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c r y s t a l o n e r l a t t i o o oeor iar^ o f t h e o o n r o u - r . " o l c o t r o o 

a f f i a i i y i a e x ^ v o t e d t o p r c d m > l f f a i o o o l y i n c< n 

l a r g o p o e i t i v o i o o s o f I o n o i i a r g S f t o wuleh o tecorgr t h e 

l i t h i u f i i e n ( r o t t u a O»6QS) Amm s o t bolo . .4 ; . :uu« th< b e a t o f 

f o r o a t i o c ; d e o r o a c e s w i t h i n e r o a s i a i : a n i o u i c ohar^:;o» ^ ' ab le U1« 
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v a l u o f o r r^ ,pt w h i o h l a o v i d a a t X : . 'olc rit rooei 

porc^l- ^ 1 h a a ao f o r n o t baan p r o i » a r o < 2 I A t;.o j ^ a 

u i t l o n . ( 5 a a n o t e (a. t o T a b i c 

odoXv -̂̂ t̂ l a a i c & i f i c f ' n t i n tt^% i t l o 

lAV and uof&vou f o r t l ^ n * i^oMt t h a d a e r a a s a 

i i « a t o i foro^ t i o o f r o a t l F t e L i y t i A *̂ g r o a l d r "llMS 

i n t b a O r o u p I I I o a r i o O f ^^ .2^^* ^"^' '^ u h o r a t b a n i t r i c o 

h i ^ a t h a • uQc c o Q o t a o t o o c s ^ r o d w i t h ^i. • 

( I n ^ V 5 o l u a c d w a t * . ^ o q u i m k l a a t t a c d ^ 

wVit o f f o r a c t l o o y docrocuseo wi t l i l a i o r o o a l a i ; 

. ^..„l<a^. r r t i o ) . - , 
• ' I .- • J • 

- V , - . , ^ " * ' t o f f f l r < - ' • •• 

-:&tion con Uo oxi;iit^ined 

X n t o r o l i t i u X n i t r l d a a a r a o a i i ^ o n c l y ;u.rd« poom^ioo 

. . ^ ^ p o i n t s (iJkgk r t : i. .... c . . 1 ) , 

o l o o t r l c ' ' i o t i r i t l c ijio 

w i t h thooo of a o t a 2 o « Owh c oa 

'•he * . ' .'c^u-'^rr'-cnf, 1 "O? c- * - , 

1953* PP«?*-ft i**K>4i» i-^^'-*^ or ''B*stcj.-li*^tf r o f r i i c t o r , -

cocipouniin 1 unflXi.*, 1 U i c i & o n o r * l^v'^o, 1 ^b , l l ' V • 

D#c^. . . . . . . j . c c t r i c * i p r o . . , . w 

of lEiatuX. ^ h r d n a a a iisul h l ^ h coxtia^^, V ^ i u t a « thoy u r a 

o f ^ j r a a t in- .^uitriaX l ^ x a r t ^ c CinC wiv.^ io j^t iu i^^ ' 

at* roT • .-oi^ovi-..^ , 1 Tr*} 
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aaffar, 1955. » • > v f f . , ^^oaaftoa, iVoAa, : . ^ 

t i c e o a p O M a i a a f '^hard oatcXa^' 

%to t v o A o i U o a find i n n a r t r o m i l t i a B aXaaa&tc^ 

• • . ' " ^ a t a l X i c euaipoc^ X i g l i t - - ' t a l a - r ^ 

r i o d a t a«c»9 6t B« JUl, &• o f o l X o ^ l n e 

a t l a a a l a c^ruu ^^Jtmry o f M M ot t h a a M a c ^ 

. ^ . ^ - t l M o f raftpa^tf^-^ -

o t A i a o f tba f i r s t t y a u i i 

^ . V, , (1966>a 

^ 1'̂ ^ 1V55̂  a - g g M t a d t h a t i f tba 

. 4 . . . w v . . utol to a a t a X a t M o i b l e a r y 

o o f t r a a a i t i o - t l a i a Xor ' n 095-. , > 

atructuTM arc 

oc . . . i n t o r o t i a M a f t h a oric-^n-.^lataX X a t t i o a * 

a r a t i a a m a a d s t l i i a f i c u r a « ' t r u a t o r M 

: a x , b u t a t i X l a a O i i b i t M t a X l . r r l & t i o a . 

M t t d i a (194 ) obMTVa 1 

M r l i i u n i t r i d M hava t h a ftaCX atruct t i v a 

o f 1 t t i a a o f tha p i traat M t a X * lodaody ii -^^^a^ 

t t i c a o f tba p a M o t M t a l i a d i f f M a o t f r o u Uu»t o « 

i t o '.n i t i i ' l o^mpo ^aa a f X i u i t i a c 

r a 4 i . U i . . t^c ^^ :^^iaa a t r i c t l y a a l y tv c ; v; - M M r t t e g t o 

.idXat a i t r i ^ i aaxbi^^ a f f oro t t l a t « ^ ^ 

w 4 ; c i a o t o t T L w i t h oova^.ant b o o d a « . auXia i i^o 
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ui. Xuur cov&la^it bOftua t r j l . 

( l ^ l o c t r.;.8» 19^v, VA7^ 1*>4o, 19i»9l w i a ^ , l ^ j * • 

.•ho l a a o o f b u l I » b o a d a i o i . v .^ootro . . ^ a . r 

l u ^ . i ios i io o r b i t a l l a vu^vu to f o r ^ t » c ' * 

2a *{uadla*a t>;avry tUa r 1 cite; e v a 

. v J r o l ooaXi|fU.-.'.'tlcr. I n . y a i ( t t ) v. .̂. ^^Mivi^laa t 

ffip u y U r i d o r b l t a l a f a r a olaatroG p a i r b o o t e and h y b r l d l a ^ • 

w i t h f o u r ba l f^boiUle f o r a a d by tha t « a raoaix i inf : 2 < » r b i t a X » | 

( b ) i t o t h r a a o r b l t a l a f O M o i x i io l f«-bo£; . , . e o c t r o o 

l l ^ r occ v | p r b i t a l « I n ^ t a , t n a r a e u l t l A i ; 

o i x bo i ida baira a a o c t & b a ^ a l CO&C:L , v h i c h oxp:^ . 

t b a ^ C l a t r u c t u r a o f t b a o o o p o c n d a » Tha d l r o o t i u n r 4 r . & t u r a 

o f U i a bcmda V K p l A l a o t b a b r i t t l a o a a a and h a r d a a a a o f t b a 

Oi>apouiKia« • ' S -''^ 

A u a d l a n o t a a t h o t t h a a e t a l ftotal d io t^^aMft I n 

r c f r o o t o r y oor : arc cuoh b i ^ i a r tfiur. t ! ;oaa in tbm 

j;>araat a a t a l * T l i e r a r o r a ^ i o f o r a l n a l a c t r o c u k 

a r a ur4itwQ f r ^ i^^^tal • a » t a l baoda t o foru; 

, w:. t h a fortsar* oi t a a l a t i « r 

tx£>o o f boD t a f o r tha low v o l . t i l l t j ct tlm oo::.poui*ac* 

MttM«S^otbary (19̂ 3̂ ) a r i t i o a l ^ y diaourscaa . & u l i u c * a 

t h a o r j o f a a t a l a f h a a l a o a b & l l e a s a a i . u i ^ a ' o t h a o r y , . y 

AooordlBo' to : ^ a i . . o t h o r y <l7f 3 ) f t h a ooc<.syat an o f tha 

o a t a h a a v a l e l t a a bar t h « oour^atul b o u l J ba a q u a l l j v a l i d i n 

a liawagiiniil o l o a a - . : : ; t t i c a » Howavart tbo f a o a - o a s t r a d 

oubio aferuoturo l a ados^w^. w .w . . ua0 l a t b i c .wt&l too b a a 
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r%Al a t o i » « a v i t u o t i o n not iamkA l a tto . I 

0 t r u o t u r o « ( I& th« latt«rt tha oc ta tedwa e i t ^ ^i^.nMl4 a 

M t a l atan f o n ft t r i a n g u l a r i r i a « # } 

. . i t o ^ C19!K» Mid itrtMirfe- - . -

p * 2 i f f * ) • a a i i t i w tbo M t a l X l a a lMra# t t r o f i a t o r v t i t f t a l 

ara lapor tnc t Uuui t h a l r cr etrttoturaa* 

. w ^ . - ^ . . ^ i a sue-, w .-^yoda &a • tJi io baate 

baoauaa o f tho IAT^^ atomic rodiua of oiXiaoo i^m^2^)^ 

iia^*a c r i t i a i a n d i u a r a t i o U —M>*«* l>ar a l l t m o a i t i a t t 

M t a l a i l i a i i a a t 7 « t tha a a t a l i i o aboraatar o f thaaa aoapouaill^ 

i a wa l l aatabUaliad# 7.Qraairar« ooct bori<3aa do a o i fo r a 

..^^ .*ul" a tvMtorao t a l t b o u ^ tti«gr ara n a t a l l l o i a tfbaraatar 

a radius r a t i o a o f tmay o f ^^m ora w i t h i a Ba^c^d 

2i vulua* Ttiia <Sairlatloo bao ^pmi a » . 

KXJ. . . . . .H; (1i50> t a tha tandare^ o f borou atoo. . 
a h a l a « t ahaata or tbraa fliiiagialftiif.il aatworko» la tba l i g l i f , 

of tha abova* isobnarakarf i c i a f f a r c tua alaotroode 

otruatar* of tba parast aa i a l aay ba oor^ . tnt t l M i 

otbar f a « t o r a # fbojr a iea ^aaatioa whatiwr tuo ralctioaA:^^>a« 

Ĝy« bat^aftD araratal a t r M t a r e oitia r a t i a ara 

Lrowor r i k o r i a a c r t ^ ; JbMMW tha t taa \$imMj0-

a i ^ l i o ^ t i a o of t r u a o i t l o n aavnla aad tba boad . . . i a o o f 

t b a i r i a t a r e t i t i a l r M | i i » o 



nor with ^ AtOAio 

- • w*»ttBc rlty I n t t e i r be. . -

a aiff«rc-.t .̂ .a&OT kMSttM* l a tbmm M^9<^^— — 

f •• " 

^ v.-.u« hftVlaiS Vtm r M k salt * t r u c t u r « ^ ^ u f t d ^ 

wiv* •'••io • i A i M t i v l t y ' ' , a U iii i ^ . r t l o u l r v T , re"».'it©d to 

« bcakl l a p a r t l y i w i i e bo^amf o f t t e 

»X»i lg«Wafc t i¥ l ty i*.irf»r«ne« H i * a^UO. 'ff 

- t t y in «ua&awH« nit: ^ > ~ 

. '«roTCkit« • t r o e t u r « « «ur* l»t. 

u . t « r dMcr ib^A l A t « M U U * l A I I O T S . 

1 i n t t e M t a l l i « bond 1A i r a M i t l o t t 

0l#oc .hair ooapMid*, %hm •XootroB d l a t r l b a t l o o 

toteraiaod bgr A e r l t i e o l tft%«r«tMlG M r M o f 2»9.^« 

Abov« t h l a M p f t T f t t l M t t o o l M t r o t t i arm loo>Xlu»4, but 

b«low I t tb«3r oro ; r M « n i ns "^ooUoetlir*" 

^ r i " T f i i i i H i i - i n 

Wi^ltbdm (1932* 1937^ p r M M t « d • V i d M M Ic 

d«v«lopod t t e t b M r y tbat l a tlm l a t « r o t i t l a l d lMoXut ioa 

of h/Oroem I n palIa4iQO« the fmrmr ia i o o l M d aod l a l a 

Uu 1110 at&t«» The • lae t rooa o f Hydroe^a f i U ttko 

va«u»t Xovolfl oX Uio Mtal« Chiui« tb« M t f t I l a tbo M M p t « r 

anil hT^p^fan tbv dmm^ UaMafell {VAi) oxtaz. io to * 

IV 



ooMT o t b « r h ] r < t r i ^ and alao «Wld4»D and a i t r i d M * m « 

10 ooepaUbU w i t h tb» ffitet t t e t the ioa ianUoa ooMrs iM o t 

OiATtan aad n l t M « « n M i ^ a i i i b l t v i i h U i a t o f l^rdvc^acw 

f W t t M T support f o r tbim t l i M r ? i « i rov idwa by ^ i t b ft 

X«taMi«u0ki (1935> M l i P V M V i r i i i (1997) ^ dMMBOirnt«« 

t i M ioDio j t o r o f d l o a o l v « 4 •artooa Aod z i i t r o e M 1 A 

i roQi o l M bar « M i ( 1 9 ^ > a&d CUrtM 6 Jaek ( t 9 & 1 ; , 

l a i « r p r « t ibe strxiotu • of t h « a i t r i d M « o u r M 4 M oaA 
• t. 

o a r b o a i t r l d M of i r o o and OA tho boaio of o lootrot t 

t runofor f r o o %ho i n « o r & ; t l t i a l & ad n l t r o ^ M to tlio 
M t a l l A t t l o o * l o o « U a 0 (19:x» acltor i s l l a r ooooluidoa 

f r a i\ sti^kr of borldoo* Aooordia^ t o h i u (tcioooXioc, I f P f t f 

1999/ t a i t y o f t t e M M » _ 

^oo i o Vrr* C, B , fiU ICloooUnc {19!3?) 

aloo tbo lr::p<vt/aioo o. 
• ..a o l t - ' cry n v f o t r o - —- i * i c 

' no to l fttoM o t w x a not bo too 

f a r ctptart. ^ta^ loa vi::^ o o o l l M O M t a l ttioM only any 

f o r u l a t o f f o t i t i e l oot^oo <:io wi th demot ion r ^ u c* 

1 1965) dovoloyod tijo -J bowUi^ 

lM»twovi' - o tr:.x:«l%lon rotcl ond 'tnl in rofircctoapy 

. i O V ot al» {tjyjjm 
A 

ianrolvot; caxly tbo ootor j [ ond £ olootrooo of tho two 

olooooto out OXM t t e ^ aad X olootBMoo o f Uio la&or 

i a e « e X o t o Xovol of tuo o o u a « ilao Oogvoo of o o D f i U l A g o f 
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A' 

| » HlYTTTqv «»^*flWM»u i ^ O M * « n fmn«f i ^ P W r -

ill 3wx. . . — , ..ou'o •A'jn • . i ĵ c 

Si " 



aatura o f tba basdlac, l a tba a b i l i t y o f tba noaaatal t o 

eirm up i t o mOaoay alat t raaa^ i * a « , i t o i o c i a a t i a f t 

(teMOBOv, 1^9b;* Tbia qaaaUty daaraftnan i n tba 

0 . c« ^o^p i o a i a a t i a n aaarsgr fu reure a 

^rtiOKx of i o o i a bwidtag aad a pwaaaipaiiilatiljr 

' i a eb^^raatar* Tbaa, tba m i t r i d a a ĉ n ' idaa ara tba 

ion io 4iDd tba a i l l e i d a a tba laaa t* 

Praduatiott a f t t i t r tdaa 

i i i t r i d a a o f a ba prapiirc^ 

oaa* fc..-.-.- . or a i t r o f a a • t g r — • ...^.-ora 

(KaiXor, i*:!27f P*97| Braaot 196%* p . l JOl Juaa, i»Xx>)» 

Vari£^tiooa of t i aoa laatbada inelada baatin^; t4>a 

aaalcamt - .o, matal osida • alui:--...... — , 

ao t&l osida • a a r b m « aa t a l aorbida: ca ta l ri^Cri , ' u l 

a a l t ottob aa tba ha l i da t 9 l M p b i d a « r rara i t . in 

a au i tab io nitrasftBoaa ataaaphard^ iawottimu.-, 

Koatias tba aa tol aarbida i a a i t rogan produada oarbooi t r idaa 

ouah aa ajaoidaa aad oyanaaidaa» a*s*t iA tbo aaaa of ^ i , Hf 

(Sor tao i ^ t a r i a e l : i l « 1963)| Ca* cr^ Ba* i o advaatac^ o f 

aaitttf >nfian<^ (ar oi t raeaa • hydraean a is taraa) orar n i t ro f f aa 

i a tlxat tba raaatioB i a oa r r i ad out i a a raduoic ora 

and tbarofora tha foraatiOQ o f oailila i o ^ u r i t i a a ir i>.isiioad« 

TliO raao t io vaa» a ao ta l aaida aod aaKoaia t o forsi tba 

a i t r i d a i o tba ra roraa l o f the hydrolpaia o f tbo c^ t r ida* 

-r ' also utiOii JX i i ^ t u i ^ a tato ^ ^ , 

• • - . - • 



1̂ 
lixtlm ( B M M t HOTarla i- C i « , 1960}. X n t t r a t l t l a X a i t r l«Uio 

taava baaa prodnoai I n ylaaoui fXaaaa too . « 1V60| 

ra rMont 19G^I CZBA, I9661 BayMfel a t a l « , 196d)a 

m t r i d a o M y ba obtalnad aXao by da o t a l 

a a l ^ ^ ar lalOaa* liaating aa mmmmdxm M t a l l a t c i a« 

ualne a aaltaa a a l t bath baaad mo lo&ly oii ayanidao and 

aya&ataai tba aot loo of oyaao^an e M or d ln i t ro<,w t r l c x l d a on 

tha M t a l i UiO raaatlatt batvaaa a oa to l a a l t i n l l q u i a niBnooU / 

and a rodaalag M t a l « aad by double daoot?tL.oaitloa w i t h anotbar 

n l t r l d a a - -

Baaldaa mavoa t l a ik i l b a a t l o t too. 

iu<iuotloa heatlas haa boaa oaad l a ultri<!^a proau^tioi i* Zn ttm 

l o n l t r l d l a c yrwmmn aa a l a c t r l o Qlmt dlaeli&riia i a u t lX load I D 

• p X l t t l a t f up ooXaouXar a l t ragan (flalaiMXitrax» 

atarXliiK a t aX«, 196G}« Aa axpladlae wire tec 1 u lao haa 

baaa daajgHnd (Jonoleli a t aX«« 1966)a HoXtai. . 

n l t r i d i r ' : u a t r l aX ly t o «b t r^ • in protae t lve 

a i t r l d a ooatlacs* 7ha bath uaualXy ooutolAa & O; oyanate 

• f OA a X l A l i a t i o l , Vapoar pbaaa i M i i l t l n uatef * T«l&tlXa 

M t a i a a l t M i l aa tha ohXorlda w l t l i l a a f t e or a i « M « » « 

hydrocoa l a alao a vidaasraad aatbod of Induat r l^a s i t r i d a t i o a 

(OMQpbaU Ot a l « i 1'> '̂'• I992t T>ovoll a t %j^^t a t i n 

ooatia^ aC i t t H i t t oa iwiefiiaa j ^ t o l u ^ o v :r<]; L .1 . or 

oaobanlaaX p r o f a r t l a * * THla avtlkod produce^ u un i fo ra a l l r l u e 

f l X n on tl»a f l&labad a r t i e l o I r raapaot lva of . ... . 0 , and 

l a UtoOd eapealaXXy (»lth u^aaalt lon wmtaX o l t r l d a a ^ 



of nl\*riaa x;r' 

' . ab l« vhi< oaXoction of r« f&renoM t o 

.hoda of t i l l a* 

JUL - H i m qf p n r -

• ^0 " i f • V ' l a s^ofara&oaa 

r;ilro£;oa ( O T a i r / 

l a ^ . - u . Kfit C a « £ r t B» 

rura aor t i : • ' ' , 

V crt a l . i19!>0k, 1 v C 1 a > t 

C o 

• f 

^* • 

( a ) A l 
( U ; o x i O a 

or Hp 
rTbt 6^ ca# .' " -

( a / . V * c S i , 
S i , 

fi^t '"̂ t S i , 
S i , 

fi^t '"̂ t 

voo OtTioUalbarc ot ( 1 9 J ^ ! ^ ) 

£ ' 1 , C a t ^ « 
M « 9 , ¥« Q« Pm 

o U - s 
^ ' a a c a r i - , i . - . J ) 

( h . ^ ' • ' :o c r » F a 

u , . . . . J^a;^ ( 1 .Cy^ 

^ A a t i c . 
.- " . . •• ' 

oxj;* 
a) r o t a l 

' • i 

B a , Mr, - n , C A , r , A i , 

S I , 

. . | 

. - - - 1 

•Ml 
1 



f-:^3.o 1»a Uoiitin^Qv. 25 

ofcrc-oeo 

^c) oxide 

or £vrfi«cide 

(h> bori ' lc 

( i o c t a l c a l l 

OO'-ul wit ; : 

Q:;£:Or.li. 
( j / a i t r a t o 

w i t h 

(fc' on .ouiua 1 . 

Ga 

X .Tt H i , O , V, 
"e, U« A l , ^ « ;.n. 

' : a | iif 
o« 

I n , T l , ;'ja, Cd, 
Cu, A.:, Att« 

.'iauijobauer et a l . (1V!>9)| 

aonm>r (1v!>9'l -Oi^^ (1-;M>1 

t c r l i o ^ . Cwcmn (1vt!,;| 

c::nt* icier ot (1S*o3> 

J, ^ « Cr, Io. 
i iml : i-oolzli'.nC (I'^o^*; 

:imL ob uor c t ^TJ* 1>̂ *1> 

^ctioc o: 
cyonitjoo î nu 
Oi'.-iii.too ojar:;otal 

or ttl oy .; 

c cuna i t o a l l o y s : 
oe.; -.01 or {V^27^ 7 
ior exao;;;>I\i« of othor 
oetoio 

Albrocl i t . . u o l l c r \ 
:!uollor (1.?99.| out c:,o 

IUUiti.It (1yoi> 

h -ocozi^oultiut: 
o f Auldofi or 
iniv^or# 

.>r, 5 a , Cd, Sn, a, ^ u ro: of *ovu ;1vi/i 

/>ction of 

C) double 
Uoccox^ooitioa 
* i i t i i oC'-̂ or 
!i*tri^'«a 



of f c : A 

tiiO' 6c , . . . - . ;>ra at 

loaa af A^v ĉ -

ai ioGbaa (1$l»4> 

vo tho x l 

a le i a troupe v i t o f i l l * ' 

uro r f i l o t l v a l ^ 1 i Uuviu 

. . i .-^ — - _^-ratura Faaeo# 

* r iaaa 

rroo F i 

Uyt' - dd 

ao iua a i t r i d o t i^«o • 

to t ^ i r at; 

..ivo bi Uoi.it 

•'•1 

„ - . - iau by i>iaj 

(1955) ^ 
i t r i d a a of v>r 

o i v r l d a a , ro. 

Lvo Ao? valui 

irr>y cb*.--co f - r 

ho n i t r l ' 1 

Co * -* 

Ui9 ^uac. 

I f Av̂ ^ f o r tLa raaotioay 

arauaa batifaaa tba ve^luaa f o r t c . > f 

a ra 1«1 i n 
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M I -

I 

. p i dOO TOO 800 900 
* T l n * K 

^ toorv ef yNsaUaa ef KUrldoa 

iooo 



Dit^50e forr t r . t lon f r o o tha aatal « anmonia, litMM %1M 

aa tar i&la &ra i n toair ct;au(kurd at&taa* ^raa tha tharaasfaMiaal 

iftatat i t aaa ba « a « i t ha t a U tha M t a l a l t r l d a a aaa ba 

f a r M « f r o a tha na ta l aad aHBOBia« axoas>t and Ta^H a t 

loi iar tasparaturaat Ho««irar« a l thou o t i e a l l j r f aoa lb l a t 

thaaa raaat iona any ba klDatlo^jlXy unfavouvobla* t h i a aypl iaa 

•apaalal l j r to a a l i d s ta ta raaa t io i i a« Mbaro tha atuabar of 

v^iriAbla faa tora l a hltfh» a o l u b l l i t y of tha c^mt^ in 

tha norloaa a o l i i fbaaaa* f o m a t i o o o f taroury ac-

o f eooq^aaad layar aata tha a a t a l , a to» he l£<ot o f 

faa tora i e iaparUoi t I c tha k lAa t i eo of tha raaat iaa 

and i a di^ouaoad l a t a r t Saation 

A p l a t o f f r aa anara j data f o r tha acjrbidat a l t r l d a t 

oxida and f l a o r l d a o f the anaa M%al« r i gu ra ahowa th&t 

ga iwwi l ly tha oaqpamda ara l a tha orUar of Incraaain^, 

s c s b i l i t y , c f* haata o f f o r w t l a a t saatiao ^^^^2 aad Table 

Klaat laa of o ia i I t r l d a t l a a 

Hatol n i t r l d a t i o a i a azpaatad t o oonfora to tho aaaa 

p r l M i p l a a i ipplyiag to oxide f i l a growth (."".ubaaahawafcl 

..ofMino^ 1062)« A auabar af ro la t ionahipc ckre kaoh...» . h 

f r o U u«. y* of n i t r i d a t i a a (or ax ida t ioa ; v i t h t l aa* 

hey . a ' ; t iaaraaaa par u a i t aurfaae n , 

aa a fuaa t iao of t l n a « 

Tha ald^iOafit ralatiaaahXp i a Mia l U i a i « M « a^aaly* 1 

m m J r» t 
%-' * • • 

h* i a a M M l M U e giaoe tha weight inazaaoa par uoift 
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I 
< 

-1 

27 

900 

ur« 1*2 i r o o oaorey of forto&tioa o f 
«;*rbido«, n i t r l d o a , oxldoa and f l u o r i d o a 



area l a p r o ^ t l o a o X t o the thlaic&aAo o f the n i t r i d e 

(or ottlUe) f l X a , X» ^ proyortiuiu;. . to tha 

daoreaaa l a thlakaeoa a f t^io aet.:X» x« tb .lu^tioo 

oan be w l t i . . • . 

' - y . k t " ' . . 

i...t.-:-at« 

7* • i t • f . 
eivaa a atralf^ht l i n e whoa the aqoare o f the weight lacreaaa 

l a p l a t t e d .laiit t l M « a Bon«cero VviXua of £ lu^^X^.., 

^ ̂ duetioa period* AXao reported are eitblo« Xocnr i thalo 

m i.c rc la t iooah lpa* 

i . . — o l t r l d a t i o a eurre nay h<&ve e«.. . . v - of 

ttfo e » M M o f tha efeove reXat loMhipOf ^ k t i l i i l i e t i M 

of a Mt<iX er a l l a y aoy boffin paraboXioalXy aad eoctlnua 

XlaaarXy* xa aaXled a ^1yaHa^M' r < j l ' t i . 

I n the d i r c e t n i t r i d a t l o a o f rset&Xa a n i t r i d e luyer i a 

fcaroad batvoen the no tn l end i t e rt^oecoo M v d M M e . • e 

reaotaato tutvo tu v*iM t ^ r r i e r I f the runutiou 

l a to otni laue tUe a l t r i c e layer to /;ro«« the overaXX 

r r t o o f reooti^-, , l>e ror^-*ned by onv * -ore o f tha 

i o x i o . i . JOI-

Ui) a«ppXy of re^etin<; ^ca t o the oator our f oe of t h « 

a i t r i d e Xaya-| ,/ 

(b) tnuMper t o f reaataata th rc *r ide Xeyari 

(o ) yaaetloa betveea MtaX aad aitro^sea f w a l a ^ i a l t r i u a * 



j<yTaYtm afanta ^oo t?T *9m%o Jta:?4̂ tx jfo ar;n-oa 

X Do-^anj^ipp QOfvy • a a a j j a t a t aoSoa^To WJwa^ iouo 

- a ^ T v aqt a9«Mo% aan j ja t t r r aptjr^ta - Vn^m a ^ W M J 

aaoTtw JO -^oaaaaaa aqt aaaxoAoT MX^X a?T^)T^ n?Hiojnt 

a-^tj ̂ ^ovaa aqt j o oofocMJtr j o gaiinaiaou taavaoroa a«tt 

^—- — — 7 ^ 

.'TaTiTVTT taaaot oq^ ^ar^Tj^Tu poc^soj-iTiaau aqt j d ^^afM|M |a 

paonno ajT? avTo iT^o ^ aac7oa^ott7 X t * ^ ^ " 

• f lOAT^L A vn3t« * par ^ Xi | pn^ot. aoof^aaatroa 

pm iMlMWftil I I W i i M t f »nddp aaaaajMf « ^ 9 t M -loi 

T ' ^ X I ' ' •aottioA i w f r t J o j r aoonaca j aa paaoaatftio 

MO rawam(d asmxoA •frimMWIdifi f a i p t q t paa 

- jroxfr*- ^ n faJMr oo poao<| ada aatfl- • 
•OT»toc TO aaoxt'TT^nt^ •M^ Sa^Xmsdtfooon oc aoT'̂ '̂  

XTT̂ oiCoo pac amxoA aaxnoatoa M r v M a m a f ^ t axq. • u^-^ ^ 

apT-i^r» JO a^na at^ m ooia pro •(fiRSl »irfOwpag f ^ V f t t T d ) 

iv^aa x ^ ^ A •Mt n^T^ paoadvoo a a f n a^npojd •rt% 

• f t f t t ^ X*naX4o j a adiEi poa f a y a jmxaratoa or aaaeaaaijFTP 

aq% m apoa^ap x«t«« oo o x w JO n t Jaa^a oiu. 

*ooxtd^<' JO >^a)So ptTTs a^iMi a^rt SirptXAiatap m iir^^oodax oaxa 

ax oxw ftpT-i^To ««% JO X)XTT<^'no Xaattiwidftr â *, 

^̂  •data 3nxoTUo%tp»ot ip 

aq% ax aa^va aao^a aqf j o t*MOI« o^' *ota ^a.fn^ono^a 

apxJt^X^ <»qt ax a^aajop *aaaarajKS aaO x^^^*^^ *a<mtaJa<!of)) 

r a lono mM%nj paoaaAoS ax aa%aks aaaqv aq) j c 
t9 



a i t r l d o 
v o l * 

. ' i i t r i d e a i t r l d o 
v o l * Orys ta l 

l a t t i o o 
a t t i c c 

Oontt/^A^'-i: 
m 

I*attioo 
oeaatf^r.'tf 
i n T 

-0,11 a cubio . a 
0 m a a t i - ' n v - . 

ca -^•31 b«e«o« (X) a m eubio, a • i i . > : 
ani i -Ma^Cj 

^•o«p* o cuUio, a • 9.7^ 
- c » 

•-> l\ cubic . a 
o a anti»{*in^o. 

. . . t0trai ;ooal a • S*73 i a • 2.50 
0 G m 6«6C 

b«o«e« (^) a • ^ eubic . a 
*o*os a « 2.95 ftaCl 

e 

• a 5»C1 
1 

oublc , a 
*0«Q2 a » 1 

* hi<;h toopomtaro 
• • low >eratur 

a i M l t o M o a a Boroaoot o f aaiona aaa e a t l o M aloe l a 

t o bo aftc&ifleant l a ooobRnifraa of r o o o t l o n r . 

Catloo al^Tatloa l a ^MMiaiblo bco4«u<>« o£ vaoant oal _ 

I M t l o o e l toa l a tbo u i t r l d o l ayor« :^tteh a i a ra t ioa l a 

favoMVod t t a M f o r o by « b i^b J H ^ t i o f nonetolchoioaotry 

flni ^ A lo»e* o i i i l u r o f oa t ioa aofooto ju t^o o i t v U o l a i t l a o a 

tho ovovri l l o f f o o t l a thaa u f l o n o f co t lon vcioaaoloa throusb 

t l ia oa .^.v. l ayor toMydo tbo a t t a l « a i t r l d o I t i t o r l eo or 
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actiodoo l a the pppo^«u. ^ i rea t iony i « e « , AR a l a c t r l a ourraot 
ihrouga tha n i t r i d e layer* Aacardin^ to the ti^ia f l l a theory 

o t t (I^'K^) the iana eove under tha p a t a n t i o l 

d i f f a reac ^ • IglHHH^ i ha oa ior- d oAtiona on the 

rcopaetive i r t o r f ^ c e e * The a o t l o M by the a i g r a t i o n 

Of e lw. - .-̂  - _ - u bQT tha " tu . .et" foUovad 

by raitatiott v i t h gtm aaloaalaa a i * ^ ^ the outer aurteaa 

of the f i l a t The aaaaBulatian o f vrcar.oi the n l t r i a e • 

a a t - l i n t e r . .oada t e the f e r aa t i aa a f a a v i t i a a « 

The parabulia law i e aaMaa f o r many n i t r i d a l l M emd 

aald^it-on raactioaa* A a l a p l i r i e d dor ivu t loo of the l av ii» aa 

r o U o r n (ChUton* 1968, j>»5)e i f ioa (ai . . . . - t loa 

i a the I te ile»aralrta<L etep^ the reac t ion r & t a , i « e « , 

ro te of grovth of produat Itiyar* i a proport iom^l to tha. 

coaciuoteaaa of the layar or i a r e r a e l y j ^ o p o r t i o a a l to i t a 

&^iekAeau« ! • rhereforet 

^oar2 aoj^iat: £ ^ iat«cx*atiat : the above e^tu^tion c i r e o « 

, . t * ii 2k t • C 

vhero k and £ are eot^t '-nta* Xa Vkm fStibu mni 0 Kot t tLeory , tha 

oonatanta ur r e l a t ed te tarn i o o i e d i f f u o i e n e e e f l i a i e u t uuC i 

. wv.̂  OerlT: tlOQ of tho parabolio Irw :inaunco that 

the produat layer reaaioa adhereU to U>e aata l ^ui tt^ 

reoat ion and kaapa i t aooplately protaateJ f r c n c i i rcct uttaeH 

by react tuo tpaat I h i a l a not ao i f atraaoaa v i t h i n tha l«^yer 



ctr« s r#at enougb to i t s br#«kac«Ki «h«a i t * thiokimw 

r m o h M a ort t ieaX valt t«« or 1 / l t«. surfs iM ar*e im leoo tUan 

that of th« M t a l oTl t^ioal ly* '^hm mmmhAaictX o t a b i l i t j of thm 

]iroauot I a y « r i c t ;^oraod by, ixiimr a l i i . , t̂ ^« M l M u l - r volunt 

c h a n t s Aoooapuyln*; the r«-'Ctlo&* Uur^or v o l u a « .. . 

•fi;j*ciall>' &«gativ« •ar.- i jc* quicker break-up of Xbm l a j e r * 

: i l a ru j^ure eapc—o froab aietAl ourfaoe to the ret \etiAe e a a , 

<:JM! tho enaminc rec^ction f e l l M S a uev paraboX&« ore n i t r i d e i s 

t!ien produced i a coataot with the aet^il a f t e r u £ i l a i l ^ r t i a e 

i a t e r v i i l , dieruj^tioo of tUe f i l m a ^ i n tahed p l a c o . ho net 

r e s u l t i e to produce • n i t r i d . t i on curve cooe ie t inc of e uer ieo 

of par^boIae« ?i<:xire \!hun film breekdown t ~ c vQr:4 

quiokljr the ouxsrt>er of T'C^^^^OL-^A increaoee t^nd t h e i r .iizm 

deoreaoee* The r e e u l t l a n curve then a p p r o x i » o t o o to c r t r u i c b t . 
i- I 

l i n t , , eorrea^ondo to <̂  l lnecir r a t e of react ion* 

A e iopXif led der ivat ion of the l i n e a r It^^ La aa fol lows* 

; f there i e no adlieriai; n i t r i d e 1 y e r , the &ot 1 curf^icc i c 

ure 1*3 l ^ e o r lAV of 2 f i t r i d a t i o « 
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I r tto ofsevat o f w t e l of 

ouaditiomi* '*of«r«9 « 

Wbenc^t y « l i t • t 

M i f l X a of n l t r i d # oo U i ^ swt^l or aot* /hue, i f th« 

Hor« O' oncivo tjr#«ttMotfl of ro. pllOAbX* 

.. . f l l M ri»o<S by " V ; .lU i M (19&tt 

J U S i i 

T o r tko forck t io i i o f t h l r ' ido (or n i t r i d e ) 

i « o « , T (1933) b M providoa a M t i 

(K. - i t . . 4 a » » , 1962, l a t h i o , t 

•OtttroUod by diftteoioa d M to a oooeontrotion i ; r A 4 i o a t « Z 

porabolie lAv o p p l i M trtiM %te Moao l a iinlfons* 

r<or ttM f o r t n t l e a o f (Ma^miforr* < i * o « , porous or 

o r ^ a 4 a o c a « a , tha m i l a i c - '< • - u r . i - . ly 

• i en i f io&at i f tha a a « l > a SFOW igr oatunrd . t ion of i 

(Vavallyo.-^, l'?'^? • i t l a nera l « p e r t A n « M M d l f r u a i o a i a 

*t*4l - aaa la itttar" " -

oular ToXt. . ipaxiyiat; th- .i, a t i v o . 



M y not be ^omslmtmly cov«r«d with thm 

product aad U t « : o r o r « hm •xpommd to d i r e c t attook s/am^ 

ivObction UiGn foXlovc the l iao&r IHM UUK^ i s reX^t^d to tho 

M f c t o f 

when the r « i t e « H i e » w i » i n n stop icvo lveo trie dioeoeixitioo 

of the attacklBG diatooie gee (ox^Gtm or citroi^on), the reeot ieo 

r a t e i « M p o o t « d to p r o p o r t l o n A l to tUo square root of the 

prefioure* l a t h l a eaee the d i r e c t ret^ctioa :̂ t the s o l i d -> gas 

i n t e r f a c e ic^ the rotCid^MrwInin^: cttep* 

see dieoolve i n oe t iL la , Uefkry'o IAV 1 Ticnble} 

a l . s QOleottlee Aieeoeiete i a to tooc {or ioacj on 
o 

diu£K>eio.tion« nenect the a o l u b i l i t y of o d i a t o i c c i n . e t a l 

voulu be ew^>eeted a i m te ^t^ry oa the aquaru root o i ^jus 

pr ' j« The d ir fus iOB of c^m atone thronirh a cMtAl ulmm 

requirec a square root r e l a t i o n s h i p e i t L ^ ..^ o vben the 

t a l aurii^OQ i s d i r e c t l y exposed to the £ M ( I i s r r e r « p * 1 ^ ' } « 

n i t r i d e (or oxide) f i l s « hovever t^iin^ oa^ cou^Oetely ohiai4;e 

ro la t ioosb ipse 

When the d i f f u s i a s process i n the pr duet l e y i # 

contribit tss to the re se t ion r a t e * deYint ioae occur f r o a the 

sqtAare root rs l t i t ionohii} betveer ess ^ r u a e t l e n r s t e « 

Various eai ;» ir ieal r e l s t i e c i s h i p s have be a od« Another 

oomplic.tixif^ f M t o r i e the s i n t e r i n r of tL t &t h i a ^ s r 

tc^^peratures* T h i s I V K M i f * i o i W d im the f o U o v l a g • s « t i o B « 

Oaosr^l nooouots of a c t i v e eo l lds toffsthor with 



r « f o r M o « 6 to tho o r i c i M l l i t « r c i t u r e are c^rw or*s$ (1^>!j1t 

1958). 

Xh» roQCtlTlty of ool ida l a norwn^ by o e v w a l foetore , of 

whloh pcxrtieXo S I M i« un i i iportant on«« An InorociM In a c t i v i t y 

lo ueunlly traooabltt to an incrouso I n thm fipeeiflo Gurfcoo ( ! « • • » 

th« our face oroa por liiftit nuoo) of tho eubottmcoi und of ton 

ad^itioDAlIyi to taperfootionc i n tho l u t t i c o i t o o l f * 

A oubotanoo oooaiatini: o£ o o a l l pnrt le loo poooer^o ))icb 

aurfaeo oner^y. Al»o l a t t i o o Inpo r foot iona roprooont a high I O T O I 

of bulk" potontli^l onorcy* Vhitoi on avt ivo colicl i ^ ; i n c o t taotablo 

oooUltion cMii tendo to roTort r^pootsoioou. l y to a acre oiablo c ta to* 

This louo of A c t i v i t y takoo plcoo on aoro ntnndini; ;:t rooe' 

ton:?oroturo, uruAlXy vary olovly« a n i tf^ cul lod '̂ ocoiOo'** 'Mjoint; 

roculto ill the fornutioo of larj;e oryc i ta l l i t eo with XWB ioporfoetionft. 

Afteinc in onhnnood by inoreao in j toapcr<«turot wi.ioh rcciulto 

i n a dooraana of both oxtarnnl and iatoro&l enarry* '.ho incroaood 

thomal u{;itctiOA Of t?.o conotituent citosa or ionc f a c i l i t o t o t b a i r 

cioveooTit in to ponition:; of ainimun x^tontinl anori.:y« A1DO» Ui^h 

taaporaturea f^^vour t)io a(;£pra£;&tioA of ooXid x><Articlai^, a pttenouonoo 

ca l l ed "Biaterittt'^* S i n t c r i n i : i a ©nh^inoed by high :ir'*08ure and loado . 

to an incraoao in tno luap danalty of the ina>otcnco (^pri^;^a t 

Attarana* I t i a ulao a f f ec ted by additivoo (c*^:** I & M O X I I 

1967ThUf: x;aa«'>>roduein{; contajsinantc ouoh an oarboni^too and 

liydroxideo delay tli© oxtent of o i n t e r i a c ('-icot ^:^C^ VjC^ji L i v e r y 

et u l*» 19661 whect Zt Caxrutharc^ I^C?)* Ucucot vaoutua hot proaaiae 

i n often proforrod ( c h l o t t i , 1952) . •'̂ ••o f-'-ctoro uro iui>orU.nt in 

c e r a « i c f a b r i c a t i o n acianea (coopor« 



The rate o f e t a t e r i a s o f « e e l i d a&rKc 

w i t b i a a M r r e n ven«e o f twipemtwre near 0»OT**?:, : T^**IC 

im %te M l t i i « p e l a t e f the o o l i d * k% t h i s i n p e r a t u r e * ocOXed 

the tftnaeen t c a i w a t a r e » the v e e a n c l M i a tho e o l i d are ao 

l enee r *'frOMB**« so t t e t i e a i e a i g M t t o i t h r n g l i «be bulk of 

i t o e o l i d ('*lattlee*' or *«irol«M« d5 ' 

At lower tea9e i*otarM» • • c » 9 ^ the region o f about G*3^^^K, 

surface*' d i f fuo ion along e m i a and e r T a t a l l i t o beandnriec i e 

the aore ioportaat foctor* 

ot .o<:a of preptr in^ a e t i v e ao l ida iac lude (rrinuiai; , 

oalQin^-tion, oublioatioo oad p r e d i p i t a t i o a * l a the f i r s t , the 

ral brenkias up of the pnrt icXes i n oppooed to soae 

uictent by the tendency o f the Cine p o r t i o l e s to fittfisre together 

uader the J o i n t a c t i eo of ourfoce forsee oad the oechanieal 

preasare o f the B i l l # 

CaXeiaat lea i ^ baaed so shsadaal ranct iono of the typex* 

• o l i d A — » S o l i d 3 • Gas a 

c«( ;« | the deeoapositicD ef hydroxidet MUioi.on« 

1956t I 9 ^ i s , 196lbt 196:5a| l a s s o a k Sheppard, 1'>G.| 

n a c i f i e aurft tM o« ^ Xa eeaaAdatably s r a n t e r thaa t h a t o f 

i f tho tvo o o l i d phnaas poaaeas d i f r e r e a t l u t t i e e a and i f 

there i s a large volaae change H t w i M «lisa« s f • i l l U i . ^ 

^ a e r t b (1923^ u le for oot^il s s M a t i a a a * The - i i i ihrntm s f 

the bot ivat ioa proeeas involves the treAofonsation of a 

e r j r s t a X l i t e of A i n t o C M of which i e i a the f o r a o f a 

faaude* la t i ioe o f A *̂ r e e r y s t a l l i a a t i e a o f t * 

paeudo*l t t i c e aoea oets in« proocodiae f r o a nuc lo i* The 
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aTarae* oaauar o f aucb a u e i a i par e y a t a X X i t . i a t . . t<v 

by whiafe tha nui^»ar o f o r y a t a X l i t a a iaeraaaaa i n the couraa o f 

i ba r a a a t i o n * Vhia f a e t o r l a ro l abaA t o * ood can ba o u i c u l a t a d 

f r o a « tha aurf^^oa araa obUd DoXacuIor voXuae ohun^aa /-oooapaayia^ 

tba r a a c t i o n ( >n, l ^ ^ ' b ) * ^ha davaXopeant o f aur faea w i l l 

thua taad I . u l c d tha a x t a o t o f r aaa t lox i t e*£*« tha 

aoaa^poa i t i oa o f aaXaitw hydrox ida (OXaaaooi 19&6>« 

.̂ ha abova ranurka aXao appXy t o o t h o r raXatod typaa o f 

r o a o t i o o a iavoXviac a e l i d a aad f u a a o t 

r o i i d A ^ (mm r> — i o X l d D 

-soXid A • Uaa -Z' — > i . o i i c ^ • '-Oaa U* 

. Xaa o f tha for-aar t ypa a r a tba '^Orr'* h y d r u t i o o a o f otMm 

( C O M M ^ 1';^b« 19C3b; and « l tea l e t t a r typa tba OBXeinat ion 

a i a i t r i d a a l a a i r « Tba e^MraX c o n a i d a r a t l o n a aas ba extoodad 

t o **vat" b y i g a l t O M of Oaidaa t o o (OXaaaoo* 196 , 1 Cib^a 

Tlia r t i t a oC^raadtlaa i a v o l v i a f a e l i d a ^aa^ ^v.eoo) l a 

t 'orarsad by cavoraX f a a t w a , whiah aiiy ba eoepXax t o oxprooo 

aatbaaaUaaXXy (Ouibraaaaa l i A a d r a « | 19̂ 1 )• Thwoa iacXuda 

ohancaa i b aa r f aaa b a t a r a e a a a i t y t a p a a i f i e a u r f a a o , l o a a l 

c u r f a o a tau;>arf i tura due t o boat o f r a a c t i m , aoXubiXi ty a f f a c t a , 

i a p u r i t y c o n o M i r & t i o i u nad pbaaa a o Q p o a i t i o n « aa t b a r ac i a t i oa 

^troceada* 

^ubXin. t i a a i M f l M l f i i a t i o a a r a *'cor ion** aathoda 

o f prapar l lw. a a t i r e aoXids , wharaaa t T i a d i a c '^nd o^ .Xoinat ioa 

a r a " d i a l a t a ^ r a t i o n " oathoda* Tha prapc^rat ioa a f 

aataX f i X a o IA an pXe o f a auM . i a r ; t i o i i a a t h o d « rhii> i o 
un-.ar 

aaoaXXy o a r r i a d out A h i ^ b vaaaaa* > i l A a of oo lc iu : : . , ^ a i a a » 



v i a e and oadtaim i n T c e t i n t e d i n t h e present wmt^Wimi ^ 
prep&red i n t h i s way« CeetiesM ^ 1 and ^ • l . 

