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i )

The invention described in the following speci-
fication and claims may be manufactured and
used by or for the Government for governmental
purposes without the payment to me of any
royalty thereon.

My invention relates to a wvariable viscosity
magnetic material, the physical properties of
whieh can be changed under the influence of a
magnetic field. Por example, the fluidity, or
apparent viscosity can. be altered by varying
the strength of a permeating magnetic field, in
such a manner that the material can be changed
between a fluid-like consistency and a substan-
tially solid consistency, depending on the in-
stantaneous strength of the field. The ability
of the material to adhere to a paramagnetic or
ferromagnetic material is also controllable by
varying the permeating magnetic field.. The
ability of the material to oppose mechanical
penetration and to retain a given shape or con-
formation is also conirollable by application of
a magnetic field. It is a primary objective of
my invention to provide such a material and
means for controlling it at the will of an op-
erator.

The invention came about because of the need
for a fast-acting long-lived clutch wherein ease
of control and positive action were required.
These features were not afforded by any stand-
ard clutch available commercially or described
in the literature of the art. I have determined
that when a viscous fluid consisting, for example,
of a mixbture of iron particles in oil was. acted
upcn by a magnetic field, such a mixture ex-
hibited certain novel properties not obtainable
with other known medis; for example, viscosity
of the mixture could be controlled from its nor-
mal rather fluid state through various degrees
of fluidity until a virtual solidification was
reached. IMoreover, such fluid adheres very
strongly to magnetized surfaces with which it is
in contact and furthermore, exerts large friction
forces on either magnetic or non-magnetic ma-
terials which are caused. to. move through it.
Such use of the material is fully described in my
copending application, Serial No. 783,426, filed
October 31, 1947, now Patént No. 2,575,360, issued
November 20, 1951.

The new material of my invention has many
uses. For example, the magnetic fluid may be
used in dashpots and similar motion retarding
devices and the rate of operation of the devices
may be electrically controlled by varying the

strength of a magnetic field through the fluid.

The effective viscosity of the fluid will he found
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to increase (with a properly constituted fluid)
as the magnetic field intensity is increased, and
vice-versa so that the rate of operation and the

‘characteristics of the motion retarding devices

may thus be electrically controlled without the
use or inberposition of mechanical elements.
Other uses of my magnetic fluid may be cited,
though these are intended to illustrate rather
than to Iimit the scope of my invention. In
dashpots, the nature of my magnetic fluid per-
mits control of the-viscosity of such fluid and
thereby regulation of the nature of the time-

-distance. curve, the position-force curve, ete.

Energy-absorbing devices consisting of a con-
tainer filled with my magnetic fuid in. which a
vane is mounted to rotate, can be so designed
that the amount of energy absorbed in the device
can be controlled by means of a magnetic field
applied through the container. In still another
application, three-dimensional graphs ecan .be
made by locating a series of mechanical indica--
tors in the desired positions and having a portion:
of such indicators immersed in my magnetic
fluid. 'This magnetic fluid is also suitable for
making molds as, for example, those into whiech
plaster is to be cast. When used as 3 molding
material, an object ean be partially iramersed
in the fluid, a magnetic force applied and the
object removed, the fluid then retaining an im-
pression of the object’s shape. When the casting.
material has been poured into a mold and allowed
to solidify, the magnetic.force may be removed,
thus permitting the mold to flow away from the
casting.

Other objectives and advantages of my inveri-
tion will be apparent from the following deserip-
tion, in which: L

Figure 1 is a schematic sectional representa-.
tion of a body of iron particles mixed with fluid
to form a mixture having the consistency of a
thick fluid or mud, in the unmagnetized state;

Figure 2 is a similar schematic representation
showing the effect of dipping a magnet into the
fluid and withdrawing the magnet so that some
of the fluid adheres thereto; :

Figures 3-5 are schematic sectional represen-
tations showing the use of my magnetic fluid as
2 mold or matrix;

Figure 6 shows an arrangement whereby the
magnetic mixture may be used in a variable vis-
cosity dashpot or shoek absorber;

Figure 7 shows an arrangement similar to Fig-
ure 5, but. with a modified time-velocity curve:

Figure 8 shows the use of my new material in
a final adjustment device;
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Figure & shows an application of my invention
in an energy dissipating or braking device;

Figure 10 shows the use of ray invention in
connection with a 3-dimensional graphic device.

