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Previous kinetic studios on nickel ferrite formation 

by magnetic measurement methods were based on magnetic 
saturation .ueacuxement of fired stplec. alum and Li 
used a vibration specimen 'magnetometer which was similar 
to as described by Loner . Similarly Sconomos and 
Clevenger applied a compensating coil magnetometer of the 

Wei so - forrer type to obtain the extent of reaction 

completed. The present work on the reaction kinetics of 
nickel ferrite formation is lased on the magnetic susce--
pti'bility measurement of the fired aamplea by Gony balance. 

Zn the present investigation, an attempt has been 

made to study the effect of temperature on the reaction rate 

of nickel ferrite foraation. Tea kinetics of this reaction 

is studied with elaboration on the rate equation which beat 

fits the a perimeftal data. 

This thesis has been divided into four chapters. 
Chapter - I deals with the general int rod acts on to the 
subject. 

Literature rpviow is included in Chapter - II. 
Sesidos the kinetics end mechanism of ferrite formation, 
seam thermodynamic aspects of the solid solid reaction are 
also disCussed. It also includes a brief account of the 
methods of analysis and the factors effecting the kinetics 

of ferrite fomation. 
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Chapter - III gives the description of the 
euperimental set-up and procedure followed in the 
preeaaet investigation. Dense poitloto of cylindrical 
ahapo of the etochiometric mixture of nickel o ids end 
ferric oxide were made by the mounting press, dried 

and then sintered at eight different temperatures. The  
kinetic data were obtained by measuring the weight 
Increased by a semi-micro balance. The chemical analysis 
of fired samples were also done to confirm the results 
obtained by the magnetic susceptibility measuremnta., 

•y 
Results obtained from the experiments carried out 

and a• discussion on them constitute the subject matter 
of chapter. Zip. The experimental data are analysed by 
four reaction models - Jander, Ginestling - Brounshtlin, 
modified Ginatling - Drounetein and Kni ger-Ziegler. 
The activation energies computed by the application of 
these modbIS are 47.55, 46.26, 31.28 and 30.82 K caVmole, 

respectively. 
M 
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Th3 g ct4ng iortanc3 of c3rtrnic fnQgneto in 

t)b modern o1octronicS Lictitxy 1o4 to t . oEtonaiv 

voc3a 	rapid q 	h of forrito rnnufocturing 

r are. 

 
A1thutI tb3 first - us &4o forrite woo na 

in 1946, now most of the tiegiotic ccrpon*t o proviounly 

rnod of inctcflic raafl3tp. 1390 b Ong z0p1aC34 by non 40 

tot1lc cO ILC m©fOtfJ i.O.. forrita. 1ov a moo, 
cot on U as bardforriton am ovailcble with tha 
roquir34 mag7lfDtiC pzOprtiea i.e. Gaturation T2agfltt. 

z on and Commcio firma. orritoa h►vvry high 

xoti ivity (I07  on. t tro as Wired to 10 7̀  ofti ob 
sty: for ice) Bch g1v3 9 re&y low ear curroat losses 

oven at r icxota+3 froquoncioa. am of tb 	ortant 

; pliations of forritoo ago in. fly back trenoformer, 

dofiocUon yogis, mastic 	riots, resoum D insulator, 
tole con picture tom, 	t ono a rs otc Th do 

x cant dva1epm3nt5 Its t Me field are (1) tb peon 
of thin fo rrite Mms of the ardor of 1000 J t 	es 
by vacuum evaporation of th3 metals and subsequent high 

tcuLperotuze v4dation, and (Li) tb production oft ra• 

fine £ortito particles by comical proctptttion mtho4. 

.I c. th 	t on th roll - W1d type  of 

reaction . in etrit Lornation is very gild. i1t1perJ a 

199 rocognid tom, iiortonc,  of th3c3 fa+ 	C notortolc 
and o 	nad co of t1' * Tl atioxt of Mdv'a1i2. Tmenn3. 



Jandor4, and others in tba early post of this c3ntury 

contributed .1' nc3ly♦ both directly and indirectly. 

to tho understanding of the reactions in Lerritea. 

Cobbs in t'I United Stotoc. Kate and To ai6 in Jan. 

and 	 for end Vettor7 In France 3rO Ong tboca 
advanced ferrito technology 	 ly in tbm ties. 

fleforo and during mad war 2X, tb PhiUpa Cczipany in 
`.,• 	s = ~i., 	- * 	.. 	wri i•'a 	w<~ • e. 	.e ..a 	ra -. 	a 	~. ter' 	s 0 si 	.~0 •: 

t' ire prcportios ox naively. odo. contdorablo effOrt  
10 boing put into tin research and 	l nt of Lorriton 

and related ceramic materials for uco in tha electronics 

B•rritos are c rem c Lc ouognetic materials 

,t h 7w g - Gel ' teal composition fl0Jo30'3. 	 t 

10 43 tivolont Vial such no Iron, mogneoiu, nid I. zinc, 

cadrntm, cobalt. coppezz aluminum, noneonoca etc. or a 

mixtturo of than . Tb3 .Errttos crystalline Into the .pal: 

structure. in contract with the original premi o that all 

La rzo.megnotto far t are invsrc3, rect studios ohat 

Chet. although most forritos tend towrda the invorc3 con-

figuration, they may exist with major doviation from this 

dtctributton. 

Th to fly of ferrite, accørdtng to conontoo 

may bo divided Into fiva 	o groups. 	Fitat group 
coincioto of normal spinal e.g. sine ferrite s (Zn) IP021 o b 



This ferrite Is. novrth3iooa in,ortent ;In both tbo 't 

reticot and practical understanding  and uttlisatin of 

ferrite. The second group ferritec have inverse atructuro 

e.g.nickel £orr'tto s ( 	C 2+ t l , IQ tthich La 

a stable ferromagnetic material too. Third group conciats 

of for a$ hoso cotton orrangemet may he altered by 

hat treatment and in Cash fled by mogneoium fete i 

i 4 ,as 

 

Pot) [ 3 - 	t 	]. off . Fourth group reaction 

has a special case. fro only one starting component  Is 
u 	to form mag3lotito a 

his is also n ro tas ferrite I ( Poo) 	2+ rc03+) 
Last group c n ists of £orrites which are fold by a 
minion . of a ion of otter group forritoc e.g. 

nganes fcrritc. 

The kinetics of the fOxm Lion of nLck€h Cerrito 

• from ite oaddo meets has been intonsiV3ly tudLod 

by cVarO1 orkero. Mdm andKatz o 	34 nickel 
ferrite and found that epiltcl Lormatton occurs at about 

70000. end the reaction reecbs its completion at about 

120000. Econs and Clcvenge 0 studied the oEfc.ct of 
ice od4- particle sL on the ,rte of ntdkel ferrite 
format ion. slum end Lim'studied t h effect of milling 
tebntoo. end particle oh ands .zo of °( ~» 	 on 

roactto.n kinetics of n3 of ferrite. 
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Proviouc kint1 studios on nickel ferrite end. 
other £orxito cyctom bev3 teen intorproled in terms of 

a model of tba zeection d3v3loped ,b► Jande 4. later 

work found emp:tticol orosoton 4erivd y, Temmann3 more 
Ed table. 	v r, Blum and LL " +vD1oped a rote oquet ton 
and verified It with twit dote and the date of Ecoroaas 
and C o n 	 on nickel frrito and from th data of 
Irooh12 on 	ferrite, 

Out Of th3 aoveraleebani ma pxvaced, Wagno  
macban of comer dtffuion of moans through a 
relatively rigid oxygen lettico has gained considerable 
favour over the years. Other propocols involving the  
nto ent of oxygen ion and only on cation has not boon 
oarinntatly vorIfed. 

P 	`ea' a d . 	® eta ~ 	u.c s 	i. 	• 	rt a .~ c 	.a ~e 	r:: o 

armed J various vorkoro to otudy th reaction kinoticc 

of ferrite.Scan oe , Okaamira 5. &ioLzJce and 
J.aftorson ' ` -used duration magnotigetion tcecsnomente. 
XCedesdy and Katz . employed a -* ray mthod tofollowha 
formation of Lorrito structure. The nicr stru turn nd 
'erica of magnesium ferrite tta studied by Z2oore 7 
f3ondt4ch typo dtifucion couple method. Chufaxov 

' 	ShCbz, itk ` 
 

eloyed a 	quantitative pfiaso analysis 
cud ciftc ma tic saturationant t1 d- to dofect  
the 6gxoo of £ordtizotion and the role played by 
=face and votes diffueton of mognesium and Cobalt 

ferrite 
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Perrito forming reactions fail In the group 
of addition type solid ate reactions e.g.. 

A (Mid + a (solid) = C (c lid) ... (2) 

Z3ocauce the rx-sctent x caao cannot rovo freely 

the solid StotO In $b 	U)fltt)fit to the reactions in 
other pba o, usuaLLy they are diffusion contzoiied. 
Broadly speciking, there are tvo tw►o of studying the  

reaction kinetics of forrito formation. On ru ttted is 
the use of intimately mixed po ard mixture of matte 
Oxidea, Bch is also a =at manly usad t lu. 
Fresh and DoULng 9 studied the 2ctn3tica of 1gO- Pt0203  
system from poor mixturoa and concluded that the rate 
strolling step to the diffusion of owe ten is 
thricugh the fete layer. The other metbod is based  
on the tic of a s dwich typo diffusion couple. Moo ei7 

in e work on magn3cium ferrite the diffusion couple 

metbod found that the opinel grab follows  foLLows a parabolic 

rate lair, and the activation energy for the rate 

controlling stop ias 75 ZC cal/mole in the temperature 

range 1L55 to 134ó0c. 

In the solid solid reactions, the tber. 

activities of the reactant and the product 



r noih can ant throughout the corer Of reaction, 
pzovidod no appreciable chsng3e in solid coiubiLtty 
occur. Zn g► ralr the free enema cage d 0 would 

be constant ,in the course Of t1e, provided the 

tonpereturo and pro sofia &to kept constant, cthco the  

+erical potential. and tb activity of a pure solid 

are constant at conotnnt tcperature aid pro acurc. 

