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Diffusion o? nitrogen in zirconium nitride wWas’ studied using the

15N gas- -so01id exchange technique S

Two kinds of samples nere used Zrﬂo 71-0.79. spheres 60y and 90y
dianeter and Z:ﬂo 93 slabs 254u-thick The spheres were prEpared by
dropping 99% powdered Zirconium nitride throuqh an electric arc while
N\the slabs vere obtained by direct nitridation of 99, 995’ zirconfun sheets e
at 1150°C in very pure nitrogen at 1 atm. These sanpies were carefuliy ‘
characterized by chenical analysis density and iattice paraneter measure-
ments, electron probe nicroanelysis. x-rey diffractiOn endAscanning eiectron
oicroscopy techniques o L -\ _‘ A - s
~ The diffuston. ennealings were perforned et a pressure of 200 Torr afd
in the terpereture range 1000—1200°t The rate of depietion of 15% in the
isotopiceiiy enriched gas phase was oeasured by 2 rnass spectroreter and .
used to caiculate the self-diffusion coefficient |

"

d by

Dspheres

N

e e diffusion coefficients for spheres end stabs couid be respectiveiy'
represe ' | '

(cn /sec) = (2. 97“3 75) 10°10 exp(- (23 00025, 400)/7T)



and

s'labs(m #sec) = (3.08%; 2 10 exp(~(36,000%4,500) /R7)

3.90
[ ; These results are in good agreement with the chemical diffusion

coefficients évailab]e in the Iiteraturg.'71t is shoﬁn'thag the raﬁher jow

a&tivaiion energies, in particular in the case‘of”sphéres. do not preclude~

a yacancy mechanism for nitrogen diffusion . )
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; ‘.table (TiN. Irl, HfH) have been used as refractory nateriaTs for the |

e | | * CHAPTER I
~ INTRODUCTION

o Up till now nitrides of ‘the transition metals have attained only
cursory interest as compared with the carbides. Despite’ their exce]]ent )
high temperature properties. good corrosion resistance, and hardness the !
‘practical app]ication of nitrides has been iimited to the formation of
‘f‘hard and wear resistant surface iayers in the nitriding of stee]s or other

| iron alloys. The reiatively stable nitrides of the group IV of the periodicr_‘ﬁsv

fabrication of crucib]es with fair thermal shock resistance but poor pxid-
ation resistance. Severai other'refractory applications of TN and irN

" have been reported (). Attempts to cenent nitrides with binder metais to

" “form hard alloys have been’up to‘nou only pdrtly successfu] (2) The

_‘major future use of the nitrides may depend upon their electricai properties

,__-.,\.—

sand in superconducting devices. -

ﬂhile the conpounds formed by the transition metals.in particuiar

; with carbon and nitrogen. have been known since the ‘turn of the century.

- only very fecently has.dm appreciation of their difficult properties been

"iconbined with sophisticated technigues -for their exanination. Hou it is |
becoming increasingly ciear tbat.thesa compounds occupy a class which is "
-_indeed unusual and that thair studios are capable of yieiding information

- of considerab!o value to solid state theory. 'Hhere ence netallgrgists

~ and coranicistsfroaned freo, chentsts and s0l1d state physicists are now

a
+ T



-

beginning to build fences and fann the land more deeply (Storms)(14)

* The different names given to these compounds is a good indication
of the multiplicity of the questions that they are posing. They are some- :
times called “refractory hard metals because of thei#ﬁn;\\ilic properties.
“interstitiai compbunds because_the “small non-metal atom appears to £111° -
the octahedral void between the ‘metal’ atoms, and "defect compoundr" because .
both the metal and non-metal lattices can tolerate atam vacancies in
rather large concentration. The main task ofﬂtoday s inyestigators«is to
correlate the bondingi-crystal chemistry and defect structure.of.these

, . 5

compounds with their. physical and chenical properties.’ Three main dif-

ficultiesvare plaguing investigations: the effects of dissolved oxygen,

variable stoichiometry which requires that the material be ue]l characterized
-and the fact that many compounds can change structure upon cooling due to
the ordering of vacancies in the non-netal sublattice.

~In the postscript of his recent book on carbides and nitrides.

~
e

Toth(a) surmarized several probiens for future research Diffusion studies
.are first in the iist. The topfc. was not included in the main body of

the text becausT-the knowledge of .this area was’ found too Hoited and con-
'tradictory;ﬂthoeever. the same year (1971) De Poorter and vallace(®)
revieued the experieenta” and theoretical work pertinent to diffusion in
refractory cetal carbides and uranim carbides. and Hiliia:s(s) devoted:
one . section of his review on transitionwmetai carbides to diffusion. Up -

to now no siui!ar infornation s availabie in the case of nitrides.

The zatin 1 purpase of this work was to exadine the avai!able knouled

- on diffusion in transition nitrides and o neasure_the se]ffdiffusion

coeffjcient of nitregen in zirconiwm nnnenitrice?using the solid-gas fsotopic

-
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‘exchan;e method He chose this\n\tride and this technique because a .
‘method for preparation of zirconium nitride spheres. suitable for diffusion .o
studies, has been recently presented by Streiff-and Smeitzer.(7)
addition a1l the values determined to the present for this compound are-
chemical diffusion coefficients calculated fron data of .kinetic studies
of diffusion-controiied reactions.. ' L _ _

The fol]owing sections present a literature survey on the sobject -
: gf defect structure and diffusion in. zirconium nitride with some reference
‘to other refractory nitrides. description of the experimental techniques.
experimentql resuits and discussion. Further. the experinental results

are used to understand the diffusion mechanism.




_ CHAPTER I
 REVIEW OF THE LITERATURE

L
Il
1\
L)

The puepose of‘the present review is to. give a selective and

critical discussion of-the research on zirconium nitride published since

approxinately 1960 with particu]ar reference to defect properties and

: udiffdsion studies. A,eompilat1nn of diffusjon_eoefficients fer nitride .
| éoenonnds in. general wi]l also.be given. but oniy the results boncefningL

the nitrides with properties close to those of zirconium nitride wi]l be

B discussed in some detail The cempounds in question are the ' nonitrides ‘
~of the other metals from co]umn IVa elong with those of metal fron co!unn

20) ot

Vb.’ Severat reviews or texts on nitrides were consu‘lted(2 231
'manj new pieees of literature were analyzed, in panticular for diffusion
© studies.} j | | |

2.1 Pregaratfon _

To prepare pure zirconium nitride, direct reaction of metal or |
hydride boﬁde;s in 1M jor Hé or deposition on a substrate from the gas‘bhase-a
by reacting 2rCl, in a h Hy-Ar atmosphere are preferrec to the nitridation
of metal oxide powders 1n the presence of carbon.(gyr Centrary to titanium :
nitride, the zirconiun nitride obtafned by this 1ast nethod is significant!y :
centaminated by carbon. and contains considerab!e.ezonnts of un{e:eted .
.oeﬁde.(a)' Even when using the two first pethods ft 1s necessary to esploy
"’ 'high-pufliy gases in order td'prevens the formation of'ternery solid
solutions upon edditicn of snall azounts of oxygen. Once the nftride has
been cnntea\\\tcd by ozygen. it {2 alrost i:possible to purify.. Yo make



" matters worse,’ the amount of oxygen is difficult to determine analytica]iy

but 1t 1s considered that samp]es seldom contain iess than a feu hundred

" p.p.m. (20) Therefore the best technique for_;ample preparation is to avoid
aii possibie contamination.

2.2 Zirconium—Nitrogen Phase Diabram

The phase diagram for the Zr N systen is not.weli established. (2]’23)
Storms“o 20) has reviewed the earlier literature and sunnarized the inform-
ation into a probable\phase diagram shown in fig. 1.”

The addition of N to Zr stabilizes both the a- and 54Zr.metal. The
g-Ir meltspin.a-peritectic at 1880°C, only 15°C above tne melting point of

pure g-Zr. The a-2r undergoes peritectic melting at 1985°C... The only fnter-
mediate compound formed appears to be the f. c c. 2rll phase uhich has a |
fairly wide range of homogeneity. Its stability linits are not too certain
but seem to be Zrily s and ety 6.(29‘24’27) However, Irlg, Gaiza). -
ZrN0;74(29) and Zrﬂo 89(30) alloys were found to have respectiveiy'at 600,
750 and 1600°C, a two-phase (a + Zr¥) structure. Sarsonov et al. placed o7
successively the lower limit at'ZrN0 57(31) and irﬂo;85(32J whiie Gai'braikn
et al. (28) are placing it at Zrli0 78 - at GbO'C. _

Other nitride forns have been prepared by munonoiysis of Ir haiides.
Reacting Irl, at 750°C, ZrBr4 and ZrCl‘ at slightly higher temperatures.
Juza et ai.(aa) obtained 2 2irconiud nitride Zr i (0.812 « x ¢ 0.91) dark_
oiue'uith f.c;c.'ctructure.‘ Under‘a nodified oethod of azronolysis they |
cbtatned a brown Zr3ua.(34): Keating ZrCl,, RHHS at 900°C 1n an KH, strean
orlovskid et a1.(3) prepared a compound with this sume formula. At temp-
eratures higher'than'lgoc‘c. Zr3ﬂ4 turns into zirconiuh‘mononitride according n
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to‘thé-folloﬁing irreversible reaction:

ZroN, ~ 32N + 1/2 N, (2.1)

Neither the’ relationship oesween the blue and brown.niorides of Juza nor the.
| 1ﬁfioence'of oxygen on'their stability Sre well known. ‘They are considered
to be unstable with respect to ZrN and Nz (at 1 atm) but from the work of
Col!ongues et al. (36) and Gilles(37) on the system Zr-0-N it is possible

to suggest that these nitrides could be stabilized byTthe oxide impurities
- often found in the preparations because of the ease of hydrolysis of the

'.'starting or 1ntermediate compounds. Tuo years before the publication of

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

;;‘#oxynitrides (ZrOZ 2x"4x/3) obtained from the reaction of zirconium dioxide o,
with: mmnonia or by solid state reaction betueen ZrO2 and Zrﬂ are 1nterned1ate :
phases betneen zirconia.and a hypothetical nitride Zr3u4~ond oot betueen.

. 2irconia and'ZrN Therefore. Ir cao'apparently ex{sg u{th nitrogen in an j
oxidation state between +4 and metolldt. - _

The melting points observed near 3000‘6(38'40) apply probably toa

congrueotly vaporizing composiojon. 1ndicated by.c on fig. 1, Iocatedb, |

- somewhere in tHE'iow'nitrogen region'zrﬂ] -x and'nof‘to Zrﬂ‘ 0" Jlndeed

$torms (4 20)

showed that pressures in excess of 50 atm must be apptied to
retain 2ril; o at'this.tonpcraturo. This makes 1t-very d{fficolt\to obtain :
a true melting point because very few laborataories are equipped to Eelt o
" this compound under such.a'prossure""Houevgr.recently Eron'yan et ol.(al) '
deternined the melting point at nitrogen pressures higher than 60 otz and .

found a tczaoroturo as high as 370027076.



2.3 Bonding L .
.. From‘a chemist's yi_'ewpoint Zrli, like most of the mononi trides or
monocarbides of tran'sition elements, offers ‘a uniqueh collection of
propertigs to be reconciled, namely

| {a) meta’i,lic bonding, indicai_:ed by'.electricai conductivity; Hall
effect measurements, magnetic properties, appearooee (l'uster)., -and 'pre'sence
~of hunogeneity regions. o _ |
5.‘ > {b) covalent or ionic bonding suggested by high me]ting poihts

hardness and brittleness, and

(c) fonic bonding inferred from chemicai behaviour. X-ray enission

bands and Hossbauer spectroscopy. o : -
There are numerous contradictory theories of bonding for these
- phases (3 8,15,17, ]8 31 32 142) Several theories have emphasized the metal- )
normetal bonds others the netal-metal bonding, t.he interstitiai nature
of nitrogen. and the role of the_nometal as a donator of electrons to N
')tl.ie“ metal atoots.' In the mst.recent theories both .strong metal-;metal and °
‘_m'tal-nometai bonds are stressed. E\ren these theories. houever. disagree
uith each other in considerab‘le detail and available exoerinental evidence
- is insufficient to dis&\inéaish unazi:iguously bebreen these theorfes. *Heve’r-
theless. cortain feotunes of bonding that have been clarified are useful in
'interpreting physical properties." K |
In the partieuiar case of el there is good agreerent arong invest-
fgators to say that the bonding is of a oixed type, with both retallic and |
covalent ca:ponents. tho latt\being partially polarized but they do not
‘agree about the degree of bond fontzation.  Strawanis et al. (43.44) found .

that t.he che:aicol behovioor suoport.s 8 donioontiy ionic rodel but they



were'unubie tohsay'to what extent. The nitride Zr3N4 which shows non-

metallic conductivity is of iono—covalent type with a considerabie degree
of bond ionization (34,45 45)

2. 4 Defect Structure SRl ?' _

Perhaps the most important property of transition-meta] nitrides
or carbjdes is their defect structure. Zirconium mononitride is not an
‘exception to the ruie. ‘ _

By comparing X-ray dénsity d with experimentaliy determined

density dp several authnrs(26 27,43,44) determined the vacancy concentration

| in both netal and nonmetal lattice sites. Their resuits, corrected from
.some conceptual or arithmetical errors found by Storns(zo) for Straumanis s

(43,44) and by Shevchenko(27) for- Smagina s “°'k(26) are shown in

" papers
- fg. 2 and-3. The x-ray density was conputed assuming a structure with '

_ vacant nitrogen sites for X < 1 and vacant zircqnium sites for x > 1. In
all the cases data show that dx > dy.  This could be ascribed to the
_presence of micropores_andiéracks but this expianation was found_not very -
olausibie mainly because cil the authors outgassed carefully-their powders
during the pycnometric determination of the density; The difference was
| attributed to defectiveness of the netailic sublattice. It can be seen

that raising the nitrogen content of zirconiun nitréde increases the
defectiveness of its ‘metallic suhlatticc. the most complete filling and
highest dp occurring about x ~ 0.9. Even at stoichiometry vacancy con- .
centrations as high as 673 cocxist on both sublattices. Howover. Yanchur
et al, " (40) were unablc to dctect any apprcciable difference betueen dx
and dp for nitrided plate]dﬁswof iodide grace zirconiun with an oxygen
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. content less, than 0.015%. Togéther uith,Shevchénko,(27) by measuring the |
densities of zirconium nitride powders containing uo to 0 2 wt'%-o. they
have shown that a diffj:)nce betw n dx and dp is characteristic for

'Ksamples contaminated b oxygen impur ties. These ‘authors are of the opinion

- ~

‘ that the defectiveness of the metaili sublattice of zirconium nitride is

Tinked with dissolution of oxygen i this'compound Therefore differences

between d, and d

$ the purity of the materia1 is increased.
'7 We uil] note that the vacarcy concentration is difficult to determine
because of inaccuracies in measuring the exact overall chemica] conposition.
This being particu]arly true in the case of mononitrides where nitrogen:
content can be analyzed only to,yithin'lz (3).

