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A very high speed adiabatic face milling machine (10) whose configuration and operation provide a highly efficient ma-
chining process suitable for production manufacturing conditions. The milling machine preferably operates at speeds of approxi-
mately 15,000 sfm and at efficiencies of approximately 7 cubic inches per minutes per horsepower. The preferred milling opera-
tion is conducted without the use of cooling liquids, instead employing a chip removal system which enables the milling machine
to operate truly adiabatically such that no heat is transferred to the workpiece (20) or the cutter (22a, 22b). The efficiency of the
chip removal system is such that chip recutting is nearly eliminated and tool life is improved. The milling machine also includes
an improved cutter structure, fixturing, and transfer devices (24).
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ADIABATIC DRY DIAMOND MILLING SYSTEM

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The present invention generally relates to milling
machines and their use in milling nonferrous metals, such as
aluminum. More specifically, this invention relates to a face
milling machine whose construction and operating parameters
provide for an adiabatic very high speed machining process with
improved tool life and operating efficiencies, wherein the chips
are evacuated from the workpiece and the cutter without the use of
cooling liquids or lubricants. In addition, the milling machine
includes.accessories that further promote the adiabatic operation,
precision and efficiency of the milling operation.

2. DESCRIPTION OF THE PRIOR ART

Milling machines are widely used in manufacturing
processes for producing close tolerance parts, from flat surfaces
to slots, keyways and various complex contours. In particular,
face milling machines ére employed where.planar surfaces are to be
machined to flatness tolerances of 0.003 inches (0.076 A
millimeters) and less. Face milling machines typically include a
spindle which is rotatably held perpendicular to the surface of a
workpiece. The cutting elément, or cutter, is generally a disc
mounted to the end of the spindle. The cutter has a number of
teeth formed on, or alternatively, a number of cutting inserts
mounted at, its perimeter, such that the outside diameter of the
cutter removes the stock from the workpiece being machined. The
cutter is rotated by the spindle, which in turn is driven by a
motor of suitable horsepower. Cooling liquids are commonly used
to lubricate, cool and flush chips from the workpiece and cutter.
Finally, the workpiece and spindle are moved relative to each other
to feed the workpiece into the cutter, denoted as the feed rate
and traditionally measured in inches per minute. Alternatively,
feed rates are provided in inches per tooth, given by the formula:

FR/((RPM) (t));
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where FR is the feed rate (the rate of relative movement bétween
the workpiece and the spindlé) in inches per minute, RPM is the
rotational speed of the spindle in revolutions per minute, and t
is the number of cutting teeth or inserts on the cutter.

Cutting speeds, and its relation to feed rates, are of

primary importance if a milling machine is to efficiently produce

. close tolerance, high surface quality parts. In the past 25

years, particular attention has been concentrated on cutting speed
and its effects on the Quality and efficiency of the milling
process. Cutting-séeeds are indicated in surface feet per minute
(sfm) which can be'calcﬁlated by‘the_following formula:

2m(r) (RPM);

where r is the radial dimension of the cutting teeth from the

spindle’'s axis of rotation in feet, and RPM is the rotational
speed of the spindle in revolutions per minute. Appropriate
cutting speeds are dependent upon‘severa; factors —primarily the
material being cut and the material of the teeth or cutting
ingerts used, with nonferrous metals; such as aluminum, and
carbide cutting inserts usually allowing for higher cutter speeds.
No one classificatioﬂ‘of‘cutting speeds has been
generally accepted, but the 16th Volume of the Metals Handbook
(chrEdition) entitled "Machining" and published by the American
Society of Metals, suggests that cutting speeds can be classified
as follows. Conventional cutting speeds are below 2000 sfm for

nonferrous metals, and often less than 500 sfm for ferrous metals.

Higher speeds of 2000 to 6000 sfm are deemed high speed machining,

speeds of 6000 to 60,000 sfm are deemed very high speed machining,
and speeds greater than 60,000 sfm are ultrahigh speed machining.
Obviously, one advantage to higher machining speeds is faster
machining time and thus higher production rates. a significant
additional benefit to high speed machining is that, past a
critical cutting speed which is characteristic of the particular
material being machined, cutting forces actually decrease with
increased spindle speed until a minimum is reached, which is again

a characteristic of the given workpiece material. Accordingly,
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cutting forces at higher speeds can actually be comparable to or
less than that at conventional speeds. Low cutting forces are not
only desirable from the standpoint of the power requirement of the
spindle's motor, but are particularly desirable when machining
very thin, nonrigid workpieces.

Finally, an additional benefit to high speed machining
is the ability to achieve a substantially adiabatic cutting
operation in which nearly all of the heat generated during the
machining process is transferred to the chips formed, thus keeping
the cutter and the workpiece essentially at their original
pre-machining temperatures. In addition to being able to handle
the workpieces immediately after machining, other significant
advantages to achieving an adiabatic operation are improved
cutting efficiency, less spindle power, lower noise levels, higher
precision cuts, less workpiece deflection, and improved tool life.
Again, such advantages are particularly beneficial when machining
thin, nonrigid workpieces. -

Moreover, a coolant is not always needed under adiabatic
machining conditions, and in fact may adversely serve to transfer
heat from the chips back to the workpiece and cutter. Though
cooling iiquids geﬂerally improve tool life and the appearance of
the machined surface, they require extensive delivery, filtering
and often cooling systems. Also, the use and disposal of cooling
liguids are a growing health and environmental concern.
Accordingly, dry machining provides several significant advantages
over the use of coolants.

However, to sustain a truly adiabatic cutting operation,
particular attention must be given to the type of material being
cut and the material of the teeth or cutting insert, the
appropriate feed, speed and depth of cut, the precision by which
the spindle is supported relative to the workpiece, the stiffness
of the cutter, and the ability of the fixturing to rigidly and
accurately support the workpiece.

To date, practically all scientific investigation in the

area of high speed adiabatic machining of aluminum has been
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limited to small end mills (0.5 to 1 inch in diameter) at speeds
from approximately 10,000 to approximately 60,000 rpm —or roughly

2600 to 15,700 sfm. In practice, such high rotational speeds are

o

severely limited by bearing size, with smaller bearings allowing
higher rotational speeds. -However, smaller bearings
simultaneously limit spindle power and stiffness, resulting in
cutting speed béingrinversely proportional to power and stiffness.
Consequently, cutting forces and horsepower limitations have
effectiveiy constrained testing to much lower speeds —typically,
below 5000 sfm — for purposes of developing milling machines which
are practical fot'use>in,production manufacturing.

Simultaneously, stiffness of the spindle and the manner in which

_the cutter is mounted to the spindle has also limited cutter size,

significantly limiting material removal rates.

In terms of cutting efficiency or unit power (cubic
inches per minuté per horsepower), the industry has generally
concluded from testing thus far that, though cutting forces and
specific power are reduced at higher speeds, these advantages tend
to diminish above speeds of 5000 sfm. Maximum unit power for
machining aluminum is generally believed'to be approximately 3 and
as much as 4 cubic inches per minute per horsepower at about 5000
sfm, with horsepower'availéble from current motor technology being
limited to approxiﬁately 30 horsepower at these high spindle
speeds. Accordingly, to achieve higher material removal rates in

excess of 40 cubic inches per minute generally requires

" higher-torque drive motors which result in lower cutting speeds,

defeating the advantages of high speed cutting;
Moreover, cutting tool manufacturers do not recommend

using cutting speeds in excess of 3000 sfm for aluminum cutting

with diamond under realistic production manufacturing conditions, )
though a few récognize speeds as high as 12,000 sfm as being g&
‘viable. However, such higher speeds have generally been limited =

to carbide and diamond cutting tools. Diamond cutting tools, such
as polycrystalline diamond (PCD) —tipped carbides, have recently

become popular for cutting aluminum because of improved tocl life
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by a factor of 10 to 100 over tungsten carbide cutting tools.
However, diamond cutting tools are relatively brittle and are
therefore limited by the ability of the milling machine's
stiffness and workpiece stability to avoid impact loads caused by
workpiece and cutter vibration, particularly at higher cutting
speeds Accordingly, diamond tool manufacturers currently recommend
maximum cutting speeds of 1500 to 2500 sfm.

From the above discussion, it can be readily appreciated
that the prior art testing does not suggest or support advantages
to machining aluminum at speeds in excess of 5000 sfm. Generally,
the limitations of high speed milling include spindle stiffness,
excessive horsepower requirements, ana cutting tool limitations,
spindle/cutting tool interface limitations, and machine feed rate
capability. Accordingly, high speed milling has not be widely
employed under typical manufacturing conditions, even where there
is a need to surface machine thin workpieces. As a result, the
industry conventionally has turned to grinding for such
applications. However, even where the above limitations have been

achieved under strict laboratory test conditions, the prior art

" has failed to achieve high material removal rates, particularly in

terms of specific power (i.e. cubic inches per minute per
horsepower) .

Accordingly, what is needed is a cost-efficient
adiabatic milling machine capable of operating without cooling
liguids at very high speeds, while affording improved tool life
and material removal rates and surface finish, and which is
particularly adapted for precision milling thin aluminum
workpieces in production manufacturing.

SUMMARY OF THE INVENTION

According to the present invention there is provided an
adiabatic very high speed face adiabatic milling machine whose
configuration and operation provide a highly efficient machining
process suitable for production volume manufacturing conditions.
Thé milling machine preferably operates at speeds of approximately

15,000 sfm and at efficiencies of approximately 7 cubic inches per
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minute per horsepower — a factor of 2 greater than that known in

©

the prior art. Moreover, the preferred milling operation is
conducted without the use of cooling liquids, instead employing a
chip removal system which enables the milling machine to operate
truly adiabatically such that no heat is transferred to the
workpiece or the cutter. The»efficiéncy of the:chip-removal
systém is such that, unexpectedly, tool life is nearly double that
which would be expected otherwise.

In particular, the milling machine of the preferred
embodiment includes twin?spindles which move in unison on opposite
sides of a base structure to allow for_simultanebus machining and
repositioning passes relative to two idéntical groups of
workpieces being machined. In addition, the milling machine
employs a cuttér, spindle, fixturing and transfer devices which
are all adapted to contribute to the adiabatic operation,
precision and efficiency of the milling process. Having the above
attributes, the milling machine—of the present invention is able
to adiabatically machine and repeatedly produce finished precision
workpieces under high volume production manufacturing conditions
;where flatness and paréllelism tolerances are 0.001 inch (0.025
millimeters) or less. 7

' Each spindle is mounted to the base structure so as to
be rotatably held nearly perpendicular to the surface of a
workpiece. In addition, the base or a portion thereof is slidable
in a longitudinal direction of the machine to reciprocate the
spindles in unisdn.relative to their respective workpieces at
speeds of approximately 550 to 600 inches per minute. The cutters
are each a laﬁge diameter disc mounted to the end of each spindle
with a number of irregularly-spaced diamond cutting inserts mounted
nearrthe cutter's perimeter. To prevent cutting at the radially L)
inward “heel" of the inserts, a cam adjustment feature is included ,_
between each spindle and the base such that the toe of the ®
spindles can bé readily adjusted to present only the radially

outward cutting edge of each insert to the workpiece. In addition,
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each spindle can be finely adjusted to account for different toe
requirements between roughing and finishing cuts. Due to added

stiffness being induced by the manner in which each cutter is

~mounted to its spindle, the cutters are capable of being

rotated by their respective spindles at high speeds without loss of
precision in the cut or damage to the diamond cutting inserts at
speeds which otherwise exceed levels recommended by the industry.
Moreover, the large diameter of the cutters used permit cutting
speeds to be readily attained in the range of 10,000 to
20,000 sfm to achieve an adiabatic machining operation. Finally,
the large diameter of the cutters permits very high surface speeds
without resorting to high rotational speeds, thereby avoid£;§ the
aforementioned limitations resulting from attempts at optimizing
bearing size.

