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MAGNETIC IMPURITIES DURING WIRESAW CUTTING
FIELD OF THE INVENTION
{0861] This invention pertains to methods for removing magnetic or magnetized contaminants
produced during & wiresaw cutting progess.
BACKGROUND OF THE INVENTION
[092] Wiresaw cutting 15 the dominant method for slicing ingots into thiy wafers for use in the
miegrated circuits and photo-voliaies (PV) mdustries. This method s also commonly used for
wafering substrates of other materials, such as sapphire, silicon carlude, or ceranug substrates. A
wiresaw Lypically has a web of fine metal wires, or a wireweb, where the individual wires have a
diameter around 0.15 rom and are arranged parallel to each other, at a distance of 0.1 10 1.0 mum,
through a series of spools, pulleys and wire guides. Shicing, or cuiting, is accomplished by
contacting the workpiece {e.g. an ingot} with 3 moving wire to which an abrasive sturry has been
applied.
0003} Conventional wiresaw abrasive shurries typically comprise a carner and abrasive
particies combined by nuxing in a ratio of 1:1 by weight. The carrier 15 a hquid that provides
Jubrication and cooling, such as a mineral oif, kerosene, polvethviene glycol, polypropylene
glveol or other polvalkvlene glveols. The liquid carrier also holds the abrasive to the wive so that
the abrasive can contact the workpiece. The abrastve is typically a hard material such as silicon
carbide particles.

j0004] The wiresaw cutling process is a batch process in which a fixed vohune of shury i

o

continuousty recveled from a holding wank and supphed using nozzdes to the wireweb close o
the workpiece being cut. During the process, the waste material from the cut, including the kerl|
gradually accumalates i the storry, which eventually loses performance. The exhausted sturry is
treated and separated mio s constituents (1o, abrastve and carrier). Reclainnng is essential {o
the economics of the operation.

j0003] One component of the spent slurry s magnetic or magnetizable impuriies that are
senerated primarily through wive wear produced during the wiresaw culting process. Such
umpurities can mteract with components in the starry and the kerf matter, leading to viscosity
changes, pH changes, temperature changes, decomposition of additives, particle size distribution
changes or other changes to the sharrv. The accumulation of magnetic or magnetizable impurities
therefors leads to the degradation of the cutting performance over time.

[0666] U.S. Pat. No. 6,264,843 describes a batch process for reclaiming a cutting [had

suspension produced during machining, The described process separates the abrasive containing
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fraction first and then uses a magnetic separator to remove abraded material. The recovered
fluid is then reconstituted with fresh shurry and returned to the catting process.
[6067] U.S. Pat No. 6,443,143 describes a method of culting a rave earth alloy using an abrasive
free cutting fluid. In the described process kilogram quantities the rave earth alloy Rerf matter is
removed using centrifugation and a magnetic separstor. Because there is no abrasive contained
m the spent fluid, the process is designed to remove large quantiiies of solids.
[6008] Alihough the baich process is acceptable to the industry, changing the slurry slows the
wiresaw cutiing process and reguives more tool start ups that can be stresstul on the equipment.
Additionaly, it is a difficult challenge to remove contaminants from spent cutting fhuids
condaimng relatively large quantities of abrasive malenals and relatively small guantities of
contaminants, without a costly batch process. It would thevefore be advantageous to have s
wiresaw cutiing operation where the contaminant removal is continuous,

BRIEF SUMMARY OF THE INVENTION
[3089] The mvention provides a method fiw removing magnetic or magnetized conlaminanis
from a wiresaw cutting slurry duning a wiresaw cotting process. The process comprises the steps
of: applving an abrasive slurry 1o a moving wiresgw from a recirculating slurry dispensing
svsteny; caiting a workpiece with the moving wiresaw and the applied abrasive sharry; conveying
ased abrasive slurry from the workpiece back into the recircuiating slarry dispensing system;
sending at least a portion of the slurry through 8 magnetic separator to remove magnetic or
magnetized contaminants from the shary; and discharging the shurry sent through the magnetic
separator back o civcudation within the recironlating sheary dispensing system.

This invention also provides for a wiresaw cutting apparatas. The apparatos comprises a
mount and support head adapted to hold a workpiece, a wiresaw posiioned relative to the mournt
and support head sach that the workpizce can be brought into contact with the wiresaw when in
opevation, an application region positioned and adapted for applving a wiresaw culting shary to
the wiresaw from a recirculating shary dispensing svstem, and a wiresaw slurry egress region
adapted to divect slurry off of the wiresaw and mounted workpiece and back into a shurry flow
pathway. The recirenlating shury dispensing system defines the shury flow pathway. The
recirculating dispensing svsten comprises a magnetic separator for removing magnetic or
magnetizable contanunams from the shary, wherein the magnetic separator comprises an inlet to
allow at feast of portion of slurry into the magnetic separator and an outlet o allow purified
slarry to be discharged back mto recireulation within the recivculating shurry dispensing system.

BRIEF DESCRIPTION OF THE DRAWING

{0810 FIG. 1 shows some of the components used 1n the presemt aveniion,
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[0811] FI1G. 2 shows a wiresaw cutting apparatus where the recirculating shurry dispensing
svstem comprises a coHector, a magnetic separator, a slurry tank, 3 punyp and a heat exchanger.
[6612] FIG. 3 shows a wiresaw cutling apparatas with a magnetic separator,

{0813} FIG. 4 shows a wiresaw cutting apparatus with 2 magnetic separator wherein the shurry
discharped from the magnetic separator 1s added back into circulation at a point in the
recireulating slurry dispensing system between the pomt 1 the systam where the stream of
shary exits the magnetic separator and the point in the system where shary is applied o the
WITeSaw.

[6814] FIG. 8 shows a wiresaw cutling apparatas with a magnetic separator wherein the shurry
discharged from the magnelic separator is added back into circulation at a point w the
recirculating slurry dispensing systerm between the point in the system where the stream of
starry exits the magnetic separator and the point in the system where the used shurry is conveyed
from the workpiece.

[B813] FIG. 6 shows a wiresaw culting apparatus comprising two magnetio separators arranged
i paraliel where the flow of shurry can be diverted o one, two or both of the magnetic
separgtors.

