
D69 25, 195] J_ |__ ISNQEK ErAL _ 2,579,978 
SOFT FERROMAGNETIC MATERIAL AND METHOD OF‘ MAKING SAME 

' Filed March 6, 1947 

J.L.SNOEK; PW- HAAYMAN¢$ E C.ROMEYN 
‘ ' INVENTORS 

ATTORNEY 



Patented Dec. 25, 1951 2,579,978 

UNITED STATES PATENT OFFICE 
2,579,978 

SOFT FERROMAGNETIC MATERIAL AND 
METHOD OF MAKING SAME 

Jacob Louis Snoek, Pieter Willem Haayman, and 
Frans Cornelis Romeyn, Eindhoven, Nether 
lands, assignors to Hartford National Bank and 
Trust Company, Hartford, Conn, as trustee 

Application March 6, 1947, Serial No. 732,836 
In the Netherlands March 27, 1946 

10 Claims. (Cl. 252-625) 
1 

This invention relates to inductance coils for Speci?cation 887,083 already disclosed that the 
high frequencies, inter alia frequencies exceew obtainment of high permeabilities and low losses 
ing 1000 kc./s. and more, particularly for radio might to a certain extent con?ict with one an 
purposes, comprising a magnetic core containing other. However, this is due to secondary pheno 
cubic ferrite as a magnetic material, and further 5 mena, that is to say due to the fact that measures 
relates to such cores. which are favourable for obtaining high perme 
From French Patent Speci?cation 887,083 it is ability, such as a high sintering temperature to 

known to provide a su?iciently high content or" ensure homogeneous ferrite, are disadvantageous 
oxygen in the preparation of ferrites. It is thus for the obtainment of an adequate content of 
possible to obtain ferrites which are very suitable 10 oxygen. By ensuring a high degree of homo 
ior use in inductance coils employed for fre- geneity by other means, for example by using par 
quencies up to 1000 kc./s. and giving rise in this ticularly reactive compounds in the preparation 
case to very low losses only. For this frequency of ferrite, these di?iculties may be obviated and 
range a 'loss factor tg? lower than 6% may be high permeabilities can be combined with low 
attained. However, if the ferrites as described 15 losses, at least for frequencies below 1000 kc./s. 
should be used for coils with which higher fre- It has now been found, however, that the value 
quencies occur, for example coils for oscillatory of the permeability is intimately connected with 
circuits for radio purposes or for high-frequency that of the losses and that, for frequencies ex 
transiormers. The magnetic losses appear to in- ceeding 1000 kc./s., it is advantageous to restrict 
crease considerably at these frequencies. 20 the permeability to low values. 
Magnetic cores containing cubic homogeneous A measure is probably constituted by the value 

mixed crystal ferrites as a magnetic material of the product A6 and the value of the crystal 
have also been described in U. S. Patents anisotropy, which reacts on the permeability in 
2,452,529, 2,452,530, and 2,452,531, issued October the same sense as A6, but which usually has a 
26, 1948. These patents generally described 25 smaller in?uence. As is well-known, the initial 
mixed crystal ferrites having large magnetic per~ permeability of magnetic material, when the 
meabilities and low magnetic losses. crystal anisotropy is neglected, is expressed by a 
The invention makes it possible, with the use formula of the form 

of such a ferrite, to manufacture a coil which also 
2 exhibits very favourable properties with respect 3O #0:???‘ 

to losses for frequencies exceeding 1000 kc./s. 
According to the invention, the magnetic ma- in which Imax represents the saturation magnet 

terial used is a cubic ferrite thoroughly reacted isation, A the magneto~striction and 6 the mean 
having a Speci?c electric resistance of at least value of the strains in the material (vide Becker 
100 ohms/cm, a Curie-point of at least ‘75° C- 35 and Doring: Ferromagnetismus, 1939, page 155). 
and an initial permeability comprised between 20 A high value of i6 would, in this case, be con 
and 150. ductive to obtaining low losses at high frequencies 
To make the invention better understood, it higher than 1000 kc./s. Ahigh value of 7\6 implies 

