace nitrcgen up #o Tiﬁ@,cog.h
in the 74§ lpttice without eltering its dicensiono. This
cccurs vhon the binary cempounds are sintersd at 17500. and
ie followsd by e decrease in the latiice comstant iadicating
 limited golubility of T4l in TiO (Lcheits-Tupont &
Steinberg, 105%).

During tha firat 254 weight gnin at 6300. there ia
copgoratively 1ittle iccrease in sjecific gurface, &, mnd

tho aciual surfece orea fron an initisl 1g. sample of

nitridey 5'+ Thie i5 followed by & more prapid iancrenmce
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and thern o Gecreass in these quaatitice as the reacticn

procecds, Tigures G.ta-b, i.o.,; au initisl increnso and shen
a decreass in the average crystaliite sizme, Ui ure C.%d. '
“hos, the titanio eplits off to give atinller crystullites
when it cryatallises out from the nitricde oatrix Curing the
accelerntory and opmroxiscetely lincar stages of oxidatien,
cf. Flates 6.1 and G.2. lio discontinuitien in tho oxidation
rates are obssrved when the samyles ore cooled for curfcce
area neﬁaurazﬁnta and subsequently rehested. Thun, any
ndditional epallin; at the nitride - oxide iantcrface io
negligible 4in the cooling proceas, Yhie ifudicates thot
crgstnilito oplitting is mainly Gue ¢o the choppeg in crystal
structure (cubic face-centrad to tetragoncl) and molecular
voluae (fracticnal iccroase of (.,020), ap the nitride changes
to the less dense oxide, c¢f. Pilling & Dedworsh {1523} Tule
for me§a1 exidntions Che maziocun incroace 15 the nucbor of
cryatallites celculated froo surfoce area dota according to
Glasson's (1555b) method (Section 1.0} L& about FC-fold,
cf. oxidation of alupiniua nitride at 1004? (Coles, Glasson &
Jayawsera, 1956U). Cryatalidte splittin: criarently fogilitates
rolecse of nitrogen, for the ultimate weisht gain (sfter 20(ha)
ot GG2° is tha theorstical velus correajonding to cosplete
conversion of TiH to Qiﬁa,
“he fuctors, which coatribute to the Qotuiled shope
of tho initial oxidation rate curves and which are sucoariansd

in Section 1.0, ap:ly sinilerly to the oxidaticng of titaniuva

and aluminian nitrides (Coles, Qlasscn & Jogaweera, 1069),.
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Until & gpocific ancunt of oxi€e ic f<rned, a coherent

layor of titnnis & not {roduced. ‘e nitride aurface
rosaing crpoged to the raacting pns, 86 that the kiretics
of the reaction approaches Livearity, cf. Cection 1.5.
Uhen thers is sufficlent cxide of rationzl crystaliite
size cosposition, it sinters to forz ocurface films throuch
which normel gosecus diffusicn cannot ensily océur. Solid
ptote Giffusion ic tiow the rate-cantrolling factor, tho
kiretics beconce parabolic, and the purface arca docrodseo
after about ©U7 conversion, as is obscrvsd in Pirure C.ib.

At Gaa® (£73°0) 1imited ointering by curfeee Giffunica
ia likely for titanium oxido, for ito . melting point (1920%)
gives 050, = 1597 and 037, = 450%K; seo Section 1.G.
flowever, the oueh higher nelting point of titanium aitride
(2035%) gives 0,37, = SO17K, so tunt ite sintering fo noCligible
at €e0°, Tndc explaing the docreass in surface area during
the later stosos of the gulédntion vwhen there is wore coxide
and leoass nitride, Figurcn C.lo-b.

AL 1039°. the uxidotion is very repid, Vigure 0.2,
with about OO of the couvercion oceuring during the first Zh.
by an advasncin gellow -~ browre interface through the sample.
Cincs thie tsuporature is vell aobove the Vomuenn teoperature
of the oxide, ginterin; is oxtensive, Flate .3. lieight
ctangos 1fidicate thut the finz] oemo of titanio retalns some
residunl nitrogen coxrcopendin: to an cvercll coaspccition of

iioaﬂz, wiers = = 0.075. A sizilar Lohaviour bas been

obacrved by Uell, Uheolsr & [lciver (1066) in the cxidation




of uranium nitride, vhich forms producte of composition,
Uﬂjﬂx. vhera x = Qa2 = Cob. .

The activity of rutile grepared By the calcination of
anatase (the other tetragonal !oru.og Tiﬁg) shove 1GGQ° is=
wuch higher thau that of the above sanples propared froa the
nitride (Glazenon, Johnsan & Gheppard, 1509). Presunebly the
titapia formeG by the oxidetion of nitride is produced in a
core coopact fora, and aleo poanidly gives o gpainlﬂizo
acomnepition gore sultable :or sintering.

Oxidation etudionm on airconiun nitride cre uusplicqtcd
by the precence of aeveral forze of oxide {(llelwlicugh &
frueblood, 10593 Mazdiyasni & Lyuch, 15£4), and alco becnuse
there iq egoma froo metul 1§ tho nitride. (n calcinin; tho
nitride at 500°, the mirconium metal pecks are broadened,
but there is little waight goin (303 in 2Ch.), Figure G.3.
At 353°, the oxidatiom of the free metol apd of the pitride
is such faster, the sonoclinic oxids baing forned. At baa°,
however, cubic sirconie is the suin profiuct. At higher
tsmperaturcs, e.g., Gﬁ@o. the wmonocliric oxido m_ein appoars
and develops nore rapidly with ifacreaeins tesperature. Thug,
on calcining sirconium nitride at 1560° for 2ihe,y monoclinic
sircenia is the only product, Mlate 6.5 (cf. Plate G.b)e

At this temporature no tetrsgonnl oxida in dotedtsd, in

154

keepins with the observations of Lynch, Vahkldiek & I'cbiacen (1551),

Conversion of Irll {cubic fcéa-tentred) to cubic :rOP
{also face=conired) invelves & fractionel volume increesse of

De307, ubich further increcses to 0.521 of the initinl volume




165
¢? pitride wvhea the fornation of nonoclinic zirconiu is

conplete. Crysinllite s l1itticy ic czgcctoﬁ therefore during

the caloinsticn of tle 0itride as cheserved Ly Davea &

Foberaon (1?&9). The high maléin; point of tho nitride and

the oxide (2555° wnd 2700% rospectively) imply tuut evan at

16207 both cecapounds ore belsw theoir Casrmonn temperitures, dHul
éhcve ColTy {eguivalent to ebout 730° Zor Lrk and 622° for Uroa).
cf. 24l mnad 2192. Sherofore it is axpected thot the corpounds
will sinter by curfeco diffusion pradobimantly; thi'ls counteracts:
the eifect of cryectnllite eplitting anc leads to mogrogation,

Flate 6.5 (cf. Flate 6.5}, ‘
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Chaster 7

SLhCLUWIND GNAKY

Tho reoults of the invastigatlions reported in the
previous four chapters 1llustrate the genorsl rprinciples
vutlined in “hapter 1. 5he pitrides, vhich hove becn atudied
in this work, naxely, those of Ca, Mg, C°n, C4, B, 9i and Cr,
cover all three $ypes in the classification (Geection 1.1).
Shums, tlhe first four of the above nitrides ore concidered to be
ionic, boron nitride is olascified am ccvalant, whilst titaaiunm
&nd sirconiunm nitrices typify the interstitisl clasc,

The nicrocrystalline uniforaity of the metal filas
conforus to the uotee on sintering stated in Gaction 1.0. ‘Thus,
the melting polnts of notallic célcium. necnesium, zinc aud
cadmiuve (192&, €23, G093 and 554°% respectively) imcicate that
st room tecuperaturs culciun and magresium are vell helow their
Tamsann tempsratures; vheroas, zinc is about 950° balow and
cedaium juost above thair respective values. Lnder laboratory
concitions, tharefore, the exteat of ginterins fn wotollic
Ce, U2, ¢n ond €d would be in Qecreasing order. This is in
a-roenect with their riecrocryetalline upiforsity, which also
decreases froam Ce to Cd. '

s The boﬁaviour of the oetrl filse towurds attompted
udtridation a roees with the thermodynumic duta of the nitrices,
“ho standurd E;?e enerpgies of formation of the coapoundc increonse
in the cordar, Fé, Ca, On, Cd; d.2., Aﬁg im leact ns;ative for
cadaium nitride.

The reculta of tiie Lydrolyases c¢f caleium end mecneciuc
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uitrides unlor vorious conditions are discussed in Section

Se244e Che progertics of tie products Cepend on thy conditions
of hylirolysic and the [rooorties of the reactants. Acuzin, the
results illusirate the genersl principles outlined in Chapter 1.

The calcinations corried out in this work chow that
tle three clasges of nitrides Lebhave differently. A1) the
aitrideo Zora ths oxides on heating in air to o oufficieutly
high tenjorature, but the rates of cxidation and the properties
of the cxides cre diffcrent for icanic, covaleat and intorctitial
pitrides.

Colcivs and cagnesium nitrides require comporatively
low temperatﬁrou ard sghort times for cotplete oxidaticn,
“hs reactiocns aro accoupanied by fairly lor;e changes in
epacific ourface. Yitoapiun ecd girconium citrides require
longer tizes and hicher tanmpesatures for thoir oxidation.
he increade in ourfrce area Sfor the oxidation of titonius
aitride i¢ less than that for the cexications of the calciun
and cugnesium cogpounds, in spito of the larger volume chones
for the resactions of-tho former compounds. Gridotion of the
covilent boroz nitride also requires high tempereturss wrd
ions timos. The reactica is accompunied Ly = decreasso in
specific curface. This is relatsd to the lov meltin: point
0f torcn oxide, vbiok therefore readily ciaters.

Further investig-tionn cre beinc cerried out in this
sepactoent on tho formation and'reactivity of titoaiuvln and
zirconiua nitridec, Thene studicsg are Leiap extended ¢to other

trunsiticn mpetsl nitrides, and alse to Lorides, carbides and
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SUKIAUE NITRIDATION AND

HYDROLYSIS OF METALS

By I RGLASSON and S AL AL JAYAWEERA
(fudie Coravemore ('lu'mr'\{r_'. Laloatorios, Collece of Fecirnoiosy
Phemontly

Condiuons for mtrudaton of metals are discussed foein allv,
an b eompared with direct oxidation Baamples e prves of the
trraten o more aenive meials sach as calomm and o
nestm Ll less dctive oftes sach as ttaniom and zircenium
Mechunial siabthiy of mitvde e and therr reactiv ity towands
waler vapons ad hgeld are cotrelianed with changes i orvsiad
stracture and partcle siee

Norav and electron-micrograph studies are related e rate
win datian amnd changesan surliece areas (and average ory
stees determned by s sorption. Hyleolyss of the mtendes and
dgomng of the hydrons products are stmilanly studuwed,

Introduction
Production of nitride coatings

Nitridation of metals has become inereasinglyv impuortant wiih
their morc extensive use at higher temperatures, Surface nitrida-
tHon was st svatematically stadied by Newnan b who deposited
pure metals on the cathode inan clectric-discharge tube by disiil-
Lition 0 vecwo. The velative uptakes of nitrogen on mictalds suclo as
Ca, Mg, Zn, Cd, Hg, S, Sh oaad Bi ander tie influsnee of the
clectric discharge, were measured by comparison of the absorption
with the amount of Divdrogen liberated by the current passing
through an clecuolvtic ecll, no uptakes on Ih, T and As were
detected,

Nitride coatings have been produced subsequently by heating
the base metal (or material with the particular metad cuating) in a
Hitrogen, ammonid, ot nitvegen - hvdrogen atmospler Ofien,
the nittogen uptake cate decreases considerablv aiter foimation of
w thin ~urtace skin of miride. Several hours aie aecessary fot coai-
g~ ol more than Tor 2 mmitickness, unless muel Lizle s tempoo-
Auics e used o ensure adequaie dinusion aoo-s U nitdee
Lover, Thus et deposition methods® 7 are often proosn d idus-
triadlvom these the ntnde s deposited oo the heated specinen §1om,
gascous nunture of aosnpteble voboale fudide and o mionen
hvdrogen.

