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ABSTRACT 

Polycrystalline compacts of lithium ferrite with varying stoichio-

metry weresintered using a packing powder technique and high oxygen 

atmosphere to control the material loss from the system. These specimens 

were used to study the influence of sintering time and temperature, and 

stoichiometry on the densification, microstructural chracteristics, dc 

resistivity, and hysteresis loop parameters of lithium ferrite. The 

influence of the packing powder composition was also investigated. 
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I. INTRODUCTION 

.Li thium ferrite spinel (LiFe
5

08) has attracted considerable atten

. tion
l

-
4 

because of its square loop properties coupled with the superior 

temperature stability. It is well known that duri~g sintering, lithium 

ferrite tends to lose oxygen and lithium. 1-2 
Until very recently, little 

attention was given to characterize the material loss behavior and its 

effect on the properties of the final sintered ceramic. Most of the 
t 

previous work controlled the oxygen atmosphere during the sintering 

process to control the oxygen loss from the system. No attempts were 

made to control lithium loss. In this investigation, a packing powder 

technique, as has been used extensively for the processing of lead 

zirconate titanate ceramic,5 has been employ:ed to control lithium loss 

from the system. In the process, various sintering parameters and 

stoichiometry have been correlated with the densification, microstruc-

tural characteristics, dc resistivity, and hysteresis loop parameters 

of lithium ferrite. 

II. EXPERIMENTAL PROCEDURE 

(1) Powder and Specimen Preparation 

Reagent grade Li
2

C0
3 

and Fe
2

0
3 

were mixed in suitable proportion in· 

a neoprene lined ball mill for 48 h using isopropyl alcohol and teflon 

balls as the mixing media. The alcohol was evaporated 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 diffraction. of this powder 

detected traces of LiFe0
2 

and a-Fe
2

0
3 

in th,e composition. But from now 

on, this powder will be termed as "stoichiometric powder." 
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LiFe0
2 

powders were also prepared in the identical way using 

suitable proportions of Li2C0
3 

and Fe203~ 

In order to Iil8.ke a series of powders with known deviations from the 

stoichiometric composition, LiFe
5
08 was mixed with proper proportions of 

LiFe02 or Fe20
3 

in a ball mill as described above for 24 h. The packing 

pbwders were prepared in the same way except that· the last milling was 

eliminated to keep the particle size somewhat coarse. 

Specimens, 1 in. diameter and 1/4 in. thick, were prepared by cold 

pressing. Sample weight and size were controlled to .control the green 

density of all· the specimens to approximately 53% of the theoretical 

value. 

(2) Sintering Conditions 

Isothermal sintering runs at 1 atm 02 and using a stoichiometric 

packing powder were carried out at four different temperatures (1100°, 

1200° . , Specimens were always burried deep into the 

packing powder and, to keep the uncertainties to a minimum, the same 

amount of packing powder was used in all the sintering runs. 

In order to study the influence of nonstoichiometry on various 

properties, standard specimens of different starting compositions were 

sintered at 1150oCfor 2 h in 1 atm 02 and using stoichiometric packing 

powder. In some cases stoichiometric specimens were used and the pack-

fng powder composition was varied. 

(3) Property Measurement 

Density of the sintered specimens were measured by water displace-

mentand also by geometric measurements. Theoretical density for the 

stoichiometric lithium ferrite composition was taken as 4.752 gi,/cc. 
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Corrections were made for any change in the starting composition. 

For the microstructural investigation, specimens were polished and 

then thermally etched at 975°C for 15 min as suggested by West and 

. 6 
Blankenship. For some compositions, a longer time w¥i necessary. 

DC resistivity was measured by using a guard ring method (Fig. 1). 

Indium amalgam was used as the electrode material and standard sized 

specimens were used. Extremely reproducible data were obtained by using 

this method and it was possible to simultaneously measure the bulk and 

surface resistivity of a specimen. 

