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SCOPE AND CqN,TENTS: 

Diffusi~n o~ nitrogen in zirconium nitride was studied using the 

l5N gas"'sol1d exchange technique. ~ 

. Two kind~ of samp les ~lere used: ·'zrNO. 71-0. 79 spheres ~ 6()'~ and 90v 

diameter'and ZttIO.93 slabs 254\1 thick. The sphe"fes were prepared by 

dropping 99: powdered' zirconium nitride through an electric arc while" 
,'-. , , ' '. \ - -

the slabs were obtained by direct nitridation of 99.995: zirc;on,-Ul:l sheets·.'-

at 1150°C, in very pure ni trogen at 1 atm. '. These sanples were carefully 

characterized by chemical analysis, density arid lattice parameter ~easure~ , 
ments. electron probemicroanalys1"s. X-ray diffraction and scanning electron' 

microscopy techniques~ 
. ~ .' 

, 
, 

, , 

The di ffusi on· annealings were' perforRld at a pressure of 200 Torr lind 
. .' " . '1' 

in the ter":perature range 1000-1200°(. The rate of depletion of 5w in the . ' 
isotopically enriched glls phase was neasured by a Mass spectmter and 

used to col,c:u,atethe se1f·~lffuslon coefficient. " 

" ' 
~e diffusion, coefflc,lents for spheres ond slabs "COUld be respect~vely 

N!PN!serfcd by . 

o h (~2/sec;'). (2.97·,82·7SS6}1 10.10 cxp(-(23.000!5.400)/rT) 
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./ Dslabs(~2/sec) = (4.08~~:~~)·x 10-6 exp(-(36.00ft-4.500)/RT) 

, ~ . ' " , 

I These resu 1 ts are in good agreef11ent wi th the ,chemi cal di ffus; on 

coefficients available in 'the literature.-It is shown 'that the rather low .,. - " 

activation energies. in particular in the case of spheres. do not ,preclude­

a vacancy mechanism for nitrogen diffusion:-, , 
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C.HAPTER I 

INTRODUCTION • I .' 

,,~ ',' . 

Up,.U1.1 now nitrides. of the transition metals have attained only . ., . . ., , . 

'cursory interest as compaJ1!d with the carbides. Despite 'their excellent 
.~. . ~ "-~'!.'-'" 

hfgh temperature properites. ~OOd 'corrosion resistance. and h~rdnessthe ' 
" 1\.. ". • , '. '. , ~ 

practical application of nitrides has been l1ni'tted to the formation of 
-\. ''''--. . 

hard an1 wear resistant surface layers in the nitriding of stlle)s or other 

i'ron alloys •. The relativ'elys~able nit~Jtle~ of the group tv of the periodic 
" ~. " '~~1" - . 

, , table (THI.Zrll. HflO have been used as refractory CIclter1!11s for the 
r . -. . . 

fabrication of crucibles with. fair. thermal shock resistance but poor9xid-. . 

4ti'0~ ~$istance: 'Several othe.r refractory applications 'of TiN and,zrN 

have be~n' ~~or~d. (1) Attempts to ceoent .nit;i'des. with b~nder meta'ls to 
. . .,' . . '-'''<: .' 

'fonn hard al;oystlave been'up to.flOW only. pfttl; successful. (2) The 
", ~ , .... 

- ",_ .. ?". . .... ".<._/' - : - . '.,' 
ClAjor future.use of the nitrides may depend upon their electrical properties 

. o. • :./, .' I) • " • , • ~~._ -::{._.=;.~_ , ' _ 
which aro.a~tractlve for. potential app1icaJJons such as integrated -cirCoitry • 

. and in :su!lfircondUCting devices. (3) '" :; 

, . . 'Whfle· the cor.tpounds fOnled by the vansitlon oetals.ln particular . . .". " 

with carbon and nitrOgim. have been known since th'e 'tum of the century. 

" otI1y very ~cently has.en "pprecfatf~ o!, their diffIcult properties been 
. .; . 
'.' . 

cocbfnecl wfth sophlstfcated techniques ··for their examination. rlow1t is 
. • ~. ~ .' .\ ! ." . ,,;' "-

becamlng Increasingly clear that. ~e ca::pounds oCcupy a c14ss' lilbich is 
" . 

indeed lUlUSual and thatthelrsbldfes .are capable of yielding 1nfon!'~tton 

Of cottslderable value to solid state theory'. "Where Once ~ta119rghts 

and c:er«::l1chts .rOa.~ fm. cheohts and solfdstate physicists a~ nc.; 
, ,"',' \ 

.~ 

1 

\. 
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beginning to build fences and fann the land more deeply" (Stonns)P4) 

The d1.fferent names given to these compounds is a go~d indication 

of the multiplicity of ,the questions that' th,ey are posing. They are some­

times called "refractory h'ard metals~' b~,taus~ of thei~lic properties. 
, I 

" • ,.,', • • t"' 

interstitial compbunds" b~causJt the 'small non-metal atom appears to fill' , 
. . --::-..: .... ;;.'''o..:...---~ 

the octahedral void between themetaj'atom!>. arid "defect compounds" because 

bpth the metal and non-metal 'lattices can tolerate atom vacancies in 

rather large concentration. The main task oftoday's 1nvest1ga_;ors, is to 

'correlate the bonding. crystal chemistry and defect structure of these 

compounds wi th the1 r, physi ca 1 and chemical properties;' Three main di f-
o . ' _~. 

f1cultieS"'are plaguing invest1gat10ns: the effects of d1ssolved oxygen. 

var1able sto1ch1ometry wh1ch requ1res that the material be well character1zed 
" ' 

'and the fact that many compounds can change structure upon coo11ng due to 
, ' 

theorder,ing of vacancies in the non-metal sublattice. 

In thepostscrtpt ofh1s recent book on carbtdes and nitrides. 

TOth(3) Sum:larized several problems 'f~r ,fu~re research. Diffusto~ studies 

,are first 1n the l1st. The topic, was not inc;luded in the cain body of 

the text becausl the knowledge of this area was found too lil!lited and con­

tradictory. HOwever. ttae same yellr (1~71) De,Poorter and Wallace(5) , 

":viewed the experioentali and theoretical work pertinent to diffus'ion 1n 

refractory oetal carbtde~ and uraniip ,carbides. and 1I11Ha::s(6) devoted, 

one sedicn of his rev1ew ontTansition-oetal carbtdes to dtffusion. Up', 

to now no siotlar infOi'l:l4tton is aYlll1able in the case of nitrides. 
. / ~ . ~ 

The cain purpose ~f this wort was to uc:itne the aval1able knoWledge 

,', on diffusion in transition ni tricSes and to oeasure the self-diffuston 

coeff,ctent of nitrogen in z1rconiuo ccncnitricSe,using the sol1d-gu 1sotol)tc 
• • • • • _'. ," .f ,. 

.' 



\ 
1("\ I' 

C. f 
\'.,;.; \ .. 

exchange method. We chose this "{tr1de and this technique because a 
~ I .. 

. method for preparation of zirconium' nitride spheres. suitable for diffusion 

studies. has been recently presented by Streiff and Smeltzer. (7)' In 

addftfon • .al1the values determined to the pre~ent for this cOllpound are 

chemical diffusion coefficients calculated from data Of. kinetic studies 

of di ffusi on-contro ned reactions.' 

The following sections present a l1terature survey o_n the subject . . 

~f defect' structure ~nd diffusion in. zirconium nitride with sane refe~nce 
~ . .... '. . . / 

to other refra~.~ry nitrides. description of the experimental techniques. 

experiment~l results and discussion. Further. the experime!ltal results 

are used to understand the diffusion methani~. 

, y 

'. 

, 

3 

-. 
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CHAPTER II 

REVIEW OF THE LITERATURE 

~_ J 

The purpose of·the present review is to. give a selective and 

critical discussion of· t~e ~~earch on zirconium nitride published si~ce 
t· ., 

approximately 1960 with particular reference to defect properties and 

diffusion studies: A cornpfl at1 on of' diffusion coefficients for nitride 
I . . . 
compounds ·in.general.wf11 abo be given but only the resu1tsconcerni~g 

the nitrides with properties close to those of zirconiUm nitride wilt' be 
.: II" ':"0 

.' I 
discussed in some detail. The compounds in question are the Tn?nitri~eS 

of the other metals fran column IVa along with those of metaltfran column 

Va. Severat reviews or texts'on nitrides were consulted(2.3. 20) but 

many new pieces of literature were analyzed. in particular for diffusion 

studies. \ 

• 2.1' Preparation 

To jlrepare pure zirconillll nitride. direct reaction of metal or 
" 

hydride 'powde';.s in IIH3 or 112 or deposition on a substrate frQ:! the gas phase 

by reac:ting ZrC1 4 in a flz-H2-Ar at::lOsphere are pr;!arred to ~he nitridation 

of cetaloxide powders in the presence of carbon. (3-) Contrary to Utaniu::J . 

nitride. the zirconiui:l nitride obtained by thh last oet!tod is significantly . ~ " . - . 
.' . 

contal:!inated by corbon and ~tains considerable a:::ounts of un~acted 

. oxide. (8)' Even ~en using ~e tlI«I first rlethods .it is necesS4~to ~loy 
high-purity gases .in order to prevent the fOmotion of ternary sol1d 

G 

solutions upon addition of scan a=unts of oxygen. Once the nitride has, 

been con~ted by ox,Ygen. it is Illcost tt:;Xlufble topuJ:ify.· To eake 
': '. -'. ---- ---- . . ,. 

'4 

'. 

r 
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" , -
matters worse, the amount of oxygen is difficult to determine analytically 

but it Is considered that samples seldom contain less than a few hundred 
(20) '" ',," 

p.p.m. Therefore the best ~echiliquefOr,}ample preparation is to avoid 

all. possible contal)1i'nation. 

2.2 Zirconium-Nitrogen Phase Diagram 

The phase diagram for ,the 'Zr-N system Is riot well established. (21-23) 

Storms (10;20) has reviewed the earlier literaturea~d sllT1!larized the inform-
, . 

atlon i~to a probable\hase diagram shown l'nfig. 1: 

, 

The addition of N to Zr stabilizes both the 0- and a-Zr metal. The ~ 

a-Zr melts In, a' peritectic at 1880°C, only 15°C above the melting point of 'I 
pure a-Zr. The a-Zr undergoes peritectic melting at 1985°C. The ~nly Inter- ~ 
mediate compound fonned app~ars to be th~ f.c.c. Zrll phase which has a, 

. 
fairly wide range of homogenelty-"---,JtS stability lielts are not too certain 

- " ,(2ili~27)" {28) , ' 
but seem to be Zr110.55 and Zrll l •O• " HlM!ver. Zr1l0.68 • 

Zr1l0.74 (29) and oZr!I~.89 (30) alloys were found to have respectively at 600. 

750 and l600°C. a ,two-phase (a +'Zr~) structure. ~onov et al. placed ~ 

successively the lower lim! t at ZrII0•67,(31) and ~1I0.8S (32) while Gal'brli'tkh 

et al. (28) are pI~clng' it at Zr11o.78 at 600-C., 

Other nltr'de foms have' been prepared by amonolysfs of Zr halides. 

Reacting Zr14 at 750°C. ZrB!'4 and ZrC1 4 at sltghtlyhfgher teI:l;Ieratures. 

'Juza '~t-al. (33) obtained a zircon!\&:! nit"&; Zrx" (0.812 < ,x .. 0.91) dark, 

blue~with f.c~c. structure: Under I codified method of a::r::onolysls they'., 

obtained a brown Zril4. (34). Heating ZrC1 4• Wl3 It goerc ,In an ItH) stTe/l!:l 

Orlovskl1 et il. (35) pl"ePaTed l!I~d with this SCle fon::ula.At WP­

crib/res higher, than l000·C. Zril4 turns Into zlrconll&:1 IlOncnitrtde according 

. ~-
<, 
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to the,following irreversible reaction: 

(2.1 ) 

, • , . tI • 

I' 0' 

.Neither the relationship between the I>lue and brown nitrides of Juza nor the 
~ .. -

, . . ~ v 
influence of oxygen ~n their stability a~ well known. They are considered 

.. .', , 

to be unstable with respect .to ZrNandNZ(at 1 atm} ~ut from the work of 

Collongues etal.(36},andGil1es(37) on the system Zr-O-N i.t is poss,ible 
, , 

to suggest that these nitrides could be sta,biHzed by~e oxid~ impurities 
,.' .' .. ,.~ , 

often found in the preparations because of the ease of hydrolys~s of the' 

.. starting or in~ermediate compounds. Twa years before the ,publication of 

Juza's papers these 'authors were led by thefr results to suppose that the 

,,->oxyn!,~!,ides (zrOZ_~xl/4X/3) obtaine,dfran the reacti,oil of zirconium dioxide 

with amnonia, or by solid state reaction bebreen zrOZ and ZrN are intennediate 
. '. " 

phases between zi reonia and a hypothetical n1.tride Zril4 -and' ,not between. 
, . 

zirconia and Zrtl. Therefore. Zr can apparently Elxist with nitrogen in an 
I 

oxidation state between +4 and Cletall1t.' 

The mlting pOints observed near 3000°C(38-:40) apply probably to a 

congruently vaporizing c~os1t.fon, indfcate<f by'C oft fig. 1. located..". 
'." ) 

sOl:1eWhere fn tJie low 'nf trogen region Zrt1l_x and not to Zrt'l.O' I.ndeed , , 

'StOn:lS (4.20) shOlied that pressures f~ excess of 50 atl:l ClUst be applied to 

retafn Zrtl l •O at this tcr.perature. This cakes 'ft very dffficult to obtAin 
. , 

a true Clelting point beCAuse very few laboratories- are equipped to melt 

this toC;IOund under such a pressure, "Howev~r .. r.ecently Eron'yanet a1. (41) 
. '. . t· ' . 

detemined the oelting point a.t nitrogen pressures higher than 60 IIt1:? lind 

found 4 te!:;)erature AS high liS 3700!70·C. 

. I 
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2.3 Bonding 
-, 
" F~ a chemist's viewpoint ZrN. like most_of the mononitrides or 

monocarbides of transition elements, offers a unique collection- of 

propertie5 to be reconciled, namely 

(a) metallic bonding. indicated by electrical conductivity, Hall 

effect measurements, magneti c properti es, appearance (l"uster), and presence 

of homogeneity regions, 

; (b) covalent or ionic bonding suggested by high melting points, 

hardness and brittleness; and 

(c) fonic bonding inferred from chemical behaviour, X-ray emission 
• 

bands and HOssbauer spectroscopy. , 

There are nurrerous contradictory theories of bonding for these 

phases. (3,8.15.17 ~ 18,31.32,42) Several theories have emphasized the- metal~ 

nOl1lletal bonds, others the cetal-metal bonding, the interstttial na~ure . ... ' . 

of nitrogen. and the role of the nonmetal as a donatOr of electrons to 

the !:Ieta1 atocts. In the !:lOst recent theories both _strong !:Ietal-C!etal and' 

metal-nol'lnetal bonds are stressed. Even these t1\eories. however. disagree 
.. . '. ~ . 

vith each other inconsiderable detail and available exper.1cental evidence~ 

15 insufficient to dl~n~1Sh unarblg~usl~ between these theor;es. 'lIe~eT­
theless. certain features of bonding that have ~n clarified are useful in 

interpreting phystal properties. , 
In the particular --case of Zrfl there is good ag~nt atlOng invest-

. ... , '. 
tgators to say that the bondtfIiJ is of 0 aixed type. vfth both-oetal1ic and 

. 
covalent. ca:ponents. the lot~eing_ PO~1al1Y polarized but they do not 

agree about the degree of bond tonization. Strauc.ln1$ et 41.(43.44) found_ 

that the i:hent~l bcl\ntour SIljlPQrts a da:linantly_tontc nodel but they 

• 



were ulJable to say· to what extent. The nitride Zr31l4 which shows non~ 

metallic conductivity is of iona-covalent type with a considerable degree 

of bond ionization: (34.45.4~) .. . .. 