Figure 11 is an enlarged schematic section
showing the separate particles of iron completeIJ
immersed in the fluid.

Referring to Figures 1, 2 and 11, a magnet |
is shown at some distance from a beaker 2 in
which there is a mixture of oil, 3, and iron pow-
der 4 (shown greatly enlarged), the surface of
the mixture being positioned. approximately as
shown at 3¢. Figure 2 shows the result of dip-
ping the magnet | into the mixture of oil and
iron, in beaker 2. When the magnet is removed,
a, clump of the mixture 4a adheres to the pele of
the magnet. The surface of the mixture 3a’ in
the beaker 2 is lowered, due to the removal of
the material 4a. Tt is a characteristic of the ma-
terial 4o that when adhered to a pole-of the
magnet |, it appears visually and tactilely to be
a solid of about the consistency of thick putbty.
As this material 8¢ is scraped off on the edge of
the beaker 2, it immediately resumes its liquid
state, flowing down the wall of the beaker and
mixing readily with the iron oil mixture 2, 4.

The characteristic attraction of the magnetic
fluid mixture to magnetized surfaces and the
ability of this mixture to changs viscosity in ac-
cordance with an easily operable external control
of an applied maghetic field, makes it of par-
ticular importance in applications to machine
- design.. One such application is in clutches where
two relatively spaced members are locked. to-
gether or released in relation. to each other
through the action of this material. Such a use
of the material is fully described in my copend-
ing application previously mentioned.

Magnetizable liquids, particularly & liguid of this
nature in which a small quantity of iron is mixed
in. mercury are known. It is glso known that
these earlier magnetic liquids were so designed
that the physical properties of the material did
not change under the influence of a magnetic
field; such magnetic fluids were designed solely
to respond positionally to the influence of a proxi-
mate magnet. Other liquids containing iron par-

‘ticles are known by me to have been used to in~

dicate flaws in steel bodies but in this case very
thin mixtures were used so that the iron particles
were diseretely visible.

The mixturé which I have invented consists of
small particles of paramagnetic or ferromag-
netic material mixed with a fluid which may
be a liguid or a coolant and antioxidant gas, or
even a semi-solid such as grease. Although any
such mixture is adapted for use in my invention,
it is preferred for the purposes which I have de-
seribed to use a mixture of approximately 90%
iron powder and 10% light machine oil by weight.
Although any iron or other magnetic powder will
exhibit the desired effect, I have obtained very
good results with carbonyl iron, as sold by Gen-
eral Aniline and Film Company, New York, as
“Carbonyl Iron Powders” of which their grade E
8 microns average size, has been found to be
particularly satisfactory. The mixbture of 90%
iron and 10% oil results in a very slight excess
of oil after settling over the iron particles under
visual inspection.. The resulting magnetic per-
meghility of such mixtures is approximately eight
as compared to vacuum. .

. In mixtures of this type, there is tendency
of the iron to settle out of the oil if standing for
long periods. As the mixtures are generally em-

10

4 +
ployed in machines, this presents no parincular
difficulty inasmuch as the first few motions made
by the machine stir the mixture adequately. It is
possible, however, to reduce or eliminate the
tendency to settle by using a liquid of high specific
gravity or by using a fluid of low surface tension,
or by adding to oil a wetting agent to veduce its

surface tension. I have found in practice that-

the use of a suspension medium of lower viscosity,
steh as kerosene, results in greater fluidity and
ease of stirring of the mixture. Conversely, I
have also found that the use of a suspension me-
dium of higher viscosity such as grease, affords

- the advantage of becoming warm and fluid when
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energy is being dissipated in a device using my
electromagnetic fluid, but becomes dense rapidly
upon cooling, thus preventing the settling out
of the iron particles. Greases with sharp breaks
in their viscosity-temperature characteristics are
particularly adaptable for such service. Where
low temperatures are to be anticipated, silicone

liguids may be used as the fluid pertion of my -

mixture; this also provides the advantage of iow

. surface tension where this is desirable.
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e used to advantage.
‘is liakle to pack into a solid immobile mass, this

While the 90% iron-10% oil migture which I
have previously described is most satisfactory
for the applications to which I have put it, the
proportions of iron can be greatly reduced where

