[~/ 7/"/_/

H AR

vd

KINETICS OF THE FORMATION OF
* NICKEL FERRITE

A bissertalion _
submitted in partial ful filmem
of the requirements for the degree
of .
MASTER OF ENGINEERING
. in
METALLURGICAL ENGINEERING
[EXTRACTIVE METALLURGY]

BY

DEPARTMENT OF METALLURGICAL ENGINEERING
UNIVERSITY OF ROORKEE
ROORKEE
- September 1971



Gortified that disgestation antitled *KINETICS OF
THE PORMATION OF NICKEL FSRRITE®, wvhich o being sukmitted
by Sri A.P. Haorit in pogtial fulfilment of the reguirement
for tho award of Dogree Of Master of Engincoring in SXTRACTIVE
| ME‘!.‘A&LURQ&' of Jniversity of Roorkea is a xucord cof Student's
owvn work carried ocut by him under my superxvision and gutdancé.
Tho matter ambodied in this dissortation has not been submitted
for the award of angf othar Degree or Diploma.

r———

This io further to certify thet he has worked for
a period of sbout 8 months fvum Jommaryl, 1971 to September
W, 1971 for preparing this dissertation,

Sk -

“342{0 Gllpta) .
Roorkan Lacturer in Met. BEngincoring
University of Roorkeo
Dated s Sept. 'S , 1971 ROORKEE, UP



PREPACE..

Provious kinetic studico on nickel fértlte formation
by ﬁagnétie moasurement methods ware based on magnetic
poturotion measurement of f£ired a@mplea. Blum and L&
used o vibration specimen magnetometer which wes simdler
to ap described by foner . Similarly Bconomos and
Clovenger applicd a compensating coil megnetomster of the
Woisp - forrer type to obtain the extent of reaction
completed., The presehe‘work on the reaction kinetics of
nickel forrite formation iz based on the magnetic sﬁsce—
ptibility meassurement of the fired stples by Gony balance.

In the present investigetion, an attempt Has,heen
made to study the effect of tempersture on the resction rate
of nickel fercite énrmation. The kinotics of this reaction
is studicd with elaboration on the rate eguation which best
f&té the experimental dats.

T™his thesis has bsen divided into four chapters.
Chapter -~ 1 deals with the general introduction to the
subject. '

ntteratute teview-is included in Chepter - IX.
Besides the kinetics and mechanism of ferrite £ormat1a&;
seme thermodynamic aspects of the solid - solid reaction are
also discussed. It also includes @ brief account of the
metheds of analyeis and th; factors effecting the kinetics

of ferrite formation.
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Chopter - XII givos the description of tﬁe
oxperimental set-up and procedure follcwed in the

prescnt investigation. Dense poflets of cylindrical

ghopo of the'atoc_hiometrs,c mixture of nickel oxide ond

forric oxide were made by the mounting press, aried

. ond thon sintered ot eighé. difforent temperstures. The

~ kinetic deta were obtained ky nmﬁsu:;ng the weight

| increased by 8 semi-micro balance. Tho chemical analysis

of fired samples wers also done to confirm the results

obt:ained by the megnetic susceptibility measurerents.

Repults obtained f£rom the experiments cerried out
and a discussion on them constitute ths subject matter
of chopter IV. The exporimental data are analysed by
gour reaction models - Jander, Ginestling - Brounshtlin,
modi fied Ginguzing - Brounstein and Kniger-z;egler;
'L'hs. activation eneigiea computed by tho opplication of
these modcls are 47.55, ¢6.26, 31.28 end 30.82 K cal/mole,

respectivaly.
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Th? growing importenc® of corcmic magnots in
thy modemn oloctronics industzy lod to the. oxtonaiva
rocaarcheg and ropid groveth of forrito monufacturing
indngtrios. Althouth ths £irst ussbla forrite won mads
in 1946, now most éi the naguotic compononts proviously
mada of mtailia nagnots aro koing replacod by non -
patallic coremic ‘n:'lamle_tn i.0. forritos, Cow a ma.
scft‘ as wil ao  hazd Eomttéa aro ovailable with tin
roquized magnatic propertica i.e. ooturotion mmb
zation and coarcive éom. Porritos havo vory hi.gh “
muiativmy (207 ot - cotre as maraé to 10”7 o -
matze for ixon) which giwda very low adﬂy current lossos
oven at nicrowavo ﬁr@qmneieé.» Bonr> of tho mmm
applieationa of forxitos oro in £ly back trenpformer,
doflection yokos, magastic -mr&aa. rozonaned imgulstor,
talevicon plcture tubd, IF tronasformars otc. 7T two
racent dowdlopmants in this field exo (1) ti» production
of thin forrite £illms of the m:da# of 1000 3 thicknogs
by vacuum evaporatioh of ths motals and cubseguent high
ﬁm:atum oxidation, and (ii) t.m production of ultro-
fino forrits porticles by chomical procipitetion mathod.

Indoed, tha work on thy colid - golid type of
roaction in forrite fomatdon is very old. Hilpord §n
1909 rocognizod tho importoncy of thocs mogmotic natorisls
and ozcnined eoms of thene Tho work of Kodvall?, 2cmmennd,
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Janﬁoré'. and others in the oarly port of this contuxy
contributed immsncaly, Dboth directly and indirectly,
to tho undorgtanding of the reactions in ferrites.

cobb® in ths Unitod Stateo, Rato ond Takoi® in Jepen,

end Porosgtior end Vat.wr"’ in ﬁ‘rm ©a3re snong thoea vho
advencod ferritc tochnology grostly in tho thirtien.
Boforo ond during vorld Yor II, ths Philips Company in
Bolland furthor dovelopod thss_:a meterialo apd doseribad
thoir preportios oxtoncively. Foday, comoidorsblo offore
io boing put into tho rocearch gnd dovolopmont of forritoo
end relstod coramic materials for uea in the oloctronics
industzy. '

rforrites are coremic forromognotic motoricls
vith tho general chemical composition no.ﬁ'e‘ae 2 vhore i1
io o divolont motal cuch as iron, mognesiun, nickel, zine,
codmium, cobalt, cbppanﬁ sluninum, mongsnose atc. oOF &
mirturc of thoss. Thy forrites cryctsllise into the gpinol
ptructurc, In contrast with the originsl premiso thaot all
forpro-magnotie fcirrites are inverss, recont studics ohow
¢hat, clthough most forritos tend towards the invorce cob-
. figuration, thoy moy pxlét with mujor dovigtion from this
dzutxihuimi‘

Thy vhole £onily of forritsn, according to 'ﬁwmmaa
moy bo ‘dividcd into £ivo basie groups. FPirct group
congioto of normal spinel c.g. sine forrito s th) [mz] 04
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This forrito ig, novartholoss important in both tho thoo-
rotical and practical understanding and utiligation of
feorrite. Th» szcond group forrites have invorse otmtuto
0.g. nickel forrite s (o~ [§1?* ] o, which 1o

o steblo forromagnotic materiel too. Third group congigts
of forrites whose cation srrangsmont may bo altored by
host trostment and is exsmplified by moghesium ferrito s

( ngf:n Fia?) [m?_ . Mé" ] 94+ Pourth group resction
has e spaclael coss wharo only ons® sterting mmondnt is
ucod to form magnotito o

This 1o aleo an inverce forrite s ( Po™') \:ma‘f %3"‘]%_
Lost group congistsof forrites which axe formed by o
combingtion of reoction of other group ferriteso o.4.

monganes? forrito.

Tho kinstics of the fomation of nickel forrito
£rom its oxide components hag becn intoneivoly studied
by coveral workers. Kodendy end Ratz® omcoinad nickel
forritc and found thot gpinol fommation occurs ot ebout
700°, and the reaction resches its completion ot about
1200°%. Eoonomds and Clovengeri® studtod tho offact of
fron oxnide particle sizs on th2 roto of nickel forrito
formatfon. Blum and Li'? stusted tio offoet of milling
ltecrmiquo-n. and particlo shups _ami,-si‘m of Rew IO
raoctio-n kinetics of nickol forrito.

03 on
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| - Provious kimstic studics on nickel ferrite ond.
othor forrito gyotem have baen .:lnterpwted in terms of
a model of the reection dzveloped by Jender®, Leter

work found empirical espression derived by Pammann® moro

13 aoveloped o rote equation

roliobla. Howover, Blum and L
ond varified tt with thoir dota ond the date of Economos
oand clevangmm on nickel forrito snd £rom tha dota of

12

Frogh™® on magnosium forrite.

Cut of th3 soveral mechaniems propoged, wagmr“
mochonicn of countor diffusion of cstions through o
rclativoly rigid v.;azygen letticoe hes gained mqidernb&e
£avour over the yoors. m:hai Propogals invnlvibg th
movement of oxygen ion and only ons cation has not boon
orparimantally verified.

Di £foront omporirantal tochniques howe been
adopted by various vorkors to otudy the rosction kinotics
of forrite. Emmem. ékamiram; Sicoizeke and '
Jefﬁaﬁm 16 -ue2d soturation magnotigation mé@mntﬁ.
Redasdy and Ketz®.cmployed X « pey mothod to follow tho
formation of ;xi-ta structurs. Ths nicrostructure and .
Kinstice of magnesium forrite wore studled by Moorc®! by
sonfuich typo Giffusion couple msthod. Chnfarov end
shchapmkmm orployed x - ray quantitstive phoso enclysis
cnd ppocific mognatic saturotion mn£ z2thod to dofect
thn dagroa of forritizetion and th: role played by
ourface ond volume diffusion of mognesium and cobalt

€orrito.
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1X.1 ZNTRODUCTION

Porrite forming zesctions £all in ehe group
of eddition type solid st:ate geactions ©.Q..

