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MAGHETIC MATERIAL AND METHOD OF
PREPARING THE SAME
Fred E. Luborsky, Schenectady, N.Y., assignor to General
Flectric Company, a cerporation of New York
Filed Dee. 23, 1961, Ser. Mo. 161,033
6 Ciaims. (CL 204—16)

This invention relates to permanent magnet materials
comprising elongated, single domain particles having
greater structural uniformity and higher magnetic qual-
ity than has heretofore been possible and to a process
for preparing said magnetic material.

U.S. Patent 2,974,104, Paine et al., assigned to the
same assignee as the present invention, discloses mag-
ngstic materials composed of elomgated, single domain
particles, exhibiting very high emergy products. These
magnetic materials are prepared by electrolytically de-
positing, at a constant optimum current density, particles
of iron or iron-cobalt alloys into a liguid metal cathods,
such as mercury, under quiescent imterface conditions
between the liquid cathode and the electrolyte.

Such meagnetic materials have besn found to have a
wide distribution of particle structures, a characteristic
which results in a decrease in the magnetic guality of
the assembly of particies. To produce magnetic ma-
terial of the greatest possible total magnetic energy, it
would be desirable to produce particles of the optimum
shape and, consequently, particles whose structures or
hapes are as nearly uniform as possible.
is a principal object of this invention to provide a

ess for electrolytically depositing elongated, single
domein, magnetic particlés possessing a- high degree of
structural uriformity. It is an additional object of this
invention to provide elongated, single domain, magnetic
matcrials baving greater total magnetic energy than has
heretofore been possible.
Briefly described, the present invention involves the
discovery that particles of substantially uniform struc-
ture may be produced if, during at least a portion of the
electrodeposition cycle of the fine particles, the cathode
current density is progressively lowered to maintain a
substantially constant maximum coercive force in the
elecirodeposited particles. By so lowering the current
Jensity, it has been found that particles of nearly con-
i structure and of significantly improved magnetic
properties are obtained. In accordance with a further
¢t of the invention, it has besen found that particles
ven greater structural uvniformity may be obtained
ified electrolyte is used in the foregoing electro-
: By a “purified” electrolyte is
meant an electrolyte specially treated to remove organic
impuritiss in a manner more fully set out hereinafter.
The invention will be understood more clearly by ref-

to the following description taken in comnection
with the accompanying drawing wherein:

FIGURE 1 shews the intrinsic coercive force values
of particies electrodeposiied at constant current as a fune-
tion of current density and time;

PIGURE 2 shows the packing fraction values of par-
ticles elecirodeposited at constant curreat as a function
of current demsity and time; and

FIGURE 3 ilivstrates graphically two schedules for
progressively lowering the current demsity to maintain
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a nearly constant coercive force and packing fraction in
the electrodeposited particles.

While not intending to be limited to any specific
theory, it is believed that the invention is based upon
the following censiderations. During electrodeposition
of iron, or other ferromagnetic particles, into a liquid
metal catbede, the iron atoms condense into particles
in a closely packed ordered array at the interface be-
tween the lquid cathode and the electrolyte. When the
particles are deposited at constant current, a gradual
change in the particle shape takes place as deposition
proceeds. This variation in particle shape is believed
to be due to gradual changes in the environment of the
growing particle or fiber as the electrodeposition pro-
ceeds. . This results in part from an increase in the thick-
ness of the mass of particles formed by the elongated
iron fibers. The increasing mass of particles near the
surface of the mercury reduces the rate of flow of mer-
cury to the surface where the fibers are growing. Con-
currently, the greater mass of iron particles tends to push
upward toward the interface because of its greater buoy-
ancy. as compared with mercury. On the other hand,
he rate of iron deposition is dependent on the current
density, and if this current density is kept constant in
the face of the changing environment at the point of
electrodeposition, the fiber structures will not grow uni-
formly. The present invention compensates for this
changing environment by progressively lowering the
current density and kence the rate of iron deposition.