2.4 Defect Structure 

Perhaps the most. important property of. transition-metal nitrides . . 
Or carbides fs their defect structure. Zirconium mononitride is not an 

'I. exception to the rule. 

By conparing X-ray density dx with experimentally determined 

9 

densi ty dp several authors (26.27.43.44) determined the" vacancy concentration . 
-' '. 

in .. both metal. and nonmetal lattice sites. Their results. corrected fran 

. some conceptual or arithmetical errors found by Stoms(20) for Straumanis"'s 
. , t 

.. papers (43.44) and by Shevchenko(27) for· Smagina' s work (26) are shown in 

fig. 2 and 3: The X-ray density was ca:Tputed assutling a structure with . . 
vacant nitrogery sites for x < 1 and vacant zircon111:1 sites for x > 1. In 

all the cases data show that dx > dp. This could be ascr.ibed to the ~. 

• presence of micropores and cracks bilt this explanation was found not very 

plausible mainly because all the authors outgassed ca.refully their powders 

during the pycnonetric determination of the density. The difference was 

attributed to defectiveness of the cetal1tc sublattice~' It can be seen 

. ,. 

tha.t raising the nitrogen content of zirconium, ni tr~de increases the 
. . 

defectiveness of itsoeullic sublattice •. the cost Ca:Tplete fUling and 
-:.. 

htghest ~ occurr~ng about x ... 0.9. Even at stoich!ometry vacancy con-

centrat1'ons as high iS6-n coexist on both sublatt1ces. However. Yanchur 

et al~ (40) were unabletodl!tec:t an1appre~1able difference between dx 
:. ~_ji!:' . < 

and dp for n1tr1ded plateJ{fs:~of '1odtc!e grac!e zirconium with an oxygen 
. ,~.~.~o:: ...... c ... 

• •• <. 

( 

, 
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. content less. than 0.015%. Together with .Shevch~nko. (27) by measuring the 
, 

" , 

densities of zirconium nitride -pewd s containing up to 0.2 wt.% ,D. they 
o 

have shawn that a diffe~nce betw ~ dx and dp is characte~istic for 

'samples con.t3lminated by/oxygen impur ties. These authors are of the opinion 

that the defectiveness of the-metall I sublattice of zirconium nitride is 
, -

Hnked with dissolution of oxygen i th1sC::ompound. Theryfore' diffe.r~nces 

between dx and dlY"' ..... ""-'Jl...!!!J.l s the purity of-the materiai is increased. 

We will note that the vacancy concentration is difficult to determine- ' 

because of inaccuracies in,measuring the exacf:overall chemiea.l canposition. 

This being partfcularly true in the case of mononitrides where nitrogen 

~onteni can be analyzed only to ~1ithin'1% (3)~ 

From a bonding point of view Samsonov et al. (32) gave an explanation 

of the defecthenltss of ?the J:letallic-sublattice fn, nitrides at stolchiometr,ic 
.' . ~ 

_ c:omposftion and of the existence of nftride phases with nitrogen contents 

in excess of 50 at.:. Scx:lekfnd of nftrogen-nitrogen interaction resulting. 
, . 

in the formation of stable s¥ configurations of nitrogen atoms would be 

-resporistble for these phemna. , , 
2.5, Lattice Parar.Jeter 

As Stoms (20) ~-s'~Ug'gestedthat the lattice parameter should be 
"~ . 

used as a criterion of purity in the absence of an oxygen analysi's we have 

pl~tted as a f~Ct1on of ,~ftf=- sace of the values reported tn the ' 

1tter~ture.. The line draW!) j~ ffg. 4. considered to be ~racteristic of 

the variation of 'the latti;o COftSWtt of ttll{ Zffl phas!!. (10) was reported by -

'Rudy and Bellesovskf. (24}n tndtc;:4tes' thattheiattice par=eter're:-..oins 

. constant at about 4.577 A above ZrftO•78 and thes slightly at lcwe~ , " - -

" 
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comp,ositions'toreach the value 4\84'A at the 10we1phas~ boUnda,~YZ~O.55'-
SChOnberg(47) found smaller valu~n the range 4.537 to 4.562 A and ' 

, , . . 
, 0 

suggested that the values as high as' 4.63 A given by orne earlier authors 

he lattice. Indeed are most likely due to,th~ prese~ce of oxygen in 

Gi11es(45) prepared a S~~~dsolution of oxygen i . zirconium nitride having 
. ~ u ~ 

etah-(48) ghoWed that 
o 

4.65 A for parameter., HQwever, recently' Zainuli 

despite cons,idjrable variations in composition e lattice parameter Ii: 
of·the slngl,e-phasespel:imenSZrfl~Oy studied, va yonly",ithin ~ery small 

, . 0 . 

ulimits from 4.574 (for Zrt.'O.5700.29) to 4.578 A ,!for ZrNO.8400.09)' ,There,-

fore the latti~meter seE!TIs 'not to be suff ciently sensitive to the 
" , .. 

presence of dissolved oxygen to be used as a criterion of purity. 

2;6 Ph sical'and Chemical Pro erties in the H 

One of the Signifi~a, developr.1ents in the understanding of nitrides, 

is an increas~dawareness.-M the importance ofl defect structUre on. the '. 
• .. "._ 4 . t •• 

propert~es. The'presence of a larg~e~'tr~tfon of va~ancies, ordered 

o~ diserdered,' significantly ~ffects properti~~ an(l theref~re' nearly all, 
, 

, . 
of them depend upon nOnr.lCtal~to-CletaL'ratio. Failure to ,ri!al1ze these 

dependenCies has resulted 1n many errone~s literature reportS and much 
-' .'. " . " -.~ . - ' 

confusion about cerUl'n properties. lie will ellamne,here the'l::4in dependencies 
00. '-.' ._ '. • 

repOrted, hi the case of z1rconfw:lnftride. 

2.6.1 ABpearance 

ZrN, •O hbs a golden 'yel1ow color'"hen pure. A l~r'stofcht~try 

or fcpur1ties lead to a c2rkenfng until a d.irk ~ray-brown or bl~ck color' 

results. 

, . . , 
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~ 
2.6.2 Electrical and 11agnetic Properties 
..j ,', " 

Tlie electric resistivity, Hall constan~. and.magnet1c susceptibility 

~erefound to increase monotonically by decreasing the nonmetal-to-metal 
J ' '. ,.' ._. .' 0 • 

ratio (1.e. increasing the total nUmberC..o:Cvacancies) from 0.972 to,0.770. -
", .-- --,~ ',-,. . 

This p01'1ts to' the ,absen~e of any transfonnafion .whatsoever'within this 

concentration range. (40) The neg~tive sign of ' the f1all c~efficients means 
• - , -, '~' ,< ," ',' '.'. .",' "\,~. ~ (0' 

that the current carriers are elect·rans •. Their effect1ve concentration for. 
. .,' , .. ' ,I) 

. .. 22 -3 .... . . . ',' ". 
ZrNO•95 is about 5: 10 ~ '" i.e. a value ch~racterlstlcof good con~cting 

,metals. (51) Accord1ng to)anchur et al. (40) there, is also a marked con-
, , 

tribution by hole conduction. 'The resistivity has a pos1tive temperature 

: -coeffic;ent(51,57)' and the ~alues of .the magnetic susceptibility are . 
charac~r1St1c,of paramagnetic mater1als. (4Oi51,53) Even for a given cc;m­

pos 1 t10n Jarge d1 fferences app~,ar 1n ,reported va lues.,lhey<.are probably 
. ' ..... ~. ..,\':~.~" - ... ,." . 

associated,wi th d1ffering amounts of 1rttpur1tt~s, particularly other 
" . . , .' 

1n~rst1,tial e1~ntS such .as oxygen, d1ffering residual porosities arid 
, 

empirical fonnulas used for correcting this porosity. For e~mple, in the 
• 6 . • 

o 

case of the' electrica1resistivlty dt'fferent',values ,arereported-fO-~ 
·'z1rconhin' nitride obtaln~ by v~por ~e~osltfori.(5l.54,5S) p~dermetallurgical 

.. ,I Cll!thodS~l1,12,52,,56) or nitridat1~n ofzirconill:l platelets. (40). 
". 

For the same reasons different, supertonducUng crl~1c;a 1 temperatures, 
" < .-

" Tc,hav~ been ob~erved bebleen B.gand 10.10I(~51~SB) They should be~on~ 

s,idered as lower l1clts and not ~rac~rist1c o~those fund~ntal' 
~ ~ ( 

iproperties -mlch i\ro.duce superconduct~vl~.Tc decreases w1thdecreastng 
-.' '.' .... ~ 

',norcet41 - to·;' r.:eta 1 ~ratl0, tho Mghest. vel,,-e being' associated ",1 th the 
, . ,,' . . 

s to.l chta:letl"i cca::pos i ti on •.. 

, . 



, 

16 

2.6.3 ihermo~namic Properties 
, ' 

Measurements of the enthalpy offonnation, by canbustion calor-. .' . 
1metry. have showri that.th1s property var1~s with canposition fran .-56.1 
. " '. f 
Kcal/mole at·ZrNO•56 to-87.9 Kcal/mole at Zrll l •O with a slightly positive 

-dev,iation from. a straight line between these limits. (25) Gal'bra1kh et 
(28) , ' . '. 

\ .al. d,1d mejisurements in a wider concentration range including the 

nitrogen solid solution in o";Zr~ They found a linear relationship with 
. . ~. '. . ' .. 

a change in' the ,srope of th~ straight line at the canposition Zr.N0.i8: This 

change was attributed to the passage from a two-phase (0 + Zrll) structure 
, '. - ." 

. . . , '. ~.-~'.'-", 

to a single phase (Zrll) structure and explained by a diffe~ -in the 

. character of chemical' bonding.' 
" ' 

. Va pori ziti on experiments have been performed by Srnagina et al. (49) , . 

and ~ibler et,al. (59) Their work shows t;hat the "2 pressure varies greatly 
-' ~ - . 

with canpos1t1aif' ~the ZrNx phase. However, considerable disagreer:lent 

exists between the two workers~ ThuS. Kibler et al. perforced effusion 

meas~nts. and $magina et al. usedtellSfcetr1c measurements in the '" 
, '. 
higher p\"essure range of O.1,tO.1OO en Hg. The ~ressuredata obtained by 

the lat~r f!ir a range of c~.OSitions ZrlIO•7 to ZrNO•96 are .considerably 

higher tha~ the~arabl'e,:'.~ta af th~ ,forcer.' Krieger(60) studied the . 

themodynamics of the zircon1UC! nitr1de/zirconiUC1-nitrogen vapor ~teo 
, f.l:i-

performing calculations on the ablative mterial Zrll. at 2OOO-6GOOD K and. 

1 -7 .s x 10 - 66atl:l. 
';:. 

2.6.4 Mechanical Pro~rties 

As S.,to1chicr.etric ~it1on is approached C~cro-h4n:nes.s decruses . 

while ·the ~ulus of noma1 oluticit,y eM the flexure s.tnngth 1nc~osC'l. (40) 

0: 



i' 

According to the authors _this effect CQuld be associated with the develop­

ment of microplasticity which facilitates a certain redistribution and 
, " 

decrease in the stress concentrations. 

2.6.5 Chemical Properties 

Zirconium nitride is very weakly attacked by HC1. HN03 and H~S04 

concentrated adds from roan temperature to 50°C. When the temperature , 

is raised to 95°C the rate of decomposition increases sharply. The rate 
. '. . , 

also inc~ increasing nitrogen content. the lowest rate being 

observed in the case of nitric acid. Zrfl is decomposed congruently by 

• hydroc~loric acid and incongruently by sulfuric and nitric acids and 

solutions of ox.idizing -agents. l1berating elementary nitrogen. l61 ) 
" 
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Stoichiometric Zrll is stable in ,both cold and boiling water and weakly , 

dissol~ed in bol1ingconcentratedalkal1es with the fonnation of flH3. (10.62) 

The hydrolysiS of zirconiUCI nitride in superheated stea::l was studied by, 

Kyo et a1.(63)Th~ fpund that the reaction products were Hz. liZ' and' 

NH3 at 700°C in isotherml reactions and at hig"er temperatures tlH3 was 

gradually replaced by N
2
• 

2.7 Ox.idation ResistanCe " 

The oxidatiOn, resistance of Zrll is generallyc~sldered to be 

poOr. (10.11',13.15) It 1s the aain reas~ vh.y thlsaaterlat' h~srecetved 50 
,. ~ . . .. . 

little application as a refra~ry CCX!;IOund despite Its relatively high 

tnerm1stabl1ity. Heated In atr .t at:lOSpherlc pressure powdered zlrconiUCI ' 

nitride begins to oxidize be~n 400 and 6OO-C. (64.65) The chenge In phMe . ' 

co=po$lti6n In this te:per.ture range is rather controYersial~ G1assona-nd 
, '. ... 

Jey~i-(6.4) reported the fomation of cetastable c@lc zr02 (e • 5.09"). 
" (65) 

s~at stab,ltzed by the ,recoining C=lcZrfl. ""no Lyutaya ot .1. __ 



found, at 580°C, an heterogeneous mixture consisting of zirconium dioxide 
. ° ' 

an~ cubic oxynitride of gen~ral formula ZrI~xOy (a = 4.45A). At higher 

~peratures there is only fOrmation of monoclinic zirconia which sub­

sequently sinters above 1000°C. Over 1200°C the oxidation is compl1~ated 

18 

~~ .~ 

, , 

by th~ formation of tetragonal zrOZ' ' Zirconill!l nitride has. the poorest 

oxidation resistance of the mononi tri des 'of the fou~th group, hafnium' 
• ,I • -

nitride having the best.(65) However, the differenc~ is not 'great. By 

means of differential thermal analysis it was found that the initial 
. 

decomposition tl!!:1peratures a're respectively 600, 580 and 650 for tiN, ZrN 

and HfN. There is 'no informationaval1able for the oxydation ofZrfl at 

reduced pressure but B111y and TeYSsedre(66) . found an appreC:iable oxidation 

of Hfll at 10-3 torr with the inten:1edlate ,formation of the body-centered, 

cubic oxynitrfde HfZ 1120. Toth(3) conside~ that fourth-group nttrides, 

should not be heat treated in vacu\lllsof less 'than 10-6 torr, ~ese phases 

being best treated in high-purity inert gases. 
\ " 

2.8 Diffusion 

. In table 1 are' campi,led the diffusion coefficients f tl"C1lni\lll 

, ni tride that have been reported in the literature. Except for the tracer 

coefficient of carbon all the available results are 'for nitrogen diffusion 
, J , 

lind were evaluated intems of data ff'OCl kinetic studies of diffusion, 

controlled reactions. Before discussing these coefficients we w111 ellCline 

the CJqlC!ria:nta 1 riettiods u$ed to &leos,ure the:I. 

2.8.1 111tridinq kinetiCS 

All the studies have del:Ilnstrated tNt the reacticin of zlrconha 

with nltrQIJei'I obeys parabolic klneUcs.(19,67-74) However, a recentstudy(7S) I 
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/ 
of the initial stages of the nitridation. at 1440°C and pressures between 2 and 

. . . 

