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A B S T R A C T 

The fonnation of t r a n s i t i o n metal nitrides i s ^«^ .̂ev7ed o r i t i c a l l y 

with s p e c i a l reference to newer production mechods and f a b r i c a t i o n 

techniqueso C r y s t a l s t r u c t u r e s and types of bonding arc d ircussed 

i n r e l a t i o n to those of other n i t r i d e s and r e f r a c t o r y hard metals 

g e n e r a l l y , cf»>» borideSp carb ides and s l l i c i d e a . 

Informat ion so f a r a v a i l a b l e on the s i n t e r i n g of mater ia l s i s 

summarisedo Por n i t r i d e s (as wit i i borides and carbides) , , the 

s i n t e r i n g i s in f luenced by a d d i t i v e s and irapi^ritles sueh as oxides 

forDed by p a r t i a l h y d r o l y s i s and oxidationo F.esista:kce to oxidation 

i s increased by s i n t e r i n g and hot-x>xo3sing the r e f r a c t o r i e s c The 

k i n e t i c s and products of ox idat ion of n i t r i d e s so fa i ' scadied 

depend mainly on the i n t r i n s i c r e a c t i v i t y of the mater ia l and a v a i l a b l e 

sur face a t which oxidat ion can occur^ 

I n the present r e s e a r c h , changes i n phase composi tion ,̂ sur face 

area , c r y s t a l l i t e and aggregate s i z e s are corre la ted wiirii oxidat ion 

time and temperature conditions f o r n i t r i d e s of sone transition 

metals, v i z . , T i , Z r , V, Nhy Ta., Cr and Mo^Kinetics and r a t e s of oxidation 

are i n f l u e n c e d by the c r y s t a l l i t e and aggregate sise& of the nitrideSp 

by d i f f e r e n c e s i n tjrpe of c r y s t a l structujre and in molecular volume 

of the oxide productsc S i n t e r i n g of the newly-formed oxide i s an 

a d d i t i o n a l factoro 

The n i t r i d e s were m i l l e d to increase t h e i r s\ irface a c t i v i t y 

and to examine changes i n the micros trueture caused by the comminutiono 

The m i l l e d n i t r i d e s apparent ly have greater 3UT*face heterogeneity 

and tend i n i t i a l l y to give l i n e a r rather than parabolic oxidat ion 

ra tes u n t i l s u f f i c i e n t oxide of r a t i o n a l c r y s t a l l i t e s i z e composition 

i.3 formed to give s table oxide layerso The s i n t e r i n g of the oxides 

i s c o n t r o l l e d by surface d i f f u s i o n promoting grain-boundary penetration 

a t lower temperatures (above about y niopD oxide m k ) and cr-ystal 

l a t t i c e d i f f u s i o n at higher temperatures (above r,ne Tammann Temperature, 

about -J- m p̂o oxide i n K)„ Comparison of the oxidation of n.\trided 

and f r e e metals i n d i c a t e s that oxide s i n t e r i n g i s i n h i b i t e d sometimes 

by removal of n i trogen but a c c e l e r a t e d oceoiSiouallv by the remaining 

metalo 
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Chapter I 

INTRODUCTORY SURVEY AND REVIEV 

N i t r i d e s are the nitrogen compounds formed g e n e r a l l y a t e levated 

temperatures when nitrogen r e a c t s with other elements e s p e c i a l l y the 

more e l e c t r o p o s i t i v e elements. 

T r a n s i t i o n e l ^ e n t s such as those of sub groups HA', "SAf and 

VIA of the Periodic Table , form n i t r i d e s which have high melting 

points and great hardness approaching that of diamond (tfhittemore, 

1 9 6 8 ) . Hence they are tenned refiactory m a t e r i a l s . They a l s o possess 

most of the properties of metals and a l l o y s . Thus, they e x h i b i t 

thermal and e l e c t r i c a l c o n d u c t i v i t i e s of the same order of magnitude 

as pure metals . These a l so show m e t a l l i c l u s t r e . The term 'hard 

meta l s ' i s o f ten appl ied to these compounds together with the bor ides , 

carbides and s l l i c l d e s of the metals (Schwarzkopf, 1 9 5 0 ; Schwarzkopf 

& K i e f f e r , 1 9 5 3 , pp 3 - 5 ; Hagg 1 9 5 3 ) . 

The above mentioned propert i e s of the t r a n s i t i o n metal n i t r i d e s 

cause them to be of considerable technolog ica l importance^ N i t r i d e s 

of metals belonging to the JT A and X A subgroups of the P e r i o d i c 

Table have been important i n high melt ing point ceimets (Schwarzkopf 

& K i e f f e r , 1 9 5 3 ) . Hlg^ melt ing points i n combination with good non

heal ing propert ies make these m a t e r i a l s xiseful f o r rocket technology 

and j e t propuls ion. The r e a c t i o n chambers of j e t engines are l i n e d 

wi th these r e f r a c t o r y m a t e r i a l s . The demands on these m a t e r i a l s I n 

respect of thermal shock r e s i s t a n c e are p a r t i c u l a r l y severe , owing to 

the h l ^ r a t e s of temperature change, ^ i c h can hardly be reproduced 

i n t e s t i n g . (Klngery, 1 9 5 5 ; Buessem, 1 9 5 5 ) . The blades of gas 

turbines are a l s o covered with coat ings of these m a t e r i a l s . The 

r e f r a c t o r y n i t r i d e s e x h i b i t t h e i r g r e a t e s t r e f r a c t o r i n e s s i n 

n i trogen atoospheres - (Bradshaw, e t . a l . , 1 9 5 8 ) . High e l e c t r i c a l 
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conduct iv i ty and low r e a c t i v i t y towards noimally corros ive chemicals 

permits t h e i r a p p l i c a t i o n i n fused s a l t e l e c t r o l y s i s . 

N i t r i d i n g i s extens ive ly used f o r hardening s t e e l s u r f a c e s . During 

the process , atomic nitrogen i s adsorbed from e i t h e r a gaseous or 

l i q u i d ( s a l t ) c a r r i e r and subsequehtly into the base meta l . The case 

i s qui te hard and acquires exce l l en t wear r e s i s t a n c e and g a l l i n g 

proper t i e s . Presen t ly , devices l i k e gears , p inions , s h a f t s , c l u t c h e s , 

p is ton r ings e t c . , are hardened by t h i s technique. (Leeming; I 9 6 4 ) , 

I n the past , s tudies have been mainly confined to the d i r e c t 

ox idat ion of metals , and oxides have been appl ied ex tens ive ly as 

r e f r a c t o r y m a t e r i a l s . The formation and r e a c t i v i t y of oxides has 

therefore been s tudied i n depth ( e . g . Glasson, 1956, 1958 a-b, 

1960 a-b , 1963 a-b, 1967; Glasson & Sheppard, 1968). S i m i l a r s tud ie s 

on t r a n s i t i o n metal N i t r ides have been l e s s ex tens ive . Recent ly 

some n i t r i d e s of elements i n groups I T , I I I , & " E of the Per iod ic 

Table have been inves t igated (Jayaweera, 1969). I n t h i s t h e s i s , 

s e l ec t ed n i t r i d e s of metals belonging to sub-groups 21! A, TTJA and 

^'T A of the Per iod ic Table have been studied with respect to t h e i r 

production, s i n t e r i n g and oxidat ion . S ince n i t r i d a t i o n of metals fo l lowed 

by oxidat ion c o n s t i t u t e s i n d i r e c t c o r r o s i o n , comparisons have been 

made with the ox idat ion behaviour of the corresponding metals . 

1.1 C l a s s i f i c a t i o n of N i t r i d e s . 

N i t r i d e s are categorised genera l ly as i o n i c , covalent and 

i n t e r s t i t i a l (or m e t a l l i c ) depending on the nature of t h e i r bonding 

(Brown, 1964, P.150; Moore, 1948), The atomic number of n i trogen 

i s 7 and i t s e l e c t r o n i c conf igurat ion i n the ground s ta te i s , 

? 2 3 

therefore I S ^ , 22 , 2p .; the three 2p e l ec t rons occupy d i f f e r e n t 

space o r b i t a l s i n accordance with Hunds* Rule of Maximum M u l t i p l i c i t y . 

(9) 



There are three possible ways i n vrtiich n i trogen may acquire e l e c t r o n i c 

s t a b i l i t y ^ (a ) as i n i o n i c compounds, i t may form & e n i t r i d e ion, 

n ' " ; (b) I t may form covalent compounds by the overlapping of i t a 

s ing ly occupied o r b i t a l s wi th s i m i l a r o r b i t a l s of other atoms, and 

(c ) i n the i n t e r s t i t i a l n i t r i d e s , the s m a l l n i trogen atoms (radius 

O.92S) occupy some or a l l of the octahedral i n t e r s t i c e s i n the 

m e t a l l i c l a t t i c e s , which are genera l ly c lose -packed . 

There seems to be no need f o r a r igorous c l a s s i f i c a t i o n , i n view 

of the f a c t tha t t h e i r bonding i s heterodesmlc i e . a combination 

of m e t a l l i c aa w e l l as i on i c and covalent f o r c e s , of which one 

type may predominate depending on the c r y s t a l s t r u c t u r e . However, 

convenient c l a s s i f i c a t i o n depending on t h e i r proper t i e s can be made 

as fol lows (Jayaweera, 1969).. 

Read i ly hydrolysable n i t r i d e s forming ammonia are considered 

I o n i c . Those are t y p i f i e d by l i th ium i n group I ( L I s N ) and the 

a l k a l i n e - e a r t h metals i n group H (M5N2)* The formation of n i t r i d e s 

by the other a l k a l i metals i n group I i s r e s t r i c t e d by c r y s t a l s t r u c t u r e 

condi t ions . Whether elements are capable of forming s t a b l e n i t r i d e s 

i s ind icated by comparing heats of formation ( K c a l . per equ iv . ) 

of corresponding oxides and f l u o r i d e s (Van A r k e l , 1956), which 

are more s t a b l e than the n i t r i d e s , t h e i r standard f r e e energies 

varying s i m i l a r l y with temperatures (Glasson & Jayaweera 1968), 

Since the r a d i i of P", 0*" and N"^ are s i m i l a r , v a r i a t i o n s i n 

heats of formation w i l l depend mainly on the charge of the negative 

ion . The e l ec tron a f f i n i t i e s , E , and c r y s t a l energ ies , TJ, w i l l be 

a f f e c t e d . E i s expected to predominate i n compounds with large 

pos i t i ve ions of low charge, so that the heat of formation decreases 

with i n c r e a s i n g negative ion charge; e^g. L i P , Li20 and Li3N have 

(10) 



heats of formation of 146, 71 and 15 k c a l . per equiv. r e s p e c t i v e l y . 

The sharper decrease from NaP (Juza e t . a l . , 1 9 5 9 ) to Na20 (Samsonov, 

1 9 6 5 ) suggests a very low value f o r Na^N, which i s ev ident ly unstable 

a t room temperature and has so f a r not been prepared i n the pure condi t ion . 

The Hadelung constant i s s i g n i f i c a n t i n that i t i s unfavourable f o r 

L i j H and high f o r the f l u o r i d e . Thus, the decrease i n heat of formation 

from f l u o r i d e to n i t r i d e i s much grea ter than i n the group I I I s e r i e s 

A I P 5 (Stadelmaier & Hong, 1961), A I 2 O 3 (Mott, 1 9 5 8 ) and AIN 

(Gui l land & Vfyart, 1947), where the n i t r i d e has the h i ^ e r Madelung 

constant , compared wi th that of L i 3 N o Comparison of the molecular 

s u s c e p t i b i l i t i e s of Mg, Zn and Cd n i t r i d e s shows that the p o l a r i s i n g 

a c t i o n of the metal ion decreases from Mg to Zh to Cd(Croato, e t . a l . 

1 9 5 1 ) . 

Elements with high i on i c charge and smal l i o n i c rad ius tend to form 

covalent n i t r i d e s e .g . B, A l , Ga i n group J l X and S i , Sn, i n group TV 

of the Per iodic T a b l e . 

I n t e r s t i t i a l n i t r i d e s are formed mainly by t r a n s i t i o n metals . 

These are genera l ly ni trogen d e f i c i e n t , nonstoichiometric compounds, 

which r e t a i n most of the propert ies of the parent metal . Although 

non-metal vacancies occur i n large numbers i n these n i t r i d e s , there i s 

evidence f o r metal vacancies i n TiN ( a , Brager, 1939 Straumunis; 

e t . a l . 1 9 6 7 ) and NbN (G<, Brauer, 1964). Most of these compounds 

c r y s t a l l i z e i n e i t h e r cubic close-packed or hexagonally c l o s e -

packed s t r u c t u r e , or i n a s l i g h t modi f i ca t ion of one of these. There 

are v a r i a t i o n s i n the number of nitrogen-occupied s i t e s and the i r 

type (octahedral or t e t r a h e d r a l ) . Hence these compounds have c e r t a i n 

homogeneity ranges. UN i s an extrone example, having the 

s to ich iometr ic composition. This may be a scr ibed to the large radius 
o 

(1.42A) of the uranium atom, g iv ing r i s e to large i n t e r s t i t i a l 

( 1 1 ) 



s i t e s , thereby f a c i l i t a t i n g t h e i r occupation by nitrogen atoms. The 

composition of i n t e r s t i t i a l n i t r i d e s \n.th a narrow range of homogeneity 

i s not determined by the metal va lency , i n contras t to some t r a n s i t i o n 

metal oxides , a l so having narrow homogeneity ranges. 

1.2 T r a n s i t i o n Metal N i t r i d e s 

These mater ia l s form one of three fundamental c l a s s e s of 

r e f r a c t o r y compotinds; 

(1) Compounds of metals wi th non-metals, such as bor ides , carbides , 

n i t r i d e s , oxides, s i l l c i d e s , phosphides and s u l p h i d e s ; 

(2) Compounds of non-metals with each other , such as carb ides , 

n i t r i d e s , sulphides and phosphides of boron and s i l i c o n , 

and a l so a l l o y s of B and S i ; 

(3) Compounds of metals w i th each other , genera l ly known as 

i n t e x m e t a l l i c compounds. 

The nature of the chemical bond between the components of these 

compounds i s predominantly m e t a l l i c or covalent with a s m a l l 

proportion of ion ic bond. These types of bond are e s t a b l i s h e d 

mainly by t r a n s i t i o n metals w i th non<-metals having i o n i s a t i o n 

potent ia l s s u f f i c i e n t l y low to avoid e x c l u s i v e i on i c bond formation. 

These bonds are a l so formed between two non-metals and c e r t a i n metals 

with each other. The m e t a l l i c components of r e f r a c t o r y compounds 

include elements of the subgroups TTI A to ' V H A, group j l l l , 

lanthanides , a c t i n i d e s and aluminiumo The non-meta l l i c components 

inc lude l i g h t non-metals of the s h o r t periods ( B ( » C p N , 0 , S i p P , S ) . 

The chemical bond i n the l a t t i c e s o f these compounds ( i n add i t ion to 

the Sr and e lectrons of the m e t a l l i c and non-metal l ic components 

r e s p e c t i v e l y ) i s formed a l so by the e l ec t rons of the deeper 

incomplete ^ and f - l e v e l s of the t r a n s i t i o n metals^ I s o l a t e d 
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atoms of metals of group U p the a l k a l i n e - e a r t h metals , do not 

have any e lec trons i n the d~ and £=- s h e l l s . But i n compounds with 

non-metals, energy s ta t e s corresponding to these s h e l l s may occur 

( S h a f f e r & Samsonov, 1 9 6 4 ; Samsonov, 1 9 6 4 ; Samsonov, 1 9 6 3 ) . 

N i t r i d e s have correspondingly g r e a t e r proportions of i o n i c 

bond, because of the h i ^ e r i o n i s a t i o n p o t e n t i a l of n i trogen compared 

with the other non-metal r e f r a c t o r y components. T h i s i s more evident 

i n n i t r i d e s of metals having a low acceptor capac i ty ( M O , W , Re ) , 

whi le the n i t r i d e s of Nb, Ta and Cr show a combination of m e t a l l i c 

and i o n i c bond, with the l a t t e r predominating. Decreasing the 

nitrogen content of the n i t r i d e phases, w i t h i n t h e i r homogeneity 

ranges strengthens the metal to metal bonds and weakens the bonds of 

metal to n i trogen. F a i r l y wide gaps i n the l a t t i c e energy s ta t e s 

become poss ib le and determine the semi-conductor proper t i e s of n i t r i d e s 

having N- d e f i c i e n t l a t t i c e S o 

The proportion of i o n i c bond i n metal oxides having high acceptor 

c h a r a c t e r i s t i c s ( T i , Z r , Hf , v ) i s r a t h e r l e s s than i n the corresponding 

n i t r i d e s , because oxygen has a lower i o n i s a t i o n p o t e n t i a l than ni trogen. 

These d i f f e r e n c e s w i l l be more pronounced f o r the lower ox ides . 

The second c l a s s of r e f r a c t o r y compounds inc ludes boron and s i l i c o n 

n i t r i d e s (Thompson & Vood, 1 9 6 3 ; Popper & Ruddlesden, 1 9 5 7 ; Hardie 

& Jack , 1 9 5 7 ; G i l l & Spence, 1 9 6 2 ) . T h 9 i r bond character i s a l s o 

heterodesnic , but with covalent bond predominating. They have semi

conductor propert ies as w e l l as high e l e c t r i c a l r e s i s t a n c e a t room 

temperature. Genera l ly , t h e i r s t r u c t u r e c o n s i s t s of l a y e r chain or 

s k e l e t a l s t r u c t u r a l groups or pa t t erns , and they e i t h e r melt with 

decomposition or decompose before reach ing the melting poi i i t « 

Three t y p i c a l elements of groups Tl and J T I , namely Be, Mg and A l 

are intermecQate i n t h e i r a b i l i t y to form r e f r a c t o r y m e t a l - l i k e and 
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non-meta l l i c compoundsi. F a i r l y r e f r a c t o r y semi-conductors are given 

with non-metals ( S h a f f e r & Samsonov, 1964)0 Thus bor ides of Be, Mg 

and A l and a lso AIN. These three metals a l so can form i n t e r m e t a l l i c 

compounds• 

1 . 3 Re la t ionsh ip Between Bonding and C r y s t a l S truc ture 

of Binary Compounds 

An account of some of the attempts to e x p l a i n the bonding and 

c r y s t a l s t r u c t u r e c h a r a c t e r i s t i c s of r e f r a c t o r y compounds i s 

included i n the fo l lowing subsections^ The n i t r i d e s of metals of the 

f i r s t t r a n s i t i o n s e r i e s are reviewed by Juza ( l 9 6 6 ) , 

1,3,1 Hagg's Rule of Radius Rat io L i m i t 

According to Hagg ( l930 , 1 9 3 1 a-b, 1 9 5 3 ) ^ binary, i n t e r s t i t i a l 

compounds of the t r a n s i t i o n elements had simple or "normal" s t r u c t u r e s 

when the radius r a t i o , "̂̂  of the non~metal and metal atoms was 

l e s s than O o 5 9 t 1 with the non-metal atoms occupying the i n t e r s t i c e s 

of the o r i g i n a l metal l a t t i c e ^ When the rad ius r a t i o exceeds t h i s 

f i g u r e , the s t r u c t u r e s become more complicated, but s t i l l r e t a i n 

m e t a l l i c c h a r a c t e r i s t i c s . Higher non-meta l l i c concentrat ions increase 

the u n i t c e l l dimensions of the i n t e r s t i t i a l phases, e f f e c t i v e l y 

making the radius r a t i o l e s s favourable f o r normal s t r u c t u r e s . I t 

has been ind ica ted that the l i m i t i n g rad ius r a t i o ru le i s v a l i d 

only f o r c a r b i d e s , the n i t r i d e s genera l ly having lower r a d i u s r a t i o s 

(Schwarzkopf & Kie f f er , - 1 9 5 3 ) . 

U s u a l l y , the metal atoms i n the i n t e r s t i t i a l compounds are 

arranged d i f f e r e n t l y from the o r i g i n a l metal l a t t i c e s . The non-metal 

atoms occupy those i n t e r s t i c e s where they can remain i n contact with 

the metal atomSo The face -centred c u b i c , c lose-packed hexagonal and 

body-centred cubic l a t t i c e s have two types of i n t e r s t i c e s , t e t rahedra l 

and octahedral with co-ordinat ion numbers of 4 and 6 r e s p e c t i v e l y . 
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The octahedral hole i s p e r f e c t l y regular i n the two close-packed 

s t r u c t u r e s ( face -centred cubic and c lose-packed hexagonal) but 

has tetragonal symmetry i n the body-centred cub ic s t r u c t u r e . The 

only i n t e r s t i c e s of the simple hexagonal u n i t c e l l are the large 

octahedral ( 6 - f o l d co-ordinated) s i t e s a t the c e n t r e s of t r igona l 

prisms of metal atoms. 

I n the i n t e r s t i t i a l s t r u c t u r e s , not a l l of the ho les of one 

type exe necessar' i ly occupied, so that many homogeneous phases 

show wide composition ranges. Nevertheless , homogeneity ranges 

of phases often approximate to some simple s t o i c h i o m e t r i c 

composition corresponding to the occupation o f a d e f i n i t e f r a c t i o n of 

the number of a v a i l a b l e i n t e r s t i c e s . I n the cubic c lose-packed 

l a t t i c e , the^large octahedral s i t e s are occupied only i f the radius 

r a t i o exceeds 0 .41 :1 . Many mononitrides and monocarbides ( M X -

type) have radius r a t i o s w i t h i n the range 0.41 - 0 . 5 9 : 1 » and have 

r o c k - s a l t s t r u c t u r e s i r r e s p e c t i v e of whether the parent metal has 

a cubic close-packed s t r u c t u r e or not (Rundle, 1948). 

1 .3 .2 . Paul in / fRundle Theory 

Rundle ( l948) suggested that the metal to non-metal bonding 

i s oc tahedra l , wi th s i x equal bonds being d i r e c t e d from the non-

metal towards the comers of an octahedron. He appl i ed Paul ing ' s 

bas ic concept of resonance of four covalent N- or C - bonds 

amongst the s i x pos i t ions (Paul ing , 1938, 1940, 1947, 1948, 1949; 

Paul ing and Swing, 1948). The concept of h a l f bonds i s introduced, 

where an e l e c t r o n pa ir i n an atomic o r b i t a l i s used to form two bonds, 

I n Rundle's theory the non-metal atom can achieve an octahedral 

arrangement i n two ways: ( i ) two equivalent sp hybrid o r b i t a l s form 

e l ec t ron pa ir bonds and hybr id ize with four half -bonds g iven by the 

two remaining j£ o r b i t a l s . 
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( i i ) the three 2p o r b i t a l s form s i x half-bonds, and an e l e c t r o n 

p a i r occupies the 2s o r b i t a l c I n each case, the r e s u l t i n g s i x bonds 

have an o c t a h e d r a l arrangement, which e x e m p l i f i e s the r o c k - s a l t 

s t r u c t u r e of the compounds* The d i r e c t i o n a l n a t u r e of the bonds 

e x p l a i n s the b r i t t l e n e s s and hardness of these m a t e r i a l s . 

Rundle also p o i n t s out t h a t t h e r e i s a marked increase i n 

metal-metal d i s t a n c e s , when r e f r a c t o r y i n t e r s t i t i a l compounds are 

formed. This observed increase i n d i c a t e s a weakening of the m e t a l -

m e t a l bonds. Therefore, e l e c t r o n s are drawn away from the m e t a l -

metal bonds and u t i l i z e d f o r the f o r m a t i o n of metal to non-metal 

bonds. The h i g h m e l t i n g p o i n t s o f these i n t e r s t i t i a l phases, t h e r e f o r e , 

can be a s c r i b e d to the h i g h s t r e n g t h s o f the metal-nonmetal bonds, 

A c r i t i c a l a p p r a i s a l of the Pauling's t h e o r y of metals has been 

made by Hume-Rothery (l949)» He has a l s o c r i t i c i s e d Bundle's theory, 

Hume-Rothery (l953). has argued t h a t the occupation o f the o c t a h e d r a l 

s i t e s by the non-metal would be e q u a l l y v a l i d i n a hexagonally closed-

packed l a t t i c e . The f a c e - c e n t r e d cubic s t r u c t u r e , however, has been 

adopted because i n t h i s s t r u c t u r e , the metal too has m u t u a l l y 

p e r p e n d i c u l a r covalent bonds d i r e c t e d t o i t s s i x n e i ^ b o u r i n g non-

metal atoms, a s i t u a t i o n n o t present i n the hexagonal s t r u c t u r e , ( i n 

the l a t t e r , the o c t a h e d r a l s i t e s around a metal atom form a t r i a n g u l a r 

p r i s m ) . 
1.3.3 A p p l i c a t i o n of Band Theory 

The baad theory o f metals has been a p p l i e d by B i l z ( l 9 5 8 ) 

and Denker ( l 9 6 8 ) to e l u c i d a t e the e l e c t r o n i c s t a t e s f o r r e f r a c t o r y 

m a t e r i a l s . Thus, m e t a l l i c c h a r a c t e r i s expected t o develop w i t h 

increased e l e c t r o n occupation o f the d-baid i n the s e r i e s SiN, TiN, 

VN. This i s supported by n u c l e a r magnetic resonance measurements on 

ScN and VN (Kume & Yamagiship 1964 ) o However, the expected increase 

i n m e t a l l i c c h a r a c t e r i s not supplemented by the t r e n d i n e l e c t r i c a l 

c o n d u c t i v i t i e s (Nemchenko e t . a l o 1962). 
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Goodenough ( 1 9 6 3 » PPo 2 6 6 - 2 6 ? ) has termed n i t r i d e s w i t h a r o c k -

s a l t s t r u c t u r e as " i o n i c compounds w i t h m e t a l l i c c o n d u c t i v i t y " , and 

i n p a r t i c u l a r r e l a t e d to the onideso The bond i s j a r t l y i o n i c because 

o f the e l e c t r o - n e g a t i v i t y d i f f e r e n c e between the metal and n i t r o g e n , 

and a l s o p a r t l y covalent* According t o Goodenough {l96o)p i n the 

m e t a l l i c bond i n t r a n s i t i o n metals and t h e i r compounds, the e l e c t r o n 

d i s t r i b u t i o n between l o c a l i s e d and more d e l o c a l i s e d bonding s t a t e s 

i s determined by a c r i t i c a l i n t e r a t o m i c d i s t a n c e o f 2 o 9 ? , Above 

t h i s s e p a r a t i o n the e l e c t r o n s are l o c a l i s e d , b u t below i t they are 

present as " c o l l e c t i v e " e l e c t r o n s . E l e c t r i c a l c o n d u c t i v i t y i s 

associated w i t h p a r t i a l f i l l i n g o f the t 2 g - tands by c o l l e c t i v e 

e l e c t r o n s , and i s l i m i t e d to compounds where the metal-metal 
o 

di s t a n c e s are less than 2 , 9 A v N i t r i d e s possessing r o c k - s a l t s t r u c t -

ure are formed o n l y i f three o r l e s s d,-electrons are a v a i l a b l e i n 

the f o r m a l l y t r i v a l e n t c a t i o n , when the e g - o r b i t a l s a re empty 

and the t p g - o r b i t a l s are e i t h e r h a l f or less than h a l f f i l l e d . 

Great e l e c t r o n e g a t i v i t y d i f f e r e n c e s produce a la r g e f o r b i d d e n zone, 

w i t h t h e bonding e l e c t r o n s belonging m a i n l y t o the n i t r o g e n s u b - l a t t i c e 

Thus, i n case of ScN, the bonding s.« and ̂  - e l e c t r o n s are 

predominantly on the n i t r o g e n ^ Decreasing e l e c t r o n e g a t i v i t y d i f f e r e n c e s 

c o n f e r a s t r o n g e r eg c h a r a c t e r on the bonding e l e c t r o n s . I n c r e a s i n g 

c o v a l e n t bond cha r a c t e r may lead to - c a t i o n - a n i o n - c a t i o n i n t e r a c t i o n , 

e.g. CrN- Special bonding r e l a t i o n s h i p s i n t e r m e d i a t e between the two 

extremes e x i s t f o r _-CrN ( r o c k - s a l t l a t t i c e ) . T r a n s i t i o n from 

cubic t o orthorhombic symmetry i s a s s o c i a t e d w i t h l o c a l i s a t i o n o f 

the c o v a l e n t bond and accords w i t h changes i n magnetic p r o p e r t i e s 

(Goodenough, 1 9 6 0 , p,1442). N i t r i d e s of the Pe r o v s k i t e type, M4N 

( H = Pe or Mn) are c l a s s i f i e d by Goodenough (1963) as i n t e r s t i t i a l 

a l l o y s , where the metal-nonmetal bond i s predominant i . e . N i s 
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probably present as a n e u t r a l atonio T h i s agrees w i t h Kuriyama's 

d e t e r m i n a t i o n o f the N atomic s c a t t e r i n g f a c t o r i n Mn^Np showing 

n i t r o g e n t o be present as or H^" (Kuriyamap e t . a l , 1 9 6 3 ) » 

These r e s u l t s c o n f l i c t w i t h E l l i o t t ^ s (1963) d e t e r m i n a t i o n s f o r 

Pe^Np which i n d i c a t e N̂ "* as the probable species., Mekata ( l 9 6 2 ) 

based h i s q u a l i t a t i v e band scheme f o r f ^ -'Mn4N on neutron 

d i f f r a c t i o n studyo I t i s a m o d i f i c a t i o n o f Goodenough's scheme 

f o r cubic f a c e - c e n t r e d manganesep d i f f e r i n g i n the e n e r g e t i c 

arrangement of the e ^ and bands r e l a t i v e t o one another« 

Ubbelohde-Samsonov Theory 

Ubbelohde ( l 9 3 2 , 1937) presented evidence f o r the i n t e r s t i t i a l 

d i s s o l u t i o n of hydrogen i n palladium, tantalizm and t i t a n i u m . He 

assumes t h a t hydrogen d i s s o l v e s i n the form of atoms which are 

subsequently i o n i z e d ^ and the e l e c t r o n s o f d i s s o l v e d hydrogen 

go i n t o the vacant l e v e l s of, the d.- band o f the t r a n s i t i o n metal. 

Thus, the metal i s the acceptor and hydrogen the donor,, Umanskii 

(1943) extended t h i s to carbides and n i t r i d e s * This i s expected, 

because the i o n i z a t i o n p o t e n t i a l s o f carbon and n i t r o g e n are o f 

the same order as t h a t o f hydrogeno F u r t h e r support f o r t h i s theory 

i s p r ovided by S e i t h & Kubaschewski ( l 9 3 5 ) and P r o s v i r i n (1937) 

who demonstrated the i o n i c c h a r a c t e r of d i s s o l v e d carbon and n i t r o g e n 

i n i r o n ^ K i e s s l i n g ( l 9 5 0 ) makes a s i m i l a r c o n c l u s i o n from a study 

of borideso He has suggested t h a t the a b i l i t y of the non-metal 

t o donate e l e c t r o n s increases i n the order, O p N p C , B,Si ( K i e s s l i n g , 

1954» 1959)0 The importance o f bond len g t h s has a l s o been emphasized 

by K i e e s l i n g (1957). One o f the prime requirements f o r m e t a l l i c 

bond f o r m a t i o n i s t h a t t h e metal atoms should not be too f a r a p a r t . 
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This e x p l a i n s why s m a l l non-metal atoms o n l y may form i n t e r s t i t i a l 

compounds w i t h t r a n s i t i o n metals* 

F u r t h e r development by Samsonov (l 9 5 3 a , 1956 a-c, 1964 b, 1965), 

i m p l i e d t h a t the bonding between the t r a n s i t i o n metal and the non-metal 
• • O 

i n r e f r a c t o r y compounds i s e s s e n t i a l l y m e t a l l i c i n character. 

S i m i l a r t h e o r y has been described by Neshpor ( l 9 6 4 ) and Samsonov & 

Neshpor ( l 9 5 8 , 1959 ) - This i n v o l v e s t r a n s f e r o f non-metal valency 

e l e c t r o n s i n t o the e l e c t r o n cloud of the compound, a t l e a s t p a r t i a l l y 

f i l l i n g the e l e c t r o n - d e f e c t of the metal atoms. The a d d i t i o n a l f o r c e s 

o f the donor-acceptor i n t e r a c t i o n g r e a t l y s t r e n g t h e n the i n t e r a t o m i c 

bond. Thus,Jack ( l 9 4 8 ) and Clarke & Jack ( l 9 5 l ) i n t e r p r e t the 

s t r u c t u r e of i r o n , c o b a l t and n i c k e l n i t r i d e s , c a r b i d e s and 

c a r b o n i t r i d e s on the basis of e l e c t r o n t r a n s f e r from the i n t e r s t i t i a l 

C and N atom to the metal l a t t i c e . 

The degree o f p a r t i c i p a t i o n i n the bond ( o f incomplete d;-

and e l e c t r o n l e v e l s ) and the d i s t r i b u t i o n o f e l e c t r o n c o n c e n t r a t i o n 

i n the c r y s t a l l a t t i c e i s expressed by the q u a n t i t y l/Nn » termed 

by Samsonov as "acceptor a b i l i t y " . I n t h i s e x p r e s s i o n , N i s the 

p r i n c i p a l quantum nximber o f the incomplete s h e l l o f d;- o r f - e l e c t r o n s 

and n i s the number of such e l e c t r o n s , A h i g h acceptor a b i l i t y f a v o u r s 

a h i g h e l e c t r o n c o n c e n t r a t i o n i n the c r y s t a l l a t t i c e , i . e . g r e a t e r 

m e t a l l i c c h a r a c t e r . DecrecLsing acceptor a b i l i t y causes corresponding 

decreases i n e l e c t r i c a l c o n d u c t i v i t y ( S c h a f f e r & Samsonov, 1964), 

heat of f o r m a t i o n , l a t t i c e energy and hardness ( S a r k i s o v , 1947; 

Sarkisov, 1954; Baughan, 1959; Shulishova, 1962), 

The e s s e n t i a l l y m e t a l l i c c h a r a c t e r of the i n t e r a t o m i c bond 

i s comparable w i t h the Hxune-Rothery e l e c t r o n phases, the nature of the 

c r y s t a l s t r u c t u r e depending on the e l e c t r o n c o n c e n t r a t i o n ( K i e s s l i n g , 
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1 9 5 4 , 1 9 5 8 ; Robins, 1 9 5 8 ) . I n c r e a s i n g c o n c e n t r a t i o n produces a 

sequence o f c r y s t a l l a t t i c e s , v i z . , body-centred c u b i c , baise-centred 

hexagonal, f a c e - c e n t r e d cubic, simple hexagonalp f o r s i m i l a r 

atomic r a d i i r a t i o s , ^ s , where X = B9Si,C,N. The fac e - c e n t r e d 

cubic l a t t i c e , most c h a r a c t e r i s t i c o f group IVA and VA metal c a r b i d e s 

and n i t r i d e s corresponds to an e l e c t r o n c o n c e n t r a t i o n o f 5 . 5 to 6 

e l e c t r o n s per atom. Nevertheless, f o r m a t i o n o f c r y s t a l s t r u c t u r e s 

c h a r a c t e r i s t i c f o r metal compounds does not n e c e s s a r i l y a r i s e from 

the t r a n s i t i o n a l nature of t h e i r atomic components^ Thus, n i t r i d e s 

o f r a r e - e a r t h metals are mainly i o n i c ( J a n d e l l , 1 9 5 6 ; Klemm & 

Winkelmann, 1 9 5 6 ) , y e t c r y s t a l l i s e i n f a c e - c e n t r e d c u b i c ( r o c k -

s a l t ) l a t t i c e , s i m i l a r t o monoborides and monocarbides of group 

IV and V t r a n s i t i o n metals having m e t a l l i c p r o p e r t i e s . 

Weiner and Berger ( l 9 5 5 ) demonstrated t h a t the occ u p a t i o n of 

incomplete d - s h e l l s o f the metal atoms by e l e c t r o n s donated frcm 

the non-metal atoms reduced the magnetic moment. Results f o r Pe,Co 

and Ni n i t r i d e s suggested don a t i o n o f about t h r e e e l e c t r o n s by each 

n i t r o g e n atom« The n i t r o g e n was regarded as a p o s i t i v e i o n or as 

for m i n g a covalent bond by i n t e r a c t i o n of the e l e c t r o n s o f N 

w i t h the unpaired d.- e l e c t r o n s o f the near e s t neighbour atom^ 

There have been o n l y l i m i t e d s t u d i e s of the energy spectrum of 

el e c t r o n s i n m e t a l l i c compounds. These i n c l u d e an approximate quantum 

mechanical a n a l y s i s of t h e e l e c t r o n s t r u e t u r e of tiie i n t e r s t i t i a l phases 

TiC and TiN ( B i l z , 1 9 5 8 ) and i n v e s t i g a t i o n s o f the X-ray s p e c t r a of 

Ti,V,m>, and Cr n i t r i d e s ^ a n y s h t e y n & Vad.li'yeVp 1 9 5 7 ; Vanyshteyn 

A Zhxirakovskiy, 1 9 5 8 , 1 9 5 9 ; Nemnonov & Hen'shikov, 1 9 5 9 ? Korsunskiy 

& Genkin, 1 9 5 8 ; K a r a l ' n i k et„al., 1 9 5 9 ) o The l a t t e r are i n t e r p r e t e d by the 
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s p l i t t i n g of the 3d.~ l e v e l i n t o and e^- l e v e l s by "the c r y s t a l 

f i e l d i n the o c t a h e d r a l environment. 

1 . 4 R e l a t i o n s h i p between Bonding & C r y s t a l S t r u c t u r e 

of T e r n a r y Compounds 

The t e r n a r y compounds so f a r examined have been c l a s s i f i e d 

by J u z a (1966) and t h e i r p r o p e r t i e s a r e summarised by G l a s s o n & 

Jayaweera ( l 9 6 8 , pp^ 7 0 - 7 1 ) i n r e l a t i o n to what i s kno\-m o f t h e i r 

c r y s t a l s t r u c t u r e s . 

1 c 5 P r o d u c t i o n of N i t r i d e s 

1 . 5 . 1 Methods of P r o d u c t i o n 

There a r e a number of d i v e r s e methods a v a i l a b l e f o r p r e p a r i n g 

m e t a l l i c n i t r i d e s . T h i s i s due mainly to g r e a t d i f f e r e n c e s i n thermal 

s t a b i l i t y , a s s o c i a t e d i n t u r n w i t h h e a t s o f f o r m a t i o n . N i t r i d e s can 

be prepared by h e a t i n g the elements i n a n i t r o g e n , fimmonia or n i t r o g e n 

and hydrogen atmosphere ( M e l l o r , 1927p P c 9 7 ; Soliman, 1 9 5 1 ; J u z a , 

1 9 6 6 ; Brown, 1 9 6 4 ) . V a r i a t i o n s of t h e s e methods i n c l u d e h e a t i n g the 

metal amalgams, e.g», Ca? Ba, Mn and Fe, o r the metal o x i d e and 

alximinium or magnesium, e.g, Ce, La, Nd, P r and U, o r t h e metal 

oxides and carbon, e = g, Hg, and S i o Sometimes, hov/ever^heating metal 

c a r b i d e s i n n i t r o g e n produces c a r b o n i t r i d e s such as c y a n i d e s and 

cyanamides, e.g. i n the c a s e of Tip Hf ( P o r t n o i & L e v i n s k i i ^ 1 9 6 3 ) , 

Ca,Sr, Ba,'cachet, 1931 ) c An advantage of u s i n g ammonia ( o r n i t r o g e n 

and hydrogon m i x t u r e s ) over n i t r o g e n i s t h a t the r e a c t i o n i s c a r r i e d 

out i n a r e d u c i n g atmosphere and thus the formation of o x i d e 

i m p u r i t i e s i s kept to the minimum. Oxygen must be s c r u p u l o u s l y 

avoided s i n c e i t cannot be e l i m i n a t e d from the n i t r i d e phase 

( P a r r , 1 9 6 8 ) . N i t r i d e s may be o b t a i n e d a l s o by decomposing s u i t a b l e 
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metal amides, e.g. Co (Schmitz-Dumont, 1956) and Ni(Watt 

& Davies, 1948). The r e a c t i o n between a metal oxide and ammonia 

to form the n i t r i d e i s the r e v e r s a l o f the h y d r o l y s i s of the n i t r i d e . 

Thus, mercury n i t r i d e (Glasson, 1949) and g a l l i u m n i t r i d e (Lorenz 

fik Binkowski, 1962) are formed i n t h i s manner. 

T r a n s i t i o n metal n i t r i d e s are produced g e n e r a l l y by the a c t i o n 

o f n i t r o g e n or ammonia on the r e s p e c t i v e metals o r t h e i r h y d r i d e s , 

oxides o r h a l i d e s . A c l a s s i c a l method f o r p r e p a r i n g t r a n s i t i o n 

m etal n i t r i d e s i s the r e a c t i o n of m e t a l l i c oxides, e.g. T i 0 2 , w i t h 

n i t r o g e n i n presence of Carbon^ This process was used by P r i e d e r i c h 

and S i t t i g ( l 9 2 5 ) but d i d n o t l e a d t o pure products. Very pure 

c a r b i d e - f r e e n i t r i d e s are best obtained by h e a t i n g the m e t a l powders 

under v e r y pure n i t r o g e n or ammoniac N i t r i d a t i o n o f metals by 

n i t r o g e n or ammonia gas has become more i m p o r t a n t w i t h t h e 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 metalSc Besides c o n v e n t i o n a l h e a t i n g 

techniques, h i g h frequency i n d u c t i o n h e a t i n g has been employed i n 

t r a n s i t i o n m e t a l n i t r i d e productiono I n the i o n i t r i d i n g process an 

e l e c t r i c glow discharge i s u t i l i s e d i n s p l i t t i n g up m o l e c u l a r n i t r o g e n 

(Beisswenger, 1958; Bemhard Berghaus, 1961; Laplauche, 1963; S t e r l i n g 

and Swann, 1965; S t e r l i n g e t . a l o , 1966)o 

The decomposition o f m e t a l amides or imides, may be used as means 

of o b t a i n i n g n i t r i d e s . Other p r e p a r a t i v e methods i n c l u d e h e a t i n g 

an ammonium m e t a l l a t e i n ammonia^ the a c t i o n of cyanogen gas o r 

d i n i t r o g e n t r i o x i d e on the m e t a l , the r e a c t i o n between a m e t a l s a l t 

i n l i q u i d ammonia dnd a r e d u c i n g metal, and by double decomposition w i t h 

another n i t r i d e . 

