ABRASI VE FLOW MACHI NI NG APPARATUS, METHOD AND SYSTEM

FI ELD OF THE I NVENTI ON This invention rel ates
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apparatus and nethod, and nore particularly to a

bi /uni flow or orbital AFM nethod and apparatus t hat

is scal able and configurable to surface finishing and

pol i shing of external surfaces of a three-di nensiona

free formworkpi ece as well as internal passage

surfaces of a workpi ece. BACKGROUND Abrasive flow

machi ning (AFM is a machining technique in which an

abr aSABRASIVEIELOW MACHINING AAPPARADES, aMETHODMND SIYSTREM

extruded over the surfaces of a workpiece to be

finished or polished. In the standard AFM techni que,

the abrasive nmedia is reciprocally extruded by a pair
FIED OB PHBINVENTION | nders. AFM has been |ikened to a

liquid file, and perhaps the greatest advantage of AFM

lies in the ability to finish (debur, polish and
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| ces, no additional tooling is necessary for
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is effected by oscillating the workpi ece. The nost
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applied in the finishing of critical aerospace and medical components to high-production volume
of parts.

In conventional AFM devices, no additional tooling is necessary for processing internal surfaces,
however, in the case of processing external surfaces of workpieces, additional tooling is required

to ensure a sufficiently narrow gap between the tool and the workpiece.

A variant of the technique include one-way or uni-flow AFM in which the media is extruded in a
one direction. Another variant is orbital AFM where the polishing action of the media between the
workpiece and a conformal tool is effected by oscillating the workpiece. The most recent
development in conventional AFM processes is micro AFM, which is an adaptation of one-way

AFM for polishing microholes using relatively less viscous media.



t he device specification, the only abrasive nedia that

is suitable for the device is supplied by the
worasvafiesosar ers and suppliers of the AFM syst enPCT/5€2009/000060

media typically supplied is only available in three

"standard" viscosities of |low viscosity, nmedium

viscosity and high viscosity, which may not be

adequate for specific applications. The "standard"

viscosities of the abrasive nedia nmay not be

appropriate for very gentlg polishing that does not

inpair the form of certain workpi eces such as optica
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and a port in the first chanber for receiving a

hydraulic fluid or pneumatic gas in the first chanber
for applying a pneunmatic or hydraulic pressure
suMimARetly to the abrasive nedia itself to extrude the
abrasive material across the surface of the workpiece
fromthe first chanber to the second chanmber. In an
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side of the workpiece and the second chamber arranged on another side of the workpiece and
the first chamber and second chamber communicating the abrasive media; and a port in the first
chamber for receiving a hydraulic fluid or pneumatic gas in the first chamber for applying a
pneumatic or hydraulic pressure directly to the abrasive media itself to extrude the abrasive

material across the surface of the workpiece from the first chamber to the second chamber.

In an embodiment the apparatus may further comprise a port (input/output) in the second
chamber to exhaust a hydraulic fluid or pneumatic gas in the second chamber. The first chamber
and the second chamber may be arranged around an intemal surface of the workpiece, and an
internal surface of the workpiece forms an aperture through the workpiece. The first chamber

may comprise a first reservoir and the hydraulic fluid or pneumatic gas may be applied to the



and the second chanber may be arranged around an
internal surface of the workpiece, and an interna
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wor kpi ece. The first chanber may conprise a first
reservoi r and the hydraulic fluid or pneumatic gas nay
be applied to theabrasive nedia in the reservoir. In
anot her enbodi nent the apparatus nmay have a floating
pi ston arranged between the abrasive nedia and the
hydraulic fluid or pneumatizc gas. The floating piston
may be positioned in the first chanber, and anot her
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gas in the second chanber. The floating piston may
In apether pEbodingRTHiNE SRPaEptusaRdY AN adloaingrmiston PHanged belvpenghe abrasive
medi ﬁﬂm H’yrwurfccuu.rrbaprhehmfghg; THe Bbatig pistort Mey s REBEHed inlthefirst

cha%ge‘?} Anggn&h ‘?Q&%Bdﬁ"% ing Gfst ma?/ bglaﬂgng @bé%v@e% d A Ive%'led and
ecti o or PACAR Enbo thé

the axsir?aI'Oaﬂur&’sor ﬁwmﬁmﬁaﬁ é!rth‘tiﬂﬁﬁrdr csem%er pT@@?}l“e P!SWf‘ éﬁs N“P%f r
confptiseefkebig lelemehtl TRE ﬂcragngmusﬁdnmy forine Hefm@sgie Héabwith the€ Bigimbere The
7 e d surface
ol BN ok 3 PRl 50 S0
hydraulic fluid or pneunatlc gas, wherein the pressure
In ah BinBdtEndnt 106 appactBATEGIurber ddepiiseaessird Bitdasits Sxadaoc Bk flbdiieg

pistEW dlthEJeiss%rs{) Ltléhs%eprrn r‘ib% m%%de II?%F@% ga}ngagériéd tQéfrface area than

hosubstantlar y gmo our
the fopHRaRisteier resrlying Sisdndiavfs ﬂ\‘fﬁ?’ R"ﬁ\"f‘ﬁ'é 93% Sherip e pée‘ﬁ'r"i er
intehgiffer intrasag ot deereades &®iprasure of thietgdabiicdlsid wepreardate.gad Aecordingly
by Mgﬁ smmpﬁy RBBIdld RUGHy. bet ween the floating piston
and the workpiece. In an embodi nent the apparatus may
further conprise at | east one additional chanber for
In ap @mbadinminhiye abragsiswaayrfgthercospusearmigean fre chixing tanabrdsves vitlbe
abrfve W28ia m@l‘ié‘fﬁlk&%y%@ goértﬂnm@h fathbsing E!Etkrhamﬁ‘e Workgidce.
and second chanbérs; and a polishing chanber fornmed by
the intersection of the first, second and at | east one
In ap@abedinoantithe ebrandtierraay further cmlpri@hit legst oheaardgltipnal ghamber for
confaﬁ’rﬁ@'aﬁr‘aﬂﬁa ﬁr&ﬁa mrak'ﬂhgﬁe 8n aftfthet Hi& @We@ﬁirl&b%c&?r@' ilcommunication

