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(54) A polishing method and device using magnetorheological fluid

(57) A polishing system comprising one or more
magnetic units able to produce a magnetic field is pro-
vided. The magnetic units may cause a polishing mate-
rial to become plasticized and the plasticized material is
able to polish a surface of a work piece. The polishing

material may intermittently and repeatedly contact with
the surface for polishing. A method for engraving or em-
bossing a predefined pattern in a surface during mag-
neto-rheological polishing of the surface is also provided
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Description

BACKGROUND OF THE INVENTION

[0001] There exist, known in the art, systems for pol-
ishing optical lenses. Some of these systems utilize a
magnetorheological polishing substance known as a
polishing slurry. Typically, the slurry is a mixture of mag-
netorheological compound, abrasive particles, and sta-
bilizers.
[0002] When not acted upon by magnetic forces, the
slurry is commonly in a liquid state. However, once acted
upon by such a force, the slurry becomes much more
viscous, pushing the abrasive particles to the surface of
the liquid. This more viscous slurry, with the abrasives
protruding from the surface, is then utilized as a polish-
ing tool for abrading and polishing a work piece surface.
Kardonsky et al. in U.S. patents 5,577,948 and
5,449,313 describes such a system.
[0003] In order for the magnetorheological-polishing
device to be most efficient when being used as a polish-
ing tool, it should be hard enough to apply sufficient
force to press firmly the abrasive particles to the surface
of the work piece. The polishing devices utilized in prior
art systems acquire viscous, almost plasticized, proper-
ties known as Bingham properties, under the influence
of magnetic forces. At this point, the device is hard
enough to be used as a polishing tool. However, prior
art devices reach this fully developed Bingham state on-
ly once, at the onset of the polishing movement.
[0004] Thereafter, once the movement of the work
piece relative to the slurry commences, the slurry no
longer sustains the Bingham properties, and the slurry
loses the plasticized properties. Hence, although they
become more viscous, they ultimately remain in the liq-
uid state. Thus, frequently the liquid does not have suf-
ficient force to push the submerged abrasive particles
firmly against the polishing surface and, consequently,
the abrasives do not efficiently abrade the work piece.
[0005] Additionally, polishing of the work piece is car-
ried out in stages. At any given time a small surface area
is polished. This area is defined by the size of a zone,
known as the polishing zone, which is small relative to
the size of the work piece. Thus the work piece is pol-
ished zone by zone. This approach hinders the achieve-
ment of uniform polishing across the entire surface of
the work piece. Non-uniform work pieces, such as sili-
con wafers, present a potential problem in devices such
as semi-conductors.
[0006] An additional problem is the non-uniformity of
the magnetic field, which affects the affectivity of the pol-
ishing zone. The magnetic field on the magnet's edge
is almost an order of magnitude higher than that at the
center of the magnet. Therefore, the visco-plastic prop-
erties of the slurry in the polishing zone are non-uniform,
contributing to non-uniform polishing of the surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The subject matter regarded as the invention
is particularly pointed out and distinctly claimed in the
concluding portion of the specification. The invention,
however, both as to organization and method of opera-
tion, together with objects, features and advantages
thereof, may best be understood by reference to the fol-
lowing detailed description when read with the accom-
panying drawings in which:

Fig. 1 is a schematic illustration of a polishing sys-
tem according to some embodiments of the present
invention;
Fig. 2 is a schematic illustration of some alternative
embodiments of the polishing system illustrated in
Fig. 1;
Fig. 3 is a side view of a polishing system according
to some embodiments of the present invention;
Fig. 4A is a schematic illustration of some alterna-
tive embodiments of the polishing system illustrated
in Fig. 3;
Fig. 4B is a detailed illustration of a portion of the
system illustrated in Fig. 4A;
Fig. 5 is a schematic illustration of some embodi-
ments of the polishing system illustrated in Fig. 3;
Fig. 6 is a schematic illustration of some embodi-
ments of the polishing system illustrated in Fig. 3;
Fig. 7A is a characteristic diagram of viscosity pro-
files for two rheological fluids: a Newtonian and an
idealized Bingham;
Fig. 7B is a characteristic diagram of the apparent
viscosity of Bingham magnetic polishing fluid in the
process of the present invention;
Fig. 8A is a schematic illustration of a holding plate
according to some embodiments of the present in-
vention;
Fig. 8B is a schematic illustration of a work piece
according to some embodiments of the present in-
vention;
Fig. 8C is a schematic illustration of a holding plate
according to some embodiments of the present in-
vention; and
Fig. 8D is a schematic illustration of a work piece
according to some embodiments of the present in-
vention.