Due to the large diameter of the cutter and the high
speeds at which it rotates, material removal rates in excess of 7
cubic inches per minute per horsepower are achievable. The large
quantity of chips formed during the adiabatic machining operation
are eliminated from the area of the cutter and workpiece through
the chip removal system. The chip removal system includes a
pressure source which generates a pressure differential between an
enclosure that peripherally surrounds the cutter and fixturing
that both supports and closely surrounds the workpiece.
Clearances between the enclosure and fixturing, and between the
fixturing and the workpiece, provide sufficiently high speed air
flow from the ambient surroundings to completely envelope the
workpiece. Preferably, the air speed corresponds to the speed of
the chips as they leave the cutter to augment the manner by which
they are evacuated. As a result, the air flow serves to
efficiently and substantially evacuate all the chips from the
immediate machining area, preventing heat transfer from the chips
back to the workpiece and cutter. Moreover, efficient removal gf
the chips from the cutting area also prevents recutting of the

chips, which would otherwise significantly reduce tool life as

well as the overall efficiency of the process.
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In addition to having significantly higher rigidity in
relation to its mass, the cutter is also specially adapted to
assist in excluding chips from between the cutter and workpiece.
The cutter is disc-shaped having pockets in its peripheral surface

to receive the—cutting inserts and gullets which are specifically

" formed to assisgt in the eliminétion of the chips. The cutting

inserts are preferably=diamond-tipped carbides which perform well
at high temperatures and are not prone to galling with nonferrous
materials, thereby enhancing the adiabatic capabilities of the
milling machine. ‘ S

The milling maghine includes fixturingrwhich also

o

utilizes techniques that induce added rigidity in the workpieces,

while reliably_clamping and damping each workpiece to enable

machining to within small flatness tolerances. Finally, transfer

devices are employed to accurately and securely locate the
workpieces within the fixture and transfer the workpieces between
subsequent stages of'the miiling machine to enable precision
machining of both sides of the workpiece. Each of the above can

be programmably controlled to optimize their operation while also

minimizing the amount of manpower necessary to operate the milling

" machine.

According to a preferred aspect of this invention, the
cutting speed is specially selected to enhance the adiabatic
operation of the miiling machine at a'high,workpiece feed rate
through the cutter. The speed and feed of the milling machine are
most suited to the machining of nonferrous materials, and more
specifically cast aluminum and magnesium alloys. The combination
of a very high cutting speed and high feed rate reduces unit power
reqnirements on the order of two times that previously recognized
by the priof art. In addition, the lower cutting forces
associated with the lower unit power requirements allow for face
miiling of thin, non-rigid workpieces, such as automotive o
transmission valve bodies. Consequently; the milling machine of
the présent invention is also well suited for machining flat

surfaces having numerous surface interruptions therein.

o,

(7]

&
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In addition, the manner in which the chips are handled
after machining further complements the milling machine's
adiabatic operation. The chip removal system precludes chips from
fouling the workpiece or cutter so as to prevent heat transfer
back to the cutter or workpiece. Efficient elimination of the
chips from the cutting area also serves to improve tool life. The
preferred operation of the milling machine is dry —i.e. without
cooling liquids or lubricants. Accordingly, an added benefit is
that the chips can be easily recycled without the need to separate
the chips from a liquid in an expensive discrete chip removal

system. Moreover, the absence of cooling liquid and lubricant™

-~

vapors as well as waste allows the machining operation to be
conducted in a more environmentally advantageous manner.

' Another significant advantage of the present invention
is that the'ﬁse of a lafge diameter cutter enables the milling
machine to operate at very high surface speeds while the added
static and torsional rigidity of the cutter promotes accuracy and
precision of the cut using diamond cutting inserts. The structure
of the cutter enables the cutter to assist in eliminating the
chips from the cutting area while also preveﬂting chips from
accumulating between the cutter and workpiece. 1In addition, the
orientation of the spindle can be quickly adjusted to ensure that
the toe of the cutter is appropriate for the type and condition of
cut desired, i.e. roughing or finishing. The cutter can also be
adjusted to minimize radial runout for achieving improved surface
finish. Accordingly, the orientation and construction of the
cutter and spindle is adapted to promote a fully adiabatic
machining operation.

Finally, the manner in which the workpieces are fixtured
relative to the cutter enables precision machining of thin
nonrigid workpieces. Also, the manner in which the workpiecesrare
transferred into and out of the fixturing device promotes
precision positioning and machining of the workpieces under high

volume production manufacturing conditions.
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Accordingly, it is an object of the present invention to

iy

provide a face milling machine whose operation is adiabatic and
whose cutting speed and feed rate provide material removal rates
with lower cutting forces and unit power requirements superior to
that of the prior art. 7

It is a further object of the invention that the milling
machine include a dry chip removal system which substantially
prevents heat ﬁransfer from the chips to the cutter or workpiece
so as to enhance the adiabatic machining process.

It is still a further object of the invention that the

'dry'chip removal system include a device for creating a pressure

differential between an enclosure surrounding the cutter and the

workpiece with the ambient surroundings, wherein the enclosure

" includes a shroud circumscribing the cutter and a mask having an

opening therethrough sized to closely fit the contour of the
workpiece go as to create accelerated air flow and create an air
curtain effect.

It is another object of therinvention that the milling
machine include a disc-shaped cutter which is specifically
structured to assist in the removél of chips from the cutting
environment and to préclude chips frdm collecting between the
cutter and the workpiecé. i

It is yet another object of thé.invention that the
cutter have enhanced rigidity for pfeéiéion operation at high
cutting speeds. _ )

It is still another object of the invention that the
milling machine include a spindle whose orientation to the
workpiece is finely adjustable to accommodate both roughing and
finishing cuts as well as adjustment for runout tolerances.

It is an additional object of the invention that the =

milling machine include fixturing which can securely position and

-

daﬁp a workpiece during machining while also inducing added
rigidity into thin workpieces and thin portions of workpieces to
withstand cutting forces without vibration and obtain satisfactory

machined workpieces within required tolerances.
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It is yet an additional object of the invention that the
milling machine include transfer devices which can secure the
workpieces during transporting of the workpieces to the fixture,
while also promoting accurate and secure placement of the
workpieces for fixturing and machining.

Other objects and advantages of this invention will be
more apparent after a reading of the following detailed
description taken in conjunction with the drawings provided.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a perspective view of a face milling machine
in accordance with the preferred embodiment of this invention;

Figure 2 is a front view of the face milling machine of
Figure 1;

'~ Figure 3 is a side view of the face milling machine of
Figure 1;

Figure 4 is a cross-sectional view of the milling
machine taken along line 4—4 of Figure 3; B

Figure 5 is a front view of a transfer arm for use with
thg’milling machine of Figure 1;

Figure 6 is a cross-sectional view of the transfer arm
taken along line 6—6 of Figure 5;

Figure 7 is a cross-sectional view of the spindle and
cutter of the face milling machine taken along line 7—7 of Figure
3 in accordance with the preferred embodiment of this invention;

Figure 8 is a top view of the cutter taken along line
8—8 of Figure 7;

Figure 9 is a detailed front view of the cutter in
accordance with a preferred embodiment of this invention;

Figure 10 is a top view of a transfer bar of the milling
machine of Figure 1;

Figure 11 is a front view of the transfer bar in
accordance with a preferred embodiment of this invention;

Figure 12 is a cross-sectional view of the transfer bar
taken along line 12—12 of Figure 10 in accordance with the

preferred embodiment of this invention;



WO 93/22093 ' E PCT/US93/03841

10

15

20

25

30

'35

12

%,

Figure 13_is a top view of a fixture of the milling
machine of Figute 1 in accﬁrdance with a preferréd.embodiment of
this invention; 7 7

Figure 147is a cross—-sectional view of the fixture taken
along line 14—14 of Figure 13;

Figure 15 is a side view of the spindle taken along line
15—15 of Figure 2 and illustrating its mounting face; and

Figure 16 isva cross-sectional view of the spindle
mounting face taken along line 16—16 of Figure 15 in accordance
with a preferred embodiment of this invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
MACHINE CONFIGURATION

With reference torFigures 1 through 4, there is shown a
dual-spindle face milling machine 10 in which a pair of spindles
12a and 12b are mounted on oppositelgides of a base 14. The base
14 is equipped with a stroking device (not shown), such as a motor
driven ball screw known in the art,'which strokes the spindles l2a
and 12b in unison in a fore and aft direction. The spindles 12
and'12brare also movable in a vertical direction by any suitable
method, such as a motor driven ball screw 15 which strokes both
the spindles 1l2a and 12b and a portion of therbase 14 to which the
épindles 12a and 12b are attached. o 7

Each spindle 12a and 12b is ihdependently powered by a
variable speed motor 16a and 16b of a type known to the art. 1In
the prefefredrembodiment, each motor 16a and 16b is capable of
producing 30 horsepower and,speeds of approximately 5000 rpm.
However, it is preferable that the motors l6a and 16b draw current
only to sustain the rotational spéed of the spindles 12.
Accordingly, only one motor 16a or 16b drawsrsufficient current to

machine at any given time —i.e. each motor 16a and 16b draws

L.

sufficient current to maintain its rotational speed as a workpiece

20 is being machined by its corresponding spindle 12a or 12b,

&

permitting the spindles 12a and 12b to be synchronized to
alternate between machining and repbsitioning operations. As an

example, while the first spindle 12a is driven by its motor 1l6a to
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perform a machining operation on a workpiece 20, the other spindle
12b also moves in the same direction, but practically coasts under
its own inertia as it is being repositioned for its next machining
pass.

Each spindle 12a and 12b is provided with a workpiece
support structure 18a and 18b upon which the workpieces 20 are
supported and transported in sequential fashion to and from a pair
of cutting units 22a and 22b corresponding to the pair of spindles
12a and 12b. In the preferred embodiment, the workpieces 20 are
transported on each side of the milling machine 10 in groups of
three to increase efficiency of one gpindle 12 during machining
while minimizing the time needed to reposition the other spindle
12. In addition, there is a transfer arm 24 located between the
workpiece support structures 18a and 18b for trénsferring the
groups of three workpieces 20 therebetween. After the first
cutting unit 22a machines a group of workpieces 20 on a first of
two sides of each workpiece 20, the transfer arm 24 rotates the
workpieces 20 180 degrees as they are transferred to the nexf
workpiece support structure 18b so as to expose a second side of
each workpiece 20 to the second cutting unit 22b.

Consequently, the path of a workpiece Zd‘is U-shaped
around the milling machine 10. One set of workpieces 20 is first
transported along the first workpiece support structure 18a to the
first cutting unit 22a (i.e. down the upper half of the first leg
of the U) and secured by a first set of fixtures 28a (to be
described more fully below) to undergo a first machining pass of
the first side of the workpieces 20. Simultaneohsly, a second
group of workpieces 20 are being machined at the second cutting
unit 22b (on the second leg of the U). During the machining pass
of the first spindle\12a (either in a fore or aft direction), the
second spindle 12b is moved in the same direction as the first
spindle 12a for repositioning so as to be ready for its next
machining pass. Subsequently, after the first group of workpieces
20 are machined by the first spindle 12a, they will be further

transported down the first workpiece support structure 18a,
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rotated by the transfer arm 24 over to the second workpiece

s

support structure 18b (i.e. along the base of the U), and

transported upon the second workpiece support structure 18b (i.e.

-

up the lower half of the second leg of the U) toward a second set
of fixtures 285 where itris again secured to be machined by the
second cutting unit 22b. While the second spindle 12b is
machining the workpiece 20, the first spindle 12a is being
repositioned to machine the next workpiece 20 (both being stroked
in a direction opposite the first spindles's 12a machining pass
and thersecond spindle‘s 12b repositioning pass). Throughout the
above process, power is being directed to either spindle 12a or
12b, whichever is machining a workpiece 20, while the remaining
spindle'12a or 12b is alloﬁed to almost freewheel, thus conserving
power consumption of the milling machine 10. Following the above
process, machining~bf both sides of a workpiece 20 is
accomplished. In the pteferred embodiment, where separate rough
and finish passes are required two milling machines 10 would be
located adjacent each other, with a first milling machine 10 being
used to perform a roughing cut, while thé second performs a
subsequent finishing cut on the same workpieces 20.
. TRANSFER BAR 7

As illustratéé in Figures 1, and 10 through 12, the
workpiece support structures 18a and 185 each slidably support
transfer bars 26a and 26b, respectively, by which the workpieces
20 are transferied to and from the cuttiﬁg’units 22a and 22b.
Essentially, the transfer bars 26a and 26b are a pair of beams
120 which are spaced apart a distance less than the length of the
workpieces 20 so as to be able to sﬁpport the workpieces 20
lengthwise. Each beqm.120 has a height substantially greater than
its width. The lengths of the beams 120 are roughly half the .
length of the workpiece support structures 18a and 18b to allow
reciprocation of the transfer bars 26 along the length thereof by %
a suitable stroklng‘deVLce 122 (see Figure 4) mounted to the
workpzece support structure 18. The transfer bars 26a and 26b are

each stroked.between a loadlng station 124a and 124b and an
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unloading station 148a and 148b beneath their respective cutting
units 22a and 22b.