el PR T aRA P RGBS PPRRGETSt B PeRErpER o e

firstp$egong| and gt legfst mﬁdﬁtl@ee@amm thetrpkshing chambalgr rpeeiving the

worﬂ;r.éca es@me bsragwmwd extrb'tﬁhg%r%@@&i 6x}érrﬁaf s@farag ﬂﬁtv@rkplece The
eo qgrcal hrn

ber {na{( e arran é’! to ecerve a elur?alq orkp%ces El\‘ﬂabrgetlc C?IQ mae/ be

apparatus vay her conp
arramﬂ te hortt,felrrhremcewty offthmagnetodhdolegicy |ﬂB't’ ernh'rrrﬁy PHEK)‘EG ghager.
el ement for detection by the [imt switch where the

polrsh

In a%le%ggﬁr%erit t?re ap;];aef‘artusomay further comprise a limit switch connector. The floating
piston may have a an element for detection by the limit switch where the element is a ferro-
magnetic rod. The apparatus may further comprise a regulated pressure release port. The first
chamber may have a manual valve for toggling manually. A solenoid may be interconnected to a
micro-controller for controlling the solenoid in an automatic control of the hydraulic or pneumatic
force. The pressure of the hydraulic fluid or pneumatic gas on the abrasive fluid is, for example,
in the range of 6 to 10 bar. The viscosity of the abrasive fluid is, for example, in the range of 0.1

cP to 100,000 cP. A magnetic coil may be arranged to control the viscosity of a magneto



magneti c rod. The apparatus may further conprise a
regul ated pressure release port. The first chanber nmay
whae/1esosmnual val ve for toggling manual ly. A BOI/8GmI02000060
may be interconnected to a mcro-controller for
controlling the solenoid in an automatic control of
the hydraulic or pneumatic force. The pressure of the
hydraulic fluid or pneumatic gas on the abrasive fluid
is, for exanple, in the range of 6 to 10 bar. The
viscosity of the abrasive fluid is, for exanple, in
the range of 0.1 cP to 100,000 cP. A magnetic coil may
rhedMyicar lLRANGRIA akyf G BhdnersitRreths MagretoyhédiogRal fluid media is present.
magnet or heol ogical fluid within any of the chanbers
where the magneto rheological fluid nmedia is present.
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non-limitative examples, the following description is taken in conjunction with the accompanying
drawings in which like reference numerals designate similar or corresponding elements, regions

and portions, and in which:

FIG. 1A-B is a cross-sectional view of an AFM apparatus showing the reciprocally extruded
viscoelastic media laden with abrasives from the majority of media extruded through the
workpiece from one chamber (FIG. 1A) to another chamber (FIG. 1B) in accordance with an

embodiment of the invention;



In order that enbodi nents of the invention may be
fully and nore clearly understood by way of
Wo0o1105913 at i ve exanpl es, the foll ow ng descriPET/86200%000060
taken in conjunction with the acconpanyi ng drawi ngs in
which |i ke reference nunerals designate simlar or
correspondi ng el enents, regions and portions, and in
which: FIG 1A-B is a cross-sectional view of an AFM
apparatus showi ng the reciprocally extruded
vi scoel astic nedia | aden wgth abrasives fromthe
maj ority of nedia extruded through the workpiece from
FIGozreB Bhansesedibralof ad AFMtapparai@s shewing tha rdzprocbifylefdrudéd) i n
, [
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t hrough the workpi ece from one chanber (Fl G 2A) to
anot her chanber (FIG 2B) in accordance wt
FIGe3h igiarmsaphicg)imogelsenresoription shihe Keivin-Vaigl. @%F&? a/r\)aasﬁ Maxyell
modeD@B] of treheksenbfdédioes adhn AFM syéednvin Becdaiagde withce lembddintent of
the%?gm,@,pd Maxwel I nodel (3B) of the behavior of features
an AFM systemin accordance with an enbodi nent of
the invention; FIG 4 is cross-sectional view of an
FIGAFMC@BEB&ECMnaBﬁebe ac ABM dipacatus\i ddeordance witlo e erebudineht df the
invdnfBhention; FIG 5 is cross-sectional view of an AFM
apparatus in accordance with an enbodi ment of the
invention; FIG 6 is a block diagramof an AFM
FIGapis aas-seStidnal vieeoas Aol ARG epparatus imarcediywd wite at eratfodintest of the
invdnfigpention; FIG 7 is a block diagramof an AFM system
in accordance with an embodi ment of the inventi on;
FIG 8 is a perspective view of an AFM systemin
FIGag is erbipak diagrevn phanaitMeapbardiusrioraccandantehwithi amespdiment ofthe,
inveasnB are graphs showi ng the strain and rel ax response
of a viscoelastic material to a constant pressure
(FIG 9A), and the strain and rel ax response of a
FIGyT s @diocly diagram aancdfiVedystem ingaccordance with an embodiment of the invention;

FIG. 8 is a perspective view of an AFM system in accordance with an embodiment of the
invention;

FIG. 9A-B are graphs showing the strain and relax response of a viscoelastic material to a
constant pressure (FIG. 9A), and the strain and relax response of a viscoelastic material to a
pulsating pressure action (FIG. 9B);

FIG. 10 is a cross-sectional view of an AFM apparatus having a pressure intensifier in

accordance with an embodiment of the invention;

