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(57) Abstract: The invention is an electrolytic microfinishing process which utillizes conductive tool as a cathode and conductive
workpiece as an anode both connected to power supply. Electrolytic fluid is pumped between the tool and workpiece, creating a
decomposition of the workpiece surface allowing the surface of the workpiece to be removed or wiped away by the interaction of
the flowing electrolyte rotation of the tool without generating any heat at a rate significantly faster than any other known machining
process. The tool has no contact with the workpiece and accordingly, requires very low clamping loads to hold the workpiece in
) the spindle during the finishing operation. Due to the low clamping loads, the distortion of the workpiece is completely eliminated.
Modulating the power supply during the work cycle allows the use of a single tool for both roughing and finishing as a continuous
cycle to significantly provide surface finishes previously unobtainable.
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ELECTROLYTIC MICROFINISHING OF METALLIC WORKPIECES

CROSS REFERENCES TO RELATED APPLICATIONS

[0001] This application claims the benefit of provisional U.S. Patent Application
Serial No. 60/678,854, filed on May 6, 2005.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not Applicable

REFERENCE TO MICROFICHE APPENDIX

[0003] Not Applicable

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0004] The invention relates in general to a method and apparatus of
electrolytically microfinishing metallic workpieces. More particularly, this invention
has specific reference to the application of electrolytic machining to a microfinishing
process with a view to decrease considerably, the cycle time of finishing the
workpiece to be treated while reducing appreciably, the cost of the microfinishing
operation for a given degree of precision.

2. Description of the Related Art

[0005] There are two well know methods of machining work pieces using
electrolytic cutting.

[0006] The first is electrochemical machining (ECM) which is done by using a

cathode having the shape of the part to be machined. The shape on the cathode is
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transferred to the workpiece (anode) by deplating, similar to electroplating in
accordance with Faraday's Laws. In an electrolytic conductive solution, electrical
current is applied to the workpiece to de-plate the material while an electrolyte is
pumped between the cathode and the workpiece (anode) and prevents the deplated
material from plating out on the cathode. For the purpose of this document, the
electrolytic process referred to in the various discussions can include both electrical
discharge machining and electrochemical machining although they have recognized
distinct differences.

[0007] The second is electrochemical grinding (ECG). In this process, the
cathode is the grinding wheel. As the electric current flows between the workpiece
and the wheel, the material removed by electrolysis is carried off by the abrasives in
the rotating wheel. The wheel is made of a conductive material into which abrasive
particles have been embedded and touches the workpiece very lightly. The tool and
workpiece are connected to a direct current source. The electrolyte is applied onto
the grinding wheel near the workpiece in a manner that will result in the wheel
carrying it into the cut. This brings about electrochemical action, molecular
decomposition or deplating of the workpiece.

{0008] Electrolytic cutting has advantages over mechanical and heating
methods of cutting metals. Electrolytic methods provide cuts that are free from
mechanical or thermal strain and thus do not disturb the grain structure of the cut
material. Electrolytic cutting methods also avoid the burrs and jagged edges and the
avoidance of metal as dust or other small particles in mechanical cutting or as vapor

that is evaporated or burned away where a cutting flame is used.



WO 2006/121998 PCT/US2006/017666

[0009] The advantages and techniques involved in removing particles of
electrically conductive materials by electrolytic erosion (often called electro-chemical
decomposition) are also well established in industry. Both of these electrolytic stock
removal processes have been found useful in grinding, as well as shaping
operations, particularly when the work piece materials are extremely hard.

[0010] Electrolytic grinding briefly consists in bringing a workpiece against the
face of a rotating metal bonded grinding wheel under conditions where a low voltage
direct current passes through an electrolyte between the workpiece and a wheel
during the operation so as to remove material from the workpiece by electrolytic
action. Electrochemical grinding (ECG) is principally used for specialized areas, for
example, the grinding of flat surfaces or cutting form surfaces with preformed grinding
wheels. In electrolytic grinding, the abrasive particles serve to remove non-
conductive films which may form on the surface of the material of the workpiece
which is being ground and may serve also to provide abrasive cutting action. By this
conjoint electrolytic and abrasive action, the cutting speed is very much enhanced as
compared to that obtained by surface grinding alone. On the other hand, it is also
possible to rely almost entirely upon electrolytic action thereby reducing the rate of
wear on the abrasive particles to a minimum. Because metal removal is largely
brought about Ey non-mechanical action, only about 10% of the conventional grinding
wheel pressure is required, corresponding to the fact that only about 10% of the
materfal is removed by the abrasive action of the conductive grinding wheel. Most of
the metal removal is brought about by the electrochemical action. The metal removal

rate is largely governed by the amount of electric current and electrolyte applied,
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regardless of the material’s hardness. It is possible with good process controls to
achieve surface finishes as low as R, = 0.1um using electrolytic grinding techniques.
[0011] In spite of the many advantages, electrolytic decomposition or grinding
may provide little or no success that has been achieved in applying the principle of
electrolytic erosion to the microfinishing process.