[0008] It will be appreciated that for simplicity and
clarity of illustration, elements shown in the figures have
not necessarily been drawn to scale. For example, the
dimensions of some of the elements may be exagger-
ated relative to other elements for clarity. Further, where
considered appropriate, reference numerals may be re-
peated among the figures to indicate corresponding or
analogous elements.
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DETAILED DESCRIPTION OF THE PRESENT
INVENTION

[0009] In the following detailed description, numerous
specific details are set forth in order to provide a thor-
ough understanding of the invention. However, it will be
understood by those of ordinary skill in the art that the
present invention may be practiced without these spe-
cific details. In other instances, well-known methods,
procedures, components and circuits have not been de-
scribed in detail so as not to obscure the present inven-
tion.
[0010] Some embodiments of the present invention
utilize magnetic polishing fluids (MPF) in a novel polish-
ing system. These embodiments exploit the firmness
and flexibility provided by the combination of magnetor-
heological suspensions (MRS) with ferrofluids (FF) and
abrasive powders as well as chemical etchants, stabi-
lizers, pH control agents and other additives in order to
provide a more efficient, improved polishing device.
[0011] Reference is now made to Fig. 1, which depicts
a system 100 for polishing of planar surfaces such as
silicon wafers for ultra-large scale integration (ULSI),
constructed and operative in accordance with some em-
bodiments of the present invention.
[0012] System 100 may polish the surface of a work
piece 113 via a series of intermittent impacts from plas-
ticized quasi-solid Magnetic Polishing Fluid (MPF) 112.
MPF 112, under the influence of magnetic forces, ac-
quires Bingham properties, and thus operates in the
plasticized region, rather than in the liquid (Newtonian)
region as is done in prior art. It is noted that the texture
acquired by the MPF 112 in the plasticized region is stiff-
er than that acquired in the liquid region, and hence,
when plasticized, MPF 112 is more effective as a pol-
ishing tool. In some instances work, piece 113 may be
planar, curved or etched.
[0013] Some embodiments of the present invention
provide a higher rate of removal of fragments from the
surface of the work piece 113, and hence system 100
may provide a faster polishing system than known sys-
tems. Furthermore, in contrast to systems that induce
point magnetization, and thus require extensive repeat-
ed cycling in order to sweep polish the entire work piece,
some embodiments of the present invention teach full
planar magnetization. Therefore, in some embodi-
ments, system 100 sweep polishes the work piece in
one cycle. The number of cycles is governed by the type
and thickness of the material to be removed, regardless
of the size of the area to be polished, thus ensuring bet-
ter surface uniformity.
[0014] System 100 may comprise a matrix of perma-
nent magnetic dipoles 116, grouped in a predetermined
pattern so as to create a smooth flat surface A, and an
opposing surface B. The area of surface A may be great-
er than the projected area of the work piece 113. The
flatness of surface A may be achieved by assembly
techniques and/or post assembly surface machining