FIG. 11A-D show the pressure intensifier and floating piston arrangement shown in FIG. 10 in
more detail (FIG. 11A), sealing elements for the floating piston and the pressure intensifier (FIG.
11B), grooves of the floating piston (FIG. 11C), and the floating piston with sealing elements
configuration (FIG. 11D) in accordance with an embodiment of the invention;



pul sati ng pressure action (FIG 9B); FIG 10 is a
cross-sectional view of an AFM apparatus having a
wEe@gs0s0d3 i ntensi fier in accordance with an enmpOOSGEN/000060
of the invention; FIG 11A-D show the pressure
intensifier and floating piston arrangenent shown in
FIG 10 in nore detail (FIG 11A), sealing elenents
for the floating piston and the pressure intensifier
(FIG 11B), grooves of the floating piston (FIG 11C),
and the floating piston wigh sealing el enents
configuration (FIG 11D) in accordance with an
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coils (FIG 12B) in accordance with an enbodi nent of
the invention; FIG 13 is a cross-sectional view of an
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embodiaed on@&invedtiort; B&d | nvention; and FIG 14 is a flow
chart of a nethod in accordance wi th an enbodi nent of
the invention. DETAILED DESCRI PTI ON An abrasive fl ow
FIG it dsa fowrgart Kevethnd imacaerdance with proembedimeshad the iRvertion.
di scl osed for processing a surface of a workpi ece by
hydraulically or pneumatically extruding an abrasive
nedi a across a surface of a workpiece fromone chanber
DET&"-E&%ES&R&PJ%W‘ t he workpi ece to anot her chamber on
anot her side of the workpiece. The nature of
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surfaces of three-dimensional free form workpieces.

In particular, embodiments of the invention may be arranged in different AFM configurations such
as bi-flow, uni-flow, orbital, and the like. Embodiments of the AFM system are scalable and
configurable to surface finishing and polishing of external surfaces of a three-dimensional free
form workpiece as well as internal passage surfaces of a workpiece. Embodiments of the
invention are both accessible and cost effective, and may be machined using equipment that is

typically available in a job shop.

Furtheimore, embodiments of the invention can be readily scaled and configured to a particular

application. Also, because of the simplicity and design of these devices, novel methods of



surfaces of three-dinensional free formworkpieces. In

particul ar, enbodi nents of the invention may be
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bi-flow, uni-flow, orbital, and the |ike. Enbodinents

of the AFM system are scal abl e and configurable to

surface finishing and polishing of external surfaces

of a three-dinmensional free form workpiece as well as

i nternal passage surfaces of a workpiece. Enbodi nents

of the invention are both gccessible and cost

effective, and may be nachi ned using equi pnent that is
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the second abrasive media reservoir 26, and shop air is exhausted out of the outtake 44 of the
first abrasive material reservoir. Intake 44 becomes an outtake as the flow direction of media is

reversed, and the outtake 46 becomes an intake as the flow direction of the media is reversed.

The system in accordance with an embodiment of the invention may be configured as a positive
pressure blow system. In another embodiment, the system may be arranged with a primarily
positive pressure blow system with a suck assist for achieving a greater differential pressure

across the workpiece. In another embodiment, the system by be configured with a pressure
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pneumati c gas or hydraulic liquid in particular. In
As the abrasive media is typically of a semi-solid, viscoelastic consistency, from a
phenomenological point of view, its rheology may be understood as partway between a solid and
a liquid. For the purpose of the description of embodiments of the invention, it would suffice to
employ the simplest models, namely the Maxwell or Kelvin-Voigt models, representing this

behavior.

FIG. 3A-B is a graphical model representation of the Kelvin-Voigt model 60 (FIG. 3A) and
Maxwell model 70 (FIG. 3B) of the behavior of features of an AFM system in accordance with an

embodiment of the invention. Graphically, the Kelvin-Voigt model 60 is represented as a spring



an enbodi ment the floating pistons 54, 56 forma
hernetic seal between the shop air and the abrasive

woradoendsks | n anot her enbodi nent, the fl oati ngPEI/SGING000060
do not forma hernetic seal between the nedia and the
shop air of the reservoir chanbers 24, 26. Although,
in the configuration shown in FIG 2A and 2B it is
preferable to have a hernetic seal between the nedia
and the shop air for the reasons stated above, it is
not necessary to have suchg seal. In such a case, the
floating piston sinply acts as a position marker to
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3A-B |(§ graphi cal nodel representation of the

Kel yiEn-— \(O?—gt nodel 60 (FI G (23A) and Maxwel | nodel 70

(FIG G@GB)Mof the behavior of features of an AFM system

in accordance with an enbodi nent of the invention.

G aphi cally, the Kel vin-Voigt nodel 60 is represented
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meddghavi or, and a dashpot 64, which represents

quuid-like behavi or- connected in parallel as shown

in FIG 3A. The graphical representation of the
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Cor%;?ort]ﬁé F ‘(rlmvwen aes%lﬁakutgnoff d%)w éhemlcg/be(omparlly oWo%nd NT‘Chlgan United
States of America). For example, diluting AUTOSOL with BRASSO resulted in a media that is
less viscous than the original AUTOSOL; and likewise for Silly Putty diluted with the less viscous
AUTOSOL paste. It will be appreciated that other abrasive compounds can be used and different

combinations of the above media may be arranged.

The abrasives in the media may be abrasives such as silicon carbide and aluminum oxide
powders and grits, cheaper abrasives such as those used in abrasive water jets, for example,

olivin and garnet were also effective.



g =-S +-s (2) G h Thus the relative values of G and T|
, of course, depend on the particular formulation of
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i nclude, for exanple, a conmbination of three of the
followi ng readily available, and nutually m scible
constituents in various anounts resulted in a nmedias
of varying viscosities: BRASSO polishing liquid
(BRASSO is a trademark of Reckitt Benckiser pic of the
Uni ted Kingdom), AUTOSOL pg}ishing paste (AUTCSCL is a
trademark of Dursol Fabrik Oto Durst GrbH & Co. KG of
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one, two, three or more. FIG. 4 shows an endblock 90,92 at the first and second chambers. Air

ports 84,86 and limit switch connectors 94,96 may be formed in the end block.

The floating pistons 54,56 may be made of a strong and chemically resistant material such as
stainless steel, ceramics or the like, such that the floating piston substantially remains shape in
operation. The floating piston may have grooves 99 at each end of the floating piston for
accommodating typical sealing elements 98 such as o-rings, wiper seals, square section seals,
and the like. The configuration of the floating piston 54, grooves 99 and sealing elements 98 are
shown in more detail in FIG. 12A-B. Additionally, in FIG. 4 the floating piston 54,56 is shown with
a ferro-magnetic rod 53,55 that extends into the air chamber. The ferro-magnetic rod serves as a

position marker for detection by a proximity sensor 94,96,134,136.