Hysteresis loop parameters were measured from a B-H curve taken 

at 60 Hz obtained by using a torroidal shape specimen.. The size of the 

specimens for these measurements was 0.8 in. O.D., 0.5 in. LD. and 

1/4 in. thick. Sixty turns of copper magnet wire were used in both 

primary and secondary windings. 

III. RESULTS AND DISCUSSION 

(1) Isothermal Sintering 

Coble7 has derived the following relation for bulk diffusion sin-

tering applicable to later stages 

where dp/dt is the densification rate, N is a numerical constant, D is 

the diffusion coefficient, y is the surface energy, n is a vacancy 

volume, 1 is the grain size and kT has the usual significance. If we 

assume that at a particular density, where discontinuous grain growth 

has not started, the averag~ grain size is always equal irrespective of 
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the temperature at which the sintering has been 'carried out, Eg. (1) can 

be integrated. Then, on rearrangement and substit,uting D = Doexp(-Q/kT) 

one can get 

(2 ) 

where C is an integration constant. Thus we should be able to determine 

the activation energy for the rate controlling' diffusional process from 

the slope oflog(T/t) vs liT plot. This plot is shown in Fig. 2 for a 

density of 95% of theoretical value. The activation energy is found to 

be 143 kcal/mol. The assumption of constant grain size, which has been 

made above, was found to be reasonable. The microstructural studies 

revealed an average grain size of 3-5 microns 'in all the specimens at 

95% TD. 

(2) Nonstoichiometry and Its Relation to Densification and Micro
structure 

The effect of nonstoichiometry on the sinter density and micro-

8. 9 . 10-12 structure offerrites was first reported by Stuijts.' Re~njnen 

afterwards presented an adequate theoretical model along wi th the experi~ 

mental support, based on the assumption of volume diffusion, to describe 

the influence of stoichiometry on the sintering of ,spinels, oxides and 

oxidic compounds. Readey13 also calculated' the dependence of volume 

diffusion on small deviations from stoichiometry. In Reinjnen's analysis 

it ,was assumed that, in the spinels diffusivity of oxygen, (D ) is 
" oxygen 

much smaller than the diffusivity of cations (D). Under this condition, 
c ' 

it was shown that the vacancy flux reduces drastically in the region of 
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excess cation vacancies. Accordingly, he showed in the case of NiAl
2

0
4 

system, a drastic drop in the sinter density in the excess A120
3 

com

positions which is the cation deficient side of the system. But the 

density drop was much less drastic in the NiFe
2

0
4 

system under the same 

condi tions. This was accounted for on the basis that Fe20
3 

is mainly 

dissolved as Fe304 and partly as Fe20
3

• Sintering at high temperatures 

ul
· . +3 +2 res ts in further reductlon of Fe to Fe by the reaction 

Fe+3 + 3/8V
c 

+ 1/2 0-2 t Fe+2 + 1/4 02(g) 

and thus a . large part of· the excess cation vacancies are annihilated 

resulting in an increase of anion vacancy concentration. Stuijts14 1ater 

on reviewed Reinjnen' s results and showed strikingly similar behavior in 

thedensification of Ni-Zn ferrite composition wi.th the theoretical plot 

of Reinjnen. 

Similar studies on the lithium ferrite system has been done in this 

investigation. Figure 3 shows the relationship between the sinter 

density and the composition of the green compact (solid line). As is 

expected, maximum density was obtained slightly on the lithia rich side. 

It is also clear that the density drops significantly in the Fe
2

0
3 

excess 

region. 

The microstructural characteristics observed on these sintered 

specimen,s are also in agreement with Stuijts· 8 ,9 or Reinjnen I s 10 obser-

vation for other ferrites. As shown in Fig. 4, compositions with excess 

Fe20
3 

showed a microstructUre with large pores exclusively at the grain 

corners. On the other hand, the lithia rich compositions showed 
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discontinuous grain growth with pores entrapped wi thin tne grains. 