and lapping. The size of the matrix may be 1000 x 400
mm for current size silicon wafers on the market.
[0015] The faces of the magnets 116, as they form
surface A, may be arranged in alternating directions, i.
e. adjacent magnets 116 are of opposite polarity: North,
South, North, South, etc. The size of each magnet 116
may be 20*20 mm, and the gap between them, desig-
nated 110, may be up to 5 mm, for example, 0.1-0.5 mm.
The magnets 116 provide a magnetic field 118, which
acts upon MPF 112.
[0016] A soft iron shuttle 130 may slide across surface
B. Shuttle 130 may be of a minimal width equal to the
width of the gap 110 plus twice the thickness of a single
magnet 116. The length of shuttle 130 may be equal to
the longest dimension of surface B. The iron shuttle 130
slides over surface B, shorting or connecting the adja-
cent poles 116 as appropriate. The series of shorts or
connections causes a change in the strength and ge-
ometry of magnetic field 118. Iron shuttle 130 may move
along either the x or the y axis, in a combination of both
directions, and, alternatively in a rotary motion as well.
The rate of change in the properties of magnetic field
118 is proportional to the translation velocity of shuttle
130.
[0017] The MPF 112 is deposited so as to cover the
top of surface A. Due to the magnetic field 118, the MPF
112 may acquire some specific mechanical properties.
As dictated by the geometry and arrangement of the
magnetic field 118, MPF 112 takes on a criss-crossed
shaped pattern of convex shapes.
[0018] MPF 112, such as described in U.S. applica-
tion 09/563,917, may be a combination of magnetorhe-
ological substance (MRS), ferrofluid (FF), abrasives 119
and components for stabilization etch rate and pH con-
trol. Such a combination may acquire Bingham proper-
ties under the influence of an applied magnetic field 118.
[0019] The change in the strength of field 118 chang-
es the state of MPF 112 from a Newtonian state to a
Bingham state, or vice versa. When the MPF 112 is in
the Bingham state, it forms a rigid porous matrix with the
trapped abrasive particles 119 pushed to the surface.
[0020] The ferrofluid may be pushed up through the
porous rheological media due to capillary forces and is
concentrated in the shallows of the upper face of MPF
112, thus smoothing out and planarizing the abrasive
surface. The ferrofluid displays rheological behavior un-
der the influence of field gradients, albeit to a substan-
tially lesser degree than the other rheological compo-
nents of MPF 112. These gradients may push the abra-
sives toward the upper surface of the ferrofluid.
[0021] Planar work piece 113 may be held in a hori-
zontal position by a rotatable holder (chuck) 114 having
a holding plate 111. Holding plate 111 may have a planar
or a concave surface. Holder 114 may rotate around axis
125 in a plane parallel to surface A, as illustrated by ar-
row 124. Holder 114, which is also capable of vertical
movement 121 may lower work piece 113 onto the sur-
face of MPF 112, bringing work piece 113 into contact
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with abrasive particles 119.
[0022] Particles 119, being held at the surface of MPF
112 by the application of magnetic field 118 thereto, im-
pact with work piece 113, shaving off a fragment of the
work piece. The distance between the surface of MPF
112 and work piece 113, is adjustable by coaxial move-
ment of axis 121. Thus the work piece may be sub-
merged in MPF 112 or may just touch its surface, achiev-
ing different levels of polishing parameters.
[0023] When the work piece 113 contacts MPF 112,
the MPF loses its Bingham properties and liquidizes.
However, due to the movement of the iron shuttle 130,
described above, magnets 116 are intermittently short-
ed and magnetic field 118 is intermittently reapplied.
Thus, with each reapplication of magnetic field 118,
MPF 112 re-plasticizes and re-impacts with work piece
113, causing repeated intermittent shaving of the planar
surface of the work piece 113.
[0024] The physical explanation of this phenomenon
is as follows: When magnetic field 118 is applied to MPF
112, the MPF 112 acquires the properties of a plasticized
solid whose yield point depends on the intensity of field
118. In this plasticized state, abrasive particles 119 are
effectively held on the surface of the MPF 112. However,
upon impact with the work piece 113, the shear stress
of the MPF 112 exceeds the yield point, and the MPF
112 liquidizes. At this point, the abrasives 119 are sus-
pended in a liquid matrix, in a Newtonian-like fluid.
[0025] Therefore, in order to provide an effective pol-
ishing process, MPF 112 may be prevented from per-
manently crossing the yield point into the liquid state.
Thus, some embodiments of the present invention teach
repeated application of the magnetic field 118. Hence,
once the plasticized Bingham state of the MPF collaps-
es, magnetic field 118 is reapplied, and the Bingham
properties are recovered, allowing the MPF 112 to re-
gain the plasticized properties. The MPF 112 hence ac-
quires rigid properties and the polishing process is sim-
ilar to a succession of impacts of a rigid tool on the sur-
face of the work piece 113.
[0026] It is noted that the constant renewal of the mag-
netic field 118, as taught herein, operates in contrast to
the methods of continuous magnetic field application
known in the art. In known methods, MPF 112 acquires
plasticized properties at the commencement of the pol-
ishing cycle only, and upon the first impact with the work
piece 113 reverts to a liquid state and remains therein.
Therefore, the polishing process is a continuous mas-
sage in which the abrasives 119 are continuously sub-
merged in a semi-liquid state.
[0027] As needed to compensate for projected losses
of MPF 112, an array of tubes 115 supplies the MPF 112,
abrasive materials 119 and chemicals to surface A. Ad-
ditionally, the supply tubes 115 may also carry chemicals
to control polishing parameters (e.g. removal rate, sur-
face passivation, etc.).
[0028] In alternative embodiments of the present in-
vention (not shown), the direction of the magnetic di-