As shown in FIG. 5 and in more detail in FIG. 7, provision is also made for automatic operation of

the device by means of proximity or limit switches 94,96,134,136 and solenoid valves 124,126



54,56 reciprocally extrudi ng abrasi ve-laden nedi a over
the surfaces of a workpiece to be processed, as shown
WO p00Bi1@a043t. FIG 4 is cross-sectional view of BCI/8GN09/000060

apparatus 80 in accordance with an enbodi nent of the
invention. The floating pistons may either be powered
either hydraulically or pneunmatically. Pneunatic power

is preferred as shop air is commonly avail able in nost
machi ne job shops. As shop air is readily available in
nmost job shops, enbodi nentsg,of the invention are a

much sinpler system design than previously achi evabl e
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computer 128 and the controller and power electronic circuitry 122. The interface/controller by
way of the computer 128 controls the solenoid control valves 124,126 and proximity switches
134,136 which controls the desired air supply and force on the floating pistons 54,56. The tubing
pneumatically or hydraulically connecting the devices and components within the system may be
standard pneumatic or hydraulic tubing that is commercially available for realizing manual or

automatic systems in accordance with embodiments of the invention..



ports 104, 105. By controlling the closure and opening
of a pressure regulating valve or even sinple shut-off
W@ 200089508he novenent of the floating may be puPGEEG2009/000060
the forward direction, as shown in FIG 5. If the
pulse time is within the relaxation time of the nedia,
this woul d enhance the abradi ng action of the nedia as
further explained in greater detail below with
reference to FIG 9A-B. The basic el enent of device
may be manual Iy or autonatigally operated. For exanple
for to be manual |y operated by toggling a manual val ve
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sol pnai®d B 136 and to energjzze solenoid A 134. This
woul 8§ nove the pair of pistons 54,56 in the opposite
direction. Wen proximty switch 136 detects the end
of travel of piston B 56, the mcro-controller 122
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D,pedir. of pistons will therefore reciprocate
automatically until a command is sent to the
mcro-controller to end the control sequence. FIG 8
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the processor of the conputer 128 and the controller
and power electronic circuitry 122. The
i nteridte/ controller by vvay(5lc)>f the conputer 128
contTol@ the sol enoid control valves 124,126 and
proximty switches 134,136 which controls the desired
air supply and force on the floating pistons 54, 56.
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manipulating the Deborah number, and so control the polishing rate.

Pulsed pressure operation may be realized by simply adding an on/off valve at each end of a
basic element of the invention as shown in FIG. 9B. For example, closing and opening on /off
valve A and keeping the on/off valve B closed, would cause floating piston A to start and stop; in

other words, to puise whilst moving along.

Maximum shop air pressure is typically about 6-10 bar. If this air pressure is inadequate, then the

operating pressure can be easily increased by means of a pressure intensifier as shown in FIG.



material to a constant pressure (FIG 9A), and the

strain and relax response 170 of a viscoelastic
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pul sed pressure operation, interestingly, howthe

medi a behaves depends on the experinental or

observation tine, of the action of the deformng

strain, according to the Deborah nunber, De : D - (4)

which is the ratio of the stress relaxation time T

and the observation or expﬁglnental time, t . The
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_ ' Itrer as shown 1n
pistensdisgalizgett i onal vi ew of an AFM apparatus 180 having a
pressure intensifier in accordance with an enbodi nent
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pisteh aIritbe other hand, if the operating pressure needs be reduced, the diameter of the
intensifier piston must be smaller than diameter of floating piston. For example, if the shop air
pressure is limited to for example, 8 bars and an operating pressure of about 32 bars is required,
for example for aggressive processing. If the diameter of the floating piston is for example 2
inches (50.8 mm), then from equation (3) below , the calculated diameter of the intensifier piston
is 4 inches (101.6 mm). On the other hand, if the minimum source pressure is for example 2 bars
and an operating pressure of half a bar is required for delicate processing. Then if the diameter of
the floating piston is 3 inches (76.2 mm) then from equation (3) below, the calculated diameter of

the intensifier piston is be 1.5 inches (38.1mm).

The operating pressure may be readily increased by means of the configuration shown in FIG. 10

for pressure intensification. Now, if the diameter of the larger pistonis D, and the diameter of



184 that is hernmetically sealed wth the chanber of

the floating piston. The pressure intensifier is
w@eornretesl to the floating piston via a connece@r/SG889/000060

The pressure intensifier has an sealing elenents 186

such as o-rings, w per rings, square seals and the

i ke. The sealing elenents such as the o-rings shown

may be configured with two o-rings as shown, however

any nunber of orings may be i npl enented, for exanple,

one, two, three or nore. f o-rings 98,186 are shown

in nore detail in FIG 1 1B. Configuration of the
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piston 182 is preferably of the simlar shape, design
and material as the floating piston 54, as shown in

FIG 11APD.| Hence, simlar gealing el enents 98, 186 and
gr oBues By be enpl oyed ®h the intensifier piston.
The inten&ifier 182 and floating piston 54 are to be

rigidly connected by a rigid connector rod 188,
secured at both ends by any robust neans ch as
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intensifier nmust be greater than the dianeter of the
floating piston. On the other hand, if the operating
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the technological gap between abrasive flow machining and a mass finishing process known as
drag finishing.

The movement of the floating pistons could be sequence in a random manner whilst rotating the
workpiece to promote even or isotropic polishing. The workpiece may also be dragged through

the media, for example, in a planetary motion whilst being rotated for enhanced polishing.