[0012] Microfinishing is a somewhat misunderstood process. In the prior art it
is at times referred to as superfinishing, lapping, honing, mirror finishing, fine grinding
or just plain finishing. Microfinishing, as used herein is intended to encompass all of
the above prior art terminology. Accordingly, microfinishing is a surface finishing
process that is performed after rough, medium machining or fine grinding of the
surface of a workpiece, such as a previously machine workpiece or medical
prosthesis. Microfinishing is typically performed using a machine that brings some
form of rotating and/or osciII;atinQ abrasive material into contact with the workpiece
while the workpiece is rotated. The abrasive material applied subsequent to a
previous machining operation removes any defects, like surface imperfections, and is
used to obtain particularly accurate geometrical characteristics of the surface
including exceptional surface finishes. Microfinishing is a low temperature machining
process which combines the motion of the workpiece and the motion of a bonded
abrasive “stone” or “tape” to generate both a geometrically accurate form and specific
surface finish. The surface characteristics of the generated surface are typically the
function of the specific stone or tape‘ grit size used. The abrasive, under an
extremely low and relatively constant force, will produce the repeatable surface

characteristics or qualities required generating little or no heat. One advantage of
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microfinishing is the elimination of the amorphous layer after grinding. The
amorphous layer is a product of any heat generating process. In machining or
grinding with any calculated feed method, the ability of the tool to cut is not the only
determining factor for the feed rate. The incoming geometry and the surface finish
are also an integral part of the equation. These are at best all variables. In many
cases the derived feed rate may be extremely small. In the true microfinishing
process, the stone determines the rate and duration of feed depending upon the
incoming conditions and geometry of the workpiece. Once the stone has progressed
through the soft amorphous layer, however thick, and has reached the solid base
material, the stock removal rate will dramatically reduce to the point when the stone
glazes. Once this occurs, the geometry generating portion of the process will be
complete and the second stage begins. During the second stage, a measurable
amount of stock will no longer be removed, but the glazed stone will act as a
polishing tool and create the required finish. The specific stone and grit size is picked
for its ability to remove the soft amorphous layer, produce the desired geometry and
also the required finish. This process induces no metallurgical alteration and
provides a clean, burr-free workpiece.

[0013] As set forth above, in the first stage, the smooth microfinish tool of
bonded abrasive grain contacts the rough surface of the workpiece. The rough
surface of the workpiece removes the glazed portion of the stone from the previous
operation and aggressive cutting of the amorphous layer begins. During this second
stage, the rough abrasive tool surface continues to cut and wear. As the geometry

and finish of the workpiece improves, the abrasive surface of the stone also becomes
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smoother and starts to re-glaze. This results in a lower feed rate and consequently
decreases wear. Finally, in the third stage the workpiece and abrasive tool surfaces
are both extremely smooth. The ability of the stone to cut is minimal and the final
finishing stage is achieved. The cutting speed and contact pressure of the
microfinish process are so small that heating of the workpiece surface remains well
below a detrimental limit thereby avoiding the generation of a new amorphous layer
on the workpiece.

[0014] Microfinishing can generate flat, spherical or cylindrical surfaces. There
are three basic types of spherical shapes that are applicable to the microfinish
process. These are complete spheres, internal or concave spheres and partial
conical shapes. Flat and complete spherical surfaces are the easiest shapes to
achieve a very accurate, uniform geometry and finis‘h, while the partial/conical shape
proves to be the most difficult. With carefully selected angular approaches and
properly selected stones, results of the relative same degree of accuracies for full
spheres can be achieved. Outside diameters on cylinders, shafts, piston and
journals, inside diameters and bores are microfinished by using an area contact
instead of a line contact as by conventional grinding. This improves the roundness,
surface finish and eliminates leads.

[0015] Since stock removal is obtained at relatively low cutting forces and
speeds, as compared to grinding, this leads to a surface characterized by higher
compressive stresses, and the elimination of damage to the finish surface by
excessive heat. As discussed above, a first step is used in order to optimize the

stock removal and geometry process and then followed by a secondary step in order
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to create the surface structure required. This second step is characterized by a small
stock removal. Abrasive grit sizes can range from approximately 320 to 1500, and
include silicon carbide, aluminum oxide, C.B.N. (cubic, boron nitride) and diamond
bonded abrasives. Where required, prior art production microfinishing processes
achieve cylindrical surfaces with R, as low as 0.05pin and with roundness of 1pin
(0.025um) R, is defined as the arithmetical average profile deviation of the surface
irregularities with respect to a hypothetical perfect surface established by an
arithmetical average line (see U.S. Patent No. 6,222,628).

[0016] In comparison, fine grinding without the use of electrolytic action utilizes
tools made of similar abrasives i.e., silicon nitrate, aluminum oxide, C.B.N. or
diamond in grit size from 280 to 1200. Since fine grinding involves rotation by either
chucking or centerless driving, during the relative rotational motions of the workpiece
and wheel, combined with the corresponding contact angle, generates the required
surface form i.e., flat, spherical (concave or convex) with a characteristic cross hatch
pattern as shown in prior art Figure 1. The requirements for the same low cutting
forces is utilized in the fine grinding process. Surface speeds generally are higher
than microfinishing, especially when using C.B.N. or diamond tools. The feed
systems utilized are normally very sensitive so as to not force the grinding tool into
the work area and develop excessive heat. N.C. feeds are generally not sensitive
enough for many applications, and air feed with hydraulic damping is usually
pre?erred. The surface produced by grinding is more or less wavy. It is these wavy
surface defects that are eliminated with microfinishing. Temperatures of up to

1100°C can develop in the line of contact between the workpiece and grinding wheel,
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generating an amorphous layer, also known as “soft skin”. This amorphous layer
substantially reduces the load carrying capacity and therefore has to be eliminated by
microfinishing in order to take advantage of the maximum performance
characteristics of the metallic workpiece. Production fine grinding processes with
carefully controlled process parameters can achieve flat surfaces with R,'s as low as
4.0pin (0.1pm).