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

of the defectiveness of-the metallic-sublattice in nitrides at stoichiometric

'.composition ond of the existgnce'of nitride phases with nitrogen contents ‘
n excess of 50 at.%. Some Eind of nitrogen-nitrogen 1ntoraction rssolting .
| in the forwmtion of stabie s*pY configurations 6fAnttrogen atoms would be
-‘fesponinie for these phenoheno. ' | ( —

%

2.5 Lattice Paramoter ..

As Stormstzo) hosfsdébéited that the Iottice parameter should be':
used as 3 criterion of purity in tho absenco of an oxygen analysis uo have
plotted as 2 function}of.co:pz;ition sore of the values roported in the

i

litorotufe, ‘The lioofdranpss_ fig., 4, censidered to be-charnctcristic of

the varfation of ‘th'e lattice constant of the Zrdl phase.“m

was reportcd by
'Rudy. and Bcnesovsky.(za’ Tt indicates that the iatticc pareter recains

_ constant at about 4.577 A above Irtiy 55 and rises slightly at lower
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~ despite censidereble variations in composition

Slimits from 4.574 (for Zrily 570 9) to 3.578 A (for ZrN e4°o 0g): -There-

‘2 6 Physical’ and Chemical Properties in the Hor geneity Region
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compositions to reech the value 4.584 A at the lowen phase boundary ZrNO 55.’
Schonberg(47) ‘found smaller values n the range 8.537 to 4.562 A and |
suggested that the values as high as 4.63 A given by zbme earlier authors

are most 1ikely due toi:he’ p_resence- of oxygen in [the l_attice. lndeed
Gill‘es“m prepared a solid solution of oxygen in- zirconium ni,tr:i_d‘e having

4.65 A for parameter. . However, recently Zainuli et 'aks“a) Showed that

e lattice paramete'r p:

- of -the single-phase specimens Zrﬂxoy studied vary only Mithin very small

fore the lattice—ee’(ameter seems not to be suff ciently sensitive to the

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

| One of the significant develoments in the understanding of nitrides.
is an increased awarenesx,e/the importance of’ defect structire on the

pmperties The *presence of a large concentration of vacancies. ordered

or diserdered. signific&ntly affects properties and thenefore nearly all.
of them- depend upon nonmte“l to-metal ‘ratio. Failure to realize these
dependencies has resulted in many errenecus literature reports and ruch

confusion about certain properti_es lie will exmine here the main dependencies

reported {n the case of zirconim-,nitride. | SO

2.6.1 Appearance B U S
Zrfiy o has & golden yellow color when pure. A lower stofchionetry
or fcpurities lead to 2 darkening until a dark gray-bram or black coler

multso ) _l . .‘ .nm ) A : 4
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2.6.2 Electrical and Magnetic Properties " o |

The electric resistivity. Hall constant and magnetic susceptibility
were found to increase monotonically by decreasing the nonmetal to-metal |
.ratio (i e. increasing the total nUmher.nftvacancies) from 0. 972 to. 0. 770
This points to the absence of any transfonnation whatsoever within this
concentration range.(4°) The negative sign of “the Hall coefficients means

that the current carriers are elettrons. Their effective concentration for

ZrN0 g5 is about 5 1022 3 -f.e. a value characteristic of good conducting -

3

. metals.(s]) ‘According to Yanchur et al. (40) there. {s also a marked con-.

: tribution by hole conduction. The resistivity has a positive temperature ‘

»'_J coefficientts] 57) and the values of the magnetic susceptibility are

characteristic of paranagnetic materials.(40 51,53) Even for a given com-  °

position large differences appear in reported values. They.are prohably
\ “5

: associated with differing amounts of impurities. particuiarly other o
interstitial eleﬁents such as oxygen, differing residual porosities and
‘ empirical fornulas used for correcting this porosity. For example. in the B ' =

case of the electricai resistivity different values are reported for

(5? +54,55) povder. metailurgical '

zirconiun nitride obtained by vapor deposition.
t:iethodstgn 12'52 56) or nitridation of zirconiun platelets (40).

" For the same reasons different. superconducting critical temperatures.
U_Tc.have been observed betxeen 8.9 and 0. 7'!‘57 53) They should be con- ;
sidered as lower linits and not characteristic of those fundamental -
'aprOperties which produce suparconductivity Te dacreasas with decreasing

:nonnetal - to - meta) ratio. the highest vaiue being associated with tha .

R

stoichionetric composition.

ag
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2.6.3 Thermodynanic Properties

Heasurements of the enthalpy of fonnation. by combustion calor-
1metry, have shown that. this property varies uith composition from .-56. 1
Keal/mole at. ZrNO 56 t0-87. 9 Kcal/mole at il o'ﬂitn a slightly positive
"deviation from a straight line between these Hmits.(?'s) Gal'braikh et
L Al (28) did measurements in a wider concentration range including the
| nitrogen solid solution in a-Zr. They found a linear relationship with
a change in che slope of the straight Hne at the composition ZrHo 78 This
change was attributed to the passage from a two-phase (a + ZrN) structure
to a single phase (ZrN) structure and explained by a difference-in the
. character of chemical bonding. : T

A Vaporization experiments have been performed by Snagina et a!.“g)

and K1b'|er et al (59) Their work shows that the "2 pressure varies greatly
wiﬂa canpos'lﬂon of—“ ‘the Zriix phase. Hcmever. considerable disagreerment
exists between the two uorkers. Thus, Kibler et al. performed effusion

: ‘mesumnts. and Smagina et al used tensic:etric masurements in the -
higher pressure range of 0.1 to 100 &m0 Hg. The p\ressure data obtained by
the 1atter fnr a range of compos*ltions Zrﬂo 7 %0 Zrﬂo gg 8re considerably

(60) yudted the

higher then the corzparable date of the former.’ Krieger
 thermodynanics of the z_irconiu-.-: nitride/zirconim-nisrogen vapor systen
peffofming calculations on the sblative caterial Zrli, at 2000-6000°K and.
1.5 x 107 | . |

- 66. atn. _
2 6.4 Mechanical Properties | ceL

-

As stoichicnetric cmpositien is approeched nicro-harmess decreases

while the nodulus of nomal elasticlty and: the ﬂexure strength increeses.“m

. Q T



Y

According to the authors this effect could be associated with the develop-

-

ment of microp]asticity which facj]itétes a certain‘redistribution‘and_

decrease in the stress concentrations.

2. 6 5 Chenical Properties |
" Zirconium nitride is very ueakly attacked by HC1, HNO,, and HZSO4
concentrated ncids from room temperaturg to 50°C. When the temperature
is raised to 95°C”tho rate‘of decompositioo increaseo shacply. The rate
-also 1ncrea§es4ﬁjfﬁﬂ1ncreasingihitiogen'contentf.the lowest rate being
observed in the case of nitric acid.- Zril is decomposed congruently by
”hydrochloric acid and 1ncongruently by sulfuric and nitric acids and:

| so1utions of oxidizing agents. 1iberating e]ementary nitrogen (61)

Stoichiometric Zril is stable in both cold and boiling water and ueakly
dissolved in boiling concentrated alkalies with the formation of HH (10, 62)
The hydrolysis of zirconium nitride in superheated steam was ‘studied by |
Kyo et al (63) They-fpund that the reaction products were H2 N2, and

NH; at 7o0°c in isotherral reactions and at higher terperatures HH4 was
gradua]!y replacod by Hz - - ' R _
2.7 Oxidation Resistance - - B

The oxidation resistance of i 1s generally considered to be 7
poo (10 n ‘3 ]5) It 1s the nain reason uhy this oaterial has received 50
1ittle app11cation as a refractory conpound despite its re1atively high
_ thernal 'stability. Heated in air at ataospheric prcssure poudered zirconiun
nitride begins to oxidize between 400 and ewc.(“ 65) Ine change in phase
compos § tion 1n this tc:oerature range is rather coatrovorsial Glasson and
Jayzuccralﬁﬁ) rcportcd the !or:ation of oetastnble cudic Zro (a » 5. 09A). |

sooewhat stabil12ed by the rezatning custc 2eM, while Lyutaya et al. ‘55)
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found, at 580°C.‘an heterbgeneous-mixiure consisting of zirconium dioxide
“and cubic oxynitride of general formula Zrit,0, {a = 4.45A). At higher
téoperatures there is only fOrmation of monoc]ioic zirconia which sub-

| sequent]y sinters above 1000°C. Over ]200°C ‘the oxidation is complicated
‘by the formation of tetragona1 ZrOZ.. Zirconium nitride has.the poorest
oxidation resiotance of the monenitrides of‘the foonth grouo._hafnium
nitride havingthe best;(ss) However, the difference is not great. By
means of differential thermal analysis it was found that the fnftial
decomposition temperaturesvafe oespectiveiy 600, 580 aod 650 for TiN, Zri
aod'HfN. There 1s no infonﬁation'avaiiaole-ior the oxydaiion of Zrll at

- reduced pressure but Billy and Teyssedre(ss)-found an appreciable oxidation

-3

~ of Hfli at 10 torr with the intermediate .formation of the body-centered

cubic oxynitride Hf2 nzo. Toth(3) considers that fourth-group nitrides

-6

should not be heat treated in vacuums of iess‘than 10_ torr, these phases

being best treated in high-purity inert gases.

2.8 Diffusion

“In tabie I are compiled the diffusion coefficients f

' nitride that have been reported in the 1iterature. Except for the'tracer ,
coefficient of carbon all the available results are for, hitéogen diffusion
and were evaiuated in terms of- data froo kinetic studies of diffusion

controlled reactions. Before discussing these coefficients ue will exeaine
the e experisental nethods uied to neesure thea. .
2.8.1 Nitriding kinetics

ATl the studies have cecomstrated that the reaction of zirconh
ﬂmnumﬂhwwswnwncHmﬂu}w&hu)ﬂwww,omaﬁswwuﬂ !
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of the initial stages of the nitridation at 1440°C and pressures between 2 and
10 mili?torr »- has shown that there is an 1n1tia1 linear reaction whose
'duration 1s.1nversely proportional to the square of the pressure and which :
s fol]owed by a transition to the typica1 parabo]ic kinetfcs. This linear
portion corresponds to the reaction of nitrogen witha &Zr surface and
continues while the a-Zr phase is formed, ending when the a-2r surface
| saturates and a thin ZrN layer forms. Further reaction proceeds by diffusion
of nitrogen through this nitride fi]ﬁ probably-via the vacancies present in
the nitrogen sublattice, reaction of one part of this nitrogen'at the -
n1fr1de-méta1‘1n€3rface and dissolution of the other part in the metal sub-’
_strate It has been determined that both the nitride growth and nitrogen
.disso?Ution in the u-Zr ,metal at tenperatures below 862°, i.e. the a-8

| transformat1on temperature, or both the growth of the It and a. lnyers and °
_nitrogen dissolution in s-Zr at higher temperatures obey oarabolic relation- |
"enips.“ Furthermore Eaidnssi and Le DeI}iou(?4) found that a very thin

oxide film formed on the outer surface of a nitrided sample nas.a positive

oY

replioa of the initial surface of the metal, AN thisf}ndicates?that the

- growth of the Irti and o layers occurs by the‘inward diffusion of nitrogen

and<1h3t “this diffusion is the control]ing factor 1n the nitriding nechanisn C
of zirconium. | |

| - To ana1yze the kinetics of’ diffusion controtled nitridatjon of
zirconium slabs several unidirectional tuo—phese (T < B62°C) or thrce-phaso
| . (T > 862°C), volume diffusion models utre proposed, (19,72,74,76) In fact _
a11.the models are very\sinﬁlar~§nd based on the same assumpiions:

(a) The metal phase is regarded as an-infiniteﬂp\ate ,

L
1



- results in- the growth of a single layer ZrN._ The corresponding schematic

20

(b) The intrinsic diffusivities in the Zri and o phases are
1ndependent of concentration. | R |

{¢) The volume changes associated with the formation of Zril from
a and o from g are negligible. R |

{d) Interfacial equilibrium exists, the concentration at the inter- i
.. faces can thus be obtained from the eqoilfbrium diagram.