Mechanism of nitridation
Tl ~ame principles as these for oxide film growth aae expected
to apply 1o nitridation of metads, Fonation of calciume nitrider.®

dad

I~ comtienenr awith i e thie Bhinoche oy of Mot & Cabeo g 19 1he riate
Boan corpodbad Dy the dbvmepe ot cations ot b proeney

Pover Ao adsovelpeeds o o e pev ot the peroen pros

st s snmnests peversthb adsorpiem to dare oo come-
plov MONL T Hihimm nitridation P rhe raie initaliv mereases in
acrdwin Bemsphiericat crovetls of noesbe e ibe medad Ahove
a comeol thiekness the rate Dhreonn s constant, at v ioeh thme the
v of aciivation s nesdicihlv sinad] the pressare dbependence of
tr rare snevests that the controlhms process st movement of
vascons miogen tnough the poious ninide lover e soreamline
and Knuwds n tlow.

Mot evaporation oecasionadlv aecompanies nitivlaifon, as
heavn by clectropobishied magnesium an very poare nitrogent® o
tecm He Pressare ot abour Hoe’ Hicher nitrogen Pressures pro-
diece breskawanvs des swebden imernaces noweieht godn, explined
I teems of the fonmation amd growth of cavities o the nitride/
metal intertoe with rupture of the sihn eovering the cavity., Thin
(il pesmit the imaenesium vapen: 1o cseape witlont reaeting
with nitrecen within the crack< Honeeo very pure magnesium
nrizted s mapufaetured by heatineg magnesiom above the sublima-
von ¢ mperature o below s omep 238898 fimited amount of

niiroce 0 (or ammenia) is admiteed o inoate surfoee pitriding,
Conversion of ol the metal to nigride is then comple ted by heating
it e e emperatare sufficient @ conse the sublimed macnesiom to
broak thromeh thee surface contine of nitnide, apd by geodoal admit-
traes af uddittonal amoants of nitrogen, The jonie niindes of
Group HOMNL mosilv have Cols, o MouOsivpe covsial stroe-
teio~ I Mo NG the NP dons ocrtpy Leitice positions correspond-
et CaF nnCalowithe e Me o ot ahe 17 positions, The
I nengh the nittede laver,

Varanon s Lot ditiuson of Moo

FAffect of oxvgen and water on nitridation

I, tend pgmhln Cionn, il asy o noest Deocselind 2 <iee 1t
Proseids LUTogch teactin o wit de ol meial smboes) Sone-
G0 moron ol i d mrend o seatc Lover pror s e s
fo st wny subsoqpnnt e el o adlows i Letion
te praeed o il o eomiee ™ Laver ode oD Dy Iy
il et vagmne on ol T o eever b wheh the nutiied
pons are tephaced by hivdiosy b ons, e cach NP s replaeed by

ol

[ . . wal: vl R TN -]' 12
ot becomes vors wealk e lIII'HlIx‘- SR EA SN SR RS S I A

b
4
Ar bl o nanmncs v campeoe o of the vdeosil to oxdde
ot - fonther rognientoton b Ly e meeenestam nats idatinn o

tempt e ttios betwoen 100 el 50 cvagmrition o metal s pro-
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moted by traces of water vapour but inhibited by axveen, Chanes
in phase composition, surface arca and sizes of crystallite aml
aggregate during nitride hydiolvsis have been studied by the
authors.ts )

Hydrolysis ol zime, cadmiom  and  mcrouric nitrides, C.L.
ZmyNy | 6H,0 -~ 3Zn(OH),- 2Nil,, is enhanced, particularly
at lower temperatures. by the solubility of their oxides amd
hydroxides being increased in ammonia. Complexes of the tvpe
MINH)\(OH)y are formed, where 1 &4 for Zn and Cd and .2
for Hg.'® Soluble caustic alkalis also promet nitride dissolntion
for nitrides of Zn and also B, Al and Si. Pressed, extruded or lip-
cast silicon powder can be directly nitrided,’*1% but the presence
of oxvgen reduces the nitriding rate. Hvdrolyvzis of aluminium
nitride: forms part of the Serpek process: pussible uscs of vther
metals for nitrogen fixation have been discussed by Soliman.'®

Most interstitial metal nitrides are not hvdrolvsed so readily, but
some of them, eqe Ti, Zr, Th and U, are converted 1o osides on
being heated in air. Thorium monoenitride (ThN) oxidises rapidly
and quantitatively in moist air at room temperature even in ingdi
forn, but powdered mononitrides of uranium,*® titaniwm and zir-
.cun.ium are quite stable at 100 in boiling water. UN powder
ignites i dry oxygen®® at aboutr 300°, Nitrides of titanium and
zircontum produce ‘Ti0, (rutile) and ZrO, (tetragonal form) when
caleined at temperatures between 4007 and Lo and 300° and
1000°, respectively, and cause indireet corrosion after the metals
have nitrided at higher temperatuies.

Experimental
Materials

Calcium and magnesium turnings were evapurated in vacuo from
a heated filament in an electron microscope shadowing unit. The
metal vapours were condensed as films on picees of mica that had
been coated previously with carbon films. The filament current was
increased sufficicntly slowly to avoid rapid temperature increases
and permit metal stresses to be released, so that the turnings did
not ity off the filument before evaporation. These films were
nitrided at different temperatures for various times, and larger
amounts ot nitride were preduced by direct nitridation of the metal
turnings.

Nitridation of calcium below G00° gives mainly the black form
of CagNy (psendo-hexagonal, a.=3-533, ¢ =4-11A) which irrevers-
ibly changes to the brown form at 600-750°. The higher-temper-
ature form (cubic MngQy Digtype, a =11-338) was hydrolysed.

RN'H S.CT MONOGRAPNH No. 23

This form readily sintered above 750 which s much higher than
thee Tammann temperature of 731 K or 461 ¢, and gave <prcific
surfaves S of less than 000 m?*e ' The magnesinm nitride (cubie
MUy Dag-type,a 9:453) ddid not sinter so extensively, and bulk
samples mainly consisted of single ¢rvstals of sizes 20 to 100u
(N 0] o teh e Y bt the sarface areas of lavers initially
formed on sheet magnestum indicated average crvstallite <zes of
only about 1pu.

Nitrides of zine and cadmium were best ebained by heeting the
finele divided metals in ammonia, Suriace nitridation of mercury
by streaming nitrogen activated by eleciric diseharge at 2 mm
pressure gives small amounts of 4 compound considered 1o be
Hg, N3 Mercurous nitride is stable up to 1007 and readily hydro-
Wsed by water and alkalis, Mercuric nitride, HgyN,. was only
obtained by reaction of ammonia gas with naely divided vellow
mercuric oXide at room temperature.'® Weight losses occurred in
accordance with the cquation, 3HgO -2NH; (gas) =Hg,N, +
JH,O(vap.). give to a hard brown mass of nitride, scnsitive to
detonation on being powdered. Oxidised mercury (as in cut-off
valves, cted) forms nitride with liquid ammonia in which 1t s
appreciably ~oluble, e.g. HggNa in lig. NHy converts hydrazoben-
zene 1o azobenzene.®

Samples of ttanium nitride {cubic F-tvpe, a=4-243) and zir-
conium nitride (cubic F-type, ¢ 4:364) were obtained from the
tetrachloride vapour and nitrogen-hivdrozen.? and by heating the
mutals in nitrogen. The titanium nitride was stable up to 10007,
but the zirconium nitride showed a range of homogeneity from
nearly stoicheiometric ZrN (13-3 wt.-¢,, 50 atom- %, N} at 600° to,
lower nitrogen contents at temperatures up to 1300°. Thus, a°
typical sample of nitrided zirconium contained only 10-32 wt.-",
42-3 atom-°, N.

Procedure

Metal nitridation, bvdrolysis and oxidation of the nitrides were
followed by weight changes on vacuuin®3-23 and thermal balanees. 29
The nitrides were Sdry” and “wet” hydrated with water vapour and
liquid water at luswer temperatures by procedures similar to those
previousiy used in the hedration of lime and magnesia??-39 ap 22°
and 953, Since hydrolysis was rapid for calcium and magnesium,
nitrides, even in the presence of almospheric water vapour, some
samples {including lumps of nitride several mm thick) were ex-
posed to the air for certain tines,

On hydrolysis, all the samples disintegrated into more finely
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Table 1

Hydvolvads of mitvides of calziwm and magnesium

)
Hydrolysis v Stor Av,eryst. Stor | Aw, cryst.
cunditions Ca{OH), i s1ze, A | Mg(Ot), | size,a

mig-! RN

Laguid II,U & - ah 15:0 Iintiey 470 H30

Liquid H 0, ,oh 13-0 2l 570 140

Air, 207, 3 |l.\)4 37 g a4 THID

H,O vap. near s.vp 2 R
o for CagNg i3 h tor
My,N,

~
oD

370 Fioe

o
-1

is shown in Fig. 1 {¢). This gives a regular diffraction pattern (a),
in contrast with that for a nen-unifurm iilm in (b). Changes during
the initial stages of magnesium mtridation at H80°, cauzed by
localised stresses arising from crvstal structure and volume vari-
ations, are shown in {(d). More extenszive nitridation produoces rup-
ture of the tlm and aggregation [¢}. This is mure pronounced at
higher temperatures {above 300°): a 1ypical single aggregate is
shown under higher magnification in {f}. Nitridation of metal turn-
ings at 500° and detachment of the nitride fayers by shaking them
with acetone gave greater scparation of individual crystallites.
Their size ranges extended 1o those obtained at higher temper-
atures (up to 600 Fig, 2 (b)) where vaporization of magnesinm
and nitride sintering were more extensive.

Hydrolysis of calcium and magnesium nitrides involves changes
in the tvpe of crvstal structure (cubic M,y Diy-tyvpe to hexag-
onal) and volumeincreases (0-713 and 0-9700f the vriginal volumes)
as the nitrides are converted to the less dense hydroxides. This
leads to splitting of crystallites and inereases in surfaee arcas!3
Samples of CayN, and .\Ig;,'.'\2 of about 1 snm and 20-100gk crystal-
lite size respeerively (& below 005 m®g-) ‘wet” hydrolvse 1o
hvdroxide of only about 0-2p and 0-05u average t.l\\l.lllll( sige
(I‘.lble ). The l.irg- r volume changes evidently prucluu' more ¢X-
tensive splitting of the crystallites in the Mgy N, hvdralvais, espee-
ially in the very rapid hydrolvsis at 95°. Ageing (Ostwald ripening)
13 also slower for the less soluble magnesiom hvdroxide compared
with the calcium hydroxide. 1 g CagN, containing abont Juu erystal-
lites produces about 8 x 104 CatOH),-crvataliites (in } h at 227
decreasing to 2 /16! on ageing jor about 5 h, while abouat 10
crystallites of Mg(OH), per g \lg,\ are uht.um d. The sluwer *dry’
hydrolyses with water vapour near s.v.p. and atmospheric water

Je S Col MONOGRAPH No 0N

vapour give Tess extensive splitting, viz, 2202 1002 and 3-3 < 1012
Ca{OI-ervstallites or Lo 1S and 3042 1013 Mg (OH),- cryst-
allites per g nitride.

Development of hydroxide from mitride hydrolysis is shown by
the electron micregraphs in Fig. 2, in which (a) shows the splitting
at the surface of a CagNg crystal attacked by steam at 130, (¢) and
(dy ilustrate the wrowth of Mz{OH), cryvstallites in the “dry’
hvdealvais of MeaN, at 227 (1 200 fraction){b), and {v) shows the
disperse nature of the hydroxide obtained on "wet” hydrulysing the
MuaNa at 227, These h\(lrn\nh samples lack anv hexagonal fea-
tres <hown l)\ precipitated and aged hulru\ulL (1} and gnf:
broadened N-rav patterns,

Nitrides of zinc and cadmium, and mercuric nitride

ZnaNy. CdgN, and HggN, are rapidly hydrolysed, since their
oxides .md hyvdroxides dlssnlve in agueous ammonia, as illustrated
by the solubility curves in Fig. 3. Measurements of pH and elec-
trical conductivity show that cnmp!pt bases of the tvpe M{NH,),
(OH), are formed in solution, where v for M =Zn or (d!? and
122 for Hg.'® These bases are stronger than ammenia and com-
parable with Ag(NH,),0H formed when silver oxide dissolves in
ammonia 3324

Nitrides of titanlum and zirconium

Conversions of TiN andd ZrN to TiO, and ZrQ, are shown by the
weight-gain rate curves in Fig. 1. Only ruuk'(t( trm'«)m!) -tvpe TiO,
and tetragonal Zr0, are fnrmx d. Initial weight increases are gener-
ally comparatively rapid, and the oxide X-rayv patterns are only

given after about a quarter of the total weight increases are_

recorded. At the lower temperatures, there are inereases in speceific
surface. Splitting of crvstallites must result from the changes in
tvpe of ervstal structure {cubie F-type 1o tetragonal) and volume
increases (0°630 and 0411 of the original volumes) as the nitrides
are converted to the less dense oxides.