Molten s a l t bath n i t r l d i n g i s used w i d e l y i n d u s t r i a l l y to o b t a i n 
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t h i n p r o t e c t i v e n i t r i d e c o a t i n g s . The bath u s u a l l y c o n t a i n s a 

cyanide or cyanate of an a l k a l i metal r e a c t i n g w i t h a t r a n s i t i o n 

metal or one of i t s a l l o y s , e.g., Pe and i t s a l l o y s o Vapour phase 

deposition i s one o f the w i d e l y used methods o f i n d u s t r i a l n i t r i d a t i o n 

(Campbell e t . a l . , 1 9 4 9 , 1 9 5 2 ; Powell e t o s l , , 1 9 6 6 ) , This process 

inv o l v e s the use o f a v o l a t i l e metal s a l t such as the c h l o r i d e w i t h 

eunmonia o r n i t r o g e n and hydrogen^ A t h i n and u n i f o r m c o a t i n g of 

n i t r i d e on machine p a r t s i s produced by t h i s method, which i s 

e s p e c i a l l y employed w i t h t r a n s i t i o n metal n i t r i d e s . An explodi n g 

w i r e technique a l s o has been d e s c r i b e d ( J o n c i c h e t . a l , , 1 9 6 6 ) o 

The more s t a b l e n i t r i d e s e.g., Ti,Zr,Hf,V and Ta, may be 

deposited d i r e c t l y on heated s u r f a c e s from gaseous m i x t u r e s o f 

s u i t a b l e v o l a t i l e metal h a l i d e s and n i t r o g e n and hydrogen (Van A r k e l 

& d e Boer, 1 9 2 5 ; Agte & Moers, 1 9 3 1 ; Becker, 1 9 3 3 ; Van A r k e l , 1 9 3 4 ; 

P o l l a r d & Woodward, 1 9 4 8 ; Hunster & Ruppert, 1 9 5 3 ; rfunster, 1 9 5 7 ) « 

This method i s p r e f e r r e d , p a r t i c u l a r l y when metal surface n i t r i d a t i o n 

slows down c o n s i d e r a b l y a f t e r f o n n a t i o n of a t h i n s k i n o f n i t r i d e . 

Several hours are r e q u i r e d f o r c o a t i n g s o f more than one or two mm 
• I ' 

t h i c k n e s s , unless much higher temperatures are used t o ensure adequate 

d i f f u s i o n across the n i t r i d e l a y e r . Small T iN c r y s t a l l i t e s have 

been obtained i n the cooled anode c a v i t i e s , when T i C l ^ i s i n t r o d u c e d 

i n t o the n i t r o g e n - a r g o n stream ofaplasma b t i m e r (Stokes & Knipe, 

1 9 6 0 ; Opfennann, 1 9 6 4 ) . Hydrogen i s not r e q u i r e d , since the elements 

are i o n i s e d i n the plasma beamo 

A summary of t r a n i s i t i o n metal n i t r i d e p r o d u c t i o n methods i s g i v e n 

i n Table 1 . 1 , which a l s o i n c l u d e s a s e l e c t i o n of references t o methods 

of producing these compounds 
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Table 1.1 Methods of T r a n s i t i o n Metal N i t r i d e Production 

METHOD METALS NITHIDED 

1) Action of. 
Nitrogen (orAirJj 
on:-

(a) Metal 

REFERENCES 

T i , Zr, Y, U, 

Cr, Hn,rare 

(b) Oxide 
(c) Oxide & Al or 

Mg id) Oxide & Carboni e) Hydride 

( f ) Bori.de 

2) Action of 
Ammonia or 
nitrogen & 

hydrogen mixture 
on:-

earth metals., 
Ta, V, Pe, Th, Co, Sc' 
Zr 

I (Samsonov e t . a l , , 1959 b, 
1961 a) K i r c h e v s k i i & Khazanova 
(1950); 
Lyntaya & Samsonov ( 1 9 6 4 ) ; 

. Campbell e t . a l . , (1949); 
i Evans ( l 9 6 5 ) 

Ce, La, Nb, U. Zr 
S i , T i , V, Sc 
T i , S i , V, Pu 

Cr, Fe 

> Lyntaya & Samsonov (1964) 
I Kerr.pter et. a l . , (l957); 
' Anselin & Pascard (l963) 
i Samsonov (l964 a, pp. 312-19) 

(a) metal T i , Ni^ Ce, La, Ga 
S i . Nb, Mn, Pe, Mo,W 
u , Cr, Coc 

(b) oxide T i , In, Cu, Nb 
Ga 

(c) boride Cr. Fe, w. 
(d) hydride S i 

(e) Metal s a l t & Ga, In, T I , 
reducing metal Fe, Co, Ni, 
with l i q u i d Ru, Rh, Pd 
ammonia Os, I r , Pt 

( f ) Ammonium Nb, Ta, u . Cr, 
metallate Fe. Re, 

3 ) Action of cyan- Pe and i t s a l l o y s : 
ides & cyanates 
on metal 
(or a l l o y ) -

jl959) Neugebauer e t . a l . , 
Horeau & P h i l l i p o t (l963); 
S e p t i e r e t . a l . , (l952); 
Deeley ( 1964) 
Neugebauer e t . a l . , (l959) 
Lyntaya & Samsonov ( 1 9 6 4 ) : 
Lorentz & Binkowaki (l962); 
K i e s s l i n g & L i u (l951) 
S t e r l i n g & Swann ( 1 9 6 5 ) ; 
S t e r l i n g e t o s l . (l966) 

Schneider e t . a l . ( 1963) 

( l 9 6 l a ) ; Samsonov e t . a l 
Punk & Boehland ( 1 9 6 4 ) ; 
Hahn & Konrad ( l 9 5 l ) ; 
Neugebauer e t . a l . (l95l) 
M i t c h e l l &,Dawes ( 1 9 6 4 ) ; 
Minkevich ( 1 9 6 4 ) ; 
Albrecht & ^ h l e l l e r (l963); 
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1.5,2 Thermodynamics o f N i t r i d e P r o d u c t i o n 

Although the extensive thermodynamic p r o p e r t i e s such as e n t h a l p y 

and f r e e energy o f elements and t h e i r compounds cannot be measured 

a b s o l u t e l y , i t i s possible t o estimate r e l a t i v e changes i n these 

p r o p e r t i e s when a chemical r e a c t i o n takes p l a c e . The standard f r e e 

energy change A Ĝ , f o r a p a r t i c u l a r r e a c t i o n a f f o r d s a d i r e c t 

q u a n t i t a t i v e measure of the e x t e n t to which the r e a c t i o n may proceed. 

The s t a b i l i t y o f the n i t r i d e s and t h e i r p r o d u c t i o n a t v a r i o u s 

temperatures are r e l a t e d t o t h e i r standard f r e e energies o f f o r m a t i o n , 

^G^^ (Margrave & Sthapitanonda, 1955). I f data i s compiled f o r the 

r e a c t i o n s o f some o f the t r a n s i t i o n elements w i t h n i t r o g e n , the 

r e l a t i v e a f f i n i t i e s o f these elements can be a s c e r t a i n e d by p l o t t i n g 

the standard f r e e energy change per gram e q u i v a l e n t o f the element.' 

as a f u n c t i o n o f temperature ( i n okK This g r a p h i c a l method of 

p r e s e n t a t i o n , the Ellingham diagram ( 1 9 4 4 ) , r e a d i l y i n d i c a t e s t he 

f e a s i b i l i t y o f a r e a c t i o n over a p a r t i c u l a r temperature range and 

a l s o the c o m p a t i b i l i t y o f m a t e r i a l s a t h i g h temperatures. The more 

negative values o f standard f r e e energies i n d i c a t e s t a b l e r compounds. 

I n P i g . 1,1, the values o f /^G^ip are compared f o r a s e l e c t i o n o f 

t r a n s i t i o n metal n i t r i d e s on an Ellingham diagram, using data compiled 

by Wicks & Block ( l 9 6 3 ) ; see a l s o Pearson & Ende ( l 9 5 3 ) and O l e t t e & 

Ancey-Moret ( l 9 6 3 ) . - N i t r i d e s of t r a n s i t i o n metals belonging to group 

IV and V have the g r e a t e s t s t a b i l i t y e T h i s p r o g r e s s i v e l y decreases f o r 

n i t r i d e s i n the lower groups and f o r t r a n s i t i o n metals i n groups V I 

to V I I I . The i r o n n i t r i d e s , Fe2N and Pe^N are r e l a t i v e l y u n s t a b l e , having 

p o s i t i v e Â Ĝ T values f o r a f a i r l y wide temperature range. By 

comparison, ammonia i s less s t a b l e than most n i t r i d e s . 
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Prom Fig u r e 1.1 the standard f r e e energy changes f o r the r e a c t i o n 

of metal w i t h ammonia ( to form the n i t r i d e and hydrogen ) can a l s o 

be compared f o r d i f f e r e n t metals. Thus f o r t i t a n i u m n i t r i d e , the 

value of G°q, f o r the r e a c t i o n , 

i T i + i NH3 = f TiN + ^ 2 

i s the d i f f e r e n c e between the values f o r the r e a c t i o n s : -

4r T i + 1/6 N2 = i TiN 

and -J" H2 + 1/6N2 = "i- NH3 

Hence the d i f f e r e n c e between the graphs f o r -J- TiN and ^ NH3 i n 

Pigure 1.1 i n d i c a t e s the r e l a t i v e ease o f n i t r i d e f o r m a t i o n from the 

metal + ammonia, vrtien the m a t e r i a l s are i n t h e i r standard s t a t e s . 

Prom the thermochemical data, i t i s evident t h a t a l l the met a l n i t r i d e s 

can be formed from the metal and ammonia, except Pe2N and Pe^N, a t 

lower temperatures. However, a l t h o u g h e n e r g e t i c a l l y p o s s i b l e , these 

r e a c t i o n s may be k i n e t i c a l l y u n f a v o u r a b l e , as thermodsmamics does 

not g i v e any i n f o r m a t i o n r e g a r d i n g the r a t e o f the processes under 

c o n s i d e r a t i o n . T h i s a p p l i e s e s p e c i a l l y to s o l i d s t a t e r e a c t i o n s , where 

the number o f v a r i a b l e f a c t o r s i s h i g h , e.g., s o l i i b i l i t y o f the gases 

i n the var i o u s s o l i d phases, f o r m a t i o n o f b i n a r y and t e r n a r y compounds, 

adherence of compound l a y e r on to the metal. The l a s t of these 

f a c t o r s i s i m p o r t a n t i n the k i n e t i c s o f the r e a c t i o n as discussed l a t e r 

i n s e c t i o n 1,6.2. 

A p l o t of f r e e energy data f o r the o x i d a t i o n o f some t r a n s i t i o n 

metal n i t r i d e s i s presented i n Pigure 1.2, which shows t h a t the o x i d a 

t i o n products are a p p r e c i a b l y s t a b l e r than the corresponding n i t r i d e s , 

e s p e c i a l l y a t low temperatures^ 
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1,6 K i n e t i c s of Metal N i t r i d a t i o n 

1.6.1 Rate of N i t r i d a t i o n 

N i t r i d a t i o n r a t e s are expected t o conform to the same p r i n c i p l e s 

as a p p l i e d f o r metal o x i d a t i o n s (Kubaschewski & Hopkins, 1962), A number 

of r e l a t i o n s h i p s are known which r e l a t e the e x t e n t o f n i t r i d a t i o n 

( o r o x i d a t i o n ) w i t h r e a c t i o n time. They g i v e the weight i n c r e a s e per 

u n i t surface area, m, as a f u n c t i o n o f timOp to 

The s i m p l e s t r e l a t i o n s h i p which i s the l i n e a r one, namely}-

m = K't 
^ 

where K* i s a constant. Since the weight inci*ease per u n i t area i s 

p r o p o r t i o n a l to the t h i c k n e s s o f the n i t r i d e ( o r oxide) f i l m , ^, :s 

and t h i s i n t u r n i s p r o p o r t i o n a l t o the decrease i n t h i c k n e s s of 

the metal, the above equation can be w r i t t e n as. 

Where ^ i s a constant. 

The p a r a b o l i c law, g e n e r a l l y encountered a t h i g h e r temperatures 

can be s t a t e d as f o l l o w s : 

y2 = K t - c 

I t gives a s t r a i g h t l i n e when the square of the weight g a i n i s p l o t t e d 

a g a i n s t time; a non-zero v a l v e o f constant £ i m p l i e s an i n i t i a l i n d u c t i o n 

p e r i o d . Factors causing s l i g h t d e v i a t i o n s from the p a r a b o l i c r a t e law 

i n t he e a r l i e r r e a c t i o n stages are probably s i m i l a r to those encountered 

i n metal o x i d a t i o n s (Gulbransen & Andrew, 1951), v i Z o , decreases i n 

surface h e t e r o g e n e i t y and s p e c i f i c surface as the r e a c t i o n proceeds, 

i m p u r i t y c o n c e n t r a t i o n s , changes i n l o c a l s u r f a c e temperatures caused by 

the heat o f r e a c t i o n , s o l u b i l i t y e f f e c t s and p o s s i b l e changes i n 

n i t r i d e composition. 
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o t h e r r e l a t i o n s h i p s described are, cubic, l o g a r i t h m i c and 

inverse l o g a r i t h m i c * A s i n g l e n i t r i d a t i o n curve may have combinations 

of two or more of the above r e l a t i o n s h i p s , e.g..the n i t r i d a t i o n o f 

a metal or a l l o y may begin p a r a b o l i c a l l y and c o n t i n u e l i n e a r l y . 

This i s termed a p a r a l i n e a r r e l a t i o n s h i p o 

1.6,2 Factors A f f e c t i n g the Rate o f Reaction 

I n the d i r e c t n i t r i d a t i o n of metals a n i t r i d e l a y e r i s formed 

between the metal and i t s gaseous environment* The r e a c t a n t s have 

to pass through t h i s b a r r i e r i f the r e a c t i o n i s t o c o n t i n u e and 

the n i t r i d e l a y e r t o grow* The o v e r a l l r a t e o f a r e a c t i o n may be 

i n f l u e n c e d by one or more of the f o l l o w i n g type o f r a t e s s -

1) the r a t e o f s u p p l y of r e a c t i n g gas to the o u t e r s u r f a c e 

o f the n i t r i d e l a y e r . 

2) the r a t e o f t r a n s p o r t o f r e a c t i n g species through the n i t r i d e 

l a y e r . 

3) the r a t e of r e a c t i o n between metal and n i t r o g e n f o r m i n g 

n i t r i d e . 

Each of the above r a t e s i s governed by f a c t o r s such as temper-

atxxre, e x t e r n a l gas pressure, d e f e c t s i n the n i t r i d e s t r u c t u r e , e t c . 

The slowest of the above r a t e s i s the r a t e - d e t e r m i n i n g s t e p . 

The mechanical s t a b i l i t y o f the n i t r i d e l a y e r i s important i n 

d etermining r a t e and e x t e n t of n i t r i d a t i o n . The s t r e n g t h o f the l a y e r 

on the metal depends on the d i f f e r e n c e s i n molecular volume and tjrpe 

o f c r y s t a l l a t t i c e of the product l a y e r compared w i t h tiie o r i g i n a l 

metal ( F i l l i n g & Bedworth, 1923), and a l s o on t h e r a t e o f n i t r i d e 

s i n t e r i n g . Higher temperatures enhance s i n t e r i n g , i p , , they promote 

r e c r y s t a l l i s a t i o n o f newly formed n i t r i d e , b u t a l s o increase e v a p o r a t i o n 
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o f the metal below the n i t r i d e l a y e r . This i s e x e m p l i f i e d by 

e l e c t r o p o l i s h e d magnesium i n very pure n i t r o g e n (Gregg & E i c k l e y , 1966), 

a t 10 cm mercury pressuj?e above 500®o Such e v a p o r a t i o n i s u s u a l l y 

absent i n the n i t r i d a t i o n o f t r a n s i t i o n metals as they have v e r y h i ^ 

evaporation temperatures^ (Table 1*2) 

Table summarises molecular volume and c r y s t a l l a t t i c e 

changes accompanying n i t r i d a t i o n o f some o f the t r a n s i t i o n elements. 

The c a l c u l a t i o n s are based on X-ray data compiled by T a y l o r & Kagle 

(1965), and checked e x p e r i m e n t a l l y , d e n s i t i e s b e i n g deduced from 

m e t a l and n i t r i d e c r y s t a l s t r u c t u r e s e x i s t e n t a t temperatures h o r m a l l y 

used f o r n i t r i d a t i o n . Volume changes are expressed as f r a c t i o n s of 

the o r i g i n a l m e t a l volume, a l l o w i n g f o r w e i ^ t increases d u r i n g 

n i t r i d a t i o n , expansions and c o n t r a c t i o n s are i n d i c a t e d by + and -

signs r e s p e c t i v e l y o I n Table 1e,4 these changes are recorded f o r 

conversion o f the n i t r i d e s t o t h e i r ^ c orresponding s t a b l e oxides. 

Where s m a l l decreases i n u n i t c e l l s i z e are caused by s i n t e r i n g o f 

the newly-formed n i t r i d e or oxide, the lowest l i m i t i n g value i s 

recorded. 
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Tflble 1 . 2 Evaporation Temperatures 

of some T r a n s i t i o n Metals 

j ^ ^ ^ ^ ^ Evaporation Temperature *• 

Titanium 1 7 0 3 1 9 8 0 
• 

Zirconium 2 3 9 7 2 6 7 0 

Vanadium ( l ) 1 3 4 5 2 1 1 8 

Niobium 2 5 0 0 ( M . P J 

p = 1 , 8 5 / « 
2 7 7 3 ( M c P J 

Tantalum 2 9 9 6 ( H - P j 
p = 5.0/^' 

3 2 6 9 (McPj 

Chromium 1 3 9 2 1 6 6 5 

Molybdenum ( l ) 2 5 7 7 2 8 5 0 

Tungsten 3 3 3 4 3 6 0 7 

The evaporation temperature i s taken a s the temperature at which 

a vapour pressure of OoOl t o r r or 10^,*- i s attained^ 

( l ) i n d i c a t e s that the material i s l i q u i d at the s p e c i f i e d 
temporatureo 

Noteso ( l ) Diata reproduced from Powell, Oxley & Blocher, J r . , 1 9 6 6 , 

ppo 2 2 4 - 2 5 o 

( 2 ) Unlike the above t r a n s i t i o n metals, magnesium r e a d i l y 

undergoes evaporation due to i t s lower evaporation 

temperature, i e e . , 4 4 2 ^ 0 , 

( 5 2 ) 



Table 1 ^ 3 F r a c t i o n a l Volxime and 

C r y s t a l L a t t i c e Changes on N i t r i d a t i o n 

N i t r i d e Fraction
a l 
Volume 
Change 

Element 

C r y s t a l ] L a t t i c e 
L a t t i c e Constants 

i n h 
N i t r i d e 

1 C r y s t a l 
j L a t t i c e 
i 

S L a t t i c e 
j Constants 
I i n A 

l i 'J* +O0O5 b.c.c(/^ 
\ i ^ 

3 o 3 0 

\ +O0O8 hoC .pC*^ ) ! a 2 . 9 5 
j 1 ; C = 4 , 6 8 

ZTN» 1 0 . 0 0 boc.cf^ I; ^ = 3 o 6 0 

I + 0 . 0 2 h.c.pC*^ =: 3 o 2 3 

\ 
\ ° = 5 o 1 5 

VN I + O o 2 7 b.c.c« • a 3 . 0 3 

Nbn(E) 1 + O 0 I 8 beC.C. ; a = 3 o 3 0 

CvN 

Cr2N 

MoN iS) 

M02N* 

w iS) 

W2N ( f i ) 

I + O o 2 6 

i + 0 o 4 9 

+ 0 . 2 1 

+ 0 . 2 1 

j 4 0 . 0 9 

i + 1 . 1 6 

+ 0 . 3 9 

Cubic 
NaCl 

Cubic 
NaCl 
cubic 
NaCl 
hexagonal 

b.c.c. 

b.c.c. 

b.c.c. 
b.c.c. 

b.c.c. 

b.c.c. 

b.c.c. 

1 a = 

a = 

a = 

' a = 

a = 

3 . 3 1 

2 . 8 8 

2 . 8 8 

3 . 1 5 

3 . 1 5 

3 . 1 7 

hexagonal i a 
• c 

Cubic, 
NaCl { a 

hexagonalj a 
su p e r l a t c . ! c 
hexagonali a 

c = 

4 . 2 4 

4 . 5 6 

4 . 2 8 

2 . 9 7 

5 . 5 3 

5 . 1 9 

2 . 9 1 

4 . 1 5 

1-4 
5 . 6 1 

cubic, ! a = 4 . 1 . 6 
NaCl i 

• a = 3 « 1 7 

hexagonal I a 
!« 
i 

cubic ' 
NaCl 

2 . 8 9 

2 . 8 3 

4 . 1 3 

low temperature form 
b.c.c. = body-centred cube 
h.c.p. = hexagonal close-packed 
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Table U 4 F r a c t i o n a l Volume and 

C r y s t a l L a t t i c e Changes on Oxidation of Nitride 

Nitride F r a c t i o n a l 
Voliime 
Change 

Nitr i d e Oxide 

C r y s t a l 
L a t t i c e 

L a t t i c e 
Constants 
i n A 

C r y s t a l 
L a t t i c e 

L a t t i c e | 
Constants i 
i n X 

; TiN^ 

Za-N 

VN 
NbN(E) 

i 

TaN(E) 

: C<N 

: Cr2N 
I 
. MoN(^) 

I HOgN 

+ 0 . 6 4 9 

+ O o 5 1 8 

+ 1 o 2 7 2 

+ K 3 7 5 

+ 0 c 9 8 6 

+ O o 5 5 4 

+ 0 . 5 9 7 

l c 6 0 6 

1 . 8 3 9 

Cubic.NaCl 

Cubic, NaCl 

hexagonal 

hexagonal 

Cubic NaCl 

a = 4 . 2 4 tetreigonal a = 4 . 5 9 i 
( r u t i l e ) c 2 . 9 6 i 

a 4 c 5 6 . Mon'^olinic a = 5 . 1 4 

(ZrOg) b 5 . 2 0 1 (ZrOg) 
c = 5 . 3 1 0 7 i 

= 9 9 ° 1 4 ' , 

a 4 . 2 8 Orthorhombic a = 1 1 . 5 2 ! 

b = 3 . 5 6 ! 

• c. 4 . 3 7 1 

a — 2 o 9 7 Honoclinic a 2 1 . 3 4 i 
c = (Nb205) ' b = 3 . 8 1 6 (Nb205) 

c 1 9 . 4 7 

a 5 o 1 9 Orthorhombic a - 6 . 1 9 ' 
c = 2 o 9 1 (Ta205) b = 4 4 . 0 2 ; (Ta205) 

c = 3 . 9 0 ! 

a 4 c l 5 iHexagonal a = 4 . 9 5 ' 
[ ( C r 2 0 3 ) c = 1 3 . 5 8 1 

hexagonal a = 4 . 7 6 

s u p e r l a t t i c e ' c = 4 o 4 4 

hexagonal a = 5 . 7 2 

s u p e r l a t t i c e • c = 5 - 6 1 

cubic, NaCl a = 4 , 1 6 

^orthorhombic 
(M0O3) 1 3 . 8 5 

5 . 6 9 

3 . 9 6 
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1,6,3 I o n i c Diffusion: Parabolic Relationship 

At higher temperature ranges (above 5 0 0 ^ C ) p the d i f f u s i o n of the 

reacting species throuLgh the n i t r i d e layer involves the movement 

of cations from the metal-nitride i n t e r f a c e towards the n i t r i d e -

chemisorbed nitrogen i n t e r f a c e . Anion d i f f u s i o n i s slower because 

of larger s i z e , but i s not always importanto Simultaneous movement 

of anions and cations a l s o i s known to be s i g n i f i c a n t i n some 

mechanisms of reactions. 

Cation migration i s possible because of vacant c a t i o n l a t t i c e 

s i t e s i n the n i t r i d e layer. Such migration i s favoured therefore 

by a high degree of nonstoichiometry and a large number of cation 

defects i n the n i t r i d e l a t t i c e . The o v e r a l l e f f e c t i s , therefore, 

a flow of cation vacancies through the n i t r i d e layer towards the 

metal-nitride i n t e r f a c e or cations i n the opposite d i r e c t i o n , 

i . e . , an e l e c t r i c current through the n i t r i d e layer, Cabrera 6b Mott 

(1948), present a thin f i l m theory, which s t i p u l a t e s that the ions 

move under the potential difference s e t up between the anions and 

cations on the respective i n t e r f a c e s . The Jt^liions are formed by ^A>IIO)OS 

the migration of electrons through the f i l m by the "tunnel e f f e c t " 

followed by reaction with gas molecules adsorbed on the outer 

surface of the film^ (tunnel e f f e c t i s a quantum mechanical 

phenomenon which predicts a f i n i t e chance t h ^ t an electron can pass 

through a thin f i l m of an i n s u l a t o r without req u i r i n g appreciable 

a c t i v a t i o n e n e r g y T h e accumulation of vacancies a t the n i t r i d e -

metal i n t e r f a c e leads to the formation of c a v i t i e s o 

Many n i t r i d a t i o n and oxidation processes follow the parabolic 

( 3 5 ) 



law. A s i m p l i f i e d derivation of the law i s described by Chilton 

( 1 9 6 8 : p . 5 ) . I f ion (or electron) migration i s the rate determining 

step, the reaction rate, i ^ e . , the rate of growth of product layer, 

i s proportional to the conductance of the layer, or i n v e r s e l y 

proportional to i t s thickness, 2. Therefore, 

d^ _ k 
dt y 

Rearranging and integrating the above equation, 

y^ = 2kt + C 

\/here k and Ĉ  are constants^ 

I n a parabolic process the driving force f or the reaction i s 

two-fold. F i r s t l y , there i s a concentration gradient across the 

f i l m and secondly, there i s an e l e c t r i c p o t e n t i a l gradient. These 

factors are responsible for d i f f u s i o n and migration across the fi l m 

r e s p e c t i v e l y . The concentration gradient i n the f i l m produces 

a difference i n chemical potential across the film which i n turn 

r e s u l t s i n the necessary f r e e energy change f o r d i f f u s i o n to occur. 

1 c 6 o 4 Linear Growth Rate 

The derivation of the parabolic law described above assumes that 

the product l a y e r remains adhered to the metal during the course of 

the reaction and keeps i t completely protected from the reacting gas. 

This i s not the case when s t r e s s e s generated within the layer are large 

enough to cause i t s breakdown when i t s thickness reaches c e r t a i n 

c r i t i c a l value, or i f the s p e c i f i c surface of the product layer i s l e s s 

than that of the metal originallyo The mechanical s t a b i l i t y of t h i s 

layer depends on the molecular volume changes accompanying the 

reaction. Larger volume changes, enhance quicker s p l i t t i n g of the layer, 

( 3 6 ) 



Film rupture exposes f r e s h metal surface to the reacting gas, and Ihe 

res u l t i n g reaction may follow a new parabolic r a t e . More n i t r i d e i s then 

produced i n contact with the metal and a f t e r a s i m i l a r time i n t e r v a l , 

disruption of the fi l m again takes placco When film breakdown takes 

place a t frequent i n t e r v a l s the number of paraboias increases and 

their s i z e decreases. The r e s u l t i n g curve then approximates to a s t r a i g j i t 

l i n e , i c e , corresponds to a l i n e a r rate process (jayaweera, 1 9 6 9 ) -

A s i m p l i f i e d derivation of l i n e a r rate law i s as follows^ I n the 

absence of a coherent n i t r i d e layer, the metal i s continuously exposed 

to the reacting gas and the reaction rate i s independent of the 

decrease i n the thickness of the metal, x* under a given s e t of conditions, 

Thereforep 

^ -dt " ' 
Vlhence; 

y = Zt + C 

V/here k and £ are constants. 

Unlike the parabolic and logarithmic rate equations, for which the r a t e 

of reaction decreases with time, the rate of l i n e a r reaction i s constant 

with time and i s thus independent of the amount of gas or metal previously 

consumed i n the reaction. I f the n i t r i d a t i o n i s l i n e a r , i o n i c migration 

cannot be the rate determining step, instead the surface or phase 

boundary process i s rate-»determining^ 

A comprehensive account of reaction r a t e s applicable to thin f i l m s 

are summarised by Kubschewski & Hopftins ( 1 9 6 2 ^ , p o 7 l ) o 

1 c 6 , 3 Nature of Ni t r i d e Scale 

For the formation of thick oxide (or n i t r i d e ) l a y e r s , V^agner ( l 9 3 3 ) 

( 3 7 ) 



has provided a s a t i s f a c t o r y theory (Jubaschewski & Hopkinsp 1962, 

p*84)o According to t h i s theoryo the mechanism i s c o n t r o l l e d by 

d i f f u s i o n due to a concentration gradients The parabolic rate law 

applies when the scale i s uniform i n thicknesso 

Formation of non<=Ainiform ( i o e . porous or cracked) s c a l e s 

depends p a r t l y on the pilling^Bedworth Rule^ which i s probably 

le s s s i g n i f i c a n t i f the s c a l e s grow by outward migration of matter 

(Vermilyea, 1957)o I t i s more important when d i f f u s i o n i s from the 

surface towards the metal«scale inte r f a c e o F r a c t i o n a l volume changes 

are comparatively small for the formation of the group I V A metal 

nitridesp T i N p and 2 rN (Table 1 c 3 ) o Hence, titanium n i t r i d e films 

flake much l e s s than those of the oxidised metal ( f r a c t i o n a l volume 

change f o r r u t i l e p Ti02e foimation i s O o 7 3 ) p as found by various 

workers (Carpenter & Reavellp 1948s Culbransen & Andrewp 1949; 

Richardson & Grants 1954g Wasilewski & Kehl^ 1954)o Both nitrogen 

and oxygen are involved i n the s c a l i n g of zirconium i n a i r ^ The 

two«layered scale u l t i m a t e l y formed c o n s i s t s of an outer whit© 

or buff s c a l e ( Z r 0 2 ) ^^'^ inner black s c a l e ( c o n s i s t i n g of Z r 0 2,Zm 

and p o s s i b l y ;n)O The white s c a l e predominates below 1050*^ and ttio 

black above that temperature (Phalnikar & Baldwinp 1952)o 

S i m i l a r l y ^ vanadium, niobium and tantalum i n group VA, form oxides 

of exceptionally large volume r a t i o s ( f r a c t i o n a l volume changes of 

2 o 1 9 j K 6 8 and U50 for t h e i r pentoxides) compared with the n i t r i d e s . 

(Table 1 o 3)o The r e s u l t a n t extensive rupturing of the oxide films 

changes the k i n e t i c s from parabolic to approximately l i n e a r a t lower 

temperatures^ 500»700^P f o r lib (Argent & PhelpSp 196O5 Hxirlen etoalo, 

1959; Kofstad & KJollesdalp 1961; Cathcaxt et^al.p 1958)p and Ta(Ge-

bhart & Seghezzip 1959; Peteraonp etoalcp 1954? Cathcart etoal.p1960), 

(38) 



I f the scale becomes coherent and protective, the r e a c t i o n may 

p r a c t i c a l l y be stopped, even when the scale i s completely detached 

from the metal surface, e.g., 'asympto3;ic' oxidation of niobium 

at 1250*^C, ( Kubaschewski Schneider, 1949). 

The group IV A and V A metals n i t r i d e much more slowly than 

they oxidise a t corresponding temperatures (Culbransen & Andrew, 

1950)0 Rates of nitrogen d i f f u s i o n through:/-and B-Ti and TiN indicate 

that the n i t r i d a t i o n s are controlled u l t i m a t e l y by d i f f u s i o n t h r o u ^ 

titanium and the surface n i t r i d e layer (Wasilewski & Kehl, 1 9 5 4 ) . 

The i n i t i a l c o n t r o l l i n g process i s more l i k e l y d i f f u s i o n through 

< - T i . Licewise, the low a c t i v a t i o n energies for nitrogen d i f f u s i o n 

i n / ' - 2 r compared with those for the n i t r i d a t i o n ( Gulbransen & Andrew, 

1 9 4 9 ^ , indicate that the rate of s o l u t i o n i n the ^'-phase i s not 

the rate-determining factor (Mallet e t . a l . , 1 9 5 4 ) . N i t r i d a t i o n s of 

the other group IV A and V A metals are s i m i l a r . The n i t r i d e films 

make the reaction r a t e s p r a c t i c a l l y i n s e n s i t i v e to nitrogen gas 

pressure v a r i a t i o n s , and the f i l m thickness i s governed by the rate of 

n i t r i d e formation and the rate of dissolution of nitrogen i n the metal 

(Duwez & Odell, 1 9 5 0 ; Gulbransen & Andrev, 1949*^9 1 9 5 0 ; Ang, 1953). 

The H-N systems v;ith M = Vj Nb and Ta are very s i m i l a r f o r low 

N-contents, but d i f f e r for high N-contentSo The s o l u b i l i t i e s of nitrogen 

i n the metal l a t t i c e s are only about 2 fttomic-per cent (Brauer & 

Jander, 1 9 5 2 ) . The i n t e r s t i t i a l structure type, M̂ N, i s common for the 

three M-N systems (Hahn, 1 9 4 9 ; Schonberg, 1 9 5 4 ; Epelbaum & Ormont, 1 9 4 7 ; 

Rostoker «Sb YamamotOp 1 9 4 7 ; Brauer & Zapp, 1 9 5 3 ) . The metal atoms are 
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hexagonally close-packed and the N atoms are i n one of the two metal 

atom octahedral voids of the unit c e l l p This phase has a comparatively 

broad homogeneity range with the upper phase l i m i t c l o s e l y corresponding 

to the composition, M2N. The NbN 0 o 8 - 0 o 9 '^^^ 0 » 8 - 0 o 9 pluses are 

isomorphous, but there i s no analogous V-N phase reported. The ̂ . 

phase i n the Nb=N system (Table l o 3 ) represents the t r a n s i t i o n a l 

state between the atomic arrangements i n the x " pliases 

(SchBnberg, 1 9 5 4 ) o 

N i t r i d a t i o n of uranium i s more complicated. Reaction rates 

with nitrogen ( 1 atm,, pressure) measured vo l u m e t r i c a l l y indicate 

parabolic n i t r i d a t i o n with some deviations i n i t i a l l y and a f t e r the 

period of parabolic k i n e t i c s (Mallett & Gerd, 1 9 5 5 ) . The surface 

n i t r i d e formed at temperatures between 5 5 0 ° and 750*^ i s mainly 

\J^2 (probably d e f i c i e n t i n nitrogen); at higher temperatures, v i z . , 

7 7 5 - 9 0 0 ° , the three n i t r i d e s , UH, U2N3 and UN2 form a r a t h e r 

roughened scale surface. The region between UN and U2N3 c o n s i s t s 

of two phases, but that between UgN^ and UN2 i s a homogeneous s o l i d 

solution; the c r y s t a l s t r u c t u r e changes from a distorte d (U2N3) to 

a true f l u o r i t e - t y p e (UN2) , Table 1 . 3 . This has been reported by 

Rundle e t ^ a l . , ( l 9 4 8 ) . However, Vaughan ( l 9 5 6 ) , regards U2N3 

as being isomorphous with Th2N3 and suggests i t i s polymorphic (tv70 

forms). Reaction between nitrogen and uranium or thorium f i l m s 

has been followed by surface potential studies ( R i v i e r e , 1 9 6 8 ) . At 

h i ^ e r nitrogen pressures, rapid v a r i a t i o n s i n the r a t e s of change i n 

potential with time are associated with the formation of higher n i t r i d e s 

a t ttie surfaces. 
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1.6.6 K i n e t i c studies of Nitride Formation with Ammonia 

The k i n e t i c s of metal n i t r i d a t i o n with ammonia has been 

studied by comparatively few workers^ and mainly r e l a t e s to metal 

c a t a l y s t s f o r nitrogen f i x a t i o n * M e t a l l i c chromium, molybdenum 

and tungsten do not react appreciably with nitrogen at 900*^C 

under ordinary pressures (Duparc, e t . a l . , 1930; Neumann, e t . a l . , 193l) 

They r e a d i l y react with ammonia, even at lower temperatures (700-

900°C) giving single or mixed n i t r i d e s , MN & H2N (Table 1 . 3 ) , where 

M = Cr ( B l i x , 1929; Eriksson, 1934; Korolev, 1953), Ho ( S i e v e r t s & 

Zapf, 1936; Ghosh, 1952) or W (Hag, 1930; L a f f i t t e & Grandadam, 1935; 

K i e s s l i n g & L i u , 1 9 5 1 ; K i e s s l i n g & Peterson, 1954; Sch'dnberg, 1954^. 

Heats of decomposition of Cr2^ ^ © 4 ^ to saturated s o l i d solutions 

compared with enthalpies of formation, indicate heat absorptions of 

about 5 0 0 0 c a l o r i e s per g. atom of nitrogen, d i s s o l v i n g i n e i t h e r of 

the two body-centred cubic solventSc This accords with tiie s i m i l a r 

e l e c t r o n i c d i s t r i b u t i o n s of Cr and Fe about the N atoms. The much 

lower s t a b i l i t y of Pe^N compared with CrgN derives from the smaller 

r a d i i of the octahedral s i t e s a v a i l a b l e for N atoms (l<,89A i n Pe, 
o . 

compared with 2.13A i n Cr)« N i t r i d a t i o n k i n e t i c s of i r o n have been 

discussed by Glasaon & Jayaweera (l968, p<,72)„ 

1.6.7 E f f e c t of Gas Presaure on N i t r i d a t i o n K i n e t i c s 

Much information of t h e o r e t i c a l and p o t e n t i a l p r a c t i c a l i n t e r e s t 

can be obtained from studies of the k i n e t i c s of the uptake of gases 

by the metal surface as a function of temperature as w e l l as gas 

pressure. When the rate-determining step involves the d i s s o c i a t i o n 

of the attacking diatomic gas (nitrogen or oxygen)p the r e a c t i o n r a t e 
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i s expected to be proportional to the square root of the gas 

pressure. The rate-determining step i n t h i s case i s the d i r e c t 

reaction a t the solid-gas intefacSo 

V/hen gases dissolve i n metalSf Henry's Law i s obeyed; also 

the molecules of the gas s p l i t up into atoms (or ions) or,, d i s s o c i a t i o n . 

Hence, the s o l u b i l i t y of a diatomic gas i n a metal would also be 

expected to vary as the square root of gas pressure. The d i f f u s i o n 

of gaseous atoms through a metal also requires a square root 

relationship with pressure when the metal surface i s d i r e c t l y 

exposed to the gas (Barrerp 1 9 4 1 ^ p . 1 4 6 ) . The e f f e c t of nitrogen 

pressure on the rate of gas d i s s o l u t i o n has been investigated 

by Gulbransen and Andrew ( l 9 4 9 ) p who report that although a s l i g h t 

increase i n reaction rate with increasing N^- pressure vras observed, 

the e f f e c t was not proportional to the square root of the pressure. 

Wasilewski and Kehl ( l 9 5 4 ) on the other hand, found that a reduction 

i n N 2 - pressure causes a s l i g h t increase i n r a t e of uptake. 

Richardson and Grant ( l 9 5 4 ) measured changes i n N 2 - pressure occurring 

with time when a titanium specimen was n i t r i d e d a t temperatures i n 

the range 7 8 7 - 1 0 1 4 ° C i n a closed v e s s e l containing nitrogen at 

i n i t i a l pressures between 1 5 0 - 3 8 0 mmEg, A l l three groups of workers 

agree that the rate of d i s s o l u t i o n of nitrogen i s much l e s s rapid than 

that of oxygen. 

l o 7 Reactivity of Nitr i d e s 

A general account of active s o l i d s together with references to 

the o r i g i n a l l i t e r a t u r e are described by Gregg ( l 9 5 t , 1 9 5 8 ) and Gregg 

& Sing ( 1 9 6 7 ) . 
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The r e a c t i v i t y of s o l i d s i s influenced by a number of f a c t o r s , 

of which p a r t i c l e s i z e i s a s i g n i f i c a n t one. An increase i n a c t i v i t y 

i s generally ascribed to an increase i n the s p e c i f i c sxirface ( i . e . , 

the surface area per uni t mass) of the substance and quite often, to 

imperfections i n the l a t t i c e i t s e l f c A substance consisting of small 

p a r t i c l e s possesses high surface energyo Also l a t t i c e imperfections 

represent a high l e v e l of "bulk' potential energy. Thus an a c t i v e 

s o l i d i s i n a meta-stable s t a t e and tends to go back spontaneously 

to a more stable state of lower energy content. This l o s s of a c t i v i t y 

takes place ( u s u a l l y very slowly) on mere standing at room temperature, 

and i s c a l l e d "ageing". Ageing r e s u l t s i n the formation of large 

c r y s t a l l i t e s with l e s s imperfections. I t i s enhanced by i n c r e a s i n g 

temperature, as increased thermal a g i t a t i o n of the constituent atoms 

or ions f a c i l i t a t e t h e i r movement into positions of minimum pot e n t i a l 

energy. 