“lower viscosities are found necessary. Such re-
duetion in the proportion of iron results in smaller .

holding forces on bodies immersed in, or con-
tacting, the magnetic fluid for any given magne-
tomotive force but by the use of strong magnetiz-
ing foreces, the effect of the thinner mixture can
be somewhat compensated. For applications

where the velocities and magnitudes of motion are

low, mixtures up to and including 100% iron can
Since all iron material

is best used where the normal operation will tend
t0 keep the mass stirred up.
In Figures 3-5, the use of the magnetic fluid as
a molding medium is shown., A container {{, con-
taining a quantity of magnetic mixture {2, is sur-
rounded by a coil 13 provided with current by a
ultable source, such as battery (4, the field
trength - being controllable by rheostat 1§ and
sw1tch {7." An object to be reproduced, shown as
a screw §8, is inserted in the mixture while the
latter is in a fluid condition. Switch {7 is then
clesed and a magnetic field of sufficient intensity

‘passed through the mixture to solidify it. The

serew is then unscrewed from. the mixture leav-

‘ing a cavity £8. Molten wax, plaster of Paris or

other suitable material is then poured into the
cavity and after it has set, the field strength is
reduced tc zero and the molded replica of the
original object can be readily removed from the
fluid; alternatively, in the above described case,
the wax or other replica can be unscrewed from
the mix without softening the latter and the mold
can be used to make a number of replicas of the
T+ is obvious that the described tech-
nique is alsc applicable to other known methods of
casting, such for example as the “lost wax” meth-
od, or by the use of split molds in known fashion,
more complex shape may be cast.

Figure 6 shows a combination dashpot or shock

absorber arrangement in which plunger 2{ moves.

through fluid 22 in casing. of cylinder 23, there
being sufficient space between the plunger and
the wall of the cylinder for the passage of fluid
22 from one side of the plunger to the other side

~while the plunger is moving in the cylinder at a

73

retarded rate of speed due to the presence of the
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fluid. It will be ‘obvicts that, other things being
equal, the rate of translation or thotien of the
plunger in ‘the fluid will dectease as the Viscosity
of the fluid ineréases and vice-vetrsa. By transla-
tioh is meant motion in which all the points of
the moving body have at any instant the same
velocity and the direction of motion, in eontradis-
tinction to Totation.

It is ‘obvious that I do not intend to limit my-
self to the eylindrical shape of the llustrated cas-
ing and plunger asshapes will suggest themselves
to-one skilled in the air't in infinite variety ohce the
prineiple of controlled relative motion is shown.

_The concept herein disclosed includes broadly
all devices for controlling relative motion between
spaged members such motion being normal o a
surface of one inember, the spbacing between the
miémbers refnaining sonstant. _

‘By tusing my maghetic migture and subject-
ing it to a magnetic field by means of a ‘coil as
Lefore, the effective viscosity of the fiuid con
bé varied by varying the intensity of the mag-
netic Tield, and the rate of effective rétardation
or shock absorption ‘of the device can according-
ly be -controlled -externally without the use of
mechanical controls or elements. Tt will be ap-
parent ‘that cylinder 23 may be non-magnetic
material. However, if the cylinder is‘'of magnetic
material, the flux should be made to fiow between
the plunger and the ‘cylinder wall. In this case
the retarding ‘effect will be very pironounced.

Figure 7 shows a modification of the ides de-
scribed in Figure 6. Tn this figure the plunger
21 carries a Theostat arm 27 which decreases the
resistance of rheostat 26 as the plunger goes
down. ‘This increases the current and thers-
fore the feld ‘strength and makes the effective
resistance to motion of the plunger 2i a function
of its distance of travel. It is obvious that by