In the conversion of TiN 10 TiOg at 6007, there is little increase in
surface during the fiest quarter of the total weight gain, with the
TiN lattice being essentially retuined. Howe wr it increased from
oo Py U laverage ervstadlite sige, 2480 to 122 Py b 1-1g) at half
total weight gain, when the Tif), is no longer amorphous to X-
radiation, This crvstallite splitting {about 20-fold in. the above
example) evidently facilitates release of nitrogen. since the
niaterial ultimately (after 2000 0h) reaches constant weight corres-
ponding to the caleulated weight toss or complete conversion (cf.
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FORMATION AND REACTIVITY OF NITRIDES

I. REVIEW AND INTRODUCTION

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

Methods of nitride production are summarised and their thermodynamics surveyed. Cryslal structures and
types of bonding in binary and ternary nitride compounds are classified and discussed. ~ Kinetics of nitride
formalion are related 1o structural changes in the materials, which control diffusion of metals and nitrogen
and cause nitride scaling. Metal nitridation with ammonia and nitride formation during ammonia synthesis
are discussed.

information so far available on the sintering of nitrides and its effect on their chemical reaclivity is re-
viewed. This effect is influenced by additives or impuritics such as oxides formed by partial nitride hydrolysis
and oxidation. Sintering and hot pressing increase the resistance of nitrides 1o hydrolysis and oxidation, so
that they become more suitable for use as refractories. Often, corrosion resistance of nitride layers on metal
surfaces is impaired by poor scaling resistance in air or oxygen at comparatively low temperatures. The
kinetics and products of oxidation of nitrides so far studicd, notably AIN, TiN and UN, depend mainly on
the intrinsic reactivity of the material and the available surface at which oxidation can occur.

Subsequent work will be concerned with changes in phase composition, surface area and crystallite and
aggregate sizes and their correlation with production, sintering, hydrolysis and oxidation conditions for
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single and mixed nitrides. Suitable experimental techniques are summarised in this paper,

Introduction

The more extensive use of metals and refractories at higher
temperatures has increased the industrial importance of
nitrides. Those of special interest as refractortes, e.g.. Ti, Zr,
Hf, Nb and Ta nitrides, have high melting points (ca. 3000°)
and thermal stability. Atthough B, Al, Si and V also form
high melting point nitrides, these decompose at tempera-
tures below the m.p., but still above the medium temperature
range (> 1500°). The lower melting point, less stable ni-
trides, c.g.. of alkaline- and rare-carith metals, Li, Cr, Mo, W,
Mn and Fe are of some interest as coatings. Nitrided meial
surfaces are often subject to hydrolysis and oxidation, these
processes constituting indirect metallic corrosion.

Nitrides {and some carbides) of metals of the fourth and
fifth odd (A) subgroups of the Periodic Table have been im-
portant in high meliing point cermets.! When combined
with metals such as cobalt, they form hard-cast alloys.?-3
Fabrication involves powder meitallurgical methods such as
sintering and hot pressing.® High m.p. combined with good
non-scaling propertics make these materials suitable for jet
propulsion and rocket technology, and for refractory vessels
used in melting alloys of the even (B) subgroup metals. Low
reactivity towards normally corrosive chemicals and high
electrical conductivity pernut their application as electrode
malerials in fused salt electrolysis. WNitrides of metals in
groups VI to VIII, especially double nitrides and carboni-
trides, are important in nitrided steels, but can be formed in-
dependently of the process of hardening by nitriding. The
nitrides of Cr, Mn and Fe are also of theoretical interest in
connection with ferro-, antiferro- and ferri-magnetism.?

Methods of nitride production

Nitrides can be produced by heating the elements in a
nitrogen, ammonia, or nitrogen+ hydrogen atmosphere.®
Variations on these methods,® governed thermodynamically
by heats of formation, include heating the metal amalgams,
e.g., Ca, Ba, Mn and Fe, or the metal oxides+aluminium
or magnesium, e.g. Ce, La, Nd, Pr and U, or the metal
oxides+carbon, e.g., Mg and Si. Sometimes. however.
heating metal carbides in nitrogen produces carbonitrides

J. appl. Chem., 1968, Vol. 18, March

such as cyanides and cyanamides of Ca, Sr and Ba.®’ Ni-
trides may be obtained also by decomposing suitable metal
amides, e.g., Zn, Cd and Ba:3® also Co® and Ni.'® Occa-
sionally, metal oxides react with ammonia at certain tem-
peratures to give nitrides, ¢.g., Hg'' and Ga,'? which is the
reversal of nitride hydrolysis,

The more stable nitrides, e.g.. Ti, Zr, Hf, V and Ta, may be
deposited directly on heated surfaces from gaseous mixtures of
suitable volatile metal halides and nitrogen + hydrogen.'3*-27
This method is preferred, particularly when metal surface
nitridation slows down considerably after formation of a
thin skin of nitride. Several hours are required for coatings
of more than I or 2 mm thickness, unless much higher tem-
peratures arc uscd to cnsure adequate diffusion across the
nitride layer. Small TiN crystallites have been obtained in
the cooled anode cavities, when TiCl, is introduced into the
Nz-A stream of a plasma burner.?'-2? Hydrogen is not
required, since the elements are ionised in the plasma beam.

Thermodynamics of nitride formation

Nitridation of metals by nitrogen or ammonia gas has be-
come more important with the increased availability of high
purity metals. The nitrides produced are those in equili-
brium at the temperaturc and niirogen pressure conditions.
Thus, TiN,'*2? VN2* and CrN?2* are formed at tempera-
tures between 1100° and 1600° at | atm. nitrogen. In the
Mn-N system, nitrogen pressure changes from | to 200 atm.
at about 750° increase the N-content of the product from 22
to 32 atom-%.2%-27 Nitridation by streaming ammonia is
advantageous where equilibrium between ammonia and
metal (giving nitride +hydrogen) is established rapidly, as
compared with dissociation cquilibrium in the gas phase.
This produces nitrides of iron,?® cobalt?? and nickel*® which
have low enthalpies of formation and very high nitrogen
cquilibrium pressurcs at their preparation lemperatures.
Sometimes, lower nitrides, e.g.. FesN. are formed, using
ammonia + hydrogen mixtures of NH,3/H, volume ratios
corresponding to lower nitrogen pressures 293132 Ra.
duction of metallic oxides with carbon in nitrogen applies
only to nitrides of high thermal stability*? and gives impure
products. Hence, titanium dioxide (in | atm. nitrogen) forms
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TiN below 1600° and TiC above this temperature; the re-
action is complicated by TiN rcadily forming mixed crystals
with TiC, and by TiO having a limited solubility in TiN.2°

The stability of nitrides and their production at various
temperatures arc related to their standard free encrgies of
formation, AG:°*%** more negative values of AGy® in-
dicate stabler compounds. These are compared for some of
the more important nitrides on an Ellingham diagram?®
(Fig. 1), showing the temperature variation of AG{° per
g atom of metal (a) or nitrogen (b). Metal nitrides of the
fourth and fifth odd (A) subgroups, e.g., TiN and ZrN, have
the greatest stability. This progressively decreases for ni-
trides in the lower groups, and for transition metal nitrides
in groups VI to VIIL. The iron nitrides, Fe;N and FesN, are
relatively unstable, having positive AG¢® values for a fairly
wide temperature range. Similarly, AG+® values for NH,
(per g atom H or N) indicate that ammonia is less stable than
most nitrides.

From Fig. 1(b), the standard free energy changes for the
reaction of a metal with ammonia (forming nitride and hy-
drogen) can be compared for different metais. Thus for
Ca,N, formation, AG1® for 3/2Ca+ NH; — 4Ca;N;+3/2H,,
is the difference between the values for the reactions:—
3/2Ca+4N; — $Ca,N, and 3/2H,+4N, — NH,;. Hence,
the difference between the graphs for 4Ca,N, and NH, in
Fig. 1 (b} indicates the relative ease of nitride formation,

tures, can be formed from the metal and ammonia. How-
ever, although energetically feasible, these reactions may be
kinetically unfavourable. This applies especially to solid
state reactions, when binary and ternary nitride compounds
are formed by heating metals with nitrogen-rich nitrides.
Fine grain sizes and pressing of the well-homogenised
material facilitate the reactions, e.g., for Ti-, V-, Cr— and
Mn-N systems; decomposition of £-Fe,N mixed with Mo
powder produces ternary compounds in the Fe-Mo-N
system.?? lIron impurities often appcar to accelerate ni-
triding of elements.

The thermodynamics of nitride formation from metal
halides and ammonia or nitrogen-hydrogen gas mixtures, has
been developed by Miinster & Ruppert.!9-78:3% Free energy
equations for the reactions:—

TiCls (g)+2H; (g)+ 4N, (g) — TiN (s)+4HCl (g) and
TiCls (g)+2Fe (s)+ 4N, (g) — TiN {s)+2FeCl, (g), show
that on an iron substrate, nitride forms primarily by dis-
placement at temperatures below 1100°—1200°. Experi-
mentally, TiN is deposited by hydrogen reduction above
650°; between 500° and 650° a dark blue incomplete re-
duction product, probably impure TiNCl, is co-deposited.
The suspended particles of TiN formed in the gas phase
settle on the substrate and give somcwhat porous deposits.
Thin coherent non-porous coatings are formed by displace-
ment, in the absence of hydrogen. The very low sclubility of

when the materials are in their standard states. All of the iron in TiN stops the reaction, but the coatings can be
nitrides in Fig. 1, except Fe,;N and Fe N at lower tempera- thickened subsequently by hydrogen reduction. Chloride
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reduction and direct deposition methods have becen com-
pared for group IV A and V A nitrides,’* and summariscd
for boron nitride.*®

Structure of nitrides

Nitrides are classified generally as ionic, covalent and in-
terstitial .®

lonic nitrides are typified by lithium in group 1 (Li,N) and
the alkaline-earth metals in group 11 (M;N;}. Nitride forma-
tion by the other alkali metals in group 11s restricted by crystal
structure conditions. The ability of the clements to form
stable nitrides is indicated by comparing heats of formation
(kcal per cquiv.) of corresponding oxides and fluorides*!
which are more stable than the nitrides, their standard free
energies varying similarly with temperatures, cf. Fig. 1 (a)
and Fig. 2. Since the radii of F-, O?~ and N*- are similar,
variations in hcats of formation will depend mainly on the
negative ion charge; electron aflinitics, E, and crystal energies,
U, will be affected. E is expected to predominate in com-
pounds with large positive ions of low charge, so that the heat
of formation decreases with increasing negative ion charge,
e.g., LiF, Li,O and LisN have heats of formation of 146, 71
and 15 kcal per equiv. respectively. The sharper decrease
from NaF (136) to Na,O (50) suggests a very low value for
NaN, which is evidently unstable at room temperature and
has so far not been prepared in the purce condition. The
Madelung constant is significant in that it is unfavourable
for LiyN and high for the fluoride. Thus, the decrease in heat
of formation from fluoride to nitride is much greater than in
the group 11l series AlF, (110), Al,O, (63) and AIN (27),
where the nitride has the higher Madelung constant.

Comparison of the molecular susceptibilities of Mg, Zn
and Cd nitrides shows that the polarising action of the metal
ion decreases from Mg 10 Zn 1o Cd.*? Nitrides in group 11l
(B, Al, Ga) and group IV (Si, Sn) show covalent character.

Interstitial nitrides are formed mainly by transition metals.
The small N atoms occupy some or all of the interstices in the
metallic lattices, which are generally close-packed. This
gives simple nitride structures, such as the rock-salt lattice,
the form of which depends on the number of N-occupied
interstices and their type (tetra- or octa-hedral), c.g., ScN,
LaN, CeN, PrN, TiN, ZrN and Fe;N. Ranges of homo-
geneily vary; UN is an extreme example, having the stoicheio-
metric composition of the compound. Uranium also forms
higher nitrides, viz., U;N3 and products with N-contents up
to that of UN,, cf. Table I. The composition of interstitial
nitrides with a narrow range of homogeneity is not deter-
mined by the metal valency, in contrast to some transition
metal oxides, also having narrow homogeneity ranges.