A(colid) o B (s0di8) = C (colid) oee (2)

Becauce éh:a roactont molocules connot move freely in
thy so0lid gstete in shorp contrast to tho reactions in
other phacsdg, usualiy t:héy are diffusion controlled.
- Broapdly speoking, thore ars two weys of gtudying the
reaction kinetice of forrito formation. Ono mathod is

thz uge of intimetely mixed poaﬂemﬁ'minum of roacting

oxides, wvhich iz alse & moot commonly usad techniguo.,
Fresh end Dallinqm ctudled th? kinatics of 1M@D ~ F@zﬁa
- gystem from powder mixturos and concluded that the rate
econtrolling step is ths diffusion of oxida components

through the ﬁetrite layor. iha other mathod ie bassd

on the ugd of & sandwich type diffusion couple. Mooraw
in his work on magnaﬁim forrite by ths diffusion couple
method found that tho gpinal growth follows a pazebolic

rote low, snd tho activation energy for the rate

controlling stop was 76 K cal/mole in tho temperature
rangs 1155 to 13¢0%c,

In the solid « oolid roactions, tho thor-
modynomic activitics of the reactant and ths product



gomanin congtaont throughout the coursd of reaction,
provided mo opprociable chang2s in golid colubility
oceur, In gamorsl, ths frec enorgy change A G would
ba congtent in the course of tims, providoed ths
tomparature and prossurd are kopt consgtaent, sinco tho
chomical potential and ¢io ectivity of e purc soldd
. are congtant ot congtant tcuporature ond pmémm.
Theoretically specking whan 4G40, tho roaction chould
procesd to complotion, Bven whare tho reaction is
favourad t}mmﬁynm&cany. it ma? not be favoured
kineticelly, since ths colid stete roactions are

- mmucated by the fact that a layer of th? reaction
product builds up groduclly et the intorfaco end ot losat
ono of the roactants has to 4iffus> through this laoyer,
1£ the reaction is to continuc, '

Wow, 4G ic given Ly

AG = AB - TAS ) .e 0 ‘3’

tmsm AH snd AS are th2 enthalpy and entropy changes
during tho rosction. Most of th? evidence suggests that
in nany aou.é - gtate peactions, prodominantly lottico
orrongamant ia invmvaﬂ. In such camns, the dagree of

rondomness is affected only to o gmell ontent and hencos
asg s 0

congoquently, for a reaction to oceur,4aH {0. Ono

would expact, tharefore, that, in gonoral, solid state
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macéiom ohould be exothamic, mvmtakym and Kleppan
ostimoted the lattice entropies of formation of epinelo
£rom lov tcupersturc heat capacity moasurements, for

a fov forrites given in Teble 1, which shows that thoeo

are resily eamsll.

Tha oxparimental maasurcments of enthalpy
inficoto that the enthalpics ere cmell end usually
vnegativa. Th2 onthalpy chengas for a numbar of gpinol
formation raactions have beon rocently moasursd by
ﬂovmtskym and meppnax. Soma t__jrpﬂcal values are -

given in Teble 2.

very little information on change in Uclume
in s0lid « gtate mactions is sveilable. Howover,
.-3t sppoars thet tha wvolume chang2e in solid - stote

reoctions are ususlly smell.

In eolid - stato rosctions, polymorphic
changes arc alego possible, which are govorned by the
£roe onsrgy of ths pheses. At ény given temperature .
and pressure, the phasts with the lowest free cnergy is
mogt gtable and the compound, therofore, tends to exist
in this phaed., If the temperature and prossure are
changad, thy condition of minimum f£ree energy may
roquire ths compound to undergo traneition from ono
phace to other. | |



The ontropy of activotion io an important
paramster in colid - state roactions. Tk sign and
magnitede bf Aso. thy difforence of the entropy of
tha roactant and thy activatod gtoto during di€fusion
con givo valuoble indication ockout tha diffugion
Eochanicn. Dancen ond ctowart?s havo evalusted as®
for thy rooction botwocn Zn0 and E'oaoa for o wido
torporaturo rongo. Thoy concluds thot asincd thy onthe
opy contribution to tha froo omapgy of activation is "
mich caaller thsn tho cnthalpy torm, tho Toto ators
mi#ing gtap would b agsoclatod with tho trangport of
matal doms through ths lattico.

forrito forming roactions, being a solid -

gtate reaction ara wory alow. Tho analyols of thy '_ '

- peaction product ias Mﬁtiﬁx;t and tho estimation of

thy rosctant concontretion ap a function of tima is

- gtill moro difficult. CQongogquently tho amag of

roaction kinotico is more troublocomd oo compared to
that in thy gassous ond liquid phacop. Howowor, the
oolid - gtato roactions havo to ba atudied bawar"éha |
outactic temporaturos of tho mixturc in ordor to avoid
tho cppoarancd of tha liquid phaca. ssvoral mtrbda

hovo bacn adopted to  study tho forrite forming rocetions

Y
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Ths following methods aro commonly usad to follow the

courgo of ferrite réaetienszs.

o dircct enelysic of tho reaction producto
moy k2 eccamplischod oither by ehomical enclysis or by
roasuring ths intonpity of ‘x - roy opoctrel lines. ThO
chonicol cnolysio mothode are leso sccurcte and it io
algo raroly poscible to omploy thom, Henco, rocort
to ths x - roy technicuo is ugually modo. X - ray
tochnique suffers from meny disodusntegoc. Tha inton- -
‘pity of the spectrol linoag deponds on the cxystallinity
of 1_:1_19 substanes uczd. Thus, the pm@m of poorly
cxyctolline intomodietos in the mimturo ould hinder
the @stocktion of othox phacds owing to unduly haavy
geatteoring by the gpocimen. lMorcover, cmall amounts
of tho products cen k3 dotocted with difficulty. Tho
| groatest digodventogs of this tec‘!mi.que is that ¢ho
emmpoa&tlon mmmation by this mathod takes a wory
long timo.

Guillioson and van Ryssolborgho’’ ucod tho
dircct snalysio mathod to study the kineucn of zinc
gorritc. The unreacted zinc oxido wae cxtracted with
on emmonical colution of emmonium chloride. Kedosdy
and 'i‘am:zs wilicod n - ray diffroction, gravimstric,

optical ond magnotic moocurement tochniques to follovw
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ths couzed of the mInganscs forrito rooction. Chuforov
ond Shch:pctkinm cmployed 3 - roy mothod to study the
pochenicm and kinetics of cobalt and megnasium forrites.

then & coloured product is formed, ths thickmoss

of tho product loyor may ko detemimod et various tims .
intexrvals. Tho moasured thictness can hslv correlotod vith
eho kinotice of cpinsl formetion. Hoorol! ctudicd tho
kinotics end structurc of cognaoium forrits by thic .
mothod, through a diffucion couple e-rranécment.. hor
. fired oomplos werc propered by the usual Kmtanogga;jmte '

tochniques ond obgorvod under an optical microscope vith
| o micromater mount cubstegd. Tho preduct thickness @to

poosurod with en pccuracy of 0.001 mn.

2X.3.3 USE OF RAN

In coms cacos whore tho product formed ic
mlmleso.-:aﬁtdacnma tracers may bo ucod o assoss tho
oxtont of rovemont of tho roocting zono. The redioactive -
trocer techaiqus usad in the study of mgcréo 4 opimol,
showad thot the chromium ponitrotion into singlo crystel
of ‘magneeimn oxido tokop placo upto o atstonce of 300
nicrons aftor annesling for 17 houxp at 1100%¢. "

%15 cloctricol conductivity ic a good tool,
providod the conductivity of ths forrito produced is



much different from the conductivity of its reactent
oxides.

IX.3.5

. Hagnetic measurements are most commonly applied
for the study of ferrite fowming reactions, because
tha reaction product 19 gonerally a magnetic substance.
Magnetic susceptibility meagurements have been uwﬁ to
study the nickel ferrite formetion, since ths product
has a higher magnetic susco-ptibility than the reactants,

b ¥ §

Eowever, Blum and Li~ used a vibreting specimen mag-

netometor for measuring tho saturation magnetization of
spheres of nickel ferrits. Rconomos and clomnqatm
used a compensating coil magnetometer cf the Welss -
forrer ty;;a? for magnetic moment mammnb of nickel

ferrits samples to compute the reaction rate.

~ In racent yﬁam the machanism of solid - solid
reactions has baen axamined by Lindner end co-wo:ko:szﬁ
Thess investigators have usmally compared the kinetics
of ferrite formation with caticn d:lffusionﬂ rates through
the product layer ond in few cases have made marker
. studies. Several mechanisms have been pmpoaoé for the
ferrite fomt:ion fxom its congtituent binary oxides.