may be observed that it is based on the deter- a low value of IL 
mination that a high initial permeability of the 40 In order that, at a high value of A6, the initial 
sintered core of ferrite is attended with high permeability may have a maximum value, it is 
losses at frequencies exceeding 1000 kc./s., even advantageous to have a high saturation magnet 
if the oxygen content is high. It is remarkable isation. According to the invention, this is en 
that, Whereas the aim will usually be to attain sured by using ferrites having a Curie-point of 
high permeability, it is found to be advantageous, 45 at least ‘75° 0., preferably a Curie-point of at 
according to the invention, to restrict the perme- least 250° C. This is, moreover, advantageous 
ability to lower values. In this connection it may since the magneto-striction and the crystal an 
be remarked that a permeability of from 20 to isotropy of ferrite increase as the distance from 
150 is appreciably higher than permeability of the Curie-point increases. Thus, a high Curie 
powdered iron cores intended for use at high fre- 50 point is conducive to low losses at high frequen 
quencies (higher than 1000 kc./s.), this perme- cies. The term “Curie-point” is, in this case, to be 
ability being about 10. understood to mean the temperature at which 

It was hitherto not known that the value of the initial permeability has decreased to 10% of 
the initial permeability directly affects the value the maximum value, in other words, the tempera 
of the magnetic losses, although French Patent 55 ture at which magnetic material passes into a 
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state which is to be regarded as non-magnetic for 
practical purposes. 
In order to ensure a high value of 6 or at least 

low initial permeability combined with the de 
sired low high-frequency losses, a particular em 
bodiment of the invention utilises ferrite of a 
composition comprising less than 50 mol. percent 
of iron-oxide. 
In order to ensure low losses it is furthermore 

necessary that a ferrite according to the inven 
tion should be reacted as completely as possible, 
that is to say that the metal compounds used in 
the preparation of ferrite should be completely 
converted into homogeneous ferrite, although 
thorough reaction in itself is conducive to high 
permeability. v 

The degree of homogeneity may be judged from 
the variation of the initial permeability with 
temperature at the Curie-point, since ferrite 
which has been reacted insufficiently exhibits a 
less important decline in permeability at the 
Curie-point than ferrite which has been reacted 
completely. The greatest possible reaction may 
be ensured either by using as an initial material a 
very ?nely-divided mixture, or by sintering the 
mixture repeatedly, in which event the sintered 
mixture is required to be pulverised prior to the 
next sintering process. The two steps may also 
be taken in combination. The last sintering 
process is to be effected at a higher temperature 
than the preceding one, in order to ensure ade 
quate compactness. Each sintering process is 
preferably effected at a higher temperature than 
its preceding one. 
In this case care should be taken to ensure 

that the highest sintering temperature does not 
become so high that the ferrite would split off 
oxygen and is not capable of absorbing a suffi 
cient quantity of oxygen during the subsequent 
cooling process. The oxygen content is required 
to be at any rate such that the speci?c resistance 
is at least 100_ohms/cm., inorder to ensure that 
eddy-current losses are so small as to be negli 
gible. The sintering treatment is preferably ef 
fected at a temperature below 1300° C. > 
In order to ensure thorough reaction of the 

ferrite at low sintering temperature within a 
' reasonable time, it is advisable in the preparation 
of ferrite to utilise as an initial material a ferrite 
forming mixture containing active iron-oxide. 
A thoroughly reacted product may thus be ob 
tained even at sintering temperatures below 
1100‘’ C. Thus, for example, the starting material 
may be a mixture which is obtained by causing 
the metal constituents of ferrite to be deposited 
in common from a solution. Such a mixture may 
already partly exhibit ferrite structure. 
According to the invention, an inductance c'oil 