Refractory nitrides

The interstitial nitrides are usually extremely hard materials
with high m.p. They have thermal and electrical con-
ductivities comparable with those of metals; some of them
become superconductors at very low temperatures. Thus,
they are one group of a class of materials tecrmed ‘hard
metals’'***—*7 or ‘metal-like’ refractory compounds.*8-*°
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 non-metals
with each other, such as carbides, nitrides, sulphides and
phosphides of boron and silicon, and also alloys of B and Si;
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Fig. 2. Ellingham diagrams for some oxides and fluorides

(3) compounds of metals with each other, known as inter-
metallic compounds.

The character of the chemical bond between the com-
ponents of these compounds is mainly metallic or covalent
with a small proportion of ionic bond. These types of bond
are established mainly by transition metals with non-metals
having ionisation potentials sufficiently low to avoid ex-
clusive ionic bond formation; they are also formed between
two non-mectals and certain metals with each other. The
metallic components of refractory compounds include ele-
ments of the odd subgroups of groups 111 to VII, group VIII,
lanthanides, actinides and aluminium. The non-metallic
components include light non-metals of the short periods
(B, C, N, O, Si, P, S). The chemical bond in the lattices of
these compounds (in addition to the s- and p-electrons of the
metallic and non-metallic components respectively) is formed
also by the electrons of the deeper incomplete d- and f-levels
of the transition metals. Isolated atoms of metals of the odd
subgroup of group I1, the alkaline-earth metals, do not have
any electrons in the d- and f-shells, but in compounds with
non-metals, energy states corresponding to these shells may
occur.*8-3° The ‘metal-like’ refractory compounds are
heterodesmic in the character of their chemical bonding, with
the proportion of each type of bond being determined by the
criteria and features of the crystal structure.

Nitrides have correspondingly greater proportions of ionic
bond, because of the higher ionisation potential of nitrogen
compared with the other non-metal refractory components.
This is more evident in nitrides of metals having a low ac-
ceplor capacity (Mo, W, Re), while the nitrides of Nb, Ta and
Cr show a combination of metallic and ionic bond, with the
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TabLe 1

Fractional volume and crystal lattice changes on nitridations

Crysta} lattice change to

Fractional -
Nitride volume change Element Nitride

Li;N -0-30 Cubic b.c., a = 3-51 A. hexagonal, @ = 3-66 A., ¢ = 3-89 A.

Be,N, +0:39 Hexagonal c.p. Mg (A3), cubic Mn,0; (D54), a = 815 A,

a=228A,c=338A

MgsN2 —0:41 Hexagonal Mg (A}), cubic Mn,0Q; (D5,), a = 9-95 A.

a=3214,¢c=52
Ca;N, —0-31 (¥) Cubic b.c. W (AZ), cubic Mn, 0, (D5,),a = 11-38 A.
(High temp.) a=438 A
SriN,; —0-25 Hexagonal Mg (A3), pscudo-hexagonalt+¢
a=4314,c= 7054,
or cubic b.c.,, a = 4-84 A,

Ba,N, ~0-19 Cublsc 8 .C.. W (A2), pseudo-hexagonal *4¢
a= 2 A

ZnyN, +-0-27 Hexagonal Mg (A3), cubic Mn 0, {(DS,}, a = 9-74 A.

a=266A,c=49%2A

Cd,N, +0-22 Hexagonal Mg (A3), cubic Mn.0; (D5,), a = 10-80 A.

a= 298 A, c=562A.

BN +0-17 Tetragonal, hexagonal,

a=8T73A,c=503A. 0—250A c = 666 A.

AIN +0-25 Cubic, Cu (AI), hexagonal, wurtzite (B4),

a = 405 A a= 31l A,c=497A
GaN +0-19 Onhorhomblc, a=4-524 A., hexagonal wurztite (B4),
b =4-523 A, c = 7661 A. = 318A,c=5174A

InN +0-19 Tetragonal, hexagonal, wurtzite (B4)

a=325A,¢c=494 A a=354A,c=5T7T0A.

SiaN, (@) +0-22 Cubic, diamond (A4), hexagonal, a = 775 A., c = 5-62 A.

SisN. (B) +0-22 a = 543 aA. hexagonal (phenacite),
a=T760A,c=2914

LaN —0:01 to —0-02 () Hexagonal Mg (A3), cubic NaCl (Bl), @ = 5-28 A.

a=376A.,c= 606

(B) Cubic Cu (A, a = 330 A
CeN —0-08 to —0-07 (a) Cubic Cu (Al), a = 5-16 A., cubic NaCl (B), a = 5-02 A,
(Low temp.) (B) hexagonal Mg (A3),

a=365A,c=596A.
“TiN +0-05 to +0-08 (B) Cubic b.c. W (A2),a = 3-30A,, cubic NaCl (BD), a = 4-24 A.
(Low temp.) (a) hexngcnal Mg (AJ)I

95 4., c=4-68 A

ZrN no change to (B) Cubic b.c., W (A2),a = 3-60 A., cubic NaCl (Bl), a = 4:56 A.
(Low temp.) +0-03 (o) hexagonal Mg (A3)

a=323A,c=515A,

ThN 4+0-01 to +0-07 (P) Cubic b.c., W (A2),a =411 4., cubic NaCl (Bl), a = 520 A.

{Low temp.) (&) cubic Cu (Al), @ = 5:08 A.

VN +0-27 Cubic b.c., W (A2), a = 3-03 A, cubic NaCl (Bl), a = 4-13 A,

NDN (&) +0-18 Cubic b.c., W (A2),a = 3-30 A, hexagonal, Y-MoC (B,
a-—297A c=55}A.

TaN (g) +0-26 Cubic b.c., W (A2),a = 3-31 A, hexagonal, CoSn (B,,)
a=5194,c=29

CrN +0-49 (a) Cubic b.c., W (A2),a = 2-88 A. cubic NaCl (Bl), a= 4 15 A.

Cr;N +0-21 " hexngonal superlattice (L 3),

(at N-poor boundary) =476A,c=444A

MoN (8) +0-21 Cubic b.c.,, W (A2),a = 3-15 A, hexagonal superlattice,
a=572A,c=5614A.

Mo, N (y-) +0-09 o cubic NaCli (Bl), a = 4:16 A.

(Low temp.)

WN (8) +1-16 Cubic b.c., W (A2), a = 3-17 A, hexagonal (WC, By),

{at N-rich boundary) a=2894A,c=283A.

W,N (B-) +0-39 » cubic NaCl (Bl), a = 413 A,

UN +0-41 (o) orthorhombic, a = 2-86 A., cubic NaCl (Bl), a = 4-89 A.

b=5884,¢c=494A.

U,N, +0-84 o4 cubic Mn,0, (D5;), a = 10:70 A,
or trigonal, La,O, (D 5, ,
a=369A,c=583A

UN: +0-91 ” cubic, CaF, (Cl),a = 532 A,

b.c. = body-centred

c.p. = close packed
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latter preponderating. Decreasing the nitrogen content of the
nitride phases, within their homogeneity ranges, strengthens
the metal 10 meta! bonds and wecakens the bonds of the
meial atom cores with the nitrogen. Fairly wide breaks in the
lattice energy states become possible, and determine the
semi-conductor properties of nitrides having N-deficient
lattices.

The proportion of ionic bond in metaf oxides having high
acceptor characteristics (Ti. Zr, Hf, V) is rather less than in
the corresponding nitrides. since oxygen has a lower ionisation
potential than nitrogen. These differences will be more
pronounced for the lower oxides.

The second class of refractory compounds includes B and
Si nitrides®'-5* (so-called non-metallic refractory com-
pounds). Their bond character is alse heterodesmic, but
with covalent bonding predominating. They have semi-
conductor properties as well as high electrical resistance at
room temperature. Generally, their structure consists of
layer chain or skeletal structural groups or patterns, and they
cither melt with decomposition or decomposc before reaching
the m.p.

Three clements, Be, Mg and Al (1ypical elements of groups
IT and 111 are intermediate in their ability to form refractory
metal-like and non-metallic compounds. Fairly refractory
semi-conductors ar¢ given with non-metals.*® ¢.u., Be, Mg
and Al borides and AIN, and these three metals also can
form intermetallic compounds.

Relationship between bonding and crystal structure of
binary compounds

Hiigg**-** suggested that binary interstitial compounds of
the transition elements had simple ‘normal” siructures when
the radius ratio, r,:r, of the non-metal and metal atoms was
Iess than 0-39:1. Many of the compounds giving radius ratios
greater than 0-59:1 are still mewallic in character. but their
structures become more complex with decreasing size of the
metal atom. Higher non-metal concentrations increase the
unit ccll dimensions of the interstitial phases, effectively
making the radius ratio less favourable for normal structures.
Later research indicates that this limiting radius ratio rule is
valid only for carbides, the nitrides generally having lower
radius ratios.’

Usually, the metal atoms in the interstitial compounds are
arranged differently from the original metal lattices. The
non-melal atoms occupy thosc interstices where they can re-
main in contact with the metal atoms. The face-centred
cubic, close-packed hexagonal and body-centred cubic lat-
tices have two tvpes of interstices—tetrahedral and octa-
hedral with co-ordination numbers of 4 and 6 respectively,
The octahedral hole is perfectly regular in the two close-
packed structures (face-centred cubic and close-packed
hexagonal}. but has tetragonal symmetry in the body-centred
cubic structure. The only interstices of the simple hexagonal
unit cell are the large 6-fold co-ordinated sites at the centres
of trigonal prisms of metal atoms,

In the interstitial structures. not all of the holes of one type
are neccessarily occupied, so that many homogeneous phases
show wide composition ranges. Ncvertheless. homogeneity
ranges of phases often include. or approximate to. some
simple stoichciometric composition corresponding to the
occupation of a definite fraction of the number of available
interstices. In the cubic close-packed lattice, the large ocla-
hedral interstices are occupied only if the radius ratio exceeds
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0-41:1. Many monocarbides and mononitrides (MX-type)
have radius ratios within the range 0-41—0-59:1, and have
rock-salt structures irrespective of whether the original metal
has a cubic close-packed structure or not.

Pauling-Rundle theory

Rundle** considered that the metal to non-metal bonding
is octahedral. with 6 ecqual bonds being directed from the
non-metal towards the corners of an octahedron. Pauling’s
basic concept®**-37 of the resonance of the 4 covalent C- or
N-bends amongst the 6 positions is developed by Rundle and
Schwarzkopf.! Physical properties such as hardness, high
m.p. and clectrical conductivity are interpreted partly on the
basis of resonating bond structures and on tonic structures,
involving  essentially homopolar and heteropolar  forces.
Krebs®® suggested a resonance systemt of n-bonds between
the 3 p-orbitals of N and the ,.-orbials of the metal.

Electronic states for refractories

Bilz** regarded isolated XM, co-ordination polyhedra
within the lattice as "X M, molecules’, and presented a mole-
cular orbital scheme of their bonding. He appended a cal-
culation of the electronic states for refractories, MX, based on
the band theory of metals. Thus, metallic character is ex-
pected to develop with increased clectron occupation of the
d-band in the series ScN, TiN, VN. This is supported by
nuclear magnetic resonance mecasurements®® on ScN and
VN, where ScN resembles a haif-metal. However, the ex-
pected increase in metallic character is not shown in the trend
of electrical conductivities.®!

Goodenough®? describes nitrides with a rock-salt structure
as ‘tonic compounds with metallic conductivity”, and in par-
ticular related to the oxides. The bond is partly ionic be-
cause of the clectronegativity difference between the metal
and nitrogen, and also partly covalent. In the metallic bond
in transition metals, electron distribution between localised
and more dclocalised bonding states is determined by a
critical distance. R..°? Above about 2-9 A the clectrons are
localiscd. but below this value “collective™ clectrons are pre-
sent.®*  Elecirical conductivity is associated with partial
filling of the /,.-bands by collective electrons, and is limited
to compounds where the metal-metal distances are lzss than
R.. as in nitrides. Rock-salt structured nitrides arc formed
only if 3 or less d-electrons are available in the formally
trivalent cation, when the e -orbitals are empty and the 7;,-
orbitals are either half or less than half filled. Great clectro-
negativity differences produce a large forbidden zone. with
the bonding clectrons belonging mainly to the nitrogen sub-
lattice; the bonding s- and p-cg-elecirons are predominantly
on the nitrogen (ScN). Decreasing clectronegativity differ-
ences confer a stronger ¢, character on the bonding electrons.
Increasing covalent bond character may lead to cation-anion-
cation exchange interaction, e.g., CrN.