poles 116 is unified, for example, the polarity on the side
facing surface A is north only. Thus, the magnetic field
gradients are stronger and the shaving/polishing force
of the ferrofluidic components of the MPF 112 upon the
working piece 113 is greater. Also, the force of the main
rheological component is lower. There are materials that
may benefit from such a polishing regime.
[0029] The iron shuttle 130 may also be of varying
cross sections, and the distance between shuttle 113
and plane B may also vary. Alternatively, the shuttle 130
may be a grid of paramagnetic material pieces of a
shape and arrangement similar to that of the dipoles
116.
[0030] Holder 114 may comprise ferromagnetic and/
or paramagnetic materials for enhancing the magnetic
field intensity so as to increase the removal rate of frag-
ments from the exposed surface of work piece 113. For
example, holding plate 111 may be a carbon-steel plate.
Holder 114 may be constructed so as to comprise per-
manent magnetic poles or electromagnets which may
be positioned within holding plate 111 or alternatively
above holding plate 111. The magnets may be placed
in alternating or consecutive directions as explained
hereinabove with respect to magnets 116.
[0031] Reference is now made to Figs. 8A - 8D. Fig
8A and 8C show an exploded view of a holding plate
according to some embodiments of the present inven-
tion. Fig 8B and 8D show an exploded view of a work
piece according to some embodiments of the present
invention. Holding plate 111 may comprise a surface 80
connectable to work piece 113. Surface 80 may have a
predetermined etched pattern 82 as shown in Fig 8A.
During polishing, surface 80 may abut work piece 113
and a matching embossed pattern 84 may be created
on the polished surface of work piece 113, as shown in
Fig. 8B.
[0032] Alternatively, holding plate 111 may comprise
a surface 86 having a predetermined embossed pattern
88 as shown in Fig 8C. In such a case, during polishing
a matching engraved pattern 90 may be created on the
polished surface of work piece 113, as shown in Fig. 8D.
[0033] In some embodiments according to the
present invention, holding plate 111 may comprise a sur-
face having a predetermined inlaid pattern. When the
magnetic permeability of the inlaid material is higher
than the magnetic permeability of the rest of the surface,
a matching engraved pattern is created onto the ex-
posed surface of work piece 113 during polishing. When
the magnetic permeability of the inlaid material is lower
than the magnetic permeability of the rest of the surface,
a matching embossed pattern is created onto the ex-
posed surface of work piece 113 during polishing.
[0034] The physical explanation of this phenomenon
is as follows: In areas having a lower magnetic perme-
ability, such as engraved areas 82, the local magnetic
field intensity is lower than the local magnetic field in-
tensity of the surface around. Consequently, fewer abra-
sive particles of MPE 112 are pushed upwards in the
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areas vertically below the engraved areas 82 and the
MPF becomes softer. Therefore, less material may be
removed from work piece 113 during polishing, thus cre-
ating an embossed pattern.
[0035] In areas having a higher magnetic permeabil-
ity, such as embossed areas 88, the local magnetic field
intensity is higher than the local magnetic field intensity
of the surface around. Consequently, more abrasive
particles of MPF 112 are pushed upwards in the areas
vertically below the engraved areas 82 and the MPF be-
comes harder. Therefore, more material may be re-
moved from work piece 113 during polishing, thus cre-
ating an engraved pattern.
[0036] Reference is now made to Fig. 2, an illustration
of a polishing system 200 according to some embodi-
ments of the present invention. Elements similar to
those depicted in Fig. 1 are similarly referenced and will
not be further described.
[0037] Similar to system 100, wherein the magnetic
force 118 is supplied by the magnets 116, in system 200
the force may be supplied by a matrix of electro-mag-
nets 216. A pulse generation unit 230 may supply inter-
mittent current to the electro-magnets 216. The pulse
train sequence, duty cycle, amplitude and polarity are
controllable. The current may be pulsed between any
two values, preferably between a small "holding current"
value of ,0.2A and a peak value. A pulse of current to
any of the magnets 116 creates a pulse in magnetic field
118 that in turn, and as described hereinabove, transfers
the MPF 112 from the liquid state to the Bingham state.
[0038] The ferromagnetic components of the MPF
112 may be injected during the "off" portions of the pulse
trains via tubes 115, as described above.
[0039] In order to compensate for heat radiation as a
result of copper losses, the matrix of electromagnets
216 is immersed in a liquid coolant, a transformer oil for
example, (not shown) that "pumps out" the heat mainly
via a heat exchanger (not shown).
[0040] In these embodiments, and in contrast to sys-
tem 100, the direction of the magnetic dipoles 116 is not
fixed and, therefore a polarity field of either unified or
alternating directional pattern is obtainable via the con-
trollable pulse generation unit 230. This permits either
a strong magnetic field that enhances the polishing
force, or a weak magnetic field that will allow a more
precise utilization of the polishing process or both simul-
taneously in different locations.
[0041] In both the embodiments described in refer-
ence to Figs. 1 and 2, a reciprocal movement of plane
A is also possible in addition to or instead of the move-
ment of work plane 113.
[0042] Reference is now made to Fig. 3, an illustration
of polishing system 300 according to some embodi-
ments of the present invention. Elements similar to
those depicted in previous figures are similarly refer-
enced and will not be further described.
[0043] System 300 may comprise a cylinder 310 with
several long magnets 316 imbedded along the outside