10 mi 1iitor~ •. has shown that there is an initial l1nf;lar reaction whose 

duration is. inverSely proportional to the square of the pressure and which . , 

is followed by a~transition to the typical' parabolic kinetics. This linear 

portion corresponds to the reac;tion of nitrogen witha f'oZr' surface and 

continues wh11e the a-Zr phase is fonned. ending when the a-Zr surface 
. . 

saturates and a thin ZrN layer forms. Further reaction proceeds by diffusion 

of ni~rogen through this nitride f11m probably via the vacancies present in 

the nitrogen sublattice. reaction of one part of this nitrogen at the' 

niirlde-metal 'Interface and dissolution of the other part in. the metal sub-) 

strate •. It has been determined that both the nitride growth and nitrogen 
.... ; ... 

dlssoTutlon In the a-Zt\metal at temperatures below 862°. I.e. the ,0-8 
_.r ' ",' ' 

transformat10n temperature. or both the growth of the ZrU and a layers and' 
• '. ' ". 1 

.nltrogen dissolution In s-Zr at 'hlgher temperatures obey parabolic relatlon-
. (H)' 

ships." Furthemore Paldassi and Le Oelllou .' found that a very thin 

oxide film formed on the outer surface of a nltrided sample was.a positive 
" 

replica of the Initial surface of the metal. All this Indicates that the 
.'> .. 

growth of the Zrll and 0 layers occurs by the Irrtlard diffusion Of nitrogen 

and;!~t thlsdlflusion is the controlling factor In the nltrldlng CleCh~nlso. 
~ . , ~ . 

of zirconium. 

To analyze the kinetics of'diffusloncontrol1ed nitridation of 

zirconium slabs several unidirectional. two-phase (T < 862°C) or three-phase 

, (t> 862°C). vol1,1:lQ diffusion IllOdelS \COre proposed. (19.72.74.76) In fact 

ellthemodels'are very.slcllar,~nd based on the sa=e ass~tions: 

(a) The cetal phase 1srega~ as an Infinite plate , 
• 

I 
I' 
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(b) The intrinsic diffusivitiesin the ZrNand a phases are 

independent of concentration. 

(c) The volume changes associated with the formation ,of Zrfl' from 

a and a from a are negligible. 

20 

(d) Interfacial equilibrium exists, the concentration at the inter- ' 

.. faces can thus be obtained from the equilibrium diagram. 

(e) The diffusion of zirconium is negl1g1blein comparison ,with, 

, ni trogen. ! ;' 

, Combining weight\changeand (h~ckness ·measurements wi th equations 

established from the above mOde.~sa and Hagel,(77) Eremeyev ~t al,,(78) 

Levinskii et al.,(79) Paidassi and Le Delliou,(74) and Iyer(19) calculated 

ON the intrinsic d1.ffusion coefficient of nitrogen in zirconium nitride. 
" 

As an example we will examine briefly the analysis of the last author • 

. He simpllfied the problem by using thin samples. In these thin samples 

the nitrogen saturation of the a-core is rapid, and the kinetics of the 

reaction with nitrogen may be viewed essentially as the growth of the.a and 

, Zrll layers on a nitrogen-saturated a-core. ' A further simplification was 

obtained by studying the nitridation of nitrogen preslitura1ted aZr wMch 

results in the grovth of a single layer Zrft. The corresponding schematic· 
~ \, . 

diagra::1s of the concentration profile of ~1t~ illustrated in 

fig. sa and Sb .•. ln case a,asSlZling that the nitrogen drop aCross the Zrfl 

and a-layers follows 'en error function relation,Ou may, be obtained fro:! 
• 
the,equation 

, . 
(2.2) 
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Figure 5 ' Schenattc 01at;rar:s of the II Concentration Profile 
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, Ie (G) 
whe're y .. ..e..:.:..:. 

• 

2~" 

and ~(6) and Kw are the experimeiltally"detennined layer growth, and weight 

gain parabolic rate constants while C
6N 

and C
6a 

are equilibrium phase 

,boundary concentrations. The corresponding equation for case b is 

2 
.. "l:! y e Y erf y (2.3) 

or 

K..,. 2(C6N-C6a) 
''V ' (2.4) 

I'll erf y, 

2.8.2 Diffusion saturation 

spivak(SO) prepared cylindrical sin~le-phase Zrl10•76 specimens. 0.66 rrr:l 

in diameter. by di.rect nitridation of zirconium wires 'at 1700°C for 4 h 

followed by 8 h homogenizing' neal carried out in argon at l800°C. Then , , 

they studied the nitriding of ese specimens over the temperature range 

l600-220QoC. F~anOWledge of initial uniform nitrogen concentration. 

Co. and the s~~e nc~ntration Cs supposed constant and pres~bly equal 

to the nitrogen - phase boundary. they estimated the diffusion coefficient 

D by detennining the mean nitrogen concentration. C. at tine't and using " 

the. following expression for the specific saturation F: 

- " 2' 
'C-Co n·· 4 tn Dt 
F • CS c • -1 - 1:1 - ( Z ) 

- 0 n- tn' R-, 
(2.5) 

i 
/ 

~ is the root 'Of the zero B~s-e1 function .. :afId R is the radius of 

the cylinder. 

, " 
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2.S.3 Sintering Kinetics . 

Andrievskii et al.(Sl) studied the sinterjng of cylindrical wir~s 

(d" 0.6611111) of z:lrconi.um nitride of various COO1Positions:ZrlI0.96.jrNO.S63 
. . 

and ZrNO•683•· They followed the radius change of ,the surface of contact 

(neck) between the wires as a function of time and assuming that sintering 

aasoccurring by volume diffusion they calculated the diffusion coefficient· 

. with the following formula. ' 

3 
200a Dt 

kT (2.6) 

In this expression x and R are the radii of the neck and,of the wire. a ~-;:::'CL 

the surface tension. 'a the lattice constant and t the time. 
' .... ~ .. ~ ~-:. 

" . 
..' : 

2.S.4 Tracer Diffusion 

Usin'g serial sectioning andr:esidual activity l:1ethods Khronov et 

a1. (82) studi!!d the diffusion of C14 'in large-grained (grain size .... 1 m) 

ZrlI0•9S •. rio similar studies have been carried out for ~ircontll'l'l or nitrogen 

diffusion. ' 
'> 

2.S.S Discussion 

In order to facilitate the comparison of the reSults cCJ:lplledin . . , 

table 1 we. have plotted. in fig. 6. 109100 versus the ,inverse of the absolute. 

temperature. The agreement bebleen the data obtained fra:l the.two fi r$t , 

llethods is rather good. mainly above lloo°C. while those calculated fran i 

sintering kinetics show Mgher values of Do and Q. The diffusion ot'c4rbon 
/.. 

in zirconhn nitride seems to be sl,ower than that of nitrogen. As we 4re . . ' ! , 
chiefly interested iii nitrogen diffusion we will examne in ,core, detail the 

results relevant to this type of diffusion. , 
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In comparing these coefficients several important points should be" 

emphasized: 

25 

(a) All the available data are chemical diffusion coefficients which 

were measured on~olycrystalline samples. In all the methods described 

above .the various mathematical solutions are based on the assumptiolJ that 

isotropic.l!lttice diffusion is the only process that is occuning. In 

reality diffusion samples contain grain boundaries. Thus it is possible . 
to expect an increasing contribution of short circuit diffusion leading 

. " '/' . . . 

to an apparent 'decrease of the activation energy at lower teqle'ratures. This 

effect perhaps e~plains the relatively low values of Qobtained in the, 

650-11000 Ctemperature range. (77 .74) . . 

" (b) In the computations outlfned in section. 2.S.1 the intrinsic. 
(!I 

diffusion coefficient ON I"s assUT.1ed to be independent of canposition •. In 
, '. r" . 

phases that have a wide range of !la:109imei ty this assumption' may not be 

valid and one might question the usefulness, of a concentration-independent 

" value of ON' • However. Iyer(19) showed that a vacancy medlanis1:l predicts 

that ON should be,essentially independent: of c~osition. ,while the inter-

stitialcy mechanism predicts a sharp decrease in the pre-exponential factor 

with increasing vacancy concentration. DHfusion studies in blo other 
". . ' .. 

transi~ion mononitrides (s~e followin9 section) THI and VII support a vacancy 

'mechanism for diffusion of nitrogen. Thus the assumption Drl Independent 

. of composition. appears reasonable. -This fact has an interesthlg thermo­

dyn4l'lic. icpllcation. On tan be related to the tr,acer diffusion coefficient . , , , , 
Il-" and the c:;heolca1 diffusion coefficient 0 for diffusion of nitrogen atces 

and nitrogen \acan~ies In ~e nt~ sub1attice. (5.19) , Indeed ~onSlc1erln9 
that diffusion occurs only on the nItrogen "sub1attice and' taking nltrqgen 

" 
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TABLE I 

Diffusion Coefficients for Zirconium IHtride • 
(' 

The diffusivities are expressed in Arrhenius fom: 0 ',. Do exp(~) 
• " , 

Diffusing Temperature Do Method Ref. 
Ele!1'ent Range (an2/sec) ( 

650-850 7.87xl0-5 ~ ~::, :.:.;':---u/..- . 

35.9 -', Nitrid1ng 77 

.~ . , kinetics 
"-- "I 6.0 xl0-2 1250-1700 60.0 78 

.N 1260-1720 1.69xl0-2 53.66 ::, N BOO-1100 -2 44.2 ~ 2.5 xl0 
I' 

N 121JO..1500 3.12 79~4±6.0 19 

76 N 1600-2200 7.5 xl0-1 78.3 Diffusion !io 
saturation 

683 2550-2700 3.5 xl012 . 245.0 Sintering 81-
kinetics 

2400-2750 -7,9 xl05 '150.0 81 
, 

'2.6 xl02 2400-2600 97.0 81 

95 C14 2030-2690 (1.59+0•27 )xlO-3 
-0.22 92.1!O.9 . Rad10traar 82 

, , -
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as ,one component and nitrogen vacancies as the second component in Darken's 

equation leads to 

t- . 
.. '\0 ') (2.7a) ,D • [(1-x) DII + x Dy] , 

• 

[(1-x) D*1l + xD*y] 
31naN '(2.7b) • ( ) 
31nx .' 

where Dy and D*y are the intrinsic and self-diffu;Aon coeffici~nts for 

vacancies, ,and x is the nitrogen to metal ratio., If D*N is assumed equal 

to D*y, then 'the pr"eceding equations reduce to 

(2.8) 

, " , 
This means that th~ chemical diffusivfty is di,rectly proportional to the 
r 

tracer self-dfffusfvfty lind the thermodynar.lic gradient. Therefore a con-
" .. 

,centration fndependentvalue for DII 1mplies that an fncrease of"D*N w1th 

fncreasing nitrogen-vacancy conceritrat10n,,1.li canc~n!<I. by a corresponding 
I " ; t!:~-~-, .. "'- -

, '~ . --'." . 
decrease ~n, the 'thermodynam1cgrad1ent. ThiSSh~l~" ~~ 'applfcable to the 

chemical coefffcient obtained froa the dfffusion saturation-experiments. 
'~ " ", 

(c) In sectfon 2.8.1 f t wal' also sh!M'\ that the values of On depend 
. I,' . 

em precfse phase dfagrarl fnfomatfon. Unfprtunately the posftion 'of til!! .. 
• . . r 

CJ + Zrll/Zrll pl)ase boundaryfs not lIItill k!I!M'\. -Furthermore. nearly all the 

authors used the ~ta'proposed by Dcoalgaet al. (30) ~hfch are consfdered . 

in error. 

(d) The results obtained fl'OQ sintertng kfnetics seen to' be different 
, 

in nature than the others~ueto their high values of Do.end Q and their 

concentration dependence. Such high villues of actiVation eflerw and 
'/ 

.. ' ... 
I , 

, 
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pre-exponential'tenns along with a reduction of the sintering rate "~ith 

, de~1ation fran s'toich'iometry were a1s~ re;orte~in th~ case 0~oxi~es-:(83.84) 
,- " 

Many exp1anatio,~s were g,iven for these phenomena but,flone 'was found coop1ete1y 
o • 

satisfactory. Using the concepts of the. thennodynamics of frreversfb1e ' 

, 0 

processes. Andrievskif(81) o~:tafnedan equatfo~ for theeffectfve (or mean) , 

self-dfffusfon c'ijefffcfent whfch en.tersinto th~ s In~ri~~ equation.sfor 

.. ' ,volume diffusion transport: 
'2 2 

'.,... '" C1 D1 + C2 D2 
Deff '" CZ 

4 

(2.9) 

In this express ion Cf are atomi{~ract10ns. Df 'partial self-dfffusion coef-: 

\r ficlents. and Ind;c~s 1. 2. 4 tefe~ res~ctive1y to metal:atoms. metalloid L 
" , 

'-',; atoms and metalloid vacancies. Due -to the lack of information on ,the 

, partial diffusion coefficients ,in zirconl~ nitride it is impossible ,to 

obtain II' quanti tative conffrmation, of this re1ations~lp. -However • the 

fact that an °lncrease of stolchianetry Induces an Increase of the 'effective' 
" 

self-diffusion coefffcient Implies that the above equatlonfs at least 

qualitatively conflnned. 

(e) In ~o~cluslon to this discussion we will note that an estl~ation 

of the act1va~lonenergy for self-diffusion of II in Zr« ~aS,ed on voll1lle 

f1uct~atlon theory gave a ,value Of81.1'kca~/lnOle. (19) This result1s 'In 

good agreeneri't with themajor,tY of the -It,nergles measured In the l2~.1700·C 

,tet:JP.erature range and conflrinsihe exceptional nature of, And!,ievs\I1'S 
o 

results as well as the possible Influence of high-dlffustvlty paths at 101 

/ 
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2~ 9 01 ffus 1 on.' 1 n Otlier B1 nary N1trides 
" 

D1ffus10n coeff1cients ~ave, been reported 1n the l1teraturefor 

T1II, (19.78,&5:~7 VN~ (19,88) Nbll~'(89)trzN,(90) Fe
4
N, {9l) £ 1ron ~1tride 

• 
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, h' (92) (93), d ," (94-99) 11' , , , ' , 
, .. p ase,' , ,ThN , an UN.:",_ A the c~rrespondin9 vqlues are cfX1l-

" , . 