In addition to the foregoing, it has been found that
hydrogen gas bubbles and adsorbed impurities form on
the surface of the mercury cathode during electrodepaosi-
tion and create inicroscopic variations in current density
at the point of electrodeposition. By treating the elec-
irolyte with, for example, activated charcoal, the forma-
tion. of hydrcgen bubbles and adsorbed impurities- is
inkibited and. thus vniformity of current density on a
microscopic scale is provided. Whereas, in the absence
of such treatment, the iron formed during electrodeposi-
tion is in the form of a lcose dispersion in mercury, with
the use of treated electrolyte the elongated iron particles
ieposit in the form of a solid gel in the mercury. In the
former case, the loose dispersion contains a wide distri-
bution of particle shapes including spherical particles.
In the latter case, the gel contains only elongated fibers
while under the gel in the fluid mercury phase some
essentially spherical particles are normally present. The
better quality elongated particles in gel form may then
be relatively easily separated and removed from the
poorer guality spherical particles.

It can thus be seen that a progressive lowering of the
current density during electrodeposition resulfs in par-
ticles of greatly increased structural uniiormity. By
combining this procedure with the use of a purified
elecirolyte, the structural uniformity is enhanced to an
even greater extent and in addition the separation of
higher quality from lower quality magpetic particles is
made possible.

A further advantage of the progressive decrease of the
current demsily is a resulting increase of two to three-fold
in the production rate of the fine particles.. For example,
to make a magnet having a total energy product of 6.0 mjl-
lion gauss-cersted from deposition at constant current, re-
quires deposition at 0.005 amp./cm.2 for 500 minutes or
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0.0025 amp./cm.? for 1000 minutes, or equivalent com-
binations, resulting in 0.05 gram of iron per cm.? of mer-
cury surface in 1000 minutes. The same or better quality
material has been made by starting deposition at 0.01
amp./cm.2 for 120 minutes and then progressively
dropping the current density of 0.005 amp./cm.2 for 360
minutes. This preduced about 0.065 gram of iron per
¢m.2 of mercury in only 480 minutes. This corresponds
to a three-fold increase in yield per unit time.

The foregoing, and particularly the manner in which
the current is lowered, will be more clearly understood by
reference to the drawings. FIGURE 1 plots the contour
lines of constant intrinsic coercive force (H) in oersteds
of iron particles deposited at constant current with a char-
coal-treated electrolyte. The intrinsic coercive force
values of the iron particles were measured at —196° C.
in their dilute state after optimum aging and tin treat-
ment. It can be seen from FIGURE 1 that at a given
constant current the coercive force of the deposited par-
ticles progressively changes during the electrodeposition
procedure.

FIGURE 2 corresponds to FIGURE 1 except that the
contour lines are those of comstant packing fraction
(P.F.) in percent rather than coercive force. The con-
tour lines of FIGURE 2 represent the packing fraction of
iron particles in the gel phase deposited from a charcoal-
treated electroiyte. It can be seen that as deposition con-
tinues at constant current, the packing fraction increases.
1t can also be seen from FIGURES 1 and 2 that the slope
of the contour lines of constant coercive force and the
slopes of the contour lines of constant packing fraction
are approximately the same.

The rate at which the cathode current density should
be progressively lowered to achieve optimum structural
uniformity and magnetic properties can be determined by
following along the slope of the best magnetic properties,
The slope for intrinsic coercive force will be about the
same as that of total magnetic energy but the former is
more conveniently measured and hence is used herein to
determine the schedule for lowering the current density.
This slope will correspond to the constant coercive force
contour line (see FIGURE 1) having the highest value.

In addition, if the density or packing fraction of the
solid gel formed with the use of a purified electrolyte is
maintained constant during electrodeposition, it has been
found that structurally uniform particles are obtained.
By a progressive lowering of the current density during
electrodeposition, a nearly constant packing fraction may
be obtained. (The packing fraction is a measure of the
volume density of the particles and specifically, the
volume of electrodeposited particles per total volume of
a given sample.) Thus, a proper schedule for lowering
of the current density may be relatively easily determined
by following that contour line of constant packing frac-
tion (FIGURE 2) corresponding to the best magnetic
properties.