1.7.1 Sintering of Nitrides 

I n i t s broadest sense, s i n t e r i n g , includes a l l the processes 

employed to produce adhesion or consolidation of the materials of 

ref r a c t o r y nature. I n the narrower, technical sense, i t may be defined 

as the mechanism whereby a single pure material consolidates under 

the influence of temperature, pressure and time l e s s than that s u f f i c i e n t 

to cause complete breakdown of molecular structure i e . , melting. 

Theories of s i n t e r i n g have been developed by Kingery ( l 9 6 0 ) , Huttig 

( 1 9 4 1 ) , Coble ( 1 9 6 1 , 1 9 6 4 ) , Kuczynski ( 1 9 6 1 ) ^ V/hite (l962, 1 9 6 5 ) and 

Fedorchenko & Skorokhod (l967)o 

At present there i s much more information a v a i l a b l e on the s i n t e r i n g 
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of oxides which i s expected to resemble that of n i t r i d e s . The 

chemical r e a c t i v i t y of n i t r i d e s i s controlled considerably by the 

extent to which they have been s i n t e r e d during t h e i r formation and 

any srubsequent c a l c i n a t i o n . S i n t e r i n g i s enhanced by compacting the 

powdered n i t r i d e e.g.. Be, La, T i , Th, U and Ta, before calcining 

i n vacuo to.prevent possible oxidation or h y d r o l y s i s ( C h i o t t i , 1952)... 

I t - i s also affected by .low melting addit i v e s (Glasson, 1967)jbut these 

may cause>serious reductions i n o p t i c a l and mechanical properties. 

However^ TiN i s extremely b r i t t l e and may be s i n t e r e d with a metal 

such as cobalt to give a s a t i s f a c t o r y cermet, or may be used as a 

surface coating (Munster, 1957). The themodynamics of tiie s i n t e r i n g 

of \TiN i n the presence." of carbon (Blum, 1962) and the .defect s t r u c t u r e 

and bonding of i^N containing excess nitrogen have been described 

(Straumanis e t . a l , , 1962), The micro-hardness of vanadium and 

chromium n i t r i d e s v a r i e s with bonding changes during progressive metal 

n i t r i d i n g and subsequent s i n t e r i n g (Samsonov & Verkhoglyaiova, 1962); 

the lower n i t r i d e s , V 3 N and CT2^ are harder ,than TO and CrN. Besides 

n i t r i d e formation, introduction of nitrogen into m e t a l l i c chromi\im 

increases b r i t t l e n e s a by l o c a l l y d i s t o r t i n g the metal l a t t i c e (Weaver, 

1957). 

Sintering i s enhanced by high pressure eog. > hot pressing which 

often extensi^Eiy d e n s i f i e s materials (Schwaizkopf & K i e f f e r , 1953;' 

Spriggs & Atteraas, 1966), giving almost t h e o r e t i c a l d e n s i t i e s 

for some oxides such as CaO, HgO, and AI2O5 (Rice, 1969)o But a 

prerequisite i s the production of f i n e l y divided material with s u i t a b l e 

p a r t i c l e s i z e range. The feas producing contaminants such as carbonates 

and hydroxides delay the extent of s i n t e r i n g ^ Hence, often, vacuum 

hot pressing i s preferred ( Pulrath, 1969)o These f a c t o r s are 
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important i n ceramic f a b r i c a t i o n science (Cooper, 1 9 6 9 ) « Nitride 

s i n t e r i n g i s also influenced by p a r t i a l n i t r i d e hydrolysis or 

oxidation, or both, forming oxide impurttiesc When BN i s p u r i f i e d a t 

higher temperatures to reduce oxide content, the increased p a r t i c l e s i z e 

makes subsequent hot pressing more d i f f i c u l t (Ruddlesden, 1 9 6 2 ) , 

The r a t e of s i n t e r i n g of a s o l i d markedly increases within a narrow 

range of temperature near 0 o 5 T ; P K p where T^ ^ K i s the melting point of 

the s o l i d (Huttig, 1 9 4 1 ) . At t h i s t emperature, c a l l e d the Teumnann 

temperature, vacancies i n the s o l i d are no longer "frozen", so that 

ionic migration through the bulk of the s o l i d ( i . e . " l a t t i c e " or "volume" 

di f f u s i o n ) sharply increases. At lower temperatures eg., i n the region 

of about 0 o 3 Tm^K, "surface" d i f f u s i o n along g r a i n and c r y s t a l l i t e bound

a r i e s i s the more important factoro 

There are two overlapping stages i n s i n t e r i n g which can be 

distinguished. The f i r s t stage i s characterized by tiie formation and 

growth of contact areas between adjacent powder p a r t i c l e s . During the 

second stage, the material i s d e n s i f i e d and the pore volume decreased. 

The driving force i n both stages of s i n t e r i n g i s recognised to be the 

surface free energy. The energy required f o r s i n t e r i n g i s supplied by 

the decrease of surface areas or by the replacement of i n t e r f a c e s of 

high energy by those of lower energy (e.g.. g r a i n boundaries). The 

surface f r e e energy i s s u f f i c i e n t to account f o r s i n t e r i n g , provided a 

suitable mechanism i s av a i l a b l e f o r the transport of„atoma_iiiv:olved_in 

the consolidation of powder compacts. The following f i v e possible 

mechanisms are l i k e l y i n the case of homogeneous materials;— 

i ) Evaporation followed by condensation 

i i ) • Surface d i f f u s i o n 

i i i ) Volume d i f f u s i o n 
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i v ) Viscous flow (characterized by a l i n e a r r e l a t i o n s h i p 

between s t r a i n rate and s t r e s s ) , 

v) P l a s t i c flow (characterized by the existence of a y i e l d 

' s t r e s s X 

Prenkel ( l 9 6 5 ) made the f i r s t attempt to develop a quantitative 

theory, assuming that^both c r y s t a l l i n e and amorphous powders^viscous 

flow would occur xinder the v a r i a t i o n influence of the c a p i l l a r y forces 

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

v i s c o s i t y may be represented by the eiuation:-

where, 

= v i s c o s i t y 

D = c o e f f i c i e n t of s e l f d i f f u s i o n 

T = absolute temperature 

1^ = constant 

- ' ^ j = atomic volume. 

The mechanism of deformation of s o l i d s by viscous flow and the 

rate of d i f f u s i o n i n the deformation of c r y s t a l l i n e s o l i d s was evolved 

further by Schaler & Wulff ( l 9 4 8 ) , Natarro ( l 9 4 8 ) and Herring ( l 9 5 0 ) . 

Methods of preparing f i n e l y divided materials ( a c t i v e s o l i d s ) 

include grinding, c a l c i n a t i o n , sublimation and p r e c i p i t a t i o n . I n tiie 

f i r s t case, the mechanical breaking up of the p a r t i c l e s i s opposed to 

some extent by the tendency of the f i n e p a r t i c l e s to adhere together 

under j o i n t influence of surface forces and the mechanical pressure of 

the m i l l . This e f f e c t i s more pronounced i f the grinding i s c a r r i e d 

out for longer periods (jones, 1 9 7 0 ) . 
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C a l c i n a t i o n i s based on chemical reactions of the typo:-

So l i d A -—^ Solid B + Gas G 

e.g., the decomposition of hydroxides and carbonates (Gregg, 1953; 

Glaason, 1956, 1958a, 1961b, 1963a; Glasson and Sheppard 1968). 

The s p e c i f i c surface of J i s considerably greater than that of A 

i f the two s o l i d phases possess d i f f e r e n t l a t t i c e s and i f there i s 

a large volume change between them, c.f.. P i l l i n g & Bedworth (l923) 

rule for metal oxidationso 

Sublimation and p r e c i p i t a t i o n are 'condensation* methods of 

preparing a c t i v e s o l i d s , whereas grinding and c a l c i n a t i o n are 

'fragmentation* methods. The preparation of evaporated metal films 

i s an example of a sublimation method, and i s generally c a r r i e d out 

under high vacuum. Films of calcium, magnesium, zinc and cadmium 

have been investigated by Jayaweera ( l 9 6 9 ) and chromium and n i c k e l 

by Maude ( l 9 7 0 ) . 

I n the present work, b a l l - m i l l i n g has been used to produce 

activated materials and the enhanced r e a c t i v i t y has been determined 

with respect to increased surface area and oxidation behaviour. 

1.7.2 Oxidation and Hydrolysis of Nitr i d e s 

The chemical r e a c t i v i t i e s of refr a c t o r y n i t r i d e s have been 

summarised by Shaffer ( l 9 6 4 ) and Samsonov ( 1 9 6 4 ) ? those of T i , Zr, 

Nb and Ta have been investigated by Popova & Eabannik ( l 9 6 0 ) . These 

workers have studied action of waterp aqueous acids and a l k a l i e s . 

TaN appears to be the most stable to the attack of d i f f e r e n t reagents, 

and ZrN the l e a s t . I n n i t r i d e production, u s u a l l y oxygen must be 

avoided, for i t prevents nitrogen from reacting wi 1h the clean metal 

surfaces. 
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The t r a n s i t i o n metal n i t r i d e s are l e s s r e a d i l y hydrolysed, 

but some of them^ e«g.p those of Tip Zr„ Hf^ Thp Vp Nbj, Ta, Cr, Mo, 

ff, and U are converted to oxides on c a l c i n i n g i n air.- The oxidation 

rate depends mainly on two factors,, (a) the i n t r i n s i c r e a c t i v i t y of 

the material i t s e l f and (b) the a v a i l a b l e surface for oxidation to 

occur* Thorium mononitride oxidises rapidly and q u a n t i t a t i v e l y i n 

moist a i r at room temperature even i n ingot form^ but powdered uranium, 

titanium and zirconium mono=nitrides are quite stable a t lOO^C i n 

boiling water (Dellp etoal.^ l966)o UN powder i g n i t e s i n dry oxygen 

at about 300°9 but ^2^9 MogN and CrN have an increasing oxidation 

s t a b i l i t y ( D e l l ^ etoal^v 1966)o 

The only i n t e r s t i t i a l n i t r i d e oxidations that have been studied 

i n any d e t a i l are those of TiN (Kunster & Schlamp 1957? Glasson & 

Jayaweera, 1968) and UN ( D e l l , e t . a l o , l966)o They i l l u s t r a t e factors 

to consider and problems to be encountered i n f u r t h e r investigations 

of other t r a n s i t i o n metal n i t r i d e oxidations^ Although, the corrosion 

resistance of surface l a y e r s of these n i t r i d e s i s goodp the s c a l i n g 

resistance i n a i r (or oxygen) i s poor^. 

I n t h i s thesis the author has studied and compared the oxidation 

behaviour of some of the n i t r i d e s of t r a n s i t i o n elements i n groups 

IVAp VA and ViAo Changes i n phase composition and c r y s t a l structure 

for oxidation of these n i t r i d e s have been investigated by X-ray^ 

opt i c a l and electron-micrographic methods^ Surface area determinations 

have been made by gas sorption and c o r r e l a t e d with changes i n c r y s t a l 

structure and c r y s t a l l i t e s i z e on oxidation*, Similar studies of tiie e f f e c t 

of m i l l i n g of the n i t r i d e s on t h e i r oxidation rates and s i n t e r i n g charact

e r i s t i c s have been c a r r i e d outo The average c r y s t a l l i t e s i z e s of the milled 
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n i t r i d e s have been estimated from X-ray l i n e or peak-broadening 

(Olasson, I 964 ) . Certain metal powders have been further oxidised 

and compared with the oxidation behaviour of the corresponding 

n i t r i d e , i n a s i m i l a r manner*, 

I n the following sections of t h i s chapter a summarised account 

of the studies made by other workers on formation of the above 

n i t r i d e s i s presented. 

1 c 8 Titanium Nitride, TiN 

1.8.1 Formation 

Hellor (1927, p. 117) and Brown (1964, p. 16?) have summarised 

various methods of production of titanium n i t r i d e . A review of these 

methods also has been given by Jayaweera (1969). Agte & Moers ( l 9 3 l ) 

have produced the n i t r i d e by heating Ti-metal powder under very pure 

nitrogen i n molybdenum boats i n a porcelain tube furnaceo This method 

of d i r e c t combination of elements has been adopted at temperatures 

ranging from 4 0 0 to 1200^0 (Ehrlich» 1 9 4 9 ; C h i o t t i , 1 9 5 2 ; C u t h i l l , 

e t . a l . , 1960; C l a i r , 196O; Axai, et.alo, 1 9 6 2 ) , Metal n i t r i d a t i o n 

by ammonia or mixtures of hydroger*.nitrogen has been employed 

(C h i o t t i , 19525 V/yatt & Grant. 1 9 5 4 » 1957; Samsonov e t _ a l . , 196la; 

Sato (Sc Yamane, 1 9 5 5 ) = Alexander ( l 9 4 9 ) has patented a method vrhich 

consists of reducing titanium dioxide to the metal and subsequent 

n i t r i d a t i o n . 

Another widely used method of titanium n i t r i d e production i s the 

vapour phase deposition from a mixture of titanium chloride and 

ammonia or nitrogen and hydrogen mixture. Thus Hughes & Ha r r i s ( l 9 5 7 ) 

have patented a method whereby anhydrous NĤ -- gas and T i C l ^ vapour 
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react to form TiN with a uniform p a r t i c l e s i z e l e s s than 1 jj^m. 

This method was f i r s t evolved by van Arkel and de Boer (1925), 

with the mixtures i n contact v/ith heated tungsten filaments. Aivazov 

& Melekin (l967) have c r y s t a l l i s e d TiN from the gaseous phases according 

to the reaction. 

2TiCl4 + 4H2 + N2 = 2TiN + 8HC1 

They have claimed that at 1400°C, favourable conditions e x i s t for 

the growth of 3 i 3 mm c r y s t a l s ^ Suchet (196O) has reported the 

formation of a n i t r i d e of titanium having composition, Ti^N^, by 

passing a high f requency discharge through the mixture of vapours. 

Niederhause (l962) has been a ble to produce the n i t r i d e v i a the 

formation of an intermediate ammoniated complex. The complex form

ation has been avoided by Ruppert & Scwedler (l958p 1959) by using 

hig^ enough temperature preferably between the range 900-1200*^Co 

According to Brager ( l 9 5 ^ there are two forms of the intermediate 

complex, ̂  - and 4- TiC..^ The thermod-namics of the reactions 

has been discussed by rfinster & Ruppert (1953^ md Munster e t . a l c , 

(1956). 

There are two prime reasons for the widespread use of vapour 

deposition process i n industry. F i r s t l y that a uniformly thin coating 

of n i t r i d e can be prepared on the surface of an object, regardless 

of i t s shape* Secondly^the reaction can be controlled accurately. 

I n t h i s way mechanical and other properties of a r t i c l e s have been 

improved by coating tihem with titanium n i t r i d e and other r e f r a c t o r y 

materials. (Hiinater & l^sber, 1958; Lohberg et o a l . , 1958). 

Titanium carbide reacts with nitrogen forming ..nitride. Zelikman 
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& Govorite (l950)p have reported formation of TiC-TiN s o l i d 

solutions a t 1300=1800*^0 during the r e a c t i o n . They have a l s o 

remarked that a nitrogen pressure greater than 1 atmosphere i s 

necessary for complete n i t r i d a t i o n of the carbide. Portnoi & 

L e v i n s k l i (1963) a l s o report the formation of s o l i d solutions of 

TiC-TiN at 1500^0^ but the product obtained had carbide Impurity. 

However^ when m e t a l l i c titanium i s heated with a mirture of carbon 

and nitrogen^ only the n i t r i d e i s obtained^ Umezu ( l 9 3 l ) and 

Samsonov & Petrash (1955) have obtained s i m i l a r resultsp when they 

heated titanium oxides with carbon i n the presence of nitrogen., 

These observations can be explained by the greater d i f f u s i o n rate 

of nitrogen than of carbon. Blum (l962) claims that s i n t e r i n g of 

titanium n i t r i d e i s possible on a graphite support without being 

attacked« 

Starting materials f or other production methods of titanium 

n i t r i d e include the hydride, sulphide and reduced titaniiim halides 

(Foster^ 1952; Duwez & Odell^ 1950? Jacobsonp l954s National Lead 

COo, 1956)0 

1.802 The System Titanium-^Nitrogen 

A comprehensive account of the titanium-^nitrogen phase diagram 

studies i s given by Brown (l964p p.l68 ) o McQuillan & McQuillan (l956) 

have also discussed t h i s systemo I t i s w e l l known that a t 8 8 2 o 5 ^ C 

pure Ti-metal undergoes an a l l o t r o p i c phase transformation from a 

hexagonal close-packed =^ st r u c t u r e (stable at low temperatures) 

to a cubic body-centred fl'^ phase^ which p e r s i s t s 
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up to the melting point of the metal, i . e * 1668 i 5^0 ( t h i s 

uncertainty i s due to the p o s s i b i l i t y of d i s s o c i a t i o n as N2 

gas). I n t h i s r e s p e c t the behaviour of t i t a n i u m i s s i m i l a r to t h a t 

of zirconium ( t r a n s f o r m a t i o n temperature^ 865^C), 

E h r l i c h (l949). v;ho c a r r i e d out X-ray investigations on t h i s 

system, concluded from h i s r e s u l t s that at room temperatuore only 

the "4. - T i s o l i d s o l u t i o n and the n i t r i d e ^ TiN» existed i n 

the composition range up to 50 atomic 5̂  nitrogen^ This was confirmed 

by a more detailed i n v e s t i g a t i o n by P a l t y e t o a l . , ( l 9 5 4 ) , who 

concluded that both the ^—phase and TiN have wide ranges of 

homogeneity. They also demonstrated the existence ( a t a 

composition of about 26 atomic ^ nitrogen)> of a second compound, 

3 - TiN formed a t a temperature between 1000-1100°Co The c r y s t a l 

structure of the B-phase has been found to have a tetragonal 

l a t t i c e (Palty et„al., 1954). Holjnberg ( 1962) assigns t h e formula, 

TigN, to the compound he prepared, and considers that h i s phase i s 

the one designated as the IV n i t r i d e by Palty e t o a l . ( l 9 5 4 ) . Olson . 

(1967) reports the preparation of a compound with fonnula, Ti^N^c 

Although titanium n i t r i d e phase i s u s u a l l y described a s TiN, 

i t has a f a i r l y wide range of homogeneity around the stoichiometric 

composition (Hunster & Sagel, 1953)» varying between TiNQ^42(^rli^» 

1949) and TiQ^gN (Holmberg, 1962). However^ Schwarzkopf and 

K i e f f e r (l953, p.230) consider that the only stable n i t r i d e of 

titanium e x i s t i n g i s TiN 

1 o 9 Zirconitim NitridCo ZrN 

U 9 o l Formation 

Zirconium n i t r i d e can be produced by methods s i m i l a r to those 
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for titanium n i t r i d e (Mellor 1927, p,120; Brown 1964, p,177). 

I n the formation of t h i s compound from the elements, temperatures 

varying from 700 to 2000° have been used (Agte and Moers, 1931; 

Clausing, 1932; Piijiwara, 1950; C h i o t t i . 1952; C l a i r , 1960; 
•. 

SaiDsonov e t . a l . , 196la; Hough, 1962; Salibekov e t ^ a l . , 1964). 

The metal has been nitr i d e f l also by ammonia gas ( C h i o t t i , 1952; 

Wyatt & Grant, 1957)p when the reaction rate i s correspondingly 

lower (Samsonov et„al,, 196la)= 

The Var Arkel-de Boer (l925) method of vapour deposition of 

the n i t r i d e from the chloride can be used also (Moers, 1931$ 

Campbell et.al.,1949). The production of zirconium n i t r i d e has 

been effected by using other s t a r t i n g materials such as bromide, 

hydride, and oxide (Poster 1952; Duwez & Odell, 1950; Alexander, 

1949b; Schneider et o a l . , 1963). Zirconium, l i k e titanium, 

reacts p r e f e r e n t i a l l y with nitrogen rather than with carbon, 

owing to the greater d i f f u s i o n r a t e of the former (Portnoi & 

L e v i n a k l i , 1 9 6 3 ) . Blum (l962), reported that ZrN, unlike TiN, 

i s attacked by carbon at higher temperatures and forms the carbide. 

1.9.2 The System Zirconium-Nitrogen 

A summary of the phase diagram studies of the Zr-N system 

has been presented by Brown (l964p p.178); see a l s o Domagala 

eto a l . , ( 1956) and Parr (l968)e Two fonns of m e t a l l i c zirconium 

are reported; an "^-form having a hexagonal close-packed structure, 

stable up to 865^ transforms to a^^-form ifit h a cubic body-centred 

structure above t h i s temperature^ M e t a l l i c zirconium forms a s o l i d 

solution with nitrogen up to an a'̂ -'omic percentage of 20 (de Boer & 
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& Fast, 1936; J e f f e & Campbell, 1 9 4 8 ) . Above t h i s l i m i t , the 

n i t r i d e phase i s precipitated. The absorption of nitrogeup l i k e 

that of oxygen, r a i s e s the transformation temperature ( 8 6 5 * ^ C ) 

of the metal. I s h i i ( l 9 4 3 ) & I s h i i & Wada ( 1 9 4 3 ) reported the 

existence of two modifications of ZrN, but t h i s has not been 

confirmed by other researchers. The homogeneity range of ZrN 

var i e s from nitrogen-deficient ZrNQ a t 1985*^C to ZrN below 

6 0 0 ° C . 

1 . 1 0 Vanadium Nitride. VN 

I . I O 0 I Fonnation 

A summary of production methods of vanadium n i t r i d e i s 

given by Mellor ( l 9 2 7 , p . 1 2 4 ) and Brown ( l 9 6 4 , p , 1 8 5 ) . 

Vanadium n i t r i d e i s d i f f i c u l t to produce by heating mixtures 

of vanadiiim pentoxide (V2O5) and carbon i n a nitrogen current 

because a t temperatures below 1 2 0 0 * ^ 0 , the n i t r i d e i s transformed 

to carbide i n the presence of carbon. F r i e d e r i c h and S i t t i g ( l 9 2 5 ) 

were able to prepare a product containing 7 8 . 3 ^ V, 2 1 ^ 1 ^ N and 

0 . 5 ^ S i 0 2 ( t h e o r e t i c a l values for VN; 7 8 c 4 5 ^ V and 2 l o 5 5 ^ N ) . 

Pure vanadium n i t r i d e has been prepared by reaction of ammonium 

vanadate with ammonia a t 9 0 0 - 1 1 0 0 * ^ C (Epelbaum & Ormont, 1 9 4 6 , 1 9 4 7 ; 

Epelbaum & Brager, 1 9 4 0 ; Juza, 1 9 4 5 ) » Direct n i t r i d a t L o n of pure 

vanadixim metal powder i n a nitrogen current has been employed by 

Duwez & Odell ( l 9 5 0 ) and Hahn ( l 9 4 9 ) o The l a t t e r has also obtained 

a product of lower nitrogen content, i.e.-V^N, by s i n t e r i n g 

vanadium n i t r i d e with m e t a l l i c vanadium powder i n sealed quartz 

tubes for 2 4 hours a t 1 0 0 0 - 1 1 O O ^ C c 
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The Van ̂ r k e l method of deposition of vanadium n i t r i d e from 

VC1^-N2-H2 vapour mixtures on tungsten wires at a temperature 

range of 1400-1600^C was used by Moers ( l 9 3 l ) . The fine c r y s t a l l i n e 

coatings had a brownish-grey colour. Campbell and cov/orkers ( 1 9 4 9 ) 

employed, f o r the same vapour mixtures, deposition temperatures 

of 1 1 0 0 - 1 6 0 0 * ^ C , while Pollard and Powles ( l 9 5 2 ) reported for the 

continuous deposition^an optimum temperature of 1 5 4 0 - 1 570*^C, 

1 . 1 0 ^ 2 The System Vanadium-Nitrogen 

This system.has been thoroughly investigated by Hahn ( 1 9 4 9 ) and 

confirmed by Schonberg ( l 9 5 4 ) o The s o l i d s o l u b i l i t y of nitrogen 

i n vanadium has been found by Rostoker & Yamamoto ( l 9 5 3 ) to be 

at l e a s t 5b 5 atomic it nitrogen above 900*^C o According to 

Hahn ( 1 9 4 9 ) the n i t r i d e has a wide homogeneity range extending from 

^ l o O ^ ^ ^ O o T l ' -̂ ^̂  stoicheiometric phase has been well 

established and i t s thermodynamic c h a r a c t e r i s t i c s r'.^termined by 

Sato ( 1 9 5 8 ) ^ King ( l 9 4 9 ) and Brewer e t . a l . , ( l 9 5 0 ) , Epelbaum & 

Ormont ( l 9 4 7 ) , have extended the upper l i m i t of this phase to 

^ 1 . 0 4 * Besides -Vn (Cubic, NaCl) phase, there e x i s t s only 

one other n i t r i d e phase (^-phase, hexagonal), which likewise 

has a wide homogeneity range. Between VNQ^^^ - VNQ^-JY ( 1 0 O 5 ^ 

- 9.3?^ N ) the hexagonal phase alone e x i s t s , which i s l e s s stable 

than the cubic one. 

Brauer & S c h n e l l (1964) have re-examined the published data 

on the phases of the Vanadium-Nitrogen systemo Hosoya & Co-workers 

(1968) have also studied t h i s system using a powder of almost 

stoicheiometric VN. 
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1 . 1 1 Niobium Nitride. NbN 

1 . 1 1 o 1 Formation 

A summarised account of various methods used i n preparation 

of niobium n i t r i d e i s given by Mellor ( l 9 2 7 , p o 1 2 5 ) and Brown 

( 1 9 6 4 , P o l 8 9 ) = 

Pure niobium n i t r i d e can be prepared vjithout d i f f i c u l t i e s 

by n i t r i d i n g niobium metal powder v^ith nitrogen at 1 2 0 0 ^ 0 

(Duwez & Odell, 1 9 5 0 ; Brauer, 1 9 4 0 ; Brauer. et o a l . , 1 9 5 2 , 1 9 5 3 ) . 

Using a continuous flow method, c r y s t a l l i n e niobium n i t r i d e can 

be deposited from NbCl^ vapour i n the presence of N 2 + H2 

mixtures on a heated tungsten filament. With an optimum filament 

temperature of 1 3 4 0 - 1 3 6 0 ° C , small s i l v e r - g r e y c r y s t a l s are 

obtained ( P o l l a r d & Fowles, 1 9 5 2 ) . 

K r o l l and Bacon ( l 9 4 7 ) patented a method which involves 

separation of powdered pentoxides of l^b and Ta by n i t r i d i n g 

a t 5 0 0 - 8 0 0 * ^ 0 with ammonia or at a l i t t l e below 9 0 0 ° C , with 

N2 + H2 mixtureo Niobium n i t r i d e i s produced i f the reaction 

proceeds quickly, but veiy l i t t l e or no tantalum n i t r i d e i s 

fonaedo Heersor e t . a l . , ( l 9 6 6 ) have prepared the n i t r i d e a l s o 

from i t s pentoxideo 

I f a compressed mixture of equimolecular proportions of niobium 
o 

n i t r i d e and niobium metal i s heated at 1 7 0 0 C for 1 5 minutes, the 

pale-grey heminitride ( in)2N)is obtainedc This substance i s -^Iso 

formed i f niobium wire i s heated i n ammonia at 1 4 0 0 = 1 8 0 0 * ^ 0 . 

(Septier, e t ^ a l . , 1 9 5 2 ) . 
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1 . 1 1 . 2 The System. Niobium-Nitrogen 

The s o l u b i l i t y of nitrogen i n the niobi\im l a t t i c e i s very 

small; thus Brauer & Jander ( l 9 5 2 ) found that up to about 2 atomic-

9̂  nitrogen would dissolve, giving the so c a l l e d -phasSo A 

/•-' phase corresponding to the composition range ITbNQ - NbNQ̂ Q̂ 

( i . e . . N b 2 N ) was found to be of the common ' i n t e r s t i t i a l ' 

s t r u c t u r a l type with the metal atoms hexagonally close-packed 

(Epelbaum & Ormont, 1 9 4 8 ) „ A phase which i s the r i c h e s t i n 

nitrogen ( c a l l e d o-phase by Schbnberg) has the composition NbN̂ Q̂Q 

and possesses a hexagonal l a t t i c e c A n i t r i d e of the formula 

Nb^N^ has been reported way back i n 1 9 0 7 by Muthmann, e t o a l . , 

but has not been confinnedo 

Solid s o l u b i l i t y studies have also been made on t h i s system 

by Taylor & Doyle ( l 9 6 7 ) , and phase transformations investigated 

by van Torn & gliomas v1964)o The niobium-nitrogen c o n s t i t u t i o n 

diagram has been examined from 1 1 0 0 to 1 4 5 0 ^ C at 1 atmosphere 

nitrogen pressure (Cuardp e t o a l . , 1 9 6 7 ) o The phase diagram studies 

of t h i s system have also been conducted by E l l i o t & Komjathy ( l 9 6 0 ) 

1 . 1 2 Tantaliim Nitride^ TaN 

1 c 1 2 , 1 Formation 

Mellor (1927, p « 1 2 6 ) and Brown ( l 9 6 4 , P c 1 9 2 ) have summarised 

methods of production of tantalum nitride., The n i t r i d e , TaN, can 

be prepared by causing tantalum metal to reac t ;n.th nitrogen or 

ammonia; C h i o t t i ( l 9 5 2 ) treated tantalum metal powder vr i th ammonia 

for 1 8 hours at 9 0 0°C, and even t h i s procedure does not give 

complete conversion to the mononitride„ 
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When the powdered pentoxide reacts with ammonia at 

5 0 0 - 8 0 0 ° C or with + mixture at about 9 0 0 * ^ C p U t t l e or no 

TaN i s formed (Bagnall, 1 9 5 7 ) . Agte & Moers ( l 9 3 l ) mixed 

the pentoxide with lampblack and then caused the mixture to re a c t 

with nitrogen at 2 3 0 0 ^ C o 

The vapour phase deposition of tantalum n i t r i d e (TaN) 

from TaCl^ vapour, nitrogen and hydrogen on a heated tungsten 

filament i s reported (Agte & Moers, 1 9 3 1 ) « The deposition i s 

d i f f i c u l t below 1 6 0 0 ° C , because Ta metal i s deposited i n the 

presence of hydrogeno According to Agte & Moers ( l 9 3 l ) . i t i s 

best to work with pure nitrogen and to use filament temperatures 

as high as about 2 p 5 0 0 - 2 p 8 0 0 ^ C o A patent method based on t h i s 

p r i n c i p l e i s reported (CIBA, Ltd.^ 1 9 6 6 ) , 

Highly n i t r i d e d films of tantalum have been prepared by 

cathodically sputtering high-purity tantalum i n a pure nitrogen 

atmosphere (Coyne & Tauber, 1 9 6 8 ) „ Rairden ( l 9 6 8 ) synthesized thin 

f i l m of tantalum n i t r i d e on soda-lime glass substrates by the r e a c t i v e 

evaporation process, i . e , the f i l m was deposited by evaporation of 

tantalum from an electron-beam heated source i n a nitrogen atmosphere 

a t pressures of 1 0 " ^ - 1 0 " ^ torr^ Another vacuum deposition method 

i s given by Gaydou( 1 9 6 7 ) <. Goon ( l 9 6 9 ) has described preparation 

of TaN powder by hydriding Ta, m i l l i n g to a fine powder, 

dehydriding and then n i t r i d i n g under conditions to avoid s i n t e r i n g . 

Preparation of TaN by means of a nitrogen plasma j e t has been 

reported (Hatsumoto & Hayakawa, 1 9 6 6 ) . The red n i t r i d e "Ta^N^' 

has been prepared from pure Ta205 and extra pure gaseous ammonia 
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a t 8 6 0 - 9 2 0 ° C i n the presence of titanium shavings a s oxygen 

get t e r (Brauer & Weidlein, 1 9 6 5 ) o 

1 , 1 2 , 2 The System. Tantalum-Nitrogen 

I n t h i s system the existence of the compound TaN with 

hexagonal close-packed stmcture appe^ired well established., 

C h i o t t i ( l 9 5 2 ) , however, presented evidence i n d i c a t i n g t h a t the 

structure attributed to TaN i s a c t u a l l y t h a t of Ta2No The same 

conclusion has a l s o been reached by Rundle ( l 9 4 8 ) from t h e o r e t i c a l 

considerations. The *Ta2N° phase has a homogeneity range of 

TaNo^5 - TaN0o41p while the 'TaN" phase has a homogeneity range of 

TaN to TaNo^99o 

Investigations pertaining to t h e s o l u b i l i t y of nitrogen i n 

tantalum has been c a r r i e d out by G r i f f i t h s & Pryde ( l 9 6 7 ) , 

Osthagen & Kofstad ( l 9 6 3 ) & Bakish ( l 9 5 8 ) o The equilibrium 

studies i n the system tantalum=nitrogen have been reported by 

Gebhardt e t . a l . , ( l 9 6 l ) and U=S, A i r Force Technological Bividon 

i n 1 9 6 6 „ 

1.13 Chromium Nitrideo CrN 

1.,13o1 Formation 

Preparative methods have been described b r i e f l y by Mellor 

(1927, p . 1 2 6 ) and Brown ( l 9 6 4 . p o l 9 7 ) c 

Chromium n i t r i d e (CrN), can be prepared by the d i r e c t combin

ation of nitrogen and chromium a t 9 0 0 ° C and 2 5 atmospheresp 

(Neumann^ e t c a l . , 1 9 3 1 ; Duparc e t o S l ^ v 1 9 3 0 ) « K i e s s l i n g & L i u 

(1951) report the formation of Cr2N as w e l l as CrN by r e a c t i o n of 

chromium borides with dry ammonia^ At 735*^C only CrN i s obtained; 
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between 8 0 0 ° and IIOO^C both n i t r i d e s are formed w h i l s t a t 

1,180^Cp only Cr2N i s formed. Arkharov e t a l . , ( l 9 5 9 ) confirm 

that n i t r i d a t i o n of chromium below 1030*^ produces layers of the 

two d i f f e r e n t phases, a thicker inner l a y e r of CrjN and a thinner 

outer l a y e r of CrN, 

De G e l i s ( l 9 6 6 ) has been able to prepare the n i t r i d e 

by the ac t i o n of ammonia on chroraixim ( i l l ) chloride. The 

l a t t e r , i n f i n e l y divided s t a t e , i s heated to above 5 0 0 ^ 0 under 

vacuum and ammonia i s added from a r e s e r v o i r to maintain 11 

atmospheric pressure. Another method patented by Gooding & 

Parr a t t ( 1 9 6 5 ) involves s i n t e r i n g of chromium metal pOT/der i n 

hydrogen atmosphere for 24 hours and then n i t r d i n g i n a furnace 

with nitrogen, also for 24 hours at an optimum temperature 

range of 1 4 0 0 - 1 4 5 0 ^ 0 . 

The formation of textured chromiiim n i t r i d e l a y e r s on chromium 

(produced i n vacuo by condensation on Mo^plates from the vapour 

phase) has been studied by V a s y u t i n s k i i e t ^ a l o , ( 1 9 6 2 ) . The 

hemi-nitride (Cr2N) has been obtained also by tr e a t i n g chromium 

metal powder with nitrogen and hydrogen gas mixture i n the temp

erature range 1 1 0 0 - 1 3 1 0 ^ 0 (Schwerdtfeger^ 1 9 6 7 ) . 

I 0 I 3 . 2 The System, Ohromium°Nitrogen 

The two n i t r i d e s of chromium, Cr2N and CrN are now well-estab

lished compounds, Blix ( l 9 2 9 ) has made an X-ray study of a s e r i e s of 

chromium-nitrogen products which had been prepared by heating 

e l e c t r o l y t i c chromium i n a stream of ammonia at 9 0 0 ^ 0 . He concluded 

from h i s work that the s o l i d s o l u b i l i t y of nitrogen i n chromium can 
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be only low. According to Brick & Creevy ( l 9 4 0 ) p l i q u i d 

chromium d i s s o l v e s at atmospheric pressure -i per cent by 

weight of nitrogen. Blix ( l 9 2 9 ) a l s o revealed the existence 

of two intermediate phases i n the system. I n one of these, c o r r 

esponding to Cr2N, the nitrogen atoms have random i n t e r s t i t i a l 

positions i n the hexagonal close-packed C r - l a t t i c e . E r i k s s o n 

(1934) observes that th i s hexagonal phase (CrgN) has a "super

structure" with a volume three times that of the close-packed 

hexagonal l a t t i c e . The other phase reported by B l i x ( l 9 2 9 ) 

corresponds to CrN and has the cubic sodium chloride structurso 

The equilibrium studies on the system Crr'-Cr2N-CrN have 

been performed by M i l l s ( l 9 6 7 ) c He has reported that CrgN and 

CrN both exhi b i t a homogeneity range; the upper l i m i t of CrgN 

i s 1 1 „ 3 5 v^eight -̂ N̂, which i s l e s s than the stoichiometric value 

of 1 1 . 8 7 weight % nitrogen. The lower l i m i t v a r i e s from 1 0 o 4 5 

wt % N a t 9 5 0 * ^ to 8 o 7 wt= 9^ N at 12000c, 

I 0 I 4 Molybdenum Nitride^ HoN 

I 0 I 4 . I Pormation 

Mellor (1927, p o l 2 8 ) and Brown ( 1 9 6 4 , p o 2 0 0 ) have summarised 

the various production methods used to obtain molybdenum nitrideo 

The r e a c t i o n between molybdenum and nitrogen proceeds at a 

correspondingly lower rate than the one between chromium and 

nitrogeho Henderson & G a l l e t l y ( l 9 0 8 ) reported that by re a c t i o n 
o 

of m e t a l l i c molybdenum with ammonia a t 8 5 0 C, only a small portion 

of the metal i s transformed into n i t r i d e ^ An X-ray i n v e s t i g a t i o n 

of the products of the action of nitrogen on molybdeniun a t 
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temperatures between 400*^C - lOOO^C showed no i n d i c a t i o n of 

n i t r i d e f o r m a t i o n (Ghosh, 1 9 5 2 ) . Hagg ( l 9 3 0 ) n i t r i d e d v e r y 

pure molybdenum f o r 4 hours i n a p o r c e l a i n tube f u r n a c e w i t h 

ammonia between 4 0 0 - 7 2 5 ° C : The amount of n i t r o g e n i n the product 

ranged from Oo?7 u e i g h t - > tu xfeiglit or i s-t/r.-ic-

By c a r r y i n g out the n i t r i d i n g r e a c t i o n f o r p e r i o d s up to 1 2 0 

hours a t 7 0 0 ° C , Hagg ( l 9 3 0 ) was ab l e to cbt£"i-T\ products w i t h 

n i t r o g e n c o n t e n t s of up to 4 8 atomic-/{,;-

A patent method f o r o b t a i n i n g molybdenum n i t r i d e c o n s i s t s 

of p a s s i n g anhydrous ammonia on he a t e d finely-pov/dered molybrit -lim 

oxide (Oswald, 1 9 5 0 ) . Molybdenum p l a t e arid w i r e a n n e a l e d a t 

1 4 0 0*^C absorb o n l y v e r y s m a l l q u a n t i t i e s of n i t r o g e n between 

9 0 0 and 1 2 0 0*^C ( S i e v e r t s <S: Zapf, 1 9 3 6 ) , Unar.ncaled molybdenum 

wir e , hov/ever, absorbs much g r e a t e r q u a n t i t i e s of n i t r o g e n ^ 

S i e v e r t s & Zapf ( l 9 5 6 ) a l s o r e p o r t t h a t on c o o l i n g u n annealed 

molybdenum w i r e t h a t has d i s s o l v e d n i t r o g e n a t h i ^ e r temperatures, 

a n i t r i d e phase s e p a r a t e s ; t h i s can be demonstrated m i c r o s c o p i c a l l y 

and by X-rays.-

Matsumoto ( l 9 6 6 ) prepared NogN by the n i t r o g e n plasma j e t 

i n a 4 0 ^ y i e l d . The maximum s u r f a c e temperature of Ho v/as 2 9 0 0 ° C . 

K l 4 c 2 The System. Nolybdenum^Nitrogen 

A phase diagram of the molybdenum-nitrogen system c o n s t r u c t e d 

by Hagg has been reproduced by Brown ( l 9 6 4 , p , 2 0 2 ) . Hagg ( 1 9 3 0 ) 

based h i s i n v e s t i g a t i o n s on X-ray measurements on the products 

obtained by treatment of the pure metal powder v;ith ammonia a t 
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o o 

temperatures from 400 C to 725 C for periods of up to two days. 

He has reported fo\ir phases:-

( i ) phase representing the s o l u b i l i t y of nitrogen i n 

n io lybdenur j v / h i c h I s ver.y s r a a l l . 

( i i ) p - phase, v/hich i s stable only above 600^0. The 

homogeneity range l i e s a t about 28 atomic % of nitrogen* 

The metal atom form a face-centred tetragonal l a t t i c e o 

Hagg could not as c e r t a i n the positions of the nitrogen 

atoms o 

( i i i ) -phase at temperatures below 600-700*^Cc This phase 

has a narrow homogeneity range i n tiie region of 3 3 atomic 

N, corresponding to formula I'!02No The metal atoms 

form a face-centred cubic l a t t i c e 

( i v ) - phase v;hich e x i s t s at about 50 atomic -r' of 

nitrogen, corresponding to the formula MoN. The metal 

atoms form a si n g l e hexagonal l a t t i c e ; the weak extra 

l i n e s i n the X-ray diegrajn i n d i c a t e the existence of a super-

l a t t i c e . According to Pauling et=al., ( l 9 5 2 ) , the distance 

of 2.16X between molybdenum and nitrogen atoms i n this 

phase agrees with the assumption of half-bondso 

The work of Hagg has been confirmed i n a l l respects by Sch&nberg 

( l 9 5 4 ) « He has found that the ̂. - phase i s a super-structure containing 

8 HoN moleculesc I t i s also suggested that i n t h i s phase the non-

metal atoms are si t u a t e d a t the centres of trigonal prisms ( l a r g e s t 

i n t e r s t i c e s ) o f metal atoms. 
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CHAPTER I I 

E X F S R I I ' i S U T A L TECHNIQUES 

The e x p e r i m e n t a l t e c h n i q u e s employed i n t h i s \ i o r k , i n c l u d i n g 

the p r i n c i p l e s u n d e r l y i n g them and a d e s c r i p t i o n of the r e l e v a n t 

a p p a r a t u s , a r e d e s c r i b e d b r i e f l y i n t h i s c h a p t e r . 