[0017] Increased demands for more accurate processing of newly developed
materials, shorter lead time, more accurate dimensional as well as surface
characteristics has resulted in the investigation of new machine processing
techniques. Of course these increased demands are always expected to be
developed at lower costs for automotive, diesel engine, aerospace, hydraulic,
medical devices and many other precision part manufacturers. In response to these
demands there have been some attempts to obtain more accurate dimensional
surfaces as well as surface finishing characteristics. For example, U.S. Patent Nos.
4,140,598 and 4,328,083 to Kimoto et al. discloses a mirror finishing process which
combines electrolytic machining with an abrasive tool. In Kimoto et al., abrasive
powder is mixed into the electrolyte and under pressure this mixture is forced to flow
into the gap between the workpiece and the electrode tool. Kimoto et al. discloses
that a clean mirror surface finish of not more than 0.5um Ry,ax may be obtained when
the current density is not more than 2.5 Alcm® The polishing time being one minute
for such result. However, where current density is from 0.5 to 1 A/lcm?, a polishing
time of 3-56 minutes is required. Kimoto et al. further discloses that either an abrasive

cloth or an abrasive buff may be used instead of the abrasive powder mixture of the
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electrolyte. Rmayx is defined as the largest of the individual surface peak to valley from
each sample length.

[0018] Further attempts have been made to increase the accuracy of
electrolytic machining. For example, Rhoades, U.S. Patent No. 5,114,548, discloses
a method of electrochemical machining a workpiece utilizing an electrode that is
passive to the workpiece, wherein the conductive tools are provided with a non-
conductive abrasive surface, and the tool and workpiece are brought together with a
contacting relative motion so that the abrasive surface will selectively abrade the
workpiece to remove any passivation layer therefrom in those areas to be machined
and such that the unabraded surface areas will retain the passivation layer to prevent
electrochemical machining thereof. Reciprocal motion between the tool and
workpiece is also effective to pump the electrolyte through the gap between the tool
and workpiece and prevent the workpiece from becoming overheated. Orbital
abrading, is a nontraditional machining process which is entirely different and distinct
from electrochemical machining. Unlike conventional grinding techniques, orbital
abrading utilizes a very small relative movement having a radius of orbit, typically of
0.020 to 0.100-inch at a typical rate, of 1200 oscillations per minute. Because of the
very small orbital displacement of the workpiece and tool during working, the
difference in size is small, and further, permits production of rather detailed and
intricate ground configurations with a high degree of resolution, either two or three
dimensional forms. )

[0019] While orbital abrading is a well accepted nontraditional machining

process based solely on its own merits, there are other known machining processes
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wherein orbital abrading, or at least orbital motion between the tool and workpiece,
has been combined with other machining techniques. For example, U.S. Patent No.
3,593,410 issued to Taylor, teaches a machining process which utilizes vibratory
motion between an abrasive tool and workpiece wherein the interface is submerged
in a solution which will chemically alter the wqupiece surface to facilitate a
mechanical abrasion. U.S. Patent No. 3,663,786, issued to O’Connor, teaches an
electrical discharge machine tool which provides an abrasive relative motion between
the electrode and the workpiece, primarily for purpose of machining graphite
electrical discharge machining electrodes. Of more relevance to this invention, U.S.
Patent No. 3,564,190, issued to Kandajan et al. teaches a number of machining
processes including an electrochemical machining process wherein a relative motion,
orbital or otherwise is imparted between the tool and workpiece, so that the
workpiece is machined by the combined activity of the two processes. This reference
does not, however, teach or suggest the unique features of this invention as essential
to affect the greater degree of precision, but rather, relies merely on the combined
metal remover technique to speed the machining process. Further, the use of a tool
with a surface covered with abrasive particles can result in the embedding of
abrasive particles into the surface of the article being processed, and this factor can
detract from the surface quality of the processed workpiece when an abrasive coated

tool is used as a final step in the electrochemical machining process.