In all the above runs, stoichiometric packing powder and 1 atm 02 

were used for atmosphere control. For the varying composition packing 

. powders, stoichiometric specimens were used. In Fig. 3, density values 

have been plotted against the composition of the packing powder (dashed 

line) •. It is expected that with a Fe
2

0
3 

rich packing powder some lithia 

will be lost from the specimen, thus leading to an excess Fe
2

0
3 

in the 

specimen composition .On the other hand, the lithia content may be kept 

constant :in the specimen with the lithia rich packing powder. Since the 

excess Fe
2

0
3 

in the former composition would mean a higher cation 

vacancy concentration (and hence a lower anion vacancy concentration), a 

lower density is expected when Fe
2

0
3 

rich packing powders are used in 

the sintering runs. The insignificant density difference as observed at 

11500C (Fig. 3) may be due t.o the loss of excess cation vacancies through 

the oxygen loss by reaction 3. Thus if the oxygen loss could be avoided 

by using a lower sintering temperatUre so that the. cation vacancies 

would remain low, a significant density difference should be observed 

depending on the packing powder composition. This has been found to be 

true as shoWn in Fig. 5 where Lacy' s15 data has beenplotted. It is 

clear that sintering at 10000C results in a density difference of about 

10%, whereas at 11000C almost the same densities are attained under both 

conditions. 

(3) X-rgyResults 

In the system Li
2

0-FeO-Fe
2

0
3 

it is quite difficult to distinguish 

one phase from another by X-ray diffroction, because the important X-ray 

peaks for most of the possible phases (e.g. LiFe
5

08 , LiFe0
2

, Fe304' etc) 
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overlap on one another. But by the1.lse of 131/1400 ratio (both the 

planes are for the spinel phases Fe304 ahd LiFe
5

08; the (200) peak of 

LiFe0
2 

overlaps with the· (400) peak of the spinel phases), quali tati ve 

information about the relative amounts of spinel phas~ and LiFe02 phase 

can be obtained. A high value of the ratio indicates the predominance 

of the spinel phases whereas a low value would mean a. large amount of 

LiFe02 in the composition. In Fig. 6, 1311/1400 ratio for the surface 

compositions of the sintered ferrites has been plotted against the com-

position. of the green compaCt. Predominantly spinel phase was observed 

on the Fe;03 rich side of the composition and LiFe0
2 

phase on the lithia 

rich side ~ The bulk of all these specimens were X"';;rayed after grinding 

off the surface. In each case it showed X-ray peaks. typical of the 

spinel. The composition variation at the surface bf the sintered 

specimens is obviously due to the material loss from the system. Salmon 

and Marcus
16 

first postulated the following reactions while studying the 

lithium loss behavior from a Li-Ni ferrite composition 

(4) 

(5) 

Thus, according to these reactions, with the initial oxygen loss 

from the stoichiometric composition, LiFe02 phaSe should start to appear. 

Now if the conditions are such that the lithia ].oss is not possible by 

reaction 5, Fe304 may start to go into solid s o].ut ion with LiFe0
2 

as 

:. ~. 
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FeO and thus a surface composition with no or very little spinel ~hase 

m~ be obtained. Apparently this is what happens with lithia excess 

composition. For Fe
2

0
3 

excess COIllIJositions, it appears as if Fe20
3 

goes 

into solid . solution with spinel LiFe
5

0
8 

·as Fe
3
04, and then the process 

stops unless the sintering temperature is high enough or the time at 

temperature is long enough to support further oxygen loss or lithia loss 

from the system. In Fig. 7,131/1400 ratio has again been plotted 

against sintering time at various temperatures .'l'he green specimens in 

these runs were stoichiometric. The initial drop of the intensity ratio 

is probably due to the start of the reaction· 4 when LiFe0
2 

is formed. 

At higher temperature sintering runs (e.g. at 1150° , 12500 C), the ratio 

starts to increase again indicating the increase in the spinel content 

of the composition. This is probably because the lithia loss through 

reaction 5 gradually becomes significant at this .point. 