Special bonding relationships intermediate between the
two exiremes exist for y-CrN (rock-salt latiice). Transition
from cubic to orthorhombic symmetry is associated with
localisation of the covalent bond and accords with changes
in magnetic properties.®® Nitrides of the Perovskite type,
M:N (M = Fe or Mn) arc classified by Goodenough®? as
interstitial alloys. where the M-N bond is predominantly
in character, i.e., N is probably present as a neutral atom.
This agrees with Kuriyama's determination of the N atomic
scattering factor in MnyN.%° showing nitrogen to be present
as either N® or N'-. These results conflict with Eltiott’s de-
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terminations for Fe,N, which show N3- as the probable
species.®” Mekata's qualitative band scheme for e-Mn N is
based on a neutron diffraction study,®® and is a modification
of Goodenough's scheme for cubic-F Mn, differing in the
energetic arrangement of the e;- and f;;-bands relative to onc
another,

Ubbelohde-Samsonov theory

Ubbelohde's interpretation of the interstitial dissolution of
hydrogen in palladium, tantalum and titanium®®-’¢ has been
extended by Umanskiy to carbides and nitrides.”'7? Seith &
K ubaschewski”? and Prosvirin’® have demonstrated the ionic
character of dissolved carbon and nitrogen in iron. Further
development by Samsonov & Neshpor®?:7*~7% implies trans-
fer of non-meial valence electrons into the electron ctoud of
the compound, at least partially filling the clectron-defect of
the metal atoms. The additional forces of the donor-acceptor
interaction greatly strengthen the interatomic bond. Thus,
Jack interprets the structure of iron,”? cobalt®° and nickel®!
nitrides, carbides and carbonitrides on the basis of electron
transfer from the interstitial C and N atoms to the metal
lattice. The degree of participation in the bond (of incom-
plete d- and f-electron levels) and the distribution of clectron
concentration in the crysta! lattice is expressed by the quantity,
1/Nn, ‘acceptor ability’, where n is the number of electrons in
the incomplete level and A is the principal quantum number
of this level.”® Decreasing ‘acceptor ability’ causes corres-
ponding decreases*® in electrical conductivity, heat of forma-
tion, lattice energy®?-8¢ and hardness. The electron density
also depends on the tonisation potentials of the non-metal
atoms, their electron-donor ability increasing in the direction
of O, N. C, B, Si.b’-°°

The essentiatly metallic character of the interatomic bond is
comparable with the Hume-Rothery electron phases,®®-%¢ the
nature of the crystal structure depending on the clectron con-
centration. Increasing concentration produces a sequence of
crystal lattices, viz., body-centred cubic, basecentred hexa-
gonal, face-centred cubic, simple hexagonal, for similar
atomic radii ratios, r,:rm, where X = B, Si, C, N. The
face-centred cubic lattice, most characteristic of group 1V
and V metal carbides and nitrides corresponds to an electron
concentration of 55 to 6 electrons per atom. Nevertheless,
formation of crystal structures characteristic for metal com-
pounds does not necessarily arise from the transitional nature
of their atomic components. Thus, nitrides of rare earth
metals are mainly tonic,?!-®? yet crystallise in {ace-centred
cubic (NaCl-type) lattices, similar to monoborides and mono-
carbides of group IV and V transition metals having metallic
propertics.

Wiener & Berger demonstrated that the occupation of
incomplete d-shells of the metal atoms by electrons donated
from the non-metal atoms reduced the magnetic moment.??
Results for Fe, Co and Ni nitrides suggested donation of
about 3 clectrons by each N atom. The nitrogen was re-
garded as a positive ion or as forming a covalent bond by
interaction of the p-clectrons of N with the unpaired d-
electrons of the nearest neighbour atoms. Likewise, Kies-
sling found that the ferro-magnetic properties of Mn, Fe,
Co and Ni borides showed effective increases of 0-5 1o | in
the number of d-electrons compared with the pure metals.®¢

There have been only limited studies of the energy spectrum
of electrons in metallic compounds. Thesc inctude an approxi-
mate quantum mechanical analysis of the electron structure
of the interstitial phase TiC and TiN,*® and investigations

of the X-ray spectra of Ti, V, Nb and Cr nitrides.?*-?? The
latter are interpreted by the splitting of the 3d-level into 7,,-and
¢~ levels by the crystal field in the octahedral environment.

Relationship between bonding and crystal structure of
ternary compounds

Binary nitrides may change their character considerably on
combination with a third element, cither metallic or non-
metallic. Partial cxchange of a transition metal for a neigh-
bouring transition metal produces only a small difference
between the propertics of the binary and ternary com-
pounds. Introduction of one of the even (B) subgroup metals
or partial replacement of nitrogen by carbon or oxygen, cach
have a much greater effect on the nature of the bonding.
The products become polar in character when the third com-
ponent is a very base metal or a sirongly electronegative
non-metal. The ternary compounds so far examined have
been classified by Juza,? and their propertics are sum-
marised here in relation to what is known of their crystal
structures,

Ternary metallic phases—double nitrides
Mixed crystals of the NaCl-1ype

There arc mixed nitrides of odd subgroups IV. V and
Cr_lOO-lOS

Hexagonal phases

These arc formed when Mn, Fe, Co and Nt partially re-
place Ta in &-TaN or 8-TaN (for Mn only)}'®' or Co and Ni
replacing Ti and Mo in TiN and MoN, giving products having
a tungsten carbide-type lattice, '°* cf. also Ni arsenide struc-
ture. Numerous ternary nitrides in Cr, Cr/Ni and Cr/Mn
steels both with and without substantial carbon contents have
been reported.!®*

Mixed crysials of the Perovskite type

Mixed crystals of composition Mn_.,M:N¢ioors O orss
{(where M = Cr. Mn, Ni, Cu, Zn and [ denotes holes in the
nitrogen sublattice) derived from MnyN have been investi-
gated. The magnetic momenis per unit cell of the ferri-
magnetic mixed crystals depend systiematically on the foreign
metal content.'®¢'°7 Neutron diffraction studies indicate
two sublattices in MnsyN in which Mn;, is replaceable by Cr
and Mn, by Ni, Cu or Zn.!°® Mixed crystals Mng_,,In/N
and Mn_,,Sn,N, with no vacancies in the N sublatlice, give
discrepancies.®® Ternary ferromagnetic compounds are
derived from Fe.N when Fc is replaced by Ni or 1.2

TIM phases

These are double nitrides where a transition metal, T, co-
exists with an even subgroup element, M. Nitrogen is again
surrounded by 6 T atoms in an essentially octahedral arrange-
ment. and the M atoms are not bonded to N.*%? Crystal
structures identified include;:—Some “Perovskite phases’,
T,MN (T = Cr. Mn, Fe, Co. Niand M = Cu, Ag, Mg, Zn,
Al Ga. In. Ge, Sn;''°-112 also TisinN and Ti;TIN'!?).
Hexagonal 'H phases’, T,MN (T = Ti, or V, M = Al, Ga,
In or Ge)."'* B-Mn phases, T;M;N, i.e., Mo, sFe;N; which
approximates to Mo, ;FesNs or Mo,sFe,N;''* the analogues
V,Zn:N and V3Ga,N contain an even subgroup metal at the
8-fold position in the B-Mn cubic system.''* ‘n-carbide
phases’, TyM,N (T = Ti, Zr, Hf, Nb and M = Zn or Zr).
Nitrides such as TiiZn;N have been discovered by Benesov-
sky,''* where the non-metal is at the centre of a deformed
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octahedron. These structures are analogous to mn-carbides
such as W,;Fe;C and Mo,Fe,C'"'% and n-oxides such as
TisCu,0.''? Subsequently, n-nitrides, T:M,N (T = Mn,
Fe, Co, Ni and M = Mo or W) have been reported,''® and
the structure of n-Fe;Mo;N recently established.''®

Ternary metallic phases—carbonitrides

Isotypic nitrides and carbides form continuous scries of
mixed crystals, e.g., TiN and TiC.*?-%' The mectal atom
radii must differ by less than 15%, and the metal and non-
metal can be varied simultaneously, c.g., TiN with HiC, VC,
NbC: VN with TiC, NbC. Lattice constants of the mixed
crystals closely follow Vegard's rule.!®® Chromium car-
bonitrides (NaCl-type lattice) are obtained from nitrided
steels or electrolytically.'?® Only part of the nitrogen is re-
placed by carbon, since there is no isotypic Cr carbide. There
is more cxtensive replacement of N by C in e-MnyN, giving
compositions up to MnyNy.;Cg.5.10812!

Carbonitrides of iron and other transition metals are
formed in steel hardening processes by fused alkali cyaniding
or gas cementation.??? The rapidly acting nitrogen probably
accelerates subsequent carbiding. Jack has illustrated their
relation to the binary iron nitrides.”® The orthorhombic
{-carbonitride extends from Fe,N 10 FeCoy.75sNp.2s, be-
coming ferromagnetic.'?® The hexagonal carbonitride. cf.
£-phase in Fe—N system, ranging from Fe; (C,N) to Fe, (C,N)
has a maximum C content of 16 atom-% and is also
ferromagnetic. There is very little replacement of N by C
in the y'-phase, Fe,N: the ferromagnetic product when
heated disproportionates 1o hexagonat Fe, (C,N) and
u_Fc'79.l23

Cobalt carbonitrides resemble those of iron. Both Co,N
and Co,C are orthorhombic with closely similar lattice con-
stants. Thus, when Co,N is heated with CO at 340°, all of
the N is replaced by C. The lattice constants of the inter-
mediate mixed crystals of Co,(IN,C) change uniformly with
the N/C ratio. There is only partial replacement of N by C
in Co,N, since no isotypic carbide, Co,C. exists.® Nickel
nitride, Ni;N, can be carbided: both Ni,N and WNi,C are
hexagonal with almost identical lattice dimensions.®!

Nitride oxides

Although TiN and TiO have almost the same lattice con-
stants, they do not form a series of mixed crystals. The
lattice constant of TiN remains unchanged from TiN o
TiNg.¢0o.s when the binary compounds are sintered at
1700°. Subsequent lattice constant decreases indicate a
limited solubility of TiN in TiO but not of TiQ in TiN.}2*
The semi-conductivity of thin TiN films with a small oxygen
content?® conflicts with other electrical data on the effect of
oxygen on TiN in bulk.'2?3

Nitridation and oxidation of V'2%, Cr'?7 and Co?° com-
pounds gives products believed to contain some nitride
oxides. Aluminium oxynitrides are possibly formed at high
temperatures (above 1650°) in reducing atmospheres.'?8-12°
Recently, the so<alled u-SiyNs has been shown to contain
oxygen, giving a defect structure of approximate compo-
sition Siy;.sN,;300.5.'3' The same chemical and structural
relationships are observed for a- and B-germanium nitrides.'?!

Polar ternary compounds—double nitrides

Lithium nitride, LisN, forms mixed crystals up to a com-
position Li;.sMg.sN, where M = Co, Ni and Cu. The heavy
metal atom occupies 00} sites in hexagonal LizN, and the
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mixed crystals retain the predominantly salt-like character of
Li;N.'32 Reactions of LisN with Ti, V, Cr, Mn and Fe
produce LisTiN;, "33 Li; VNG, '** LigCrN;,'3% Li;MnN,'3¢
and Liz;FeN,,'*” which are also mainly polar. Except for
Li;FeN,, they have a superstructure of the antifluorite lattice
all having N ions cubically close-packed and the metal ions
in the tetrahedral holes. There are always 2 cations per
anion. In contrast to the interstitial compounds, the nitro-
gen ions are surrounded by 8 cations.

Polar ternary compounds—anitride halides

These are MNX, where M = Ti, Zr, Thand X = Cl, Br, |
Ammonolysis of the halides at higher temperatures gives Ti
compounds with a pronounced layer Iattice like FeOCl. The
scquence XTiNNTIX occurs in the c-axis direction. The
halogens are assumed to be ionic, but the polar component
of the bond within the cationic layer (TiINNTi)2** is cx-
pected to be small 138

Kinetics of nitride formation

Metal nitridation is expected to conform to the same
principles applying to oxide film growth.'*® Thus. the thin
film theory of Mott & Cabrera'*? is consistent with the
kinetics for the formation of calcium nitride.!*''*? where
the rate is controlled by diffusion of cations through the
product layer. Rates depending on the first power of the
nitrogen pressure suggest reversible adsorption to form
surface complexes of type M(IN;-). The mechanical stability
of the nitride layer is important in determining rate and
extent of nitridation. 1ts strength depends on the differences
in molecular volume and type of crystal lautice of the nitride
compared with the original metal (cf. Pilling-Bedworth rule
for oxidised metals'#?), and also on the rate of nitride
sintering.