BRIEF SUMMARY OF THE INVENTION

10
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[0020] The invention relates to an improved microfinishing process for the use
on component parts for the automotive, diesel engine, aerospace, hydraulic and
medical devices and many other precision industries. This electrolytic microfinishing
process uses solid abrasives to machine geometric accuracies by generating the
form which improves or creates surface finished not previously achieved by any other
machining method known to date. The electrolytic microfinishing process allows
faster material removal, better surface finishes, burr-free surfaces, significantly
reduced holding or contact pressure between the tool and workpiece results in
reduced tool wear, reduced cycle time by over 50% of the conventional microfinishing
process while creating an abrasive free finished surface. Electrolytic microfinishing
machines closely resemble conventional microfinish machines in both appearance
and to some degree operation. For example, the tool in all cases, looks just like the
conventional abrasive stone, except that the stone contains electrically conductive
bonding material to hold the abrasive together. The electrolyte that is used is
introduced to the wheel in much the same matter as conventional coolants used in
any machining operation. A housing is provided to contain the electrolytic solution.
The installation also requires a power supply, a very simple pumping station with the
appropriate filtration system to provide the electrolyte from an electrolyte reservoir to
the workpiece to be microfinished. Since both the work spindle and tool spindle have
been electrically isolated, in operation, the workpiece becomes a positive pole and
fhe tool becomes a negative pole in the direct current circuit. When the current
source is switched on, the material of the workpiece is decomposed or dissolved by

the electrolyte, which is pumped between the rotating surfaces of the tool and
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workpiece. The rotating tool near the workpiece results in the tool carrying the
electrolyte into the cut which brings about the electrochemical action on the
workpiece. Metal removal is largely brought about by non-mechanical action, since
the contact pressure between the tool and the workpiece is only a fraction of the
pressure used in conventional microfinishing. Thus, the need for frequent dressing of
the tool is eliminated. The metal removal rate is largely governed by the amount of
electric power and electrolyte applied, regardless of the material's hardness.
Because of the dissolving action and relative absence of both heat and tool contact,
the electrolytic microfinishing process is ideal for fast stock removal of parts that
cannot stand thermal machining damage, as well as result in extremely smooth
surface finishes. By eliminating contact between the tool and workpiece, the risk of
transfer of abrasive particles from the tool to the workpiece is completely eliminated,
thereby ensuring an abrasive free microfinished surface on the workpiece. This
invention is ideally practiced as a final machining step on a workpiece with a surface
to be finished by reducing or eliminating one or more metal cutting or machining
steps, i.e., turning and/or grinding of a conventional nature. A programmable
microfinish process controller monitors the various process parameters using sensors
to obtain the optimum performance from each of the process elements.

[0021] It is the principle object of the invention to provide a microfinishing
apparatus and method which is capable of appreciably reducing the cost of the
microfinishing process for a giveh degree of precision of the overall operation.

Accordingly, it is an object of the present invention to provide a method of producing

12
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a metallic or conductive workpiece with a microfinished surface that is free of any
abrasive particles embedded into the microfinish surface.

[0022] It is a further object of the invention to provide an electrolytic
microfinishing process resulting in faster material removal thereby significantly
reducing the cycle time of the overall operation.

[0023] It is still a further object of the invention to provide an electrolytic
process which can achieve an optimal work result and is not limited to the stock
removal limits of prior art microfinishing machines.

[0024] It is a further object of the invention to provide an electrolytic
microfinishing process which significantly reduces the number of steps required in
order to obtain stock removal and smooth surface characterfstics superior to those
achievable by any conventional finishing and/or machining process know to date.
[0025] It is still a further object of the invention to provide a microfinishing
process where the process parameters, e.g. voltage may be carefully controlled to
achieve a superior smoothness characteristic previously unobtainable by any
microfinishing process known to date in a single step operation.

[0026] It is still a further object of the invention to provide an electrolytic
microfinishing process that significantly reduces the overall cost of microfinishing by
closely monitoring the parameters of the process and precisely modulate the process
parameters to guarantee that optimal levels of current is provided to the workpiece at

all times to obtain a given surface smoothness characteristic.
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[0027] Other advantages of this invention will become apparent to those skilled
in the art from the following detailed description of the preferred embodiment, when

read in light of the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Figure 1 is a typical prior art surface finish cross hatch pattern of a
ground workpiece;

[0029] Figure 2 is a schematic representation of the various machine details of
the electrolytic microfinishing machine apparatus of the invention, used in a method
according to the present invention;

[0030] Figure 3 is a partial schematic representation of the electrolytic
reservoir and circuit of the pumped and filtered electrolyte supplied to the interface of
the tool and workpiece;

[0031] Figure 4 is a partial schematic view of an alternate embodiment of a
tool and workpiece of the present invention;

[0032] Figure 5 is a partial schematic view of a further alternate embodiment of
the present invention;

[0033] Figure 6 is a partial schematic view of a further alternate embodiment of

the present invention;

[0034] Figure 7 is a partial schematic view of yet another embodiment of the

present invention;

14
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[0035] Figure 8a is a photo micrograph of a test sample of a seal ring surface,
shown at 200 um magnification, conventionally, conventionally machines using a
prior art microfinishing process;

[0036] Figure 8b is a photo micrograph, shown at 200 um magnification, of the
same test sample seal ring machined according to the process of the invention using
a 9 volt potential across the juncture between the workpiece and the microfinishing
tool; and

[0037] Figure 8c is a photo micrograph, shown at 200 um magnification, of the
same test sample seal ring machined according to the process of the invention using
a 5 volt potential across the juncture between the workpiece and the microfinishing

tool.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0038] The following detailed description discloses a microfinishing process.
The use of the term microfinishing is intended to include what is sometimes referred
to as superfinishing, mirror finishing, lapping, honing, fine grinding or just plain
finishing. In fact, microfinishing is used to describe any machining process which
results in superlative surface smoothness characteristics.