"beoreticat1y making t,h3n oG c0. the reaction should  

greed tcoupl.ation. aven t,hore the reaction is 

favoured th 	ynaiuically. it may not be invaared 

kinetically. since the ;solid state =actions are 

conplLceted by the fad that a layer of the reaction  

product builds up grey at the iotorEac and at least 
one of the roactenta has to diffuc through this layer. 

the rcuct&on to to continues 

0 is gt von by 

0a a 0 a 	 ..• (3) 

o 8 and oS are the enthalpy and entropy changes 

during the reaction. Most of the evidence suggests that 

in many solid - state reactions. pwdondnantly lattice 
crrcng nt to involved. In such cases, the degree of 
randoxTneos is affected only to a small ant and hence a 

4 Ma 0 

cortcoqently. for is reaction to occur. a H < 0. 	Ono 

wild a 	ct, therefore, t hat, in g? 	1, solid state 
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x'eacttano should ho ettrrmtc. Novtotsky 	end I eppe 

estimated the lattice entropies of formation of epinolo 

from low t 	raturo beat capacity tosurerente. for 

a few Eo rzttes given in Table. 1. Which eboirs that 't' sa 

ore really rrncll. 

The oa rl ntal maasurcnents of enthalpy 

indicate that the efltbalptos are x:ll and usually 

negative. The onthelpy cbang3a for a fir of Epinol 

formation yeatbn have boon rely . asu red by 

tovrotsky and Kieppe.. Sc typical values are 

given In Table 

Very little it formation an change in *plume 

in solid ► state reactions is available. flortver. 

.::. it tears that the 	lume cbonl3e  in solid - state 

reoctionaire usually small. 

In solid - state reecttons, polymorphic 

chongas are also passible-. hich are governed by the 

free energy of the phases. At any given terra ure 

and pressure, the phases iith the o at free enema 3s 

able and the compound, therefore, tends to exist 

In this phas. it the tsmperature and pressure arc 
changed, the condition of minimum free energy may 

refire the - compound to under tr sit on from one 

phase to other. 



The ontrofl of activation i.c an iuortant 

poremQter io colid - state z actiono. Tb sign and 

magnitude of AS0,, t 	difføzonce Of t 	entzopy of 

th reactant and t) activatod at to during diUlHuion 

cm give voI&bie indicøti.Dn about tIm diffusion 
icbantcln. Duncan and ctotiert22  b v valuated AS°  

for tb zoaction btcaci ZnO and 70J03 for o 

totzpOr8tur rmp w Thy concludo that sine* t  ont 

op contribution to the .ia a orb" of activation IS 

much cioiior than t1 o cnthalpV torn, tho - tó d3tOr. 

minirg stop ou14 i o3aOCiOtOd with tk trafloport of 

del logo through 03 lattice. 

brrito fokmtflg roactions. b3ing a solid - 
state roaction oro vry 4*v. " ho an lyoi of thi' 

react. on pduct t8 d'tt2i it and the otimation of 

roectent cbncDflttotiofl a0 a Motion of time is 
ill moro difficult. 	n tontly tb study of 

roQctiOfl 1UftLCQ Is more tto1ablOOm3 co comperod to 
that in th gasouo cud liquid pboo. 	tha 

001" - state roactioflo hOvo to r studied bto+ 	r 
t octic tcoraturos of thi Tai bturo in ortr to avoid 

the rpcaren of the liquid p i s Sevorol mathode 
v c n adopted to otudd tb forrito forming socc iono 
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Tb £oliowtng met s are cooniy ud to fDUoir the 

courao of ferrite rcecuonc230 	 - 

Tb dtrenalyate of tin reaction pmductc 
may b eccplich3d otthar byOmicol cncly G s or by 

r onuring the intonoity Of z - coy opactrol linos. 

chmd.coL CVCajGio tothadc are TOsø accurate cad it io 
alto rarely poaiblo to onploy them. Bcnco, racort  

to the z ate► technique Is u QIIY mode. L - .D 

tocbntque suffers fry my dLscc c 	c» 'e atop- 

otty of the spectro3. ,Brea dude on the cryatailinity 

of the eubstonoD aced. 	a. the procsnc of poorly 
cryctalizte intornvdietoc in the mituxO uLdi hinder 
the faction of other pbe ea awl to fly h30v7 
scattering by tb epociinan. orcover, cmoll amounts 
of the products can .be dotoctod with difficulty. T 
greeteet .di codvantoge of this technique i that the 

compoettion determination by this r shod t& ac a xr 

long tim. 

Guilhiosen and van sezbecgho24  ucd On 

direct analyato metes to qty the ktncticc of zinc 
facto. The unreacted zinc oho woo e t rccted with 

on kcal colutJon of eunium chloride. gedocay 

and ouec utLlic d z ray dii f cti , gravint3tric, 

optical. and magnetic m cure ent techniques to io Ucvr 
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th courco of the mzmgan3c3 ferrite tocctiOfl. ChU2CEOV  

end Shchipotkth otp1cyod , = ray t thud to study the 
ich Lcin and k# tics of cobalt and mogn3 aLum forr'it0s. 

n a coloured Product is fo.zmcd. the thLcknsa 
of the product layer nay he deteEmined at various tir3 , 
interval a. T Tucsured flues can correlated with 
tt kLtOtLCO of apiie formation. Moro"' ctui lod the 
kinotica and structure 09 tzgnzciUm for a 	thin 

moth o& , L augh a diffucion couple err ernent. 
fib oailoo ro prepared by the Usual m3tollo(epht0 
tOcheiclueD and obsorud undue en optical microscope t tth 
a inicrcmter mount substag3. The product thicimosd tro 

O6urad with an ac ura Of 0.001 mm. 

In some cocoa moire the product fozmed it 
colowlesor - redjoactiva tracers• may be ui 6 to as as the 

o2ztont of xov 	t of the reacting zono. The radioactive 
tracer tecb2tLqu ccdl in the study of tagCr2O,, Tagil. 
0b0w34 that the chromium penLtrotofl Into single crystal 
of magno alum oxide takoc place upto a distance Of 300 
microns after waling for 17 hours at 110600. 

~► . t~ *~~ ~' .~: '~$ ~~ ~ ~ ~~ ~ ~ ter. ~a 

The electrical conductivity to a good tool. 
provided the cOnductivity of the ferrite produced its 



much different from the conductivity of its reactant 

oxides. 

Magnetic measurements age moat comway applied 
for the study of ferrite fang reactions, because 

the reaction product is !oner11y a magnetic substance. 
iaqnetic susceptbil1ty measurements  	been ud to 

study the nickel ferrite formetion, since the Putt 

has a. higher magnetic sce-ptibility than the reactants. 

EowGvOr, Bluman l Ll used a vibrating specimen meg 
net ter for measuring the saturation magnetization of 

spa sprea of nickel ferrite. conons and Clevenger" 
used a coensating coil magnetometer of the bliss 
forrer tpó for magnetic nment ueeeureu.nt of nickel  

ferrite samples to mpute the reaction rate. 

in recut years the ncbntsn of Solid ». solid 
reactions baa been erred by Liner and o.41oxkers. 

r, 

'use investigators have usually used. the kinetics 
of ferrite formation with cation diffusion rates through 

the proeuct. layer and in feu cases have made marker 

studies. sever mechanisms have been proposed for the 
ferrite formation from Its constituent binary oxides. 
Of the several mechani3n only guar' s"' mecbanin of 

counter - current diffusion Of cationswithin a rigid 



oxpgc network some to fit the o,,oriiontn1 observe- 

+ions in many cases. Other proposals Bch have also 

gained 	i 1rteno conet&rc the possibiUty of 

anion diffusion olco. The comp.aricion of the xoction 

and diffusion rates Lndicato that ZflPO2Od. 	a20 • 

I3 . 204  tote. ate formad b i' trr g :r chanism* tltIwugb 

ffuu, on of 02  -. Kane Is not eluded if the diffusion 

to of 0 Tins 	o fbrtunatoly near that of cations, 

ar1ler 3,R s had indicated that PO2O diffused 

tbroub 	2040 although the o donc a was only cis 

ctant ia]. 

solid state reactions bare certain apecificity 

rugs-riling their direction of propagation. In cam 

of £crrito there are two pocsibi1ites, the product  

both. The inter In more commonly observed. Considering 
the ,reaction bottiaca nickel oxide (A) and ferric oxide 

(a) to form nib. foul,+ ( ) tiddh is not miscible 
with oitherr of the reactants. If L to capable of 
diffusing through +lido D is not, A 411 'enter the 
pxoftim layer at the interface , /8 and combine with S 

tt the thtorfao3.A8fB, raonrequontly. the product layer 

uid move towards 8 and the situation will correspond 

to ors. ahovn in Pig. It %) . 	i3otiovor, It both 	the reactants 
A and a can diffuse through the product layer. the 

I 



J3 Fe203 Fe203 

510k' 

NiO Ni0 

510P 

z 	U MVP 	., 	Ir 

~O ferrite 
~kV / 
OY x 0 

{x ay)Fe+ (Fe• N1)O 

Or 

g_ /\ C 

AB 

_ A 	B 

Fig. 1. 	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. 

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 

II 



bundary tILL move on both tb aided no abo fl in  

Vig. i(ti) . A schn.atic reproc3ntattOfl of 1O3 and 

litO d f union. nd microstructures as obrvad bi 

Paulus and gvano28# is chorn in fl  g. 2 and 3, r 

p3cttvaly, for a 	to 	d at 13150C in air for 

67 b ura. 

(rally. tbo. factors determining t 
direction of propagation of reaction product are not 
.f 	*. 	F 	- ~k 	~► i 	fi - • 	t 	i .i 	. 	-'TE 

higbQr vapour prossuro would probably have 8 groctor 
to nay to diffuco in tb product layer. In casos 
whoro the ditfuoton of different ions can occur ( as 
in car of ferrite) across the rection product. a 

canaldorablo aimplificotion can be achieved. Doaauso 
in the otoady stata no epa= charge Id creoted, SOR 
t1MrO is no net flow, of olctrical Chem accocLated 
with moon flow. Considering the magnesium fcrrtta 
roaction ason oclo, out of many there ore following 
two pond hle situations 

(a) If t4g2 Ions dLfEuco from one aido and 

ro3 " Ions fron uko of ar, the respeatilca number of 
Lone CUmzLtofleOxaiy diffusing to maintain olectro• 
noutraiLty must be 3 and 2 (F19.4) . The product boundary 

will move along the both dtrec- tine if diffusion proceeds 
in this manner. It is al m obvious that . the volume ratio 



h 

Fig. 3. A micrograph of sample (NiFe Q4  ) fired at 2  ° 1315 C for 67 hour i 	28 n air? 