. . . V ..vorae* | > a r t i o l e s i s e o f a p r e o i p i t a t s i X I i < im \ 

f o v e m e d bjr the o o n d i t i s a s o f p r e e i p i t r . t i o n , ( e » t * i * ^ X M M I « 

19C^)S^, QlasaSR Ik 0 « : : e i l l « 196V)* i l^e iae o f the product i s 

enbaaoed by e l e v o t o d t e v p e r a t a r e s and by b i c b o o l u b i l i t y , f o r 

ttiese f a e i l i t G t e the r a p i d a o v s M n t o f ions and a h i e h 

k t r u t i o n o f thea i n e o l u t i o a * 

^ r .ec ice l r o a c t i v i t i s s o f r e f t r o o t r y n i t r i d e s haea 

»iMd by S h a t r e r (19^A) aad fiaaaonor :hese 

o i t r i 4 s a s r e l e s s r e a d i l y Uydrolyoed coopered w i t h i o n i a 

n i t r i d e s * ^ncr , ooise o f then a re t r o i i s f o r u o d i n t o o x i d e * 

an o c l o i n a t i o n i n a i r « . .<> 

T h i s t h e s i s eabodies f u r t h s r s t u d i e s c u r r i e d ou t by the 

author on a s e l e c t i o n o f n i t r i d e ^ o f e leaea ts i : : rcups I X - XV 

o f the P a r i a d i c abXe* They incXude so^-aaXXed i o n i c <Ma« Ce.« ^n 

aad C d ) t oaeaXeat U ) aad i a t e r a t i t i a l ( 7 i and VT) n i t r i d e s * 

Xa the foXXowiac a s a t i e a a ot k h i a okap lav a r e suaoar i^ed t l i a 

stu*iieo by o the r w e r l e r s oa the f o r a o t i e a sad r s i i c t i v i t y o f thib 
above a i t r i a a s e '" ."V 

f b a aethods o f p radae t i aa o f Ba^:&aaiua a i t r i i a flPt ' 

B M a a n t i i i bgr HaXlor (1927, p*loi>) and Brawn (196^* p*1^)* 

L a f f i t s nndndaci (1935^ r e p o r t t w t ait: ^ - ^ 

aaeaaaiv tsosphere o f n i t r o g e n or un.. on ia te_,ins u t 

>0̂  aad i a a u t a s a t o l y t i c * / ^ u i l i b r i i n a praaaure da ta f o r t i M 

i t r a v a n eye tea a l a s sapp<»rt n i t r i d e f o r o a t i o f t 



( L a f f l U e t aU, 1936) . frm^ I h — • • I W M i o a l m^ndUm M i t ^ M U 

( 1 9 ^ ) doi—ae t l M t t lMM a r o Miraa f O T M o f n a e a M i u a n i t r i d e . 

lOMVOTt t h i a feu** ao t baatt nrntimmi by otb«r nwHIoga^ oes^t 

-nd l ey e t a l « (1966)* ^ l i g t m « M aso M f t U f )M« oa ly otf 

the eowponad (vaa 8 t a « k a l b « V 8 ft P M I M I 1t:93>* 

tftbii. . . ante & M w y a v a <t996) s t u d i e d tha a i t r i J i l E U f t 

of UTioaliM aa a foBetian o f t i M » t a « p a r a t « r a « praac-iire o f 

nttro^oB gaa mmA a a t a l a u r f a a o p r o : t c r t i a a « aad nado M a p a r i o o M 

with t h e a x i d a U o a * A t y p i o a X n i t r i d a t i o o course o o M l o t a o f 

t h r a o diatiMt pa^-iodai v i a « t (a> i n i t i a t i e a , thm» ( b ) a tof tdy 

r e a c t i o n a t a l i n a a r r a t o , f o l l o w e d by ( c ; a daoraaae i n t h a 

rate of r a a e t i a n doe to eraporation of t h e oaciAa* The l i n e a r 

rato o f reoetiOB and i t a daoreoso on e v a p o r a t i o n o f M t a l are 

.0 t o tha lock o f a p r o b a a t i v o n i t r i d e f i l a on tbo aetal* T h i a 

i o consiateot with t he M U i a c ; - Badworth (1 '^ :^} : . a l e , a inoe 

tha a o l a r vo laoe r a t i o of n i t r i d e to aetaX i o o»89e 

HWttc^leoeaaa b C i a M r a (19C0) found t h a t i n tho 

n i t r i d a t i o a o f oagnoaioa wi th a i t r c igan a t oae ataoaphera 

prooaura« t^.e r e a c t i o n r a t o i a p a r ^ o X i a i n tha u t u r s 

ranfO >00 - Uco^l f r e n kOO t o 500^« i t i o X i a a a i , e 

ranee 90C » ?Ho° i t o^a in approaoboa a parsiboXia l o v e I n tbo 

o i t r i d a t i o n w i t h maumdm.^ tbo r a t a i a Xinae r f:ron to 5?0^| 

«• 570^ i t approaahao oad than oboya a p a r o b o l i a l a v * 

»ha e f f e c t o f t oopo ru tu ro on t . .c . l i u u r u t e i s l o e a f o r 

^Obia than f o r a i t r o B o n * 

f b o roonXta o f s thapibaaande b Marorave nXao i a d i o n t e 

• t I t o M M l i M r u t o i n c r o ' vor t ha 



ranjre ki3 « • hTaporo t i ea o f a e t o l a e t s aa ux^per l i a i t 

f o r t o o t r o s u l t e « The lower l i a i t e f t aope ra t a r e 

when a i t r i d r t i o ^ . i a ahoa i 300^* :<elov 4l5^ the r e a c t i o n 

a tops a f t e r c. f i l n o f c e r t a i n thiehaeao i a f o r « e d « ^ i i f f e r i c a 

(196%) e l i a a a noeh h i t t e r t e apa ra tu re up t o ^ l i e h the a i t r i d e 

l a y e r p r o t e o t a t he a e t o l , t h e p a r t i e u l ^ r t e a p o r n t u r e b e i a g a 

Lea o f a i t r o f i o a preasuroi SeC^f below x i i t r o e a n o t 

bar pre^ i o n , b u t o t ^ ; r«a-^uro o f 1!? 

i e needed* &aeh n c l a i a i e a l a o aade by I 'ubovik e t o l * (^'^ki^ 

a c o o r d i n j t c ^ ( - t he r a t e o f a i t r i d a t i o n i a a a - 1 t 

79 « doo* aad tells o f f &t h i g h e r wMi^eri^turao* .<iey a l a o 

r e p o r t t ^ ^ t oooonia i a l s a » a o i i a b l e %h<xn n i t r o e o n * A c o o r d i i . 

t o D e l i o (196aat«} n i t r i d a t t s a %ositt0 o t 52S^ and i a a I 
a t c29^, t i i c r o a e t i o n boine i n h i b i t e d by a s u r f nee l a y e r o f 

c f t ide i a p u r i t y * S e l i n (1962b,d> r e p e r t s a l s o that Uie weie^^t o f 

n i t r o ^ o a f i x e d p«r tt«lt area o f a e t a l ahowa f i r s t a l i n e a r 

depoadanee w i t h t e d p s r a t u r e , f o l l o w e d by aa e a p o a e a t i u l roti^ioc* 

Vbe p e r i o d o f o o c e l e r a t i c a extends ov«> u t e a p e r a t u r o i n t e r v a l , 

i c h i a aore l a p o r t a n t than i a the eaae o f o x i d a t i o n | oee , o#£«, 

Tet^p (19Wa^># 
A s tudy o f «xc ;nea iu« n i t r i d i . t i e n a t v n r l o i u i , ^ rosa t t ree» 

by ivt^unp^ .da t Karrr-f^^ftf i n d i e a t o a t h a t tliO r a t e o f r e a c t i o n 

> " r.r * . t the e f f e c t i e no t ve ry 

a..;ture o f t ' mt r tace i ^ f f e e t a o n l y the i n i t i a l 

r . i t r i d & t i Q e « t h i s b o i n r £ "or abraded thaa f o r KMbi^ 

''ea* Co-- o:" t .c -..itloa of r - r - - ' - -

o z l d r ' .hat a t eOiiq>aratively lew t e n ^ ^ n t u r e e 



i n 

n i t r i c ^ *r ! f a a t c : i e t i o a « Hovavar« X: ^ a ttoa 

o e t i v e i t i o o aoaray o f tha o x l d a t i o a l a aora t han t w i a a t h a t of 

tba a i t r i d u w - Iba r a t a a f a a i d a t l a a iaoraaaaa aaah f a a t a r 

^ ' -.T^^ ^Cd^ tha r a t a a a r a a ^ a a l a f t a r ^ r h 

o x i O a t i o a l a f c4a t a r« ^'his i a coaa ia t au t w i t h tha oL: 

of Q a l i a (1$6la9 « ^ a a r r a l a t a a tba i n i t i a l a a r f a a a 

a t a t a o f tha a a t a l « i « b tba r a t a a f r a a e t i o n « 

B i a k l a y (1966> M d a a g r v i n e t r i o e tudy of 

i t r i d a t i o a « %bay faaad th^^t a X o o t r o p o l i a b a t 

aa^aaaiaa aapariattaaa s v a i e h t l a a a i n a i t r a i ^ aaa a t 300^ 

and 10 oa« aaraury praaaura* A t Xower t aopara t t t rao t h a r a a ra 

v a i g b t inoraaaao* Upaatai a t bi^tbar yrac ... . . u r a 

*braakaaaya"« l « e * « <ttddaa i aaraaaar i n « 

tbaaa v a r i a t i a a a i a tha r a t a of r o i t r i d a t i a a 

a rc wc^untcd f o r I n t a roa o f aataX a v c p o r u t l o a ( v h i e b raouXta 

I n weight Xoaa) acaoapanyine n i t r i d a t i o a (Xoadln^^ to v a i g h t 

i a ; « Tba aa t r a a o l t ea t h « wa i^h t o f t ba aanpXa i a t. 

whiau o f thaaa tao oppoaia^; f a a t o r a pradae in : t a« v a p o r a t i a a 

i a proaotaU by t raaaa o f u a t a r Yapatajbut i a h i ^ i t a d i 

J an uaaran au r f^ i aa« T h i a i a h i b i t i o a i a a t t r i b u t a d t o a 

otf tb i n tba n i t r l d a f l l n , aad tba p r o a o t i o n t o f i X a r a p t u r a . 

Tba abava r a a i d t a eon ba axpXaiaad i n t a r aa of tba 

0 i r & t l o a aad g rowth o f o a r i t i a a a t tt^a oataX - a i t r i d a 

l n t « r f a a « 9 to^-athar w i t h r u p t u i ^ o f t^c f i X a aovar inc t h a 

o a v i t y * < haa a or^ ok appasra on t h f i X a , a fXow o f a i t r g a n 

i a M t r . o a v i t y or o f - ;*itta vapour outwarw. 

ataur* At c .axy Xow i a a p a r a l a f t a (5oc^} < pour 



the a a i a l i a no t a w f r i o i e n t X y ^ 

i n iXow o f n i t r o g e n cea. {Reaction t h « a nroaeeds Xeadinr t e 
i 

n i t r i d e fo r - " ' en and \^Kii. « ^ . i ^ c r t^uu^oruturea 

t a l evapo ra t i on w l l X prt -t aad i f ' tho f i l o i n t h i s a t 

r u . u i u a vapour w i l l aaaapei b u t i f i t i ^ t b i c k , t he 

- -T w U l r e a c t w l t k M l * eaa w i t h i n ^raaka « e ^ar^ t i i e r 

n i ' • rhtta« v a r y pure i u a a i t r i d a i a cumufacturod by 

.>ove i t s a u k l i a a t i a a p a i n t but ) ^ l o w i t a 

p o i n t ( C a v i a « 19<^)* i > . - t ' ' * - : c e n ( o r ^ 

to i n i t i £ . t e iL.urfece n i t r i d i n j ; » 7he 

. . . c o a p l , tare a a f f i a i e a t f o r thm 

mMimo4 aetal t e toaa> - i t r i i e co.- . t iag, wHtlAt 

i a & t t i n e ; a d d i t i o o a l aaouata o f uXae 

(19*9) •mi tgna ( 1950) . ho r - r . . ^...^x^ 

n i t ' ' ' , - . j ^ ^ ^ aeXt inc p o i n t e f the s e t a l 

have boon r e p o r t e d a l ec ( I m - t e r * 19^9t ^ eva i a & Xas*yaiov, 196l}e 

— . . a i u a n i t r i d e , a tpp^*^^^ ^onlc n i t ^ ' i C c , -^aroXyoea . 

r t ^ • for ia iAa tt» hycircxiv ( : ' ; e l l o r« 

19^7« p*1^^^)* Xhe r s a u l t a n t a h a a ^ i n n 
a 

e r y a t a l l a t t - u , ^ ^f?cotint f o r t ^ ^ * > r t n b ! i i s a t i o n o. . ^ . ^ 

^htm i s i n v w s t i ^ t a u Xui-t;^er« ^ a c t i o n ^*^« ^ 

c 9 t rehtttfb h O^Hal loy (1964) and 

. ^ . aboya (^^yfr) r e p o r t the r e r ? t 

:ne« j iua a l t r i d e * * ; i t h cxXicoa n i t 

i doabXe n i t r i d e ( l a v i d «< haa^^ 196?)e 



timM 

< • 

The otudian bp aarXy verttors on tho f o r o a t i o n o f 

onXeian n i t r i d e have boon aamur idad by : . o l l o r (Iv^?, p#10l} 

{Vj6k^ P«1$o)* In fonOBt io t t on tho caXoiua • n i t r a g o n 

I boen oaapiXad by Monaan <4 Aadorko i^^^JBJ^ Vhay 

ropcrt two foraa o f oaXcioa n i t r i d e « v i s * , a paauAobaanconal 

forra vhan praparod a t and a c u b i c f o m whan proparod a t 

w « h a t r a a a i t i o n f r o n tbo pnoado^hosaconaX t o U«e c u b i c 

f o r a i o i r r e v o m i b X e * i n orthot^UMftic phono o f Ca,N^ i n aXno 

reported t o be f craed a t h i ^ to^ tpora turon nu^ .~ 

(UradXey e t aX«, 1966)* . ^ 

According t o von / . n t r o p o f f & Oercunn (I92d) t}\o roHpAiK 

naXciuin and n i t r o e o n a t b«JO • k^:^ t/.kea pXfXO I n thame 

I M r r l T . f i r a t i ( n ) a f o n t o u r f c c o r o e t i o n i & v o l v i n g 

c o l o i u n a tooa o n l y , t h a n , ( b . a vnry oXow r a a o t i o u i n v o l v i n n 

a t o w below the M ^ a n e Xayer o f n i t r i d e , fuXXnaed byg (e> 

« M l M r i teb l enot lon afbnr tho n i t r i d e l . j r a r baa ctemi b* tt-

d e f i n i t e t : t iokneau* The n i t r i d a t en i a i n h i b i t o d by cogrsen 

but once nn i n i t i a l n i t r i d e l a y e r i o fnrnod» t t protootn bbn 

iztsUil utnr.t f u r t h o r i n h i b i t i o n by mtgm the roaot ian 

proaoedni aee aXoo AXasnndnr (19V?o)« AXkaXi oot^iXc prenaia 

t'i© Tocctiorim Tnt'ond i t i a oX;^ iMd t the r r c t i o n between 

Uio ^uru elOi^OLta » t 4 0̂  atopa very aoon booauae o« the 

f o m c t i o n o f on i a i t i n l p r o t o o t i v o l o y a r o f n i t r i d e (Hartncxna 4 

x M h l i c h , 1'J>^)« I t ban nXno been nue8o<*ted t h ^ t the purm oetaX 

doea no t r e a c t with n i t r o e e a i i n p n r i t i e a nuoh aa nodiun and 



i o f u r t h e r o o a p l i o a t o d by t : n a t i o n i n the a e t n l 

f r o a the t o the ^ fos*o ( n m n d c t t . , Vj:i^)m 

Aooordin . : t o f e l i m n (1951> t i - - » r n i t r i d a t i o a 

o f o & l o i u a i o ) a t aad i ^JLgh 

t# However, flhaahoaov d Baryahnikov (199:5)f worl 

w i t h l i n t i l l e d o e t n l f i l a , qu 

t eapera ta re o f - i T o a r a t e , aad a t o - - ^ure o f ^JO* 

which t h e r e a c t i o n i o A u t o o a i a l y t i o * .ho i n d u c t i o n p e r i o d i o 

i n v e r a e l y p s ^ c r t i o a f » l t o pr ioaugi aad a l s o Ukllu o f f r a p i d l y 

• - . tare* . 

l i o b e r t e ft Teapieias (19?9« 1^0/ i n v o a i : tho 

k i n e t i e a e f n i t r i a a t i e a o f s i r t o r e u c a l c i u o f i l a a i a t k s 

w i t h th9ee o f voa ^ n t r o p o f f ft c ^ Uicher ter. >• 

. _ o f i a i t i a t i e n c o o d i s t a o f o i t r i d & t i o c . ^ 

e i t o e CO tVvO o n r i t a o , probabl;^ l a t t i c < oc ts* Vi e -* ^ -

( e ) t h o r e a c t l o u r a t e i a a l i n e a r f u n c t i o n o f 

a i t r o o ^ ' .w<^atiae ft r e v o M i b l e a d s o r p t i o a t o form 
a **ssHikee ceeuOsx'', ff*t ( b ) the cab rc - -^t t (1948) T t e c r y 

c f t h i n f i l a f e m a t i o o i s a p p l i a a h l e , i» i»* , tho r e a c t i o n r a t e 

^-..u^^jAOd % f the r .t"^ c f {!i f r u i t i o n o f M t ^ t h r o a f ^ thm 

n i t r i d e l a y e r aador toe i ^ i l u e n c e o i the e l e c t r i c f i e l d oe t ^ 

between the a e - o l «̂  n i t r i d e i n t e r f o a i s o r ^ e d 

n i t r o c o a spoc ioo ea the o u t e r a i t r i d e s u i . . c f * n i t r i d a t i o a 

o f l i t h i u a ( S c f M L s s o It Xoapkiaa , 1:>62)| (C/ t c l o w & c r i t i e o l 

t o i c u M s e i t oa^ i c ra tu i - o f 1(i2® t-.o 



<d) abenrc • - . — - u a t i X u U 

t i w a a t a l hoa 

_ . . . . x . ^raaa (19<^1> a t a H i t l i d M a d l l M 

o f 1 o f Xar^a p i p t M « f t a l o i t * fooad th^^t a 

w i t h ^ t i o a r & t a a a r ( avan up t o 

an ...w.uaaa i n . ^a tha aarXy atai^oa o f r ^ w v ^ v * ^ 

t i o a ^ auggaat iac vapovr 

c l \ n i t r i u a t i o a * I t waa a c t paaaib:: ; : i u i t i > 

. tho r a a u X t a « baaaaaa o f t h a i r j;>oor v a i V c ^ u c l b i X i t y , 

^ha- ooQpXloatad by t b a phMia t r r n o i t l o n o f t h a 

n i t t i i a t m p a r o t a r a m x v a aoaaidarad* i*ha n i t r i d a t i o a 

. . i t b tho o K i d a t i o a , wbara baXov 390^ t h o r a t a a aa« 
• 

aXow and XinaoTt b u t r.bovo t h i a tatapaaatura e r a oora n o a r l ^ 

. i l l f i a i o t i o o a o f t i n a . ^ , 

/cw^.wiac. t o Aubry v. w r . i . . r (196t.>, t i . a c i t r i d ^ - t i o n o f 

cciXc^ r o a a pat-Cibolic Xaw t o ^ X i i i v u r oea a t 6!>o* 

vf-: . a r a tu ra# Tba abaniga l a duo t o tba a X i o t r o p i e 

c c r o r o & t i o r i a tha n i t r i d a a i t i i a t t a a p a r a t u r a « 

CaXciuB n i t r i d a i a a typiaia i a i ^ i c n i t r i d a and i a 

uiniX^-r t o . ' iuc n i t r i d a i n i t a bahaviour towatida wa ta r 

V^iaXlor* 1927$ pclOJ^y* ^..tt u i t r i d o ^.u^^wru rw a u a t a b l U o a d by 

h ; i o ( w i t h wato! v a p c w o r XiquiC t;:a n i t r i d o i a a a 

:icad " o r y l i o n c f r l n c r . *u c o i by 

tha f i l a a 4^awo««; var> waak o&a ru^t - ^ ^ f i :>n« 

At h i t u r o f daeoapoa i t i aa o f tho h y d M n l d a t o 

- *;irt4iar f lra^sa i t r . t i o a fOlaaecmt l 9€ ' / a ) . 

0 » l c ti> f o r i t a r t i&ry -J^ v i t h 



k6 
e i l i o c a n i t r i d e <LaB£ l< i A U r a n l , 1 v. , - c t a l . , 1 9 6 6 ) * 

V i t h hulotsen f l u o r i d o a i t f c n i a n i t r o g e n f l u o r ^ d e o ^Uuuair % 

giaeabcueit 1 ; ^ 4 ) e 

r a r t M r c l r t l n sft I k s i ^ v a a t i o - t i v i t y of 

cuXciua n i t r i d e h..ve baea c a r r i e d out r w p e r t a d i n 

^9 

i t r i d u t i c a of euleiua aarbida 
( J a a s b a a a » 19^$ Pe/%)* Calo iua n i t r i d e i a 

iresf 1»al»}« ba t t h i s U d i s p o t a d bqr ^^aack L s 1 > 3 1 ) e 

The r e a c t i o n i s c a t a l y s e d Uy v a r i o u s a d d i t i v e s i ^ 

eaXSiaa e h l a r i d a sad f l M r f t d e | (aae^ e*s*t Ool«dber^^ 

rnBaenal r1 i» 1 S 5 6 » 195^ » 19o2 | Abe, -i « W 

e t a l * ^ lyc. - A r y a n , I^X-^)* 

o f the ^ c t i o a has U O Q U Aiivecti< , ^ . c e a sc* ^ 

au thors* A t ;eoaral r e v i e w o f t he proaass i c g i v e 

?:quilibriua i a t h a eysten U i c ^ » i ; ^ • C • MOH^ a t 

1220 « 1390^ ia bivariant, and i a detaraioed by the coosefitrattHI 

o f a s o l a t i a a of GaC^ in Cmcn^^ which in %im true raastant 

^coc.. 1 9 J 1 ) * ^ r a a c t i a a t v 

i s oot:pXetcly r e v e r s i b l e up t o 

Cale iau v. do in f o r r e d frorrt I ' . - c . . j u r o c y a n i e 

M i d a l s o ( n r a M k l i i i a iauaa , 1>>1/* . . . . v e e ^ t i o n i c o a l y g i i g f a t 

a t rooa t ^ . , r c | a t Ji^J*" the ^^f^duot c c a t a i a ^ 



4? 
enl idnn • y — i i t , v b i c n aaeonpeeen a t b l « l M r t M l M M V M e 
f a m i n e the epnnanide* 

A | l i a o • 1130^ eaXeiim epnnanide i a aare att^bXe under 

a n i t r o g e n prennure a f oae abnnnpbore* ' i t b i n e r e n n i n g 

t o Q p e r o t u r e . deoensee i t i o i i takM I 1 M « v l t h n d M r n a a f i a ibe 

n i t r o a e n content* A t I4(y>^ t h o deeenpea i t ion i a aoooopnaied bp 

o f eaXeinn t o o * ' . 

L i k e the nitridOf the cyannnide i a hpdroXpaed by a t eaa 

(aa i a the prooaaa f o r n i t r e f o n f i n n i i a a ) o r norc e lowly by 

n o i a t u r e i n the aoiX (whan uoed oa u f c r t i l i a e r ) (<2aaebaon« 

. p*^%}e overaXX hydroXynia i a roproaan tod by the 

e q u a t i o n , 

bu t i n i t i a l l y Otf^ io repXaeod by 08* t o f o r n Ca(Ga>̂  aa an 

i n t o m e d i a t e , b*c*, Praake ( 1 9 1 5 ) « Jeeob e t oX* ( 1 9 ^ b ) . Uren 

f w n o d f r e e the hydroXynia o f the oyananide i o n e reee te w i t h 

t he hydra t ed Xiae be pradnee tho carbonate* Tbene obanaaa have 

beea f u r t h e r Invent iaeba^hy abudyiaa the pradnota o f the 

botveen hydra ted Xiao oj id area aoXat ion^ r^cetioo 

f t e i l o r ( 1 9 ^ , P.106) baa • • • i i i i l i I bha aatbado o f 

i o n a f a ine n i t r i d e * Tho d i r e c t r e a c t i o n betaeen e inc 

and i iXt roaen tAboo plnaa o n l y i n the p r e a e i - e X e c t r i e , 

n r o « Brown (19<34, p * l 6 o } r e p o r t a t h a t the puaao^>o o f nnrneale 

M tiiraaafc M l t e a n ine ^ t Coo^ r a a u l t o i n c r . i y t r aoea o f 

• t b r i d e # l a i f f i b e ioo (1955) a l no roy .or t - o f 



0^jji%V> omi% m^% JO raoT«*«M mt% IpoootoM Mxm mt% M J pmm 

o o f f M f 0 f PW ^Ot>* %» oo^Soq W f%flM » J VfMHBT^ * ?*t 

• • m » •% •i«o«^ « f t n w q pm optM 

«MJ poiwteitf OOUA ••PK^^Ta OTiT. •(09t»" * ^a) tt»««s 

pooY««MM msm opta^fa oopi j o oo^^jodood pc 

*»PTm (^njm W ^mq jO tlOt%m m^% oq o^ r -»nt̂ %"pi otif* 

^ V f j n t f M t f JO poq%M XJO^O«JOV%«I ÔOO o t |£ *(t9'^'i *AOtraX««vx 

^« po^Mdodi vj oov^iTuoj orr^itTa •^•A«*oa •^00% • 0 

o9«ttji ojD^tPMfoo% mq% xt% u%momn m|A vo f^oMoj ^Pl-t^T^ 



i« linMWjhWiu v l t h tKcit of slue nitri.:c« 

further ctudles r«l t l c c to th« f o n a f t t i o i i tknA r«Mtivity 

of Bioa Ani tAiatiM a i t r i t f M Iwm b#M Mrri«4 M% M4 «f« 

f^Xlor ( 1 9 ^ t p«10»': and SAnoonov ̂ t «!• (I96O, n.;>l'>l 

protoetloa* Th*M scthodo laYolvo tht Mtlon of o l t r o c M 

cmpomim SMb . oycuiidM And MIAO ooapoiiiida« m . 

boMn aad i t 9 oo«p>wn<»| Ohi«fly boras and borie oxidoi MO 

alexp Uaito ^ Dishlo (1969)# T ioa of aMontr riaoo 

hao alae b« (Kio««lte«; £• l ^ t i t Il^1># .w c t i m o 

lo of oovoral potonta for boron a l t r i d o produotioo, 

t a l , (195^1 19<0)t Kaalot (I9r>3;t ^Msau (1-6 ) , 

. . . i v - . . (I96i>}# Vapour phAM dopooltion u; ini; I . 

t r i e h l o r i d o i o a vidoly U£iod i o d u a t r l A l Mthodi aoo olao 

tattaraoQ (1967)# -
Tbo ki a e t i o s of n i t r l d a t l o i i ot ^^2^. ...o ic^ 

by GwMwnov loitaov <19!>9» 1960)« At 600 • 1300"", tiio 
roaotion rato l a p^rabolioi a t hlgjbmr tootparuturoa t b i a ol^a^os 

f i r ^ t to u l i n a a r lixv« aad la tor to a locArithiiia o&o« 
ftoroc o i t r l d o h^a a h > — i f nX l a f o r tgrpo ctructuro 

(l^oaao* 19^)« A cubio fora hairiaiS a atruoturc analor^ u o to 

• p h a l e r i t * hnB boĉ n t^do ot h i ^ l i c r toflporotoroa â iu* ^.z^ciuiura^ 

(wontorf, 19779 196o;| aoo alao VorMbcbaclo ot aU iVjC^}. 

AO appcirontly ooorpbouc fona» aoaovfiat r-oro roftctiva 1 . v . . 

or / o t a l l i a o ooOft tfM 1 ; . , ; ./ , . 
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TUc clmuicaX i ^ ^ w t t w o f homn n l t r l d t t L^v« b « o a 

I n T O f i t i ^ a t o d b^f, i i i t « r u l i a , V a y l o r <19>^)« ocd < ^ ciiuauri^t^d 
by fS« l lo r C1S>^7« p ^ H O y , Uimaoaov « t & ! • iV^O^ p » ^ 1 0 | 1'>62a« 
V#216/ , atuiocov (1964*, p^Z^C^ 9» i?»>^7) arid u h f c i l « r ' 
(1yi>A» p«(^6^)* A'ha hot i.raG«#u u i i t f t r i > ^ l h^o & ix^tmr e h a a i o a l 
rouiot^cioe tUua t a ^lovterad oou* r a ^ o t l o n o f boroa n i t r l a o 
v l t h . a k a l l t o ioru acMMxiia l a ^ U A n t i t . . t i v a « emu in ^xawl aa a 

i^oro4i o i i r i d a i ; foraa b o r l d a a wl^ou haatad ^ i t b t r - A a i t i o u > 

cat4i.Ic c r t^^alr oa^bicaa ( chwaralcopf u l a e a r « 1V/?̂ >« i Uon 

rev c t o d w i t . f l u u r l u « t boroa n i t r i d e y io l tU* boroa t r . ^ l u o r i d a 

onu u iurogaa io{ ;a tho r witii a o a i l ooovuita g l u i t r c o f i f l u o r i d a a ' 

( G M t e a a t a l « , V^!>£| ooliuab 6 C;Mal la7t v l t h coepoun^to 

o f f l u o r l i i o t t c y i e l d o f altro^soxx f l u o r l U a c i c h ighe r (^^h' O l r & 

ttt.^uho^-a^ l*^**"^)* I'roQ a lUAac ai>ootri'aoi;vic e t u u j oi Uoroa 

a i t r i l i O va^>our, . . k i o h i a t i iadoev (I9t»£' daaucod thx t t b a 

da-oDpouibloA o f tUa coarou&d hcj^iac a t l u ^ i ^ ^ l ao\- a l o o L ra^e r 
I, 

a t ra# LnUor ^^rax^urt of nitrogc-a, boroa a i t r l d v acXta 

w i t i . o u t a acoc^oc l t i oa a t >J00 (CaaptaXl •% u l * , l9'*V/« 

aoroc a i t r i d a poadar o . : i d i a « u u p p r c e i c b l y ubofva 60;^ i n 

a i r , ti.<s ra^o dc^aadiav; on tba oaia ia^^t ioa t a « « { a r u t u r a 

( ^ - y A n a H i 3&:iaocxiv, *Ua hot ^-rauat^d t a t a r l u l lu-a a 

j r c a t a r t l v a r : ^ a t a b i l i t y ( * a y l o r , 195:'t 1V5w)» . u r t h t r o t iMi iac 

o f tt . i o r< n o t i o n urm dftucribaU i c .^hapta: > • . ^ 

Ihe Ciia ^ i o a l roti l4.tauoo o f boi^ui i . i v r . d c u t Sxî ^h 

touij .^xaturoa f i n d f t ^aojr ^ ^ p X i o ^ t i o o o f o r i t ao a r a f r u c t o r y 
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n i l • 
1.11.1 

<^Uar (1927« p«117j auC Brown (196^, P«l€7)« Tte iir«ct 

ooflAbittatioo of Uko ttlMMto curried out ut twpwtttiirM 

.. — ^ lro« to i r « Mom, i^o-llch, . i 

l o t t l ^ Momoaov mt al«« 1959^ C Q t h i l l #t ul«, 

I9&O1 C l t t l r , l y t C i A m i 1̂ 02$ > . /• 

AMDOcia V , . »^x%ttrM of hjdroc^s^ nitrogon aloo b£«vt. .>i u uoo4 
l a the nltrl4«tiM of tbo notul (coh^ * , vACl iNoylor, 

C h l o t t i , 195*2| wyatt t circmtt lyt-^, 19:>7| i ^ t ^ 1S:?5| 
KlBkeTleh s t oI«, I^^Ci 'tr>v et uX*! 1, .w ^ . .1 ot o l . , 1 ^ ^ ^ * 
la tn* n>ot :od patontttd AXoacandor (1949«; tU^^niuc: diOKido 

to f l r e t roduood to tho a e i o l ^ whlcl. - . u i t r i . o d * 

ilxturo or tito-.l 
1 chloride jal-* or nltro^OB hydroi^eii i • v^aooprt 

MthoC oi titAaiuia n i t r l d o prodttotloa* "huo, rmu Arltol ^ do oar 

( 1 9 3 5 w h o ploftoerod t b i s w«lkod, aod t ooro (19J^1) hud thmtr 

oixturoA hold ovor a hoatod t o n ^ t e a fllo'?oat| ooo £»Ieo 

van Ar k t l (1934) and »r««or (l9Wa.. - o c W r : :i9**> 
. olXara 0 ^ ovlofi ( 1 9 ^ ) ̂ uoto tho oondltloM ro^uir«d for 

. J ooQtiauouct flow !:^thad« i^uohot ( 1 > i ^ ; ol/*iBO to i^^vo ^^j^u^ed 
tUo nltrido» " l y ^ ^ t 

tbo nixturo of v - ourr.* v. ̂ wup aethoda for 

ni t r l d o oontlac oa a ooial aObfttrc c 
H»i>port, I5i;2, 1953*t 195*1 - t , 1^5v«i-bJ 

loy dlootuiFco tlu*o«j 
;>rodttclive tbo 

ft 

I r o n (f^QUtor Ik 

and :. oln.:lo stop 



5a 
prt ' r r i f t g t t f i n l t r i d o **' o & i f o r o p o r t u l o a l s o 

(Uu . . r r i c i 1937) o r o a l x o r « p o r t « d « c t r k a r a « 

. h&vo vroducod t } ^ c i t r i d o Y i a tUo f o r a a b i o a 

iotorzaediUto ftflnumlatod oomploy* I n t b « ' ^1 pa ton tod 

b:f i^ui^port ^ :>cl:woc'lor (19^^* 1S>9) tKo t o o p o r a t u r o ahould bo 

kopt u ^ v u ^ . ( > 6 ^ ? xaroforabljr* 900 - 1200*) t o avo id CO«T;1OX 
;ofi« :owa (19'>2> *^Mi«M t h o f o r i m U , <•:^i^}r,TiCl|^« t o tha 

- .^uj i o 3ro ; o r (1S39b; < ^ . of t i i o 

l a t o r - ' oL' ciiJ f,-Tlca ^ » 4 i r:j, Tho t h o r — ' ' - ; 
n 

of tha r « a o t l o a a d iaoua-od by f^ucotor ^ i vppe r t (1,^S^3A)t 

ooo o l o o Mu;.. . . . » kinc^. . ^4«v.rt ( l!>^j9 

~ :0 o f t ' •• 4o : 'Ooi t ion :rc-.- — '- - • 
u o i f c . i i n cot^tlac of D l t r i ' l o cac be ; ; ropor»a on tho 

o f CO o b j a o t f w to tavor i t o o.. i a l ao the . . t i o a aaa % • 

o o o t r o l l o d oeouro to ly* Tho M t l i e d , t h o r o f o r , rmry w i d o l y 

I n l o d u t f t r y t o i ap rovo ooohan ica l ^tnd c t : j ^ o r t i e a o f 

o r t i c l a s by caiitia^ t h o « w i t h t i V ^ i u a n i t r i c l u . . t b o r 

wy a a t c r i o l O t c»/r., oo ^rc ©t a\m (195«) M t 
(199«)a 

• w-̂,-. ct a l « '1 -1) proiMured t i t e j i l u a r i l t r i o by 

t h o o:;ido I n aaiaoaia * mtQOfti a i x t u r o a * £ t c x ' u i a e r c d t i e t i d i t 

vc a a a r l o o of o s l T dooi ootoct and f i a a X l y 

tho B i t r i dOt t i'O QOKynitrldoa vora de tec ted* ^ 

i t a o i u a oorb ldo r a c t a w i t ^ n l t r o - o r . t o fom t ho c i t r i 4 o « 

6olid o o l a t l o a a o f t i C • TIK aro r o p o r t o d t o bo f o r - ^ e t 

• durlAs t h o r o a a t l M O e l o v o r l t a , 1950)« 
;«cG<'rdiAc t o thooo v o r k e r o a n i t r o j o o : rcoaurc i^ ron to r thau ooo 



ataoaphoro ia aooooaary f o r coaploto oitrlUatias of ^fkm oarbida, 
Afito !• Hoora (1^31) roport that rVi and r i : aia«« oryatala. 
i o r t n o l ^ Xiovi&akil (1963) alao report t n o f aoXld 
aolutlooa of riC - x * 1500̂ « Tboy failed t o n l t r l d o tiM 
OarbiUo eo«plotoly» llowovert wlioa aotalllc t l v la lioatod 
with aljctura o f oarboa aad ttitrogoa* 00I7 tb« c i t r l d o l a 
obtaUo4« i^loUar rooulto ar« aiv«a tl t a a i n o omUmm oM 
hoatod v i t b oarboo l a tho pruHiouco o f nltrot^on (̂  uosu, 1v31t 
. ^oaoY k UttMsb* 1>55)* TIMMO otaorvatlc. . . 

tko fToator dlfftaioQ rata of nitroger ' n o f c . r e o o r d l i ^ 

t o Blua (196^) tltaaluB o l t r i d o eon bo a l a t o r i h i t o 
MI9ort without bolofi atUojtod, OtlMP a o ^ i g ... i 

l a t r l d o ivo*iotion iavo&vlar tlio &ltridaUott o f i rbl«» 
bavo boon pAtoctod by Eapoaolilod (1959) oad ^;ocioto Bolgo do 
Xitaao (19|9)« 'HM roXatliro rMs<*tivitloa o f tltaalua v i t b 
n l t f f O f f aad oai%oa aro ooaeMtont v i t b tho tbar ^ 0 dato 
of tbo oarbldo and m t r l d o i ri^urtf 1#2| ooo aXac or ^ 
-^port (1953o)« :^ • ' 

• t o r t l f l f i fl^torlalA for otbor aotboda o f t i t a a l M a i t r i d o 
produotloa laolod* tho hgrdrido« aulphldOt ccrboouli^hldo aad 
rodaood tltaaiua halldoa (I2tti.c^ . %MIOU» 1950$ ^oot«rt 1'>52| 
NoUoMl Load Co., 19!^t JMobaoa, 19:̂ 'i)# 

A ooaproho&aiTo aMi—ry o f tho t l t a a l u a - n l t r o t ^ ^ ^oMi 
dia«raa atudioa i a ^ l i r o n by Brow (19 A, p*14/d)« i^otalUo 
tltaalua aadwirgooo o phaoo obaa^o . ^ froa « hoanfoaal 
clooo' paohod l a t t i o o at lowor toiylNitiraa t o a cubli* h«%o 



•oatrod ofto# Aloo roporiod i o a oaA fora of A i t r l t e i 

€*titui&iiia tiitrldOil which hAc a totmipMal Xcttioo# 

1 n i t r i t e btm & £&iri^ idLdo rmtiXoa of o o l l d 

i i a i t t t i thm otoiohoiocaotric ooopooition (l^motor i;c 

tag«x« 1V&Ĵ > dKtmdiag t a tho atav a a i i i o o a , UK^^I^ ( E h r i i o h t 

; (1'>62} roporta tUa praparatiaa of Xi^N. viiiab 

ba ooaaidora to bo iha phaaa daatgaatad aa tha ^ ^ i t r i d a b# 4 

f a l t j at al« <195*)» olaaa (19*7) Ic^t * i ,Nî t 

to tba ao^paand lui ̂  ^d« nawavar, 

(19»9t P^>0) aaaoidar that tha only a i t r l d a af tit< . 

TiN» 

Kinatio atudiaa an tha n i t r i d a t i o a of tihanitta h^TO be 

aiMrriad out by &avaral vorhara aad ara & iaad b 

(19t^« p«170}» Tha raaa t i a a faXIo%« a parabolio law, but 

i n i t i a l l y thara ora daviationa f r o c i i t , %hm r a t a baiag alaaat 

liMmjt f o r abort raaatiao t i a a a (^aailaMhi Ka: . • 

Tha rata*dataraiaiac atap i a tha parabolio r a u o t . 

couaidarad t a ba tha d l f f a a i a a a f aitr««aa U t a tha o a t a l i n 

tha prti—»• of a t h i a , paraaabla n l t r l d a f i l o (Oulbraaaaa t 

Arwirav, vM'^-ik At 7 ^ and I'̂ oo'̂  t.^a rata o f r a a a t i a a i a aot 
K̂/: " i i l - ' o t o tha a i t r o ^ o i * ^ru&aura vup to 0«8 a t a M 

i a v a r j oMb 1 that of oaidatioo (carpaatar h aaaTalJl« 

194^1 aulbranaL. raa, StohardaiS h OVMtt 1 ^ ' t ) . 
Tha diffaraaaa aaa bo iat^rj^ratttu oa tha haaia a f tha r u i ^ a i v a 

at.>bllltioo o f tha asida and a i t r i d a f l l a a aa tha a a t a l aurfooa. 



arvatiooa ura eaaaiatant v i t h tUo M i l l ; : (IS^J^) 
. ...vi vctioa 1«I>9aa 

to MN^MPft (1960}t for tha n i t r i d a t l M af 
tltciAiua to proeaad daap iato tba M t a l ^ I t l a favourabla to 
..V. . V iaoyaratura hl^ but aot aWva ilia traaaitlott point of 

ataXv - ctia a l n i t r i d i a e taopaiaturc: <-»botti 
iraov liaov (1900) report t i . t tba altriOatioo l a 

daepw i f ooadMtad v i t h nitrofao * areoa sAxtiUNMi* ^ i a i a 
bed to t l : 2̂.la• of u n i t r i d e Icyor «̂rtial 

of aitrocan. whaa the i)«;rtiml : r« of aitroeaa i a 
O#coŝ ^ tha A i t r i d a d layer tattaiata of ooljr a aolutioo of oitrocon 
ia o^^tl iaeraaaie^ i h aitz t i u l praaauT'^* 
nitride X . .:.;iiott» aypaera 

Iba i n i t i a l rata of a i t r t i ^ 1mm 

attributed to prMaaoa of onall quaatitiaa af avjrfiaa* vhiaft 
cL- bout 30 tiaaa aa Jsat aa a i t r . ,, .... - u o i l . i.abl 

(199^>f bawavar» fr^ tuOj of the obaorptioa of a i ro^aa i a 
th oriiiura rac^^ - 1:70^, aaoauat for tba i a i t i a l 
daviatiaa firoa Ika parabolic rate by poatuXatia^ rapture of tba 
aarfuee l^o^ar of altrida« Abaaa 9$0*« thay rvad two aurf^oe 
lajara^ aa outer oaa of a i t r . oaa of et^titaaiaa 
aurraaadinc tba aora af th. ^-ph^aa, cf. osldatian prodaota of 
titaaiua (Jaakiac. '»)• Salov 990*« yet . :iaaa« thau^t 
to be tba ^ - a i t r i d a t aaa ô aaryad» Ttaa e^-i-. ^>arva4 a t 

Miim foraeaiag aatbora cu:.s<. t tha p M ^ i i f i a t r o l l i a i l 



lad tha d i f f u a i o a lagror* Tba l & t t a r o w i o i u t o o f a a d i d 

a a l u t i o D o f o i t r « « m i Q o < - t i t • i i ^ f u a i o i i throuo - « l ^ t t a r 

l a j a r l a aaro l a p a r t a A t d a r i a f t h a i a i t l a l r o u e t i o a . 

Wyatt & Qraat ^^^3^) a t t t d i a d tba a i t r i d a t i o a o f t i t ^ a i u a 

u i t h aaaaafta aad abt a l a a d a i a U a r r a a a l t a a t t i a o a aad 

i a i ^ r a t u r a a l a M r thaa thaaa r a q o i r a d t a c a t aawparOla r a a u l t a 

w i t i i o i t r o c a o . Uewavar* t h i a oboarvotioo o o n f l i o t o w i t h t h ^ t o f 

aaaaeaoir a t al« (19C1a}# 

£;<raf^tTi^ 

t h e oheaiOia p r o y a r t i a a of t l t ^ a i u D n i t r l i l e a ra 

...od by M l o r (1927» P^H^^. u.*otar {1957)» - ^ ' - - i 

(1964« P«167)» fiaaaoaoT ( 1 9 6 ^ f P*a36ff*>» a h i ^ f f a r (196%* P*a9^) 

jtaa iVjLC}^ t a l i h a i o a i e n i t r l d a u auali aa thaaa of c u l e i u a 

.^oiua, t l t & n i a n a i t r i d a i a eooiparatival^r a a r a a o t i v a 

tow^ua o r d i n a r y ehaaie&l r a i m ^ t o , a a p o a i u l l y a t law tatspariiturea. 

