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1
METHOD OF FORMING AND USING
CARBONATED MACHINING FLUID

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit of U.S. Provisional
Patent Application No. 61/074,007 filed on 19 Jun. 2008,
which is hereby incorporated herein by reference.

BACKGROUND OF INVENTION

The present invention generally relates to machining fluids
for cooling and lubricating in hard turning machining appli-
cations. More specifically, the present invention relates to
carbonated machining fluids which exhibit enhanced physi-
cochemical properties to improve several aspects of the
machining operation.

Large volumes of metalworking fluids are used in manu-
facturing industries each year for cooling and lubricating
substrate work pieces and tools during machining operations.
Cooling of either a tool or a workpiece at their interface
involves both macroscopic and microscopic mechanisms.
Macroscopically, heat elimination is a concern and typically
involves directing a machining fluid onto the tool or work
piece to remove heat in the form of thermal energy caused by
friction between the tool and the workpiece. Microscopically,
heat management involves reactive fluid constituents entering
and reacting with tool/workpiece interface to reduce friction.

Increasing either the volumetric flow rate or the impinge-
ment pressure of a metalworking fluid at the tool/substrate
interface is a conventional means for improving heat removal.
Increasing the volumetric flow rate of the fluid near the
boundary layer beneficially increases turbulence and heat
removal in this region. This is achieved through exerting
higher spray pressures of the coolant within the cutting zone,
typically greater than 7 MPa (1000 psi). A variety of methods
are suggested in the prior art for forming and delivering high
pressure and high velocity metalworking fluids including, for
example, the use of supercritical fluids. However, a number of
challenges are associated with using such fluids that require
relatively high pressures for proper delivery into the cutting
zone. These include a need for expensive high pressure
pumps and machining tool seal modifications to handle the
increased pressures.

In addition to fluid pressure, a number of other factors can
be considered to affect boundary layer fluid velocity. Metal-
working fluid properties such as viscosity, surface tension,
molecular size, and reactivity predominate at the cutting sur-
face and within capillary interfaces. These physicochemical
properties can be optimized to allow the metalworking fluid
to penetrate the cutting zone more efficiently and to flow
along surfaces at much higher velocities. For example, low-
ering viscosity and surface tension of the metalworking fluid
is away of improving boundary layer velocity to enhance heat
extraction.

Conventional methods for lowering viscosity and surface
tension include the use of base stock fluids having low vis-
cosities and surface tension. For example, dense fluids such as
high pressure liquids or supercritical carbon dioxide can be
used as bulk metalworking fluids as a solvent, into which
solute lubricant additives are added to provide the necessary
reactive boundary layer constituents. However, like the high
pressure metalworking fluid discussed above, these
approaches are particularly expensive and complicated
requiring specially designed high pressure plumbing in the
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machining tools. For example, the fluid seals of most machin-
ing tools cannot tolerate pressures greater than about 7 MPa
(1000 psi).

Another technique includes the use of high velocity solid
phase carbon dioxide composite coolant-lubricant sprays.
Such composite carbon dioxide sprays resolve the high pres-
sure limitations of dense fluids by delivering the beneficial
chemistry of a dense fluid within a solid phase packet which
is delivered in relatively low-pressure compressed air.
Examples ofthese can be found in commonly owned U.S. Pat.
No. 7,293,570 and U.S. application Ser. No. 11/301,466.
However, in such composite sprays it can be difficult to main-
tain an appropriate solid-gas-liquid mixture through long dis-
tances through tortuous plumbing schemes found in many
existing machining tools.

Finally, metalworking fluids of the prior art eventually
accumulate microbial growth during use. Even new metal-
working fluids, once dumped into a machining fluids sump,
rapidly begin to degrade due to the microbial growth therein.
Conventional methods involving metalworking fluid curb
microbial growth by using, for example, biocides which have
generally been found to be ineffective. New techniques are
needed to control microbial growth.

The present predominant mode of cooling and lubricating
during machining involves flooded applications of metal-
working fluids. There therefore exists a need to improve the
performance of these fluids. As such the present invention
provides a means for boosting cooling and lubrication per-
formance of conventional metalworking fluids and delivery
systems, as well as providing a means for improving coolant
longevity and quality.