Fig. 3. A micrograph of sample (NiFe 0 ) fired at 2 4 
1315°C for 67 hour In air. 



of the product on the to aides Of the inittal line. of 

aepar3tio au24 be 1s3. This oituation as oborvod  

by t f)©r 19  in bin diffusion couple t 	?intic jtudy 

of tn3gneaiwn forrit, end it is ,rdamo with the 

Wagner' u 	it . 

( 	It 'a3+ end0 2—  orlon dUU so . the otate 

of affairs tai be as o in Fig, 5. to maintain the 
0lectro.4outrolity. in this care the product. boundary 

uld mo only in on direction, l;u, teords 4çO. 

For ascertaining the direction of diffusion 

ttD r tlo6e r 3D  have been applied in the case of 
ferritos. Oneis caUed the mar ter niotbod, euca in 
this promos a mark is put at the initial v dace and 

its DUbC34XGflt position In the spinol leyor is deter. 

mired after the reaction boo Bans to a cuffiuiont vziont. 

In the cecond shod, the texture of the product iayor 
is enelpeod. , Similar torture of the prodcut layer 
throughout gives indication of one . sidod diffu io « On 
tin other hand, it the,  texture on the two sides of the 

initial sur sco can be distinguished, tio- tmy diffusion 

to possible. waver, it is 2recontly difficult to 
distinguish the texture on to mss. Zn th . dace of 

go.'7o20 a tom both the tbeda show that counter 

di 	on of ions occur tbrougb the product ferrite,  

layer. he ratin of the two layers of different c M -

cture tas end to be appzodinatGly 1a3. The results rite 



:Initial separation 
'MgFe20' 

2Fe3+ 	3Mr2+ 

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

M0gFe20~. 
MgtI iIFe203 2 Fe3+4 
3 0 2 -- F."_---,~, 	. 

Fig.5 - Schematic representation of diffusion; 
when diffusion of only one cation with 
oxygen anion occur through ferrite product 
layer. 



c:ont ,iced by the Cact that tb3 Cyst= form a Mkt-

203  colic - solution, dally at high temperatures. 

T a ab 	cnoi4o aiOns are Usztul 	tb 9a0 

phos trcnaport th igh tbo crovicGn or pores, grain 

boundary dIffusion or surface migration occurs. he 

situatIon bas novol features en bulk diffusion is 

inlvod. Y açpzchI and Tokuda investigated a aortas. 

of spInal retiono and found ovidena of on ► aided 

diffusion in individual grains to sbo an in Pig. 6. 

Tbo mcthantem of ferrite formation has boon 

studied by Finch and Sthha32  and by icho lz33  end 

they 1ndicetethet t o formation of 7 - 203  is a 
nossay preczrsor in the spinolizatton reaction. 

heir conclusions. ions. however. a t not coi lotell suppor- 

ted by. other 	* 	on tbo stability of r-Po243  at 

high temperatures. 

The courts of a colic - solid radon may ha 
represented sc3 mtically in the following manner s 

(I) In the proliminary sttaV s roacttor takos 
place at tb interfaces of rc3ctaflts. This state of 

affairs is shon in Pig. 7. A and 8 ore the respective 
stof .ic ions present in th reacting oxtdoc. 



Fig. 6 - One - sided diffusior ir; individual 
grains of ferrite3l. 
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Fig. 7 - Preliminary stage - srowirc reaction 

at the interface of reactartr. 



Fig. 6 - One - sided diffusion in individual 
grains of ferrite3l. 
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Fig. 7 - Preliminary stage - showing reaction 
at the interface of reactants. 



(ii) gubsoqu3ntly1  the diffusion of a perU. 

ruler op3cLe; ' A' occurs across the product layer either 

bj vapour phase, surface or grain boundary diffua„on. 

This to eta in Wig. 8. 

(iii) tolly, propagation of tin reaction In 
the Individual grain of reactant ISO Could occur, at 

abo in Tig. 9.,  

Thus, in the overall kinotico of solid state. 
reactions, the fDllO4ng aspects are important ; 

(a) latorol diffusion of the , reactants 
(b). bulk diffusion of the reactants in the 

yy } 

and to) nature and uchanicn of t o chcmical 
rooct Len. 

l ertc.wrical rate laws ba Won pzopoa d 

which dxcrib3 the course of typical solid atato  

roectiona. Reaction date tiro analysed using equations 

corrooponli,ng to four reaction nmchonisns. The moc., - 

ntcme and Clair spocific raato dquotions are gig belce13 

In models of this typo three assumptioni, . are 

wade (a) the roctont purtic lo,s are ap ron (b) surfac3 

diffucion rapidly +pro reactant porticies with a 
continuous protect layer curing the initial stages of 
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oo~fl 
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Fig. 8 - Diffusion of one reactant through 
the product layer. 

Fig. 9. - Propagation of the reaction in the 
i.,dividua1 grains. 



Fig. 8 - Diffusion of one reactant through 
the product layer. 

Fig. 9. - Propagation of the reaction in the 
i-ndividua? grains. 



thh action, end Ic) 	h3r roact.ion to a Place 

bulk aufuaion Of  o tobLlO reaction apcioa through Ilia-

product layer. 

oquotiona of this category used to ine1yo 

xj 0[1"(1- /332 •.. 	(4) 
./3 	(5 

_ 	-112 

xM t 1-. 2/3 a .(F. 2/3 (7) 

cv Z~ 1 

the data ate 3 

Jondo 4  
1r g3r-21091Ot37 

crnpoI'mEm38 n 
ejnetlingroun9htoin39 

V lonai cart d1 

t 	 ~. 

wboroxla2 roetiolLr 	on comploted,, It Is pocifla 

roto netant t is reaction t1 . and z 1s lum Of 

aactiOn product foxed por Unit volu 09 00 rooctant 

tau . 

~;as 	e. ►;s 	s sr 	ci! 	r~r 	aft - 	`~* r 

This approach  c nsic3.ora tZri nucloation of t'hs 

product p 	soa at actLv3 sites and tho rotc at which ti 

nu oa od p ar'ticlQ3 gro t. Th roria1 go= of t 	cinotic 

notion for nuclei; - growth modol La: 



In ( - X) 	 (act)' 	e.. 	(10) 

ra in is n per for ihtch La a function of (a)  
roncZion mnrhani ► (b) nuinbar of nuclei pxos3nt 
(a) composition of parent and product phas3c (d) go 

retry of the nuclei • 

iThrn diffusion through tb product layer to 

so rapid that the react ante . cannot roahinei; feet enough 
at the reaction ion interface to establish equilibrium* the 
solid rotate ,=action is phase boundary controlled. 
The produce layer is discontinuouø trh3n the molar volumo 
of the product phec3 i s considerable less than that of 

the reactant on Bch it is growing. According to Laid- 

b.or4  . 	n a discontinuous product phase occurs, the 
rate determining stop may he the chemical Process oecnring 
at the phac boundary. Under those conditions the rate 
is determined by the available Interface area, and cieh 
process are roffored to as topochemieel. Far a sphere 
roasting from the surface Lnt,ard, the relation b3t3cn 

fraction reaction completed and tim is s 

®t 	1.. (lj)L/3 	... 	(1]) 

for a d.reuler disc reacting from the edge inward, or 
" for a cyinder 

KPB  t = l(l—t)1'2 e.e 	(12k 



Tin twos + dcnl reletiono are i anent 
in the field of fos tc £owing roach+ s: £irat 
tho Jtndcr oquction and coca ndly the ?aitnann equation. 

J=012095 C ThTZOZ44  0 V, ViCUS kinot'ic stidiea on Mickel 
Eoradte end other ferriteo oyctcm bavo c intetproted 
in termo of a itiodo1 of tho r action dovelcped by andor, 

 the q. (4) . It La difficult to 4 educe the 
rate laws in moat of the malLd . otto rea tiono. 	t- 

over. a izlifiod thcoroticel justification can be 
prcvidod. , Following eastrnptLons wore made in the doni-
votion of, Jender's equation. 

L) All reacting particles are of porfoct 
c hQnicol shape and unit*= in aLz (decnibd as A 
and S. 

(ii) ParticloM arc urrourzdod by particles 
B. in the caco of nickel ferrite, NLO (A) is conlatoly 

r oun 	by 1'a # (B). 

(iLL) Only 'particle 8 dLffusLnto As 

(iv) Only is Xes of diffusion -appliaei 
other mechanisms ore not considered. 

•(v) Both, particle cL Cr) end tb constant 
k (a cictod iLth the diffusion  const t) rnaths  
aged tbzough the entire tae of reaction. 
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and for a contracting cube $ 
X. = 8k3t 3 — i Li 2t 2 w+' 6kt 	 ... 	(13) 

1I.5.13 RQ 	LL  JNUJATZQNS  

2SED OI 'HW CDPq'CEP1 OF Ati ORDER O' REATZ9' 

Equations analogous t classical rate 
equations. mainly for expressing and correlating data. 
hove often been applied to solid state reactions. 
The integrated form of the general kinetic. equation 
based on the concept of an order of reaction is $ 

.i~___ + w. — 1 	'CL -:ct ...  (14) 

where n is the so called order of the reaction. or 
certain values of nI Eq. (14) loads to some of tho 

equótiono booed on pbyaical models. When n z 2/3 
sq. (14) is identical to Eq. (11) i Ukeise when 
n 	½f Eq. (14) is identical to sq. (12) . When the 
rate determining step is the nucleation process and there 
is equal probability of nucleation at each active sites, 
one obtains by analogy with radioactive decay a kinetic 
equation of the first order. A t present, values of a 
other than ½, 2/3 and 1 loads to equations with no 
obvious physical significance. The general method for 
determining, if a reaction may be classified by a 
reaction order, iek the vault Hoff differential analysis. 



Tin test 	rloal zelationo are i o ant 
in the field :of ferrite fónntng roectionas first ' 

tho Jan do: oquation and socond y the Vann cation. 

Jg1D3R.S SUJTIQU4  n PrOViOUG It 	is tfldiea on nickel 

forrite afld other ferrite qatcin havQ been interpreted  

in terms of a odol of the r action dov3loped by Jandor, 

e a ►s 	by the Eq. (.)• It io difficult to 4 oduco t 
rate lawa in. moat o the oli6 _ atato rea Iona. Iow 
over, a a lifiad throtical justification can be 

provided.. 1?blioving aasunptiona ra made in the ri- 
on of Jsnder';a cation. 