: piled 'in Table' ,il except saine for UN. (97,99) , We win ,only di~ucss ,here . ' 
, the data pertin¥ntto nitrogen djffusion 1n ,Till, VN and Nbtl becaus~ these 

. .~ -. D' 

nttrides have very similar g~~erjlLproperties,"to ZrN. Nevertheless we 
, ;" - . ", '" .,~ - .~ . - ' . ," . 

wi 11 note th~t in ttre case of ' UN tracer diffusio'n l=oefffcients are availab'le , 
, 

for~both'n-itrogen anll uraniUm diffusion. This is an exception in diffusion 
'." . , 

studiEis'in nitrides •. , 
c 

0() • " 

, The only dhtinct1ve feature .1n the nitridation qf Ti, V, and Nb 
, : '. ~ I ...' .'. " '. ~ 

, . compared to that of Zris thepossfble'fomat1on of an interrnediateoMil , 
. ' . ~ , .' . 

nitr~de layer bebleen'the·mononitricSe and the ~. phase: 'tleverthel,llss Ilti can 

be computed in very~imi1ar w~s to thOseoutlfnedin section 2.8.1. Ir1 
, ' 

Ii'ddi,tion tQ n1tridtng' kinetics andd1ffus10n saturat10n methods a rather 

riewtechn1~ue' w~s ,use~ in the ca~e of THI(1g) and VN. (19',88) Presat~rated' -. ~. 

o-.. Ti samples or Yi' samp,les were 1\1t~ded:bebleen 1200 and 15~oC1n the 
~ "\. : .' . 

f1rst ~ase, and only a~ l~OO°C .1n the se,cond one.', The .react10n results 1n" 

the fomat10n and growth of"a single layer of ~non1tride; The n1 trogen 
. , '" 

'gradients-across the product layer weredetemtned using an electron-el1cro-
" ~ :.>' , 

. _ • \ • 0 _ •• _.' . 

probe an~lyzer. ' The variation of the chemical dtffustv1ty of n1trogen""tth 

tho Cocpos1t1on of the ..,1 phase vas c:etem1ned fl'Q:2 the concentratton profile 
~ - .~ -

ustng the'fol1C*tng expresst,on: 

(2.10) 

\ 
- ' 

" 
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TABLE. II 

Diffusion COefficients for Other Binary Nitrides 

, Nitride Diffusing " Temperature , 200 Q Method !lef. 
Element Range (an /s.ec) (Kcal/mole) 

TiN N 900-1520 ':3 .5.4xl0 52.0!3.5 Nitrldfng 85 
kinetics 

TiN N ' , 1300-1600 4.42 72.8 86 

,TiN N. 1350-1700 2:0xl0 90.0 7~ 

, . TiN N 1200-1450 5.8xl0-1 66.»7.0 , 19 - ' 

TiN N 2.29xl0-3 
50.~ Diff. sat- 87 

uration 

VN N 1500 ' ON • 2.5(tO·.3)Xl0-~ Nftridfng 19.88 
! kinetics , 

. 2.1xl04 -
NbN N 1405-2035 112.0 ~9-

Ii 1200 -8 ~;';1}~:'- -:,' Cr2N ON- 4.2 x 10 ' " --", -: -
.~. :', . -

Fe4N N 504 ON - 3.2, x 10-12 . 91 

554 -12 ON - 7.9 x 10 , .. ,. 
eFe nitrfde 1/ 580-730 4.43xl0-3 . 27.05 BoltzNn 92 

Hlltano ,tlethod 

ThN 1900-2400 
" ." 2 

2.54xl0 ' 99.4t3O ' layer grovth 93 
:::~.-,.~--':~~' 

2.6xl0-4 .. "15 cass spec. lJl "'1j15 1500-1900 55.0 94 
i 

UN N15 1792 . ON - 8.1x10 -11 "15 nucl. activ. 95 

ull N15 1700-2000 '1056.0 97 

UN
1
_
x Um 1100-1600 3.24x10~7 60.0 Q ~rlld. tech. 96 

UN1+lI. U233 1\ . 1420-1830 7.S4x10-2 105.0 --
UN1+x 

233 ) ," 99 U' , , 
Uli " 1800-2400 1.2x10 17ct2S 1 ayer gl'Clfth 98 

./ 
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where'ON)C* is the chemical diffusivity of nitrogen at a concentration C*. 

and C* is any particular concentration be~en C" and <ll • ,Co is the con­

centration of nitrogen in the sample at. t = O. and t is the time. In est­

ablishing this formula the outward diffusion of metal was considered 

negligible in comparison with the inward diffusion of nitrogen. The. cal- . 

culated values ~f 011 indicated n~ significant tren~ in the variation of the 

intrinsic d~ffusivities of n~trogen with composition. this result· being 

consistent with a v~cancy mechanism of diffusion. (19) Furthermore. the'. 

value for the activ~t1.on energy. in the! ca~e of TiN. was found in surprisingly 

good ~greement with'the value predicie~ (65.3, Kcal{mole) using the v~lume 
fluctuation Dodel. This value i's considerably SJ:1aller than the one for 

, .' 

Zrfl~ the diffusivity of nitrogen in ZrfI seem to ',be smaller than in TiN. 

In CONClUSION. in t1lis review of the literature we emphasize the 

importance of the defect ,structUre of zirconium nitride •. This defect 

stnl'C'ture ~OC1bined with.,a wide range of hocogeneity .and particular bonding 
~ 

is the main feature of this. COI!Ipound. DiffuSion seems to occur by a 'vacancy 

mechanism in the nitrogen sublattice. t.e. di,ffusion of nitrogen ata;1S via. 

octahedral-vacant octahedral site JlI:lPsoRI'OlI an octahedral site to a 

vacant octahedral site via vacant tetrahedral sites. Due to the high con­

centration of nttrogen vacanctes the rather low dtffusfvtties are surprtsing. 

The type of ~emtcal bondi'ng existing in nttrides ~nd a possible 'effect of . . . 

oxygen 1cPurtttes are perhaps responsible for this phena::enon. 

J • \ 
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CHAPTER III . 

EXPERI~rrAL TECHNIQUES 

• , , ~.-_ I . 

This chapt~r w111 deal with the prepar~~10n a.~.~:,characterizatio~ 
, ' ~. ~ 

of samples. and .. with the diffusion experiments. ,: i. .... , .. 

3.1 Sample preparation __ ./ , 
,/,,"; , 

Two kinds of zirconium nitride 'samples were used in this work: 

spheres. 45-105u diameter. and platelets 254u thick •. 

3.1.1 Preparation of spheres 

The spheres were prepared by dropping particles in the 45 to 7511 

size range through an electric a~ where they ~lted and spheroidized due 

to surlaC,e tension. 

3.1.1.1 Arc assl!r.1bly description ~ 

The arc assembly shown in ft9. 7 was used before by Hadeyski and 
. " 

Smeltzer(lOO) for the preparati:m of zirconia spheres and by Streiff and 

Smeltzer(7) f~r the preparation 0; zirconiuo nitride spheres. It was' e~u~pped 
with tun9ften ele'c~rodesand a graph1te-body' in the hot zone •. connected to 

a Vycor glass tube in the. lower. ·cooler part of the furnace. The tungsten 
'"', electrodes were held by bIO graphite rods., one of the rods was stationary 

, , . . .' ~", '. .. 
. , 

while the other could be QOved ~nually by ceans of a fiber glass handle to . ,~~ .' , 

ictJust the length of 'the arc. Cerll\lic ,·Pyro-phyllite· brush1~s provided 

electr'c insulation fQr the rods. At .Jhe lower end. the Vycor tube te~ 
~ , • v 

inated at a hollow alUl:ltn\&'l ring whiCh had one gas inlet tube and 12 outlet 

32 

, . 



,:~.,. 

, , 

f~ED PART leLES ---h..t:::::::.,., 

PlROPHYlllTE 
for elecrrical 

" • 

ins.ulat 

" 

VIBRATING IN.DROP 

1------ DEVIC E 

~....;.----- GRAPHITE BODY 

, , 

S I A TlO N A R Y _~:::::=~~~r~~.~~~~=:Jr-__ MOV'A B LEGR APH"E 

GRAP.H"E ROD 100 

IUNGSTEN ELECTRODES ~+-.1 

, ' 1"""------ VY~OR GLASS lUBE 

WAlCH GLASS 

lund' O.IINGS 

'. , 
\.' GAS OUfLns ----__ ;.J ., 

'. ":,. 
':,. '., 

'~ ',. 
'"!t,. 

...... " .. 
figure 7 Schenatic Cross-Sectfon of the Arc furnace 

33 

«:JI 



. I 

orifices providing' a uniform distribution of the gas around the internal 

< periphery of the furnace. A flat a1umim.an disc fonned the bottom of the 

furnace where the spheres and the irregular particles 'which missed the 
'. ' 

. 34 

arc ~Oll~te: in a watch gl,ass after passage through the furnac~ The. Plate, 

could easily be removed to retrieve the watch glass and' its content. Two 

silicone rubber O-ring~ made the lower part of 'the furnace gas tight: one 
, . 

between the alumin~ ring and ,the Vycor tube,and the other between the ring 
~ 

, and botto:1 plate. The upper part of the furnace was not gas ti~ht allowing 

the gas to escape. The'powder was introduced by means of a vibrating in-drop 

,device., 

3.1.1.2 Arc assembly operation 

The operation of'the arc furnace was always started by blowing a 

ni trogen-argon mixture through the bottom 'Of the furnace at a hfgh rate to 

thorough 1y purge the arc regi on of ai r. Thi s stage was very ir:tportant 

because oxygen, even in small quantities, could'react with the.nitride during 

the spheroidization. After a fewl!linutes the flow was reduced to a small 

rate because an excessive rate of flow 'nterf~rreaWith the passage o~ the 

powder through the arc or could even blow out the arc. On the other hand, ' 

a suffiCient-flow rate was 'required to maintain a positive pressure inside 

the furnace and prevent any introduction of air. U~tra high purity gases' 
, . 

(>99.9991) purchased fron -Matheson of Canada- were used. As soon as the 
o , 

<, 

gas flow, rate was .reduced the arc VIS started by simply. brlngi.ng the electrodes 

ve.,ry close together. ,Then'it WlIS drawn to its full operating length of , , 

1.~2 c:l by s~ifting the ~veableelectr'ode.' The operating condittons were 

100 vol ts and 10 to 20 &::Peres. Direct current was used to provide an_ 

uninterrupted arc. 



A powder charge of approximately 2 grams was put in the. reser-vei r 

of the lI,ibrating in-drop device and gradually introduced into the arc. 

Separation of the spheres from irregularly shaped particles which missed 

~e arc was accomplished by dropping the powder on an inverted vibrating 

3S 

watch glass. Particles spread over the glass surface with the spheres rolling 

free off the edge. The yield. ranging between 5 and 10 w/o. was increased 
1 . 

to approximately 25 w/o by rec,ycJing the IncCll1pletely fused partlcle~ through 

the arc five to six times. 
-

'\ 3.1.1.3 Starting material , 

~. ,. "'The starting m~~rlal was '189: Zirconl~ nitride powder purchased 

\ from "Ventron COrPoration ~ Alfa products". The analytical data given by . 

this company are shown in tabl~ III • 

. 3.1.1.4 ·Si!turatfon~ of spheres 

'Due to the rather low nitrogen content of the starti'ng material and 

the possibility of SQr.le loss of nitrogen on a~ melting(30) the spheres' 

~re renl tr,ided for 10 days' at lOSO·C in ~e 'apparatus used for the prep­

aration of slabs a,nd described in the following section. 

3.1.2 Preparation of slabs 

The slabs were prepared by nttrldi~, zone refined .zlrconium sheets 

at high tenperature In a nitrogen atD)sphere. 

3.1.2.1 "Description of the nitridation apparatus 
'/-- ..... 

, Figure 8 shows the ~i.li!Ntic arrangel:lent of this apparatus. 

The furnace was of the electrlc' reSls,tance type. w1.tho Kanthal Al 
; . 

element. capable of producing' tecpentlll"es lIP to 13SO·C.The teC'.p~roture 

was controlled at tlOC by a Hon~l1 pyr-o-Vane lnstN!lent using a type S 

(PlatinIC:! ¥s. platlnUCI + lin rfIodtlD) themlcouple. A themoeouple 
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TABLE III 

Ana lysis' of the zirconill1l nitride used for the 
preparation of spheres 

. Element ,content: '1110 . 
'--'---fi'- , ~ 

Fe 0.07 
Cu 0.02 
51 0.0,6 
Ca 0.01 
Cr 0.06 
Ni 0.04 
C <,' (240 ppin) 

, *After ·Ventron Corporation - A1fa Products-, (Aldrich 
Chemical Co. (Canada) Ltd.) 

TABLE IV 

Ana1ys.is of the zone ref1ne.d zirconium used for 
the preparation of slabs . 

Element 
. .. 

content. Ppcl 

Al \ 20 

.Fe 10 
sf 5 

c 20 
" 

·0 50 
H 5 
II 10 , 

Other 10 

"After -AtIXlergic Che=etals Co.· (A division of Gallard- . 
Schlesinger Chemcal Mfg. Corp.) " 

- - ...... -, 
'. ~-;--

';", ~~ :-~':':"',"'- .~-!. 
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potentiometer of P4 type from "Croydon Precision Instrunent". connected to 

a second Pt-l~ R~thermocouple. was used to measur'!! the temperatures. 

The'reaction chamber consisted of a mullite.tube (MY' 30 grade from 

. McDanel Refractory Co.) closed at one end. the other end being directly 

seal~ed to a pyrex extension tube connected to the vacuum Pl.lllpS~ a nitrogen 

supply cylinder. a manometer and two vacuum gauges. a thermocou~e gauge 
\ 

NRC .531 and an ~on1zation 518~ The cylinder was fitted with 

research purity grade nit (99:9995: min •• <1 Pllll oxygen) supplied by 
'. ' • 

Matheson of Canada. Ltd •. , equipped with a high purity single stage 

metal diaphragm regulator from ·the S'ame canpany and was connected to the 

pyrex glass section of the. apparatus by means of a "Cajon" ultra high vacuum , ·r. ' ,. 
coupling. "EdWards" vaculr.l couplings were utilized in the plr.lping systetl. 
., . 

In particular a flexible metal bellow reoo~d .the vibrations of the rotary , 

punp and a glass-ta-metal coupling joined the vacuuc system with' the rest 
• 

of the apparatus. 

3.1.2.2 1I1tridation experiMents 

The specimens. contained in a platinum boat with a zi,rconilr.! cover'. 
~ . 

"I!re introduced at roa:J te:lperatlire in the reaction chacl>er wt-th a r:".etallic 

rod. The syste:l was purged 'froo air by evacuating it with the~hanical 

PIlllP and fi11ing 'it withnftrogen. this operation.being repeated several' 

-4 " tis:es. Then using the diffusion PUCP. it vas evacuated to about 10 Torr. 

Finlll1ythe furnace VIIS heated to abOut 4OQ"C. nitrogen was introduced It 

I pressure sttghtly lewer than IIt:1Ospheric lind the teqlerlltur.e was broll9ht 
" 

up close to 1150~C. Thh ~rllture WIiS held for four,~k.s. Curing 1111 

thhperiod I ~ll positive gas pressure was Nlnta{r.ed 1n o~r to ntnintz!: ' 

ox,y~ lelugc 1ntathe syste:'l. iThc purpose of the z1rccnlu:'1 sheet phced , 

I , 
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on top of.,t!\e platinunl'-~o~t~as to getter any oxyge~ trace diffusing inside 

the chamber. 

3.1.2.3 Starting 'material 

.A zirconium sheet 99:995%. 

,_r -'_, 

" . --,/ / .\;/_/ 
2.54 em wide x 30.48cm long x 254u thick 

was used. The analysis as 'supplied by manufacturer is given in tabl~ IV. 

., 

The sheet was cut in pieces 2.54 em .long and approximately 1 to 1.5 em wide. 

Before their introduction in the furnace these slabs were chemically polished 

in a HE-HlIG3 bath containi!'g 4~ v/o'1Il103 (7M). 5 v/o,HF (48%). and 50 vlo .... - ' . . 

H20<~e~. they'werewashed with distilled water and carefully dried. 
. ", ....,_.~'.::,':'1"0 . . .. '"".,.,.,., "--' 

3.2· Sample characterization-· ..... ,,--- • 
-"-~-I) 

Characterizing nitride somples is a ,difficult and challenging task 

not sufficiently appreciated by many investigators. We tried to characterize 

the most important factors upon which the diffusional properties depend: 

chemical composition. overall defect structure (including vacancy concentration. 

grai n she and porosity) and sample homogenei ty. The techniques used for 

the characterization of each of these faetors are discussed below. 

3.2.1 Chemical composition. 

Our chemical analysis was restricted to the detei'r.rtnation of nitrogen 

and z~rconhiil'~·.Due to a lack of suitable equipment we were not able to . 

determine oxygen.·· .. ~, note 'that it was impossible to apply the nOn:lal . 
1". "1' / .. '-f'-'o • 

vacUUI:I fusion technique used in the.case of metals. To fuse refractory' 

nitrides very high ter.lperatures are necessary. and special techniques a~ 

needed. such as fusion in it plat1nUCI bath ('10 2000°C)contdned in a graphite 

crucible or rusi in a grll.phite mold at 2400-3OOO°C. The evolved oxygen 
. . ; . '. . 

fra:l the seoplo acts with carbon to fom CO which 15 collected and analyzed. 