U i a tjrp-.oAl af i a t a r a t i i i a l n i t r i d a a t which tr^arefora f i n d 

wide a ^ p l i o o t i o a a aa r e f r c c t o r i a a , e«£«, iah o r c y ( 1 9 6 i } | aaa 

alao ;.octiao ^ ohuab h 0*MalTey (196%) aad ahanir h Biaattbaya 

(1966) r e p o r t tha r a a a l t a o f tha f l u c ^ i o a t i o a o i t i t e a i a a a i t r i d a a 

daaordinc; t o b o l l a r d t tfoodward ( 1 9 ^ ) t i t c m i a a n i t r i d e 

da a aaawaa abova 1CXX)^« thmj alao r e v a r t tt^t the 

oxiuiaaa r a p i d l j i a a i r «t iaoo^# Uovavort 6 

19!!>*> obaarre aa daaoapaaitiaa i a roouo ap t o 1<»0C^* 

•aaa apaatrooaiq4o a t a d i a a , A k i a h i a & Khddaev (1962} dadaae t h a t 

tha deaoapaaiUoa b e ^ i M a t 17vX)^« oah a t a l * (199?)» 

t i t ^ u i u a n i t r i d e vapaariaaai aaaaoMa t i t ^ n i a a aad &itro«;ea 



oro forood* 
. . Kiaatiaa of titoai a a Ritrido o s i i a t i O A 

a t t t d l o d by ••MUBf Oolabira (199<)« * ̂  * -
(1977»-o), r (19^9> *ad fodOMe ova (19b2>« 
OKidatAoa 1 bjf p a r a l l a o o r k i a o t i c ^ , n 

625 • 1075^ eiTM mmlmm M M i a t >f r v t U o aa« pwaibly 
thin 
£*Iat 
into 
that 
r a 

of Tio a Tin aolid i s o l u t i o M adjaoont t o tbo A i t r l d o . 
>vlHHr OBporiOMta ahow that tbo osido « a i t r i d o 
MfVM mm9 i9m tho ood^lo * iatorCaoo iadioatiag 
.ffuaioo o f oxycon rothor t h r n that o f t i t a a i u a l a 

of tlttuUaa a i t r i d o fioda aai^ 
for i t a4i a rofraotovar (Mnator. 1957| MMOMVt 

196<Mi, p#539)o 
Fiurtror tha oxidation of tit a o i i i a n l t r i d o 

bt oalriotai; i o a i r A M r«^0rtod In cbnptor 4« 

• i 

eirooolus e i t r l d o oaa bo {vodaood by oothoda alaiXar t o 

thoeo f o r t i t o A i w s i t r i n a fMollor« 1927, ; .1- ; . own, n , 
P«177)» iho dHoat a i t r i d u t i o o ox tue aotoXi t c n ^ o r t i t u r o e 

vftryln.: f r o a TOO to bavo boon aaod (A^U !• Hoora, 19311 
ClAuainct 193^1 rajlwara, lO^Ot : M o ' t i t I t J ^ I Cl«lr, 1>oU| 

iO—cwa» a t al«, I v c i o ; 1>o«^| i3allbokw at ^ I , , ' 

Tbo ni t r i d a t l o a haa alao booa affaotod with aaao:. 
(Chiotat 19521 «yatt t Grant* 19';7)« r^ooov ot a l * (l^^ula^ 
f o i . aotion i a alowar v l t 



r - do noor (19'*fi) aiotho4 of d o i w i t i a c tHO 
AitriOo f r o a tho ohXorido l a tu^ ao l o aloo o p p l i o a b l o 

, (lloora« 1931| Caapboll o t &X., 1.V:>)« ut a r t l a . : a - t o r l a l a 

f o r a l : ooaiaa A i t r l d o ' ^ r t x ^ c t l o n laoXttAo t h o braaddi» b y d r l d o 

Md OKido (fiohaoidor o t 4U.«« 1>^^l 1952| :, 

I95O1 Alosaador^ 19^b)» Acc. r t a o l u X^kvliu^kll C 19^3)1 

• i r o o o l u a , l l k o tltaalua« rooctt. . .. . . i a l l y w i t h nltro(;o« 

r«thor thaa w i t h oarbon, booaaao o f tbo sroator 4 i f r u o i o a rato 
• f tho f o T M r . .Bliw (1962) fouad t h a t o l r o o a l u a n l t r l d o , u n l l k o 

t i t l ^ r ' i t o , l o attaokod by carboa a t bleb toayoraturoo 

f o r oarbido* ihoao ohaorvatiaaa oaa bo eoi-rolr-toU w i t h 

tho t h e r ::3lo data o f tho oompoaad, o f * ta itrido« 

fteao d i a e r a a atadloo o f tho - ro M a a a r i a o d 

V. , P»178)t aoc a l a . t u l . C19 '6>» ^wo 

for a a o f a o t a l l i o a l r o o a l o n ate r o p o r t o d , an o(«»frr : v i n n 

boMUfimil olooo*paohod a t r u o t u r o at^^blo t o 062'" and a ^ 1 

w i t h a cubic boc:y«*«OD^i^ a t r u c t u r o abovo t U l a toaporaturo* 
l ^ t a l l l c a i r o o o l u a dlaoolir«Hi a t r c r t o aa a t o s i o pweoatago 

o f 20 (do aaor h yaat« 1936| J o ^ f o i i ^ l l , VM)m Abovo tlAla 

l l a i t th*. a l t r l d o l o f o r w d . Xbo aboor^tlon o f a l t r o ^ o a t Xiho 
t h a t o f omnmt r a l a o o tho t r - n e l t l o a p ^ t o f tho aotal* 

• t l r c o a l u a a l t r l d o baa a baaOQoaclty r a n ^ woryint; Oo» 

1985*^ *o • According t o l a b l i (19%5) aad 

bada (I943) thoro aro two u o d i f i o a t i e n a o f t h i o baa n o t 

boon o o a f i r a o d by otbor workora«| 



i . i a t a - ' •• ' • , ^ 
ihc Iciaetier of a i t r i d a t l o n of airoaoiaa baa baM 

liras'ti^atvd by v rlouc vorkara (Brow, 1̂ <»t P«179)« 
'uX. w.:idr«fw (i:/^f)a,c) r»rort tbat tba roaatloa ia aMl^ 
aXo«far V ^ ' ^ ' ca« Tbay 
elMMrred tU^ t ontlant of a i t r e ia 
tba taaperatura r a o ^ 400 «- 0: 0^, thia to tha 
f o r o f i t i o n of a aurfaaa aitrlda Xayar* VT̂ - /> tioa waa 

^lao by ;.raTniak0 (1' t bifihar taviporaturaa* ^Toa a 
of tha raactioa at 90O • 160. HaiXat at s^U (1955» 19^) 

re, o r t the formation of a jW^oXid aoXution aad a tl i i a l^yar of 
p(«̂ oXid coXutioa aurroa&dad by aircooiua n i t r i d a * ^ba rata of 
diffuc.ion of aitrosea iato sircoaiuo la aaob Xovi. of 
eaarcaa# tiaar tha traaaitlan point thara i a a -* r* c\ iaoravae i a 
tba abaorptloa of both saaaa (auX̂ : >tea, fiayea Ir 
^obaaaaa, ;:>alibakov at al« ( i v G ^ atadiad the a i t r i d a t i a a 
of feirooaitti at 1̂ »00 « 1700^* Tboy obaarved t h t foniatloa of aa 
outer layer of a i t r i d a ^ a aaaand layer of o^'^oolia oolutioni and 
a baae aiatare of ^ o l i A aolutioa v i t h aoea oC-uoXi<i ooXutiaa 
praelpitatad aa a raauXt of eooXia«« Aoaurdiatt %a a l l tha ubova 
vorkara tbo raaatioa rata la parabolie* :bair raauXto augsaet 
that tha rata^eoatroXXiac procaa^ to the diffuaioa of nitrosaa 
lata tba aat ; 

Vha abeaiaaX propartiea af airaoaitu* n i t r i d e ar« 
'd * nor (1927t P»12:>;» < C19MB« 9e>38rf»} 

and .bcfrar (196̂ « p»>:5)» Thaea prop^tiea ura ciniXc^ to 



thoea o f t i t a a i w o i t r l d a , 5 ooti0tt 1«11«4« of a l r o o c i u f t 

a l t r l d o ae a r o f r -ct :^ t o r l a l i a U J ... u^v ^^roportioo 

(Maaator b «ob«ri 1 oaov, * o}» 

o h a f f o r <19C%« p«30!>) r o p o r t a t h a t a i r e o f t l a a n i t r i d o 

M l t a w i t h o u t doooapoaitiOM B«w«v«r« f r o e ^ — cotroaoopio 

d a t a , A k l a h i a k Kbodoav (1962) dodaM t b o t >oaitio& bo^ina 

a t 1dO0̂ « Aocordiac t o Booh a t al« <1'>5^)« ^ n i t r l d a 
daooapooaa t o s o l i d a i r o o c l u a and nlt r o e a & f c f * t i t a a t v i 

a i t r l d f c , 

hoatod IA r i r a i r c o n i u i ^ n i t r l d o oaddiaoa r a p i U l y i 

o a p o a i o l l y n t b i ^ b toi^ioraturor oborMH* 1 9 ^ ) o 

vh i a r a a o t i o o boa boaa i a v o a t l s a t o d f u r t h e r i n tho prooont work. 



Chapter 2 . 

* • . . _ 
ilM aavtrtaaatal toehniquea uaad ia thia varkf iaalaitttff 

irinoiplea underlying thaa aad a daaaription of tha 
•atua^ ara aaaMariaad io thia ahaptar^ 

A aaapMhanaiva aaaaary of the theory and praetioa of 
diffraatiaa baahaiqoaa U giran by Heiaar at a l . ( I 9 6 O , 

PP#27-322)« 

• cryatal oaaaiate o f a rag«l«r thrt. 
.^. -uat of ataaa i a iy»aaa« Pointa hariatf tdaatlaal 

flbr^^ ructora are oailad l&ttiae pedabat aarfl # 
collciction o f aaah poiata i a apaee fera the cr^atal l a t t i c e * 
I f aaighboariac l a % t i a a paiata ara 4dia4.«.. w-^^uthar aaa ob^. -..̂  
the unit c e l l , i»e*« the aaallaat repaatiae w i t eture* 

lotiaca i t i a aare coixreaieat t o ahoaaa a lorcar repeating 
uBity i»e*, w . .wit^d eelle l a i^anoral tha ahi^pe of the ualt 
oell io a parollalepiped, bat ia aaoa aaaaa» dayaadlng aa tha 
fgraMtry of the aryabali i t aan have a aore regular ahape, a»g«« 
n rectaacul&r beK« o r i r V <vrtrcr>e eaao* a auba» Tha aha pa o f 

the u a l t c e l l ia ooopletaly uaooribed b:, lea^tha o f i t a 
ti;rae edeaa or axaa aad the aa^iea betwaaa . w^onvaatiaaclly, 
tha axaa arc d £• £f £ or £» £ and the aa^plea ,̂ 75 
the angle betwa4;a x £ ^* 

Gryatala are elaaoifiad iato oavaa cl^acea aaaor^ag ta 
their ay»:^try* ̂  unit o e l l diaaaaiana of a eryatai ^imt 



Cry0 t i l .:laoa Dnnitlooa 7«iaihiAc C o l l Maouolooo Hlalaifco dyoaotry 

Q r l o l l n i c o / b 0 / f» > Y ^ 90*" -
aoBOOllnlo a > b 4 • i a i d a 

^.^4^ o f 
;-y 

o r t ' *- ,A - ^ V >( 

V -

"X^- - r r>oadloular 
::aoct or 

t c u l r 
...̂  ^, cj ^ a o o t r y 

rotr '^ ' .-jasuil ^ c oL « 1̂  « Y • 90* t 4 - f o l d a x i a 

ilaaai'OOCkl u ^ b M O iS«fold a x l a 

T r l j ^ o o a l a ^ b « 0 * • f « Y . cao 3 * f o l d a s l a 

Cubic a I • c » » 90* . oar >*f o l d axoo 

oorta 
-...o 2«1o 

VariT' ^ . r a l l o l p i ' - • ' f» 

X a t t i c o of u o r y a t a l * aob a o t o i a ld«i.tlfiod 

t|f a «u erot r n o l y ^ tbo ̂ 4 I l o r i n C i o o a t Jit h f I t 
' \ i' • -

> : b, r c r ^ctlWOly. Tbo 

« } ) • i w tho r e e l . o f tbo f r a o t i o o i i i vniuo o f t t u 

... . V .-V- . aot of plcvnee on i ^ ... , • 

- b̂  -̂̂  * ̂  idor.t -r'-ya, 
tbo l a t t i c e Ltota aa a ^ . i o n u 

«ro of t h a -V ..irdar o f r-. ••_ itw r - « f>.,> v r.roloaatl^ o f - . . . . . 

A difflTAatc" 'Wi;ao i r o u a .-..^rUioul.a* bot o f l ^ i L l o o p l r n o o 

^ ahoa t h o l r ooA^tiorlna l a i n phoao* TUla l o e<^*rt*cc 7 ; r a ^ * a 
•*\ 



X- 24 sin • 
V aavaXaachh of XTaya 
d a i a t a r p l a a e r apaaia^ ; 

^ 6 • aa«;Xe of iaeideaee a aa^rla af d i f f r a a t i o a a 

d ringed to tha ua i t e a l l dlaafuvioaa o f the eryat ^ 

t^jo i.iXXer iadicaa of the eat of plaaaa« Vhaa* tba aaaaarar^ant 

of Br l e a oaa lead to tht d t t a r a i a a t i a a of Xattiaa 

tLa« 
hoa tba aryatoX i a Xari^a^ i«e«« there are a Xar^a 

of Xattiaa pXaaao i a eaah aat« tha diffr<»oted boaa 

appaara at Xe* Uavavar« v i t h aAilfieieatXy anaXX 

cryotaXa, d i f f r a o t i i>Xuce over a raa^e of Cra^, ^Xa* 

ua« 2«ray l i a e broudaoiae provldaa i a f o r a a t i o e on o r y a t a l X i t a 

< 

I f a ainj^Xc cr>'at^ X af a aabataaee i a rotv;tau i a a Maa 
i. 

a f »o r c • Maf.tie x-raya« tha d i f f r a a t i o o pAttaru for - -f ^ r l . - r 

of fi;:oti ^ i t i o t o^rai^ia f i X a * K'ovaTar» i f ^ X e i a i a 

the fora of f« . r vitb tha eryataXlitea i a r^^ 

oriantatioat tha d i l f r o a t a d baaaa l i a aloas aarfcioee of a 
aat of aoaxial ooaea* Tha pattara aaa thaa be roeordad 

Tihatu^,* . loaXly i t u c . . . » or by a r o w t i a ^ ^ i ^ ^ -

• -f,-.*. ^ « • • M ,. +, tar» ' • • " 
Iba diotribut.oa uith reapaot tc 

tue • • 
l a v v^^*i.«ww A dlXiraatad baaac i« a l i 4 ^ o t a r x a t i o o£ a 

partieuXar atrxxatitre aad aaa ha uaad tharafore urn a cmcam of 

ideatifio<:tioa« The r-ray poadar d i f f r a o t i o a i^at .:;oat 

eryotaX:- • - • are raaorde/ . /^bXaa 

vhioJ o uaad ta idaatify *'aakaow&" auLat- . , v. . .tla 



ou-:or 1 pntt«raa of th« i n d i v i d u a l otructur^a* Th«r«X«r«« 
th« Mthod e^n b« ttottd %o id^txtity tb« d i r f w M t ccwypoMBts of ^ 

Afi uakaowfi orTatal strueturo eaa« i a p r i n o i p l * , b# 
d«t«min«d by an aztal^ala of itm X<»rny dix'^fractioo p a t W n 
(••g«9 Joysvottrttt 1964)tt Th* M t of Brftg0 U C I M i« «uffiei*at 
to d*d«io# the u n i t amll d i m n a l o w of thm luttio«« Tho STSiaotry 
olMoata of a w y a t a l otrocturo iur« masBAriMd i n i t s apoM 
eroupi a knowlo4go of vhloli rodueoA the nunter of pura&etara 
to bo dotoTttonod i n tho etructuro analyoia* Tho jnroaaooa of ^ 
ajraoatry alecaanta involving t r a n a l a t i m restate i u eyatecaatie 
ataeooaa of "refleetiena** f3raa o a r t u i n aati ^ t t i c e i>lciaaa« 
:Su6h abaeneaa i;ive i n f o r a a t i o a oa the apaoe ;;rou;; pf the 

unknovn otructure^ Xo obtain the atowio po^itione the i n t a n i ^ i t i e a 
% 

of the r a f l e e t i o n a mad to be taken i n t o aeeoant* 

tvo x<»r«gr ganaratora of d i f f a r a n t d e a i ^ were uaad for 
the d i f f r a o t i e n asyeriaanta, n a a i ^ t (a) a Mlua-Sahall u n i t 
eonaaetad t o a ee^iad tuba oo&t^ininc the f i l i i o e a t and t a r s a t i 
( b ; a Hgrwg^ w.v jaaaratav aaaafaetarad by :.aifton Viator Ltd«» 
v i t h intereteaeMbla t a r c o t and raplaaaable f i l a a e a t e f l i ttH^ 
aontiaoouMljr pooped by an o i l d i f f u a i m puap ̂ ^^-^^^ to a 
rotar y puap* i aaaled tabe £mmm%or has a mor% a table X«-My 
output than a eontinuourly p—ped one* the r a d i a t i o n uaed 
Copper wavelength Thia was obtained by h:.vin^ a 
Qopper t^Ti;ot and a nichel f i l t e r to restove the eaaponeftt 



•atfmio*i by r M o r d l a s t t o i r poiKter 4lttncti<m pAttarm* l a 
two v«7«« im) by « |iti»lftgmfht« —tboa» (b) usiaf ma x-ra/ 
aiiirMt«Mt«r with fittMh«i o o v i t c r and rti%M#t«r« 

f o r %hm ̂ «tafr«phlt Mthod of stMordixs^ d l f f r a o t i o c i 
dat«» a Mbf« • a«b«rv«r <aa>ra» of 9 att« di a o t t a r aad 
aaaufaatwad by Daiaaa Xaatraaaata LM«« waa oaad# Th« f l l a 
waa aouatad aoaordiaa t o tha vaa ArkaX aathaA« Tha anpXa f o r 
X-ray laaalnitiaR \mo praparod by looaaly f i l l i a g a glaaa 
a a p i l l a r y tuoa about 0#5} aa* l a Aiaaotar uod 1 ca* i n laecth 
w i t h tho c r y a t a l l i a o yotrdar* aad aaaliae both aada of tba tuba 
v i t h an udhaaiva* Tha aaapXa vaa nouatad v a r t i a a l l y alaa<^ v . . ^ 
aaaora aaia aad oontra4 by aeaaa a f two puah • p a l l aorava aot 
at r i a b t a a a l M t o aarh .otbar* aho saapla vaa rotatad about 
tba oaoHura axla ao briaalAa aaah oat of l a t t l c o planoo oX ovory 
o r ^ a t & l l i t o to n d i r f r a a t i a a p o c i t l o a oaagr tlaoa during an 
axpooara* T!mo, r a r l a t l a a a i n tha iaoidaat x*ray i n t o a o l t y 
varo takoa oara of* I n ordor to a l i a i a n t a tha aaottorina a f 
x«raya by a i r tho oamora vaa araeuatad by b^tviag i t continnnatHy 
puap^t. -ii^ tho oxpoavra* Tba oapamraa varied up to aavorol 
IMfera* xho povdar aaaora waa uaad i n eaajunjtion v i t h tha 
aajai^v oaaratiag «&it« 

Kodiraa X-rajr nim varo oaad i a tha pawdor aaaor** Af%ar 

w i l W t tea f l l a vaa davaici.oa f o r 9 a i a * a t i a Kadak 

davolopar, riaaad with vatar, f i x o d i a Kodak FX« , t«aabad 

i a rwmiac watar f o r j h aad haa« up to tu^,. .ho f i x i a 



tvie« r»4iuir«4 for tb# milkiamam on tho f l l a %o 

*n4 M&MTOA m M U M M t o d OWOOft i i t t o d wit. .ŵ ... 
^ i n i o M i U a a of tbo n i U l i tflffraoiien l i a o a voM v t a M l l y 

. . 4;Mmd Mthod of • • • n o r i l i ^ pawior d i f f n i i i l 
p a t t o n o « M t o MO « i^oi Mr-.^ -^-^-^otor f i t t e d 
w i th o ioiKor oouator ond ooon—tod to a i a o u ratonatar 
a ohart raaoHtar* MM d i f ^ . cw.>ciotar vor. ... — _ 

- i p l o d i a a i t t a d «y aaa«g and BMsiaao. otar o f tha 
dirx^aotoMtor l a 50 ca« 

. ^ ̂ .>̂ pXa f o r — ..w- . ̂  .-"^'Xmg m 

aaafwal nn of tha c r ^ s t a l l i a a pavdar ^ ^ ^ 
ol l d o * i t t ovaporatlott of tha ors^nle l i q u i d , tbi^ 
rc. XiMrad t o th« oi\9timm i t aaa • -. .-jAry t # / 
• i s an aihaatva v i t b ouoyoaoioA* Tba glaao o l i d o o o n t a i a i i i 
iha oaaplo vaa soantad • o r t l a a l l j a t tha oaotro of iba 
di f f k ^ o t a a a i a r aad rototod at h&lf tha opoad of tha dataataTf 

o aaagpLa vaa alMya t«»a«aatial t o tbo ciroXa t a f t a a d 
^ e o l l l a o t o r diapUragBf tha oantro of tho aaapla aad tha -
: diaphrapi* 91M d i f f r a a t i a c poeitioao iiaro iadiaatad oa 

tha ratanatar aad alao ragiatorad on th*^ ohart riaordar» Tha 
iaton f tha d i f f r a a t a d boaoa da^ 'd tha roadinga oa 
tha rata o' ̂  ond tha nroa uadar t<iO paaka oa the *^t ' 
raaorCrr* ioco tho paaka &ro raaordc :iffora&t tic^^oo h/ 
tuo dirXraotaaalar, i t i a aaooaaary to hava a atahla tnoidaat 



/9 

TT*o tMOtnr inT^ « j o «ot%ei>4JJfP 

( I T ) • A • ^ 

t^q QM^S v t vM90»to m JO 

st i i *A «t MQMViJTP t»T*tt*to^ 3a|aojex*©Dn ••^ 

pmvm uoJt%99X9 » n 

«|% •ff''>'^)j -yAWi ••WMM<! rao^^MX* m»q V 



b« 1IM4 l a A r::.y;Qif7lnc i «at w i t h • l « c t M M e M t i o fl«ld« 
mm I f f , 4 M I M Xie^ UOMI i n o p t l M i a i f l r t M ^ H 
v i l l i sitoM 1 « M W # Tb« i U M m i l e a l X i n i i of r o o o l u t i o t t of o 
•ioroc^oopo l a h a l f tho woveloni^th o f tbo radiuAioa uaod« For aa 
•pUoal aiaroaoopo t H U i o oboat ^ . - * . -rftar ««valoaf«b 
of olootrooa oaftWLoa * oMh f M f t t o r r a M l u t i o n to bo ^ohigVvt 
oa t l . ;troa a i o r o e o o p o t althou^;::^ t h l a Ic o t l l l vary f o r f r o a 

ti.v . . . - t i o a l l i c i t * 
Tbo aoaatruetloo oa alootroa lo, i n y r i a o i p l a * 

a i a i l A r t o t h r t of tho o p t i o a l cicrooo . . o I t involvaa 
w. ti.o^o« £t = ̂ v.. . : ovl4oa a aooroo of i l l u r i n & t i a c olootroaa* 
A bieh •oltai.^a appli >tifaaa £ a a d tka aaodot c o l o r s t a a 

tbo oloctrono, % ^ c i roagb a o a o l l ho^ Tbo 
ooadaoaor l o n o , c Î ĴO t h o ^lootroe . o . .to tho ̂  .̂ .ŵ , 
u% aitoatod i n tho r:ia^aotio f i o l d of tho objc^ctlvo l o n a * L o * 

Aa ia^^^Oi ii> oo to aaKnlfioatioo by tbo objootivo 
l o i . u . .hio i a foUovod by further ^ a i f i o o t i o o by tho r r o j o c t o r 
loAa« to foro r f l a a l iaat:Ot oa o a c r o O B t ^9 Vbo 
aioroaoopo uood i n i h i a work an4 tfoaoribod i a t i o t i t e 
cooaiata of two MTO loaaaa <aot ahowa l a tbo * . ^ ^ - o ) , * - o l y ^ . 
a Alffferaotion loaa aa4 an intoraaaiato loaa, plaaad botwooa tho 
objootor oud tho :)rojootor* Vha l::t«iraodiato loaa o a a b l o a a binb 

v-r I t - n l f i o c t i o a t o bo roao^.o<i without t ' ^ i^r T i e a t i o a a 

of tho i n u i r i d u a l lon^^oo tMVin^ to bo o a a o a a i v o l y larso* i t olao 



9 
(^) 



holpa to koap tho longth of tho inatruooat short and to a t t a i n 
oaaily a ooatloaaaaljr vorTise na{:aiflo&tioo w i t h i n wida l i a i t a a 
.ha d i f f r a e t i o a laaa i a 0Barai»a< only vhaa d i f f r a a t i o a pattaraa 
or low aajpiifioatlona aro raquirdd of tha aaaplao 

Baaaaao alaatrooa ara aa&ttarad oa o o l l i o i o n with gaa 
aalaaulaa« i t i a nooaaaary to hi«vo a hi^h vaaaua l a tha iaatraaaat* 
Foouaaiag i a aahlavad bjr tka r a r l a t i o a of tha atraagtha af tha 

M t i o f i a l d a by ohaneiag tho curraata ganarotiae thoo« ;haro 
i a (aroviaioa f o r »tooiac a oaaara v i l h i a tka i a a t n i M M M tkab. 

:^looiraa d i f f r a c t i o n by a a r y o t a l i a e i a i l a r i n sarinciplo 
to tlMit o f A-ray d i f f r a o t i o a , bat thara ara aoM i ^ a r t a a t 
i l f f < H M a < F i r s t , badaaer- r^^.^^-^r - % ^ -

a a t t a r i only vary t h i n eryatala aan b̂ . uoad* AiaO| boaauaa of tka 
aayalaagth of alaatroa wavaa^ A atatioaary e r y a t a l w i l l 

a difftraMlOB p a t t a m ooDaiatin/- of ' V e f l a a t i o a i ^ IMMI k ^ 
plana of raoiproaal I c t t i c o pol. v a r a r i f o r a pokyorystalliaa 
apaaiaaa i a raodott o r i a n t a t i a a ^ tha d i f n r a a t i o a v<^ttam oonainta 
of t!.c :^la i c i u f f I c l o u t l y tuin# 

Vha r n l l i r a ' HIOOB aloatran aiaroaoopa (vaa x>aratont 
4 waruvofft 19^> aka Wad for aaaaiaiaf a i a r o a r y a t a l l i a a 

powdara* Tba inatruaant haa a raeolutioa of Tba pua^in^ 
ayataa of tha aieroaaapa aonaiata of a praaaawa r o t a t y paap* a 
a i n w j d i f f a a i a a paaifad ao o i l d i f f a a l o a - — • 4 ailMPk 
with 33cia« f i l a aad plaoad im:ida tha aiarooc^ blaa aaatioaa 
of tha aa^Xa to ba aiaragn^pkadf Vba au^^aUioot^w^ v^riad by 
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to the eloctrc..«4;ii4»tic len&ea« Thara are 

alao eeatrolc f o r focuaaiac; and f o r : l o holder aa 

t h a t d i f f e r e n t areoa of the g r i d ana be obaMfftdt Am l a a ^ af a 
a e t f t i w of «b« — p l o i a t h r ^ '^o f l u i i m i i t e t r i i d l r e o t l y 
i n fvoat of the obaarvar* ^han a aiorogtaph of the iaage on the 
9Wnnm i a required tha canera i a laawod iatw . . a n d th t ^ 

gbttttar opened* *?ha axyoature i a ^- -^ to tha 

bri^htaeae of tha i m a ^ and variaa up t^ eattda« ttt 

; . ^ n i f i o a t i a a i n dabaralnad by readiac ^ . ^ refarin^^ be 

ctiOB aiarttgrar- cc^uirod the 
':%aple i a aelected ana of d i f f m c t i o a 

neluetAoo dias^rasMt the d i f f ^ e t i o n lenc i c .u.t^^. o.. 

the intaraadiate lenn m i t c h e d o f f * D i f i r c c t i a a olc 
roquire looc«'̂ ' oapaauree beaauae of t h e i r lower i n t e o e i t y * .ne^ 
the inatruaeat t a ready for uaa* aaoplea oan . ^ i l y cbaat^ed 
by reaaviad the e r i d holder ocui i n o e r t i i ther one e e i g j l l i j 
a d i f r e r a n t aaaple* The evaouation tioo for t h i c operatien i a a 
fr a e t i o a of a aiauta* The aioroaaope una usually opc.^v. v.« . 

r i l n a of OMTbua and aetal va:-e prepared i n a **Bpaadiv 
Hi. . Coat:. i t 12ak6, aanufaet. : HigH 

Vaeam Zitd# The u n i t ooaaiata of a claaa wor . , evacuated * 
by aa o i l d i f f u c i o a poaq^ baakad bgr a r o t a r y poap* Uuside the 
ohaabar e l e a t r i e a l laada are f i t t e d for a t r i k i a c an ar« acroao 
aarbott eleetr^ 'cr - f o r the vupoar Uepoaitian ot ..ou i filSA 
f r a n a f l l a a e n t * runont panel hua ^agao for reading tha 

praaMre inside the ah&aber and aontrola f o r tha e l c f O t r l e i t y 
aupply t a the leada inside the chofiibar. ^ 



Z.Z^l . _ .ion of caaploa 

a a ^ l a a of tho o r y o t a l l i n c {>owdara for Dicr 

liaatioo waro mda hgr diaporaiac tho p&rtioloa on a oarboa 

f i l a aapportad oa a oapfw cs'id* Tho thiokaaaa of tho aorhoa 

f i t o vaa of tho ordor of 20* Tho ooppor g r i d waa i&m% i a 

di^aotar aad aantataad a a«aara aaaHo Sha Umg^ of tha aida 

of a afaapa « M 100;I^ Tha c r t d mm haadlad almpa Igr a p a i r o f 

forcopc with a f l a o j r i p * 

Tho oarbea f i l a ma dapooitad oa a a i a a aarfaaa bjr 

a t r i k i a g an ol o o t r i e ore botvoon apootroaoopiaally puro oa9%aa 

oloetrodoo i n tho hi^h vaemta ooatinc u n i t * Vho voltu-« 

waa 10 v a l t a and tho ourraat O:- Eiaporaa# Tha aro waa atruek i n 

about 8 burato^ oaoh of approaiaataly 3 aaoaada duration« w i t h 

i n t a r v a l o of about 1o aaoooda botvoon sucooaaive burota to eool 

tho olootrodoo« Tho praaooro inoido tho ohaabar vaa kopt bolov 

10 u£i* od Esoroury* 

.ho earbon f i l a voa flo^^tod off oa M t o r by holdlne tha 

pl4.tc ot l o of about 50** and v i t h tho f i l n on i t a 

aorfMOt .dually lovoriac tho plato holov tho 

watar lovol u n t i l i t aaak* Thio aparatioa of atrippin^; tha 
J* 

f i l n o f f tho nico i a dva to tho ourfaoo tonoion of the vntor* 

I t voa f c c i l l t n t o d hy euttinc off tho odgoa of turn aioa abaat 

a f t o r dopoaitioo of tha f i l a and aontaaiaatiae tho aioa ahaat 

by broathins onto i t boforo dopoaition« '[ 

A aootion of the f l o a t l a e f i l a vaa piokod up by a 

ooppar grid ond tho roaiuual wator obaorbitd by pli^oing tha g r i d 

c o r r y i n j tho f i l e on f i l t o r i^cpor. T;*O 



• • • • » -

v«rtlefil oyliadriOAl bolder aad loeiMd l a 

i B r t t t w « m • l o r i i w l r i M l e^p. ih» l a t t e r tai •> Apw mA 

^ ^ ' Md« A auapaaaiaa af tha - U l t k 

.i82:/la waa r^oda i n aaatot&a and tha t j a r t i c l a c 

-.aana of an ultraaaaia d i a p w i l u a l t . v.; . ̂  » . 

mm " - e r i d aai r j l a i ^ tha f i l e ' tha vhola : 

aaaa u i n f r a r a d laap t o aoaalarota the 

araparation of tha aaataoa* F i a a l l y tka aĉ ... ..c waa tranafarrak 

i n t o a aioroaaopa g r i d haldari which waa iaaartad i a tha 

inatruaant* 
. a f i l a a vara prapi^rad by f i r a t . ;̂  ̂  

aatbao f i l a on aioa aa abova« Tha aiaa pXata woa than fiicad 
inaida the ouan wait a t about 10ea« froc ^^ratM 
f i l o a a o t of auitabla ahapa (''holix** f o r aatal ribtw. « uaakaf* 
f o r turainga aad raapaJ* Vha aatal t o ba dapoattad ŵ  
i a tba f i l a a a n t and tta ayataa avaauatad* Tha f i l o n a n t aurraak 
waa i - . ^ i w: I, . .ACiaatly alowly t o avoid rapid t r - - c r - t a r a 

inoroaoaa j ̂ t a a t a l ataaaaaa to ba r r ^ .hat 
tho :a d i d not f l y o;f th«. fil^^nant bafor. oration* 
Ifban ...u aU.1 avi^poratad tha krigktaaaa of tha f i l a a a a t waa 
abaarva<: t o doaraaaa t a a p o r u r i l y daa t o tha boat l o a t v i t h tka 
avapavatiag a a t a l * Tha a a t a l f i l a togatkar witk tha aarboa 
baaa wa« atrippad o f f tha aia*^ plato r. f l o o t a d on wataT aa 
daaaribad f o r tha aarbaa fila« A aaatioa af tha f i l a waa 

driad uadar tha ixifrarad l ^ a p i i t 

>ady f o r uaa. - ^ t oaitad 

i t o o oarban f i l a oo a coypar e r i d pl/.vaad a t tX\a baaa of tha 



vaoaua l a i i t * 

Boforo a aoriea of oTapomtioaa aaa oarrlod out with 
a filaoau'u, l a t t a r won "flaauou' « io#of i t i s toaiwraturo 
raiaod to roaoro d i r t otc«f by poaaing a a l i e b t l y bi0har 
oarront tbgiwigb i t than aaa ai*M«BMtly uaod f o r a o t a l 

t i o a * Thla opovatiaa too mm o a r r i a d oat a t %tm ^ 

Vbo qaontity of gaa odaorbod oa a aabataaoo daponde 
oo« i n t a r elia« tba ̂ p o o l f i o aurfbao (i#o«v tho aarfaoo ^ 
aroa por o n i t oaaa) o f tbo adaorboat* Thtia« oorptimi 
aoaaorooaata provido i n f o r a o t i o a on tba avaraao p a r t i o l o 
aiaa of a powdor* A ganoral aaoouat of tbo aubjaot iM fliMWI' 
by .^rau & i^lae iVjC?). 

A viUoly uaotL aothod o f aarfaoo j a r oa d o l o a l n o t i a i b 
i a emo duo to eraDaaar* M a o t t & T o l l o r ilVi^). Tho 
oquatloa g i v a a i * 

• 1 » 1. 

p • proaaarc of adaorbato vapour i n o q u i l i l 
w i t h adaorbantf 

p^ rc B*v#p« of adaorbato Tapoart 
X onoaat of vapoar ndaorbod» 
jc^ ^ o a p a a i ^ of f i l l o d a>a»Aryor» 
c a a a«M%o«t« 

'ption iaatboraa oro el a a a i f l e d i n t o f i v e typoa, 

of vhiob iVpo Z2 iaothomo ^ i v o tho boat acrooooat v i t h t ! ^ 
• r a l •r ( I 9 b 9 ) , Joy (1909} and C r i t i c . ^59 
*̂  ̂  '̂9 tmtf l i f l t o f roforoneoa/^ " ^ 



paponooono , v| paaotooe rr'^ttntoo n JO >fe 

'"^o an) ̂ ot^r^VA-w^tmae pav axdnvtf 0̂ .4 ao^ 8).»s(o:̂ q 
sr^a ^% JO c m ea:> •aetpow uo pet-io<s^fna pint 

I. . o ap.. u., . a. ^ •(^^M •9<r«t) '̂ "̂ '̂  ̂ * 
pauSfaap ooa oo pa»aq m% ̂ on 9 .uwx^ oof)<Uon avu 

•ajepaad etTTT^*^^ pedmia-oxp«oo pva • a t ' ^ I ^ Joy 

•^qecv:—> • eq^ j o £tT*vep aq^ o-J () n 
r' 

mt/:n *̂  0*1 pe^axea af • Y ••«T« •I«>T̂ -* ^ .-'Av eq^' 
'oa^rtrcn^f-zd podiwya^aqno fo 2irp^oTouoa aauataqno a Jio.j 

•Mfaioooa pa^exdaaa m rx\ ^ 
at^eexon • ue j o a a n x«cro|^eea»aaoA » '? 

*daqsBS aspwffuay » 
••)V(:«iMP« jro tq^*« JWTM^T** - •ajaqa 

• f • 1 • ^ f 

^. /, «;ooT^mba m% 

is^ ^ o\ ̂ %x3\ox m% •eaijjJBBe e t j T o ^ ^ • n i 

• ( O t f t f 
f 99agtr) fTX«OT***«TdA ao /tIwtJn*«T*«*i^ i»T»lo 
aq uaa a^anJoapii aqx aeAT?̂  tl» o*^ 

e"x 0 % rqt aeoj o TO oof^wtn T l . • •-r-" ><**"*^aT v '6 
adax« JO atrrx t q ^ T ^ t " » «T ertxftaaa ^ 

g JO )ox^ » 'enqx •oC •tC'̂ Jtf H^^t •^'»^0) 
AOdea aAT)0XA<i aeVoaa pe^psfT dOAo aof^enbe £39 



by an oxtornc. oic?* Vho vhola aaaaal^ly i a oaoloaad i a 

.t i n tho aatarzuii ..old ic \ t o 
- .»>«int« v l . — . ^ .w. - ̂  - — t h a 

•'"5rioa of a harl*--.^'" '* ^ - o ' 

:< £co ar:^ ug^iinat a a i a l l a r f i x ad polntar. i'l.c ln:.tr ; 
^ o a l i U v Uy aoasurinr tho curront raquirod t o obotv^. 
^ n u l l point f o r kaova vaitfhta* 

Vha c . ...̂  ̂ laaad i a a ^ i o c ^ w ^ c c . 
ou^ to raoovo pljcysioall^ adaorbod vapour, 
uau&lly oax-riod oat at 200^ b|r sarraandi 
l i f f l t v i t h u furnoea (61aaaon» 1 9 ^ ) « 

Jhe auBcrbr^to vaa nitro^aa gaa ( a u ^ ^ l i c d by C ! td#) 
aad tiM9 toothor;u» wero sitoaaarod a t -^Mi^. k Uiiwor flnaa; 

. ..iaiao b o i l i a a l i q u i d oxygon tdaa pl^toad aroui t o 
b«aa<ico l i i a b * .ha voi/s^it of tho aaaple wcu: dc' d 
i n vacuo, om of oitrocon introducad i n t o t.'.o ayoLaa|ii^ 
5 .f oaapla vaicht and a l t r c ^ c u ^^UM 

pr mvr0 t«i(ou o i t a r o q u i l i b r i o a vaa raaehod* 

A l l tao nitro^an iootharua racoruac i n tho proaant 
voro of Typo tlr# 

Tha aAloiua oontoat of tho o o l i d produot i& tho 

uroa roaatiao vaa dataraiaad b^ t i t r a t i o n apOaai 



icin^ r (Voeol, 196̂ 1̂ P*^2^| 

th^^ fcino and ta i n the ' ' 
oolutiona of tho raopoGtl70 oadUoa were <lt 
t i t r e t i o R n j e i o a t yotaoriu^-* f c ^ r c y a n i d e usini; 

'^1 raxphthidino aulpuoxiio ucid aa ladAoator (Vocel^ 

:1 aovpatatloaa InYOlvad i n t b i a 

77 

work tf«ro aorriod out with i of t ara, 
l o l y , 1020 Co«pater and an IBH mi'J c ?h€ 

r waa . u luxiicvm^gB ffpoolfio t o t b i a 
aaoblM« tbo l a t t e r i n Fortraa^ . 

J' 



a^^ aa paufaoaa ajaa pmr^m •oaaXct opT^x^T^ aq^ ttofnop 

9% aaotaaa q^p» ooiivica aoa l •aoTM ^ 1 " ^ ? ^ 

mmmn aaxTara aajBaa>.M %» ^^ ^ aoj ̂ .yv; oaoi|tfaa«tt« 

Ilmaai i f l afT-i^Tv of ^daa^^o no Xq paaoxxo.i am a a n v H ^ T t t 
m%j pnu «XTy onTaaagaa l o ao^^^aodap anodua aq̂ s 

•odoaaojvt* aq% trr> potmnvxo*o4 O J M a«TTJ pa^l^T^J •"'Mt 

opY49 ain iCx\vQT 2 •pan^a«iadao% aooa o^ Xaoo o^ paaaita pua 
•avtttny oq^ xo %mm na^o% aan xaaaaa oq^ oaj ^ yo oq^Snox UOAT 

aM ••^••^ * n i T •aan^a^adaa^ aa*Y9 a %aa-aaft aaaaaa^i 
a a^Qt paaajiiox ova ̂ qnoaaa oxoqA oqx *xai^aaA aq^ a o ^ aa# 

aaaaM aqt %Ro Oufflaad Xq aaoqflooa%« ? - f paonpoa uaq^ 
aaa ajRmaad aaSoa^fa aq^ •a^agndaa) aooa %f» avV aaSa^i^fa 

qtj^a paqmtxj aa^i qajqa xavoaa aovx^ « ot^i-j ;>oa^ 
aa^U aq% dardojaa apTd8 jaMaa ^q^ •adaaaaaata aoa%aaxa 

aq^ •sapnn p o u ^ i i — pva ^aaavxTi pa^aaq o oo^i QOTaoJodvao 
Xq ^%%modBp oooA a a m «avax«a puv au'^aoof^oa aqx 

r 
•aof^vpTJt^Ttr aq^ xx% paan aaan aa9 aaSa^pi ^ . 

pvo (ttuoi^aaaa pano^iW MJ) 9^afum% unjoav9oa u f 
*aaxTJ I^^aa mM% j o aoTt^*»daad aq^ a t paan aoaa 

a9afan% aafapia anaqwai paa vaqftfa aaTaao; T 

-r 

C «%dvqo 
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Slaotran aiaragrepka and d i f i r a a t i o a pattaraa of 
aagaaaiaa f i l a and tka f araia da a i t r i d a t l u a 

ara praaantad i n Flataa 3*1 * roaulta f a r oaloiuo 
f i l a ara akaaa i a Aataa 3.9 -

Tka at t a a y t a t a i t r l d i a g aagaaaiaa taraiags vaauitad 
i n a a a a l l qaaatity of pradaot only* Tha fragaaatatioa of 
%ka aaa-protaativa a i t r i d a layara gava graatar aayaratioa 
of i f i ̂ ' — r . o t a l l i t a 4 * Thair aiaa raagaa aoitaadgd ka 
thooa i^^har taaparaturaa (up t o Coo^)i whara 

•-̂•̂  - .ouriaatiaa aad a i t r i d a o i a t a r i a g ara aara 
kBtaaaiva (a«g», af« naka 3«5?}a Tba quantity of n i t r i d a 
obtainad by tha o i t r i d f i t i o n of aatal turniaga uaa l a a u f f i o i M t 
t o oiva rapraaantativa alaotroa aioracrapho* ^ ̂  ̂ < 

Tha ooadaaaad a a t a l f i l a a caaarolly gavo ̂ ood 
ai a r o a t r u c t u r a l u n i f o r a i t y t but taodad t o crow i r r a c u l o r l y 
whaa thay baaaoa too th i o k * Tha alactroa a i c r a ^ t t y h o f # 
aora tadfora f l l a i a ahowa i a Mata llaeh a f i l a givaa 

a raculiir d i f f r i x o t i a a pattara« r i a t a l a aoatraatf 
Plata ahawa a laao uniform f i l a aad m t a #̂4 i t a 
d i f f r a u t i o o pattara* 

Sariag tha i n i t i a l i W g k i i a kka u i k r i d a t i o o o f 
• * 

aagaaaiua f i l a a a t 4oo^ l o e a l i a a d atraaaatf a r i i o dua t o " ^ 
tha oryatal atruotura and volaaa oknacaa oMo^ftayi^^ . u 
raaatiaa (aaa Tabla c-: i : . .. ,5 • 



Boro axtencive nltriOGtion loads to rupture of th« f i l e 

aad aeo^AgotioDy i l a t o 3 * 7 » ThXo i« aor« i4rcmounc«d a t 

hieter t«Qporotur«o <5O0^)« FUt« ^m^^ ehom a aincX« 

Coloiua f i l o o p OMeu o i a l l a r :irop«rtioo to thoo« o:t 

dft̂ :?iMlua« 7 h u a « th«lr u n i f o r o i t ; ciMrcaMs v i t h I n o r M a i o j 

thiototfocv r l a t o tthovs a ozxiforo tila and ^'Xiit* ^ « 1 0 

I t s diffraotioQ pattora* raitridation ia slower with csloixici . 

t ^ a with u a ^ c o l u s flXa« thmrm l a l l t t i a eh^^nt;* i n 

appanraueo (Mat« durlxk: th« I n i t i a l otu£;ofi of 

nitriOatlon at k^X)^ (ef» I l a t e o 3*^ • 3 . 7 ) , but sora rapid 

rcaetloa ot 4!>0® loada to f l l a rupturv auA Actii^c^tioxxf 

Plata 3 » 1 £ « • . 

rh« oboarvatioaa with roopao" to tho n l t r l d a t l o n of 

oajnaeluA tuminca ara cooaiatent v l t ^ thoco uude by e o r l l a r 

vorlxars O A J ouocsurlaad i n tiactloD 1 » 7 « rha roactioa ot 

aitrocec with the oetal i n bulk i u not a u f f l o i a n t l y 

axtanalve uadar tha axporlssontal condltloae U£:od« The faotar 

' raaetioao with t u « t i l a c ura i n t c r p otad on tho baala o 

th a l r hichar a c t l Y l t y * e f* i:>aatiou 1 « 6 « Thir i c conalattat 

v i t h the obuorvationa o a a r l i a r vorkaray a*::*, coapurv 

with the r aulta ot Roberta :̂  .'oopkizui 1960; and 

Cbaoi^aaakuralah de ftarcrave ( I 9 6 l j on eolciun n i t r l d a t i o o i 

t;eatiaa ^ A. " 

SO 



r i a t o 3»1 r.ore u n i f o r n , vapour dopooitcd naijnccixin f i l m 
X 113,000 

Pa JO .1 

Plato liODO u n i f o r n , vatx>ur dcDoi^itod ria/ncBiun fi l r / . 