[0039] With reference to Figures 2-8c, a metallic or conductive workpiece 10 to
be provided with a microfinished outer surface or at least a portion of a microfinished
outer surface is positioned within the housing 12 that contains an electrolytic solution
14. The workpiece 10 is mounted on a work spindle 16 Which has been built to

ensure the possibility of delivering current with the highest precision. Accordingly, a
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work spindle 16 is utilized to eliminate earlier prior art serious limitations on their
ability to consistently deliver current, given the mechanical constraints due to the high
speed rotation. Similarly, a microfinishing tool or stone 18 with a tool surface 19 is
mounted on a tool spindle 20 having identical characteristics to the spindle utilized to
hold the workpiece. The tool surface 19 is positioned very close to the workpiece 10.
Both the tool spindle 20 and work spindle 16 are electrically isolated so that during
the machining process the workpiece 10 becomes the positive pole (anode) and the
tool 18 becomes the negative pole (cathode) in a direct current circuit. In Figure 3,
the workpiece 10 is illustrated as a cylindrical rod, and is caused to rotate about its
longitudinal central axis in a given direction in a conventional manner as indicated by
arrow A. The microfinishing stone or tool 18 is caused to rotate and/or reciprocate
relative to the workpiece 10 as indicated by arrows B and C. Each spindle 16, 20
driven by its own motor, is mounted on its own separate tool slide 22, 24 which is
able to control the feed rates with less than 1% variation. Both slides 22, 24 are
mounted on respective ball screws (not shown) so that the feed rate and work spindle
16 movement can be modulated during the course of the cut to constantly maintain
optimal levels of operation. Precise modulation of the electrical output of the
microfinishing machine and electrochemical discharge process, in order to ensure a
precise cut is made possible by precise modulation and maintenance of optimal
levels of electrical current. This is accomplished by the use of a solid state power
supply 26 capable of on-time véltage control, ranging from 0-18 volts, with current
capabilities ranging from 0 to 1000 amp. The response time of the unit is several

orders of magnitude faster than what is used in traditional power supplies for prior art
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applications. This is to ensure that there is virtually no lag time between the
detection of suboptimal performance of the electrical parameters and the resulting
correction. Thus, power output is constantly modulated to guarantee that optimal
levels of current arrive at the workpiece 10 at all times. This careful modulation of the
power supply 26 results in reduced power consumptions for the overall process.
[0040] In an electrolytic microfinishing operation chips and debris from the
cutting process are constantly flushed away from the interface between the tool 18
and the workpiece 10 and accrue in the electrolyte solution 14. Since these materials
are conductive and usually contain fairly large particles, the performance of the
electrolyte solution 14, itself is conducive to changing its overall conductivity
throughout the process and can lead to dramatic non-uniformities in the conductive
properties of the electrolyte solution 14 on a second-by-second basis. To avoid this
prior art condition, an electrolyte managing system, as well as a new line of
electrolytes are used in the electrolytic microfinishing process to completely control
the chemical properties of the process fluids, thereby optimizing fluid parameters at
all times and removing excess contaminant chips and pollutants. This results in fluid
being applied between the tool 18 and workpiece 10 to be continuously consistent
since the chips and debris are removed by the electrolyte management system long
before they return to the microfinishing machine. Maintaining a constant medium of
electrolyte flowing between the tool 18 and workpiece 10 prevents erratic electrical
performance during the electrolytic microfinishing process. )

[0041] The juncture between the tool surface 19 of the tool 18 and the

workpiece 10 is continuously flooded, during the microfinishing operation, with the
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electrolytic solution 14 circulated from the sump of the housing 12 by pumping 28 the
electrolytic solution 14 through the filtering system 30, which maintains the electrolyte
in an optimal condition to maintain constant conductive properties. The electrolyte is
pumped along conduit 32 through nozzles 34, 36 by a pump 28 driven by a motor 38.
[0042] A direct current electrical potential is maintained across the juncture
between the workpiece 10 and the microfinish tool 18 by the power supply 26 that is
electrically connected to the tool 18 by a current carrying line 40, and is also
electrically connected to the workpiece 10 by a current carrying line 42. Modulation
of the power supply 26, as well as sensing the spindle parameters, including the
workpiece properties and the consistent fluid parameters, are all carefully monitored
by a programmable microfinishing process controller whose function is integrated into
each of the components of the electrolytic microfinishing system to provide on-time
monitoring, diagnosis and control of the parameters of the electrolytic microfinishing
process. Since each of the parameters and performance characteristics of the
various components are carefully monitored by sensors, the optimum parameters for
the specific microfinishing process can be preset for a specific workpiece 10 so that
the controller can oversee the implementation of the optimal microfinishing settings.
Accordingly, each component of the microfinishing system can be set to do what it
needs to do and further monitored to ensure that it is performing according to its
preset programmed conditions. The resulting electrolytic microfinishing process
thereby reduces cycle time by enabling faster material removal than previously
accomplishable, reduces the machining steps, in that, better finishes are

accomplishable with fine grit abrasives in a one step operation as compared to
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previous three prior art steps required to finish a single piece. Because of the unique
filtration system 30 within the electrolyte solution 14 and the use of little or no
pressure between tool 18 and workpiece 10, the conventional abrasives will not be
forced into the workpiece surfaces as experienced with prior art microfinishing
processes. Finally, the electrical flow and the current density of the electrolyte
solution 14 can be carefully controlled in the final seconds of the electrolytical
microfinishing operation to ensure improved surface finishes previously
unaccomplishable with prior art microfinishing equipment as known today. The
power supply 26, microfinishing process controller 44, electrolyte filtration 30 and
tools 18 are all currently available from Composition Corporation, Brooklyn, New
York.