For the fourth 9 up nitrides. even these techniques are only partially 

1 



successful. . Stability of o~gen in this group is great~ and therefore 

o~gen is difficult to remove •. Neutron activat!on analysis could bea 

better technique. (101) We will also notetti~t the det~_ction of impurity 
.... '" . ~~~-~--:'. -:--

phases can be performed using the common Debye Scherrer or diffractometer ."-- ',' 
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techniques •. However their limit of detection is usually a few percent and 

can--'blHlven larger,ufldercertain condit10ns. For example, 1mpur1t1es such 

as o,(ygen form solid sol uti ons" wi tti n1 tri des and the'refore fa il ure to 
-, 

observe oxide i~purity phase ,is not complete1nsurance that contamination· 

has not occurred. Nevertheless,we used systematically these techniques, 

in particular to check the absence o{ free z1rconium 1n the samples. 

3.2.1.1 Nitrogen analys1s 
( ,. 

Determination of nftrogen in the refractory nttrides of the metals 

of groups lIB, VB and VIB has presented difficulties to the analyst. Con­

ventional techniques such as Kjeldahl analysis, vacuum or inert gaS' fusion, 
" 

. alkali hydroxide fusion were found questionable because incOl!lplete dis-. 
) 

solution or decomposition frequently occurred. - Sodium peroxide fusioDS 
. . . . 

, were always cOl!lplete butpart1al ~nversiolti;:!lf {!te- nitrides to nitrogen gas 

was observed. Dumas ~th9d,· oxidation or chlorination were found oore 

satisfactory. Due to these diff1culties, determination of nitrogen in 

Ii 

. .... - . . (102-112) 
refractory !:letal nitrides has been .the subject of several investigations. .. . 

Al:long the' di fferent codi fied I:'.ethods proposed to iC1prove the, validi ty of / 

results we chose the rapfdtechnique for dissolution of nitrides pres-enteil 

by Boll~n.(112)This author showed that a tin(Il)-stron9phosphor1c acid 

reagent was a n!tIarkabl~ Cledi~ for dissolving ~ny tTansition C'<Ctal nitrides, 

zirconilC nitride in particulari without loss of nitrogen. 

.,-
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We followed very ~losely Bollman's procedure. ApPf6~~irtelY laO mg 

of nitride,l.5 g of 5nC1 2• 2H20 and 10 ml of "aP04 are introduced in a. 

SOO ml. long-necked Kjeldahl flask'and heated on a hot plate until most 

of the (free) water has been driven. off. Then the flask is heated, over a 

burner ~ntil gas·evolution nearly stops. Duri~g the heating. as well as 

during the cooling. the flask is swirled to keep suspended the milky phosphates .. 
eventually formed. After the solution has cooled. about 100 mJ \of "2°.,2 . 

. . \ 
or 3 boiling chips. and 75 ml of NaO" (10N) are added. The flask is ill11led-

. iately joined to a Kjeldahl dfstillation apparatus and the solution brought 
. " 

to a gentle boil and distf.lled. One hundred mn l1meters of dfstillate were 

collected in a ~~efvirig graduated c;ylfnder conJiil1ng.ori9inally. 50 ml 
. t/., . 

of 2: boric ac,d solution with cethyl red-methylene blue indicator. The 

""~im,onium borate 'present fn the distnlate~ was titrated .with a standard 

o 
'. (3.1 ) 

0.1 II HCl solution to the same end pOint (green to purple). A blank was 
.", 

(3.2) 

carried through the procedure to check for COntilr.lination,. 

3.2.1.2 Zirconium analysis 

100 mg samples werecalcinated in air or pure oxygen for 24 h at 

ZFtlx + 02 • zr02 + x/2 tl2 ' (3.3)" 
., ~ f " '. . ~ 

l~~cjThe"zr ttI/o ttlas deducedJ: ~e weight of the ttlhite zirconia obtained. 

The result is only approxitliltCI en the...sacples contain an appreci~le ~t 

of tletallic or oxygen i~ur1t1es •. 
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3.2.2 Defect structure 
• ~ . . . .' 

,Some ~pes of defects ,~uch as porosi~ alld grain size were character-

ized by 'metal1ographtc techniques while the vacancy' conceritration 'was " 
, '. .. . 

, detennined by. comparing X-r,~ densi~ with experimental'ly determined density. . . 

3.2:2.1 Hetallographic observations 
-. 

Spheres or 'slabs were mounted in room setting epoxy reSin. care-

fully a,braded on 400 and 600 grit silicon carbide papers and polished on 

6 and 1\1 diamond wheels with kerosene as lubricant •. The specimens were then 

cleaned with petr:oleum ether arid carefully 'dried. To reveal the grain 
• 

boundaries. some of ~em were et~hed usi~g the HF-1fl03 solution described ' 
" \ 

·in section 3.1.2.3.· Specimens Were examined with a "Carl Zeiss· optical , . 
. . ~ . . 

microscope or wi th a "stereoscan": scanning electron microscope.' The S.E.H. 
" " 

I ." " _ ' 

microscope was also used to examine thesllrface of non-mollnted speciMens. , 
<>, • \! (,,'( 
'.3.2.2.2 Lattice parameter measurements 

',Diffractometer traces were run in the high,angle re9iOn 1/4°' per , 

min .on a Norelco diffractor.eter. using 4° sHts and Ni-filtered eu radiation. 
I 

and were corrected by mean'S of an external 's11ico,n s~ndard~ The parameter 

was calculated on the basis of th~' (331); (420). (422). (511).-and '(440) . , 
pe.a~sbjmea~s of a simple F9rtran program run on a CDC 6400 ~uter and', 

~ased on the extrapolat1~nl!lethod. (113.114) In this Pl'99ramth~ ,lattice 
I' . -" 

JParameter is c~puted for each,angle and virtually plotted against ~e 
, .. 

_ chosen extrapolation function c:os2 a/s1l1. S. The intercept for e ... /2 .,of. 

, the least squares straight linegi yeS the "error-free" value of the lattice 

constant. The 95 percent c:o~fidenc:e l~::I1ts and the corrdation coeffi.c1ent 

were also calculated. 

, , 
,. . 

.. 

• 
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In some ca~~s the Debye-Sch~rrer method was used. The powder photo-
" 

I graphs were taken with a 114.6.1lIII diameter Philips camera. The film was' 
I " ' 

I mounted ac~ording to the "asymmetric (or Straumanis)me~od.In this 

, arrangement the film isspl1t' halfway between the pointS wheN,!' the direct 
! • • • • , • . • , '. 

! beam enters and 1eav.es. the camera. The complete diffraction record from 
, ~ . ," 

1,0 to 90·0 is recorded on the same film strip and the presence o'f pairs of 

: arcs about the 0'" O· and 0 • gO· positions enables their location 'o~, the 
, ~ '.' .-

, film with utmost preciSion. The lattice parameter was ca1cuJated as above\ 
." "j 

i ~ 

, but in this case the extrapolation function introduced 1n the program was 
, 

, 1/2(cos2 0>s1n 0.+ cos2 '~/Gt, this functiO,\.9tving linear plots ,down to 

'small values of o. (113.115-118) "Y' 
3.2.2.3-rienslty measurements 

o • A 2 em3 pycnometer (specifiC gravity flask) was employed. The . . 

specimens ~re weighed at the sar.-.e temperature In air and in xylene. The 
,.' ' . ~ 

sample-xylene mixtures' were o~tgassed under vacuum by vigorous mechanical 

v1bratlo~ and the density of xylene was determlnedwith boiled distilled 
, . , 

water. Three lreasurernents were done for each specimen: 
o '. 

3.2,.2.4 Vacancv concentration calculation 

'We win explain here. in a IIOre detailed waY than in section 2.4, 
• 

how the vacancy concentration can'be evaluated for: both sublattlce sites 
, ·t ' 

. from ltttice' paratleter and densi ty aeasure:ients. 

We wiilconsider the case where the aWl1-c ratio II • II/ir 1s less . . 
o 

than ~ and ISSUllle a'lOO: O,ccupan~ of a!tal sites. Thec'X-ray dens~tJ' lis 

given by the expression: 

d nM 
II • H;3 , 

" 

(3.4) 



1 

" 

whe~ M" Llecular ~eight .. 91.22 + x • 

N .. Avogadro number .. 6.0225. 1023 

,;a • lattice parameter (an)' , 

14.oo67(g) 

n .. N\Illber of metal atoms in the unit.cell .. 4' for the NaCl;.;type 

structure. -
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Assuming that the difference between dx and ~ pycnometricdensity dp can 

be ascribed to defectiveness of the metallic sublattice rather than to 'the 

presence of closed rnicropores or voids. we can write the following 'equation 

N'H 
dp - N? (3.5) 

where N' is .the real number of metal atanS in the unit cell. The proportion 

of vacan~ites in the Zr and II sublattice defined as 

. n' V';'l.:-
Zr n 

(3.6a) 

n' 
,VN - 1 - x n (3.6b) 

can be directly cal~u1ated froCl the densities. By cccparing the equation 

(3.4) and'(3.5) i~ is easily found that 

'n' dp 
iI-d; (3.7) 

, '\:;.,' 

Therefore -
,VZr • , - ~ (3.Ba) 

VN • 1 - x ~ (3.Eb) 

The ceasurt'C'lCnts of a (or dx) and dp eizst OC,cur at a constant nd known 

t.ee;>eratu~. If their expansion coeff1c1~nts are not known. the determnat1cns 

DUst be £lade at the ~ te:;lerature. 
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3.2.'3 Sample hanogeneity\. 

Sample hanogeneity, 'particularly in the case of the nonstoichianetric -, ". 

nitrides, can be a problem because of 'the slow diffusion rate of nitrogen • . 
The sharpness of the splitting of kaf and ka2 lines of Debye-Scher~r X-ray 

patterns can be used to indicate the homogeneity. However, we preferred 

the el«ictronprobe mit'foanalysis technique. 

An Acton. (Cameca MS':64) C1icroprobe ",as employed in measuring the 

concentration profile of zirconium across samples mounted and polished as 
- ~ " 

~ for microscopic observation. In this method. the weight concentration CA . 

of an element Ain a c~ound ~ iiS deduced fra!la ctlr.lParison between the 

intensity of a suitable characteristic X-ray l1ne of element A. eClftted under 

given condi tions of electron ba:lbarcbent. and the inten.s;ity of the Sar.le 
, , , 

characteristic radiation.when emitted by the pure element A under the Sar.le 
. m . - Q 

electron bor..bardment conditions. Indeed. -KA • the l'Ieasured ratio of these· 

intensit1es,c9rrected for instruoental 'effects such as the background count 

rate on either side of the line being used and the. loss in count rate due 

to; the de,ad tiDe of the counter" is equal to a rough approx,iJ:1ation to CA. 
. m . , , 

It is possible to calculate CA more accurately fl"OCl KA by using the ltorrect1on 

factor concept. (n9) This concept assIRs that KAf!I is eqllal to CA ttr::es, 

I series of correction factors for. atoo1cn=er. Z. absorption. A. and I':, , .~ 

f 1l0rescence. F. 

(3.9) 

'In the present study I' CQ:TpUter progr= was Written to obtatn ~ 

table of CA and KA~ comsp~d1ng vllues in the ccn~trlttcn ranse of interest. 
, - n 

',The calculltt,ons were worked. fra:l right to left (t.e. fra:l CA to KA ) because' 
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",' .. -, 

working In thl~ sense avoids the necessity for iteration. No fluorescence 

'correction was necessary'because ,the Ka ch~racterlstic radiation of nitrogen 
, '/ 

" ' 

was not able to excite thea characteristic radiation of zirconium used 

in the analysis. The correction factors Z and A were taken fran Birks' 

\ book. (119) . They a.re du~,;.respectiVelY to Duncumb .and Reed(12D) for atanic 

nuntler and Ph11ibert(12~)~'?"r absorption (modlfle~\ by\ Duncumb and Shields (1 ~2»; 
~ ': 0 '. ,. . 

The Intensities of , the Zr La, (>. -6.070A) peak we,re monitored. at 

3\1 steps scanning a cross section. using a mica spectrometer and a proportional' 

counter. The electron beam voltage was 15 keY and the take-off angle 18°. 

3.3 Diffusion Experiments 

, ' 3.3.1 Method, 

The nl trogen dl ffus i on rates were detenn1,ned by observl ng the 

decrement of the ,'5r1 is~tope concen~rati(lR In an aJ:Iblent1sotopically enriched, 

nitrogen atmosphere over spheres or. slabs of zirconium nitride at co~stant 

temperature. The solution of Fick's equation for the diffusion of a solute 

from a limited and constant vollJ:le of well-stirred gas into a so1td of 
" , . ' (123) '1124) 
knCMl geo:netry' has been given by Caman ,and Haul and Crank., The 

following solution is valid for diffusion Into·a sphere of radius a with, 

the assumption of an instantaneous phase boundary reaction 

~ Dt 
. exp - Z 

a 
(3.10) 

where: 
,,"t • i:xiunt of solute taken up by the solid at tl~ t 

" • &l:lCunt of solute ,the solid would take up In Infinite tim . . , 

!~.!.~~,sed Uoe (sec) 
'>::'~;t'~"'~ " 



O· diffusion coefficient (cm2/sec) 

II • rlldi us. of the sphere (an), 
\ 

) 

). • ra'tio of the number of gram-atans of nitrogen in the gas· 

phase, ng, 'to that in the solid, ns, 
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qn • one of the non-zero, posH1ve roots of tan q • 3 q /(q2A+3). . . n n n 

. 
Lfe corresponding solution for a slab. of thickness ,21 is'· 

(3.11 ) 

~ . 

where the qn's are the non-zero, positive roots of tan qn + Aqn • O. 
- .............. 

Because of the nature of these equations, the diffusion coeff1<tent 
, -

o as a function of MtfH. must be obtained by nuoerical or graphic ~ethQds. 

Carman et Maul (123) develope,d approxinations which are more sui ted to ~ 

calculations. 

The approximate equation for a sphere is: 

. , 

where "1- ¥(1 + ¥- )~ + 1], "Z - "1 - 1 

Ot 
l· ~_ 

(3.1Z) 

. . ' 1~- 1~ 14 15 
and Ct. Cs and Cg represent the ata:2 'rllctiono' .... (,1/( II· :1» in 

.. 

( 
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the ~_p"'re ,~, .. t," the "'td ,t " .. "' .. (t,." " tho ." ... , 

abundance 0.0037) and in the atmosphere at time zero, respectively. 

. . 2· 2 
eerfc x = exp x erfc x • exp x (1 - erf x) 

erf . x • error function in x a ~ O)'x e-y2~ 

For a slab the approximate expression has a simpler fonn: 

Ct-Cs I 

• eerfc !.l. Cg-Cs ~ . 

Dt where l • -:! 
. 1 

(3.13) 

As noted above, all these equations are valid only when the phase· 

boundary exchange occu~ at such a high rate that lsotop~ equl1ibrllJ!1 
I 

between the ·gas and the sol1d 

:l4..l~ \1 ..... ~ 
ore gas +Zr'\-Nsurf• {3.14a) 

(3.14b) . 

surface Is l~dlately established, dlffu~lon In the solid being rate deter­

mining.· If a phase boundary reaction proceeding at a llalted rate Is super-,. 
lc:pos.ed· on the dlffuslen In the solid, both processes are therefore 

detemlning for the progress of Isotope exchange and it Is necessary to . . 
:derive new solutions. The usua~ crlb!rlonfor Isurflce exchange l1altaU~ 
. -
Is a curvature of at vs. Uoe plot or if the curvature is too seall. any 

, 
offset f~ the origin of an extrapolated.l1ne through (~e expert~ntal 

pohits.(l2S.l26) Edwanhetal.(12S) derived e.Jipresstons for diffusion 

frm a Halted volu::llt into so1tds of sphertC41 .. and plane sheet gecr:.etry 



J 

assuming that the ,gas-solid surface reaction contributes to the overall 

rate. For s~herical geometry 'the equation is: 

H 
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t l' ~'+). u-. -., ). 
(3.15) -

where the symbols different from those in equation (3.10) are: 
" 

qn· - one of the non-zero. positive roots of tan q _ qpE n . 