FIGURE 3 illustrates- a program or schedule for
progressively lowering the current density by following a
constant maximum coercive force contour line (FIGURE
1) during electrodeposition of iron and iron cobalt, re-
spectively. It will be seen from FIGURE' 3 that the
current density is maintained constant until the line of
optimum coercive force is reached and then progressive-
ly lowered either uniformly, or stepwise, during substan-
tially the remainder of the electrodepcsition procedure
to follow the slope of the contour line of FIGURES 1 and
2. During the initial period of deposition, the current
density need not be maintained constant until the line of
optimum coercive force is reached, but this has been
found to achieve optimum results.

The electrodeposition procedure of the present inven-
tion may be carried out in the same manner set fourth
in the above Paine et al. Patent 2,974,104 except that the
current density is progressively lowered during electro-
deposition to maintain a constant particle structure. As
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there disclosed, the process comprises electrolytically
depositing ferromagnetic particles into a liquid metal
cathode, preferably mercury, frem an acidic electrolyte
comprising ions of the ferromagnetic material while main-
taining a quiescent interface between the cathode and the
electrolyte. The electrolyte or plating solution consists
of the soluble salts of the ferromagnetic metals in the
form of, for example, sulfates or chlorides. The pH of
the electrolyte is made acidic with, for example, sulfuric
or hydrochloric acid, a preferred pH being about two.
A consumable anode is used of either the pure ferromag-
netic metal or alloys of several ferromagnetic metals. A
non-consumable anode of an inert material, such as plati-
num or graphite, may also be used. A current density
between 0.001 amp./cm.2 and 0.1 amp./cm.2 may be used
although values around 0.01 amp./cm.? are preferred.
Ordinarily, the electrolyte will be at room temperature of
20-30° C. during the electrodeposition although other
electrolyte temperatures may be used if suvitable adjust-
ments are made in current density and time of deposition.

After electrodeposition is completed, the electrode-
posited particles are removed as a mercury slurry. If
the electrolyte has been treated so as to inhibit hydrogen
evolution, the electrodeposited particles in the gel only
are removed to obtain the best and most uniform par-
ticles. The particles are then heat-treated, to optimize
their physical shape and produce maximum coercive
force, for from 5-20 minutes at temperatures up to
300° C. and preferably at about 150-200° C. and then
cooled. If desired, the fine particles may be coated with,
for example, tin or antimony, the latter in accordance
with U.S. Patent 2,999,778, assigned to the same assignee
as the present invention. Lead, as a matrix, is then added
in elemental form as chunks or pellets of lead as set
forth in U.S. Patent 2,999,777, assigned to the same as-
signee as the present invention. The particles are then
aligned and compressed and the remaining mercury re-
moved as, for example, by vacuum distillation at an ele-
vated temperature.  The mercury-free mixture of aligned
particles and matrix is then ground into a powder and
may be either hot or cold pressed and realigned into their
final magnet structure.

For purposes of determining properties, the particles,
subsequent to the coating step with tin or antimony, may
be aligned in a mold by a magnetic field and compressed
to any desired packing fraction. The resulting magnets
are suitable for evaluation of their magnetic properties
but contain from 20 to 90 percent mercury.

The following examples illustrate the preparation of
elongated magnetic particles in accordance with the prac-
tice of the present invention.

