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Most of the data in this specification is taken from 
range surveys. Therefore, characteristics of specific com 
positions are subject to some improvement by adjusting 
processing parameters for the specific composition. 
FIGURE 7 contains plots of the squareness ratio ver 

sus calcination temperature for mixtures lying at the 5% 
NiO point on line 1 of FIGURE 1. It will be seen that 
optimum squareness results over a 10 to 20 range of 
calcination temperature. In general, as the percent 
NiO.Fe2O3 increases, the optimum calcining temperature 
increases. The temperature is, however, kept below that 
required for sintering and full reaction. Calcining as de 
scribed results in material soft enough that no grinding 
is required at this point, although a grinding operation 
may be employed if desired. The third step is the addi 
tion of a binder. The particular binder used is not criti 
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URE 1. This figure represents all possible combinations 
within the ternary system: 

Fe2O3 : LiO :NO 
Line 1 connects the point indicating the composition 

LioFesO4 on the lithium oxide-iron oxide side of the 
triangle with a point indicating the composition NiFe2O4. 
on the nickel oxide-iron oxide side of the triangle. The 
most desirable lithium nickel ferrite compositions for 
applications requiring hysteresis loops of substantially 
square or rectangular shape have been found to lie om 
or near this line of stoichiometric mixtures. 
FIGURE 4 shows a plot of the squareness ratio of 

samples lying on line 1. Table I tabulates magnetic 
properties of samples formed from a range survey of 
compositions on line 1. 

TABLE I 

Magnetic Properties of Lithium-Nickel Ferrites 

Mol percent as mixed 
R Bm Hm H B Hos Sintering 

temp. ° C 
Ldig. O NiO || Fe2O3 

16.7 0. 83.3 ?5G 1,080 2.5 1.5 2,960 2.3 1,200 
15.8 2.5 86 70 1,480 2.0 1.2 2,600 1.6 i, 200 
5.0 5.0 80.0 ... 8 1,600 2.3 1.5 3,000 2.0 1,250 
3.3 10.0 76.7 81. 1,700 2.2 1.2 3,200 1, 5 1,275 

7 15,0 73.3 72 1,340 1.8 1. 2,750 1, 5 i, 275 
0.0 20.0 70.0 72 1,040 2.0 1.3 2, 610 1.7 1,275 
8.3 25.0 66.7 ... 4 770 2.3 1.4 2,780 2.0 1,275 
6.7 30.0 63,3 . 48 490 2.1 1.3 2,300 2.0 1,275 
3.3 40.0 56.7 57 600 1.9 ,3 2,300 ... 8 1,275 
O 50.0 50.0 . 40 1,060 6.9 2.4 2,100 5.3 1,250 

NOTE.--Where B is in gauss, Hn is in amp. turns, He is in oersteds, B is in gauss and 
He is in oersteds. 

cal. The trade preparation Flexalyn, for example, has 
proved quite satisfactory. The fourth step is pressing 
the resulting mixture into the desired form. The pressure 
of forming should be sufficient to form a closely coherent 
body. The pressures used should be simply those neces 
sary to obtain this result. 30,000 pounds per square inch 
has proved to be quite satisfactory. The forms may be 
produced by extrusion processes if desired. Usually 
extrusion processes are less costly but make it more dif 
ficult to hold close tolerances. The fifth step is the sin 
tering of the resulting forms. Satisfactory results have 
been obtained with sintering temperatures from 1150 
C. to 1325 C. and sintering times from one to ten 
hours. Excessive coercivity results if sintering tempera 
tures below that recommended are employed. In gen 
eral, the highest sintering temperature permissible for 
satisfactory products increases with a decrease in the 
percentage of lithium in the composition. A slab con 
taining compounds of lithium is used to support the 
forms being fired. It is desirable that the percentage 
of lithium in the slabs be at least equal to that in the 
forms. The use of slabs of the same composition as the 
ferrites being fired is a convenient expedient. The use 
of these slabs containing lithium appears to minimize 
the loss of lithium from the forms during the firing opera 
tion. It is in this step that this invention differs import 
antly from processes currently in use. 
The forms are not quenched after firing, but rather 

held in the furnace at 1000° C. to 1125° C. for six to 
ten hours. This anneal appears to improve magnetic 
properties, and inadequate annealing may be corrected 
by a refiring at annealing temperatures. This refiring 
need not be in a neutral atmosphere but may be in the 
normal atmosphere of the furnace. In fact, refiring in 
a moving neutral atmosphere-the customary technique 
for refiring in a protective atmosphere--has proved harm 
ful, probably because of increased loss of lithium. 
The compositionis involved in this embodiment of the 

invention may best be understood by reference to FIG 
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Referring to FIGURE 5, the squareness ratio Rs is 
defined as 