circumference of cylinder 310. Cylinder 310 is prefera-
bly of radius R, rotates along its longitudinal axis, and
is longer than the working dimension of the work piece
113.
[0044] Magnets 316 are flush with the outside surface
of cylinder 310 or, alternatively, protrude from the sur-
face of cylinder 310. Additionally, magnets 316 are mag-
netized in the direction of the radii and are arranged for
identical poles to face outward or, alternatively, for alter-
nating poles to face outward.
[0045] Cylinder 310 is lowered horizontally into a ves-
sel (not shown) such that cylinder 310 contacts MPF
112. Cylinder 310 is placed adjacent to a trimming de-
vice (trimmer) 311 by mechanical means that provide
for their relative controllable position. The trimmer 311
controls the MPF thickness on the magnetic poles by
cutting off excesses and replenishing depleted quanti-
ties. Rotating chunk 114 holds work piece 113 at a dis-
tance E above the surface of cylinder 310.
[0046] Magnets 316 produce magnetic field 118,
which acts upon MFP 112, shaping and solidifying MFP
112 into a plasticized system of periodic ridges and val-
leys. The ridges are higher than distance E. The plasti-
cization of MPF 112 pushes abrasive particles to the out-
er circumference of MPF 112, covering the ridges as
well as the valleys.
[0047] Cylinder 310 rotates relative to work piece 113,
causing the semi-solid ridges of MPF 112, along with
abrasive particles covered thereto, to periodically im-
pact the surface of work piece 113. With each impact,
chips of work piece 113 are shaved off, thereby perform-
ing an act of abrasion. The removal rate of material from
the work piece 113 can be controlled by controlling the
speed of rotation and the distance E for given properties
of MPF 112 and magnets 316.
[0048] It is noted that each time semi-solid MPF 112
impacts the surface of work piece 113, MPF 112 liquid-
izes. However, generally, immediately following impact,
the stress is removed due to loss of contact, and MPF
112 replasticizes, preparing for another impact with
work piece 113.
[0049] Reference is now made to Figs. 4A and 4B,
which illustrate alternative cylinders 410 and 510, which
are usable in polishing system 300. Elements similar to
those depicted in previous figures are similarly refer-
enced and will not be further described.
[0050] Cylinder 410 comprises an array of tubes 411
positioned between the dipoles 316. Tubes 411 contain
a supply of MPF 112, which secretes therefrom onto the
outer surface of the cylinder as needed. Alternatively,
tubes 411 may also contain a supply of chemical and
abrasive components.
[0051] Cylinder 510 comprises magnet dipoles 516
positioned along the longitudinal axis of cylinder 510.
The magnet dipoles 516 are in a spiral pattern. Addition-
ally, the magnets may also be protruding from the cylin-
der's surface.
[0052] In an alternative cylinder (not shown) each di-
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pole 316 may comprise a cluster of thin, long magnets
in an alternating-poles arrangement. These poles of
combined magnets may be grouped in a cassette that
is inserted into the cylinder as an interchangeable unit.
Alternatively, the cylinder surface (including the magnet-
ic poles) is covered by a wire mesh of fine gauge wire
0.1mm to 0.5mm thick, or a thin laminated metal-wool
blanket preferably 0.5mm to 1mm thick (not shown). The
wire mesh or metal-wool blanket may be made of ferro-
magnetic materials. Additionally, the cylinder surface
may be covered with mesh-wise, laminated, or porous
non-metal materials. It is to be noted, that the cylinder
outer surface may be shaped or profiled.
[0053] Reference is now briefly made to Fig. 5, which
illustrates an alternative cylinder 610, operated and con-
structed according to some embodiments of the present
invention. Elements similar to those depicted in previous
figures are similarly referenced and will not be further
described.
[0054] Cylinder 610 may comprise ferro-magnetic
mandrel 550, inserted co-axially into the center of cylin-
der 610. The outside diameter of mandrel 550 contacts
the imbedded poles of magnets 316. Magnets 316 pass
above the ferro-magnetic portions of the mandrel 550,
causing a change in magnetic field strength thereto and
enhancing the magneto-rheological phenomena in ap-
plicable locations.
[0055] Reference is now made to Fig. 6, which illus-
trates yet another cylinder according to some embodi-
ments of the present invention. Elements similar to
those depicted in previous figures are similarly refer-
enced and will not be further described.
[0056] Polishing cylinder 710 may comprise an array
of electromagnets 611, very similar to a rotor of an elec-
tric direct current (DC) motor.
[0057] An electric current is supplied through a rotor
613 by brushes 614 or, preferably, by a brushless ar-
rangement such as in a car's alternator. A power source
unit 631 supplies a current to the rotor 613 through a
current control unit 632 that chooses the electromag-
nets to be supplied, the sequence, the amplitudes and
polarity.
[0058] This arrangement allows control of polishing
forces, i.e., the direction of the magnetic dipoles 611,
and, therefore, permits, as explained hereinabove in ref-
erence to Fig. 2, either a strong magnetic field that en-
hances the polishing force or a weak magnetic field that
allows a more precise utilization of the polishing proc-
ess.
[0059] This arrangement may also provide enhanced
magnetic phenomena in MPF 112 in applicable loca-
tions and concurrently provides for removal of MPF 112
from other locations for recycling, cleaning or remixing.
Frequently, there is a need to remove MPF 112 in order
to exchange the MPF for a different type of fluid more
suited for the task, in order to clean the poles and cyl-
inders for maintenance, or for other reasons. It is also
sometimes desirable to change the chemical/physical