2c1 X * r a y D i f f r a c t i o n 

An e x t e n s i v e a c c o u n t o f the t h e o r y and p r a c t i c e o f X - r a y 

d i f f r a c t i o n t e c h n i q u e s i s g i v e n by P e i s e r and C o v / o r k e r s . ( l 9 6 0 , 

pp. 2 7 - 3 2 2 ) . 

2 . I d . Theorv of X - r a y D i f f r a c t i o n 

A c r y s t a l c o n s i s t s of a r e g u l a r t h r e e d i m e n s i o n a l n e t i j o r k 

o f atoms i n s p a c e . P o i n t s h a v i n g i d e n t i c a l s u r r o u n d i n g s i n t h e 

s t r u c t u r e a r e c a l l e d l a t t i c e p o i n t s , and a c o l l e c t i o n o f s u c h p o i n t s 

i n space form the c r y s t a l l a t t i c e . I f the n e i g h b o u r i n g l a t t i c e 

p o i n t s a r e j o i n e d together^ the u n i t c e l l i s o b t a i n e d . I t i s the 

s m a l l e s t r e p e a t i n g u n i t of the s t r u c t u r e . I n g e n e r a l the u n i t 

c e l l i s a p a r a l l e l e p i p e d , but i n some c a s e s , depending on the 

symmetry o f the c r y s t a l , i t c a n have more r e g u l a r s h a p e , B o g . , 

a r e c t a n g u l a r boxp o r i n the extreme case^ a c u b e . The shape of the 

u n i t c e l l i s c o m p l e t e l y d e s c r i b e d by the l e n g t h o f i t s t h r e e edges 

or axes and the a n g l e s bet^-zeen them. By c o n v e n t i o n , the a x e s a r e 

named x, x» 5. ° r -S» £ ^'^^ ^̂ ^̂  a n g l e s <^ , ? / « 

The a n g l e between x. ^- i s , and so o n . 

C r y s t a l s have been c l a s s i f i e d i n t o seven c l a s s e s depending 

on t h e i r t y m n e t r y . The u n i t c e l l d i m e n s i o n s o f a c r y s t a l obey some 

r e l a t i o n s h i p s a c c o r d i n g to the c r y s t a l c l a s s . T h 3 s e r e l a t i o n s h i p s 

a r e p r e s e n t e d i n T a b l e 2.1 
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TABLE 2.1 C l a s s i f i c a t i o n o f C r y s t a l s 

r 
! C r y s t a l C l a s s 

C o n d i t i o n s L i m i t i n g C e l l 
Dimens ions 

f 

Minimum Symmetry j 

J T r i c l i n i c a ^ b .-̂  c , ^ / i / i i v ' i 9 0 ° 
, i 

! M o n o c l i n i c a "I b •= c i = 9 0 ° - / ) one 2 - f o l d a x i s o r \ 
one p lane of symmetry 

• 

Orthoi 'houbic a • b jfc c ^J}=^= 9 0 ° T\-;o p e r p e n d i c u l a r 
2 - f o l d a x e s o r two 
p e r p e n d i c u l a r p l a n e s 
o f S3rametry 

; T e t r a g o n a l a = b ?̂  c = / = / = 9 0 ° one 4 - f o l d a x i s 

•Hexagonal a = b j^' c s <^ = / ' = 9 0 ° / - 1 2 0 ° one 6 - f o l d a x i s 

i T r i g o n a l a = b = c r = / > = v^;^ 9 0 ° one 3 - f o l d a x i s 

C u b i c a = b = c = / J = 9 0 ° Pour 3 - f o l d a x e s 

I t i s p o s s i b l e to draw v a r i o u s s e t s of p a r a l l e l p l a n e s t h r o u ^ 

the l a t t i c e p o i n t s of a c r y s t a l o E a c h s e t o f p a r a l l e l p l a n e s i s 

i d e n t i f i e d by a s e t o f t h r e e i n t e g e r s , namely, the M i l l e r i n d i c e s , 

^» j£» 1.9 c o r r e s p o n d i n g to the t h r e e a x e s âp ,b, c,, r e s p e c t i v e l y . The 

index h i s the r e c i p r o c a l of the f r a c t i o n a l v a l u e o f t h e i n t e r c e p t 

made by the s e t o f p l a n e s on the a, a x i s p and so on . 

Vfhen an i n c i d e n t beam of X - r a y s impinge on a c r y s t a l , they a r e 

s c a t t e r e d by the atoms. S i n c e the s c a t t e r e d r a d i a t i o n r e s u l t s f rom 

the a c c e l e r a t i o n and d e c e l e r a t i o n of e l e c t r o n s s e t i n mot ion by the 

X - r a y s , i t has the same w a v e - l e n g t h a s the i n c i d e n t X-raySp T h i s 

f a c t p l u s the r e g u l a r i t y o f the p a t t e r n o f atoms i n a c r y s t a l , p e r m i t s 

the c r y s t a l l a t t i c e to a c t as a t h r e e d i m e n s i o n a l d i f f r a c t i o n g r a t i n g . 
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A d i f f r a c t e d beam emerges from a p a r t i c u l a r s e t of l a t t i c e p l a n e s 

when t h e i r s c a t t e r i n g i s i n phase . T h i s i s governed by B r a g g ' s 

Law: 

>= 2 d Sin-^^ 

V/hore, = Vlavelength of X - r a y s 

d = i n t e r p l a n a r s p a c i n g 

and Q = a n g l e of i n c i d e n c e = ang le o f d i f f r a c t i o n 

d, i s r e l a t e d to the u n i t c e l l d i m e n s i o n s of the c r y s t a l and the 

M i l l e r i n d i c e s of the s e t o f p l a n e s . Hence, the measurement of 

BEragg a n g l e s can l e a d to the d e t e r m i n a t i o n o f l a t t i c e parameterSo 

V/hen the c r y s t a l i s l a r g e , i . e . , t h e r e a r e a l a r g e number o f 

l a t t i c e p l a n e s i n e a c h s e t , the d i f f r a c t e d beam a p p e a r s a t a s h a r p 

a n g l e . However^with a p p r e c i a b l y s n a i l c r y s t a l s , d i f f r a c t i o n t a k e s 

p l a c e o v e r a range of Bragg a n g l e . The X - r a y l i n e b r o a d e n i n g 

p r o v i d e s i n f o r m a t i o n on c r y s t a l l i t e s i z e . 

I f a s i n g l e c r y s t a l of a s u b s t a n c e i s r o t a t e d i n a beam of 

monochromatic X - r a y S p the d i f f r a c t i o n p a t t e r n forms a s e r i e s o f 

s p o t s on a p h o t o g r a p h i c f i l m . However, i f the sample i s i n t h e 

form of a powder v / i th the c r y s t a l l i t e s i n random o r i e n t a t i o n , 

the d i f f r a c t e d T>eams l i e a l o n g the s u r f a c e s of a s e t o f c o a x i a l 

c o n e s . The p a t t e r n can then b e r e c o r d e d p h o t o g r a p h i c a l l y i n a powder 

camera , o r by s c a n n i n g w i t h a r a d i a t i o n d e t e c t o r i ( e . g . ^ G e i g e r c o u n t e r ) 

moving c o n t i n u o u s l y around the d i f f r a c t o m e t e r t a b l e . 

The d i s t r i b u t i o n w i t h r e s p e c t to Bragg a n g l e s and i n t e n s i t i e s 

o f the d i f f r a c t e d beams i s c h a r a c t e r i s t i c of a p a r t i c u l a r s t r u c t u r e 

and c a n be u s e d t h e r e f o r e a s a means of i d e n t i f i c a t i o n . The X - r a y 
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powder d i f f r a c t i o n p a t t e r n s of most o f the c r y s t a l l i n e s u b s t a n c e s 

a r e r e c o r d e d i n tiie A .S .T .Mo to v/hich r e f e r e n c e c a n be made to 

i d e n t i f y "unknown" subs tanceso The powder p a t t e r n o f a m i x t u r e o f 

c r y s t a l l i n e s u b s t a n c e s c o n s i s t s of the super imposed p a t t e r n s o f the 

i n d i v i d u a l s t r u c t u r e s . T h u s , the method can be u s e d to i d e n t i f y 

the d i f f e r e n t components of a m i x t u r e alsOo 

2 . 1 . 2 , X - r a y G e n e r a t o r s 

Two X - r a y g e n e r a t o r s o f d i f f e r e n t d e s i g n s were u s e d f o r the 

d i f f r a c t i o n e x p e r i m e n t s , namely, ( a ) a S o l u s - S c h a l l u n i t c o n n e c t e d 

to a s e a l e d tube c o n t a i n i n g the f i l a m e n t and t a r g e t , ( b ) a Raymax 

60 g e n e r a t o r manufac tured by Newton V i c t o r L i m i t e d , w i t h i n t e r 

changeab le t a r g e t and r e p l a c e a b l e f i l a m e n t and k e p t c o n t i n u o u s l y 

pumped by a n o i l d i f f u s i o n pump c o u p l e d to a r o t a r y pump. A s e a l e d 

tube g e n e r a t o r has a more s t a b l e X - r a y o u t p u t - t h a n a c o n t i n u o u s l y 

pumped onOo The r a d i a t i o n u s e d was the w e l l - k n o w n Copper I ^ , 

w a v e l e n g t h K 5 4 2 X « T h i s was o b t a i n e d by h a v i n g a copper t a r g e t and 

a n i c k e l f i l t e r to remove the k^i} componento 

2 . 1 . 3 . D e b y e - S c h e r r e r Powder D i f f r a c t i o n Camera 

The phase c o m p o s i t i o n s of c r y s t a l l i n e samples were i n v e s t i g a t e d 

by r e c o r d i n g t h e i r powder d i f f r a c t i o n p a t t e r n s i n two ways^ ( l ) 

by a p h o t o g r a p h i c method, and ( 2 ) by u s i n g a n X - r a y d i f f r a c t o m e t e r 

w i t h a t t a c h e d c o u n t e r and ra temetero 

F o r the p h o t o g r a p h i c method o f r e c o r d i n g d i f f r a c t i o n d a t a , a 

D e b y e - S c h e r r e r c a m e r a , of 9 cm d i a m e t e r and m a n u f a c t u r e d by Unicam 

I n s t r u m e n t s L t d . , was usedo The s t r i p o f f i l m was mounted a c c o r d i n g 

to the Y\n / r k e l Method. The spec imen f o r X - r a y i n v e s t i g a t i o n was 
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p r e p a r e d by l o o s e l y f i l l i n g a g l a s s c a p i l l a r y tube - a b o u t 

Oo5 mm i n d i a m e t e r and 1 c m . I n l e n g t h - w i t h the c r y s t a l l i n e 

powder, and s e a l i n g both ends of the c a p i l l a r y tube w i t h a n 

a d h e s i v e . The sample was mounted v e r t i c a l l y a l o n g the camera 

a x i s and n e c e s s a r y a l i g n m e n t was made by means of ti/o p u s h - p u l l 

s c r e w s s e t a t r i g h t a n g l e s t o e a c h o t h e r . The specimen was 

r o t a t e d a b o u t t he camera a x i s j ; - - e q u e n t l y b r i n g i n g each s e t of 

l a t t i c e p l a n e s of eiery c r y t i t a l l i t e to a d i f f r a c t i n g p o s i t i o n 

s e v e r a l t imes d u r i n g an e x p o s u r e . I n t h i s way, v a r i a t i o n s i n 

the i n c i d e n t X - r a y i n t e n s i t y were a c c o u n t e d . To a v o i d the 

s c a t t e r i n g of X - r a y s by a i r the camera was e v a c u a t e d by h a v i n g 

i t c o n t i n u o u s l y pumped d u r i n g the e x p o s u r e s w h i c h v a r i e d up to 

s e v e r a l h o u r s . The powder camera was u s e d i n c o n j u n c t i o n w i t h t h e 

Raymax-60 g e n e r a t i n g u n i t , 

K o d i r e x X - r a y f i l m s were u s e d i n the powder camera . A f t e r 

o 

exposure the f i l m was d e v e l o i ^ d f o r 5 m i n u t e s a t 20 C i n Kodak 

D-196 d e v e l o p e r , r i n s e d w i t h v m t e r , f i x e d i n Kodak PX-40 

f i x e r , washed i n r u n n i n g w a t e r f o r -J- hour end hung up to d r y . 

The f i x i n g t ime v?as t w i c e the t ime r e q u i r e d f o r the m i l k i n e s s 

on the f i l m to d i s a p p e a r . T h i s was u s u a l l y about m i n u t e s . 

The f i l m s were examined and measured on an i l l u m i n a t e d s c r e e n f i t t e d 

w i t h a s c a l e . The i n t e n s i t i e s of the poi/der d i f f r a c t i o n l i n e s were 

v i s u a l l y compared. 

2 . 1 , 4 . The C o u n t e r D i f f r a c t o m e t e r 

The c o u n t e r d i f f r a c t o m e t e r g i v e s a d i r e c t , s imple a n d a c c u r a t e 

measurement of Bragg a n g l e s of the v a r i o u s r e f l e c t i o n s i n t h e powder 
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d i f f r a c t i o n pa t t e r n s = T h i s method v;as u s e d e x t e n s i v e l y i n t h i s 

work a s i t has the added advantage o f r a p i d d e t e m i n a t i o n and 

i n t e r p r e t a t i o n o f i n t e r p l a n a r s p a c i i i g s . A S ^ l u s - S ^ h a l l X - r a y 

d i f f r a c t o m e t e r f i t i ; e d v / i th a G e i g e r c o u n t e r and c o n n e c t e d to a 

Panax r a t e m e t e r and a n E l l i o t c h a r t r e c o r d e r was u s e d . The d i f f -

r a c t o m e t e r works on the f o c u s s i n g p r i n c i p l e d e s c r i b e d by Bragg & 

B r e n t a n o , The d i a m e t e r of t h e d i f f r a c t o m e t e r i s 50 cm. 

The sample ft>r e x a m i n a t i o n was p r e p a r e d by p o u r i n g a s u s p e n s i o n 

o f the c r y s t a l l i n e powder i n a c e t o n e onto a g l a s s s l i d e . G e n e r a l l y 

i t was n e c e s s a r y to mix an a d h e s i v e w i t h the s u s i ^ n s i o n to e n s u r e 

the a d h e r e n c e of the powder to the g l a s s s l i d e when the o r g a n i c 

s o l v e n t e v a p o r a t e d . The g l a s s s l i d e c o n t a i n i n g the f l a t spec imen 

was mounted v e r t i c a l l y a t the c e n t r e o f the d i f f r a c t o m e t e r on a 

c i r c u l a r spec imen t a b l e and r o t a t e d a t h a l f the speed o f t h e d e t e c t o r . 

The X - r a y s , g e n e r a t e d i n a s e a l e d tube u n i t , p a s s e d through a 

c o l l i m a t o r diaphragm on to the s p e c i m e n . The r e f l e c t e d X - r a y s from 

the sample a r e i n c i d e n t on t h e c o u n t e r d iaphragm. The i n t e n s i t y 

of the d i f f r a c t e d r a d i a t i o n as a f u n c t i o n of the d i f f r a c t i n g angle^Q , 

was g i v e n by the c h a r t r e c o r d e r c o u p l e d to the a s s o c i a t e d r a t e - m e t e r . 

The A i l l c h a r t d e f l e c t i o n c o u l d be made e q u a l to 2,000 10,000 

o r AO,000 c o u n t s p e r minute to accoinniodate t h e t r a c e s of the peaks . 

To g i v e r e a s o n a b l y smooth t r a c e s , a t i n e c o n s t a n t o f 25 seconds 

was used f o r the most expanded s c a l e (2^000 c » p , i i ) and 5 s econds 

f o r the o t h e r tvro sc .Ojf . s . S i n c e t h e p e a k s a r e r e c o r d e d a t d i f f e r e n t 

t imes by the d i f f r a c t o m e t e r , i t :is n e c e s s a r y to have a s t a b l e i n c i d e n t 

beam o f X - r a d i a t i o n . Hence the s e a l e d - o f f tube type g e n e r a t o r v j i t h 

a copper t a r g e t was u s e d w i t h the d i f f r a c t o m e l e r . I t was n e c e s s a r y 
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to u s e n i c k e l f i l t e r to remove K^^ component, f o r o b t a i n i n g -

monochromatic r a d i a t i o n . The tube was o p e r a t e d a t a r a t i n g of 

30 KV and 10 ma. The E l l i o t c h a r t r e c o r d e r c o u l d be o p e r a t e d 

a t e i t h e r 3 i n c h e s p e r hour or a t 30 i n c h e s p e r h o u r and r e c o r d s 

the l i n e i n t e n s i t i e s o Both the spec imen and the c o u n t e r c o u l d 

be r o t a t e d i n a c l o c k w i s e o r a n t i - c l o c k ^ / i s e d i r e c t i o n by means 

of a g e a r e d e l e c t r i c motor h a v i n g t h r e e a v a i l a b l e speeds o f 

1 and 2 a n g u l a r degrees per m i n u t e . The phase c o m p o s i t i o n 

s t u d i e s of a l l the spec imens were c a r r i e d o u t a t . o n e a n g u l a r 

degree p e r minute w h i l s t a l l l i n e - b r o a d e n i n g i n v e s t i g a t i o n s were 

made a t o f a n a n g u l a r degree p e r minuteo The r e c o r d i n g s of the 

d i f f r a c t e d r a d i a t i o n were u s e d f o r two p u r p o s e s . F i r s t l y , to 

q u a l i t a t i v e l y a n a l y s e the o r i g i n a l n i t r i d e samples and t h e i r o x i d 

a t i o n p r o d u c t s f o r t h e i r phase c o m p o s i t i o n . S e c o n d l y , to 

e s t i m a t e the amount o f l i n e - b r o a d e n i n g by m e a s u r i n g t h e i n t e n s i t y 

and b r e a d t h of the r e f l e c t i o n s of the a p p r o p r i a t e s a m p l e s i . e . , 

b a ] l - m i l l e d n i t i d d e s , , The measurements on these s p e c i m e n s were 

made a s f o l l o w s . The b e s t smooth l i n e was drawn through the 

s t a t i s t i c a l l y f l u c t u a t i n g p a t t e r n r e c o r d e d on the c h a r t . I n o r d e r 

to o b t a i n the i n t e n s i t y o f a p a r t i c u l a r peak , the mean background 

l e v e l on e i t h e r s i d e of the peak was s u b t r a c t e d from the i n t e n s i t y 

a t the n ax .mum peak h e i g h t . The b r e a d t h o f the peak was measured 

a t hal f -maximum i n t e n s i t y » T h i s measurement was c a r r i e d o u t , w i t h 

a r u l e r , to a p r e c i s i o n of about 5 p e r c e n t of t h e b r e a d t h . 
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2 . 1 . 5 X - r a y L i n e Broaden ing 

The l i n e s o r peaks i n a d i f f r a c t i o n p a t t e r n a r e a l w a y s 

broadened due to i n s t r u m e n t a l c a u s e s (e^g . the f i n i t e s l i t - w i d t h 

o f a c o u n t e r d i f f r a c t o m e t e r ) . I n a d d i t i o n , t h e r e may o c c u r a n 

i n t r i n s i c b r o a d e n i n g , i . e . , a broadening a s s o c i a t e d v ; i t h s m a l l 

c r y s t a l l i t e size or c r y s t a l l a t t i c e s t r a i n o f t h e sa rap lo . 

The ground n i t r i d e samples gave s u c h i n t r i n s i c a l l y broadened l i n e s . 

A d i s c u s s i o n o f the c a u s e s of l i n e b r o a d e n i n g h a s t h e r e f o r e been 

i n c l u d e d . 

2 . 1 . 5 f a ) Broadening due to s m a l l c r y s t a l l i t e s i z e 

I f the l i n e a r d i m e n s i o n s of the c r y s t a l l i t e s i n a s p e c i m e n 

f a l l below about lOOoSp a p p r e c i a b l e i n t r i n s i c b r o a d e n i n g o f the 

l i n e s w i l l r e s u l t . The mean c r y s t a l l i n e d i m e n s i o n (D) normal to 

the d i f f r a c \ p l a n e s i s r e l a t e d to the i n t r i n s i c b r o a d e n i n g 

i p ) by tho S ; h e r r e r e q u a t i o x 4 ' l 9 1 8 ) ^ 

D = K K 

Cos 

V/here, K = the S i h e r r e r c o n s t a n t ^ a p p r o x i m a t e l y e q u a l to 

u n i t y o 

A = the v/ave l e n g t h of the X - r a y s 

and & = the r e f l e c t i n g o r "Bragg" a n g l e ( P e i s e r e t . a l . 1 9 5 5 , p . 4 1 3 ) 

The v a l u e o f K depends on the way the l i n e w i d t h p i s measured 

( i n t e g r a l b r e a d t h o r b r e a d t h a t ha l f -maximum i n t e n s i t y ) . The shape 

and s i z e d i s t r i b u t i o n f a c t o r s f o r the c r y s t a l l i t e s , a s v f e l l a s tho 

shape and b r e a d t h of the d i f f r a c t i o n p r o f i l e a f f e c t the v a l u e of K . 

I n v iew of the f a c t t h a t l i t t l e i s u s u a l l y known about t h e s e f a c t o r s , 

the a b s o l u t e a c c u r a c y w i t h which one c a n c a l c u l a t e the c r y s t a l l i t e 
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dimens ions cannot be e x p e c t e d to exceed the r a n g e o f 25 t o 50 p e r c e n t . 

F o r t h i s r e a s o n the v a l u e o f D i s o f t e n c a l l e d the a p p a r e n t c r y s t a l l i t e 

s i z e . The r e l a t i v e v a l u e s o f D, p a r t i c u l a r l y f o r a r e l a t e d s e r i e s 

o f s p e c i m e n s , w i l l i n { ; j n c . ' : - l l o l i n b l o to a p p r e c i a b l y g r e a t e r 

e x t e n t . 

A c c o r d i n g to the recommendation by K u g and A l e x a n d e r ( l 9 5 4 t h e 

w i d e s p r e a d p r a c t i c e of p u t t i n g I ' e q u a l to u n i t y h a s been adopted 

i n the p r e s e n t work. T h i s has been c l a i m e d to p r o v i d e an e a s y 

compar i son o f the most p u b l i s h e d i n v e s t i g a t i o n s I n t h i s f i e l d . 

2 .1o5fr i ) Broaden ing due to L a t t i c e D i s t o r t i o n 

The mean l a t t i c e d i s t o r t i o n o r l a t t i c e s t r a i n ( ) normal to 

the d i f f r a c t i n g p l a n e s i s r e l a t e d to the i n t r i n s i c b r o a d e n i n g ('"') 

by the r e l a t i o n , 

. • = C o t 

The b r o a d e n i n g i s ( a u j e d by v a r i a t i o n s i n t h e d i m e n s i o n s of the 

u n i t c e l l o The s t r a i n d i s t r i b u t i o n f a c t o r w i l l a f f e c t the shape 

and b r e a d t h of the d i f f r a c t i o n p r o f i l e « T h e r e i s l i t t l e i n f o r m a t i o n 

a v a i l a b l e about s u c h a f a c t o r and thus the a b s o l u t e a c c u r a c y w i t h 

which the s t r a i n c a n be c a l c u l a t e d w i l l be pooro The v a l u e o f i s 

o f t e n termed a s the a p p a r e n t s t r a i n componentc There i s a l s o an 

i n h e r e n t d i f f i c u l t y i n s e p a r a t i n g the i n s t r u m e n t a l from the 

i n t r i n s i c l i n e broaden ing w h i c h adds a f u r t h e r amount of u n c e r t a i n t y 

to the v a l u e of . <> The same d i f f i c u l t y a r i s e s i n the d e t e r m i n a t i o n 

o f D, 

2 . 1 . 6 . Measurement o f I n t r i n s i c B r o a d e n i n g : -

The e x p e r i m e n t a l l y meacured l i n e b r e a d t h has to be c o r r e c t e d 
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t w i c e i n o r d e r to o b t a i n the i n t r i n s i c broadeningo A c o r r e c t i o n has 

to be made because the d i f f r a c t e d r a d i a t i o n i s no t monochromat ic , but 

c o n s i s t s o f an r/." d o u b l e t (K-r^-.rj ^^-^ ^ '^ '^^^^^ 

I n s t r u m e n t a l b roadenJ ng hr.s a l s o to c o r r e c t e d f oro U n f o r t u n a t e l y 

the amounts of broaden ing due to v a r i o u s f a c t o r s s u c h a s n o n -

m o n o c h r o n a t i c , i n s t r u m e n t a l and i n t r i n s i c ones a r e not l i n e a r l y 

a d d i t i v e , A g r a p h i c a l method due to J o n e s C l 9 3 8 ) h a s been u s e d to e f f e c t 

the s e p a r a t i o n s * The c u r v e s are r e p r o d u c e d i n Appendix 1 and can 

be u s e d to c a l c u l a t e the i n t r i n s i c b r o a d e n i n g due to t h e s i n g l e 

r a d i a t i o n , K -c^-^o The symbols shown i n the Appendix h a v e the 

f o l l o w i n g meanings . 

R a d i a t i o n 

K d o u b l e t 

Observed B r e a d t h I n s t r u m e n t a l I n t r i n s i c 
B r e a d t h Broadening 

B 

B \ / J o 

The a n g u l a r s e p a r a t l o n p ^ , of the K-^-d.^^ and r a d i a t i o n s i s 

c a l c u l a t e d u s i n g the e x p r e s s i o n , whose d e r i v a t i o n i s g i v e n i n 

Appendix 2 « 

A = 3 6 0 X ^ i . x ' ^ X'^t^ tan Q = C t a n © — — ' a v e r a g e 

X a v e r a g e 

The v a l u e of C f o r copper K ='rL r a d i a t i o n i s O v 2 8 5 o 

The i n t r i n s i c l i n e b r o a d e n i n g o f the m i l l e d n i t r i d e s a m p l e s 

were de termined by compar ing t h e i r X - r a y powder l i n e p r o f i l e s w i t h 

those of the o r i g i n a l n i t r i d e s ^ The b r o a d e n i n g of the l a t t e r 

samples was assumed to be e n t i r e l y due to i n s t r u m e n t a l f a c t o r s . T h i s 

a s sumpt ion i s r e a s o n a b l e i n vi^v; of the c o n d i t i o n s of p r o d u c t i o n of 

the n i t r i d O o A t the t e m p e r a t u r e s of f o r m a t i o n {> 1 2 0 0 ^ C i n most c a s e s ) 
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the n i t r i d e c r y s t a l l i t e s a r e e x t e n s i v e l y a n n e a l e d and t h e r e f o r e f r e e o f 

s t r a i n . A l s o , because t h e s e t e m p e r a t u r e s a r e w e l l above the r e s p e c t i v e 

Tammann t e m p e r a t u r e s of the compounds^ s i n t e r i n g i s e x p e c t e d to be 

e x t e n s i v e . T h i s i s c o n f i r m e d by e l e c t r o n and o p t i c a l m i c r o s c o p i c 

e x a m i n a t i o n of the samples and a l s o by s u r f a c e a r e a d e t e r m i n a t i o n by 

gas s o r p t i o n . The s u r f a c e a r e a s of t h e s e samples were found to be 

2 ='1 

m o s t l y below 11 m g o F u r t h e r c o n f i r m a t i o n of the above a s sumpt ion 

was made by comparing the X - r a y l i n e p r o f i l e s of the n i t r i d e samples 

w i t h those o f the c l e a v a g e p lane ( 2 0 2 2 r e f l e c t i o n ) of a s i n g l e 

c a l c i t e c r y s t a l o The 2 0 2 2 r e f l e c t i o n a t 1 4 ^ 4 3 ' was u s e d m a i n l y to 

s t a n d a r d i z e the d i f f r a c t o m e t e r s e t t i n g s f o r e a c h n i t r i d e . 

The c u r v e o f / ^ / b a g a i n s t b /g was d e r i v e d by Jone ( l 9 3 8 ) u s i n g the 

f u n c t i o n ; 

^(r . ^ 

where , K = a c o n s t a n t 

and, X = the a n g u l a r d i s t a n c e f r o m the top o f the peak. 

T h i s f u n c t i o n d e s c r i b e s the i n t e n s i t y d i s t r i b u t i o n a c r o s s the 

d i f f r a c t i o n l i n e o b t a i n e d under i d e a l c o n d i t i o n s of no i n s t r u m e n t a l 

b r o a d e n i n g . The e v i d e n c e a v a i l a b l e so f a r ( J o n e s , 1 9 3 8 , 1 9 5 0 ) s u g g e s t s 

t h a t t h i s f u n c t i o n i s the b e s t one to d e s c r i b e the i n t r i n s i c d i f f r a c t i o n 

p r o f i l e where an even d i s t r i b u t i o n of c r y s t a l l i t e s i z e s o r s t r a i n s 

i s p r e s e n t . I n a p p l y i n g the J o n e s ' Method o f c o r r e c t i o n , i t was 

assumed t h a t t h e r e was s u c h a d i s t r i b u t i o n o f c r y s t a l l i t e s i z e s 

or s t r a i n s i n the m i l l e d m a t e r i a l . 

2 c U 7 o The I n t e r p r e t a t i o n of I n t r i n s i c B r o a d e n i n g 

Dur ing m i l l i n g , e i t h e r a s t r a i n e d l a t t i c e or v e r y s n a i l c r y s t a l l i t e s 
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o r both may be p r o d u c e d . These i n t u r n may g i v e r i s e to 

i n t r i n s i c l i n e b r o a d e n i n g . I n t h e o r y , i t s h o u l d be p o s s i b l e to 

d i s t i n g u i s h bet;^een t h e s e two p o s s i b l e c a u s e s o f b r o a d e n i n g s i n c e 

r< ^ / .-iSec - f o r s m a l l c r y s t a l l i t e b r o a d e n i n g , 

and V'. t a n ,j - f o r l a t t i c e s t r a i n b r o a d e n i n g , 

K l u g and A l e x a n d e r / h a v e p o i n t e d out t h a t the t a s k o f m a t c h i n g t h e 

e x p e r i m e n t a l d a t a r e q u i r e s a p r e c i s e t e c h n i q u e and h i g h a c c u r a c y . 

F u r t h e r d i s c u s s i o n of t h i s method o f s e p a r a t i n g the c a u s e s of 

i n t r i n s i c l i n e b r o a d e n i n g w i l l be d e a l t w i t h i n s u b s e q u e n t c h a p t e r s , 

2,2 E l e c t r o n Microscopy_ and D i f f r a c t i o n 

Comprehens ive a c c o u n t s of the t h e o r y and p r a c t i c e o f e l e c t r o n 

m i c r o s c o p y and d i f f r a c t i o n a r e g i v e n by H i r s c h e t , a l . , (1965), 

Kay (1965) and Z w o r y k i n e t . a l . , ( l945). 

2.2.1. T h e o r y of E l e c t r o n M i c r o s c o p y & D i f f r a c t i o n 

A beam o f e l e c t r o n s p o s s e s s e s wave p r o p e r t i e s s i m i l a r to 

those o f a beam of e l e c t r o m a g n e t i c r a d i a t i o n , the w a v e l e n g t h b e i n g 

g i v e n by the de B r o g l i e r e l a t i o n s h i p : 

A = i l = 2l= - - ( i ) 
p mv 

Vfhere, 

. = w a v e l e n g t h 

h = p l a n c k ^ s . c o n s t a n t 

m = mass o f an e l e c t r o n 

v = v e l o c i t y of e l e c t r o n 

and p = momentum o f the e l e c t r o n 

I f the a c c e l e r a t i n g - p o t e n t i a l d i f f e r e n c e i s V, the e n e r g y , 

of an e l e c t r o n i s g i v e n by; 

E = -J- mv^ = Ve ( i i ) 

V/here, e = e l e c t r o n c h a r g e 
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Combining e q u a t i o n s ( i ) and ( i i ) and e l i m i n a t i n g i t f o l l o w s ; 

X — h t> o o ooo o o c ( — i i ) 

r 

V 2 meV 

A r e l a t i v i t r c o r r e c t i o n has to be a p p l i e d to e q u a t i o n ( i i i ) to 

a c c o u n t f o r the v a r i a t i o n i n the mass o f the e l e c t r o n w i t h v e l o c i t y , 

wh ich i t s e l f depends on the v o l t a g e ^ I n p r a c t i c e , however , the wave 

l e n g t h i f r e q u i r e d , i s d e t e r m i n e d by r e c o r d i n g t h e d i f f r a c t i o n 

p a t t e r n o f a s u b s t a n c e w i t h known u n i t c e l l d i m e n s i o n s . T h i s 

e n a b l e s a s i n g l e f a c t o r , the camera c o n s t a n t p L .X a to be c a l c u l a t e d ^ 

where L i s t h e e f f e c t i v e camera l e n g t h . I f the same i n s t r u m e n t , 

i s u s e d a t the same a c c e l e r a t i n g v o l t a g e , t h e n L ?v r e m a i n s c o n s t a n t . 

At an a c c e l e r a t i n g v o l t a g e of 1 0 0 k i l o v o l t s , the w a v e l e n g t h o f 
o 

an e l e c t r o n i c beam i s O e 0 3 7 A o 

As mentioned e a r l i e r , i n view o f the f a c t t h a t e l e c t r o n beams 
•s. 

p o s s e s s wave p r o p e r t i e s , they c a n be u s e d i n a m a g n i f y i n g i n s t r u m e n t 

w i t h e l e c t r o m a g n e t i c f i e l d s a s l e n s e s , j u s t a s l i ^ h t waves a r e u s e d 

i n the o p t i c a l m i c r o s c o p e v; i th g l a s s l e n s e s o The t h e o r e t i c a l l i m i t 

of r e s o l u t i o n o f a m i c r o s c o p e i s h a l f the w a v e - l e n g t h o f t h e r a d i a t i o n 

u s e d . F o r the e l e c t r o n m i c r o s c o p e t h i s i s about 0 ^ 0 2 ^ w h i l s t f o r 
o 

an o p t i c a l microscope i t i s about 2 0 0 0 A o The s h o r t e r wave l e n g t h 

of e l e c t r o n s e n a b l e s a much g r e a t e r r e s o l u t i o n to be a c h i e v e d on l i i e 

e l e c t r o n m i c r o s c o p e , a l thoxigh t h i s i s a b i l l v e r y f a r from t h e t h e o r e t 

i c a l l i m i t . 

The c o n s t r u c t i o n o f a n e l e c t r o n m i c r o s c o p e , i s i n p r i n c i p l e , 

s i m i l a r to t h a t o f the o p t i c a l m i c r o s c o p e , F i g u r e 2 . 1 . I t c o n s i s t s 

of a c a t h o d e , £ , w h i c h p r o v i d e s a s o i i r c e o f i l l u m i n a t i n g e l e c t r o n s . 
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A h i g h v o l t a g e s t r u c k between £ and the anode A, , a c c e l e r a t e s the 

e l e c t r o n s , wh ich pass through a s m a l l h o l e i n A^^ The c o n d e n s e r 

l e n s e , L c , , converges the e l e c t r o n beam on to the s p e c i m e n , 0, s i t u a t e d 

i n the magnet i c f i e l d of the o b j e c t i v e l e n s , L o . An image, I ^ 

i s formed due to m a g n i f i c a t i o n by the o b j e c t i v e l e n s . T h i s i s f o l l o w e d 

by f u r t h e r m a g n i f i c a t i o n by the p r o j e c t o r l e n s , Lp,, to form a f i n a l 

^2 ^ s c r e e n , S^o The m i c r o s c o p e , u s e d i n t h i s work and 

d e s c r i b e d i n the next s e c t i o n , c o n s i s t s o f two more l e n s e s (not shown 

i n the f i g u r e ) , namely a d i f f r a c t i o n l e n s and a n i n t e r m e d i a t e l e n s , 

p l a c e d between the o b j e c t i v e and the p r o j e c t o r . The i n t e r m e d i a t e 

l e n s e n a b l e s a h i g h o v e r a l l m a g n i f i c a t i o n t o be r e a c h e d w i t h o u t the 

m a g n i f i c a t i o n s of the i n d i v i d u a l l e n s e s h a v i n g to be e x c e s s i v e l y 

l a r g e . I t a l s o h e l p s to keep the l e n g t h of the i n s t r u m e n t s h o r t 

and to a t t a i n e a s i l y a c o n t i n u o u s l y v a r y i n g m a g n i f i c a t i o n w i t h i n 

wide l i m i t s . The d i f f r a c t i o n l e n s i s e n e r g i s e d o n l y when d i f f r a c t i o n 

p a t t e r n s or low m a g n i f i c a t i o n s a r e r e q u i r e d o f f the s a m p l e . 

The energy o f e l e c t r o n s i s r e d u c e d v;hen they a r e s c a t t e r e d 

r e a d i l y on c o l l i s i o n w i t h gas molecu leso Hence , the i n s t r u m e n t i s 

o p e r a t e d a t a s u f f i c i e n t l y low p r e s s u r e (about 10"^mm H g ) , F o c u s s i n g 

i s a c h i e v e d by the v a r i a t i o n of the s t r e n g t h s o f the magnet ic f i e l d s 

by chang ing the c u r r e n t s g e n e r a t i n g them. A phosphor s c r e e n i s 

p r o v i d e d a t the end of the tube to a l i g n and s e l e c t a s u i t a b l e p a r t 

of the image, a n d the m a g n i f i e d image c a n a l s o be r e c o r d e d on to a 

35 mm photograph ic f i l m h e l d i n a camera w i t h i n t h e i n s t r u m e n t . 

E l e c t r o n d i f f r a c t i o n by a c r y s t a l i s s i m i l a r i n p r i n c i p l e to 

t h a t of X - r a y d i f f r a c t i o n p but i t d i f f e r s i n c e r t a i n r e s p e c t s . 

Because of t h e i r e l e c t r i c a l c h a r g e , e l e c t r o n s a r e h e a v i l y s c a t t e r e d 
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by sol id materialSp and tiierefore the depth of the penetration 

of the electrons i s re lat ive ly small (say, a few hundred 
o 

Hence only very thin crystals (of few hundred A thickness) can be 

used in contrast to / - rays v/hich penetrate deeply and jrield 

information about the bulk properties^ The d i f f rac t ion pattern 

of a single crys ta l consists of "reflections" from a plane of 

reciprocal la t t i ce points^ In this case^ electrons, because of 

their very short wavelengths d i f f e r from X-rays. Nevertheless 

for a polycrystalline specimen in random orientation, the 

dif fract ion pattern consists of the typical concentric pa/der 

ringSp provided the sample i s suf f ic ient ly thin. 

2 o 2 . 2 . The Equinment 

In the present worky direct transmission and d i f f rac t ion 

micrographs of powdered materials and transmission micrograph 

surface replicas of sintered refractory materials were obtained, 

using a Philips E . M o l O O B model electron microscope (Van Dorstenp 

Nieuwdorf & Verhoeff, I 9 5 0 ) c The instrument has a resolution of 
o 

25Ap under normal operating conditionse The pumping system 

of the microscope consists of a prevacuura rotary pumpp a mercury 

diffusion p\imp and an o i l di f fusion pmp^ The magnification i s 

varied by adjusting the currents to the electromagnetic lenses. 

There are also control knobs provided for focussing and for moving 

the sai-iple holder fio thfit different regions of the grid can be 

observed^, An image of a section of the sample i s throvm on the 

fluorescent screen in front of the observer. The magnification of 

the image i s determined by reading a scale and then reference i s n:ade 
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t o standard t ab les* V/hen a d i f f r a c t i o n mic rograph i s r e q u i r e d an 

e x c l u s i v e area o f the sample i s s e l e c t e d by means o f d i f f r a c t i o n 

s e l e c t i o n diaphragms; the d i f f r a c t i o n l ens i s s w i t c h e d on and the 

i n t e r m e d i a t e lens sv/ i tched o f f . D i f f m o t i o n micrographs r e q u i r e 

longer ex^o3v.ro3 becauso o f t h e i r l o v e r i n t e n s i t y , \ : h i l 3 t t r a n s 

m i s s i o n micrographs are exposed up to a few seconds a c c o r d i n g to 

the b r i gh tne s s o f the imag^ri. The microscope was u s u a l l y opera ted 

a t 80 KV. 

Specimens were suppor ted by t h i n f i l m s of carbon l y i n g over 

copper gridSo The carbon f i l m s were prepared i n a 'S peedivac" 

High Vacuum Coat ing U n i t 1 2 E 6 modelp manufac tured by Rdwards High 

Vacuum L t d , The u n i t c o n s i s t s o f a g lass work chamber sea led w i t h 

an L s e c t i o n V i t o n A gasket^ evacuated by an o i l d i f f u s i o n pump 

backed by a r o t a r y pumpo Low vacuum i n the v;ork area inside the 

chamber was r e g i s t e r e d by a P i r a n i gauge and the h i g h vacuum by 

a Penning gauge. The u l t i m a t e vacuum o b t a i n a b l e w i t h t h i s u n i t 

was 5 z l O " ^ t o r r „ The e l e c t r i c a l s u p p l i e s to the carbon e l e c t r o d e s 

and tungs ten f i l a m e n t s were p r o v i d e d by a lOV, 60 amp source , 

current be ing r e g u l a t e d as necessary by means o f controlSo 

2 . 2 c 3 o P r e p a r a t i o n o f Samples 

Samples o f the c r y s t a l l i n e pov/ders f o r m i c r o s c o p i c examina t ion 

were made by d i s p e r s i n g the p a r t i c l e s on a carbon f i l m suppor ted 

on a copper g r i d „ The th ickness o f the carbon f i l m was r o u g h l y 20oS. 

