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The present invention relates to powdered 
carbonyl iron and to shaped metallic articles 
prepared from such carbonyl iron for use in 
electromagnetic devices, and more particularly 
to magnetic cores produced from iron powder 
derived from the thermo-decomposition of iron 
carbonyl. A more particular feature of our in 
vention is the production of powdered iron mag 
netic cores which combine both high perme 
ability and low eddy current losses at frequencies 
up to several megacycles. Our invention pro 
vides new cores having permeabilities of Over 50 
without the hitherto unavoidable corresponding 
high eddy current losses. 

Electromagnetic cores prepared from powdered 
carbonyl iron have been suggested for use in a 
great variety of coils. The usual purpose of the 
heretofore known cores has been either merely 
to assure a high Q value or to provide an induct 
ance control or both. With the advent of in 
proved communication equipment, for example, 
in direction finder loop antennae, it has become 
necessary that electromagnetic cores should also 
provide a high magnetic flux which means that 
the cores must have a high magnetic permeability 
and low loSSes. 

Maintaining low eddy current losses, the high 
est permeability so far obtainable with cores pre 
pared from heretofore known magnetic powders 
is below 40 and usually ranges from about 10 to 
30. Recently, for example, T. Oddie, in a paper 
entitled “Magnetic measurements of iron pow 
ders' (Journal Scientific Instruments, London, 
page 154, September 1944), describes a variety of 
radio cores in which permeabilities range from 
1.37 to 30.1. 
In U. S. Patent 1838,831, there is described the 

treatment of metallic powders obtained by the 
thermo-decomposition of iron carbonyl which 
involves subjecting such iron powder to a thermo 
treatment in an atmosphere of reducing gas 
prior to making up the cores. It is stated that 
the permeability of the powder is improved. The 
one example in this patent discloses the treat 
ment of iron powder, obtained by the decom 
position of iron carbonyl, for 18 hours at 500 C. 
with a current of hydrogen. Such a treatment 
causes a loss of the Original shape of the iron 
powder particles due to their sintering together 
to form large particles. Such sintered particles 
cannot be brought back to the Spherical shape 
and size of the original particles. While cores 
prepared from such powders as produced by the 
process disclosed in this patent are said to have 
a higher permeability, they exhibit considerable 
eddy current losses. 

U. S. Patent 1735,405 points out on page 1, 
column 1 lines 1 to 27, that the aforesaid heat 
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treatment in a reducing atmosphere, while re 
ducing the carbon and oxygen in the iron, causes 
sintering, and that when carrying out the process 
on a large Scale it is not always possible to bring 
the whole of the material back to the original 
Small grain size and spherical shape of the orig 
inal particles. Especially when the material has 
been heated to high temperatures, such as from 
500 to 600 C., considerable amounts, as much as 
30% and more, of screening residues are left over 
after grinding which are not directly applicable 
for the purposes required, the patent states. The 
patent proposes a two stage operation involving 
temperatures of 500° C. and over, which is still 
attended by sintering 'restricted within mod 
erate limits.' The resulting iron powder ob 
tained when crushed down in a mill, it is said, 
will pass through a sieve with 4900 meshes per 
Square centimeter, leaving behind practically no 
residue. The powder is stated to have a carbon 
content up to 0.5% and a permeability of between 
25 and 32. 

In U. S. Patent 1783,560 and U. S. Patent 
1783,561, there is disclosed the production of 
magnetic cores manufactured from carbonyl iron 
powders which have been treated with an in 
sulating and bonding material and then molded 
under a pressure of about 7,000 kilograms per 
square centimeter. In U. S. Patent 1783,560, the 
specific gravity of the resultant core is disclosed 
as being 6.52 and, it is stated, to possess a perme 
ability of u=38.6. In U. S. Patent 1783,561, the 
corresponding figures are given as 6.4 and 35.2. 