{6616] FIG. 7 shows a wiresaw cutling apparatas comprising {wo magnetic separators arranged
in a series.

06171 FIG. 8 shows a wiresaw cutting apparatus with a magnetic separator wherein the
recirculating slurry dispensing system includes a collector and the magnetic separator 13
mmersed partially m the collecior.

[0018] F1G. 9 shows a wiresaw cutting apparatus with a magnetic separator wherein the
recircudating shury dispensing svstem includes a collector for collecting used shurry from the
work piece for diversion into the magnetic separator, and mchudes a shurry tank that acis as a
reservosr for the shary and as a recetver for shury discharged from the magnetic separator,
{0019} FIG. 10 shows a wiresaw cutiing apparatus with a magnetic separator wherein the
recirenlating slurry dispensing system includes a shary tank and the magnetic separator 18
immersed partially in the storry tank.

[3020] FIG. 11 shows g wiresaw cntting apparatus with a magnetic separator wherein the
recirculating shurry dispensing systen includes a heat exchanger.

{0021} FIG. 12 shows components used in the mvention where the magnetic separator is (aken

out of the recirculating slurry dispensing svstem for cleaning while the wiresaw i3 1 operation.
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(0022} FI1G. 13 shows a wiresaw cutting apparatus with a magnetic separator wherein the

recircutating shurry dispensing svstem includes a sturry tank and a separator sharry loop adapted
o convey shuary from the slurry tank, through the magnetic separator and back to the slurry tank.
{0823} FIG. 14. shows a wivesaw cutting apparatus with a magnetic separator wherein the
recirculating slarry dispensing system includes a shurry tank and a hewt exchanger shurry loop
adapted to convey slurry from the shary tank, through the heat exchanger and back to the slurry
tank.

DETAILED DESCRIPTION OF THE INVENTION
[6024] The mvention provides a method for removing magoetic or magnetized contaminanis
from a wivesaw cutiing sharry during a wiresaw cutling process. The procass conprises the steps
of> applying an abrasive slusry to a moving wiresaw from a recirculating slurry dispensing
system; catting a workpiece with the moving wiresaw and the applied abrasive shary; conveving
used abrastve slurry from the workpiece back into the recirculating shury dispeusing system;
sending af least a portion of the slurry through a magnetic separator 10 remove magnetic of
magnetized contaninants from the shary: and discharging the shavy sent through the magnetic
separator back into circulation within the recirculating shurry dispensing system.

This mvention also provides for a wiresaw calting apparatus. The apparatus comprises a
mownt and support head adapted 1o hold a workpiece, a wiresaw positioned relative to the mount
and support head such that the workpiece can be brought into contact with the wivesaw when in
operation, an application region positioned and adapted for applying a polishing shurry to the
wiresaw from a reciroalating slurry dispensing syslem, and & wiresaw shary egrass region
adapted to divect slurry off of the wivesaw and mounted workpiece and back into a shurry flow
patlvway. The recirculating slurry dispensing svstem defines the slurry flow pathway, and
comprises a magnetic separator for removing magnetic or magnetizable contanunants from the
starry. The magnetic separator comprises an inlet to allow at least a portion of slurry o the
magnetic separator and an outlet 1o allow processes slutry to be discharged back mto
reciveniation within the recirculating sharry dispensing systeny.

{00251 FIG. 1 provides a schematic of various components of a wiresaw catting svstem 16 used
i the methods of the invention. A recircufating storry dispensing systemy 12, as utilized in the
present innvention, Comprises a magnetic separator 14, An abrasive slurry fows onto a wiresaw
andd workpigce 10, and then flows awav from the wiresaw and workpiece 16 completing a shury
recyeling foop using the recivculating shurry dispensing system 12,

{0626} The recirculating shurry dispensing system comprises a magnetic separator. The magnetic

separator comprises at least one inlet (e.g., at least 2, at least 3 or at least 4) and at least one
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outlet {e.g., at least 2, at {east 3 or at least 4 so that slurry can flow into and out of the interior of
the magnetic separator. The interior of the separator comprises permanent magnels andior
electro magnels arranged to atfract and hold magnetic or magnetized waterials from the slurry as
it flows through the separator. The infet and outlet can covprise a continnous mesh such as a
screen made of metal wires, For example the inlet and outlet can comprise a continnons mesh in
the shape of a basket definuing an interior space wheretn the magnats can be positioned.
Preferably, the magnets are removable. Alternatively, the inlel outlet, and inferior space may be
completely integrated with other components of the recirculating shury dispensing system. For
exanple the inlet, outlet and interior space may be one continuous tube m which the magnais are
arranged Lo form the magnetic separator in the path of siurry flow. As another example, the inlet
and ontlet can be adapted to allow slurry to Bow through a large inner space such as a tank or
tub, and the magnets can be placed m the tank or tub via an access port or opening. The purpose
of the magnetic separator is {0 at least partially retain magnetic or magnetized impurities that
may be present in the abrasive slurry while other shury components flow through the
recirculating shurry dispensing system relatively unhindered. Some exemplary magnetic
separators available commercially are the ELECTRO FERRO FILTER Model EVP/E (Magnet
Indusiries Cal Pyt Ltd.}, PERMANENT FERRO FILTER Model PVP/R (Magnet Indusiries Cal
Py Lid), and SUPER B FERRQOUS TRAPS (Erier Magnetics).
{0027 When the wiresaw cutting apparatus is in operation, the recirculating slarry dispensing
system includes a flow of slurry m the direction indicated by arrow heads in FiG s 2 {0 11
Arrow heads on the schematic representation of the wivesaw mdicate movement of the wiresaw.
The divection of movenient of the wiresaw may reverse during the operation of the wiresaw. The
flow direction of slurry typically does not reverse during operation of the wiresaw. Within the
recircuiating dispensing system the flow may be diverted by a diverter or combined at a
junction. A diverier allows shary flow (0 enter one end and the total Gow thal enters is split into
at legst two separate shary flows, A junction can combine more than one slurry fowing in the
reciveulating dispensing system into a single flow. For example diverters and junctions can be T
shaped or Y-shaped tubes through which shurry flows and is either spit from one flow to two or
two Jows are combined into one respectively.
{0028} The fow rate in the recirculating slurry dispensing system s typcally in the range of
2000 Ky to 000 Kedhr (e.g., 3000 Kgfhr to 6000 Kg/hr). Depending on the specific
embodiment, the flow rate through the magnetic separator can be 8% or greater {e.y.. 10856 or
greater, 20% or greater, 30% or greater, 0% or greater, 30% or greater, 100% or greater, 200%

or greater, 300% or greater, 400%; or greater, or 500% or greater) of the recireulating shury
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dispensing system flow rate. Depending on the specific embodiment, the fow rate through the

magnetic separator 18 typreally 1O00% or less (e.g., 9005 or less, 800% or less, 700% or less,
600%s or less, 300% or less, 90% or less, 80% or less, 70% or less, 60% or less, or 309 or less)
of the recirculating slurry dispensing system flow rate.