A (bo 



F l a t c 3*2 Eloc Lctlon pattorn of aorc unifor 
a t « 3-1 

o C2 



P l a t e E l e c t r o n d i f f r a c t i o n p a t t e r n of l e s s uniform 
magnesium f i l m shown i n P l a t e 3 . 5 

Page 85 
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P l a t e 3*7 Vapoiir deposited magnesium f i l m (shown i n i l a t e 5»'') 
heated i n n i t r o g e n a t 400 for -J h, showin,-; more 
ex t e n s i v e n i t r i d c ^ t i o n ( c f . P l a t e s and 3 * *J) 
X 15,000 

Page 05 



I 1 

P l a t e 3.6 iiat^nesium f i l m n i t r i d e d a t ^0(? for 1̂ - h 
X 15,000 ( c f . i l a t e s 3 -5 - 3 - 7 ) 

rage 86 

P l a t e 3*9 Vapour d o r o s i t e d c a l c i u m f i l m 
X 15,000 

I- H 



P l a t e 3 . 10 I ^ l e c t r o n d i f f r a c t i o n p a t t e r n of c a l c i u m f i l m 
shown i n P l a t e 3 . 9 
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35 
::.2 HydrolygjB of C a j o l u a aad Harnoaium K i t r l d g s 

.he calciiua axui i\ac^9B±u» n i t r i d t n uz9d in iho Tollowior; 

«xp«riMnt* w«r# rsroducto o f A l f * l a o r c r n i c a , .Tnc» BDH p r e c i p i t a t e d 

oagneelua aad c a l c l u c hydroxidee were used i n tl;e iro-^avc^tioa 

o f t b o rco;?ective exidea* 

.rho CQlcluft n i t r i d e wen the Mch t e n p e r a i u r e (krowc) 

f o r n lii^^Tlni; a cubic ( a n t t - K n ^ C j * « a t y v c t u r o . Cicco 

I t WAS produced above 750**« i t wes wi n t e r e d c x t e a v l v e l y t f o i * 

t h i a vau cuch l i l c i i e r tlJi.n I t s 7ftj2eatia tcjiiAeratxtro C J C I ^ ) * 

C'ho well--Lintcrod boleiua n i t r i d e * broken i n t o l ua^a o f about 

1 aF.» o i x e t hod a low c p e c i f i c ourface CAC:;*? U.*"::. ) . 

^he oa::neoiua n i t r i d e wo* B cr«^^ich-*jellow powder^ 

iaoaorpliouc w i t h calcluis c l t r i d o , ( c » ^ t ^K** *^ot 

GO c x t e n c i v e l j s i n t e r e d and conoloted o f c i r c l e c r y t t ^ l o 

n a i n l y o f aicoa varyin,: f r o a 20 t o ISO^ (C; c^CI t o G#05 

Caleiun and a:j£;:>eaiufa n i t r l d e c hydrolyoe rGi>iiUy« 

ovon i n the preaence o f atsoepheric v o t e r vapour. ..hui,, c&nplee 

o f the subetuaoea, i n c l e d i n j luoii^o c e v e r a l a i l l i ^ ^ t r e a thidk» 

cruablo i n t o f i n e l y * d l v i d e d hydroacidQ cn evpootxre t o u i r * 

*1xo n i t r i d e easxiloo were »wot^ hydrolyoed a t by 

adding tboa e l o v l y t a freaiE i l y - d i o t i l X e C % a t o r , wi^lch wac 

a t i r r e d f o r v o r i o u c l e n c t h o o f t i e e * *Wet' h y d r o l y e l a a t 
o 

95 wae c a r r i e d out by p l a c i n g t i n : r e a c t i o n veaseX i n bot 



t ao«.*0p«Y «%96l. •»C96i • ^ ^ l ' ^ S l •oo^ffwtr) onwA BT 
I • • 

^ f l H * • . . M n p » O M « t t u 

JO fiO0Q4) %«9X MOPM o( •oavtvq ooT^'lnMi pi9|«^90|;p 

no ona A VT ^003 %« I^T t̂P M M XoctX *tvf»t« p m twt^o 

I j o PMO^TTI •^onpojBl oiif ^vfnCtoopXq A ^ J Y 

o 

^% XK> m^oTo^' JO o»T)T^wcib HOT* Mfip*oe4d 

M%t«f ont ^ m o % « V po%PMoo» j o q p m o rnvt^ 

p o f M n ^ m JO • ••n<>Bpt» M sot̂ gw^t—T> «m«o«^ « m% ̂ no 



hydration oX •native* and •i a a a t i v a * r>ia WSM a a r r i a d 

out aa above* Xbaaa raMtioaa b<̂ va baan pravloual^ studied 

hj othar taahniques (niessen» 196>M»b}« 

loroGtetpftis i l l o s t r a t i n t ^ the *wct* and *dry* 

hydrolyoaa ot a a l a i a s n i t r i d e nre presented i n Plates 

- 3«19 SBd 3*21 • reapeatiTaly* li'or aaiqpnriaant 

praoipiS&tad calaiUH hydreKide l a shown i n f l a t a 3«20« 

In l i f w a s 3«1»*b are p i s t l a d ths n u r i a t i a s s i n spaciXie 

i i i l i i l and Msmca a i j a i s n i t e a i s a ( a q u i r a l a a t evimrisal 

dianatei } r e s u l t i n g Xleon tha *wet* h^rdrolyaio of o a l c i w 

n i t r i d e * Thaae are taujared with the sw>as for the bjrdratioA 

of l l M and tha hydrolyals of s a t a l l i e oalaioo (Qlnsaas, 

IS^O, 196la)« 

FUtaa 3*a6 - 3e2& «»• 3#33 - 3*36 i U M i s«tS the 

•vat* and 'dry* hydrsl^TMa raspactiwaly of aatf iasiw a i t r l d a . 

The f s r n a t i e a of actsassfus hydroxide by othor *wat* and *dry* 

aathoda U i U a a t v a t a d i n riat e n 3.Z0 • 3»32 snd 3«37 - 3.39 

r a s p a e t i r e l y . The wnrlatlouA i n 4«i;>eaifla surfaaa sad avaraga 

cryotnXlita a i s s i n the *vat* hydrolyaia of MfiSssiaB n i t r i d e 

are plotted in r icnras 3e1e«»dt whiah also aoapora the 

aorresposdias data for the hydration of nac;&ssia (<;laaaoa« 1963b}* 

Table 3*1 ssMnriaea tho apeoifle aurfnoa and avara^a 

o r y a t a l l i t o a l s a for the pradaote of hy^*olyala of o a l a i t a 

and nucneaiun n i t r l d a s * x«ray a a a l y e i a of these products 

iadiaataa no appreciable aMaots af an^ ioteraediata 



ur« %1 Varl^tioD in Bpeoifie aurfae«i £« and 
« . r t i c l * eire» i n th« hydroljrs ia of c a l c l u B 

. :^tto«l"« n i t r l d « o with liquiU wat«r (eontinuous 
l i n e ; coBpsred with tho hydration of the r M p e c t i v e 
ox idM and (s«UilIic o*l«iuK (broken linu<) 

92 
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2 -1 93 
able apceiUG -urface in v» r« ) oocl 

Avcr*ito C r y s t a l l i f ;>.l"o (1 in t ) oi liydrolyoic 

Hydrolyaiac 

Liquid watttr 

Liquid yAt#r 

Air 

wat«r vapour 
near s«v*p« 

^2' 

V5 

32' 

Viae ;a( j u ; 

7.2 

2100 

72c<i 

'•7»5 

57.5 

C2*7 

550 

7^oc 

Th« hydrolyaee of both aitriUec involve oryotal 

structure &ad la t t i ce cluLn^ea froc cubic ;anti<->D^c«^ struotvre) 

to hexâ oiv̂ l̂ (Ctll^ atruoture « aad coiit^ld«rable V O I U B V 

oxpaaaionoi fraotiooaX voliuao e}iajit«0 are 4713 ^or calc iua 

nitride and Om'^jTO far ckotgaeaixic nitride* The abaoace oi any 

oxide in the !>roducta of Uydrolyaio under a l l eoaditlono 

fiuoseato that tbo nitride ioma are d irect ly repl^iced by 

hydrosyl ioaa* The hî ĥ voluao ohsuagec accompany in^ the 

reaotiona result in the sp l i t t ing oft at the hydroxidee« 

vhieh kf̂ ve nueh higher npeAific ourfacoa and aaal ler 

oryatal l i te aiao* than the s>ureat nitrldea* ci** ^'i l l ioc & 

Bedworth (1923) J'̂ ule for tsetal oacidation, ..action Thia 

effect i a nor# pronounced for oi :«^aiua nitridCv which has 

the larger v.luoe cl^ance* A^^eia, of tho hydrozidea, er'^^ecialXy 

in *vet' hydrolysea, r tcu l ta in a aubiequent increaee of 

uverat^e cryeta l l i t e oixe and decreace ol speci f ic surface* 



In a aiHule Mnpl« of product th«ro ore vikrlutioaa in 

p « r t l c l 9 mnC ntmrxukl regularity of tuo cr^etaXl i tM 

OTor a vid« rc^n^tm 'ondmr eoep^rable coadition; oaleiun 

a i tr ida roaoto faot«r tlu^n the r'A^aoiuo ooci:'Ound« 

>ŵ t* hydrolyBlc ol caXoiwQ nitrid#< 7b« coleiua 

nitrida b^Urolyaea quieitlj' i s l iquid wftt#rt u ŝualXjr within 

5 cifi* Tb« l a r j * voltusc inoraai* Mcoaiu^nyinf; th« reaetion 

laada to apl i t t ine off of tbu h>ch*oKlda oryataXlitati froQ 

the ori^in^X ni tr ida ;>urtieloat bafor* tha foraar (jrow or 

a^«* Iba etgeini: ic oorc rapid at tha Ui^hi^r taap-erutura aa 

shown in ! i^jurao ;#1a -b | ewe aloe :abla ':hw^^ 

caXciua uitr ida coiiUiiniaG feb-ut cryot&XXitao yisXda 

about 6 X 10^ * hydrojtiiia er^atol l i taa in 15 ©in* a t 

Thic fi^^ura daaraaaaa to 2 x lc on aeaioe for about ̂ hm 

K^^inc reouXts a^o i n the fornatioo of cr>etaXlitae with 

a Boro ragttXar axtamaX ahapa* Thoaa ehun^aa ore iX lustre tad 

in tha aXactron oicrocrapha praaaatod in IXataa ^•13 • 3«19« 

wUioh ahov tha *wat* hyUroXyaiis of ealciua ni tr ida and 

tba aubaequoat prograa' ivo o^aing of tha UyOroscida undar 

various Gonditioaa* 

Coopariaon with ca lc i i iG h^Uroxida froa other 'vat' 

aet^cr^* Under coup^obXa coaditioao« the hjrdratioa of Xiaa 

Civea init iaXXai aaaXXer ii^fdroxide cryataXXitae at Xowar 

tacperaturea U 2 ^ J , but Xf^rgar onea at higher ^aaparaturaa 

(95^}« thoa in tha hydrcXysia of tna n i t r ida« c f . fuXXj* and 

brokcn^^Xined enrvaa in J iguraa %1a«»b (uXaaaon^ 1 v 6 l t t / , 

^ubaequantXyi howaTer« the hydroxide forsiad f ru^ tha a i tr ida 



M M 1MS r a p i d l y U M « t e t titm %hm w l d a , so t h a i u X t l M t a X y 

a t b a t h t a ^ p a m t a r M t l i a p roduc t trcm l i a a l a Xaaa a a t l T a 

thaa from %ha a l t r l d a * tkim i a tet«rfva«ad w t h a b M U 

t t e i t ha a M a a i a a h y d m i i a ftnai i a a i t r i d a i g r d r a l y a i a 

t h a a o l u b i l i t y o f t ba a a l a i u a hydrov ida by th» 

i M a f f M t * tiMw i a h i b i U a e 

Tba a a t i i r i t y o f c a l a l v a h j rdraa ida paapaaad tnm t ha 

a l t r l d « i a l o v a r thaa t h a t p r o d a » a d by t h a a a t l o o a f w t a r 

M aa l a ioa t u r a i a e a at , r i c v r a a 3 « 1 a « b (Olaaaat:, in)* 

' *-n r a a a t i o a i a aona idarad t o i a v o l v e a two 

, ( i ) t ha i n i t i a l f c M a t l M o f a x t r a a a l y 

a r y a t a l U t M , f o l l a M d Igrt ( i i > t h a l ^ d r a t i o a 

o f tha coi ida, t h a l a t t a r a ta^a ba in s t h a r a t a « d a t * r « i r . -

a o t l T l t i a a o f p r M i p i t a t a d e a l e i a a hydroKida 

. p r a y w a d bqr daufcH d a a a u p M i t i a n * d i f f a r t r ^ 

— r o d by t h a b y d M l y a i a o f tha n i t r i d a * i a t h a t 

i a t h a forn^ar, t h a avaraa* a r y a t a l l i t a a i M i a ;.^ra6tar a t 

t h a l o M T t a a y a r a t a r a thaa a t t h a h l « h a r aa« (c iaaaaa^ 

I f d O , I 9 6 l a ) » 

l f f | i a a l » a i a j y [ j ^ l i l a i " i t r i d a * f h a h y d r o l y a i a 

a f a a l d i a n n i t r i d e by m t a r aafater ie rmch clr-var* than t h a t 

by l i q u i d M t a r uoaar a M f g a b l a o a n d i t l a a a oX t a ^ p a r t i t u r a * 

C o M i q a t a t l y i n *dry« b y d r a l y a U t b a r a l a I O M « p U t t i n f i o f f 

o f t h a hydroKida a r y a t a l l i t M aad a M l l a r I n e r a a a M i a 

a o r f a M a r a M « Table 3*1 • Thaa« o f a a l a i u a a i t r i d a a t 

« t ra y i a l d a 2*4 x 10^3 b y d r a x i d a a r y a t a l l i t M 



v i t b M t e r vajMNUr IUNLT I t a M t u r f t t l o t t vapotir 

^•3 B t o ^ e r y s t a l l i t w w i i b a l a i g i l m U . • 

I f u r t M l e e t i , t he omlmtam hftstmtUm l a i t i A i x y f o r a e d k M « 

m f t U e M « ( h p e r t i c l e a U e t o e a b i k i t X - r « 9 I i M - t o o t t d e a i a g « 

i a H l i e i e i t t i X i M t A i f r e r e a o e im Urn Imm mn%mml r e t i A e r i t j r 

o f %)m « v « t e U i t M o f fcjiiwlit tm • « r y « I q H M i w U ^ ThMO 

d i f f e r e a o o * o r e toe t o t h o l o v e r w M X i t j r o f t he r o o o t i o c 

•poo ioo i t t t he *4r7* r e o o t i o u e 

MMurnvmn o f exte&olTe mU%m1mg ^ f a r a k t t o f t o f 

€ > l . o i o » n i t r i d e , t he r e a re d i f f i e o l t i e o i n ^ e t t i a c a 

r e p r e e o n t a t i v e aaaple o f the aahvtaaee f o r oleeiwoB a i e roaeep i e 

e x a a i n a t i o n « The e r j a t a l l i t o e obaervod on t h o oopper ^ r i d 

a3ro aero l i k e l y t o ho thoae o f t h o h y d r a t l i o pro tec 

h y d r o l j r o i a o f t h o n i t r l d o * P l a t o 3*21 i o o » o l o o t r o B a i o r o s t a p h 

takoa o f a aan^le o f o a l o i a n i t r i d e and P l a t o ; « 2 2 a a o t b o r 

aavplo ahovia^ the d i a i a t e e r a t i o a o f t h o p a r t i o l e a oa t h e i r 

odcoa OMiag t o hardrolyaia ( w i t h a t^eaphar i c v a t e r v a p o « r ) e 

i ' l A t o ^%SO i l l a a t r a t o a the h j d r i O p a l a o f caXeiaa o i t r i d e hy 

iO M t t a r v a p e v a t 2 2 ° , M a t e }.Zh hy s a t a r a t o d 

a t 22**, aad P l a t u ^.^5 by a teaa a t 120*» 

XUy^ X l i a e . The a u r f a o o 

o f c a l o i a a IqpdroBlde le *dr7* hardro lya ia 

o f the a l t r l d o a re l o o a thaa t t e o e iprcuucwd by Urn h y d r a t i o n 

o f l i n e wader eoevarahle e o a d i t i o a a (Olaaaon , 199Sh}* 7 h l a 

i a a a e r i the hy*P«aiide e r y o t a l l i t e a i n the f o r o c r 

reae t iOB A^roiac i a oleao ocAtao t w i t h e M a n o t h e r , b e f o r o 

hydro lyeda l a oonple tod* 



>« l i k a a a l a i u a a i t r i d a t h y d r a l y a M ^ a i a k l y i n 

l i q u i d w a t v r « n a i n l y v i t h i a 5 « l a a t b d r M a t l a a i a v o l i 

a i o i l a r a r ^ a t a l a t r u c t u r a and l a t t i a a t M M f l o n M | i M H I 9B-

f o r o a l o i a a n l M d a h y d r o l y a l a o Bovavar t tha l ^ r or v o l a M 

d taag i a a a M i a t a d w i t h a igaiadaB a i t r i d a h y d r o l y o i o raaol t^ 

i a M r a as tana iva a p l l t t i n ^ : o f t h a h y d » M i d a « a a p a a i a l l ^ 

i n t ha aora n q p i d h y d r o l j r o i a a t 9?^ t f h b l a 3^1 • A « a i a d 

i a a lowar f o r tha l a M a a l u b l a ua h y d r w i d a 

f a r a a l a i o a h y d M a l d a « f t a a f dhaa t 10"*^ htmmUU a r y a t a l l i t M 

a r a d b t a i M d » M I g * a f i i n ^ i a j — a i t r i d a aoaparad v i t b 

a f l :u r« o f 2 • G x 10^^ f o r o a l a i a a a i t r i d a * i h a h y u r o l y a i a 

o f aaoMaiaM a i t r i d a r o M l t a i a a l a i g a n L M t f f M d a r M f a r 

t h a p radua t a t 95^ than a t 22^^. T h i a i a i a a w t r a a t w i t h 

a a l a i a a a i t r i d a h y d r a l y a i a , i a v h i a h a a t l v i t y o f tha 

hydroBida i a l a M a t t h a h i g b a r t a a p a r Q t u r a « A c a t a f ad t h a 

aagaaa tM b f i i M U l t M o l t a a l a o i a an i a a r a a M i a t M 

a a t a r a a l r a ^ a l a r i t y o f tha a r y a t a l l i t M « a f • oaXaiaa a i t r i d a 

h y d r o l y a i a * 7 h i a l o M i « M t UPM P U t M 3a26 « 3 ^ t %^i«b 

l U u a t r a t a tha * M t * b f d r o l y a i a a f — s M d i M a i t r i d a « 

Tha M a t a a t i v a a a g a a a l M aa ida praparad y r a r i o M l / 

n o t h7drrt<» as ^ u l o h l y mm M j i i M t a a a i t r i d a a t 22^ , 

t h a r o M t x o a t ah iaa a « r a r a l houra t o aaap la ta (Olaaaon* 

I 9 6 7 b ) « i f t a r hydva t ioa im a a « p l a t a t h a a a r f h M a r M aad 

a T o r a r « e r r e t n n i r < s S I M ahaafd a a i ^ a r f f t i v a l y l i t t l a . 

acaiaa ba i ag l i a i i a d f M a e a o f t h a Xo^ a o l ^ U i t y o f 



I l l i l w i n A t M 1 P S I e M e t i » e s « t t o m r f e e « 

a rea o f t h e hs^stmULm from t k e h t « r f t t i c a o f CBlde i a 

HWfcig H M t t e i C M a i t r i 4 « t n i f w * c » 7 s t a i i 4 t o 

i V l i t t i a c i n ftht U t W r M M U M » M f f i e i e a t l y e x t e M i v e 

t e g i v e a h y ^ M K l d e o f t he M M M t i v i t y as t h a t trim 

mgmmiBf P l a t e 3a t9 i s M e l M % M i Aleregrais l i e f a o u p l e 

o f M g M t t U i n n t e 3e30 i l > M > M » M I t a * M t * h y o r a t i c B 

a t 2 2 ^ , i r t i o v i M M e i l e rti»pe< kaNhreadde e i j a i a l l i t M a 

S i t t e M M t i M a t 9 5 * t tflMer a i a i l a s r i t j r s t M r f M e 

e r o M i t t e l M T v e d f o r t b * b7« lMKi4M o b t a i M d trom o x l t e 

and J i i t r i 4 e « t he tmmmr gtrim^ a l ewar VS IM* Tha r a t e s 

o f r a M t i M aatf a « a i M A M I d ^ M r a t %Ma t M i i i a t a y a 

%hM a t 22^« Tha k y d M K i d a trtm t he n i t r i t e aWhac^uently 

ahowa an i a a r a a M i a a p a c i f i c au r f aca b e f c r e f i M l l y aga i ac t 

t h i a aajr be aaa r ibe4 %e a o a p l e t i c t t o f r a o i ^ t a l U M t i M 

o f the & a v l y f e v M « M f a a a l M feiar4roailte t o i t a BCTMI . 

l a t t i M a t r a c t u r e * I l a t a 3*31 ahOM a aaayXe o f M g a M i a 

• M t « h y t f M t a i a t 95^^ i l l u a t r a t l a g t h a p a r t i a l eoavara iea 

o f the aaadle shape* M k r c s i t e a r y a t a U i t M t o h a n g s M l 

p l a t M * a f « m t a 3 e 3 0 « 

Macaeaiaa hydrcv ide p r M i p i t a t a d a t 22^ i a aa l j r 

a l i « h t l y l e M M t i v e than h y A r a t a * M g a M i n aa te r a i a i l a r 

e o a d i t i s M ( a i a a a M , 1963b)# T M p r M i r i t a t a * 

coaa i a t a o f a l a r g e r p r o p a r t i M o f h a M g a M l p la i 

J^lata 3 .32 ( o f . P l a t M 3e30 « 3 .31 ) • ' ^ i a i a a o a a i a t a n t 

w i t h tha r e a a l t a o f 4 a J s r a M a U v e r i ( 1 ^ 1 ) # 
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n i t r i d e ^ wnfnaal iwi a i t r i d a hydroXjraaa aara a l o w l y v i t h 
v a t a r vapour than v i t h X i q u i d v a t a r t r e a u X t i n g i n l a M 
eztenaive a p l i t t i a e o f the bydraKide e r y a t a X I i t a a aa4l 
mmXlmr inaraaaaa i n aa r f aea a r a a « TabXa %1; a .u* t ^ 

o f n i t r i d e a t rooa i ^ a p a r a t n r e y i a l d a 1*0 le 10 

a r y a t a U i t a a %rith o a t u r a t e d v a t a r Tar-cmr and % 4 x lO**^ 

c r y a t a X X i t a a %Hlth a t aoaphar io v a t a r vapour* A^aia^ t h e 

hydros ida i n i t i c ^ l X y fonead gtwmm appreaiabXe X-*ray X i n a -

b r n i i d a n i l i a b u t a«Mi a a a s i 4 a « a U j r b a f a r a tba r a a a U a n i s 

Beaeaaa o f Xeao ax tana ive a i n t e r i a e d u r i n g i t a 

f ( « a a t i a a « mmtfimm o f m^gmmimm a i t r i d a a o o a i a i o f a u f f i a i a o t 

Mribeav o f a rya t aXXi taa a a a l l mmm^ t o ba mm m %h« 

eXeatroo aioroaoopay l^^Xeta j5«35 ( a f « oaXaiua n i t r i d e ) « 

Om a v p a M r a t o t l i a a t S M f l M W e — a i t r i d a p r o g r a M i v e X y 

l i y i f i t t y a i i i f o m l B e — a i l a ahapad b f i r a s i d a a r y a t a l X i t a o , 

v h i e h a p X i t o f f the n i t r i c e , KXata 3*^^« Tlia r a a a t i a a 

i 0 a a f f i e l e a t l y alow t o be f o X l K a i bgr a l a a t r o f t a i a M w a g U 

WtHtim^Um^ ^ ^ t h aa tu ra t a4 m%m Vayoar* aora a a t i v a 

h f d r o x i d e l a f o r s e d v i t b i n a a b a r t a r t i a e , i'Xate 3 « i 5 

and Table 3 . 1 . l ^ t e 3a36 i l X u r t N i W a t a m KardroXyaia 

a t 1̂ "̂"! t b a r e a a t i a a 4mm M t a p p a t r t a tova t akaa pXaaa 

t o a i:xm% e x t a a t v i t h i a tha t i M ( ^ } « 

Coroar iaao w i t h *d£x* h y d r a t i o a o f aa^JMN^ia, Tha ' d r y * 

b f t w i i i a a o f a a t i v e a a ^ a a i a bgr a a t a r a t a d v a t a r vapaaur a% 

givaa avantaalXy hydrox ide o f about t h a aaaa a e t i v i t y 



tfeet o h U l n o d andar a i v i l a r e o n ^ i t i O M S9^ the a s t r i d e 

(a iaaaeo, 1963b)« Xa l ^ h * t he o r t e a t o f h y d n t i o a o f 

i a abottt 90% and r e a u l t e i n the i a i t i a l f o r t a i t i o t t o f 

Bood1e"ahnpe4 liyorcaUde c r ^ t a l X i t e a , . i > t o 3*97 ( c f » l a t e ^ ^ w v ; , 

vh i eh tend t o boooM h e — t n a i l ahaa agod* Xa 2 ^ f a r t h e r 

r e a o t i o n l a aoeoapeslod by aero a e o l a « aad t h o h y d r o x i d e 

; ^ v l a e * MTO beiiagon..X a b a p o « r l a t o 5«58« A t h i g h t e a p a r a t u r f i a , 

f a a t o r r o a o t i o a aad r a t e o f e # o l a « r e o u l t o i a 

m r « « « U i t o a im a a h o r t t r t i M » m t o 
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P l a t o >.19 C a l o i u a a i t r l d o 2iydroljro«<l a t 95^ l o r l>b. 

f u c « 107; 



VlutQ 3*20 F r o o l p i t o i t « d CMlciua l i y d r o x i d o x 15iOOO 

108 

Pirate l l e c t r c c aicrocpr&-ph oi a niowjlm of 
c o i o i u n r i i t r t d o m 15»000 
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h - ^ H P l a t o 3»29 r^iCMOixiQ o x l d t t x 15^00 

kure 115 
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thm n i t r i t e s « M m i iMd i n the o a l e l M t l o a 

M y t r i s M t S t Are t b * M M M « l M M M « i i a t t e hy<brol]rM«« 

O M t l o n j i . l . 

o f thm xkitridmm W«M l i M t « d i n a i r f o r v«ri< 

1—gfcha ot t i M i a a f m a a a p r a ^ M t a t t h e r o q u i r a d t a a x » a r a t u r « * 

Tha produata vara a a M i a a d by M t h o d a a i a i l a r t o thQ#a uaad 

i n tbm liyara&arMa o f t h * n i t r l d a a * f a c t i o n 3*^*2« 

h l a o t r a a a i c r o e . I l a a t r a t i a g t h a m X a i a a t i w 

o t c a l e i a a aa4 M f a a a i M a i t r l d M ara p raaaa tad i n i l a t « a 

3>3*» p i M n a o i o t t 

F r a g B M t a t i o n ocouro vhaa aaah o f the two a i t o i d a a 

i a haatad l a a i r abara tha d a a o a p M i t i o o t M p a r a t u r o o f t h a 

r e a p o o t i v o hydros ida* fbm T o l a M c o n t r a a t i o a o f obout lo>i -

a c o o i ^ a a j l a c t b a a r y a t a l X a t t l c o crtwaga o f aaah r a M t i o a 

r a a a l t a i n aa i a c r a a M i a a p a a i f i c au r faaa aaA a d o e r M a 

i n a v « r a $ a w y a t a l l i t a B I M * T h M « tha o x i d a t i o n o f caXeioa 

n i t r i d o a t 600^ i s oaapla ta l a 5lu and t h a asKida f o r a a d 

haa a a p a a l f i a aizrfaaa o f 6*8 m^^z*^^ (avara^a o r y a t a l l i t a 

a i M , 2C508>* Ba a p p r M i a b X o o i n t a r i a c o f tha ox ido oaaara 

a t aXtar 20h« t ba a p a o i f i a au r faaa i a 7.^ a.^c«*^ 

and t h a a M M g a a n m t a U i t a a i M , ZkyM^ P l a t aa ^ho and 

f t o a M l l incraaaa i n a p a a i f i a a a r f a M a i ^ a i f l a a i i r o h n h l j 



t h « cottpl«t# o r y a t e l l i M t i O B o f t t o M w l y - f o r 

'-hf^ abaenee o f s i n t e r l n i n thm o x i d a aft 600^ i a i a iMapi&c 

w i t h I t a k i ^ aa l t l i i «^ v o i u t (2600^) C iv i le • tunaaa 

tawpawtaw o t 1160̂  aad 0«7r^ a q a i w i a a t t o 635 ,̂ daatioo 

o f aagaaalaa n i t r i t e a t 600* fMMi 

oKlda , P l a t a 3«<^ ( a f « m t a % 3 3 } » 

A a f ra tea t baa a ayaaifia a u r f a a a o f i r . 9 a«^s#*^ (anraraga 

c r y a t a l l i t a a i a a « 8 9 0 ? ) aa4 e i v a a a^p rao l ab l a X- ray l i M -

broadan4ag» Xta r o r a a t i a a i a ooapXata in 20h«« l a t t ^a r t h a a 

t h a t r a q u i r a d f o r a a l e i u a a i t r i d a o x i d a t i o n , o f * h y d r o l / a a a 

or tho two a i t r i d a a , :>eation 3*2* 
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tOat* OalciuD o i t r i d e c o l c i n o d i n a i r 
ttt Goo® f o r 17h. X 15,000 
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proc^d t tTM s i v i l a r t# t l i o M ttM4 v l t k o a l e i M M A 

r ! l x t v r M of ealeias h T t f r M i t e M d V T M s o l u t i o n woro 

W i l o a f o r variooo l O M ^ t i - L . ho ooXoioa oootonto 

o f «ko yrodttoto w«ro totov^iaod kir i i % r o U o n m^i- * 

Tho yrodueta voro a lso lavoot l^otod by aothoAo o l a l l a r t o 

toMM M04 t a tbo k v * r « l r M » o f kho a i t r i t e s * 

r i c v r o 0 3wto»> s b M tbo T o r i o t i o f t I A opooifio ourfao« 

M i M W « M o n r o M L U i o s U o i a i t e oorboaotioa of b iOmtod 

lieio ( 7 » ^ e * ) w i t h K^uroo (300 ml.) o t 95^* PXotoo • 

i U w i r o t o tho $t - r th« r M « t l o s # 

Caloi iM fe^iroxiclo i o roTMd v i t h m t mn^ i M t a M i i 

vhos oo lo i im oiwuuiido i a Hrf* k 9 ^ l 7 s o 4 a t 22^ or 99^ 

wi th wator vapcror, or *Mt« hTdrolyood a t 22^ w i t h %«at«r 

:ot<mo - wator a ix turoa* R o i w a t o r 

citio oarboaatoo 

A M i U a a o f w o o to f i v o a aa la r •oaooataat i ia mtmm 
l i a o va to r (19 t o o«02M> t o bo a o ^ & o t o l r ooaoottod to a a l a i t i o 

oaioiua aarhoaato oa b a i l i a e ^ar Honavor, tho roaaUaa 



m 

20 *0 60 

i i e ^ r * 3*2 V a r i a t i o n I n avorw-r* o r > . ' ; t a I l i t « a l M , 1» a p e c i l i e 
o u r r G C « , an<i u c t u i - l o u r f o M a rea o f , i r o < i u c t « X r o a 1 • o r c a l c i u a 
h y d r o x i d e . s \ i a t b « c f i r b o n e t l o n o f U B I » ( 7 , i f i ; . ) v i t h ^ : w u r # * ( £ 0 0 a l 



133 
i s much e l o v * r when e o X i d C A I C I U S h y d r o x i d * <7*^4;«« ^ • ^ 

i s adileU t o h o t i ^ u r ^ a a o l u t i o a iZ<>0 i ' h * M t ^ a t o f 

Gurhoautioa I s ^3»a>» i n G€*^^ 13t̂ . aii<: 91 v^^- i n 

2 0 b « T h e r e I s no a>^ttat ehaa^o l a mimcitic a u r l M * eeooiap t i i iy l i i e 

t h o r M O t l o o t y iGOro 5«2# d u r i n g , tfco e^^rly e t n j « « 

o f t b « r eAOt iOQ* thoro a r o a f m woU^lo r raod r b o a b i o c r y o t a l a 

o f o t t l o l i o v V l A t o 3 * ^ 3 » «Ad aoc3« h o n g c m a l o a o a , r i s t o 3 * ' ^ « 

t o a d l f t g t o rhombs i s t b « a l s o r u n ^ o * 3 - ^i<»«t o r ^ u t a X t t 

a r o n o t o u b o d r a l « a d a r « s i a a l l w t h a n Vbe u n r e a o t o d 

e a l c i u a b y d r o x i d o i o i n t h e f o r o oi s o a l X e r y o t a X l i t o s 

aalnXjF l e a a thiox 1̂  i n s i M . t e n d t o a ^ j r e c ^ ^ t o , K l a t a J'^^fJt 

unci e i v o a l i g h t X«cay l i n e * b r o a d a o i n o • w h i o h i s a b s a a t 

i n t b s u a t ^ I y - t o r M d c n l e A t a . Tha ra i e s t i l l a w i d a c r y s t a l l i t e 

a i s M r o n c e i n t he l a t e r a t a ^ e a o f t h e o a r b o n c t i o n , t l o t e a 

3 * ' ^ • 3 * ^ 9 « w i t h t h e l a r g e r c r y s t a l s a c q u i r i n g sh.':^r^cr 

ed^ea , ooapare i l a t e e 3«'»3» 3*'»<J and ^^hP' w i t h one 

a n o t h e r . 

n u « h o f t h e c a r b o n a t l o n v o u l d s e e n t o o c c u r by a 

" t h r o u c b a o l u t o n " aaohaniiMSy p r o b a b l y v i t \ oa le iuc^ oy^in^ t a » 

v i t h t he unchcine^ad h y d r o x i d e caus ing : v i d e v a r i a t i o n o i n 

t h e g r o w t h r a t « a o f t h e o a l c i t i c rhoraba* 

The r e a c t i o n p e r a i t a a x * e d u c t i o n ot l i e a a l k u i l i n i t y 

i n c a l c a r e o u s r M t e r i a l s und a f t e r w a r d s a p a r t i a l s e p a r a t i o n 

o f t he c a r b o n a t e * 
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' »«1 a i t r i d a t i o a o f 

^ - ^ T ' * t*rttrlifflt 
Kahlbaaa oadaina atiolco aad s i n e racpoa voro uoad 

i n tbo x M p a r o t i o c o f tho oota l f i l a a * Tho a i t r i d a t i o a o f 

thm f i l a a %«aa attoaf^tod uaixMC XCX aaaaaiag 

Tho na ta l f i l m wora prafoaod hy vapoar dopoal t ioa 

uaiaa tho aaaa t t o h a j f — aa t h a t aaad i a I I M i r o f a g a t t o a a f 

aacaaaitn aad o a l a i a a f i l M , flaatioa R i t r i d a t i o a o f 

tho f i l f t o v i t h a i M a i a aaa attaaiptad hjr a t tha ia a lao aaalo<»aaa 

t o thoao aaod w i t h oa lo iaa aal 

eiootroa a l o r a i i a f h a a a d d i f I r a o t i o a 

i l l a o t r a t i a c tho aa t a l f i l a a aat tha a f f a o t of 

thoa aro proaonted i a i-latoa ^ ^ l - 4«6« 

km^^k Piaoaooioo 

Coaparod w i t h f i l a a o f oaloiaa aad 

(f loet ion 3«1>t thoaa o f siao aad oadaiaa ohaw l i 

u ic r i^a t ruc tura l u a i f a r a i t y ^ t h i o haiai; aoro w^onwukmrnA 

f o r oadaitia, o.c:*, ooaparo Flatoo 3*1t 3*3% 3«9« ^ . 1 and 4 ^ 

v i t h oao aootbar* 

^ la to ^ ^ l ahova a vapour dopoaitod aioo f i l a and 

<Xato U«2 i t a olootroa d i f f t r a a t i a a pattova* da hoa t i a t f o r 

a t 300^ i a aflaaaia ^ a a t a pvoaaaro of 7 on . o f 

^ ahaaiaai roaa t toa i j a r r r t t o aaaar« hat tho 



: ; i x i t « r i n t ' i « •&teco«d a l M w h n thm mmmplm 

im p l M e d i n tb« path of th« ^mm l a thm • i M t r o c t • i o y » » o j » « 

P l f t t M aad '^•'^ i l l u a ^ t t t tlM» f i l a a f U r h M t i a g in 

a—nntftt Tba growth of t h e orjsttLllltaa o f s ine, Plata 

r a fna t a l a laeraaaad ' * ^ a i i l M a « * * l a tha d l f £ r a « t l o o pa t taro t 

Plata 4«4 ( c f * Plataa ^ . 1 a iU Tha raau l ta ara l a 

agraaaaai w i t h tiio&a o f a & r l i a r workarat vbo aXaa r a p a r t 

t l ia abaanaa o f abaalaal raae t ioa Wivaaa alaa 

a t t . arotuFa aaad aboTa, iSaetioa 1*S«1« 

Vba raeul ta f o r a a t e l w ara a l a l l a r i a 

' r l i a t l o B appaara t o eoaar v l t k 

Coaparaii w i t h f l l a a o f Kiaa« thoaa o f eateltai poaaaaa laaa 

a l a raa t rue tu ra l u a l f o r B l t j r « tha aadalna a r7a taXl l taa bala^ 

la rgar aaA aara ra;;ular l a athapa« l i l a t a (o f* iXata 

t t ia a f f e c t o f a iu ta r lAi ; l a ahoan l a FXata kmC. Tba f U a a r»v 

Slva a lactroa d l f f r a a t l o a pat taraa a l a l l a r to tboaa o f 

&iaa« 

o 
• 



t'lato ^•l V a l o u r acix>oltCKl s ix i c filri x VJ^^OCXJ 
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1*H 



tec ) and ^k^k (bo lov ; 
ctroD ' ' t sl i ic f i l e be: 

. . -^«r h « i - . ^. . . . . \«to© una 
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B!>e sine and m<)aitai mMm w«r« aa«d« 

T t t r t W i . 

IWMfwif • •o lu t loaA o f dittmrmnt eoaoeatratioas w«rft 

c lx*d M s ^ r a t o l y v l t h tumplm p e r t i o M o f s l M «r ld«» and t h « 

a i x t t m a w^r* steluw l o r MVWA I ko«ra# t l i« M»P«M1«M M T * 

Allo%r0d to M t t l « and th« c l M T M t u r a i o d •o lu t ioao aiMily—< 

f o r t h o l r mine s o a t M i by t i i r u i i o t t agaiaot y o t e M i M 

ferroejanlde* 

Th« proc#4ttr« was ropoftto4 w i t h oadaitca oxid«* 

» , 2 , 3 R o t a » « 

SIM a o l u b l l i t i M o f tha too OBiteo i a a^aooM M p « i A 

ara praaaatad grc^phloally l a ri^W^a ' ^ • l * l o r coaipariaoD« tba 

GorraapoBdia^ cunr* M r aaraurio oacid< wa aa tha aaaa 

aoala (Qla«am« 1 9 ^ ) « 

At clvaa eeiRKmio conota t ra t ioa tk0 a o l u b i l i t y o f 

aino oxid« i a aoMwUut ipra&tar thmm t h a t o f oa^iolua aarida* 

and aaA sroatar than t h ^ t o f aarourie osida* Tha a o l u b i l i t l a a 

a f alae and e^^niu-^ nxldaa laaraaao aora r a p i d l y th n tbn t 

of aaroiiric odtiuo wi tb Incraaaiae aa&oui j . > : i ^ t ^ . . 4 « . :a 

inoraaiag a o l u b i l i t y l a p l i a a that the hydrolyaia o f tho 

aataX n i t r l d a a v i t h vatar i a aahaMl i by iha foattat^as a f 

th c<x3plex«a| .vactloc "^V 



> i .1 ; < o l u b i l i t i « « or s l o e , 
xi<l«« i n mq^nmcr 

^ 



tef rinl0 
Xhe borcA & i t r i t e «M4 l a t h i s stud)^ i » « proAufit 

of A l f a laorgomim Iao« I t l a a idJlta p c M i v bavlnip a 

flaJgr taxtura^ V ^ 

aaaplaa of boroo a i t r l d a vara oalclaad l a a i r a t 

•00^ f o r rar iana lanetba of t laa# tba r a t a of oxida t loa 

wm aatar«iJM« vat«kia« t t o aaa#Ua Wfora aad a f t e r 

oalalaat loa* Tha yroAaata vara a » a « i a a 4 b̂ * X-ra^ d l f f r a a t l a a , 

alaatraa wAmtmnwrn aariaaa araa ••aa—>ai<ati# 

Tha r a t a of ox ida t ion of bwao n l t r i d a ia abOM 

i n r t c v a JOaatroa aiaiagpaflia U l a a t r a t i a g tba 

roaatioa ara yraaMtad l a llataa %1 « 5at« Tha Blerograjpte 

ara o f aaapla po r t l oaa« wliioh ara or a u f f i c i a a t l y f l a a 

i l r ia ion t o ba i i a l M i oa tba laaliaaaatp > 

Baraa a i t r l d a oaldlaaa fara lae bor ic oxida* 

IgO^t avaa i a tba a a r l ^ a t a « a a af tba a a l « i a a t l a c i » aa 

by 2aoaaalqr & fiaaaaaov (1952 ) t ^aat ion 1»10» 

la aoaoayaaiad bgr a r a p i d daaraaaa i a apaa i f io 

f r o a 11 #5 « • c» Tor 

Lbla l i n i t af abaut 0«3 ««r tba prodaat 

(avaraea a r ^ t » t a U l t a also f ^ o#23/- t o >itik}« Thia i a 
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on of boron n i t r i d e ftt 



ftttnrlbaUtf t o th« low M l t l s K (r^k^}^) of bor ic o x i t e , 

which t h « r « f o r « « e t « mm « wAmmrmliMr* Thua^ ih« produeta 

t«nd to bottd %Of«tlMr M d iriurlakt c f . bMdiae a&d hot 

VTMaiac o f baroB n i t r i d o w i t h a i l iOA (C&rbdmtfOB Co«, 

1969}« CoaMquoatXy« th« r a t a o f raaa t ioa taade t o daoraaaa 

aa tba oxldot ioa baooMa iaaraaaiagly aoatroUatf b j l i q u i d 

av a o l i d a ta ta d i f f a a i o a » aapaoia l l^ tha Xa t t a r . Tha a f f a a t 

i a Mra yraMttMad f o r o i l i a a n n i t r i d a oxidat ioot whiab 

i a a i a i l a r t o tha t of baran n i t r i d a , but d i f f a r a a t f r o * 

a l a a i a i iw a i t r i d a oxidat ioa (CoXaa« aiasaaa lb Jayawaara^ 

19691 aac Appaadix ! ) • ^ 

Plata ^#1 i a aa a lae t ron aierocrapk ahowiAe rod^ahaf 

aad baaatfOQCil p l a t a - l i k a p a r t i c l a a i n a aan^la o f baran 

n i t r i d a * Calainat ion raou l t a i n i t i a l l y i n tha rounding 

of tha basaeoBal plataa . fo l lowad by t h a i r a e e r e ^ t i o n , 

Plataa %2 aad $»3# r o r t h a r aa la i aa t ion aontinuaa t b i n 

a43«rasatioo (F l a t a aad alao oauaaa d i a t o r t i o a o f tha 

rod^abapad pa r t i e l aa t ^Intaa and 5«6* wbaa about 9o;^ 

o f tha n l t r i d a baa baaa oxidiaad thara i a m f f i a i a n t oxida 

i n tba d iv idad atata to ahaata tha appaaraaaa of tha 

ACSraeatas* Flataa M M d S^Aa 
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G>1 c a l c i n a t i o n the r i t r i a e a 
6^1.1 Haterlala 

The t i t e i i u Q ana fiirccaiUD n i t r i d e s are ̂ producte of 
Alfa liiorcc^-nicfl Inc» '^itttniuffl n i t r i d e i o a dai?^ cr««nlsh-
brown powd«r# i'/irconlun J i i t r i d o to a croy powder and costaino 
ao2» f r o * Q t t t a l , u l i i c l i chov's up c l e a r l y on the X-ray powder 
S^attorao. 

grocedupe 
The n i t r i d e aoisplod were caldined i n o i r f o r variouo 

lonctho of t i a a and a t d i f f e r e n t tttoper«turoo, and t h e i r 
wdicbt changes detcrDlQed* The producte were e:»:ar3ined t y 
netboda c i i p i l a r t o thcoe unod w i t h the hydroly«io ^raCuets 
of calcium and ixie^eaiUD n i t r i d e a . Section 3»2*2« 

6>^*^ P.eeulto 
Tho yoriatioao i n the e p e c i f i c (surface and averaee 

c r y s t a l l i t e oi:&e of titazsiuc n i t r i d e v'fith the extent of 
cxidntion c t CGÔ  are shown i n Fii;urea G«1a«d* *rhe r a t e of 
oxidation a t lOQs)^ I c ahowa i n Figure 6#2. l.lectron 
nicro^^raphc i l l u s t r a t i o c the chjungee are presented i n 
Plntee C«1 - 6.3» 