0f tho sevaral mechaniam only Wagner's 13 mechani em of

countar - mx:mnﬁ di ifusion of eatmns within a riqi.d



onyaen notwork geems to £it the oxporimental observa-
tions in memy cages. Other propossls vhich have oleo
gaﬁ.g_:egi gore importance mne&@ars the pogsibility of
anlén diffusion élco. Tha eompa.xiaion of tha zoaction
and diffucion ratos indicate that ZnPe)0,, IgPe. 0.,
P00, otc. ore formed by Wegner mschaniem, clthough
aiefusion of 02~ fons is mot cxcluded 4F the diffucion’
rate of nz' ions wvoro fortunsgtoly noar that of cations.
- Borlier qukmsm had indicoted that Po,0, diffuscd
through 2nF0,0,, although the ovidence wvas only circum-
gtantisl,

goldd ﬁaﬁa mwtibna havo cartsin apmiﬁeity

- rega-rding their diroction of propagation. In cacs

of forrite thero aré tvo pogoibilities, the product

leyer may advance towards onc of tho roactants ox tovards
both. The loter is morec commonly observed. ﬁpnsiﬂedng :
tho rooction hotweon nickel oxide (A) and forric oxide

{B) to form mickel forrite {AB) which is mot migciblo
with oither of the reactents. If A 4g capable of |
diffusing through AB whilc B is not, A will onter ths
product leyer ot thy interface A/AB ond combino with"s

ot tha intorfaco AB/B, concagquontly, the product layor
would movo towards B and tha ‘sttz.uat:lon vill correcpond

. to oo ohown in Pig. L(ij. Howover, i€ both ths roactants
A and B cen diffuse through the product layer, tha T



Fig. 1.
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Schematic representation of product layer
movement; (i) when product layer moves towards
one of the reactant (ii) when product layer
moves towards both of the reactants.
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Fig. 2, Schematic representation of Fe203 and NiO

diffusion in nickel gerrite formation fo§8
sample fired at 1315°C for 67 hr. in air® .
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boundary will move on both ths gides as showvn im

7ig., L(l). A schomatic representation of Fo,0, and |
K40 daiffusion, &nd microgtructure, as obe2rved by -
Pgulus ond Zvono®", is chown in rig. 2 ond 3 ; £COw
pactivoly, for a somple fired at 131_5°c‘ in air i’.or

67 hourc. -

Gonarslly, the factors dotermining tho
' dimct:i;m of pmpagat&oﬁ of roaction product sre not
. fully known. Howaver, whore the vepour phase is
involved, onc may eéect that tho componcnt having
highor vepour prossgurc would probably have a Qi:eatct
wnaancy to diffuco in ths product laoyer. In .=
wmics‘ the &iﬁﬁaion of difforont fons con oceur ( as
in caro of forrite) acrogs the roodtion product, a
coneidoreblo oimplificotion can bo achieved. Bocouso
'in the ctoady stato no epoce cherge id creoted, 90,
thoro 1s no not flow of olectricel cherge apcocisted
vwith mogo flow. Conpidaring the magnesium forrite
i'aact&cn ag on oxomple, out of mony thore are following
two posoible o&tuaiiono s

(o) 12 Mg?® fons diffurc £rom one sido and
17@3“ ionsg from tho othor, the respective numbter of
1Q!2.8 simeltoncouply diffusing to mat.ntaiu alectyoe
nautréuty mst be 3 and 2 (Fig.4)., %he product boundary
will move along tho both diroctions if diffusion proceeds

in this manner. It is aleo obvious that the volume ratio



Fig. 3. A micrograph of sample (NiFe 04) fired at
1315°% for 67 hour in air. 28
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of the pmduct on the tvo sideop of the initial lims of
‘separation uould b 183, This oituation was Obsorvad
‘by mom” in his diffusion couplo type kimotic atudy
of magnesium forzAtd, and it ia in accordanco with tho

13

tagmer'o™ " machanich.

{by I£ po>* anﬂ 0% alors diffuss , tha peate
of affaixs would he as ohown in Fig. 5, to mointain tha
oloctro-noutrality. | In this cage the product boundary
would movo oi:ly in om direction, i.e. towards MgDh.

For aseart;ming tha dAiraction of diffusion
tro mothods >’ 30 hava baon applied in the caso of
gerritos. Omo is ‘f:aliea_t:ha marhor mothod, sincs in ‘
this procadure a mark is put at tho ioitisl surface and
ita mhmqnanﬁ poeition in tha spinal layor is dater-
minad aftor the reaction hap gors to a cufficiont px&ant.
In th gecond method, tha texturs of the product iiayor:
i anslvsed.  Similar tax&m@ of the prodeut layor
throughout gives indication of ons sided diffusion. On
th other hand, it the toxtura on the two sidep of tho
initial suefoca can bo digtinguiskod, two - way diffusion
15 possible, However, it is Zraquomtly difficult to
diaﬁingulsh tha toxture on two sides. In tho coco of
4g0.¥o,0, syatom both the mtho&s ghow that eountot
ﬁiiﬂuaion of iong occur through tho product forrito
layer. The gotio of the two layers of difforont atru-
' cture was found £0 be sppromimotely 1:3. The results aro



JInitial separation

—_— :MgFezo4
MgO Z
% //// F2203

Fig. 4 - sSchematic representation of diffusion;
when diffusion of both the cations occur
through the ferrite product layer.

Fig.5 - schematic representation of diffusion:
when diffusion of only one cation with

oxygen aniorn occur through ferrite product
layer.
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complicated by the fact thet tha oystem forms a Mgl-
:E‘ezoa co1id - golution, specially st high temperstures.
Ths abdve conpidorations sre ussful visn tho gas

phaso trongport through tho crevices or poros, grain
houndory diffusion or mfaee nigration occurs. The
situstion has novel features when bulk di £fugion io

3 hvestigoted e sories

involved. Yamaguchi and 'rekudé'
' of spinol rosctions and found evidence of omo - pided

di£fusion xn individual graing as shown in Fig. 6.

Tho mechoniem of ferrite formation ha‘a' boon
studod by Pinch and Sinhe > and by Bicholls®® ond
they indicetedthat thy fommstion of Y-Fo,0; is o
neees_saxy »pmcursor in thoe spinolizastion reaction.
?iﬁix conclusiona, ﬂau@mr. &»e not complotely suppore-
ted by other work 33303 on tno stability ofy-Fo 0, at

high tomperatures.

Ths cours2 of a £olid - solid roaction mey be
reprogented schematically in the followving mannor s

(L) In t:ha proliminary stagas reaction tekes
place ot tho interfacos of roactants. This state of
affai,rs' ig chown in Fig. 7. A end B oro tho rogpoctivo
motollic fons presant in thy roacting oxidos.



irdividual

grains of ferrite3l
®O®E
- ®®
®

Fig. 6 - One ~ sided diffusior in

Fig, 7 - Preliminary stage - showirc reaction

at the interface of reactart-e,



L

Fig. 6 - One - sided diffusion in individual
grains of ferrite3l,

4 r.-_

olcloNCIcoR
Relocielole
clelchelolcR

Fig, 7 - Preliminary stage - showing reaction
at the interface of reactants. -



(1) subsaquantly, tho diffusion of a partie
cular gpocie; 'A' occurs acoss tho product layer sithor
by vapour phnsa.’l surfoco or grain boundary diffusion.
This is showa in Fig. 8.

(i11) rinolly, propagation of thy reaction in
thy individual grain of roactant 'B' would occur, as
ghown in Fig. 9.

Thus, in ¢ho overall kinotics of solid - ntate.
reactions, ths following aspocts are important i

{2} latoral diffusion of the roactants:
{b) bulk diffustion of tha roactants 4n tho
graing
aed {c) naturo end machanism of the chomical
raaction. |

govarsl empirical xato lavs havo kaon proposed
vhich deseriba tho course of typical solid - gtato
roactions. Rea.eum; dats wro analysed using oquations
carrespunding to fcur‘_ reaction mochonisng, The mecha- ]
nicns and tholr spacific rato oquations are given balows

IX.5.1 %

In modols of this typo thres agsumptiong are
mad> {a) tha roactant particlca BId opméoa {b) surfaco
diffuoton rapidly covers roactant porticles with a
continuous product layor during tho initial stages of
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tha rooction, and (c) furthar roaction tekos place by
bulk di?fusion of mobile reaction gpacios through this-
product layar. '

m oquaticons of this category uged to analyso

the data arc 3

Sﬁﬂeré Kjt = [1-(1-1‘!) 1/3]3 sas ‘4)
Rrogor-zteglos’’ k0. ¢ = B-(1-032 . (5
zhuravigv-&ammn Roap t o "-(;.—x)gvi_ "3‘] )
- ‘k‘mml“mahas _
alnstling-Bromnaitota®  Kp ¢ =1- ¥3z-0-0¥% ()
valonai® cartor™ R . te z—B*(q—lh:lgg(z-n (1o
- i CV z - 1 ’
‘ ces ‘8,
42 . 6 (9}
Punseld-fagnat m® T T w

whora 1t ia fraction pebotion comploted, k is gpacific
rata mnataht; ¢ is roacticn tims, and g is volume of
poaction product fommed por unit volums of tho roactant
conguned. ‘

IX.5.2 EROL

~ 7his opproach considors the nucloation of ths
product phasos at octiva sites and tho rato et which tho
aucloatod porticles ggow. Th qamrai fom of thy kimatic
oquation for nuclei - growth model is:



Glae

Imllen = o (k)= ouo (10)

vhore m i a paramotor which is a function of {a)
peackion machanism (b) numbar of nuclei p:eeant

(c) composition of porent and pm&uct phagas (&) goo=
motzry of the nuclei.

on diéfusicn through ths product loyer is

go ropid that the reactants cannot combine: fast onough
at ths reaction interface to establish equilibrium, the
golid - ctate resction is phape boundary controlled. |
Tho product layer is discontinuous when thz molar velume
of tha ym;inet phee? is considercble less than that of
tha reectaont on which it is growing. According to Laide

Llc:zez‘4 3

. when o discontinuous product phase occurs, the

rote determining stop may b2 tho chemical piocess occuring .
at tho phasa boundary. Under thoso conditions tho rate

is determinod by tho available intorface arva, and cuch
process are roffored to as topochamicel. For a sphere
reacting from the surfsce inward, the relstion katw2en

£raction reaction completed and time is s

Rppt = 1-(-dY3 oo (21)

for a clrcular disc reacting f£rom the edge inward, or
for a cykinder .
i KPB t = 1-(1- 3)1/2 eeo (12)

1



| '.Eh'.a. two emporical reletions are important
in the field of forrite foming roactionss #£4rst’
the Jandor cquetion and socondly ths Tammann egustion.