Higher temperaturces ecnhance sintering, i.c., they promotc
recrystallisation of the newly-formed nitride, but also in-
crease evaporation of the metal below the nitride layer. This
is exemplified by clectropolished magnesium in very purc
nitrogen'** at 10 cm Hg pressure above 500°, and is illus-
trated further by electron-micrographs of nitrided mag-
nesium'*® and calcium discussed in Part 1. In subsequent
papers, changes in phase composition, surface arca, average
crystallite and aggregate sizes will correlate with nitridation
conditions.

Table 1 summarises molecular volume and crystal lattice
changes accompanying nitridation of scveral of the more
important elements. Calculations are based on X-ray ex-
amination, densities being deduced from metal and nitride
crystal structures existent at temperaturcs normally 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. For reference in subsequent re-
searches, the crystal structure dimensions have been checked
experimentally by the authors against thosc given in the
literature.'4%-'*7 Where small decreascs in unit cell size are
caused by sintering of the newly-formed nitride, the lowest
limiting value is recorded, e.g., for CasN;, a falls from
11-42 A to 11-38 A on sintering.

Nitridation rates often obey linear and parabolic laws,
analogous 1o those found for metal oxidations.'®® Thus.
nitridation of aluminium?-!'*® closely conforms to a linear
rate law at temperatures between 530° and 580°, whereas a
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parabolic rate law is more suitable for the interpretation at
higher temperatures, viz., 580°—625°. Nitridations of metals
of the odd subgroups IV A and V A (Ti. Zr, Hf, Th, U, V,
Nb. Ta) generally progress parabolically.'*® Results suggest
direct diffusion of nitrogen into the metal. Factors causing
slight deviations from the parabolic rate law in the earlier
reaction stages are probably similar to those encountered in
metal oxidations,'*® viz., decreases in surface helerogeneity
and specific surface as the reaction proceeds, changes in local
surface temperatures caused by the heat of reaction. solu-
bility effects, impurity concentrations and possible changes
in nitride composition.

Nitride scaling on metals

Formation of non-uniform, i.e., porous or cracked, scales
depends partly on the Pilling-Bedworth rule,'*? which is
probably less significant for scales that grow by outward
migration of matter."*® It is more important for scales where
the diffusion is from the surface towards the metal-scale in-
terface. Fractional volume changes are comparatively small
for the formation of the group IV A metal nitrides. TiN,
ZrN and ThN (Table I). Hence. titanium nitride films flake
much less than those of the oxidised metal'*'-'%* (fractional
volume change for rutile. TiO,, formation = 0-73). Both
nitrogen and oxygen are involved in the scaling of zirconium
in air. The two-layered scale uliimately formed consists of an
outer white or buff scale (ZrO;) and an inner black scale
(ZrQ,., ZrN and possibly N). The white scale predominates
below ‘1050° and the black above that temperature.!ss
Similarly, ¥V, Nb and Ta in group V A form oxides of ex-
ceptionally large volume ratios (fractional volume changes of
2-19, 1-68 and 1-50 for their pentoxides) compared with the
nitrides (Table 1). The resultant extensive rupturing of the
oxide hims changes the kinctics from parabolic 10 approxi-
mately lincar at fower temperatures, 560—700°, for Nb'*~13?
and Ta;'®°-'%2? sintering of the oxide film at higher iempera-
tures complicates the relationship between the gas pressure
and oxidation rate.'37-'%8 |f the scale becomes coherent and
protective, the reaction may practically be stopped, even
when the scale is completely detached from the metal surface,
¢.g., "asymptolic’ oxidation of Nb at 1250°.'%* Nitridation of
Th becomes paralinear at higher temperatures (above 13707).
following the appearance of dark grey scale on top of the
golden film adjacent (o the metal.'®*

The group IVA and V A metals mitride much more
slowly than they oxidise 2t corresponding temperatures.'®
Rates of nitrogen diffusion through u- and B-Ti and TiN
indicate that the nitridations are controlled ultimately by
diffusion through titanium and the surface nitride layer.'3*
The initial controlling reaction is more likely diffusion
through «-Ti. Likewise, the low activation energics for
nitrogen diffusion in B-Zr compared with those for the
nitridation,’*® indicate that the rate of solution in the B-
phase is not the rate-determining process.'®? Nitridations of
the other group IV A and V A metals are similar. The nitride
films make the reaction rates practically insensitive to nitro-
gen gas pressure variations. and the film thickness is governed
by the rate of nitride formation and the raitc of solution in the
mcm!.loo.ms.los_no

The M-N systems with M = V_  Nb and Ta are very simifar
for low WN-contents, but differ for high N-contents. The
nitrogen solubilities in the metal lattices are only about
2 atom-%.'7' The ‘interstitial’ structure type. M,N, is
common for the three M-N systems;2*'72-'76% the metal

atoms are hexagonally close-packed and the N atoms are in
one of the two metal atom octahedra of the unit cell. This
phase has a comparatively broad homogeneity range with
the upper phase limit closcly corresponding to the compo-
sition, M;N. A continuous solid solution series V,;N-Nb,N-
Ta,N most probably exists.!'”? The WNbNg.g_g.e and
TaNo.s-0.9 phases are isomorphous, but there is no analogous
V-N phase reported. The e-phase in the Nb-N system
(Table I) represents the transitional state between the atomic
arrangements in the y- and &-phases.!7?

Nitridation of uranium is more complicated. Reaction
rates with nitrogen (1 atm pressure) measured volumetrically
indicatc parabolic nitridation with some deviations initially
and after the period of parabolic kinetics.?”” The surface
nitride formed at temperatures between 550° and 750° is
mainly UN, (probably deficient in nitrogen): at higher tem-
peratures, viz., 775—900°, the three nitrides, UN, U,N; and
UN; form a rather roughened scale surface. The region
between UN and U,N, consists of 2 phases, but that be-
tween U.Ny and UN; is a homogencous solid solution: the
crystal structure changes from a distorted (U.N;) to a true
Cal,-type'?® (UN,), Table I. However, Vaughan, regards
U.N, as being isomorphous with Th;N; and suggests it is
polymorphic (2 forms).'’® Reaction between nitrogen and
uranium or thorium films has been followed by surface
potential studies.'®® 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.

Metal nitridation with ammonia

The comparatively few kinetic siudies of nitride formation
with ammonia mainly relate to metal catalysts for nitrogen
fixation. Metallic chromium, molybdenum and tungsten do
not react appreciably with nitrogen at 900° under ordinary
pressures.'®1- 182 They readily react with ammeonia, even at
lower temperatures (700—900°) giving single or mixed
nitrides. MN and M,N (Table 1), where M = (Cr,323-183.18¢
Mo!8%.186 or W 187-191  Thig also applies 1o chromium
borides!®® and ferrochrome metal.?®-'°2 The latter reaction
is controlled by the comparative solubilities of nitrogen in
chromium and iren at different temperatures and pressures.'®?
Heats of decomposition of Cr,N and Fe,N to saturated
solid solutions compared with enthalpics of formation, in-
dicate heat absorpuions of about 5000 cal. per g.atom N
dissolving in cither of the two body-<centred cubic solvenls.
This accords with the similar electronic distributions of Cr
and Fe about the N atoms. The much lower stability of
FeuN comparcd with Cr;N derives from the smaller radii of
the octahedral interstices available for N atoms (1-89 A
compared with 2-13 A).

Iron is generally nitrided by NHy-H,; mixtures of atmos-
pheric pressure flowing over iron powder at rates sufficient
to ensure only slight ammonia dissociation. At 450°, the
product contains ¥-FesN, its N-content depending on the
NH; H; ratio. When pure ammonia is used, the ¢- and {-ni-
trides are formed above and below 450° respectively.'?2-193
At higher temperatures, viz., 700—750°, nitrogen-austenite
(v-phase) and nitrogen-mariensite can be obtained.'”®
The transformation of Fe,N to Fe N at 400—600° is retarded
considerably by small amounts of iron sulphide.'®?

Iron nitridation Kkinetics between 375° and 500° with
WH,—-H, mixtures of atmospheric pressure are ascribed to
opposing reactions: (1) 2NH,+2xFe — 2Fe,N+3H,; (2)
2Fe,N - 2ZxFe + N,. Reaction (1) depends on the rate of
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nitrogen diffusion through the iron and iron nitrides, and
becomes slower as more nitride forms, until equilibrium is
reached between the two reactions.'®® The final N content
increases at higher temperatures or ammonia concentrations.
Gaseous nitrogen molecules do not react with iron vapour
(1200—1500°k, O-1 mm Hg),'”® and the kinetics of the de-
composition of g-iron nitride are of second order with res-
pect to the interstitial N concentration.'®® The rate-deter-
mining process is believed to be the combination of pairs of
N atoms at the solid surface.

Nitride formation during ammonia synthesis

Soliman* has studied the kinetics of ammonia synthesis
using the following operational cycle for a series of metals, M,
such as Ca:—(1) 3X+N; = X3N;: (2) XuN,;+6H; --
3XH,;+2NH;: (3) 3 XH,+2N,; — X;N;+2NH;. Rates of
rcaction (1) are particularly sensitive to gas pressure where
the nitride layer is fragmented and does not cover the metal
surface completely, cf. negative volume changes in Table I.
Reactions (2) and (3) must have relatively high rates at tem-
peratures and pressures at which appreciable amounts of
ammonia can exist in equilibrium with its decomposition
products. Reaction (3) is exemplified by the production of
pure UN frem the metal hydride using nitrogen or the cal-
culated amount of ammoenia.?®® The iron catalysts used in
the ammonia synthesis form neither nitrides nor hydrides by
direct combination of the elements. However, there appears
to be some (irreversible) activated nitrogen adsorption and
some (reversible) solution of hydrogen. The rate of ammonia
synthesis is of the same order as that of nitrogen adsorption
over a wide temperature range.?°!

Reactivity of nitrides
Sintering of nitrides

The chemical reactivity of nitrides is controiled considerably
by the extent to which they have been sintered during their
formation and any subsequent calcination. Al present, there
is much more information available on the sintering of oxides
which is expected to resemble that of nitrides. Theories of
sintering have been devcloped by Hiittig,'®” Kingery,2°?2
Coble,292.29¢ Kyczynski,2®® White?®® and Fedorchenko &
Skorokhod.?®” Sintering is enchanced by compacting the
powdered nitride, e.g.. Be, La, Ti. Th. U, Ta, before calcining
in vacue 10 prevent possible hydrolysis and oxidation.?"8

Hot pressing often extensively densifies materials,! giving
almost theoretical densities for oxides such as MgQO, CaO
and Al;0,.2°° A prerequisite is the production of finely-
divided material with suitable particle size range. Develop-
ment is limited by impurities, particularly gas-producing con-
taminanis such as hydroxides and carbonates. Hence. often
vacuum hot pressing is preferred.?'® Sintering is accelerated
generally by low-melting additives,?'' but these may cause
serious reductions in optical and mechanical properties.
However, TiN is extremely brittle and may be sintered with a
metal such as Co to give a satisfactory cermet. or may be
used as a surface coating.?® The thermodynamics of the
sintering of TiN in the presence of carbon?!? and the defect
structure and bonding of ZrN containing excess nilrogen
have been described.?'?

The microhardness of V and Cr nitrides varies with bonding
changes during progressive metal nitriding and subscquent
sintering;®'* the lower nitrides, V3N and Cr,N arc harder
than VN and CrN. Apart from nitride formation, intro-
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duction of nitrogen into metallic chremium increases brittle-
ness by locally distorting the metal lattice and lowering the
cold-brittleness boundary.?'%-2'* Hardness and other mech-
anical properties of surface nitrided iron arise from nitride
deposits which cause iron lattice deformation?'’ blocking
the glide planes.?'®

Nitride sintering is influenced by partial nitride hydrolysis
and oxidation forming oxide impurities. When BN is puri-
fied at higher temperatures to reduce oxide content, the in-
creased particle size makes subsequent hot pressing more
difficult.2'® This nitride may be bonded and hot pressed
successfully with silica glass,?2°

Hydrolysis and oxidation of nitrides

The resistance of powdered refractory nitrides 1o the
action of water and aqueous acids and alkalis has been sum-
marised by Samsonov.?® In nitride production, usually
oxygen must be excluded. for it prevents nitrogen from re-
acting with the clean metal surfaces. Qccasionally, formation
of an initial nitride surface layer protects against any sub-
sequent oxygen attack, and permits nitridation to proceed.
When the nitride layer is destabilised by hydrolysis (water
vapour or liquid). the nitride ions are replaced by hvdroxvl
jons: since each N*- is replaced by 3 OH-, the film becomes
very weak and ruptures whilst very thin.'#* At higher tempera-
tures. decomposition of the hydroxides to oxides causes
further fragmentation.?2! Thus, in magnesium nitridation
between 400° and 650°, mcial evaporation is promoted by
traces of water vapour but inhibited by oxygen.