(i) •All acting particles are of porfcict  
aphoricol shape and uniform in aiz (daccnib d as A 

and B). 

Q 7ortic osA era cunrundo8b particles 

no In the cas of nicks 	mite, Nt ( is 	plo ly 
aurxundod by o O, (B). 

(ii) Only particle B Affu into A 

(iv) Only Fit' n law of diffusion 'applioaj - 
other moahani sins aro not considor . 

(v) Both, particlo Dig* in) rack tin constant 

k (aacocio od with the difftdon conato t) n aing 	- 
egad t ugh the entire sraa of reaction. 
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Conøteflt it in the Ja ar' a equation is tom, 
aiope.of the t - 	" ''o] 2  vat irvc. 	values 

of it or a tar!pQrQtuze range may b used to find the 

activation  Qnl 	Q of the irrhentun equation 6 

VWNN 3JTION s J deer' a equation may be contra-
cted to en onporical oirocoion dortvea by ?menu, 

which bee boon cu.ccocofuUy appited to many ferrite 

oc a. Tha Vann equation is o roa od as s 

C M A log `G + B 	•ea 	(16) 

where C to the conccritretion of the reaction pzoductth, 

t is tir, and A and a are conctanta. This log' tb c 

o rosoion may Obtained by integration of Vick' a 
laws of diffusion with the easumpt ion that the concon-
tratton gradient is invorcoly proportionsi proportion to time. 
By ecamUng that tho concntration gradient, &,'dI, is 

inversely proportional to time Lc k' a diffusion 
equation a 

A u ID 	 ♦ e 	U?) 
dt 	dl 

boo 

dt 
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tih zO b Is proportional to the 	 ff c nt Of diffucLon 

Da Integration gives.s the logarithmic rate limitEq.. (15) 

bare A is proportional to - fib. 

i2 data available on ferrite systcno baVa 

boon a. ycod by bath, the andori c and the 	a ' a 

O,2PX0013t0fl0, by many tarkorr. , Jonder' s equation tbou 

ozceltont for many reactions appears to he 

limited in ferrite tudtee hecaucQ th magnet .c material 
foxad can be In tb complotad and undated otcgoa in 
the final reaction. in the case of previous torkerc 
agvw 3flt ttb Jondor' a +motion, was poor. oovor. the 
t roatm nt of data with Tz ma ' a e ression b Turn .I 
JaE2orcor ' ' on Eoofloroe 'o  on nickel ferrite was found 

aotiQoctoy. GuilUsoen andvan iyccoibergbo24  mad3 a 
tough Gaudy of mine ferrite and fob that the tulta 
ware in accordanco with the iinuar .rolat onn' p (T ate 
Law) for first thros heura. 

Blum an Lill  in thtr etudy on niccel ferrite 

v3 chewn that the oversi apli f ted modal of the reaction 
(J der' a relation) is gar from being rea1isd in 
practice. Therefore any conclusion based an Jander' a 

ration will not r proms the actual practice. if 

one di f for nciater Jandor' a cquotion with respect to 
time* one obtains 
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d... (19) 

The inadecuacieo of Jandor s motion may further be 

voalad by wring the differenciated foam with tho 
reaction sots as ovEluctod from the o 1rita . data. 

alum an L111  in their ecrimer tat plots in Vendor' o 
form found that the predicted cum and the oçr1mental 

curve do not agreo vary wall, especially  in the case of 

t€ were urea above 9000+. where the reaction is occuring 

vary rapier,. Eovor. It was found that the plots of 

apt vorcus + t' (iig. 10) fit very iU with the eperi 

moutel results.  P this plot they have also dove loped 

an o rosaion for th rate of nickel ferrite reaction. 

The No a of the, at versus t curve may b givon as 

or 

or X t  0. 

t 

oiru and L i11  found fly,. (23) to a Lt very v311 with 

thoir o,crmanta1 data. ' 	Validity of this equation.  

Brae checited checked 	 from the date of Etas on magnesium forrite. 
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Fig. 10 - Plot of xt vs time of firing at, various 
temperatures-(dry mannual mixing) 

slope of curves11. 

Ej 



-24- 

end  the data of 8conoc end Cle nger ° on nickct 
f,rrtto eyotcm. Tkh data "wro plotted in it 3 orignal 

form, using J er' e equation and using Eq. (22) ac 

2t varme t, for the sake of  comparioton. This plots 
ncL 

ero a 	in Fig. .W i, ,UB, i, 12B. It apt found that 

the Sq. (22) to %all suite to p E3nt rate of 	I 

forr&t.G reaction a. 

+ COnctont a in 8q. (22) in at f.cotb9a~ 

mel reaction rate cootfictent ihich includes all van- 

abler portetning to the rate pf aoa. The constant  conetant a 

is clot r related to the urfaco. area ratios.. j t►~ 4 

Tbdconstant a oe eccntially buM indr3pondont of 
surf area at 	°C, vh3E0 the reaction rate is slow. 

It incroees, 	r, at other tcaraturoc ond 
probably rsahee a ma4num at an 10 	f cur2are. once 

ratio approaching unity. 

Charp and Oioao , bovev3r, have sewn that  
the uwar .relation in (sq. (23k pcøpmed b► Biun and 

does not bold, rather it is the curvature of tho 
+owe t Plot. It has aict) heon predicted that the 

negloctlon of the cueve will be equivalent to th nog  
ioctLo of the reaction. 	. 

'o Iortent variables tihich affect the 

Itinottea of ferrite formation are as follows i 



X 

i Mme 01 iempec%re (7c) 

 

Fig.' I1 - eta) PIotof 
for magni siu~; ferrite ) 2 vs time of f iring 
vs time for eaction ofamugne ipmooxi dexand Iron oxidel~. 

Fig. 12 - (A) Plot of (1 - 3/1) 2vs time 
vs time for reaction of nicke

l oxide an 
~) plan of gt 

iron oxidelO. 	 d 



	

r 	Particle , zD of the reacting o idoe. 

2. Particle chopo of the reacting dross 
3. Milling techeique. 

4. TCrneratu9 . 

	

15. 	 partial presume 

6. Trace ii uritLdc. 

7. Hiatory History of raw materials. 

The particle size is of considerable impor-. 

tance to th 'induotrice. A great Map owe systemc hav* 

been studiedin tl literature and the results of vericat  
e riin to arc not always usable bocatto of the 

variation in e3rprimental techniques. cono a and 

• Clov3ng3r " hava atudio& the effect of particle 8iz3 of 

consistent ozi s on the reaction inetico of nickel 

ferrite. The results more analysed by the mild drived 

by Jender4 and more recently by Okannira and  

The activation one rgy for different iron ozido particle 

at 	+e obtained. T results (fig:o 13) faIl in the 

rouge of 50 kcal/ for the mixture with the foot ,iron 

oho to 70 kcoi'~for the coarsest particle. 

with ery Line particle factors associated 

with the surface may be 	eCtO8 to art an in luenuD 

on the reaction rate because of the Increase in the 



Fig. 13 - Activation - energies of reaction of NiO 
with iron oxide 



surfacc/vo1mt rat to. Blum i 1411 buva ale► studied 
the effect of part lob size on wicke1 ferrite reaction 

and obor^ d that the reactivity of di *ant typo of 

hark eh4pe *40203  decreases with incroea in 
the curface area ratio at 1"V3  toti0. - This effect  

-don ound Insignificant with. the mixture usD4 by ScO 
news and cic1ngerl'°. 

rcc b '2  tudled the effect of particle aizo  

on roe 	,; k1not cs of rnenaium ferrite. For a mixture 

:f 0.03 - micron mea slum ox do and 0.05 - micron : " rric 

oxide particles, reaction was observed after 15 minute 

at a temperature as 10 as 70600 hhtbo for coorc mag-
nocium oxide particles (46 and 210 Microns) end fine 

ferric oxide particles (0.05 n 4c ) . th initial roec 

tionenperature increased to 1:00000. or wore forric 

oxide e particles (64 and 210 microns) end fine magnesium  
oxide particles (0.03 m crone), the reaction tenpereture  

was 90000. The acttvation energies ware 27.1 k cal/mole  
for the mi2ttura of V0E f ine coop ab o. btuen 126..2 
and 1i ,.5 for the fine ferric oxide and coarse 	osium 
ozLtt, and b3tween 56.4 and 50.1 for the fine *nnocturp  

owe end coerc Carrie oxidos.. Th effect , of the 

varied particle size distribution of one of the consttt 
tuents wan not significant. Lor fine Lorric oxide  

mixture, the variation could t1l be titbin the a ri.. 

znnta1 error, but, for the fine magnooiwn oxide mi urns, 
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tha revs effect a notod, tho firioat of the f rric 
orLd givoa tho bigbect activation one . This again 

might bet it .. the eor1 t] error. 

11.6.2 ° . OP 

^hD pertLclo ahape of the consistent ozidoa 
cico influences the reaction .rato. It is observed that 
the nodo of prpration of a- 1o203  appreciably  affect$ 

the obapo of Vo2O3 port clOo. $ophenc xr.aported that 

spherically ohaped Uo20 can be propored b the calci-
ntLonoE ferrous etlpbate. ac al r or neodlo sed  
0203  b the dOhydretlon of ' 203. LO erystLs 

cubical 10203 by the high - t :ature oxidation  of 
P0304 Blum end #- 	mtan1 nod this paremeter on nickol  
ferrite, end observed that the aciculer particles Sri 

the greatest dogreo of reaction t ugh out the entire 
tenerturo range, whorcas, the cubical particles stow 
the least degree. The aciculor particles. being needle. 
shaped probably  bav the greatest area of contact with 
the Ti0 part clos. 

Z1. 6 .,3  f4 M EP-M B 
Blum anti_ Li11  is ontenshtfly tudiod the 

offoct of rai ling tom.qze on the ki.not ea of meal 
Lorrito format ion, and ob ry d that the typo of milling 
meted bas also an effect on it. The milling ractbodo  



may ';ha dtvidcd into two, dry and v3t. r*et milling is 
move ef.fieiont than dry milling end it is vary oftanly 
c l 	ferrite ufacturorn. 