JAWER' 5 BEuATIONC s Previcus kinctic studies on mickel

| forrite end other ferrite gyctom havo bacn interproted

in tems of & model of the rosction doveloped by Jandor,
expross2d by the Bg. {4). zu ip difficult to 4 educc the
rate lawe in moot of ths e0lid ~ gtato resttionp. EHowe
over, & cimplificd theorotical Justification camn be
provided, Tollowing asgsumptions ware made in the dori
votion of Jander's oquation.

. {£} Aall roscting particles arse of porfoct
nphatical shapo and uniform in gize (descrikod as A
and B},

{11} Porticlosh arxe mkmunﬁna.by particles
B. In the caco of nickel forrite, Hi0 (A) ig completoly
surrounded by Fo,0, (B).

(Lii) oOmly psrticle B diffuscsinto A,

thﬂ Only Fit's lovw of diffustion spplioces

other mechenisms are not <ongidered.

(v) ©Both, purticleo oiego (r) end th> congtent
k (aococictod vith tho diffusion congtont) remasins nb-
changod through tho ontiro course of reaction.



ond for a coatracting cubke s
x = k%3 - 1x%? - ene e Q13)

Bquations snalogous t> claseical rate

oequotions, meinly for oxpressing and ceorrelating desta,
havo often been spplied to so0lid - state reections.
The integrated form of the general kinetic aquation
bagsed on the concept of an order of reaction is s

A ) i -1] e XE ..e (16)
n“l ‘1_’{) n"' 1

" where n is the s0 called oxrder of the reaction. For
certain values of n, Eq;v (14) lcads to some of tho
equations bsoed on phyeical models. Whenn = 2/3
Bq. (14) is identical to Eq. (11} likewise when

n = %, Bq. (14) s identical to Hg. (12). When the
rate determining step is the nuclaation process and there
is equol probability of nucleation at each active sites,
. one obtaina by cnalogy with radiooctive decay o kinetic
egustion of the first order. A t present, values of n
othar thsn ¥, 2/3 and 1 lecads to equezions with no
obvious physical siqnlficaham The genersl method for
‘determining, L1f a reaction may be classified by &

roaction order, is tho ven't Hoff di £ferantial enalysis.



, m two cmporical relations arxe imporxtsnt
in ths £iold of forrito foming roactions; £irst! -
tho Jandor oquation and gocondly ths Tammabn equation.

JAIIDIR' S BQOMIOHG 8 Provious Mnoﬁc mMQa on nickal

forrite ond other forrite syotom hava becn interpreted

in ¢oms of a modol of tho roaction daveloped by Jander,

~ exprosecad by the Bge {4). ﬁz ip difficult to d oduco tha
rate laws in moot of the solid - gtato readtions. EHowe |
over, a gimplifiod throrotical jugtification can ko
provided, Following assumptions woro made in tho dori-
votion of Jandar's aquation,

{1} Aall moacting particles ars of porfact
apm-ﬂeal ghapa and uniform in sizo (dascritod as A
and B),

(14) PorticlosA aro surroundod by particles
Bs In ths casd of nickol forrite, Ni0 (A) ig complotoly
gurrounded by Fo,04 {B).

(141) Only particle B diffusmsinto A,

m) only Fit's lav of diffusion applios)
othsr mochanicns aro not conaidoered.

(v} Both, particlo oigy {z) ond ths constant
& (accocicted with thd diffusion consgtomt) remains un=-
changod through tho ontira courso of reaction.
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Congtant k in the Jandor'sc cquetion s tho
slope of the [r-0- 81‘1/3]2 vs t cugve. Th2 valuos
of & ovor a temporaturc range moy ba used to find the
activation onorgy @ of the Arrhenius equation s

k H&G‘Wm ‘ oee ' (15’

TIETAMT BQUATION 3

¢ - Jonder'c equation moy be contro-
stod to en cmporical 'a@msoion dorived by Tommenn, o
vhich has bocn mcééaaﬁdlly epplicd to meny ferrite

gystemg. Tha 'i‘mimam equstion iz cuaprossod os s
€C & &iﬂg? + B sose {16)

vhore € ig the concontration of the roaction productg,
& 15 timo, and A end B aro constants. This loghitimic
omxproscion may hs obtainod by intogration of TFick's
lows of diffugion with the assumption that ths concon-
tration gréaient is invorscly proportional to tinms,
BY 'anunming that tho concontration gradient, do/dl, is
invorsely proportional ta time, Fick's diffusion

cquation s -
Se see (17
at = D74
hoconao
th = -ul?- 'Y ‘15)
at 1A ' ’
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vhoro b is proportionel to the coofficiont of diffusion
D. Intogration gives th2 logaritimic rote law Bq. (15)
whéra A L8 propoxtional to"b.

€hs dota avoiloble on forritc systems hovo
boon onolysed by both, the Jandors and the Temmann's
onprosoions, by meny vorkors.: Jonder's eguation though
oxcaollont for mony resctions sppoars to ba somavhot
1imitod in forrite studies bocauco thy magnotic motorial
. formd can bo in tho comploted ané uncompleted gtages in
tho finol reaction. In the case of provious workers
egroemant vith Jonder's oquation wag poor. Howevor, tho

trocatmont of dota with Towmann's expression by 'fumbull%.

Jaff@mﬁ?‘s on Eeo‘nomsm
asotipfoctory. Guillissen andvan Ryasalbargham nadd Q

through ctudy of cinc forrite and found that the Trecults

on nickel ferrite was found

vore in accordance vith the lincsr rolationship (Tammonn

Law) for first thrce hours.

Blum en L1t fn their study on mickel forrite
have shown that the oversimplified model of tho roaction
{Jandorts reletion) is far from hamé' realie2d in
‘practice. Tharefore any conclusion besed on Jonder' s
ogquotion willi not mpmsmf tho actual practi.éo. b € -
one aifforencistes Jondor's cquation with rospect to

time, one obtaing s
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. ] < ‘1-§2/3“_' ceo |
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$he inadaquacios of Jander's cquotion may further bo
rovoaled by comparing the differencieted form with tho
reaction roto as ovaluated from tho ozparimontal doto.
Blum en L43' in their exporimentsl plots in Jender'c
f‘nm found that the predicted cum and tho experimantal
curve do not agme vary v2ll, ospecielly in the cese of
tomperstures above 000°¢, vhese tho reection is cccuring
vory rapidly. Howowor, it wag found that the plots of |
nt vorgus ‘t* (Pig. 10) £it very woll with tla experi-
montol results. Prom this plot they have also doveloped
‘on omprossion for tho rate of nickel ferrits roaction.
The olopo of the xt versus t curve may b> givon as 3

..Q.%%L = & {congtant) see  (20)
or e (21)
or X see (22)
or 4L ° 2=x e (2B)

at t

plum and L1t found Bg. (22) to £it very well with
thoir oxporimontsl dsta. The volidity of this equation
was chocked from the data of Etea‘*z on magnopiun forrite,
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Fig. 10 - Plot of xt vs time of firing §t.vario~_as' ‘
temperatures (dry mannual mixing)
& =' slope of curvesll,



end the dets of Beonomog ond 4Gl_evangarm on nickol
forrite gyotcm. Tho dota vere plotted in its ori.gnal
form, using Jender's equation and usmg Bq. (22) ac
xt versmue t, for tho sake of cmpa:i.sion. Thoea plots
oro chown in Pig. 11A, 118, oA, "128. It wao found thot
the Bg. (23) is woll suited to reproesnt raie of
forrite reactions

§ho congtont a in Bq. (22) is an icothur-
mal roaction ruto mefﬂigtenﬁ vhich i.n::luées all worie
ableg parteining to thg ra Procass. The congtant o
iz clopgely related to tho surface arca rotio.. ~1=~e203/mw
Tho congtest a wos escontially found in&amnﬁﬁnt of
surfaco oros et 800°C, whero the reactfon rate is slow,
It incroesns, howevdr, ot other temporaturas end ’
probably roachas a maximum et an Foz%/ﬂio corfacs orce
rotio approaching unity.

chaxp and Giesuﬁs howevor, have showa thot

the lincar relation in Bq. {23) proposed by Blum and
11} gocc mot hold, rather it 4 tho carveturo of tho
. wrsus t plora. It has alco bazon prodicted thot tho
nogloction of the curve wnl b2 equivalent to tho mg-
vlact:im of tha resction.

Tho important variablos which affect ths

kinotice of forrite formotion sre as follows s



3 "/*900"(2

800

| Teme o femperciure (r)

Fig." 11 - (a) Plot of (1 - 3/1-x) vs time of firing
for magnisium ferrite, and (B) plot of xty
Vs time for geactlon of magnesium oxide ang

Fig. 12 - (A) Plot &f (1 ~ 3/l~x) Vs time (B) plot of xt
Vs time for reaction of nickel oxide and
iron oxidelO, '
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1. Particle siz2 of the roocting oxidoe.

2. Particle shopo of the roacting oxides.
3. 1iliing technique. |

4. Temperatura, .

S, Onygan partisl pregsurc,

6. fraco impuritics.

7. Higtory of rav materisls.

11.6.1 EEYECT OF PARTICLE SLZR

| The particlo size is of considorsble impor-

“tsnce to tho inGuctrics. A grest mony oxido systems have
boen gtudied in the litessture and the results of varioup
ex_pariméngs ‘are not always comparable kocauso of tho
variastion in emparimental technlquea.' Economos ard

clowongort? nave studied tho effect of particle sizo of
congistent oxidas on tha’ reoction kinstics of nickel
£errita.. Tha rooults wore ana;ysaé by the method &orivaed
by .‘ra‘naez"6 and more racontly by' Okamura ond Shimi.éaka"is \
The activotion enorgy for alfforent iron oxido purticle
sizes wore obtained. Ths resmlts (Pig. 13) £ell &n ths -
rango of 50 kcalL oﬁgr tha nixture with the finogt iron
ozide to 70 keal/ﬂ?gr the coarsest particlo.