A copper g r i d c o n s i s t s o f a 3 mm d iamete r and a mesh o f square windows 

100 :i;.m acrosso 

The subs t r a t e used f o r d e p o s i t i n g the carbon f i l m was f r e s h l y 

c leaved h i g h q u a l i t y mica a v a i l a b l e f r o m "Mica and M i c o n i t e Suppl ies 
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L t d . " The dimenflions o f the mica p l a t e s were 2 x 1 i n c h e s . A t h i n 

f i l m o f carbon was d e p o s i t e d on t o the mica s u b s t r a t e p l a c e d 

i n s i d e the workchamber by s t r i k i n g an e l e c t r i o ' a r c betv7een two 

s p e c t r o g r a p h i c a l l y pure carbon e lec t rodes , , The carbon e l e c t r o d e s 

were o f 4 ^ d iane te ra The a r c v o l t a g e was 10 v o l t s and the c u r r e n t 

60 amperes. The a r c vras s t r u c k i n about 8 i n t e r m i t t e n t b u r s t s , i n 

order to c o o l the carbon e l ec t rodes^ Each b u r s t c o n s i s t e d o f 

a p p r o x i m a t e l y th ree seconds dui^ationo The pressure i n s i d e the 

chamber was o f the o r d e r o f 5 x 10 t o r r „ 

The carbon f i l m was f l o a t e d o f f on d i s t i l l e d v/ater by c a r e f u l l y 

d i p p i n g the mica s u b s t r a t e a t an angle o f about 45°o T h i s o p e r a t i o n 

s t r i p p e d the carbon f i l m o f f the mica due to the s u r f a c e t e n s i o n 

o f the watero I t was f a c i l i t a t e d by t r i m m i n g the mica shee t around 

i t s edges a f t e r d e p o s i t i o n o f the f i l m and c o n t a m i n a t i n g the mica 

sheet by b r e a t h i n g h e a v i l y on to i t b e f o r e d e p o s i t i o u o 

A s e c t i o n o f the f l o a t i n g carbon f i l m was p i cked up by a c o p i e r 

g r ido The g r i d c a r r y i n g the f i l m was t r a n s f e r r e d to a v e r t i c a l 

c y l i n d e r i c a l h o l d e r and h e l d i n p o s i t i o n w i t h a c y l i n d e r i c a l cap. 

The l a t t e r had an open end, hence expos ing the g r i d . M i c r o -

c r y s t a l l i n e sanplesp f o r d i r e c t t r a n s m i s s i o n were prepared by 

suspending the powder i n d i s t i l l e d w a t e r o r an o rgan ic s o l v e n t w h i c h 

remained i n e r t * The p a r t i c l e s v/ere v / e l l d i spe r sed by means o f an 

u l t r a s o n i c d i s p e r s i o n u n i t , A drop o f the suspens ion was p laced 

on the copper g r i d c a r r y i n g the f i l m , and evapora ted t o dryness 

under an i n f r a - r e d lampc F i n a l l y the sample vras t r a n s f e r r e d i n t o 

a microscope g r i d h o l d e r , which vias i n s e r t e d i n the in s t rumen to 
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2 .2o4 . The Rep l i ca Technique and Shadow Cas t ing 

The p r i n c i p l e o f the r e p l i c a technique i n v o l v e s the t r a n s f e r 

of a s u r f a c e topography o f a s o l i d body t o a t h i n f i l m which may 

be observed by t r a n s m i s s i o n e l e c t r o n microscopyo The d e t a i l o f a 

s u r f a c e may be sharpened by shadowing w i t h a heavy m e t a l w h i c h 

absorbs e l e c t r o n s s t r o n g l y . Inhere the s u r f a c e d e t a i l was 

of p a r t i c u l a r i n t e r e s t ^ carbon r e p l i c a s w i t h a shadow c a s t i n g o f 

p a l l a d i u m meta l were prepared as f o l l o w s : 

A l i t t l e amount o f a p o l y s t y r e n e polymer was m e l t e d on a 

g l a s s s l i d e , which was h e l d over a bunsen burner^ u n t i l the polymer 

i s m e l t e d . The a p p r o p r i a t e s u r f a c e o f the s i n t e r e d sample i s 

pressed i n t o the c l e a r m e l t and a l l o w e d t o c o o l , when i t s o l i d i f i e d . 

The s i n t e r e d sample s u r f a c e thus t r a n s f e r r e d i t s f e a t u r e s and 

impress ions on to the s o l i d i f i e d polymer , which was f i x e d i n s i d e 

the vacuum u n i t and a carbon f i l m was depos i t ed on i t , as d e s c r i b e d 

above. The f i l m r e p l i c a so produced was then shadowed i . e * coated 

w i t h a f i l m o f p a l l a d i u m placed i n s i d e a h e l i c a l t ungs t en f i l a m e n t ^ 

On pass ing a heavy c u r r e n t th rough the f i l a m e n t , the t h i n p a l l a d i u m 

meta l w i r e evaporated and s t r u c k the f i l m r e p l i c a o b l i q u e l y * 

I n t h i s manner, the s u r f a c e s t r u c t u r e was h i g h l i g h t e d , , The polymer 

was d i s s o l v e d av/ay, u s i n g 1:2 d i c h l o r o e t h y l e n e o The f i l m was p i cked 

up on a copper g r i d , d r i e d under i n f r a - r e d lamp and the specimen 

was ready f o r examina t ion , under the e l e c t r o n microscopeo 

Before each e v a p o r a t i o n ^ o p e r a t i o n w i t h the f i l a m e n t , the l a t t e r 

was " f l a s h e d " i . e . , i t s tempera ture was r a i s e d t o remove d i r t e t c . , 

by passing s l i g h t l y h ighe r c u r r e n t through i t than was subsequen t ly 

used f o r meta l evaporat iono 
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On comple t i on o f a s e t o f exposures the f i l m camera was 

removed f r o m the microscope, and developed' i n a f i n e g r a i n deve loper 

to g i v e optimum con t ras to P r i n t s were made f r o m the " n e g a t i v e " 

on to Kodak bromide paper n o t i n g the m a g n i f i c a t i o n f a c t o r of the 

enlargement f r o m i t s ne^atdve.. I n t h i s Tnannor r n a g n i f i c a t i c n s 

o f over 70 ,000 t imes the o r i g i n a l s i z e were ob ta ined^ 

2 o 3 O p t i c a l Microscopy 

The d e t e r m i n a t i o n o f p a r t i c l e s i zes o f specimens was c a r r i e d 

ou t by a P o l a r i s i n g Microscope (Manufac tured by V i c k e r s L t d , )^ Th i s 

i s the o n l y method n wh ich d i r e c t o b s e r v a t i o n can be made o f 

the p a r t i c l e size^ ,B.S<, 3 4 0 6 p 1963).. Examina t ion o f the samples 

under r e f l e c t e d l i g h t , u s i n g a h i g h power o b j e c t i v e ( m a g n i f i c a t i o n 

X 4 0 ) gave an approximate e s t i m a t i o n o f s i n g l e c r y s t a l l i t e and 

aggregate s i zes and shapeso A g r a t i c u l e (as de sc r ibed i n B.S. 

3 6 2 5 / 1963) was mounted i n the eye p iece ( m a g n i f i c a t i o n x 1 0 ) o 

The m a g n i f i e d image formed by the h i ^ power o b j e c t i v e i n the plane 

of the g r a t i c u l e was viewed t h rough the eye^-piece* The t o t a l 

m a g n i f i c a t i o n ob ta ined was x 4 O O 0 Reference open c i r c l e s ^ c lo sed 

c i r c l e s and the r ec t ang le s i n s c r i b e d on the g r a t i c u l e were matched 

w i t h p a r t i c l e s hav ing a p p r o x i m a t e l y the same a r e a . The dimensions 

o f the g r a t i c u l e were c a l i b r a t e d by means o f a stage micrometero 

2 o 4 Su r face Area Measurement by Gas S o r p t i o n 

A most i m p o r t a i i t q u a n t i t y t o be de termined i n t h i s 

i n v e s t i g a t i o n i s the s p e c i f i c s u r f a c e ( i . e ^ the s u r f a c e area per 

u n i t mass) . The amount o f gas adsorbed on a a o i l d depends on the 

s p e c i f i c s u r f a c e o f the s o l i d s The mean p a r t i c l e s i ze o f a specimen 

can r e a d i l y be c a l c u l a t e d f r o m i t s s p e c i f i c su r face^ Thus by 
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measuring the t r u e e x t e n t o f the s u r f a c e o f the s o l i d under 

c o n s i d e r a t i o n , t he changes i n p a r t i c l e s i z e produced by m i l l i n g 

or s i n t e r i n g can be fo l lovfedo A" gene ra l account o f the 

technqiue i s g i v e n by Gregg Sing ( l 9 6 7 ) . Re fe r a l so de Boer 

(1Q69) and Joy ( i g 6 9 ) k B r i t i s h Standards 4559 Pa r t I (19 5 9 ) . 

2j4 1 . B ^ T Procedure 

To de termine the s p e c i f i c s u r f a c e of a s o l i d f r o m t h e n i t r o g e n 

s o r p t i o n da ta , the w e l l - k n o w n and w i d e l y used method due t o 

Brunauer, Emmett & T e l l e r ( l 9 3 8 ) has been usedc A l t h o u g h the 

method i s open to s e v e r a l c r i t i c i s m s , i t i s the one v e r y o f t e n 

used when comparing the s p e c i f i c s u r f a c e s o f a s e r i e s o f r e l a t e d 

so l idso 

The B « F ; , T O equa t ion i s u s u a l l y expressed i n the l i n e a r f o r m j 

^ - P = ? U - <S + ^ 

^ (Po" P) V Po 

where, 

p = pressure o f adsorba te vapour i n e q u i l i b r i u m w i t h 

a d s o r b e n t „ 

p^= s a t u r a t e d vapour pressure o f vapour adsorbed. 

X = amount o f vapour adsorbed, ( g o g " \ o r c„Co g " ^ 

2^= c a i a c i t y o f f i l l e d monolayer^ ( g - g - " ^ or c . c . g"^) 

C = a cons t an t , r e l a t e d to the heat o f a d s o r p t i o n 

There are f i v e p r i n c i p a l types o f a d s o r p t i o n i so the rms as 

i l l u s t r a t e d i n F igure 2.2^ The type I I i s o t h e m s g i v e the best 

agreement w i t h the BRT e q u a t i o n over l i m i t e d ranges o f r e l a t i v e 

vapour pressure (Gregg, 1961 p p « 3 1 , 5 6 ) o Thus a p l o t o f p 

x(po= p) 
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a g a i n s t p / _ r e s u l t s i n a s t r a i g h t l i n e o f s lope C ^ 1 and 
Po 

i n t e r c e p t _J <. E l i m i n a t i o n o f £ f r o m these two express ions g i v e s 

a^o The r e g i o n o f r e l a t i v e vapour pressure ( p / p ^ ) over which a 

s t r a i g h t l i n e i s o b t a i n e d i s not v e r y grea ts For a type I I i so therm, 

the va lues o f p /p^ v a r i e s between the l i m i t s Oo05 to about Oo3o 

The adsorbate vapour can be measured e i t h e r g r a v i m e t r i c a l l y o r 

v o l u m e t r i c a l l y (Gregg & Singo 196709 p-31O) 

The s p e c i f i c s u r f a c e , i s r e l a t e d to by the e q u a t i o n : -

H 

where, 

IT = mo lecu l a r w e i g h t o f adsorbate^ 

N = Avogadro number^ 

= c ross s e c t i o n a l a rea o f an adsorbate 

molecule i n a completed monolayer^. 

I f the s p e c i f i c s u r f a c e o f a powder i s knoi'/n^ the average 

c r y s t a l l i t e s i s e , i assuming t h a t a l l the p a r t i c l e s are s p h e r i c a l 

can be e a s i l y detbxTiiinede 

4/5 Tt (1/2)^ 

where, 'n = number o f p a r t i c l e s i:er gram of s o l i d 

and = the d e n s i t y o f the s o l i d ( adso rben t ) 

The assumption t h a t a l l the p a r t i c l e s are cub ic leads to the 
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same expression^ s i m i l a r r e l a t i o n s h i p s cein be d e r i v e d f o r p l a t e 

and needle-shaped c r y s t a l l i t e powders. 

2^4 >o The Apparatus 

The s o r p t i o n balance used i n t h i s work i s based on one 

designed by Gregg ( l946p 1955)o The balance aims a re made o f g l a s s 

and_supported on saph i re needles s e t i n t o a g l a s s c radle^ One arm 

o f the balance suppor t s buckets f o r the sample and coun te rwe igh t s 

the o t h e r arm e i t h e r a s o l e n o i d o r magnet enc losed i n g lass and 

surrounded by an e x t e r n a l so lenoido The vrtiole assembly i s encased 

i n g lass and connected to a system o f e v a c u a t i o n pumpSp gauges 

and gas r e s e r v o i r s ^ The balance used f o r lov; temperature n i t r o g e n 

a d s o r p t i o n as desc r ibed by Glasson (1956) and B,S, 4359* P a r t I 

( l 9 6 9 ) a n d i s shown i n F igure ( 2 ^ 3 ) . 

The c u r r e n t i n the e x t e r n a l s o l e n o i d i s v a r i e d to o b t a i n the 

n u l l p o i n t , v;hich i s observed by n o t i n g the p o s i t i o n o f a h o r i z o n t a l 

me ta l p o i n t e r a t t a ched to the balance arm a g a i n s t a s i m i l a r f i x e d 

p o i n t e r . The i n s t r u m e n t i s c a l i b r a t e d by measuring the c u r r e n t 

r e a u i r e d to observe the n u l l p o i n t f o r known v/eighto 

2_4 3o-Measurement o f S o r p t i o n Iso thenns 

The samples f o r vmich s p e c i f i c s u r f a c e s were to be de te rmined , 

were p laced i n the specimen backet and outgassed to remove p h y s i c a l l y 

adsorbed vapoure Th is was u s u a l l j _ c a r r i e d ov - i t 200°C by s u r r o u n d i n g 

the balance l i m b w i t h a f u r n a c e ( G l a s n i n , 196-1^)^. 

The adsorbate was n i t r o g e n gas ( s u p p l i e d c r BOG L t d e ) ^ B o i l i n g 

l i q \ i i d oxygen con ta ined i n a Dev/ar f l a s k was used as a cooDani , so 

t h a t the i so therms were measured a t •= 183^0. The we igh t o f the sample 
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was determined i n vacuo, and dcses o f n i t r o g e n were i n t r o d u c e d i n t o 

the system. Simultaneous read ings o f sample w e i g h t and n i t r o g e n 

gas pressure were taken a f t e r e q u i l i b r i u m was reached^ To o b t a i n 

the d e s o r p t i o n branch of the i so the rm ( i f neces sa ry ) , increments 

o f the n i t r o g e n vapour were pumped away and t he changes i n the w e i g h t 

o f the sample aga in fo l lowedo 

A l l the w e i g h t changes had to be c o r r e c t e d f o r buoyancies o f 

the samples and t h e i r conta inerso These were de termined f r o m 

experiments u s i n g m a t e r i a l s of known X - r a y d e n s i t y and n e g l i g i b l e 

su r f ace area* 

2,5 The rmoana lv t i c a l Techniques 

The technique o f t he rmograv ime t r i c a n a l y s i s a t a s e r i e s of 

f i x e d temperatures i n a i r has been used e x t e n s i v e l y i n t h i s work 

as a t o o l f o r the d e t a i l e d a n a l y s i s of tiiermal r e a c t i o n s i r - o l v i n g 

f i n e p a r t i c l e s (Gregg & Singp 1952; Gregg & Mheatley, 1955^ 

Gregg & Packer, 1955)» I n t h i s t echnique the vreight g a i n o r loss 

o f a sample can be c o n t i n u o u s l y f o l l o w e d over a p e r i o d o f t ime 

w h i l e the temperatxire i s ma in ta ined c o n s t a n t . 

2,5ol. Thermal Balances 

The the rmal balance u s u a l l y c o n s i s t s o f a m o d i f i e d s i n g l e o r 

double pan a n a l y t i c a l balance (Gregg & V/insor , 1945). I n the 

present i n v e s t i g a t i o n , a S t a n t o n - R e d c r o f t Model A 49p balance was 

used, which cou ld d e t e c t a v /eight change o f 10*""̂  gramo One 

pan o f the balance was f u r n i s h e d , on i t s u n d e r s i d e , w i t h a hook 

c a r r y i n g a l e n g t h o f nichrome ^-dre. The w i r e passed t h r o u g h a h o l e 

i n the balance s h e l f and supported a sample bucke t , made o f s i l i c a 
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Figure ZA^a Thermal gravimetric analysie apparatus 

A - A n a l y t i c a l balance 
B = Furnace 
C » Controller 
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which was suspended i n an e l e c t r i c furnaceo The tempera ture i n 

the v i c i n i t y o f the sample v/as measured u s i n g a ch romel -a lumel 

thermocouple p laced c lose t o the sample bucket and a t t a c h e d to a 

m i l l i " V O l t meter . ( B a i r d and T a t l r ^ .k=Resi l ia) ^ The g e n e r a l 

arrangement i s shoim i n F i g u r e 2.<^ 

The main k i n e t i c s tudy v7ap> c a r r i e d out by d e t e r m i n a t i o n of the 

we igh t g a i n on 1 gram o f a samvjlOo The f u r n a c e i s p v e - s t a b i . \ i s e d 
4 

a t the r e q u i r e d t empera tu re , and the sample i s i n t r o d u c e d i n t o i t . 

The vxeight o f the sample was recorded a t known i n t e r v a l s o f t ime . 

Samples o f u n m i l l e d and m i l l e d n i t r i d e s were s t u d i e d a t a s e r i e s 

o f s u i t a b l e f i x e d t empera tures . The w e i g h t ga ins o f the specimen 

were p l o t t e d a g a i n s t the co r respond ing t ime to p r o v i d e o x i d a t i o n 

r a t e s f r o m these isothermsc 

Newkirk (1960) has shown t h a t changes i n the buoyancy o f the 

sample and the bucket and t he c o n v e c t i o n c u r r e n t s i n s i d e t h e f u r n a c e 

can cause apparent we igh t changesc This e f f e c t i s more pronounced 

i n dynamic the i raograv imet ry i . e , the one i n v/hich the sample i s 

heated under a con t inuous r a t e o f i nc r ea se o f t empe ra tu r e . I n c a s e 

o f i s o t h e r m a l weight -change d e t e r m i n a t i o n ( o r s t a t i c t he rmograv ime t ry ) 

t h i s e f f e c t has been assumed to be n e g l i g i b l e . 

2o5<.2 H i g h Temperature Vacuum Furnace 

The metals Research High Temperature L a b o r a t o r y Furnace 

comprises a f u l l y sea led element assembly housed i n a v;ater cooled 

case c o n t a i n i n g a lumina i n s u l t a i n g powder. The e lement assembly 

c o n s i s t s o f an imperv ious alumina shea th , h a v i n g a molybdenum element 

wotnd e x t e r n a l l y and p laced c o n c e n t r i c a l l y i n s i d e a l a r g e r sheath 

o f the same ma te r i a l s The sheaths are j o i n e d by a water-=cooled me ta l 
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headerp which completes the assembly and s ea l s the a n n u l a r space 

th rough which the hydrogen i s passed to p r o t e c t the molybdenum vrLndingo 

A ^^/{f^jiQ thermocouple i s p o s i t i o n e d i n the annu la r space c lose to the 

cent re o f the f u r n a c e v^inding . 

A complete d i sp lacement o f a i r f r o m the i n t e r i o r o f the f u r n a c e 

i s ensured by passing hydrogen gas a t l e a s t f o r an hour b e f o r e t h e 

power supply i s swi t ched on„ Th is gas f l o w i s m a i n t a i n e d u n t i l the 

f u r n a c e i s comple te ly c o l d a f t e r a run^ o the rwi se c o n t r a c t i o n o f t he 

gas i n the furnace on c o o l i n g w i l l p e r m i t a i r to be drawn i n t o the 

element assembly w i t h consequent o x i d a t i o n o f the dement i The 

f l o w r a t e o f n i t r o g e n gas, used f o r n i t r i d i n g the T i - b a s e a l l o y s ^ 

was c o n t r o l l e d by a gas f l o w meter . 

A schematic i l l u s t r a t i o n o f t h i s f u r n a c e i s p resen ted i n F igu re 

2 , 5 o 

2 . 5 > 3 A n a l y s i s o f M a t e r i a l s 

The n i t r o g e n c o n t e n t o f the more i o n i c and r e a d i l y h y d r o l y s a b l e 

n i t r i d e s may be determined by the K j e l d a h l methodo Th i s process 

i n v o l v e s th ree stages? ( i ) D i s s o l u t i o n o f the sample i n an a c i d 

s o l u t i o n t o conver t n i t r i d e s i n t o ammonium s a l t s ^ f o l l o v ; e d by a d d i t i o n 

o f a l k a l i t o l i b e r a t e ammonia ( i i ) s e p a r a t i o n o f ammonia by d i s t i l l a t i o n 

and ( i i i ) d e t e r m i n a t i o n of ammonia by s tandard v o l u m e t r i c or 

c o l o r i m e t r i c methods^ The f i r s t s tage i s v e r y d i f f i c u l t f o r the 

m a j o r i t y o f i n t e r s t i t i a l n i t r i d e s ^ These are e x t r e m e l y s t a b l e and 

temperatures above 1 6 0 0 * ^ C are r e q u i r e d f o r d e c o m p o s i t i o n . I n such 

cases, a l k a l i f u s i o n methods are recommended (Passer, e t „ a l , 1 9 6 2 ) o 

The sample i s f u s e d w i t h sodium hyd rox ide i n a P y r e x - g l a s s t e s t tube 

and the ammonia evo lved i a swept by a s low s t ream o f a rgon through 
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a t r a p i n t o a s o l u t i o n o f b o r i c a c i d and t i t r a t e d w i t h h y d r o c h l o r i c 

acidc The argon i s passed through a bubbler c o n t a i n i n g w a t e r to 

ensure t h a t s u f f i c i e n t water i s p resen t f o r complete r e a c t i o n . 

Th i s method a f f o r d s a r a p i d d e t e r m i n a t i o n o f n i t r o g e n i n the 

more c o v a l e n t n i t r i d e s such as boronj a luminium and s i l i c o n n i t r i d e s . 

I t i s a p p l i c a b l e a l so to some of the i n t e r s t i t i a l n i t r i d e s v;here.-. 

the cor responding me ta l oxides are s u f f i c i e n t l y a m p h o t e r i c . 

The r e s u l t a n t sodium s a l t s p f o r example^ Na^-zirconate, may not 

be r e a d i l y s o l u b l e i n wa te r and r e q u i r e a c i d i f i c a t i o n by h y d r o 

c h l o r i c a c i d be fo re the hydrous meta l ox ide can be p r e c i p i t a t e d by 

ammonia a t a s u i t a b l e pH ( B r i t t o n ^ 1955),; E l w e l l & Wood ( l 9 6 l ) 

have a l s o recommended K j e l d a h l d i s t i l l a t i o n method f o r some n i t r i d e s . 

A t the c o n c e n t r a t i o n l e v e l s of 0 - 1 0 0 ppmj, a spec t ropho tome t r i e 

f i n i s h appears to be p r e f e r a b l e t o the I t r i m e t r i c f i n i s h used 

a t h i g h e r c o n c e n t r a t i o n l e v e l s . Orsage (1964) de sc r ibe -

vacuum o r i n e r t gas f u s i o n method^ i n '.vhich case n j . t r o g e n i s eva lua ted 

by " d i f f e r e n c e ' ' ^ The present s t a t e o f t h i s a n a l y s i s i s l e s s s a t i s f a c t o r y ^ 

Moreover, many n i t r i d e s may r e s i s t vacuum e x t r a c t i o n ^ on the o the r 

hand occluded o r f r e e n i t r o g e n e ludes the K j e l d a b l a n a l y s i s ^ 

Sloman e t c a l , , ( l 9 5 l ) r e p o r t e d t h a t s e v e r a l combina t ions o f n i t r o g e n 

may c o - e x i s t i n a sample and there i s no known method wh ich yrtll 

ensure t h e i r d e s t r u c t i o n w i t h h i g h temperatures o r t h e i r t r a n s f o r m a t i o n 

i n t o ammonium ions f o r t h e i r chemica l ana lys i so 

Severa l methods have been d e s c r i b e d f o r the d e t e r m i n a t i o n o f 

n i t r o g e n i n boron and s i l i c o n n i t r i d e s . (Bennet t & Lindopp 195e§ 
Cosgrove & Shears^ 1960? Kriegey 195S). But these methods are l e n g t h y 

and r e q u i r e cons ide rab le m a n i p u l a t i v e s k i l l and are o f d o u b t f u l 
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accuracy when a p p l i e d to h i g h l y r e f r a c t o r y lAater ia lSo Bennet t and 

L i n d o p ' s o x i d i s i n g f u s i o n method r e q u i r e s s e v e r a l hours even f o r 

boron n i t r i d e which y i e l d s a r e a d i l y f u s i b l e oxide^ B ^ O ^ P m pto 
o 

4 5 0 C o Techniques o f gas a n a l y s i s i n metalSp i n c l u d i n g i n t e r s t i t i a l 

n i t r i d e s have been reviewed by James ii36^),. A tube f u r n a c e o x i d a t i o n 

method has a l so been d e s c i i b e d (lieyer e t -oa i . ^ 

The Dumas method, where the sample i s niixed va t h c u p r i c ox ide 

o r l e a d ox ide (Tsuch iya , 1959) and heated i n a c u r r e n t o f pure CO2, 

i s g e n e r a l l y u n s u i t a b l e where the n i t r i d e becomes sur rounded by 

impermeable oxide l a y e r s e . g . vanadium n i t r i d e (Gerschbacherp 1 9 4 7 ) o 

Thus, a tmospheric o x i d a t i o n a t h i g h temperatures (up to 1 2 0 0 ^ c ) 

has proved more e f f e c t i v e p p r e f e r a b l y a t temperatures p e r m i t t i n g 

d i f f u s i o n o f n i t r o g e n and oxygen t h r o u g h the su r round ing oxide l ayerso 

I n cases where the o x i d a t i o n i s n o t q u a n t i t a t i v e 9 d i s s o l u t i o n o f the 

ox ide and f u r t h e r o x i d a t i o n by e i t h e r a l k a l i n e f i i s i o n w i t h sodium 

hyd rox ide or a c i d i c f u s i o n w i t h ' p o t a s s i u m b i s u l p h a t e i s s u i t a b l e o 

2 £ 6 _ B a i L . M i l i i n g 

B a l l m i l l i n g i s a s imple method o f r e d u c i n g the p a r t i c l e size 

o f a s o l i d m a t e r i a l s The m i l l s used were c y l i n d e r i c a l drums 

c o n t a i n i n g p o r c e l a i n b a l l s . Each po t had r a d i u s e d ends t o p resen t a 

smooth i n t e r i o r su r f ace f r e e f r o m corners and c r e v i c e s o The open 

end cover was secured by a quick-^release ba r and screw* The pots 

were o f 2^^ 1 capac i ty and; container" t> '̂̂  ' a r - number o f b a l l s 

th ree d i f f e r e n t s i zes ( 3 6 o f 1 8 o 7 mr diameters; 8 1 of 1 2 . 6 mm d i ame te r 

and 180 of 9 o 5 mm d iamete r )^ 

I n the t u L ^ l i n g m o t i o n w i t h i n the m i l l j , wear ing o f the su r f aces 

o f the m i l l may occur , depending on the p r o p e r t i e s of the porce la iUo 

This i s de sc r ibed by the makerSp the P a a c a l l Eng inee r ing Companyi, 
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as being a hardp dense, non-porous ceramic mater ia l which i s i n 

a v i t reous condit ion a f t e r f i r i n g to over 1200^Co I n view of i t s 

high r e s i s t a n c e to abrasion and c h e a i c a l inertnesSv the makers 

c la im that i t i s u s e f u l when absence of contamination i s required, 

The p o r c e l a i n i S ; however, lacking, m d u c c i l l t y aad s u c e p t i b l e to 

breakage under v io lent impacto 

Although the n i t r i d e s m i l l e d vyere hard mater ia l s (Kiolis ^ 

hardness upt to 9)p neverthe less no fragments of porce la in were 

detected i n the X-ray t races of the m i l l e d sampleso The m i l l i n g 

timesp however^ were 10 hours or lessc The b a l l - m i l l i n g was 

c a r r i e d out under standard cond^ tiouss, X^BO a constant r a t i o 

of sample weight to number and s i z e s of the porce la in b a l l s 

was maintained^ Besides the same porce la in pot was used f o r a 

p a r t i c u l a r n i t r i d e f o r d i f f e r e n t lengths of timec 

The IBM programme f o r computing s p e c i f i - ; sur faces by the 

BoE,T» method was that devised by O^Neil l and Denise H a r r i s 

(Plymouth Polytechnic) and i s given i n Appendixo 
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CHAPTER I I I 

TITANIUM AND ZIRCONIPl'I NITRIDESr 

3.1 T i t a n i u m N i t r i d e 

3 ,1 .1 N i t r i d a t i o n o f T i t a n i u m 

The t i t a n i u m - n i t r o g e n system and i t s thermodynamics have been 

d e s c r i b e d i n Chapter I . Tet r e a c t i o n s which a re the rmodynamica l ly 

f e a s i b l e are n o t n e c e s s a r i l y k i n e t i c a l l y f a v o u r a b l e , e s p e c i a l l y where 

s o l i d s are concerned . Here* the r a t e s depend not o n l y on the 

i n t r i n s i c r e a c t i v i t y o f the m a t e r i a l concerned, bu t a l s o on the 

a v a i l a b l e s u r f a c e o r i n t e r f a c e a t wh ich r e a c t i o n can occur* 

The r e a c t i o n o f t i t a n i u m w i t h n i t r o g e n a t a tmospher ic pressure 

i s c o n s i d e r a b l y s lower than t h a t . - w i t h oxygen a t co r r e spond ing 

temperatures ( B r a d f o r d , e t . a l . , 1949). The r a t e obeys e s s e n t i a l l y 

o 

a p a r a b o l i c l a v i n the temperature.^range. 550-650 C, over t imes 

o f up t o two h o u r s . Gulbransen and Andrew ( l 9 4 9 a ^ b ) f i n d t h a t the 

r a t e cons t an t i n t h i s t empera tu re range i s : -
kp = 5 .8 X 10"^ e x p . ( - 5 6 , 3 0 0 / R T ) g2 C B J ? " ' ' 

N i t r i d a t i o n a t h i g h e r temperatures w i l l be more c o m p l i c a t e d 

c r y s t a l l o g r a p h i c a l l y s ince a l p h a - t i t a n i u m t rans fo rms to b e t a - t i t a n i \ u a 

a t 882.5*^C. I n t h i s work , t h e r e f o r e , c r y s t a l changes have been 

s t u d i e d i n the f o i m a t i o n o f t i t a n i u m n i t r i d e l a y e r s on s u b s t r a t e s 
't 

o f t i t a n i u m and some o f i t s a l l o y s . 

T i t a n i u m , one o f the l i g h t e s t o f the t r a n s i t i o n e lements , has 

o t h e r d e s i r a b l e p r o p e r t i e s such as r e s i s t a n c e to c o r r o s i o n , s t r e n g t h 

and toughness . I n tiie pure s t a t e i t e x i s t s as a lpha-hexagona l 

phase, bu t commerc ia l ly pure t i t a n i u m i s e s s e n t i a l l y a d i l u t e a l l o y 

o f t i t a n i u m w i t h oxygen, n i t r o g e n and ca rbon . A c c o r d i n g to 
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McQuiUan ft M c Q u i l l a n ( l 9 5 6 ) and S a b r o f f e t . a l . ( l 9 6 8 ) , i t i s 

conven ien t t o d i v i d e commercial t i t a n i u m a l l o y s i n t o t h r e e c l a s s e s : * 

(a ) the alpha-phaee a l l o y s , c o n s i s t i n g o f elements wh ich s t a b i l i z e 

the alpha-phase i n t i t a n i u m , namely 0« N , C and a number o f non-

t r a n s i t i o n a l elements^ e . g . , A l , Sn^ Some o f these a l l o y s may have a 

s m a l l amount o f the b e t a - f o r m frozen** i n the s t r u c t u r e a t room 

tempera ture and are known as ' n e a r ' o r ' s u p e r ' a lpha a l l o y s ^ 

( b ) t h e mixed a lpha -be t a a l l o y s , c o n t a i n a d d i t i o n a ; i e l oaen t s ^ i c h ' 

s t a b i l i z e the beta-phase t o such an e x t e n t t h a t the m i c r o s t r u c t u r e , 

a t room t empera tu re , c o n s i s t s o f a m i x t u r e o f the a lpha and be ta 

phases. The a d d i t i o n o f T r a n s i t i o n e lements , such as Fe, Cr, Ho 

and V, s t a b i l i z e s the beta-phase* These a l l o y s are v e r y i m p o r t a n t 

because i t i s p o s s i b l e t o c o n t r o l t h e i r mechanical p r o p e r t i e s by 

p r e c i p i t a t i o n s - h a r d e n i n g , 

( o ) the beta-phase a l l o y s , a re a l l o f b e t a - f o r m a t room temperature 

and c o n t a i n a l a r g e p r o p o r t i o n o f b e t a - s t a b i l i z i n g e lements , e . g . . 

Mo, Cr and V . These have l l j n i t e d a p p l i c a b i l i t y s i n c e t h e y are n o t 

w e l d a b l e , b u t sheet f o m s can be aged u p t o an u l t i m a t e t e n s i l e 

s t r e n g t h o f 131.000 I b / i n ^ C r o s s l e y ft K e s s l e r , 1954) . 

The a l l o y s are produced c o m m e r c i a l l y as c y l i n d r i c a l i n g o t s by 

vacuum a r c - m e l t i n g i n consumable-e lec t rode f u r n a c e s ( S a b r o f f e t . a l . 

1968 ) . 

The occurrence o f an a l l o t r o p i c t r a n s f o m a t i o n i n pure 

t i t a n i u m c o n t r o l s the type o f s t r u c t u r e s w h i c h can be produced by the 

h e a t - t r e a t m e n t o f t i t a n i u m - r i c h a l l o y s . Phase diagrams o f the b i n a r y 

a l l o y systems are i l l u s t r a t e d s c h o n a t i c a l l y i n F i g u r e 3 . 1 ( M c Q u i l l a n 

& M c Q u i l l a n , 1956) . 
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F igu re 3o1 M a j o r Types o f Phase diagrams 

f o r T i - r i c h b i n a r y systems 

The b i n a r y systems o f t i t a n i u m w i t h the elements oxygen, n i t r o g e n , 

carbon and t he i n d u s t r i a l l y Impor t an t a d d i t i o n element a l u m i n i u m , 

are o f the alpha-phase s t a b i l i z i n g typ^e shown i n F igure ^ • i C a ) . 

T r a n s i t i o n elements , on the o t h e r band, a l l appear to g i v e r i s e t o 

diagrams o f e i t h e r type ( b ) o r type ( c ) . The beta-phase c o n t a i n i n g 

more t h a n a c i f t i c a l c o n c e n t r a t i o n o f a d d i t i o n element can be r e t a i n e d 

i n an u n s t a b l e c o n d i t i o n a t room tempera ture by r a p i d l y quenching 

f r o m t h e beta-phase f i e l d p F igu re 5<,l(c) represents a l s o the systems 

o f t i t a n i u m w i t h copper , s i l v e r and goldo The gamma-phase i s a a i d t o 

e x i s t on the t t t a n i x u n - r i c h s ide o f the TiCu compos i t i on (47-50 a t 56 

copper) and i s body-cen t red t e t r a g o n a l ( M c Q u i l l a n A M c Q u i l l a n , 1956 

p , 2 0 6 ) . 

The phase compos i t i ons o f c o m m e r c i a l l y a v a i l a b l e t i t a n i v u n 

( l . M . I . L i m i t e d ) are presented i n Table 3.1o Bor ide c o a t i n g o f these 

a l l o y s has been d e s c r i b e d by Jones ( l 9 7 0 ) and i n the p r e sen t work 

f o u r o f these , i , e . I . M , I . , 130, 230, 3 l 8 and 205, have been s u b j e c t e d 

to n i t r i d a t i o n a t v a r i o u s temperatures* 
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TABLE 3.1 

The Composi t ion and phases o f commercia l ly a v a i l a b l e t i t a n i u m 
( i m p e r i a l M e t a l I n d u s t r i e s (Kynoch) L i m i t e d ) 

COMPOSITION PHASE CLASS DENSITY 
g/cm5 

REMARKS 

Commercially pure Alpha I 4 .51 become success ive ly 
Commercial ly pure Alpha* I 4 .51 mechan ica l ly s t r o n g e r 

T i - 2.5 Cu Alpha I 4 .56 Due t i l e 9 medium 

111(2) 
s t r e n g t h 

T i - 4 A 1 - 4Mn Alpha-beta 111(2) 

T i -2n -2Mn Alpha-beta 111(2) 4 .51 Low s t r e n g t h 

T i - 5 A l - 2 . 5 5 n Alplha-beta 111(1) 4 .46 Medium s t r e n g t h 

Ti-6A1-4V^ Alpha-beta I I I ( 2 ) 4.42 Medium s t r e n g t h 

T i - 15Mo Beta I I — High S t r eng th 

I . H . I , B.S. SPECIFICATIONS 

I-* o o 

130 
160 

230 

314 

515 

317 

318 

205 

TA, 7 , 8, 9 

TA, 2 1 , 22, 23 , 24 

TA, 14, 15, 16,17 

TA, 10, 1 1 , 12, 13 
28 



The a l l o y s were s e c t i o n e d by a diamond g r i t whee l ( B u l l o c k 

Diamond Products L t d . ) and p o l i s h e d . Specimens, about 1 c m . i n 

d i ame te r , i n f u s e d a lumina c r u c i b l e s (Thermal Synd ica te L t d . ) , 

were pu t i n a h i g h temperature vacuum fxirnace (Meta l s Research, Type 
• 

FCA10, de sc r ibed i n Chapter I I , s e c t i o n , 2 .541 For vacuum and 

i n e r t atmospheres (a rgon) a s m a l l amount o f t i t a n i u m h y d r i d e (T iHg) 

was p l aced i n the f u r n a c e t o g e t t e r any r e s i d u a l oxygen o r n i t r o g e n 

i n t he system. For n i t r i d a t i o n , specimens were heated a t temperatures 

between 750-1400**C, u s i n g n i t r o g e n f l o w r a t e s o f 100-125 m l / m i n . 

Subsequent ly , the samples were c o o l e d s l o w l y t o a l l o w the t i tanixxm 

phases t o e q u i l i b r i a t e . The c o a t i n g s were exraninod by X - r a y d i f f r a c t i o n 

and by e l e c t r o n microscopy o f r e p l i c ^ t . Appt»Cittcite thicioaeases 

o f l i i e n i t r i d e d l a y e r s were es t imated. f r« iv weis-ht i n c r e a s e s and s u r f a c e 

areas o f t he i n i t i a l m e t a l sampW CTa^€, 3.2. | ,Ref>7 icaS 'Vw1^«-'teS 3*1-5 
, . 3 , 2 J 

On p a r t i a l , n i t ^ d d a t i o n o f t h e a lpha- t i t an iua^ i (F i^x i r e 3 .2 a,/ 

a t lOOO^C f o r f o u r hour and e i g h t hour pe r iods (gas f l o w r a t e 125 m l / m i n ) 

o n l y TIN cor responding to the " a t o i c h e i o m e t r i c c o m p o s i t i o n was fo rmed . 

The r ema in ing a l p h a - T l showed a s m a l l l a t t i c e expans ion a l o n g t h e a - a x l s 
o - o 

(2 .95 t o 2 .97a ) and c o n t r a c t i o n a long the c - a z i s ( 4 . 6 8 t o 4 . 5 8 A ) , i . e . , 

the (002) spac ing decreased f r o m 2.34 t o 2.29A and passed thro\agh 

the Value 2 .31 A , w h i c h C 9 i n c l d e s w i t h the main spac ing o f b e t a - t l t a n l u m 

( n o - s p a c i n g ) . T h e r e f o r e any b e t a - T l formed a t lOOO^C has been 

n i t r i d e d . f o r no o t h e r b e t a - T i peaks were de t ec t ed , i . e . , TIK and ^-0^' . 

accounted f o r a l l the peaks ( P i g , 3 . 2 ( b ) & ( c ^ . The decreased 002v 

spac ing (2.29A) i s a p p r o x i m i t e l y t h a t recorded i n t h e l i t e r a t u r e f o r 

main peak of the so c a l l e d j E - T l N , b u t two o t h e r main peaks f o r Ihe 

l a t t e r were n o t observed as t hey w o u l d have been masked by T I N and 
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alpha-Oa. peaks, . 

I n F igu res 3 . 2 , 3.3, 3«4 and 3.5 the X - r a y d i f f r a c t o m e t e r 

p a t t e r n s o f -tiie a l l o y s a long w i t h those o f the c o r r e s p o n d i n g n i t r i d e d . 

samples are i>re8ented f o r compaidson. 