properties of the MPF 112 by remixing in a mixer with
different additives and reapplying to the cylinder. The
removal is difficult due to acting magnetizing forces. The
electrical coils may be switched off, thus eliminating the
magnetic pulling forces on the MPF and the latter may
be easily removed. This advantage does not exist with
permanent magnets.
[0060] Reference is now made to Fig. 7A, a charac-
teristic diagram of viscosity profiles for two fluids: a non-
rheological one, with a Newtonian profile, and a rheo-
logical one with a Bingham profile. The mathematical
models describing the two fluids are as follows:

Where,

τ = Shear stress
τy = Static yield value of shear stress
δ = Shear rate
η = Constant coefficient of viscosity
ηp = Coefficient of viscosity beyond yield point

[0061] It is noted that shear stress is the force required
to move unit areas of fluid and sustain unit flow. Shear
stress is measured in N/m2 units. Shear rate is the ve-
locity of a fluid's movement in a given plane relative to
a reference plane, divided by the distance between
them. The units for shear rate are (m/sec)/m or SEC-1.
Viscosity is the ratio of shear stress to shear rate. Con-
sequently, the units are (Nxsec)/m2, or Poise (dyne-sec/
centimeter) in CGS units.
[0062] For most fluids, viscosity is not a constant but
varies with shear rate. Such fluids are rate dependent.
In a few systems, shear rate and shear stress are in di-
rect proportion. Such fluids have a constant viscosity
and are termed Newtonian fluids. Water and oils are typ-
ical examples of the latter.
[0063] Some fluids have a certain critical shear stress
that must be exceeded before flow can begin. This crit-
ical shear stress is called "yield value". If, after crossing
yield value, the fluid exhibits Newtonian flow character-
istics, the fluid is called a "Bingham Plastic Fluid".
[0064] When considering the above definitions, vis-
cosity (as depicted in Fig. 7A) is represented by the an-
gle of inclination of the curves. The Newtonian curve,
designated as 702, is a straight line and, therefore,
maintains a constant viscosity for all temperatures and
pressures.
[0065] The idealized Bingham plastic fluid curve, des-
ignated as 704, is constructed of two successive parts:
a vertical line (designated as 706) from the axis origin
up the shear stress axis to the yield value, and a diag-
onal line (designated as 708) that resembles the New-