.With vory fine particle factors ascociated
. with tho surface may be capected to oxort an influened
on tho reaction rate bacuouce of tho incrensae in tho



¥

Fig. 13 - Activation energies of reaction of NiO

with ipon oxidelo.



surfacey/volums ratic. Blum an mn havn aleo studied
the effect of particlo size on nickel forrite reaction
and obsorvod that the reactivity of difforont type of
opherical shape aeﬁazﬁa decronzes with increoss in
tha surfeco arca zetio of &-Fo,04 to NiC.  This offect
vas found i.nsigmfieant with tho mixture usad hy Em«-

nompa and Clcv:angarm

?msh st:uds.ea the effect of particle sizo
on resctioni: kinotics Qf megnoeium ferrita. For a mixturo
of 0,03 - micron magnosium oxide &nd 0,05 - mieron perric
oxide perticles, roaction was obsorved after 15 minm:c; '
at o tempersturs as lov ag 700°C vhilo for coore> mage
nopium oxide particles (44 and 210 microns} and .fine
| forric oxnilde particles (0.05 mieron), the initiol reac-
tiontenperature increased to 1000°C. For cosrsd ferric
oxide particles (44 snd 210 microns) snd £ine megnostum
oxide particles (0.03 miczong), the reaction tempersture
was 900°C. Tho activauen onorgics ware 27.1 & aal/mle'
for the mi::ﬂ:ué@ of vory fimc compongntso, botwoen 116.2
ord 118.5 for thy fine ferric oxido ond mai'ac nognesiun
oxigz, and batweon 56.4 and 50.1 for the fine magneciunm
oxido and coarce ferric oxidos. Th> cffoct. of thn
- yoriod particle sizo distribution of onz of tho consti-
tuents wag not gignificant. For fins forric oxide
mixturo, ths varistion could woll be within ths oxpori-
montal error, but, for the f£ino magnoeium oxido mizturcs,
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tho revercs effoct was moted; tho fincst of the forxic
ontdo givos tho highast aetivatmn‘ onsrgy. This again
might b2 within the exporimontsl error. '

%ho particle ghape .of» the cgonpi stont oz:i&oa
oleo influsnce the reection rato. It is observed that
tho modo of proporation of d- Po,0, appreciably affocts
tho chapo of 1?020 3 patbic;nc. stepmme% roported thot
ephoricolly chaped Po,0, can be propered by the caled-
nationof forrous sulphate, aciculer or neodlo shiped
Fazoa by the d&ohydration of mzoa. ﬁzo crystals ond
cubical $o,0, by ths high ~ tomperature oxidation of
Po 704. Blum epd L.!.n’ eﬁa:uznad this paremeter on nickel
forrite, apd observed thet the scicular particles chov
the greatest degres c;i roaction throughout the ontirxc
tempersture range, whoroas, the cubical perticlos ghow
the least dogrea. Ths aciculsr porticles, being ncedle
shaped probobly havo tha ématest area of contact with |
the Nic particles. ' |

3lum ond L3} hoo ontensively studicd tho
offect of milling tochniqus on the kinctico of bickol
gorgite formption, ond obsarvod that the type of milling
mothod hao élea on cffect on it. Tin milling ngthodo |
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mdy b2 dividcd into two, dry end wst., Uet milling is
more efficiont than dry milling end it is vory oftanly
omployed by ferrite manufacturors. -

| Shree difforont milling mothodo wore ucod
by Blum snd Lill during their study on mickel forvito
gyctem. Pirst is dry mechanicol milling, in which a
gtochiomotric .emount of P20, ond 10 were nixod ond
put into o ctecl bell mill iocaded with steol pobblos
ond milled for 24 hours, in the dxy state. Secord is
8 dry manual mixing in vhich the welghed mixtures of
renctihg oxifcs woxo thoxoughly mixod by passing it
. through a 50 - magh giove. and the last is wot milling
of povdor mixtures in bpll mill in the presence of water,
methy)l olcocohol or carbon totrachloride. It weas cbgerved
that mechanical milling and dry mixing are oquivalent
showving the spproximate relative order of resctivity
£rom vaz:hus typos of oxidos., Thie is, however, not
truo in the case of wot 'muling. The affoct of verious
milling liquids used is shown in Fig. 14.

Hescor and Schol z&?

snical diuboxti.on. ‘such as milling, changes tho lettic

have ghown tha{; ma2che

spacing of Fazo'a and thus incroaces tho .mactﬂ.vitf. xt
may be soon from Fig. 14 that milling in water in porco-
lain mill with porcelair pebbles produces littla or no
magnotic material beforo £iring of Ni0 and frezaa. |
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Hiovaver, milling 4n a stoel mill with steol bolls
profuces a greot dcel of magnotic nmoterial. Thio
meterial no doubt éameé from the wear of the mill

and the balls, and probably zome £rom the comp,levxv
iron oxides. It hap also bsen o‘béemﬁ that the
maognotic moterisl formed is difforent in different
milling licuids. Uater chows the grestost reaction,
mothanel thar nont to the greatost, and carxbon |
tetrachloride tho loast resction. It mey bo prodicted
thot tho fornation of mognotic products by tho ued of
mothanol and carbon tetrachloride as milling uqum io
probably duo tc the prossnee of moisture which reacts
with iron arnd losde to complicoted results, It is

not clear whather the polerity of ths licuéfs would
offoct milling results or not. It has becn obsorved
exporimentsily by Blum and nill that on oponing the

- mill a gas wes found to occape. This chowe that o
ges Lo formed in the milling roaction.

23.6.4 IBEIPERATURE

In diffusion controlled colid - stato
raactions temperature plays & significant rolo sinee
tho rato of diffusion is a function of traeure.
Por zinc ferrite, the exaet. point st which taac:uon
botwean the two oxids componento sterts _eonld not bo
dotermined gecurately. Hovavor, ti2asurable reaction
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occurcd at 580°C after 1 hour, and sbove 600°C tho
gocction procexds rapidly. %h? reaction roachas its
completion below 1070%C. Kodao-& and Ketz® exsmined
nickel forrite and found that epinol formstion occurcd
ot skout 700°¢, 100°C sbove thet obsorved for zimo
forrito. Tho rooction rosches its complotion ot ebout
1200°¢ =nd ths resction kincticn was obssrved to
incresss with teaipatétm.

unliko t£h? casy, groducl formation of gpinol
obgerved for zinc ferrite, nickol forrite follows &
more cumbar-coms pattern., At first, o fow linos of tho
forrite lottico asppeor, but high temperatures ar meﬂeﬂ |
for tho rest of tho &iffusion pottern to sppear.
Rodscdy and Katz® havo conclufiod that tho inftisl aiffu-
plon process doos not position the motol fonp in thoir
proper intorstitiel sitos. The tmtal ions in both tho
niclel oxids gock - solt lattico and the forric oxmido
corundum lattice occupy octalrdral sites. To form tho
1nvex:&e spinel, ropositioning of half of tho forric iong
is noeded us the shift of tho corundum oxygen lattice.
$ho nowly formod spimol lottico hae ths idonticsl oxygen
!.bttica‘oﬁ tho nickel oxido, and it eppoars that soms
mutusl colid - solution ia possiblo et the now inter-
£sco. Thio appoers to imterrupt ths reaction until °
more oOlovatod temporaturas permit furthar dilffusion

ond ToBrrongeIOnt.
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obtained w2ll dofined ploto et high teuperstures e.g.,
1301%. ané 1360°%. Howover, ot lov temporsture |
0.g., 1155 and 1182°C, two well dsfinsd ctroight linss

in hig study on magnosium ferritc

woro obgcrved with difforont slopes, in dicoting- o
highar roaction grate in the bogining of tho roaction,
Tho changes in slope woro obsorved after tho thickmass

~ of tho product loyer of magnesium forrito has roachzd

o valuo approximately 10 M st 11580C ond 100M st 1182%.
Tho high initiel rate sccording to Rohn’® is duo to tho
formstion of unstable solid - eolutions, ampeanded or
@eformnd lattices, @ryaﬁanites of colloidel dimension
aﬁ& amorphoun gtates 'rmmndg hos 'pointed out that
tho rate of rcroval of such dafoct sites is 1:nvets§1y
proportional to time. On2 cen clso ompect that an
increass in temperature would have en evon pronounced
effect in the removel of cuch defects. |

£1.6.5 QIVGEN

|  ¥hon one of ths roactonte s o gas or vwhan
ono of the product is a gas, the s0li8 - stato roaction
kinstics would bz g function of prossure. In tho forrito
nonufacture aéitﬁe: reactant nor product is a gas, Howe
over, th2z rute of ferrite fommation is enhonced by tho
gaduction of exygon parﬁiai prossuro of ths surroundings. -
A rocont study of the phocd rolastionchip in the Mg ~ Fo =0
: syntem. has shown thot at tho reaction temperoturc of
maghesiun forrito, ferric oxide is unctoble noar tho forrite
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_boundary asrd dissociates into megnotite snd gascous oxygen.
xooy™® pointod out that the porosity obsorved during tho
goiid ~ state reaction of ferrito is a diroct rosult of
the evolution of' oxygon during the reduction of ferric
oxide into mognetita.