{e) The diffusion of zirconium is negligible in comparison with.

nitrogen.

; J

Combining weighe\change andﬁ;hickness -measurements with equations

(78) .

estab]ished from the above mode 5 -Rosa and Hagel.(77) Eremeyev et al.,

Levinskif et al..(79) Paidassi and Le Delliou,(74) and iyer(]g) calculated

Dy the intrinsic diffusfon coefficient of nitrogen in zirconium nieridei g
As an example we will examine briefly the"analysis'of the last author. -
. He Simpl?fied the problem by using thin_somples. In these thin samples

tne n{trooen saturation of the g8-core is rapid, ond_the iinetjcs of the
reaction with njtrogen may be viewed essentially as the grouth of the o and

- Zril. 1ayers on a nitrogen-soturated.Bncore.: A further sinp1*f1cat10ﬂ was

obtained by studying the nitridation of nitrogen presoturioed qu which

diagrams of the concentration profile of nit:ogeﬁ”_‘ {1lustrated in
~ fig. 52 and Sb. In case 2 ,assuning that the nitrogen drop across the Zrn |
and n-luyers fOIIous an error function relation.Du nay. be obtained from.

thehequation

(2.2)

verf y» (C£N-c&°) 5(6) |
: e Ky '
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L0 . - s
where v = EE___ . . '
. sz ' ) - - '
and.Kp(d) and Ky are the experimehtaIlyndéteﬁmined layer growth and'weight
gain parabolic'rate constants while ch and cau are equilibrium phase

boundary concentrations. The corresponding equation for case b is

c,,.~C 2 . : R
GN- Sa 5y e’ erf v - _ (2.3)
. da af ‘ o : ’
. or .
- 2e,,-C, ) - | - |
Ky —— 6N ‘sa B ] - - (2.4)

/n erf Y

2.8.2 Diffusion saturation

Spivak(eo) prepared cy]indrical single—phase ZrH0 76 ‘specimens, 0. 66 m
in diameter. by direct nitridation of 2irconium uires at 1700°C for 4 h

followed by 8 h homogenizing neal carried oqt-in argon at 1800°C. Then

they studied the nitriding of ese\specimens over the temperature rangé "“
1600-2200°C. Fro nowledge of inffia?.unifbrﬁ nitrogen concentration,
Cos and the %f;che ncentration Cs supposed constant ahd presumably equal

to the nitrogen - V .p;ase boundary, fhey_estimated the diffusion coefficient
D by detennjningrthe mean nitrogen cﬁn;entration, c, at time t ahd using " -

the following expression for the specific saturaticn F:

' E" | " pee :

uhere (n is the root of the zero Bessul functionl and R is the radius of
the cylinder. B
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2.8.3 Sintering Kinetics

Andrievskit et al.(8") studied the sintering of cylindrical wires
(d 0.66 mm) of zirconium nitride of various conpositions Zri‘l0 96 ZrNo 863
and ZrN0.683.' They foliowed the radius change of the surface of contact
~(neck) between the wires as a function of time and assuming that sintering
aas occurring by volume diffusion they calculated the diffusion coefficient

"with the following formula

3 . )
iz- - T | . (2.8)

In this expression x and R are the radii of the neck and of the wire. o ie .

,___.:

the surface tension. -a the 1attice congtant and t the time.

2.8.4 Tracer Diffusion

Using serial sectioning and residual activity methods KnromOV et
a1.(82) studfed the diffusion of ¢'% in large-grained (grain size ~ 1 m) |
’_Zrﬂo g5-  No similar studies have been carried out for zirconiun or nftrogen

diffusion. L |
2.8.5 Discussion
In order to faciiitate the comparison of the results conpiled in

tabie 1 we have piotted in fig. 5 log; 4D versus the inverse of the absolute L
temperature. The agreement between the data obtained fron the two first i
rmethods is?rather good, mainiy above 1100°C. while those calculated from-g |
sintering kinetics shou higher values of Do and Q.. The diffuston of carbon .
in zirconium nitride seems to be slower than that of nitrogen. As ue are -
chiefly intercsted in nitrogen diffusion we will exantne in sore. detail the

results relevant to this type of diffusion.‘, . . e

3
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In comparing these coefficients several important points should be
emphasized

(a) A1l the available data are chemical diffusion coefficients which
were measured on poiycrysta]line samples In all the methods described
above the various mathematicai solutions are based on the assumption that
isotropic.lattice diffusion is the only process that.is occurring. In
: reality diffusion samp1e5‘contain grain boundaries, Thus it is possibiel-
to expect an increasing‘COntrihotion of short circuit diffusion leading
to an apparent-decrease'of the activation'energy at lower tenperatures. This
effect perhaps expiains the relatively low values of Q obtained in the.
650-1100°C temperature range (77,74) -

(b) In the computations outlined in section 2.8.1 the:intrinsicﬂ ‘
.diffusioﬁtcoefficient Du'is assuned to be'independent of cumposition. In

f
phases that have a wide range of homogeneity this assumption may not be
valid and one might question the usefulness of a concentration-independent
- value of Dy- However. Iyer(lg) shoued that a vacancy mechanism-predicts

that Dy shouid be. essentiaily independent of conposition. while the inter- _

- stitialey nechanism predicts a sharp decrease in the pre-exponentiai factor

| with increasing vacancy concentration. Diffusion studies in two other
transition mononitrides gssé'follouino section) Tili and Vil support a vacancy
. mechanism'for'diffosion of nitrogen. Thus the assumption Oy independent .
-A.oflcomposition. appears reasonabie;.-ihis fact has an interesting ehermof'-
dynamic, il:ipiication Dy can be related to the tracer diffusfon coefficient
0*y and the chenical diffusion coefficient D for diffusion of nitrogen ators
and nitrogen\Vacancies in gthe nitrogen sub'lattice.(5 19} lndeed considering
'that diffusion.occors'ohly cn the nitrogeh'subiattice_and‘taiinb nitrqgen )

L
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] | OMBLED -

- Diffusion Coefficients for Zirconfum Nitridé -

T The diffusivities are expressed in Arrhenius form: D = l)‘0 exp(-%r)

Material Diffusing Temperature ~ Do = . @ Method Ref, -
B Element Range (cm?/sec) | (Kcal/mole) :

et | 650-850  7.87x10"° 35.9 -~ fitriding 77
. L ] - ' _kinetics

B - o - -9 . :

* 125041700 6.0 x1072 60.0 - 8
2ri N 1260-1720  1.69x107 53.66 - 79 %
- N 800-1100 2.5 x10°2 a2 s - g
2 N 1200-1500  3.12 79.4%6.0 . 19 -
2rity 4 N 1600-2200 . 7.5 x10°" - 78.3 Diffusion . B0

E , ' saturation

B, ca3 2550-2700 3.5 x10'° . . 245.0 " Sintering 81,

g 0.683 , i . : “kinetics ‘
g g6 26002600 2.6 x10° . 97.0 -
My g5 - C 2030-2690 (1.59°0:27)x1073 921609 . Radiotraver 82
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as .one component and nitrogen vacancies as the second component 1n Darken s

equatlon leads to
ony DR : . - 1 R .
D = [(]"'X) D“ +Xx DV] T (\ (2.7&)

acnaH

= [Q-x) D% + x0%y] { '(2.7b)

,anx

where Df and D*, are the intrinsic and self—dlffugﬂon'coeffici%nts for
“'vacancles._and x 1s the nitrogen:to metal ratio.. If D%y is aosumed equal

(2.8)

to D*v. then ‘the preceding equations reduce to

3!.“8" ‘

. .
D = Db, = D, ¢
~H N atnx

s

This means that the chemical diffusivity is directly proportional to the

tracer self-diffosirtty and the thermodynamic gradient. Therefore a con-

. centrdtion lndependent”value.for DN implies tndt'an increase of"!}*N with
increasing nitrogen-vacancy concentrationeis cancelled by 2 corresponding
decrease 1n the thennodynamic gradient. This shbaldwbe applicable to the

- chemical coefflclentﬁgbtained froa the diffusion sctaration experiments

(c) In section 2.8.1 1t was also shoun that the values of BN depend

on precise phase diagram 1nfonnation. Unfortunately the pdsltion of the '
la + 2elt/2Zril phase boundary 15 not uell knoun Furthermore. nearlyall the
authors used the dota proposed by Domalga et al. (30) uhich are considered

‘in error. 5

(d) The results obtained froo sinter1ng kinetics seen to be dlffercnt
in nature than the others .due to their high‘values of D,.2nd Q and_their
concentration depéndence. Such high values of activation energy and
) - - i : . _ . . .

-
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pne-exponentia] ‘terms along with a reduction of the s1nter1ng rate with

; deviation from stoichiometry were a'lso repOrted in the case of oxides.(83 84)
Many explanations were given for these phenomena but .none ‘was found cmp]ete'ly
satisfactory. Using the concepts of the thermodynamics of 1rreversib1e

: _'processes Andri evskﬁ(au obta'med an equation for the effective (or mean)

| se?f—diffusion cgefficient which enters 1nto the slntering equations for

. volume diffusion transport-

.~ N o, + o,

‘ Defft "~ z v g

(2.9)

'In this expnession c are atomic fr:acﬁons, IIJi partial self-diffusion coef-
ficients. and indices 1,2, 4 refer respectively to metal” atuns metalloid L

o at.oms and neta]loid vacancies. Due to the lack of 1nfornation on the

' part1a1 diffusion coefficients in zirconim nitride it is 1mpossib]e to
obtain 2 quantitat'lve confimation-of this relationspip.. ~However, the
fact. that an 1ncrease of sto*lchimetry 1nduces an increase of the effective -
se'lf-diffusion coefficient implies that the above equation is at least
quaHtatively confirmed ,
{e) In com:'lusion to this discussion we will note that an estination.
~ of the activation energy for self-diffusion of ¥ in ZrN based on volume
"fluctuation ‘theory ga\re a value of 8] 1-kcal/mole. (19). This result i ‘ln
good agreement with the majority of the s\nergies measured in the 1200-1700°C
terperature range and confirms the except'lonal nature of Andr'levs‘uﬂ s
" results as: we'ﬂ as the possible 1nf1uence of high-diffusivity pauts at Tow

-

w:oeratures. SR : oy



in, (19.78,85-87 y (19,88) , (89) Crif, (50) e n, 191)

cpiled in Table II except some for UN.

g

2. 9 Diffusion in Otﬁer Binany Nitrides )

Diffusion coefficients have been reported in the 11terature for .

€ {ron nitride

.,phase (92) Thu(g3) and UN (94 99) All the corresponding vq]ues are cpm- -

(97'99) He will only disucss here

" the data pertinent: to nitrogen d;ffusion n TiR, VN and NbN because these ﬂ
_nitrides have very 51m11ar general,propertfcs‘io Iri. Nevertheless we

will note that in the case of UN tracer diffusion coefficients are available
foraboth nitrogen and uranjum diffusion. ~This is an’ exception in diffusion

studies in nitrides

-

“The oniy distinctive featureoin the nitridation qf T1. v, and Nb

L

. compared to that of ZIr is the p0551ble fornation of an intermediate: Mzﬂ .

’lnitride layer betueen ‘the. mcnonitride and the a. phase. Neverthelgss DN can

‘be conputed in very simi1ar uays tn those outlfhed in section 2. 8.1. In:

add{tion te nitriding kinetics and diffusion saturation methods a rather

new technique was used in the case of Tiﬂ(19) and VN (19 88) Presaturated

‘_ a!If sanples or Vzu samples were nitrided(betueen 1200 and 1500°C 1n the '

using the’ following expmssion.

first case and on1y at 1?00°c 4n the second one.~ The reaction results in

’ the formation and grouth of.a single quer of mcnonitride. The nitrogen
'grauientsacrcss the product layer were detarnined using an electrcn-micro—

probe ana]yzer. " The variaticn of the cheudcal diffusivity of nitrogcn*uith

the ca:positicn of the Mi phase was detemmed fra: the concentration pr-ofnc

T

T, 9
BT,

o oﬂ)c.s--zg( ) G/ xde )

A

29
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* TABLE 11

- Diffusion Coefficients for Other Binary Nitrides

Temperature

30

Nitride  Diffusing Q- Method . Ref.
. Element __Range {em lsec) (Kcal/mole) - '
TN N 900-1520  5.4x10°3 ' 52.083.5  Nitriding 85
k - | . kinetics
TN N 1300-1600  4.42 72.8 - 85
TN N 1350-1700  2.0x10 . 90.0 - 18
THN N 1200-1450  5.8x10°" 667470 =19
TiN N 2.29x1073 50.2 DIff. sat- 87
' ' o S uration -
W N 1500~ Dy = 2.5(20.3)x107° Hitriding 19,88
) . o ’j ) - kinetics ~ -
NN N 1405-2035  2.1x10° "M2.0 S -
Cr M N 1200 Dy = 4.2 wd e SRR
. | N e
Fe L 504 uﬁ 3.2 x 10 e 9}
- - 556 pre7.9xW0°% ¢ le
b cFe nitride N 580-730 4. 43310 -3 27.05 Boltzman 92
- < " , . o Hatano method
B S 1e00-2000 2. 54:102 99,4530 ldyer growth 93
Lo R ise0a1s00 2601070 55.0  N'Scass spec. 94
e N'S - 1792 oy - 8.1x10" " | 'S nucl. activ. 95
} un NS 1700-2000 ' ~56.0 -9
N - U nooece  3.2em07 60.0 o degrad. tech. 96
B o uB3 . 14201830 7.54x10°2 105.0 -
i 1‘1 )r\i _ . : ) .
- 33 © ' - 99
g o N 1800-2400  1.2x10 170225 - layer growth 98
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‘Qhere'Du)c* is the chemical diffusivity of nitrogen at a concentration C*,
and C* 15 any particu]ar concentration betneen Ca .and 91 .,CD is the con-
centfation of nitrogen in the sample at. t : 0, and t is the tine. 'fn est-
ablishing this formula the outward diffusion of metal'was considered
| negligible in comparison with the inward diffusion of nitrogen The. cal-
culated values of Dy indicated no significant trend in the variation of the
intrinsic diffusivities of nitrogen with composition, this result being L
.consistent with 2 vacancy mechanfsm of diffusion.(jg) Furthernmre. the
value for the activation energy, in the case of TiN, was found in surprisingly
good agreement with the value predicted (65 3 Kcal/mole) using the voiume
fluctuation nodel. This value is considerabiy smailer than the one for

‘Zri the diffusivity of nitrogen in Il seems to be smaller than in TiH

In CONCLUSION, in this review of the literature we emphasize the
1mportance of the defect structure of zirconium nitride. This defect
strﬁzture combined with a wide range of homoganeity and particular bonding
is the main feature of this compound Diffusion seems to occur by :‘vacancy.‘”
mechanism in the nitrogen sublattice, t.e. diffusion of nitrogen atoms via.