this method afid the use of suitably -Gesigned

resistors, any desired characteristic can Be oh-
tained. ) -
Figure 8 shows the use 'of my mixture in a final
adjusting device or pointer ‘devices such as a
telescope, camera, ete. Such a device, for ex-
ample, a camera 41 imay be fixed to a shaft 42
carrying g ball 48 which is located in a container
of mhagnetic controllable mixture as in the pre-
ceding examples. A spider 44 is shown loosely
supporting the camers 5o that it Will not fail and
be ‘damaged when the fiktire is in the fluid
state. The container 42a may be fixed to a sta-
tionary support in case of stationary apparatus,
or may be carried by a tripod in case of portable
apparatus, in which latter case a local portable
battery will be used as the supply source. Rheo-
stat 46 provides for adjustment of the mikture
from a fluid to a solid state. “With the fluid in a
solid state, the camera can be Treely moved with
one ‘hand, keeping the other hand on the rheo-
stat, until an approximate adjustment is mude.
The mixture is then partially solidified, and the
camiera more closely adjusted, which will be
found ‘to be very €asy, as the cariera will réesist
rgpid large motions but Will be Teadily imovable
a smhall distance. This process hay be continued
until the camera is exactly positioned, when the
mix is solidified to maintain the camera in the
desired position. Tt will be obvious that the
technique is applicable to a large variety of final
Dositioning devices. It will be neoted that it per-
mits limited motion of the adjusted devices in
any direction, plane or angle to exactly position
the same, and then fix it in said position by a
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foree uniformly applied ih all ‘directiong ‘Without:
the slishtest pefeeptible jaf or displacement;

Figure 9 shows the application of My invention
to an ehergy dissipating of biaking device, The
energy to be dissipated s tianhsmitted through
shaft 51 and pulley 52, and by méans of belt 53
and second pulley 54 to a baddle wheel ‘55 sas-
pended in fluid 62. A ¢oil or winding 63 is bro-
vided with a ¢ontrollable soiice of current as
before to vary the resistance of the miktiiFe §2-
to rotation of paddle wheel 55 and to thefefore
coitrol the rotation of enersy dissipation of the
latier. ‘

Figure 10 shows the use of my invention in con-
nectioh with 2 - 3-diftiensional graphie device.
Pins 11 are thrust into a container of magnetic
mixture 72 controlled by a magnetic field pro-
duced by winding 73 in the usual fashion. The
pifhs T1 are manually adjusted so that the Posi=
tions of their heads give a 3-dimensional
graphic representation of any desired function.
Any changes in value of the fuiection can be
represented by changing the position of the
heads of pins T1; this can be done manually by
softening the magnetic mixture sligshtly to the
point where a pin can be readily withdrawn and
its position changed without affecting the posi-
tionis of any other pins. After the manual ad-
justments are completed the material can again
be hardened by application of a suitable mag-
netic field intensity, and the new position will
thén be retained indefinitely.

'The foregoing are only a few of the many uses
to which my new magnetic material can be put.
It will be obvious that the new material can be
employed wherever its particulatr characteristics
are needed and particularly the characteristic of
being changeable instantly and under complete
electrical control from a fluid through all stages
of ircreasing viscosity to a fixed, non-fluid ma-
terial which will retain its solid characteristics
as long as the magneti¢ field intensity is held at
a-‘suitable level.

In this specification and claims, the term “ap-
parent viscosity” is employed to -describe the
resistance offered by my material to change of
shape or to relative motion of its parts, including
relative motion between the material of my in-
vention and 'a retaining surface even without
change of shape. This latter condition may ec-
cur, for example, when the material is used in a
clutch, since in that case there will be no ap-
parent change in ‘shape or relative motion of the
particles of the material itself, yet its resistance
to movement relative to the mechanical members
may be incireased at will. It is believed that the
“apparent viscosity” of my material also differs
from ‘the viseosity of ordinary fluids in that it
includes a -eertain amount of internal magnetic
attraction between the ferromagnetic particles

" which must be overcome when the particles are

70

moved relative to one another. 'This is, of course,
in addition to the usual factors affecting viscos-
ity. I am mot certain what all of the factors are
which affect the “apparent viscosity” of my ma-
terial and I therefore do not, in the interest of

-accuracy, use the term *“viscosity” alone in this

connéction; ‘however, the apparent viscosity -of
my material can be measured in all stages by
means similar to those employed to messure
viscosity, and it behaves to all appearances es-
sentially like ordinary viscosity, except that the
apparent visocity under the influence of a
magnetic field will be found to be anisotropiec,
that is, I have noted that the apparent viscosity
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in the direction of the magnetic field is less than:

the apparent viscosity normal to the magnetic
field. A further difference is that some finite
value of force is-usually necessary to start motion
in this material when magnetized. - This effect is
more nearly analogeous to dry friction than to
viscous drag. In using the term “apparent vis-
cosity” I mean to embrace all stages of con-
sisteney from a very thin fluid to a completely
non-fluid material. -

I claim: .