Instead of using abrasive media, a fluid having properties response to a magnetic field such as a
mageto-rheological fluid (MRF) may be used. As shown in figure FIG. 12B, if this is the case,
provision would be made to have electromagnetic coils 204 around the polishing chamber 200 to

control the viscosity of the MRF. The electromagnetic coils may be connected to an electrical



The operating pressure may be readily increased by

means of the configuration shown in FIG 10 for
WQr@eaes0d3 | nt ensi fication. Now, if the di anet ePCHBG2008/000060

| arger piston is DL and the diameter ofthe smaller

floating piston is dfp , it can be shown, froma

sinple force balance, that, if the shop air pressure

is p sa, then operating pressure, p 0 is given by:

Thus, if the dianmeter of the pressure intensifier 182,

i.e. the larger piston DL | twice, the smaller

floating piston is d , , then the operating pressure,
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particles are continually used, the abrasive particles have a tendency to become worn and the
effectiveness of the abrasive particles deteriorates. To ensure fresh abrasives and even use of
the abrasive particles within the media are revealed to the surfaces of the workpiece to be
processed, a static mixer 212 may be superposed between a floating piston and the workpiece as
shown in FIG. 13. The mixer of FIG. 13 is configured to ensure that the abrasives are mixed
within the media. The mixer 212 is within a mixer chamber and may be positioned proximate the
workpiece. Of course, the mixer 212 may be positioned on either side of the workpiece, or there
may be another mixer located on either side of the workpiece. In the configuration of the

apparatus having a polishing chamber, the mixer may be located at or proximate to any or each



control the viscosity of the MRF. The el ectromagnetic

coils may be connected to an el ectrical power source,
wokioghosvay be controlled, either manual |y or bRCT/SG2009/000060

automati c nmeans such as conputer 128 according to any

particular strategy to vary the strength of the

magnetic field and hence the viscosity of the MRF

nedia. It will be appreciated that the use of MRF may
be used in any of the enbodi ments of the invention as
di scussed herewith or sho in the draw ngs.
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the invention. As the abrasive nedia is typically of
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manuaﬁy or autgrﬂgtlcglg n?o ﬁ\vebasm smp?cnty of design of the embodiments of the
invention, automation is very affordable by using a micro-controlier or a control software, such as
LabView, which are both accessible. As discussed, abrasive media can also be easily formulated
using easily available off-the-shelf products. Hence, with all the above merits, embodiments of
the invention realizes an affordable and accessible abrasive flow machining (AFM) technology,

which can therefore be adopted as any another ‘standard’ tool in a typical machine job shop.

A feature of embodiments of the invention is the fundamentally fluidic nature which allows the

permutations of the configurations described above to be easily and naturally realized. This



the abrasive particles wthin the nedia are reveal ed

to the surfaces of the workpiece to be processed, a
wa@@bilesomd xer 212 nmay be superposed between a PED8G200g000060

pi ston and the workpi ece as shown in FIG 13. The

m xer of FIG 13 is configured to ensure that the

abrasives are mxed wwthin the nmedia. The m xer 212 is

within a m xer chanber and may be positioned proxinmate

t he workpi ece. O course, the mxer 212 may be

positioned on either side gf the workpiece, or there

may be another m xer | ocated on either side of the
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an abrasive material into a first chanber and a second

chanber. The first chanber and is arranged 224 on one
si de of the workpiece and the second chanber arranged
on anot her side of the workpiece and the first chanber
and second chanber for conmunicating the abrasive
medi a. Contacting 226 the abrasive nedia to the

surface of the workpiece to be processed. Applying 228

a hydraulic fluid or pneunatic gas in the first

chanber for applying a pneumatic or hydraulic pressure

directly to the abrasive nedia itself to extrude 230

the abrasive material across the surface of the

wor kpi ece fromthe first chanber to the second

chanber. In an enbodi nent the process is reciprocated

232 by applying the pressure of the hydraulic fluid or

pneumatic gas in the second chanber. Exanpl es of

surfaces of workpieces that may be processed in

enbodi nents of the invention include holes through the

wor kpi ece such as straight holes, hourglass holes,

multi-step holes, and the like. O her surfaces of
wor kpi eces that may be processed include surfaces
s-curved surfaces, trenches, internal and externa
features having different configurations and the |ike.



It wll be appreciated that practically all conponents
of enbodi nents of the invention can be fabricated by a

wo ypoaados3rachi ne j ob shop without the need of BEESGZI09/000060
equi pnent. Furthernore, enbodinments of the invention
can be powered by conpressed shop air which is also a
comonly standard facility in a typical nachine job
shop. Enbodi nents of the invention can be operated
manual |y or automatically. Due to the basic sinplicity
of design of the enbodi rrent of the invention,
automation is very affordable by using a

CLAMSE o-controller or a control software, such as

— LabVi ew, which are both accessible. As discussed,
abrasi ve nedia can al so be easily fornul ated using
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chameerhi ni ng (AFM net hods that have not been achi evabI e
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be understood by those skilled in the technol ogy

4. C 0 nﬁ\%r E&Q?t5$9ctcorgﬁ§]% i b @hdrOR the Hterh? gurfab&é\‘tthmkphe@e forms

desi gn  or construction may be made w t hout
an ?Péﬁ‘é{?t']’?t’ghf’temﬁee present invention. CLAIMS. 1. An
. abrasive flow machi ni ng (AFM apparatus for processing
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or
compRa TR FEEABEF g1 OUANS Y P PHERUG 675 PR de.corpie
media inghe reéevover ar r anged on one side of the workpiece
and the second chanber arranged on anot her side of the

[ n fi
6. e a%gaeratgs adccf)r %g to any one of the preceding claims further comprising a floating

piston arranged between the abrasive media and the hydraulic fluid or pneumatic gas.
7. The apparatus according to claim 6 wherein the floating piston is in the first chamber.

