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| © ABSTRACT
Polycrystalline compaéts‘ofvlithium ferrite with varying stoichio-
metfy were'éintered using a packing powder techniqﬁe ana high oxygen
atmosphére.to control the material loss from the system. These specimens
were used to study the influence of sintering time and temperaturé, and
stoichiomeﬁry on the densification, microstructural'chracteristics; de
resistivity,‘and hysteresis loop parameters of lithium ferrite. The
influénce of the packing powder composition was alsovinvestigated.
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I. INTRODUCTION
iLithiumsfeprife spinel (LiFeSOS) has attracted considerable atten-

‘tionl-u_beéauée of its square loop properties coupled with the superior
température étability. It isbﬁell known fhat during sintéring, lithium
ferrite téndé.to lose oxygen and lithium. . Un1:il3very-recently,l_2 litt;e
éttentiqn ﬁas'given to characterize the materialllosé behavior and its
effect on'the»properties of the final sintered ceéramic. Most of thg
previous work controlled the oxygen>atmosphere dﬁring‘the sintering
_procéss to coﬁtrol the oxygen loss from the éystem, No attempté were
made to control lithiumvlbss. In this invéstigation,‘a packing powder
ﬁechnique, és.has been used extensiﬁely for the pr§Cessing of lead
zirconate titanate ceramic,S has been employed to éont}ol lithium loss
from the system. In the procéss, various siﬁtering parémeters and
stoichiometry have been correlated with the densifi?ation, microstruc-
fural characteristics, dc.resistivity, and hystefésis loop parémeters
‘ of lithium ferrite. | |
II. EXPERIMENTAL PROCEDURE

(1) Powder and Specimen Preparation

Reagent grade Li2CO3 and Feaoé were mixed inléuiﬁable proportion‘in,
& neoprene lined ball mill for 48 h using isopropyl alcchol and teflon
balls es the mixing media. The alcohol was'evapoféted off and the
. mixture was calcined at 800°C for 6 h. The powder_was milled again and
| kept ready for sample preparation. X-ray diffractiOh.of this powder

‘detected traces of LiFeOQ, and o-Fe_O_ in the composition. But frdm‘now

2 2°3

on, this powder will be termed as "stoichiometric powder."
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_ LiFeOQ‘powders were also prepared in the identical way using -~

sui?able propqrtiqns»of Li2Cd3 and Fé203.

‘In ordérufo maké a series of powders with-knOandeviations from the
stoichiome£fic compositiqn, LiFeSO8 was mixed with proper prqportions of
LiFeO2 or Feé03 in a balivqill as déécribed abovgqur 24 h.. The Packiﬁg
:poﬁders were prepared.in the same way except'that:thé‘last_milling was.
feliminafgd tqvkeép the particle size somewhat coarSe; |

Speciﬁéns, 1 in. diameter and 1/4 in. thick,-wéré'prepafed byzcold
pressing{v éamplé weight and size were cqntrolled'téicontfo;_ﬁhé‘green
density of allithe specimens to approximately 53% of the thedrétical

value.,

(2) Sintering Conditions

Isothermal sintering runs at 1 atm O, and uéiﬁg;é'éfoichipmetric
backing poﬁder were carried out at four different.témperatures (llOO?,.
1150°, 12009, 1250°C). Speciméns were always burried deep intq the
packing PQWderiand, to keep tﬁe'uncertaintieé to a“mihimum, the same
amount of packing powder was used invall thevsintériné runs.