As best seen in Figure 10, for each workpiece 20 there
is a pair of locking arms 130 attached to the upper edge of each
beam 120 at its end corresponding to its loading station 124. The
locking arms 130 are each oriented to have its length
substantially parallel to its corresponding beam 120. The locking
arms 130 are positioned on the beams 120 to locate four corners
128 of the outer periphery of each workpiece 20. The locking arms
130 are each pivotably attached to its respective beam 120 with a
pivot pin 140 between an abutment end 132 and a camming end 134 of
the locking arm 130. The camming end 134 includes a slot 136
formed in the locking arm 130 which limits the pivoting movement
of the locking arm 130 by camming against a pin 138 extending
upwardly from the beam 120. Also mounted at the camming end 134
is a spring 142 or other suitable biasing device which biases the
camming end 134 outward from the beam 120 so as to bias the
abutment end 132 inward toward a corresponding corner 128 of the

workpiece 20. As shown, each corner 128 on the workpiece 20 is

‘preferably an arcuate slot sized to fit a corresponding radial

contour of the abutment end 132.

Located at each loading station 124a and 124b on the
outward side of each beam 120 are a pair of vertical columns 126
corresponding to each pair of locking arms 130. The columns 126
are located relative to their corresponding beam 120 so as to
correspond to the location of their corresponding pair of locking
arms 130 when the transfer bars 26 are positioned at the loading
station 124 by the stroking device 122. The columns 126 each
include a lateral arm 144 which extends sufficiently inward to cam
against the camming end 134 of a corresponding one of the locking
arms 130 when the beams 120 are at the loading station 124. The
lateral arms 144 force the camming end 134 of each locking arm 130
inward, which forces the abutment end 132 outward to disengage the
corner 128 of the workpiece 20 while the transfer bars 26 remain

at the loading station 124.
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In operation, a set of workpieces 20 are first loaded

onto a platform 34 by any suitable lifting device (not shown).

#

The transfer bars 26 are then raised by a lifting device 121 at

the loading station 124 to lift the workpiedes 20 from the

“w

platform 34. The transfer bars 26 then slidéblyrmove along the
workpiece support structure 18 in the direction of the'cutting
unit 22. As the transfer bars 26 leave the loading station 124,
the lateral arms 144 disengage their corresponding camming ends
134 of the locking arms 130, allowing the abutment ends 132 of
each locking arm 130 to engaée its corresponding corner 128 of a
workpiece 20, thereby frictionally locking each workpiece 20 in
place on the transfer bars 26. Once positioned below the cutting
unit 22, the workpiege,support structure 18 and the transfer bars
26 are both lowered over a fixture 28 (as hereinafter disclosed)
by the suitable lifting device to forcibly disengage the workpiece
20 from the ldcking arms 130 and engage the workpiece 20 with the -
fixture 28. Thereafter, while the workpiecersupport structure 18
is still in the lowered position, the transfer bars 26 are moved
back to the loading station 124 to pick up the next set of
workpieces 20.

, TRANSFER ARM -

Once thé machining operation is complete at the cutting
unit 22, the workpieces 20 are again lifted off the fixture 28 by
a rear portion 146 of the transfer bars 26 at the end of the (
transfér bars 26 opposite the locking arms 130. The workpieces 20
are then moved to the unloading gtation 148 of the workpiece
support structure 18, where they are grasped by the transfer arm
24. The transfer arm 24; as illustrated in Figures 5 and 6,
includes a suitable base structure 150 from which the transfer arm
24 rotates between the first workpiece support structure 18a and
the second workpiece support structure 18b. The primary function
of the transfer aﬁm 24 includes rotating the workpieces 20 so that

a machining operation can be performed on their opposite surfaces.

“w

However, it is necessary that the workpieces 20 be preéisely

picked and placed from one side of the milling machine 10 to the
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other so that the transfer bars 26b corresponding to the workpiece
support structure 18b can grasp the workpieces 20 with their
corresponding locking arms 130.

To achieve this feature, the transfer arm 24 includes a
parallel pair of grasping arms 152 corresponding to each workpiece
20 to be transferred. The grasping arms 152 extend parallel to
each other from the end of the transfer arm 24, as can be seen in
Figure 6. Each adjacent pair of grasping arms 152 is spaced apart
to form a slot 170 whose width is sufficient to receive the width
of the workpiece 20. The grasping arms 152 each include at least
one clamping arm 154. In the preferred embodiment, a first
grasping arm 152a has one clamping arm 154a while the second
grasping arm 152b has two spaced-apart clamping arms 154b and 154c
as shown. As a result, the workpiece 20 is grasped at three
points which stabilizes the workpiece 20 as it is transferred
between the workpiece support structures 18a and 18b.

Each clamping arm 154 is pivotably secured within a
cavity 168 in its grasping arm 152 by a pivot pin 156. Each
clamping arm 154 has an engagement end 158 and a stroking end 160
on opposite sides of the pivot pin 156. Accordingly, the
engagement end 158 is able to retract into its cavity 168 during
repositioning of the transfer arm 24, and extend into gye slot 170
between the grasping arms 152 to engage the workpiece 20. A
torsion spriﬂg 164 biases the clamping arm 154 into the slot 170
to engage the workpiece 20, while a suitable stroking device 166,
such as a hydraulic or pneumatic cylinder, is provided to force
the clamping arm 154 to retract into the cavity 168 and thus
disengage the workpiece 20. The travel of the clamping arm 154
into the slot 170 is limited by a stop 162 formed in the cavity
168 adjacent the stroking end 160 of the clamping arm 154.

) In the operation of the transfer arm 24, the workpieces
20 are transported by the transfer bars 26 to the transfer arm 24
after machining. The transfer bars 26 align the workpieces 20
relative to their respective grasping arms 152 such that each

workpiece 20 will nest within a corresponding slot 170 once the
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transfer arm 24 is moved into position. The transfer arm 24 is

then rotated upon its base 150 to ehgage the workpieces 20. With

2]

the grasping arms 152 on either side of a workpiece 20, the
clamping érm 154a ofvthe firét grasping arm 152a is allowed to
rotate into the slot 170. The stop 162 sufficiently limits the
rotation of the clamping arm 154a such that the clamping arm 154a

is prevented from sharply impacting the workpiece 20, which would

. otherwise misalign the workpiece 20 relative to the transfer arm

24 and subsequently the transfer bars 26b of the second workpiece
support structure 18b. B&As sgch, the clamping arm 154a serves as a
datum*poinﬁ for locating fhe workpiece 20 relative to the transfer
arm 24, the second grasping arm 152b and the tfansfer bars 26b.
Thereafter, the second and third clamping arms 154b and 154c are
allowed to rotate into the slot 170 and clamp the workpiece 20

against the first clamping arm 154a. The torsion springs 164

provide sufficient biasing to secure each workpiece 20 as it is

rotated by the transfer arm 24 into position for the second pair
of transfer bars 26b. Once in place on the second pair of
transfer bars 26b, the process is repeated, beginning with the
transport of the workpieces 20 to the second cutting unit 22b.

_ While the preceding deécription has specifically recited
a dual-spindle arrangement for purposes of the preferred
embodiment, ;t will be clear to those skilied in the art that the
vefy high speed adiabatic operation of the milling machine 10, to
be described below, is not dependént upon such limited structure.
Accordingly, the te&chings of the present invention outlined below
are not limited to the above described structure or operation.

SPINDLE
As noted above, the face milling machine 10 of the.

pFesent invention includes the spindles 12 which are mounted to
the base 14. As best seen in Figure 7, the spindles 12 each
include a housing 30 within which the spindles 12 are rotatably
supported aboyé their correspénding fixture 28. Mouhted at the
16wer end of each spindle 12 is.one of the aforementioned cutting

units 22. The cutting units 227aré generally oriented
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perpendicular to the axis of rotation of the spindle 12 and
substantially parallel to the fixtured workpieces 20.

With reference now to Figures 15 and 16, each housing 30
includes a mounting surface 60 which abuts the portion of the base
14 which is intended to move vertically with the spindle 12 during
its operation. A number of holes 68 are formed along the
perimeter of the mounting surface 60 through which slightly
undersized bolts 70 can secure the spindle 12 to the base 14.
Formed in the upper half of the mounting surface 60 on a vertical
line of symmetry is an aperture 62 in which a hardened journal 64
is installed. The journal 64 is sized to receive a shaft 66
extending from the base 14, by which the housing 30 is supported
by the base 14. The journal 64 and shaft 66 allow pivotal h
movement between the spindle 12 and the base 14 when the bolts 70
are sufficiently loosened.

Located on the perimeter of the mounting surface 60 is
an opening 72 which serves as a camming surface for an eccentric
shaft 74 rotatably extending from the base 14. Attached
perpendicularly from the eccentric shaft 74 is a lever 76 by which
the eccentric shaft 74 can be rotated. The lever 76 can be either
operated by hand or by any suitable device, such as the hydraulic
cylinder 75 shown. By rotating the eccentric shaft 74, its
camming effect against the opening 72 causes the housing 30 to
controllably pivot about the shaft 66. The radial spacing of the
opening 72 from the journal 64 enables the spindle 12 to be
angularly adjusted relative to a workpiece 20. Accordingly,
sufficient toe of the cutting unit 22, i.e. the degree by which
the cutting unit's plane of rotation differs from the plane of the
workpiece 20, can be provided to avoid impacting the trailing edge
of the cutting unit 22 against the workpieces 20 or otherwise
creating cross-hatching in the machined surface, both of which
result in drastically reduced tool life. The toe can also be
selectively altered to adapt to a particular cutting operation,
such as a roughing operation or a finishing operation. In the

preferred embodiment, the toe for a roughing cut is approximately
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0.0025 inches, while the toe for a finishing cut is approximately
0.0005 inches. These settings can be readily obtained by
operation of the eccentric shaft 74 within the opening 72.

' Moreover, by automating the adjustment of the spindle 12
with a device such as the cylinder 75, the spindle 12 can be
pivoted to machine in two directiqné} -As an example of an
alternate embodiment employing this method, thé spindle 12 can be
oriented to provide a 0.0025 inch toe while tﬁe workpiece 20 is
fed through the cutting unit 22 in one direction to perform a
roughing cut; thereafter, the spindle 12 can be pivoted by the
eccentric shaft 74 to provide a 0.0005 inch toe in the opposite
direction to perform'a finishing cut on the workpiece 20. Such an
arrangement can, in certain applications, eliminate the need for
two separate milling machines 10 which are each dedicated to
either a roughing or finishing operation, by providing the
capability fof bi-directional cuﬁting; 7

With further reference to Figure 7, each spindle 12 is
supported by béérings 32 whose preloads ensure that the spindle 12
is sufficiently supported for operating at speeds up to
approximately 4000 rpmJ Each spindle 12 is driven through a

coupling 36 by its respective motor 16. The lower end of each

~spindle 12 exfends_butside of its housing 30, terminating in the

cutting unit 22. Each cutting unit 22 includes an annular-shaped

adapter 38, a mounting device 40, and a cutter 42. The adapter 38

_ is mounted directly to the spindle 12 by a number of bolts 41,

while the cutter 42 is mounted to the adapter 38 with the mounting
device 40. The mounting device 40 éreferably employs a
ball-locking feature (hot shown) which reduces the effort needed
to operate the mounting device 40. Such a mounting device 40 is
disclosed in U.S. Patent No's. 3,498,653 and 4,135,418.