It has been recognized that in the production 
of powdered iron cores, an increase in density 
results in a higher initial permeability. How 
ever, while increasing the density results in a 
greater permeability, the increase in the density 
at the same time is also accompanied by a corre 
sponding increase in eddy current losses which 
is highly disadvantageous. Thus, while it is 
often essential to use magnetic cores of the high 
est possible permeability, there is a definite lim 
itation imposed upon the permeability of mag 
netic materials in alternating electromagnetic 
fields by the appearance of eddy current power 
losses which increase with an increase in density 
of the core. This is particularly true in the case 
of high frequency electromagnetic fields. As a 
result, to avoid the appearance of such losses, 
it has been necessary to sub-divide the magnetic 
materials as, for example, by laminating the 
core. While this reduces the eddy current losses, 
it also decreases the overall permeability. Thus, 
it has not been heretofore possible to produce 
cores combining the features of high perme 
ability and low losses by increasing the density of 
the core, 



It is among the objects of our invention to pro 
duce a new powdered carbonyl iron and shaped 
metallic articles therefrom particularly useful as 
cores in electromagnetic devices which, although 
possessing high densities combine both high per 
meability and low power losses at high frequen 
cies. According to our invention, it is possible 
to produce powdered iron cores having initial 
magnetic permeabilities of from 40 to 72 with 
relatively low eddy current power losses. Thus, 
We have Succeeded in producing powdered iron 
cores having permeabilities of from 40 to 72 with 
comparatively low eddy current loss coefficients 
of from 0.6 to 7.0x10 ohms per henry and 
cycles-per-second-squared. 
Our invention exhibits its greatest advantages 

and effectiveness in making possible the produc 
tion of high density cores having permeabilities 
of Over 50 without the hitherto unavoidable cor 
responding high eddy current losses. 
The new cores are prepared from a new, soft 

carbony iron powder of Small particle size using 
a suitable insulating material for bonding, which 
is efficient as such even in very Small quantities. 
More particularly, according to our invention we 
have found that powdered iron cores can be 
obtained with effective permeabilities higher than 
that heretofore obtained and without a corre 
sponding increase of eddy current power losses, 
by preparing such cores from a pulverulent iron 
obtained from the thermo-decomposition of iron 
carbonyl, provided the powdered iron consists 
substantially of spherical particles of less than 
12 microns in diameter and has a total carbon 
content not exceeding 2.9 in 10,000 parts by 
Weight. Thus, a powder whose carbon content 
ranges from about 0.01 to 0.029% by Weight and 
the number-average diameter of the particles is 
about 6-10 microns has been found highly effec 
tive for the production of our new electromag 
netic cores. 
In the preparation of the cores, the iron powder 

described can be insulated and coated in any con 
venient way with a suitable insulating and bond 
ing material and then compressed to flawless com 
pacts having initial magnetic permeabilities of 
up to 72 with relatively low eddy current power 
losses. The density of such compacts is as high 
as 7.50 grams per cubic centimeter. It is also 
possible to process the new iron powder without 
coating into compacts which are called 'green 
briquettes' having even higher densities as, for 
example, up to 7.55 grams per cubic centimeter 
and which after a sintering treatment exhibit 
excellent magnetization characteristics. 
The new carbonyl iron powder differs from 

heretofore commercial grades in the following 
properties: 

Weight 
Carbon Average 

Grade Content Diameter of 
Per Cont Particles in 

Microns 

20 
10 
8 
O 

L., C and E denote heretofore known commer 
cial grades of carbonyl iron powders. 
The new carbonyl iron powder from which our 

new cores are prepared can in general be pro 
duced as follows: Iron carbonyl is decomposed in 
the heated free space of the decomposition vessel 
according to the procedure of Patent No. 1759,659. 
The individual particles of the iron powder so 
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4. 
obtained have a rounded or substantially spheri 
cal shape. The average diameter of the particles 
ranges from about 6-10 microns, while the carbon 
content of the iron is from 0.5 to 1.2%. 
The carbonyl iron so obtained is subjected to 

a reduction treatment to reduce the carbon con 
tent to not over 2.9 parts per 10,000, under such 
conditions of time and temperature which pre 
vent sintering and maintain substantially the 
Spherical shape and small size of the original par 
ticles. Such reduction with preservation of the 
original Small size and spherical shape of the 
original particles can be carried out by main 
taining the temperature of treatment with the 
reducing gas within a range of about 380° C. to 
about 430 C. for a length of time ranging from 
about 7 to about 12 hours, depending on the tem 
perature and the concentration of the reducing 
3.S. 
As the reducing gas, we prefer to employ hydro 

gen, although any other suitable reducing gas, 
Such as, annonia may also be employed. The 
amount of reducing gas employed is at least that 
required to reduce the carbon content within the 
range of 0.01 to 0.029%, but it is preferred to uti 
lize an excess of the gas and control the length 
of treatment until the carbon content of the iron 
powder is reduced to the above specified range. 
For example, we prefer to employ from about 
100-200% excess hydrogen. 
After treatment with the reducing gas, the iron 

particles are subjected to a mild milling operation 
to break up any agglomeration of particles. This 
Operation, performed preferably in a ball mill, 
is carried out so mildly that the original spherical 
shape and Small size of the particles is main 
tained, and their conglomeration by impact 
avoided. 
The iron powder is next shaped into cores. 