ThEOO difforontmilling mtbodc iereuc3d 

by B1 m and Li11  during that: study on nickel orrLto 
eni,.. First is dry mchanicol milling, in bich a 

mocbiontetric :s ►mt of . Fe203  end Z3t0 iero rixod and 

put into a ctecl bell mill loaded h steel pobblos 
and milled for 24 bourn, in the dry sto. second Is 
a dry manual mixing in wbich the e4eighed mixtures of 
reacting oridoc ioro bboroughty mixed passing it 
tough a 50 - mah ova. nd the last in tat •m kl ► g 
of podor mixtures in ball mill, in the prrsence of tater, 
methyl olcabol or carbon totrracbloride. it was observed 
that macbacal milling and dry mixingg are oqivalent.  
showing the p  ate relative order of . reactivity 
from various types of ozidos. This La, however, not. 
ttuo in the case of ±pct mLlUng. The affect of various 
milling liquids used Is sboun in Fig. 14. 

flaocer and Scbolz47  ia+a3 shorn tat tnec . 
teal distortion, such as milling, cages 't3 letttc. 

spacing of Fe2O3  and thus .incroesea tho roactivtty. it 
may be soon from Pig. 14 that m lling in motor in rco-
laIn mill with porcelain pebbles produces  lLttlo or no.  

magnetic materiel bsforo firing of RIO and Fe203. 
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Fig. 14 - Effect of liquid media in milling11. 



a vr, milling in a steel mill nth ,tom balls 

producea a great deal of magnetic material. This 

material no doubt comes from the wear of the ill 

and the balls, and probably some from the complex 

Iron ozidos. It has also been observed that the 

magnetic material formed Ic different in different 

milling liquids. tüter ebava the greatest reaction, 

motbanci tier: not to the greatest* and carbon 

tetrochtoride the least action. It may b predicted d 
that the formation of mastic products the uC3 of 
methanol and cam tatrechior do as milling liquid La 

probably  duo to the presence of moisture 	reacts 

with Iron and loads to complicated results. it is 
not clear tthetber the polarity of the ltqui Evuld 

of foot ml milling results or not., it 'his been observed 

►o mentaUUy by glum and Li11  that on opening the 
mill a gee was found to escape. This dWows that a 
gas La ford in the milling 	 ion. 

II.6. ±n,rUR13 

Zn diffusion controlled solid - stoto 

reuctionc tcTnperaturø plays a significant relo since 

tho rate of diffusion is a function of tcxroreture. 

For zinc £orris. the. pct point at Bch reaction 

bates the tto ctdo cononento starts could not be 

dtezinined aciretcly. Zbevor. oasurab1e reaction 



occurod at 58600 after I heur, and above 600°C thD 

rc4On p ocedc rapt yi PhD reaction .roac+aR its 

conpictton below 1:07000. Lar y-dp and Katz9  onLned[. 

nickelnLcitcl Lorrite and found that qPineI formation Qccuctd 

at about 700°C, 10600 ebov that obsorvod for zino  
ferrite. iThD road on roaches Its completion at about 

120000 nd the reactIon kinatica era cbcrvod to 

increase with ttnpreturc. 

unWto the easy.  gradual £o etton of Inol 
observed for zinc ferrite#  nickel ferrite follows a 

more eumbet.come pattern. * At first, 0 few Z1noc Of the 

felt' lottL.+oappear, but h.gb " estates- aro neodod 

fOr the. tact of the + i f uatón pattern to appear. 

Kødscdy and 1 atz9  have concludod that to initial dif Eu.. 

cton process does not position the meta ' ionc in their 

proper inter its sitoc. The metCi tons in both the 

nL e1 oriel zuCk.. salt lattice and the forric oido  

corundum  lattice 0001W octahedral aLtec. To foam the  

inverse r 	inel. topocitioflLflo of  half of the førric 1,0110 

Is needy &a the sbtft of the corundum OJWPA lattice. 
The tly formed sptnel lattice has the Leeiticel oxygen 
lattice of the chel oxio, and It appoers that come 
mutual coI#d - solution is gosoiblo at - the now inter-

fac ,* 5hfo appears to ifttrtupt the reaction untU  
more elevated to oreturoc permit further diffusion 
and tea r"-rE Wit. 



t1oaro17 In him study on inagno alum ferrite 

obtained toll daft plate at high tmperetureo e.g., 

13010C. end 13O°C. ma r. at law temperature  

c*.g.. 1155 and 11820C. tip. tall dofined Gtrai1bt limo 

ter+a the 	4 with different alopoc, in dicating- a 
high reaction rate in the mining of the reactIcu. 

The changes in slope o observe after the thickness 

of the product layer of magnesium forrLto had reached 

c value approximately 10 )i at i15 5C and 100 *i. apt ll$ 20th 
The high initial rate accordingg to Kohn~O is duo to tho 

formation Of unstable .olio -aoiutiona, handed or 

deformed lattices, cryataUttes of colloidal di lion 

and amorphous atatee 	nann has pointed out that  

the rate of rc•oval of suck defer sites to therEe1y 

proportional to time.. One ccn also apcct that as 

increase in temperature tould hevv an even pronouncedd 
effect , in the LoVe1 of such defects. 

LI.6.' Oiyi  

than one of the toactento Le a gas or .hen  
one of the product is a gas, the solid - state reaction 
kinetics would be a functibn of pressure. 	In the ferrite 
manufacture either reactant nor product is a gas* ;Row. 
over, the raft of ferrite foratLon Is cthanoed b, the 
reduction of ,'g o partial pressure of the arroundLnga. 

A recent study of the phoce relationship in the rig - Ve -0 
cy c 'boo cborn that at the reaction t<mperaturo of  

magnesium forrito, forric oxide is unctoble near the ferrite 



hour daEy and 4iaaaciatoa into mognotite and gnus  oxygen. 
oig •pointed out that the porosity observed during the 
iotid state reaction Of ferrite its a dir 	result of 
the oiolution of ozygon duzing the rcductton of ferric 
ozido Into zngnotito. 

5 	Sl  do idt with the phase reLationship 
of man ezfrrito and ob rvad the cp arcna of spinci 
pbos at 900°C. }bavOr, firing tboc came mtorialo In 

pan i 	 rc ( 2  Usd hero) produces the cpinci 
much coonr. abovo O0C. This óhoua that the forrito 
forms at a lowerr Mute in an incur; etc phore than  

in the air. Th cbcmtety Of prparation of % ?o2O Mai 

4iccussc b7 r oed  with rcect to o gcn content.. 
Firing In nix at I3O0C Yields a single peso spiral. 
changes in the oizgan content of the ft ring otcospbero 

win give rLs to other phases. 

xi •6o 6 

¶ta impmritioo Prornt may effect the 
vocation 'Mica of solid - state reaction in tto 

a.• The reaction rate would boom very fast tthen 
the liquid p a_ca appearo duo to lowering of th-3 outectic 
point. It the eutectic point is not lowered below the 
roactIon temperature, to significant change In rate is 
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opectod. provided the impurities do not affect the 
diffusion coefficient. 

It Is cpezo that the method of preparation 

of the ra canto plays an irortcnt role in dtcmining 

the reaction kinetics of solid ..tato reactions. The 

reacting oxides preparod by difforont c° Lcat procedures 

bav ben found to give vering reactivity rosults.. 

R+ 	XS3 
 

reported that forric oxide ,eared from forric 

sulphate is more reactive than formic ozido prepared 
from Lerric ozalato. 	conomos and Clevengez "o  chuLrg 
their Study on reaction rate of nickel forrto from various 

cpeimen preparation tcchntqioa, noted that the oxoleto 

mixtures of Ian and nickelobtained by the coprocipitotion 
rte possess the highest reaction rate. Ilea end Ozi i 

studied the vela on btwan defect structure snd reactivity . 
for VQAOus vi al oxide prepared  different techniques, 
through electrical measuremonts. Bova and de on55  
ctudtod the eamo pbenoxnfna on zln oxides prepared by 'arid 
ccb3iqioc. It boo co b" mu obso ved that thexathod  
of preparation effects the shcpc of ec p0203  fori6y 

itich boa a direct influence on the reactLon rate. 
{ 

?he location of tho rte of reaction I tv 

materials in the solid 'state can ba altered by the sat 
09 aeration o ho or..t+ cl components. This yes concluded 
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by cortoiDa by critically o m ing. the various 
ptoparotoq tecbniguea. ftg. 15 sows th t and 
tocperotnao dapendenco of ferrite formation for tbo 
prised otidoa. Uegnotie ferritø warn observed at about 
700°C. Okarnure and ShiaiozakoIS  rperaen activation 
energy Of approximately 40 kcal for this rOCCUOn. 

Lth a mi3tturo of nickel carbonate and iron oxid. t 
reaction f011 	a .SOfl that diffewnt Pattern ac S2o 
In Pig. 16. Ueosurable reaction ems found at 60000., 
Vita dDCL OBO in reaction tcnporaturo can bD attrtbut  
tb th high reactivity of tho na44y forntd nicer oxido 
from the carbonate dconpoa t ion. 'the oxelate reaction 

1 	 follows a rates erratic pattern. as sue. in rig. 170. 
agrtetito formation ae an int=c d ute stop can account 

for the gyrations obs3tv3d. By holding for etanded 
periods at a giv3n tmp3rature,. this side effect can  
be of vo  cam. 

0 
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Tim 2o11 ng materials wets usod for the  

proporotten 09 spice. 

1. rorric oatdo precipitated IH (London) 

2.  N 	(India) 

ocgio 3tr is oimta of ferric o do 

(160 grarn) end nickel oxide (75 g 	3re wiqhnd 

oftor drying thoroughly at 110°C in th *van for 5 
ure. vetmixing was carried out for 14 hours itth 

the ')lp of pestle and mortar. water was ur . as a 

rotting agent. This was nO oGaaZy to o 	intimate 

contact among the consttuont oxides for getting the 

uniLom remits. The mixture was than dried in On  

Eurno03 at low het for 26 hours. The ddod mixturo 
was again ground in the pestle and mortar to gat a 
ufliLoLlfl Sid powder mixture. 

Zriqiittcc t3ZO pared by erecting t o 

for m tv ca of 5 greta in a cylindrical die of 1.5 

cm, internal al 	wter by applying a uniform pressure of 

030l/ 2. The btigUO tCe re then heated In a 

uanmo3 at 20600 to ZCOV3 the :moisture and the lubricant 

uod on the die Mace. 



• Z3D8O4 br1c uottaa were cintored In air at 

oigbt diEfornt tvm rat a in 	oloctric rani ancO 

• u=ac3. Tba teporatUtoa U3d for sintering or 

7000, 8000,  830°, 875°, 9000, g o*  bBOQPand 

n000C.'Tho traturo t as controlled in the range 

of. + 30C. Sintering was carried out, for 17 hours. 8cmp1013  

rc token n out of the Eurmce after oach fur. 