There aﬁe,two further advantageé to the use of this type
of mounting device 40 over the conventional method of using
mounting bolts and keying the cutter 42 to the spindie 12.
Firstly, such a mounting device 40 provides accurate éxial

mounting of the cutter 42 relative.to-thé-spindle 12. Secondly,

w
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the mounting device 40 provides infinite radial indexing of the
cutter 42 relative to the adapter 38. Such indexing enables the
total axial runout at the cutter 42 relative to the workpiece 20
to be reduced by matching the high axial runout region on the

5 adapter 38 with the low axial runout region of the cutter 42. By
doing so, the effect is for the axial runout regions to cancel
each other to some degree, thereby reducing waviness in the
workpiece's finished surface. Waviness of less than 0.0005 inch
has been achieved using this method. Not only is this a

10 significant advantage in terms of surface quality, but the effect
is to improve tool life because waviness in the finished surface
is usually the criterion applied to decide when to replace the

- cutter's inserts. -
CUTTER
15 As can be seen in Figures 7 and 8, the cutter 42 is
—~ substantially disc-shaped. The cutter 42 includes a number of

cutting inserts 54 mounted within a like number of pockets 56
formed on the cutter's perimeter 43. .The preferred diameter
defined by the placement of the inserts 54 on the cutter is

20 approximately 20 inches. Accordingly, with a rotational speed of
2800 rpm, the surface speed of the inserts 54 is 14,660 sfm. The
solid disc shape of the cutter 42 is contrary to prior art
cutters, which are typically annular shaped to provide clearance
between the cutter and a workpiece, to reduce weight, and to

25 improve ease of handling. However, with the teachings of the
present invention, the solid disc shape of the cutter 42 forms a
planar lower surface 46 which clears the workpiece 20 by
approximately 0.030 inches during machining. This minimal
clearance prevents chips from accumulating in a recess of the

30 - cutter 42 which would otherwise create an imbalance and vibration
in the cutter 42, while also serving to prevent the workpiece 20
from breaking free of its fixture 28 if a clamping anomaly occurs.
The solid disc shape also provides added inertial mass which
encourages the cutter 42 and spindle 12 to coast during

35 repositioning.
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In addition to the lower surface 46, the cutter 42 is

defined by the cylindrical perimeter 43, an upper surface 48 and a

central opening 44. The mounting device 40 is mounted in the
central opening 44 so as to be flush with the lower surface 46 of

the cutter 42. The mounting device 40 abuts a radially extending

shoulder 55 in the opening 44, so as to draw the cutter 42 against

the adapter 38 when the mounting device 40 is engaged with the
adapter 38 and tightened. The upper surface 48 of the cutter 42
includes a central raised surface 50 circumscribing the opening
44, and a peripheral raised surface 52 at its perimeter 43. The
peripheral raised surface 52 is preferably elevated approximately
0.002 inches above the central raised surface 50.

Accordingly, with the mounting device 40 tightened, the
peripheral raised surface 52 contacts the outer perimeter of the
adapter 38 first. Thereafter, further tightening of the mounting
device 40 causes the cutter 42 to distort until the central raised
surface 50 also abuts the adapter 38. Consequently, the lower

surface 46 of the cutter 42 is concave by approximately 0.002

" inches. By distorting the cutter 42 in this manner, gignificant

added stiffness is induced into the cutter 42 relative to its
mass, permitting high speed machining of flat surfaces with
significant surface interruptions, such as channels formed in

automotive transmission channel plates. In addition, the

peripheral raised surface 52 serves as a frictional drive surface

for the cutter 42, with no significant torsional loads being
imposed on the ﬁounting device 40 during operation of the cutter
42.

The manner in which the cutter 42 is mounted to the
adapter 38 offers an added capabiiity of adapting the cutter 42 to
produce a roughing and finishing cut within the same pass of a
workpiece 20. However, the diameter of the cutter 42 must be
sufficient for the workpiecé 20 to fit within the diameter defined
by the inserts 54. In'addiiion, the inserts 54 must be provided
with both an outer and inner rédial cutting edge. As an example,

the outer radial cutting edge may be adapted for roughing while

Wy
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the inner radial cutting edge is adapted for finishing. 1In a
stress—free state, the cutter 42 would orient the attitude of the
inserts 54 to present the inner radial cutting edges to the
workpiece 20. Finally, the mounting device 40 must be adapted to
be adjustable while the cutter 42 is rotating.

Rpplying this method, the cutter 42 is deflected by the
mounting device 40 a predetermined axial distance relative to the
adapter 38 prior to encountering the workpiece 20. The axial
distance is chosen to both deflect the cutter 42 sufficiently to
induce rigidity and alter the attitude of the inserts 54 such that
they present their outer radial cutting edges to the workpiece 20
for roughing. Once the leading edge of the cutter 42 has machined
the workpiece 20 and the workpiece 20 is centrally positioned
beneath the cutter 42 and not subject to machining by any of the
inserts 54, the mounting device 40 is adjusted to decrease the
deflection in the cutter 42 while maintaining sufficient rigidity
in the cutter 42. However, the change in deflection in the cutter
42 is sufficient to reverse the attitude of the inserts 54 such
that they present their inner radial cutting edges to the
workpiece 20 for finishing. As a result, one single pass of the
cutter 42 is capable of both roughing and finishing the workpiece
20. )

This capability may élso be desirable in combination
with the rotatable spindle 12 to provide further capability of
effectively altering the insert geometry or clearances to thereby
effect the characteristics of the finished surface.

As best seen in Figure 8, the inserts 54 are irregularly
spaced about the perimeter 43 of the cutter 42 in a nonrepeating
fashion to substantially produce "white noise" during the
operation of the cutter 42, thereby avoiding the inducement of
vibration at a single frequency. 1In addztion, the inserts 54 are
recessed into their respective pockets 56 a predetermined depth
toward the cutter's center. The depth to which each insert 54 is
positioned is inversely proportional to the distance between the

insert 54 and the insert 54 which precedes it during the machining



WO 93/22093 ' PCT/US93/03841

10

15

20

25

30

35

24

operation. BAs a result, the additionalrmaterial which would be
removed from the workpiece 20 due to an insert's greater spacing
from.its'preceding‘insert754 is compensated for by recessing the
insert 54 to reduce its depth of cut into the workpiece 20.
Accordingly, chip load is substanﬁially'uniform, promoting more
uniform tool wear and longer tool life. In addition, more uniform
torsional'loéds'result as each insert 54 successively engages the
workpiece 20.

As shown in Figuie 9,7adjacent each insert 54 is a
gullet 58 formed onithe perimeter 43 of the cutter 42.
Conventibnally, gulleté 58 provide a limited void'adjacent an
inserﬁ 54 into which chips can escape as they leave the insert 54.
In contrast, according to the éresent invention the guilets 58
extend completely across the full width of the cutter 42 and guide
the chips'in an upward direction away from the workpiece 20. As
vieﬁed from tﬁe sidé of the cutter 42, the circumferential width
of each gullet 58 increases toward.the upper surface 48 of the
cutter 42. As viewed from above, illustrated in Figure 8, the
radial depth of each gullet 58 alsb increases toward thé upper
surface 48 of the cutter 42. Accordingly, as the cutter 42 is
rotated at high rotational speeds, back pressure downsfream of the
gullet 58 is prevenﬁed, Moreover, a pressure differential is
believed to be created between the upperrsurface 48 and the lower
surface 46 of the cutter 42, further encouraging the chips to
travel away from the workpiecé 20 and towérd the upper surface 48
of the cutter 42.

INSERTS

With furtherrreference to Figure 9, the inserts 54 are
preferably a square tungsten carbide body with a polycrystalline
diamond (PCD) / tungsten carbide wafer brazed into a recess on one
corner of the tuhgstéh carbide body. g;ch construction is
generally known in fhe art. The inserts 54 are also slightly
wedge-shaped for pufposes of increasing the clamping force upon
the insert 54 when acted.upon by centrifugal forces while rotating

at high speeds. "

(@

(2]
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As is also known in the art, diamond cutting tool
materials are preferable for machining aluminum and its alloys due
to their high temperature capability and their low tendency for
bonding, or galling, with the aluminum during machining, as would

be typical with tool steels and carbides. Traditionally, the tool

’industry has not recommended diamond cutting materials for cutting

speeds greater than 2500 sfm due to their brittleness. However,
the superior rigidity of the cutter 42 in conjunction with the
ability to precisely set the toe of the cutter 42 with the spindle
12 enables the milling machine 10 of the present invention to
utilize diamond inserts where the prior art has failed to achieve
adequate insert life.

As illustrated for a finishing cut, the diamond inserts
54 have positive radial and axial rake angles of 5 degrees. 1In
contrast, the diamond inserts 54 preferably have a negative radial

and axial rake ;ngle of approximately 5 degrees for roughing cuts.

In addition, the corner radius of the inserts 54 is dependent upon

the type of cut made. Preferably, an insert for a roughing cut

has a radius of 0.060 inch while an insert for a finishing cut has

a radius of 0.005 inch. The clearance angle of the inserts 54 for

" both types of cuts is preferably 14 degrees.

As noted above, the spacing of the inserts 54 is
nonrepeating. To evaluate surface finish capability of a éiven
insert geometry and also ascertain tool life relative to an
insert's placement on the perimeter 43 of the cutter 42, testing
is currently underway under manufacturing conditions in which each
insert 54 is serialized with its corresponding pocket 56. The
performance of each serialized insert 54 is then monitored by
assessing the workpiece surface finish produced and tracking the
number of workpieces machined with a given set of inserts 54.

When the inserts 54 are removed, the condition of each insert 54

is then evaluated. Knowing the location of each insert 54 on the
cutter 42 permits a statistical analysis of the surface finish of
the part, including any tendency to produce waviness in the parts.

To date 140,000 pieces per insert set have been achieved, Qith
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even greater tool life being anticipatéd with further
modifications being suggested by present results.
VADIAEATIC PROCESS

In combination, the above elements —including cutting

speed, feed rate, cutting insert material and spindle and cutter

construction —enable the milling machine 10 of the pfesent
invention to achieve a true adiabatic shearing operation of
aluminum alloy workpiecesVZO'dﬁring:chip formation. In the art of
machining, adiabatic chip formation has been known to be 7
attainable at sufficiently high surface speeds. However, surface
speed rates which are,piactiqal for use in production
manufacturing oéerations have been a significart limitation in the
prior art, in part due to the inability to provide a spindi; whose
bearings will allow high rotational speeds while also providing
sufficient rigidity. As a practical matter, surface speeds of
greater than.saab sfm have not been recognized as improving
efficiency by theﬁptior art when machining aluminum. In addition,
the prior art has provided cutters which have limited rigidity for
viable use of surface speeds.of greater than 10,000 sfm.
Insufficient rigidity of a.cﬁtter‘is incompatible with the brittle
nature of a diamond cuttingﬂtool, whose use is preferable due to
suéerior tool life and its ability to avoid galling with aluminum.
Moreover, material removal rates greater thanr4 cubic inches per
minute per horsepower have generally been unattainable, thereby
demanding excessive horsepower requirements at high surface speeds
using large diameter cutters.

According to the present invention, an adiabatic process
is achieved at speeds between 10,000 and 20,000 sfm, with optimal
results being attained at speeds of approximately 14,660 sfm.

With a diameter of 20 inches fof the cutter 42 of the present

in#ention, the'required rotational speed of the cutter is

approximately 2800 rpm; As noted above, the added rigidity of the

cutter 42 due to its deflection as mounted to the adapter 38 is

sufficient to overcome the shortcomings of the prior art

attributable to insufficient rigidity for machining at these

"y
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elevated speeds. In addition, lower cutting forces are also
achieved at the preferred cutting speed, making the process
particularly suited for machining very thin aluminum workpieces
20.

In conjunction with this preferred speed, the workpieces
20 are machined at feed rates of about 600 inches per minute, and
more preferably at a feed rate of approximately 580 inches per
minute (and specifically, 0.008 inches per tooth), as provided by
the spindle 12 as it is propelled by its stroking device. Without
the use of a liquid coolant and under standard manufacturing
conditions the above parameters have provided a true adiabatic
machining process in which both the workpieces 20, the cutter 42
and the inserts 54 exhibit no detectable temperature rise after
being completely machined. Unexpectedly, the above parameters
have also permitted efficiencies in excess of 7 cubic inches per
minute per horsepower.

As a result, the milling machine of the present
invention operates at efficiencies much greater than that known in
the prior art. BAs an example, under actual manufacturing
conditions aluminum has been machined at the rate of 720 cubic
inches per minute. The machining operation of the present K
invention has also provided low cutting forces with the added
advantage of preventing the formation of burrs and breakouts in
the workpiece 20, a not uncommon occurrence when machining
surfaces having irregular or intricate surface features.

Moreover, surface flatness of less than 0.001 inch has been

readily attainable without thermal distortion from high cutting

temperatures. Tool life in excess of 130,000 workpieces has also

been attained with the above described adiabatic machining

operation of the milling machine 10 of the present invention.
VACUUM SHROUD AND DECK

Once a chip is severed from the workpiece 20 with all of
the heat generated being absorbed in the chip, it is imperative to
evacuate the chip from the area of the cutter 42 and the workpiece

20 to prevent heat transfer thereto. The importance of this
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aspect is compounded:by'the high.material removal rate possible
with the milling machine 10 of the present invention.