Any suitable insulating and bonding material 
may be employed in preparing the cores. For 
example, we have found to be highly advantage 
ous for this purpose a butanol-soluble urea-form 
aldehyde resin of the baking enamel type. While 
the amount of insulating and bonding material 
employed may be varied, we have found it par 
ticularly advantageous, where high permeability 
is desired with relatively low molding pressure, 
that the amount of insulating and bonding mate 
rial be relatively small. Thus, we have found it 
advantageous to employ the insulating material 
in a range of about 0.2-0.7% based on the weight 
of the iron. A highly preferred amount of insu 
lating and bonding material is about 0.5% by 
weight. For example, a core having a perme 
ability of 55 and an eddy current loss coefficient 
of 0.73X10 ohms per henry and cycles-per 
Second Squared, and a density of 7.35 grams per 
cm can readily be obtained from our new iron 
powder when employing about 0.5% of urea 
formaldehyde as the insulating and bonding ma 
terial and a molding pressure of 85 tons per square 
inch. Densities of over 7 have heretofore been 
Very rarely obtained in powdered iron cores and 
Such cores as have been obtained with such densi 
ties have been characterized by having high eddy 
current losses. 
By utilization of iron powder in which the par 

ticles are rounded or spherical in shape and pos 
Sess a diameter of less than 12 microns, and in 
which the carbon content does not exceed 0,029%, 
We have succeeded in obtaining a shaped metal 
lic product which in spite of its high density and 
high initial permeability does not exhibit any 
substantial increase in eddy current losses as is 
exhibited by increasing the density of powdered 
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iron cores made from the heretofore known iron 
powders. 
The following examples will further illustrate 

the method of preparing our new powder and 
the production of our new magnetic cores. 

Eacample 1 
Iron powder obtained by the thermo-decompo 

sition of iron pentacarbonyl was reduced with 
hydrogen at a temperature of 425 C. for 7 hours. 
The reduced iron powder was then milled in a 
ball mill to break up any agglomeration of par 
ticles. The ball milling Operation is performed 
in such a way that the original spherical shape 
and size of the individual particles is not im 
paired. This can be effected by carrying out the 
milling by a fractional operation in which the 
particles are removed from the mill at frequent 
intervals to prevent mutilation of their shape or 
conglomeration by impact. 
The pulverulent iron obtained had a carbon 

content of 1.2 parts in 10,000, or 0.012%, and 
consisted substantially of particles with a diam 
eter of about 10 microns. 
The preparation of shaped articles and more 

particularly electromagnetic cores is illustrated 
by the following example. 

Eacample 2 
1000 parts of iron powder obtained as in Exam 

ple 1 were mixed with 200 parts of a 2.5% solution 
of a butanol-soluble urea-formaldehyde conden 
sation product in n-butyl alcohol. The alcohol 
was then evaporated from the mixture, and the 
coated powdered iron was heated to about 145 
C. to polymerize or set the resin coating. The 
lumps of coated carbonyl iron were reduced to 
Small grains by grinding. The grains so obtained 
and coated with the resin were formed into a ring 
in a mold using a pressure of 85 tons/in. The 
resulting ring weighed 100 grams, had an outside 
diameter of 2.25 inches, an inside diameter of 1.5 
inches, and a height of about 6 inch. The den 
sity of the ring was 7.35 grams per cm. The ring 
was kept for 30 minutes at 150 C. in air in order 
to increase its mechanical strength, and then 
wound toroidally with wire, 
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various A. C. frequencies (f) up to 1 megacycle. 
The apparent Q. values, determined by direct 
measurement, were corrected in accordance with 
the characteristics of the measuring instrument 
to yield actual Q values. The cores were then 
wound as toroids with sufficient turns to yield 
an inductance (L.) of 0.10 millihenry. The D. C. 
resistance (Ro) of the coil is measured with a 
Wheatstone bridge. The initial permeability () 
was calculated from the inductance () at 1 kilo 
cycle, extrapolated to zero current, and from the 
calculated effective magnetic diameter of the core. 
The residual loss coefficient (c) was determined 
from the loss resistance at 1 and at 10 kilocycles, 
extrapolated to a flux density (B) of zero. The 
hysteresis loss coefficient (a) was obtained from 
measurements with an inductance bridge at vari 
ous flux densities and constant frequency (10 
kilocycles). 
The effective resistance of the core (Reft) is 