B 
-Em R 

The denominator and enumerator of the latter represent 
respectively the magnetization for a field --H and 
that for a field -/2Hm. It will be clear that Rs is also 
a function of the maximum field H determining the 
size of the loop. When Rs is measured as a function of 
Hm, a value of H will be found for which Rs is at 
a maximum. In practice, an effort is normally made 
to use cores under conditions such that Rs is at or near 
the maximum value. If the hysteresis loop were perfectly 
rectangular, the squareness ratio would, of course, be 1. 
Practically achieved squareness ratios are always less than 
1 with .80 being the figure most often used as the mini 
imum acceptable for applications requiring substantially 
square or rectangular hysteresis loops. It will be noted 
that FIGURE 4 shows that squareness ratios as high 
as .83 have been obtained. The maximum squareness 
ratio shown in the aforementioned Wijn paper is .78. 
If .80 is taken as the minimum acceptable squareness 
ratio, satisfactory results with the particular processing 
conditions used to obtain the data for FIGURE 4 were 
obtained over that portion of the line included between 
7 to 30 percent NiO.Fe2O3. If the cores are to be used 
in applications with less stringent squareness requirements 
So that Squareness ratios of 0.6 and above may be toler 
ated, satisfactory results were obtained over that portion 
of the line included between 3 to 45 percent NiO.FeO 
The hysteresis loop obtained with a sample from the 

9% nickel ferrite point on line 1 of FIGURE 1 is shown 
in FIGURE 5. The squareness ratio of this particular 
Sample is .81. The dynamic result obtained in a test 
of the suitability of this sample for use in a magnetic 
core memory is illustrated in FIGURE 6. Line 10 in 
FIGURE 6 is the maximum allowable output from a 
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half selected core; line 11 is the minimum allowable out 
put from a fully selected core. For this particular 
memory, these limits are 30 and 80 millivcts respective 
ly. The driving current for the test was 900 milliamperes 
with a 2 to 1 selection ratio. The smallest divisions along 
the horizontal or time axis are .2 of a microsecond. 
it will be seen that this core switches in approximately 1 
microsecond. It will be noted that the output as a se 
lected core is substantially greater than the accepted 
minimum for this particular memory and that the output 
as an unselected core is substantially less than the ac 
cepted maximum. 

Table II contains a tabulation of squareness ratios for 
varying compositional mixtures including mixtures which 
are not stoichiometric and, therefore, do not lie on line 1 
of FIGURE 1. These compositions and some of the 
Curie temperatures are plotted in FIGURE. 2. 

TABLE 

O 
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Magnetic Properties of Lithium-Nickel Ferrites 
(Non-Stoichiometric) 

- area A in FIGURE 2, 

6 
processing parameters. If - .80 is taken as the minimum 
acceptable squareness ratio, satisfactory results can be 
obtained with compositions lying approximately within 

If the cores are to be used in 
applications with less stringent requirements so that 
squareness ratios of 0.6 and above may be tolerated, 
satisfactory results can be obtained with compositions 
lying approximately within area C on FIGURE 2, Com 
mercial jukeboxes often employ circuitry which can util 
ize cores with squareness, ratios as low as 0.6. 

If zinc ferrite in the proportions hereafter described is 
included as one of the components in the lithium nickel 
ferrite, the coercive force is substantially reduced. Lith 
ium zinc ferrites are not rectangular hysteresis loop ma 
terials. However, by including, zinc in the lithium nickel 
ferrite materials that possess rectangular hysteresis loops, 
relatively low coercivities and substantially higher flux 
densities can be obtained. Coercivity is reduced with in 
creasing proportions of zinc ferrite in the composition, 