1. n 2 
E -- -~ q ). 9 n, 

F _! + !l.t!\q2 
).0 9 n 

3 
N • ~ - 1 

Q - ~ 
S - surface-to~votur.le ra\..tlo (~'for a sphere) 

,., 

K • rate constant of the surface exchange reaction In en/sec. 
, -

For plane sheet s~try the corresponding expression Is:, 

1 _ 2(1+.\) 
..); 

where, the,~ 's are the non-zero. positive roots of 

qn qn 
tanqn-r -2 1 

- Qqn-r 

" 

(3.16) 

Approxir:'.ate e~pmslons for (3.15) and (3.16) We", stated. without, c!erhatlol\. 

by-Hllul et a 1. (127-129) '",' 

\ , 

-;. 

, 
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3.3.2 Diffusion apparatus 

The diffusion apparatus was a slightly modified version of the one 

used foil,; oxygen diffusion studies in zirconia by ltadeYSki. Poulton. and, 

Smel~er.(130-132) The reaction chamber of the apparatus is shOwn in Fig. 9 

and an overall diagram of the system is given in-:-'frg. 10., '<;j 

, 'The. diffusion chamb sisted of a platinum - 10 w/o rhodium allOY! 

tube. 20 1!1!1 in diameter. and,3!lO ' log. closed at the lower end and attached 
.' .," . >'.".-. 

to a glass tube by meinsof a grad seal at the upper end. The glass tube 

could be connected to the vacuum manifold. 1511 re~ervotr. l~ cyl1ndei. to -, , 

a 500 em3 cal~'rated bulk or to'th~ sample collector. as reqUi~d. by ~pening 
corresponding stOllcocks. The use of the calibrated bulb was to measure 

the volume of the ch~er (237.5 em3). The top of the glass tube carried 
• '. • G 

a ground glass joint whose upper part contained two glass winches for " 

lowering or raising a platinll!1 crucible with zirconill!1 nitride specimens 

and a quartz 'crucible with oxygen gettering zirconium nitride powder. The 

platinum crucible. suspended on II thin pliltinum wire. was 12 en In di,ameter 

and 15 mm high. The quartz crucible. also held with a platinum wire. was 
" , 

only 8 11m in dlar.lCter. 

The plat1nUl1. tube was located inside a ceramc tube Clade of gas 
:; . 

•• 
impervious mullite (MY 30 froo KcDanel Refract. Co.). This outer tube could 

be connected to the v~cu\1'3 oa~1fold or irgoncyl1nder as necessary. II 

glass winch was fixed on the P~x e,tension In order to 10"!l!r or raise 

an oxyq:engetterlng zlrconllC1fol\ The,' cerlltlic, tube wa filled wi th ultra 

high pur1tyargon'(99.9~ Qi,n.) 0\ the S&:le Pressure liS ttJ'09cn\lnslde 

the platinum tube to prevent th,l! collapse of thethtn Pt alloy "a'\ and to 

, . 
\ 
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decrease the P.~~~_fbfl1~ transfer of contamfnants such as ol(ygen, or 

nftrogen, from 'the atmosphere fnto the dfffusfon anneal chamber. The gas 

'<pressures f ns f de the two tubes were' measured wf th mercury monaneters. 

Both tubes were fnsfde a 2500 wattelectrfc resfstance furnace ~fth 

a Kanthal A~ element and vermfculfte fnsulatfon. The furnace 48 em dfam. x 

68 em hfgh, was supported on a moveable counter-wefghtedplatform for,easy 

lowerfng and removal for repafrs. The temperature fnsfde the furnace was, 

meas,ured and controlled (to wfthfn ±lOC) by two ·S· type (Ptvs. Pt-l~ Rh) 

thermocouples, one befng connected to a Honeywell Pyr-o-Vane temperature 
, , 

controller wfth a range of 600 to l300°C and the other to a thermocouple 

potentfometer. ' 
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The actual temperature of the specfmens was measured by a thfrd 

thermocouple whose 'hot junctfon was located fn a specfal well almost touchfng 
. , ~ 

the crucfble flL,Lts normal posftfon durfng the dfffusfon(see Ffg. 9). The 

graded seals between the platinum tube and glass, and between th~'Mullf~ 

tube and glass, as well: as the ~lass tube just ,above the furnace Wl!re to,oled 

by means of a cold-water-carrying lead tubfng wrapped around them. 

3.3.3 Nftrogen exchange measurements 

The quartz and platfn\lll crucfbles, each contafn'ng' about 500~ of 

zirconiUl:1 nftrfde, but respectively in the fom of powder and spheres or 

slabs, were introduced io the upper part of the nactfon chamber. ' The 

diffusion system was evacuated tak,iog the Sll!le precautions as in the nitrid­

ation expericents (see section 3.1.2.2).. Aliquots of 94 at.a:l :. 1S,~ enriched 
• 

nitrogen (flerck, Sharp :and Dome of CAnada ltd.) were intro<!uced into the 

:inner chal:ber to raise the pressure to 10-lS Torr. Sufftcient nol't'o/Il nttroqen 

.'. ,: 

-, ." 
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(Research grade. 99.999~ % min.) was admitted at room temperat~ to give a 

pressure of ,about 260 Torr when the system was heated to the diffusion 

temperature. Argon was introduced in the ollter chanber·at asl1ghtly smaller 

pressure. The furnace was then brought up to saO-8S0°C and the quartz 

crucible as well as the zirconium fo.l1 were lowered into the furnace. This 

temperature was held overnight allowing the ZrN powder and the Zr foil to 

getter any, residual oxygen traces in the nitrogen or argon atmospheres. The 

following day the temperature was increased up to the diffusion ter.1perature 

(1000-1200°C). the quartz crucible raised and the chamber isolated fron the 

rest of the system. 'The zirconium sheet was also slightly raised to rna1n­

Uin its temperature'in the 8Oo-l000°C range~ Two one em3 gas samples ,were 

~llected to measure' the 1nltlal'15u atonic ratio 1n the gas phase. CI). 

lJmIediately, a~terwards the Pt crucibllf:was gradually lowered into the hot 
, 

• <. ~ 

zone temperature within 15 minutes. the zerotloe being taken when the . ' 

cruCible reached the botta:! of the chanber. Eight to eleven gas samples 

were collected at suitable time Intervals over a period of 24 h. After the 

end of ~ exchange ,~n the spec1nens were cooled' In ,the furnace and the gas 

sar.tples were analyzed with a !:ass spectl'(l:leter. 

3.3.4 Mass spectra"lCtric analyses 
, 

The ana lyses were perfon:led on a Hitachi Perkin Ell:".er RXU-6A ClaSS 

, -7 
spectr'OC1eter. '~t: aSlI!:!ple pressure of 2 to 4 x 10 torr. a l~ elect~e 

voluge of lS v.an er.t1ssion of 70 w\ and on ,the sensitivity scale 1I 10. 

A sirlCt1y alnstant roa:I tel:!PCraWre was r:tainto1ned. The peaks 28 ('4r12'. 

29 (14r1'~i). 30 (1~4'~l). 32 ('602) and CO (COAr) were recon!ed on a strip, 

cl'I4rt at • scaMing speed of 4 orS. The 'Sri concentration was co 1c\llated 
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15... 14.. 15... 1 ' ' , 
as -!'I/( '1'1 + -1'1) where 5rJ 1s equal to the sum h30 +.112 h29 and 14N 

to h28 + 1/2 h29 , where the his stand for peak he1ghts measured 1n em., To 

compensate for fluctuat10ns 1n the instrument, s1x dup11cate measurements 

were made for each sample and the change 1n 15rJ concentrat10n was obta1ned 

from a probab111ty plot of the average values and the 95~ conf1dence 1ntervals 

versus t1me. The peaks 32 and _ 40 were recorded to check for' IJny oxygen 
, , 

, or' argon contam1nat10n of the gas samples. 

3,3.5 Canputat10n of the diffusfon coefffcfent \ 

i1 The equations (3.12) and (3.13) developed by Cannan and Haul (123) 
, . , 

respectfvely for spheres and slabs were used to carrpu,te the diffusion 

coefffcient fra"l the results of the mass spectrometer analyses. These cal~ 

culations were perfomed w1th a ccxnputer, the above error functions being' 
',";"" 

solved, for each po1nt by means of successiVe approximations w1th the help 
" -p ~ " 

o "' 

of thefr derfvatfve. To reduce the n~r of fterat10ns approximate values 
. . ~ C -C ' 

of T, obtained fnJ:! an enlarged Plot(133,l34) of ct.cs vs • ..nt/a'i ,(a' • 
, g s " 

a/3 or 1), were gfven to the canputer.' The calculated values of T were 

plotted for each run ys. seI:!Pl1ng tice 1n 'order to dc!terafne if the,exchange 
, 

rate 'was controlled by dtffusion or by a slow surface reaction. We wt 11 

. see in the next chapter that it was posstble to Jleject this seeo,nd eventualfty 

Ind coopute 0 frm the slope~)fa~or. 0/12 of the beSt stratght fine describtng 

tne, data. 
\ 

, "The values of 109\00 at variO\lS abs-olute t.eI:lperatU'M!s Twere thCn 

plotted against 103IT and the -best- strlight line was deterafned with the , ' 

least square oethod using Iglln I c~ut.er. The 95: ccnfidence tntervals 

of the frequency factor DO and the acthatlon energy Q of t!'IC Arrt.etltus 

eq:.l4ttcn 0 • 00 elll)· ~ were obtatned &5 well uthe cGn'Olltton coefficient • 
• 

" 
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CHAPTER IV" 

RESUlTS ArID DISCUSSICltl 
, . 

Irl this cha~ter the results obtained fran the various experil:1ental 
, , 

"tests for each sample ge<ll'1~try will be first present~d iff the fonn &f . 
~ ~ .. ~ 

'. ~. 

graphs. tab les ~n"d photanicro!lraphs. T~en the d1ff~sion resul ts w11 1 be 
. / 

discussed and compared with those available in the'literature. 
. .,'. . ~ '/-

4.1 Res1J 1 ts for spheres ,. 
4;-. ~ Preparation· 

. ' 

A batch of 5.827 g was 'prepared and renitrided for lO da,vs at.. 1050·C. 
;" .' .. . '. - '" . . 

( After this ren-itridat10rl. a 1 079:~ight increase waS l:1easured and a color 

change frO!!' b.rown y~l1owto 901de~ yellow was' observed.· _. The" spheres were 
.'" . , . 

PJlssed t~rough Tyler S1-eves with openillgs of·210. 149. 105. 75 iI,nd 45\1 . 
• ' <. 

The ~orlty of then remained on the~ last sieves •. , :Therefore only the 
. ., ~;" ., (' 

spheres .in the .diaoeter:ranges 45·75\1 (average d • 6o. .. }-- and 75·105u (average 
. -::'. .. " . . 

d • 90. .. ) were used for d1ffus ion ex-periMents~ 
• (l' G 

-
4.1.2 Characterization 

, . 
Powder photographs and dfffroctCXleter trace.s contained orily the 

',I • 

characteristic lines of lirconllJ'1 nHride proving the ·s1ngle·phasestructure , ,. .' 

of the oater1el. 

4.1.2.1. Canposition 
D . 

I" . 

. The 6010 and 90-.. dleneter sphere$ ~re anallled separately. The· 
. - . 

I"esu1ts oftne cnalyses (Tat!le -V"'fMi~ted tt-.4ttt.ese spheres cons1stl!d of 
, , -' . 

substolchlCXletr1c zirtQn1un nitr'1~. Zrll •• wlth • 's1~ted a~proxtr'-4tely 
.. ~ .f 

. " 



.. half~lay between the limits of the homogeneity region of this canpound. 

4.1.2.2 

TABLE V . <, 
'-\1 

Chem1 ca 1 canl\os 1 t1 on of the spheres 
• 

d(lJ) N(w/o) Zr(w/o) N+Zr(w/o) 

60. lo..lZ 89.0.7 99.19 

90. 9.76 89.61 99.37 

" 
Meta11ogra2hic examinat10n 

N/Zr(Atom1 c . 
. rat1o) 

0. .. 74 

0..71 
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Exam1nation of the surface of the spheres showed that 1n general they 

were' not craded and had a SIT100~ surface wlthonly a few 1rregular1t1es 

(Fig. 11a). lIowever, seine uere faceted. (Fig. llb and llc) or wrinkled 

(Fig. lld) perhaps because of a beginn1ng of sintering or superficial oxid­

-, ation. 

Non-etched cross-sections (F1g: 12a) presented a rough surface but 

~s we were unable to obta1nsurface fin1sh by po11shing we wonder if this 

is attributable to scrc internal poros1ty or to the br1ttleness of 'z1rconiun 

nitride. Et~hing revealed a dense network of gra1n boundar.ies del1r.l1ting 
" ... 

grains of variable size in the 5 tAl 15\1 range (Fig. 12b) •. The polycrystal11ne 

~ture of the spheres was cohflrned by X-ray diffraction photographs taken 

of a few spheres with-a precession canera ~in9 Z~-filtered ~o radiation. 

'4.1.2.3 V,cancy concentration 
~ 

The lattice parcneterand the experi~ntal density werer:-.eas~red on 
- '''. . 

60.. spheres at 2JoC. DenSf~'"i:1e4Sureoents were carrie(! out on a rather ~ow. 
~',/;-~':~. . 

stlr-ple weight (590. 09) which resulted in appreciISD1~, fluctuations In the values. 
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" 3 
The average of slx measurements (6.71. 6.73. 6.90. 6.81. 6.87 glom) gave 

the flnal' result ,shown ln Table VI along wlth the values of the lattlce :. ' . 

. parameter. the X-ray denslty. and the correspondlng vacancy proportlons . 

'-

. ~ TABLE VI 

Vacancy concentratlon ln 60~ spheres at 23°C 

dp(9/on3) 

6_,8O±0.08 

. 0 

a(A) 

,4. 578iO.Q02 

The errors lndlcated for dp and a glve the 95%confldence lnterval for these 

quantitles. According to sectlon 2.4 the dlffereri'ce between d 'and d 
. . p x 

('103%) 15 too large to be attributed only to the presence of structural 

defects such as c:.losed Mfclopores and cracks. It ls nore likely due to the 
') • I' -

defectfveness of the r.1etall1'c"'·sublatttce l1nked with dlssolutfon of ox~en 
~ -

In this cOMpound. 

4.1.2.4 H~geneltY 

Microprobe analysis was Made difficult by the bad finish of the surface 

of tte cross-sections. HCl'tever the results revealed no appreciable chan<je 

of th~ zirconium concentration except perhaps near_the edges' where It decreased 

slightly, Indicating the possible existence of a thin outer layer (a few 
. "~.~ . 
~Icrons) richer In nitrogen. The concentratIons eeasured ~Ith the nicro-

probe were In good ag~ntwiththose detem,lned by chenlcal.analYSls but 

they fluct,:,ated f!"OM one spher.e to another. In the 87.5-91. 5 wlo range, shCl'tln!j 

tht!'exlstence of sc:-echcr:'!tcal heteroijc:nc:lty. THis 'IllS not cenflme<! by 

powCer p./lOtogr4;lhs which exhibited sharp spllttflllJ of U'.(! K3l ar.d ~I l1r.es 

for angles greater th4n 4S". 
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4.1.3 Diffusion results 

All the numerical information concerning each of the five run~ performed 

~spectivelY at 1000. 1053. 1101. 1147.5. and ~03°C are'listed'in tables 

Al to AS in the appendix. They were reproduced as given by the c~puter~ 

In these tables, x is equal to (Ct-Cs)/(Cg-Cs)' VAPand DAP are approximate 
, , 2 

values of TAU (T) ,and D(cm lsec) obtained by graphical means, as explained 

in section (3.3.5), and used to reduce the nur.tber of iterations (ITER). The 

calculations were made with constant LAHBDA (A) because this factor ~/as . ' ' 

not corrected for the change inns caused'~Y the decrease in pressure due to' 

the removal of the gas samples needed for: the mass spectrone\er anCllyses. All 
15 ' ",", " .. 

the N concentrations, Ct. Cs and Cg• are multiplied by 100 end ere expressed 

in percent. ,Hie quantities ng and ns are expressed In mlll1!!ram-ata'lS. 