Hydrolysis of zinc, cadmium and mercuric nitrides. e.g.
Zn,N,+6H,0 — 3Zn(OH); +2NH,, is enhanced, particu-
larly at low temperatures, by the solubility of their oxides and
hydroxides being increased in ammonia.'*® Complexes of
the type M(NH;),(OH), are formed when x 2 4 for M = Zn
and Cd and x < 2 for Hg.'' Soluble caustic alkalis also
promote dissolution for Zn and for B, Al and Si nitrides.

Aluminium nitride hydrolysis forms part of the Serpek
process, which has been revived by Pechiney??? for the con-
tinuous production of 98%, AIN. This nitride has become
more important as a refractory since its resistance to attack
by water vapour was found to increase consicerably when it
was sintered at 2000°.223 The present authors (work to be
published) find that aluminium nitride is oxidised appreciably
to alumina by air or exygen at temperatures above 600°,
The oxidation rate depends mainly on (i) the intrinsic re-
activity of the material and (ii) the available surface at which
oxidation can occur. It generally obeys a parabolic law,?2*
but the activation energics vary considerably even for samples
of similar specific surfaces. The differences may be caused
by initial films of oxide impurities accelerating crysiallisation
of oxide subsequentily formed. and they are being further in-
vestigated and compared with nitride hydrolysis.

Boron and silicon nitrides arc oxidised appreciably at
temperatures above 800°, and this may involve formation of
intermediate  nitride-oxide defect structures such as
Siy.sN; 4005 (0-Si;N ) 3! reviewed above. The presence of
oxygen reduces the rate of nitridation of pressed extruded or
slip<cast silicon powder.52-%* Sintering and hot pressing of
these nitrides??5-227 js expected to progressively increase their
resistance to hydrolysis and oxidation. This should permit
silicon nitride to be used successfully for lime kiln tuycres.
without its mechanical properties being scriously impaired by
the kiln atmosphere. Similarly, nitrides of Sc and rare earth
metals are intermediate in chemical behaviour between the
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polar nitrides of the alkaline carth metals (group LI A) and
nitrides of typical transition metals such as Ti and Zr (group
v A)_z.aa

Most interstitial nitrides are less readily hydrolysed, but
some of them, e.g., Ti, Zr, Hf, Th, V, Cr, Mo, W and U, are
converted to oxides on calcining in air. Thorium mono-
nitride (ThN) oxidises rapidly and quantitatively in moist air
at room temperature even in ingot form, but powdered
uranium.?2® titanium and zirconium mononitrides are quite
stable at 100° in boiling water, UN powder ignites in dry
oxygen??® at about 300°, but W,N, Mo,N and CrN have an
increasing oxidation stability. The mononitrides of V, Nb
and Ta are somewhat more stable, oxidising between 500°
and 850°, while losing nitrogen. Titanium and zirconium
nitrides produce TiO, (rutile) and ZrO, (tetragonal form)
when calcined at temperatures between 400—1000° and 300—
1000° respectively. causing indirect corrosion after the metals
have nitrided at higher temperatures.

The only interstitial nitride oxidations that have been
studied in any detail are those of TiN22°:23% gnd UN.?28
They illustrate factors to consider and problems to be en-
countered in further investigations of other transition metal
nitride oxidations. Although the corrosion resistance of surface
layers of TiN is excellent, the scaling resistance in air (or
oxygen) is not very good. Oxidations with paralinear Kin-
clics#30:23! petween 625° and 1075° give scales consisting of
rutile and possibly thin films of TiO-TiN solid solutions?*!
adjacent 10 the metal. Platinum marker experiments?2®-23°
show that the oxide-nitride interface moves away from the
oxide—gas interface. This indicates that oxygen rather than
Ti diffusion is rate-determining at least in the parabolic
stage of the oxidation, ¢f. diffusion of anion vacancies in the
TiQ; (n-type conductor),232-233 which controls oxidation of
Ti between 600° and 700° and gives a similar energy of acti-
vation.?** The lincar portion of the rate curve suggests that a
phase boundary reaction may finally become rate-controlling.
Probably, the atomic nitrogen diffuses from the metal to the
outer scale surface where it then forms gaseous molecules, as
in the decomposition of t-iron nitride described above.'??
Small amounts of nitrogen are rctained in the oxide layer.
and some may have dissolved in the nitride phase {deficient in
N3} when freed by the oxidation reaction. The present
authors have found that the amount of nitrogen retained de-
pends on the reaction rate, sintering temperature and changes
in crystallite sizes of the materials (to be reported in detail
later). Final products of compositions such as TiO;:.Np.o15
resemble UO3.Ng.;_o.s given when UN oxidises;??® the
latter is sensitive also to crystallite size variations and both
the intermediate U,N, and UQ, are cpitaxially orientated
with respect to the UN.

Subsequent work will be concerned with changes in phasc
composition, surface area and crystallite and aggregate sizes
and their correlation with production, sintering, hydrolysis
and oxidation conditions for single and mixed nitrides.
Experimental techniques are summarised in the following
section.

Experimental techniques

Materials

Thin metal films for nitridation are obtained by evaporating
metal turnings iz vacuo from a heated filament in an electron
microscope shadowing unit. The metal vapours are con-
densed on pieces of mica or copper grids that have been

coated previously with carbon films. The filament currents
are increased sufficiently slowly to avoid rapid temperature
increases and permit metal stresses to be released, so that the
turnings do not fly off the filament before evaporation.
These films are nitrided at different temperatures for various
times.

Larger amounts of nitride are produced by direct nitrida-
tion of the metal turnings or powder. OGther methods of
nitride production have been summarised at the beginning of
this paper. The nitrides are hot pressed using apparatus
designed by Scholtz,??®*  Roeder & Scholtz??® and
Oudemans.?*?

Procedure

Metal nitridation, hydrolysis and oxidation of the nitrides
are followed by weight changes on vacuum??8-24% and ther-
mal?*! balances. Samples are outgassed usually at 200° in
vacuo before determination of their surface areas by the
B.E.T. procedure?*? from nitrogen (or occasionally oxygen)
isotherms recorded at — 183° on an electrical sorption balance.
The deduced average crystallite sizes (equivalent spherical
diameiers) are compared with particle size ranges determined
by optical or electron microscope or sedimentation balance.
Where necessary, particle size fractions of the malterials are
sintered or hot pressed for further lengths of time at fixed
iemperatures.

Phase composition identification

Samples are examined for phase composition and crystal-
linity using an X-ray powder camera and a Solus-Schall
X-ray diffractometer with Geiger counter and Panax rate-
meter. The average crystallite size of some of the phases can
be determined from JX-ray line- or peak-broadening.?*?
Certain samples are further examined by optical and electron-
microscopes (Philips EM-100).
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FORMATION AND REACTIVITY OF NITRIDES

II.* CALCIUM AND MAGNESIUM NITRIDES AND CALCIUM
CYANAMIDE

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

Samples of calcium and magnesium nitrides have been prepared and hydrolysed ‘dry’ with water vapour and
steam or ‘wet’ with liquid water. Changes in phase composition, surface area, crystallite and aggregate sizes
have been correlated with hydrolysis conditions and compared with "dry’ and *wet’ hydration of lime and
magnesia. The reactions involve the splitting of nitride and oxide crystaltites and the subsequent ageing of

the newly formed calcium and magnesium hydroxides.

Hydrolysis of calcium cyanamide has been studied similarly. The intermediate product, hydrated lime, has
been separately reacted with urea solutions and gives calcitic rhombs having a wide crystallite size range.

Introduction

Calcium and magnesium nitrides are formed by direct
combination of the metals with nitrogen at temperatures
above 300°.

Calcium nitride

Nitridation of pure calcium at 400—450° 1akes place in
three stages,' (1) a fast reaction involving only Ca atoms at
the crystal surface, (2) a very slow reaction for atoms below
the thin surface layer of Ca;N,, and (3) a sccond fast re-
action after the nitride layer has attained a definite thickness.
Soliman? found that there is a maximum nitridation rate at
425°, below which temperature the reaction is autocatalytic;?
the induction period decrcases rapidly with increasing tem-
perature above 330°. The nitridation rate increases con-
siderably at higher gas pressures, but the nitride formed
below 600° is mainly the black form® (pseudohexagonal, @ =
3-533 &, ¢ = 4-11 A), which irreversibly changes to the brown
form at 600—750°.

The higher temperature form of Ca,N, is cubic (Mn,0;,

*Part [: previous paper.

J, appl. Chem., 1968, Vol. 18, March

D35s-type, a = 11-38 A) and is used commercially as a de-
sulphurising agent for blast furnacc mectal.® In the nitride
production, oxygen must be excluded since it prevents nitro-
gen reacting with the fresh calcium surface. Formation of an
initial nitride surface layer protects against any subsequent
oxygen attack, and permits nitriding to proceed. The nitride
layer is destabilised, however. by hydrolysis {watcr vapour or
liquid). In the present work, changes in phase composition,
surface area, crystallite and aggregate sizes during nitride
hydrolysis are studied. These are compared with the hy-
drolysis of magnesium nitride and the formation of calcium
hydroxide from metaltic calcium and from quicklime.
Magnesium nitride ‘

Metal-free magnesium nitride is obtained by passing
nitrogen over magnesium filings® (in an iron boat) heated at
650—700° (3—4 h) and later at 950° (12 h). Nitridation is
accompanied by metal evaporation even at lower tempera-
tures of 500° for electropolished magnesium in very pure
nitrogen’ at 10 cm. Hg pressure. At higher nitrogen pres-
sures, there are “breakaways’, i.e.. sudden increases in nitrida-
tion raites, explained in terms of the formation and growth
of cavitics at the nitride-metal interface, with rupture of the
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film covering the cavity. The magnesium vapour escapes
through thin films without reacting with the nitrogen within
the cracks. Thus, very pure magnesium nitride is manu-
factured by heating magnesium above the sublimation tem-
perature, but below its m.p.8 A limited amount of nitrogen
(or ammonia) is admitted 10 initiate surface nitriding. Con-
version of all the meial to the nitride is then completed at a
temperature sufficient for the sublimed magnesium to break
through the nitride surface coating, and gradually admitting
additional amounts of nitrogen.

The nitride layers are destabilised by hydrolysis {water
vapour or liquid) when the nitride ions arc replaced by
hydroxyl ions; since each N3- is replaced by 3 OH-, the
films become very weak and rupture whilst very thin. At
higher temperatures, decomposition of the hydroxide to
oxide causes further fragmentation.® Hence, in magnesium
nitridation between 400° and 650°, metal evaporation is
promoted by traces of water vapour but inhibited by oxygen.

Calcium cyanamide

Pure calcium cyanamide is obtained by decomposing cal-
cium cyanide at 600° in nitrogen;'? reaction between lime
and hydrocyanic acid yiclds a maximum of 359, Ca(CN); at
350° which decomposecs at higher temperatures. Nitridation
of calcium carbide also produces calcium cyanamide. Equili-
brium in the system CaC,-N,-C-CaCN; at temperatures
between 1220° and 1390° is bivariant, and is determined by
the concentration of a solutien of CaC; in CaCN,;, which
is the true reactant. The reaction CaC;+ N; = CaCN,;+C,
is completely reversible up to 1325°. At 1120—1130°, CaCN,
is stable under a nitrogen pressure of 1 atm.

Calcium cyanamide is hydrolysed by steam (as in the pro-
cess for nitrogen fixation) or morc slowly by moisture in soil
(when used as a fertiliser). The overall hydrolysis has becn
represented by the equation CaCN;+ 3H,0 = CaCO,+ 2NH;,
but initially CN,- is replaced by OH- to form Ca(OH).
as an intermediate. Urea formed from the hydrolysis of the
cyanamide ions reacts with the hydrated lime to produce
calcium carbonate. These changes have been followed by
X-ray analysis and investigation of the phase composition,
surface area and crystallite and aggregate size variations when
hydrated lime reacts with urea solutions.