calculated from the Q value, frequency (f) and 
inductance (L), in accordance with the formula 
Ref=2nfL/Q. The effective resistance (Refr) is 
the sum of the D. C. resistance (Ro) and the 
high-frequency-loss resistance components, re 
Spectively due to hysteresis loss, residual loss, and 
eddy current loss. This relationship is expressed 
by the equation Rety-Ro-pulf (a B--c) -ie,F, 
wherein the second term of the sum represents 
the hysteresis and residual loss resistances, and 
the last term represents the eddy current loss 
resistance, pie being the eddy current loss coeff 
cient. Since all of the terms except ue can be 
calculated from the measurements indicated 
above, the value in ohms of the eddy current loss 
resistance (Re) can be obtained by subtracting 
Ro and the second term of the above expression 
from Reft. The eddy current loss coefficient (ue) 
is then calculated as the quotient of Re/If?. 
Thus, the units of the eddy current loss coefficient 
are ohms per henry and cycles-per-second 
Squared. 
The following table illustrates the relative . 

properties of cores prepared from our new car 
bonyl iron powder as compared with cores pre 
pared from known iron powders. 

OSS co- Carbon con- Molding effice it WSYg. Best ful ohnshenry deter sity |S| ES" 
cpS. 

7.0x10-7 7.42 0.012 85 
0.73X10-7 7.35 0.02 85 
0.66X10-7 8.83 0,012 80 

8:8 88 
68si- 5.94 6. 60 

The coil thus obtained was subjected to a series 
of standard measurements which showed the ini 
tial magnetic permeability of the core to be 55. 
Its eddy current power loss coefficient was found 
to be 0.73X10 ohms per henry and cycles-per 
Second squared. 
The aforesaid standard method and the calcu 

lations employed in determining "initial permea 
bility' and 'eddy current loss coefficient' are de 
scribed in an article by W. Legg entitled 'Mag 
netic masurements at low flux densities using the 
A. C. bridge,' in Bell System Technical Journal, 
vol. 15 (1936) page 39. The method involved di 
rect measurement of the apparent Q. value (qual 
ity factor) of the core, using a Q-meter while 

60 

65 

70 

In the above table, cores A, B and C are cores 
prepared from our new carbonyl iron powder. 
Core D is prepared from a carbonyl iron powder 
in which the carbon content is 0.02% and the 
diameter of the particles 20 microns. The par 
ticles in this powder are to a large extent sin 
tered masses of spherical particles. Core E is 
prepared from one of the best grades of iron 
powder obtained by the hydrogen reduction of 
iron oxides. Core F is prepared from the most 
commonly used non-reduced iron powder as pre 
pared by the thermal reduction of iron carbonyl. 
Thus, it is evident that none of the hereto 

fore known iron powder cores of which examples 
are given in the table combine high permeability 

the core is inserted in a solenoid energized by 75 and low losses as do our novel powder cores. Our 
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new cores exhibit their greatest advantages and 
are most effective, particularly when they are of 
the high density type. Thus, cores A and B pre 
pared at 85 tons per square inch have extremely 
high permeability, density and low eddy current 
loss. This is contrary to what would be expected 
since high density has heretofore been unavoid 
ably accompanied by corresponding high eddy 
current losses. Core C prepared at a lower pres 
sure, while still possessing a permeability of 40, 
has at the same time, an even lower eddy cur 
rent loss. The known cores D and E, while hav 
ing a permeability similar to core C and a simi 
lar density, possess considerably greater eddy 
current loss. Core F, although prepared at a 
pressure of 60 tons per square inch has an ex 
tremely low permeability and low density. 
A simple core combining high magnetic per 

meability with low eddy current losses and made 
according to the method of the present inven 
tion, is illustrated in the accompanying drawing. 
From the description herein given it will be evi 

dent that our invention provides both a novel 
carbonyl iron powder and novel shaped metallic 
articles which solve the problem of combining 
high magnetic permeability and low losses, and 
more particularly high density cores with per 
meabilities of over 50 combined with low eddy 
current losses. 