[0043] In Figure 3, the microfinishing tool or stone 18 with the tool surface 19
is positioned very close to, or in approximate contact with the workpiece 10. The
stone 18 is caused to rotate and/or reciprocated relative to the workpiece 10 as
indicated by arrows B and C. By carefully controlling the feed rate in the very final
seconds of the process, the positioning of the tool 18 relative to the workpiece 10
ensures that no abrasive particles were transferred from the surface 19 of the tool 18
to any treated portion of the surface of the workpiece 10 since the chemically
consistent electrolyte solution 14 will be flushing the abrasive particles away from the
juncture of the tool 18 and workpiece 10. At this juncture, between the surface of the
stone 19 of the tool 18 and workpiece 10 the area is continuously flooded with the
chemically consistent electrolyte solution 14 pumped from the filtering unit 30 to the

nozzles 34, 36 along a conduit 32 through the use of a pump 28 that is driven by a
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motor 38. By eliminating any contact between the workpiece 10 and the tool 18 and
reducing the voltage and current density in the final seconds of the cycle, no abrasive
particles from the surface of the tool 19 will be embedded into the workpiece 10 and
the resultant smoothness characteristics of the surface will be better than any
previously available by any conventional microfinishing method known to date. The
results of individual testing reflected that by introducing electric current into the
microfinishing process, the workpiece 10, which is the positive pole, and the tool 18,
the negative pole, in a direct current circuit resulted in stock removal which was many
times faster than by conventional microfinishing known to date. Material hardness,
like carbide or other very tough stellite materials did not noticeably change the
removal speed and tool wear was not noticeable. The process results in reducing
tool costs many fold the clamping force between the workpiece 10 and the tool 18
being only a fraction of that of conventional microfinishing resulting in completely
eliminating any distortion whatsoever as a result of the clamping forces between the
workpiece 10 or the tool 18. While using a DC voltage (10 to 18 volts) during the
roughing portion of the cycle and lowering the voltage during the finishing portion of
the cycle (9 volts down to 1 volt) the stock removal was reduced almost linear but the
surface finish was significantly better even using a rough grit stone 18. At 1 volt and
at a slower feed rate, it was possible to obtain a surface finish of 0.0067um R, which
is equal to 0.26 pin Ra. This is lower than any conventional microfinishing operation
previously obtainable with pridr art equipment known to date.

[0044] Figure 4 illustrates the practice of the present invention in connection

with the machining of an internal surface of an annular workpiece 46 by way of a tool

20



WO 2006/121998 PCT/US2006/017666

48 that has a tool surface 50. The workpiece 46 is caused to rotate as indicated by
an arrow D, and the tool 48 is caused to rotate as indicated by an arrow E. The tool
18 is also caused to reciprocate as indicated by an arrow F in Figure 5. An
electrolytic solution 14 from a sump housing, not shown, is directed to the juncture
between the tool surface 50 of the tool 48 and the adjacent, internal surface of the
workpiece 46 by nozzles 52, 54. A d.c. electrical potential is maintained across the
gap between the tool surface 50 of the tool 48 and the internal surface of the
workpiece 46, as is generally described in connection with Figures 2 and 3. While
the tool surface 50 of the tool 48 may be, and preferably is embedded with abrasive
particles, transfer of abrasive partiéles from the tool surface 50 to the adjacent
internal surface of the workpiece 46 is prevented by avoiding, or greatly reducing,
contact pressure between the tool surface 50 and the adjacent surface of the
workpiece 46, and utilizing the various process elements recited above with respect
to Figures 2 and 3, resulting in surface finishes lower than any conventional
microfinish operation previously obtainable with prior art equipment known to date.

[0045] Figure 5 illustrates the practice of the present invention in connection
with the machining of an annular, concave portion or surface 61 of an external
surface of a workpiece 60, which is shown as having an annular workpiece, by way of
a tool 66 that has a tool surface 68 of convex configuration. A workpiece 60 is
caused to rotate as indicated by an arrow F, and the tool 66 is caused to oscillate
and rotate as indicated by an arrow G. An electrolytic solutidn, from a sump (not
shown) is directed to a juncture between the concave portion 61 and the tool surface