^he rate of oxidation of a&irconiuc n i t r i d e a t varioao 
tesperatureb in ahcun in ̂ ig^ure 6.3. The ch«in£;e occc:2f;anyinG 
tho reaction i e i l l u s t r a t e d i n Flatee G^k - G*5* 
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f i g u r e 6»3 Cxidation of E i r c o n i u a 
Ditri<5« a t d4mr«at tftaporaturea 



6•1»^ Dlscuagion 
Calcination ct t i W n i u c aitrid© i n a i r n t 600*̂  

r«8ultrt i n t h * t^trti^cnul oxld« (rutiid» ' ^ i ^ ^ ^ b»inG toraed. 
I'iCupo 6»1c confino t h c t tSia uQight incr€«9» i o i n i t i c i l l y 
r a p i d , mcc«leratin€ duria^ thm f i r a t h a l f hour* bafore 
becosiine; approxlar^tel^f llascur and than ;u»r&bolic (Gaiasonov 6 

tov altisiniun c i t r i U e (Col«a, Glsofion Sr Jay&vo«ra, 19^9)• 

"ihc X-ray O i f f r c c t i o n patterue of protlucte forcftd 
tottf6«n too - 1000*^ oliotf srltride esxa oxide "r«n«ctiona" 
onlVt IndicatiQO no inter»5«?<liate coapound« with diff«j?«at 
l a t t i c e dicsenslono, ««c»f o x y n i t r l d t a . At C00° th© r e f l e c t i o a o 
due t o r u t i l e «r© ob©«rvod cnly cutter about 255̂  of n i t r i d e 
i s e x i ^oed. However^ o t broaden«d oxide peak.'s appear 
a f t e r only 7/i oxidaticn i n Jh- ̂ h© loncor c a l c i n a t i o n time 
at the lower tenperature peroito cryatallii5&tio& of r u t i l e * 
At hi:::her teoperatu^es c r y a t c l l i s a t i o n ft&y bo ret&rdcd by 
tho a b i i i t y ot osycea t o replace nitrcgon up t o 'i'lH^ ^0^ ̂  
i n tht? l&<::tico without a l t o r i a o dinenaiono. ?2si3 
occurs vbon the binary ccopouDda are s i a t e r e d at 17^0^« and 
i s folloiifed by a decrease i n the l a t t i c e coaat&nt i n d i c a t i o n 
a l i a i t e d s o l u b i l i t y of '?i?t i n TiC (OchaitaOuoont £s 

iitelnbere, IQŜ J-)-
Durirjts the f l r a t 253 tf«i£bt a^n a t 600^^ there i e 

cocpc^Tolively l i t t l e iccrcaep i n 3.:}ccific curface, and 
tbo actual eurface area fr o n an I n i t i o l aaoiple of 
n i t r i d e , Thi© i o followed h'j a aore r a y i d iacrcaoe 

1G1 
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and tli9n a fiftcrsatts in tbeee qixftntltioe am tl.s r«actloa 
X^rocaodVy Ficur«0 G*')a-'b« X A I X * ^ im Initial 5j:icrervO0 and t!ittn 
« decrease ia the ftv^mc® cr^etallite aisa, i/l:,n;i*© G . l d * 
Thus, the tituaia ©plito o f f to Qi.xm fic»ller cryeti^Olites 
when i t cryAtalXisee out froia tL« nitriple matrix Coring the 
a c c e l e r R t o P 7 and opprcsciaatoly liacar atac^o of oxidfttioa, 
c f , Trlatee 6»1 a»d G#2. l ib di«coiJtir.uitleo In tho oxidation 
rates are ob6erve<lt vhen t&e 8«apl(»9 are cooled for surface 
orea Btfaexu'ortento and oubeequentXy rc&eetea. ̂ huc, ciay 
additional epalXlnj at tbe nitride - oxide iatcrface .io 
nec3.isiW« ̂  cooling proceoo, 'rhie iudicotcci t h a t 
crs^tnllite oplittinc in aaialy due to tUo chsxnc^o ia cryatal 
structure (cubic face-ccntr«d t o totraaoacl) sud aoloculfiir 
voluae (fracticnal iecroaee of 0»625D), ao t!ie nitride chancoc 
t o the lese dense oxide, cf. Pilling; & Dedworth (1!}23) Î ule 
for aietaX cocidntioai ^:lie aasinon incroac^ in tUc auGlJor of 
cryatollitoa calculated tvon aurface area data acccrding to 
Glateaon̂ c (195Cb) notliod (Section i t about 20-fold, 

c f » oxidtttiun of aliuftittiua nitride at r<JOd^ (Coieo, Gluseon & 
Jayawera, 1569)* Crystallite splittin:;^ cppureatly fcoilitatee 
release o f nitroeen, for tUo ultiaate weight g a i n (sfter BliKshm) 
at GCD̂  is t t ie thcoreticnl value cori-cniToadio^j to coeplete 
oonverflion of TiH to 'QiO^^ 

The factora, vhich coatribute to t h e dotuiled s l i c p e 

of the initial oxidation rata curves a£id vhloh are aucofiriaed 
In Cection 1 ,6, api-ly otoilurly t o tlie oxidatioms o f titanium 
and aituttinian nitrides (Colec, Glsaaon ti Joyaweera, 



165 U n t i l a t ^ c i f l c anouat of oxido i c ̂ eraed, o coherent 
layer of t i t a a l v i l a not ̂ roUuctd. n i t r i d e aia^^aco 
ronaiao orp&3*4 t o tho foactln;; gti«, eo thr.t the k i n o t l c a 
of t h * r«action api^oacbvs l i c e a r i t y ^ c f * Cecticm 
tjhen. thero its »ufficl«nt C3JL1<1O of r a t i o i ; ^ ! crystalllt© 
slse coepocition, i t eli&tttra t o forts our face ftlGo tnro\2ch 
wh&cb nonnal g'̂ Ŝ ÛẐ  A i f f u f i i o n csmaot ousiX:^ ocour* Uolid 
state OifftiSlon i o ciov the rate**-eoatrollln£; f a c t o r , the 
kiiieulcs becosw3C piirctbollc, ond t^e our face area docroaeao 
a f t e r about 307^ couvareioni aa i a obaprvoa i a Fioui'o G.1b» 

At CQ^f (C75^a) l i i a i t c d o i n t e r i n c by curfcco a i f f u o i o a 
i« llkelsr f o r t i t a n i u s oxido, f o r i t a K ^ l t i n i ; point (1520®) 
Civca 0.5^^ :r: nT^Ol^ii and 0.3^^ t= CsS^K; seo /joction 1.6* 

f^owertr, t^io cracU higher o e l t i a s gioint of t i t a n i t i a n i t r i d o 
(293^^/ uives 0,5V^ » «o t l i a t I t s a t n t c r i n c i o u o c l i g i b l c 
a t Ceo*', ̂ hlc explcvin^ tho docr«a«e i n surfac* oroo Uurinc 
the l a t o r ut«̂ o<3̂  o::lddtloii when there i a tsore cxide 
and loao nitrid©* Fieur^ja C.1a-b» 

At 1000** tha oxiaation i« very r a p i d , î icur© 6*21 
w i t h about of the convercion ocGuriiDt^ duricc thm f i r s t 2b» 
by en advc^cia::; yellow brown interface through the eam:)lo» 
i;inca t h i e teuporaturo i a w e l l above the ̂ i'aiatieaa temperature 
of the oxide, a i o t o r i c a i c oxtenoivc, Flete 6«3« l/eicht 
chaD^es ifidicixt© t h a t the f i r u i l laaac of t i t a n i a retoina some 
rosiduisl nitrocea GorictiiK-T^lut; t o on o v e r e l l coapccition o f 
^iO^n^, where s ̂  A c i n r t l u r behaviour has been 
observed by D e l l , irhecler d Hclver (1^66) i n tho oxidation 



of uroniue n i t r i d e , which forta^ products of conposition, 
UOyi^, vhero x = 0.2 * Q.k* 

Tho a c t i v i t y of r u t i l e ^prepared by the cal c i n a t i o n of 
anataae (the other tetragonal f o r u of TiO^) aboire 1000^ i s 
much higher thaa thftt of the above BaBi;aee prepared froa the 
n i t r i d e (Glaenon, Johnson & Gheppardf 1!;C9)« Presuoably the 
t i t a c i a foraeC by the oxid&tion of n i t r i d e i s ijiroduced i n a 
eore compact f o r o , and aleo poornibly givce o t^rain oiae 
coapooition acre duitAbXo f o r s i n t e r i n g * 

Oxidatioii otadiae on aircOTiurs n i t r i d e cro co:::;plieatQd 
by the preneuce of ffieverai forae of oxide (I'cCiaiouah & 
7rueblood, 1959; to»diyasni & Ifyuch, 1S£^)» ana alao becnuae 
there i e eoBse tvoo a e t a l i n tho n i t r i d e * On calcininc tho 
n i t r i d e a t 500°, the «ircoaiu3> oetal peoka ore brcadsndd, 
but there i e l i t t l e woight coin (3P2 i n 2Ch.>, Ficure G.3. 
At 35̂ >°, tho oxidation of the free rsetal and of the n i t r i d e 
i a ouch f a s t e r , the aonoclinic oxide beinc forced* At kQO^^ 
however, cubic ssirconia i a the aiiin product, fit hicher 
tenper&turee, e«g«, GCÔ , the tsonocXinic oxide a-ain appc&ra 
and dovelopfi noro rapidl y w i t h iacreafilns teapcrature* *hue, 
on calcining airconiua n i t r i d e at itOO^ f o r 20h., nonoclinic 
s i r c c n i a i s the only product, Plate G.5 ( c f . r i a t e C.^*)* 
At thie teasporature no tfttracoawl oxide to detected, i n 
keeping with tho oboervntioao of Lynch, VahlfiieU t< i-cbiacoA (1961)• 

Convereion of i^r:: (cubic fcdo-coutrcd) to cubic ::rU^ 
(alco focc-ccatred) involves a f r r i c t i o c B l voluae iucre&ae of 
0.367, which f u r t h e r incs-eaeea t o 0*521 of tho i n i t i a l volu«e 
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of nitri(Je vhen the for£?atloa of r a o n o c l i n i c Kirconici i s 
caaplete. C r y s t a l l i t e c i ^ l i t t l ^ i ; i c cxi>ectoa t h e r e f o r e durlnc 
th& c a l o i n s t i o a of tLc n i t r i C o as cb&erved by Eayea ^ 
Hobcraon ( l ^ ' * ^ ) - ^he hicb K c l t i n i ] j j o i a t of tUo n i t r i d e and 
the oxide <55£5*̂  »nd S'̂ Sd*̂  r o o p o c t i v e l y ) i a p l y th^it evon at 
1G30^ both cctspound® are belisv t h o l r Ccatann t e a f e r c t u r e , but 
above 0^5?^ ( e q u i v a l e n t t o about 700*̂  f o r LrK and 620^ for 1>0^>, 
o f . '̂ i« ana '^1^2* '̂ «̂̂ oforo I t i a expected that the cocpotmda 

w i l l o i o t c r by ourfeco d i f f u s i o n p r e d O E i a a n t l y ; t h i e c o u n t e r a c t s : 

tne e f f e c t ot c r y c t c a i i t o o p l i t t i n c oat3 l e a d c to a:;;grocation. 

Flat© 6a5 ( c f . Plate 6Ai* 
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Chapter ? 

^ho r e o u l t s of the l n v « s t i g 6 t i o n o r « p o r t « d l a t h » 
previous four chaptftrs i l l u 3 t r « ^ t e the ganorf i l p r i n c i p l e s 
ou t l i ned i n Cliaptcr 1» ^h* a i t r i d e s , wUloh hav« been ntudiod 
i n t l ^ iu work, c&ftelyi t h o M of C«t Zn^ Gd« B« ^Ti and r^ri 
cover a l l three tsrpea i n the c l e s s i f i c u t i o n (Qaetion 
S'Uufs, the f i r o t four o f the above u i t r ideG &re concidered to be 
i o n i c t boron n i t r i d e i a o l a e c i f i e d ae ccvalent , wllnt t i t an iu ia 
ima uircoBiutt ni t r ic^e* t y p i f y the I t t e r a t i t i o l c lasc . 

Ci'fae a i c r o c r y o t a l l i n e u n i f o r a i t y o f the c e t o l f i l a c 

c o n f o r m to tut uotee on o i n t e r i R ^ eteted i n Ceetion ^•C* Thuaf 

the fteltin^ polQfcs of o a t a l l i c cclciua^ rMa^neaiua, sine aad 

cftdalUB <1l2it, 923. ^93 and respec t ive ly) iasdiceto t i i a t 

a t rooa tca^erAtore c^ lc iun and oagneeiun are u e l l l^elow t h e i r 

TAaeasu teoperaturee; whereas, ziac i s about TJD^ below and 

c&daiua Juot above t h e i r respect ive values* bnder laboratory 

condi t ioaa , t he re fo re , the exteat o f e i n t o r l i i f j i n c o t o i l i c 

'^'fi* f'Gt 2^ Cd voidd bo i a decreas inj order . Thio i o i n 

A:;:rac»eat wi th t h e i r K i c r o c r y e t a l l i a e u n i f o r o i t y , which a lso 

decr^eeeee f r o a C« t o Cd» 

Clie betevi-our of the o e t e l f i l a c towtrde l i t tc i tp ted 

a i t r id J i t i c» i e;',reea wi th the thcroodyuaaic data of the ni t r i iToa* 

*lio etendiird ^Trpe energies o f fo roo t ioa of tho coapounac increase 

i n the order, r ^ , Ca, CIn, Cd; i » e » , AG,., fis leaot ne^jativ© f o r 

cadaiua n i t r i d e * 

1'he ro su l t a of ti.« tydro lyao© c f oalc iua tmd oo^ncciiJto 



172 z i i t r i d e * imCor vaTiouo condi t ions or© aiecuejoad i n aec t lon 
3,2.^f« Lhe proper t ied o f t i i * i?rcclucta <2apend on tho conditioxio 
o f hyi l rolysle and th« i^^csortivs of the r e a c t a n t e » A ^ i n , tho 
rcBUlta i l 1 u n t r a t # tfcti c « « e r u l r r i n c l p l c o o u t l i n o d i n Gbaptor 1. 

ITijo ca lc inAt io t ic c a r r i e d Out i n tU io work c^ov tUat 

the t l iree clasaeo o f n i t r i d e s l>e&av6 d i f r o r e n t l y . A l l the 

a i t r i d « o iora t h« oxiaes on b t a t i cG i o a i r t o o c u f f i c i e i i t l y 

l^ i^ t i ten^oraturo, but thtt ra too ot cziC&tion and t h » proper t ies 

of the c:ci«l«s ere d i f f e r e n t f o r i c a i c » covoleat aud i a t o r c t i t i a l 

i3ttrld»©» 

ColciOiB aad caon^siua c i t r l d t a requi re coapor&tivoly 

low tei::perctur«« ond short t i n a a f o r cockle te oxidat ion* 

^Ji9 resctiooa ato accocpanied f o i r a y l ^ r ^ o changes i n 

e p s c i f i : axivfwom S'ituolun ê nd eirconiun c i t r i d e o requi ro 

l o a c § r t i £ o e and higher teapftraturcs f o r t h e i r o x i d o t i o n . 

ii!crca£Jo i n ourfiice iup«a f o r the ox i i ! f i t ion o f t i t a n i i i a 

c i t r i d * i i i l«3e thac that f o r thn oxii!Btiono of tfca co l c iun 

and Gsa^tsiuisi coapoxmcUi, i n s p i t o o f ttt l a r e o r voluse chonzeo 

f o r tfe* raactioao o f th® foraer coapound*. Oxidation o f ttie 

c o ^ l s a t boroii n i t r i d o aleo r©Quir«c hl^h tecspos «itur«a and 

lQn3 t i t tc©, raac t ioa i o accoapaniod t y a decrcaao i n 

s p t t c i f i c carface. 'Thie i « r « l a t « d t o th t low o a l t i o c poin t 

of fcorcn oxid9, \4hioh t b « r « f o r e r s a d i l y c i ^ t t t r s* 

Further iov*6t l | sct iono or* b^ in i ; c r j - r i f t d out i n t h i o 

I^dpocvtc«nt a i tbci f o rn f i t i on and r « a c t i i r i t y o f t i t o a i u o and 

aiirconiua nltrideUip ^'tes* ctuGics or« fceinn •xt«nd«d to other 

t r a n s i t i c a oa t s l n i t r i d w a , and also to boridoes, c « r b l d e a ond 
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Addaaiano, : J . . J . ee t r ech t»» Coc», lOC-i, U^^, 1072* 

Alexruaer* P-P» s l a t e n t , S , ^ l , O l u , 5/2/r>9&» 
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.1 ^ a M O U > m i M u i r u j .1 - u i t a l ) ! ' \ o i a u K - h a h i i i ."i i it l n u i ' n ' / a i 

h v d r o f , v ' n . 

M c c h u n i s i u o f i i i t r i d a l i o i i 

I h r - a n i l - p i i n c i p l - -, a s i h o ^ . f u i i i \ i d r l i h u L ; I ' I \ V I I ; , i i - - r x p . - r t c d 

l o a | ) p l v l o n i l i i d a l i o i i I ' f n n l a U . l o r m a l i o n o i o a k i u i n n i l r i d e ' ' . " 

a.,.[ 

1- i - o - i - i - - n i w i l ii i ! t . ' I h i p k i i i i i M M \- < d M - p ; ; A ( ' . i l . - . i . t i l j ' - r a f 

h i : : , • I i . ! l ' - d I d ' ; M H ' . o h-n- i ' i n " f',• ] » ! - . r d i i c ! 

] . , ' , ' • i i ' ' ! ' • r J U ' I ( | . p. n d - " M I In -• p ' ' V ' I ' " ; h- i o i o ' j , t r ^ 

- i r t . ;:•' 11 - n ; ; ; ^ -* - i r v i i - d>!' a ' U M ; pi if i | i i '> l o : i n a - u i ' , < r ( M - ( f n i -

p ! ' \- M X._. ;. i n h i l n i i i n ni t i i i k t i i n n , " i ht l a o ' i i i i t i . d i v i n r : i - a < f ^ i n 

.1' • i f ' \', i ; ! I ' m i M ' h ' ! !{ - d i : i h " I n i i ; i d - m i " ; ! • m - u d . A b i ' \ a ' 

a c! i ; h \ i l I h i f ' K ' n i - t h r r a l i - h; c o m , . i n i i - i . m l . a 1 v ! • ' ' • ' ' t i m " i b r 

n v : o f a r ; i ' v a i i i ' n i-- n ' ' ! : h L ' i b h ' - - n i a l l . 11" p : r - ' u r ' \ - l u h - n c r o l 

t h ' ! . • ; ! - n : : : ' r s i - i h a ; i h r c o n ! r ' i l l m . : p i n r . > - ~ iv ; [ , I ' V f v n i r i u o f 

, U a - r t M i - . n i i i o L ; r i i i h i o i i ^ h l i i r ] » " M ' n - n i i i i d r ! a \ r i - - t i . - a m h n r 

a n d K n n d - n i l o w . 

M ' l a ! r \ a p o [ ' . ! i ! i ' n ' t r c n v - i f M i a l l v a ' " c o n tp o n - > n i i i t d a i i o n . as 

. - h " \ v i i l u - r l r r ! r n ] v i M - h i - d m a i , ' i u - i u n i in vriv j ' m i n i i r f i L T r n ' " a t 

I " c m p : ( - - - m r at a i f M i t H o n . I i i : ; h r r n i t r o , ! , - ' i i p r r - M i r r ^ p r u -

d n c r • i ) i c ;W :av . " a \ ' - ' . i . r . - n d d r i i i n ^ r i M ^ ' - - i n \ v c i ; : b i r - i r . , r .v i") Ia inrd 

i n i i r m - ^ " ! i h r f o i m a l i " n a m i i . ' i o w t h ( d r . u a i i r ^ a i i h c n i t r i d e / 

n i r ; a l i n i r r h i r * , \ \ a l h l a i p t i i f r o f i b r l i l i n {-"Vi r i n : : I ' l - c t \ ' i ! y . T h i n 

I d m - j V T j n i l i h r m a r n t - i u m \ - a j H > n : to t ^ r a p r v . i i b o n i i r a r t i n i : 

N ' . i t i . n i r r - o - ' i i w i i l i i n I I P - r i ; i r ! . > . n i n r . - . \ - r r y p i i r r n i a , L ; n ( ' s i i i n i 

m t i i d " m a n n f i r l n r r d b \ ' h r a n n - ; m a L ; n r ^ i n m :\\)>-v- ih< s u b h m a -

l i o n t - n i j i ' T a l r n ' r b i l l b - 'huv [[< m . p A h ' i n i i ' d a m o m i l o f 

n i i r o L ' i p ! " i a m m o n i a ) i ' . a i l m i i i M i I ' t i i n i i a i r - i i r f a c i - n i i r i d i m , ' , 

r ' t n \ r r - i o i i o f , d l i h r m r i : d i " n i ; r i d r i h n i i c n i p l ' i ' -d !'\" h r a i in;,' 

i l t o a t r m j ^ r i - ; : ; III r ^ i i l T i r i r i i l I " c a n - " i h r > n i ' h m r ( i m - ' L ' i ! r > i n m to 

iir« a k thr -on;:! ' i h r s u r f a i - r n i i r : of n i l i i d r , a i ' d h \ y : : : . ' d n a l a d m i t -

tan',-' n- a i h h t i ' i h a l a m n u i i i - n f i h n ' o i ^ i - n . T h r i " n i r n i i r i d r s o f 

C i r o i i i ' I I . M ^ ' v . ino^-;l\- h a v r ( .»!•_. >>\ M n . ( ) _ , - ! y p f <" ' \ ' - !a l s t i a i r -

w.-.i - I n M L . \ ; N \ . . i h r . \ ' - ' i ' i [ |v M C ' - n i ' \ - l a . l t i r r p o - i t i " p ~ r o r r r ^ p p u i d -

n u : to ' a - - i : ; t ' a h , , . w i t h l i i ' M - - n l h n ; : :! o t i l n - I - i ) M . i r i n n ^ , T h r 

\ -a ' - . ; : : ' . i- v f.; - d i l a ' i d i l i n ^ i " ! ! o f . \ I •- i i n o i i L d i t h r n i i r id< K i \ ' r r . 

I ' . l f c c i o f o \ \ | ^ e i i n i u i w a i L ' P o n n i i r i d a i l o n 

I i . r . i ; ! i d p ! o d i a l i o n , i [ - . i i , d h nw i i inn--1 h r i v r l a d - d . - i n c r it 

\ ' : i . i ' i n i > . u i i n • \'. l i ! . ; 1 a n n i r i a l - m ! , - r ^ . . " ^ i - n i r -

I : n . • '' • : : . :' !i i ! i u l .111 m i l M I n r : :d - " i Ia» • k:\"< s p ' • ' - I I i r v n r -

h . i i n n - * a i j y ^n I i - i ' [HI a; i ' \ \ . • n i ' ' a r k . i nd , d l ' l u i ; n M l a i i on 

i l i : ' ' < l ' I. w i i h I 'a rh' n i l • : I - i l d v l i - ' I h \ - h v -

i i : J . - • V. ,11' I \ tpi 111! I l l h M l ' d ' • V.' \ r i , l i \ ' \ \ ' i r ! ' 11 ' n i l I i d r 

!on^ a p I ( plat y d h \ h \ aho \_ \ i l o n ^ , - i i u ' r r a r h N ^ is i r p l a f c d b y 

' d i i I r !)!m b r ( < ' i i i r - - \ I 1 \ \'. -'a I : a n d 1 i i p l nrr-- v. I i i ' - t \. < i \ t h i n . 

. \ : \ 1 t ' m [ i . 1.1 Mil I - d ' ( i i t i i p ' r p ! ' in ' tl i h r h \ ' d i ' ' \ i d t " o v i d r 

f . r I - f r ! I hr-: I I a , L ; i n r n t a I il I P . . ' ' 1 . n- . m i n a v . n r s i n i n m i : id a I i on a! 

t r m p t ; . . I n; I b r t u i r i i l o l l a n d i , > \ a p o i at i on o l i iu l a l is ]>ro-
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i n o l o i l>y tract ' s o f wMx v \ \ i j n n i r b i i l i n l i i h i t r d b y " \ y ; , ' ' i i . ( " I i :n ; ; ; ' s 
i i ) pliaM: cn i i ip i i s i l inn . s u l f a t e ait a a n d ^iz^.'S o f c r y s t a l l i t e an t ! 
a ^ ; ; H 7 ; . \ t i ' t U i i i n j ; i j i t i i i U - l iy^lh>ly.>is l i a v i - h 'M -n - U i i l i f t l In* U u ' 
a i i t l io r . - ; . ' ' * 

H y d r o l y s i s u f iiuc, c a d i n i u i i i a m i n i i T M i r i ' - n i l r i d i s . o .y . 

Z i i a N o ( G H j O 3Zn(f .>H)2- f - N i l s , e n h a n c e d , p a r t i c u l a r l y 

a t l o w e r t i ' i n p L T a t i i r r s . l i y l i u - > o I u l ) i l i l y n f t h e i r o x i d e s a n d 
h y d r o x i d e ? . i ) e i n j ; i n c r e a s e d m a m m o n i a . C ' ^ n i j i l e x e s o f l l i e Ivpc 
M { N H 3 ) , f O M ) . j are f o r n i e i i . w l n rc \ - e \ f o r '/M a n d C d a n d ' . ; 2 

f o r lJi , ' .*° S o l n h i r c a n s i i c a l k a l i s a l so p r o m o r i - n i u i d e d i s s o h n i o n 

f o r n i i r i i l ( . - s o f Z n a n d als4> H. A I a n d S i . Pres>«-d, e x t r u d e d > I i p -

cast s i l i e o n p o w d e r c a n b e d i r e c i l y n i i r i d e d . ' ' - ' ^ b u t t l i e presence 

o f o x v f ^ e n r t ' dnces t l i e n i i r i d i n ; , ' r a l e . H v d r o l y ? i s o f a l u m i n i u m 

n i t r i d e f o r m s p a r t o f i h e S e r p e k proce . -s : po^ -^ ibk us(.s o f o l l u r 

m e t a l s f o r n i t r t i j ^ i : n f i x a t i o n h a v e been d i s c u s s e d b y So l imun . ' ** 

.Most i n t e r s t i t i a l m e t a l n i t r i d e s a re n o t l i y d r o l y s e i l so r e a d i l y , b u t 
s o m e o f t h e m . e . j ; . T i , Z r . T h a n d L*. a r e c o n v e r l e t l l o o x i i l e s o n 

be in^ ; h e a t e d i n a i r . T h o r i u m m o n o n i i r i d e ( T I i N l o x i d i s e s r a p i t l l y 

a n d < p K ' i n t i t a l i v e l y i n m o i s t a i r a t r o o m t e m p e r a t u r e e v e n i n i n g o t 

f o r m , b u t p o w d e r e d m o m m i t r i d t S o f u i a n i u m . - ^ t i t a n i u m a n d / . i r -

c o n i u m are ^ p i i t e s t a b l e a t l(il>^ i n b o i l i n y w a i r r . U N p o w t U r 
i^Mii ies i n d r y i » x y ^ ' e n - ° a t a b o u t .*J)H.i', N i t r i d e s o f t i t a n i u i n a n d 

z i r c o n i u n ) p r o i l u c e T i ( ) « ( r u t i l e ) a n d ZrO^ ( t e t r a g o n a l f o r m ) w h m 

c a l c i n e d a t t e n ) p e r a l u r e s be tW ( ;en K H J ' a n d I 'HMi a n d 300" a n d 

H K K i " , r e s p e c t i v e i v . a n d cau.se i n d i r e c t c o r r o s i o n a f t e r t h e m i t a l s 

h a v r n i t r i d e i l at hi^^lu-r l o m p e r a l u r e s . 

JCxpcrimcntal 
Materials 

C a l c i u m a n d m a g n e s i u m t u r n i n g s w e r e e v a p i . r a t e d in vmiio f r o m 

a i i e a t c d l i l a m e n t i n a n e l e c t r o n m i c r o s c o p e s h a d o w i n g u n i t . T h e 

ine t a J v a p o u r s w e r e c o n d e n s e d as I d i n s o n p ieces o f m i c a ( l i a t h a d 

been c o a t e d p r e v i o u s l y w i t h c a r b o n f i l m s . T h e i i l a n i e n t c u r r e n t was 

i nc r ea sed . s u l l i c i e n t l y s l o w l y t o a v o i d r a p i d t e m p e r a t u r e increases 

a n d p e r m i t m e t a l stresses t o be re leased , so t h a t t h e t u r n i n g s d i i l 
ni) t l l y o f f t he l i l a m m t b e f o r e e v a p o r a t i o n . Th.-.-e t i l m s w e r e 
i i i t r i d e d a t d i f f e r e n t l e m p c r a t u i e s f o r v a r i o u s l i m e s , a n d l a r g e r 

a m o u n t s o l n i t r i d e w e r e p r o d u c e d b y d i r e c t i i i i r i d a t i o n o f i h i - n i e i a l 

t u r n i n g s . 

N i t r i d a t i o n o f c a l c i u m b e l o w COO'-* g i v e s m a i n l y t h e b l a c k f o r m 

o f CagN^ ( p s e u d o - l i e x a g o n a l , / v - - 3 - 5 3 . \ , e — w h i c h i r r e v e r s ­

i b l y changes t o t h e b r o w n f o r m a t 001)-7JO'. T l ie h i g h e r - t e m p e r ­

a t u r e f o n n ( c u b i c M n . p j O - v t y p e . w - l l - 3 8 . \ ) w a s h y d r o l \ s e d . 

:U\ S.r I M O N f X l U A l ' l l N o . V8 

r i l i s f o r m r e a d d v s in t t Ti d a t i o v c T.'tO . w h i c h is m i i c l i h i ; ;h ' ,T t h a n 

the T a n i n i a n n i f i n p e r a t u r e of 7.'11 K or t t i l a n d gavt* • - p f c i f i c 

^ m f a i r s y of K-'ir, t h a n ' i - d j n i -^ ; The m . i g n e s i u m n i t r i d e ( c u b i c 

M n ^ O j l ) '>3- ty i>f , a ii-'.t. 'iA) f l i d not s i n t e r so e x t i - n s i v e l y . a n d b u l k 

s a m p l e s m a i n l y c o n s i s t e d of s i ng l e c r y s t a l s o f sizes 2 0 to lOO/i 

(s o - o i ti> O'li.") ni'-'.t: ' ) . hut the - iu r f . i ce a reas ()f l a y e r s i n i t i a l l y 

f o r n i i - d on >hert mai;rn ->ium i n d i c a t e d a w r a g e c r v s i . d l i t e - izes of 

o n l v alM)ui l / i . 

Ni t r id ' . - . - <.f z inc a n d c a d m i u m w e r ^ W<\ o b T a i n r d h \ !*.• ; i : i n g t h e 

l i n e l y d i v i d e d m e t a l s i n a m m o n i a . S u r i a c n i i r i d a t i o n o f m - T C u r y 

b y s l r i 'ainin!^ n i t r o g e n a e t i \ a t e d b y e l ec ir ic d i s c l i a r g e a t '1 m m 

pressure givi s s m a l l a n i o u n l s of a c o m p o u n d c o n ? i d i - r e d t o be 

I f g j N . " M e i c u r o u s n i t r i d e i> s t a b l e up l o I n i r a n d r e a d i l y . h y d r o -

l y s e d by w a t e r a n d a l k a l i s . M e r c u r i c n i t r i d e , H g a N , . w a s o n l y 

o b t a i n e d b y r e a c t i o n of a m m o n i a gas w i i l i h n e l y d i v i d e d y e l l o w 

m e r c u r i c o x i d e at r o o m t e m p e r a t u r e . ' " W e i g h t losses o c c u r r e d i n 

a c c o r d a n c i ! w i t h t l i e e q u a t i o n , S H g O - ^ J N M j (gas) " I " Ig3N8 r 

3 H a O { v a p . ) . g i v e t o a l i a r d b r o w a mass (»f n i t r i d e , s e n s i t i v e t o 

d r i o n a i i o n on b e i n g p o w d m - d . O x i d i ^ r i l m e r c u r y (as i n c u t - o f f 

v a l \ i ' - . e tc . ) f o r m s n i t r i d e w i i l i l i q u i d a m m o n i a i n w h i c h i t i s 

a p p r e c i a b l y > o l u b l i ' . e.g. IlggN™ i n l i t j . N i l , c o n v e r t s h y d r a z o b e n -

zene t o azoben/ .ene.- ' ' 

Sampl i - s of l i t a n i u m n i t r i d e ( c u b i c l-'-ivpe. rt---l-24A) a n d z i r -

C ( ) n i u m n i t r i d e ( c u b i c I*"-type, a \'b^\X\ were o b t a i n e d f r o m t h e 

t e t r a c h l o r i d e v a p o u r a n d n i i r o g e n - h y d r u i j i n . ' a n d b y h e a t i n g t h e 

m e t a l s i n n i t r o g r n . T h e t i t a n i u m n i t r i d e was s t a b l e u p to 1000'^, 

b u t t h e z i r c o n i u m n i t r i d e s h o w e d a r a n g e of h o m o g e n e i t y f r o m 

n e a r l y s i o i c h e i o m e t r i c Z r N (13-3 w t . - ' ' < , . 5 ^ a t o m - % X ) a t tiUO" t q , 

l o w e r n i t r o g e n c o n t e n t s at t e m p e r a t u r e s u p t o I r iOl t" . T h u s , a* 

t y p i c a l s a m p l e o f n i t r i d e d z i r c o n i u m c o n t a i n e d o n l y 10-32 w t . - " o , 

12-3 a t o m - ^ o 

Procedure 
M e t a l n i t r i d a t i o n , h y d r o l y s i s a n d o x i d a t i o n o f t he n i t r i d e s w e r e 

f o l l o w e d b\* we i . ^h i changes o n v a c u u m - ' " - ^ a n d t h e r m a l b a l a n c e s . 

I 'he n i t r i d e s w e r e ' d r y ' a n d ' w e t ' h y d r a t e d w i t h w a t e r v a p o u r a n d 

l i q u i d w a t e r at l o w e r t e i n j i e i a t u i v s b y p r o c - d u r e s s i m i l a r l o t h o s e 

j ) r i - \ i o u s i v used i n t h e h y d r a t i o n o f h n i e a m i m a ^ ^ n e s i a - ' - ' ' ' a t 22 ' ' 

a n d 'J.J •. S ince h y d r o l \ sis w a s r a p i d f o r c a l c i u m a n d m a g n e s i u m ^ 

n i t r i d e s , evt -n i n t i i e j i r e sence o f a t m o s p h e r i c w a t e r v a p o u r , s o m e 

s a m p l e s ( i n c l u d i n g h n u p s o f n i t r i d e sev.^ral n u n t h i c k ) w e r e e x ­

p o s e d t o t h e a i r f o r c e r t a i n t i m e s . 

O n h v d r o l v s i s . a l l t h e s a m p l e s d i s i n i t - y r a t e d i n t i t m o r e t i n e l y 
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( « ) 

I ' K i . 1. lilct'trou lutcrofiraphs of the surtacf iiitt tdatum of iii{if:tiesiutti 

(ii) K l e i t r o n i l i l i r a c t i n n p a t t e r n of l undensod m e t a l t'lliii of maj^nesitim 
(b) I C U H t n m ditttiu tioti p . i l t e n i of a noti-unifori i i nia^'nesiuiii liliii 
(c) C o m l e n s f d m e t a l tilin of in;(t;neMiiin (M;ii;iiitu ;il i»m 7"»nil) 
fd) I n i t i a l stages of ma^'nesmni n i t n d a t i o n :it ton (Ma^i i i i ikat ion TrtUO) 
ft") More ex tens ive ma^jne^ium n i t n i l a t i o n (Mii;;ni l i tat ion lirion) 
(f) Ma^'nesmm nitrid;ttion at ;»oo i' ( M a K n i l u a t i o n 7r»l)li) 

I ' K ( ; i . \ s s < i N \ M ) S \ \ I A ^ ' A \ v l • : l • : l < A :m 

Vic. i'.lfi'lrou }niiri>f;r(tf^h-' of 'thy' ami 'wet' hvdrolvsis aj nitrides 
nf Ciilt iuiii tnul inafiiii'siiim 

(a) C u a X j s t e a m l i y d r a t e d at l.'tn for j h (Matinilu a t ion V M . I H I I H 

(b) M^aNj iK-fore h y d r a t i o n (Ma^nit ieat ion r>iH)ti) 
(c) MUjN;. h y d r o l y s e d by H ; 0 vajMiur near S A . ] ) . at 'i^i for l.'i h 

(Mat^nitkation 10,000] 
(d) A n o l l u T part <)f s a m p l e (i ) { M a n n i t u a t i o n VO.ooo) 
(e) MK3N2 l i y d r o l y s e d w i t h l i i ]uid w a t e r at for 15 h 

(Magni f icat ion 5000) 
(fj I ' r cc ip i ta t ed M g ^ O H ) , (Magnit icat ion '^O.tiOU) 
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Tabic i 

Itydtiilv-i^ of niitider, ofcaUiuui and nutf;iir.siunt 

1 
Hyilr(>lysis S lor A v , cry.st. for A v . c r y St. 
condi t ions j C a ( O H ) , 1 TilLC, X Mg(Un) , size, A 

1 m»R-» 

i i , o . h 15 0 •Mo 
L i . | u i i l H j O . j h 1 3 0 •.'lUO •no 
A i r . -Z':'. 1 ilay,-* J-7 n-1 7 » f ' 0 
H j O w i p . near s.v p , 

ft h for C a j N , , 1^ h lor 
7-J 3700 

1 
•^^7 111)0 

is s h o w n i n T i i ; . I (c ) . T h i s g i v e s a r e^ i i i l a r t l i i f r a c t i u n p a l t c r n (a ) , 
i l l Contras t w i t h t h a t f o r a n o n - u n i f o r m l i l i n i n {h). t.'han;;(.s d u r i n g 
t l i c i n i t i a l stage.-; o f i n a g i u s i u m n i t r i t l a t i o n a t H n i ' , c a u ^ o d h \ ' 
h j c a l i s i ' d s tn 'ssos a r i s i n g f r o m c r y s u l s t r u c t u r e a n d v o l u n u * \ a r i -
a t i o n s . a n - s h o w n i n ( d ) . M o r e c M c n . - i v L ' n i t r i d a l i o n p r o d u c i s r u p -
l u i f o f thf! f i l m a n i l a g g r e g a t i o n (» ) . T h i s is m u r e p r o n o u n c e d at 
l i i g i i e r t e i n p e r a t u r o s ( a b o v e aOO"); a t y p i c a l s i ng l e aggregate is 
s l i o w n u n d e r h i g h e r n i a g n i f i c a t i o n i n ( f ) . N i t r i d a t i o n o f m e t a l t u r n ­
i n g s a t 50(1'' a n d d e t a c h m e n t o f t h e n i t r i d e l a y e r s h y s i i a k i n g t h e m 
w i t h a c e t o n e gavt* g r e a t e r s e p a r a t i o n o f i n d i v i d t i a l c r y s t a l l i t e s . 
T h e i r size range? e x t i - n d c d t o tho.^e o h t a i i u d a t h i g h e r t t i n p e r -
a t i i r e s ( u p t o THX) . 1-ig. l i ( h ) ) w h e r e v a p i t r i s a t i o n of m a g n e s i u n i 
a n d n i t r i d e s i n t e r i n g w.-re m o r e e x t e n s i v r . 

H y d r o l y s i s of c a l c i u m a n d m a g i u - s i u m n i t r i d e s i n x ' o h es c i i a n g e s 
i n t h e t y p e o f c r y s t a l s t r u c t u r e ( c u b i c M n o O j D o ^ - t y p e t o h e x a g ­
o n a l ) a m i v o l u m e m c r o a s e s (0-713 a n d 0 - 9 7 o o f l i i e o r i g i n a l v o l u m e s ) 
a.=; t h e n i t r i d e s a re c o n v e r t e d t o t h e less dense h y d r o x i d r s . T h i s 
l eads t o s p l i t t i n g o f c r y s t a l l i t e s a n d increases i n s u r f a c e a n a s . ^ * 
S a m p l e s o f Cii^y.^ a n d M g a X n of a b o u t 1 m m a n d ^U- lOU^t c r y s t a l ­
l i t e size r e s p e c t i v e l v (S b e l o w 0-Oa m = g - ^ ) ' w e f h y d r i i l y s e t(» 
h y d r o x i d e o f o n l y a b o u t 0 '2 / t a n d tt-Oa/i a v e r a g e c r y s t a l l i t e si ; : . ' 
( T a b l e 1). T h e larg . - r v o l u m e c h a n g e s e\ i d e n t l \ - p r o d o c c n i i n r - x -
t e n s i v e s p l i t t i n g o f t h e c r y s t a l l i t i s i n t h e Mg3N.> i i \ l i r o l v s i s , i > p i c -
i a l l y i n t-lie v e r y r a p i d h y d r o l y s i s a t f t a " . A g e i n g ( U s t w a l d r i p e n i n g ) 
is a lso s l o w e r f o r t h e loss s o l u b l e m a g n e s i u m l i v < h o \ i d i ' c o m p a r e d 
w i t h t h e c a l c i u m h y d r o x i d e . 1 g Ca3N2 c o n i a i i i i u g a b o u i l u u c r > s i a l -
l i t e s p r o d u c e s a b o u t 6 x 1 0 » K a { O H ) a - c r y s t a ] l i t e s ( i n } h a t 22") 
d e c r e a s i n g t o 2 / 10** o n a g e i n g f o r a b o u t a h , w h i h ' a b o u t 1 0 " 
c r y s t a l l i t e s of M g ^ O H j ^ p e r g MgsN'a a re o b t a i n i d . T h e s l o w e r ' d r y ' 
h y d r o l y s e s w i t h w a t e r v a p o u r l i e a r s . v . p . a n d a t m o s p h e r i c w a l « T 

S C . I . M O N ' O C . K A I ' H \ < 

v a ] i o n r g i v e les?; e x t e n s i v e s p l i t l i m ; . v i z . ' J - l y lO^^ a n d 3 - 3 x 1 0 " 
C a f O l I j . - c r v . s t a l l i t e s o r I - 0 \ 1 M ' ' ' . m d . M v | u ' 2 M g ( O l l ) „ - c r y s t ­
a l l i t e s pi.T g n i t r i d e . 

D c v i ' l o p m e n I o f h y d r o x i d t - f r o m n i t r i d e l i y d r o l y s i s is s h o w n b y 
t l i e e l e c t r o n m i c r o g r a p h s i n I - i g . "J. i n w h i c h (a) s h o w s t h e s p l i t t i n g 
a t t h e s u r f a c e o f a C a j N a c r y s t a l a t t a c k e d b y s t e a m at 130^, (c) a n d 
f d ) i l l u s t r a t e the g r o w t h o f M g j O H U c r y s t a l l i t e - : i n i h i - ' d r y ' 
h v d r n l y s i s o f M g a N , at 22" (1 2 0 / i f r a c t i o n ) ! ' ! ) ) , a n d !••) s h o w s t h e 
d i sperse n a t u r e o f t h n h y d r o x i d e o b t a i n e d o n ' w e t ' h y d r u l y s i n g t h e 
M g j N n a t 12\ Th-'sr- h y d r o x i d i - s . imples l a c k Any h e x a g o n a l fea-
i n i v s ' i h o w n b y p r e c i p i t a t e d a n d : i g r d h y d r o x i d e ( f ) a n d g i v e 
hroadL-ned . V - r a v p a t t e r n s . 