8. The apparatus according to claim 6 or 7 wherein a second fioating piston is arranged

between the abrasive media and the hydraulic fluid or pneumatic gas in the second chamber.



chanber and second chanber communi cating the abrasive
nmedia; and a port in the first chanber for receiving a
Whyepaedorx fluid or pneunmatic gas in the firstPCH&G89/000060
for applying a pneumatic or hydraulic pressure
directly to the abrasive nedia itself to extrude the
abrasive material across the surface of the workpiece
fromthe first chanmber to the second chanber. 2. The
apparatus according to claiml1 further conprising a
port in the second chanber 4 0 exhaust a hydraulic
fluid or pneumatic gas in the second chanber. 3. The
9. ap pﬂfeabmatmecrrdhg"ng ahyor@lofitlfimd 6 &F 8 Rhandirethe Asatibdy@stén fustier
he second chanber are arranged around an
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5. The apparatus according to any one of the preceding
clainms wherein first chanber conprises a first
- esEPABPAatETRICEHES BRI IILCR fhausaa"as; SRR el (PTG AR fing-
or dqapare eettibrosebhe abrasive nmedia in the reservoir. 6. The
apparatus according to any one of the preceding clains
further conprising a floating piston arranged between
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intestien fiset] itecthg ting/pistoht teviagp largat sisfacecaren thiamiige foating pistom f6r
recgmgdrtﬁépydm,ﬁcffugdq)%ﬁéag,a ton is in the first chanber.
8. The apparatus according to claim6 or 7 wherein a
second floating piston is arranged between the
13.abr Tl apparateglacgordingltotchaém M3 dineaeit the pfelssuradinignsifigniocraases the
pref@e df thelhD&aie SN pRORTHIE fasDy befRePRBREREMSWSIEIE & 1Bhrid.
to any one of clains 6 to 8 wherein the floating
pi ston further conprises a sealing elenent. 10. The
14.app&recepoyatae auerdingity anp orenyf cleims 606 1t iudhargordorisigg gpressure
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aratus according to claim?9
'ecﬁﬁ'gqé? ﬁ%‘ﬁ’@c ﬂsu'ed;cfr 'ﬁeé’maﬁcoéjre is an o-ring, a w per

ring, or a square section seal. 12. The apparat us
15. aC C DieClpPgraiu® ackbiing REan bnddf &ePrecdif@cidichs fukthdr B@iprising a mixer

for miXx rrlr% ttllesalbpa%lves IR { Erlélgise media.

16. The apparatus according to claim 12 as depending from any one of claim 6 to 11 wherein

the mixer is between the floating piston and the workpiece.

17. The apparatus according to any one of the preceding claims further comprising at least
one additional chamber for containing abrasive media and arranged on another side of the
workpiece and in communication with the first and second chambers; and a polishing chamber
formed by the intersection of the first, second and at least one additional chambers, the polishing
chamber for receiving the workpiece and the abrasive media extruding across an external surface
of the workpiece.

18. The apparatus according to claim 17 wherein the polishing chamber is arranged to

receive a plurality of workpieces.



intensifier fixed to the floating piston having a
| arger surface area than the floating piston for

WO eweiledonyy the hydraulic fluid or pneumati c gaBCT/8G2009/000060
The apparatus according to claim 12 wherein the
pressure intensifier increases the pressure of the
hydraulic fluid or pneumati c gas by between
substantially twofold to fourfold. 14. The apparatus
according to any one of clainms 6 to 11 further
conprising a pressure intepsifier fixed to the
floating piston having a sialler surface area than the

19. f lngﬁé %{Mgﬂs%&&mwf @ clﬁlﬁqe lovid fﬁtﬁet h@onﬁ)ﬁgﬁ%ﬁ’lbdrﬁ?é dolld &lraRded to
u [ ug accprdin 0 any one
°°“t6’f the Kigcosih, é’ggﬂﬁa%mﬂ‘%\qkﬁﬁ’a]ﬁ'g'?t“ﬂ@? 3‘8 R Fthag" & m xer for
m xi ng the abrasives in the abrasive nedia. 16. The
20. aPRRE Q[Sdééxttﬁ%%d?’dgrw artyQ)nG bethéBrdc2diR§ cleifie WREHeinGnd fir& dhanibyr
aim6 wherein the mxer is between the

fm“F[%HPFﬁ@aﬂWEfﬁﬁLﬁﬂHeTﬂé wor kpi ece. 17. The appar at us

according to any one of the preceding clains further
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g ﬁ Féa5|ve medi a and arranged on another side
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and second chanbers; and a polishing chanber fornmed by

22.th emb BB&Fa%%CatédaJhgqé bR 1T feln the@s R oAdslectibn ByaRSimitasach
? tha dchanbers t he polishing chanber for

Is a JeU@ a9 "Phe wor kpi ece and the abrasive media
extrudi ng across an external surface of the workpiece.

23.18. ThIlaspaad%a{caIrdJ@ t8GHCIndiofge procezlingiciain ivhatee tBé firstichanber

| ngs d to receive a plurality
f“mgef C?Mf’r”ﬁesg" rg%uatefé)resﬁ%?ei\eﬁg%r g‘t us according to claim17

or 18 further conprising magnetic coils arranged to
24. CONthe pr&ahuﬁ% ALtHERStD by ik ofitheBrgeiing clalmesolregirctad firki chiargber

further Eomp dlsés a r{le&?\ggl vglbé ilagto%\#ﬂﬁé]ﬂgr{uall O The appar at us

0 any one e precedlng cl ai ms wherein
the flrst chanber further conprises a limt swtch
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meﬁﬂ%%*ﬂ?%@eW%mﬁpﬁﬁn12 1 wherein the el enent for
detection by the limt switch

26. The apparatus according to any one of the preceding claims wherein the pressure of the

hydraulic fluid or pneumatic gas on the abrasive fluid is in the range of 6 to 10 bar.

27. The apparatus according to any one of the preceding claims wherein the viscosity of the
abrasive fluid is the range of 0.1 cP to 100,000 cP.

28. The apparatus according to any one of the preceding claims further comprising a
magnetic coil arranged to control the viscosity of a magneto rheological fluid within the first

chamber.