Newtonian: τ = η 3 δ

Bingham Plastic: τ = ηp 3 δ + τy
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tonian curve 702.
[0066] The vertical part 706 represents an infinitely
high viscosity value of the fluid, or a solid like state of
matter. Applying force and crossing the yield value caus-
es a drastic drop in viscosity, (diagonal part 708) down
to the region of Newtonian fluids. In a polishing process
using MPF, it is very desirable to stay in the region of
infinite viscosity (vertical part 706) as much as possible,
as it ensures very high removal rates and uniformity.
[0067] The shear rate caused by the polishing proc-
ess transfers the Bingham fluid into the low viscosity re-
gion (part 708). In the invention, once this happens, the
part of fluid that underwent this transition is prevented
from being exposed to the shear rate of polishing, either
by removing the magnetic field acting upon it, or by re-
moving the fluid temporarily from the polishing process.
Then, due to the restoration of the magnetic field, the
fluid regains its very high viscosity and is applied anew
to the polishing process.
[0068] The apparent viscosity of Bingham magnetic
polishing fluid in the process is represented in Fig. 7B.
It is noted that each time the viscosity is high, points 711,
the magnetic field is re-applied or shear stress is re-
moved, and each time the shear stress has crossed the
yield value, points 712, the viscosity drops.
[0069] While certain features of the invention have
been illustrated and described herein, many modifica-
tions, substitutions, changes, and equivalents will now
occur to those of ordinary skill in the art. It is, therefore,
to be understood that the appended claims are intended
to cover all such modifications and changes as fall within
the true spirit of the invention.

Claims

1. A system for polishing a surface, said system com-
prising:

a polishing material; and
one or more magnetic means in contact with
said polishing material, for reacting upon said
polishing material to plasticize such, whereby
said plasticized material is used to polish said
surface.

2. The system according to claim 1, wherein said pol-
ishing material is in intermittent, repeated contact
with said surface for polishing;
and/or

wherein said surface is a planar or curved sur-
face and/or said surface is a silicon wafer.

3. The system according to claim 1, and comprising a
means for intermittently magnetizing said one or
more magnetic means.

4. The system according to claim 1, wherein said one

or more magnetic means are one or more perma-
nent magnets.

5. The system according to claim 4, wherein said per-
manent magnets are placed in alternating direc-
tions.

6. The system according to claim 3, wherein said
means for intermittently magnetizing is a shuttle for
intermittently acting upon said one or more magnet-
ic means, causing said magnetic means to provide
a magnetic field when acted upon.

7. The system according to claim 1, wherein said one
or more magnetic means are one or more electro-
magnets.

8. The system according to claim 7, wherein said one
or more electro-magnets are driven by an alternat-
ing current (AC).

9. The system according to claim 1, and further com-
prising

a cylinder, wherein said one or more magnetic
means are laid along the longitudinal axis of said
cylinder, which is rotatable along said longitudinal
axis, and said plasticized material covers said cyl-
inder.

10. The system according to claim 9, wherein said one
or more magnetic means are flush with the outer
surface of said cylinder;
and/or

wherein said one or more magnetic means
protrude from the outer surface of said cylinder;
and/or

wherein said one or more magnetic means
are recessed in the outer surface of said cylinder;
and/or

the system further comprising:

a vessel holding a pool of said polishing mate-
rial, wherein a lower portion of said cylinder sits
in said pool;

and/or
wherein said cylinder further comprises an ar-

ray of tubes containing a supply of said polishing
material for secreting from said array of tubes onto
the outer surface of said cylinder;
and/or

the system further comprising a trimmer;
and/or

wherein said magnetic means has a spiral
pattern;
and/or

the system further comprising a wire mesh
covered said cylinder;
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and/or
wherein said cylinder comprises a ferro-mag-

netic mandrel, inserted co-axially into the center of
said cylinder, wherein an outer surface of said man-
drel contacts with said magnetic means, causing
said magnetic means to provide a magnetic field up-
on said contact;
and/or

wherein said cylinder comprises an array of
electro-magnets.