EXAMPLE 1

fron particles were deposited using an electrolyte of
approximately 2 molal FeSO, in distilled water. The
electrolyte was treated with roughly an equal volume of
activated cocoanut charcoal (614 mesh) overnight, fil-
tered into a circulating system containing a pump, a coi-
ton filter cylinder, additional activated cocoanut charcoal,
a temperature controller and the deposition cell. The pH
was adjusted to 2.13. The cell was assembled on a shock
mounted platform using an iron anode and a stainless
steel screen, with ~%%’" openings, beneath the mercury
pool. After some preliminary deposition to remove de-
positable impurities, deposition into fresh mercury was
then performed following the current density-time sched-
ule depicted in FIGURE 3. - The particular current density
variation with time was chosen so as to approximate the
deposition of the best particles at all times as indicated
by the property contour lines shown in FIGURE 1 and
corresponding to uniform packing density lines as shown
in FIGURE 2. The electrolyte was slowly circulated at
the rate of 0.15 liter/min. and maintained at 25° C.2=2° C.
The gel structure was then removed as a single unit by 1ift-
ing it out on the screen. A suitable portion was then aged
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for 20 minutes at 170° C., treated with excess saturated
tin-mercury amalgam, placed into a mold, aligned and
compressed to 50,000 pounds per square inch.

Table I compares the room temperature properties (col-
lumn 3) of magnets prepared as set forth in Example 1
with the corresponding properties (columns 1 and 2) of
the best iron particle magnets prepared by electrodeposi-
tion at 25° C. at constant current with untreated and char-
coal-treated electrolyte.

Table I
® @ 6]
Electrolyte . Untreated | Charcoal Charcoal
Treated Treated
Current Density, amps./fem?. - 0.030 0.097 0.022 p{l)uoso’?‘()ﬂ()
0 0.
Time, minutes_______.________ 54 350 60 plus 440
(B moximum goussoerstedst_ _ 3. 2108 4.0X108 4, 2X108
J1.3, ocrsteds 2 - 680 790 800
B, gausss _____ . ___ 8,700 8, 750 9, 090
B:/B: @10,000 oersteds ¢ 0.88 0.88 0.61

1 (BH)max is the maximum energy product.

2 I is the intrinsic coercive foree.

3 B, is the residual induetion.

4 B./Bi is the ratio of residual to saturation induction.

EXAMPLE 2

Tron-cobalt alloy particles were deposited using the pro-
cedures set forth in Example 1 for pure iron particles,
except that the electrolyte had a pH of 1.8 and contained
15.45 percent Co++ by weight as determined by chem-
ical analysis. The anode was an alloy of 37.5 percent
Co—~62.5 percent Fe and the particles deposited contained
37.7 percent Co—62.3 percent Fe by weight. The sample
was aged at 200° C. for 40 minutes, tin-treated as before

and then further aged at 180° C. for 20 minutes. The

different aging treatment reflects the change in growth-

characteristic with changing cobalt aloy composition.
The particular corrent density time program is alsc plotted
in FIGURE 3, and was carried out by means of a suitably
shaped motor driven cam to obtain the smoother variation
in current with time shown. It should be noted that be-
cause the current density changes, the cobalt content of
the particles also changes. This cobalt content is calcu-
lated to change from about 32 percent cobalt at the be-
ginning of the deposition to about 44 percent cobalt at
the end of the deposition. This change does not signifi-
cantly changs the magnetic properties of the particles.

Table 1T below summaries the room temperature prop-
erties (column 3) of magnets prepared in accordance with
Example 2 and compares these properties with the prop-
erties (columns 1 and 2) of the best iron-cobalt particles
prepared at constant current with untreated and with char-
coal-treated electrelyte.

Table 11
Q) (©)] @
Tlectrolyten oo me e ececeeem Untreated | Charcoal Charcoal
Treated Treated
Current Density, amps./fem.2. 0.008 0.005 0.010 plus 0.010
to 0.003
Time, minutes oo 560 660 120 plus 355
BH)maxi aussoersteds__ 5.0X108 6.1X108 6.6X108
(T Dmazimam BAUSS0ISTONS- - 1, 050 480 500
B, Z20USS___ . - 9, G50 19, 300 10, 800
B:/B; @3,500 cersteds.._..___ 0. 88 0.61 0.93

Although the ccercive force of the particles made from
untreated electroiyte (column 1) shows a higher value than
from the treated electrclyte (columns 2 and 3), the coer-
cive force in the dilute state was higher for the particles
from the treated electrolyte. The difference results from
the fact that the packing fraction for the best magnets
(highest (BH )max.) occurred at a higher packing fraction
for the treated particles than the untreated particles.
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This invention is particularly useful in the electrodepo-
sition of particles of iron or iron-cobalt alloys. However,
it is also useful with other known ferromagnetic materials
including iron, cobalt, nickel and alloys of irom, cobalt
and nickel with each other or with other ferromagnetic
alloying constituents or with minor amounts of non-ferro-
magnetic constituents such as manganese or platinum.