Hasonl goslt with th phase rolationship

: of mahgaﬁaw forrite ond obsarved the sppearence of spinol
phasd at 000%¢. Howover, firing those gamo motoricle in
én inort atmogpharo (t‘?@z usod horo) produces tha np?.nai
much goonor, cbovo 800°C. This chous thst tho forrito
forms ot a lover tomperature in an inort otmosphere than
in tho air. Tha chemistyy of proparation o£ Rn?ez% wose
digcusect by Gortoer 53 vith rogpect to oxygen content.
Firing in air at 1300% yvioclds o single phosa spimal.
Changes in the oxygen content of tho £iring otmosphere
will givo ries tO othe_r phasas.

Tha impuritics x:msant:} may cffect tho
reaction kinetics of solid - gtate reaction in two
waye. Th2 reaction rste would haeome very fost when
tho 1liquid phace appearp due to lowering of tho cutectic
point. If the cutectic point is not lowered beloy 'th:.:

~ poaction tmparat:&ré, no significant changa in rate io
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oxpacted, provided ths impurities do not effect the
difgusion coofficient,

I1.0.7

It ia gpparent that ths method of preparation
of the rooctants plays an ﬁmanam role in dotormining
the rooction kinotics of =0114 - gtate roactions. The
reacting oxides proparcod by difforomt chomical proceduros
havo besn found to give verying rosctivity rosults.
Hedvansa reported that forrie oxide propsred from forric
culphate is more reactive them forric oxide px‘épam&
from ferriec oxalasto. Economos and Glevengarw during |
their study on reaction rsto of nickel forrite from various
opocimen  propsrstion techniques, noted thaot the oxnlato
nixturos of iron and nickel obtained by tho coprecipitstion
rothod poscess tha h£ghest resction rote. IXido end 0211430
studicd the rolation katwoon defoct structure cnd rosctivity .-
for varfous nickel oxide pmpareﬂ by &ifﬁ@mt techniques, |
thmgh ¢électrical masumnts. Bovan ana Mdarsonss
ptudicd the geme phonomins on zinc oxidop propared by varlom
tochniquos. It hao olso bson obsorved that the mathod
of proparstion offects tho shape of o« - Fe, 05 formod,
vhich hos o diract influence on the reaction rate.

A&

Tho location of tha stort of reaction botyesan
materials in the solid - state cen b altered by the stato
of aggregation oftho orignol compoments. This was concluded
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by smmmos by crit:lcauy oxamining the vartioua
proparatory techniques. Flg. 15 ahous ths tims and

- tetparature dopendence of forrito formation for tho
m!xaﬂ ox.ldaﬂ Hagnotic - Eamlta waa obgorved at about
700 C. Okamira and sMniozake roportdan activation
anorgy of appmximtaly_ 40 kecal for this regction,
With a ninturo of nickel carkonate and iron oxidy, tho
rooction follows & sowo what difforont pattorn as shown
in Pig, 16, MHeosurable reaction was found st 600°C,
This docraase in reaction temporaturo can ko attributcd
%o th2 high rosctivity of tho nowly formed nickel oxido
£rom the carbonate dxcomposition. The oxalate .-;-aaction
follows a rathar am:at!.é pattomm, as seon in Pig. 17,
Hagnatito formation os an intermadiste step can account
for tho gyrations obsarved. By holding for extonded
periods at & givon tcmperature, thia sido effoct can
hs over come, |
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£ho following materials were uced for tho
proporation of scaplos.
1. Porric oxide pracipiteted EDH  (London)
2. Rickel oxnids NCI (Indip)

stochiomatric cmounts of ferric oxide
(160 gram) end nickel oxide (75 grom) ware wolghed
> aftor Gyying %hémghly at 110°¢ 4n tha ovon for $
hours. ot mizing wes corried out for 14 hours with
tho Wolp of pastlo and mortar. Weter was usad as o
potting agont. This wao nocossary to obtain intimate
contact emong the congituont oxides for getting the
‘uniform rosults. The mizture was thon dried in tho
furnoce e‘h low bast for 24 hours. %Tho drind mixturc
wag again ground in the pectle snd mortar to gt a
uniform sgizod pw&ér miztura.

Briquottos vore preopored by compacting tho
povdor mixture of S grens in a cylindricel die 62 1.5
cm, intornol Giametor by aﬁpxying a uniform prossurc of . .
830 ko/cal. The briquottoe wore then hocted in o
furnacc at 200°c to removo the moigturo and the lubricant
ucod on the die suefeco,



Progeed ‘bri_qmtteu varo sintored in air at
olght difforent tomperatureo in en slactric resigtanco
furmacs., The tempaeratures used for sintering woro
700°, 800°, 830°, 875°, 900°, 920°, 10007 ama
13100°¢c. Tho temporature was controlled in the range
of ¢ s“‘c. ‘Sintoring was cartied out'; for 17 hours. Semplos
woro tokon out of tho furnace after cach hour. |

Tha fired gemples ¥3ro again ground Anto
poudored form, - 200 megh pizo with tho halp of rortex
and postlo for guseoptibility masuremento.

Hagnotic suscaptibility moasursments ‘mm |
carried cut in the laboratory by Couy's bBolanco o«
sigting of a MMcmter balance for suspending end
wighing thy samples in a magnetic f£leld of 700 gauses
gonaratod by an oloctromagnat, Tho mothod congigts of
thy suspension of powdored smaple in a cylindricel pyrox
tubs betwoen tho poles of en elactromaguot ao shown in
pig. 18. Th2 oample chould Do suspendad in cuch o
nannor ot one end of tho sanplo s in a region of largor
£1014 streagth and the othor in a rogion of negligiblo
gio1d, Corraction was opplied forkhd guocoptibility of

ths glaés. The accuracy of moagurements on powdored



|

[ -

Fig. 18 - Apparatus for magnetic susceplibility
measurement.
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comples ic soverely limited by the unifornity and
repaafucibility of packing. It is dlfficult to oxcoed
an accuracy of ¥ 1% All obszrvation wero taken at

rdom tomporasture i.e,, 32%.

The calculation of puscsptibility has bsen
carried out by tha‘ folloving formilo ¢

oy
n

8 = ¢
wharo € =  tho tubs congtent
7 =  the wiglt of the somplo in. grems.

A¥ =  tho changs in woight on the application
of tho fiold in milli groms.

Tho chimicsl snelysis of tho fired cemples
“wag perxforned by diasulvmq the sample into iiiluté_hy&m-
chloric acid. ﬁiekel oxido éiscolves ropidly in s hydro- .
chloric acid solution wiul-oz(' forric oxide and mickel ferrite
oither do not Qissolve, or only dissolve slowly. Onc‘éram
of tha roacted gamples woro placed in 250 milliliters of
dilute hydrochloric acide Tho solution was hae'i:;ed to
boil snd wap hold for twonty winutos. The solution was
giltored. Amonium chlozido and mﬁim hydroxide woro
2ddnd to make the filterste alkaline., A emall cmount of
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hydrochloric acid was aéﬁe& to mske the eolution just
acidic. | |

The solution was boiled and 20 milliliter of
1% alcoholic solution of din;athyla glyoxime was added.
The nickel in the aﬁlnt:ion preciptstesas nickel dimebhyle
glyoxime. The preciptaties were £iltered and transfered
to a pqrcolein crucible, Ths praciptotes were heated
at about 120°C end veighed. The weight of dimethyle - -
glyoxime multiplied by 0.2032 give s the weight of nickel

| in the lesched solution. The concentration of nickel

oxide in the leached solution could be related directly to
the fraction of yeaction completed,



L X B R RN R R R L R R TR SRR SR S

AX WHLATHD

L LR F Y U Y AP VI SR TR P R T Ve



- In tho prosceat tnvootlgnum. thz con'@oct;s of
nickel oxido ond forric oxido woro ocintored ot voricus
temporotures, i.c., 700°, 200°, 850°, 875°, 200°,1000°
ond 1100°C in oir. Tho nodEum un@aluu.ed for ointoring
wao 17 hours. Thooo compacts were then phase cnolyosed
by chomicel and mognetic suoceptibility measuremcnt methods
o obtoin the fraction of roaction completed. ‘The results
oht’rai.nod by mametic onalysis aro givon in Tables from 3 to
10 ond thoy hove oloo been plottod. Pig. 19 is the plot
of puoccptibility vs time ot varicus tomperatures. From
tho cupcoptibility values, £roction of ferrito formed wero
colculoted ond the rosulto.aro plotted in Fig. 20. From
this plot it con be pecn that os the tempersture is
increaced the rote of forrite formaticn is also enhonced
and tho totol nickel forrite formed io much more at higher
tcmporaturos os compared with the low temperature values,
gor oxample ot 1100°C the reaction. is slmost completed.
ond obout 96 parccmt. of ferrite is formed after 17 hours
ointoring whué e 700°C the amount of feitite £ormed s
only 27 porcomt. Therofore, the nickel forrite formation

i strongly tempersturo dependent reaction,

Tho apocific rceaction rate velues were celculated

with the holp of the vericus rote equotions developed by |

4 37

different workers. Viz., Jondor®, Kroger-ziegler® ,Ginstling-
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Figures from 22 to 25, the values of log of specific

~ reaction rate constant | (K) were f.lien p;ott:éd against the
rectprocal of the absolute temperatura (Fig. 26 and 2n.
The values of activation ergergigs found by various
reaction models are listed in ’i‘able. 16. |

A comparision of tha lmalysta results
obtained by chemical and magnetic analysés are listed
~ in Tekle 15, '
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_ . The ktneucs of ferﬂte fomation depemds on many
varisbles, e€.g., the properties of the roactants, the milling

techniques ard the presence of trace impuritiesn.