A octahedral-vacant octahedral site jwmps- or-from an octahedral site to a

~ vacant octahedral site via vacant tetrahedrai sites. Due to the high con-
centration of nitrogen vacancies the rather Tom diffusivities are surprising;
The, type of chemical bonding existing in nitrides and a ‘possible effect of

oxygen inpurities are’ perhaps responsible for ‘this phenogmerion.

b

,
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 CHAPTER III.
EXPERIMENTAL TECHNIQUES

e |

L This chapter will dea] with the preparation and‘characterization

of samples and with the diffusion experiments. }ﬁh_ﬁmpm

3.1 Sample preparation o
3 _
Two kinds of zirconium nitride samples were used in this work-

‘'spheres,- 45-105, diameter, and platelets 254y thick.

3.1.1 Preparation-of spheres

. The spheres were propargd‘by dropping particles in the 45 to 75u

size range through an électrio_ant where they melted‘and spheroidized due

to surface tension.

3.1.1.1 Arc assembly description :

The arc assembly shown in fig 7 was used before by Madeyski and
Smeltzer(leo) for the preparation of zirconta spheres and by Streiff and
Smeitzer( ) for the preparation of zirconiun nitride spneres.' It was equipped
with tungsten e!octrodes and 2 graphite body‘in the hot zone._cOnnected to
a. Vycor glass tubé'-tn the. lower, cooler part of the furnace. The tungsten
eiectrodes were he1dhby tuo graphita rods.. One of the rods was stationary K
uhile the other could be moved rmanually by means of a fiber glass handle to
adJust the length of the arc, Ceramic"eyro-phyl11te' hrushings providod

~ electric insulation for the rods. ltsghe.loner end, the Vycor tube tenn;
inated at a hollow alumini ring which had one gas inlet tube and 12 outlet

2
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Figure -7- Scheratic Cross;Section of the Arc Furnace
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‘orifiCes-prQVidfng‘a unifonn distribution of the gas around the internal
periphery of the furnace. A flat aluminum disc formed the bottom of the.
furnace vhere the spheres and the irregular particles which missed the
) arc colTe\ted in a watch g1ass after passage through the furnace7i\The plate
' could easily be removed to retrieve the watch glass and its content. Two
silicone rubber O-rjngs made the lower part of the furnace gas tight: one
between the eluminum ring‘and_the Eycor tube, and the other between the ring
\'_ and botton plate. The upper pert of the furnace was not gesﬂtightaIIOwing '
the gas to escape The powder was introduced by means'of a vibrating in-drop
device. | " o | |

3.1.1.2 Arc assembly operation

The operation of the arc furnace was always started by blowing a
"nitrogen—argon mixture through the bottom of the furnace at a high rate to

~ thoroughly purge the arc region of air. This stage'uas very 1nportant

because oxygen. even in small quantities. cou?d react with the nitride during
 the spheroidization. After a few: ninutes the flou was reduced to a sme11

rate because an excessive rate of flow 1nterferred with the passage of 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 1nside
 the furnace and prevent any introduction of air. Ultra high purity gases -
(>99. 999:) purchased from "Matheson of Canada' were used. As soon as the

gas flow. rate was reduced the arc was sterted by simply bringing the electrodes
very close together. Then it was drawn to its full operating length. of |
1. 5-2 (e by shifting the roveable electrode. The operating conditions were
100 volts and !0 to 20 enperes. Direct current was used to provide an.

uninterrupted arc.
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the arc five t0 six times.

3.1. l 3 Starting material

\ fron “Ventron.Corporation - Alfa products®. The ana1ytical data given by

3%

A powder charge of approaimately 2 grams was put in the,reservpir'
of the ujbrating in-drop device and graduaily introduced into the arc. )
Separation of the spheres from'irregularly'shaped particlea which missed |
the arc was acComplished by dropping the powder on an inverted vibrating | ‘
waprh.glass. Particles spread over the glass surface with the‘spherea rolling
free off the edge. The yield, ranging between 5 and 10 w/o, was increased
to approximate]y 25 w/o by recycling the incompletely fused particles through

i1}

The starting material was w99‘ zirconiun nitride pouder purchased

this company are shown in table I!I. -

~3.1.1.4 “Saturation” of spheres

"Due to the rather Tow nitrogen content of the starting material and

.
(30) the spheres v

the possibiIity of some loss of ritrogen on are melting
were renitrided for 10 days at 1050°C in the apparatus used for the prep- ~
aration of slabs and described in the fol1ouing section.

3.1.2 Preparation of slahs . - 'CZ> -

The slabs were prepared by nitriding zone refined zirconiun sheets

at high temperature in a nitrogen atmosphere,

3.1.2.1 Description of the nitridation apparatus

_Figure 8 shows the o senatic arrangenent of this apparatus. o
_ The furnace was of the electric resistance type, uith a Kanthal A] -
alement. capable of producing te:peratures up to 1350°C The temperature

'uas controlled at $1°C by a Hpnayueli PyryO-Vane iﬂstrument using a type S

(Platinun vs. platinum + 103 rhodiun) thermocouple. “A thérmocouple
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TABLE III

Analysis of the zirconium nitride ised for the
preparation of spheres

" Element . . | . _content,” w/o
Fe L 0.07
Cu 0402
Si o - 0.06 )
Ca o . 0.01 "
S | : ~ 0.06
Ni . T 0.04

¢ e (280 ppn)

: 'After "Ventron Corporation - Alfa Products' (Aldr1ch
~ Chemical Co. (Canada) Ltd. )

TABLE IV

Analysis of the zone refined zirconium used for -
~ the preparation of slabs / :

Element . - content,™ ppo
S I 20

Fe | 10

S{ 7 LY | 5

¢ )

0 | . 50

K : 7 7 5 - B
N R (¢

other._'_"-_lo’

*oAfter "Atomergic Chemetals Co.® (A divisicn. of Gnﬂard- a
Sch]esinger Che=ical Hfg. Corp.) -



. metal diaphragm regulator from the same campany and was connected to the

potentiometer of Py iype from "Croydon Pretision Instrument"”, connected to
- a second Pt-10% Rh thermocouple, was used to measure the temperatures.
The reaction chamber consisted of a mullite tube (MV 30 grade frum
“McDanel Refractory Co.) clbsed at one end, the other end being diféctly‘ ' ’"if
sealed to a pyrex extens1on tube connected to the vacuum pump§\l:’n1trogen

supply cylinder. a manometer and two vacuum gauges, a thermocoup e gauge

NRC 531 and an 1onization

518. The cylinder was filled with

- -

researtch purity grade nit gen (99 9995% min., <l ppm bxygen) supplied by

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

pyrex glass sect1on of the.aegg;atus by means of a fCaJon‘ ultra high vacuun

- coupling. 'Edwa}ds? vacuuﬁ ccuplings wefé.utilized'in ;hé—pumping systen.
In particular a flexible métal bellow renoved the vibrations of the rotary
pump and a gihsseto-mégpl coupling joined the vacuun system with the rest

:of the apparatus. | | |

3.1.2.2 HNitridation experiments

The specimens, contained in a platinus boat with a zirconiun covér;

| were 1ntrodﬁced :Z rﬁoﬁ temberature in the reaction chamber with a mgta]lic
rod. ‘The systen was pqrged'frum air by ev&cuating it with the mechanical
pump ind fil]ing°it with nitrogen, this operaticn being repeated severalf
_tipes. Then using the diffusion puzp, It was evacuated to about 1073 Torr.
Finally the furnace was heated tof;bout 4001c; nitrogen was introduced at

a pressure slightly lower than atnospheric and the temperature was brought
upgclose to 1150°C. This tznperaturc was held for four weeks. Quring sl
th*s period a s=all positive gas pressure was nalnta(rcd in orcer to nininize -
axygen lg?kagc fnto ‘the systes. 'The purpose of the zirtaniun sheet ptaccd
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on top of. the piatinum boat was to getter any oxygen trace diffusing inside
the chamber. '

3-]-2¢ 3 Stal‘ting materia] ' ‘ " ;' . Y . .

A
s

Iy
-

e

A zirconium sheet 99.995%, 2.54 ¢m wide x 30.48 cn long x 254u thick
was‘used. The -analysis as-supplied by manufacturer is given in tabie Iv.
.The sheet was cut in pieces 2. 54 em long and approximately 1 to 1.5 cm wide.
Before their introduction in the furnace. these siabs were chemically polished
in a HF-HND bath containing 45 v/io HNO, (70%), 5 v/o HF (48%), and 50 v/o
| 20. then,they were washed with distilled water and carefully dried.

"{’4.5““.,?‘ )
,,,,, —

““"“""W-m—o

Characterizing nitride sampies is a difficult and challenging task

not sufficientiy appreciated by many investigators. te tried to characterize
the most important factors upen which the diffusionai properties depend: '
chemical composition, overaii defect structure (including vacancy concentration.
grain size and porosity) and sample homogereity. The techniques used for

the characterization of each of these factors are discussed beiou.

3.2.1 Chemicai composition

t

Our chemical anaiysis uas'restricted to the determination of nitrogen

yi? ! P

vacuum fusion technique used in the case of retals., To fuse refractory

- nitrides very high terperatures are necessary, and. speciai techniques are
needed, such as fusion in a platinum bath (y ;000°C).contained in a graphite
crucible or fusiop {n a graphite mold at-2400-3000°c. The evoived oxyoen

. from the sacpio rdacts with carbon.to forn CO which s collected and analyzed.
:For‘the'fourth grbup nitrides, even these techniques are only oartia!iy S
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successful.. Stability of oxygen in this group is great, and therefore
oxygen is difficult to reuove.. Neutron activation ana]ysis could be a
better technique.(10]) We wi]l also note that the detection of 1mpurity
phases can be performed using the cormon Debye Scherrer or diffractometer R
techniques.. Howerer their 1imit of detection is usually a few percent and
hmcoﬁmbe~even larger under certo1n cond1t1ons:“ For example; impurities such
~as oxygen fonn solid solutions with nitrides and therefore fai]ure to
cbserve oxide 1mpur1ty phase 1s not conpiete insurance that contamination
| has not occurred. Nevertheless, ‘'we used systematically these techniques,
in particular to check the absence of free z1rcon1un in the samples.

3.2.1.1 Nitrogen analysis

e Detennination of nftrogen in the refractory nitrides of the metals

of groups 11B, VB and VIB has presented_djfficu]ties to the analyst. Con-
.uentioneI techniques such as kJeIdéhl analysis, vacuum or 1nert gas fusion. :
“alkali. hydroxide fusion were found questionabte because incomplete dis-
solution or decomposition frequently occurred. Sodium peroxide fusions |

. were always complete but partial conversion—of’the nitrides to nitrogen gas -
was observed. Dumas method "oxidation or chlorination were found more
satisfactory. Due to these difficulties.'deternination of nitrogen in

refractory metal nitrides has been the subject of several 1nvestigations.(1nz'1]2)
Among the different modified-methods proposed to- 1mprove the_validity of / if
results we chose the rapid'technique for‘dissolut1on of nitrides presented .
by Boliman. (112} This author showed that a tin(11)-strong phosphoric acid
reagent was 2 recarkable cediin for dissolving many transition oetal nitrides,

zirconiun nitride in particulary without loss of nitrogen.