[06291 The recirculating shury dispensing system can also include a collector. A collector is
tvprcally a surface that conveys slurry from the workpizce back into cireulation within the
recireulating shurry dispensing sysiem. For example the collector can be a container comprising
an open top positioned to collect shury flowing ov drpping from the wivesaw and having an
outlet or drain for the slurry fo flow out of. The owtlet can be located on the botiony, the sides, or
can comprise a tube or siphon dipped wio collected shury from the top of the collector. The
collector can be configured 1in many different ways. For example the collector can be funnel-
shaped., cone-shaped, pyvranudal, or a hall spherical shell. The collector can also be one or more
surfaces angled to direct shurry to o shury tank within the recirculating slurry dispensing system.
[6830] The recirculating sharry digpensing system can inclade a sharry tank and one or mors
pumps, if desived. A shary tank provides a reservoir for the shary and is typically sitnated
upstream of a pump. The slurry tank typically has g stirrer or agitator to help prevent settling of
solid components of the shurry during the operation of the (ool or while the tool is idling.

{06311 The recircudating shary dispensing system may include a heat exchanger. The heat
exchanger can be situated at any pomt in the recirculating slurry dispensing system. The heat
gxchanger can also be in, around, or integrated with components such as the shurry tank, the
collector, the pump and the magnetic separator. A typical configuration is for the heat exchanger
t0 be located as a separate recirculation system inclading a separate punp where the separate
recirculation system exchanges sturry within a slurry tank. The heat exchanger can be used 1o
cool or heat the sturry. For example, heating the shurry can be used to lower the viscosity of the
starry if the viscosity s too high for proper operation of the wiresaw apparatus, Alematively,
for example, cooling the shuiry can be used io raise the viscosity of the shurry if the viscosity is
to low for proper operation of the wiresaw apparatus. The temperatore of the sturry can also
affect the rates of decomposition of shury components. Decreasing or increasing the temperature
of the shary can also impact the kinetics of formation of magnetized agglomerates and thus the
efficiency of the magnetic separator can be impacted by the use of a heat exchanger, Therefore,
there is a desire to control the temperature of the shuroy.

[6632] The recirculating shary dispensing system may comprise one or more collectors, one or
miove shurry tanks, one or more pumps and one or more heat exchanger or any combination

thergof. The recirculating sharry dispensing system may further comprise plumbing for
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conveying shurry between the various components. The plumbing tepically includes a stracture
that constricts flow to one dimension, such as g tube or pipe. Where gravity allows the shury to
fow through the recivculating slurry dispensing system, the plumbing may comprise o more
open structore such as a trough. The plumbing may even comprise an opening in o tube that
allows the shurry Yo pour into another component of the recirculating shurry dispensing system
such as a slurry tank. Alternatively, for example, the plumbimg may consist of a rough mn a
portion of the recirculating slurry dispensing systems where the flow is horizontal.

[0033] When the wiresaw apparatus of the mnvention is in operation, a workpiece secured to a
mowit and support head, is pressed against @ moving wiresaw while shuiry is supplied to the
wiresaw. The wiresaw has two or more wire guide rollers, which have their axes arranged
parallel to one another and around which a wire is guided one or move times. Typically a
wiresaw has three wive guide rollers and the wire is multiply guided around the wire guides
creating a wire-web. Conligwrations having more than 3 wire guides can be ysed i the method
of this invention. The wivesaw 15 moved by rotation of wive gaide rollers which causes seciions
of wire to move i a longitudinat direction. The divection of movement can be changed during
the operation or be in & constant direction. For example the direction can oscillate from one
direction to the next during the catting process.

[0634] The wire used in the wiresaw of this mvention can be made of any suitable material, as is
known in the art. Typically the wire has a thickness of 0.01 mm or more {e.g., 0.05 mm or more,
.1 mm or more, or 0.15 oun or more). Typically the wire has a thickness of 4.5 mm or less
(e.g., 0.4 mum or less, 1.3 mm or leas, 0.25 num or fess, or 0.2 num or fess). Typically the wire is
made of hard drawn steel. Alternatively the wire can be wade of one or more alloys sach as
alloys contaming Fe, Ni, Cr, Mo andfor W. Because the wire wears out duning the cutiing
operation, the wear material is recirculated with and contaminates the slurry in the recirculating
starry dispensing systen.

{00351 At least a portion of the slurry ihat has been applied to the wiresaw is semt through the
magnetic separator o remove magnetic or magnetizable impurities from the sturry that may be
present due {o the wear of the wires of the wiresaw. As used herein and in the appended claims,
the term "nmiagnetic materials” encompasses those materials that exhibit permanent magnetism or
are ferromagnetic, such as the ferrites hematite (Fe0s) or magnetite (Fe;Os). The term
"magnetizable material” encompasses those materials that exlubit paramagnetism, such as won,
angd are therefore aitracted to 2 magnetic field. Only a portion of the material removed by the
miagnetic separator need be magnetic or magnetizable. For example, a diamagpetic shunry