Mol percent as mixed 
R B Hm H Bs Hoe : Sintering 

AO temap. ° C. 
Li:O NiO FeO3 

17.7 O 82.3 63 1,140 2.4 5 2,660 2. i, 175 
l?.2 1.3 815 63 1,300 2.5 1. 6 2,900 2. 1, 75 
16.8 2.5 80.7 .78 ,320 2.4 15 2,800 2.0 1, 75 
16.3 3.8 79.8 78 1,300 2.4 6 2,720 2. 1, 175 
5.9 5. 79.0 ... 81 1,400 2.4 1, 5 2,70 2.0 , 175 
i5.5 6, 4 78.1 .77 1,210 2.4 1.5 2,790 2.0 1,175 
15.0 7.7 77.3 76 1,230 2.6 ??? 2,750 2.0 , 75 
14. 0.2 75. 75 1,030 4.2 2.6 2,680 3.. 6 1, 175 
13.3 12. 740 69 830 3.8 2.4 2,580 4.2 1,175 
12.4 15.3 72.3 48 750 2.7 16 2,660 2.6 1, 175 
10, 6 20.4 69.0 ?27 840 4.0 2.3 2,490 3.4 1, 175 
16.3 3. 8 79.8 63 1,000 2.0 i.2 2,980 , 9 1,250 
5.9 5. 79.0 78 1,070 2.0 1.3 2,310 1?7 1,250 
15.5 6.4 78. 74 1,450 2.0 1.3 3,080 ... 8 1,250 
5.0 7.7 77.3 ?70 , 340 2.2 1.4 2,800 1, 9 1,250 

i4. 10.2 75.7 68 1,290 2.7 17 2,800 2.2 1,250 
6.3 3. 8 79.8 62 1,300 2.0 1.2 2,780 1.8 1,300 
5.9 5. 79, O .68 1,260 1.8 .2 2, 690 1.6 1,300 
15.5 6.4 78.1 69 1,360 1.8 1.2 2,750 1,300 
5.0 7.7 77.3 63 1,230 9 1.2 2,830 l?7 1,300 

NOTE.--Where Bim is in gauss, Hn is in amp.-turns, He is in oersteds, B, is in gauss 
and He is in oersteds. 

The ternary system of FIGURE 2 is 
FeO :LiFeO : NiFeO4 

This system, which is actually a portion of that shown 
in FIGURE 1, has been chosen to expand the scale at 
which these results are plotted. It will be noted that lower 
squareness ratios and increased coercivity results from 
compositional variations in directions normal to the 
stoichiometric line. It is thought that excess FeO3 gives 
precipitated iron oxide and/or solid solution magnetite in 
the resulting material. It is thought that excess LiO gives 
a rock salt structure (LiFeO2) instead of a spinal struc 
ture Lios Fe2.5O4). The degradation of characteristics oc 
curs more rapidly for excesses of Fe2O3 than for excesses 
of LiO. The aforementioned use of slabs containing 
lithium to minimize the loss of lithium during the firing 
operations is important in that it minimizes unwanted 
compositional variations from the stoichiometric line with 
the resulting degradation of magnetic properties. 
The values tabulated in Table II are from a range sur 

vey, and the magnetic properties of any specific composi 
tion may be improved by adjusting processing parameters. 
The previously noted variation of squareness ratio with 
calcination temperatures shown in FIGURE 7 is an ex 
ample of the improvement possible by adjustment of 
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but to maintain squareness, the percentage of nickelfer 
rite must also be increased. Increasing the percentage 
of nickel ferrite tends to increase coercivity. The best 
compromises with respect to high squareness and low 
coercivity are normally obtained from compositions with 
approximately one to one mol percent ratios of zinc and 
nickel ferrites. The addition of zinc ferrite to the lithium 
nickel ferrite lowers the Curie temperature. However, 
the Curie temperature of the lithium nicke ferrite is rela 
tively high so that even after an appreciable amount of 
Zinc ferrite has been added, about 35 mol percent, the 
Curie temperature of the resulting composition is still 
around 400° C., considerably higher than that for mag 
nesium manganese ferrites in current use. The processing 
considerations are the same whether or not zinc ferrite 
is a component, with the exception that longer annealing 
times, up to twenty-four hours, are desirable. 