,For all the runs ,Cg was maintained in the 4.357~7.604~ range and A 

was kept approximately equal to 1 (1.0923-1.2061). A smaller value of A 

might be preferred in order to increase the change in,the isotopic concentration 

of the gas during a run. However, to decrease A it would have been necessary 
• 

to lower the gas pressure or increase the sal:1Ple weight. these changes both 

having important disadvantages. ' Thus gas diffusion through a thick. bed of .' . 

spheres might becOMe rate controlling and low pressures could facll1tate 

the inward d1ffus ion of oxygen through the reaction char-ber walls. \l1th 

the chosen value of A the overall change in Ci for a run ran!:ed frcrt 2. I to 

4.n-. As the change frtrl one sa.-.ple to anottuir was sr'.411 the analyses were 

very sens Hive to any fluctuation of the, caS!. spe-ctra'll!ter and theres·ul ts 

showed scrte scatter. I!evertheless. using probability plots as eltp1alned In' 
, . .-

section (3.3.4) It was possible to evaluate ,the Isotopic depletion In a 

satlsf4CtOry W4Y as the rel4tlve errors In the eeasu~nts. c~uted fr'Cl'l 

, 

/ , 

, 

i 
) 

l 
l 
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the 95% confidence intervals, were small (0.61.0.86%). Two blank runs carried 

out at 1000 and 1100°Cwithout spheres showed that no appreciable exchange 

occurred so that it was not necessary to correct the data for background 

effects. 

The diffusion coefficients, computed' from the mass spectrometer 

, analyses, were nearly constant during the first half of the run ('l.12 .. h) and-" 

then decreased. Plots of Dt/a2 vs. tfmerevealed two regions, one linear . " " 4 ' .' 
,portion corresponding to the" fi rst' period and 'a ,curved portion corresponding 

to the second. r· -" 
In figure 13 the 'linear, parts of these plots are shown. 

Except perhaps at 1053 and 1101°C they do not exhibit any appreciable offset 

., fran the ori~n. Accordingly, \Ole assumed that nitrogen diffusion was the 
, l 

rate detemfning process in the isotopic exchange and computed the diffusion 
. I '" , 

cOefficients- fran the slope (D/i)of the best strai9ht lines. The average 

values (AV) obtained in this way are listeo:in table A6 alon9 with the 95: 

confidence limits (LCL • lower confidence 11mit, UCL • upper confiden,ce limit) and 

error (ERD) and the standard deviation (SnEV). This table gives also the cor-
/' 

responding ~alues oflaglO 0 as a functfon of the inverse of the absolute 

~erature. A plot of th~se values and the best straight line fitted by 

'the r:lethod of 'least squares are shown in figure 14. All the data pertinent 
, ,0 ' " 

to this fit can also be found in table 116 where Bl and B2 are the intercept 

and the slope of the regression line and 00 and o are the preexponential 

. factor (t::12/sec) and the acthation energy (cal) of the following Arrhenius 

~uatlon: \ 
" -

O(crhsec) ,. (2.97;lt~) x 10.10 exp(.(23,~5.400)/RT) 

• 

,.\ 

• . , 
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As shown in figure 13 or in tables Al to AS. 60~ spheres were used 

lit 1053. 1100 and 1147.s<'C and 90~ spheres at the two extreme temperatures. 
. I , 

In ~ddition. before the runs·at 1101. 1147.5 and 1203°C the samples were 

annealed in the nitridation apparatus for 2 days at these temperatures and 
. .' 

under a 220 Torr nitrogen pressure. This was probably an error because 

this annealfng increased the II/Zr ratio ,up to 0.79 in the $:ase of 60 spheres 

and 0.78 for 90~ spheres. During the diffusion annealing itself the 

samples increased in weight (0.28 to 0.75:). ·Also. a few superficial layers 

of spheres took a brown greyish color and became attached to each other. 

this second effect increasing in intensity with teMperature. ·Examination of 
, . . 

65 

the surface of the greyish spheres showed (Fig. 15) the presence of cracks . ~ 

at the limits of POlygO~al. facets. One'possib e explanati'on of this Phenomenon~ 
is the formation of an oxide film causing an in rease in volume and subsequent 

cracking of the surface to rel1evethe .. stresses nvo~ved. 

The sphere (a) on figure-1S could show th initial step of this 

oxidation process. Surprisir)gly. despite the ag91 . ration observed. no 
l- <..,., 

evidence of neck fonnation was found •. Powder pho raphs cont.1ined no .new 

lines but diffractoneter traces obtained at high sen 1tivityshowed a snall 

extra pc'ak corresponding ,to the HID ~ak of nonocl1n~\C zire.onh. The spheres 

located under this layer exhibited unchanged surfaces\, and' gave the initial . 'i:' 
, 

diffractometer trace. Therefore the ob.served oxidation was lir.lfted to a 
, 

" 

very thin superficial layer. The II'lOre' troub~e~cr.e aspect of this· phenor:enon 

is s'urely the agglome~ation of the spheres b~use it could decrease the 

voll&le of the pores between then and. by extension. thlt gaseous-6Chaiige 

be Men the internal spheres and the Ulblent at:J)sphere. 

~~ 
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4~Resu1ts for slabs 

4.2.1 Preparation 

-~----~------I----~--·--·" 

67 

• 
In tWo preliminary runs we obtained silMJlles"of overall canposition . 

ZrNO•39 and ZrIlO•71 ' The first (Fig. 16a)" was prepared by nitridation at 

10000 e for 21·days and the second (Fig. 16b) for 10 days at 10SOoe plus 
" , . 

14 days at 11000 e. X-ray diffraction traces of the surface gave in both cases 

the characteristic pattern of zircontll'1 nttrfde"but after grinding the prfncipal 

peaks of a-Zr appeared. proving the two-phase structure of these slabs i.e. 

an outer layer of zirconium nitride appearing badly polished on the r:1fcro-
• .- r 

graphs. and an a-Zr core (See Fig. 16). This structure was confirmed by 

e1ectronprobemicroana1ysis. The zircon~um concentra~ion was found nearly . 
constant i-n the core and e a1 to 97.3 n.1 wlo in case a an~ 92.B±1.2 "/0 

in case b. We wi 11 note·thatthese concentratio~s correspoiid' respectively 

. to the a and a + Zrli regions f theZr-tI phase diagram. The zirconfun profile 

fn the zirconfum nitride scale was very irregular due to the bad surface 

finish. however the general trend was a decrease (from the insfde to the 

outside) to a COMPosition close to stotch100etric. Nitridation ata temperature 

of 11500 e for at least 4 week's yieldedstngle phase samples. \:e trere not 
, . 

a'b1!! to work at higher temperatures because the Pt crucible was sticking 
r 

strongly with the mu1 ite tube. All the s&'l\lles used tn the diffusfon ell~er-

lr:1Cnts were prepa d a the same tiae by n1tr1d1ng 11 g of zfrconiun. 

The cor::position was detemined by t'l«l ceans. weight change .and chC!:l.ical 

ana1ysfs. Table VII shows that these t'l«l ~thods gave very sintlar results. 

that the r:/Zr rat 10 fo~ here is closer to 1 than t.lJe one 
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obtained in the case of spheres. 

TABLE VII 
.. . Chemical composition of the slabs 

/ ' 

Method 

Weight gain 

Chemical analysis 

N(w/o) 

12.51 

12.59 

4.2.2.2 Meta"ographic examination 

, Zr(w/o) N+Zr(w/o) N/Zr 

87.49 100.0·0 ., 0.93 

87.38 99.97 0.94 

By cOOlparison with figure 16. the micrographs ,shown in figure 17. con-

firmed the single phase nature of the material. As in the caseof·:tne 
• .0-. ..• - . 

,spheres',' .it was difficult to know if the roughness of the surface obtained 
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, after polishing was attributable to the pr1'sence of pores or.to the brittleness' 

, of the nitride., Etching revealed grains of variable siZe in the lO~30u renqe. 

Surface examination (Fig. 18) showed the existence of protuberances 

delimiting polygonal surfaces with II s~othe~ aspect (Fi~. lea). Sna11 holes 

end cracks were associated with these bulges (fig. 18c). Etching had a 
" " ' , ~ 

very mild effect and l!!8inly produced small phs inside the polygonal are"4.,) 

(fig. l8b and l8d). The nature of ~e protuberances is uncertain. X-ray 
" ' 

analys is did not detect any presence of oxide on the surface. 

4.2.2.3 Vacancy concentration 

The latti ce pareneter and the pycnCXletric dl!ns ity were neasured at 

the S~~ teMperature (23°C).' The lattice par~ter calculated f~ a dif­

fractoneter trace of the $urface was a little sNller than the one obtained 

after gl"inding. For the calculation of the X-ray density we used the set()nd ' 
. . ~ 

value as ft is I"tlre M!pM!sentatiVe of the bulk r:-.aterial.· To neasure the 

f 

\ 

• 
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pycnometricdensity a sample weight 3 ~imes greater than in the case of 

spheres was chosen. The cor:responding data can be found in table VIII; 

'" TABLE VII I 

Vllcancy concentration in slabs at 23'C 

dp(g/cm3) 
0 

dx(g(cm3) a(A) VZr (%) " VII (:) 

7.174 surface 4.5755iO.0007 
7.188 7.18 bulk 4.57B±0.002: ' 7.22 0.55 7.51 

7.178 

Unlike the spheres. the small difference' dx·dp • 0.04 g/an3• i.e. 0.56:. can 

be easily attributable'to structural defects. Therefore the value found for 

the percentage of vacant sites in the zirconiun sublattice is questionable. 
, 

As the ,above difference is of the same order of ~gnltude as that recorded 

by Schevchenko etal. (27) for" Zirconiurnni~;'ide' containl,ng a low percentage 

72 

of dissolved oxygen :("'().04w/o) it is possible ~ estimate that the 02 content 
.-, '., '",,-ft.-': .' ' 

of our r.laterlalis less than 0.05~. ':..!1, 

4.2.2.~ 'Honogeneity 

Despite the fluctuations 

irregularities of the surfa'ce of th,e 'cross-sections. the electron probe' 
~ ••• 0 

microanalyses indicated a sMall concentration diffe~nce betwee~ the surface 

~"C '.' "'.';. , . 
'\ 

and the- interior 'Of th,e slab., The II' 'concentration was c~ to stofchrome,trlc 
. - " . 

at the edges and 'decreased within 20 to 3011 to aro'und the value detel"tltned . 

b~ :eh&tc«; analisis. 'Therefore the SN,l1' difference in lattice parllMter " 

notea above could ,have Some signi'f1cance, the lower value ~lng repreunt-, 
. ..' . - - t. ,,' '. '-. 

atl~of the ,stOichiometric caalpoUnd. 
0- "". ./I.~;.I" , . , ~Q, 

• " 'I 

'C 

~ 
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4.2.3 Diffusion results .. 
Three or four sl,abs having a total mass close to 500 mgwere used 

, 
in each run. They were not· stacked but placed. in an inclined position with 

'some space between them. AJso they were not .annealed before the run. All 
'. 

the ot~er experimental conditions were the same as for spheres. The numerical 

results can be found in table,s A7 to,A12' and the Otla2 vs. time plots are 
• 

shown in figure 19 for the first 10 to 12 hours when they are linear. The 

temperature dependence of the calculated coefficient! at 1001, 1050, 1100.5, 

114? and 1200°C cal) be seen on figure .14'. It may be represented by 
• 

" +88.23 -6 . o • (4.08 _ 3.90),x 10 exp(-(36,60ot4,500)/RT) (4.2) 
, 

After the runs the sarnplessha.-ed a. brown-C)reyish color (fig.20b). 

The scanning electron micrographs of the surface (fig. 21) were not very 

different froll those of figure 18. The bulges did not grpw but had nore 

rounded shapes (Fig. 21c and 21d). A thin filn seened to have .grown inside 

the polygonal figures (Fig. ·21aand e). X-ra.v,diffraction traces of the 

surface indic'ate4 .the pr:esence of very small ltlOunts.of r:onocl1nic zi.rconia. 

The increase in weight of the s.amples duri'ng the diffusion anlleal1ng were 
, , ' 

smaller than for sphereS ,0.054. to 0.237 w/o). 

4.3 ~iscussion,, 

4.3.1 Error analysis 
.~ 

. 1~ the presentation of results the onlx.errors listed were those 

obtained as deviations f~ a 11ne detenntned by '4 11 near , least sq~res 
- \ . " ." , 

:. treatlllent._Calculated diffusiOn coefficients. could be aff~ted by en-ors in· 
. :'_"~ '.' • 1 _" . . • 

_rCt'M",'ln ealculatingD witbthe.dIosen.· 
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F1~re' 21 sClMfngelectronmicrographs of the ~labs after diffusion anneal1n~ 
. ,c. ." .'. • •.•..... .... ,. at noo-c '. " '. -. ' . 

• c .' ' 
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The diffusion coefficient is dependent on the square of the radius . , . 
. -

a, of the spheres or half the thickness, 1, of the slabs employed; there-

fore, any relative error in the radius or in the thickness will give rise· 

to approximately twi ce that error in the diffusion coefficient.· The spheres 

were sieved into a 3011 range while the thickness was varying as little as 

1511. Hi croscopi c examina tion of the spheres showed that almost all the 
, 

par~l'cles fell within the indi cated range, and that within that range the 

distribution appeared to be nearly uniform. 

The ng term depends on manometric measurements, gas pressure and on 

the calibration of system volumes; ~e. ns tem depends on the sample .weight 

and chenical nitrogen analysis. The-gas pressures were measured within ~ •... 

\,.", '. ':~';~~' \" 
. ".) 

!2 IT1!1 Hg and the volume of· the system is known. to within ±5 Milliliters. 

The samples ~/ere weighed to the nearest one-tenth of··a milligram and the 

corresponding.error can be neglected. Due to the lack of standards the 

accuracy of the nitrogen analysis Is not well known but the agreement wl.th . .' 

weight gain results noted I,ll section (4.2.2.l) indica,tes that the error 

. 1s .less than 1:. 

An error in specifying. the elapse~ time attributed to a specifiC. 

gas C(r.1pOS i tion can ari se because of the undefined tiele reQul red fl'r the 

~ . 

gas to move from the reaction site to the sampl1ng point, and the diffus10n . 

and exchange which occurred prior to the crucible reaChing·the bottom of the 

.. reaction. chaJTber' and the sampleS attalni"!3 the desired te.rature.· The 

~rr.or caused by a lag 1n tile . gas mixing was not evaluated but should not be· 

. larg~ in.the temperature ana preSsure ring. ·employed. The' second. error, is 

~less than :~Xpeeted ~JUI tM.totdl~r1ng ti. of ~ cruc1ble (15 min).. ' 
. t'" . .... .,' ........ ' ......... ' .. ' .- ' .. '. ...... ' ... '. 'tosatuRte the sUrface 
,n . . ". .' .' .f' 

I . . 
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preheati ng temperature the maximum ti~e error should not exceed 5 minutes 

which is low compared to the reaction time. 