component can be bonded to 3 magnetic or magnetizable impurity and the combmation may be
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removed by the magnetic separator, Specifically, one or more abrasive particles can be
apelomerated with magnetic or magnetizable impurities, and the agglomerate can be removed by
the magnetic separator, Preferably magnetic materials comprive won. Preferably, at least 10 wi%
{e.g, at least 20 wi%, at least 30 wilo, at least 40 wido, ov at least 50 wi?) of magnetic or
magnetizable impurities in slurry flowing through the magnetic separator are removed during
the cutting operation of a workpiece before the magnetic separator needs 1o be regenerated or
cleaned. The efficiency of the magnetic separalor at removing magnetic or magnetizable
mmpurities depends on many factors mchading flow rate through the magnetic separator, the type
of magnetic separator, the amount of loading of magnetic or magnetizable impurities in the
magnetic separator and the arrangement of the magnetic separator within the recirculating sturry
dispense system. Regeneration of the magnetic separator usually comprises one or a
combination of the following: washing the magnetic separator using an aqueous solution,
aguating the magnetic separator, blowing 3 high pressure gas through the magnetic separator,
and demagnetizing the magnehic separator.
[00836] Magnetic or magnetizable impurities that can be removed by the magnetic separator
could also come front sources other than the wire. For example magnetic or magnetizable
impurities conld come from kerf matenial due to a ferromagnetic or paramagnetic workpiece, or
imparities i the workpiece that are ferromagnetic or paramagnetic. Another source of impurities
can be parts of the wiresaw apparatus other than the wire. Magnetic impunities could also come
from sharry components or impurities 1 the shurry conmponents. For example ferromagnetic or
paramagnetic impurities could be released from an abrasive due {0 the mechanical and chemical
wear of the catting process during operation of the wiresaw apparatus or could be a contauninant
in a batch of abrasive material used i the sharry.
{0637} F1G. 2 shows an embodiment of the apparatas used i the method of the mvention, The
recirculating sturry dispensing system 188, shown encurcled by the dotied hines defines a shurry
flow pathway. The recirculating shury dispensing system 160 applies an abrasive slurry (o the
moving wiresmw 106 af application region 108 while the workpiece 104, held by the mownt and
sapport head 102, 15 cal. Slorry flows off of wiresaw 106 and workpiece 164 and back into the
recirculating shurry dispensing svstem at wivesaw sharry egress vegion 107, The reciveulating
shurry dispensing system 100 also includes a collector 108 which i1s positioned to collect used
shurry conung from wiresaw slurry egress region 107 of wirgsaw 106, Slurry exits collector 108
at collector outlet 109 and Jows inlo magnetic separator 1190 through separaior miet 120, Slurry
exits separator 116 through separator outlet 122 and flows into slurry tank 116 at tank ingress

115, Slurry ows out of tank 116 through tank epress 117, and into pump 112 via pump mlet
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111, Slurvy then flows owt of pump 112 via pump outlet 13 and into a heat exchanger 130 at
exchanger infet 140, Finally, sturry flows out of heat exchanger 138 through exchanger outlet
142 and back onto wiresaw 186 and workpiece 104 1o complete the recirculating loop of
recircudating slorry dispensing system 160,
[06381 FIG. 3 shows a wiresaw cutting apparatus used in a preferred embodiment of the
mvention. The recirculating shuvy dispensing system 200, shown encircled by the dotted lines
defings a starry flow pathway, and applies an abrasive shury 1o the moving wiresaw 206 at
apphication region 208 while the workpiece 204, held by the mount and sapport head 262, is cut.
Sturry flows off of wiresaw 206 and workpiece 204 and back into the recirculating slurry
dispensing system at wiresaw slurry egress region 207, Slurry ows from wiresaw shary egress
region 207 mto magneuc separator 2140 through separator inlet 220. Slarry exits magnetic
separator 210 through separator outlet 222 and Hows back onto wiresaw 206 and workpiece 204
1o complete the recirculating toop of recireulating shurry dispensing system 200,
[6839] The residence timme of the slurry in magnetlic separator 220 depends on the sive of the
inner chamber of the magnetic separator and the flow rate b the recivcolating shurry dispensing
system 200. Longer residence times can increase the efficiency of the removal of the magnetic
or magnetized impurities bul may decrease the throughput of the catting process or be
impractical 1o implement mwechanically. For example a very large magnetic separator may be
prohibigively expensive andfor difficalt to combine with existing equipinent,
8040 FIG. 4 shows a wiresaw cuiting apparatus with a magnetic separator 310 used in an
ambodiment of the wmvention. The recurculating sturry dhispensing svstem 308, shown ancircled
by the dotted hnes defines a shory flow pathway, and applies an abrasive slarry to the moving
wiresaw 306 at application region 398 while the workpiece 304, held by the mount and support
head 302, is cut. Slurry flows off of wiresaw 366 and workpiece 304 and back into the
recirculating sturry dispensing system at wirgsaw shury esress region 307, A portion of the
sharry that flows from wiresaw slurry egress region 367 is diverted at diverter 318 and flows into
magnetic separator 310 through separator infet 320, Diverter 318 is posttioned between the
wiresaw shurry egress region 318, junction 324 and separator inlet 320, The shury flows out of
magnetic separator 310 through separator outlet 322, Sloarry flowing from wiresaw slorry egress
region 307 that 1s not sent to magnetic separator 319 is combined with sturry discharged through
magnetic separator outlet 322 af junction 324, Iunction 324 15 positinoned betwesn separator
oatlet 322 and applhication regton 303, Slurry Hows from junction 324 back onlo wiresaw 306
and workpiece 304 to complete the recirculating loop of recirculating slurry dispensing system

308, The amount of slurry sent through magnetic separator 310 as a percent of the total flow m
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the recirculating sharry dispensing svsten is typically 100% or less (e.g., up 10 90%, up 1o 80%,

-

ap to 7%, up to 6%, or up to 30%). The amount of shurry sent through the magnetic separator
316 as a percent of the tolal volume of fow through the recireulating shurry dispensing sysiem
300 is typically 0% or more {e.g., not less than 10%, not ess than 20%, not less than 30%, not
less than 40%, or not less than 30%). The amount of shurry flow that is diverted depends on
operating needs of the wiresaw cutting process and during a cutting procedure the amow of
shury flow diveried can be changed many times. For example the amowst of flow diverted can
be changed to increase the efficiency of the magnetic sepavator for the removal of magnetic or
magnetizable tmupurities. Another possibility is that no flow, or 119 of the total slurry fow
through recirculating starry dispensing systern 308, 15 diverted al pomt 318 for the purpose of
repair, replacement or regeneration of the magnetic separator 318, The amount of shurry diverted
can be controlied by any suttable means. For exmaple the amount of slurry diverted can be
controlied by valves, the bore widths of any tubmg, a punip, at or between: diversion pomt 318
and sepagator inlet 328 separgtor outlet 322 and merging pond 324; or diversion powl 318 and
merging point 324,