Compositions within the ternary system 

Lio.5Fe2 sO4 : ZnFeO4 NiFeO4 

are shown in FIGURE 3. Table III contains a tabulation 
of properties for several of these compositions. 
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TABLE III 

Magnetic Properties of Lithium-Nickel-Zinc Ferrites 
Ferrites, mole percent 

as mixed 
Rs Bin Hm Ho Bs 

L Ni Zin 

90 5 5 .45 1,580 1.63 0.99 3, 690 
85 10 5 60 I, 490 66 1.02 3,420 
80 10 O , 69 1,990 1.66 1.05 3, 650 
75 5 10 . 40 1,360 1.74 .02 3,390 
75 20 5 ?73 ,660 2.05 1.23 3, 130 
70 15 15 59 930 l?4? 0.93 3, 690 
65 30 5 65 1,450 2.31 1.49 3,260 
65 20 5 67 1,170 1.31 0.84 3,420 
60 23 17 .72 1,340 1, 21 0.78 3,570 
60 20 20 63 1,340 5 0.73 3,470 
60 5 25 . 39 930 ... 8 0.70 3,230 
55 40 5 .44 1,300 2.21 1.33 3, 160 
55 30 5 .76 1,660 1.34 0.86 3,600 
55 25.7 19.3 75 l, 540 122 0.78 3,950 
55 20 25 .50 1,390 122 0.73 3,390 
50 28.5 2.5 .7 1,610 1.30 0.82 3, 650 
50 25 25 .67 1,890 1.20 0.77 3,560 
50 20 30 .43 1,250 1.19 0.72 3,330 
48 32 20 . 46 1,440 02 0.60 3, 650 
45 20 35 .35 1,160 1.09 0.63 3, 610 
45 31.5 23.5 . 65 1,440 1.20 0.74 3,910 
45 35 20 ... 64 1,410 1, 40 0.88 3,890 
45 30 25 , 69 1,890 1.20 0.77 3,560 
42 28 30 , 64 1,070 1.14 0.73 3,850 
40 45 15 . 65 l,550 1.0 0.65 3,630 
40 40 20 . 44 l, 70 1.40 0.90 3,890 
40 30 30 68 1,520 10 0, 70 3,790 
40 25 35 60 1,640 9 0.73 3,390 
40 20 40 ... 3 910 0.9 0.53 3,470 
35 37,5 27.5 . 40 1,160 1.15 0.69 4,020 
35 35 30 38 1,350 1.02 0.59 3,890 
35 30 25 53 1,280 1.09 0.66 3,460 
35 25 40 .35 1,050 0.90 0.53 3,340 
30 40 30 . 48 1,410 1.28 0.76 3,440 
30 37 33 ... 4 1,050 07 0.62 3,700 
30 35 35 64 1, 550 09 0.65 3, 630 
30 30 40 38 1, 00 0.9 0.53 3,080 
20 50 30 30 1,690 0.94 0.56 4,250 
20 42 38 32 970 0.95 0.66 3,580 
100 0. 0 .59 1,260 2.9 1.9 2,760 
90 0 10 ?44 1,080 1.5 .9 3, 130 
80 0. 20 , 24 1,180 1.5 .9 3,810 
70 0 30 ... 13 1,570 ... 4 ... 8 4,210 
60 O 40 . 16 1,440 l. 1 ... 6 4,040 
50 0 50 .09 1,140 .9 ... 4 3,920 

Hos 
Sintering 
Temp. °C. 

1,250 
i, 250 
1,250 
1,250 
1,250 
1,250 
1,200 
1,250 
1,200 
1200 
1,200 
1,200 
1,200 
1,250 
1,250 
1,225 
1,225 
1,250 
i, 75 
1,250 
i, 225 
1225 
1,225 
1, 175 
1,225 
1,225 
1,225 
1,225 
1,200 
1,225 
1,225 
1,225 
1,200 
1,225 
1,250 
1,225 
,200 
1,250 
1,200 
1,200 
1,200 
1,200 
1,200 
1,200 
1,200 

NOTE.-Where Bm is in gauss, Hn is in amp.-turns, He is in oersteds, Bs is in gauss and EHI es is in oersteds. 

The values tabulated above are from a range survey, 
and the magnetic properties of any specific composition 
may be improved by adjusting processing parameters. 

If 0.80 is taken as the minimum acceptable squareness 
ratio, satisfactory results can be obtained with composi 
tions lying approximately within area A in FIGURE 3. 
If the cores are to be used in applications with less strin 
gent requirements so that squareness ratios of 0.6 and 
above may be tolerated, satisfactory results can be ob 
tained with compositions lying approximately within area 
C on FIGURE 3. The change in squareness ratio with 
compositional variations is not as rapid in the system 
of FIGURE 3 as in the system of FIGURE 2. Therefore, 
area B has been outlined on FIGURE 3 to show the 
approximate area in which squareness ratios of 0.7 and 
above can be obtained. It may be noted that the region 
of highest squareness in the lithium nickel zinc ferrite 
when extrapolated to the stoichiometric line between lith 
ium ferrite and nickel ferrite shown on FIGURE 1 coin 
cides very well with the optimum region indicated on 
FIGURE 2 for lithium nickel ferrites which do not in 
clude zinc ferrite. 