Nitrides of zinc and cadmium, and mercuric nitride 
ZnaNo . CdaN'a a n d H g j N s a re r a p i d l y t i y d r o l y s e d . s ince t h e i r 

o x i d e s a n d l i y d r o x i d e s d i s s o l v e i n a q u e o u s a m m o n i a , as i l l u s t r a t e d 
b y t h e s o l u b i l i t y c u r v e s i n l * i g . 3. M e a s u r e m e n t s o f p M a n d elec­
t r i c a l c o n d u c t i v i t y s h o w t h a t c o m p l e x bases o f t h e t y p u M ( N H 3 ) , 
( 0 H ) 2 a r e f o r m e d i n s o l u t i o n , where , f o r M ^ Z n o r L 'd** a n d 
.v..;.;2 f o r l i g . ' * * T h e s e bases a re s t r o n g e r t h a n a m m o n i a a n d c o m -
j ) a r a b l e w i t h . • \ g ( X H 3 ) 2 0 n f o r m e d w h e n s i l v e r o x i d e d i s so lv t i s i n 
a m m o n i a . 2 ^ ' ^ * 

Nitrides of titanium and zirconium 
C o n v e r s i o n s o f T i N a n d Z r N t o T i O o a n d Z r O a are s h o w n b y t h e 

w. i g h t - g a i n r a l e c u r v e ? i n I ' i g . I . O n l v r u t i l e ( t e t r a g o n a l ) - t > - p e T i O j 
a n d t e t r a g o n a l Z r O ^ are f o r m e d . I n i t i a l w e i g h t increases a r u g e n c r -
Li l lv c o m p a r a t i v e l y r a p i d , a n d t h e o x i d e . V - r a y p a t t e r n s are o n l y 
g i v e n a f t e r a b o u t a q u a r t e r o f t h e t o t a l w e i g h t i nc rea se s are^ 
r e c o r d e d . A t t h e l o w e r t e m p e r a t u r e s , t h e r e a re inc reases i n s p e c i f i c 
s u r f a c e . S i i l i t t i n g o f c r y s t a l l i t e s m u s t r e su l t f r o m t l i e c h a n g e s i n 
t y p e o f c r y s t a l s t r u c t u r e ( c u b i c I* - type t o t e t r a g o n a l ) a n d v o l u m e 
increases (K-OoO a n d n - l l 1 of t he o r i g i n a l v o l u m e s ) as t h e n i t r i d e s 
a re c o n v e r t e d t o t h e less dense o x i d e s . 

i n t h e c o n v e r s i o n o f T i N t o r i O j a t dOO", t i i e r o is l i t t l e i nc r ea se i n 
>ur faee d u r i n g t h e l i r s t q u a r t e r o f t h e t<ttal w e i g h t g a i n , w i t h t h e 
T i N l a t t i c e b e i n g e > s e n t i a l l y r e t a i n e d , f f o w e v e r . i t i n c r e a s e d f r o m 
0-1 m - g * ( a v e r a g e e r y s t a l l i i e - - i ze . 2-S;i) t () 1-2 m - g " * ( M / i ) a t h a l f 
t o t a l u e i g l i t g a i n , w h e n the T i O ^ is no l o n g e r a m o r p h o u s t o A ' -
r a d i a t i o n . T h i s c r y s t a l l i t e s p l i t t i n g ( a b o u t 2 0 - f o l d i n - t h e a b o v e 
i x a m p l e ) e v i d e n t l y f a c i l i t a t e s release o f n i t r o g e n , s ince t h e 
m a t e r i a l u l t i m a t e l y ( a f t e r 2 ' H I h j reaches c o n s t a n t w e i g h t c o r r e s ­
p o n d i n g t o t h e c a l c u l a t e d w e i g h t loss o r c o m i ) I e t e c o n v e r s i o n (of . 
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FORMATION AND REACTIVITY OF NITRIDES 
I . R E V f f i W A N D I N T R O D U C T I O N 

B y D . R . G L A S S O N and S . A . A . J A Y A W K E R A 

Methods o f nitride production are summarised and ihcir thermodynamics surveyed. Crystal structures and 
types of bonding in binary and ternary nitride compounds are classified and discussed. Kinetics o f nitride 
format ion are related to s'lruciural changes in the materials, which cont ro l difTusion o f metals and nitrogen 
and cause nitride scaling. Mcia l n i t r idat ion wi th ammonia and nitr ide fo rma t ion dur ing ammonia synthesis 
are discussed. 

informat ion so far available on the sintering o f nitrides and its effect on iheir chemical reactivity is re­
viewed. This efTeci is influenced by additives or impurities such as oxides formed by partial nitride hydrolysis 
and oxidat ion. Sintering and hot pressing increase the resistance o f nitrides t o hydrolysis and oxida t ion , so 
that they become more suitable fo r use as refractories. Of ten , corrosion resistance o f nitride layers o n metal 
surfaces is impaired by poor scaling resistance in air or oxygen at comparatively low temperatures. The 
kinetics and products of oxidat ion of nitrides so far studied, notably A I N , T i N and U N . depend mainly on 
the intrinsic reactivity of the material and the available surface at which oxidat ion can occur. 

Subsequent work wi l l be concerned wi th changes i n phase composi t ion, surface area and crystalUie and 
aggregate sizes and their correlation wi th product ion, sintering, hydrolysis and oxidat ion condit ions fo r 
single and mixed nitrides. Suitable experimental techniques are summarised in this paper. 

In t roduc t ion 

T h e more extensive use o f metals a n d re f rac tor ies at h igher 
temperatures has Increased the i ndus t r i a l i m p o r t a n c e o f 
n i t r ides . Those o f special interest as re f rac tor ies , e.g., T i , Z r . 
H f , N b and T a n i t r ides , have h igh m e l t i n g po in t s (ca. 3 0 0 0 ° ) 
and t he rma l s t ab i l i t y . A l t h o u g h B, A l , Si a n d V also f o r m 
high m e l t i n g po in t n i t r ides , these decompose at t empera­
tures be low the m.p . , but s t i l l above the m e d i u m tempera tu re 
range ( > 1500°) . T h e lower m e l t i n g p o i n t , less stable n i ­
trides, e.g., o f a lka l ine - a n d rare-earth metals , L i , C r , M o , W , 
M n a n d Fc arc o f some interest as coa l ings . N i i r i d e d meta l 
surfaces are o f t e n subject to hydro lys i s a n d o x i d a t i o n , these 
processes c o n s t i t u t i n g ind i rec t me ta l l i c c o r r o s i o n . 

N i t r i d e s ( a n d some carbides) o f metals o f the f o u r t h a n d 
f i f t h o d d ( A ) subgroups o f the Per iodic Tab le have been i m ­
p o r t a n t i n h i g h m e l t i n g po in t ce rmets . ' W h e n c o m b i n e d 
w i t h metals such as coba l t , they f o r m hard-cast a l l o y s . - - ' 
F a b r i c a t i o n involves p o w d e r me ta l lu rg i ca l me thods such as 
s in te r ing and ho t pressing.^ H i g h m . p . c o m b i n e d w i t h g o o d 
non-scal ing propert ies make these mater ia ls su i tab le f o r j e t 
p r o p u l s i o n a n d rocket t echnology , a n d f o r r e f r a c t o r y vessels 
used i n m e l t i n g al loys o f the even ( B ) s u b g r o u p metals . Low-
reac t iv i ty towards n o r m a l l y cor ros ive chemicals a n d h i g h 
electr ical c o n d u c t i v i t y pe rmi t the i r a p p l i c a t i o n as e lectrode 
mater ia ls i n fused salt electrolysis . N i t r i d e s o f metals i n 
groups V I to V I I I , especially doub le n i t r ides and c a r b o n i -
tr ides, are i m p o r t a n t i n n i t r i d e d steels, bu t can be f o r m e d i n ­
dependent ly o f the process o f ha rden ing by n i i r i d i n g . T h e 
n i t r ides o f Cr , M n a n d Fe are also o f theore t ica l interest in 
connec t ion w i t h f e r ro - , a n t i f e r r o - a n d f e r r i - m a g n e l i s m . ^ 

Methods o f n i t r ide product ion 

N i t r i d e s can be p roduced by hea t ing the elements i n a 
n i t rogen , a m m o n i a , o r n i t r o g e n - r h y d r o g e n atmosphere.** 
V a r i a t i o n s o n these methods,^ governed i h e r m o d y n a m i c a l l y 
by heats o f f o r m a t i o n , inc lude hea t ing the meta l ama lgams , 
e.g., Ca , Ba. M n a n d Fe. o r the me ta l oxides + a l u m i n i u m 
o r magnes ium, e.g. Ce, L a , N d , Pr and U , o r the meta l 
ox ides - f c a rbon , e.g., M g a n d Si. Somet imes , however , 
hea t ing meta l carbides i n n i t rogen produces ca rbon i t r i de s 

such as cyanides a n d cyanamidcs o f C a . Sr a n d Ba.*'-'' N i ­
tr ides m a y be ob t a ined also by d e c o m p o s i n g sui table me ta l 
amides, e.g., Z n , C d a n d Ba;*-** also C o ^ and N i . " * Occa­
s iona l ly , me ta l oxides react w i t h a m m o n i a at ce r t a in t e m ­
peratures to give n i t r ides , e.g.. H g ' ' a n d G a , ' " w h i c h is the 
reversal o f n i t r i d e hydro lys i s . 

T h e m o r e stable n i t r ides , e.g.. T i . Z r , H f , V a n d T a , m a y be 
depos i ted d i r e c t l y o n hea led surfaces f r o m gaseous m i x t u r e s o f 
sui table vo la t i l e meta l hal idcs a n d n i t r o g e n + h y d r o g e n . " " - " 
T h i s m e t h o d is p r e f e r r ed , part icularly* when meta l su r face 
n i i r i d a t i o n s lows d o w n cons ide rab ly a f i e r f o r m a t i o n o f a 
t h i n s k i n o f n i t r i d e . Several h o u r s are r equ i r ed f o r coa t i ngs 
o f more than I o r 2 m m thickness, unless m u c h h igher t e m ­
peratures are used t o ensure adequate d i f f u s i o n across the 
n i t r i d e layer . Sma l l T i N crystal l i tes have been o b t a i n e d i n 
the coo led anode cavi t ies , w h e n T i C U is i n t r o d u c e d i n t o the 
N 2 - A s t ream o f a p lasma burner .^ ' - ^^ H y d r o g e n is no t 
r equ i red , since the elements are ionised i n the p lasma beam. 

Thermodynamics o f n i t r i de f o r m a t i o n 

N i t r i d a t i o n o f meta ls b y n i t r o g e n o r a m m o n i a gas has be­
come m o r e i m p o r t a n t w i t h the increased a v a i l a b i l i t y o f h i g h 
p u r i t y metals . T h e n i t r ides p r o d u c e d are those in e q u i l i ­
b r i u m at the t empera tu re a n d n i t r o g e n pressure c o n d i t i o n s . 
T h u s , T i N , ' - * - " V N 2 - * a n d C r N " are f o r m e d at t empera ­
tures between 1100° a n d 1600° at I a t m . n i t r o g e n . I n the 
M n - N system, n i t r o g e n pressure changes f r o m I t o 200 a t m . 
at a b o u t 7 5 0 ° increase the N - c o n l c n t o f the p r o d u c t f r o m 22 
to 32 a t o m - % . ^ * - ^ ' N i t r i d a t i o n by s t r e a m i n g a m m o n i a is 
advantageous where e q u i l i b r i u m between a m m o n i a a n d 
meta l ( g i v i n g n i t r i d e - f h y d r o g e n ) is es tabl ished r a p i d l y , as 
c o m p a r e d w i t h d i s soc ia t ion e q u i l i b r i u m in the gas phase. 
T h i s produces n i t r ides o f i r o n , ^ * coba l t ^^ a n d nickeP** w h i c h 
have l o w en tha lp ies o f f o r m a t i o n a n d very h i g h n i t r o g e n 
e q u i l i b r i u m pressures at the i r p r e p a r a t i o n tempera tures . 
Somet imes , l o w e r n i t r ides , e.g.. F e ^ N , are f o r m e d , u s ing 
a m m o n i a - i - h y d r o g e n mix tu re s o f N H j / H ^ v o l u m e ra t ios 
c o r r e s p o n d i n g t o l o w e r n i t rogen pressures.^^••''•^^ Re­
d u c t i o n o f me ta l l i c oxides w i t h c a r b o n in n i t r o g e n appl ies 
o n l y t o n i t r ides o f h igh t h e r m a l s t a b i l i t y ^ ^ a n d gives i m p u r e 
p roduc t s . Hence, t i t a n i u m d i o x i d e ( in 1 a t m . n i t r o g e n ) f o r m s 
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T i N be low 1600° a n d T i C above this t empera tu re ; the re­
ac t i on is c o m p l i c a t e d by T i N read i ly f o r m i n g m i x e d crystals 
w i i h T i C , a n d by T i O h a v i n g a l i m i t e d s o l u b i l i t y i n T i N . ^ ° 

T h e s t ab i l i t y o f n i t r ides a n d the i r p r o d u c t i o n at va r ious 
temperatures arc related l o the i r s t andard free energies o f 
f o r m a t i o n , A d m o r e negative values o f A d i n ­
dicate s tabler c o m p o u n d s . These a rc c o m p a r e d f o r s o m e o f 
the m o r e i m p o r i a n l n i t r ides o n an E l l i n g h a m d i a g r a m ^ ^ 
( F i g . 1), s h o w i n g the t empera tu re v a r i a t i o n o f A ( 7 T ° per 
B a t o m o f me ta l (a) o r n i t rogen ( b ) . M c i a l n i t r ides o f the 
f o u r t h a n d f i f t h o d d ( A ) subgroups , e.g., T i N a n d Z r N , have 
ihe greatest s t ab i l i t y . T h i s progressively decreases f o r n i ­
tr ides i n the l ower groups , a n d f o r t r a n s i t i o n meta l n i t r ides 
i n g roups V I t o V I I I . T h e i r o n n i t r ides , F e z N a n d F e 4 N , are 
re la t ive ly unstable , h a v i n g pos i t ive A ( 7 T ° values f o r a f a i r l y 
wide l empera tu re range. S i m i l a r l y , A C T " values f o r N H 3 
(per g a t o m H or N ) indica te t h a i a m m o n i a is less stable than 
most n i t r ides . 

F r o m F i g . I (b ) , the s t anda rd f r e e energy changes f o r the 
reac t ion o f a me ia l w i t h a m m o n i a ( f o r m i n g n i t r i d e a n d hy­
drogen) can be c o m p a r e d f o r d i f f e r e n t meia ls . T h u s f o r 
C a j N j f o r m a i i o n , A G / f o r 3/2Ca + N H 3 - i C a a N j + 3/2H2, 
is the d i f fe rence between the values f o r the reac t ions ;— 
3/2Ca-}-iN2 -> i C a j N ^ a n d 3/2H2-f i N ^ - N H , . Hence, 
the d i f fe rence between the graphs f o r i C a a N j a n d N H 3 i n 
F ig . 1 (b) indicates the relat ive ease o f n i t r i d e f o r m a i i o n , 
w h e n the mater ia l s are i n the i r s t a n d a r d stales. A l l o f the 
n i t r ides in F i g . 1, except F c j N a n d F e 4 N a l l ower tempera­

tures, c a n be f o r m e d f r o m the meta l a n d a m m o n i a . H o w ­
ever, a l t h o u g h energe t ica l ly feasible, these reac t ions m a y be 
k i n e t i c a l l y u n f a v o u r a b l e . T h i s appl ies especia l ly t o s o l i d 
Slate react ions , w h e n b i n a r y a n d t e rna ry n i t r i d e c o m p o u n d s 
arc f o r m e d by h e a l i n g metals w i ih n i t r o g e n - r i c h n i t r i de s . 
F ine g r a i n sizes a n d pressing o f the w e l l - h o m o g e n i s e d 
m a t e r i a l f a c i l i t a t e the react ions , e.g., f o r T i - , V - , C r - a n d 
M n - N systems; d e c o m p o s i t i o n o f e - F c i N mi.xed w i t h M o 
p o w d e r p roduces t e r n a r y c o m p o u n d s i n ihe F e - M o - N 
sysiem.^^ I r o n i m p u r i t i e s o f t e n appear t o accelcraie n i -
i r i d i n g o f e lements . 

T h e t h e r m o d y n a m i c s o f n i t r i d e f o r m a t i o n f r o m me ta l 
hal ides a n d a m m o n i a o r n i t r o g e n - h y d r o g e n gas m i x t u r e s , has 
been deve loped by M i i n s t e r & R u p p c r t . " - ^ ^ - ^ ' Free energy 
equa t ions f o r the r eac t ions :— 

T i C U (g) + 2H2 (g) - l - iN2 (g) - T i N ( s ) + 4HCl (g) a n d 
T i C U (g) + 2Fe ( s ) - f iN2 ( g ) T i N (s)-H2FeCl2 (g) . s h o w 
tha t o n an i r o n subst ra te , n i t r i d e f o r m s p r i m a r i l y by d i s ­
p lacement at t empera tures be low 1100°—IZOO"*. E x p e r i ­
m e n t a l l y , T i N is depos i ted b y h y d r o g e n r e d u c t i o n a b o v e 
650"; be tween 5 0 0 ° a n d 6 5 0 ° a d a r k blue i n c o m p l e t e re­
d u c t i o n p r o d u c t , p r o b a b l y i m p u r e T i N C l , is co -depos i l ed . 
T h e suspended par t ic les o f T i N f o r m e d i n the gas phase 
settle o n the subs t ra te a n d give somewha t p o r o u s depos i t s . 
T h i n coheren t n o n - p o r o u s coat ings arc f o r m e d by d isplace­
m e n t , i n the absence o f h y d r o g e n . T h e very l o w s o l u b i l i t y o f 
i r o n i n T i N s tops the reac t ion , b u t the coa l i ngs can be 
t h i c k e n e d subsequent ly by h y d r o g e n r e d u c t i o n . C h l o r i d e 
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F i g . I . Ellingham diagrams for some nitrides, oxides and 
Jitiorides 
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r e d u c t i o n and direct depos i t i on methods have been c o m ­
pared f o r g r o u p I V A and V A nitrides, '"* a n d s u m m a r i s e d 
f o r b o r o n nitride."*^ 

St ructure o f ni t r ides 

N i t r i d e s arc classified general ly as ion ic , cova len l and i n ­
t e r s t i t i a l . ' 

Ion ic n i t r ides arc t y p i f i e d by l i t h i u m i n g r o u p 1 ( L i j N ) a n d 
the a lka l ine-ear th metals i n g r o u p I I ( M 3 N 2 ) . N i t r i d e f o r m a ­
t i o n by the o the r a lka l i metals in g r o u p I is res t r ic ted by c rys ta l 
s t ruc ture cond i t i ons . T h e a b i l i t y o f the elements to f o r m 
stable n i t r ides is ind ica ted by c o m p a r i n g heats o f f o r m a t i o n 
(kca l per c q u i v . ) o f c o r r e s p o n d i n g oxides and f luor ides '* ' 
w h i c h are m o r e stable than the n i t r ides , t he i r s t andard f r ee 
energies v a r y i n g s i m i l a r l y w i t h temperatures , cf . F i g . 1 (a) 
a n d F i g . 2. Since the r ad i i o f F " , O ^ " a n d N - * - are s i m i l a r , 
va r ia t ions i n heats o f f o r m a t i o n w i l l depend m a i n l y o n the 
negative i o n charge; e lec t ron a f i i n i t i c s . E. a n d c rys ta l energies, 
t / . w i l l be afTected. E is expected t o p r e d o m i n a t e i n c o m ­
p o u n d s w i t h large pos i t ive ions o f l o w charge, so tha t the heat 
o f f o r m a t i o n decreases w i t h increasing negative i o n charge, 
e.g., L i F , L i ^ O and L i j N have heats o f f o r m a t i o n o f 146, 71 
a n d 15 kca l per equ iv . respectively. T h e sharper decrease 
f r o m N a F (136) to N a i O (50) suggests a very l o w value f o r 
N a ^ N , w h i c h is ev iden t ly unstable at r o o m tempera tu re a n d 
has so f a r n o t been prepared i n the pure c o n d i t i o n . T h e 
M a d e l u n g constant is s i gn i f i c an l i n i h a l i t is u n f a v o u r a b l e 
f o r L i i N and h i g h f o r the fluoride. T h u s , the decrease in heat 
o f f o r m a t i o n f r o m f l u o r i d e t o n i t r i d e is m u c h greater t h a n in 
the g r o u p I I I series A I F 3 (110), A l ^ O j (63) and A I N (27) , 
where the n i t r i d e has the higher M a d e l u n g cons tan t . 

C o m p a r i s o n o f the molecu la r suscept ibi l i t ies o f M g , Z n 
and C d n i t r ides shows that the po l a r i s i ng ac t i on o f the me ta l 
i o n decreases f r o m M g 10 Z n (o Cd."*^ N i t r i d e s i n g r o u p 111 
( B , A l , G a ) a n d g r o u p I V (Si , Sn) s h o w cova lcn t charac ter . 

In te r s t i t i a l n i t r ides are f o r m e d m a i n l y b y t r a n s i t i o n metals . 
The smal l N a toms occupy some o r a l l o f the interstices i n the 
meta l l i c lattices, w h i c h are general ly c lose-packed. T h i s 
gives s imple n i t r i d e s t ructures , such as the rock-sa l t la t t ice , 
the f o r m o f w h i c h depends o n the n u m b e r o f N - o c c u p i e d 
interst ices a n d the i r type ( t e l r a - o r oc ta -hedra l ) , e.g.. S c N , 
L ^ N , C e N , P r N , T i N , Z r N a n d F c ^ N . Ranges o f h o m o ­
geneity va ry ; U N is an extreme example , h a v i n g the s to icheio-
met r ic c o m p o s i t i o n o f the c o m p o u n d . U r a n i u m also f o r m s 
higher n i t r ides , v iz . , U 2 N 3 a n d p roduc t s w i t h N - c o n t e n t s up 
t o tha t o f U N 2 , cf . T a b l e I . T h e c o m p o s i t i o n o f in t e r s t i t i a l 
n i t r ides w i t h a n a r r o w range o f h o m o g e n e i t y is not deter­
m i n e d b y the metal valency, i n cont ras t t o some t r a n s i t i o n 
meta l oxides, also h a v i n g n a r r o w h o m o g e n e i t y ranges. 

Ref rac to ry nitr ides 

T h e in te rs t i t i a l n i t r ides are usua l ly ex t remely h a r d mater ia l s 
w i t h h i g h m . p . T h e y have t h e r m a l a n d e lect r ical c o n ­
duc t iv i t i e s c o m p a r a b l e w i t h those o f meta l s ; s o m e o f I h c m 
become superconductors at very l o w tempera tures . T h u s , 
they are one g r o u p o f a class o f mater ia ls t e rmed ' h a r d 
m e t a l s ' o r *metal- l ike ' r e f r a c t o r y compounds. '*^- '* ' 
These mater ia ls f o r m one o f three f u n d a m e n t a l classes o f 
r e f r a c t o r y c o m p o u n d s ; ( I ) c o m p o u n d s o f metals w i t h n o n -
metals , such as bor ides , carbides, n i t r ides , oxides , s i l icides. 
phosphides a n d su lph ides ; ( 2 ) c o m p o u n d s o f non -mc la l s 
w i t h each other , such as carbides , n i t r ides , sulphides and 
phosphides o f b o r o n a n d s i l i con , a n d also a l loys o f B a n d S i ; 
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1-ig. 2. Ellingham diagrams for some oxides and Jluoridea 

(3) c o m p o u n d s o f metals w i t h each o ther , k n o w n as i n t e r -
meta l l i c c o m p o u n d s . 

T h e charac ter o f the chemica l b o n d between the c o m ­
ponents o f these c o m p o u n d s is m a i n l y meta l l i c o r c o v a l e n t 
w i t h a sma l l p r o p o r t i o n o f i o n i c b o n d . These types o f b o n d 
are establ ished m a i n l y b y t r a n s i t i o n metals w i t h n o n - m e t a l s 
h a v i n g i o n i s a t i o n po ten t ia l s s u f l i c i e n l l y l o w t o a v o i d ex­
clusive i o n i c b o n d f o r m a t i o n ; they are also f o r m e d be tween 
t w o non-meta l s a n d ce r t a in metals w i t h each o the r . T h e 
meta l l i c c o m p o n e n t s o f r e f r a c t o r y c o m p o u n d s i n c l u d e ele­
ments o f the o d d subgroups o f g roups I I I to V I I , g r o u p V I I I , 
l an thanides , ac t in ides a n d a l u m i n i u m . T h e n o n - m e t a l l i c 
c o m p o n e n t s inc lude l i gh t non-meta l s o f the shor t pe r iods 
( B , C , N , O , Si , P, S). T h e chemica l b o n d i n the la t t ices o f 
these c o m p o u n d s ( i n a d d i t i o n t o the s- a n d p-e lec t rons o f t he 
meta l l i c a n d n o n - m e t a l l i c c o m p o n e n t s respect ively) is f o r m e d 
also b y the e lect rons o f the deeper i n c o m p l e t e d- a n d / - l eve l s 
o f the t r a n s i t i o n meta ls . I so la ted a t o m s o f meta ls o f the o d d 
s u b g r o u p o f g r o u p IT, the a lka l ine -ea r th metals , d o n o t have 
any e lect rons i n the d- a n d /-shells , b u t in c o m p o u n d s w i t h 
non-meta l s , energy states c o r r e s p o n d i n g to these shells m a y 
o c c u r . * ^ - ' ° T h e ' m e t a l - l i k e ' r e f r a c t o r y c o m p o u n d s a re 
heterodesmic i n the charac te r o f the i r chemica l b o n d i n g , w i t h 
the p r o p o r t i o n o f each type o f b o n d be ing d e t e r m i n e d b y the 
c r i t e r i a a n d fea tures o f the c rys ta l s t ruc tu re . 

N i t r i d e s have c o r r e s p o n d i n g l y greater p r o p o r t i o n s o f i o n i c 
b o n d , because o f the h igher i o n i s a t i o n po ten t i a l o f n i t r o g e n 
c o m p a r e d w i t h the o t h e r non -me ta l r e f r a c t o r y c o m p o n e n t s . 
T h i s is m o r e ev iden t i n n i t r i de s o f meta l s h a v i n g a l o w ac­
cep tor capac i ty ( M o , W , Re) , w h i l e the n i t r ides o f N b , T a a n d 
C r s h o w a c o m b i n a t i o n o f meta l l i c a n d ionic b o n d , w i t h the 

J . app l . Chem. , 1968, V o l . 18, M a r c h 



68 Glasson & Jayaweera: formation and Reactivity of Nitrides. J. 

T A B L E 1 

Fractionnl volume and crystal lattice changes on nitridatlons 

Ni t r ide 
Fractional 

volume change 

Crystal lattice change to 

Element N i t r i d e 

L i 3 N 
B e j N , 

C a . N j 
(High temp.) 
S r 3 N . 

B a j N i 

Z n j N j 

C d ^ N j 

B N 

A I N 

G a N 

I n N 

S i jN4 (a) 
SiaN* (0) 

L a N 

CeN 

(Low temp.) 

T i N 

(Low temp.) 

Z r N 

(Low temp.) 

T h N 
( L o w temp.) 
V N 
N b N (e) 
T a N ( E ) 

C r N 
C r j N 
M o N (8) 

M o , N (Y-) 
(Low temp.) 
\ V N ( 6 ) 

W , N (P-) 
U N 

U . N 3 

U N i 

- 0 - 3 0 Cubic b . c . , f l = 3-51 A . 
-t-0-39 Hexagonal c.p. M g (A3) , 

fl = 2-28A., C = 3 - 5 8 A . 
- 0-11 Hexagonal M g (A3) , 

a = 3-21 A . , c = 5-21 A . 

- 0 - 3 1 (Y) Cubic b.c. \V (A2) , 
a = 4-38 A . 

- 0 - 2 5 Hexagonal M g (A3) , 
a = 4-31 A . , c = 7 05 A . 

or cubic b . c , a = 4-84 A . 
- 0 1 9 Cubic b . c , W ( A 2 ) , 

a = 5 02 A . 

-t-0-27 Hexagonal M g (A3) , 
a = 2-66 A . , c = 4-94 A. 

+ 0-22 Hexagonal M g (A3) , 
a = 2-98 A . , c = 5-62 A . 

- i -017 Tetragonal, 
a = 8-73 A . , c = 5 03 A . 

-t-0-25 Cubic, Cu ( A l ) , 
a = 4 05 A . 

+ 0 1 9 Or thorhombic , a = 4-524 A . , 
h = 4-523 A . , c = 7-661 A . 

-J-0-19 Tetragonal, 
a = 3-25 A . , c = 4-94 A . 

-t-0-22 Cubic, d iamond (A4) , 
+ 0-22 a = 5-43 A . 

- 0 01 to - 0 02 (a) Hexagonal M g (A3) , 
a = 3-76 A . , C = 6 06 L 
O ) Cubic C u ( A l ) , a = 5-30 A . 

- 0 08 to - 0 - 0 7 (a) Cubic C u ( A l ) , o = 5 1 6 A . , 
(P) hexagonal M g (A3) , 
a = 3-65 A . , c = 5-96 A . 

+ 0 05 to +0-08 (P) Cubic b.c. W ( A 2 ) , a = 3-30 A . , 
(a) hexagonal M g (A3) , 
a = 2-95 A . , c = 4-68 A . 

no change to (P) Cubic b.c., W (A2) , a = 3-60 A . , 
+ 0 03 (a) hexagonal M g (A3) . 

a = 3-23 A., c = 5 1 5 A . , 

+ 0-01 to + 0 07 (P) Cubic b.c., W (A2) , a = 4-11 A . , 
(a) cubic C u (AO, a = 5 08 A. 

+0-27 Cubic b.c., VV (A2) , a = 3 03 A . 
+ 0-18 Cubic b . c , W (A2) , a = 3-30 A . 
+ 0-26 

+ 0-49 
+ 0-21 

+ 0-21 

+ 0-09 

+ 116 

+ 0-39 
+ 0-41 

+ 0-84 

+ 0-91 

Cubic b.c., W ( A 2 ) , f l = 3-31 A . 

(a) Cubic b.c., W (A2) , a = 2-88 A . 
n 

(at N-poor boundary) 
Cubic b.c.. \ V (A2) , a = 3-15 A . 

Cubic b.c., W (A2) , o = 3-17 A . 
(at N- r i ch boundary) 

rl 

(ct) or thorhombic , a = 2-86 A . , 
b = 5-88 A . , c = 4-94 A . 

hexagonal, o = 3-66 A . , C = 3-89 A . 
cubic M n j O a ( D S j ) , a = 8*15 A . 

cubic M n j O j ( D S j ) , a = 9-95 A . 

cubic M n ^ O i ( D S j ) , a - 11-38 A . 

pseudo-hexagonal' *® 

pseudo-hexagonal 

cubic M n j O j ( D 5 , ) , a = 9-74 A . 

cubic M n j O a (DSa), a = 10-80 A . 

hexagonal, 
a = 2-50 A . , c = 6-66 A . 

hexagonal, wurtzi te (B4), 
= 3-11 A . , c = 4-97 A . 

hexagonal, wurzt i ie (B4), 
a = 3 1 8 A . , c = 5 1 7 A . 

hexagonal, wurtzi te (B4), 
a = 3-54 A . , C = 5-70 A . 

hexagonal, a = 7-75 A . , C = 5-62 A . 
hexagonal (phenacite), 
a = 7-60 A . , c = 2-91 A . 

cubic N a C l (Bl ) , a = 5-28 A . 

cubic N a C l (Bl) , a = 5-02 A . 

cubic N a C l (Bl ) , a = 4-24 A . 

cubic N a C l (BO, a = 4-56 A . 

cubic N a C l (Bl ) , a = 5-20 A . 

cubic N a C l (Bl) , o = 4-13 A . 
hexagonal, Y - M o C (B, ) , 
0 = 2-97 A . , c = 5-53 A . 

hexagonal, CoSn ( B j j ) , 
a = 5 1 9 A . , c = 2-91 A . 

cubic N a C l (B l ) , o = 4 1 5 A. 
hexagonaisuperlattice _(L'3), 
a = 4-76 A., c = 4-44 A. 
hexagonal superlattice, 
a = 5-72 A . , c = 5-61 A. 
cubic N a C l (Bl ) , a = 4 1 6 A. 

hexagonal ( W C . B O , 
a = 2-89 A., c = 2-83 A. 
cubic N a C l (BO, o = 4-13 A. 
cubic N a C l (Bl ) , a = 4-89 A. 

cubic Mn^Oa ( D S j ) , a = 10-70 A. 
or t r igonal , L a j O j ( D S j ) , 
a = 3-69 A., c = 5-83 A. 
cubic, C a F , (CI) , a = 5 32 A. 

b.c. = body-centred c.p. = close packed 
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la t ter p r eponde ra t i ng . Decreasing the n i t rogen content o f the 
n i t r i d e phases, w i t h i n the i r homogene i ty ranges, s t rengthens 
the meta l to meta l bonds and weakens the bonds o f the 
meta l a t o m cores w i t h the n i t rogen . F a i r l y w ide breaks i n the 
lattice energy slates become possible, a n d de te rmine the 
semi-conduc tor propert ies o f n i t r ides h a v i n g N-de t i c i cn t 
lattices. 

T h e p r o p o r t i o n o f ion ic b o n d in meta l oxides h a v i n g h igh 
acceptor characterist ics ( T i . Z r , H f , V ) is ra ther less than i n 
the co r r e sp ond ing n i t r ides , since oxygen has a l ower i o n i s a i i o n 
po ten t i a l than n i t rogen . These differences w i l l be m o r e 
p ronounced f o r the lower oxides. 

The second class o f r e f r ac to ry c o m p o u n d s includes B a n d 
Si n i t r i de s " -^"^ (so-called non-meta l l i c r e f r a c t o r y c o m ­
pounds) . T h e i r b o n d character is also heterodesmic. bu t 
w i t h cova len l b o n d i n g p r e d o m i n a t i n g . T h e y have semi­
c o n d u c t o r propert ies as wel l as h igh e lect r ical resistance at 
r o o m tempera ture . Genera l ly , the i r s t ruc ture consists o f 
layer cha in o r skeletal s t ruc tu ra l groups o r pat terns, a n d they 
c i ther mel t w i t h decompos i t i on o r decompose before reach ing 
the m . p . 

Three elements. Be, M g a n d A l ( typ ica l elements o f g roups 
I I and I I I ) are in te rmedia te i n i h c i r a b i l i t y to f o r m r e f r a c t o r y 
meta l - l ike and non-meta l l i c c o m p o u n d s . F a i r l y r e f r a c t o r y 
semi-conductors are given w i t h non-metals,"*** e.g.. Be. M g 
and A l bor ides and A I N , and these three mcia l s also can 
f o r m i n t c r m c t a l l i c c o m p o u n d s . 

Kelat lunship between iHindin^ a n d c rys ta l s tructure o f 
b inary compounds 

Hiigg-*-* *-* suggested that b i n a r y in te r s t i t i a l c o m p o u n d s o f 
the t r ans i t ion elements had s imple ' n o r m a l ' s t ructures w h e n 
the radius r a t i o , r^Tn, o f the non-meta l and meta l a toms was 
less than 0-59 :1 . M a n y o f the c o m p o u n d s g i v i n g radius ra t ios 
greater than 0-59:1 are s t i l l metal l ic i n character , but the i r 
structures become more c o m p l e x w i t h decreasing size o f ihe 
metal a t o m . H i g h e r non -me ta l concen i r a t ions increase the 
un i t cell d imensions o f the in te rs t i t i a l phases, e f fec t ive ly 
m a k i n g the radius r a t i o less f avourab le f o r n o r m a l s t ruc tures . 
Later research indicates that this l i m i t i n g radius r a t i o rule is 
va l id o n l y f o r carbides, the ni t r ides general ly h a v i n g l o w e r 
radius ra t ios . ' 

Usua l ly , the meta l a toms in the in te r s t i t i a l c o m p o u n d s are 
ar ranged d i f f e r e n t l y f r o m the o r i g i n a l meta l latt ices. T h e 
non-meta l a toms occupy those interstices where they can re­
m a i n in contac t w i t h the meta l a toms . T h e face-centred 
cubic , close-packed hexagonal a n d b o d y < e n t r e d cub ic la t ­
tices have t w o types o f in ters t ices—tetrahedral a n d oc ta­
hedral w i t h c o - o r d i n a t i o n numbers o f 4 a n d 6 respectively. 
The oc tahedra l hole is per fec t ly regular i n the t w o close-
packed s t ructures (face-centred cubic a n d close-packed 
hexagonal) , but has te t ragonal s y m m e t r y in the body-cen t red 
cubic s t ruc ture . T h e o n l y interstices o f the s imple hexagonal 
un i t cell are the large 6 - f o l d co -o rd ina ted sites at the centres 
o f t r i g o n a l pr isms o f meta l a toms . 

I n the in te r s t i t i a l s t ructures , no t al l o f the holes o f one type 
are necessarily occupied , so that m a n y homogeneous phases 
show wide c o m p o s i t i o n ranges. Nevertheless, h o m o g e n e i t y 
ranges o f phases o f t e n inc lude , o r a p p r o x i m a t e t o . some 
s imple s io i chc iome t r i c c o m p o s i t i o n co r r e spond ing to the 
o c c u p a t i o n o f a def in i te f r a c t i o n o f the n u m b e r o f ava i lab le 
interstices. In the cubic close-packed la t t ice , the large oc ta­
hedral interstices are occupied o n l y i f the rad ius r a t i o exceeds 

0 - 4 1 : 1 . M a n y n i o n o c a r b i d e s a n d m o n o n i t r i d e s ( M X - i y p e ) 
have rad ius ra t ios w i t h i n the range 0-41—0 5 9 : 1 , a n d have 
rock-sa l t s t ruc tures i r respect ive o f whe the r the o r i g i n a l me ta l 
has a cub i c c lose-packed s t ruc tu re o r no t . 

Paul ing-Rundle theory 

Rundic"* ' cons idered that the meta l t o non-meta l b o n d i n g 
is oc t ahed ra l , w i t h 6 equa l bonds be ing d i rec ted f r o m the 
non -me ta l t o w a r d s the corners o f an o c t a h e d r o n . Paul ing 's 
basic c o n c e p t ^ * - ' ' ' o f the resonance o f the 4 covalent C - o r 
N - b o n d s amongs t the 6 pos i t ions is developed by R u n d l e a n d 
S c h w a r z k o p f . ' Physical proper t ies such as hardness, h i g h 
m . p . and e lec t r ica l c o n d u c t i v i t y are in te rp re ted pa r t l y o n the 
basis o f r e sona t ing b o n d s t ructures a n d o n ion ic s t ruc tures , 
i n v o l v i n g essential ly h o m o p o l a r a n d he te ropo la r forces . 
K r e b s ' ^ suggested a resonance system o f Ji-bonds between 
the 3 /7-orbitals o f N a n d the / j e -o rb i t a l s o f the meta l . 

i L l e c t r o n i c stales f o r r c f r a c l o r i c s 

B i l / . ^ " regarded isola ted X M ^ c o - o r d i n a t i o n p o l y h e d r a 
w i t h i n the lat t ice as 'XMt, molecules ' , a n d presented a m o l e ­
cu la r o r b i t a l scheme o f the i r b o n d i n g . He appended a c a l ­
c u l a t i o n o f the e lec t ron ic states f o r r e f rac to r ies . M X . based o n 
the band theo ry o f metals . T h u s , me ta l l i c character is ex­
pected t o deve lop w i t h increased e lec t ron o c c u p a t i o n o f the 
(•/-band i n the series S c N . T i N . V N . T h i s is s u p p o r t e d b y 
nuclear magne t i c resonance measurements^" o n S c N a n d 
V N . where S c N resembles a h a l f - m e t a l . H o w e v e r , the ex­
pected increase i n me ta l l i c character is no t s h o w n i n the t r e n d 
o f e lec t r ica l conduc t iv i t i es .* ' ' 

G o o d e n o u g h " ^ describes n i t r ides w i t h a rock-sal t s t ruc tu re 
as ' i o n i c c o m p o u n d s w i t h meta l l i c c o n d u c t i v i t y ' , and in par­
t i cu la r re la ted t o the oxides . T h e b o n d is p a r t l y ion ic be­
cause o f the e l ec t ronega t iv i ty d i f fe rence between the me ta l 
a n d n i t r o g e n , a n d also p a r t l y covalent . I n the me ta l l i c b o n d 
i n t r a n s i t i o n meta ls , e l ec t ron d i s t r i b u t i o n between local ised 
a n d m o r e de loca l i scd b o n d i n g states is de t e rmined b y a 
c r i t i c a l dis tance. R^.^^ A b o v e about 2-9 A the electrons are 
local ised, but b e l o w th is value "collective" electrons are p re ­
sent.* '̂* E lec t r i ca l c o n d u c t i v i t y is associated w i t h p a r t i a l 
f i l l i n g o f the /^g-bands by co l lec t ive electrons, a n d is l i m i t e d 
to c o m p o u n d s where the m e t a l - m e t a l distances are less t h a n 
R^, as i n n i t r ides . Rock-sa l t s t ruc tu red n i t r ides arc f o r m e d 
o n l y i f 3 o r less ^/-electrons are ava i lab le i n the f o r m a l l y 
t r iva l cn t c a t i o n , w h e n the f^ -o rb i t a l s are e m p t y a n d the t^-
orb i t a l s are e i ther h a l f o r less t h a n h a l f filled. Grea t e l ec t ro ­
nega t iv i ty di f ferences p roduce a large f o r b i d d e n zone, w i t h 
the b o n d i n g electrons b e l o n g i n g m a i n l y to the n i t rogen sub-
la t t ice ; the b o n d i n g s- a n d / j - e j - e l ec t rons arc p r e d o m i n a n t l y 
o n the n i t rogen ( S c N ) . Decreasing e l ec t ronega t iv i ty d i f f e r ­
ences c o n f e r a s t ronger Cf character o n the b o n d i n g e lec t rons . 
Increas ing covalent b o n d character m a y lead t o c a t i o n - a n i o n -
c a t i o n exchange i n t e r a c t i o n , e.g.. C r N . 

Special b o n d i n g re la t ionsh ips in te rmedia te between the 
t w o extremes exist f o r y - C r N ( rock-sa l t la t t ice) . T r a n s i t i o n 
f r o m cub ic t o o r t h o r h o m b i c s y m m e t r y is associated w i t h 
l oca l i s a t i on o f the covalent b o n d a n d accords w i t h changes 
i n magne t ic properties.**' N i t r i d e s o f the Perovski te t y p e , 
M a N ( M = Fe o r M n ) are classif ied by G o o d e n o u g h * ^ as 
i n t e r s t i t i a l a l loys , where the M - N b o n d is p r e d o m i n a n t l y 
i n character , i.e.. N is p r o b a b l y present as a neu t ra l a t o m . 
T h i s agrees w i t h K u r i y a m a ' s d e t e r m i n a t i o n o f the N a t o m i c 
sca t ter ing f a c t o r i n MniN.*"*" s h o w i n g n i t r o g e n to be present 
as e i ther N ° o r N ' " . These results c o n f l i c t w i t h E l l i o t t ' s de-
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i c r m i n a t i o n s f o r Fe4N. w h i c h show N - * - as the p r o b a b l e 
species.^^ M e k a i a ' s q u a h i a l i v e band scheme f o r c - M n ^ N is 
based o n a n e u t r o n d i fTrac l ion study.^^ a n d Is a m o d i f i c a t i o n 
o f G o o d e n o u g h ' s scheme f o r c u b i c - F M n , d i fTc r ing i n the 
energetic arrangement o f the e^- a n d /^g-bands re la t ive l o one 
another . 

Ubbelohde-Samsonov theor>' 

Ubbe lohde ' s i n t e rp r e t a t i on o f the in t e r s t i t i a l d i s s o l u t i o n o f 
hydrogen i n p a l l a d i u m , t a n t a l u m a n d i i i a n i u m ^ ^ - ^ ° has been 
extended by U m a n s k i y t o carbides a n d ni t r idcs ." ' ' -^^ Sci th & 
K u b a s c h e w s k i ' ^ a n d Prosvir in '"* have demons t r a t ed the i o n i c 
character o f dissolved c a r b o n a n d n i t r o g e n i n i r o n . F u r t h e r 
deve lopment by Samsonov & Neshpor^^-"^'-^* imp l i e s t rans­
fer o f n o n - m e t a l valence electrons i n t o the e lec t ron c l o u d o f 
the c o m p o u n d , at least pa r t i a l l y filling the e lect ron-defect o f 
the meta l a toms . T h e a d d i t i o n a l forces o f the d o n o r - a c c c p l o r 
i n t e rac t ion great ly s t rengthen the i n t e r a t o m i c b o n d . T h u s . 
Jack in terpre ts the s t ruc ture o f i r o n , ' ' ^ c o b a l t ^ ° a n d n icke l*" 
n i t r ides , carbides and ca rbon i l r i des o n the basis o f e lec t ron 
t ransfer f r o m the in t e r s t i t i a l C a n d N a t o m s t o the m c l a l 
la t t ice . T h e degree o f p a r t i c i p a t i o n i n the b o n d ( o f i n c o m ­
plete d- and / - e l ec t ron levels) a n d the d i s t r i b u t i o n o f e l ec t ron 
concen t r a t i on i n the crys ta l lat t ice is expressed by the q u a n t i t y , 
\jNn, 'acceptor a b i l i t y ' , where n is the n u m b e r o f e lect rons i n 
the incomple te level a n d /V is the p r i n c i p a l q u a n t u m n u m b e r 
o f this l e v e l . D e c r e a s i n g 'acceptor a b i l i t y ' causes corres­
p o n d i n g decreases** i n electr ical c o n d u c t i v i t y , heat o f f o r m a ­
t i o n , lat t ice energy^^-** a n d hardness. T h e e lec t ron dens i ty 
also depends o n the i o n i s a t i o n potent ia l s o f the n o n - m e t a l 
a toms, the i r e l ec t ron-donor a b i l i t y increasing i n the d i r e c t i o n 
o f O . N . C , B , S i . « ' - ' ° 

T h e essentially meta l l i c character o f the i n t e r a t o m i c b o n d is 
comparab le w i t h the H u m c - R o t h e r y e lec t ron p h a s e s , ^ ^ - ' * ° the 
nature o f the crys ta l s t ruc ture depending o n the e lec t ron c o n ­
cen t r a t ion . Increasing concen t ra t ion produces a sequence o f 
cr>'stal latt ices, v iz . . body-cent red cubic , base-centred hexa­
gonal , face-centred cubic , s imple hexagona l , f o r s i m i l a r 
a t o m i c r a d i i ra t ios , r . : r ^ , where X = B , S i , C , N . T h e 
face-centred cubic lat t ice, most character is t ic o f g r o u p I V 
and V meta l carbides a n d ni t r ides cor responds to a n e lec t ron 
concen t r a t i on o f 5-5 to 6 electrons per a t o m . Nevertheless , 
f o r m a t i o n o f crys ta l s t ructures character is t ic f o r me ta l c o m ­
pounds does not necessarily arise f r o m the t r a n s i t i o n a l na tu re 
o f their a tomic componen ts . T h u s , n i t r ides o f rare ea r th 
metals are m a i n l y i o n i c . " - ^ ^ yet crystal l ise i n face-centred 
cubic ( N a C I - t y p e ) latt ices, s imi l a r l o m o n o b o r i d e s a n d m o n o -
carbides o f g r o u p I V a n d V t r a n s i t i o n metals h a v i n g m e t a l l i c 
proper t ies . 

Wiene r & Berger demons t ra ted that the o c c u p a t i o n o f 
incomple te rZ-shells o f the meta l a toms b y e lect rons dona t ed 
f r o m the non -me ta l a toms reduced the magnet ic momen t . ' ' ^ 
Results f o r Fe, C o a n d N i n i t r ides suggested d o n a t i o n o f 
abou t 3 electrons by each N a t o m . T h e n i t r o g e n was re­
garded as a posi t ive i o n or as f o r m i n g a covalent b o n d by 
in te rac t ion o f the p-c lec i rons o f N w i t h the u n p a i r e d d-
electrons o f the nearest ne ighbour a toms . L i k e w i s e . K i e s -
s l ing f o u n d that the f e r ro -magne t i c p roper t ies o f M n , Fe, 
C o a n d N i bor ides showed effect ive increases o f 0-5 to I i n 
the n u m b e r o f r/-electrons c o m p a r e d w i t h the pure metals."** 

The re have been o n l y l i m i t e d s tudies o f the energy s p e c t r u m 
o f electrons i n meta l l ic c o m p o u n d s . These inc lude a n a p p r o x i ­
mate q u a n t u m mechanica l analysis o f the e l ec t ron s t ruc ture 
o f the in te rs t i t i a l phase T i C a n d T i N , * ^ a n d inves t iga t ions 

o f the X - r a y spectra o f T i . V . N b a n d C r n i t r ides .^^ -^^ T h e 
la t ter are i n t e rp re t ed by the s p l i t t i n g o f the 3fi^-level i n t o / j j - a n d 
i\- levels by the cr>'stal f i e l d i n the oc tahedra l e n v i r o n m e n t . 