. -
- '
. S, 4]
T ’ . ' N
S - . f
it ‘. "

We fol'lawed very .c'lose'ly Bo'l]man S procedure. App;qpmately 160 mg
of n1tr1de. 1.5 g of Snc12. ZHZO and 10 ml of H3P04 are 1ntroduced ina
500 ml, long-necked Kjeldahl flask and heated on a hot p'late until most

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

( burner until gas evolution nearly stops. Duripg the heating, as well as

during the coo'Hng._ the flask is swirled to keep suspended fhe mﬂky pﬁesphétes

eventually formed. ‘After the soi'u'tion has coo]ed.; about IOO-m_} of nzo.h 2

or 3 boiling chips, and 75 ml of NaOH (10K) are added. The flask 1}1med-

" fately joined to a Kjeldahl distillation apparams and the solution brought

" toa gentle boil and distﬂled One hundred mi'llimeters of distillate were
.col'lected in a receiving graduated cylfnt‘i}zr contpining, originally. 50 ml

-of 2% boric acild so‘tution with nethyl red-methylene blue indicator. The
-ammonium borate present in the distillates was titrated with a standard

. . | o, AR .
. . T r;H3+_}iB02*NH4+BOZ. - {3.1)
0.1 N HCY solution to the same end point (green to purple). A blank yei_
| | | | -t e | IR N 2)
o+ H 3 HBO, . . (3.2)

Bo -
carried through the procedure to check for cohtamnationl.

3.2.1.2 Zircon-ium analysis

100 og sanmles were calcinated in air or pure oxygen for 24 h at

-

Zrﬂ+0-2r0 *XIZH . _ - (33)
¢ b x e 2 . —l:

1000°C./ The™1r w/o was deducedr the weight of the white zirconia obtained
Tbe’ ;e?u}t is only appmximte en me,sar.ples‘ centain an apprec‘lable .;munt

of cetallic or oxygen 1maulﬁt1es. :
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3.2.2 Defect structure

-

o

Some types of defects such as porosity and grain size were character-
ized by metallographfc techniques while the vacancy concentration was o

" determined by comparing x-ray denslty with experimentally“dEfE_‘Tﬁ?—density h
- . 3. 2 2.1 Metallographlc observations |

ey

Spheres or slabs were mounted in room setting epoxy resin, care-
fully abraded on 400 and 600 grlt sillcon carbide papers and pollshed on
6 and 1u diamond wheels with‘kerosene as lubricant._;Ihe‘specimens_were then
: ;cleaned with petroleum ether and carefully ‘dried. To reveal the grain
: boundaries some of them were etched uslng the HF-HHO3 solution described 5
71n section 3.1.2.3.. Specimens were examined with a “Car Zeiss™ optical
microscope or wlth a'“stereoecan“>scannlng electron microscope. The S.E.M.
microscope was also used to examine the surface of non-nounted specimens.

ﬂ;3 2.2. 29 ‘Lattice parameter neasurements

W . Diffractometer traces were run 1n the high angle.region l/4° per

: min on a Norelco diffractoneter. using 4° siits and Ni-filtered Cu radiation,
and uere corrected by‘;eant of an external 'si1icon standard The parareter -
was calculated on the’ basls of the' (331), (420), (a22), (511),"and (440)
peaks by means of a slnole Fortran program run on a CDC 6400 computer and'-
based on the extrapolation method. (‘13 na) In this prpgram the lattice
,parameter is conputed for each angle and virtually plotted against the
. chosen extrapolation functlon cos elsin 8. The 1nterceot for e = 1/2 of
" the leastsquaresstralght line glves the "error-free” valuye of the Tattice
constant. The 95 percent confidence Haits and the correlation coefficient

were also calculated,

b
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¥ In some cases the Debye-Scherrer method was used. The powder photo-

‘éraphs uereAtaken with a 114.6. mm diameter Philips camera. The film was
mounted according to the’ asymmetr1c (or Straumanis) method In this
. arrangement the film 1s sp11t halfway between the points where the direct

! beam enters and leaves;the camera.. The complete diffraction‘recprd from

| 0 to 90°é {s recorded on the same fiim strip cnc-the.pcesence of pa1r§ of |
| _arcs about. the = 0° and @ = 90° positions enables their‘iocat1onmocnthél
film uith utmost precision. The lattice paraﬁeter ua; cclcujated a; abdves

.'but in this case the extrapolation function introduced 1n the program was -
l/2(cos olsin 9+ cos e/e),4 this functdoaniving linear plots.down to h

smail va]ues of 0. (113, ]15'118) iJ Ji.

3.2.2.3 Dens1ty neasurenents o

9
'A2cm3

pycnometer (specific gravity f1ask) was: emp]oyed The

Specimens vere yeighed at the same temperature in air and in xylene. fhe _
~ sample-xylene mixtures'were outg&ssed under vacuum by vigorous mechanical
v1bration and the dcnsity of xylene was determined with boiled distilied

water. Three mcasurenents were done for each specimen.

d.2.2.4 Vacancv conccntration calculation - . ;o
‘We uill explain here. 1n a pore detailed way than 1n section 2.4,
hou the vacanc_y concentration can be evalua:cd for both sublattice sites
'fron Tattice parameter and density neasurencnts. | .
We u111 consider the case where the atonic ratio x = N/2r 1s 1ess
than l and assee a 1002 occupancy of netal sitcs. The: x-ray density 15
“given by the expression . | I

X

) d '.‘ ﬁ (9[@3) ' .; - | E(S.Q)
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wr;ere, M= \!cu'lequ]ar wéight = 91.22 + x . 14.0067(9')
‘N = Avogadro number = 6.0225 - 10%°
.. Qs'a -'lattice parameter (om)

ne Nunber of metal atoms 1n the unit, cell = 4 for the NaCl- type n

i

s tructure o -

Assuming that the differer}ce between dx and tlke pycnometric_dens'ity dp can
be ascribed to defectiveness of the metallic sublattice rather than to the

. presence of closed micropores or voids, we can write the following equation

dp - —3 - - ) * ‘ (3.5)

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

of va;cant/éitgs' in the Zr and f sublattice defined as

a1 oM ’ ! ' -
Vlr 1 - n R | (3.6a)
nl ! ’ ) [ - l
Yyt lexg SN - G

can be d‘irectly calculated from the densi ties. By co::piring the equation
(3 4) and (3. 5) it is easily found that ' |

%_ ;E (3.7)
’ Q:-'l = X '
Therefore “ | - -
. » vzr [ 3 ] - 2 / . . ) b . (3-8‘)

v,,-z-‘-:!; S | | o (3.e)

The oeasurerents of a (or dx) and dp eust occur 3t 2 censtant nd known
w:aerawre. lf their expansion coefficients are not known, the detcm’inaticns
tust be made qt the same terperature, '



3.2.3 Sample homogeneity,

‘ Sample‘homogeneity. oarticularlj in the case of the nonstoichiometric
nitrides. can be a problem because of the slow diffusion rate of nitrogen
The sharpness of the splitting of k al and kuz lines of Debye-Scherrer X-ray
patterns can be used to indicate the homogeneity. However, ne preferred
the electronprobe micFoanalysis technioue. | |

~ An Acton (Cameca HS-GQ) microprobe uas employed in measuring the
concentration profi]e of zirconjum across samples mounted and polished as

QQ\(for microscopic observation. In this method, the ueight concentration CA

of an element A in a compound AB is deduced fron -a corparison between the
intensity of a suitable choracteristic X-ray - line of element A, emitted under

given conditions of electron bonbardwent and the intensity of ‘the same

| characteristic radiation when emitted by the pure element A under the sane |
electron bombardnent conditions. Indeed. KA . the neasured ratio of these
intensities corrected for instrunental effects such as the background count
rate on efther side of the line being used ond the loss in count rate due
to the dead time of the counter. is equal to a rough approxination to CA.
It is possible‘to calculhte CA oore accurately fronm Kné by using the gorrection
fector concept.“‘g) This concept assues that KA is equal.to CA tices
a series of correction factors for. atomic mzber, 2, ebsorption. A, end?},
f Lorescence, F. _ 'J_' , - L 7 '

) . .
EA " cA )4 A F _ : (3.9)
"In the present study 2 conouter progras was uritten to cbtain 3 _'
table of CA and KA correspording values in the concentration range of fnterest.

“The calculations were worked froo right to left (1.e. froo C, to KA } because

~
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. counter. The electron beém voltage was 15 keV and the take-off angle 18°.

. . ) ) ! ‘ t
'3.3.1 Method . , : - , :

 where: -

‘known geonetry has been given by Carman and Hau

lworking in this sense avoids the necessity for iteration No fluorescence

correction was necessary because the Ka chqracteristic radiation of nitrogen
was not able to excite the o characteristic radiation of zirconium used

in the analysis.' The correction factors Zand A were taken from Birks'

~ book. (]19) They are due&respectively to Duncunb and Reed(12°) for atomic

number and Philibert(IZI) for absorption (modffied by\Duncumb and Shfe?ds(122))
" The 1ntensit1es of the Zr La, (» =6, 070A) peak uere nonitored. at

3u steps scanning a cross section, using a mica spectrometer and a proportional';

3.3 Diffusion Experiments

The nitrogen diffusion rates were determined by observing the

15" 1setope concentration in en ambient isotopically enriched

decrement of the
nitrogen atmosphere oven spheres-or,s]abs of zirconium nitride‘at'epnstnnt
temperature. The solufion of Fick's equation for the diffusion of a solute
from a limited and constant volume of well-stirred gas into a soltd of
1(123) and Crank (124) The
following solut{on is valid for diffusion into 2 sphere of radius a with

the assunption of an 1nstantaneous phase boundary reaction

1

- - o 2 . ' ) , )
M - e & #x) | q, bt
t - - Z ———2—2- ——r (30]0)
KK | 1 7 ﬂf‘ ]f;)u qn CKP‘ a ' | '

L"t = amunt of solute taken up by ‘the solid at tire t
| a_ « amount of solute the sol1d would take up n nfinite tice
- elagsed tioe {sec)

._t
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p D‘- diffusion coefficient (cmzlsec)§
a = radius of the sphere fcm). . N
A m ratio of the number of gram-atoms of nitrogen in the gas
phase. ng, to that in the so]id. ns, _ A
q, * one‘of the non-zero, poéjtivg roots of tan qn . 3-qn/(q§x+§).

' Ire corresponding solutfon for a slab of thickness 21‘1s¥

. " - "’“'q-nt . : .. .
g FLE. " nzllw—%lz exp -y (3.11)

142+ 9, N

LN
A

where the qn's are the non-zero. positive roots of tan q + Aqn = 0.

Because of the nature of these equations, the diffusion coefficient

D as a function of HtfH..must be ohtained by nurerical or graphic nethods.

Carman et Mau1(123)

developed approxinations which are more suited to”
calculations.

‘The approximate equation for a sphere is:

Co-Cc vy 3y |
s 2t 1 i
» nm— /
tg—.c; . eerfc 1 t
- .’ \\
. Yz - Pafz- . ‘ .
SRR “eerfc ’t ' o (3.12)
;}__ _ Y]’YZ on ) :
e

- and Cy, Cyg and C9 rcpresent the atm fractiun of ‘SH (15ﬂl(“ﬂ 15“)) in
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the“§tmnsphere ;i\time t.'iﬁ the solid at time zero (taken as the natural

abundance 0.0037) and in_the atmosphere at time zerd. respectively.
2 2 .
exp x~ erfc x = exp x~ (1 - erf x)

. 2
erf x = error function inx-T f e"dy

eerfc x

m

For a slab the approximate expression has a simpIer form:

- €,-C,

S e eerfc Lo | o (303)
g s A 3
where ¢ = 2%
. A

As noted above, all these equations are valid only when the phase
boundary exchange occurs at such a high rate that 1sot0pe equilibrium

betueen the -gas and the solid

wsn ST ”u"’u z\sum- (3.18)

1)

+

”N“‘u R 2 T “n“n . 2r Bu ot (3.80)

surface 15 frmediately established, diffusion in the solid being rate deter-
”\mining.- If a phase boundary rcaction proceeding at a limited rate is subgrf
frposed on the diffﬁsicn tn ;he solid, -bozh processes ire therefore
denensining for the progress of isotope exchange and it s necessary to
‘derive new squtions. The usual criterion for a surfnce oxchange Tinitation
is a curvature of a ¢ vs. tioe plot or if the curvature is too smal%. any
offset fron‘the origiﬁ of_anextrapolatcd_\inn through ihe'expcricihtal
7 poiﬂts.(‘zs"zs) iduhrdsret‘bl.(‘zs) derive& expresstons for diffusion
fruh a lioited volume into solids of sphericaInaﬁd plane sheet gearmetry
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assuming that the gas- soHd surface reaction contributes to the overaﬂ
rate. For spherica] geometry the equation is:
- - 2 Dt | B
" ‘ o qz e-,CIn ;2’ ‘ ,
t_y_2(n) § . - n : .
“T.a T - X nE]- _az ] " - (3.]5) '
- S r(-nl'--+;)+r+q§s"’-2—5, A

4

where the symbols different from those in equation (3. 10) are:
‘ qn = one of the non-zero, positive rocots of tan q, ™ SPE

= -1-' g 2\
E "%y -9 % o
. F = % + %’i‘qtz‘ ‘ ' . . . " o‘ .
weder S, el
. " , i > .
@ -

S = surface—to—volme ratio (a—- for a sphere)

K = rate constant of the surface exchange react*lon 1n c/sec.