In order to study the'influence_of nonstoichiometry on various
properties, stahdard specimens of different startinércpmpositiéns were
sintered at ;150°C.for.2 h in i a.tm.O2 and using éfoichiometric-packing
pqwdér. In some éases stoichiometric specimens were uﬁédvand the pack-
ipg powder compositionvwas varied. |

- (3) Property Measurement

Density of the sintered specimens were measured.by water displace-
ment ‘and also by geometric measurements. Theoretical density for the

stoichiometric lithium ferrite composition was taken as L.752 gs/cc.
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qurections"wére'made for any éhange in the starting composition._

For thé mlcrostructural 1nvest1gatlon, spec1mens were polished and
| .then thermally etched at 975°C for 15 min as suggested by West and
Blankenshlpf6' Fof some comp051tlons, a longer tlme was necessary

: DC‘resistiv1ty was measured by u51ng a QUard ring method (Flg. 1).
'Indiumvamalgam was used as the electrode material and standard sized
SPecimeﬁsiwe:é used. Extfemely.reproduciﬁie data were obtained by using
tﬁis method and it ﬁas possible to éimultaﬁeously measure the bulk and
surface res1st1v1ty of a spec1men.

v Hysteres1s loop parameters were measured from a B-H curve taken
- at 60 Hz qbtalned by using a torr01dal shape specimen. The size of the
spécimens for these”measuréments_ﬁas 0.8 in; Q.D., QLSIin. I.D. and
1/4 iﬁ.‘thick. Sikfy turns of copper magnet wire Qere uséd in both
pfimary and'secondarvaindings.

III. RESULTS AND DISCUSSION

(1) Isothermal Sintering

7

Coble has derived the'following relation for bulk diffusion sin=-

tering‘applicable to later stages
dp/at = NDYS/1%kT S (1)

ﬁhere‘dp/dt is £h§ densification‘rate, N is a numericél céﬁstant;.D.is
the diffusion bbefficieﬁt, Y is the surface eﬁergy, Qis a'vacancy |
- volume, 1 is the graih siie_and kT has the usual significancé. If we
‘assume th&t_af'a particular density, where aiscontinﬁou5 grain»growth

has not started, the averagg grain size is élwaysvequal irrespective of
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the'temperature'at wﬁich-the sintering has been carried out, Eq. (1) can
be integrated. Then, on rearrangement and substituting D =-Doexp(-Q/kT)

one can get. -

T/t = (D /(p-CkL)) rexp(-0kT) | (2)
_Vhere c is:an iutegration constant. Thus we.shouldfbe‘able'to determine
the actlvatlon energy for ‘the rate controlllng d1ffus1onal process from
the slope of log(T/t) Vs l/T plot. Thls ‘plot is’ shown in Flg 2 for a
den81ty of 95% of theoretlcal value. The,actlvatlon energy is found to
be 143 kcal/mol. The assumption.of constant grain'size,‘which has been
made above,'waslfouhd to be reasonable. 'The:microstructural studies
reuealed anvaverage grain'size of 3—Siﬁicrons'in all the speciﬁens at
95% TD. |

(2 )v Nonston.chlometry and Its Relatlon to Den51f1cat10n and MlCI‘O—
structure :

‘The effect of nonst01cu1ometry on the sinter dens1ty and mlcro-
structure of ferrltes was first reported by Stu13ts.8é9 Relnjnenlo -12
afterwards presented an adequate theoretlcal model along with .the experl-
mental support _based on the assumptlon of volume dlffu51on to. descrlbe
the 1nfluenoe'of sto;chlometry on.the-51nter1ng of.splnels, ox1des and
oxidic.compoundsj 'Readeyl3.also calculated the depepdenoe'of voiume |
diffusion on small deviatious,from.stoichiometry. vIn Reinjnen's enalysis
it was essuuedrthat, in the spiuels diffusivity of orygen, (Doxygen) is

much smaller than the diffusivity of cations (Dc).' Under this conditionm,

it was shown that the vacancy flux reduces drastioelly in the-region of
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exceee cationevaeancies. Aecordingly? he showed inlfhe case of NiAlQOh
sysfem, a dfestic drep in the sinter density in +he.excess A1203 com
positions which is the cation deficient side of the system. But the
density drbf was much less drastic iﬁ_the NiFe2 L system under the same
conditions. This was accounted for on the ba51s that Fe203 is mainLy‘
dissolved as Fe Oh and partly as Fe2 3° Sintering at1high temperatures

. L+ .
results in further reduction of Fe *+3 to Fe 2 by thevreaction

F¢+3 +3/8V_+1/207 2 Pe*2 4 1/k 0, () | (3)

and thus allarge part of the excess cation vacancies.ere annihilated
fresulting in an increase of anion vecancy coﬁeentfetion. Sthijtslh'later
on reviewed Reinjnen's results -and showed strikingly similar behavior in
the densification of Ni-Zn ferrite compositioh with.the theoretical plot
of Reinjnen.