Accordingly, to ensure that the chips are quickly evacuated, the
milling machine 10 incorporates a chip removal system which
includes a device for creating a pressure differential between the
cutting environment, including a surrounding structure 90
enclosing the cutter 42, and the ambient surrcundings. In the
preferréd.embodiment, this device is a large capacity vacuum
system (not shown) capable of creating a flow rate of
approximately 3500 cubic feet per minute. However, the primary
parameter has been determined to be the velocity of the air flow,
which is préferably closely matched with the-éurface speed of the
cutﬁer 42, i.e. 14,660 feet per minute. The surrounding structure
or enclosure 90 determines the air speed past the workpiece 20 and
cutter 42 in conjunction with the air capacity of the vacuum
system. o ' 7 '

As best seen in Figure 14, the surrounding structure 90
includes a shroud’?a and a mésk 80. The shroud 78 is mounted to
the spindle 12 while the mask 80 is supported by a liftiﬁg
mechanism 102 which transports the mask 80 between a lower
machining position and an upper position. The upper position -
permits the transfer bars 26 to bring the workpieces 20 into
position beneath the mask 80 while the mask 80 and itél
correspondiﬁg spindle 12 are both raised and the spindle is being
repositioned for the next machining pass. The lifting mechanism
102 can be of any suitablé design, such as a limited stroke
hydraulic cylinder. '

The shroud 78 circumscribes the cutter 42 to form a
peripheral enclosure thereto, while the mask 80 has an opening 92
which closely follows the contour of the workpiece 20. Together,

the mask 80 and the workpiece 20 form the lower surface of the

- surrounding structure 90. The air flow through the surrounding

structure 90 enters between the shroud 78 and the mask 80, and
between the mask 80 and the workpiece 20, as will be described in

greater detail below. Along with'thé suspended chips, the air

by
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flow leaves the surrounding structure 90 through a duct 88, which
in turn is routed to a suitable receiving container (not shown) or
the like. To reduce the necessary capacity of the vacuum system,
computer controlled dampers (not shown) are preferably installed
in each duct 88 near the shroud 78 to provide air flow in the
surrounding structure 90 only during a machining pass by that
cutter 42.

As best seen in Figure 1, the shroud 78 has an elongated
portion 81 extending in the direction of the spindle's travel
relative to the workpiece 20 to better prevent chips from escaping
if a large concave portion is encountered in a workpiece 20.
Referring again to Figure 14, the shroud 78 has an upper and lower
converging wall 82 and 84, respectively, and an intermediate wall
86. The lower converging wall 84 is disposed to be adjacent the
mask 80, so as to form a predetermined clearance therebetween.

The lower converging wall 84 also serves to deflect chips
vertically upward into the air stream as they leave the cutter 42,
thus improving the efficiency of the chip removal system. The
upper converging wall 82 further serves to deflect the chips into
the air flow as they enter the duct 88.

) As noted above, the opening 92 in the mask 80 is sized
to closely fit the contour of the workpiece 20, creating a second
predetermined clearance. As will be described in greater detail
below, specially adapted fixture 28 is provided to ensure that the
workpieces 20 are able to withstand the significant peripheial air
movement and the pressure differential between their upper and
lower surfaces. Moreover, as a safety feature the minimal 0.030
inch clearance between the lower surface 46 of the cutter 42 and
the workpieces 20 also serves to prevent the workpieces 20 from
becoming completely disengaged from their fixture 28. The
combination of the predetermined clearances between the shroud 78
and the mask 80, and the mask 80 and the workpiece 20 determine
the air speed given a flow capacity provided by the vacuum system.
By sufficiently limiting the clearances, speeds of at least 14,000

feet per minute are achieved, corresponding to the surface of
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30

speed of the cutter 42, and thus the speed of the chips as they

leave the workpiece 20.

[

In addition, the air fiow between the mask 80 and the
workpiece 20 creates a peripheral air curtain that aids in
deflecting errant chips back into the surrounding structure 90.

As a result, no further enclosure of the milling machine 10 is
necessary to contain the chips and protect bystanderé. '
BAccordingly, the surrounding structure 90 defined by the shroud 78
and the mask 80 is substantially smaller than enclosures typically
employed in the prior art.
' FIXTURES

As noted above, the fixture 28 which holds the-
workpieées 20 is specially édapted to withstand the loading of the
workpieces 20 as they become subjected to the vacuum of the chip
removal system. More importantly, the fixture 28 is specifically
adapted to fifmly secure extremely thin aluminum workpieces 20 in
a manner that enables the cutter 42 to produce surfaces within a
flatness tolerance of within 0.002 incﬁ. As seen in Figures 13
and 14, each fixture 28 consists of at least three primary rests
94, one or more secondafy rests 95, a three-jaw chuck 96, a
two-jaw chuck 98, and a number of damping devices 100.

Generally, fhe*primary rests 94 serve to support the
workpieces 20 within the opening 92 of the ﬁask 80 and at a
predetermined veftical position relative to the cutter 42. The
primary rests 94 are preferably spaced apart relative to one
another or as the workpiece 20 design provides'io ensure that a
stable three-point platform is provided for each workpiece 20.

- The thréeFjaw chuck796 is a hydraulic or
pneumatically-actuated'device of the type well known in the art.
The three-jaw chuck 96 has three jaws 97 whose compogite outer
perimeter is sized to engage a cavity or first aperture 108 in the

workpiece 20 so as to securely clamp the workpiece 20 on the

w

outer peripheral surface of each jaw 97 has a layer of chrome

nodules 106 deposited thereon to a thickness of approximately
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0.020 by which the workpiece 20 can be better gripped. The chrome
nodules 106 can be deposited by any known method, such as
electroplating. Attached to one of the jaws 97 so as to extend
above each jaw 97 is a debris cover 101 to prevent chips from
becoming trapped between the jaws 97.

The two-jaw chuck 98 is essentially a standard hydraulic
or pneumatically-actﬁated chuck having two jaws 110 which are
angularly spaced approximately 180 degrees apart from each other.
With this arrangement, the two-jaw chuck 98 is adapted to engage a
cavity or second aperture 112 in the workpiece 20 in a manner
that, upon the jaws 110 engaging the aperture 112, the portion of
the workpiece 20 between the apertures 108 and 112 is deflected
slightly downward into the fixture 28.- This externally induced
deflection in the workpiece 20 causes rigidity in the workpiece
20, enabling the workpiece 20 to better withstand the cutting
forces associated with the milling operation.

Similar to the three-~jaw chuck 96, the two-jaw chuck 98
also includes a debris cover 101 and has a layer of chrome nodules
106 deposited to the outer periphery of each jaw 110 by which the
workpiece 20 can be better gripped. 1In addition, the two-jaw
chuck 98 includes an accelerometer 99 to detect vibration in the
fixturé 28. If the vibrétion exceeds a predetermined level, the
output of the accelerometer 99 can be used to shut down the
milling machine 10 to allow the fixture 28 to be corrected, and
thereby avoid damage to the milling machine 10 and personnel.

The downward direction in which the workpiece 20 is
deflected is determined by the fact that the missing jaw would be
the jaw furthest from the three-jaw chuck 96. As such, the two
jaws 110 engage the side of the second aperture 112 nearest the
first aperture 108 so as to compress the upper surface of the
workpiece 20, forcing the lower surface of the workpiece 20
downward. The extent to which the workpiece 20 is deflected is
determined by the secondary rests 95, which are positioned a
predetermined distance below the plane of the primary rests 94.

In the preferred embodiment, the secondary rests 95 are threaded
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posts which can be shimmed to accurately adjust the amount of
deflection in the workpiece 20.  Logic dictates that the
predetermined distance must be less than the flatness tolerance of

the workpiece 20, and more preferably the minimum amount necessary

o

to achieve the desired effect.

The,dampingrdevices 100 are strategically positioned
about the periphery’of'fhe workpiece 20 immediately below the mask
80 to damp vibrations in the workpiece 20 and selectively deflect

specific portions of the workpiece 20 either toward or away from

_the cutter 42. The damping devices 100 each include a

hydraulically or pneumatically actuated lever 114 which is

pivotably mounted to a base 116. The lever 114 is oriented to be

- substantially vertical, having an upper engagement end upon which

is deposited a layer of chrome nodules 106 for gripping the

workpiece 20 in the same manner as the two-and three-jaw chucks 98

and 96.
7 The damping devices 100 can be positioned relative to
the workpiece 20 such that the.leverill4 engages the workpiece 20
either as the upper engégement end is rotating upward toward a
vertical position or rotating downward from a vertical position.
Under the formér condition, the associated edge of the workpiece
20 will be deflected upward toward the cutter 42. Under the
latter, the associated edge of the workpiece 20 will berdeflected
downward away from the cutter 42. Under either circumstance,
added rigidity will be induced into the workpiece 20 to better
withstand the cuﬁting forces associated with the milling
operation. In addition, the damping devices 100 can be positioned
such that their cumulative effect isrto urge the workpiece 20
against an abutment block (not shownj, so as to provide another
feature which serves tb secure the workpiece 20.

In operation, the transfer bars 26 lower the workpieces
20 onto the fixture 28 while the mask 80 and spindle 12 are lifted
out of the way. Because the workpieces 20 are frictionally held s
on the transfer bars 26 by the locking arms 130, the fixture 28

forcibly strips the workpieces 20 from the transfer bars 26,
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assuring that the workpieces 20 properly nest within the fixture
28 against the primary rests 94. Thereafter, the three-jaw chuck
96 engages its corresponding aperture 108, followed by the two-jaw
chuck 98 which engages its corresponding aperture 112. The damping
devices 100 then move in to abut the periphery of the workpiece
20. Together, the two-jaw chuck 98 and the damping devices 100
cooperate to selectively deflect the workpiece 20 in a manner that
induces rigidity without distorting the surface of the workpiece
20 outside of the desired flatness tolerance.

A significant advantage of the milling machine 10 of the
present invention is that the cutting speed is specially selected
to enhance the adiabatic operation of the milling machine 10 at a
high workpiece feed rate through the cutter 42. The speed and
feed of the milling machine 10 are most suited to the machining of
nonferrous materials, and more specifically aluminum alloys. The
construction of the milling machine 10 also permits extremely high
efficiencies of approximately 7 cubic inches per minute per
ho;sepower — a factor of two greater than that known in the prior
art. In addition, the lower cutting forces associated with the

very high cutting speeds allow for face milling of thin, non-rigid

‘workpieces 20, such as transmission channel plates. Consequently,

the milling machine 10 of the present invention is also well

suited for machining flat surfaces having complex surface patterns
with significant surface interruptions, such as channels formeé in
automotive transmission channel plates.

In addition, the manner in which the chips are handled
after machining further complements the milling machine's
adiabatic operation. The chip removal system precludes chips from
fouling the workpieces 20 and cutter 42 so as to prevent heat
transfer thereto. The preferred operation of the milling machine
10 is dry — i.e. without cooling liquids or lubricants.
Accordingly, an added benefit is that the chips can be easily
recycled without the need to separate the chips from a liquid.
Another advantage to dry machining is that the machining operation

can be conducted in a more environmentally sound manner.
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Another significant advantage'of the present invention
is that the cutters 42 are atta;hed to their respective spindles
12 in a manner which supplements their rigidity, thus allowing the
use of diamond cutting inserts 54 for machining aluminum at very
high speeds. The cutters 427arerélso forméd to discourage chips
from accumulating between the cutters 42 and workpieces 20. In
addition, the orientation of the spindles 12 can be readily
adjusted with the eccentric shaft 74 to ensure that the toe of
each cutter 42 is appropriate for tolerance variations and for the
type of cut desired, i.e. roughing or finishing. Accordingly, the
orientation and construction of the cutter and spindle are adapted
to promote a fully adiabatic machining operation.