What I claim as new and desire to secure by Letters
Patent of the United States is:

1. In a process of preparing fine particle magnetic ma-
terial comprising electrolytically depositing fine particles
into a liquid metal cathode during an electrodeposition
cycle sufficiently long to produce elongated single-domain
magnetic particles from an electrolyte comprising ions se-
lected from the class consisting of iron ions, cobalt ions,
nickel ions and combinations thereof, while maintaining
a quiescent interface between the cathode and the electro-
lyte, the improvement which comprises progressively low-

ring the cathode current density during a major portion
of the electredeposition cycle within the range from a
maximum of 5 amps./cm.? to a minimum of 0.001 amp./
cm.2 o maintain a substantially constant maximum coer-
cive force in the electrodeposited particles.

2. Magnetic material comprising elongated, single do-
main particles selected from the class consisting of iron,
cobalt, nickel and alloys of iron, cobalt and nickel, pro-
duced in accordance with the process of claim 1.

3. A process of preparing fine particle magnetic mate-

ial comprising electrolytically depositing fine particles in

the form of a gel into a liquid metal cathode during an
electrodeposition cycle sufficiently long to produce elon-
gated single-domain magnetic particles from a purified
electrolyte comprising ions selected from the class consist-
ing of iron ions, cobalt ions, nicke] ions and combinations
thereof, while maintaining a quiescent interface between
said cathode and said clectrolyte,

the cathcde current density during a major portion of

said electrodeposition cycle being progressively low-
ered within the range from a maximum of 5 amps./
cm.2 to a minimum of ¢.001 amp./cm.2 to maintain
a substantially constant maximum coercive force in
the electrodeposited particies.

4. The process of claim 3 in which the electrolyte is
purified with activated charcoal.

8. A precess of preparing fine particle magnetic mate- -
rial comprising electrolytically depositing fine particles in
the form of a gel into a liguid metal cathode during an
electrodeposition cycle sufficiently long to produce elon-
gated single-domain magnetic particles from a purified
electrelyte comprising- ions selected from the class con-
sisting ef iron ions, cobalt ions, nickel ions and combi-
nations thereof, while maintaining a quiescent interface
between said cathode and said electrolyte,

the cathode current density during a major portion of

said electrolytic deposition being progressively low-
ered within the range from a maximum of 5 amps./
cim.? to a minimum of 0.001 amp./cm.2 to maintain
a substantially constant packing fracticn in the gel
of fine particies, said packing fraction correspond-
ing to that producing the highest magnetic proper-
ties.

6. A process of preparing fine particle magnetic mate-
rial comprising electrolytically depositing fine particles
into a liquid metal cathode during an electrodeposition
cycle sufiiciently long to produce elongated single-domain
magnetic particles from a purified electrolyte comprising
ions selected from the class consisting of iron ions, cobalt
ions, nickel ions, and combinations thereof, while main-
taining a guiescent interface between said cathode and
said electrolyte, to form a gel phase of electrodeposited
elongated particies and a fluid phase comprising electro-
deposited essentially spherical particies,

the cathode current density during a major portion of

said electrolytic deposition being progressively low-
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ered within the range from a maximum of 5 amps./ . FOREIGN PATENTS
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a substantially constant maximum coercive force in ’ o
the electrodeposited particles and recovering the gel OTHER REFERENCES

phase only of electrodeposited clongated particles. ;  Thompson, Electrochemistry, MacMillan Co., 1925,
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