There was no a p p r e c i a b l e n i t r i d a t i o n o f a l p h a - T i ( l 3 0 ) a t 750®C 

i n h a l f - h o u r i m p l y i n g t h a t the a lpha-phase remained s t a b l e d u r i n g t h i s 

t ime i n t e r v a l . When the n i t r i d a t i o n o f a l p h a - T i ( l 3 0 ) was c a r r i e d ou t 

a t h i g h e r temperatures (2h a t 1200*?C + t h a t 1400*^C), t h e r e was 

complete conve r s ion t o T I N i n the t o p l a y e r and the (111^ r e f l e c t i o n 

became the most prominent i n s t e a d o f the (220) as was observed a t 

l o w e r temperatures ( e . g . lOOO^C), where development o f c r y s t a l l l n i t y 

may n o t have been c o m p l e t e . F i g u r e s 3 . 2 ( c ) and 3 . 2 ( d ) i l l u s t r a t e 

t h i s o b s e r v a t i o n . I n accordance w i t h Mie f i n d i n g s o f B r a d f o r d , e t . a l . , 

( l 9 4 9 ) r t r aces o f oxygen r e s u l t e d i n r u t i l e f o r m a t i o n ^ i c h predominated 

over n i t r i d a t i o n even a t the l o w e r temperatures (900 -1000^ ) . ' A t 

900^0 ( F i g u r e 3 . 2 ( e ) ) , i . e . j u s t above the a l pha -be t a t r a n s f o m a t l o n 

tempera ture , the X - r a y t r a c e shows peaks f o r bo th Ifae a l p h a - T i (002) 
o o 

c - spac ing a t 2.34A and. the 2.29A s p a c i n g . ^This a g a i n suggests some 

d i s s o l u t i o n o f n i t r o g e n i n the o r i g i n a l a l p h a - T i to s l i g h t l y d i s t o r t 

I t s l a t t i c e , b e f o r e f u r t h e r n i t r i d a t i o n a n d ^ o r m a t l o n o f v e l l - d e f i n e d 

c r y s t a l l i n e T I N . The r e l a t i v e t h i c k n e s s o f t h i s i n t e r f a c l a l zone between 

unchanged a l p h a - T l and TIN depends on tempera ture , and i s p r o b a b l y 

g r e a t e r a t lower temperatures when the n i t r o g e n d i f f u s i o n i s s l o w e r . 

The b e t a - T i a l l o y , s t a b i l i s e d w i t h 15 Mo [F igu re 3.3(a)] g i v e s a m i x t u r e 

o f r u t i l e (TIO2) and T I N i n the presence of s m a l l amounts o f oxygen 

( F i g u r e 3.3»). However, i t n i t r i d e s c o m p l e t e l y t o jTlN a t UOO^C 
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with in 11 hour i n the top layer ( P l ^ r e 3.5 (c))* The X-ray trace 

again shovs a far ther peak f o r a 2.29^ spacing (corresponding to g^TlH) 

replacing the or ig ina l main peak f o r the (l10)»spacing of beta-Ti 
o 

(2.3VA), Comparison of figures 3o3(a) and 3«3(h) i l l u s t r a t e s this-

observation* Electron micrographs of replicas of the o r i ^ n a l and 

n i t r ided surfaces of alpha-Ti (230) and y5-Ti (205) are presented 

i n Plates 3.1 & 3.2. 

Similar results are obtained on n i t r i d ing alpha-Ti (230) a l loy 

(with 2,5 cu). The X-ray diffractometer trace on the o r ig ina l is shown 

i n Figure 3.4. The mixed alpha-beta-Ti (318) a l loy (with 6A1 + 4V) 

also ni t r ides completely near the surface to TiN at high temperatures 

(2 hours at 1200°C + 1 hour at l400®C)p giving a trace s imilar to 

that shown i n Figure 3.3 ( c ) . The d i f f ractometer trace of the or ig inal 

material i s i l l u s t r a t ed i n Figure 3.5o 

3>1.l(a) Compactness of Titanium Nit r ide Films 

The titanium n i t r ide f i lms a l l strongly adhered to the metal 

surface f o r wide ranges of thickness emd temperatures of formation. 

The thicknesses calculated from weight gains on n i t r i da t i on are 

shown i n Table 3.2. 

By analogy with general theories of metal oxide formation 

(E^Tans, 1968)f i t would be expected that at higher temperatures good 

adhesion of the n i t r ide layer would be f a c i l i t a t e d by l a t t i c e d i f fus ion . 

This explanation is applicable only above the Tammann temperature 

(above 700^C f o r T i and 1330^0 f o r TiK), At lower temperatures (above 

about 375^C f o r T i and 795®C f o r the n i t r i d e ) , the adhesion may be 
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TABLE 3.2 

Thickneaaea of TIN formed at d i f f e r en t temperatures 

I . H . I . Alloy Ni t r ida t ion Temperatures 
& Time 

Ni t r ide f i l m 
thickness 9 

230(Ti + 2 , 5 cu) ( i ) lOOO^C, 8 h 27 

( i i ) 1200^0, 
1400°C, 

2 h • 
1 h 51 

ti30 (commercially 
pure alpha-Ti) (1) lOOO^C, 8 h 

( l i ) 1200°C, 
uoo^c. 

2 h 
11 h 

22 

205 (Ti + 15Mo) ( i ) 1lOOO**Cp 8 h 110 

( i i ) 1200^0, 
1400°C, 

2 l i + 
11 h 411 

caused by keying - i n ' t h r o u ^ grain boundary penetration ( Tylecote, 

1960) where surface d i f f u s i o n is operative-. 

Interlocking or adherence may be produced by solut ion of nitrogen 
•L, * 

i n the metallic phase followed by nucleation of in ternal platelets 

when the nitrogen concentration exceeds a saturation value (0.9 

at ^ at lOOÔ C & 4.5 at ?̂  at 1560°C)<, Alternat ively, there may 

be interlocking by n i t r i d a t i o n at the walls of crevices or by 

penetration along dislocations and grain boundaries. I n these 

typical cases, where there i s an increase i n volume on n i t r i d a t i o n 

(Table 1.3, Chapter l ) , any n i t r ide fomed at the metal-ni tr ide 

interface i s l i ke ly to produce compression. This tends to keep tiie 

internally-formed n i t r i de pressed against the metal, reducing the 

r i sk of poor adhesion due to possible cavity-formation. Thus, the 

Pilling-Bedworth rule is probably more important f o r scales where 

there i s anion d i f fus ion from the surface to the metal-scale interface 

(116) 



.fgompared with scales that grow by outward migration of matter as 

.;;̂ J';̂ oV3erved by Vermilyea (1957)- I n the present vxork, cation d i f fu s ion 

>'* f o r titanium is feasible at temperatures above 700 C which explains 

the s t a b i l i t y and larger grain sizes of the n i t r ide f i lms foimod 

at 1000*^C^1200°C + 1400* â. 

3.1.2» M i l l i n g of Titanium Nitride 

The high temperatures required f o r the production of ni t r ides 

cause sintering to the extent l^at samples generally have specific 

^ erurfaces of below 1 m^g~\ and average c rys t a l l i t e sizes (equivalent 

-'^spherical diameters) of over 2/Urn. Thus, samples of titanixam n i t r ide 

were mil led to increase their surface a c t i v i t y and to examine 

changes i n micros true tu re caused by the comminution, V/hen 6 g;-

samples were milled (under conditions described i n Chapter I I , Section 

2.6), the specific surface progressively increased as shown i n 

Figure 3 . 6 a . Electron micrographs showed that the o r ig ina l n i t r ide 

consisted of single crystals and aggregates of about 0 . - 5 — 5 ^ m 

size (Plate 3 . 3 ) . The micrographs of mil led (2h andlOb) and oxidised 

samples are also presented (Plates 3 - 4 , 3 o 5 and 3«6)o The single 

crystals were fractured during the ear l ie r stages of the mi l l i ng and 

the fragments were incorporated in to the aggregates which remained 

approximately the same size throughout the m i l l i n g . Thus, the average 

c r y s t a l l i t e size (Figure 3«6b) , decreased rapidly at f i r s t and later 

slowly when the crystall ites became of sulHoicron s ize. This is in 

accordance with the findings of Bradshaw ( l 9 5 l ) and Hut t ig ( l 9 5 7 ) , 

who found that i f aggregation and a t t r i t i o n processes proceed at 

equal rates, 'a grinding equilibrium* would be set up. Then the 

specific surface or the average c r y s t a l l i t e size, w i l l remain 
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pract ica l ly constant. Prolonged m i l l i n g may favour the tendency of 

the f ines t particles to adhere to one another, and thus causing a s l ight 

reduction i n specific surface a f t e r a maximum has been reached. 

(Gregg, 1961, p.3oQ) Such a process has been^ found to occur i n the 

b a l l m i l l i n g of Kaolinite (Gregg e t . a l . , 1954), graphite (Hickman, 

1 9 5 9 ) and molybdenum disulphide (Braithwaite, 1959). . 

The mi l l i ng caused s t ra in to be set up wi thin the c rys ta l l i t e s , 

so that there was X-ray l ine (or peak)- broadening. Table 3»1 shows 

the half-peak widths of the ( l H > and (200) reflectionso 

• TABLE V 3 

Lattice Strain i n Milled TiN Samples 

Titani\im Ni t r ide . Half-peak widths (2 ) i n Strain (radians) 
Minutes f o r EeflectionB (Using ( 2 0 0 ) 
Tin ( t i n ) TiN ( 2 0 0 ) re f lec t ions . 

Unmilled 14 14 -
Hil led , 2 h 32 36 1o99 X 1 0 " ^ 

Hi l l ed , 5 h 34 36 1.94 X 1 0 " " ^ 

Hi l l ed , 10 h 35 36 1o90 X 1 0 " ^ 

The s t ra in was calculated from the half-peak width of the ( 2 0 0 ) X-ray 

re f lec t ion (Section 2 . 1 o 5 ) » a f t e r a Hewing fo r broadening due to 

c rys t a l l i t e size. Figure 3o6(c) i l l u s t r a t e s the development of s t ra in 

which occurred mainly during Ihe f i r s t two hours m i l l i n g when -Hie single 

crystals were fractured and incorporated into the aggregates. 

Subsequently, the s t ra in remained pract ical ly constant* 

3.1.3 Oxidation of Titanium Nit r ide 

Variations i n phase composition, surface areas, c r y s t a l l i t e and 

aggregate sizes during the oxidation of the unmilled ti tanium n i t r i de 
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have been described i n an ear l ie r paper covering the preliminary 

part of the present investigation (See Appendix-^ )o Crys ta l l i tes 

of r u t i l e , TiOgp s p l i t o f f from the remaining titanium ni t r ide ; before 

they sinter, and i n h i b i t fu r the r oxidation,. Accordingly studies of 

oxidation rates on milled TiN at 450**C (Figure 3q7) show that the 

reaction proceeds readily u n t i l there i s s u f f i c i e n t titanium dioxide ; 

of rat ional c ry s t a l l i t e size composition f o r sintering to form surface 

f i lms through which normal gaseous d i f fu s ion cannot easily occur. 

As before (Glasson & Jayaweera^ 1969)p t i i i s corresponds to about 

509̂  conversion of the ni t r ide^ 

The oxidation rates f o r the longer-milled ( l0 h) and more f i n e l y -

divided sample are s l i g h t l y greater than f o r the shorter (2 h) milled 

sample. The curve fo r the l a t t e r i s s l i gh t ly sigmoidal indicat ing 

i n i t i a l nucleatiouo The la ter part of the oxidation i s somewhat 

paralinear. This temperature (450 C) i s jus t s u f f i c i e n t l y hiigh "for 

sintering of the titani\im dioxide by surface d i f f u s i o n (-Jr ffioPo i n K; 

Ti02 5 460^C)o I t would appeeir that the oxide f i l m i s not s u f f i c i e n t l y 

strong to prevent some scaling i n the f i n a l stages when the oxidation 

rate becomes nearly linear* At 600*̂  and 700®C (Pigs* 3o8 & 3.9) 

the i n i t i a l rates are also pract ica l ly l inear and later become parabolic, 

as found before (Glasson & Jayaweera, 1969) fo r unmilled TiN. 

However, there i s l i t t l e difference i n oxidation rates at 600® and 
o 

700 C and this i s ascribed to the more rapid sintering of the titanium 

dioxide at these higher temperaturesp Cof*, negative temperature coeff 

ic ient found f o r oxidation of certain metals such as niobium (Argent 

& Phelps, 1960; Aylmore, e tos l . , 1960)o 

3f.1'.5 (a) Comnariaon with oxidation of.Tji^tsnium Metal 

For the oxidation of titani\im, Jenkins (l955) and Vfallwork 

& Jenkins (1958; 1959) have suggested a similar mechanism to 
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account f o r paralinear growth. Br i e f ly , i t involves the fol lowing stages 

( i ) The passage of oxygen to the metal-oxide interface through 

an essentially non-protective scale; 

( i i ) The dissolution of oxygen i n ihe metal phase, result ing i n 

the nacleation and grovrth of oxide, on and jus t beneath the 

surface, siXDultaneously with the establishment of an oxygen 

d i f f u s i o n gradient eztendiog i n depth as a function of time and 

temperature; 

( i i i ) The intermit tent ex fo l i a t ion of t h i n sections of the metal 

surface under the influence of the stresses developed by the 

nucleation and. solution processes; 

( i v ) The conversion of these th in layers to tiie h i g ^ s t oxide 

commensurate with the exist ing oxygen potential i n the v i c i n i t y , 

. followed by pa r t i a l s in ter ing of the layers into a porous and 

s t r a t i f i e d scale (See also Stringer, 1960)» 

Jenkins proposed that the parabolic region corresponds to the 

period when oxygen i s taken into solid solution through the metal 

surface Pemsler, 1958 on Zirconium) at a rate i n excess of that 

required f o r the establishment of exfo l ia t ion conditions at that 

surface. The oxygen f l u x through the interface diminishes with 

time as the oxygen gradient penetrates deeper into the metal, and the 

paralinear t rans i t ion i s thought to occur when the f l \ i x Just 

balances the demand made by the intermit tent ex fo l i a t ion process. 

Subsequently the oxygen absorption as measured experimentally i s wholly: 

attributable to the conversion of exfoliated metal surface layers to 

r u t i l e scale. The extremely regular-layered structure of the scale 
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observed on titanium has been expledned on th is basis (stringer, 

1960; Wallwork & Jenkins, 1959)^ As required by tiie theory, the 

oxygen gradient i n titanium does i n fac t reach a 'steady s ta te ' , 

cleaning to extend i n depth duriiag the l inear oxidation period., 

Further, i f the scale i s removed from the metal at this point and 

the specimen re-oxidised at the same temperaturet» the rate is 

approximately l inear as before, indicat ing that the scale i s not 

acting as a d i f f i i s i on barrier i n this instance* 

A model that would accoxint f o r linear followed by parabolic 

oxidation has been suggested ear l ie r by Svans (1924), Fischbeck 

(1933) and Noldge (1938)» I f the rate-determining reaction 

i s a boundary e f f ec t at the beginning, and becomes d i f f u s i o n -

controlled i n the la te r stages, the reaction may be considered as 

a f l u x of matter, J, which has to overcome a series of resistances, 

namely, the d i f f u s i o n resistance R d i^^^ d i f f u s i o n coeff ic ient being 

taken to be independent of concentration) and -tiie surface reactions 

Rl and R2 at the metal-f i lm and film-gas boundaries. The driving 

force i s as usual, a difference i n concentration, ^ c, at the two 

interfaces. 

J = coneto -^c: 
Rd + Ri +R2 

I f the f l u x of material i s approximately constant, then. 

J = d | / d t R^ = a | , , R̂ +Rg = ft 

and consto = k where a, bp k are constants* 

Hence, d ^ / d t = k/(a ^ +b), 

and on integration, 

a .^2 + 2bo | . = 2k. t 
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or by combining the constantsp 

the i n t e g r a t i o n constant being zero i f ^ = 0 a t t = Oo 

This corresponds to a generalized parabol ic law which involves the 

p o s s i b i l i t y that two d i f f e r e n t processes can be ra te-determining 

during the progreaa of oxidation^ The i n t e r f a c e reac t ion governed 

by the t e r n K^a.^ 9 would be ra te-determining i n the i n i t i a l stages 

o f ox ida t i on , and when the scale becomes th i cke r t h i s term w i l l 

become n e g l i g i b l e , the square term governing the t o t a l reac t ion 

rat© (Eubaschewski & Hopkins» 1962, po99)* 

3.1.3(b) Comparison w i t h Oxidation o f Titanium Boride and Carbide 

The ox ida t ion mechanisms f o r these r e f r a c t o i y hard metals 

TiB2 and TiC (Hunster, 1959 and Samsonov & Golubeva, 1956) are 

e s sen t i a l l y s i m i l a r to those f o r t i t a n i u m n i t r i d e and f o r the metal 

i t s e l f . Munster used platinum markers which were found a t the scale 

surface a f t e r ozidatiouo Thusp the o x i d e - n i t r i d e i n t e r f a c e moves 

away f rom the oxide-gas interfaceo I n conjxinction w i t h the defect 

mechanism of r u t i l e , t h i s suggests tha t d i f f u s i o n of oxygen ions 

(0 ~ ) through the scale i s ra te -de te rminiz ig» a t least i n ihe parabol ic 

stage o f the ox ida t ion ; c fop d i f f u s i o n of anion vacancies i n liie Ti02 

(a- tjrpe conductor) which controls o x i d a t i o n of t i t an ium between 

600^ and 700^C and gives a s i m i l a r energy of a c t i v a t i o n f o r coarser 

samples (Tylecote & Mitche l lp 1960)o The l i n e a r po r t i on o f the ra te 

curve suggests^ tha t a phase boundary reac t ion may f i n a l l y become 

r a t e - c o n t r o l l i n g . Probably, the atomic n i t rogen d i f f u s e s from the •' 

metal to the outer scale surface where i t then forms gaseous molecules» 

as i n the decomposition of S - i ron n i t r i d e (Goodeve & Jack, ^94&)• 
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Snai l amounts of n i t rogen are re ta ined i n the oxide layer , and some 

may have dissolved i n the n i t r i d e phase ( d e f i c i e n t i n n i t rogen) when 

f r eed by the ox ida t ion reaction^ The amount of n i t rogen retained 

depends on the reac t ion ra te , s i n t e r i n g temperature and changes i n 

c r j r s t a l l i t e sizes of the materials,, Thusp i t becomes appreciable f o r 

the f a s t e r oxidations of t i tan ium n i t r i d e above 800*^C-where . 

s i n t e r i n g of the t i t an ium dioxide i s also rapid» The f i n a l product 

of composition T102oNo^075 obtained a t lOOO^C resembles ^030^0^2-0.4 

given when TO oxidises ( D e l l e toal .p 1966)? the l a t t e r i s sens i t ive 

also to c r y s t a l l i t e s ize var ia t ions and both -ttie intermediate TJ2N3 

and UO2 are e p l t a x i a l l y or ienta ted w i t h respect to the TOo 

The paral inear k i n e t i c s are modi f i ed by several f a c t o r s 

c o n t r i b u t i n g to the de t a i l ed shape of the i n i t i a l ra te curves of the 

ox ida t ion Isothezms (Oulbransen & Andrew, 1931) eogo, decreases I n 
s 

surface heterogeneity as the reac t ion proceeds, changes i n spec i f i c 

surface or i n l o c a l surface temperature due t o heat of reaction^ 

s o l u b i l i t y e f f e c t s , impur i ty concentrat ions, possible changes i n 

oxide composition and e l e c t r i c a l double l ayer e f fec t so Hence, o f t e n 

the n i t r i d e oxidat ions do not Immediately give parabolic k i n e t i c s , 

as found i n the present work, and i n -the ox ida t i on o f AIN (Coles 

et» a l . , 1969)« Before.coherent oxide layers are formed, the f r e e 

n i t r i d e surfaces remain exposed to the gas phase, so tha t -tiie k i n e t i c s 

approach l i n e a r i t y ^ The subsequent parabolic k i n e t i c s may be r e 

placed f i n a l l y by approximately l i n e a r k i n e t i c s w i l l i abnoimallyslow 

rates where oxide s i n t e r i n g i s extensive, o f t e n g i v i n g considerable 

va r i a t i ons i n the energy of ac t iva t iouo 
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. Zirconityn Ni t r ide , 

3.2 ,1, N i t r i d a t i o n of Zirconium 

The zirconium-nitrogen system and i t s thermodynamics has been 

described i n Chapter !<, The k i n e t i c s of n i t r i d a t i o n of zirconium 

has been invest igated by various workers (Brown^ 19649 p<.179)« 

Gulbransen & Andrew (^9ASa.» c) repor t tha t the reac t ion i s much 

slower than the corresponding one w i t h oxygen or hydrogen^ They 

observed that the r a t e i s independent of n i t rogen pressure i n the 

temperature range 400=850*^0, and ascribe t h i a / t o the fornia t ion 

of a surface n i t r i d e layero This observation was. made also 

Ihravnieks ( 1950) a t higher temperatureso^ Prom a^atudy of the reac t ion 

a t 900-1600*^0, 1-Iallet e toal .p Cl953p 1954) r epor t the format ion 

of a y S - 3 o l i d s o l u t i o n and a t h i n ^ayer o f 06= s o l i d so lu t ion 

surrounded by zirconium n i t r i d e ^ The rate of d i f f u s i o n ' of n i t rogen 

i n t o zirconium i s much lower than that o f oxygen^ Near .the, 

t r ans fo raa t ion temperalazre (852*^C) there i s a marked increase 

i n the absorption of both gases (Guldner.ft Wooteup 1948j Hayes 

& Roberson, 1949)p Saliberkov e t . a l . , , ( 1 9 6 4 ) s tudied the n i t r i d a t i o n 

of zirconium at 1400«1700^< , They observed t'.ie fo rmat ion of an 

outer layer of n i t r i d e , a second layer o f ^ s o l i d s o l u t i o n , and 

a base mixture of y^so l id s o l u t i o n w i t h some s o l i d so lu t i on 

p r ec ip i t a t ed as a r e s u l t of cool ing« According to a l l the above 

workers the reac t ion ra te i s paraboliOo 
» 

The f o l l o w i n g experimental r e s u l t s have been reported 

covering wide ranges, o f tamperaturep and these show, t ha t the ra te 

of reac t ion of zirconixim w i t h n i t rogen i s s t r i c t l y paraboliCe 

Nitrogen pressure = Od atmop 400=825*^0 (Culbrajasen & Andrew, 1949) 
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kp = 5 X 1 0 ~ 5 ' e x p ( -39>20P/RT) ^cvT^b^^' 

Tt 

PNg = 10 « 30o'^iniD.H5,p 860«1045t (p ravne ik8o 1950) 

k p = 5 o 2 X 1 0 " 5 exp ( = 5 2 p O O O / R T ) g^OftT'^"'^ " 

PNg = 1 atmop 9 7 5 = 1 6 4 0 ^ 0 (Mal le t e toa l .^ 1 9 5 4 ) 

Kp = 7 o 8 X lO'^' exp ( - 4 8 £ , 0 0 0 / R T ) e^cm=^$'^'^ 

I n the l a s t equation the values o f Ep are reduce, jomewhatp presum

ably because h a f n i u m » f r e e lodlde<=^zirconium was usedo Since the 

react ion ra te i s v i r t u a l l y independent o f pressure (DravniekSp 1 9 5 0 ) p 

and because of the a p p l i c a b i l i t y of the parabol ic time re la t ionsh ip t 

oxida t ion i s very probably d i f f u s i o n - c o n t r o l l e d by a scale cons is t ing 

of an n-type semi-conductor<, 

Production o f zirconium n i t r i d e from the t e t r a c h l o r i d e 

vapour and nitrogen+hydrogen (Agte AMoersp 1 9 3 l ) and by heat ing 

the metal i n n i t rogen give samples of zirconium n i t r i d e showing 

homogeneity ranges f rom near ly s to icheiometr ic ZrN ( l 3 o 3 wt -^p 

5 0 a t -J^N ) a t 600*^0 to lower n i t rogen contents a t temperatures upV. 
o 

to 1 8 0 0 Co Thusp t y p i c a l samples of n i t r i d e d zirconium used i n 

the present work contained only 1 0 o 3 2 wto-^p 4 2 o 8 at-%,H and 9 o 2 9 w t - ^ p 

4 0 o 0 a t -5^ No 

? , 2 , ^ M i l l i n g of Ziyconium H;Ltr^de 

The n i t r i d e samples s in tered extensively dur ing preparat ion, 

so that t he i r s p e c i f i c surfaces were only about O o 2 m^g^^e and average 

c r y s t a l l i t e sizes about 4 /Umo The sample con ta in ing 9 o 2 9 wt - 9 ^ ( 4 0 * 0 

a t - ^ )n i t rogen was m i l l e d to increase i t s surface a c t i v i t y and to 

examine changes i n the micros t rue ta re caused by the commisutiono 

6g-portions of the zirconium n i t r i d e ( 6 9 o 1 wt ZrN + 30o1 w t -^Zr ) 
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were m i l l e d under standard condit ions described i n a c t i o n 2 . 6 , 

Chapter I Io The s p e c i f i c surface progressively increased ( P i g . , 

3 « 1 0 ( a / ) during the f i r s t 5 hours m i l l i n g , whi l e the i n i t i a l s ing le 

c rys ta l s were f r a c t u r e d and incorporated i n t o the aggregates*, Thus, 

the average c r y s t a l l i t e size decreased r a p i d l y a t f i r s t and l a t e r 

s lowly when c r y s t a l l i t e s became of submicron s ize , s i m i l a r to the 

behaviour of t i t an ium n i t r i d e on m i l l i n g o However, longer m i l l i n g , 

5 to 1 0 hours, appeared to give a considerable decrease i n 

s p e c i f i c surface (from 8o2 to 5^2 m^g°^) and increase i n average 

c r y s t a l l i t e s ize (from OolO to 0 o l 6 ^ m), as shown i n Figure 3 » l 0 ( b : ) . 

The m i l l i n g caused s t r a i n to be set up w i t h i n the c r y s t a l l i t e s 

so that there was X-ray l i ne (o r peak)-broadening as shown i n P i g . 3 . 1 1 

These traces reveal that the metal present has been more extensively 

m i l l e d than the n i t r i d e ^ A f t e r 5 hoxirs m i l l i n g , the s o f t e r metal 

became d i f f i c u l t to remove from the b a l l s o f the m i l l , accounting f o r 

the lower s p e c i f i c surface and l a rge r c r y s t a l l i t e s of the 1 0 hour 

m i l l e d sample (Pigure 3 o 1 U d ) which was more representat ive of the 

n i t r i d e present. Nevertheless^ the s t r a i n i n the n i t r i d e c r y s t a l l i t e s 

increased progressively throughout the m i l l i n g , as shown i n Table 3 . 2 . 

TABLE 3 c 4 

La t t i c e S t r a i n i n M i l l e d ZrN Samples 

Zirconi\im Half-peak Widths ( 2 ) i n Min S t r a i n radians 
N i t r i d e utes f o r Ref lec t ions (using ( 2 0 0 ) 

Z r H ( l I l ) Z r N ( 2 0 0 ) < j : - Z r ( i o i ) r e f l e c t i o n s 

Unmilled 2 5 1 9 30 => 

M i l l e d , 2 h 2 4 2 2 3 2 2 . 5 3 X 1 0 " 2 

M i l l e d , 5h 30 31 >f 70 I0O3 X 1 0 " ° ! 
M i l l e d , 1 0 h 4 4 40 :5^70 I 0 8 8 X 1 0 " ^ 
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3>2.3 Oxidation of Zirconium N i t r i d e 

Changes i n phase compositionp surface area^ c r y s t a l l i t e and 

aggregate s i « e s dur ing the ox ida t ion o f the unmil led zirconium n i t r i d e 

(lOo32 wt 42«8 a t =^N) have been described i n an e a r l i e r paper 

covering the prel iminary par t of the present i n v e s t i g a t i o n (see 

Appendix 4 ) • The zirconium n i t r i d e ox ida t i on i s complicated by 

format ion of te tragonal ZrC2 higher temperatures^ p a r t i c u l a r l y 

over 1200^, and monoclinic Zr02 a t lower temperatures. The n i t r i d e 

i n i t i a l l y forms the so-cal led "^amorphous' cubic Zx02P notably between 

400®-600®Cp which may be s t a b i l i s e d somewhat by the remaining cubic 

ZrNo Subsequently there i s a f u r t h e r f r a c t i o n a l volxime increase while 

format ion of monoclinic ZrOg i s being complotedo 

Vhen samples of zirconium n i t r i d e conta in ing some f r e e zirconium 

metal are calc ined i n a i r j , the metal oxidises r a p i d l y a t temperatures 

of 350°-400^C. The n i t r i d e requires correspondingly higher o x i d i s i n g 

temperatures, and i n i t i a l l y forms the so-ca l led 'amorphous' cubic 

ZrOg (Mazdiyasni & Lynchp 1 9 6 4 ) 9 notably between 400*̂  and 600^0 

(cf. cubic Zr02 from Zr«=alkoiides decomposed i n nitrogen a t 300®-

400*̂ Ct which may be s t a b i l i s e d somewhat by the remaining cubic ZrN 

i n the present work) . X-ray d i f f r a c t o m e t e r traces show an add i t i ona l 

r e f l e c t i o n at 2o94-95Ap some reinforcement of the 2o54f spacing and 
0 

displacement and broadening of the I 0 8 I and 1o54A' spacings of mono

c l i n i c Zr02 towards the shorter distances of to80 and lo 53^ o f the 

cubic formo At h i ^ e r temperatures (700-1000°C)p the a d d i t i o n a l 

r e f l e c t i o n disappears and the main monoclinic Zr02 r e f l e c t i o n s a t 
o 

3.16 and 2o84A develop more rapidlyo The conversion of cubic f a c e -

centred ZrN (a = 4O56A) to cubic face-centred ZXO2 (a = 5O09A) 

involves a f r a c t i o n a l volume increase of 0 o 3 6 7 (of the i n i t i a l 
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volume) which f u r t h e r increases to Oo51B when format ion o f ^ 

monoclinic Zr02 i s completed^ 

The n i t r i d e samples are completely oxidised to Zr02 

temperatures above 600^C w i t h i n reasonable lengths of timeo X-ray 

d i f f r ac tomete r traces aiid powder photographs give no ind ica t ions 

of any o x y - n i t r i d e being formed at temperatures between 40o2 lOOO^C. 

Variat ions i n s p e c i f i c surfaccp Sp ac tua l surface areap S'^ffor 1 g . 

i n i t i a l sample) and average c r y s t a l l i t e size are shown i n Figure 5.12, 

( a ) , (b )p (d )9 f o r u m u l l e d z-irconiiim n i t r i d e samples^ oxidised 

a t 500^C i n a i r^ About ^ ' o f the mate r ia l i s oxidised w i t h i n h a l f -

hour f i g u r e >^12 (c)^ There i s a coc^lderable increase i n s p e c i f i c 

surface and the ac tua l surface area^ ^ Thusp when the z i rconia 

c r y s t a l l i s e s out from the n i t x i d e mat r ix , i t ev ident ly s p l i t s 

o f f to give smaller c r y s t a l l i t e s p which are mainly of sub-micron 

s ize, caused by changes i n type's -of c r y s t a l l a t t i c e and by the vol\ime 

increases given i n the-previous paragraph* Subsequently the ox ida t ion 

becomes very slow and the s p e c i f i c surface decreases w h i l s t the average 

c r y s t a l l i t e size increases as the ma te r i a l s lowly s i n t e r s . A f t e r the 

f i r s t stage most of the surface area i s tha t of the oxide which then 

has an average c r y s t a l l i t e size almost equal to that of the whole 

ma te r i a l . The oxide apparently forms impermeable layers around the 

remainder of the n i t r i d e through which normal gaseous d i f f t i s i o n 

cannot occur, since the ox ida t ion i s incomplete even a f t e r much 

longer heatingo The high mel t ing point o f zirconium dioxide (2700®C) 

gives a Tammann temperature o f about 1210**C (one«ha l f of the m.p. i n 

K) f o r appreciable l a t t i c e d i f f u s i o n and a temperature of about 720*̂ C 

(one- th i rd o f the mop), above which surface d i f f u s i o n can be operat ive. 

(138) 
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Any sintering i s probably given by grain boundary penetration, 

promoted by the presence of unoxldlsed metal (m,p 1860^C), which 

can be ef fect ive above about -i- m.p, of zirconium metal ( i . e . .440^C) 

This type of behaviour has been observed recently I n the oxldaUon 

of Nickel and Chromium where more extensive oxide s intering gives 

good protective films (Maude, 1970). 

Hil led eirconiiim nitr ide (5 houars milled) oxidises rapidly even 

at lower temperatures, v i z . , 400^0'. The very f inely-divided Zr-metal 

present oxidises very rapidly (Figure 3.13 ( b ) ) f so iiiat there i s 

an i n i t i a l decrease i n surface. Later, the surface increases as 

more of IJie ni tr ide i s oxidised (Pig. 3 .13(a) ) , but f i n a l l y an 

impermeable oxide layer i s fbrmed which prevents further oxidation 

at this temperature. Similar oxidation behavioTir i s shown at 

300**C, 435*^C, and 540°C {FlgB. 3.14 (a) (b) & (c)] for Ihe samples 

that have been milled for 2 hours and 10 hours. The somewhat 

lower f i n a l amounts of oxidation for the mil led samples are caused 

by the d i f f i c u l t i e s i n complete removal of the zirconium metal 

component of l^e original n i tr ide from the m i l l . This e f fect seems 

to be proportional to the m i l l l D g time I n the present case, and has 

been discussed i n the previous section. 

Electron micrographs of the unmiil-^cL, min^JL <v»v^Lo<r<(^S^^ 

zirconium ni tr ide samples are 

(142) 
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CHAPTER I V 

VAWADIUHo NIOBIUH AND "EANTALUM NITRIDES 

4.1 VANADIUM NITRIDE 

N i t r i d a t i o n of Vanadium 

The vanadium-nitrogen system and i t s thermodynamics have 

been described i n Chapter lo As genera l ly found f o r t r a n s i t i o n , metal 

nitrides'p the k i n e t i c s of formation depend not only on the i n t r i n s i c 

r e a c t i v i t y of the m a t e r i a l concemedp but a l s o on the a v a i l a b l e 

s u r f a c e or i n t e r f a c e a t vhich r e a c t i o n can occuro 

The n i t r i d a t i o n rate f o r vanadium i s much l e s s a t a g iven 

temperature than f o r the corresponding oxidatioup but i t i s s i m i l a r 

to those f o r the reac t ions of ni trogen with niobium or tantalumo 

Likewise , the n i t r i d e f i lms d i s so lve i n these metals a s f a s t as they 

are formed^ Both, n i t r i d a t i o n and o z i d a t i a n of; vanadium progress 

almost p a r a b o l i c a l l y f o r temperature ranges of 600^=900®C and 

AOO^-SOOPC respect ive lyo Mie r a t e equations f o r ^ = O d atm« 

and Jt (Maximum) = 2 h (Gulbransen & Andrewp 1950) are as f o l l o w s : 

N2 8 Kp = Oo94 X 10"5 oxp ( « 5 n 4 0 0 / H T ) g^cm'^s*'^ 

02 8 Kp = 1o5 X 10"' exp («30p70d/RT) g^cm^s"^ 

i 

Pre l iminaiy n l t r i d i n g treatment was found to lower botii the i n i t i a l 

and ul t imate oxidat ion ra tes o 

4 , 1 . 2 H i l l i n g of Vanadium N i t r i d e 

As with the n i t r i d e s of group I V (Tip Zr)p the high t emperatures 

required f o r producing those of group S (Vp NbpTa) cause s i n t e r i n g 

to the extent that samples g e n e r a l l y have s p e c i f i c sur faces of 

below 1 m ĝ"̂ op and average c r y s t a l l i t e s i z e s (equivalent s p h e r i c a l 
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d i a m o t e r s ) o f o v e r 2 y u i n o ThusTp s a m p l e s o f vanadium n i t r i d e ^ VN^ were 

m i l l e d to i n c r e a s e t h e i r s u r f a c e a c t i v i t y and to examine changes i n 

m i c r o s t r u c t u r e c a u s e d by comminutiono V/hen 6g-*samplcs were m i l l e d 

(under c o n d i t i o n s d e s c r i b e d i n C h a p t e r Up S e c t i o n 2 o 6 ) o t h e s p e c i f i c 

s u r f a c e p r o g r e s s i v e l y i n c r e a s e d a s shown i n P i g , 4 e l ( a ) o E l e c t r o n 

m i c r o g r a p h s shoved t h a t the o r i g i n a l n i t r i d e c o n s i s t e d o f s i n g l e 

c r y s t a l s and a g g r e g a t e s o f about ()'^""8y(wa s i z e ( P l a t e 4 o l ) o The s i n g l e 

c r y s t a l s were f r a c t u r e d dur^ing t h e e a r l i e r s t a g e s o f the m i l l i n g and 

t h e fragments were i n c o r p o r a t e d i n t o t h e a g g r e g a t e s w h i c h r e m a i n e d 

a p p r o x i m a t e l y t h e same s i z e throughout the m i l l i n g s Thusp the a v e r a g e 

c r y s t a l l i t e s i z e ( P i g c A o U b ) ? d e c r e a s e d r a p i d l y a t f i r s t a n d l a t e r 

s l o w l y when the c r y s t a l l i t e s became of sub^micron s i z e ^ T h i s b e h a v i o u r 

^^:i:^^^£e-slmllaT to t h a t found f o r t h e m i l l i n g o f t i t a n i u m n i t r i d e ^ T i N p 

* ? ^ i & a b r i b e d i n C h a p t e r I I I p S e c t i o n 5 o 1 o 2 o E l e c t r o n m i c r o g r a p h s o f 

2fifemii--10h m i l l e d samples a r e p r e s e n t e d i n P l a t e s 4 o 2 and 4 ^ 3 r e s p e c t i v e l y . 

AgaiUp t h e m i l l i n g c a u s e d s t r a i n to be s e t u p w i t h i n the 

c r y s t a l l i t e s p so l i i a t t h e r e was X==ray l i n e ( o r p e a k ) - broadening* 

T a b l e 4 o 1 shows t h e h a l f - p e a k w i d t h s of t h e I W ) a n d ( 2 0 0 ) 

r e f l e c t i o n s o The s t r a i n was c a l c u l a t e d f rom t h e h a l f - p e a k w i d t h o f the 

( 2 0 0 ) X - r a y r e f l e c t i o n ( u s i n g J o n e s ' Meiiiodp C h a p t e r 1 1 , S e c t i o n 2 o 1 o 5 ) , 

a f t e r a l l o w i n g f o r broaden ing due to c r y s t a l l i t e s i z e o F i g u r e 4 * 1 ( c ) 

i l l u s t r a t e s the develoianent o f s t r a i U p ^diich o c c u r r e d m a i n l y d u r i n g 

the f i r s t t\;o h o u r s m i l l i n g when the s i n g l e c r y s t a l s were f r a c t u r e d 

and i n c o r p o r a t e d i n t o the a g g r e g a t e © S u b s e q u e n t l y the s t r a i n remained 

p r a c t i c a l l y cons tanto 

( l U ) 
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PLATE 4 . 5 : 2 VKiiaUium i N i x r i d e , Un 
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T A L B L E 4.^ 

L a t t i c e S t r a i n i n H i l l e d VN Samples 

Vanadium 
N i t r i d e 

Unmilled 

Milledp 2h 

Milledp 5h 

M i l l e d , 10h 

Half-Peak widths (29) i n 
Mnat-e^ foy Ref lec t joAq 
VN 1 1 1 

17 

30 

40 

40 

VN(200) 

18 

32 

42 

42 

S t r a i n ( rad ians ) 
(Using (200) 
r e f l e c t i o n s ) 

1c04 X 10=2 

2o11 X 1 0 ° ^ 

2o07 X 10' =2 

4<.1o3 Oxidation of Vanadium N i t r i d e 

Vanadiujn n i tr idep VNp i s converted to vanadium pentoxide, 

V A O C P a t 450^-650^0 i n a irp X-ray d i f f rac tometer traces give 

no ind ica t ions of any o x y n i t r i d e s or lower oxides of vanadium 

being formed at these temperatureso V a r i a t i o n s i n s p e c i f i c 

sur face , Sj, a c t u a l surface area ( f o r 1 go i n i t i a l sample), S'̂  

and average c r y s t a l l i t e s i z e (equivalent s p h e r i c a l diameter) are 

shown i n Figure 4o2 (a) & (b) f o r 5 ho\ irs -mi l led vanadium n i t r i d e 

oxidised at 550^0 i n a i r * About | - of the m a t e r i a l o x i d i s e s 

comparatively r a p i d l y , whi le S, and decrease cons iderably and the 

average c r y s t a l l i t e s i z e r a p i d l y increases to above 1 /^m* 

Subsequently, the oxidat ion proceeds much more s lowly with corresponding

l y smal ler changes i n the sur face areas and average c r y s t a l l i t e 

s i z e s . When the oxide c r y s t a l l i s e s out from the n i t r i d e matr ix , the 

change i n type of c r y s t a l l a t t i c e (cubic P-'VN to orthorhombic V2O5) 

and large f r a c t i o n a l volume i n c r e a s e (lo272 of the o r i g i n a l volume), 

would be expected to produce cons iderable s p l i t t i n g away of oxide 

c r y s t a l l i t e s c Howeverp the s u r f a c e areas decrease s ince vanadium 

(151) 
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pentoxide sintei 's very r e a d i l y a t 550^0» This temperature i s w e l l 

above the Tammann temperature (ca^ i- m.p^ i n K ) of about 200^0 f o r 

vanadixim pentoxide and close to i t s mopo of 674^0, so tJiat l a t t i c e 

d i f f u s i o n can be extensive^ S'-nce the Tammann temperature o f the n i t r i d e 

i s very much higher (about 900°C )p i n the l a t e r stages of the 

ox ida t ion , the n i t r i d e p a r t i c l e s are surrounded by layers of oxide 

impermeable to normal gaseous d i f f u s i o n ^ Thus, the i n i t i a l 

approximately l i n e a r k i n e t i c s become parafcolic being c o n t r o l l e d by 

l a t t i c e d i f f u s i o n through the oxide layer^ This i s danonstrated 

f u r t h e r by ox ida t ion isotheims on 1 gram<=>samples of m i l l e d and 

unmil led vanadium n i t r i d e shown i n Figures 4o3 and 4<.4o The maximum 

oxida t ion ra te i s given at about 575^C f o r both the 2 hours and lO 

hours m i l l e d samples* The ra te a t 650^0 i s considerably lower i n 

each case apparently caused by more extensive s i n t e r i n g of the oxide 

impeding the oxidat ionj , cfo negative temperature c o e f f i c i e n t s 

observed f o r ox ida t ion rates of Niobium metal (Aylmore e toa l^ , 

1960; Argent & Phelps, 1960)^ Accordingly e l ec t ron micrographs 

show that the i n i t i a l i r r e g u l a r p a r t i c l e s of unmil led or m i l l e d 

vanadium n i t r i d e u l t i m a t e l y give regular-^shaped V2O5 p a r t i c l e s 

on ox ida t ion a t 600**C (Plate 4 .4) 

4.2 HI0BIin4 NITRIDE 

4,2 ,1 N i t r i d a t i o n of Niobium 

The niobixim-^nitrogen system and i t s thermodynamics have been 

described i n Chapter I« Neumann e t o S l o ( l 9 3 4 ) p Brewer e t o a l o ( l950) 

and Armstrong (1949) have also given thermodynamic data on th i s 

n i t r ideo The reac t ion between niobium and h i t rogen mainly f o l l o w s the 

parabolic rate law At 700^0 the rates are s i m i l a r to those f o r tiie 

n i t r i d a t i o n of xitanium and tantalum, but correspondingly slower than 

(136) 



£br zirconiimio The data of Gulbransen and Andrew (l94?J> and 1950) 

deviate s l i g h t l y from the parabolic law i n the ear ly reac t ion stages. 