Eir+ O 1GQ 	again ground into 

pod3ro! go . - 200 rncah eLz with th b3ip of =Zter 

and postlo got aucoLbi1ty t4=rwr. ta: 

, agnatic su scapt ilit naaurnonta ors 

carried out in the laboratory b 	cot ' a bolonco 
statingtating of a sncronter balance for sanding eftd 

4gbing tin s la0 in a me tic fiold of 700 gauams 

generated by an o1ecttnrngnQt, The mot hod son mots of 

t 	aafl of 0NdOrOd ap10 In 	 iicti. pyrox 

tube otocri the pD3.QC of an electromagnet ac obon In 

Pig, IS* T1t oanlo should be tuapend3d In €web a 

nannor that one end of the ecnp1e is in a region of larger 

field atrcngth and the other in a region of nogligiblo 

field. Q Traction too applied fOIh cuocoptibility of 
the glaoa. The acciirac of eaourcneflta on poesdored 



Fig. 18 - Apparatus for magnetic susceplibility 
measurement. 
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ccuieo Is S3Vir017 limited by the unLfDinity aed 
rep tucibil ty of packing. It is difficult to exceed 

an accuracy of 	.%. AU. obsorvation vote taken at 
room to orature i.e., 32°C. 

The caicul ition of susceptibility boa been 
carried out by the following fornzlo s 

s C 17 

r 	C 	the tube  constant 

V 	the #ght of the conic c 	grans. 

the Ong in iight an the application 

of the field . in milli grams. 

zuu. 5  _YAM '-9Zs 

mid analysis of the fired aempleo 
was porforniod by diaaoiving the caupie into ,s i hits - hydro-
chloric acid. Nicke ozdoEcivoc rapidly in a hydro-

chloric acid solution while: for-rl.c o da and nic1l ferrite 
• either do not diøsolve, or only dissolve soi4y. One gram 

of the reacted splea very placed in 250 milliliters of 
dilute by&ocbloric acid. The solution was head to 
boil and van held for twonty mutes.' he iolution was 
filtered. Xoniurn cblozid end mráium hydroxLdewro 
added to make the forate alkaline. A amoll twit of 



.. 38 

hydrochloric acid was added to make the eolutton just 

acidic. 

T ► solution was boiled and 20 milliliter  of 

1% alcobolic solution of dliaetbyle glyox e was added. 

The nickOl in the solution pta ptetes as nickel d 	le 
6lyaxims. The prrec ,ptaties mare filtered and trenafered  

to a porc.lein crucible. The praciptatsa war* bested 
at about 1200C sod weig . The tip of dimethyle-
glyozime multiplied hy 0.2032 give s the rn gh of nickel 
in the leached solution. Th, concentration of nickel 
oxide In the leached eo ution could be related directly 
the fraction of feectiofl couplat i 





zvJ d _WTs 

In the prose invoatigotioc, the ccm oct® of 
nickel oiddo and 8orric ox4.do vorc ointored at various 
tcmporoturO5 i. .. 7000, 30Q0•  os°. 075, 9000.10000  

and 1100°C in air. The 	 mum tire ucod for aintoring 
woo 17 hours. Those compacts nerd thci phone analysed 
by chemical end magnetic susceptibility measurement methods 
to obtain the fraction of reaction completed. The results 
obtained by magnetic analysis ore given in Tables from 3 to 
10 and they hovo also boon platted. Fig. 19 is the plot 
of susceptibility vs time at various temperatures. From 
the auoceptibi city valuoa, fraction of ferrite formed yore 
calculated and the results .;era plotted in Fig. 20. From 
this plot it can be aeon that as the temperature in 
increased the rata of ferrite formation in also enhanced 
and the total nickel ferrite formed is much more at higher 
tcmpar©turca as compared with the low temperature values, 
for ouample at 11000C the reaction µ is almost completed. 
and about 96 percent of ferrite is formed after 17 hours 
aintoring while ct 700°c the amount of ferrite formed to 
only 27 percent. Therefore, the nickel ferrite formation 
is strongly temperature dependent reaction. 

The opocific reaction rate values were calculated 
with the help of the various rate equations developed by 
different workers. Viz., Jandor4, Xroger..zlpgler37 , Oimotling- 
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Figures from 22 to 25 the values of log of specific 

reaction rate constant (IC) were then plotted against the 
reciprocal of the absolute. temperature (Fig. 26 and 27) . 
The values of activation energies found by various 
reaction models are listed in Table 16. 

A 	erision. of the analysis results 
obtained by chemical and magnetic analysts are li ed 
in Table 15.  
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XV.2. rnssio d 
The kinetics Of ferrite formation depends on many 

variables, e.g., the properties of the reactants, the milling 
techniques and the presence of trace Impurities 	. great 
many oxide systems have been studied and the results O various 

experiments ere not always comparable because of the variatioon 

in expertmentai techniques. Hedvail53  reported that ferric 

oxide prepared from ferric ealphate is more reactive than  

ferric oxide prepared from ferric anafate. concmGs and 
C.levanger10  while studying the reaction rate from various 

specimen preparation techniques. noted that the oxalate m ttute 

of iron and nickel obtained by the ccrocipttstOb method 

possess the highest rate of reaction during nickel ferrite 
formation. The study of the kinetics of the formation of 
ferrite is thus eoplieated, because the various type of 

Fe20 3  and Rio are available and it is difficult to correlate 

the data of one set of experiment with the other. In the 
present study only one type of Fa203  and Nil) were taken to mini.» 
miss the effect of some of the variables discussed above. 
k ,l sanpies were Prepared under the seine condition of milling, 
drying, and the pressure during compacting. Thais procedure 
also eliminated the effect of milling. 

The formation of ferrite is a solid-solid type 
reaction (Eq. 2) . in such type of reactions the rate i s ' generally 
controlled by the diffusion of reacting species 'through the 
product layer. Diffusion controlled reactions are very. much. 
influerced tithe to rerature and this is quite clear from the 
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present reaction date p1+Ate in Pigs. 19 and 20. Appreciable 
reaction was observed at 70000 and the reaction sews to be 
completed at 110000 when aen1es were fired for 17 hours. 

The experimental data of the present investigation 
are analysed An terns of the dal of the reaction developed 
by Jander Ginatling - arounehtein3. cud Kroger -r zit glor37. 
The results are also analysed by the Tr m na' a3  ecUction and 
the data plotted In Tammenn' a form are shown in Fig. 21. 
Prom this figure it can be seen that these are breaks in both 
the leer as well to high tcmperaturc plots. The occurrence 
of such breaks in a traction of reaction completed vs log 
time plots are an inplicotion of a dingo in the mcbaniczn 
of the formation of nickel forrite Hutting57  has devclo rod 
a model which explains , those breaks in tho formation of 
ferrite. According to him, various steps in the ferrite 
formation are as follows s. 

(1) Formation of surface layers of ferrite 
by the surface migration of one or both 
of the r©ecteatc. 

( 2) After ecaherent surface layer of the ferrite 
is formed# bulk diffusion takes place. 

(3) Completion of bulk diffusion and formation of 
final defect free bulk spinal in the mass.' 
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The gradual formation of a defect free spinci 
structure during the nickel ferrite formation in the atep-3 
is supported by the *-gray analysis of kedesdy and Xatz9,, who 
have ohovn that the diffraction pattern from the sarppioa 
sintered at low tDeteroturoo reveals partial completion of 
reaction where as the steles stktarad at high tenersturo 
ahva higher degree of reaction completion in same time. 
Rutting57  also calculated the activation energies fr stepsCi) 
and (2) for nickel ferrite formation and the values of activation 

energies reported were 30 and 13 }( cal/mole)  respectively4 

There are to o problems associated with the above 
interpretation of the mechanism of formation of nickel ferrite. 
The first is the high percentage of reaction product formed 
almost immediately upon the start of the reaction at temperatures 

above 8000C, o3poci3i1y since a short time is squired for the 
material to come to temperature in the furnace. The second 
problem is that the activation energy for bulk diffusion 

process is lower than that of the initial process attributed 
to surface diffusion. In determLnirg- the kinetics of solid-
state reactions, the over all reaction zeta may be determined by 

the time and conditions under which all the phases appear, by 

the diffusion rates of the species involved, and by the defect 
concentration of the reactants and product phases. It is this 
last condition which la bolloved to account for both the rapid 
formation of the reaction product and the lower activation 
energy In the second stage. 



Since the dagroc of reaction was determined 
by magnetic susceptibility measurements, it is possible 
that a eecnd magnetic phase. in addition to nickel ferrite 
could contribute in s factiously high percentago reaction. 
Ho never, it sh nld be noted that Y - 	re ,3  is relatively 
unstable at tcmporaturesi : above 400©C, and also that no 
evidence for this coqonent was found by u . ray analysis. 
In addition, the , - ran Studies shored that the percent 
of nickel ferrite, for a reaction tire, continuously incre-U 

aced as the roaction temperature was raised, thus accordingly 
ootiafacory for a higher initial magnetization or percent 

Since, it seams unlikely that the high, initial 
reaction con be ecp1ainod on the basis of second magnetic 
component, an out Liary mechanism must account for the fast 
reaction. the iron ion readily diffusesinto the 1SiO lattice 
because of smeller ionic size (Table 17) , and mechanism 
which would account for an enhanced diffusion would account for 
a fast initial reaction. It can be predicted that bt higher 

temperatures a rsetacteble or active nickel oxj4o is formed 

with a deg=act structure and, therefore, the activation 
energy for the iron diffusion would be expected to be low, 
giving rice to a faster action. 
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it is quite clear from Fig. 21 thet not, only one 
mechanism operates in the complete formation of :nickel ferrite. 
This can aloo be seen from the plots of the reaction model 
developed by Jander4, (~Lnatling Brounchtein39 and Kroger.. 
Ziegler37 Jendor's model is generally used to analyse the 

reaction rate of ferrite forming reactions and other solid - 
state' reactions. The plots of reaction data in Jcnd©r' o and 
Ginatling Brounchtolns form chow that these equations are 
applicable only In the initial stages of reaction. The 
activation energies calculated by Jonder and Ginstling •-
Brounahto .n reaction modols ere 47.65 and 46.26 IC cavm#)le, -
respectively. The activation energies calculated by those 
models are in good agreement. Those equations are only eppli•. 
cable for a small duration of time. Therefore, the agreement 
of practical data with these equations are poor. This is also 
supported by the other workers1001i. It may be due to the 
goo tricel-.bounduzy conditions taken in the derivation of 
these models which are not met with the reaction of nickel 
ferrite formation. 