29. An abrasive flow machining (AFM) system for processing a surface of a workpiece, the
system comprising:

an AFM apparatus comprising a first chamber for containing an abrasive media;



is a ferro-magnetic rod. 23. The apparatus according
to any one of the preceding clains wherein the first
W@ pahes043 urt her conpri ses a regul at ed pressurBCT/BGHAY00060
port. 24. The apparatus according to any one of the
precedi ng clains wherein the first chanber further
conpri ses a manual valve for toggling manual ly. 25.
The apparatus according to any one of the preceding
clainms further conprising a solenoid interconnected to
a mcro-controller for conpfolling the solenoid in an
automatic control of the hydraulic or pneumatic force.
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thels @mepedm;fnk.ug & nydrduld ﬂm.dtdaﬁ/bé‘uhw ga BapYPbrt fof Receitiiy a

g | ow. machi ning (AFM system for processing a
h“@ﬁkgﬁggrﬂﬁugaﬁﬂ?ﬁﬁW@ the system conprising: an AFM
apparatus conpri sing a first chanber for cont ai ni ng an

30.ab rﬁﬁe's\/&erﬁﬁ&b@m@ t&&&rﬁ Qd ftﬁhara‘&a;snsfng b p6itR Jakdhd chdifber to
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anot her side of the workpiece and the first chanber

31.an dTl%%?Qélﬁi a@obﬁum@ecr cleﬁlﬁ mnioo,afeienghé ha cRAMIRS hntahd RAbrid

chz%b are %)%%?4 aroun an ln errnsél su cem?%e wo [ECel Vi ng a

rau neuna ﬁm?%e first chanber
for appl yi ng a pneunatlc or hydraullc pressure
32.di I EBlshiterh BcdofifrgadEIAG I3 hereil it intérha slirfac@ofabid waithfeck Rems an

ape?‘P,re %gt,gq,s tp‘eé{?] across the surface of the workpiece

anber to the second chanber, and the
system further conprising a hydraulic fluid or
33.pneTHeayitem gecdrdingppany ope bitclaind 29rte BEwherdigfirst chamber comprises a

first reservoir and the hydraulic fluid or pneumatic gas is applied to the abrasive media in the

reservoir.

34. The system according to any one of claims 29 to 33 further comprising a floating piston

arranged between the abrasive media and the hydraulic fluid or pneumatic gas.
35. -The system according to claim 34 wherein the floating piston is in the first chamber.

36. The system according to claim 34 or 35 wherein a second floating piston is arranged

between the abrasive media and the hydraulic fluid or pneumatic gas in the second chamber.

37. The system accordihg to any one of claims 34 to 36 further comprising a pressure
intensifier fixed to the floating piston having a larger surface area than the floating piston for

receiving the hydraulic fluid or pneumatic gas.



hydraulic fluid or pneumatic gas supply. 30. The
system according to claim?29 further conprising a port
WO poophesodskcond chanber to exhaust a hydraul i ¢ PCTBGE2089/000060
pneumati c gas in the second chanber. 31. The system
according to claim?29 or 30 wherein the first chanber
and the second chanber are arranged around an internal
surface of the workpiece. 32. The system according to
claim3 1 wherein the internal surface of the
wor kpi ece forns an apertur® through the workpi ece. 33.
The system according to any one of clains 29 to 32
38. Whdhe systein acsdrdingtabier 370@eyEin the pressufel intarisifiecis@eases the prieskure
A [ ' ole i ,ad to the
of BRIy fetiold 20 pOREU b en g RALRE
according to any one of clains 29 to 33 further
39. corfhe systangaceordih@iatanyighepf cbimn fuathere?a el doeprsirgra rbikee for mixing
the ngs‘a/%.gmet‘her%@si@e Abgat he hydraulic fluid or pneumatic
gas. 35. The system according to claim34 wherein the
floating piston is in the first chanber. 36. The
40. sy stthe nystebrcacattingtotcainc3%asmieBehding fraH amheneef claim 34 &ciBwherein
the Inlx@at bdeeR itBRtinh Bis@h bR WEHoRSEMeeNn the abrasive nedia
and the hydrauliC fluid or pneumatic gas in the second
chanber. 37. The system according to any one of clains
41. 34 Tihe sBenf agcortiieg to@oyyeiof claigs &9 pr49dwrthercomptisingsat fead one
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andf aPERos P e G5 R Serted emges: 258 & palsting hefny ormed by
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neumati ¢ gas by between substantially twofold to
Rffol d. 39. The system according to any one of
clainms further 29 to 38 conprising a mxer for m xing
42.t hernalaysign H&&dir@gotahggrﬁhff angiimé@g dmedi v&:cere40he fr@hsmst ?ﬁher
accaordi o clai.m as depending fromany one o
comé)f'?flgr#ﬁ%f’%%@n\/\%g'rei n the mxer is betvvee¥ t he
floating piston and the workpi ece. 41. The system
43. aC CTHeGididin dd@ordiny toQiRg o of ClaifisI?e t24P whareftihé fitsttchamber further
risi addi ti onal chanber for
Com%g%gtngir%u%geditersguz‘?%%a%& Fa and arranged on anot her side
of the workpiece
44, The system according to any one of claims 29 to 43 wherein the first chamber further

wo

comprises a manual valve for toggling manually.

45. The system according to any one of claims 29 to 44 further comprising a solenoid
interconnected to a micro-controller for controlling the solenoid in an automatic control of the

hydraulic or pneumatic force.

46. The system according to any one of claims 29 to 45 wherein the pressure of the hydraulic

fluid or pneumatic gas on the abrasive fluid is in the range of 6 to 10 bar.