Finally, the manner inrwhich the workpieces 20 are
fixtured relative to the cﬁtter 42 and.tfansferred into and,put of
the fixture 28 promotes precision and secure positioning and
machining of the workpieces 20 under high volume manufacturing
conditions. The fixtures 28 are able to deflect each workpiece 20
sufficiently to induce added rigidity into the workpiece 20 while
remaining within the tolerance requirement for the surface of the

workpiece 20. The fixtures 28, transfer bars 26 and transfer arms

"24 are particularly adapted to be regulated by a suitable

controller which would ensure synchronized cooperation between
each device. 7

In contrast to prior art laboratory testing, the
advantages of the milling machine 10 can be realized within a
typical manufacturing environmeht at a combination of surface
speeds, feed rates, rigidity and power which were previously
unviable for such'puiposes. The milling machine 1076f the present
invention has overcome previous bearing limitations by increasing
the diameter of the cutter 42 to reduce the necessary spindle
speed. The cutter 42 of the present invention is permitted to
have a large diameter due to its solid construction and the added
rigidity induced by the manner in which the mounting device 40 is
able to adjustably clamp the cutter 42 to the adapter 38. The
adaed rigidity of the cutter 42 also permits the use of diamond

€1

[

iy
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to vibration. Tool life and uniform chip load are also promoted
by locating the inserts 54 in a nonrepeating fashion on the
perimeter 43 of the cutter 42 while simultaneously compensating

for their irregular spacing by altering the radial position of

" each insert 54. Finally, the unique manner in which the chip

removal system is able to completely evacuate the chips from the
area of the cutter 42 and workpieces 20 enables the milling
machine 10 to sustain the extremely high material removal rate
which results from the very high machining surface speed. The
cutter 42 is provided with gullets 58 which also assist in
evacuating the chips from within the surrounding structure 90
surrounding the cutter 42 and workpiece 20. The chip removal
system of the present invention also provides for superior tool
life in excess of 130,000 workpieces per cutter set by preventing
the recutting ;; chips. Each of the above features cooperate to
provide an adiabatic face milling machine 10 which is practical
for modern manufacturing conditions.

While the 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. Accordingly, the scope of the
invention is to be limited only by the following claims.

What is claimed is:
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1. An apparatus for performing a substantially
adiabatic machining,qpe#ation on a workpiece,'said apparatus
comprisings:

means for cutting said workpiece;

means associated with said cutting means for

" transferring substantially all of the heat generated during said

adiabatic machining operation to chips formed thereby;

enclosure means circumscribing said cutting means
so as to define a peripheral enclosure for said cutting means;

meéns'for fixturing said workpiece adjacent said
cutting means; and 7

means in communication with said peripheral
enclosure for creating a pressure differential between said
peripheral enclosure and a reférence pressure;

whereﬁy'said woikpiece is located relativé to said
cutting'means—g; said fixturing means such that_said pressure
differential means creates a fluid flow through said peripheral
enclosure that substantially evacuates said chips from said
peripheral enclosure, said cutting means and said workpiece,
therebyrsubstantially prevénting heat transfer fromrsaid chips to
said workpiece and said cutting means so as to achieve said
adiabatic machining'opefation.

2. The apparatus of Claim 1 wherein said pressure
differential is created between an ambient air pressure and said
peripheral enclosure such that said fluid flow is air flow.

3. The apparatus of Claim 2 wherein said air flow
forms an air curtain around said workpiece.

4. The apparatus of Claim 2 whereih'said substantially
adiabatic machining operation is a dry machining operation.

5. The apparatus of Claim 1 further comprising drive
means mechanically connected to said cutting means for rotating
said cutting means at surface speedsrofrat least 10,000 surface

feet per minute.

-

[°d]
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6. The apparatus of Claim 1 wherein said cutting means
comprises:
a base;
a disc-shaped cutter rotatably mounted to said
base, said disc-shaped cutter having a perimeter;
a plurality of cutting inserts mounted on said
perimeter of said disc-shaped cutter; and

drive means mechanically connected to said

disc-shaped cutter for rotating said disc-shaped cutter.

7. The apparatus of Claim 1 wherein said transfer
means associated with said cutting means comprises:

a disc-shaped cutter rotatable about an axis and
supported by said base, said disc-shaped cutter having a pair.sf
substantially parallel surfaces and a peripheral surface spaced
radially from said axis and contiguous with said pair of
substantially parallel surfaces;

a plurality of gullets extending across said
peripheral surface so as to form a plurality of peripheral
passages between said pair of substantially parallel surfaces;

a cutting insert mounted in each of said plurality
of gullets; and '

means mechanically connected to said disc-shaped

cutter for rotating said cutting inserts at surface speeds of at

least 10,000 surface feet per minute;
whereby substantially all of the heat generated

during said adiabatic machining operation is transferred to saidr
chips formed thereby, said chips being prevented from transferring
heat to said workpiece and said disc-shaped cutter by being
conveyed from said workpiece through said plurality of gullets to
enter said fluid flow through said enclosure means.

8. The apparatus of Claim 7 wherein said transfer
means associated with said disc-shaped cutter further comprises
means for feeding said cutting means toward said workpiece at a

rate of approximately 0.008 inches per cutting insert.

xamaiiil



WO 93/22093 , PCT/US93/03841

10

15

20

25

30

35

38

9. The apparatus of Ciaim 7 wherein said disc-shaped
cutter comprises a substantially solid disc.

10. The apparatus of claimr7 wherein said disc-shaped
cutter has a drive scrface with a central surface located at said
axis and a.peripheral'surface spaced radially from said axis, said
disc-shaped cutter being mounted to said rotating means such that
gaid drive surface abuts said rotating means, said central surface
is deflected toward said rotating means, and said peripheral
surface ls-deflected away from said rotating means to form a:
concave surface opposite sald drive surface, whereby the rlgldlty
of said disc-shaped cutter is increased. '

11. The apparatus of Claim 7 wherein said cutting -
inserts are spaced irregularly about said perimeter of said h
disc~-shaped cutter.

12. The apparatus of Claim 7 wherein sald.cuttlng
inserts are diamond inserts.

13. The apparatus of Claim 7 wherein said plurality of
gullets are disposed obliquely relative to said axis and have a
circumferential width that increases in a direction.away from said
workpiece. , -

14. The apparatus of Claim 1 wherein said enclosure
means comprises a shroud circumscribing‘said cutting means, said
shroud being located relative to said fixturing means and said
cutting means so as to deflne a first predetermlned gap between
said shroud and said workpiece and a second predetermined gap
between said shroud and said cutting means. '

15. The a?paratus of Claim 14 wherein said workpiece
has a predetermined.péripheral contour and said fixturing means
comprises a planar surface having an opening closely corresponding
to said predetermined peripheral contour so as to define a 7
predetermined gap therebetween. . 7

16. The apparatus of Claim 1 wherein said pressure
differential means comprises: 7

a vacuum device in fluidic communication with said

peripheral enclosure, said vacuum device creating a pressure

@

o
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differential between said peripheral enclosure and said reference
pressure; and

passage means for transporting said chips from said
peripheral enclosure.

17. A machining apparatus for performing a
substantially adiabatic dry machining operation on a workpiece,
said machining apparatus comprising:

a base member;

means for cutting rotatably mounted to said base
member, said cutting means being substantially disc-shaped so as
to define a perimeter;

a plurality of cutting members disposed near said
perimeter of said cutting means;

means for rotating said cutting means at a
predetermined surface speed at which substantially all of the heat
generated during said adiabatic machining operation is transferred
to chips formed thereby; '

a shroud circumscribing said cutting means so as to
define a peripheral enclosure for said cutting means;

means for fixturing said workpiece adjacent said
cutfing means; -

means in communication with said peripheral
enclosure for creating a pressure differential between said
peripheral enclosure and an ambient air pressure; and

means for relative movement between said cutting
means and said workpiece;

whereby said workpiece is located relative to said
cutting means by said fixturing means such that said pressure
differential means creates an air flow through said peripheral
enclosure that substantially evacuates said chips from said
peripheral enclosure, said cutting means and said workpiece,
thereby substantially preventing heat transfer from said chips to
said workpiece and said cutting means so as to achieve said

adiabatic machining operation.
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18. The machining apparatus of Claim 17 wherein said

cutting means comprises:

@y

‘a cutting disc rotatable about an axis and mounted
to said base, said cutting disc having a peripheral surface spaced
radially from said axis and a substantially planar axial end
surface; and

a gullet associated with each of said plurality of
cutting members, each said gullet-extending'obliquely across said
peripheral surfacérrelﬁtive to said axis;

whereby said planar axial end surface prevents said
chips from collecting between said workpiece and said cutting
disc, and whereby said gullets'direct said chips along said
peripheral éurface of said cutting disc so as to enter said air
flow throhgh said peripheral enclosure such thatrsubstantially no
heat generated during said adiabatic machining operation is
transferred to said workpieée or said cutting disec.

19. The apparatus of Claim 18 wherein said gullets have
a circumferential width that increases in a direction away from
said workpiece. | V |

7 Zd. The maqhining apparatus of Claim 17 wherein said
cutting means is a cutting disc rotatable about an axis, said
cutting disc having a drive surface with a central surface located
at said axis and a peripheral surface spaced radially from said
axis, said cutting disc being mounted to said rotating means such
that said drive surface abuts said rotating means, said centfal
surface is deflected toward said rotating means, and said
peripheral surface is defleéted aﬁay from said rotating means to
form a concave surface opposite said drive surface, whereby the
rigidity of said'cutting disc is increased.

21. The machining apparatus of Claim 17 wherein said
plurality of cutting ﬁembers are spaced irregularly about said =
perimeter of said cutting means.

22. The machining appaﬁatus of Claim 17 wherein said :

plurality of chtting’members are diamond inserts.
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23. The machining apparatus of Claim 17 wherein said
shroud is located relative to said fixturing means and said
cutting means so as to define a first predetermined gap between
said shroud and said workpiece and a second predetermined gap
between said shroud and said cutting means, said first and second
predetermined gaps defining a passageway through said peripheral
enclosure for said air flow, said air flow creating an air curtain
surrounding said workpiece.

24. The machining apparatus of Claim 17 wherein said
workpiece has a predetermined peripheral contour and said
fixturing means comprises a table having an opening closely
corresponding to said predetermined peripheral contour so as to
define a predetermined gap therebetween, said predetermined gap
defining a passageway around said workpiece and into said
peripheral enclosure for said air flow.

25. The machining apparatus of Claim 17 wherein said
pressure differential means comprises:

a vacuum device in fluidic communication with said
peripheral enclosure, said vacuum device creating a pressure '
differential between said peripheral enclosure and said ambient
air pressure; and

passage means for transporting saidschips from said
peripheral enclosure.

26. The machining apparatus of Claim 17 wherein said
cutting means comprises a pair of cutting means oppositely
disposed on said base for performing said adiabatic machining
operation on a pair of workpieces, each of said pair of cutting
means being sequentially driven by said rotating means, and
wherein said machining apparatus further comprises:

means for translating sa?d pair of cutting means
along predetermined pérallel paths, each of said pair of
workpieces being supported in a corresponding one of said

predetermined parallel paths;
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whereby a first of said pair of cutting means is

gsimultaneously driven by said rotating means and translated by

said translating means to machine a corresponding one of said

" workpieces, while a second of said pair of cutting means is being

repositioned by said translating means prior to machining a second
of said workpieces. ' 7 7
'27. The machining apparatus of Claim 17 further

comprising means for transferring said workpiede to said fixturing

means.

28. The machining apparatus of Claim 17 wherein said

predetermined surface speed is a surface speed of at least 10,000

surface feet per minute.

29. - The machining épparatus of Claim 17 wherein said
relative movement means feeds said cutting means toward said
workpiece at a speed of approximately 0.008 inches per cutting
member. .

30. A two-stage machining apparatus for machining a
pair of workpieces, said two-stage machining apparatus comprising:

a base mémber; i

a pair of cutting means rotatably mounted on said
base member; 7

drive means associated with said pair of cutting
means for sequentiallY‘drivin§ each of said pair of cutting means;

means for fixturing each of said pair'of workpieces

adjacent a corresponding one of said pair of cutting means; and

means for simultaneously moving said pair of

cutting means relative to said fixturing means and each of said

. pair of workpieces;

) whereby a first of said pair of cutting means is
simultaneously driven by said drive means and translated by said
moving means.to machine a first of séiarpair of workpieces, while
a second of said pair of cutting means is repositioned by said
moving means prior to machining a second of said pair of

workpieces.

[}
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31. The apparatus of Claim 30 wherein said apparatus
further comprises means for transferring said first of said pair
of workpieces from said first of said pair of cutting means to
said second of said pair of cutting means.

32. The apparatus of Claim 31 wherein said transferring
means rotates said first of said pair of workpieces such that said
first of said pair of cutting means machines a first surface of
said first of said pair of workpieces, and said second of said
pair of cutting means machines an opposite surface of said first
of said pair of workpieces.