The data were further onely6od by the reaction models 
developed by Kroger - ZieOlor3 and módifi6d Ginetling - Broun-
ehtein~,~ mathe atically represented by equations t5) and (24) , 
respect .v©ly. 

(1-ts) V 3 	it 	in t 	... (24 ) 



Thee curves also show the change in 'slope am is found in 
Temmann' a plot. Thece equations better fit the experimental 
data than the Vander' a and Ginatling-Brounahtein's equations. 
ilthough the goometr ►cal -r boundary conditions of the 

yonder' a and Ginatling r- Srounshtein" s motels are obviously 
not met, but the boundary conditions in these models coup 
with the varying diffusion coefficient 4 as assumed in the 
derivation of Xroger - Ziegler an modified Ginatling -
Ereunahteln modals) has proved a better mathematical represen-
tation of the nickel ferrite reaction. 

The activation energies calculated by the 
application of Kroger - Ziegler and modified Ginatling 
Drounahtein models are 30.82 and 31.28 K cal/mold , respectively, 
which are in good agreement. The values of activation energies 
calculated by Jandeisand Ginatling .. Srounshtein's reaction 
eiodeks are I*oer than that reported by Sconomos and Clevenger ° 
and are in agreement with the values reported by ©ka=ra and 
shinion e15. This difference may be duo to the different 
experimental conditions. 

The o, oriar nto1 data of the present work were also 
analysed by the rate equation developed by Blum and Lill  
(Ec . 23) . The plots of xt vs t are shown in Fig. 2. This 
shows that the equation proposed by Blum and Lill  fits very 
hell with the prevent ,inaction data on nickel ferrite. The 
veladity of this oquation was further checked by Blum and 7411 



by plotting the data of Sconomos and Clevenger10  on nickel 

ferrite and the date of treah 2  on magnesium ferrite. 

12 



se 

On the basis of the results and discussion 

explained in chapter IV following conclusions can be drawn*. 

1. xn the log ithmic plots (ta ann Low) change in 
the elope are observed at low as well as high temperatures 
which clearly Indicates the change in the mechanism of nickel 
ferrite reaction. 

2. The Jender a equation; was reviewed and was found 
to be inadequate to describe ferrite forcing reactions. The 
G rsatiing - Br4wnahein equation was also found. unsatisfactory 
to describe the nickel ferrite reaction. 

3. The Kroger - Ziegler and modified t3inetling 

Brounebtein equations were revieved. These equations seem 
to fit the experimental data to a greater extent and essentially 
at lower temperatures these equations are obeyed. This may 
be due to the asaumition of variable diffusion coefficient in 
the derivation of these models. At higher temperatures it 
also gives satisfactory results upto 7 hours of reaction. 

4* 	The Arrhenius plots for the Dander, Ginatling 
Brounehtein, Kroger . Ziogler and modified Ginatling - Broun-

ebtein models have given the values of activation energies of  
47.55. 46.26, 30.82 and 31.28 K. cal/mole, respectively. 

5. 	Plot of data in the equation proposed by Blum and 

Li. $xt vs t) gives a straight line and fits the data very well. 
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WTTXfl ctT PZt5 	OF 7GR4AT1O ( 0 	$3 Or s I S 

(Th itttic3 ostxopy ve ues ore in o.u.) 

Gpthol 	I!3304 	 2o3 

	

(B8) 	29O 	 ) 

Uo2O4 32.2 10.5 21.5 +0.2 

Z PG 04 23.0 10.4 21.5 +441 

x020 32.3 10.4; 21.5 .6 

g 'c 23.2 6.4 21.5 .3 

.t 	4 304 9.2 21.3 -0.6 

t HATA 	 HUGES IU SDL2D 8? AC D IO1 8 

CcO+Vb203  = 	70204 -5.801.21 970 

I 	+PO2O3  '= 	204  -4.43O,24 970 

W0+17o203  a3. -1.2211.22 970 

u0+Wo 0 P*JO,6  +5.O0.20 970 
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TAILS . 5 s. LW 	A FOR THE SOLES ?tom AT 85000 

T g& cif igh of Bucspti. Bohr traction of 
PD 

(hz'.) the tube the tube bility Mew Partite 
+ Nickel. + Nickel ton fosd 
Partite + r ts + 
Field oft Field on. 6 ~0 

1 10.66085 10.724650 46 54) .324 .015 .012 p324 
2. 10i8500 10.73570 63 6.03 .380. .021 { .017 ' .760 
3 10,67600 10977610 70 6.43 .400 	. .024 1.200 
4 10.6 	40 10.72650 78 6.73 a4 .027 ONN 1.684 
5 10,62220 1.73235 89 7.23 .150 .032 .026 2`250 
6 10.61140 10.73775 89 P7.81 .449 .032 . wad 2.694 
7 10.60345 10.71250 93 7.36 .460 .0 .427 3.220 
6 10.61960 10173635 .95 7.44 .465 .035 .028 3.720 	$ 
9 10.62355 10.74260 96 7.47 .467 	- ,035 .029 4.203 

10 10.6 3345 10.75220 93 7.36 .460 .0 .027 4.600 
11 10.6505 10.78, 30 97 7.53 .471 .08 #029 5S181 
12 10.67570 10 .8 	* 103 7.76 *485 ,039 ,031.518M 
13 10.675 10.81925 101 1.68 #480 . .031 6s240 
14 10.340 10.12560 104 7.79 ,487 6039 .032 6.818 
15 10.65090 10.79200 105 7!84 0490 $0 .032 7.350 
16 10.635 00 10.76910 105 7.82 #49 6039 .032 70 
17 10.70005 10.83420 89 7.20 ,450 .032 .026 7.650 



TAM$ 6 . 	BWI AL DA? ► FOR 	MS MD . ~7 C 

Tim t otght Of teiht of GiocGptL- Sobr rxcUon of 
(br.) tt tube tho tuba Witty 	Note Ferrite 

lie 	1i 	tot 	f? 	,i 
orrL + Po r1tc 
PLaid off fold on, 	io b 
(goat) 	4rns.) 	l 	(x 

	

10.7o 10.86720 62 6.00 .375 	9021 .017 0375 
2 10.71140 10.86155 97 7.52 *670 	.032 0020 .940 
3 10.76125 10.96240 117 	8.25 0516 	#045 .037 1,548 
4 10.70605 10*9010c 128 	6064 65 	4051 .041 24160 
5 10.73794 10.95730 134 	8.03 0552 	.054 0063 2.760 
6 	10.77705 11.01290 133 	8. 	0550 	.084 0063 30300 
7 10.11625 10.94028 143 	9.13 .571 	.059 .047 3.997 
9 10.70500 10.93190 149 	9031 •582 	.063 .050 4.65 
9 10.70605 11.05290 148 	'9.28 *560 	.062 .9949 5+22 
10 10.74651 11900430 155 	9.49 11593 	.066 0052 5.930 

11 10.755 	11.04210 169 	9,92 .620 	.075 *059 6.80 
12 10.69053 10.91990 156 	9052 6695 	.067 .053 7.440 

13 10476120 11.03 159 	9.63 .602 	)069 .056 LLOA 

14 10.70600 10.96410 169 	9*92 .620 	.75 .059 8.680 
15 10.18500 11.07960 164 	9076 9610 	*071 .056 9.150 

1 	10i8155 11.06944 161 	9.68 0605 	.070 .055 9.680 

17 	10.7O50 	11.08140 	160 	9.64 	.603 	.069 	0054 10.251 



" 	I a `1'CRI , DATA rvn TM =LOS I?J 	' ' o°c 

' 	10 	a 
t1 tube 

g 	a 
t o tuba 

80ocpti. 
bfity 

Iohr 
Qg e. 

?toctthn of 
ieko1 zi 	t  

ton f► rato + 
`ION Q 

orrity + r Le1d Ono rl 

1 	10071310 10.67390 103 7#76 .89 .039 .031 	ides 
10.72780 10.95040 139 8.99 .562 .097 6046 1.124 
100705 10.90750 161 9068 0005 .170 .055 1.815 
10,73000 11.03460. 180 10024 .640 .082 $064 2.560  
10.71700 11.01320 100 101,69 1656 .081 3.280 10.7213o 11.03780 201 10!80 0676 .0% .074 4.056  10.72Zo 11,04110 201 10.80 4675 .096 .074 4.725 
10973170 11.06910 207 10.96 460 .100 $077 5.480  
10.7 11.07910 228 11.52 0720 .118 .088 6.400  
10.71645 11,05710 210 l 6704 .100 6083 7.040 
10.72590 1LO7900 222 11:. 0710 .112 AS LOU 
10.72370 11l08* 216 11. •701 .100 .082 0.412 
10.71945 11.07830 227 11.45 .718 .113 .088 9.334 
L0.7363 11.08790 216 11020 .700 #10 4082 9i800 
10.72025 11.07070 223 11.37 9711 .113 4085 10,665 
10#71620 11.05570 219 11.24 1703 /109 11.248 
10.71300 11.OSZ0O 220 11.20 .706.' Flo .084 12.002 



?Aath 8 • P8 	r, 	DATA too 	MIS FIRE AT 9°C 
 

TI5 	eigh of 	tgbtof 	Suscspti.brtraction 	ra 
(hr.) 	the tube 	the tuba 	bUity 	Nape of ferrite 