[0841] FIG. 5 shows a wiresaw cutting apparatus with a nagnetic separator 410 used in an
embodiment of the invention. The recircalating slurry dispensing system 408, shown encircled
by the dotted Hines defines a slurry flow pathway, and applies an abrasive shory to the moving
wiresaw 406 at application region 405 while the workpiece 404, held by the mount and support
head 402, is cut. Sharry flows off of wiresaw 4606 and workpiece 404 and back to the
reciroulating slurry dispensing sysiem al wiresaw sturty egress region 407, A portion of the
sharry that flows from wiresaw shurry egress regton 487 15 diverted at diverter 418 and flows into
magnetic separator 410 through separator inlet 420, Diverter 418 is positioned between
application region 408, junction 424 and separator inlet 426, The slurry flows out of magnetic
separaior 418 through separator outlet 422, The slurry discharged from magoetic separator 410
is added back into circulation at junction 424 between separator outlet 422 and wiresaw shurry
wiresaw shurry egress region 407, The slurry flowing frony wiresaw shurry egress region 487 that
is pot sent to the magnetic separator 416 flows back {o application region 408 completing the
recirculating loop of recirculating sturry dispensing system 460, The amount of slarry sent
through magnetic separator 4160 as @ percent of the total flow in the recirculating shury
dispensing system is typically 100% or less (g.2., up to 90%, up to S0%, up to 70%, up to 60%,
of up 1o 0%}, The amount of shury sent through the magnetic separator 418 as a percent of the
total vohume of flow through the recirculating slurry dispensing system 400 is typically 0% or

more {e.g., not less than 109, not less than 20%%, not less than 300%, not less than 40%, or not
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less than 50%6). The amount of sturry fow that is diverted depends on operating needs of the

wiresaw cutting process and during a cutting procedure the amownt of shury flow diverted can
be changed many times. For example the amount of flow diverted can be changed {0 mcrease the
efficiency of the magnetic separator for the removal of magnetic or magnetizable impunities.
Another possibility is that no flow, or 0% of the total sturry flow through recirculating shurry
dispensing svstem 408, 1s diverted at point 418 for the purpose of repair, replacement or
regengration of the magnetic separator 418, The amount of sturry diverted can be controlled by
any suitable means. For example the amount of slurry diverted can be controlled by valves, the
bore widths of any tubing, a pump, or any combination of these at or between: diversion point
418 and separator wlet 420; separator outled 422 and merging point 424; or diversion point 418
and merging point 424,

00421 FIG. 6 shows a wiresaw cutiing apparatus with two magaetic separators 518, which are
arranged in paraliel. The recirculating storry dispensing system 580, shown encircled by the
dotied lines delines a shurry fow pathway, and applies an abrasive slusry to the moving 518
wiresaw S06 at application region 568 while the workpiece 504, held by the mouant and support
head 502, is cut. Slurry flows off of wiresaw 586 and workpiece 504 and back into the
recireutating slurry dispensing svstem af wiresaw shurry egress region 387, Slarry tlows from
wiresaw starry egress region 807 to splitter 816, Sphitter 516 is positioned between wiresaw
sturry egress region 567 and separator infets 52€ and 521, From sphitter 516 slurry s sent into
magnetic separator SO through inlet 520 and into magoetic separator 511 tlwough indet 521, The
shury 13 discharged from magnetic separator 510 through outlet 522 and combuned with shurry
that is discharged from niagnetic separator 81 through cutlet 523 at combiner 526, Combiner
826 is positioned between application region S05, separator cutlet 522 and separator outlet 823,
The shurry combined at combiner 526 flows back onto wiresaw 506 and workpiece 504 to
complete the recirculating loop of recirculating slurry dispensing system 508, The percentage of
otal Bow through any one of the magnetic separators S10 and 520 15 up to 100% {e.g., up ©
9i¥%, up to S0%, up to 60%, or up to 50%) of the total flow in the recirculating shurvy dispensing
system 800, The percentage of total ow through any one magnetic separator is % or more
(e.g., not less than 10%, not less than 20%, not less than 30%, not less than 40%, or not Tess than
50%) of the total flow in the recrculating sturry dispensing svstem. The percentage of flow
through any one of the magnetic separators 510 and 511 can be controlled by any suitable flow
condrol device. For example the perceniage of flow can be controfled by valves, the bore width
of tubes, a pump, or any combination of these i or between: splitting point 516 and nlets 520

and 521; or combiner 526 and outlets 8§22 and 823, Preferably the percentage of shury flow sent
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through magnetic separators 510 and 5§11 is conirolled by valve 814, located between sphiter

S16 and separator inlet 820, and valve 518 located between sphiting point 316 and separator
indet 321, The percentage of shury low sent {0 magnetic separator 318 and 311 can be
independently manipudated o increase the efficiency of the magnetic separator for the removal
of magnetic or magnetizable mpurities. A possibility is that the percentage of flow diverted to
one of the magnetic separators 510 or 511 15 equal to (9% of the total How in the recuculating
shury dispensing system 300 for the purpose of repalr, replacement or regeneration of that
magnetic separator with no flow passing through it A vanation of the configuration of FIG. 6 15
0 have miore than 2 magnetic separators in pavalied (2.2., 3 or more, 4 or more, S or more, o 6 o
more). The flow can be diverted to a subset of magnetic separators as dascribed above for the
two magnetic separator configuration and the sum of the total flow through the individual
magnetic separators is equal to the total flow through the recirculating shurry dispensing system.
For example for a configuration that has "n" magnetic separators, where n is an mteger (1)
greater than or equal to 1, and F,, is the percent of the total fow of the recirculating slunty

dispensing systen: the following equation operates:

Z

-

g}

b

Fn == 1{“30“(3
=}

e

Whare: 100% > F, = (%
{0043} F1G. 7 shows a wiresaw cutting apparatus with bwo magnetic separators 618 and 611
arranged I a series for use in an embodment of the mwvention. The recirculating sturry
dispensing system 608, shown encircled by the dotted ines defines a shavy flow pathway, and
applies an abrasive slurry 1o the moving wiresaw 686 at apphication region 605 while the
wotkpiece 604, held by the mount and support head 602, is cut. Shurry flows off of wiresaw 606
and workpiece 604 and back into the recirculating shurry dispensing system at wiresaw slurry
egress region 607, Storry flows from whresaw shurry egress region 607 into magnelic separator
610 through separator inlet 6260 and exits magnetic separator 618 throagh separator outlet 622,
Subsequently, the discharged shurry coming from separator vutlet 622 is sent to separator inlet
621 and through magnetic separator 611. Shury exits magnetic separator 611 through separator
oatlet 623 and flows back onic wiresaw 686 and workpiece 604 to complele the recurculating

loop of recirculating sharry dispensing system 600
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[0044] The separators 610 and 611 can be of substantially similar design or each separator can
be of a different design. For example it may be desirable to have a magnetic separgtor 610 that is
more selective for the removal of large magnetic or magnetizable mnpurities located between
wiresaw sturry egress region 667 and magnetic separator 611, which could be more selective 1o
the removal of finer magnetic or magnetizable mpurnities, A vangtion of the configuration of
FIG. 7 1s to have more than 2 magnetic separators arranged m a series {e.g., 3 or move, 4 or
more, § or more, or & o1 more).

[045] FIG. 8 shows a wiresaw cutting apparatus with magnetic sepavator 710 used 10 an
embodinment of the invention. The recirculating shury dispensing system 708, shown encircled
by the dotted lines defines a slurry flow pathway, and applies an abrasive shary 1o the moving
wiresaw 706 at application region 708 while the workpiece 704, held by the mount and support
head 702, is cut. Shurry fows off the wivesaw 706 and workpiece 784 and back mio the
recirenlating slurry dispensing system af wiresaw surty egress regton 707, The recirculating
shary dispense system 700 alse weludes a collector 708 which 1s postiioned {0 collet used
shury coming from wivesaw sharry egress region 707, Slarry exits collector 708 at collector
outlet 709 and back onto wirgsaw 706 and workpiece 704 to complete the rearculating loop of
recireutating slusry dispensing svstem 760, The magnetic separator 718 is immersed in the
collector 708 so that at least some of the sturry conveved from the wivesaw 786 and workpiece
704 is sent through the magnetic separater 718, The magnetic separator can be immersed
partially or fully in the collector 788. The magnetic separator can be immersed in the collecior to
contact sturry from any location such as the sides, the {op or the bottom. Preferably, the
maguetic separator 1$ located close 1o the collector outlet 709, Oue or more magnetic separators
can be used. One or more of the magnetic separators can be removed for repair, replacement or
regeneration of the magnetic separator during operation of the wiresaw culting apparatus,

[6046] FIG. 9 shows a wiresaw cutling apparatas with a magnetic separator 818 used n an
embodiment of the invention. The apparatus consists of a recirculating slurry dispensing system
880, shown encircled by the dotted lines, which defines & shury flow pathway. The recirculating
sherry dispensing system 800 applies an abrasive shurry to the moving wiresaw 806 at
apphication region 808 while the workpiece 804, held by the mount and sapport head 862, s cut.
Shurry flows off of wiresaw 866 and workpiece 804 at wiresaw slurry egress region 887, The
recircufating slurry dispensing svstem 868 also includes a collector 808, winch is positioned to
collect used shury coming from wiresaw shurry egress region 887, Shuary exiis collector 808 at
collector outlet 889 and flows 1le magoetic separator 818 through separator inlet 828, Slorry

exits separator 810 through separator outlet 822 and flows into shurry tank 816 af tank ingress



WO 2010/071868 PCT/US2009/068901

14
§15, Slurry flows out of tank 8§16 through tank egress 817 and back onto wiresaw 806 and

workpiece 864 to complete the recircufating loop of recirculating shury dispensing system 809.
[6047] FIG. 10 shows a wiresaw cutling apparatas with a magnetic separator 918 used m an
embodiment of the invention. The apparatas consists of a recirculating shury dispensing system
906, shown encircled by the dotted Hines, which defines a sturry flow pathway. The recireulating
shury dispensing system 900 applies an abrasive shury to the moving wiresaw 906 af
apphication region 985 while the workpiece 904, held by the mount and support head 982, is cut.
Sharry flows off of wiresaw 906 and workpiece 904 and back mto the recirculating shurry
dispensing system af wiresaw slurry egress region 907, Slurry flows into slorry tank 916 at tank
ingrass 918, Slurry flows out of tank 916 through tank egress 937 and back onto wivesaw 986
and workpiece 904 to complete the recirculating loop of recirculating slurry dispensing svstem
900, The magnetic separator 1s immersed in the slorry tank 916 so that at least some of the slurry
passes through the magnetic separator 918, There may be multiple miets and outlets to the
magnetic separator. The intertor of the magnetic separator may consiat of the entive interior of
the slurry tank so that the inlet to the magoetic separator is the same component as the tank
ingress 915, and the outlet to the magnetic separator 18 the same component as the tank egress
917,

[0648] The magnetic separator 910 can be immersed pavtially or fully in starry tank 916, The
nagnetic separator can be immersed in the shurry tank 916 1o comtact sharry from any location
such as the sides, the top or the boltom. Preferably, the magnetic separator is located close to
tank mngress 917 where the shurry 13 conveved inio the shurry tank 916, One or mors magnetic
separators can be used. One or more of the maguetic sepavators can be removed for repair,
replacement or regeneration of the magnetic separator during operation of the wiresaw cutting
apparatus.