These workers have measured the ra te constant of the reac t ion of niobium 

metal w i th Od atm,, of n i t rogen and i s represented by^ 

Nb : 500 800^0 s = 6 r t O ^ exp ( « 2 5 , 4 0 0 / R T ) g^cm^^s"^ 

Howeverp by using the method of van Liempt (see Barrer^ 1941 ) p i t 

has been shown that the parabolic ra te lav f o l l o w s f rom considerat ion 

of d i r e c t d i f f u s i o n of n i t rogen i n t o the metals The n e g l i g i b l e e f f e c t 

of pressure i s s i m i l a r to tha t found f o r the reac t ion of n i t rogen 

w i t h tantalum,, I n vacua of 10"^ mmo Hg or lower the niobium-nitrogen 
o 

product loses weight below 6 0 5 C p while at higher temperatures the 

metal acts as a ^getter^ i n a s i m i l a r manner to tantalum and zirconium. 

The react ion apparently does not take place d i r e c t l y on the metal but 

ra ther through a f i l m of n i t r i d e which hinders the pressure from 

exer t ing i t s normal inf luence on t h i s type of reactiono The n i t r i d e 

f i l m thickness i s governed by the ra te of format ion and the rate of 

solutiono The energy of a c t i v a t i o n f o r d i f f u s i o n o f n i t rogen i n 

niobium i s 3 9 p 5 0 0 cal/mole (Angp 1 9 5 3 ) o 

4c2.2 Mil l ing_ .of Niobium N i t r i d e 

When 6g-samples of niobium n i t r i d e were m i l l e d (under condit ions 

described i n Chapter Section 2o6)p the s p e c i f i c surface progress

i v e l y increased as shown i n Figure 4 o 5 ( a ) ^ The changes were of 

s i m i l a r magnitude to those found f o r vonAdium n i t r i d e ^ VWp under 

i d e n t i c a l m i l l i n g conditions^ even tiiough the niobium n i t r i d e sample 

was almost pure £• - NbN ( i n which n i t r i d a t i o n had been near ly complete 

g i v i n g NbNQ ĝ ) having a widely d i f f e r e n t c r y s t a l s t ructursp viZc, 

hexagonal^ ° MoC (Bi)p compared w i t h the cubic P =type l a t t i c e f o r 

VTJp Electron micrographs (Platea 4 c 5 p 4 o 6 p & 4 o 7 ) d i d not show any 

(15?) 
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PLATE 4.7 Niobi';m N i t r i d e , untreated 

Magnif icat ion x 2 C , Page d e c ) 

PLATE 4,8 Niobium Nitr ide , Oxidised in Air at 800*̂ 0 for 5 hours 
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well-defined hexagonal structures e i ther in the original niobium nitr ide 

or in the milled materialo Fracturing of single crystals i n the e a r l i e r 

stages of the mill ing and their incorporation into the aggregates caused 

comparatively larger decreases in average c r y s t a l l i t e s ize (Pig. 4 . 5 b) 

and production of more submicron-sized materials The s t r a i n set up i n 

the c r y s t a l l i t e s caused X-ray l i n e (or peak) = broadening of the several 

reflections associated with one or both of the and c.- axes' of the 

hexagonal la t t i ce , but individual intensi t ies and peak separations 

were insuf f ic ient for even approximate determination of s t ra in 

perpendicular to the different c r y s t a l planes<, 

4 . 2 . 3 Oxidation of Niobium Nitride 

The niobium nitride g - NbN„ i s converted to /g= niobium 

pentoxide, NbgÔ p at 300-<300'̂ C in air^ X-ray diffractometer traces 

give no indications of any oxynitrides or lower oxides of niobixim 

being formed at these temperatures^ of5.Schonbcrg's ( l 9 5 4 ) i n i t i a l 

oxynitride products formed by ni tr id ing S or NbN in steam and excess 
o 

hydrogen at 7 0 0 C or by ammonia ni tr iding of niobium oxides or ammonixim 

niobate (NbN^ ^ 0 ^ ^ and NbNQ^50o^2=Oo3 having a cubic F- lat t ice)o 

Variations in specif ic surface actual surface area (for 1 g, 

i n i t i a l sample)p S**"- and average c r y s t a l l i t e s ize are shown i n Figures 

4 .6 , and 4 . 7 for the atmos^iheric oxidation of unmilled and 5 h -milled 

niobium nitride* These are compared with s imilar chacges for the 

oxidation of niobi\im metal i n Figure 4060 

V/hen the unmilled n i tr ide i s oxidised at 4 0 0 ^ C i n a irp S_ 

increases considerably (Figure 4 o 6 a & c )^ Thus^ when the niobium oxide . 

c rys ta l l i s e s out from the nitr ide matriXp i t evidently s p l i t s off to 

give smaller crystal l i teso Any additional spal l ing at the oxide-nitride 

( 1 6 1 ) 
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interface when the samples were cooled for surface area determination 

was negligible by comparison, since the reheated samples proceeded 

to give oxidation rates similar to those of samples which had been 

continuously heated. Hence., the c r y s t a l l i t e s p l i t t i n g results mainly 

from changes i n type of crystal structure (hexagonal ^ -̂̂  MoC (Bi) to 

monoclinic) and a volxime increase of 1,37 of the original volume 

2ifl the nitride i s converted to the less d^nse oxidOo 

Changes in the actual surface area Ŝ '' ind in the average 

crys ta l l i t e size of the remaining niobium ni tr ide (assuming no 

appreciable sintering) and the niobium oxidep Nb205f, are deduced 

from the surface area data and volume changes and are shown in Pigo4.6 

(b) and (d)o These confim the ultimate sintering of the oxidep and 

the larger c r y s t a l l i t e sizes given i n the f i r s t half of the oxidation 

(above the broken l ine in Figure 4o6 (d)^are caused probably by some 

of the newly-formed oxide not being detached from the n i tr ide surfacco 

This i s similar to the behaviour of aluminium nitr ide on oxidation 

(Glasson et«al<,p 1969)o 

When there i s suf f i c i ent oxide of rational c r y s t a l l i t e 

compositionp i t tends to form a stable coating around the remaining 

nitride particleso Therefore^ the surface area ^ ^ i n the ear l i er 

stage of the oxidation^ increased much more rapidly (Fig^ 4*6 (b))than 

i t would i f a stable oxide layer had been formed throughout the 

oxidationo The experimental results l i e well above the theoretical 

curve calculated from the formula for a continually stable oxide 

layer (Glassoup 195>8)i, vizcp 

where^ ^ surface of product (oxide + remaining ni tr ide) 

^ - sp. surf ace of original 1g- n i tr ide , 

and X - fract ion of nitride oxidised^ 

(165) 
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This i s confirmed by the increases in the number of 

c r y s t a l l i t e r calculated from (S^/g)^, where = s'VloT? 

i c e o = 2,37)^9 to allow i"or volume changes on oxidation 

(Figure 4 . 6 ( e ) ) o 

4 o 2 « , 3 « . 1 o Comparison with Oxidation of Niobium Metal ^ 

Similar behaviour to that of umaillod niobium ni tr ide i s shown 

by 5h-milied niobium nitride and niobium powder on oxidation in 

a i r at 300*^C and 4 0 0 * ^ 0 respectively (Figures 4 o 7 and 4 o 8 ) « The 

milled material apparently has greater surface heterogeneity and 

tends i n i t i a l l y to give l inear rather than parabolic oxidation rates 

(as discussed in Section 3 o U 3 for titanium nitr ide and by Glaason 

et»alo (1969) for aluminium nitr ide oxidation)c Further oxidation 

isotherms are compared in Figure 4 ^ 9 for the milled sampleso The 

oxidation rates ultimately become almost l inear with the fonnation 

of thicker oxide layers which are subject to cracking eind part ia l 

detachment from the underlying metal or nitride because of the very 

large volume increases on oxidationc For oxide layers on larger 

metal samples (sheets)p Kofstad ( l 9 6 0 ) has attributed s imilar 

behaviour to the formation of suboxides near the metal^-oxide interface, 

but these lower oxides were not detected in the present workp 

involving oxidation of the metal powder. 

For isothennal oxidations of )g portions of niobixim nitride, 

a maximum rate was exhibited at about 3 6 0 ^ C for both the J2lr and 

lOh- milled samples (Figure 4 o 9 ( b ) ) c The rates at about 6 0 0 ^ C are 

correspondingly lower? part icularly in Ihe la ter stages of the 

oxidationp probably due to the onset of sintering which tends to 

impede the oxidation processo This reversal of the temperature coeff

ic ient to negative values i s s imilar to that found for oxidation 
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of milled titanium nitr ide i n section > a l o 2 and niobium metal 

by Aylmorep Gregg and Jepson ( l 9 6 0 ) o I t has been ascribed to 

more extensive sintering of the oxide at the higher temperatures 

preventing normal gaseous diffusiono This i s i n accord with the Tammann 

temperature of NbgO^ (-J- moPo in K) being about 6lO^Cp vfhen la t t ice 

diffusion becomes extensiveo Sintering promoted by surface diffusion 

can become appreciable above about -J-m p̂o i n Kg i^e^ 3 2 0 ^ C ( , which 

i s approximately the temperature for the maximum oxidation r ates for 

the milled nitrideo At temperatures above 6 0 0 ^ C p the oxidation 

rates for unmilled niobium nitride increase again with temperature, 
o o 

cfrop rates at 6 0 0 and 8 0 0 C i n Figure 4 o l O , as the la t t i ce diffusion 

increasesc The oxide c r y s t a l l i t e s obtained from the nitride at 

3 0 0 ° C and 4 0 0 ® C are below 0 o 2 ^m average size (Figures 4 . 6 (d) and 

4 o 7 (d) )p but that obtained from the niobium metal at 4 0 0 ° C i s 

correspondingly larger reaching average s izes of 0 o 5 - 0 o 7 / ^ m . 

(Figure 4 o 8 (d)) although the fract ional volume increase i s rather 

greater for the metal oxidation ( l o 6 8 compared with 1 „ 3 7 for the 

nitride oxidation)o Since the metal i s comparatively high melting 

i t would seem that the removal of nitrogen inhibi ts sintering of the 

oxide from the nitrided metalo In both caseSf, "the porosity of the 

resulting oxides i s low at a l l the temperatures studied^ Adsorption 

hysteresis i s only jus t detected, in the most active sampleso Hence, 

the increases i n the numbers of c r y s t a l l i t e s are correspondingly much 

higher for the nitride oxidation than for the metal oxidationp etc 9 

Figures 4 o 6 ( e ) and 4 o 8 (e);, Nevertholessp electron micrographs 

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

the nitr ide at higher temperatufes* (Plate 4 ^ 8 ) 

( 1 6 9 ) 



TANTALUM NITRIDE 

Nitrlda tlon_Qf_ JCanmlum 

The tantalum-nitrogen system and i t s thermodynamics have been 

described i n Chapter I c Neumann e t o a l o ^ (l934)p Brewer etoal. ( l 9 5 0 ) 

and Armstrong ( l 9 4 9 ) have also determined thermodynamic data on this 

nitride© The reaction between tantalxim and nitrogen mainly follows the 

parabolic rate law. At 700*̂ Cp the rates are s imi lar to those for the 

nitridation of titanium and niobium^ but correspondingly slower than 

for zirconium. The data of Gulbransen and Andrew (l949Cp and 1950) 

deviate s l i gh t ly from the parabolic law in the early reaction stages. 

These workers have measured the rate constant of iiie reaction of 

niobium metal with Od atm, of nitrogen and i s represented bys 

Ta ? 60a=850^C s Kp = 1.4 x 1 0 ° ^ exp (-39.400/RT) g^cm"^s°^ 

Howeverp i t i s interesting to note that with the method of van Liempt 

the parabolic ra te law could be deduced from consideration of direct 

diffusion of nitrogen into the metalo The negligible effect of pressure 

i s similar to that found for the reaction of nitrogen with niobium. 

In a vacuum of 1:0^ or lower the tantalum-nitrogen product loses 

weight below 605*̂ Cp while at h i ^ e r temperatures the metal acts as 

a "getter" i n a s imi lar manner to niobiuim and zirconium, The reaction 

apparently does not take place d irec t ly on the metal but rather through 

a f i lm of nitride which hinders the pressure from exerting i t s normal 

influence on this type of reaction,, The nitride f i lm thickness i s 

governed by the rate of formation and the rate of solution of nitrogen* 

The reaction between tantalum and nitrogen between \he temperature 

range 800=1300^0 has been investigated by Osthagen and Kofstad ( 1 9 6 3 ) 0 

The total reaction at this t«nperature range involves both the 

dissolution of nitrogen i n the metal and nitride formation^ The 

(:i7o,) 



former process i s predominant during the i n i t i a l stages of llie 

reaction. Formation of four different nitrides^ namely,, TaN^ 

TagNv TaNQ^̂ Î̂ ĝ and TaNj, has been reported^ the re lat ive 

amounts depending on experimental conditionSo At temperatures below 

l O O O ^ C p mainly Ta2N i s formed^ while above this temperature TaN^ ^ 

and TaN are the main reaction productso TaN. i s formed in traces 

at the nitride-metal surface^ The X='ray d i f fract ion and microhardness 

measurements show that an outer layer of tantalum metal i s rapidly 

saturated with nitrogen^ The nitr ides adhere extremely well to 

the metal surface<> 

3a )erconducting properties of tantalum nitr ide thin f i lm 

resistors have been c r i t i c a l l y evaluated by Gerstenberg & Hall (1964) 

and Berry et^alcp ( l964-) 

e Hi l l ing of Tantali 

When a 6g - sample of tantalum nitride was milled under conditions 

described i n Chapter 11^ section 2oS^ the spec i f ic surface progressively 

increased as shown i n Figure 4 o 1 i C a ) o After about 5 h o the specif ic 

surface and average c r y s t a l l i t e s ize remained pract i ca l ly constant 

on further milling (Figure 4 o ! 1 (a) and (b)X This i s the hardest 

of the nitrides presently inveetigatedp since there was less X-ray l ine 

(or peak)- broadening (Figure 4 o l 2 ) o 

The i n i t i a l nitride consisted of a mixture of about equal parts of 

g; - TaN^ Q and £ » TaK^ ^ giving an overal l empirical 

composition TaN^ 93 + Q 03 (^^^ analys is and oxidation)c During the 

l O h - millings the £>-form i s progressively converted t) the 

form as shown by the X^ray diffractometer traces i n Figure 4 P 1 2 O This 

involves a transformation from a hexagonal CoSn ( B j ^ ) type=lattice 



h 1^. 4 II 

0-2. 

8 



(icO 

v.-



I I 

PLATE 4,9 Tant'ilum s t r i d e . Untreated 

Magnif ica t ion x 20,000 P'^e (17 •) 

PLATE 4,10 Tantalum : ; i t r5de . Oxidised i n A i r a t -lOO r̂; f r 5 hx i r s 
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to another hexagonal V/C (^j^) type^lattice^ The true homogeneity 

range of the B - TaN structure i s nearer 1 than Oo9 atom 

nitrogen per tantalum atoni. via.j , Oc99^1 oOO, and that of the^= structure 

is nearer 0^9 rather than 0o8 atomic nitrogen per tantal\xm atom, v i z . , 

Oo87-Oo90, cfo^ Schonberg (l954)o The crysta l l a t t i ce transformation 

evidently adjusts the distribution of nitrogen to approach these 

homogeneity ranges favourable to the S^^ and 2 = structuresc I t involves 
o 

reducing the £ - axis l a t t i c e constant from 2o9lA for £ = TaN to 

2oddA for the form and rearrangement of the layers so that the 
o 

a - axis la t t i ce cons.tant of 5*19A for the ^ unit c e l l with 5 

molecules becomes 2c94A for the sijnpler^" unit c e l l with 1 molecule* 

This i s equivalent to an increase of about 2^ in the a dimensions wiiiiin 

the layers accompanied by a decrease of about l/'s in 1he c. - distance 

between the layersc Electron micrographs of the unmilled and lOh-

milled nitride give no indication of any well-defined hexagonal 

structures (Piates 4o9 & 4 c l l ) . 

4,3,3 Oxidation of Tantalum Nitride: 

The tantalum ni tr ide i s converted to tantalum pentoxide, 

Ta^O ê at 40O-600°C in a i r , X^ray diffractometer traces give no 

indications of any oxynitrades or lower oxides of tantalum being 

formed at these temperatures^ 

Variations in spec i f ic surface^ actual surface area (for 

11 g - i n i t i a l sample)(, ^ and average cryB ta l l i t e s ize are shown i n 

Figure 4., 13 for the atmospheric oridation of lOh- milled tantalum 

nltridec These are compared with s imilar changes for the ozidation 

of tantalum metal i n Figure 4o14o-

When the milled nitr ide i s oxidised at 500°C i n a i r (Figure 

4o13a)p ^ increases rapidly to a maximum value and then decreases 

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

(176) 
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tantalxun pentoxide c r y s t a l l i t e s out from the nitride matrix, i t 

evidently spl i t s off to give smaller crysta l l i teso Any additional 

spal l ing at the oxide=nitride interfacep when the samples wore cooled 

for surface area determination was negligible by comparison since 

reheated samples proceeded to give oxidation rates s imi lar to those 

of gam )ieci vhich had been continuously heatedo. Henee^ the c r y s t a l l i t e 

sp l i t t ing results mainly from changes in type of crys ta l structure 

(hexagonal CoSn (B35) and WC (b^) to ^= orthorhombic) and a volume 

incxease of 0^97 of the original volume as tiie nitride i s converted 

to the less dense oxide<, 

Changes i n the actual surface area^ * i average 

c r y s t a l l i t e size of the remaining tantalum nitr ide (assuming no 

appreciable sintering) and the tantalum oxide^ yŜ - Ta^O^p are 

deduced from the siirface area data and volume changes^ These are 

•'V/rv/̂ ^̂ ^̂  i n Figure 4o 13(b) and (d)p confirming the ultimate 

sintering of the oxide, \fhen tiiere i s su f f i c i en t oxide of rat ional 

c r y s t a l l i t e s ize composition^ i t tends t-o form a stable coating 

aroun< '•.he remaining nitride particleSo Thereforep the surface 
• 

eLTeai^y i n the earl ier stages of the oxidationp increased much 

more rapidly than i t would i f a stable oxide layer had been formed 

throug^iout the oxidation (Figure 4o13(b))« The experimental results 

l i e above the theoretical curve and are calculated from the formula 

for a continuaii7 stable, oxide layer (Glassoup ISSS)^ viZop 

i ^ / ^ (1 + Oo97x)^ 

whe re i-i t 

^ ^ = surface are of product (loeo oxide + remain

ing' nitride)o 
^ = spec i f ic surface of or ig inal 1 g nitrideo 

and X = fract ion of nitr ide oxidised. 

(leo) 



Accordinglyp increasegi in the number of c r y s t a l l i t e s of up to 

1o8«fold are calculated from {SJ<{)-^^ v/iiere - loC^p 

<y _ ^/ ^. 

f ~ (lo97) p to allow for volume changes on oxidation^ 

4»?o3.(n)Comparison with Oxidation of Tantalum Metal 

Similar behaviour to that of milled tantalum ni tr ide i s shown 

by tantalum powder on oxidation in a i r at the same temperature^ v iz* , 

5 0 0 ° C (Figure 4 o 1 4 ) o The surface areas fluctuate somewhat during liie 

e a r l i e r and more rapid part of the metal oxidation^ The heat 

generated by the high oxidation enthalpy of the f inely-divided metal 

i s not conducted away suf f i c ient ly rapidly and increases the 

temperature of parts of the sample, giving non-isothermal oxidation 

and non-unifonn sinteringo The mixdd blacky grey and white colours 

of the products indicate very uneven distribution of the metal and 

the oxidOo This i s analogous to liie observations of other workers 

(Oulbransen & Andrew ,̂ ^ 9 4 9 g Schmahl et.aloi, 11956p' 1 9 5 8 2 Caplan^ 196o) 

on rapid oxidation of f inely-divided metals^ vihere ef fects of ageing and 

of overheating may account for some of the d i f f i c u l t i e s in interpreting 
the ear l i e r oxidation behaviour for f i lm thicknesses between about 

o 

IOO-3OOOA0 

The surface heterogeneity of the milled tantalum nitr ide i n i t i a l l y 

causes almost linear rather than parabolic oxidation rates (as fo\ind 

for niobium nitride)^ Further oxidation isotherms are compared i n 

Figure 4ol5 for unmi l ied tantalxun nitridOo The oxidation rates 

ultimately become almost l inear with the fomation of thicker oxide 

layers which are subject to cracking and p a r t i a l detachment from the 

underlying metal or nitridoo This i s more prevalent with the metal since 

the volume increase on oxidation ( l o 5 0 of the original metal vol\ime) 

(181) 



i s much larger than that for the nitr ide ( O o 9 7 of the or ig inal 

volume o ) . In the case of the milled n i tr ide a stable oxide layer 

i s established at an e a r l i e r stage i n the oxidation at 500^Cp a f ter 

which the reaction i s impeded onsiderably and the surface area 

becomes pract ical ly constant (f'igf r-e 4-'"SIJJ ) ^ {o% 

The Tammann t cm peri-tin .̂ of the oxide (m„po 11870̂ C) i s about 
o 

8 0 0 Cp so that c r y s t a l lat t ice dif fusion i s minimal a l thou^ surface 

diffusion can be appreciable at 5 0 0 ^ C ( t maP- of Ta^O^ = 4 4 0 ^ c ) 

to promote sintering^. 

The smaller i n i t i a l TaN c r y s t a l l i t e s compared with those of iJie 

metal ultimately produce smaller oxide c r y s t a l l i t e s (Figures 4 o 1 3 ( d ) 

and 4 « 1 4 (d))o The i n i t i a l milled TaN c r y s t a l l i t e s are smaller than 

those of the metal and eventually also produce smaller oxide 

crys ta l l i t e s (cao O0O7 ^m compared with 0 o 2 8 ^un from the metal 

at 500 C)o A similar difference in oxide c r y s t a l l i t e s izes was found 

for the oxidations of niobium nitr ide and metalp even when the i n i t i a l 

materials were of s imilar c r y s t a l l i t e size© Againp the fract ional 

volume increase i s greater for the metal oxidation ( l o 5 0 compared 

wilii Oo97 for the nitride oxidation)^ and the metal i s comparatively 

hig^ melting (ca^p 3 0 0 0 C;„ Hencep removal of nitrogen again seeras 

to inhibi t s intering of the oxide from tiie nitrided metal„ In 

both casesp the porosity of the resulting oxides i s low at the 

temperature studied ( 5 0 0 ^ 0 ) . , and adsorption hysteresis was not 

detected even i n the most active sampleso 

Increases i n the number of c r y s t a l l i t e s for the milled n i tr ide 

oxidation are rather less than those i n the metal oxidation (up to 

about 2 - f o l d compared vath 4"'fold respectively) o Nevertheless^ 

the average c r y s t a l l i t e size of the i n i t i a l n i t r i d e ' i s nnich less than 

that of the metal ( O o O T / ^ m compared wj.th. O o 3 0 ^ m respectively) , 

(132) 



Electron micrographs (Plates 4o fO and 4 o l 2 ) do not show 

such rounding of the edges' of ihe agg/egates of the oxide formed 

from the nitride or the laeral as found v;ith the lower'^melting 

niobium oxide at similar temperaruresj, VIZ o o 550-600 Co 

.̂̂ go /̂by UKidatlon ,of Tantalum and i t s Nitride at Higher Temperatures 

At bgher temperatures crystal l a t t i c e diffusion becomes more 

important in the oxidation of larger niobium and tantalum metal 

samples (sheets )« Niobium pentoxide and tantalum pentoxides are 

n-type oxides in which diffusion i s inward v ia vacant anion s i tes 

(Caliicart ex.al.^ 1958g Cathcart e t o a l o , :96o)o In additdonp as 

mentioned <:ar]ier niobium and lajitalum form the respective pentoxides^ 

involving large volume increases^ These conditions typical ly produce 

the following oxidation mechanism^ oxygen ions diffuse from the 

surface to the metal=oxide interface where they form new oxide 

which, ovang to i t s large volume increase (1^68 and lo50 for ^^2^5 

and Ta20^ respectively.)^ expands against the resistance of the 

existing oxide layero As a result of this expansion^ severe stresses 

develop which eventually rupture the f i l m c In the case of tantalum, 

i t s conversion into oxide has been shox-m to occur by the nucleation 

and growth of l i t t l e plates along the (100) planes of the body-centred 

cube metal (Cathcart e toa lop i9^0)» Simultaneooslyp oxygen dissolves 

in the metalo Ideallyj, an i n i t i a l parabolic growth turning into 

a linear one has been observed by various investigators at 

temperatures between 500 and 700*^G (Peterson et^alop 1954; Gebhardt 

& Seghezzi, 1959; Cathcart e t - „ a l o p I960)c The mechanism isj, however^ 

l ike ly to involve some self-healing so that there may be considerable 

deviations from linear oxidation and the relationship between the gas 

pressure and oxidation rate i s not simplco These types of i rregu lar i t i e s 



have been observed by Hurlen etoal^v (S9t>0=60 In the case of 

niobiufflo On the other handy the oxidation of tantalum depends 

essential ly on the square root of the oxygen pressure (Cowgill 

& Stringers, t9oO)o The strucbare cp n̂ ê of tantalum on heating i n 

a i r and oxygen has been studied by *lerao» ^l967)ij using X<=ray 

di f fract ion technique„ He has identi f ied m^merous forms of tantalum 

oxides, Cogop Ta-0 ( so l id sol'ation)p TaOyp TaOzj ^-foTOi 

(TaOg) ^^"^^2^^- wMdb are formed in a i r at either atmospheric 

pressure or reduced preasureo The nitrogen in the a i r i s believed 

to be important for high temperature oxidation of tantalTOp since 

nitrides such as Tâ W and J^-TaN were observed^ Heating of tantalum 

powder "in oxygen causes viilent ignition and the ^^=^&^0^f, which 

has hitherto been considered t-o be the high temperature form of 

Ta20gP i s obtained. The transf ormation '^'^^ occurs on heating 

in oxygen and the inverse transformation occurs on heating 

i n vacuum at a temperature higher than l300^Co The Helium (TeraOp I1967) 

method of density measurement showed that the ^ - f o r m i s an oxide 

lower than Ta^Opo I n the present wrkj , oxidation of tantalum 
c 

ni tr ide at temperatures of fcOO-UOOO C ^ v e products consisting mainly 

of y/̂ F̂ Tâ O^ with small amo^nta of '̂ -'Te^O«.£, detected from X-^ray 

diffractometer traces. 

Indxistriallyy a study of the thermal oxidation of tantalum 

nitride thin films has led to the development of a thermal processing 

technique by which these metal f i IJDS can be made to exhibit superior 

res is tor characterist ics (Rto etofilop 9̂6̂ 5)0 ^he chemal process 

simply inyolvee heating the tantalum nitr ide ( T S N ) f i lm resistors 

i n a ir at some temperature bet-ween 450 and TOÔ C„ Radiant heating 

was found to be most convenient for this purposco"While the res is tor 

i s maintained at the elevated temperature,, i t s resistance i s monitored 

and when i t reaches the desired valuer the heat source i s quickly removed. 



CHAPTER V 

CHROMIUM AND MOLYBDENUM NITRIDES 

5o1 CHROMIUr-1 NITRIDE 

5«,1,1 Nitridation of Chromium 

The chromium-nitrogen system and i t s thermodynamics have 

been described in Chapter 1̂ , Neumann e t „ a l „ , (l934)pSato, (l938a), 

Maier, ( l 9 4 2 ) and Brewer ©t, a l . , (l950) have also given 

thermodynamic data for chromium nitrideso Nitrogen has a marked 

effect on the melting point of chromium due to sol id solutions 

being formed„ In the present workj, X-ray analysis of high nitrogen 

specimens indicates the presence of two phases: ( i ) a ^r2N- phase 

with a close-packed hexagonal superlattice ( L 3 ) structure with 
0 o 

^ = 4 O 7 6 A and ^ = 4 o 4 4 A (usually found at the Il-poor boundary) 

and ( i i ) a CrN-phase having a cubic NaCl (B^ ) l a t t i ce structure 
o 

with ^ = 4 o 1 5 A o The la t ter is d i f f i c u l t to prepare pure„ According 

to Neumann et^al , , (l93l)p the formation of mixed crys ta l s makes i t 

d i f f i c u l t to determine the heat of formation of CrN from dissociation 

pressures.. ThttiSp the n i tr ide sample \ised for mill ing and oxidation 

contained 7 9 o 9 ^ CrN and 2 0 o 3 % CrgN (from analysis and oxidation 

data)o 

Kinetics of the nitridation of chromium and ferrochrome alloys 

of iron and the so lub i l i ty of nitrogen in chromium have been studied 

by (Kazielskip 1 9 6 6 ) , , X-ray examination indicated phases Cr, CrPe 

and CTgN but not CrN present during the nitridationo The whole 

process can be divided into three stagess 

(135) 



c 

( i ) adsorption of Ng on the surface of the metal and breaking 

up of molecule into If- atoms? 

( i i ) diffusion of nitrogen atoms into the metal (slowestp i^o 

rate-controll ing stage )o and 

( i i i ) chemical reaction for CrgN formationo 

The nitr iding rate and the so lubi l i ty of nitrogen increased wilii 

temperature^ The ni tr ide Cr^N waa formed on the surface and d i f 

fused slowly into tiie s-pecimeno IM-ffusion studies i n chromiTim-

nitrogen system have been carried out also by Arkharov et^alop 

( 1 9 5 9 ) 0 

The conditions of formation and decomposition of chromixim 

nitrides are reported by (Zak^ 1962)p who has also shown by 

thermodynamic calculations the followit^g 

( i ) the reactionp 2 Cr + CrgN predominates above 400°Cp 

( i i ) at 400=1032°Cp CrgN i s formed f i r s t , then CrN according 

to the reaction^ CrgW + -JrH^^ 2 CrUc, 

( i i i ; above 1032 C GrN i s dissociated to form Cr̂ Np -the la t ter 

dissociating above 1477^Cp and 

( iv) as pressure drops the dissociation temperature of n i tr ides 

i s loweredo 

Measurement of n i tr idat ion kinet ics f o r nitrogen«ohromium 

surface reactions during the eai^ly stage of ^he nitride f i l m 

growth has been investigated by Johnson (l966) using Ellipsometry« 

The f i lm i s assumed to be GrgNp which i s opt ica l ly isotropiCo 

The kinet ic behaviour obeys a parabolic lawp with the rate constant 

"16 2 =»1 

of 4<»4 X 10" Cm o The reactions of chromium with nitrogen + 

hydrogen gas mixtures at elevated temperatures (1100-131 O^C) have 

(186) 



been investigated by Schwerdtfeger ( l 9 6 7 ) o 

Using a themogravimetric techniquep Mi l l s ( 1 9 6 ? ) has studied 

the reaction, 2 C^^N ^ 4CrNo The formation and decomposition 

of this higher ni tr ide of chromium i s not sharply defined and the 

reaction exhibits i r r e v e r s i b i l i t y , and there i s a temperature regionp 

at constant nitrogen pressure, of about 25**C i n which the stable' 

composition i s a mixture of CrgN and CrN« The s t a b i l i t y of these 

mixtures i s d i f f i c u l t to account for at presento An average 

value of 1 1 o 3 2 wto^ H bas been obtained as the upper l imiting 

composition of Cr^No The l a t t e r was found to have a homogeneity 

range of approximately 3 vtc% nitrogen (Mil l s , 1 9 ^ a ) o H i l l s ( 1 9 6 ? ) 

found CrN to be nitrogen=-deficient wi-Qi a homogeneity range, At 

one atmosphere pressure of nitrogen tiie upper l imit ing composition 

of CrN contained 2 0 o 8 0 W ^ ? S N compared with the stoicheiometric 

composition of 2 1 ^ 2 2 vrt-^ No The chromium ni tr ide sample uised 

in the present work contained 1 9 o 3 wto^ No 

5 o 1 . 2 l>Iilling of,Chromium Nitride 

When 6 g - ^ samples of the chromium ni tr ide were milled (under 

conditions described i n Chapter Ilg, Section 2 c 6 ) 5 the spec i f ic 

surface progressively increased as shown i n Figure 5 o l ( a ) o Optical 

observations indicated that the original n i tr ide consisted mainly 

of single crysta ls or large aggregates of 5 - 2 5 s i z e with some 

more f inely divided material shown in the electron micrograph 

(Plate 5 o l ) o The single crysta ls v/ere fractured dutring the e a r l i e r 

stages of the mi l l ing and the fragments were incorporated into the 

aggregates ^whlch remained approximately the same s ize througjiout 

the millingo Thus, the average c r y s t a l l i t e s ize ( P i g o 5 o l ( b ) 

( I S ? ) 
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decreased rapidly afe f i r s t and la ter slowly v̂ hen the c r y s t a l l i t e s 

became of sub^micron size* This behaviour i s s imilar to that 

found for the mil l ing of nitrides of groups IVA and VA described 

i n Chapters I I I and IV« Electron m^crograr^ of 2 h and 10 h milled 

samples are presented, i n Plates 5 W uid f .respectively* 

Againp the mi l l ing caused s t r a i n to set up within the 

crysta l l i tes^ so that there was X-ray l ine (o-̂  peak)- broadeninge 

Table 5-1 shows the ha l f peak widths of the ( t i l t ) and (200) 

reflectionso The s t r a i n was calculated from the half-peak 

width of the (200) X-ray reflectioup a f ter allowing for broadening 

due to c r y s t a l l i t e size^ Figure ?3ol(c) i l l u s t r a t e s the development 

of s tra in , idxich occurred mainly during the f i r s t two hoiars mil l ing 

TABLE 5a\ 

Latt ice Strain i n Hi l l ed Cr^Nitride Samples 

Chromium Nitride Half-^Peak widths (25-) i n 
Minutes for Reflection 

Strain (radians) 
Rising (200) 

Chromium Nitride 

CrN ( i n ) CrN(200) ref lect ionej 

Unmilled 12 12 

Mlledp 2 h 38 28 1o37 X 10"^ 

I l i l l ed , lOh 36 26 U02 X lO'^^ 

when the single crysta ls were fractured and incorporated into the 

aggregates^ Subsequently., the s t r a i n remained almost constanta 

Sl ight decreases may have resulted from possible redistribution 

of N to within homogeneity ranges more favourable to Hhe Cr^N 

and CrN structures c f . , behaviour of and tantalum nitrideso 

(190) 
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5c^^3 Oxidation of Chromiuin Nitride^ 

Chromium nitride ie converted to chromium seaqxiioxid© 

(chromic oxide), Or^Oy at 750-1200^0 in airo X-ray diffract^ 

ometer traces ^ve no indications of any oxynitride or other oxides 

of chromium being formed at ttxeee temperatures» Variations in 

P"9Cific surfacop actual surface area (for 1g ^ini t ia l sample)5 

S and average crystall ite size (equivalent- spherical diameter) 

are shown in Figo 5o2, ^ for 3 h-'milled chromium nitride oxidised 

at 1000**C in air* About-J of tiie mate-ial oxidises comparatively 

rapidly (Figure 5o2(o)p while and ^ .decrease and the average 

crystallite size increases to about 0o5 Subsequently the 

oxidation proceeds much more slowly v/itJi correspondingly smaller 

changes in the surface areas and average crystal l i te sizeso 

When the oxide crystallises out from the nitride matrix^ 

the change in type of crystal lattice (cubic P«CrN and hexagonal 

superlattice Or̂ IT to (hexagonal) rhombohedral CrgOj) and fractional 

volume increases (0o354 and Oo59T of 13ie original nitride volumes) 

would be expected to produce splitting away of oxide crystalliteso 

However the surface areas decrease since chromium oxide sinters 

readily at 1000°C, which is near the Tammann temperature (about 

\ moPo in K for Ci'*0-, is 1060®C)p so that lattice diffusion can 

be appreciable as well as extensive surface diffusion (above 

•Ĵ moPo = 620^0)o When sufficient oxide of rational crystallite 

size composition i s f omed, the remaining nitride particles are 

surrounded by oxide layers impertoeable t« normal gaseous diffusion^ 

Thus, the i n i t i a l approximately linear kinetics become parabolic 

(192) 
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being controlled by l a t t i c e diffusion through the oxide layer^ 

This i s demonstrated further by oxidation isotherms on 1 g--sample3 

of milled and unmilled chromium nit'ride shovm i n Figures 5^5 and 

5oAo The greater surface heterogeneity of the milled samples tends 

i n i t i a l l y to give l inear rather than pa/.abolic oxidation rates 

(as generally foiand f or the nitrides of groups IVA and VA and 

discussed in section 3 o i . 3 ) p The oxidation rates become almost 

l inear with the formation, of rhickeT' oxide layers, sc that complete 

oxidation i s not achieved wi-.n-'^ t lea^^onahle time at ^einperr.tures 

below nOO'̂ C (cf, , ^ha'l 5" } 'rjcr.ron micxoj?Tctph of 

an oxidised nitride sai'plo j pres ;ed in Plate'''5o4o 

5 o o 3 (a) Coroparison^ith_Oxidajion of Chiomiiim Metal 

As i n the oxidation of the nitridcj. the main oxide fomed 

on heating chromium metal in a i r at various temperat^ares up to 

1200^0 i s the sesquioxide, Cx^O,^^ Electron d i f fract ion rings 

are sharp when the oxide i s formed at 500^C but diffuse for 

lower temperatures (cf^ Plates 5o5 and 5 .6) . Research on the 

oxidation of vapoux-^deposited chromium fi lms by Glasson & Maude 

(1970) shov/3 that oxidation f i r s t becomes appreciable above 300^C . 

with the sizes of the oxide particJee increasing at higher temperatures'^^i-. 
•'1'' 

and being comparable with those of chromium oxidf*' obtain?jd by decomposition 

of the hydroxide at similar temperato.reij <» In the newly formed 
o 

CrgO^j the 2o4SA (110) apacirig Is the most'p^otninent (Glasflon and 

Leach, t964)0 

The sintering of chromium aesqus.oxide was studied further by 

calcining separate portions of chromium hydroxide for 2 hours at 

a series of f ixed temperatures i n arlr on a thermal balance (Gregg 

& Winsorp l945)o The weight leases showed that the chromium 
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h y d r o x i d e had l o s t adsorbed v/ater a t 200 C when i t s f o r m u l a 

was app rox ima te ly Ct(OH).^ or C^^O.̂ .o'5H^Oo The decompos i t i on t o 

chromic sesquioxide^ ^^2^y p r a c t i c a l l y complete w i t h i n 2 hours 

a t 400*^Co Samples o b t a i n e d in two hours a t 30CX-400*^C had l o s t 

most o f t h e i r water o f c r y s t a l l i s a t i o n trut c o n t a i n e d some oxygen 

i n excess o f CrO^ ( a c c o r d i n g to Rodel1965]up to CrO. 