a’ great
many oxide systems have been studied and the results of varicus
experiments are not always qm,parable beca?s'é of the vaxiation
Ain experkimental techniques. ﬂedvauss reported thet ferric
oxide prepared from fatric salphate is more reactive than
ferric oxide prepared from forric oxalate. Economos and |
mevenqerm vhile studyanq the roaction rate from various
specimen preparation techniques, noted that the oxslate Mﬁte |
of iron and nickel obtained by the coprocipitation method |
possess the highest rate of. reaction during nickel ferﬂ.te
formation, The study of the kinetics of the formation of
ferrite is thus complicated, because the various type of

~ Pe,0, and N10 are aveilable and it is di £ficult to correlste
the data of one set of experiment with ths cther. In the
pmsenf: study only one type of ae203 and Ni0 wore taken to mim-
mise the effect Of some of the variables discussed above. |
'All semples were prepared under the same condition of milling,
drying, and the pressure during compacting. This pmcmra '
aleo eliminated the effect cf milling. o

~ The fomatien cf ferrite i a sol14-s014d type
reaction (Eq.2). In such type of reactions the rate ia'qeneraily
controlled by the diffusion of reacting species through the
product layer. Diffusion controlled mcucné ars very mch :
influerced by the tetrpératﬁ_m and i:h:ts !.é quite clear fmm the
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prosont reaction data pldts in Figs. 19 and 20. Apprecisble
resction was observed at 700°C end the raaction seems ¢to bo
completed at’ 1100°C vhon semples were fixed for 17 hours,

The exporimental dota of the prosent investigation
ere anolysed in terms Of the modol of the reaction developed

by Jandef? 31 ond Kroger - ziégler37.

Ginetling ~ Brounshtein
The results are aleo snolysed by the Tammann'a3 equation and
tho datia plotted in Temmann's £orm ore shown in Fig. 21.

From this figure it con be seen thst thege are breaks in both
‘the low as well as high tcmporsture plots. The oceurrnce

of such bresks in o fraction of reaction completed vs log

* timg- plots are an implication of o change in tho mSchanism |
of the formation of nickel forritee Hutt1n357 has developed

2 model which explains thage bracks in tho formetion of
ferrite. According to him. various stepo in the ferrite

formation are as follows ¢

(1) PFormation of surface layers of ferrito
by the surface migration of one or both

of tha reactants.

{2) Aftex acoherent surface layer of the ferrite
is gormsd, bulk diffusion takes place.

(3) Completion of bulk Ailffusion and formation of
- £inal defect free bulk spinel in the moss.
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| The gradusl formotion of a defect €ree spilnel
structure during the nickel forrite formotion in the step-3
45 gupported by the x-roy onaslysis of Kedesdy and Kat;zg,, who
have shown that the diffroction pattern from thse camplos
eintered at low bemperoturos revealspartial comploticn of
reaction vhere as the samples subdtored ot high tampersturce
ghow higher degreé of rooction completion in same tims,.

Hutting>’

also calculated the activation energies f£ar steps(l)
and (2) for nickel f.erriﬁe formation and the values of activation

encrgies reported were 30 asnd 13 K cal/mole, rospectively:

There ora two probiems aaéoc&.ateti with the above
Mtétpmtation of the mechanism of formation of nickel ferrite.
The first in the high percontage of reaction product formed
almost 1mm'aaiataly uypon the gtort of the reocticn at taemperaturos
shove aoo°c. eapecially since o short time is required for tho
material to come to temporature in the furnace. The second
problenm is thet the activetion eneréy for bulk diffusion
procese is lower than that of the initial process attzihutéd
to surface diffusion. In determinirg. the kinectics of opolid-
gtote reactions, the over all reaction ragﬁe may ba determined by
the time an;i conditions under which gll the phases apposr, by
the di£fusion rates of the specios involved, and by the decfect
concentration of the reactonts and product phoses. It is this
last congition vhich iz belioved to eccount for both the ropid
formation of the reaction product ond the lower activation

cnergy in the second stoge.
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Since the dogrec ‘of ;ea_cetion was dotermined
by magnetic susceptibiiity measurements, 1t is posaible
thet o sacond magnetic phase in aﬁdl.t:ién to nickel ferrite
could contribute in e fictiously high percentage raaction.
Bewever, it should be noted that Y - Fe 0. is relatively
unstoble ot tomporaturaes: . gbove 4oo°c. and also that no
evidence for this component wéa found by x - ray anclysis.
In pddition, the x ~ ray studies showed thet the percenﬁ |
of nickel feorrite, for a reection time, conti.auoﬁsly 1ncré-
aped as the roaction tampersture was raised, thus a_c:cm;‘dingly
ooticfackory for a bigher initial magnetizastion er percent

resctipn.

Since, it seems unlikoly that the high, initial
reaction cor bs explainod on the basis of second magnetié ‘
conponent, on guxd liary machaonism mugt aecounﬁ. for ths £ast
reaction. the iren fen raadily diffnaésini:o the N0 lattice
~because of smeller iecmic size (Teble 17), and mechanism
which vould account for an enhenced 4&iffusgion m:ld aéc&unt for
0 fast initial reaction. It can bs predicted that tt ”bi((;har '

- temperstures a metactable or active nickel oxido is foxinad
- with o defrect gtructure and, thorefore, the activation
encrgy for the iron diffusion woulsd be expected to bs low,

giving rise to a faster reaction.
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- it io qui;:e cleor from Fig. 21 ehaf. not dnly one
mechoniom operates in tho complete formation of nickel forrite.
This can algo be seen from thé plots of the reaction model
developed by Jander‘!'. Gingtling - Brounahtem” and Kroger-
2iogler.’. Jendor's model io gemerslly used to cnalyse tho
- reaction rate of forrito ebmmg roacticns and other solid -

gtate reactiono. Tho plots of reacmdn data in Jonder'c and
Ginstling - quunahtein’s form show that these oquations are
opplicoble only in the initial ntages ¢f reaction. The
activotion energios caslculated by Jonder and Ginstling -
Brounshtein reaction models are 47.55 and 46,26 K cal/mble,
respectively. The activation cnerglies caléulated by thege
models are in good agreement. Those equationo are only appli-
‘cable fet'a small Gurstion of tima. Theorofore, tha agrecment
of practical data'with thaoe equations are poor. 'rhi;s is aloo

10,11 44 mey be Gue to the

supported by the other workers
geometrical-boundory conditions token in the derivation of
these models which ore not met with the reaction of nickel

forrite f;omats.qn.

The deta wero further aonelyscd by the reaction modolo
davalepad by Kroger - ziemora? end modi£iéd Qinstling - Broun-
ahteim?' mathemotically ropresented by equations (85)ond (24),

respectivoly.

. ‘ 2/3
1-§xn£hm _ = Mgy In t ... (20)



These curves 0lso chow the change in slope as is found in
Temmenn's plot. Theoe equations bstter fit ths experimental
Gota thon the Jander's and Ginstling-Brounshtein: equations.
Although the geometrical ~ boundary conditions of the
Jondor's ond Glnstling - Brounshtetin’s modele are obvicusly
not mst, but tho boundoily conditions in these models coupled
with the varying diffusion coefficient ( as assumsd in the
derivation of Kreger - Zieglor and modified Ginstling -
Ercunghtein models) has pmvéa a better mothematical represen-
tation of the nickel ferrite reaction.

The octivation cnergies calculeted by the
opplication of Kroger - Ziegler ond modified Ginstling -
‘Brounshtein modelo are 30.82 ond 31.28 K cal/mold, respectively,
vhich are in good ugmémemt. The valuos of ectivetion energios
| colculoted by Jandersond Ginstling - Brounshtaeins reaction
models are lower than thot reported by Econé:nos ar;d clevengerm
and oro in ogrecment with the volues reported by Okemmra and
Shintogske®>, This difference moy ba duo to the different

experimental conditiong,

The ezq:pnmmtul data of the preaent: work W:;:’@ also
enolysed by the rate equation doveloped by Blum and Li
(Eq,. 23). The plots of xt ve t gre shown in Fig. 28. This
ehows thet tho equation proposed by Blum end Lill gieg very
vell with the presemt resctien @ato on mickol ferrite. Tho

velodity of this oguation was further chocked by Blum and mu



by plotting the data of Bconomos and clevangarlolon nickel

forrito and the data of Pres on maqnéstum ferrite.



- 58 -
NCIUSIONS

od the basis of the results and discussion

explained in chapter IV following conclusiong can be drawn.

1. In the legiithmic plots (Lammann Law) change in
the slope are obhserved at low ag weli as high temparatures
which clearly indicates the change in the mechanism of nickel

ferrite reaction.

2 The Jander's equation was reviswed and vas found -
to be inadequate to describe ferrite forming reactions. Ths-
Ginstiing - Brownshiein equation was alsoV£Ound.unsdtta£actoty

to describa the nickel'fexrite reaction.

3. The Kroger -~ Ziagler and modifiq&’@instling -
Brounshtein egnations were revisved. These squations seem

to fit the experimental data to a greater extent and essantially
at lower temperatures these equaticns are obeyed. This may

b2 due to the assumption of variable dlffusion coefficient in
the derivation of these models. At higher temperatﬁ?es it

also éivas satisfactory results upto 7 hours of reaction.

4. Tha Arrhenius plots fox the Jander, Ginstling -
Brounshtein, Kroyger - Ziagler and modi fied Ginstliing - Broun-
shtein models have given the values of activation energies oi
47.55, 46,26, 30.82 and 31.28 K. cal/mole,respectively.

S Plot of 4data in the egquation proposed by Blum and
Li, €xt vs t) gives a straight line and £its the date very well.
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m—A
LATTICR BNTROPIGS OF PORMATION ( As"zgs) OF SOINBLS

(ks lottice ontropy velues ore in o.u.)