having very favourable high-frequency proper 
ties may be obtained if use is made of a core 
comprising nickel-Zinc ferrite as a magnetic ma 
terial. The term “nickel-zinc-ferrite” is to be 
understood to mean a ferrite which is substan 
tially constituted by nickel oxide, zinc oxide and 
iron oxide. A nickel-zinc-ferrite having the de 
sired properties is obtained by providing that a 
very ?nely-divided mixture consisting of nickel, 
zinc and iron compounds having a size of grain 
smalled than 1/1., preferably a mixture of oxides 
containing active iron oxide, is heated in an at 
mosphere' containing oxygen and by subsequent 
cooling, if necessary stepwise, in such an at 
mosphere. ’ ‘ I 

Themixing ratio between the ferrite-forming 
constituents is preferably chosen to be, such that 
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the ferrite contains at least 10 mol. per cent of 
nickel oxide, at least 10 mol. per cent of zinc oxide 
and from 40 to 60 mol. per cent of iron oxide. 
Very low losses may be obtained when using a 
composition of 34-36 mol. per cent of nickel ox 
ide, 15-18 mol. percent of zinc oxide and 48-50 
mol. per cent of iron oxide. 
The use of nickel-zinc-ferrite according to the 

invention permits of obtaining values for 

which are lower than 1.10~3 at 10 mc./s. In this 
case 

(011 

in which R. is the loss resistance, measured whilst 
avoiding dielectric and ohmic losses, L is the in 
ductance of a coil wound on an annular core; 
and w is the circle frequency. 
In a further embodiment of the invention a 

manganese-zinc-ferrite is used in an inductance 
coil. The term “manganese-zinc=ferrite” is to be 
understood to mean ferrite which is substantially 
composed of manganese oxide, zinc oxide and iron 
oxide. This ferrite preferably contains at least 
10 mol. per cent of manganese oxide, at least 
10 mol. per cent of zinc oxide and from 40 to 60 
mol. per cent of iron oxide. _ 
The preparation of manganese-zinceferrite ac 

cording to the invention is required to be effected 
with great care, since it has been found that in 
the case of such a ferrite very accurate dosing 
of the oxygen content is essential and that, in 
case of over-dosage, ferrite of inferior quality en 
sues. This is probably due to the fact that 
manganese may exhibit different valency stages 
and is liable to pass to a higher valency stage 
whilst absorbing oxygen, the magnetic proper 
ties thus being detrimentally affected. In view 
thereof it is of importance to carry out the sin 
tering process of the ferrite at such temperature 
and to perform the sintering and cooling processes 
in an atmosphere of such oxygen partial pressure 
that minimum oxidation of manganese occurs. 

Correct dosing of oxygen may be obtained by 
cooling the ferrite, subsequent to sintering, in 

igt equals 

an atmosphere the oxygen partial pressure of‘ 
which decreases in accordance with the decrease 
in temperature. Thus, for example, an indiifer— 
ent gas mixed with oxygen obtained by electrolysis 
of an aqueous solution may be caused to flow 
along the ferrite and the oxygen content may be. 
reduced, as the temperature of the ferrite de-1 
creases, by reducing the electrolysing current. 
The most suitable oxygen content can be readily 
determined experimentally. 
As an alternative, the ferrite may be subjected 

to a stream of gaseous oxygen compound which 
splits off oxygen at increased temperature, to 
an extent which is smaller as the temperature de 
creases. Very satisfactory results are obtained, 
for example, by conducting overheated water 
vapour along the ferrite, the vapour being mixed, 
if necessary, with an indi?erent gas such as nitro 
gen. At the sintering temperature of the ferrite 
the water vapour is splitted partly into hydrogen 
and oxygen and the oxygen partial pressure 
gradually decreases upon decrease in tempera 
ture. The sole ?gure of the accompanying draw 
ing diagrammatically shows an inductance coil 
according to the invention. In this ?gureref 
erence numeral I designates a coil frame of in 
sulating material, 2 the winding of the coil and» 
3 a rod-shaped magnetic core. 
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Eramples 