AAA Mehl 	 ton. 	fo 
Ferrite. 	Ferrite + 
Field off 	21e14 on. 	«6 	 .~ 

(grins) 	(qn e) 	(cg 

1 	10.93475 	10.94020 	127 	8.57 	'.536 	#050 	#040 	.536 

2 	10.66025 	10.88420 	164 	9. 	.610 	#4.71 	-.056 	1.220 

3 	10.70625 	10198930 	186 	10.3 	.649 	.085 	0066 	1.941 

4 	1004965 	10.09020. 	204 	10.89 	' .681 	.099 	.076 	2.724 

$ 	10.70200 	11.02990 	217 	10.23 	.702 	*10 	.082 , 	36510 

6 	10.11475 	11.06480 	225 	11.44 	0715 	.115 	.6087 	4.290  

7 	10.76850 	11.16590 	228 	11.52 	- .720 	.1 	 56040 

a 	lo,14640 	11.16970 	254 	12.16 	.760 	.141 	#103 	6.080 

9 	10.195050 	11.23540 	240 	11.80 	.738 	.i28 	.095 	8#642 

10 	10.76200 	11.18770 	248 	12.04 	.7 	 .135 	109" 	1.500 

11 	10.160g0 	11,18170 	246 	11s96 	.748 	.134 	.099 	0#228 

12 	10.73535 	1.1460 	251 	12.08 	4755 	.138 	.101 	.060  

13 	10481040 	11,27680 	248 	12. 	. 	.950 	0135 	«099 	9.750 

14 	10.69890 	11.08550 	258 	1's24 	.76 5 	.144 	.305 	10.710 

is 	10.16800 	11.18740 	242 	11.84 	.740 	AS 	0096 	11.100 

16 	10.70300 	11.090 30 	256 	12.19 	.763 	.142 	.104 	12.182 

17 	10 474600 	11116600 	253 	12.13 	0 758• 	.140 	.103 	12.900 



'CAMS 9 • EDUNTAL DATA FOR Th8 ALB$ PZRED T 100A 

Weight of tqbt Of S"uo ti 8ohr Frodion  
(.) the tube the tribe bitty XOgne. of Ferrite 

LC .0 f 
Ferrite Ferrite + Ferrite + 
field off Field one 10  

gms) (sms) WWW 
W pq 

1 10044440 10.69020 185 10.37 .648 .085 .0066 .648 

2 10,74210 11,13990 242 11.84 4740 .129 .094 1o480 

3 10,73600 U*17730 269 12.49 .781 #155 .1i2 2.343 

4 10.7 575 11.20320 300 13.20 .825 .191 .133 3300  

5 10,15 770 U.2J820 306 13.33 .833 .199 .138 4.185 

6 10.78255 11► 3860 311 13.44 .840 •206 .142 5.040 
7 10679265 11.37450 320 13.61 .851 .218 .148 5.957 
6 10.76450 11.3140 319 13,40 t8 .217 .147 44800 
9 10.7410, 11.27900 325 13.73 .858 *226 1162 7.722 

10 10,76025 11.760 320 13.63 .852 .219 .149 8.520 
11 10 .74980 11.29570 326 13.76 .860 .228 .153 9.460 
12 10.79360 11.39160 328 1379 .862 .230 •155 i0:i344 

13 10.79 11.41300 333 13,90 *869 .239 .159 11407 
14 10.78350 11.37420 330 13.84 *865 *234 .157 	' 12o110 

15 10.91105 11.65040 332 13.87 .867 .236 9166 136005 

16 10.91235 11.64130 326 13.76 *860 , .228 613 13.760 
17 1046320 11.76410 332 13.89 AS .238 «159 14,E 



T rE 10 - 2WXKTtJ DkV. MR 	SW 1S fl8CD a 110000 

Tim Weigh of We*ght of Ski. Bohr Fr 	an 
(hr.) the tube the tube b 	t r t4egne. of ferrite 

Mickel ick Lion foned f 
Fete + rerr.tte + . 
field off Field 041 ~0 4 
(gri) (pa) (cgs C:) 4 

p4 

1 0s85200 11.41260 277 12.67 .792 	I .164 .117 .792 
2 14.82130 11.43900 322 13.66 .854 1221 .50 1.108 
3 10181 64862 340 14.24 .890 .268 .174 2.670 
4 10.88340 11.66310 365 14.56 .910 .301 .189 3.640 
5. 10 41200 11.75480 377 14.80 .925 .3 .202 1.625 
6 10.93750 11.82490 382 14.89 .931 6344 0209 50586 	i 
7 10.93850 11.83490 386 14.96 .935 .355 .212 6.545 
8 10A96230 11.89040 386 14.96 .935 .385 .212 7.480 
9 10.93805 11.84350 390 15.04 .940 .21,7 8.460 

10 IG.89850 11175980 394 15.13 ' .945 .379 #223 90460 
U 10,93750 11.62300 382 14.88 11 -93 .341 ,aol 10.23! 
12 10.96300 11191400 395 15.13 .946 .382 .224 11,352 
13 10.96205 11.94210 407 15.37 •961 .432 .42 12.493 
14 10.845 11.64360 393 15.10 .944 .377 .22], 13.216 
is 10,950-30 11.89900 398 150 4950 .394 .228[ - 1050 
16 10.98200 .97130 400 15.23 •962 rioi .231 15.232 
17 10.97850- 11.94860 398 15.20 6949 $394 .228 16.500 



TA8L111 w K VALUES Cl ULAED FOR J DDR R8kCiON MOD3L 

~r r 	ii 	Loci 	x) 	x 10 

1 010004 •34 	19 973 10.30 

2 00022 .2,6576 1073 9.32 

.3 0.0050 2.301O 1123 8r90 

060100 -2.0000 	' 1148 8.72 

5 0.0140 •1.8839 1173 8.52 

6 0.0168 v-1.7747 1203 8.30  

7 MEMO •1.4685 1273 7.85 
8 0.O5M .1.2840 1373 7.99 

S. 

0 



TAM 12 • 	VAW86 QA11LED TOR Q1$SrL1ING. U E8 	D I 

$. N. Log K 

-i---- 

0.0002 .3,6990 973 10.30  

0.0023 46289 1073 932 

0.0039 .2.4000 112 3.90 

090100 .2.0000 1140 60 

0.0110 *1.9586 1173 8.52 
6 0.01 .1.9031 1203 8. 	► 

7 0.0230' 4.6383 1273 7*05 

8 0. 020 4.5376 1373 7.28 



?A 13 • K VJWC$ CALU FOR MODX 8$ .SLXG - aMNtTEIN MODIL  

Log 1 1 1 104  

1 0.0262 -115819 973 10.30 

2 041051 4,9784 1073 9.32 

3 0.1763 417537 1123 8.90 

4 0.3443 4.46 1148 8,72 

5 0.5 •4.2935 1173 8.52 

6 0.5774 42386 1203 6030 

7 0.57 .0!0152 1273 7.85 

8 1.2131 4010839 1373 7.28  

n 



J 

TA 	14 • 9 NAVES SATED FOR GER. 9OLER EACTI0N QDEt  

	

~i1f11rINNFiiIA► 	_ 	. . 	 .. 	.... 

.L 	K 	Log K 	 * 104 

1 0.0262 1.165819 873 10030 

2 0.0612 4.21► 1073 9632 
3 0.1051 .0,9784 123 .8.90 

4 O.26 0.6725 1148 8.72  

5 0.3541 .0.4509 1173 8,52 	$ 

6 0.4142 #4 $27 1203 8.30 

7 0.1813 4.1072 1273 7.86 
8 1.1504 40.0608 1373 7.28  



TA8L 15 * , MC11ON Of VRZS FO 30 OST D BY MA 1C 
AND C}fliIC1L ANALYSX514 	DS 

some TeiZ8tflre Tim ...M,=.■ °.. '." 

1. 
2  3  , , 5 

700 I .235 ..253 

2 700 5 .281 *290 

3 700 4 .286 '.293 

4 7 	. ; 14 .30 .309 

.375 374 

6 $ .393 . 	i3 

7 800 13 •388 •389 

a Soo 6 .396 •398 

9 850 2 .380 •384 

10 850 7 .460 •461 

11 850 11. .479 .471 

12 850 17 .4 .453 

13 875 3 .516 .514 

14 875 a .582 .580  

is 875 13 *602 *603 

" 16 875 17 .803 . 	.601.  

17 900 1 .485 .480 

is 900 8 '.685 . 	a 



,r 79 .r 

2 	3 	4 	5 

19 .701 .loo 

20 900 16 .703 *698 

21 930 4 0681 .679 

22 930,  8 •760 .757 

23 930 13 .750 .750 

24 930 17 .758 .755  

25 1000 1 .648 .644 

26 1000. 6 1840 .838 

27 1000 10 .852 .853 

28 10 17 0868 .864 

29 0100 3 #890 .890 

30 1100. 9 0940 .937 

31 1100 14 •944 .843 

32 1100 17 .9 .947 
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Table 16 - Activation energies Calculated by 
Different Reaction Models. 

Model 	Activation energy 
?~Xce !.mole) 

1. Dander 	47.55 

2. Ginatlinq.-8zo nehtein 	46..26 

3. Modified Ginatling.. 	31.28 
Brounahtein 

4. Kroger - Ziegler 	30.82 

gAL 
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?able 17 . L:e ie Radii of Elements 

lone 	Lcntc Radi4, accoröing to 
aol&cbgdt 8. 

1. 1 2-  .1.32 

2 ug2' 0.78 

3 Al3+ 0.57 

4 Mn2  0.91 

5 un3+  0.70 

6 tea  0.67 

7 Fe2+  0.83 

8 co 0.82 

0.78 

10 2+  0.83 
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aeff a 2.84jSMx.T 

where T Is the temperature in kelvin at which the 

observations are taken. in our case 

g 	273 + 32 + 305 

The unit of lieUU is Bohr magnetos. The total 

nuimk sr of Bohr rmagneton in pure nickel ferrite is 16. 

so the fraction of ferrite formed may b calculated by 

dividing the Aeff with 16. 

16 



P arx  a 

ON Q8 NSTNT 

The calibration of tube wos done A► .ferric oxide 
of known susceptibility an also confirmed with nickel 
oxide. The procedure of tube constant calculation is 
given below 

Weight of the c npty tube + Field oft 	a 10.2 6480 
Weight of tho c gpty tube + L eld on 	a 10.26480 
Weight of the empty tube + Ferric oxide 10.78520 
Weight of the empty tube + Ferric oxide 

+ hold on 	a 10.72214 

10.78520 - 10.26460 = 0.52040 

. (10.72214 10.78520) x 1000 

36.940 

S'Ve203 a ' 20.6 t $0"6 

C 
20.6 3  

36 *940 

a 0.  

MI 1 V rYlY~iliwlyll~ 

Susceptibility S 

Itoiar1 eussceptibiUty 	a."ll a w 7i ".ol.Wt. 

a S X 235 
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Aleff = 2.84j Std x T 

wh are T is the temperature in kelvin at which the 

observations are token. Xn our case 

T w 273 -+ 32 = 305 

The unit of U-eff is Bohr rnagneton. The total 
number of Bohr maSn►eton in pure nickel ferrite is 16. 

o the fraction of ferrite formed may be calculated by 

dividing the P eff with 16. 

16 
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