68 by nozzles 70, 72. A d.c. electrical potential is maintained across a juncture
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between the tool surface 68 of the tool 66 and the concave surface 61 of the
workpiece 60 in a conventional manner, as generally described in connection with
Figures 2 and 3. While the tool surface 68 of the tool 66 may consist of abrasive
particles, transfer of abrasive particles from the tool surface 68 of the tool 66 to the
concave surface 61 of the workpiece 60 is prevented by avoiding, or controlling, the
parameters of the process elements recited above with respect to Figures 2 and 3.
The surface finish obtainable is many times better than any conventional microfinish
operation previously obtainable with prior art microfinishing equipment known to date.
[0046] Figure 6 illustrates the practice of the present invention in connection
with the machining of a contoured surface portion 81 of a metallic workpiece 80 by
way of a tool 88 that has a tool surface 86 of contour configuration. The workpiece
80 is caused to rotate as indicated by an arrow H, and the tool 88 is caused to rotate,
as indicated by an arrow | and oscillate. An electrolytic solution 14, from a sump, not
shown, is directed to a juncture between the tool surface 86 of the tool 88 and the
surface 81 of the workpiece 80 from a nozzle 90. A d.c. electrical potential is
maintained across the juncture between the tool surface 86 of the tool 88 and the
surface 81 of the workpiece 80, as generally described in connection with Figures 2
and 3, above. While the tool surface 86 of the tool 88 may be, and preferably is,
embedded with abrasive particles, transfer of abrasive particles from the tool surface
86 of the tool 88 to the surface 81 of the workpiece 80 is prevented by using the
processing elements disclosed with respect to Figures 2 and 3.

[0047] Figure 7 illustrates the practice of the present invention in connection

with the machining of a surface portion 101 on a metaliic workpiece 100 by way of a
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tool 106 that has a tool surface 108. The workpiece 100 is caused to rotate as
indicated by an arrow J, and the tool 106 is caused to rotate as indicated by an arrow
K and/or oscillate. An electrolytic solution, from a sump, not shown, is directed to a
juncture between the surface 108 of the tool 106 and the surface 101 to workpiece
100 from a nozzle 110. A d.c. electrical potential is maintained across a juncture
between the surface 108 of the tool 106 and the surface 101 of the workpiece 100 as
generally described in connection with Figures 2 and 3.

[0048] Figures 8a-8c are photo micrographs comparisons of the surface finish
of a test sample of a seal ring which was machined according to a prior art finishing
process (Figure 8a), and the new inventive process disclosed herein (Figures 8b and
8c). In Figure 8b, the voltage potential across the juncture between the tool and the
workpiece was set to 9 volts, while in Figure 8c the voltage potential was reduced to
5 volts. All three figures are at the same 200um magnification.

[0049] The test was conducted using a tool and workpiece spindles with micro
sense controls on the feed system and a collector for isolation of the spindles from
the workpiece and tool respectively. A cup wheel was used as a tool and mounted in
line with the seal ring surface but offset so that the O.D. of the cup wheel was
centered to the seal ring. The tool was rotating in one direction while the seal ring
was rotating in the opposite direction. The tool slide was moved in a direction
approaching the seal ring. An electrolyte is introduced to the gap between the tool
face and the seal ring surface. A direct current power voltage was established
across the tool and the face of the seal ring. As the seal ring face approaches the

tool, the amperage increases and identifies the distance between the tool surface
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and the seal ring. The amperage controls the feed rate while finished machining the
tool. As the tool approaches the work face, the surface of the seal ring decomposes
and the decomposed material is removed by the interaction of the rotating cup wheel
and the flow of the electrolyte. When approaching the final finish of the cycle, which
is detected by the position of the lead screw on the tool slide feed system, the
voltage of the d.c. power supply is modulated and lowered which results in the
decomposition process and feed rate slowing down until in the final moment (less
than one second), in the finishing operation, the d.c. power is substantially turned off
and the cup wheel almost touches the seal ring. The final size of the seal ring is
detected by a process gauge. The results in terms of surface finish were measured
using conventional measuring instruments. In Figure 8a, that is, the conventional
microfinishing process, the surface finish measured to be R, = 0.01um. This was
accomplished with a 400 grit rough silicon carbide tool and a final 1000 grit finish
using two passes for a total cycle time of approximately 30 seconds. Figure 8b
depicts the surface finish using the process of the invention with a 9 volt potential
across the juncture of the tool and workpiece and the surface finish was measured to
be Ra = 0.013um. The final Figure 8c which is made according to the inventive
process disclosed herein was obtained by beginning the decomposition of the
material at the beginning of the cycle at a 9 volt setting and then modulating the
voltage in the last few seconds of the cut to 5 volts. This resulted in a surface finish
measured at R, = 0.007pm‘.

[0050] Clearly, whether a 9 volt or 5 volt potential is used, both results

represent significant advantages in surface finish over the prior art microfinishing
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process while significantly reducing the cycle time to less than half of the
conventional prior art microfinishing operation cycle time. Further, the stock removal
was many times faster using a higher voltage while the material hardness did not
noticeably change the removal speed. The tool wear was not noticeable resulting in
significantly reduced tool costs. The clamping forces between the workpiece and tool
are only a fraction of that of conventional microfinishing or fine grinding. Accordingly,
the clamping force on a workpiece will not result in distorting the workpiece during the
operation. It appears that a single step process can be used by using a higher
voltage during the roughing operation (10-24 volts) and lowering the voltage during
the finishing portion of the cycle (9 volts down to 1 volt). Although the stock removal
was reduced almost linear, the quality of the surface finish was also significantly
enhanced. At 1 volt and a slower feed rate, surface finishes as low as R; =
0.0067um where accomplishable, which is lower than any conventional fine grinding
or microfinishing operation known to date.