1. A deposit is produced from a solution of 
nickel sulphate, zinc sulphate and iron nitrate by 
means of a solution of soda, the deposit being 
dried and subsequently heated for 1 hour in air 
at 900° C. The powder thus obtained, contain 
ing 22.5 mol. per cent of nickel oxide (N10), 
31.3 mol. per cent of zinc oxide (ZnO) and 46.2 
mol. per cent of iron oxide (F6203) is moulded 
to form a ring by using a pressure of 3 tons/cm?. 
This ring is heated for 1 hour at 1000" C. in oxy 
gen and subsequently slowly cooled in oxygen, at 
the rate of about 5° a minute. The table shows 
the properties of the core obtained. , 

2. In the manner as described in Example 1, a 
powder is prepared of the composition 34.6 mol. 
per cent of N10, 17.2 mol. per cent of ZnO, and 
48.2 mol. per cent of F6203 and moulded to form 
a ring, followed by sintering for 1 hour at 1300° C. 
in oxygen and subsequently show cooling in oxy 
gen. The results obtained are mentioned in the 
table. 

3. A mixture consisting of 24.8 mol. per cent of 
mo. 31.2 mol. per cent of ZnO, and 44.0 mol. 
per cent of FezOs, obtained by grinding these ox- l; 
ides in a ball mill for four hours, is heated for 
1 hour at 800° C. in air, then ground again and 
subsequently moulded to formv a ring. This ring 
is heated for 1 hour at 1050“ 

mentioned in the table. 
I 4. A mixture consisting of 23.4 mol. per cent of 

MnOz, 26.2 mol. per cent of ZnO and 50.4 mol. 
per cent of Fezoa is ground for a week, moulded 
into a ring and then heated for 5 hours at " 
1000° C. in a stream of overheated water vapour. 
Subsequently, cooling takes place to 300° C. in 
the furnace, during which process the stream of 
water vapour continues. The properties of the 
core obtained are shown in the table. 

Table 

1 Example 1 Example 2 Example 3 Example4 

po.>.___-__'. __________ _. 50 85 G5 55 
Curie-point '’ C .... ._} 260 465 250 100 
Spec. weight ....... _. 4. 2 5.0 4.4 3.1 
10Hg8at2mcJscc .. 1.1 1.3 1.1 1.4 

5 ________ .. 1. 3 1. 3 1. 6 2. 2 
' .10...- -- 1. 7 1. 3 4. o 6.0 

v{205. ............. .. 3_ 1 2. 0 21.0 26. 0 
104i at 2 inc/sec-.. 2.2 1. 5 1. 7 2. 5 

p 2. 6 1. 5 2. 5 4. 0 
3.4 1. 5 7. 0 19.0 
6. 2 2. 4 32 47 

For the purpose of de?ning the terms “ferrite,” 
“mixed crystal,” and “soft” magnetic materials, 
the following de?nitions will be employed in con 
nection with the above-noted terms as used 
throughout the speci?cation and in the appended 
claims. 
A “ferrite” is a crystalline material which is 

a compound of the reaction product of a metal 
oxide and iron oxide having the empirical formula 
MFezOe wherein M represents a bivalent metal. 
This material may also be de?ned as a metallic 
salt of the hypothetical acid HzFezOl. 
A “mixed crystal” ferrite is a ferrite material 

comprising two or more ferrites as hereinbefore 
de?ned which are chemically combined together 
to form a single homogeneous crystalline com 
pound. 
The term “soft” magnetic material means mag 

netic material having a low remanence and a 
low coercivity when the applied inductive ?eld is 
removed from the material. 