Predominantly spinel phase in the bulk composition is attributed to 

the very little material loss from the bulk region due to the formation 

of protecti vereacted layers. 

(4) DC Resistivity 

The influence of composition on the dc resistivity value of sintered 

polycrystalline lithium ferrite has been shown in Fig. 8. Both the bulk 

and the surface resistivity values are plotted. The sharp drop in the 

resistivity value while moving into the cation deficient region is 

similar to that observed for Ni-Zn ferrite
17 

or for cobalt ferrite.
18 

In the cases of Ni-Zn ferrite or cobalt ferrite, it has been shawn that 

hole conduction due to Ni +3 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 somewhat different in the case of lithium 

ferrite where, unlike nickel or cobalt, lithium is monovalent and does 

not change valency. Another important point of difference is the ten

denGY to order19 in the octahedralregi~n, which also -has a strong in-

fl' th d t"t al 6,20,21 I tIt h ' uence on e con uc l. Vl. Y v ue. ' " n any even , e ec ron op-

ping from Fe +2 to Fe +3 has been found21- 23 to be the primary charge 

transfer mechanism in the conduction process of lithiuin ferrite. Wang 

et8.l.21 ,22 in their investigation described oxygen vacanCies as the 

minor carriers. For dc conductivity and for one type of charge carrier 

a = ne~ (6) 

where n is the number of carriers and can be related to the number of 

F 
+2 . 

e ions l.n the octahedral site, e is the electronic charge and ~ is 

18 ' 
the mobility of the electrons in the system. Jonker expressed carrier 

mobili ty in cobaJ.t 'ferrite by a diffUsion type expression 

whered is the jump length , V is the lattice frequency active in the 

jumping process and q is the ,activation energy for the jump. With in

creasing Fe
2

0
3 

in the composition, more and more Fe +2 would be active 

in chargetrartsport. But at the same time Fe +2 in the' oCtahedral region 

would tend to introduce some disorder in the system~ As suggested by 

Austin and Mott
24 

this' disorder may contribute to the acti'ration energy 

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

".i. ,-
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mobili tyof the carrier. The sharp drop in resistiVity in the cation 

deficient region as shown in Fig. 8 is probably due to the increase in· .. 

the number of charge carriers. But the changes that are observed away 

from the ·stoichiometricline can be due to a combined effect of mobility 

and charge carriers. In the anion deficient side, oxygen vacancies may 

act as the major carriers. 
25 . 

But it is accepted that too great a 

deviation from stoichiometry in the oxygen deficient region is unfavor-

able in lithiUm ferrite. Thus second phases show up rather quickly as 

has been confirmed by the microstructural investigation, and thus the 

resistivity of the system tends to increase. 

Until now. we have considered the resistivity problem only from the 

standpoint of carri~r concentration and mobility term. For a poly-

crystallinesintered specimen, the problem may increase manyfold. In 

Fig. 9 average size of the largest grains and dcresisti Vi ty have been 

plotted against sintering time in isothermal· sintering runs. It is 

clear that discontinuous grain growth is always accompanied by an in-

crease of resistivity value .. This is possible only if grain boundaries 

aetas the easy conducting path compared to the bulk of the grains. 

This may be due to higher carrier concentration at the boundaries because 

of preferential material loss from or along the grain boundaries. 

(5) B-H Loop Parameters 

.. 6 26-29 . 
It has been reported in the literature' . that ~ith proper 

processing and with seiected dopants very good square loop materials can 

be obtained. from lithium ferrite compositions. The use of packing 

powder method for the processing of lithium ferrite also gave very good 

square loops. In most of the cases the squarenessRs ' which has been 
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defined as the ratio of the remanent induction to the. maximum induction 

(B . .), was found to be better than 0.85. max . 