[0051] While the present invention has been described in terms of a preferred
embodiment, it is apparent that other forms could be adopted by one skilled in the
art. In other words, the teachings of the present invention encompass any
reasonable substitutions or equivalents of claim limitations. For example, the
structure, materials, sizes and shapes of the individual components could be
modified, or substituted with other similar structure, materials, sizes and shapes.
Those skilled in the art will appreciate that other applications, ‘including those outside
of the stated industries, are possible with this invention. Accordingly, the scope of

the present invention is to be limited only by the following claims.
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[0052] What is claimed is:
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1. A method of electrolytically microfinishing a workpiece, said
method comprising the steps of:
electrically isolate a work spindle of a prior art microfinishing
machine from the workpiece mounted in said spindle;
electrically isolate a tool spindle of a prior art microfinishing
machine from the tool mounted therein;
provide a continuously modulated power supply having the
anode of said power supply connected to said workpiece and the cathode of said
power supply connected to said tool whereby upon activation of said power supply a
direct current circuit is established between said tool and workpiece in the presence
of an electrolytic stream of fluid being continuously pumped between said tool and
said workpiece;
provide a housing reservoir for collecting sail electrolytic fluid
after said fluid passes between said workpiece and tool;
providing a means for maintaining said electrolyte, pumped
between said tool and workpiece, chemically consistent so as to maintain uniform
conductance propetties of said electrolyte as it is passed between said tool and said
workpiece, said step of providing said means for maintaining said electrolyte
chemically consistent further comprising the step of:
filtering said electrolyte to maintain consistent properties
and to remove excess contaminants, chips and pollutants therefrom; and
pumping said electrolyte in a closed loop circuit from said

housing reservoir through said filtering unit and directing a stream of said electrolyte
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onto the juncture between said tool and workpiece to collect in said housing
reservoir;

loading said tool in said electrically isolated tool spindle and said
electrically isolated workpiece into said work spindle;

simultaneously rotating said tool and said workpiece at a start
position in the presence of said electrolyte;

advancing said tool toward said workpiece at a first
predetermined feed rate and voltage to rapidly decompose excess workpiece
material;

further advancing said tool toward said workpiece at a second
predetermined feed rate and voltage until final geometry and surface parameters are
accomplished;

return said tool spindle and workpiece to said start position and
unload said finished workpiece; and

monitoring and controlling said workpiece, tool, electrolyte, work
spindle, power supply and tool spindle parameters in a process control unit so as to
maintain optimal microfinishing parameters of each of said elements during the
complete microfinishing cycle.

2. The method of electrochemically microfinishing a workpiece as
claimed in Claim 1 wherein said monitoring and controlling step further comprises the
step of decomposing said workpiece at a first predetermined voltage for a first portion
of the work cycle to remove excess workpiece material; and the step of decomposing

said workpiece at a second predetermined voltage for a final portion of said work
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cycle, said final portion of said work cycle generating the final form of said workpiece
and associated surface smoothness,
3. An electrolytic microfinishing apparatus comprising:
an electrically conductive circuit comprising:
a workpiece;
a tool mounted facing said workpiece;
means for rotating said workpiece, said rotating means
coupled to said workpiece and electrically isolated therefrom:;
means for moving said tool, said moving means coupled
to said tool and electrically isolated therefrom;
an electrical power means having an anode connected to
said workpiece and a cathode connected to said tool;
means for modulating said power means so as to control
said means for moving said tool during the entire cycle time;
means for directing a stream of electrolyte to flood the gap
between said tool and said workpiece, said means for directing said stream of
electrolyte comprising:
a housing reservoir;
a pump mounted adjacent said housing reservoir;
a filtering unit mounted downstream of said
housing, said filtering unit maintaining uniform conductance properties of said
electrolyte so as to maintain said electrolyte chemically consistent as said electrolyte

is pumped to direct said stream to flood the gap between said tool and said
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workpiece, said filtering unit further removing excess contaminants, chips and
pollutants from said electrolyte; and
a plurality of nozzles mounted adjacent said tool
and workpiece to deliver said stream of electrolyte to said tool and workpiece; and
means for monitoring and controlling the operating
parameters of said tool, workpiece, electrolyte, work spindle, tool spindle and power
supply so as to obtain feedback from said various components of said electrolytic
microfinishing apparatus and maintain optimal parameters of each said components
during the complete electrolytic microfinishing process.
4. The electrolytic microfinishing apparatus as claimed in Claim 2
wherein said monitoring and control means further comprises means for setting a
predetermined voltage across said tool and workpiece to remove excess material
from said workpiece in the beginning portion of a work cycle in the presence of an
electrolyte; and
means for continuously adjusting the voltage across said tool
and workpiece to control the feed rate of said tool and the associated decomposition
of said workpiece during the final portion of said work cycle to provide optimal surface

smoothness of said workpiece surface.
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