C. in oxygen, fol- ‘ 
lowed by slow cooling. The results obtained are " 
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6. 
Within the scope of the de?nitions noted above, 

we have described our invention with speci?c 
examples and methods of execution, which, how 
ever, will suggest other obvious modi?cations to 
those skilled in the art without departing from 
the spirit and scope of our invention. 
What we claim is: 
l. A soft ferromagnetic material having low 

magnetic losses up to about 20 Inc/see. and which 
is particularly adapted for use in cores in in 
ductance coils and the like employed in circuits 
operating at frequencies up to 20 mc./sec., con 
sisting essentially of substantially homogeneous 
mixed crystals of nickel-zinc ferrite having an 
initial magnetic permeability of about 20 to 150 
and consisting of the heat reaction product of 
about 10 to 35 mol. per cent of N10, about 40 
to 60 mol. per cent of F6203, and the remainder 
ZnO in an amount at which the Curie point of 
the nickel-zinc ferrite exceeds 250° C. and com 
prises at least 10 mol. per cent. ~ 

2. A soft ferromagnetic material having low 
magnetic losses up to about 20 mc./sec. and which 
is particularly adapted for use in cores in in 
ductance coils and the like employed in circuits 
operating at frequencies up to about 20 mc./sec., 
consisting essentially of substantially homoge 
neous mixed crystals of nickel-zinc ferrite hav 
ing an initial magnetic permeability of about 20 
to 150 and consisting of the heat reaction product 
of about 10 to 35 mol. per cent of MO, about 
40 to 60 mol. per cent of F6203 and about 10 to 
31 mol. per cent of ZnO, said ZnO comprising an 
amount at which the Curie point of the nickel 
zinc ferrite exceeds 250° C. 

3. A soft ferromagnetic material having low 
magnetic losses up to about 20 mc./sec. and which 
is particularly adapted for use in cores in in 
ductance coils and the like employed in circuits 
operating at frequencies up to about 20 mc./sec., 
consisting essentially of substantially homoge 
neous mixed crystals of nickel-zinc ferrite hav-_ 
ing an initial magnetic permeability of about 20 
to 150 and consisting of the heat reaction product 
of about 34 to 36 mol. per cent of MO, 15 to 18 
mol. per cent of ZnO, and 48 to 50 mol. per cent 
of Fezoa, said nickel-zinc ferrite having a Curie 
point of at least 250° C. 

4. A soft ferromagnetic material having low 
magnetic losses up to about 20 mc./ sec. and which 
is particularly adapted for use in cores in in 
ductance coils and the like employed in circuits 
operating at frequencies up to about 20 mc./sec., 
consisting essentially of substantially homoge 
neous mixed crystals of nickel~zinc ferrite hav 
ing an initial magnetic permeability of about 20 
to 150 and consisting of the heat reaction product 
of about 22.5 mol. per cent of NiO, 31.3 mol. 
per cent of ZnO, and 46.2 mol. per cent of F6203, 
said nickel-zinc ferrite having a Curie point of 
at least 250° C. 

5. A soft ferromagnetic material having low 
magnetic losses up to about 20 mc./sec. and which 
is particularly adapted for use in cores in in 
ductance coils and the like employed in circuits 
operating at frequencies up to about 20 mc./sec., 
consisting essentially of substantially homoge 
neous mixed crystals of nickel-zinc ferrite hav 
ing an initial magnetic permeability of about 20 
to 150 and consisting of the heat reaction product 
of about 34.6 mol. per cent of NiO, 17.2 mol. 
per cent of ZnO, and 48.2 mol. per cent of F6203. 
said nickel-zinc ferrite having a Curie point of 
at least 250° C. 

6. A soft ferromagnetic material having low 
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magnetic losses up to about 20 mc./sec, and 
which is particularly adapted for. use in cores in 
inductance coils and the like employed in cir 
cuits operating at frequencies up to about 20 
mc./sec., consisting essentially of substantial 
ly homogeneous 'mixed crystals of nickel-zinc 
ferrite having an initial magnetic permeability of 
about 20 to 150 and consisting of the heat reac 
tion product of about 24.8 mol. percent of NiO, 
31.2 mol. percent of ZnO, and 44.0 mol. percent 
of F6203, said nickel-zinc ferrite having a Curie 
point of at least 250“ C. 