An error ln the tem,perature measurement will not ~f)ect the calcu~ated 

value of the diffusion coefficient; It will. however. af~t·the calculation 
"'. 

of the activation energy frOm·the diffuslon coefflcients. Temperature . 
• 

accuracy ls about ±loC and long-time control fluctuated wlthin ±2°C. 

Errors'in Cg or Ct ca,~ be I\used~;ther ;eakage of air lnto the 

gas sample or by errors made during the MaSS spectrometric analysis of the 

samples. 'Gross air leakage lnto the sample is rea,dily detected and the 

analysis of that sample can then b~ igngred. Undetected amounts of air 

cou 1 d Producll on ly ~ nconsequentl a.l errors., The pred s i on of the nass 

spectrometrfc gas analysis was discussed ln section 4.1.3. As a small error 

of iO.2percent in detemlning the l~it1al lSII concentration could result in 

. a sizable· error lnthe calculated value for the diffusion coefficiimt,when 

the change 'in the l5N conc!;!nt~ation is 5r.Iall we took the .average of ~o· 
measurements to have.a better precision. 

It is necessary to note that the retlOval of gas samples for ana,lysis 

could cause 'an erMlr by changing the amount of gas avallab~,.for exchange. 

H~ever. the two s~lestaken before the beginning of t~ exchange and 
;.', 

the 'last 'one do not contribute to any possible error. 
. . -' . 2 

In view of the-appearance of the Dt/a versus time plots and Of .• the 
~--~ . 

. '. : fact that in.:the case of spheres two different particle sizes caused no 
• ' :.::-.~. ~< _t:'- ,-'. 

significant cha:nges in the Arrhen.iusplots the hypritheS,ls of an instantaneous 
~ . . . . . . . . 

equnibrium.~'th~ surface seems to be COtlec;t. Therefore ~utati~naJ 
errors could"'r1S~' only frail the util1zation of the.tanaan.,.t!aul appMlXiNte 
, .... .' /', ,., 

,., ..... . " , '1,' __ 

. / 
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equations (3.12) and 

Edwards et al. (;23) 

I.. I" 

(3.13) i,rather an the exact equations (3.10) and (;3.11). 
'. I .. 

compared:, numerical solutions of the exact equations with 
, 

numerical solutions of the Carman-Haul approximations ahd found that the 

two sets of equations give good agreement to five significant figures for 
, "2 1 2 0.1 :: F !, 0.75 and 0.OOO,4<'Ot/a < 0.09 where F • 1+>. • 'For values of Ot/a 

<0.0004. the results of the exact equation a~ not accurate unless more than 

50 roots are used for the computation. In this study the value of F is 

approximately equal to 0.5 and the values of Ot/a2 are ranging between 10-6 

and 10-3• Therefore the cooputation errors are negligible • 

... to ~::;::.~:" .:.::: :: .. ~::::::: :.~: 
1 

:::'::: ::,::<,::' ;'" ,""".,; ... 
diffusion apparatus. unfortunately,no standard calibration sa~ples exist. \~ 

, ' 

< '~'lf " 

However; it is. possible to expect that the absolute errors on the neasurt!- ' 

ments are greater than those obtained from the statistical analysis of 

the scatter of the experimental pOints al>out the regrt!ss i,on 11 ne. 

4.3.2 Comparison of the results for spheres and slabs 
. t . , 

In the hypothesis of a vacancy mechanisr:I for nitrogen diffusion in 

2.irconilJl\ nitrid~ the tracer diffusion D*N is rel~ted to the self-diffusion 

coefficient for vacancies D*V through thl! rel/ltion(135) , 

(4.3) 

\4he~,is'the vacancy ~ncentration. , As we Jneas~red that "V fspheres) "as 

approximately equal to 4 times Ny (slabs) we might expect slightly higher 

" val~s of D for spheres. In,fact figure 14 shOltS that i~ 'is the reverse 

~ich'is obse-rved. the diffusion cOefficients for spheres being nearly 
" '. . 

',"', . ~. 
'" . ',-I.' .- " . 

" .:. ,:.,"' ' . -.' 
. ,'. ,,"/~~' 
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100 times smaller. In additipn th,e activation energy for diffusion in spheres 

is 1/3 lower than the corresponding energy for slabs. App11cat10n of . , 

Student's t_test(136) to the slopes '1 the Arrhenius 11nes proved that thes: 

two activatiQn energies were significantly different. 

Several possible explanations can be given for this phenomenon. 

As the two sets of experiments were carried out under identical conditions 

we have mainly to consider the differences in geometry, defect,structure 

and impurity content. 

The geometri~alfactor see~s to us the more important. Due to the 

small size of the spheres, diffusion samples made of spherical particles 

behave'like powders. In all kinetical studies involving powders and gas ~ 
environment it is ,necessary to be awa,re Of the influence of the saMple Weight\~ 
and thickness because as was said'in section 4.1.3 a thir.~,p~der bed could 

be a llmi ting facto~ in the ga!;-solid exchange process. For exarr.pfe, 

,L,ortholary et a1. (137) aitd"Goursat et al. (138) found, in the investigation 

of the oxidation of 30 to 40~ powdered silicon nitride or silicon oxynitride, 

that an appreciable mass effect was occurring for sanple weights higher , " 

than 120 mg. In addition, ~tters can ,be ~de worse in, the present, case 

by the small' amount of sintering observed at the surface. However, this 
, . - ( 

effect only occurs ,after 10, to 12 hour's and could partially explain the 

deviation f~ a straight line ,of the Ot/a2 vs. ,time plots. In one 

experiment a sample was lowered in the'hot zone, kept there for 15 rnlnu~es 

,and raised again. Hoappreciable lchange in color was seen and the super-
, . 

ficial spheres wereqfree to move: Restricted by' our choice of a constant 
\ ~. 

valu~ of ).. we were unable to study this mass effect but as ~e ~sed ~ 1!19 

, and 3 to 4 tmI cthi~ksamples:We have to consider its posslbiHty. ' t:: 

. ' 

, , 

,:,,) 
';'." 
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The structural factor w111 be conslde,red second In Importance; 

was . (131), ,-
used by Madeyskl et al. to explain the difference In oxygen 

, . 18 ' 
dlffuslvltles. measured by the 0 mass spectrometry technique. for zirconia 

spheres"and scales. The d1ffuslvltles for the scales were approximately 
4' ,10 larger than those for the spheres. this difference could be ~sily 

attributed to the columnar structure of the scale which favoured the migration 

of oxygen by short-circuit diffusion. In the present work such an explanation ' 

has less value betause the grain sizes In the two materials are very close. ' 

However the mlcroholes and cracks observed on the surface of the slab~ 

could act as high dlffuslvlty paths. this hypothesis being supported by 

the fact that the diffusion distance of the tracer was s~all (4 to 11~). 

This short diffusion distance can also serve to explain why the difference 

In vacancy conc~ntratlon had not the expected effect. Indeed the average 

penetration of l5N In spheres was as low as O.6-lu and,corresponds to the 

" \, 
\'-' . 

'1;;. 

outer layer found richer In nitrogen by elecr probe nicroanalysis. 

'-' The Impurity factor is presur.oably o\non negligible i~portance. The, , 

experiments were conductedOin the extrinsic region. the ratio TfTn• where 

'Tm Is the r.lE!lting point " 3273°1(. ranged between 0.39 and 0.45. ,there-

fore the diffusion process was possibly iMpurity controlled. We sa~ possibly - " , , , 
~cause due to the high vacancy concentr~tlons found in transition nitrides. _ 

even at the stoichtanetric cCX\Position.it is difficult to know wha,t is 

the daninant factor in the process. However we ClUst keel! in ni.n4 that the 
• ." r _ • ,-. 

, impurity level was higher in spheres. in partlc~lar the oxygen content. 
o '. - 0 .., 

/' Finally. we will note 'that during the d1ffuslon annealing'. mainly 
. . r - '. c • ..' " . 

In the case of spheres. the sample~ Increased In ,weight. Therefore. sane 
. . 

nitrogen absorptiC?" occurred at the same time as the exchange., We will also 

, ' 

\" ", 

'j 



, 

\, 
note that, in the case of the Zr-N system, no reliable information is avail-

able fo·r the equllibrium nitrogen pressures over zirconium nitride, in its 

homogeneity range, for temperatures lower than 200c)°C. Even for higher 

temperatures (section 2~6.3) the avalla~l.e data are sparse and not well 

defined. 
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4.3.,3 Comparison of the present results with those available in the literature 

It can be seen in figure 22 that due to the high scatter of the data 

our results are in go~d agreement with those reported in the literature. . ~ -

However the results for spheres are_at the lower boundary, and show the 

smallest activation energy. In the absence of any other tracer diffusion , ,. 

data it is difficult to decide if this low'value is sign1fic"ant or 'not. Even 

the activation energy found for slabs is small compared to the value calculated 

by Iyer, (19) 81.7 kcal/mole, using the following equation for tracer diffusion 

of nitrogen in Bl structure (fcc) ~ononitrides 

i 2~P_(d·lll/d!l)3) 
D*N • aO "NV exp {- 3a

O
o{T)T } 

where a •• lattice parameter o 
" • vibration frequency of the nltrogen atom 

, 
~ • nltrogen aton dillr.1t!ter " , 

d • maximlr.1 diameter of a sphere which flts thrOUgh a gap in. the. 
m 16 

<111> direction in thecrystlil .3' ao-«14· I 
,~ • metal atom diameter 

aCT) • coefflci~nt pf thennal expansion • 
, 

T • absolute temperature 

'. 

(4.4) 

, ' 
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Th1s equation was,derived'by Tob1n et al.(139)'for Bl structure nonocarbides. 

They postulated a diffusion me'chanism for 'carbon. 'consisting of a-net jump 

of a carbon atom in the <110> direction into'an adjac~nt carbon vacancy. 

and applied'the volume flu'ctuation ,theory 'of~ohen' an~ lurnbull (l40) 'as 

extended by'Fe1sel, and Armstrong. (141) . Calculated vahes of Do and Q,by 

DePoorter and Wallace.(S) for the diffusion of carl,on in s'everal transition 

monocar~ ides 

good. There 
I 

for nitrides. 

'( , " 

proved that,the ageeement between theory and~xperinent was not 
, 

1,s no apparei1t reason ~/hy 'this agreement should be better 

Therefore our values for' the activation energy do not absolutely 
",' 

. I . • '. 

preclude a vacancy mechanisr.1 fornitrogen,dlffusion in zirconium ni~.· ~ 

'After all. 't~e 'lower act1.Vat10n energy for spheres ~ves sane sup~o.r~ to' su~h '. \~ 
a mechanism because it can be related to the increase from 0.71 to 0.78-0.79 

~ .,> • 

. . . . . 

of the initial H/Zr ratio of the ~amples 1n the'temperature range investigated. 

Furthe.,fu;~e this effect was enhanced by the growing nitT'0gen uptaKe of the. 
~ , 

spheres'with temperature. Hin addition we take into account th,{poss lble 
. " ~ . . . , 2 . . ' 

mass'effect to explain the existence o.f.a facto.r of'\,lObe~en Dsphe'res and 

, Dslabs 'cur 'res~lts, are notnecessarlly in c~ntTadiction wit~ the hypothesis 

'of. a vacancy r.1echani Sr.1. , HOwever. the ap~arent VTDng over,a'H concentration, , 

dependence.which is really -troublesa::e. should be eluc1datedby fu~t~er work.; , 

. J • 

, 

, ' 
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OIAP'TER"V 

CONCLUSIONS AND SUGGESn~N"s ~ FUR TIlER ,WORK' 
, , , , ' 

", The self-di {fusion coefficients determined in ,the present Study'b; 

Ute 1 S,I, 1sotopi c exc:ange techniqu~ are, in good ag~nt with the .cherni ca 1 
• ' • 0 , 

, diffuSion coeffia1ents reported 1n the literature. 

,The coefficient obtained us-tng spheres obeys the Arr~~1us equation 
, 

D(chs;c) " (2.97~lt~~) ~ 10-10. ex~(-(23.00OtS~4o.0}!RT)' (5.1) 
•· .•• s 

~ . 0 . 

,In the case of slabs a coefficient approxtoately, 100 tines higher 

was found under similar· experit!ental conditions' 

,{5.2} 

/' 

As the vacancy concentrat.ionof ~e spheres 'was h19her than that of 

the slabs, we night have expected ff'9rl a vacancy CKhanlsn for nitrogen 

diffusion the reve~e sltuattdn. \ FUT'thereJperfoents would be needed to 
"-C. 

.' '--............. 

'elucidate, this 'point: 

.r 

a) A syste:rnattc 'Study of _th~ influence of a ch!nge tn wef9htfor , 

spherical sample~. This'would require adecr'ease tn the 'vol~' of, the 'reectlcn 
, ,0 0 ~ 

• \" 0 

chanber In order to keep reas~le'Yallles of 1 and of the nltrog.en press:;re. , 

b) ,A second set o'f, ellperfnents wHtnpl\eres' i:l4de of the S~ Nterhl 
• ' . (I .: ~.' . • .- . 

:~s,sl_abs and with the sane ca:poslt1on, In, order:, to study tht; fnflue!".ce of' 

.the ic:purhi ccntent.,'" \ 
. 0_. _ 

c): Ftnallx the 1 nfJ uenar of t!le'pressure'4!'Id of the ,([,;:osltton.at ", 
,. _..' ~ 

ff'a:~ ~ri~ shlluld be investigated: ",~. " . ", ' , 
, . 
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In the case of sTabs v.a1uab1ecOrnp1ementary lrifonnatlon could be 

obtaln~,d by .uslng 'after t~e r~ns the nuclear activation technique proposed' 

by co'ndlt et"a1.(95) and emp1~yed by Holt and'A1massy(97),tomeasure ' 
, . .... , . 

nitrogen self-diffusjon coefficients in UlI •. Th1stechnlque makes use'of 

the nuciear a~ctlvatlon. ,;15 (~.'n).F1~.' . The 10~at1onOf the original 1511 . . . 

'tracer is deduced ,f~ the rjldi oactfvi ty of the product 1St by autoradi 0-

!jraphlc methods. Therefore 'any enhanceMent of nitrogen diffusion along 
-, , \ . 

, ; 

grain boundarle's. mlcrofractures and dislocations can ·be directly o~erved 

wtth ,.this technique. 
'/ " 

'However: 11:' .the ab~enC'e of thlscomp1ernenta~infOlT,latfo~ we have 

more confidence In the self-diffusion coefficient obtalnedfrcir:l slabs . . 
(Eq. 5.2).' This preference i~ 'mainly based on 'the fact '~hat for thi~ set 

'. . 

of' experiments the p~rl ty of the material was' higher. the dl ff~renc~ between 

the X-ray and the pycnometrlc densltfes was very small suggesting the /' 
" . '. . " . . \.'. 

. " absence of great amounts of oxygen or micropores • .Fur~hemore all the " 
• 

slab expe~iments were carried out using material of the S~ ccr.pos1tion. 

the Increase In weight due'to nltddation durin!) the runs .. as inslgnifi~a.ht 
d ' 

and. also the results were,~t affected by any ~ass effect • 
. , 

• 

. " .. 
/ 

" 

.;N'-

, 
, 

" 

~ .. ,.' \;"1 

, 
• 
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APPENDIX 

NITROGEN DIFFUS.IOI{ RESULTS 
.., . 

, -
This appendix.contains all the numerical res~lts'for nitrogen 

J . _ _ _ 
self-diffusion in zirconium nitride. They are reproduced as given by . . .. . . 
. the computer. The notations are explained in th~ text in sect"lon (4.1.3)." 

'. . . . 

Tall1es Al to A6 correspond to" the experiments with spheres -and tables 
'. . . '(' ". . . 

. A7 to, A12 to those with slabs. 

. . 

. . 
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