Rela t ionship between bonding and c r j s t a l s t ructure o f 
t e rnary compounds 

B i n a r y n i t r ides m a y change (heir charac ter cons ide rab ly o n 
c o m b i n a t i o n w i t h a t h i r d e lement , e i ther meta l l i c o r n o n -
meta l l i c . Pa r t i a l exchange o f a t r a n s i t i o n meta l f o r a n e i g h ­
b o u r i n g t r a n s i t i o n me ta l produces o n l y a sma l l d i f f e r e n c e 
between the p rope r t i e s o f the b i n a r y a n d t e r n a r y c o m ­
pounds . I n t r o d u c t i o n o f one o f the even ( B ) s u b g r o u p metals 
o r pa r t i a l replacement o f n i t r o g e n by c a r b o n o r o x y g e n , each 
have a m u c h greater effect o n the na ture o f the b o n d i n g . 
T h e p roduc t s become p o l a r i n charac te r w h e n the t h i r d c o m ­
ponent is a \ e r y base m e t a l o r a s t r o n g l y e lec t ronega t ive 
n o n - m e t a l . T h e t e rna ry c o m p o u n d s so f a r e x a m i n e d have 
been classif ied by Juza. - a n d the i r proper t ies are s u m ­
mar i sed here i n r e l a t i on t o wha t is k n o w n o f the i r c rys t a l 
s t ructures . 

Ternar>' me ta l l i c phases—double ni t r ides 

Mixed crystals of the NaCl-type 

There are mi.xcd n i t r ides o f o d d subgroups I V , V a n d 

Hexoi^'onal phases 

These arc f o r m e d w h e n M n , Fc. C o and N i p a r t i a l l y re­
place T a i n c - T a N o r 5 - T a N ( f o r M n o n l y ) " " o r C o a n d N i 
rep lac ing T i a n d M o i n T i N a n d M o N . g i v i n g p roduc t s h a v i n g 
a tungsten ca rb ide - type la t t ice , cf . also N i arsenide s t ruc ­
tu re . N u m e r o u s t e rna ry n i t r ides i n C r , C r / N i a n d C r / M n 
steels b o t h w i t h a n d w i t h o u t subs tan t ia l c a r b o n conten ts have 
been r e p o r t e d . ' " ^ 

Mixed aysials of the Perovskiie type 

M i x e d crystals o f c o m p o s i t i o n M n , . i _ i , M , N , i _ o / - * • « / 4 , 
(where M = C r . M n , N i . C u , 2n and • denotes holes i n the 
n i t rogen sub la t t i ce ) de r ived f r o m M n j N have been inves t i ­
gated. T h e magne t ic m o m e n t s per u n i t cell o f the f e r r i -
magne i i c m i x e d crystals depend sys temat ica l ly o n the f o r e i g n 
metal c o n t e n t . N e u t r o n d i f f r a c t i o n studies i nd ica t e 
t w o subla l t ices in M n ^ N i n w h i c h Mnr is replaceable b y C r 
and M n c by N i . C u o r Z n . " * " M i x e d crystals M n ( 4 - . ) I n , N 
a n d M n , 4 . , > S n » N , w i t h no vacancies i n the N sub la t l i ce , give 
d i s c r e p a n c i e s . T e r n a r y f e r r o m a g n e t i c c o m p o u n d s are 
der ived f r o m F e ^ N w h e n Fe is replaced by N i o r Pt."^ 

TjM phases 

These are d o u b l e n i t r ides where a t r a n s i t i o n m e t a l . T , c o ­
exists w i t h an even s u b g r o u p e lement . M . N i t r o g e n is a g a i n 
s u r r o u n d e d by 6 T a t o m s i n a n essential ly oc tahedra l a r r ange ­
ment , a n d the M a t o m s are not b o n d e d t o N . ' * * ^ C r y s t a l 
s t ructures i d e n t i f i e d i n c l u d e : — S o m e 'Perovsk i te phases", 
T j M N ( T = C r , M n , Fe. C o . N i a n d M = C u , A g . M g , Z n . 
A I , G a , I n . G e , S n ; " ^ - " ^ also T i j I n N a n d T i 3 T I N " ^ ) . 
Hexagona l ' H phases'. T ^ M N ( T = T i . o r V , M = A I , G a , 
In o r G e ) . " " ( i - M n phases, T i M z N . i.e., M o , 3 F e 7 N 4 w h i c h 
app rox ima te s t o Moi jFcsNa o r M o j F c j N ; " * the ana logues 
V j Z n ^ N a n d V j G a ^ N c o n t a i n a n even s u b g r o u p m e t a l at the 
8 - f o l d p o s i t i o n i n the [5 -Mn cub i c s y s t e m . " * "r i -carbidc 
phases". T 4 M 2 N ( T = T i , Z r , H f , N b a n d M = Z n o r Z r ) . 
N i t r i d e s such as Ti^ZnaN have been discovered b y Benesov-
sky,""* where the n o n - m e t a l is at the centre o f a d e f o r m e d 
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octahedron. These structures are analogous to n-carbides 
such as W 3 F C 3 C and M 0 4 F C 2 C " * and n-oxides such as 
T i X u z O . ' " Subsequently, n-niirides, T3M3N (T = M n , 
Fe, Co, N i and M = M o or \V) have been reported,"* and 
the structure of n - F c a M o j N recently established." ' 

Temarj ' metallic phases—carbonitrides 
Isotypic nitrides and carbides fo rm continuous series o f 

mixed crystals, e.g., T i N and T iC .* ' - ^ ' The metal atom 
radii must differ by less than 15%, and the metal and non-
metal can be varied simultaneously, e.g., T i N v^ith H f C , VC. 
N b C : V N with TiC, NbC. Lattice constants of the mixed 
crystals closely follow Vegard's n j l e . ' ° ° Chromium car-
bonitrides (NaCI-typc lattice) are obtained f rom nitrided 
steels or e!ectrolylically. '^° Only part of the nitrogen is re­
placed by carbon, since there is no isotypic Cr carbide. There 
is more extensive replacement o f N by C in c - M r u N , giving 
compositions up to Mn4No .2Co.8- '°*' '^' 

Carbonitrides of iron and other transition metals arc 
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 
i;-carbonitride extends f rom Fe^N to FcCo.73N0.25. be­
coming ferromagnetic.'^^ The hexagonal carboniiride. cf. 
c-phase in Fe-N system, ranging f rom Fe., (C,N) to Fc j (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 to he.Kagonal Fc j (C ,N) and 
a-Fc. '^- ' " 

Cobalt carboniirides resemble those of iron. Both C02N 
and C02C are orthorhombic with closely similar lattice con­
stants. Thus, when C02N is heated with CO at 340°, all o f 
the N is replaced by C. The lattice constants o f the inter­
mediate mi.xed crystals o f Co2CN,C) change uniformly with 
the N / C ratio. There is only partial replacement of N by C 
in C o j N . since no isotypic carbide, C03C. exists.^" Nickel 
nitride. N i a N . can be carbidcd; both N i ^ N and N i j C are 
hexagonal with almost identical lattice dimensions.*' 

Nitride oxides 
Although T i N and TiO have almost the same lattice con­

stants, they do not fo rm a series o f mixed crystals. The 
lattice constant of T i N remains unchanged f rom T i N to 
TiNo.ftOo-a when the binary compounds are sintered at 
1700°. Subsequent lattice constant decreases indicate a 
limited solubility of T i N in T iO but not of T iO in TiN. '^ -* 
The semi-conductivity of thin T i N films with a small oxygen 
content^" conflicts with other electrical data on the effect o f 
oxygen on T i N in b u l k . ' ^ ' 

Nitr idation and oxidation o f V'^**, C r ' ^ ' 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.'^* 
Recently, the so-called a-SijN4 has been shown to contain 
oxygen, giving a defect structure o f approximate compo­
sition Siu-sNiaOo-s. '"" The same chemical and structural 
relationships are observed for a- and p-germanium nitrides.' ̂ ' 

Polar ternary compounds—double nitrides 
Li thium nitride, LiaN, forms mi.xed crystals up to a com­

position Li2.5M0.5N, where M = Co, N i and Cu. The heavy 
metal atom occupies 00} sites in hexagonal L i ^ N , and the 

mixed co'Slals retain the predominantly salt-like character o f 
L i j N . ' " Reactions o f L i a N with T i , V. Cr, M n and Fe 
produce L i s T i N j . ' " Li7VN4. '^ '* L i ^ C r N j , ' " L i 7 M n N 4 " ' ' 
and L i j F e N : , ' ^ ' which are also mainly polar. Except for 
L i j F c N i . they have a superstructure o f 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 ni t ro­
gen ions are surrounded by 8 cations. 

Polar lcmar>- compounds—nitride halides 
These are M N X , where M ^ T i . Zr, Th and X = CI. Br. 1 

Ammonolysis o f (he halidcs at higher temperatures gives T i 
compounds wi th a pronounced layer lattice like FcOCl. The 
sequence X T i N N T i X occurs in the r-axis direction. The 
halogens are assumed to be ionic, but the polar component 
of the bond within the cationic layer ( T i N N T i ) ^ " ^ is ex­
pected to be small. '^^ 

Kinetics of nitride formation 

Metal ni tr idalion is expected to conform to the same 
principles applying to oxide film growth.'^** Thus, the thin 
film theory o f M o d & Cabrera'*" is consistent wi th the 
kinetics for the formai ion of calcium nitride,''*'-"*^ where 
the rate is controlled by diffusion o f cations through the 
product layer. Rates depending on the first power o f the 
nitrogen pressure suggest reversible adsorption to fo rm 
surface complexes of type MCNz"). The mechanical stability 
o f the nitride layer is important in determining rate and 
extent of ni t r idal ion. Its strength depends on the difTerences 
in molecular volume and type o f co'stal lattice of the nitride 
compared with the original metal (cf. Pilling-Bedworth rule 
for oxidised metals'*-*), and also on the rate of nitride 
sintering. 

Higher temp>cralures enhance sintering, i.e., they promote 
rccrystallisation of the newly-formed nitride, but also in­
crease evaporation o f the metal below the nitride layer. This 
is exemplified by electropolished magnesium in very pure 
nitrogen'"*** at 10 cm Hg pressure above SOO"*. and is illus­
trated further by electron-micrographs o f nilrided mag­
nesium"** and calcium discussed in Part I I . In subsequent 
papers, changes in phase composition, surface area, average 
crystallite and aggregate sizes wi l l correlate with nitr idation 
conditions. 

Table I summarises molecular volume and crystal lattice 
changes accompanying nitridation o f several o f the more 
important elements. Calculations are based on X-rzy ex­
amination, densities being deduced f r o m metal and nitride 
crystal structures existent at temperatures normally used for 
nitridation. Volume changes are expressed as fractions o f the 
original metal volume, allowing for weight increases during 
niir idat ion; expansions and contractions arc indicated by - i -
and - signs respectively. For reference in subsequent re­
searches, the crystal structure dimensions have been checked 
experimentally by the authors against those given in the 
literature. '*^-'*' Where small decreases in unit cell size are 
caused by sintering o f the newly-formed nitride, the lowest 
l imit ing value is recorded, e.g., for C a j N j , a falls f r o m 
11 -42 A to 11 -38 A on sintering. 

Ni t r ida t ion rates often obey linear and parabolic laws, 
analogous to those found for metal o x i d a t i o n s . T h u s , 
nitridation o f 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 inlcrprelation at 
higher temperatures, viz.. 580''—625°. Nitridations of metals 
of the odd subgroups IV A and V A (T i . Zr. Hf . Th , U , V, 
Nb . Ta) generally progress parabolically.'-*^ Results suggest 
direct dilTusion of nitrogen into the metal. Factors causing 
slight deviations f rom the parabolic rate law in the earlier 
reaction stages arc probably similar to those encountered in 
metal o-xidations,'"*** viz., decreases in surface heterogeneity 
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. 

Niiridc scaling on metals 

Formation of non-uniform, i.e., porous or cracked, scales 
depends partly on the Pilling-Bcdworth rule,'"*-' which is 
probably less significant for scales that grow by outward 
migration of matter.'*^ It is more important for scales where 
the difi"usion is f rom the surface towards the metal-scale in­
terface. Fractional volume changes are comparatively small 
for the formation of the group IV A metal nitrides. T i N , 
Z r N and T h N (Table 1). Hence, titanium nitride films flake 
much less than those of the oxidised metal'^'-'-^"* (fractional 
volume change for rutile. T i02 . formation = 0-73). Both 
nitrogen and o.xygen are involved in the scaling of zirconium 
in air. The iwo-layered scale ultimately formed consists o f an 
outer while or bufT scale (ZrO; ) and an inner black scale 
(ZrO^. Z r N and possibly N) . The white scale predominates 
below '1050° and the black above chat temperature.'^^ 
Similarly, V, N b and Ta in group V A form o.xides of ex­
ceptionally large volume ratios (fractional volume changes of 
219. 1-68 and t-50 for their pcntoxides) compared with the 
nitrides (Table 1). The resultant extensive rupturing o f the 
oxide films changes the kinetics f rom parabolic to approxi­
mately linear at lower temperatures, 500—700^. for N b ' 
and Ta; '""- '* '^ sintering of the oxide film at higher tempera­
tures complicates the relationship between the gas pressure 
and oxidation rate.'^^-' I f the scale becomes coherent and 
protective, the reaction may practically be stopped, even 
when the scale is completely detached f rom the metal surface, 
e.g.. 'asymptotic'oxidation of N b at 1250^."*^ Ni t r ida i ion of 
Th becomes paralinear at higher temperatures (above 1370°). 
following the appearance of dark grey scale on top o f the 
golden film adjacent to the metal.'"* 

The group IV A and V A metals nitride much more 
slowly than they oxidise at corresponding temperatures.'*'^ 
Rates of nitrogen diffusion through a- and p-Ti and T i N 
indicate that the nitridations are controlled ultimately by 
diffusion through titanium and the surface nitride layer."* 
The initial controlling reaction is more likely diffusion 
through u-Ti . Likewise, the low activation energies for 
nitrogen diflTusion in 3-Zr compared with those for the 
ni tr idat ion, '"^ indicate that the rate o f solution in the 3-
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 o f nitride formation and the rate of solution in the 
m e t a l . ' ^ ° ' ^ = - ' " - ' ' o 

The M - N systems with M = V. N b and Ta are very similar 
for low N-contents, but differ for high N-contents. The 
nitrogen solubilities in the metal lattices are only about 
2 a l o m - X . ' " " The "interstitial' structure type. M z N . is 
common for the three M - N systems;^"*"'- ' '" the metal 

atoms are hc.xagonally close-packed and the N atoms are in 
one o f the two metal atom octahedra of the unit cell. This 
phase has a comparatively broad homogeneity range with 
the upper phase limit closely corresponding to the compo­
sition, M i N . A continuous solid solution series V j N - N b j N -
Ta^N most probably exists.'"'^ The NbNo .8 -0-9 and 
TaNo.8-0-9 phases are isomorphous, but there is no analogous 
V - N phase reported. The E-phase in the N b - N system 
(Table I) represents the transitional state between the atomic 
arrangements in the 7- and 6-phases."^ 

Nitr idat ion o f uranium is more complicated. Reaction 
rates wi th nitrogen ( I atm pressure) measured volumetrically 
indicate parabolic nilridation with some deviations init ial ly 
and after the period o f parabolic kinetics. ' ' ' ' The surface 
nitride formed at temperatures between 550° and 750° is 
mainly (probably deficient in nitrogen): at higher tem­
peratures, viz., 775—900°, the three nitrides. U N , U2N3 and 
U N : fo rm a rather roughened scale surface. The region 
between U N and U j N j consists o f 2 phases, but that be­
tween U2N3 and UN2 is a homogeneous solid solution; the 
crystal structure changes f r o m a distorted ( U j N j ) to a true 
C a F 2 - t y p e " « ( U N . ) , Table I . However, Vaughan, regards 
U2N3 as being isomorphous with Th^Ns and suggests it is 
polymorphic (2 f o r m s ) . R e a c t i o n between nitrogen and 
uranium or thorium films has been followed by surface 
potential studies."*" A t higher nitrogen pressures, rapid 
variations in the rates of change in potential with time are 
associated with the formation of higher nitrides al (he surfaces. 

Metal nitridation with ammonia 

The comparatively few kinetic studies of nitride format ion 
with ammonia mainly relate to metal catalysts for nitrogen 
lixation. Metallic chromium, molybdenum and tungsten do 
not react appreciably with nitrogen at 900° under ordinary 
pressures. They readily react with ammonia, even at 
lower temperatures (700—900°) giving single or mi.xed 
nitrides. M N and M2N (Table I) , where M = C r , " - ' 8 3 - > 8 4 
;^,^Q185.I86 \ y 187-iqi ^^^^ appHcs to chromium 
borides'^^ and ferrochrome metal.^' '^^ The latter reaction 
is controlled by the comparative solubilities o f nitrogen in 
chromium and iron at difTerent temperatures and pressures.''^ 
Heats of decomposition o f C r j N and Fe^N to saturated 
solid solutions compared with enthalpies o f formation, in­
dicate heat absorptions of about 5000 cal. per g. a tom N 
dissolving in either o f the two body-centred cubic solvents. 
This accords with the similar electronic distributions o f Cr 
and Fe about the N atoms. The much lower stability of 
F c j N compared with C r j N derives f rom the smaller radii o f 
the octahedral interstices available for N atoms (I-89 A 
compared with 213 A ) . 

Iron is generally nitrided by NH3-H2 mixtures o f atmos­
pheric pressure flowing over iron powder al rates sufiTicient 
to ensure only slight ammonia dissociation. A l 450°, the 
product contains y'-FcaN, its N-conient depending on the 
N H j ' H 2 ratio. When pure ammonia is used, the c- and C-ni-
trides are formed above and below 450° respectively.'*'^-"* 
A t higher temperatures, viz.. 700—750', nitrogen-austcnite 
(y-phase) and nitrogen-maricnsitc can be obtained. '^" 
The transformation o f F c j N 10 FcaN at 400—600° is retarded 
considerably by small amounts of iron sulphide. '^ ' 

Iron nitridation kinetics between 375° and 500° wi th 
NH3-H2 mixtures o f atmospheric pressure are ascribed to 
opposing reactions: (1) 2NH3 + 2.vFe-> 2Fe»N-I-3H2; (2) 
2Fe,N — l v F e + N2. Reaction ( I ) depends on the rate of 
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nitrogen difTusion through the iron and iron nitrides, and 
becomes slower as more nitride forms, unti l 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. 01 mm Hg)."»« and the kinetics of the de­
composition o f E - i ron nitride are of second order with res­
pect to the interstitial N c o n c e n t r a t i o n . T h e rate-deter­
mining process is believed to be the combination of pairs o f 
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 scries of metals, M , 
such as Ca:—(I) 3X + N2 - X , N , ; (2) X , ^ , + 6H, -
3XH2 + 2NH3: (3) 3 X H 2 + 2N2 - X3N, - f -2NH3 . Rates o f 
reaction ( I ) are particularly sensitive to gas pressure where 
the nitride layer is fragmented and docs 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 o f 
ammonia can exist in equilibrium with its decomposition 
products. Reaction (3) is exemplified by the production o f 
pure U N f rom the metal hydride using nitrogen or the cal­
culated amount of a m m o n i a . T h e 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 o f hydrogen. The rate o f 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 controlled considerably 
by the extent to which they have been sintered during their 
formaiion and any subsequent calcination. At present, there 
is much more information available on the sintering o f oxides 
which is expected to resemble that of nitrides. Theories of 
sintering have been developed by Huttig,'**** Kingcry,^"^ 
C o b l e . K u c z y n s k i . ^ " ' Whitc^"" and Fcdorchenko & 
S k o r o k h o d . ^ ° ' Sintering is enchanced by compacting the 
powdered nitride, e.g.. Be. La. T i . T h . U , Ta. before calcining 
in vacuo to prevent possible hydrolysis and oxidation.^"" 

Hot pressing often extensively densifies materials,' giving 
almost theoretical densities for oxides such as MgO, CaO 
and Al jOj .^"** A prerequisite is the production o f finely-
divided material with suitable particle size range. Develop­
ment is limited by impurities, particularly gas-producing con­
taminants such as hydroxides and carbonates. Hence, often 
vacuum hot pressing is prefer red .^ ' ° Sintering is accelerated 
generally by low-melting additives.^" but these may cause 
serious reductions in optical and mechanical properties. 
However. T i N 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 T i N in the presence of carbon^'^ and the defect 
structure and bonding o f Z r N containing excess nitrogen 
have been described.^ 

The microhardness of V and Cr nitrides varies with bonding 
changes during progressive metal nitriding and subsequent 
sintering;^'* the lower nitrides, V3N and C r j N are harder 
than V N and C r N . Apart f rom nitride formaiion, intro­

duction o f nitrogen into metallic chromium increases br i i i le -
ness by locally distorting the metal lattice and lowering the 
cold-briitleness boundary.^'*-^'*' Hardness and other mech­
anical properties of surface nitridcd iron arise f rom nitride 
deposits which cause iron lattice deformation^'^ blocking 
the glide planes.^'^ 

Nitr ide sintering is influenced by partial nitride hydrolysis 
and oxidation forming oxide impurities. When B N is pur i ­
fied at higher temperatures to reduce oxide content, the in­
creased particle size makes subsequent hot pressing more 
diflicult.^'** This nitride may be bonded and hot pressed 
successfully v,i{h silica glass.^^° 

Hydrolysis and oxidation of nitrides 

The resistance of powdered refractory nitrides to 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 f r o m re­
acting with the clean metal surfaces. Occasionally, 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 hydroxyl 
ions: since each N-*- is replaced by 3 O H " , the film becomes 
very weak and ruptures whilst very thin.'**' At higher tempera­
tures, decomposition o f the hydro.xides to oxides causes 
further fragmentation.^^' Thus, in magnesium nitridation 
between 400^ and 650°, metal evaporation is promoted by 
traces of water vapour but inhibited by oxygen. 

Hydrolysis o f zinc, cadmium and mercuric nitrides, e.g. 
Zn.,N2 + 6H20 — 3Zn(OH)2 + 2NH3, is enhanced, particu­
larly at low temperatures, by the solubility of their oxides and 
hydroxides being increased in ammonia. '* ' Complexes o f 
the type M(NH3), (OH )2 are formed when x < 4 for M = Zn 
and Cd and x < 2 for H g . " Soluble caustic alkalis also 
promote dissolution for Zn and for B. A l and Si nitrides. 

Alumin ium nitride hydrolysis forms part of the Scrpek 
process, which has been revived by Pechiney^^^ for the con­
tinuous production o f 98% A I N . This nitride has become 
more important as a refractory since its resistance to attack 
by water vapour was found to increase considerably when it 
was sintered at 2000°.^^^ The present authors (work 10 be 
published) find that aluminium nitride is oxidised appreciably 
to alumina by air or oxygen at temperatures above 600**. 
The oxidation rate depends mainly on (i) the intrinsic re­
activity o f the material and (ii) the available surface at which 
oxidation can occur. It generally obeys a parabolic law.^^-* 
but the activation energies vary considerably even for samples 
o f similar specific surfaces. The difTerences may be caused 
by initial films o f oxide impurities accelerating crystallisation 
o f oxide subsequently formed, and they arc being further in­
vestigated and compared with nitride hydrolysis. 

Boron and silicon nitrides are oxidised appreciably at 
temperatures above 800°. and this may involve format ion of 
intermediate nitride-oxide defect structures such as 
S iu .sNisOo s ( a -S i jN*) ' ^ ' reviewed above. The presence of 
oxygen reduces the rate o f nitridalion of pressed extruded or 
slip-cast silicon powder."-^* Sintering and hot pressing o f 
these nitrides^"-^^^ is expected to progressively increase their 
resistance to hydrolysis and oxidation. This should permit 
silicon nitride to be used successfully for lime ki ln tuyeres, 
without its mechanical properties being seriously impaired by 
the ki ln 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 earth metals (group I I A) and 
nitrides of typical transition meials such as T i and Zr (group 
IV A ) .^-*8 

Most interstitial nitrides are less readily hydrolysed. but 
some of ihem, e.g., T i . Zr, Hf. Th . V. Cr, Mo , W and U , are 
converted lo oxides on calcining in air. Thor ium mono-
nitride (ThN) o.xidises rapidly and quantitatively in moist air 
at room temperature even in ingot form, but powdered 
uranium,^^^ titanium and zirconium mononitrides are quite 
stable at 100° in boiling water, U N powder ignites in dry 
oxygen^^^ at about 300°, but W 2 N , M 0 2 N and C r N have an 
increasing oxidation stability. The mononitrides of V, N b 
and Ta are somewhat more stable, oxidising between 500" 
and 850°, while losing nitrogen. Titanium and zirconium 
nitrides produce T\Oi (rutile) and Z r O i (tetragonal fo rm) 
when calcined at temperatures between 400—ICKX)^ 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 T i N ^ " - " * * and UN.^^^ 
They illusiraic 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 T i N is excellent, the scaling resistance in air (or 
oxygen) is not very good. Oxidations with paralinear k in -
ctics""-^^' between 625° and 1075" give scales consisting of 
rutile and possibly thin films of T i O - T i N solid solutions^-" 
adjacent to the metal. Platinum marker experiments^^^-^^" 
show that the oxide-ntlride interface moves away f r o m the 
oxide-gas interface. This indicates that oxygen rather than 
T i diffusion is rate-determining at least in the parabolic 
stage o f the oxidation, cf. diffusion of anion vacancies in the 
TiOz (n-type conductor),^^^-^^^ which controls oxidation of 
T i between 6(X)° and 700° and gives a similar energy of acti­
vation.^-'* The linear portion of the rate cur\'c suggests that a 
phase boundary reaction ntay finally become rate-controlling. 
Probably, the atomic nitrogen diffuses f r o m the metal lo the 
outer scale surface where it then forms gaseous molecules, as 
in the decomposition of r.-iron nitride described above.'' ' ' ' 
Small amounts of nitrogen are retained in the oxide layer, 
and some may have dissolved in the nitride phase (deficient in 
N ) 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 o f the materials (to be reported in detail 
later). Final products of compositions such as T i02 No-oi3 
resemble UO3 .N0 .2 -0 -4 given when U N oxidises;*^* the 
latter is sensitive also to crystallite size variations and both 
the intermediate U2N3 and U O 2 arc cpiiaxially orientated 
with respect to the U N . 

Subsequent work wil l 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 single and mixed nitrides. 
Experimental techniques are summarised in the fol lowing 
section. 

Experimental lechniques 

Materials 
Thin meial films for nitridation are obtained by evaporating 

metal turnings /// vacuo f r o m 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 

coaled previously with carbon films. The filament currents 
are increased sufficiently slowly to avoid rapid temF>erature 
increases and permit metal stresses to be released, so that the 
turnings do not fly o f f the filament before evaporation. 
These films are nitrided at difTerenl temperatures for various 
limes. 

Larger amounts of nitride arc produced by direct nitrida­
tion of the metal turnings or powder. Other methods o f 
nitride production have been summarised at the beginning o f 
this paper. The nitrides are hot pressed using apparatus 
designed by Scholtz,"* Roeder & Schol lz"" and 
Oudemans.^-*^ 

Procedure 
Metal nitr idation, hydrolysis and oxidation of the nitrides 

are followed by weight changes on vacuum^-'^-^'*" and ther­
mal^**' balances. Samples are outgasscd usually at 200° in 
vacuo before determination o f their surface areas by the 
B.E.T. procedurc^**^ f r o m nitrogen (or occasionally oxygen) 
isotherms recorded at - 183° on anelectrical sorption balance. 
The deduced average crystallite sizes (equivalent spherical 
diameters) are compared with particle size ranges determined 
by optical or electron microscope or sedimentation balance. 
Where necessary, particle size fractions of the materials are 
sintered or hot pressed for further lengths of time at fixed 
temperatures. 

Phase composition identification 
Samples arc examined for phase composition and crystal-

linity using an A'-ray powder camera and a Solus-Schall 
A'-ray diffractometer with Geiger counter and Panax rate-
meter. The average crystallite size o f some of the phases can 
be determined f r o m A'-ray line- or peak-broadening. 
Certain samples are further examined by optical and electron-
microscopes (Philips EM-lOO). 

Aeknowlcdgmcnts 

The authors thank Dr. S. J. Gregg for his interest and en­
couragement in this work; Mrs. M . Sheppard for her assist­
ance in the verification o f A'-ray data: the University of 
London Research Fund, the Imperial Chemical Industries 
Research Fund and the Science Research Council for grants 
for apparatus and a S.R.C. Research Technicianship (for 
M.S.). 

John Graymore Chemistry Laboratories, 
College of Technology, 

Plymouth 
Received 28 June, 1967; 

amended manuscript 3 January, 1968 

References 
> Schwarzkopf, P., & KicfTcr. R.. 'Refractory hard metals', 1953 

(New York: Wiley) 
^ Juza. R..'Advances in inorganic chemistry and radiochemisiry*. 

(Eds. Emeleus & Sharp) 1966. Vol. 9. p. 81 
^ Schwarzkopf, P.. & KiefTer, R.. 'Cemented carbides'. 1960 

(New York: Wilev) 
* Soliman, A., J. appL Chem., Land., 1951, I . 93 
' Mellor. J. W., 'Comprehensive treatise on inorganic and 

theoretical chemistry'. Vol. 8. p. 97 (London: Longmans); 
ibid.. Vol. 8 (Suppl.). p. 150 

" Cochel, A.. Z. angew. Chem., 1931, 44. 367 
' Franck, H. H . , & Heimann. H. . Z. angew. C/iem., 1931, 44, 

372 
8 Juza, R., Neubcr, A.. & Hahn, H., Z. anorg. Chem., 1938, 239, 

273 

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



Glasson & Jayaweero: Formation and Reactiviiy of Nitrides. I. 75 

" Schmitz-Dumont. O.. Z. Etektrochem., 1956. 60, 866 
0̂ Watt, G. W., & Davies, D. D., J. Am. chem. Sac, 1948, 70, 

3753 
Glasson. D. R.. Thesis, Univ. London, 1949 
Lorcnz, M . R., & Binkowski, B. B., J. electrochem. Soc, 1962, 

109, 24 
van Arkel, A. E., & dc Boer, J. H. . Z. anorg. Chem., 1925. 148. 

345 
'* Agte. C . & Moers. K., Z. anorg. Chem., 1931, 198, 243 
'» Becker. K.. Phvs. Z., 1933, 34. 185 

van Arkel. A. E., Metalhvin., Mctathviss, Metalliech., 1934, 13, 
511 

Pollard, F. H., & Woodward, P.. J. chem. Soc, 1948, p. 1709; 
Trans. Faraciav Soc, 1950, 46, 190 

Campbell, I . E.', Powell. C. F.. Nowicki, D. H. . & Gonser. 
B. W., J. electrochem. Soc, 1949, 96. 318 

Miinstcr. A.. & Ruppert, W., Z. Elektrochem., 1953. 57. 564 
J ° Munstcr. A.. Angew. Chem., 1957, 69, 281 
^' Stokes, C. S.. & Knipe, W. W.. Iml. Engng Chem., 1960, 52. 

287 
'2 Opfermann. W.. Mher. dr. Akml. Wiss., Bcri. 1964, 6. 92 

Ehrlich. P.. Z. anorg. Chem., 1949. 259. 1 
^* l lahn, H. . Z. anorg. Chem.. 1949. 258. 58 
^ ' Blix. R.. Z. phvs. Chem.. 1929, (B). 3, 229 

Schenk. R., & Kortengrabcr, A., Z. anorg. Chem., 1933. 210, 
273 

= ^ Guilland. C . & Wyart. J., J. Rech. Cent. natn. Rech. scicm., 
1947, 3, 123 

Lchrcr, E.. Z. Eleklrochem., 1930. 36. 383 
Juza, R., & Sachsze, W.. Z. anorg. Chem., 1947, 253, 95 

^" Juza. R., & Sachsze. W.. Z. anorg. Chem., 1943, 251. 201 
^' Paranjpe. V. G.. Cohen. M. , Bcvcr. B. M. , & Floe, C. 1., 

J. Metals, A'. >'., 1950, 188, 261 
J - I-ast, J. D., Philips tech. Rev., 1948. 10. 27 

Fricderich. E.. & Sillig. L.. Z. anorg. Chem.. 1925. 143, 293 
•̂̂  Margrave, J. L.. & Sihapitanonda. P.. J. phys. Chem., Ithaca, 

1955. 59. 1231 
>̂ Wicks. C. E.. & Block, F. E., Bull. 605, U.S. Bur. Mines, 1963 

Ellingham. H. J. T., J. Soc. chem. ImL. Loml., 1944. 63. 125 
Evans, D. A., Thesis, Univ. Durham. 1957 

J " Munster, A., & Ruppert, W., Z. Elektrochem.. 1953, 57. 558 
Miinsier. A.. Rinck, G., & Rupperi. W.. Z. phvs. Chem., 

Frank/. Au.<!g., 1956,9, 22S 
*° Powell. C. F.. Oxlcy, J. H.. & Blochcr, J. M . . Vapour de­

position'. 1966. p. 381 (New York: Wiley) 
•" van Arkci. A. E.,'Molecules and cr>'stals". 1956. p. 63 (London: 

Butterworths) 
*• Croaio. U. . Genta. V., & Maltese. P., Ga::. chim. iial., 1951, 

81. 827 
Miigg. C . Metallwirt., Metallwiss, Metalltech.. 1931, 10, 387 

•'^ Miigg, G.. Z. phvs. Chem., 1931, (B). 12. 33 
*- Rundlc, R. E., Acta, crysialhgr., 1948. I , 180 

Hagg. G.. l.y.A., 1953. 24. 345 
Rowden, W. F., Metallurgy Bull., 1950. 5, No. 5/6 

•*» Shaffer. P. T. B., & Samsonov, G. V.. 'High temperature 
materials', 1964, Handbooks 1 and 2 (New York: Plenum) 

Samsonov. G. V.. *Refractor>- transition metal compounds'. 
1964 (London: Academic Press) 

" Samsonov. G. V.. Ukr. khim. Zh., 1965, 31. (10), 1005 (N.L.L. 
translation. RTS 4233: Dec. 1967); summarised in Izv. 
Akad. Nauk SSSR, 1967. 58, (10). 76 

Thompson. R.. & Wood. A. A. R.. Chem. Engr, 1963. p. CE 51 
Popper, P.. & Ruddlesden. S. N. , Nature, l^nci., 1957. 179. 1129 

" Hardic. D.. & Jack, K. H. . Nature, Land.. 1957. 180, 332 
Gill, R. M. , & Spence, G.. Refract. J., 1962, p. 92 

" Pauling, L., 'The nature of the chemical bond', 1940. p. 420 
(Ithaca. N.Y.: Cornell University Press) 

Pauling. L.. J. Am. chem. Soc, 1947, 69, 542 
Pauling, L.. Proc. R., Sac, 1949. (A), 196, 343 
Krcbs. H.. Acta, crvstallogr., 1956, 9, 95 
Biiz, H., Z. phvs. Chem., 1958. 153, 338 
Kume, K., & Yamagishi. H.. J. phvs. Soc. Japan, 1964, 19. 

414 
L vov, S. M . , Nemchenko, V. F., & Samsonov, G. V., Ukr. 

fiz. Zh., 1962. 7, 331 
''^ Goodenough, J. B.. 'Magnetism and the chemical bond'. 1963 

(New York: Wilev, Interscicnce) 
Mott. N . F., Nuovo Cim, 1958, (10), 7. suppl. 312 
Goodenough, J. B., Phys. Rev., 1960, 120. 67 
Goodenough, J. B., Phys. Rev., 1960, 117, 1442 

t uo 
1 n 1 
1 ( I I 

to* 

106 

l O Q 

I 1 O 

I 1 1 

I I S 
1 1 6 

Kuriyama, M . , Hosoya. S., & Suzuki, T., Phvs. Rev., 1963, 130 
898 

Elliott, N . . Phv.'i. Rev., 1963. 129. 1120 
Mekata, M . . J. phvs. Soc. Japan, 1962, 17, 796 
Ubbelohde, A. R., Trans. Faraday Soc, 1931, 28, 284 
Ubbelohdc, A. R., Proc. R. Soc, 1937, (A), 159, 295 
Umanskiy. Y. S., Dokl. {Proc.) Acad. Sci. U.S.S.R., phvs. Chem. 

Seci., 1943. 26. 127 
Samsonov, G. V.. & Umanskiy, Y. S., 'Solid compounds of 

refractory metals', 1957 (Moscow: Mctallurgizdat) 
Scith, W., & Kubaschewski, O., Z. Elektrochem., 1935, 41, 551 
Prosvirin, 3. I . , ^esi. Metalloprom., 1937. 17. (12), 102 
Samsonov, G. V., Zh. fiz. Khim., 1956. 30, 2058 
Samsonov, G. V., & Neshpor, V. S., Dokl. Akad. Nauk SSSR, 

1958, 122, 1021 
Samsonov, G. V., Neshpor, V. S., & Paderno, Y. B., Ukr. 

fiz. Zh., 1959. 4, 509 
Samsonov. G. V.. & Neshpor. V. S.. 'Powder metallurgy and 

strength of materials'. 1959, No. 7. pp. 7 and 99 (Kiev: 
Izdvo Akad. Nauk SSSR) 

Jack, K. H. . Proc. R. Soc, 1948. (A). 195. 41 
Clarke. J.. & Jack. K. H., Chemy Ind.. 1951. p. 1004 
Jack. K. H. . Acta crvstallogr., 1950, 3, 392 
Sarkisov. E. S.. Dokl. Akad. Nauk SSSR, 1947. 58, 1337 
Sarkisov. E. S.. Zh. fiz. Khim., 1954. 28. 627 
Samsonov, G. V.. & Neshpor. V. S., Zh. fiz. Khim., 1958, 32, 

2424 
Baughan. E. C . Trans. Faraday Soc, 1959, 55. 2025 
Shulishova, O. I . . 'High temperature cermet materials', 1962 

(Kiev: Izd. Akad. Nauk SSSR) 
Samsonov. G. V., Dokl. Akad. Nauk SSSR, 1953, 93, 359 
Kicssling, R., hortschr. chem. Forsch., 1954, 3. 41 
Kiessltng. R.. Powder Metall.. 1958. No. 3. 177 
Robins. D. A., Powder Metall., 1958. No. 1-2. 172 
Jandcll, A.. Z. anorg. Chem., 1956. 288, 81 
Klcmm, W.. & Winkelmann, G.. Z. anorg. Chem., 1956. 288,S7 
Wiener, G. W.. & Berger, A. J.. J. Metals, N. K. 1955. 7, 360 
Kicssling, R.. Merall. Rev., 1957, 2, 5 
Vanyshteyn, E. Y., & Vasili'yev, Y. N . , Dokl. Akad. Nauk 

SSSR. 1957, 114. 53 
Vanyshlevn. E. Y.. & Zhurakovskiy. Y. A. . Dokl. Akad. Nauk 

555/?.'1958. 122. 365: ihid.. 1959, 127, 534; ibid, 1959, 128. 
595; ibid., 1959, 129, 6 

Nemnonov, S. N . , & Men'shikov, A. Z., Izv. Akad. Nauk 
SSSR (Ser. Fiz.), 1959. 23. 587 

Korsunskiy. M . 1., & Genkin, Y. Y., 'Heat resisting materials 
seminar', 1958, Bull. No. 5 (Kiev: Izdvo Akad. Nauk 
SSSR) 

Karal'nik. S. M . . Nikolayeva, L. G.. & Korolcnko. Y. I . , 
Ukr. fiz. Zh., 1959, 4, 404 

Duwez, P.. & Odell. F.. J. electrochem. Soc. 1950, 97. 299 
Schonbcrg. N . . Acta chem. scand., 1954, 8. 213 
Nowotny. I L . Bcncsovsky, F.. & Rudy. E.. Mh. Chem.. 1960. 

91. 348 
Ito. F.. Tsuchida, T.. & Takaki, H., J. phvs. Soc. Japan. 1964, 

19, (1), 136 
Schonberg, N. . Acta metall., 1954. 2. 427 
Maratray. F., Pubis Inst. Rech. Sidcr., 1954 (B), 75. 47 
Juza, R., & Puff, H. , Z. Elektrochem., 1957, 61. 810 
Juza. R., Deneke. K.. & Puff. H. .Z . Eleklrochem., 1959. 63, 551 
Takei. W. J., Shirane, G.. & Eraser, B. C , Phy.s. Rev., 1960, 

119. 122 
Huitig, G. F., Kolloidzeitschrift, 1941.97. 281 
Stadclmaier, H. H. . & Tong. S. Y.. Z. Metallk., 1961, 52. 477 
Stadelmaier, H. H. , Z. Metallk.. 1961. 52. 758 
Stadelmaier, H. H., & Frakcr. A. C . Z. Metallk., 1962, 53, 48 
Jeitschko, W., Nowoiny, H. , & Bencsovsky, F.. Mh. Chem., 

1964, 95, 436 
Jeitschko. W.. Nowoiny. H. . & Bencsovsky, F., Mh. Chem., 

1963, 94. 1198; ibid., 1964. 95, 156. 178 
Evans, D. A., & Jack, K. H. . Acta crystallogr., 1957, 10. 769 
Kiessling. R., Proc. Int. Symp. on Reactivity of Solids, Gothen-

berg. 1952. p. 1065 
Schonberg, N . , Nature, Land., 1951. 168, 558 
Schonberg, N. , Ada chem. scand., 1954, 8. 932 
Coles. N . G., Thesis. Univ. Newcastle. 1967 
Hume-Rothery. W.. Raynor. G. V., & Little, A. T.. J. Iron 

Steel Inst., 1942, 145, 129 
Bouchaud, J. P., & Fruchart, R., Bull. Soc. chim. Fr., 1964, 2, 

1579 

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



76 G/a.sson & Jayaw eera: Formalio/i and Reacfivity of Nitrides. /. 

1 I 2 

1 ; -1 

1 1 4 

1 ,IO 

Schrader, H.. Trans. Indian hm. Meials, 1949, 3. 1S5 
Bridellc, R.. ^nn. Chim.. 1955. (12). 10, 24 
Schmitz-Dumoiit. O., & Steinberg, K.. Satnrwissenschaficn, 

1954, 4L 117 
Samsonov. G. V.. N'crkhoglvadova, T. S.. L'vov. S. M. . & 

Nemschcnko. V. P.. Dokl. Akad. Sauk. SSSR. 1962. 142. 862 
Roubin. M. P., & Paris. J. M . , C. r.hehd. Scanc. Acad. Set., 

farts. 1965. 260. 3088 
Roubin. M. P., & Paris. J. M. , ibid.. 1965. 260. 398! 
Yamaguchi. G.. & Yaniagida, H.. Bull. chem. Sue. Japan. 

1959. 32, 1264 
Lcjiis, A. M. . Bidl. Soc. chim. />.. 1962. 11,12. 2123 
Lejus, A. M. . Rev. hie. Temp. Rcfraa.. 1964. I . 53 
Gric\cson. P.. Jack. K. H., & Wild. S.. Special Ceramics 

Symposium. 1967. in press (Slokc-on-Treni: Br. ccram. 
Res. Assocn.) 

Sachs/c, W.. & Ju/a. R., Z. aitorf:. C/tem., 1949. 259. 27S 
Juza. R.. Wcbcr. H. H.. & Mc\cr-Simon. l£.. Z. a/iorf,'. Chem.. 

1953, 273, 48 
Juza. R.. Gieren. W.. & Haug. J., Z. anor};. Chem.. 1959. 300. 

61 
Juza, R., & Haug, J.. Z. anot\i;. Chem.. 1961, 309. 276 
Juza. R.. Anschm/.. & PufT. I I . . Anl:e^^. Chem., 1959. 71. 

161 
l-rankciiburgcr. W.. Andrussov, L.. Durr. F.. Z. {ih'km?-

chcm.. 1928. 34. 632 
.lu/a. R.. & Hcncrs, J.. / . aiioru'. Chem.. 1964, 332. 159 
Kubaschcwski. O.. & Hopkins, B. "Oxidalion of mclals and 

alIo>s'. 1962 (London: Buticrwonhs) 
Cabrera, N.. & Moit. N. F.. Rep. Pio.t,'. Phys., 1948. 12, 163 
von Antropoir. A.. & Gcrniann, F., Z. ph\s. Chem., 1928. 137. 

209 
Roberts. M. \V., & Tompkins. F. C . Proe. R. Soc., 1959. 251. 

(A). 369 
Pilling, N. B., & Bcd\«.orih, R. IE.. J. Inst, \teial.s. 1923. 29. 529 
Bicklcy. K. 1.. &. Gregg, S. J.. J. chem. Soc. 1966. (A), p. 1S49 
Glasson. D. R., & Jayawccra. S. A. A.. 'Surface phenomena of 

mcials", St}c. chem. Ind. Mono^r. Nt>. 2H. 1967. in pre^s 
(London: The Sociciv) 

von Siackclbcrg, M. . & Paulus. R.. Z. phvs. Chem.. 1933. 22. 
305 

Taylor. A.. &. Knglc. B. J,, •Cr>stallographic data on metal and 
alloy structures', 1962 (London: Constable) 

Sthapitanonda, P.. & Margrave, J. L.. J. phvs. Chem.. Ithaca. 
1956. 60. 162S 

Gulbranben. F. A.. & Andrew. K. F.. J. electrochem. Sac, 
1951. 98. 241 

VcrmiKca. D. A.. Acta nietaU., 1957. 5. 492 
Carpenter. L. G.. &. Rcavcll, L*. R., Metalltiri^ia. 1948. 39. 63 
Giilbransen. F. A.. & Andrew. K. F.. J. Meiats.. S. )'.. 1949. I , 
No. 10. 741 
Richard.son. L. S.. & Grant. N. J.. Trans, mctall. Soc. 