[6649] FIG. 11 shows an embodiment of the apparaius used in the method of the mnvention. The
apparatus consists of a recirculating shurry dispensing svsten 1080, shown encircled by the
dotied lines, which defings a slurry flow pathway. The recirculating shurry dispensing system
1000 applies an abrasive starry to the moving wiresaw 1806 at application region 1008 while the
workpiece 1004, held by the mount and support head 1662 1s cut. Shary flows off of wiresaw
1006 and workpiece 1004 and back into the recirculating shurry dispensing system at wiresaw
sturry egress region 1007, Sharry Hlows frony wivesaw shury egress region 1807 into heat
exchanger 1030 through exchanger inlet 1040, Slurry Bows out of heat exchanger 1036 through

exchanger outlet 1042 and mio magnetic separator 1010 through separator inlet 1020, Finally,



WO 2010/071868 PCT/US2009/068901

15
shurry flows from separator outlet 1022 and back onto wiresaw 1006 and workpiece 1004 1o
complete the recirculating loop of recivcudating slurry dispensing svstem 1066,
[6050] FIG. 12 provides a schematic represeptation of various components of 8 wiresaw calling
system 11160 ased in the methods of the invention. A recivcolating sturry dispensing system
1112, as oulized in the present mvention comprises a magnetic separator 1114, An abrasive
sharry flows onto a wiresaw and workpiece 1116 and flows away from wirgsaw and workpiece
1116 completing a slurry recveling foop using the recireulating shurry dispensing svstem 1112,
The magnetic separator 1114 can be removed for repair. exchanged with a different separator or
repeneration while the wiresaw apparatus 1s in use. Regeneration gengrally involves one, or a
combination of the followmy; washing the magnelic separator using an aqueons solution,
agiating the magnetic separator or demagnetiving the magnetic separator. The repaired,
exchanged or regenerated magnetic separator can subsequently be reattuched at the same
position within the recirculating shury dispensmy svsten.
{08311 FIG. 13 shows a wiresaw cutting apparatus with a magnetic separator 1210 usad in an
embodiment of the invention. The reciraudating slurry dispensing system 12606, shown encircled
by the dotied lines defines a shury flow pathway, snd applies sn sbrasive storry fo the moving
wiresaw 1206 at application region 1208 while the workpiece 1204, held by the mount and
support head 1202, 15 cut. Shurry Sows off of wiresaw 1286 and workpiece 1204 and back nto
the recirculating shurry dispensing system at wiresaw slurry egress region 1207, Shary flows
into shurry tank 1216 at tank ingress 1215, A portion of the shurry collected in shurry tank 1216 is
diverted to a separator shary loop 1250, show encircled by the dashed lines, through the ingress
t0 separator shary loop 1260, enters niagnetic separator 1216 through separator imlet 1220, exits
the magnetic separator through separator outlet 1222 and 1s discharged back into the slurry tank
at egress (o separator sturry loop 1262, Slurry flows out of tank 1216 through tank egress 1217
and back omto wiresaw 1206 and workpiece 1204 1o complete the recireulating oop of
recirculating slurry dispensing systerm 1200,
00521 The amount of slurry sent through magnetic separator 1210 as a percent of the total flow
in the recirculating shary dispensing svstem 18 typically 1000% or less {e.g., up to 900%, up (o
B00%%, ap o T00%, up o 600%, up to SO0%, up to 400%, up to 3008, up to 200%, orup o
100%). The amount of slurry sent through the magnetic separator 1210 as a percent of the total
volume of flow through the recirculating slurry dispensing svstem 1200 15 tvpically 0% or more
{e.q.. 1119 or greater, 20% or greater, 30%; or greater, 40% or greater, 30% or greater, 1008 or
greater, 200% or greater, 300% or greater, 400% or greater, or 300% or greater). The amount of

shary flow that is diverted depends on operating needs of the wiresaw cutting process and



WO 2010/071868 PCT/US2009/068901

16
during a cuiting procedure the amount of slurry flow diverted can be changed many times. For

example the amount of flow diverted can be changed (o mcrease the efficiency of the magnetic
separator for the removal of magnetic or magnetizable unpurities. Another possibility is that no
flow, or 0% of the total slurry flow through recirculating shaovy dispensing system 1200, is
diverted to the magnetic separator 1216 for the purpose of repair, replacement or regeneration of
the magnetic separator 1210, The amount of sturry diverted can be controlled by any suitable
means. For example the amount of shury diverted can be controlled by valves, the bove widths
of any tubing, a pump, or any combination of these at or between: the ingress to separator sturry
loop 1266 and separator indet 1220; or the separator outlet 1222 and egrass 1o separator shurry
loop 1262,

[0053] FIG. 14 shows a wivesaw culling apparatus with a magnetic separator 1310 used i an
embodiment of the invention. The recirculating slurry dispensing sysiem 1380, shown encircled
by the dotted hines defines a slurry flow pathway, and applies an abrasive slurry to the moving
wiresaw 1366 at application region 1385 while the workpiece 1304, held by the mount and
support head 1302, is cut. Slurry flows off of wiresaw 1366 and workpiece 1304 and back into
the recireulating shury dispensing system at wiresaw shurry egress regron 1307, Shurry flows
from wiresaw shurry egress region 1307 into magnetic separator 1318 through separator infet
1.328. Slurry exits magnetic separator 1310 through separator outlet 1322 and flows into shory
tank 1316 at tank ingress 1315, A portion of the slurry collected in slurry tank 1316 is diverted
o hieat exchanger shury loop 1388, shown encircled by the dashed lines, through the ingress to
heat exchanger shury loop 1390, enters heat exchanger 1330 through exchanger nlad 1348, exils
the heat exchanger through exchanger outlet 1342 and 15 discharged back nto the slurry tank at
epress to heat exchanger slurry foop 1392 Slurry flows out of tank 1316 through tank egress
1317 and back onto wirgsaw 1306 and workpiece 1364 (o complete the recirculating loop of

recirculating slurry dispensing system 1360
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CLAIMS
1. A method for removing magnetic or magnetized comammants from a wiresaw cutting

slarry during & wiresaw cutting process comprising the steps of;

applving an abrasive shury 1o a moving wiresaw from a recircalatng shury dispensing
systenty,

cutting a workpiece with the moving wiresaw and the applied abrasive shurry;

conveying abrasive slurry from the workpiece back into the recirculating starry
dispensing systen;

sending at least a portion of the sturry through at least one magnetic separaior o remiove
magnetic of magnetized contanumnants from the slurry; and

discharging the slurry sent thropgh the magnetic separator back into circulation within
the reciveulating shurry dispensing system.
2. The method clatm | wherein the at least one magnetic separator comprises two or more
magnelic separators mranged in parallel.
3 The method of clatm 1 wherein the at least one magnetic separator COmprises (wo or
more magnetic separators arranged in 8 series.
4. The method of claim | wherein the recivculating starry dispensing system includes a
collector to colect used shary from the workpiece and the magnetic separator is at least partinly
immersed 1 the collector,
s The method of clamm 1 wherein the recirculating shury dispensing svstem inclades a

sharry tank and the magnetic separaior 15 at leagi partially mmersed in the shury tank.