33. The apparatus of Claim 30 wherein said pair of
cutting means are mounted on opposite sides of said base member.

34. The apparatus of Claim 30 wherein said moving means
traverses said pair of cutting means along predetermined parallel
paths, each of said pair of workpieces lying in a corresponding
one of said predetermined parallel paths. 7

35. A method for substantially adiabatic machining of a
workpiece, said method comprising the steps of:

fixturing said workpiece adjacent a cutting means;

enclosing said cutting means so as to define a
peripheral enclosure for said cutting means;

creating a pressure differential between said
peripheral enclosure and an ambient pressure; and

cutting said workpiece with said cutting means suéh
that substantially all of the heat generated during said adiabatic
machining is transferred to chips formed thereby;

whereby said workpiece is located relative to said
cutting means such that said pressure differential creates a fluid
flow that substantially evacuates said chips from said peripheral
enclosure, said cutting means and said workpiece, thereby
substantially preventing heat transfer from said chips to said
workpiece and said cutting means so as to achieve an adiabatic

machining operation.

SUBSTITUTE SHEET
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36. The method of‘claim.35 wherein said step of cutting
includes the step of rotating said cutting:heans_atrsurface speeds
of at least 10,000 surfacerfeet per minute such that each said
chip is formed substantially adiabatically.

37. The method of'claim.35_Wherein said step of cutting
includes cutting said workpiece with a plurality of insefts at a
feed rate of approximately 0.008 inches per insert such that each
said chip is formed substantially adiabatically.

38. The method of Claim 35 wherein said step of
creating a pressure differential comprises creating said pressure
differential between said peripheral enclosure and an ambient air
pressure such that said:fluid fldw is Air flow.

39. The method of Claim 35 wherein said étep of cutting
is a dry machining operation conducted without a cooling liéuid.

40. The method of Claim 35 wherein said step of cutting
inclﬁdes feeding said workpiece through said cutting means at a
speed of at least 500 inches per minute.

41. B cutter adapted to be mounted to a drive member
for machining a wérkpiece, said cutter compriéing:

a disc-shaped body having an axis of rotation, an
ubper axial end, a lower axial end, and a peripheral éurface
spaced radially from said axis of rotation;

a planar surface disposed at said lower axial end,
said planar surface éomérising substantially all of said lower )
axial end and being contiguous with said peripheral surface; and

a dfive surface disposed at said upper axial end,
said drive surface defining a central raised surface located at
said axis of rotation and an annular raised surface spaced
radially from said axis of rotation adjacent said peripheral
surface, said annular raised surface having a higher elevation

than said central raised surface;

"SUBSTITUTE SHEET
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whereby said drive surface abuts said drive member
such that said central raised surface is deflected toward said
drive member to distort said planar surface so as to define a
concave surface opposite said drive surface, wherein the rigidity
of said cutter is increased.

42. The cutter of Claim 41 further comprising a
pPlurality of gullets formed in and extending across said
peripheral surface.

43. The cutter of Claim 42 wherein each of said
plurality of gullets extend obliquely across said peripheral
surface relative to said axis of rotation.

44. The cutter of Claim 42 wherein each of said
plurality of gullets have a circumfgrential width that increases
in a direction away from said lower axial end.

45. The cutter of Claim 42 wherein each of said
plurality of gullets have a radial depth that increases in a
direction away from said lower axial end.

46. The cutter of Claim 41 further comprising a
plurality of receptacles for receiving a plurality of cutting
inserts.

47. The cutter of Claim 46 wherein said plurality of )
receptacles are irregularly spaced on said peripheral su;face.

48. The cutter of Claim 41 further comprising<means for
mounting said cutter *to said drive member.

49. The cutter of Claim 48 wherein séid means for
mounting said cutter to said drive member is a variable adjustment
means adapted to alter the concavity of said planar surface of
said cutter.

50. A milling cutter adapted to be mounted to a drive
member for machining a workpiece, said milling cutter comprising:

) a disc-shaped body having an axis of rotation, an
upper axial end, a lower axial end, and a peripheral surface
concentric with said axis of rotation;

a cavity formed in said lower axial end at said

axis of rotation;

SUBSTITUTE SHEET
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' a annular planat surface disposed at said lower
axial end and circumscribing'said cavity, said annular planar
surface being contiguous with said peripheral surface;

means for adjustably mounting said milling cutter

g

to said drive member disposed in said cavity;

a drive surface disposed at said upper axial end,
said drive surface defining a central raised surface located at
said axis of rotation and an annular raised surface spaced
radially from said axis of rotation adjacent said peripheral
surface, said annular raised surface having a higher elevation
than said central raised surface; and ,

a plurality of gullets formed in and extending
obliquely across said peripheral éu;face relative to said axis of"~
rotation;

whereby said annular raised surface abuts said
drive member and said adjustable mounting means secures said

milling cutter to said drive member such that said central raised

- surface is deflected toward said drive member to distort said

annular planar surface so as to define a concave surface opposite
said drive surface, wherein the rigidity of said milling cutter is
increased. - 7 )
51. The milling cutter of Claim 50 wherein said
adjustable mounting means defines a substantially coplanar surface
with éaid annﬁlar planér surface.
' 52. .The miiling cutter of Claim 50 wherein each of said
plurality of gullets have a circumferential width that increases
in a direction away from said workpiece.
' 53. A cutter for machining a workpiece, said cutter

comprising: - '

a disc-shaped body ha&ing an axis of rotation and a

pefipheral surface spaced radially from said axis of rotation; and

ey

means disposed on said peripheral surface for
receiving a plurality of cutting inserts, said receiving means =
being spaced‘irrégularly along a circumferential direction of said

disc-shaped body, each of said receiving means having a radial
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depth relative to said peripheral surface in a direction toward
said axis of rotation, each said radial depth for a corresponding
one of said receiving means being substantially inversely
proportional to a distance between said one of said receiving
means and a second of said receiving means, wherein said second of
said receiving means proceeds said one of said receiving means
when said cutter is rotated to machine said workpiece;

whereby said receiving means are irregularly spaced
so0 as to substantially produce white noise as said cutter is
machining said workpiece, and wherein said radial depths of said
receiving means compensate for said irregular spacing so as to
provide substantially equal material removal from said workpiece
by each of said plurality of cutting inserts during a revolutiSR
of said cutter.

54. A cutter adapted to be adjustably mounted to a
drive member for machining a workpiece with both a leading and
trailing edge of said cutter, said cutter comprising:

a cutter body having an axis of rotation, an upper
axial end, a lower axial end and a peripheral surface spaced from
said axis of rotation;

a drive surface disposed at said upper axial end;
and ]

N means associated with said cutter body for
adjustably mounting said cutter body to said drive member, said
adjustable mounting means being adapted to adjustably create a
concavity in said lower axial end of said cutter body while said
cutter body is being rotated so as to axially deflect said
peripheral surface of said cutter body.

55. A cutter adapted to be adjustably mounted to a
drive member for infinite radial indexing of said cutter relative
to a drive member, said cutter comprising:

a cutter body having an axis of rotation, an upper
axial end, a lower axial end and a peripheral surface spaced from

said axis of rotation;
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a drive surface disposed at said upper axial end;
and
means associated with said cutter bpdy for
adjustably mounting said cutter body to said drive member, said
adjustable mounting means being adapted to provide :adial indexing
of said upper axial end relative to said drive member so as to
compensate for axial runout of each said cutter body and said
drive surface, thereby minimizing runout at said lower axial end
of said cutter boayradjaCent said peripheral surface.
56. A tranéfer device for trahsporting a workpiece to
and from a machining station, said transfer device comprising:
means for supporting said workpiece; -
means mechanically connected to said support means
for transporting said support means between a first position and
said méchining station so as to transport said horkpiecg from said
first position to said machining station;
means mountéd to said support means for
frictionally abutting said workpiece, said abutting means being
movable between an open position and a closed positionj '
means in communication with said abutting means for
biasing said abutting means toward said closed position; and
camming means mounted to said support means for
camming said abutting means between saidrépeﬁ and closed
positions; ' -
whereby said workpiece is loaded on said support
means at a loading station at which said camming means is engaged
with éaid abutting means to open said abutting means so as to
allow loading of saidrﬁorkpiece; and whereby said camming means
disengages said abutting means so as to allow séid abutting means
to abut against said workpiece ésrsaid support means transports
said workpiece toward said machining station. '
57. The transfer device of Claim 56 wherein said
suppdrt means is a pair of substﬁntially parallel rails.
58. The'tiansfer device of Claim 56 further comprising

a base for slidably supporting said support means.
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59. The transfer device of Claim 56 further comprising
means adjacent said support means for dislodging said workpiece
from said support means at said machining station.

60. A transfer device for transferring a workpiece from
a loading station to a fixturing station, said transfer device
comprising:

a base;

at least one rail movable on said base for
transporting said workpiece between said loading station and said
fixturing station;

at least one abutment member pivotably mounted to
said at least one rail for frictionally abutting said workpiece,
said at least one abutment member being movable between an open
position and a closed position;

a spring engaged with said at least one abutment
member for biasing said at least one abutment member toward said
closed position;

a camming member mounted to said base adjacent said
at least one rail, said camming member being engaged with said at
least one abutment member when said workpiece is in said loading
station to pivot said at least one abutment member into said open
position}

fixturing means mounted below said at least one
rail for supporting said workpiece at said fixturing station; and

means mechanically connected to said at least one
rail for lowering said at least one rail toward said fixturing
means to lift said workpiece from said at least one rail and to
dislodge said workpiece from said at least one abutment member;

whereby said workpiece is loaded on said at least
one rail at said loading station wherein said camming member is
engaged with said at least one abutment member to open said at
least one abutment member so as to allow loading of said
workpiece, and whereby said camming member disengages with said at
least one abutment member so as to pivot said at least one

abutment member against said workpiece to positively retain said
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workpiece to said at least one rail as said at least one rail
transports said workpiece away from said loading station and
toward said fixturing station.

61. The transfer device of Claim 60 wherein said at
least one rail ié a pair of substantially parallel rails.

62. The transfer device of Claim 61 wherein said at
least one abutment member comprises at least two pins, at least
one of said at least two pins being pivofably’mounted to each of
said pair of'substantiélly parallel rails.

63. The transfer device of Claim 61 wherein said at

- least one abutment member comprises at least two pins, said at

least two pins being pivotably mounted to at least one of said

_pair of substantially parallel rails. .

64. A fixturing device for supporting a workpiece
during a machining operation, said fikturing'device comprising:
means for-éupporting said workpiece; and
means'adjacent said support means for engaging at
least one edge of said workpieée,‘saiq engaging means deflecting
at least a portion of said workpiece a predetermined distance
toward said fixturing device; '
whereby'added rigidity is induced in said workpiece
as a resﬁlt of said deflecting.
65. The fixtﬁring device of Claim 64 wherein said
support means comprises at least three support members.

- 66. The fixturing device of Claim 64 wherein said
predetermined distanceﬂis less than a predetermined tolerance of
said wdrkpiece.' 7

67. The fixturing device of Claim 64 further comprising
an abutment member adjacent said support meéns, wherein said
engaging means creates a resultant force which urges said
workpiece against said.abutment member.

68. ‘A fixtﬁring device for supporting a workpiece
during a machining operation; said fixturing device comprising:

means for sﬁpporting said workpiece on at least

three points;
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means adjacent said support means for engaging at
least one edge of said workpiece, said engaging means‘deflecting
at least a portion of said workpiece; and

secondary means for supporting said workpiece
located adjacent said engaging means, said secondary support means
having an elevation which is a predetermined distance below a
plane defined by said at least three points, said secondary
support means limiting the deflection of said workpiece to said
predetermined distance;

whereby added rigidity is induced in said workpiece
as a result of deflecting said workpiece said predetermined
distance.

69. The fixturing device of Claim 68 further comprising
an abutment member adjacent said support means, wherein said
engaging means creates a resultant force which urges said
workpiece against said abutment member.

70. The fixturing device of Claim 68 wherein said
engaging means comprises a plurality of damping devices.

71. The fixturing device of Claim 68 wherein said
plurality of damping devices each comprise an engagement surface
having a coarse chrome layer deposited thereon.

72. A fixturing device for supporting a workpiece
during a machining operation wherein said workpiece includes an
aperture therethrough, said fixturing device comprising:

means for supporting said workpiece; and

means adjacent said support means for engaging said
aperture asymmetrically, said asymmetric engagement means
deflecting at least a portion of said workpiece a predetermined
distance;

whereby added rigidity is induced in said workpiece
as a result of deflecting said workpiecé-said predetermined
distance.