It is to be understood that the new iron pow 
der, instead of being utilized for the production 
of magnetic cores, is also well suited for the pro 
duction of various sintered parts, such as for the 
manufacture of alloys and combinations involv 
ing non-metallic materials as, for instance, car 
bon steel compacts. 
We cairn: 
1. In a method of producing powdered iron 

which combines high permeability and low eddy 
current losses when formed into shaped articles, 
the step, which comprises reducing iron powder 
obtained by the thermo-decomposition of iron 
carbonyl, the particles of which are spherical in 
shape and have an average diameter of less than 
12 microns, with a reducing gas of the class con 
sisting of hydrogen and ammonia at a tempera 
ture sufficiently high to reduce the carbon Con 
tent of the iron powder by reaction of carbon 
with said gas, but not exceeding 430' C., and for 
a period of time so limited as to avoid sintering 
of the particles and to maintain their original 
shape and size, said treatment being carried out 
until the carbon content of the iron is reduced 
so as not to exceed 0.029% by weight of the 
powder. 

2. In a method of producing carbonyl iron 
which combines high permeability and low eddy 
current losses when formed into shaped articles, 
the step which comprises, reducing iron powder 
obtained by the thermo-decomposition of iron 
carbonyl and the particles of which are spherical 
in shape and have an average diameter of less 
than 12 microns with hydrogen at a temperature 
of from about 380-430° C. for about 7-12 hours, 
said treatment reducing the carbon content of 
the iron so as not to exceed 0.029% by weight of 
the powder. 

3. In a method of producing carbonyl iron 
which combines high permeability and low eddy 
current losses when formed into shaped arti 
cles, the step which comprises reducing iron pow 
der, the particles of which are spherical in shape 
and have an average diameter of 6-10 microns, 
said powder being obtained by the thermo-de 
composition of iron carbonyl, with hydrogen at 
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a temperature of about 4.25° C. for about 7 hours, 
said treatment reducing the carbon content of 
the iron from 0.01% to 0.029% by weight of the 
powder. 

4. Powdered carbonyl iron in which the par 
ticles are spherical in shape, having a carbon con 
tent not exceeding 0.029% by weight of the pow 
der and an average particle diameter of less than 
12 microns said powder being capable of being 
molded into cores having a permeability of from 
about 40-72, and an eddy current loss coefficient 
of about 0.6-7.0x10 ohms per henry and cycles 
per-Second-Squared. 

5. A shaped article having an initial permea 
bility of at least 40 consisting substantially of 
carbonyl iron powder having a carbon content 
not exceeding 2.9 parts by weight per 10,000 parts, 
said iron powder being in the form of particles 
of spherical shape having a diameter of sub 
stantially less than 12 microns. 

6. A powdered iron core having an initial mag 
netic permeability of from 40-72 and consisting 
substantially of carbonyl iron powder in which 
the particles have their original Spherical shape 
and size, said carbonyl iron powder having a car 
bon content not exceeding 0.029% by weight, and 
an average particle diameter of substantially less 
than 12 microns. 

7. A powdered iron core having an initial mag 
netic permeability of at least 50 and an eddy cur 
rent loss coefficient of from 0.6 to 7x10-, and 
consisting substantially of carbonyl iron powder 
in which the particles have their original spheri 
cal shape and size, said carbonyl iron powder 
having a carbon content from 0.01% to ,029% 
by weight and an average particle diameter of 
6-10 microns; and an insulating binder coating 
the particles of Said core. 

8. A method of preparing a powdered iron core 
which comprises coating the particles of carbonyl 
iron powder with an insulating binder in amounts 
of from 0.2-0.7% based on the weight of the iron, 
said carbonyl iron powder being obtained by the 
thermo-decomposition of iron carbonyl to iron 
powder of which the particles are spherical in 
shape and have an average diameter of less than 
12 microns, followed by the reduction of the re 
Sulting iron by means of hydrogen at a tempera 
ture sufficiently high to reduce the carbon con 
tent of the iron powder by reaction of carbon 
with hydrogen, but not exceeding 430 C., and 
for a period of time so limited as to avoid sin 
tering of the particles and to maintain their orig 
inal spherical shape and size, said treatment 
being carried out until the carbon content of the 
iron is reduced so as not to exceed 0.029% by 
weight of the powder, and then molding the mix 
ture under pressure to the desired shape to form 
a core having a permeability exceeding 50 and an 
eddy current loss coefficient of from 0.6 to 7x10. 
ohms per henry and cycles-per-Second-Squared. 

9. A method as in claim 8 in which the in 
sulating binder is a butanol-soluble urea-form 
aldehyde condensation product. 

HANS BEER. 
GEORGE. O. A. MANN. 
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