6. The method of elaim 1 wheremn the recirculating slurry dispensing system fncludes a heat
exchanger.
7. The method of claim 6 wherein the heat exchanger is located between the point i the

svstenn where used shurry 13 conveyed from the workpiece and the pont where the used shurry
enters the magnetic separator.

R, The method of claim | wherein the workpiece is selected from the group consisting of a
silicon ingot, a polvsilicon ingot, a gallium arsenide ingot, a ceramic ingot, a quartz ingot, a
silicon dioxide ingot, and a glass ingot,

9. The method of claim | wheremn the recirculating slurry dispensing system includes &
sturry tank and a separator slurry loop adapted to convey shurry from the shurry tank through the
magnetic separator angd back to the slurry tank.

10,0 A wiresaw cutling apparaius comprising:

a mount and support head adapted to hold a workpiece;
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a wiresaw positioned relative to the mount and support head such that the workpiece can
be brought into contact with the wiresaw when 11 operation;

an application region for applyving slurry to the wiresaw from a recirculatng slurry
dispensing system, the apphication region being positioned snd adapted to deliver a polishing
sthurry to the wiresaw, the recirculating shurry dispensing system defining a shury flow pathway,

a wiresaw shury egress region adapted to direet shurry off of the wiresaw and mounted
workpiece and back into the recirculating shary dispensing system;

the recirculating dispensing system comprising at least one magnetic separator for
removing magnetic or magngtizable contaminants from the shurry;

wherein the magnetic separator comprises an infet adapied to recetve al least a poriton of
the shury mfo the magnetic separator and an outlet adapted to discharge purified sturry back
nto circutation within the recirculating slurry dispensing system.

11, The wiresaw apparatus as in clam {0 wherein the recirculating shurry dispensing system
further comprises;

{a} a diverter, posttioned between the wiresaw storry egress region, and the separator
inlet, and adapted for diverting at least a portion of the slurry o the magnetic separator,

{b) a junction, positioned between the diverter, the outlet of the magnetic separator and
the application region, and adapted for combining slurry discharged from the outlet of the
magnetic separator and the portion of shurry not diverted to the magnetic separator, back Hio
civcutation at a region in the recivculating shurry dispense svstem between the junclion and the
application region.

12, The wiresaw apparatus as in claim 10 wherein the recirculating shurry dispensing system
further comprises;

{2} two or more magnetic separators arranged in parallel,

{b) a sphitter, posttioned between the wiresaw slurry egress region and the inlets of the
magnetic separators, and adapted for sending the slurry added back e circulation at the
wiresaw shurry egress region to the inlets of the magnetic separators;

{c) a combiper, positioned between the application region and the maghetic separator
outlets, and adapted for combining the puvified shury discharged from the magnetic separator
back into recirculation within the recirculating slurry dispensing system,

13, The wiresaw apparaius as in claim 10 wherein the recirculating shurry dispensing system
further comprises {wo or mote maghetic separators arranged in a series.
14, The wiresaw apparatus as m clamm 10 wheretn the recivenlating shurry dispensing system

further comprises:
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{a) 0 collector, positioned and adapted for collecting sharry from the wiresaw shurry
eRress region,

(b a collecior outled, positioned i the collecior adapted for discharging the collected
sturry back into circulation within the slurry dispensing systemy: and the magnetic separator is at
least partially unersed in the collector and is adapted for purifying at least a portion of the
shury flowing through the recirculating slarry dispensing svsten.

15, The wirgsaw apparaius as in claim 10 wherein the recirculating shary dispensing svsiem
further comprises:

{a) a slurry tank, adapted to provide a reservolr for sharry,

(b a sharry tank ingress, positioned belween the wiresaw slurry egress region and shurry
tank and adapted for conveving shayy into the starry tank,

{c) a the slurry tank egress, positioned between the surry tank and apphceation region and
a adapted to allow slurry to How from the sturry tank to the application region,  a separator
sharry loop,

{d) an ingress to separator shurry loop, positioned between the slarry tank and the
separator inlet and adapted for diverting slurry from the shurry tank to the sepsrator shury loop,

{e} an egress {o separator sharry loop positioned between the separator outlet and the
starry tank and adapted to discharge shurry from the separator foop back into the slarry tank.

16, The wiresaw apparatus as in claim 1S wherein the recirculating shurry dispensing system
further conypwises;

a} a heat exchanger sturry foop,

{b) a heat exchanger,

{c} an exchanger nlet posiioned and adapted for conveymg slurry into the heat
exchanger,

{d) an exchanger putlet positioned and adapted for conveving shary out of the heat
exchanget,

{e} an ingress to heat exchanger sturry loop positioned between the slurry tank and
axchanger inlet and adapted for conveying a portion of the shurry i the shary tank to the heat
exchanger slurry {oop,

{f} an epress to heat exchanger shury loop positioned between the slurry tank and the
exchanger outlet and adapted for discharging shury 1o the heat exchanger slurry loop back inte
the shury tank.

17 The wiresaw apparatus as i claim 15 wherem the recireulating shurry dispensiug system

further comprises:
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{a) 8 pump,

{b} a heat exchanger,

(¢} a pump inlet, adapled and positionad to allow sturey to flow nto the pump from the
starry tank

{d) & pump outlet, adapted and positioned to allow slurry to flow out of the pump to the
heat exchanyer,

{e} an exchanger inlet positioned and adapted for conveving shury into the heat
exchanger from the pump,

{{} an exchanger outlet posttioned and adapted for conveving shurry out of the heat

exchanger to the application region,