. .
Spancl 0, 28 By 8
~ (5208) 200 (8°,00)
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@?@206 25,0 10.4 21*5 ' 4,1
ﬁgﬁ’aal‘% £3.2 o 6.8 21.5 0.3
f17e,0, 0.1 9.2 21.5 0.6

ERTHALPY CHANGES IN SOLID STAZD REACTIONS

an Teup.
Regction keol/molo O

Codero,0, = CePo,0,  =5.8040.2L 970
1gDeFO,0, = 1glo,0,  =0.03£0.26 970
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MBLZ + § 1~ BAPERINANTAL DATA FOR THB SIFLES FIRED A7 850°C

Tine  Weight of Weight of Guscepti- Bohr  Fraction of
(he,) thetuba the tubs  Dility  Magne. FPerrite
+ Nickal  + Hickel - tbn formed
Porrite 4+ Perrite ¢ ‘
Pield off Pleld on. -

gmo  (gme  (wm )

1 1066085 07246% 46 52 W 015 Wl 3

2 106590 10370 63 608 L0 .02 07 -0
C3 0600 1077610 0 6 W00 0N 020 14200

C 10,680 10965 0 B 613 A 01 .02 Les

5 10620 1009235 8 na W% 02 0% 2,2

6 16140 1075 8 T8l M9 R 0% 26
ST NN 0% 9 % LT
B 106190 10.7%35 95 T 65 . 03 W08 3
0 1065 M0 %6 T M6 0% 0B 408
10 10,6348 1075220 93 1% 460 0% 02 4600

11 1065085 WJBD 97 . 08 AN 0% 0B 58

12 106757 108208 108 %6 465 08 03 582

1 10670 0895 lL %68 480 038 03 620

W 10,600 10,720 106 019 47 0% 4032 6,008

15 106509 2079200 205 T84 W% 0 4032 7,350

16 10,6800 10787 105 782 489 039 0% 7.8

17 1090005 108420 89 A W0 032 0% 7465




UES 6 « BPSRUIATL DA PR TEG SKOLES TIIOD AF 616°c

Swcaptie Bohr  Praction of

Tm  volght of Volght of N 4
(hps) tho tubs  thotubo  bility  Hegee Rorrite f . 3 .
Wickel kel ton  fomed B
Pogrito ¢ Poreite + o} ‘
Mold off Moldem g 1 «éw
) lgme) ) W " "
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0 10,0605 JL0s2%0 M8 98 .50 062 040 5e220
10 1076680 1100030 155 9.8 593 066 052 5.3
1 109552 1,040 169 9,92 62 075 08 662
12 10,6050  10.91980 196 9,52 4595 067 083 %40
13 107612 10300 1% 9,63 602 069 086 74826
16 1070600 1096010 160 9.92 620 015 059 B.6B0
15 1098500 1007960 166 9.9 610 AN 0% 9.5
16 108185 106060 161 068 5 0% 055 9,060
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L 3007%59 .

11,0810 160 | 064 4603 069 4054 10,25
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a— N e



TLE 7 . GGRDUEIAL DATA TOR THB GADLES UXMGD 7 S00%

imy  Toight of Uolght of Sugespti. Dohr  Droction of
{heo)  tho tubp ths tubo bility  Negme. Dorpito
Wicpl  Diehksl ton  formef
Pozrito ¢ Dorrito ¢

Plold off Diold om, g

(gmos)  (gme)  (cgen) (¥

X
R (A m3) D)

B
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TABLE 6 - EAPRRDMGTAL DATA JOR THB SROLES FIRD) A7 9X0°C

. T Gelght of Wit of Suscapti- Khr Praction . o

(he,) thetube the tube  Dbility Magne~ of Perrite 7;.,; ; o
Wickel  +Sickel ton  forned "? y
Forcite + Fercits ¢ - E ~ ) S
Fleld off Pield on, o | "o
(gme)  (ome) - fegm) i 'é"’
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TAELE § - GIPERDIENTAL DAZA POR THS GRUPLES FIRED A 1000°

e Velght of Telght of Susewti- bohr  Praction
(heo) the tube  the tube  bility ignm of Porrits

it »  Tccth omd 3

Meld off Heldon , " '\%» |
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TABLE 10 - BXPAINGITAL DATA FOR THE GAOPLES TIRED 47 1300°C

e Welght of Wikt of  Buseapti. Bohr  Fraction LN
(hrs) the tube  the tube bility Hagnee Of Perrits 2
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i
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TS 11~ K VAWUES CALCULATED FOR JNDSR BGACTION HODEL

B, T S W%x 1°4m'
L 00 33 M 0
2 0@ . -85 107 932

3 0,000  -2,3010 un 8%

e 000 000 148 8,12 "
s o 8% un 852 ¥
6 0068 LM 1203 830 |
1 0.0340 =144685 um 3
8 0050 LBl 1973 18




MR 12 - K VAWES CALOULATED FOR GINSTLING « SROVASAIEIN MODEL

- Sl S : Log K

% byt

L 00002 360 0 oM 10,0

2 000 -6 . 01 -

3 0B <2don 1123 3480
T R BN NNRRY % N
5 000 LSS LM 8,52 K
6 008 91 1m 8,30 .
R ¥ R 3 w8

8 00%  -LE¥ s




THLE 13 - K VAIWGS CALCULATED FOR MODIPIED GRNSELING - BROVNGRTEIN HODRL

8.5, K Log & %% dx!

1 0.0%2  -LSEIS Mmoo 1

2 08l .07l 1073 9.3

3 oA 0.3 un s )
LM 06 18 8,72 K
5 0506 0838 un 8,52 !
6 0T 0,236 1203 8,30

X R 11 7,65




TALG 14 - K VAWES CALCULATED OR KROGRR ~ IBGLER REACTION MODRL

sho R Log K %) by gt
1 0082 ohiS819 813 10,3
2 00612 1213 1973 902
T o8l 0784 s 8450
¢ o 0615 18 8,72 .;;
5 0.5 L 1Y - B s
6 Ui Q0820 103 8,30
T oL Q71 7,85

8 LIS 0068 1303 RE
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PRACTION OF PERRITE FORMED OBTAINED BY MAGNETIC

TABLE 15 "'; AND CHEMICAL ANALYSIS METHODS

5-;-' z;‘ : }?’v' :atura‘ - 4.1?"raction of :fe;iz'itg 'foma&(;) |
TS e TEEEL e
. s & 5
1 © 700 1 ©.235 0253
2 700 ¥ a8 290
3 700 ° . .86 © 293
. 0 . 14 .0 .39
5 80 6 .35 T .3%
6 g0 10 .393 .30
7 800 13 .388 o389
8 80 16 3% Ry
9 850 2 .m0 - .8
10 850 7 850 C e
11 850 1 €% un
12 850 17 4%  .453
13 875 3 516 514
14 815 8 582 580
15 875 13 602 . 605
16 875 17 . 603 601
17 900 1 .485 480
18 900 8 4685 . .682
Gbnt&.u.
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1 2 3 s
19 900 12 .0 .700
20 900 16 703 .698
2 930 P 681 679
22 9% 60 757
- 23 930- 13 750 .750
2 930 17 .758 0755 -
25 a.oao:_ 1 648 644
2 1000 6 .840 .838
Y 1000 10 .852  .853
28 1000 17 868 864
29 noo: 3 +890 890
a0 0. 9 940 937
.3 1100 v S84 943
32 o0 1 940 947
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Teble 16 - Activation energies Calculated by

Different Reaction Models.

S.N, Model Activation energy
| IKcalfmole)

1. Jander 47.55

2. Ginstling-Brounshtein 46,26

3. Modi fied Ginstling- 31.28

Brounshtein
4. Kroger -~ Ziegler 30.82
©
© 11 ,
poaR

Y e ”
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Tsble 17 - «Lonic Radii of Elements

~

é.n. Iona ~Lomfc Radi% according to
Goldschmige 8,

1. 6> - 1.32
2 ug?* 0.8
3 a¥t | 0.57
4 M’nz* 0.91
5 mn®* 0.70
6 ret 0.67
7 pa?* 0.83
8 co?t 0.82
9 N2 0.78
10 P 0.83
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Deff = 2.84/ SHxT

whare T ia the temperature in kelvin at which the

chservations are taken. In our case

p = 273 + 32 = 305

The unit _of llegf 48 Bohr niagneten. The total
number of Bohr rﬁaﬂneton in pure nickel £ax:rit_e is 6.
50 the fraction of ferrite formed may be calculated by
atviding the Meff with 16, |

x  w Leff

16



APPENDIX "B

C LATION OF TUBE CONSTANT
The calibration of tubouss done by ferric oxide
of known susceptibility and also confirmed with nickel

oxide. - The procedure of tﬁbe constent calculation is

given bolow -

Weight of tho cmpty tube + I'feld off =« 10.26480
Weight of tho cmpty tube + Pleld o =  10.26480
Woight of tho cmpty tube ¢ Perric oxdde = 10.78520

Woight of tho cmpty tube + Porric oxide
+ Field on s 10.72214

W = 10.78520 - 10.26480 o 0.52‘3410

W o §10.,72214 - 10.78520) x 1000

= 36.960
%2005 = 2.6 x 107°
o6 1@“6
C 2
\ 36,960
@0.20 x 10~°

Sugceptibility S . ® c—é%-
Holer susceptibvility s 8 = 8§ xdol.wt.
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Neff = 2.84_/ SM xT

whare T is the temperature in kelvin at which the

cbeservations are taken. 1In our case

¢ = 273 + 32 = 305

The unit of llegs 4s Bohr magneton. The total
number of Bohr niaqnetcn in pure nickel ferrite 4&s 16.
so the fraction of ferrite formed may be calculated by
aividing the Heff with 16, | |

g - degf
. i6é
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