73. The fixturing device of Claim 72 wherein said

support means comprises at least three support members.
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74. The fixturing device of Claim 72 wherein said
asymmetric engagement means comprises an asymmetrical chuck having
two jaws spaced less than 180 degrees aparﬁ, said tworjaws being
sized to be received in said aperture.

75. The fixturing device of Claim 72 wherein said
predetermined distance is less than a predetermined tolerance of
said workpiece. 7

76. The fixturing device of Claim 72 further comprising
an abutment member mounted to said support means, whereby said

asymmetric engagement means creates a resultant force which urges

- said workpiece against said abutment member.

77. The fixturing’device of Claim 72 further comprising
means for sensing vibration mounted to said asymmetric engagement
means.

78. A fixturing device for supporting a workpiece

during a machining operation wherein said workpiece includes an

-aperture therethrough, said fixturing device comprising:

means for supporting said'workpiece on at least
three points;

-means adjacent said support means for engaging said

aperture asymmetrically, said asymmetric engagement means

deflecting at least a portion of said workpiece; and

secondary means for supporting said workpiece
located adjacent said asymmetric engagement means, said secondary
support means having an elevation which is a predetermined
distance below a plane defined by said at least three points, said
secondary support means limiting fhe deflection of said workpiece
to said predetermined distance;

V whereby added rigidity is induced in said workpiece
as a result of deflecting seid workpiece_eaid predetermined
distance. ' T

79. The fixturing device of Claim 78 further comprising
an abutment member -adjacent said support means, wherein said
asymmetric engagement means creates a resultant force which urges

said workpiece against said abutment member.
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80. The fixturing device of Claim 78 wherein said
asymmetric engagement means comprises an asymmetrical chuck having
two jaws spaced less than 180 degrees apart, said two jaws being
sized to be received in said aperture.

5 81. The fixturing device of Claim 80 wherein said two
jaws each comprise an engagement surface having a coarse chrome
layer deposited tbeféon.

82. The fixturing device of Claim 78 further comprising
means for sensing vibration mounted to said asymmetric engagement

10 means.

83. A fixturing device for supporting a workpiece
during a machining operation wherein said workpiece includes an
aperture therethrough, said fixturing device comprising: T

means supporting said workpiece;

15 clamping means adjacent said support means for
engaging at least one edge of said workpiece; and

means adjacent said support means for engaging said
aperture asymmetrically;
whereby said asymmetric engagement means and said-

20 clamping means deflect at least a portion of said workpiece a

predetermined distance toward said support means so as to induce

rigiéity in said workpiece.
84. The fixturing device of Claim 83 wherein said
support means comprises at least three support members.

25 85. The fixturing device of Claim 83 wherein said
predetermined distance is less than a predetermined tolerance of
said workpiece.

86. The fixturing device of Claim 83 further comprising
an abutment member adjacent said support means, whereby said

30 clamping means creates a resultant force which urges said
workpiece against said abutment member.

87. A fixturing device for supporting a workpiece

during a machining operation wherein said workpiece includes at

least one aperture therethrough, said fixturing device comprising:
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means for supporting said workpiece on at least

" three points;

secondary means for supporting said workpiece

- located intermediate at least two of said at least three points,

%

said secondary support means having an elevation which is a

‘predetermined'distance below a plane defined by said at least

three points; )
means adjacent said support means for engaging at
least one edge of said workpiece; and
- an asymmetﬁic chuck comprising two jaws spaced less
than 180 degrees apart, said two jaws being sized to be received
in said aperture; - 7 ' 7
7 whereby said two jaws of said asymmetrical chuck
and said engagement means deflect at least a portion of said
workpiece against sai& secondary support means so aé to induce
tigidity in saidf@ﬁrkpiece as a result of being deflected said
predetermined distance. 7
88. The fixturing device of Claim 87 further comprising
an abutment member mounted adjacent said support means, whereby
éaid engagement means creates a resultant force which urges said
workpiece against said abutment member.

89. The fixturing device of Claim 87 wherein said

~ engagement means and said two jaws each comprise an engagement

surface having a coarse chrome layer deposited thereon.

90. The fixturing device of Claim 87 wherein said
workpiece has a second aperture therethrough; said fixturing
device comprising a second chuck having a plurality of equally
spaced jaws, said plurality of equally spaced jaws being sized to
be received in said second aperture so as to stabilize said
workpiece relative to said asymmetric chuck.

91; The fixturing device of Claim 87 further comprising 5
means for sensing vibration mounted to said asymmetric chuck. B

92. A method for supporting a workpiece duting a :
machining operation, said method comprising the steps of:

supporting said workpiece on a fixture;
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engaging at least one edge of said workpiece with
at least one clamping member; and

deflecting at least a portion of said workpiece a
predetermined distance with said at least one clamping member;

whereby added rigidity is induced in said workpiece
as a result of said deflecting.

93. The method of Claim 92 wherein said step of
supporting includes supporting said workpiece upon at least three
support members.

94. The method of Claim 92 wherein said deflecting step
causes said workpiece to deflect less than a predetermined
tolerance of said workpiece.

95. The method of Claim 92 further comprising the step
of providing an abutment member on said fixture wherein said step
of engaging said at least one clamping member creates a resultant
force which urges said workpiece against said abutment member.

96. The method of Claim 92 further comprising the step
of limiting said deflecting to a predetermined distance.

97. A method for supporting a workpiece during a
machining operation wherein said workpiece includes at least one
aperture therethrough, said method comprising the steps of:

supporting said workpiece on a fixture; and

asymmetrically engaging said aperture so as to
deflect at least a portion of said workpiece a predetermined
distance;

whereby added rigidity is induced in said workpiece
as a result of said deflection.

98. The method of Claim 97 wherein said step of
supporting includes supporting said workpiece upon at least three
support members.

‘ 99. The method of Claim 97 further comprising the step
of limiting said deflection to a predetermined distance.

100. The method of Claim 99 wherein said step of
limiting said deflection causes said workpiece to deflect less

than a predetermined tolerance of said workpiece.
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101. A method for supporting a workpiece during a
machining operation wherein said workpiece includeé at least one
aperture therethrough, said method comprising the steps of:

supporting said workpiece on a fixture;
engaging at least one edge of said workpiece with
at least one clamping member; 7
engaging said aperture with an asymmetrical chuck
comprising at least two jaws spaced less than 180 degrees apart;
‘opening said asymmetrical chuck such that said at
" least two jaws engage said workpiece; and
deflecting at leaét a portion of said workpiece a
predetermined distance with said at least two jaws and said at
. least one clamping meﬁbei;
whereby added rigidity is induced in said workpiece
as a result of said deflecting.’

102. The method of Claim 101 wherein said step of
supporting includes supporting said workpiece upon at least three
support members.

103. The method of Claim 101 wherein said deflecting
step causes said work?iéce to deflect less than a predetermined
tolerance of said wdrkpiece.

104. A housing for rotatably supporting a milling
spindle to a base:relative to fixturing foﬁ supporting a
workpiece, saié housing comprising: _

7 an axis corresponding to an axis of rotation of
said spindle; W

means disposed on said housing for pivotably
mounting said housiﬁg to said base; and

means disposed on said housing for camming said
housing relative to said base, said camming means being spaced
froﬁ,said mounting means; 7 )

' whereby said axis of said housing can be adjusted

relative to said workpiece‘byrcamﬁing said”housing relative to

" said base so as to adjust the toe of said milling spindle.
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105. The housing of Claim 104 wherein said camming means
comprises a camming surface and a camming member camming with said
camming surface.

106. The housing of Claim 105 wherein said camming
surface is an aperture in said housing.

107. The housing of Claim 105 wherein said camming
member is an eccentric shaft rotatably mounted to said base.

108. The housing of Claim 104 wherein said base includes
a pin and wherein said mounting means is a journal formed on said
housing, said journal being pivotable upon said pin so as to
provide relative rotation between said housing and said base.

109. A milling column for rotatably supporting a milling
spindle to a milling machine base relative to fixturing for
supporting a workpiece, said housing comprising:

an axis corresponding to an axis of rotation of
said spindle;

means disposed on said housing for pivotably
mounting said housing to said base; '

a camming surface disposed on said housing in
spaced relation to said mounting means; and

) a camming member mounted to said base and slidably

engaged with said camming surface;

whereby said axis of said housing can be adjusted
relative to said workpiece by rotating said camming member within
said camming surface to rotate said housing relative to said base
so as to adjust the toe of said milling spindle.

110. The housing of Claim 109 wherein said camming
surface is an aperture in said housing.

111. The housing of Claim 109 wherein said camming
member is an eccentric shaft rotatably mounted to said base.

112. The housing of Claim 109 wherein said base includes
a pin and wherein said mounting means is a journal formed on said
housing, said journal being pivotably mounted on said pin so as to

provide relative rotation between said housing and said base.
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113. A transfer device for,precision picking and placing

of a workpiece, said transfer device comprising:

k1]

a pair of juxtaposed members spaced apart to form a
slot therebetween for receiving said workpiece;

' means attached to said pair of juxtaposed members
for moving said pair of juxtaposed members between a first
position and a second position; 7

a clamping'member pivotably attached to éach of
said pair of juxtaposed members, said clamping member having a
pivot end for pivotably'mdunting said clamping member to each of
said pair of juxtaposed members and an engagement end which is
pivotable into said slot for engaging said workpiece;

méans,engaged with each said clamping member for
biasing each said clamping member into said slot;

stop means associated with each said clamping
member for limiting the extent to which each said clamping member
extends into said slot such that said clamping members are spaced
apart a predétermined,distance when in an'extended position, said
predetermined distance being less than a corresponding width of
said workpiece; and '
o meané associated with said clamping members for
holding each said clémping member in a retracted position, said
holding means sequentially allowing a first clamping member and a
second clamping member, respectively, to extend into said slot;

whereby upon being released by said holding meéns,
said first clamping member moves toward said workpiece until said
first clamping member engages said stop means, said stop means
defiﬁing a predetermihed position fof said first clamping member,
and upon being released by said'holding means, said second
clamping member moves toward said workpiece until said second

clamping member engages said workpiece, said second clamping

",

member clamping said workpiece against said first clamping member
so as to locate said workpiece in a predetermined position for .

transport.
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114. The transfer device of Claim 113 wherein said
moving means comprises:

a base associated with said pair of juxtaposed
members;

an arm pivotably mounted to said base, said pair of
juxtaposed members being-mounted to said arm; and

control means associated with said arm for rotating
said arm between said first and second positions.

115. The transfer device of Claim 113 wherein said first
position is a workpiece loading station and said second position
is a workpiece unloading station.

116. The transfer device of Claim 113 wherein there is
one said first clamping member mounted to a first of said pair of
juxtaposed members and two said second clamping members mounted to
a second of said pair of juxtaposed members.

117. The transfer device of Claim 116 wherein said two
second clamping members are in spaced apart relationship, said one
first clamping member being positioned intermediate said two
second clamping members.

118. The transfer device of Claim 113 wherein said
holding means comprises a cylinder corresponding to each said
clamping member, said cylinder being energized to hold each said
clamping member in said retracted position and de-energized to

allow each said clamping member to rotate into said slot.
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means for adjustably mounting the cutter body and minimizing runout at the lower axial end of the cutter body.

Group IV-Claims 56-63 are directed to a transfer device for transpomng a workpiece to and form a machining station
classified in class 198, subclass 774.1 having the special technical feature of means mechanically connected to a support
means for transporting the support means between a first position and a machining station so as to transport the
workpiece from the first position to the machining station.

Group V-Claims 64-91 are directed to a fixturing device for supportiﬁg a workpjece during a machining opération
classified in class 409, subclass 219 having the special technical features of means adjacent a support means for

engaging at least one edge of a workpiece, and means adjacent the support means for engaging an aperture in the
workpiece.

Group VI-Claims 92-103 are directed to a method for sﬁpporting a workpiece during a machining operation classified in
class 29, subclass 559 having the special technical feenn'ec of engaging at least one edge of a workpiece, and engaging
an aperture in the workpiece.

Group VIII-Claims 113-118 are directed to a transfer device for precision picking and placing of a workpicce classified
in class 198, subclass 774.1 having the special technical feature of a pair of Juxtaposed members spaced apart to form a
slot therebetween for receiving a workpiece.”

Form PCT/ISA/210 (extra sheet)(July 1992)x

e

)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