The influence of composition on the coercive force (H ) has been 
c 

shown in Fig. 10 (solid line). Decrease of H on the anion deficient 
c 

region is probably due to the increased grain size. Compositional effect 

.on the squareness orB value was found to be insignificant. The in-max . 

fluence of the packing powder composition on the H value of·the speci
e 

mens sintered from the stoichiometric green compacts has also been shown 

in Fig. 10 (dotted line). Lower values of H were obtained by the use c 

of lithia rich packing powder. One specimen was sintered in 1 atm 02 

without any packing powder. H value for this specimen has been repre
c 

sented by the star (*) in Fig. 10; 

The ef·fect of sintering time and temperature on the hysteresis 

loop parameters has been shown in Fig. 11. H drops to a low value with c 

increasing time and temperature, B reaches a more or less constant max 

value after long time sintering at any temperature. But squareness (R ) 
s 

showed a maxima with sintering time. These variations are probably a 

combined effect of density and microstructure evolution. With increas-

ing density all the hysteresis loop parameters improve. But the 

strongest influence of the microstructural characteristics is probably 

on theH value, and thus in most of the above cases we see a drastic 
c 

variation of the coercive force with the processing parameters. 

IV. SUMMARY 

The important conclusions are: 

(1) The activation energy. for the sintering of li thi um ferrite was 

found to be 143 kcal/mol. 
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(2) Stoichiometry of the starting composition had a pronounced' 

effect on most of the properties that were investigated. Anion deficient 

composi tioris led to denser specimens with higher dc resistivity' values 

and squarerB.,..,H loops having low coercive forces. But discontinuous 

grain growth was·favored in these compositions. 

(3) Dc resistivity of poiycrystalline specimens were strongly 

dependent on the microstrucutre. It is postulated that the grain 

boundaries acted as the higher conducting path in these systems. 

(4) The packing powder composition' also significantly affected the 

properties of the sintered ceramic. The strongest influence was observed 

on the coerci ve force. 
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FIGURE CAPTIONS 

Figure 1 - Guard ring set up for dc resistivity measurement. 

Figure 2 -Log (Tit) vs liT relationship for specimens with 95% theo-

retical density. Sintering runs were done·in 1 atm oxygen 

and with stoichiometric packing powder. Activation energy 

for the sintering, determined from the slope, is 143 kcal/mol. 

Figure 3 - Variation of the sinter density with the composition of the 

specimen, and also with the composition of the packing powder. 

Sintering condi ti.ons were l1500C for 2 h in 1 atm oxygen. 

Figure 4 - Dependence of the microstructure on the stoichiometry. 

(A) LiFe
5
0

8 
+ 1 mol% Fe20

3
, (B) LiFe

5
0

8 
+ 1 mol%LiFe0

2
. 

Sintering runs were done at 11500C for 2 h in 1 atm 02 and 

using stoichiometric packing powder. 

Figure 5 - Density-time relationship for some isothermal sintering runs 

of stoichiometric specimens in two different packing powder 

atmosphere and at 1 atm oxygen. 15 

Figure 6 - X-ray data for specimens sintered at 11500C for 2 h in 1 atm 

oxygen using stoichiometric packing powder . 

Figure 7 ~ X-ray data for isothermally sintered specimens~ Sintering 

runs were done in 1 atm oxygen and with stoichiometric pack-

ing powder. 

Figure 8 -Dependence of bulk and surface resistivity on the stoichio-

metry of the specimen .Sintering cbndi tions were; 

temperature =1150 oC, time = 2 h, atmosphere = 1 atm oxygen 

and stoichiometric packing powder. 
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Figure 9 - Grain size and bulk resisti vi ty data from some isothermal 

. sintering runs. Stoichiometric packing powder and 1 atm 

o~gen were used in all the sintering runs. 

Figure 10 - Variation of coercive force (H ) with the composition of the 
c 

specimen, and also with the composition of the packing powder. 

Specimens were sintered at 11500 C for 2 h in 1 atm oxygen. 

Figure 11 - Variation of B-H loop parameters wi thsintering time in 

some isothermalsintering runs •. Stoichiometric packing 

powder and 1 atm oxygen were used in all ,these runs. 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
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 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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