For plane sheet syrmetry the correspending expression is:. ' y
_ 2Dt
N e.qn ?2' . . -
‘ tr- - 2‘]*&1 Z ' : I ) . - 3.]6
n:‘ 1 | X ‘ na] F ’ .. .r + ': . . ’ - t ( | )

where the .qn's are tne non=-2ero, positive‘ roots of

q, 4 |
n- 2 - -

Approximte'eipr“essims for (3.15) and (3.16) were stated, nithout_‘der_ivatiqn.

br'Hau’\ ot “._(127-}29)



50

3.3, 2 Diffusion apparatus

The diffusion apparatus was a s]ightly modiﬁed version of the one
used fol oxygen diffusion studies 1n zirconia by Hadeyski Pou‘lton. and
B Srrleltzer'.“__30 -132) The react‘lon chanber of the apparatus is shmm in Fig. 9
and an overall diagram of the systen is given in ﬁ . 10, : %

The diffusion chamb sisted of a platinum -~ 10 w/o rhudium alloy/

\ log, closec_l at the lower end and attached

‘tube. 20 m 1n diameter. and 380

to a glass tube by means of a grad SEai at\‘\t’he upper end. ' Thé g1dss tube
could be connected to the vacuum manifo]d 15" mservoir, MH cy’linder. to
a 500 cm3 ca‘librated bulk or to the sample collector, as required, by open1ng _
correSponding stopcocks. The use of the ca]ibrated bulb was to measure

the yolu_m_ of the chamber (237.5 cn’). The top of the glass tube carried

a ground g]a_xss joint r_'whose ‘up_per‘ part contgjried two glass winches for l"
lowering or raising a platinum crucible uith zircbnim nitride specimens
and & quértz fcrucible with oxygen ge't.tering zirconium nitride powder. The
pl“ati,num crucidble, suspended on a thin platinu wire, was 12 m in diameter

.i and 15 m.'h'léh fhe quartz crucible, also held nitﬁ a platinum uirg. was
only 8 m in dianeter. o

|  The p'latinm tube was located inside a ceramic tube made of gas | _
_'ﬁ&pervious mullite (MV 30 from McDanel Refract. Co. ). This outer tude could
“be connected to the vacuu-a mnifold or argon cylinder as necessary A .
glass winch was fixed on the pyrex e t.ension in order to ‘Icuer or ruise .
an oxygen gettering zirconfun foii. ‘Fhe ceranic tnbe w3 fi'ned with ultra
high purity argon’ (99 999' nin, ) the sane pressure as 1t.rogen\:nside -
the platinm tube to prevent the co“apse of the thin Pt anoy wall and to
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decrease the poss1b111ty\fgzxtransfer of contaminants such as oxygen or
'nitrogen. from'the atmosphere into the diffusion anneal chamber. - The qgas
“pressures insidethe two tubes were ‘measured with mercury monameters.

Both tubes were inside a 2500 watt:electric resistance furnace with
" a Kanthal Al element and vefmiculite 1asu1ation. The ‘furnace 48 cn diam. x
Balhm higﬁ, was supported on a moveable‘countef-weighted\platform for easy
" lowering and removal for repairs. The temperature'1nside_the furnace was -
measured and controlled (to within £1°C) by two "S* type (Pt vs. Pt-10% Rh)
thermocuuples. one being connected tu a Hoaeywell Pur-o—vane tempeaature :
contraller with a range of 600 to 1300°C and the other to a thermoéouple
potentiometer. : S - |

The actual temperature of the specimens was measured by a third

thermocouple whose- hot junction was located in a spec1a1 well a1most touching
the crucible in_its nomal position during the diffusion (see Fig. 9). The
graded seals betueen the platinum tube and glass, and betueen the nullite

_ tube and glass, as well as the élass tube just above the furnace were tooled

by means of a cold uater-carnying lead tubing wrapped around them.

i

3.3.3 Nitrogen exchange measurements

The quaata and platinum cruciblgs. g¢ach cqntaiuing;auout Soo'ug of
zirconfun nitride, but’aespectively in the forn of poudea and spheres or
-slabs. were 1ntroduced in the upper part of the'reaction chanber. . The
diffusion system was evacuated taking the sama precautions as in the nitrid-
~ atfon experimeats (see section 3.1.2.2). Aliquots of 94 atun 15H enriched -
nitrogenf(ﬂcrck:; Sharp :and Doune of CanadaALtd.) were introduced into the
Anner charber to raise the pressure to 10-15 Torr. Sufficient norral n{trogcn‘

|
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(Research grade, 99.9995 i min.) was admitted at room tempe}aturg to give a
pressure of about 260 T;fr_when the system was heﬁted to the diffusion
tgmperature. Argon was introduced in the outer charber-at é‘slightly smaller
‘pressure. The furnace was then brought up to 880-850°C and the ﬁuartz

' crﬁcible as well a$ the Zirconium foil wére lowered into the furnace. This :
temperature was held overnight allowing the irﬂ'powder and the Zr foil to .
getter any,residua! oxygen traces in the nitrogen or argon atmospheres, The
following day the temperature was increased up to the—diffus1on tenperature

- {1000-1200°C), the quartz crucible raised and the chamber isolated fron the
rest of the system. *fhe iirtonium sheet was also slightly raiseq to main-
tain its temperatﬁre in the 800-1000°C range. Two one o gas sanples were
tollected to measure the 1n1t1a1-15N atomic ratio in thg gas phase, Ca.

Immediately. afterwards the Pt trutibleéya; gradua11y.louer§d into the hot
zone temperature within 15 minutes, the zero time being taken when the
crucible reached the bottom of the chamber. Eight to eleven gas sarples

. were coIlectéﬁ at suitable time‘jhtervals oiér a petiéd of 24 h, After the
end‘of fLe exthange;run the specinens were toqlcdfin_the furnace and the gaé

sarples were analyzed with a mass spectrameter..

3.3. 4 Mass sggctronetric analyses

The analyses were performcd on a Hitachi Perkin Elrer RMU-EA mass
spectroceter, at a sample pressure of 2 to 4 x 10 -7 tarr,’ a Yo electroﬁe
voltage of 15 V “an enission of 70 LA and on the sensitivity séale x 10.

strlctly constant roo, tumperoture was onaintained. The pcaks 28 ( ‘Nz), |
(“n‘sn). 30 (‘5N15H). kvd (]60 ) and &0 (‘oAr) were recorded on a strip

| chart at a scanning spced of 4 or 5. The ‘sﬂ cuncentraticn w3s calculatcd
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as ]5N1(14N ¥ 1SN)'\vhe're 15N is equal to the sum h30'¥.112 h29 and 14“

to hyg + 1/2 hég; where the h's stand for peak heights measured in cm. To
compensate for fluctuations in the instrument six dup11cate measurements

were made for each sample -and the chanoe in N concentration was obtained
from a probability plot of toe average values and the 95% confideoce intervals
versus time, The peaks 32 and 40 were recorded to check for any oxygen

or’argon contamination of the gas samples.

3.3.5 Cmputauon of the diffusion coefficient \ Lo

-
The equations (3. 12) and (3 13) déveloped by Carman and Hou](123’

respectively for spheres_and slabs were used torcompute the diffusion
ooefficient from the results of the mass spectrometer analyses. These'cal-

culations were performed with a computer. the ‘above error functions being

'so1ved for each point by means of successive approximations with the help
of their derivative To reduce the nuober of iterations approximate values

c.-C ~
(133, 134) of ts'fi vs. /Dt/a'x (a'

. ) s
a/3 or 1), were given to the computer. The calculated values of 1 were

of v, obtained from an enlarged plot

plotted for each run vs, sampling time 1n order to detersine 1f the. exchange
rate uas controlled by diffusion or by & s1ou surface reaction. We will

. see_in the next chapter that 1t was possihle to eeject this secood evcn;uality
‘aod compute D froo the slope*ploz'or Dlt2

the data.

of the best straight Tine describing

\

\

The values of legy 0 at vorious absolute temperatures T were then
plotted against 103/7 and 'the “best® straight line was determined with the

least square method using 2gain 3 emutor. The 5% confidence intervals

of the frequency factor Do and the activation emergy Q of the Arrhesius
equaticn D « Oy exo‘e §f5uete cbtatred as well as the corrolotion ;oefficient.

L]



_— |  CHAPTER IV
RESULTS AND DISCUSSION

&

« - In this chapter theé results obtained fron the various experimental

.tests for each samp1e geonetry will be first presented 1n’the fonn of
graphs, tables and photanicroqraphs Then the diffusion results will be

discussed and compared w‘"ith those availab!e 1n the’ Hterature. '

I3 -

4,1 Results for spheres '
4,}1 Preparation ‘
" A batch- of 5. 827 g was prepared and renitrided for 10 davs a:..'lOSO"

After this renitr1dat‘lon a 1 794 weight 1ncrease was measured and a color

nchange from brown ye\nou to golden yellou was observed. The spheres \rere T

o@ssed through Tyler Sieves uish openings of 210 149, 105, 75 and 45u

The majority of then renained on the o last sieves.‘ Therefore only the

"

spheres An the diamfaer ranges 45-75y (average d = 6&4)- and 75-105u (average |

d - 90-.:) were used for diffusion experinents.‘- ‘ -

.

4.1.2 Characterization - L - ; ', . h ¢

Pouder phot.ographs and diffractmt.er traces contained on'ly the
characterist‘lc Hnes of 2trconiun nitride prov!ng the sing\e-phasc structure

Q:
-

of the c:at,erial

8.1.2.1. cgmsmon o o
The €0y and 90. diancter spneres vere analyzed separately. The -

o

results of tre analyses (Taole ‘J) indicatcd t.!'.at these spheres consisted o!
. suostoichtomtﬂc 2irconiun nitﬁde. iy, uith X -s_uuatcd .aporoxirasely

. -

A ' " “'- 55-
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-halfway between the limits of the hdmogeneity region of this compound.

TABLE v

Chemica] cannpsition of the spheres

d{u) N(w/o) - Ir(w/o)  N+Ir(w/a) - _N/ZE(Atomic -
' : | : o ‘ratio) -
60 lo.l_ 89.07 9.9 0.7

90 9.76 89.61 99.37 . 0.7

. .
o] . »
A .

4.1.2.2 Metallographic examination

Exanination of the surface of the spheres shawed that in general they
were’ not cracked and had a smooth surface with onIy a few irregularities

(Fig. 1la). However. sone were faceted. (Fig. 11b and llc) or wrinkled

(Fig. I]d) perhaps because of a beginning of sintering or superfic{a] oxid- k
~ ation. o ) '
Non-etched cross-sections (Fig. 12a) presented'a:rouﬁﬁ surface but

as we were unable to obtain surface finish by_pol1shing ue‘wonder'if this ,
fs attributable to some internal porosity of-to the briti]eness 6f‘zirconium_
nitride. thhiﬁg re&ehled a dense network of grain boundaries delimif;ng
gra1n§ of variable size 15 the 5 tc 15y range {Fig. 12b). The salycryStallinc
nature of the sphere; was cohfirmed by X-ray diffraction photographs taken

of a few spﬁeres uith;a precession canera using lr-filtered Mo radiation.

-

‘4.1.2;3 Vacancy cbncentration _ . ) “

!
-

The lattice paraneterand'the experimental density were ccasured on
60. Spheres at 23°C. Dcnsfty neasurenents were carried out on 3 rather tow,

sample weight. {590 mq)- chh resulted in appreci&me ﬂuctuatiens in t,ho values.

L

4]
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Figure 11 Scanning electron micrographs of the surface of spheres before
diffusicn annealing .
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Cross-section of spheres tefore diffusicn
srnealing:  (a) unmetched; (b) etched,
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1Y)

The average of six measurements (6.7, 6.73.-6.90.‘6.31.J6;87 g[cm3) gave
. the finalqreSBIt‘shown in Table VI along with the values of the lattice
'parameter.'fhe x-ray dens1ty5-and the corresponding vacancy proportions.
' .+ JABLE VI

- Vacancy concentration in 60y spheres at 23°C
d_(g/am’) .a‘(ﬁ) d (g/cn’) v, (%) | V(%)
p Y v N'*
6.80£0.08  4.57810.002 . 7.03 3.3 28.4

The errors indicated for dp and a givé the 95% confidence interval for these

- quantities. According to section 2.4 the difference between dp and d,
{~3%) 1s too large to be attributed only to the preseﬁce of structuraf

4

- defects such as closed n{%ﬁbpores'and cracks. It is more likely due to the

defectiyeness'of the metgjﬁi??kublattice linked with dissolution of oxygen

LS

-

in this compound.

4.1.2.4 Homo ogened ty

Hicroprobe analysis was nade difficult by the bad finish of the surface
of the cross-sections. However the results revealed no apprcciable change .
of the zirconium concentration except perhaps nean\the'edch'yhere it decreased
11§ht1y, indicating the possiﬁle existence of a thin outer layer (2 few
ﬁiﬁ:ons) richer in nitrogen. The concentrations measured with the nicro-
probe were in good agrecment withthosc determined by chenical analysi; but
they fluctuatcd froo one sphere to another, in the 87.5-91.5 w/o ranqe. showing
the- existence of scme chcnical hetcroseneity. ThHis was rot confirred by :
powdcr photographs which exhibitcd sharp splitting of the K, ap and K“l Tires

for angles greater than &5°,

.
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4 1.3 D1ffu510n results

__ A1l the nunerical information concerning each of the five runs performed ‘
respectively at 1000, 1053, 1101, 1147.5, and 1,203°c are listed in tables
Al to A5 in thedappendix. They'were reproduced as given by the computer. |
In these tab]es. x is equal to (Ct-Cs)l(Cg—Cs). YAP and DAP are approximate ,;
values of TAU (x ) and D(cm /sec) obtained by graphical means, as exp1a1ned ]
in section.(3.3.5). and used to reduce the number of fterations {ITER). The !
calculations were made with constant_LAHBDA (x) beceuse‘thss factor was
not corrected for t;e chenge‘in.ns cauSed‘py‘the decrease in pressure due to
the removal of the gas sampIee ﬁeeded.féf*the mass spectrometer analyses. Al
“the 15N concentfations. C£; C; and Cq, are multiplied by 100 and are exe;essed

in percent. :The qeent1t1es Ng and n. are expressed in miliiqraﬁ-atons.