7. A process of manufacturing a soft ferre~ 
magnetic material having an initial magnetic 
permeability of _ about 20 to 150 and low mag 
netic losses up to about 20 mc./sec. and which is 
particularly adapted for use in cores in induct~ 
ance coils and the like employed in circuits 
operating at frequencies up to 20 mc./sec., com 
prising the steps of forming an intimate mix 
ture of about 10 to 35 mol. percent of NiO, about 
40 to 60 mol. percent of FezOs, and ZnO‘ in an 
amount at which mixed crystals of nickel-zinc 
ferrite are produced having a Curie point ex 
ceeding 250° C. and comprising at least 10 mol. 
percent, sintering the so-formed mixture at a 
temperature of about 800° to 1300° C in an oxy 
gen-containing atmosphere to form the mixed 
crystals of nickel-zinc ferrite, and cooling the 
nickel-zinc ferrite thus obtained in the said at 
mosphere. , 

8. A process of manufacturing a soft ferro 
magnetic material having an initial magnetic 
permeability of about 20 to 150 and low mag 
netic losses up to about 20 mc./sec. and which is 
particularly adapted for use in cores in in 
ductance coils and the like employed in circuits 
operating at frequencies up to 20 mc./sec., com— 
prising the steps of forming an intimate mixture 
of about 10 to 35 mol. percent of NiO, about 40 
to 60 mol. percent of F6203, and about 10 to 31 
mol. percent of ZnO, and in an amount at which 
mixed crystals of nickel-zinc ferrite are produced 
having a Curie point exceeding 250° (3., sintering 
the so-formed mixture at a temperature of about 
800° to 1300° C. in an oxygen-containing atmos 
phere to form the mixed crystals of nickel-zinc 
ferrite, and cooling the nickel-zinc ferrite thus 
obtained in the said atmosphere. 

'9.. A process of manufacturing asoft ferroe 
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magnetic material having an initial magnetic 
permeability of about 20 to 150 and low magnetic 
losses up to about 20 mc./sec. and which is par 
ticularly adapted for use in cores in inductance 
coils and the like employed in circuits operating 
at frequencies up to 20 mc./sec., comprising the 
steps of forming an intimate mixture of about 34: 
to 36 mol. percent of N10, about 15 to 18 mol. 
percent of ZnO, about 48 to 50 mol. percent of 
F6203, and in an amount at which mixed crystals 
of nickel-zinc ferrite are produced having a Curie 
point exceeding 250° C., sintering the so-formed 
mixture at a temperature of about 800° to 1300° 
C., in an oxygen-containing atmosphere to form 
the mixed crystals of nickel-zinc ferrite, and 
cooling the nickel-zinc ferrite thus obtained in 
the said atmosphere. 

10. A process of manufacturing a soft ferro 
magnetic material having an initial magnetic 
permeability of about 20 to 150 and low magnetic 
losses up to about 20 mc./sec. and which is par 
ticularly adapted for use in cores in inductance; 
coils and the like employed in circuits operating 
at frequencies up to 20 mc./sec., comprising the 
steps of forming an intimate mixture of about 10 
to 36 mol. percent of NiO, about 10 to 18 mol. 
percent of ZnO, about 40 to 50 mol. percent of 
F8203, and in an amount at which mixed crys 
tals of nickel-zinc ferrite are produced having a 
Curie point exceeding 250° C., sintering the so 
formed mixture at a temperature of about 800° 
to 1300” ‘0., in an oxygen-containing atmosphere 
to form the mixed crystals of nickel-zinc ferrite, 
and cooling the nickel-zinc ferrite thus obtained 
in the said atmosphere. 
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