Similarvstudies on the'lithium‘fefrite‘systemrhae been done in this
investiéatioﬁ. Figure 3 shows the relationship betﬁeen the siﬁter
density and fhe compqeition of the green compact (selid line).: As is
expected, maximﬁm density wes obtained slighfly on fhe lithia rich side.
It is also clear that the.density drepsvsignificantlyvin»the Fe203 excess
vregion; | | |

The microstructurai characteristics.observed-on fhese sintered

, _ r8;9 .

specimens are also in agreement with Stuijts or Reinjnen'élo Obser-

vation for other ferrites. As shown in Fig. b, compositions with excess

-

Fe203 showed & mlcrostructure wlth large pores exclu31vely at the grain

corners. On- the other hand, the lithia rich comp051t10ns showed
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“discontinuoos:grain growth with pores entrappedbwifhin{fhe grains.

In all the above runs, st01ch10metr1c packing powder and 1 atm O2

- were used for’ stmosphere control  For the varylng comp051t10n packing R
,powders,<stoichiometric specimens were.used. In fig..3;vdensity values
have been piotted against the composition_oflthebpackipg powder (dashed
line). It is expected that w1th a Fe2 3 rich pacKiog‘powder some lithia
will,be lost from the spe01men3 thgs leading'to_an exoess Fe2Q3 in the
specimen‘composition;"On the other hand, the lith;s content may be kept
constant'in the“specimen with the lifhia rich packing”powdert‘ Sioce the
- excess Fe203 1n the former.comp031tlon would mean a hlgher catlon |
vacancy concentratlon (and hence a lower anion vacaﬁcy concentratlon), a
lower density‘is expected when f‘ezO3 rich packing poﬁders are used in |
the sintering'runs. The insignificant density difference as observed at
1150°C (Fig. 3) may be.due to the loss of eXcess cstion vacancies through'
the oxygen loss by reactlon 3. Thus if the oxygen loss could be av01ded
by using & lower 51nter1ng temperature so that the: catlon vacancies

1 would remain low, a signifieant density-differenee should'be observed
dependingionvthe packingvpowder composition. This-has been found to_be :
true as shown iﬁ Fig. 5 where L’acy"s15 data has beenfploffed. It is

- clear thap siopering at 1000°C resuits in a densipy oiffereooe of sboﬁt
10%, whereas at llOOéC aiiost the seme densities.ere eﬁtaioed’under.both:
conditions. - | B

(3) X-ray Results

In the systeﬁ Li20—FeO Fe203 it is quite difficult to distinguish

one,phase_from another by X-ray diffraction, because_thé important X-ray

peeks for most of the p0551ble phases (e. g L1Fe5 8; LiFeO Fe Oh’ ete)
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: overlap'on'ooe snofher7> But by the use of 1311/Ih00 ratio (ooth the
planes are for.thé spinel phaseS'Fe Oh and L1Fe508, theI(QOO) peek'of
.L1Fe0 overlaps w1th the (hOO) peak of the spinel phases), qualltatlve
1nformat10n about the relatlve amounts of spinel phase and L1FeO2 phase
can be. obtained (A hlgh value of the ratlo‘lndlcates the predomlnance
of the splnel phases whereas 8 low value would mean a large amount of
;vLiFeOQ in the composition.( In Flg 6 I3ll/Ih00 ratio: for the surface
oompositions of the sintered-ferrltes hasAbeen_plotted aga;nstvthe‘com.
‘position‘ofltheogfeeo oOmpaCt,  Pfedominantlyispioel phase‘was.observed
on the Fe'b3 rich side of the'composition'and LiFéog'phase on the lithia
rich side.- The bulk of all these spec1mens were X-Iayed after grlndlng
off thevsurface.- In each case it showed X-ray peaks. typical of the
spinel; The oomposition variation at the surface\bf the sintered
specimens isfooviously doe to the matefisl loss from.the system. . Salmon
and Marcusl6 flrst postulated the follow1ng reactlons while studylng the