A.I.M.E.. 1954. 200. 69 
Wasilcwski. R. J., & Kchl. G. L.. J. Inu. Metals. 1954. 83. 94 
Phalnikar. C. A.. & Baldwin. W. M. . jun.. Proc. Sue. Am. 

Test. Mater.. 1952. 5L 1038 
Argcni. B. B.. & Phelps. B.. J. les\-common Meials, 1960. 2. 181 
Hurlcn. T.. Kjollesdal. H.. Markali. J.. & Norman. N. , Puhl. 

Cent. tnsf. Ind. Res.. Osh-Blindern, Apr.. 1959 
Kofstad, P.. & Kjollesdal, H.. Trans, mciall. Soc. A.i..\t.E., 

1961. 221, 285 
Caihcart. J. V.. Campbell. J. J.. <̂  Smith. G. P.. J. electro-

chem. Sac, 1958. 105. 442 
Gebharl. &. Seghezzi. 11. D., Z. Metallk., 1959. 50. 248 
Peterson. R. C . Fassell, VV. M. . & Wadsworth. M . H.. Trans. 

Am. Inst. Min. meiall. Enters.. 1954, 200. 1038 
Cathcarl. J. V.. Bakish, R.. & Norton. D. R.. J. elccirocfiem. 

Soc. 1960. 107. 668 
Kubaschewski. O.. & Schneider. A.. J. Inst. Metals. 1949, 75. 

403 
Gerds. A. F.. & Mallctl. M . W.. J. cleetrochem. Soc. 1954, 

101. 171 and 175 
Gulbransen, F. A., & Andrew, K. F.. J. clectrochcm. Soc, 

1950. 97. 383 and 396 
Gulbransen. E. A.. & Andrew. K. F.. J. Metals, \ . V., 1949, 

I . No. 8. 515 
Mallell. M. W.. Belle. J., & Cleland. B. B.. J. electrochem. 

Soc. 1954, 101. 1 
Gulbranscn, F. A., & Andrew, K. F., J. electrochem. Soc, 

1949, 96, 354 

1TI 
1 --J 

1 • ,1 

1 " •) 

] HI) 

I S4 

2 0 « 

Hit) 

21: 

2 I ti 
2 1 7 

Gulbransen, E. A.. & Andrew. K. F.. J. Metals., A' .} ' . . 1950, 
188. 586 

Ang, C. Y., Acta metal!., 1953. 1. 123 
Brauer. G.. & Jandcr, J. Z. anorsj. Chem., 1952 270, 160 
Schonberg. N . . Acta chem. scand., 1954. 8, 199. 208 
Epelbaum. V. A. . & Ormont, B. F.. J. phvs. Chem., SSSR. 

1947,21,3 
Rostoker. \V., & Yamamoto. A., Trans. Am. Sue. Metals. 1953. 

Prepr. No. 29 
Brauer, G.. & Zapp, K. I L . j\'aiur\vi.s.scnscha/ten. 1953. 40. 604 
Braucr, G., & Ziipp. K. H.. Z. anor^. CItem.. 1954. 277, 129 
Mallctl, M. W., & Gerds. A. F., J. elecirochem. Sue. 1955. 102, 

292 
Rundle. R. E.. Bacnziger. N. C , Wilson. A. S.. & McDonald, 

R. A., J. Am. chem. Soc. 1948, 70. 99 
Vaughan. D. A.. J. Meials. ,V. Y.. 1956. 8. 78 
Riviere. J. C . "Surface phenomena of metals". Soc. chem. Ind. 

Munofir. ,\o. 28, 1968. in press (London: The Society) 
Duparc. L.. Wenger, P.. & Schusscle. W.. Heh: chim. Acta. 

1930. 13. 917 
Neumann. B.. Kroger. C . & Haebler, H., Z. anorf;. Client., 

1931, 196. 65 
Korolev. M . L.. /_-r. Akad. Xank SSSR. Otdcl. Tekh. Sauk, 

1953. p. 1465 
Eriksson, S.. Jernkont. Annir, 1934. 118. 5.30 
Ghosh, S. P.. J. Indian chem. Sue, 1952. 29. 484 
Sievcris. A.. & Zapf G.. Z. anorg. Chem.. 1936. 229. 161 
Hiigg. G.. Z. phvs. CItem.. 1930, (B), 7. 339 
Laflittc, P.. & Grandadaiii, P., Cr . hehd. Seanc. Acad. Sci., 

Paris, 1935. 200. 1039 
Kicssling. R., & Liu. Y. I L . J. Metals, A'. >'.. 1951. 3. Trans, p. 

639 
Kiessling. R., & Peterson. L.. Acta metall.. 1954. 2. 675 
Schonberg. N. . Acta chem. scand., 1954. 8, 204 
Seybolt. A. U. , & Oriani, R. A.. J. Meials, A'. )'.. 1956. 8. Trans. 

p. 556 
Kohlschiitter, H. W.. & Lohnes. K.. Z. anom. Chem.. 1947, 

255. 73 
Jack, K. H., Pruc. R. Soc, 1948. (A), 195. 34 
Jack, K. H., Acta crvsiallufir.. 1952. 5. 404 
Jack. K. H.. Proc. R. Sue, 1951. (A). 208. 2(K) 
Kohlschiitter. H. W.. & Pavel, M . . Z. anuri^. Client., 1947. 255. 

65 
Krichevsky. 1. R., & Khazanova. N . F.. Oukl. Akad. Xatik 

SSSR. 1950, 71. 481 
Goode%c, C . & Jack. K. H., 0/.vr//.v.v. I-aradav Soc. 1948. No. 4. 

82 
Kaiz, J. J.. & Scaborg. G. T.. 'Chemistry of the actinide ele­

ments". 1957. review by Hockstra & Katz (London: Mcihuen) 
Fmmett, P. H. . & Harkncss. R. W., J. Am. chem. Sue, 1935. 

57, 1631 
Kingcry, W. D.. 'Introduction to ceramics'. 1960. p. 353 (New-

York: Wilev) 
Coble, R. L. .V. appl. Phys.. 1961. 32. 787. 793 
Coble. R. L.. 'Fundamental phenomena in the material 

sciences". 1964. Vol. 1 (New York: Plenum Press) 
Kuczynski, G. C , 'Theory of solid state sintering". 1961 (New 

York: Wiley. Interscicnce) 
White. J.. 'Science of ceramics", Proc. Br. ceram. Soe, 1962, 1. 

305: ihid., 1965. 3. 155 (London: Academic Press) 
Fcdorchenko. L M . . & Skorokhod. V. V.. Izv. Akad. Sank 

SSSR. 1967. 58. (10). 29: 'Progress in inorganic materials". 
50th Anniversary Publication. Akad. Nauk SSSR, October 
1967 

Chiotii. P.. J. Am. ceram. Soc. 1952. 35, 123 
Rice. R.. 'Science of ceramics". Pruc. Br. ceram. Sue, in ihc 

press 
Fulrath. R. NL, ibid. 
Glasson. D. R.. J. appl. CItem.. Lund., 1967. 17. 91 
Blum. A.. Plansceber. PulvMeialL. 1962. 10. 72 
Straumanis. NL E.. Fauncc, C. A., & James. W. J., Inorp. 

CItem., 1966. 5. 2027 
Samsonov, G. V.. & VerkhogKado\a. T. S., Dukl. Akad. 

Sank SSSR, 1962. 142, 608 
Kischkin. S. T.. & Panassjuik, O.. Dukl. Akad. Sauk SSSR, 

1957. 113. 1263 
Weaver. C. W.. Sainre, Land.. 1957. 180. 306 
Imai. Y., & Lshizaki. T.. Set. Rep. Res. Inst. Tohoku Univ., 

1962, (A). 14, 203 
Frv. A.. J. Iran Steel Inst., 1932, 125, 191 

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



Glasson & Jayaweera: Formation and Reactivity of Nitrides. II. 77 

220 

111 
322 

223 

22* 

Ruddlesdcn. S. N. , "Special ceramics". Proc. Symp. Br. ccram. 
Res. Assocn, 1962, p. 341 (London: Academic Press) 

Carborundum Co., B.P. 1,052,295 
Glasson, D. R.. J. appl. C/iem., Lend., 1963, 13, t i l 
Clair. J., Fr.P. 1,175.373 (1957) 
Long, G., & Foster, L. M . , J. Am. ceram. Soc, 1959, 42. 53 
Cooper, C. F., George, C. M . , & Hopkins. S. W. J., Special 

ceramics.' Proc. Symp. Br. ceram. Res. Assocn, 1962, p. 49 
(London: Academic Press) 

Taylor, K. M . , & Lenie, C , J. clecnochem. Soc, 1960, 107. 308 
Parr, N . L.. Manin, G. F.. & May, E. R. W.,'Special ceramics". 

Proc. Symp. Br. ccram. Res. Assocn, 1960, p. 102 (London: 
Hcywood) 

Thompson. D. S.,& Pratt. P. L.^Proc. Br. ceram. 5oc.. 1966, 6. 75 
Dell. R. M. , Wheeler. V. J.. & Mclvcr, E. J., Chem. Soc. 

Symposium, Aberdeen, 1966. Paper 3-3; Trans. Faradav Soc, 
1966. 62, 3591 

Munsier. A., & Schlamp. G., Proc. 16th Int. Congr. Pure and 
appl. Chcm., Paris, 1957, Min. Chem. Section, p. 691 
(London: Butterworth); phvs. Chem., 1957, (N.F.), 13, 
59; ihiJ., 1958, 15, 176 

Munsicr, A., Z. Elckirochem., 1959. 63, 807 
Samsonov. G. V.. & Gokibeva, N . K.. J. phvs. Chem., Moscmv, 

1956, 30. 1258 
Hauffe, K., H'iss. Z. Univ. Greifswald, 1951-2, 1, 1 
Grunewald. H. . Annin Phvs. Lpz., 1954, 14. 121. 129 
Tylccote. R. F., & Mitchell, T. E., J. Iron. Sieel Inst., 1960. 

196. 445 
SchoUz. S.. "Special ceramics*. Proc. Symp. Br. ceram. Res. 

Assocn. 1962. p. 293 (London: Academic Press) 
Rocder. F., & Scholtz. S., "Special ceramics". Proc. Symp. Br. 

ceram. Res. Assocn. 1964. p. 269 (London: Academic Press) 
Oudcmans, G. J., Proc. Br. ccram. Soc, 1967 in press 
Gregg. S. J.. J. c/iem. Soc, 1946. p. 561 

- J ' * SariortusAVcrkc. "Flccirono-Vacuum Balances", 1963 (Goiiing-
en: Sariorius-Werkc. A.-G.) 

i-'o C. I . Elecironics, 'Microforce Balances'. 1966 (Wimborne, 
Dorset, England; C. 1. Electronics. Ltd.) 

Gregg. S. J.. & Winsor. G. W., Analyst, l^nd., 1945, 70. 336 
Brunauer. S., Emmcii. P. H., & Teller, E.. J. Am. chem. Sac, 

1938, 60. 309 
'•"^ Classon. D. R.. J. appl. Chem., Land., 1964. 14. 121 

FORMATION AND R E A C T I V I T Y O F NITRIDES 
I I . * C A L C I U M A N D M A G N E S I U M N I T R I D E S A N D C A L C I U M 

C Y A N A M I D E 

By U. 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 crystallites 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. 

Calcium and 
combination of 
above 300^ 

Introduction 

magnesium nitrides are formed by direct 
the metals with nitrogen at temperatures 

Calcium nitride 
Nitr idat ion of pure calcium at 400—450° takes place in 

three stages,' ( I ) 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 jNz , and (3) a second 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 aulocatalytic;^ 
the induction period decreases 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* (pseudohe.xagonal. a = 
3-533 A, c = 4 1 1 A ) , which irreversibly changes to the brown 
form at 600—750°. 

The higher temperature fo rm of C a j N , is cubic ( M n j O . , , 

*Pari I : previous paper. 
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D5j-type, a = 11-38 A ) and is used commercially as a de­
sulphurising agent for blast furnace metal . ' In the nitride 
production, oxygen must be excluded since it prevents nitro­
gen reacting with the fresh calcium surface. Formation o f an 
initial nitride surface layer protects against any subsequent 
oxygen attack, and permits nitr iding to proceed. The nitride 
layer is destabilised, however, by hydrolysis (water 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 f r o m metallic calcium and f r o m 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). N i i r i da l i on is 
accompanied by metal evaporation even al 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 nitr ida­
tion rates, explained in terms of the formation and growth 
of cavities at the nitride-metal interface, with rupture o f 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.^ A limited amount o f nitrogen 
(or ammonia) is admitted to initiate surface nitriding. Con­
version of all the metal to the nitride is then completed at a 
temperature suflicient for the sublimed magnesium to break 
through the nitride surface coating, and gradually admitt ing 
additional amounts o f nitrogen. 

The nitride layers arc destabilised by hydrolysis (water 
vapour or liquid) when the nitride ions arc replaced by 
hydro-xyl ions; since each N ^ - is replaced by 3 O H - , the 
films become very weak and rupture whilst very thin. A t 
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 cyanamlde 
Pure calcium cyanamide is obtained by decomposing cal­

cium cyanide at 600° in nitrogen;"* reaction between lime 
and hydrocyanic acid yields a maximum of 35% Ca(CN)2 at 
350° which decomposes at higher temf>eratures. Ni t r ida t ion 
of calcium carbide also produces calcium cyanamide. Equil i­
brium in the system CaC2-N2 -C -CaCN2 at temperatures 
between 1220° and 1390° is bivariant, and is determined by 
the concentration of a solution of CaCz in CaCN2, which 
is the true reactant. The reaction CaCi + N ^ = C a C N j + C, 
is completely reversible up to 1325°. A t 1120—1130°, CaCN2 
is stable under a nitrogen pressure of 1 atm. 

Calcium cyanamide is hydrolysed by steam (as in the pro­
cess for nitrogen fixation) or more slowly by moisture in soil 
(when used as a fertiliser). The overall hydrolysis has been 
represented by the equation CaCN2 + 3 H i O = CaCOa-l-ZNHa, 
but initially C N j - is replaced by O H " to f o r m Ca(OH)2 
as an intermediate. Urea formed f rom the hydrolysis of the 
cyanamide ions reacts with the hydrated lime to produce 
calcium carbonate. These changes have been followed by 
A'-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) fo rm o f 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 ) o f 734°K or 461^0. The well-sintered calcium 
nitride was broken into pieces of about 1 mm size (specific 
surface, 5, corresponded to about OOOl m^ g - ' ) . The mag­
nesium nitride consisted mainly of single crystals of sizes 
between 20 and 100 n. (5 = 0 01 to 0 05 m^ g ' ) . Smaller 
amounts of nitrides were formed by nitriding vapour de­
posited metal films supported on electron microscope grids 
(copper grids carrying carbon films coated wi th meta l ) . " 
Calcium cyanamide, calcium hydroxide and urea ( B . D . H . 
grade) were also used. 

Procedure 
The nitrides were 'dry' and 'wet' hydrolyscd 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 
various periods. On hydrolysis, all the samples disintegrated 
into finely-divided material. As before,'^ the products were 
filtered o f f (where necessary) and washed with 50 ml portions 
o f acetone to prevent further reaction and ageing. Tf icy were 
then dried at 200° in vacuo before determination o f their 
surface areas by the B.E.T. procedure'^ f rom nitrogen iso­
therms recorded at - 183° on an electrical sorption balance.'** 

Phase composilion identification 

The products were thermally analysed on the vacuum'* 
or t h e r m a l " balances, decomposition o f the calcium and 
magnesium hydroxides being completed at 500° in vocwo.'** 
The lime and magnesia contents were determined'^*'* also 
by acid dissolution and alkali back-tilration 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 E D T A . 

Some o f the samples were examined for phase composition 
and cr>'stallinity using an X-ray powder camera and a Solus-
Schall X-ray diflTractometer (Cu Ka-radiation) with Geiger 
counter and Panax rale-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 arc presented in 
Fig. I . 

Fig. 2 shows the variations in specific surface, S, and 
average cr>'stallite size (equivalent spherical diameter) re­
sulting f rom the 'wet' hydration of calcium nitride, (a) and 
(c), and magnesium nitride, (b) and (d)—fully-lined cur\'es. 
These are compared wi th corresponding changes when lime 
and magnesia arc hydraied and calcium turnings (about 1 mm 
size) react wi th water (broken-lined curves). 

In Fig. 3 and 4, electron micrographs are 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 o f hydraied lime (7-4 g) with M-urea (200 ml) at 
95°. 

Discussion 

Nitridation of calcium 
Fractional volume changes (Table I , preceding paper) are 

generally greater for the formation of the more ionic ni­
trides. Surface layers o f these nitrides readily fragment and are 
usually non-protective to further ni lr idat ion o f the under­
lying metal. The ionic nitrides o f group I I , M3N2, mostly 
have C a F j - or MnzOs-type cr>'stal structures. Thus, in 
Mg3N2. the N - * - ions occupy lattice positions corresponding 
to Ca-'^ in C a F i , with the M g ^ ^ filling three-quarters of the 
F - positions. The vacancies facilitate diffusion o f Mg^^ 
through the nitride layer during nitr idaiion. 

Nitride layer fragmentation is illustrated by electron 
micrographs o f calcium nitrided at difTerent temperalures fo r 
various times, as shown in Fig. I . The condensed metal films 
generally give good micro-siructural uniformity, but tend to 
grow irregularly when becoming loo thick. The more uni-
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Fig. 1. Electron-micrographs of the nitridation of calcium 
(a) Condensed metal film of calcium 
(b) Electron diffraction pattern of (a) 
(c) Calcium film nitrided at 400 for 3 h 
(d) Calcium film nitrided al 450' for 1 h 
(e) Calcium nitride (partly hydrolysed by atmospheric water 

vapour) 
(f) Calcium nitride calcined at 600 for 20 h in air (->CaO) 

fo rm calcium film. Fig. 1 (a) gives a regular diffraction 
pattern. Fig. 1 (b). There is little change in appearance 
during the initial stages o f nitration at 400 , Fig. 1 (c), but 
more rapid nitridation at 450 produces rupture o f the film 
and aggregation. Fig. 1 (d). 

Calcium nitride aggregates f rom direct nitridation o f metal 
turnings are shown in Fig. 1 (e). They have been allowed to 
partly hydrolyse by exposure to atmospheric water vapour, 
forming more finely-divided calcium hydroxide at the outer 
parts. There is a crystal lattice change (cubic M u a O j . D 5 j -
typc to hexagonal) and a fractional volume expansion o f 
0-713, so that the hydroxide is split o f f and has a much higher 
specific surface and smaller average crystallite size than the 
original nitride (discussed more ful ly later). 

Fragmentation also occurs when calcium and magnesium 
nitrides arc heated in air above the decomposition tempera­
tures for their respective hydroxides. Crystal lattice changes 
and volume contractions o f about 10% lead to increases in 
specific surface and decreases in average crystallite sizes. The 
calcium oxide produced at 600^ is shown in Fig. I (0 - Its 
formation is complete within 5 h (5 = 6-8 m ^ g ' , average 
crystallite size, 2650 A), and the oxide does not sinter ap­
preciably at 600°; after 20 h, S= 7-4 m ^ g ' , 2430 A. the 

small increase in S probably marking the complete recrystalli-
saiion o f the newly-formed oxide."* The more finely-divided 
magnesium oxide (5 = 18-9 g-*) gives appreciable A'-ray 
line-broadening, formation being practically completed in 
20 h at 600^ 

'\N et' hydrolysis of calcium nitride 

The calcium nitride samples hydrolyse quickly in liquid 
water, usually wi th in 5 min. The calcium hydroxide ages 
more rapidly at the higher temperature, as indicated by the 
fully-lined curves in Figs. 2 (a) and 2 (c). Hydroxide crystal­
lites are evidently split o f f f r o m the calcium nitride particles, 
as they are f r o m calcium oxide in lime hyd ra t i on , ' ^ " ' before 
they grow or age. I g Ca3N2 containing about 400 crystal­
lites yielded about 6 x 10'* Ca(OH)2-crystallites ( in i h at 
22 ) decreasing to 2 x 10'* on ageing for about 5 h. Electron 
micrographs i n Figs. 3 (d), (e) and ( f ) show the progressive 
fragmentation o f the CajNj-crystal l i tes (and aggregates) and 
the ageing o f the Ca(OH)2 to give hexagonal-shaped crystal­
lites; these are found similarly in hydrated limes or in hy­
droxide precipitated f r o m solution by double decomposition 
and subsequently aged. 

.1. appl. . 1968, \ ol. 18, March 
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Limes hydrating at rates comparable with the nitride 
hydrolysis initially give smaller Ca(OH)2-crystallitcs at lower 
temperatures, but larger crystallites at higher temperatures, 
cf. pairs of ful ly- and broken-lined curves at 22° and 95° in 
Figs. 2 (a) and (c). Subsequently, the hydrated lime f r o m the 
nitride ages less rapidly, so that ultimately the hydraied lime 
f rom 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 hydraied lime f rom the nitride is lower 
than that produced at the surface of calcium turnings at 22° 
(Figs. 2 (a) and (c)), which was expected to involve hydration 

o f extremely small calcium oxide crystallites at a rate com­
parable with their formation:'^**'* the hydroxide prepared 
f rom the metal had specific surfaces and average crystallite 
sizes similar to thai separating as small primary crystallites by 
double decomposition f r o m solution. N o appreciable 
amounts o f any intermediate calcium oxide were detected, 
even in the X-ray traces or photographs for the 'dry ' hy­
drolysis of calcium nitride at 22°, so that direct replacement 
o f nitride ions by hydroxyl ions is indicated. 

' D r y ' hydrolysis of calcium nitride 
In the slower 'dry' hydrolysis o f calcium nitride where 

there is less mobil i ty ihan under 'wc i ' conditions, much 
smaller surface area increases are recorded. Hydrolysis in 
water vapour near saturation al 22° is complete wi th in 5 h. 
giving hydroxide of specific surface, S = 7-2 m^ g - ' , average 
crystallite size, 3700 A, while hydrolysis over 4 days by atmos-

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



Glasson A Jayaw eera: Formation and Reactivity of Nitrides. II. 81 

Fig. 3. Electron-micrographs of the hydrolysis of calcium and 
magnesium nitrides 

(a) Ca ,Nj partly 'dry' hydrolysed by water vapour at 22 
(b) Ca,N2 partly *dry' hydrolysed by steam at 130 
(c) M g j N , partly 'dry' hydrolysed by water vapour at 22 
(d) , (e) and (f) progressive *wct' hydrolysis of Ca.,Na and subse­
quent ageing of the CatOH)^ by liquid H^O at 22 

pheric water vap<iur gives hydroxide where 5 = 3 - 7 m^ g ' 
( 7 2 ( X ) A ) . Nevertheless, the calcium hydroxide initially formed 
gives quite appreciable X-ray line-broadening, but close 
contact of the crystallites o f the product enables it to age 
considerably before hydrolysis is completed. This resembles 
the extensive ageing o f highly active calcium hydroxide f r o m 
'dry* hydrated l ime. '^*" Splitting of the calcium nitride 
crystallites (and aggregates) in the earlier stages o f hydrolysis 
by water vapour and steam is illuslrated electron-micro-
graphically in Figs. 3 (a) and (b). There is more extensive 
splitting in the hydrolysis o f magnesium nitride crystallites 
by water vapour (Fig. 3 (c)). 

*Wet' hydrolysis of magnesium nitride 

The magnesium nitride samples hydrolyse quickly in 
liquid water, mainly within 5 min , as does calcium nitride. 
Hydrolysis involves similar changes in crystal structure 
(cubic Mn203, D 5 3 - t y p e to hexagonal) and considerable 
volume increases ( 0 - 9 7 0 and 0 - 7 1 3 o f the original volumes) as 
the magnesium and calcium nitrides convert to the less dense 
hydroxides o f only about 0 0 5 M and 0 - 2 M average crystallite 
sizes (Fig. 2 ) . The larger volume changes evidently cause 
more extensive splitting o f the crystallites in the magnesium 
nitride hydrolyses, especially in the very rapid hydrolysis at 
9 5 ° . Ageing (Ostwald ripening) is slower for ihe less soluble 

magnesium hydroxide compared with the calcium hydroxide. 
About lO'** crystallites o f M g l O H ) ^ per g M g j N ^ are ob­
tained compared with 2 — 6 x 1 0 ' * Ca(OH)2-crvstallites per g 
Ca3N2. 

Comparison with 'wet' hydration of magnesia 
The most active magnesium oxide prepared previously'^"*' 

does not hydrate as quickly as magnesium nitride at 2 2 . 
After hydration is complete in 4 h a l 2 2 , the surface area 
and average crystallite si/e remain practically constant, 
ageing being limited by the low solubility of the hydroxide. 
Crystallite splitting during the nitride hydrolysis is not 
sufficiently extensive to give a hydroxide of the same activity. 
Closer similarity o f surface area (and crystallite size) is given 
on 'wet' hydrating at 9 5 , where the reaction rates and ageing 
are faster. The hydroxide f r o m the nitride subsequently 
shows some increase in surface before finally ageing, which 
may be ascribed to completion of recrystallisation o f the 
newly formed magnesium hydroxide to its normal lattice 
structure.' 

'Dry' h>drol>sis of magnesium nitride 

The slower 'dry ' hydrolysis o f magnesium nitride pro­
duces much smaller surface area increases, as found for 
calcium nitride. Hydrolysis at 2 2 w i t h water vapour near 
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Fig. 4. Electron-micrographs of hydra led lime car bona t ion in urea 
solution 

(7-4 g Ca(OH)2 heated with 200 ml M-urea at 95 ) 
(a), (b) and (c) 23-4% carbonation after 5 h 
(d) 68-5% carbonation after 13 h 
(c) and ( f ) 91-5^0 carbonation after 20 h 

s.v.p. (15 h) and atmospheric water vapour (4 days) gives 
surface areas of only 22-7 and 3-4 m ^ g ' , and average 
crystallite sizes o f 1100 and 7400 A . Again, the hydroxide 
initially formed (cf. Fig. 5 (c)) gives quite appreciable AT-ray 
line-broadening, but ages considerably before hydrolysis is 
completed. 

Hydrolysis of calcium cyanamide 

Calcium hydroxide is formed without any calcium car­
bonate when calcium cyanamide is *dry' hydrolysed at 22° or 
95' wi th water vapour, or *wet' hydrolysed at 22 in liquid 
water or 1 % or 50% water/acetone mixtures; hot water gives 
some calcitic calcium carbonate. 

Addi t ion o f urea to give a molar concentration enables 
limewater (up to 0 0 2 M) to be completely converted to calcitic 
calcium carbonate on boiling fo r \ h. Mainly rhombic 
crystals of 5 ^ 3 0 p size (mostly ca. 15 M ) are given after 5 h, 
with a few masses o f small (1—2 p) irregular crystals. Solid 
calcium hydroxide is slowly converted to calcitic calcium 
carbonate in a hot solution o f M-urea. About i (23-2%) was 
carbonated after 5 h with no remarkable overall change in 
surface area (Fig. 5), but the remaining hydroxide gave slight 
A'-ray line-broadening which was absent f rom the newly 
formed carbonate. Electron micrographs. Fig. 4 (a), (b) and 

(c), show that even in the earlier stages, there are already a 
few well-formed rhombic crystals o f calcitic calcium car­
bonate and some hexagonal (tending to rhombs) about 
3—7 n in size. Most crystals are not euhedral and are below 
2 n in size. The remaining calcium hydroxide is present as 
masses o f small crystals which tend to aggregate and are 
mainly below I n in size. 

The overall surface area does not sharply diminish during 
the later stages o f the carbonation (Figs. 4 ( d ) , (e) and ( 0 ) . 
and the final product (20 h, 94% carbonate) still has a wide 
crystallite size range, with the larger crystals acquiring 
sharper edges (contrast (c) and ( f ) ) . Much o f this carbona-
l ion would seem to occur by a ' through solution' mechanism, 
probably via calcium cyanate. with the unchanged hydroxide 
causing wide variations in the growth rates o f the calcitic 
rhombs. The reaction permits a reduction o f lime alkalinity 
in calcareous materials and afterwards partial separation o f 
the carbonate. 
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T A B L E I 

Variations in aggregate sizes during the conversion of AIN 
to u - A l j O j al 1000 c in air 

Time, h Conversion, % Range of aggregate size, ^m 

0 0 1—2 
5 51-3 3—5 

24 67-7 3—6 
96 82-7 3—7 

168 85-9 4—8 

The samples of boron nitride and silicon nitride had specific 
surfaces, S, = 11-5 and 1-7 g ' ; average crystallite sizes. 
0-23 and I I pm resjxctively. They oxidised in air at 800" 
and 1000 — 1200 ; rales are shown in Fig. 2, where they are 
compared with those for aluminium nitride at 900—1100 . 
Electron micrographs o f the nitrides and their oxidation 
products are presented in Figs 3 and 4. 

Discussion 

Oxidation of aluminium nitride 
Aluminium nitride. A I N , is converted to a - A U O j at 1000' 

in air. A'-ray powder photographs and diffractometcr traces 
give no indications o f any oxynitrides being formed at 
lemp>eratures between 800—1100 . The oxidation at 1000 , 
Fig. 1 (d). accelerates somewhat during the conversion of the 
first 50°o o f the nitride, and then becomes progressively 

0 n 20 
TiME.h 

Fig. 2. Calcination of boron, .silicon and ainminitmt nitrides in air at 
different temperatures 

(a) O O boron nitride at 800 c 
(b) • -
(c) and (d) • -

at 1000 c and A 

i l i c o n nitride at 1000 c. at 1200 c 
- • alummium nitride at 900 c, 

A ai nOO c 
(Only a representative selection o f points is shown for the sake of 

clarity) 

Fig. 3. Electron micrographs of boron nitride calcined in air at SOCc 
(a) and (b) after 24 h, (c) 48 h, (d) 96 h, and (e) and (f) 144 h 
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Fig. 4. Electron micrographs of silicon nitride calcined in air at 1200̂ 0 
(a) original sample, (b) after 5 h and (c) after 35 h 

slower especially after about SO^ ,̂ conversion. These varia­
tions in rate are accompanied by corresponding increases and 
decreases in specific surface, S, in Fig. I (a) and (b). and in 
actual surface area, S', for an initial 1 g-sample of AIN illus­
trated by the broken-lined curve in Fig. 1 (b). Consequently, 
the average crystallite size of the material at first decreases 
and later increases, Fig. 1 (e). 

Several factors may contribute to the detailed shape of the 
initial rate curve of an oxidation isotherm,' ^ e.g. decreases in 
surface heterogeneity as the reaction proceeds, changes in 
specific surface or in Itxral surface temperature due to heat of 
reaction, solubility etfecls, impurity concentrations, possible 
changes in oxide composition and electrical double layer 
effects. In accordance with the oxidation of coarser samples 
of aluminium nitride.'" a specific amount of oxide must be 
formed (depending on the specific surface of the sample) 
before a coherent alumina layer can be produced. Mean­
while, the free nitride surfaces remain exposed to the gas 
phase, so that the kinetics approach linearity. When there is 
sufficient oxide of rational crystallite-size composition, it 
sinters to form surface films through which normal gaseous 
diffusion cannot easily occur. The reaction becomes con­
trolled by solid-state diffusion, with the kinetics becoming 
parabolic and the surface area decreasing as observed after 
about SO ô conversion in Fig. 1 (a), (b) and (d). Parabolic 
kinetics are characteristic also when the oxidation of alu­
minium produces better crystallised aluminas.'^ 

The increases in S (and decreases in average crystallite 
size) during the acceleratory and approximately linear stages 
of the oxidation. Fig. I (a), (b) and (d), indicate that the 
alumina initially formed on the surface of the nitride splits off 
to give smaller crystallites. Any additional spalling at the 
nitride-oxide interface when the samples were cooled for 
surface area determination was negligible by comparison, 
since the reheated samples proceeded to give oxidation rates 
similar to those of samples which had been continuously 
heated. Thus, the extent of crystallite splitting depends 
generally on differences in molecular volume and type of 
crystal lattice compared with the original nitride (cf. Pilling-
Bedworth rule for oxidised metals'*), and also on the rate 
of oxide sintering as discussed in Part I .^ Although the con­
version of AIN to a - A ! 2 0 3 involves practically no fractional 
volume change,'*" nevertheless the crystal lattice change is 

apparently sufficient to cause a limited amount of crystallite 
splitting. In this instance. (5/5)^ directly represents the in­
creases in the number of crystallites as oxidalion proceeds. 
Fig. I (c), no allowance being required for molecular volume 
changes.'** The maximum increases of less than twenty-fold 
are comparable with those found for the oxidation of T iN^ 
described more fully in the next paper. They are much 
smaller than the increases during the oxidation and hy­
drolysis of C a a N j . viz. 5x 10'" and 10'^ respectively.'-^ 

The m.p. of AIN { > 2400 ) and AI^Oj (2050 ) give Tam-
mann temperatures (half m.p. in K ) of > 1336 K . and 
1160 K , indicating that sintering of alumina should be much 
more extensive than that of aluminium nitride at \QOO . In 
the latter stages of the oxidation, the alumina appears to act 
as a mincraliser for the remaining aluminium nitride par­
ticles, inhibiting their further oxidation, cf. Fig. 1 (d), and 
moulding together the material. Changes in the average 
crystallite size of the aluminium nitride (assuming no ap­
preciable sintering) and the U-AI2O3 are deduced from the 
surface-area data and shown in Fig. 1 (f). These confirm the 
ultimate sintering of the alumina, and the larger crystallite 
sizes given during the first half of the oxidation (above the 
broken-line) are caused probably by some of the newly-formed 
alumina not being detached from the nitride surface. 
Accordingly, the aggregate sizes of the materials (Table 1) 
indicate that the original nitride consists mainly of single 
crystallites. The alumina produced lends to promote for­
mation of aggregates, mainly of 3—8 um sizes, in which the 
individual crystallites appear to be over 0-5 pm in the later 
stages ofthe oxidation as also indicated in Fig. 1 (f). Similarly, 
86% oxidation of aluminium nitride in 14 h at 1100 , Fig. 
2(d), gives alumina crystallites of 0-5-1 pm size, sintering 
at the higher temperature being restricted by the shorter 
oxidation time. 

Oxidation of nitrides of boron and silicon 
The boron nitride and silicon nitride oxidise at 8(X)" and 

1200 respectively, giving diboron trioxide. B2O3. and silicon 
dioxide, Si02 (a-cristobalite), even in the early stages. In 
contrast to the behaviour of aluminium nitride on oxidalion, 
the sp)ecific surfaces of the materials initially decrease rapidly 
as the boric oxide (m.p. ^ 450 ) and the silica (m.p. 1710 ) act 
as mineralisers. Although the silica does not melt, it is well 
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above its Tammann temperature (720°) and the specific 
surface, 5, falls f rom 1-7 to below 0-3 m^g- ' when one third 
of the silicon nitride has been oxidised. The products tend to 
bond together and shrink, cf. bonding and hot pressing o f 
boron nitride with silica glass.^° Consequently, the rates 
decrease considerably for both nitrides as their oxidations be­
come increasingly controlled by liquid- or solid-state d i f fu ­
sion, especially the latter, cf. Fig. 2 (a) and (b). 

The original boron nitride has a flaky texture with rod-
shaped and hexagonal plate-like particles. About 20% o f the 
BN is converted to B2O3 after 24 h calcination at 800° in air. 
Fig. 2 (a), while the hexagonal plates become rounded and 
tend to fo rm aggregates as in the electron 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 B2O3. cf. 
Fig. 3 (d). When over 80% of the BN has been oxidised after 
144 h, there Is suflicient BzOj to crystallise out and change the 
appearance of the aggregates as in Fig. 3 (e) and ( f ) . The 

silicon nitride panicles. Fig. 4 (a), also fo rm aggregates with 
rounded edges when only about 20% of the nitride has been 
converted to silica after 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 
IV.* T I T A N I U M AND Z I R C O N I U M N I T R I D E S 

By D. R. GLASSON and S. A. A. JA VAWI-KRA 

The rcaciiviiies of the intersiitial liianium and zirconium nitrides have been compared. Samples of ihcsc nitrides 
have been convened lo oxides by being calcined in air. Changes in phase composition, surface area. cr>'stalliie 
and aggregate sizes have been correlated with o.xidation lime and temperature. 

Crysialliies of ruiilc, TiO; , split olT from the remaining titanium nitride before they sinter, and inhibit further 
o.\idation. Zirconium nitride oxidation is complicated by formation of tetragonal ZrO^ ai higher temperatures, 
particularly over 1200°, and monoclinic Z r O i at lower temperatures. The nitride initially forms the so-called 
"amorphous* cubic ZrOj . notably between 400—600°. which may be stabilised somewhat by the remaining cubic 
Z r N . Subsequently, there is a further fractional volume increase while formation of monoclinic Z rOj is being 
completed. 

Introduction 
The formation, hydrolysis and oxidation of the more ionic 

and covaleni nitrides have been described in earlier papers. 
This research is extended now to a further study of titanium 
and zirconium nitrides which are regarded generally as inter­
stitial nitrides.' The thermodynamics of their formation and 
the relation between bonding and crystal structure have been 
discussed in Part 1.' Their preparation has been described 
previously by the authors.** The titanium nitride was found 
to be stable up to 1000°, but the zirconium nitride showed a 
range of homogeneity f rom nearly sioichciometric Z r N 
(13-3wt.-%, 50atom-% N ) at 600^ to lower nitrogen con­
tents at temperatures up to 1800°. Thus, a typical sample of 
niiridcd zirconium contained only 10-32 wt . -%, 42 8 a tom-% 
N . 

Most interstitial nitrides are hydrolyscd less readily than the 
ionic and covalcnt nitrides, but are converted to oxides on 
calcining in air.' Hence, although the corrosion resistance 
of layers of titanium or zirconium nitrides on the metal sur­
faces is excellent, the scaling resistance in air (or o.xygen) is 
not very good. Preliminary investigations** have indicated 
that the conversion of nitride to oxide involves splitting o f the 
newly formed oxide layers. Changes in molecular volume 
and type of crystal lattice are important (cf. Pilling-Bedworlh 
rule for oxidised metals^), and also the rate of oxide sintering. 
These variations are examined now more closely at difTercnt 
temperatures and calcination times. 

iLxperimental 
Procedure 

Separate portions o f finely divided titanium and zirconium 
nitrides were calcined in air for various times at each of a 
series of fi.xed temperatures. Oxidation rates were estimated 
from weight changes in the samples during calcination.* The 
cooled products were oulgassed at 200° in vacuo before their 
specific surfaces were determined by B.E.T. procedure*^ f rom 
nitrogen isotherms recorded at - 183° on an electrical sorp­
tion balance.•'•^ The deduced average crystallite sizes (equi­
valent spherical diameters) were compared with particle 
size ranges determined by optical or electron microscopy. 

Phase composition identification 

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

•Part II 

meter. 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. S. and average crystallite size during the 
conversion o f titanium nitride to titanium dioxide (rutile) at 
600° in air. These are compared with oxidation rates in 
Fig. I (c). Electron-micrographs o f the titanium and zir­
conium nitride samples and ihcir oxidation products are 
presented in Fig. 2. 

z f 

40 

T I M E . h 

eo 
CONVERSION. % 

Fig. 1. Calcination of liianium nitride in air at 600'c 
In (b), broken curve represents actual surface area (S'X for an 

initial one-gramme sample of titanium nitride 

preceding paper 
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( d ) ( f ) 

Fig. 2. Electron microfiraphs of titanium and zirconium nitrides 
calcined in air at 600 ( and 1000 c respectively 

Titanium nitride: (a) original sample; (b) after 15 h calcination; 
(c) after 200 h calcination 

Zirconium nitride: (d) original sample; (e) after 2 h calcination; 
(f) after 20 h calcination 

Oxidation of titanium nitride 
Titanium nitride, T i N , is converted to tetragonal T i O j 

(rutile) at 600 in air. A'-ray powder photographs and 
diffractomctcr traces give no indications o f any oxynitrides 
being formed at temperatures between 400—1000'. I n the 
oxidation at 600 . Fig. I (c), the initial weight increase is 
comparatively rapid, accelerating during the first half hour 
before becoming approximately linear and then parabolic,' 
as found fo r aluminium nitride.* The ti tanium dioxide A'-i^y 
patterns are given only after about a quarter o f the total 
weight increases are recorded at 600 . but rutile patterns are 
delected after only 7% oxidation at 500 . The longer cal­
cination time (5 h) at the lower temperature evidently per­
mits crystallisation of the rutile, while at higher temperatures, 
T i N has a limited solubility in T i O as discussed in Part I . ' 
The lattice constant of T i N can remain unchanged f r o m T i N 
to TiNo bOo 4 when the binary compounds are sintered at 
1700 , and this may retard crystallisation of rutile at higher 
temperatures. 

The variations in rate o f titanium nitride oxidation at 600 
are accompanied by corresponding increases and decreases 
in specific surface, 5, in Fig. 1 (a) and (b) and in actual 
surface area, S', for an initial 1 g-sampic of titanium nitride. 

illustrated by the broken-lined curve in Fig. I (b). Conse­
quently, the average crystallite size of the material at first 
decreases and later increases. Fig. I (d). Factors contributing 
to the detailed shape o f the initial oxidation rate curves have 
been summarised in the previous paper* and apply similarly 
to aluminium and titanium nitrides. When there is sufficient 
t i tanium dioxide of rational crystallite size composition, it 
sinters to fo rm surface films through which normal gaseous 
diffusion cannot easily occur. The reaction becomes con­
trolled by solid-state diffusion, wi th the kinetics becoming 
parabolic and the surface area decreasing, as observed after 
about 50% conversion in Fig. 1 (a), (b) and (c). 

When the titania crystallises out f r o m the nitride matrix, 
during the acceleratory and approximately linear stages of the 
oxidation, it evidently splits o f f to give smaller crystallites as 
S and 5 ' increase more rapidly in Fig. I (b). A n y additional 
spalling at the nitride oxide interface when the samples were 
cooled for surface area determination was negligible by com­
parison, since the reheated samples proceeded to give oxi­
dation rates similar to those o f samples which had been 
continuously heated. Thus, the crystallite splitting results 
mainly f rom changes in type o f crystal structure (cubic F-type 
to tetragonal) and a volume increase (0 630 o f the original 
volume) as the nitride is converted to the less dense oxide. 
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The maximum increase in ihe number of crystallites, cal­
culated f rom {S'jSy and allowing for molecular volume 
changes,'** is about iwenty-fold, similar to that found fo r the 
aluminium nitride oxidation at 1000°. The splitting apparently 
facilitates release o f nitrogen, since the material ultimately 
(after 200 h) reaches constant weight corresponding to the 
calculated weight-loss for complete conversion o f nitride to 
TiOz. 

The m.p. o f T i N (2930°) and T I O j (1920°) give Tammann 
temperatures (half m.p. in ° K ) of 1600° K and 1096 ° K . in­
dicating very little cr>'stal lattice diffusion at 600°, but limited 
sintering promoted by surface difTusion should be possible 
for Ti02 but not T i N 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 o f the titanium nitride oxidation 
(Fig. 1 (a), (b) and ( d ) ) , i.e.. as T i N is consumed by oxida­
t ion, its crystallite size must decrease while that o f the oxide 
increases. Longer calcination (up to 200 h) causes very little 
additional sintering. In contrast, there is extensive sintering 
during the oxidation o f t i tanium nitride at 1000° in air, 
giving a solid mass of T i O ^ , mainly formed within 2 h.* It is 
even greater than sintering of T iO^ , promoted by crystal 
lattice diffusion at temperatures above 1000°, which has been 
reported recently by one o f the authors for samples f rom 
other sources." The li iania f rom the T i N must be produced 
in a more compact form, possibly also giving a more suitable 
grain size composition for sintering. Electron micrographs 
also indicate fragmentation and subsequent sintering of 
material during the oxidation o f ti tanium 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 ) ; at this temperature, any initial crystallite splitting 
is hidden by the more extensive oxide sintering which gives 

denser and more rounded aggregates. The oxidation of this 
nitride is complicated by the formation o f tetragonal Z r O j ' ^ 
at higher temperatures, particularly over 1200°, and mono-
clinic Z r O j ' * '^ at lower temperatures. 

When samples of zirconium nitride containing some free 
zirconium metal are calcined in air, the metal oxidises rapidly 
at temperatures o f 350—400°. The nitride requires corres­
pondingly higher oxidising temperatures, and initially forms 
the so-called 'amorphous' cubic Z r O i , ' * notably between 400'' 
and 600*̂  (cf. cubic ZrO^ f rom Zr alkoxides decomposed in 
nitrogen at 300—400°, '* which may be stabilised somewhat 
by the remaining cubic Z r N in the present work). A'-ray 
diffractometer traces show an additional reflection at 2-94— 
5 A , some reinforcement o f the 2-54 A spacing and displace­
ment and broadening o f the 1-81 and 1-54 A spacings o f 
monoclinic Z r O j towards the shorter distances o f 1-80 and 
I-53 A of the cubic form. At higher temperatures. 700— 
1(K)0°, the additional reflection disappears and the main 
monoclinic Zr02 reflections at 316 and 2-84 k de\^elop more 
rapidly. The conversion o f the cubic F-ZrN {a = 4-56 A ) to 
cubic F-Zr02 {a = 5 09 A) involves a fractional volume in­
crease o f 0-367 (of the initial volume) which further increases 
to 0 521 when formation o f monoclinic ZrO^ is completed. 
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ERRATUM 

In the paper by Marson, J. appl. Chem., 1969, 19, page 97. left hand column, line 12: 
for *5(Mg/ml of Cu+) = 6-357 x 10* iog.o (4 03 
read'S(uglm\ of Cu^) = 6-357 x lO" " - " " ' 

pH)' 