For a1l 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 |
m1ght be preferred in order to increase the change 1n the isotopic concentratien
of the gas during a run. However. to decrease ) it uOuld have been necessary
to lower the gas pressure or 1ncrease the sample weight, these changes both
paving important di;advantages. Thus gas diffusion through a thick bed of

“spheres might become rate controlling and low pressures could facilitate
~the fnward diffusion of oxygen thraugh the reaction chamber walls, With
the chosen value of ) the overall change in C¢ for a run ranced from 2.1 to
4,75, As the change from one sample to enother uas srall the gnalyses were
very sensitive tolany fluctuation of'the,nass-spectnuneter-and the‘resuits
showed sore ;catter. levertheless, uﬁine probability plots as exp}cined_id
section (3.3.4) it was possible to evaluate .the isotopic depletion in a

satisfactory way as the relative errors in the measurcments, 9uncuted from



., from the origﬁn Accordiegly.'we assumed that nitrogen diffusion was the
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the 95% confidence intervals, were small (0. 61-0. 86%). Two blank runs carried
out at 1000 and 1100°C without 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 specfrdmeter
~analyses, were nearly constant during the first half of the rdn‘(m12 h) ahd¥~
‘then decreased Plots of Dt/a vs. time revealed two regions. one lfnear
_portion corresponding to the first-period and-a curved portfon corresponding
to the second. In figure 13 the*linear-parts of these plots are shovn.

Except perhaps at 1053 and-1101°C they do not exhibit any'apprec1ab1e offset

rate’ detern:ning process 1n the isotopic exchanqe and conputed the diffusion .

c oefficien;s from the sIOpe (D/az)eof the best straight lines. The average

values (AY) obtained in this way are 11st&d in table A6 along with the 95%

m——a m e amaa

confidence linifs {LcL ?'lower confidence limit, UCL = upper confidence limit) and
error {ERD) and the standard deviation (SDEV) This table gives also the cor- -
.-responding values of !ogm D as a function of the inverse of the absolute
_tenperature A plot of these values and the best straight line fitted by

“the method of least squares are shoun 1n figure 14, A1l the data pertdnent -

to this fit can also be found in table A5 where B1 and B2 are the intercept -

and the slepe of the regression line and DO and Q are the preexponential

" factor (cn /sec) and the activation energy (cal) of the foileuing Arrhentus

' equation: .

D(ﬁn /sec] - (2 97”8 76) x 10 exp(:kza.ooozs,aoO)/nr) . (4.1¥F

l
-
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As shown 1n figure 13 or in tables Al to AS 601 spheres. were used
at 1053, 1100 and 1147.5°C and 90u spheres at the two extreme temperatures.
In addition, before the runs-at 110]. '1147.5 and 1203°C the sampIes were

annealed in the nitridation apparatus for 2 doys‘at these temperatures and
i under a 220 Torr nitrogen pressure. This was probably an errOr because
this annealtng increased the N/Zr ratio up to 0.79 in the case‘of 60 spheres
_ and 0.78 for 90u'soheres- During the ddffusion annealing itself the
sampies‘increésed in weight (0.28 to 0.75%). - Also, a few superficia] layers
of spheres took a brown greyish color and became attached to each other.
this second effect 1ncreesing in 1ntensity with tenperature. ‘Examination of

the surface of;the greyish spheres showed (Fig.AIS)ithe oresence of cracks

f - . v ‘ A\
at the limits of polygonal facets. One possible e;planation of this phenomenon ' ¥

is the formation of an oxide film causing an ingrease in volume‘and subsequent
" cracking of the surface to‘reiievefzheﬁstresses neo]ved.“

‘ The‘;phere (a) on figure'ls could show the initial etep of this
oxidation processc Surpr{singly._despite the agql ﬁrrotion observed, no
evidence of neck formation was-found:"Pouder pno raphs coniained no new
lines but diffractoneter traces obtained ethhigh sensitivity showed a small
extra peak corresponding to the 100 peak of nonoclinic zirconia. The spheres
located under this layer exhibfted unchanged surface;\cnd gave the initiaI
diffractometer trace. Therefore the observed oxidatiOn was linited to 2
very thin superficiel layer. The more! trOubIcsone aspect of this. phenorenon
s surely the agglomeration of the spheres becguse it could decrease the
volure of the pores between then and, by extension, the gaseousceiiﬁiﬁqe

between the internal spheres and the arbient otmoSphere.
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Figure 15  Scanning electron micrographs cf e surface of spheres'af'ter the
- ' diffusion annealing at 1050°C ‘
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422 Results for slabs . ” o L | v
4.2.1 Preparation |

In two preliminary runs we obtained samples of overal] conp;sition
ZrNo 39 and Zrﬂo 7 The first (Fig. Iﬁa) ‘was prepared by nitridation at
1000°C for 21. days and the second (Fig. 16b) for 10 days at 1050°C plus
14 days at 1100°C. X-ray diffraction traces of the surface gave in both ceses
the characteristic pattern of Zirconium nitr;QE‘but after grinding the principal'
peaks of u-Zr appeared, proving the tuo-phase structure of these slabs {.e.
'an outer leyer of zjrconium nitride appepring badly polished on the nicro-
graphs.:and an a-Ir core (See Fig. lﬁ).-hThis‘structure wes confirmed by
electronprobe'microapalysis. 'The Zzirconium ccncent%ation was found nearly
constant tn‘the core and e al to 97.3 *1'1 v/0 1n'case a a?} 92.8 1.2 w/o

in case b. We will rote. ‘that these concentrations correspon respectiveiy

_to the a and a + Zrﬂ regions of the Zr-H phase diagran The zirconiun profile
in the zirconium nitride scale was very-irregu]ar due,to the bad surface
finish, hceever fﬁe genera] trend vas a decrease (from.the inside to the

-‘ outside) to a conposition close to stoichiometric Nitridation at a temcereture

" of 1150°C for at least 4 weeks ylelded single phase samples. Ve were not

able to work at higher temperatures because the Pt crucible was sticking |

strongly with the mu1 ite tube. Al} the samples used tn the diffusion exper-

iments were prepafed at the same time by nitriding 11 g of zirconiun.

Characte ization

The cormposition was ceternincd by two neans, ue‘ght change_and‘checical
analysis. Table VII shows that these two rethods gave very sinilar results,
that the h/Ir ratic fouﬁh here 1s closer to 1 than the cne
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obtained in the case of spheres.

-

~ TABLE VII
* Chemical cbmposition of the slabs

Method "~ N{w/0) ~* Zr(w/o) N+Zr{w/0)  N/Zr
Weight gain . 12,51 87.49 100.00 - 0.93
Chemical amalysis - 12.59  87.38  99.97 0.94

4,2, 2 2 Meta]]og_gphic examination

~ By comparison with figure 16, the micrographs shown in figure 17. con-
firmed the single phase nature of the material. As in the case ofvthe ,

,spheres. it was difficult to know {f the roughness of the surface obtained

; after polishing was attributab]e to the presence of pores or -to the brittleness i

5

Ryof the nitride.,.Etch1ng revealed grains qof varfable size in the 10-30u range.
- Surface examination (Fig. 18) showed the existence of pro}uberances
j-del1mfiiﬁg polygonal surfaces with a smbéther aspect (Fie, 18a). Small holes :
and cracks were associated with these bulges (fig IBc) Etching had 2

very nild effect and gainIy produced sma11 pits inside the polygonal areqv

(fig 18b and 18d). The nature of the protuberances is unccrtain. X-ray i _
analysis did not detect any presence of oxide on the surface.

4.2.2.3 Vacancx c0ncentration

The lattice 5aranéter and the ﬁyﬁnometric dénsi;y were reasured at
th; same temperature (23°C).  The lattice parereter calcﬁlgtcd'fron a dif-
fractoneter trace of the surfﬁcn was a little smaller than the one cbtained
after gri;ding. For the calculaticn of the x-rd} dens ity we used thezsécond f

value as ft {s rore representative of the bulk raterial..- To measure the

/
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Fligure 17 Cross-sécticn of single phase zirconiwm nitr_ide slqbs,
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pycnometric density a sample weight 3 times greater than in the case of

spheres was. chosen. The corresponding data can be found in table VIII.

@ TABLE VIII | - | '
- ' Vucancy'concentration in slabs at 23°C
dp(g/cm) : a(f\) - dy (g/cnd) W\ T ygey
p 9; o dxlg/cm V7r(%) (%)
7.174 surface 4.5755%0.0007
7.188  7.18 bulk  4.578%0,00Z - .22 0.55  7.81

71.178

~Unlike the spheres, the small differénte‘dxvdp = 0,04 g/cm 9 .e. 0. 56.. can

be easily attributable to structural defects. Therefore the value found for

the percentage of vacant sites in the zirconium subiattice is questionabie R
As the, above difference is of the same order of nagnitude as that recorded
by SchevchenLo et al (27) for. zirconium nitride containinq 3 Iow percentage

of dissoived ‘oxygen {~0.04 w/o) it is possible to estimate that the 02 content

. - '\,'7 :
of our nateriai is less than 0. 05%. S
4.2.2.4 Homgeneitx | SR ,ﬂ

.r_r
1,, e

. Despite the fiuctuations in the zirconium profiie‘caused by the
irreguiarities of the surfate of the cross-sections. the eiectron probe
'microanaiyses indicated a snaii concentration difference betneen the surface
,—Iand theuinterior of the siab._ The Zr concentration.was C}néi.to stoichionetric
';at the edges and decreased within 20 to 30u to around the vaiue deternined
by ché%icai analysis. Therefore the snall difference in iattice parameter

i noted above could have some significance s the iouer vaiue being represent-"

ative of the stoichiometric compound. v
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4.2.3 Diffusion results | , "

Three or four s]abs having a total mass close to 500 mg were used
in each run. They were not stacked but p1aced in an 1nc11ned position with
some space between them. Also they were not annea]ed before~the run. AN
“the other experimental conditions were the same as for spheres. 'The numerical
results can be foind in tables A7 tdiﬂié'and the‘Dt‘/a2 vs. time plots are
shown 1n‘f19u;§ 19 for the first 10 to 12 hou;; when tﬁey are linear. The
, tempgratdre.dépendence-of the'calculated éoeffidient&rat 1001, 1650. 1100.5, .

1149 and 1200°C @aq be seen on figure 14, It may be represented by

.

D~ (4.08  3:33) x 1076 exp(-(36,600t4,500)/RT) . - (4.2) N

After the runs the sampleﬁ;shoved a bfown-greyish';olor (fig. -20b).
The scanning electron micrographs of the surface (fig. 21) were not very
| different from those of figure 18. The éulges did-not grow but had more E
rounded shapes (Fig. 21¢c and 21d). A thin filn seemed to-have.grown inside
the bolygdnal figures (Fig.vZIa_;nd'e). X-ra&;diffractinﬁ tréces of the -
s;rface indicﬁteq the ﬁresence of very small amounts.pf'monoc1in1c zircpnia.
The 1pc;easé in weight of the samples during the difquibn annealing were
smaller thqn;for ;phéres (0.054:to 0.23? Qlo). | |

-

4.3 Discussion

4.3.1 Error analysis

In the presentation of resuits the onlg,errors l1sted were those
obtained as deviations frum a line determdned by 3 linear:least squares

‘ﬁ;EA;treatment.n Calcu!ated diffusion coeff1cients could be af?bcted by arrors in
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L _:Figan; 21 S:cannli'ng‘,e'lecm:ir-niicrdgrabﬁs of %I‘te mf:::abs‘after diffusion annealing
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The diffusion coefficient 1s dependenteon the square of the radius,-
a, of the Spheres or half the thickness, g, of the slabs employed; there-
fore, any relatfve error in the radius or in the thickness will give rise
to approximately twice‘that error in the diffusion coefficient. The spheres !
were sieved into a 30y range while the thickness was varying as little as
tsu. Microscopic examination of the Spheres ‘showed that almost all the
particles fell within the indicated range, and that within that range the
-distribution appeared to be nearly uniform.
The ng tenn depends on menonetric measurenents. gas pressure and on

the " calibration of system volumes the ng term depends on the sample weiqht

and chenical nitrogen analysis. The gas pressures were measuree.within

+2 tm Hg and the volume of the system s known to within #5 mi114liters.
The semples vere weighed to the nearest one-;enthlofna milligram and the
corresponding.error can_be neglected. Dpe to thehlack of steederde the U
accuracy of the nitrogeh analysis !5 not well keoun-but'the‘egreement wiih
weight gain results noted in section-(d.?.z.lj 1nd1ce}e; that the error
1s less than 1%. : | ) |
S An error in specifying the elapsed time attributed to 3 specific
gas epmposition cen-arise because of the undefined time required for the
gas to move from the reaction site to the semp1ihgrp01nt. and the &iffu;%oh .

and exchange which occurred erior to the crucibie~reach1ng-the bottom of the

_.reaction chember-and the samples etteining the desired temperature. The

| error caused by a lag 1n the ges mixing ues not evaluated but should not be.
: lerge in the temperature end pressure renge enployed The second error, is _f R
\\\\1ess than expeeted from the“totaT luner1ng tiwe of the crucib]e (15 minJ
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preheating temperature the maximum tihe error should not exceed 5 mfnutes

‘which is low compared to the reaction time.