_llthium loss behav1or from a L1—N1 ferrlte comp051t10n

| 6LiFe508(s)_2u6LiFe02(s)'+'8Fe3oh(s) + 2021g) W)

Thus, according to these_reactions, with the initial oxygen loss
from the stoichiometric composition, LiFe02_phaSe'shouid=start to appear.
Now if the‘conditions are such that the'lithia losseis not possible by

: reaction 5,>Fe3Oh may start to go.into-solid'solutioﬁ.with LiFeOQ‘as '



FeO and thus.a surface composition with no or very little spinel phase
may be obta1ned Apparently thls is what happenS'w1th llthlavexcess
vpcompo31t10n._ For Fe203 excess comuos1tlons, 1t appears as if Fe2 3v_goes
into solid;Solution W1th splnel LlFe5 8 ‘as Fe3 h,'and.then the process
stops unless the sintering temperature isrhigh enoughror the‘time at
H temperature is long enough to support further ‘oxygen loss or lithis loss
from the.system. rIn Flgr Ty I 3ll/IhOd ratio has agaln been plotteo
'against‘Sintering time atvvarious temperatures. The green specimens in
these runs were stoichiometric. The initial drop of. the 1nten51ty ratlo
is prob&bly.due to the start of the reaction b w.he,_n‘LlFeO2 is formed.
. At higheritemperature>sintering runs (e.gf_at-1150°;ul250°0),»the ratio
"starts to lncreaseuagain indicating‘the increase in_thevspinel content
of the coﬁPOSition{ This is probably because the llthia 10ss through
reaction S gradually becomes signiflcant at this.point. |
Predoﬁinantly'sPinel phase:in the bulk compoSitionAis attrihuted to
the very little material loss from ‘the bulk region due to the formation i
of'protectire:reacted layers. o |

(&) 'DC Resistivitx

The influence of composition on the.dc re31st1v1ty value of 51ntered
polycrystalllne llthlum ferrite has been shown in Flg 8 Both the bulk ,
and the surface re51st1v1ty values are plotted The sharp ‘drop in the
re51st1v1ty value while moving into the cation deflclent region is '
's1m1lar to that observed for N1-Zn ferrltelT or for cobalt ferrlte.l
In the.cases of Ni;Zn ferrite or cobalt ferrite, it has been shown that

+3

hole conduction due to Ni or Co+3 dominates on the anion deficient side

and electron conduction (due to Fe 2) dominates in the cation deficient
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,.region. The'Situation_is somewhatvdifferent in the case of lithium
ferrite whéfé; unlike nickel orgcobelt,:lithiumhis monovalent and does
'not change valency. ;Another importantvaint‘of difference is ‘the ten-

'dency t0'order19 1n the octahedral .region, whlch also has a strong in-

fluence on the conduct1v1ty value § 20, 21,_ In-any event, electron hop-
plng from Fe 2 to Fe *3 has been foundQl -23 to be‘the primary charge'

"transfer mechanlsm in the conductlon process of llthlum ferrite. Wang
21 22 _ :
et al. - in their 1nvest1gatlon described oxygen vacancies as the

'mnnor carriers. For dc conductivity end'for one type of charge carrier
0 =nep 3 o o (6)

where n isfthe number of»carriers-and can be related to the number of

R . v o
Fe 2 ions 1n the octahedral 51te, e is the electronlc charge and u is
the moblllty of the electrons 1n the system. Jonkerlsvexpressed carrier

' ‘moblllty in cobalt ferrlte by a dlffu51on type express1on
u = (ed®v/kT)*exp(-q/kT) - (7)

'where a is the Jump length v is the lattlce frequency actlve in the
‘Jumplng process ‘and q is the actlvatlon energy for the Jjump. Wlth in-