1. A device for controlling the relative motion
between two members the first of said members
comprising a cylinder and the second of said
members comprising a plunger movable within
and spaced from said cylinder, a mass of con-
tiguous diserete paramagnetic particles in the
said cylinder and extending to the said plunger,
means for applying a force to move the said
plunger relative to the said eylinder, a coil sur-
rounding said cylinder, a source of electrical en-
ergy connected to excite said coil and a rheo-
stat operable by said motion of said plunger to
vary the excitation of the said coil.

9. A device for controlling the relative motion
 between at least two members the first of said
members having a cylindrical surface: of revo-
lution, the second of said members movable rela-
tive to and spaced from the said first member
and having a surface of revolution opposed to
the first mentioned surface ol revolution, a mag-
netic fluent material extending between said
members, means for applying a magnetic field
to said material to control its fluency, means for
applying a force to move said second member in
a direction parallel to the axis of the said sur-
face of revolution whereby the said motion is op-
posed by the adhesive consistency of the said flu-
ent material, the spacing between the said op-
posed surfaces of revolution remaining constant
during such motion. .. - o ;

3. A devicé for controlling the relative motion
vetween at least two members the first- of said
members having a cylindrical surface of revo-

Jution, the second of said members movable rela-

tive to and spaced from the said first member
and having. a cylindrical surface of revolution
opposed to the first mentioned surface of revo-
Tution, a magnetic fluent material extending be-
tween said members, means external to said
members for applying a magnetie field to said ma-
terial to control its fluency, means for-applying &
force to move said second member in a direction
parallel to the axis of said surface of revolution
whereby such notion is opposed by the adhesive
~ consistency of the said fluent material, the spac-
ing between the said opposed surfaces of revolu-
tion remaining constant during such motion.

4. The invention as set forth in claim 3 where-
in said Auent material comprises 2 mass of con-
tiguous discrete paramagnetic particles.

‘5. The invention as set forth in claim 3 where-
in said fitent material comprises a mass of con-
tiguous diserete paramagnetic particles and a
Tubricant. :
8. The invention as set forth in claim 3 where-
in said first member is fixed in position.

. 7. The invention as set forth in claim § where-
in the said first member comprises a container
for said magnetic fluent material. )

8. The invention as set forth in claim 7 where-
in the said means for applying a magnetic field

[+
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comprises a coil and a source of electrical energy
to energize such coil. - ~ - -

9. Means for transmitting force between rela-
tively movable members comprising a first mov-
able element, a first paramagnetic member se-
cured thereto for motion therewith, a second

paramagnetic member, said members having cy--

lindrical surfaces opposed to and spaced from
each other, a mass of contiguous discrete rela-
tively movable paramagnetic particles in the

- space between said opposed surfaces, magnetic

field-producing means for magnetizing the said
paramagnetic elements and at least a portion of
the said mass of paramagnetic particles in the
space between the elements, means for moving
the said elements relative to each other along
a path parallel to the axis of revolution of the
said spaced surfaces whereby the distance be-
tween the said spaced surfaces remains substan-
tially constant during such motion. .

10. A device for confrolling-the relative mo-
tion between at least two members, the first of
the. said members comprising a container, the

second of said members at least partially located

within said container, s magnetic fluent material
in said container extending at least between the
said two members, means for applying a mag-
netizing force to said material to control its flu-
ency, means for translating said second member
aleng a fixed path relative to said container, said
container having at least a-portion of its inter-
nal surface entirely composed of elements par-
allel to the direction of motion of said second
member, said internal surface surrounding. the

5 said second member, said container having addi-

tional internal surfaces to confine said fluent ma-
terial so that said fluent material is deformed
during said motion of said second member.

11. The invention according to claim 16 com-
prising the said container being in the form of a
cylinder. :

12. The invention according to claim 10 where
the said fluent material comprises a mass of con-
tiguous discrete paramagnetic particles and a
lubricant. ' S

13. The invention according to claim 12 where-
in the container comprises a cylinder, the second
member comprises 2 plunger within and spaced
from said cylinder, and said means for applying
the magnetizing force comprises a. coil coaxial
with said cylinder and a source of electrical en-

ergy. JACOB RABINOW.
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