An error in the temperature measurement will not i;Zect the calculated
vatue of the diffusion coefficient. It will, however, aff

~\

of the activation ehcrgy from' the diffusion coefficients.‘ Temhcrature :

t'tﬁe calculation

accuracy is abput $1°C and Tong-time control fluctuated within t2°C,
Errors in Cg or C¢ can'be/csused>by”g}ther leakage of air into the
gas sample or by errors made &uring the mass spectrometric analysis of the

samples. “Gross air leakage into the sample is readily detecte& and the

ana]ysisqof that‘sampIe can thén be tgnored. Undetected amounts of air
could produce only tnconsequential errors.. The precision of the mass
spectrometric gas ana1y§fs was dfscusSea in section 4.1.3. As 2 sﬁa1l error
of $0.2° percent in detennining the initial N concentration could result in
‘a sizable.error in the calculated value for the diffusion coefficient;when
: the change‘1n‘the ISN concgntration fs small we took the,avcrage of ;QAf
measurements to have a better precisfcn. |
' It 1; necessary.to note that'the.remova1 of gas samples for ana}ysis'
~ could cause'ah error b} changing the anount of'éas availablé,#or cxchange.
; Houever. the two samp'les taken before the beginning of t " exchange and
‘the last,bne do not contribute to any possible error. o |
In view of the- appearance of the Dt/a versus time plots and of ,the
« - fact that in the case of spheres two different p&rticle sizes. caused no
significant changes in the Arrhenius plots the—hypothesis of an 1nstantaneous ."&:
equilibrium at the surface seems to be correct Therefore conputational B
N errors couId arise only from the utilization of the Caruag;ﬂaul approxjmate

o - - X . - S s

-L'.-—’
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equations (3.12) and (3. 13)irather an the exact equations (3.10) and (; ).

Edwards et al. (123) compared'numerical solutions of -the exact equations with
numerical solutions of the Carman Haul approximations anhd found that the

two sets of equations give good agreement to five significant figures for
0.1 % F £ 0.75 and 0.0004< Dt/a? < 0. 09 where F = 1. 'For values of Dt/a?
<0, 0004 the results of the exact equation are not accurate unless more than
50 roots are used for the computation. In this study the value of F is
iapproximately equal to 0.5 and the values of Dtla2 are ranging between 10'6
and 1073, Therefore the conputation errors are negligible.

In conclusion to this error analysis we will emphasize that the best

way to detennine the accuracy of the results would be to calibrate the o’

diffusion apparatus. unfortunately.no standard calibration samples exist.

However, 1t s possible to,expect that the absolute errors on the measure- s
ments are greater than those obtained from the statistical amalysis of

the scatter of the experimental points about. the regression line.

4.3.2 Comparison of the results for spheres and slabs
In the hypothesis of a vacancy mechanisn for nitrogen diffusion in

zirconium nitride the tracer diffusion Dﬂﬂ is related to the self—diffusion

coefficient for vacancies D*, through the relation(135)

0 -
b

I L L T (8.3

P is the vacancy concentration. As we neasured that Hy {spheres) was

approximately equal to 4 times Ny (slahs) we might expect slightly higher
. values of D for spheres. In fact figure 14 shows that it {s the reverse

L, R

vhich is observed the diffusion coefficients for soheres being nearly
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100 times smaller. In additfpn the activation energy for diffusion in spheres
is 1/3 Tower than the corresponding energy for slabs. Application of

-

Student s t- test(]36) to the slopes o‘ the Arrhenius 1ines proved that these
two activatidn energies vere 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 1mpur1ty content,
The geometrical. factor seems to us'the more important; Bue to tne

- small size of the spheres._diffusion samples made of-sphericaI part1c1es

behavewlike'oowders. In all kinetical stUdtes fnvolving powders and gas

environment 1t {s.necessary to be aware of the influence of the sample weight

and thickness because as was said fn section 4.1.3 a thick_ powder bed\could
be a 1imiting tactor in the gas-solid exchange process. ' For exarple,
'.Lortho1ory et a1.(‘37) and” Goursat et aI.(138) found, in the investigation‘
of the-oxidation of 30 tb 40u. powdered silicon nitride or silicon oxynitride.
that an appreciable mass effect was occurring for sample weights higher |
than 120 ng. In add1t1on natters can be made worse in the present case

by the small amount of sintering observed at the surface. However, this
effect only occurs after 10.to 12 hooﬁs and could partially explain: the |
deviatjon from a straight line of the Dt/azlvs.,time plots. In one ‘|
.experiment a semple was lowered in the hot zone. kept there for Is'minu:es'
and raised again. .No appreciableychengelin colorﬁuas seen and the_super-
ficiel spheres were free to mogel Restrjcted by our choice of a constant

value of X, we were unable to study this mass effect but as. we osed.@ﬂﬂ ™

N

‘and 3 to 4|nncthfck‘samples“ﬁe heve to consider its possibility. .

]



The structural factor wi]l be cons1dered second in importance. "It
was used by Madeysk1 et al. (13]) to explain the difference in oxygen
diffus1v1t1es measured by the ]80 mass spectrometry technique. for zirconia
spheres“and scales. The diffusivities for the scales were approxinately
104 larger than those for the spheres. This difference could be e;sily
attributed to the columnar structure of the scale which favoured the migration
of oxygen by shortscircuit diffusion. In the present work such an exp]anationr
has less value because the grain sizes in the two materiais are very close. .

‘ However the m1croho1es and cracks observed on the surface of the slabs ) !
could act as high diffusivity paths. this hypothesis being supported by
the fact that the diffusion distance of'the tracer was small (4 to 11).

This short diffusion distance can also serve to explain why the difference
in vacancy concentration had not the expected effect. Indeed the average

15

penetration of "N in spheres was as low as 0.6-1u andmcorrespondslto the

outer- 1ayer found richer in nitrogen by electron probe microanalysis. |
: The 1mpur1ty factor is presumably oﬁigz: negligible 1nportance. The . » |

'exper1ments were conducted“in the extrinsic region._the ratio T/Tn, where

"'Tm.is'the melting point " 3273°K, ranged betueen 0.39 and 0.45, there-
_fore the diffusion process was possibly 1npur1ty controlled. He sar possibly
because due to the high vacancy concentrations found in transition nitrices.Q
even at the stoichiemetric caposition, it 1s difficult to know what is |
the doninant factor in the process. Houever we st keep*in nind that the
“{mpurity 1evel was higher in spheres. in particular the oxygen content.

) Finally. we will note that during the diffusion annealing, nainly
1n the case of spheres. the samples 1ncreased 1n ueight Therefore. sone
nitrogen absorption occurred at the same time as the exchange. Ke will a\so

VSR K § L R

. -
B Lt . . 4
+ ] ) ) L . L .
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note that in the case of the Zy-N system, no reliable information 1s avail-

able for the equilibrium nitrogen pressures over zirconium nitride, in its
homogeheity range, for temperatures lower than 2000°C. Even for higher

temperatures {section 2.6.3) the available data are sparse and not well

'defined

)

4.3.3 Comparison of the present results with those available in the literature

It can be seen in fiqure 22 that due to the high scatter of the data
our results are 1n good agreement with those reported in the 11terature.

However the results for spheres are_at thq Tower boundary,and_show the

_-smallest activation‘éhergy. -In the absence of any other tracer diffusion
data it is difficult to decide 1f this low value is significant or not. Even
the activation énergy found for slabs is small compared to the value calculated
by Iyer.(1g) B1.7 kcal/mole, using the foliowing equation for tracer diffusion
of nitrogen in B1 structure (fcc) rononi trides

' d
- 24,11~ m/d,) o
2 . { . ‘
D*N = 60 \th exp {= - 360.{;('”7‘ } i (4-4)

where a rflattfceppardheter

~yv = vibration freguency of the nitrogen atom  \

udn.’ nitrogen atom diameter = .. | .

d]ll - max1mun diameter of 8 sphere which fits tLrough 2 gap in the
<111> direction in the crystal = °0 dy . ﬂ_

ay " metgl_atom,diameter | '

o(T) = coefficiént of thermal expansion |

T . absb}ufb temperature

t‘}‘r‘



i % 83
¥ L‘G " ' ™ 3 1 . "¢
"i v Mmoo —l82., ' . )
5

4

N v
“'-%.llq_l
,; . N o .
Flquré 22 Comparison of the present results with these renorted in the |
9 2 parisen literature = o



-Q‘D

£

extended by Feisel and Armstrong (a1} Calcuiated vaites of D and Q. by

| prec]ude a vacancy mechanism for nitrogen diffusion in zirconium nitnide

‘After all, the Tower activation energy for spheres gives some support to’ such %

S " - 84
This equation was - derived by Tobin et al. (139). for Bl structure rmonocarbides.
They postuiated a diffusion mechanism for carbon, consisting of a-net jump
of a carbon atom in the <110> direction into an adjacent carbon vacancy.

and appiied the vo]ume fiuctuation -theory of Cohen and Iurnbuil(}qo) as

DePoorter and Na]iace.(s) for the diffusion of carhon in severa] transition '

Y

monocar?ides proved that' the ageeement between theory and experinent was not

f

good There is no apparesit reason why this agreement should be better

for nitrides. Therefore our values for the activation energy do not absolutely e

N
a mechanism because it can, be related to the increase from 0 71 to 0.78-0. 79 "

d of the initial N/Zr ratio of the sampies in the temperature range investigated

Furthermore this effect was enhanced by the growing nitrogen uptake of the
spheres with temperature. If in addition we take into account th; possibie

mass effect to explain the existence of 2 factor of\ioz between D and °

Spheres

siabs our resuits are not necessarily in contradiction uith the hypothesis .

-of a vacancy nechanisn. However. the apparent urong overaii concentration .

¥

dependence which is realiy troublesone. should. be elucidated by further work..'s’

G . R
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The se'lf-di ffg}sion coefficients detemined in the’ present study by

_ the 5H 1 sotOpic exchange technique are, 1n good agrement with ‘the chemica'l

’ diffus‘ion coefficients reported in the 'literature.

'-elucidate this ‘point:

'

The coeffi cient obtained using spheres obeys the Arrhenius equation
D(cm lsec) = (2 97”3 gg) X 10 exo{-(ﬂ.ﬂbd_is'.&ﬂﬂ).mﬂ'u : (5.1)

«r

In the case of stabs a coefficient approxinately 100 tires hiqher

was found under sini‘lar experigenta'l conditions

D(c:_nl/-sec) 390}“9 ex'b(-(ss..%op:g.soa)m)j (5.2)

a»

‘As the vacancy 'ooncentration of the spheres was higher than that of

el

‘the sTabs we night have expected from a vacancy rechanisn for nitrogen

diffusion the reverse situatidn. .‘ Further experiments would be needed to

e

a) 3 systemtic ‘study of thg influence of a change in ueight fcr

w

pherical sampies. This would mquire a decrease in the volmc of the reacticn. "

charber in order to keep reasongble values of ) and of . the nitroggn press..re. -

 b) A second set of. experinents uith spheres tade of the s&me mtcrial .

as s]abs and with the sam omsition in crder to study the inﬂuemcc of '

A

the ic;:urity content.' S T
_e) Finall;g t.he inﬂuenco o! the pressure ar.d of the cmsition a2 a
fixed mram shouid be irvestigated b



a0

-~ o -

In the case of sTabs va]uabie complementary information couid be
obtained by using after the runs the nuciear activation technique proposed
by Condit et al. (95) and empioyed by Holt and Almassy(97) to measure

nitrogen seif-diffusion coefficients in UN This:technique makes use'of

o the nuciear activation n'® ) 18, The location'of the origineillsn
tracer is deduced from the radioactivity of the product ]BF by autoradio-

graphic methods Therefore any enhancenent of nitrogen diffusion a]onq ' r«;

grain boundaries microfractures and dislocations can -be directiv observed

nith this technique.

r
L]

However ip -the absenee of this compiemenfery infornation we have

more confidence in ‘the se]f-diffusion coefficient obtained fron siabs

(Eq. 5 2) This preference is mainly based on the fact that for this set

of experiments -the purity of the nateriai was higher. the difference between

the X-ray and the pycnometric densitfes vas very smaii suggesting the Ve

absence of great amounts of oxygen or micropores. Furthennore all the

slab experiments were carried out using nateriai of the same ccrposition.

" the increase in weight due to nitridation durino the runs was insignificant

e

and aiso the resuits were not affected by any mass effect.

i

o
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 NITROGEN DIFFUSION RESULTS
This oppendix contains all the numerical resp'lts for nitrogen
\s*é'lf-d'lffusion in zirconium nitride. They are reproduced as given by -
.the conputer The notations are 'exp'lained in the text in sectlon (4 ] _3).‘
_Tab\es Al to A6 correspond to the experir\ents with soheres and tables
A7 to A12 to those Suh slabs. "

-
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