42 s
crea51ng’Fe in-the - comp051t10n more and more Fe : would be active

. 273
| in charge transport. But at the same time Fe 2 in the octahedral region
would tend to introduce some -disorder in the system; 'As suggested by
2k | '

-Austin and Mott this- dlsorder may contrlbute to the actlvatlon energy

term (q) in the mobility expression (Eq (7)), and thus decrease the



~10- LBL-1875

mbbility~pf £h¢ carfier; -The Shérp‘drop ih.resisﬁiQity in the cation
fdéficienf{;eéion as'showﬁ'ih'Fig, 8 is probably due £O'the inérease in-
the numﬁer of éharge?éarriérs.i But the chénges_that_aré'observed_awéy
from thelstoichiometrib-liﬁe can be:duévﬁo‘a combineaﬂeffect of mobility
and chafgé'¢arriers..Aih the aniQn‘deficient'side,éx&gen vacanciés'may

25

 _act.as the majOrFCarriers. But it is accépted that7ﬁoo'gréat a

‘ déviation ffom stoichiomefry in the oxygen deficiént region is unfavof-
able in.lithium ferrite, Thﬁs seéond‘phaSes,shbﬁ up rather quickly as
has béén'éoﬁfirﬁed by the microstructural.investiéation,,and thus the

| resistivityvof.the system'tends to increase.. |

| Uﬁtil now. we have considered.the resistivity“broblem'bniy from the
sféndpoinf bfféarrigr concentratién and mobility terﬁ. For a éoly—
érystailiﬁé'Sinteréd specimén, the problem may incréase manyfold. 1In
Fig.v9 éveragé‘size bf theflafgest graiﬁs and_dc-resistivity ha?e been
plotted}agaihét sintéfing'pimé'in isothermallsintering_rﬁns. :It ié
clear th#t.diécontinuous_graig growth is always accompaniéd by an in-
crease-of‘resisfiVity falue. "This is possible only if_graiﬁ boundaries
act as'thereasy conduéting’path compared to‘the'bulk of tﬁe gréiné&
This may be.due,to highér cérrier concentration éi_the:bdundaries because

of prefeféntial material loss from or along the grain boundaries;

(5) B-H qup.Pa:ameters
| o 6,06-29 L
It has been reported in the literature - that with proper
processing and with selected dopants very good‘squéré loop materials can
be obtained from lithium ferrite compositions. . The use of packing

powder methddvfor the processing of lithium ferriﬁe also gave very good

square loops. In most of the cases the squareness_Rs,>which has been
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1 aéfinéd éé fhe ratio of tﬁe femanent inducfion'to the.@aximﬁmgiﬁduction
_(ﬁ#;x),Awés foﬁnd to be better than 0.85. |
The influence of composition on the coerciyg forée (H;) has beeﬁ
shown in Fig. 10 (solid line). .Decrease of H, on' the ‘anion deficient
region.is bfdﬁably due to the increased grain size.; Compositioﬁal effect
.on fhé squéreﬁess or-Bmax.valﬁe was fgund to be insignificant. ‘The in-
fluenée.of £h¢ packing ppyder coﬁposition on the Hc value of-fhe speci-
méns sintéfed ffom the stoichiometric green éompacts has also been shown
in.Fig. 10 . (dotted line). Lower valﬁés ¢f ﬁC.§éré‘thained by the use
of lithia rich packihg.powder.' Oné specimén was sintered in 1 atm.O2
without_any,packing powder.- ﬁc value for this_spegiﬁéé has been repre-
vsenfed'by_fhe: stér (;) in Fig. 10.
The effect of sintering time and temperature bn‘ihe,hysteresis
loop parameters‘has been shown in.Fig. 11. Hc drops-to a low value vith
.increésing-fimé and temperature, Bmax reaches a more'ofvless constant
value aftef léng time sihtering at any temperéfure.‘ But squareness (Rs)
shovédva mé#ima with siﬁtering time. These variatidﬁs‘aré probably é
combined effect éf density and microstructure evolutibnﬂ With increas-
ing densiﬁyball_the hysterésis loop parameters iﬁ?rove,_ But the
A_étrongeSt iniluéhcé'of the micrbstructural chafactéristics is.probably;
oﬁ.the'Hc’vaiue;.and'thﬁs in mosf of thé'above cases,vg see a drgstiq
variation of_the éoércive force with thé.processing pérameters.
IV. SUMMARY B |
The imbofta._nt concluéidn‘s are: o
(1) Th¢ activation energy. for the sintering of”iithiﬁm férrite was