Experimental
Materials

The high-temperature {brown) form of calcium nitride was
used. Since it was produced above 750°, sintering occurred
readily, for this was well above the Tammann temperature
(half m.p. in °k) of 734°k or 461°c. The well-sintered calcium
nitride was broken into pieces of about I mm size (specific
surface, S, corresponded to about 0-001 m? g-!). The mag-
nesium nitride consisted mainly of single crysials of sizes
between 20 and 100 . (S = 001 to 0-05m? g—'). Smaller
amounts of nitrides were formed by nitriding vapour de-
posited metal films supported on clectron microscope grids
(copper grids carrying carbon films coated with metal).'!
Calcium cyanamide, calcium hydroxide and urea (B.D.H.
grade) were also used.

Procedure
The nitrides were ‘dry’ and ‘wet’ hydrolysed with water

vapour and liquid water by procedures similar to those pre-
viously used in the hydration of lime and magnesia'? at 22°

and 95°. Since hydrolysis was rapid, even in the presence of
atmospheric water vapour, certain samples (including lumps
of nitride several mm thick) were exposed to the air for
vartous periods. On hydrolysis, all the samples disintegrated
into finely-divided material. As before,!? the products were
filtered off (where necessary) and washed with 50 ml portions
of acetone to prevent further rcaction and ageing. They were
then dried at 200° in vacwo before determination of their
surface areas by the B.E.T. procedure'?® from nitrogen iso-
therms recorded at — 183° on an clectrical sorption balance.'*

Phase composition identification

The products were thermally analysed on the vacuum'¢
or thermal!® balances, decomposition of the calcium and
magnesium hydroxides being completed at 500° in vacuo.'®
The lime and magnesia contents were determined'2¢’ also
by acid dissolution and alkali back-titration methods, any
unchanged nitrides being completely hydrolysed in hot solu-
tion, to check for ammonia (and thus nitrogen) content.
Calcium and magnesium contents were determined by titra-
tion with EDTA.

Some of the samples were examined for phase composition
and crystallinity using an X-ray powder camera and a Solus-
Schall X-ray diffractometer {Cu Ka-radiation) with Geiger
counter and Panax rate-meter. Certain samples were ex-
amined further by optical and electron-microscopes (Philips
EM-100).

Results

Electron micrographs showing changes in crystallite and
aggregate sizes during nitridation of calcium are presented in
Fig. 1.

Fig. 2 shows the variations in specific surface, S, and
average crystallite size (equivalent spherical diameter) re-
sulting from the *wet’ hydration of calcium nitride, (a) and
(¢), and magnesium nitride, (b) and (d)—fully-lined curves.
These arec compared with corresponding changes when lime
and magnesia are hydrated and calcium turnings (about | mm
size) react with water (broken-lined curves).

In Fig. 3 and 4, electron micrographs arc presented, show-
ing the hydrolysis of calcium and magnesium nitrides and the
reaction between lime and urea solution.

Fig. 5 shows the variations in specific surface during the
carbonation of hydrated lime (7-4 g) with m-urea (200 ml) at
95°,

Discussion
Nitridation of calcium

Fractional volume changes (Table 1, preceding paper) are
generally greater for the formation of the more ionic ni-
trides. Surface layers of these nitrides readily fragment and are
usually non-protective to further nitridation of the under-
lying metal. The ionic nitrides of group 1, M;N;, mostly
have CaF,- or Mn;0;-type crystal structures. Thus, in
Mg;N;, the N*~ jons occupy lattice positions corresponding
to Ca2+ in CaF,, with the Mg?~ filling three-quarters of the
F- positions. The vacancies facilitate diffusion of Mg?+
through the nitride layer during nitridation.

Nitride layer fragmentation is illustrated by electron
micrographs of calcium nitrided at different temperatures for
various times, as shown in Fig. 1. The condensed metal films
generally give good micro-structural uniformity, but tend to
grow irregularly when becoming too thick. The more uni-
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Fig. 2. Mydrolysis of calcium and magnesium nitrides by liquid
water at different temperatures

O 95°

[22°

A Caat 22°

- — — - - represent hydration and ageing of CaO and MgO

Comparison with “wer” hyvdration of lime
Limes hydrating at rates comparable with the nitride

hydrolysis initially give smaller Ca(OH),-crystallites at lower

temperatures, but larger crystallites at higher temperatures,
cf. pairs of fully- and broken-lined curves at 22° and 95° in
Figs. 2 (a) and (c). Subsequently, the hydrated lime from the
nitride ages less rapidly, so that uliimately the hydrated lime
from the calcium oxide becomes the less active at 22°. The
ammonium hydroxide formed in the nitride hydrolysis de-
presses the calcium hydroxide solubility by the common-ion
effect, thus inhibiting ageing (by dissolution mechanisms as
involved in Ostwald ripening).

Comparison with the action of water on calcium

The activity of the hydrated lime from the nitride is lower
than that produced at the surface of calcium turnings at 22°
(Figs. 2 (a) and (c¢)), which was cxpected to involve hydration

of extremely small calcium oxide crystallites at a rate com-
parable with their formation;'?'®’ the hydroxide prepared
from the metal had specific surfaces and average crystallite
sizes similar to that separating as small primary crystallites by
double decomposition from solution. No appreciable
amounts of any intermediate calcium oxide were detected,
even in the X-ray iraces or photographs for the ‘dry’ hy-
drolysis of calcium nitride at 22°, so that direct reptacement
of nitride ions by hydroxyl ions is indicated.

*Dry* hydrolysis of calcium nitride

In the slower ‘dry’ hydrolysis of calcium nitride where
there is less mobility than under ‘wet’ conditions, much
smaller surface area increascs are recorded. Hydrolysis in
water vapour near saturation at 22° is complete within 5 h,
giving hydroxide of specific surface, S = 72 m? g~', average
crystallite size, 3700 A, while hydrolysis over 4 days by atmos-
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above its Tammann temperature (720°) and the specific
surface, S, falls from 1:7 10 below 0-3 m2g-! when one third
of the silicon nitride has been oxidised. The products tend to
bond together and shrink, cf. bonding and hot pressing of
boren nitride with silica glass.?® Consequently, the rates
decrease considerably for both nitrides as their oxidations be-
come increasingly controlled by liquid- or solid-state diffu-
sion, especially the tatter, cf. Fig. 2 (a) and (b).

The original boron nitride has a flaky texture with rod-
shaped and hexagonal plate-like particles. About 20%, of the
BN is converted to B,O; after 24 h calcination at 800° in air.
Fig. 2 (a), while the hexagonal plates become rounded and
tend to form aggregates as in the clectron micrographs in
Fig. 3 (a) and (b). Further calcination continues this aggre-
gation, cf. Fig. 3(c) at 48 h, and after 96 h the rod-shaped
particles become distorted by the newly-formed B;0,. cf.
Fig. 3 (d). When over 8094 of the BN has been oxidised after
144 h, there is sufficient B,O; to crystallise out and change the
appearance of the aggregates as in Fig. 3 (¢) and {f). The

silicon nitride particles, Fig. 4 (a). also form aggregales with
rounded edges when only about 2094 of the nitride has been
converied to silica afier 5 h calcination at 1200° in air as in
Fig. 4(b). Further calcination (35 h) produces larger aggre-
gates as in Fig. 4 (c).
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FORMATION AND REACTIVITY OF NITRIDES
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TITANIUM AND ZIRCONIUM NITRIDES

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

The reaciivities of the interstitial titanium and zirconium nitrides have been compared. Samples of these nitrides
have been converied 10 oxides by being calcined in air. Changes in phase composition, surface area. crystallite
and aggregate sizes have been correfated with oxidation time and temperaturc.

Crysiallites of rutile, TiO;, split off from the remaining titanium nitride before they sinter, and inhibit further
oxidation. Zirconium nitride oxidation is comphicated by formation of 1etragonal ZrQ, at higher temperatures,
particularly over 1200°, and monoclinic ZrO, at lower temperatures. The nitride initially forms the so-called
‘amorphous’ cubic ZrQ,. notably between 400—600°, which may be stabilised somewhat by the remairing cubic
ZrN. Subsequently. there is a further fractional volume increase while formation of monoclinic ZrO; is being

complcied.

Introduction

The formation, hydrolysis and oxidation of the more ionic
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 relation between bonding and crystal structure have been
discussed in Part 1.' Their preparation has been described
previously by the authors.* The titanium nitride was found
to be stable up to 1000°, but the zirconium nitride showed a
range of homogencity from nearly stoicheiometric ZeN
(12-3 wt.-%,. S0 atom-% N) at 600° to lower nitrogen con-
lents at temperatures up to 1800°. Thus, a typical sample of
niirided zirconium contained only 10-32 wt.-%, 42-8§ atom-Y;
N.

Most interstitial nitrides arc hydrolysed less readily than the
ionic and covalent nitrides, but are converted to oxides on
calcining in air.' Hence, although the corrosion resistance
of layers of titanium or zirconium nitrides on the meial sur-
faces is excellent, the scaling resistance in air {or oxygen) is
not very good. Prcliminary investigaiions® have indicated
that the conversion of nitride to oxide involves splitting of the
newly formed oxide layers. Changes in molecular volume
and 1vpe of crystal latiice 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
scries of fixed temperatures. Oxidation rates were estimated
from weight changes in the samples during calcination.* The
cooled products were outgassed at 200° in vacro 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 clectron microscopy.

Phase composition identification

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

mcter. Certain samples were examined further by opiical-
and electron-microscopes (Philips EM-100).

Results

Fig. 1 (a), (b) and (d) shows the overall variations in
specific surface. 5. and average cryslallite size during the
conversion of titanium nitride to titanium dioxide (rutile) at
600° in air. These are comparcd 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,
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Fig. 1. Calcination of titanium nitride in air ar 600°c

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

*Part I11: preceding paper
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The maximum increase in the number of crystallites, cal-
culated from (5°/5)* and allowing for molecular volume
changes,'? is about twenty-fold, similar to that found for the
aluminium nitride oxidation at 1000°. The splitting apparently
facilitates release of nitrogen, since the material ultimately
(after 200 h) reuaches constant weight corresponding to the
calculated weight-loss for complete conversion of nitride to
TiO,.

The m.p. of TiN (293¢°) and TiO; (1920°) give Tammann
temperatures (half m.p. in °k) of 1600° k and 1096 °k, in-
dicating very little crystal lattice diffusion at 600°, but limited
sintering promoted by surface diffusion should be possible
for TiO; but not TiN at this temperature, cf. one-third m.p.
= 460°c and 800°C respectively. This is confirmed by de-
creases in surface area and increases in average crystallite
size during the later stages of the titanium nitride oxidation
(Fig. 1 (a), (b) and (d)), i.e., as TiN is consumed by oxida-
tion, its crystallite size must decrease while that of the oxide
increases. Longer calcination (up 1o 200 h) causes very little
additional sintering. In contrast, there is extensive sintering
during the oxidation of titanium nitride at 1000° in air,
giving a solid mass of TiO,, mainly formed within 2 h.* Itis
even greater than sintering of TiQ,, promoled by crysital
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 lform, possibly also giving a more suitable
grain size composition for sintering. Electron micrographs
also indicate fragmentation and subsequent sintering of
material during the oxidation of titanium nitride, cf. Fig.
2 (a), (b) and (c).

Oxidation of zirconium nitride

Zirconium nitride, Fig. 2 (d), is converted to zirconium
dioxide, Fig. 2 {e). which subsequently sinters at 1000° in air,
Fig. 2 (f); a1 this temperature, any initial crystallite splitting
is hidden by the more extensive oxide sintering which gives

denser and more rounded aggregates. The oxidation of this
nitride is complicated by the formation of tetragonal ZrQ,'?
at higher temperatures, particularly over 1200°, and mono-
clinic ZrQ,'2:'3 at lower temperatures.

When samples of zirconium nitride containing some free
zirconium metal are calcined in air, the metal oxidises rapidly
at temperatures of 350—400°. The nitride requires corres-
pondingly higher oxidising temperatures, and initially forms
the so-called ‘amorphous’ cubic Zr0,,'* notably between 4007
and 600° (cf. cubic ZrO, from Zr alkoxides decomposed in
nitrogen at 300—400°'* which may be stabilised somewhat
by the remaining cubic ZrN in the present work). X-ray
diffractometer traces show an additional reflection at 2:94—
5 A, some reinforcement of the 2-54 A spacing and displace-
ment and broadening of the 1'8] and 1-54 A spacings of
monoclinic ZrO, 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 ZrQO; reflections at 3-16 and 2-84 A develop more
rapidly. The conversion of the cubic F-ZrN (g = 4-56 A) to
cubic F-ZrO, (a = 5:09 A) 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, ling 12:
Jor *S(ug/ml of Cut) = 6:357 x 10* log,, (4-03—pH)'
read 'S(pg/ml of Cut) = 6-357 x 102-02-eil
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