11. The system according to claim 9, and further com-
prising a metal-wool blanket covered said cylinder.

12. The system according to claim 11, wherein said
blanket comprises ferromagnetic materials and/or
non-metal materials.

13. A method for polishing a surface, said method com-
prising the steps of:

plasticizing a polishing material by bringing
magnetic means into contact with said polish-
ing material;
contacting said surface with said plasticized
polishing material
upon said contact with said surface, liquidizing
said plasticized polishing material;
re-plasticizing said liquidized polishing material
after termination of said contact with said sur-
face; and
repeating all the steps above a multiplicity of
times until said surface is polished.

14. The method according to claim 13, wherein said
step of plasticizing comprises the step of causing
said polishing material to gain Bingham properties
and/or wherein said step of liquidizing comprises
the step of causing said polishing material to gain
Newtonian properties.

15. A method for polishing a surface, said method com-
prising the steps of:

bringing magnetic means into contact with a
polishing material;
intermittently magnetizing said magnetic
means whereby said polishing material is plas-
ticized;
repeating said step of intermittently magnetiz-
ing said magnetic means a multiplicity of times
until said surface is polished.

16. The method according to claim 15, wherein said
step of intermittently magnetizing said magnetic
means comprises the step of moving an iron shuttle
adjacent to said magnetic means and/or supplying
intermittent current to said means.

17. A polishing system comprising:

a polishing material;
one or more magnetic units able to produce a
magnetic field that causes said polishing mate-
rial to become plasticized, wherein said plasti-
cized material is able to polish a surface of a
work piece; and
a holder having a holding plate able to hold an-
other surface of said work piece.

18. The system of claim 17, wherein said holder com-
prises a ferromagnetic material and/or a paramag-
netic material.

19. The system according to claim 17, wherein one or
more magnets are positioned within or above said
holding plate.

20. The system of claim 19, wherein said magnets are
placed in alternating directions.

21. The system of claim 17, wherein a surface of said
holding plate comprises a predetermined etched
pattern so that during polishing a matching em-
bossed pattern is created onto said surface of said
work piece;
or

wherein a surface of said holding plate com-
prises a predetermined embossed pattern so that
during polishing a matching engraved pattern is cre-
ated onto said surface of said work piece.

22. The system of claim 17, wherein a surface of said
holding plate comprises a predetermined inlaid pat-
tern so that during polishing a matching pattern is
created onto said surface of said work piece.

23. The system of claim 22, wherein said surface of said
holding plate comprises a first material having a first
magnetic permeability and said inlaid pattern com-
prises a second material having a second magnetic
permeability.

24. The system of claim 23, wherein said second mag-
netic permeability is higher than said first magnetic
permeability so that said matching pattern is an en-
graved pattern;
or

wherein said second magnetic permeability is
lower than said first magnetic permeability so that
said matching pattern is an embossed pattern.

25. The system of claim 17, wherein said polishing ma-
terial is in intermittent, repeated contact with said
surface of said work piece for polishing.

26. The system of claim 17, and comprising means for
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intermittently magnetizing said one or more mag-
netic units.

27. The system of claim 17, wherein said work piece is
a silicon wafer.

28. The system of claim 17, wherein said surface of said
work piece is planar or curved.

29. A method comprising:

engraving a predefined pattern in a surface dur-
ing magneto-rheological polishing of said sur-
face.

30. A method comprising:

embossing a predefined pattern in a surface
during magneto-rheological polishing of said
surface.

31. A method for polishing a surface, said method com-
prising the steps of:

creating a magnetic field sufficient to plasticize
a liquidized polishing material;
polishing a surface of a work piece with said
plasticized polishing material, thus liquidizing
said plasticized polishing material; and
repeating said steps.

32. The method of claim 31, wherein said step of cre-
ating a magnetic field comprises the step of:

supplying an intermittent or alternating current
through one or more electromagnets;
and/or
moving a ferromagnetic shuttle below one or
more magnets;
and/or
moving an arrangement of discrete permanent
magnets relative to said work piece
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