found to be 143 keal/mol.
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(2) Sfoighiometfy of the startipg cémpositiéﬁ ﬁad a.prbnqunced'- 
effect on.mOS£ of the prépertiés that were investigéted.v Anion deficient
cqmpositioné_led tobdenser'specimens with higher dcffésistivity‘vélues o
énd squafer'B;H loops having low coercive forceé. But discontinuqﬁs
grain Srowth waS:fanred.iﬁ these bompositibns.> N

(3) “bé_fesisti#ity of polycryétéiliné'épecimens.ﬁére strongly
depeﬁdent Onithe microstrucutre. It is_postulated that the grain
"bOUndariéé‘ééféd.as the‘higher éoﬁducting path:injfhesé systems.

(4) Tﬁebpacking powder composition: also significantly affected the
prépérties of the sintered ceramic. .The stronéest ihfluehcévwas obéervéd
on the coercive force. _ |
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fIGURE’CAPTIONs
'Figuré i f_Guérd ring set up for dc'résistivity*ieésuremént.
leiéuré 2 —.Log (T/t) vs 1/T relationship for specimeﬁé'with 95% theo~
retical density. Siﬁtering ruhs weré doﬁé-dn 1 atm 6xygen
apd'with stoichiometric packing powder. Activation ehefgy
 ;fof the sintering,'détermined'from the.slope, is;ihB.kcal/ﬁoi,-
. Figuré'3 - V&?iation'of the éintér density with théfcompoéition éf the
;fépecimen,'and also with the cOmpdsitioﬁ éf thevpéckingvpowder.
.Sintering-éonditions,were llBQOC for 2h in 1 atm oXygen._
Figure L - Depehdence of the microstructure on the'stqichidmetry.
3 (B) LiFe508_+ 1 mol% LiFeO

- + /A )
(4) L1Fe508 1 mol% Fe20
' Sintering runs were done at 1150°C for 2 h in 1 atm Og'and

2"

musihg stoichiometric packing powder. -
Figure 5 - Dénsify-time reiationship for some‘isothefﬁal sintéring runs 
':Qf'stoichiomgtfic spécimen5~in two diffeféﬁt packing péwder_
atmosphere and at l_atm oxyéeri.l5 A |
Figure‘6‘—_X-ra& data for specimens sintered at liSQéc for 2 h in_l atm‘
6xygen uSing étoichidmeﬁric packiﬁg:powéer} | |
vFigur¢.7 - X—ray-détéAfor isothermally sinterea épécimens; ‘Sintering
runs were done in 1 atm‘oxygen.and with stoicﬁiometrig pack-
ing povder. |
Figure 8 - Dependence of bulk and- surface resistivﬁty_on the stoichio-
metry of the specimen. Sintering conditions were:
" temperature ='1150°¢, time = 2 h, atmosphere = 1 atm oxygen

and stoichiometric packing powder.
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Figure 9 —;Grain sizé and'bulk resistivity déta from some isbthermal
| ‘sintering runs. Stoichiﬁmetric packing powder and l atm
”:Qﬁygen ﬁere ﬁSed in all the'sinﬂering.runs} |
..:Figure lOv;=Vériati§n,of.coeréive force <Hc) with tﬂe composition of:the
| -s?éCimen;:and alSolwith the composition éf the packing»powdef;
-mxspecimens were sintered at.llSO°C fdr 2 hin 1 atm oxygen.
Figure_li_;:Variatidnlof B—ﬁvlooﬁjparameters with sinfering time in
| H2;ome“isbthermél,sintering ruﬁs. 'Stoichioﬁétfic packing

_ powder.and 1 atm oxygen were used in alllthese runs.
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
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