For applications which do not require rectangular 
hysteresis loops, the compositions lying within area D 
on FIGURE 3 provide high saturation flux densities with 
relatively high Curie temperatures. The area of high 
permeability extends, theoretically, to some point near 
100% ZnFe2O4. However, increases in the zinc ferrite 
content progressively lower the ferromagnetic Curie tem 
perature. Therefore, unless the ambient temperature is 
lowered as the Curie temperature is decreased, the per 
meability goes through a maximum as the amount of 
ZnFeO4 is increased. By virtue of the high Curie tem 
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perature of the lithium-nickel ferrites, around 80 mol 
percent ZnHeC) can be tolerated if the products are to 
be used at normal ambient room temperatures. If ele 
vated temperatures must be encountered, Curie tempera 
tures plotted on FIGURE 3 show that with lesser per 
centages of zinc ferrite Curie temperatures of 400° C. 
and above may be obtained for high saturation flux 
density compositions. The high saturation flux density 
area includes the areas of squareness, so that high satura 
tion flux density may be obtained with or without square 
ness as desired. 
While exhaustive tests have not been made with cad 

mium ferrite as a component, research indicates that 
cadmium ferrite may be substituted on a one-for-one 
basis for zinc ferrite with substantially the same results. 
There have thus been described improved ferrite ma 

terials exhibiting unexpected improvements in several of 
their useful magnetic properties. The proportions of the 
ingredients used should, in general, be within the per 
centage ranges given since use of other proportions re 
Sults in products which either are not significantly im 
proved or are inferior to previously known ferrites. 

Ranges of time and temperature of heating for the 
calcining and sintering steps have also been given. The 
size of the body influences the sintering time necessary 
to bring about the desired properties. Very small bodies 
require shorter sintering times than large bodies. Also, 
for both steps, the required time of heating is usually in 
inverse ratio to the temperature used. There is usually 
an optimum value for heating temperature and other 
parameters for each composition. 
Having thus described improved ferromagnetic prod 

C 
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ucts and processes for their manufacture, what is claimed 
S: 

1. A process for manufacturing shaped lithium nickel 
ferrites having hysteresis loops of substantially rectangul 
lar shape comprising maintaining said shaped ferrites in 
direct contact with a slab containing lithium during the 
firing thereof, wherein the percentage of lithium in Said 
slab is at least equal to the percentage of lithium in the 
lithium nickel ferrite. 

2. A process for manufacturing shaped lithium nickel 
ferrites having hysteresis loops of a squareness greater 
than 0.6 and relatively low coercivity comprising main 
taining said shaped ferrites in direct contact with a slab 
containing lithium during the firing thereof, wherein the 
percentage of lithium in said slab is at least equal to the 
percentage of lithium in the lithium nickel ferrite. 

3. The process of claim 1 wherein the lithium nickel 
ferrite material consists essentially of Liosifea. 504, 
ZnfeO4 and NiFe2O4 in the proportions of about 30 to 
about 98 mol percent Liosfeasoa about 2 to about 70 
moi percent NiFe2O4 and up to 40 mol percent ZuFe2O4. 

4. The process of claim 1 wherein the lithium nickel 
ferrite material consists essentially of Lio.5Fe2.5O4, 
NiFeO4 and Cd Fe2O4 in the proportions of about 65 to 
about 95 mol percent Lio.5Fe2.50, about 7 to about 35 
mol percent NiFe2O4, and up to about 35 mol percent 
CdFe2O4. 

5. The process of claim 2 wherein the lithium nickel 
ferrite material consists essentially of Lio. Fe2.504 
ZnfeO4 and NiFeO4 in the proportions of about 30 to 
about 98 mol percent Lio.5Fe2.5O4 about 2 to about 70 
mol percent NiFe2O and up to 40 mol percent ZnFe2O4. 
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6. The process of claim 2 wherein the lithium nickel 

ferrite material consists essentially of Lio.5Fe2.5O4, 
NiFeO4 and CdFeO4 in the proportions of about 65 to 
about 95 moi percent Lio.5Fe2.5O4, about 7 to about 35 
mol percent NiFe2O and up to about 35 mol percent 
CdFe2O4. 
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