47. The system according to any one of claims 29 to 46 wherein the viscosity of the abrasive
fluid is the range of 0.1 cP to 100,000 cP.



and in conmunication with the first and second
chanbers; and a polishing chanber forned by the
WO pioenewded i on of the first, second and at | easRCHB&@2009/000060
addi ti onal chanbers, the polishing chanber for
recei ving the workpiece and the abrasive nedi a
extrudi ng across an external surface of the workpiece.
42. The system according to any one of clains 29 to 4
1 wherein the first chanber further conprises a |imt
swi tch connector. 43. The gystem according to any one
of clains 29 to 42 wherein the first chanber further
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0 0O a n O ne o HE wher n
arraP%éttcf Ecﬁ ﬁ%ﬁ%ﬁ%& offaunPeig ? rhg%oH!caH%u J wi m%l?e grsq chamber. ei

a nmanual” val've for
toggling manual ly. 45. The system according to any one
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surfa(ie oil 9«9 wgggl?ce ﬁ%?e ;I' Fthch§r¥b9é‘ %%e?s%?%d%ggﬁgg; netic coil
arranged to control the viscosity of a magneto
50. Themk a@the@hccbidibigto siit 30 Furthdreorhprised exbhatiaes hyddBlic fldi or
LV, @égﬁﬁ g (AFM nethod for processing a
mm@ﬁéﬁgggﬁgi%g Wor %Fg%g. t he nmet hod conpri ses:
i ntroduci ng an abrasive material into a first chanber
51. andrha meeoe actoritgndédin 40 hesofvinesin tlaagiiyathe Brstrcharged amithe
sec%%héﬁ&?arﬁ&nd@ﬁ%tﬁmgl%Qr!fagg & tmrﬁd@e second chamber
arranged on anot her side of the workpiece and the
first chanber and second chanber for communicating the
52. abrawe imethodectioaiinganahyappbiydaing 49 thytiwizanin eranbing the Grst chamber
with ¥t PREAGr SR ﬁblﬂné A€ hfdrdufid fufR PR&ialiOdas 3PRé Xt!»rﬁ'éi/eanedla in the
eunatlc or hydraulic pressure directly to the
fasive nmedia itself to extrude the abrasive materi al
across the

53. The method according to any one of claims 49 to 52 further comprises providing a

res

floating piston between the abrasive media and the hydraulic fluid or pneumatic gas.
54. The method according to claim 53 wherein the floating piston is in the first chamber.

55. The method according to claim 53 or 54 further comprises providing a second floating
piston between the abrasive media and the hydraulic fiuid or pneumatic gas in the second
chamber.

56. The method according to any one of claims 53 to 55 further comprises providing a
pressure intensifier to the floating piston, the pressure intensifier having a larger surface area

than the floating piston; and applying a hydraulic fluid or pneumatic gas to the pressure



surface of the workpiece fromthe first chanber to the
second chanber. 50. The nethod according to claim49

WO eopheso4onpri ses exhausting a hydraul i ¢ fl ui BCTH8G2009/000060
pneumatic gas fromthe second chanber. 5 1. The net hod
according to claim49 or 50 wherein arranging the
first chanber and the second chanber around an
i nternal surface of the workpiece. 52. The nethod
according to any one of clainms 49 to 5 1 wherein
arranging the first chanbey with a first reservoir and
applying the hydraulic fluid or pneumatic gas to the

intengii¢érasi ve nmedia in the reservoir. 53. The met hod
according to any one of clainms 49 to 52 further
conprises provi di n(g_ a floating piston between the

57. abrBasPethodAserrdingitdiaihed WipERiInRAPIYES the iy die fuidherpraymatic gas
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LG DI s in the first chanber. 55. The

bemgrréer?ﬁ%éc}g}gg@é‘?ﬁgﬁédft&g*o@[ aim53 or 54 further conprises
provi ding a second floating piston between the
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GA% j G < . 56. The nmethod according to

for any t%{l%&%?eiﬁal rrsra%g@ﬁgaéS further conprises providing
a pressure intensifier to the floating piston, the
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provrdh"ns tl'feanQe‘} bétedN thé ﬂ)giingad@onaaggltrﬁé'%g(p@g@ydr aulic fluid or
pneumatic gas to the pressureintensifier. 57. The
nmet hod according to claimb56 wherein applying the
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bet ween the floating piston and the workpi ece. 60. The

61. MEtTHO MeM6& SYCEHING to My BRYof @eidiths 4916 6€ fuAhefBordifiséstobtblling the
prESfSlli{'g %ﬂﬁg pn%gr%lrcl gSase gr r@crjrgt\f!{cqblg %n G\te abrasive material with a limit switch
connector. '

62. The method according to any one of the claims 49 to 61 further comprises controlling the
pressure of the pneumatic gas or hydraulic fluid on the abrasive material with a regulated

pressure release port.

63. The method according to any one of the claims 49 to 62 further comprises manually
controlling the pressure of the pneumatic gas or hydraulic fluid on the abrasive material with a

manual valve for toggling.

64. The method according to any one of the claims 49 to 63 further comprises controlling the

hydraulic or pneumatic force by controlling a solenoid interconnected to a micro-controller.



| east one additional chanber for containing abrasive

nmedi a and arranging the at | east one additiona
waeb@ohesosdn anot her side of the workpi ece and PEI/SG2009/000060

conmuni cation with the first and second chanbers; and

form ng a polishing chanber forned by the intersection

of the first, second and at | east one additiona

chanbers, the polishing chanber for receiving the

wor kpi ece and t he abrasive nedia extruding across an

external surface of the kpi ece. 6 1. The net hod

according to any one of the claims 49 to 60 further
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bar.any one of the clains 49 to 6 1 further conprises
controlling the pressure of the pneunatic gas or

hy rauljic flui.d on the abrasi al with

£ 5 3hF et separtte Pany el danp b Freh it frsfang an
abragige Dedia naying theaisgosinwithisf the faegecdf 8itreB tal 9001080 62 f urt her

conprises manual l'y controlling the pressure of the
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actidnur t her conprises controlling the hydraulic or
pneumatic force by controlling a sol enoid
I nterconnected to a mcro-controller.65. The nethod

68. ac dbe thiethgd 2asording toran okt of glpigis 48-64 furthes cgmprisgy ¢driseliing a the
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fluid or pneumatic gas on the abrasive fluid is in the
range of 6 to 10 bar. 66. The nmethod according to any
one of clains 49 to 65 further conprises providing an
abrasive nmedia having the viscosity within the range
of 0.1 cP to 100,000 cP. 67. The method according to
any one of clainms 49 to 66 further conprises
controlling the supply of the hydraulic fluid or
pneunmati c gas on the abrasive fluid to have a pul sed
pressure action. 68. The nethod according to any one
of clainms 49-67 further conprises controlling a the
viscosity of a magneto rheological fluid within the
first chanmber with a nagnetic coil arrangenent.