O0O6 Ĥ O a t about 350^c) f r o m a tmospher ic o x l d ^ t i o n o 

The samples were outgassed a t <*:OO^C(Glas30D. 1^64^^^ t h e i r 

s p e c i f i c su r faces measured f r o m n i t r o g e n i so therms r eco rded on 

the s o r p t i o n balancco No a d s o r p t i o n h y s t e r e s i s was shown a t 

500^0 and overo Nevertheless. , s l i g h t h y s t e r e s i s was observed 

f o r the more a c t i v e ox ide samples prepared a t ;500-400^C and the 

" a d s o r p t i o n " p o i n t s ( P i f i u r e 5o6) were used f o r c a l c u i a t i o n f t o 

The v a r i a t i o n s i n s p e c i f i c evi-face^ Sp and the co r re spond ing 

c r y s t a l l i t e s i zes o f the oxide p roduc t s are shown i n FigSo 5ol 

& 5o8o The oxide samples of l a r g e s t s p e c i f i c s^arface and s m a l l e s t 

average c r y s t a l l i t e s i z e are ob ta ined vihen decompos i t ion o f the 

h y d r o x i d e i s p r a c t i c a l l y complete w i t h i n the g i v e n time^; ioeo^ 

2 hours (ofc. decompos i t ion r a t e s i n Pig,. 5o9)o T h i s behaviour i s 

s i m i l a r to t h a t found f o r nJekel h y d r o x i d e (Classon & Maude^ 1970)o 

The increase i n s u r f a c e area cons t i t^a tes an a c t i v a t i o n 

a s c r i b e d t o on inc rease i n the namber o f m i c r o r d g i o n s i n the 

decompos i t ion p roduc t as compared w i t h the i n i t i a l substance 

(Glasson, 1956)*, and the decrease i n area t c s i n t e r i n g of the product^ 

C r y s t a l l i t e s p l i t t i r ^ r e s u l t s f r o m the changes i n type o f c r y s t a l 

s t r u c t u r e (hexagonal t o rhombohedral) and volume decreases (0o394 o f 

the o r i g i n a l volume) as the hydrox ide ( d e n s i t y = 4o3 approx3 i s 



^1 O.olO 

0 . | O'X 

^ e U t w e p r e s s u r e . P / p ^ 

• 
"Ueior lotion l^oints 

^ -fYono Cr^OHjj , Ccdci-ncA \h ait cd cflffer^ixX 

- C z o o ) - _ _ . _ _ _ _ 



J2oo 5"̂ ^ ^00 7oo g>oo <̂ oo I' 

'temperature ^ 

-for ^ k i h uiY cd M/fererJ: 



Coo 7oo ^00 '^oo 

T e Y v , ) > e y « i f a r c , ° C 

(000 



V3 

2 54- ^̂ 5 



conve r t ed to the more dense oxide ( d e n s i t y = 5 ^ . 2 3 ) . Decomposi t ion 

o f gram i n a t g^saraple o f chromic hydroy::.de •.•rcald cause a ' 

p r o p o r t i o n a t e volume change o f r-z)-rO.>606x = 1 - O c 3 9 4 x ] o I f the 

development i s a p p r o x i m a t e l y the same i n each d-'-*^'-tion, the 

co r respond ing change i n su r f ace i s - Oc39^x,)^" / : i c h amounts to 

( O o 6 0 6 ) ^ , - 0 o 7 1 6 f o r complete decompos i t i on . I n g e n e r a l 

i f and are the a c t u a l s u r f a c e areas o f the o r i g i n a l chromic 

hyd rox ide ana i t s p a r t l y decomposed p roduc t , then^ assuming no 

c r y s t a l l i t e s p l i t ' ^ n , $ . . 

Changes i n the number o f c r y s t a l l i t e s i'Pi'^ure ?:.10) can be es t ima ted 

f r o m the r a t i o ( S j / g ) ^ p where v . the value of the s u r f a c e area 

o f the chromic oxj-de^ i . e . , C "/^, ^ ^ ^ p and S.. the s p e c i f i c su r face 

of the o r i g i n a l chromic hydroxj . r le ; Thus^ allowan«^e be ing made 

f o r the cliange i n c rys t - r i l l a t t i c e (Glasson , 9^-t^b)^ (ie-ft pi^.S^^o}^ 

S i n t e r i n g of the chrom â̂ om sesquioxidec, Cr^^i^^^ f c u n d to be 

enhanced by increased temperatureso T h i s i s i l l u s t r a t e d by the 

decreases i n s p e c i f i c s u r f a c e s and the number o f c r y s t a l l i t e s 

and a l s o the increases obaeived i n the avera«:e c r y s t a l l i t e s izes 

of the ox ide prepared ax h ighe r temparatures ( F i g s . 5o7, 5oS 

& 5o10)o Longer c a l c i n a t i o n a l s o Inc /eases s i n t e r i n g as shown 

by decreases i n s p e c i f i c su r f ace and increases i n average c r y s t a l l i t e 

s i z e ( P i g . 5 .11)0 Since the chroraic hyd rox ide decomposes more 

r a p i d l y a t the hi/^her tenperatu-reSy the newly- formed o x i d e w i l l 

have p r o g r e s s i v e l y more time to s i n t e i . - caus ing f a r t h e r decreases 

i n s p e c i f i c s u r f a c e and i r .c rsases m average c r y s t a l l i t e sizeo 

The aggregate s i z e s or; the cbromium sesq i i iox ide p roduc t s a t 

v a r i o u s temperatures are , snown by e l e c t r o n micrographs (l-iaude, 1970)=, 
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ThO »f feT90a toa inoroaao i n BIEO w i t h h i g h e r tompera turos and 

hoooming moro rounded t h e edges a t lOOO^C^ I l l u s t r a t i n g 

dJitenaiVS e m t e r i i i g . They a r e found to bo a i n x l a r t o tho30 o f 

Ohromiura eesqu icx ide forraed by o x i d i s i n g the n i . t r i d o a t 1 OOO Ĉ 

( P l a t o 5 c 2 ) , Howeverp the os.ide formed by o x i d i s i n g chromium 

powdor nt 1000**C i n a i r cons i a tod of much l a r g e r c r y s t a l l i t o e 

and ag^oga t eo observed o p t i c a l l y t o be m a i n l y above 5ytm. 

Tot,any s p l i t t i n g away of the ox ide c r y s t a l l i t e s cannot bo 

ex tone ive s ince the s p e c i f i c sx;Tfaces of tho o x i d i s e d me ta l 

oamploe are below Oo2 m'^'eT^ „ The o x i d a t i o n g e n e r a l l y obeys a 

p a r a b o l i c r a t o law c o n s i s t e n t w i t h the f o r m a t i o n of a s t a b l e oiddo 

l a y e r and a d i f f u s i o n mechanism ( F i g u r e 5 o 1 2 ) o I n the absonoo of 

ointertngB the average c i y s t a i l i f c o s i z e shou ld i nc r ea se by ( 2 p 0 0 ) ^ 

i . e . J 1o26-foldp f o r complete o x i d a t i o n of every chromium c r y s t a l l i t e . 

As found f o r z i r c o n i u m and n iob ium m e t a l powder o x i d a t i o n s the 

s i n t e r i n g of Cr^O^ i s p robab ly a c c e l e r a t e d by tho r ema in ing chromium 

metals I n c o n t r a s t , the f i n e l y d iv idedp Cr^O^p prepared f r o m the 

hydrox ide s i n t e r s o n l y s l o w l y a t 1 0 0 0 ° C i n a i r ^ l i k e ttie ox ide 

ob ta ined f r o m the n i t r i d e . I n the l a t t e r case^ s i n t e r i n g i s 

i n h i b i t e d p r o b a b l y by the removal of n i t r o g e n . 

o 

I t would be expected t h a t a t temperatures h i g h e r than 1 0 0 0 C, 

o x i d a t i o n by outward metal m i g r c t i o n p r e d o m i n a t e a « Gulbranson & 

Andrew ( l 9 5 7 ) c l a i m t h a t a t about 1 0 0 0 ° C o the r a t e of e v a p o r a t i o n 

of chromium becomes equa l t o the r a t e of o x i d a t i o n p i n terms of the 

number of chromium atoms e v a p o r a t i n g or r e a c t i n g w i t h oxygen ( F i l l i n g " 

Badvprth r u l e bacoraea less s i g n i f i c a n t ) r U l t i m a t e l y , t h e removal 

of the chromium a t the m e t a l - o x i d e i n t e r f a c e leaves beh ind vacancies 

which reduce the adhes ion . Th i s causes detaohmont of the t h i c k e r 

(207) 
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and a p p r e c i a b l y - s t r a i n e d oxioe f . ' l m : 

o f i r o n on o x i d a t i o n ( B & u k l o ^ T h i e l ^ ?940)o 

T h i s type of o-'^idai ^on mechanism a t h ighe r tempera tures would 

a s s i s t f u r t h e r the o x i d a t i o n o f the m e t a l n i t r i d e s , the f o r m e r was 

f o u n d to be complete w i t h i n a few hours a t 1100*^C i n c o n t r / S I to 

incoffl-plete o x i d a t i o n over a much long^er p e r i o d a t lOOO^C { Pigo 

5n2o1 N i t r i d a t i o n of_Holybdenum. 

The molybdenum-oi-trogen system and i t s thenncdynamics have 

been desc r ibed i n Chapter Neumann etoalor . ( l934)f . Sato 

(1938 b)p and Brewer e t . a i o y ( i 9 5 0 ) have a l s o compi led thermodyn-^-

amic da ta on molybdenum n i t r i d e s o Since there i s l i t t l e o r no 

n i t r i d e f o r m a t i o n by d i r e c t a c t i o n between the m e t a l and n i t r o g e n 

i n the temperature range (see S e c t i o n U H ? Chapter l ) , 

k n e t i c measurements m a i n l y conoer j i the i \ i t e o f d i f f u s i o n o f 

n i t r o g e n through molybdenum a t vardous t emre ra tu i e s ( S m i t h e l l s and 

Kanslcyg 195^r'^935). The cr t i o n con' nsd \3% 

D K y f f aP / ( i - ^ ap ,§ 

whcrcp D = D i f f u s i o n coGf.f , k at>d a are constants^P = pressure 

o f n i t r o g e n e i g which sdl.ows f o r the f r a c t i o n o f s u r f a c e 

covered by the adsorbed layerp acco rd ing to Lai\gmuix's isothermo 

C o n d i t i o n s f o r n i t r i d e f o r m a t i o n f r o m ihe me ta l and ammonia 

and the thermal s t a b i l i t i e s o f the c r y a t ^ i l l i n e phases H o a n d KoN 

have been discussed p r e v i o u s l y i n S e c t i o n io l4o The n l t r i d l n g 

o f the a lmost p j r e M o - a l l o y TsM-2A (C OoOOJ, T i Oo09 andZr O o U 

by ammonia ( L a k h t i n & Kogan^ e958) produces a maximum s u r f a c e 

hardness a t 900=1400^0 due to the f o r m a t i o n of Mo.̂ N and HoWo 



N i t r i d a t i o n a t temperatures above MOO C r e s u l t e d i n a decrease i n 

hardness due to r e c r y a t - a l l i s a t i o n o f molybdenum and l a c k o f n i t r i d e 

f o r m a t i o n ^ Optimum n i t r i d i n g c o n d i t i o n s were 900-tOOO°C f o r 1 hour^ 

N i t r i d e d molybdenum sHowed inc reased r e s i s t a n c e (by 60-9O%) to 

p l a s t i c d e f o r m a t i o n a t 1000-l400'^Co The n i t r i d e d l a y e r was b r i t t l e ^ 

I n the present w o r k j the n i t r i d e used f o r m i l l i n g and o x i d a t i o n 

s t u d i e s had a compos i t ion o f 72o6 w t - ^ Mo^N and 2'?c4 w t o - ^ Ho 

(4o95%N compared w i t h 6o50 % f o r MO^N) 

5 c 2 . 2 . H i l l i n g o f Molybdenum N i t r i d e 

6 g - p o r t i o n s o f the Holybdeuuxn n i t r i d e v;ere m i l l e d under 

s t andard c o n d i t i o n s d e s c r i b e d i n S e c t i o n 2^6 Chapter 

The s p e c i f i c su r face p r o g r e s s i v e ' i y i nc reased and the average 

c r y s t a l l i t e s i ze decreased d u r i n g m i l l i n g t imes of up t o 10 hours 

( F i g u r e , 5 o l 3 ) . 

The" m i l l i n g caused strarLn to be s e t up v / i t h i n the c r y s t a l l i t e S j , 

30 t h a t the re was X - r a y l i n e (or peak)=broadening as shown i n 

F i g u r e 5«14o These X=ray d i f f r a c t o m e t e r t r aces rep-eal t h a t the 

n i t r i d e present ( i n the i n i t i a l sample) has been more e x t e n s i v e l y 

m i l l e d than the metalp i n c o n t r a s t to the behaviour f o u n d i n the case 

o f z i r c o n i u i g ^ T i i t r i d e and the m e t a l , as x e p o r t e d i n S e c t i o n 3 o 2 ^ 2 

Chapter I I I o The 'main Mo and Mo.̂ N X = r ay peaks -eyere too c lo se to 

determine a c c u r a t e l y the changes i n h a l f = p e a k w i d t h s f o r e s t i m a t i n g 

the c r y s t a l l a t t i c e ' s t r a i n s o 

The i n i t i a l aggregates and s i n g l e c r y s t a l s are reduced 

c o n s i d e r a b l y i n s i z e d u r i n g the f i r s t 2 h m i l l i n g ^ c f . change i n 

average c r y s t a l l i t e s'a-ti i l l ^ i s t - q r * ! ( ' i n F i g u r e 5c1!5(b) and 

e l e c t r o n micrograpnc, P la ten 5 .S & 5-1^'. T h i s p robab ly r ep re sen t s a l s o 
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removal and comminution o f more b r i t t l e n i t r i d e f r o m the 

o u t s i d e o f the p a r t l y n i t r i d e d me ta l p a r t i c l e s c On f u r t h e r 

m i l l i n g (2-10 hour s ) there was c o m p a r a t i v e l y less change i n the 

average c r y s t a l l i t e s i z e s and the aggregate s izes of the ma te r i a lo 

5.12,1 _Qx i da t i on_ o l _Ho i y bae_r'j.!n .̂Ni t r i d e 

Molybdenum n i t r i d e i s conver ted to s o l y b d i c ox ide , t-'oO^, 

a t temperatures between 3SCMfiOO^C i n a i r . X - r a y d i f f r a c t o m e t e r 

t r aces g i v e no i n d i c a t i o n s of any o x y n i t r i d e s or lower oxides of 

molybdenum being fo rmed a t these temperatureSo V a r i a t i o n s i n 

s p e c i f i c surfaces, a c t u a l s u r f a c e area (for- 1 g i n i t i a l sample) 
t . . 

S_ ' and average c r y s t a l l i t e si%e ( e q u i v a l e n t s p h e r i c a l d iamete r ; 

are shown i n F igu re f o r 5 h - m i l l e d molybdenum n i t r i d e 

s u b j e c t e d to a tmoapher ic o x i d a t i o n a t 400^C, About f o f the 

m a t e r i a l o x i d i s e s c o m p a r a t i v e l y r a p i d l y ^ w h i l e S and values 

decrease and the avora#f.e cr;̂ --? t a l l i t e s i z e inc rease t o about OoSyMm, 

Vmen the ox ide c r y s t a l l i s e s o u t f r o m the n i r r i d e marr ixp the 

chang?n i n t?.' es o f c r y s t a l 3att i ' : -e ( cub i c ilaC3. (B^ ) of Mo^N or 

cubic b . c . V.'(/.2) o f V\o to or thorhomblc MoO,̂ ) and l a r g e f r a c t i o n a l 

volume increases (? :84 and 2 ,> c£ tnc o r i e i ' ^ a l MopN and Mo volumes 

r e s p e c t i v e l y ) would be expacted t o produce cons ide rab l e s p l i c t i . n g 

away o f oxide c r y s t i l l i t e s . Howevei's the s u r f a c e areas decrease 

s ince moiybdic oxide (HOO^) s i n t e r s v e r y r e a d i l y a t 400^C. This 

temperature i s w e l l above the Tammann sempernture (about ^ mop. i n 

k ) o f about 2 f > 6 ' * 0 fos* moXybdic ox ide , so t h a t c r y s t a l l a t t i c e d i f f u s i o n ^ 

can be e x t e n s i v e . Hence, i n the l a t e r stages o f the o x i d a t i o n the 

r ema in ing n i t r i d e p a r t i c l e 3 are surrounded by l a y e r s o f oxide 

impermeable to normal gaseoiia d i f f u s i o n . The I n i t i a l a p p r o x i m a t e l y 
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l i n e a r k i n e t i c s become p a r a b o l i c b e i n g c o n t r o l l e d by l a t t i c e d i f f u s i o n 

through the ox ide jayer . . TViis ia ahown a l s o f o r o x i d a t i o n o f m i l l e d 

and u m n i l l e d n i t r i d e samples -n F igu res 5 o ^ 5 { c ) p 5^16 and 5^17 a t 

temperatures r ang ing between ?50--450^Co As found f o r o t h e r n i t r i d e s j , 

the n i l l o d m a t e r i a l a p p a r e n t l y has the gvsa te r s u r f a c e h e t e r o g e n e i t y 

and has more te:\doncy ro ^ v e i m t i a J l i n e a r rathe^' thrm p a r a b o l i c 

o x i d a t i o n r a t e s (as d.iscussed in o e o t i o n ? o ^ . * 5 ) . , 'The o x i d a t i o n r a t e s 

inc rease compara t ive ly litti-?. between 450"' and 600*^09 o f , . P i g . 5 « 1 8 ( a ) 

and (b)p most p robab ly caused by moi.e e x t e n s i v e s i n t e r i n g o f the o:ride 

impeding the r e a c t i o n a t tji© h i g h e r tenp^-Taxure ('if., vanadium 

n i t r i d e ^ S e c t i o n ^.-.c?)? and s i m i l a r l y impeding the f i n a l o x i d a t i . o n 

o f the 10 h= compared w i t h the 2 h - m i i l e d samples.. Ac?cordingly 

e l e c t r o n micrographs shov? th:-.i the i n i r i a l i r r e g u l a r p a r t i c l e s of 

u n m i l l e d or m i l l e d n i t r i d e u l t i m a t e l y g i v e r e g u l a r shaped MoO^ 

p a r t i l e s on o x i d a t i o n a t and e s p e c i a l l y a t 550 C^Plates 5o9 

& 5 o l i } ^ The u n m i l l e d n i t i ^ i d e enov/s some c r y s t a l l i t e s p l i t t i n g i n the 

e a r l i e r o x i d a t i o n s t sges a i the lower temperature^ vtz^g 400^Cs 

bu t more ex tens ive s i n t e r i n g predominates a t the h i g h e r temperaturop 

550*^Cp when l e s s f i n e l y d l v i d f t d m a t e r i a l i s gaven^ 

5i>2q3,(a) . C o m p a r i s o n „ ^ i i J ; i > ^ = 5 S i 1 I f ^ L . 2 1 2 . m e t a l . 

The main OTtide formed an ox-idation o f molybdenum powder i n 

a i r n t ÔÔ 'c i s molybd ic 07J.de. tsoC\y as found f o r the oxi .d ised 

nitridSo About -f- of the meta l i s o x i d i s e d r s p i d l y p accompanied 

by some s p l i t t i n g avray of the ox ide c r y s t a l l i t e s f r o m t n o meta l m a t r i x 

as evidenced by i nc i ea see i n s p e c i f i c suxfaccp S and a c t u a l s u r f a c e 

areap S ( f o r a 1 g - o . n i t i a l m e t a l sample; and decreases i n average 

c r y s t a l l i t e s i z e (F igu re [5.19^- Th i s behaviour i s a s c r i b e d to the 
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PIxATE 5,12 liolybdonu^ ^ t a l Voivdet*, 0:d.dised i n A i r a t 500°C f o r 1 houi-

l lagniTicat ion y. 30,000 Page {'^2'^) 

PLATS 3ol5 Uolybdeniun t lctal Powder, Oxidioed i n A i r a t 400°C f o r 5 hours 



change .̂n typs o.f cryszal iatVdce aiid large f r a c t i o n a l volume increase 

( v i z . 3 2o3 of the o r i g i n a l volume described i n trie preceding s e c t i o n ) 

when the metal i s ox id i sed to the l e s s dense oxideo Suhsequently<, 

oxide s i n t e r i n g predominates sc that S and. S diminish and the average 

c r y s t a l l i t e s i s e i n c r e a s e s . T h i s s table oxide f i l m l i k e that obtained 
y 

from the n i t r i d e aga'in coneidorably inpsdee the oxidation^ S i m i l a r l y 

e lec tron mierogrnpha shov thai- the o r i g i n a l r o u n d e d ( s in t ered ) p a r t i c l e s 

of Moiybdenxim powder ar<? largeW l O T i a f f e c t e d by l i m i t e d (7^5^) ox idat ion 

at 400*^C i n 3 hours (P la te ^ bux more extensive oxidation a t 

500^0 i n a i r (about I'Of^ oxadauvon ;.n Dh) produces some f i n e r mater ia l 

with l e s s rounded aggregax:ofl T h i s part of the ox id i sed specimen 

i s shown e l e e t r o n - m i c r o g r a p h i c a i i j i n P late 5..12,but together vn.th 

coarser r e m a i n d e r of t.h? mat^r ia i , it- s i n t e r s e x t e n s i v e l y on f u r t h e r 

heating to above one m i o r o n ir- i^z-e,, 



CRAPTKR_yX 

Tho present T r-r^o-yrc'n ropoiT.ed in Chr.TUfj.t I I I ' ^ V domons trates 

nv^ gc-i;:i-'l. ji'M ni--..:? r:'^j-o:i* m Ch-.]-*.'%r ;f T!̂ e k : ^ i and 

piooiiotT. ci oy-:.(i~ J.i O'l -̂i u : : . j LOLI "..cysi-,. 717. 

Tit -Jb, Tar, Or ntia fio, d^^wnJ nuiio.l:,' 01; nno itit:rin?jLC 

r e a c t i v i t y of the mater ia l and th?. a v a i l a b l e svrfaoQ at which 

oxidat ion can occur„ 

The teraperaturea for the f o m a t i o n of the n i t r i d e s are 

s u f f i c i e n t l y high to caaao extensive einterinef 90 that, the 

products usua l ly have apec- i f ic su: faces below 1 and average 

c r y s t a l l i t e s i z e s abcire Oo'^ When the n i t r i d e ? axe mi l led 

the speci . f ic surface progress ive ly Increa&eBo E l e c i r o o micrographs 

show that the o r i g i n a l n i ' n d e e c o n s i s t of a log le c r y s t a l s and 

aggregatftSo The s ing le c r y s t a l s are .f;'.act»-ixed in fehe e a r l i e r 

stages of Che m i l l i n g and the fragments are -incorporiited into the 

aggregates^ The a^-erage oryetal l-vte s i z e s decjease r a p i d l y a t 

f i r s t and late:r s lowly when the c / y s r a l l a t e s become of submicron 

s i z e . 

The mi l l ed n i t r i d e s apparently ha^^ greater sur face heter-

ogeniety and tend i n i t i a i i ^ to tpve linom:- rather than p a r a b o l i c 

oxidat ion ratee^ un^Al suf 1 icxen c oxide of T i t i o n a } o r v s T a l l i t e -

s i z e composition i s forrned no ^i-^e stabrie oxine layers. . The 

k i n e t i c s and oxidation i-a^eo are i n f l u c n i e d a l so by d i f f e r e n c e s i n 

type of c r y s t a l a u u o r u r o and xr. molecular vfjluae of the n i t r i d e s 

and t h e i r oxide products. T h i s leads to ep l^t t in^ av?ay of newly-

formed oxide c r y s t a l l i t e s from the remainirig n i t r i d e matrix^ 

(2?.h) 



p a r t i c u l a r l y i n the e a r l i e r a t a ^ s of many of the oxidat ionsc 

Thusip there are m i t i a l lncrof;ses i n s n c c i f i ' * surface and decroi^sea 

i n arerae-e -rr-/i.Ta l l tC:: .^aZA. 

Ta corJ oxi-i-- -*Lnt:^ri-v: -ie'.-zeastf^* liic; Gorf.-K;* area , bexn^ 

enhanced by longer c a l c i n a t i o n a M higher temperatureSo T?he 

s i n t e r i n g i s contro l l ed by srarface d i f f u s i o n promoting gra iu= 

boundary penetrat ion at' lowei tempera"faires (above about m.po 

i n k ) and c r y s t a l l a t t i c e d i f f u s i o n a t hig-her temperatoree (above 

the Tammann temperature^ about \ m,pe i n K)c Comparison of the 

oxidat ion of n i t r i d e d and f r e e metaJs indioafees that oxide 

s i n t e r i n g i s i n h i b i t e d sometimes by removal of nitrogen but 

acce l era ted occae ional ly by the remaining metalo 

I n the formation of t i tonioja n i t r i d e from ^--p _;-p and 

mix^d ^ t i tanium al loys , , the n i t r i d e l a y e r s adhere s t r o n g l y 

to the metal substrate^ X^ray a n a l y s i s i n d i c a t e s that there i s 

some d i s s o l u t i o n of nitrogen i j i the o r i g i n a l or t i tan ium 

to s l i g h t l y d i s t o r t t h e i r l a t t i c e s to that of the so-^called E 

TiNp before f u r t h e r n i t r i d a t i o n and formation of well-<lef ined 

c r y s t a l l i n e TiN^ There are only s m a l l voliime increases (Oo05 

to O0O8 of -tile o r i g i n a l mettil volume) during the n i t r i d a t i o n s j , 

f a c i l i t a t i n g good adhesion of the n i t r i d e layi^rc At lower 

temperatures (SOO^iSOO^c) l a t t i c e d i f f u s i o n i s a l so operetivCo 

However^, the s c a l i n g r e s i s t a n c e of t i tan ium n i t r i d e i n a i r i s poor^ 

s ince i t ox id i ses apprec iably a t tempseaturea atove only koO^C^ 

I n the oxidat ion of t i tanium nitr ide; , c r y s t - a l l i t e s of r u t i l e 

s p l i t o f f from ttie remaining n i t r i d e before they s i n t e r and i n h i b i t 

f u r t h e r oxidationo Zirconium n i t r i d e ox idat ion i s complicated by 

formation of tetragonal ZrO^ a t higher tesip^raturesp p a r t i c u l a r l y 

(22'!) 



above ^200^0. oixd mODOcl.lmc ZY<»^ nt Icwer teciperaturee = Tho 

n i t r i d e i n i t i a l l y fornis the ao-ca l lod ^amoiphoua^ cubir ZrO^ 

notably betv/een 400-600^0,, wiuch. may be s tab.i .l ised somewhat by tiie 

^ enia; nn r-i*̂ , cubic ZrH. Sf.-bscnu'Tri rl.v. ii^nrz r. furfcrior f r a c t i o n a l 

voJ.'.'.vx i IK're .'.J .90 wliil'j fo "̂^ ' \ firi •:,!.' no^io ' I ^ I I L ^ -. ^ '-"liic 

comple t-eOo 

The atI?.o^^plier•LC v.i on v^i;..jfi; vnt r i i t . r i i c , Vii; ci^. 

450«'650^C produces vanadium pentoyidej, V^Oĵ '. whj-'h i s comparatively 

low melting (m.po tld'^c) a n d s.lnrexs es-tensrffe"Jy;. Hence^ oxide 

s i n t e r i n g predomi'iatea over poss ib le yurf.v.ce a c t i v a t i o n caused b y 

a n y c r y s t a l l i t e s p l i t t i n g thro'Cigh change xn type o f c r y s t a l ' la t t i ce 

and large fracta.onnl volume increase (i,.27 of Hie o r i g i n a l volume)j, 

as the n i t r i d e i s converted to the lef53 den^e o x 3 . d e . The maximum 

oxidat ion rate if? ^ven a t about >O0^Cc. Lovrer r a x e s a t 500-650^C 

are ascr ibed t o toore extenaivR o.si.ue s i n t e r i n g impeding the 

oxidation^ 

Niobium n i t r i d e ( E - Nt'̂ I) and tantalum n i t r i d e (E=- and 

TaN) are converted i n a i r to niobxvua pentosnde^ -^-l^flT'^O^ a t >00='800'̂ C 

and t o n t a l T i n : p c n t o x i d S p =Ta,̂ 0.̂  ax ^OOSdO^O r e s p e c t i v e l y . There 

are coneiaerable incres see in s p e c i f i c sur face and decreases i n 

a v e r a g e c r y s t a l l i t e e i ze 'Jn the r -nr l i er stages ot the oxidations 

w h e n t h e oxides c r y s t a l l i s e out- from the remn::njng n i t r i d e matrires^ 

S i m i l a r behaviour i s shov* v.'hen the rr.e l'-*.Ls a r e oxidi.ycd i n Ai:ro 

I n a l l casesy there a r e loif^e column i r K J e a s c o r e s u l t i r j * i n extensive 

c r y s t a l l i t e s p l i t t i n g . Subsequently, i.he newly-formed 02u.des winter 

causing the oxidat ion to be impeded^ The a l n t e n n g of the n i o b i u m 

pentoxide betii^een 400'oOO*'*C i s extens ive enought to rexerse the 

temperature c o e f f i c i e n t to nep.aidve values f or the oxidr.tion rotes of 



the n i t r i d e as w e l l as those p r e v i o u s l y f o u n d f o r the metalp A t 
Q 

t e m p e r a t u r e s » above 600 the o z i d a t l o a r a t e s i nc r ea se aga in w i t h 

temperature as the c r y s t a l l a t t i c e d i f f u s i o n increases^ P r o d u c t i o n 

o f c o r r e s p o n d i n g l y s m a l l e r ox ide c r y s t a l l i t e s f r o m the n i t r i d e compared 

w i t h the meta l o x i d a t i o n s suggests t h a t removal o f n i t r o g e n i n h i b i t s 

ox ide s i n t e r i n g ? the c o m p a r a t i v e l y h i g h m o l t i n g m e t a l i s n o t expec ted 

t o a c c e l e r a t e s i n t e r i n g i n Ihe m e t a l o x i d a t i o n . , 

Chromium n i t r i d e s ^ CrN and CrgN, are t he most o r i d a t i o n ^ - r e s i s t a n t 

o f the n i t r i d e s s t u d i e d ^ Both o x i d i s e d t o g i v e c h r o m i u i n » s e s q u i o x l d e « 

CrgO^p a t tempera tures between 750--1200^Co The chromic ox ide s i n t e r s 

e x t e n s i v e l y a t temperatures above 1t)0O^C ( i o e ^ above about i t s Tommann 

tempera ture) so t h a t o x i d a t i o n o f the n i t r i d e s i s impeded» Never the less , 

s i n t e r i n g i s l e s s ex t ens ive t h a n t h a t f o u n d i n the o x i d a t i o n o f t he 

meta l a t c o r r e s p o n d i n g temperatureso I t i s more comparable w i t h t h a t 

o f chromic s e s q u l o x i d e fo rmed by t h e r m a l l y decomposing ch romic 

hydroxidCc The c o m p a r a t i v e l y l o w e r m e l t i n g chromium m e t a l a p p a r e n t l y 

a cce l e r a t e s ox ide s i n t e r i n g o 

When molybdenum n i t r i d e , MOgNp o x i d i s e s i n a i r between 350»550^Cp 

main ly molybdic oxidcp KoO^ i s formedo SinoOf, t h i s o x i d e i s 

c o m p a r a t i v e l y l o w « m e l t i n g (795^c) i t s i n t e r s r e a d i l y and h inde r s 

o x i d a t i o n o f bo th the n i t r i d e and the metalo 

These s t u d i e s are b e i n g extended t o o t h e r t r a n s i t i o n meta l n i t r i d e s , 

n o t a b l y o f feingsteno F u r t h e r i n v e s t i g a t i o n s have been c a r r i e d ou t i n 

t h i s Depar taent on t he f o r m a t i o n and r e a c t i v i t y o f i o n i c and 

c o v a l e n t n i t r i d e s (Olassoa & Jayavreera, 196S=69 and Colesp 1969-70) 

and a l s o on o t h e r r e f r a c t o r y h a r d m e t a l and non-me ta l boridesp c a r b i d e s 

and s i l i c i d e s (Olasson & Jonesp 1969='70)o 
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A P P E N D I C E S 

1. Curves f o r c o r r e c t i n g l i n e breadths f o r K - doublet and 

in s t r u n e n t . a l broadening i n the method by Jones f o r d e t e r m i n i n g 

i n t r i n s i c X-rav l i n e ( o r peak) broadening. 

2, C a l c u l a t i o n o f the a i i g u l a r s e p a r a t i o n of the and ^ 

^ compononts of K r a d i a t i o n . 

TS'l 1130 Corapliter programme for'B„3.T. gas s o r p t i o n date. 

4, Reprint of published paper 

Formation and r e a c t i v i t y o f n i t r i d e s . 

IV T i t a n i u m and zi r c o n i u m n i t r i d e s . 

J. a p p l . Chem.. 1969, 182-4 
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APPEHDIX H 

0-9 h 

e g h 

0.7 h 

Curve for co r r e c t i n g l i n e breadths f o r K -doublet 
^,..^0:^'^- broadening. 

Curve for cor r e c t i n g l i n e breadths f o r instrumental 

broadening 
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•Ap-pehdix 2 

C a l c u l a t i o n o f the angular s e p a r a t i o n of the 1 

' and 2 compone'ntG o f K r a d i a t i o n 

Data f o r angular s e p a r a t i o n of t h e two components of 

v a r i o u s K r a d i a t i o n s are given i n the I n t e r n a t i o n a l e T n b e l l e n * 

accurate to two s i g n i f i c a n t f i g u r e s . A d i r e c t c a l c u l a t i o n u s i n g 

the Bragg r e l a t i o n s h i p 

Qiri 6l = ,1.1 s i n e 2 = ^ 
2d 2d 

wherein d i s the c r y s t a l spacing 6ind A i s the wavelength i n 
o 

Angstrom u n i t s , i s tedious and g i v e s o n l y two or three 

s i g n i f i c a n t f i g u r e s ^ because the two 6 angles must be s u b t r a c t e d 

to o b t a i n angular separation. 

An equation f o r s m a l l values o f was developed as f o l l o w s ? 

s u b t r a c t i n g the above equations, 

^ ^ l i J l i l L . = e i l i O g = a i n O ^ = 2 s i n ^ (62" ^ ^) cos i ( 2̂ ^, ) 
2d 

2 Sin \ {6^ --01^) 
2d cose av 

Subs t i t u t i n g 
d = • 

av, 
2 s i n 0 

av, 

( 2 4 8 ) 



For very small angles, the s i n i s very nearly equal 

to the angle i n radians, i . e . . 

Thus, . . 
-A = 260 ^ 2 -^°<r tan 0 

av. 

= C tan 0 

Various values of C for d i f f e r e n t X-ray tube targets are 

given below: 

K- Radiation C 

Cr 0.195 
Pe 0.233 
Co 0.249 
Ni 0.266 
Cu 0.285 
Mo 0.690 
Ag 0.899 

Example: Cu K-o< radi a t i o n , 

Bragg angle 6 = U°43»; 

^ = 0.285 tan 14^43• 

= 0.0746 

* Internationale Tabellen zur Bestimnrung von K r i s t a l l s t r u k t u r e n , 

v o l . 2., 1935f Gebruder, Bomtraeger, B e r l i n . 
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AFPEJIDIX 3̂) 

I.B.H. 1130 Computer Programme f o r the determination of S p e c i f i c 

Surfaces by the B.E.T. Method using l e a s t squares method to determine 

the intercept and slope of the isotherm. 
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s x i = s x / A v 
s y x i = 5 x x / s x . 
S Y 1 = S Y / A V ' 
SXYi=5XY/Sr 
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5X2=SX1-SXX1 
SV2=5Yl-SXYl 
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APPENDIX 4 

Reprint of published paper covering preliminary reaearch 

during M.Sc. Crystallography course. 
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FORMATION AND REACTIVITY OF NITRIDES 
I V , * T I T A N I U M A N D 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. JAVAWEKRA 

The reaciiviiies of ihc inicrsiiiial tiianium and zirconium nitrides have been compared. Samples of ihcse nitrides 
have been converted to oxides by bcini; calcined in air. Chanijes in phase composition, surface area, crystalhic 
and aggregate sizes have been correlated with oxidation time and temperature. 

Crystallites of rutilc, TiOj, split off from the remaining titanium nitride before they sinter, and inhibit further 
oxidation. Zirconium nitride oxidation is complicated by formation of tetragonal ZrOj at higher temperatures, 
particularly over 1200°, and monoclinic ZrOj at lower temperatures. The nitride Initially forms the so-called 
'amorphous' cubic ZrOj. notably between 400—600''. which may be stabilised somewhat by ihc remaining cubic 
ZrN. Subsequently, there is a further fractional volume increase while formation of monoclinic ZrOj is being 
completed. 

Introduction 
The formation, hydrolysis and oxidation of the more ionic 

and covalcnl 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 from nearly stoicheiomeiric ZrN 
(l3-3\vt.-%. 50 atom-% N) at 600° to lower nitrogen con
tents at temperatures up to 1800°. Thus, a typical sample of 
nitrided zirconium contained only 10-32 wt.-%, 42-8 aiom-% 
N. 

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

lilxpcrimental 
Procedure 

Separate portions of finely divided titanium and zirconium 
nitrides were calcined in air for various limes ai each of a 
series.of fi.xed temperatures. Oxidation rates were estimated 
from weight changes in the samples during calcination."* The 
cooled products were outgassed at 200° //; vacuo before their 
specific surfaces were determined by B.E.T. procedure^ from 
nitrogen isotherms recorded at - 183° on an electrical sorp
tion balance.^-* The deduced average crystallite sizes (equi
valent spherical diameters) were compared with particle 
size ranges determined by optical or electron microscopy. 

Phase composition identification 

Samples were examined for phase composition and crystal-
linity using an A'-ray powder camera and a Solus-Schall 
A'-ray diffraciomeier with Geiger counter and Pana.x rate-

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

Results 
Fig. I (a), (b) and (d) shows the overall variations in 

specific surface. 5, and average crystallite size during the 
conversion of liianiuiii nitride to tiianium dioxide (ruiile) at 
600° in air. These arc compared with oxidation rates in 
Fig. 1 (c). Electron-micrographs of the tiianium and zir
conium nitride samples and iheir oxidation products are 
presented in Fig. 2. 

1̂ — ; i 
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" 1 1 
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1 1 r 0 ' 1 
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1 1 r 
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80 

C O N V E R S I O N . % 

Fig. 1. Calcination of titanium nitride in air at 6O0^c ' 
In (b), broken curve represents actual surface area (S'), for an 

initial one-gramme sample of titanium nitride 

•Part III: preceding paper 

J . appl. Chem., 1969, Vol. 19, June 
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( d ) (c ) ( *) 

Fig. 2. Electron micrographs of titanium and zirconium nitrides 
calcined in air ai 600 c 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 

Discussion 
Oxidation of titanium nitride 

Titanium nitride. T i N . is converted to tetragonal TiOj 
(rutile) at 600 in air. ^'-ray powder photographs and 
difTractometcr traces give no indications o f any oxynitrides 
being formed at temperatures between 400—1000 . In 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 for aluminium nitride.^ The titanium dioxide A'-ray 
patterns are given only after about a quarter o f the total 
weight increases are recorded at 600 , but rutile patterns arc 
detected after only 7°o oxidation at 500 . The longer cal
cination time {5 h) at the lower temperature evidently per
mits cr>stalIisation o f the rutile, while at higher temperatures, 
T i N has a limited solubility in T iO as discussed in Part I . * 
The lattice constant o f T i N can remain unchanged f rom T i N 
to TiNo ftOo 4 when the binary compounds are sintered at 
1700 , and this may retard crystallisation o f 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. I (a) and (b) and in actual 
surface area, 5', for an initial I g-sample o f titanium nitride, 

J . appl. ( hem., 1%9, \ ol. 19. June 

illustrated by the broken-lined curve in Fig. I (b). C onse-
quently, the average crystallite size o f the material at first 
decreases and later increases. Fig. I (d). Factors contributing 
to the detailed shape of the initial oxidation rate curves have 
been summarised in the previous paper^ and apply similarly 
to aluminium and ti tanium nitrides. When there is sufficient 
titanium dioxide o f rational crystallite size composition, it 
sinters to f o r m 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. I (a), (b) and (c). 

When the litania cr>'stallises out f rom the nitride matrix, 
during the acceleratory and approximately linear stages o f the 
oxidation, it evidently splits o f f to give smaller crystallites as 
5 and S' increase more rapidly in Fig. 1 (b). Any 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 ox i 
dation rates similar to those of samples which had been 
continuously heated. Thus, the crystallite splitting results 
mainly f r o m changes in type o f cr>stal structure (cubic F-type 
to tetragonal) and a volume increase (0 630 of the original 
volume) as the nitride is converted to the less dense oxide. 
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The maximum increase in the number o f crystallites, cal
culated f rom (S'jSy and allowing for molecular volume 
changes,'** is about tweniy-fold, similar to that found for 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 
T i O j . 

The m.p. of 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 6(K)°, but limited 
sintering promoted by surface diffusion should be possible 
for T i O j 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, I (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 of titanium 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 i O j , promoted by crystal 
lattice diffusion at temperatures above 1000°, which has been 
reported recently by one of the authors for samples f rom 
other sources." The titania 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 o f 
material during the oxidation of titanium nitride, cf. Fig. 
2 (a), (b) and (c). 

Oxidation of zirconium nitride 

Zirconium nitride, Fig. 2(d) , is convened 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 o f this 
nitride is complicated by the formation o f tetragonal Z r O j ' ^ 
at higher temperatures, particularly over 1200°, and mono-
clinic ZrOa'^ '^ at lower temperatures. 

When samples o f 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 lemperalures, and initially forms 
the so-called 'amorphous' cubic ZrOi,' * notably between 400' 
and 600° (cf. cubic Z r O j 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) . X-nxy 
diffractometer traces show an additional reflection at 2-94— 
5 k, some reinforcement o f the 2-54 A spacing and displace
ment and broadening o f the 1-81 and I-54 A spacings o f 
monoclinic Z r O i towards the shorter distances o f 1-80 and 
I-53 A of the cubic fo rm. A t higher temperatures, 700— 
1000°. the additional reflection disappears and the main 
monoclinic Z r O j reflections a i 3 16 and 2-84 A develop more 
rapidly. The conversion o f the cubic F-ZrN (o = 4 56 A ) to 
cubic F-Zr02 (o = 5 09 A ) involves a fractional volume in
crease o f 0-367 (of the init ial volume) which further increases 
to 0-521 when formation o f monoclinic ZrOi is completed. 
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ERRATUM 

In the paper by Marson, / . appl. Chem., 1969, 19, page 97, left hand column, line 12: 
for •^(Mg/ml of Cu^) 6-357 x 10* Iog»<, (4 03 

• read '5(ug/ml of Cu") = 6-357 x iO'-oJ-p«' 
pH)* 
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