SUMMARY OF INVENTION

The present invention utilizes a novel approach for opti-
mizing physicochemical properties of machining fluids (as a
solvent) utilizing carbon dioxide as a reactive cooling and
lubricating additive (as a solute). In a first aspect of the
present invention, and in contrast to the prior art using carbon
dioxide, conventional machining fluids, such as oil-water
emulsion coolants or oil lubricants, are employed as bulk
solvents into which carbon dioxide solid-gas or gas is added
as a solute to form a cooled carbonated machining fluid satu-
rated with carbon dioxide gas. Under near-saturated or satu-
rated conditions, absorbed carbon dioxide imparts beneficial
changes in flow, penetration and heat transfer qualities to the
machining fluid. Carbonated machining fluids flow at higher
velocities due to less internal friction through machine
plumbing and most importantly through tool fixtures such as
spray-through-tool cutting tools. Of particular importance,
carbonated machining fluids pressurized through a cutting
tool-workpiece interface exhibit lower viscosity and surface
tension. This enhances wettability of and penetration of the
metalworking fluid constituents into the cutting interfaces.

In another aspect of the present invention, solid-gas carbon
dioxide is injected into a machining fluid to form a cooled and
carbonated machining fluid. A liquid phase is condensed to a
fine solid-gas mixture phase which may be injected into a feed
line just ahead of a conventional liquid pump or may be used
to cool and carbonate a bulk tank containing a machining
fluid. As such, this aspect of the present embodiment provides
a more efficient means for injecting relatively low pressure
carbon dioxide into a machining fluid, requiring no auxiliary
and expensive liquid carbon dioxide pressure and valve regu-
lation. Another advantage of injecting a solid phase coolant
into a metalworking fluid is improved heat and mass transfer.
A sublimating solid-gas-liquid interface exhibits greater heat
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transfer due to a much larger AT as compared to conventional
carbonation methods employing gas-only injection. Solid
phase carbon dioxide particles sublimate and subcool the
surrounding liquid fluid particles, forming microscopic car-
bon dioxide hydrates or clathrates, and forming oil-carbon
dioxide, water-carbon dioxide, water-oil-carbon dioxide
microemulsions depending upon the machining fluid
employed.

In another aspect of the present invention, carbonated
machining fluids may be compressed using a high pressure
pump to change the saturated gas phase to form a dispersed
liquid fluid phase within a carbonated machining fluid. Pref-
erably, this occurs within the tool body or cut zone. Dense
phase carbon dioxide solute provides enhanced lubrication
and cooling during chemical plasticization and complex-
ation, enhanced lubricity and Joule-Thompson expansion as
the machining fluid exits the cut zone. Using this technique,
the viscosity and surface tension enter the cut zone at a much
lower value as compared to those same metrics as the fluid
leaves the cut. An initial lower viscosity and surface tension
allows the carbonated machining fluid to enter the cut more
efficiently, upon which the normal viscosity and surface ten-
sion of the non-carbonated machining fluid return as the
carbon dioxide is evacuated therefrom under the heat and
pressure conditions within the cut zone.

Thus the present invention uniquely provides a method for
enhancing nucleate boiling within the cut zone which
increases the maximum amount of machining heat that can be
dissipated, plasticizes the metalworking fluid to lower surface
tension and viscosity, provides additional lubrication benefits
due to carbon dioxide fluid co-present in the cutting zone with
the machining fluid and provides an in-situ means for destroy-
ing entrained microbial matter in the metalworking fluid.

BRIEF DESCRIPTIONS OF DRAWINGS

FIG. 1 is flow chart depicting the method of forming and
employing a carbonated machining fluid of the present inven-
tion.

FIG. 2 is a diagram illustrating an embodiment of the
present invention employing a spray-type applicator.

FIG. 3 is a diagram illustrating an embodiment of the
present invention employing a through-tool type applicator.

FIG. 4 is a graph depicting the effects carbonation has on
viscosity and surface tension properties in a mineral oil.

FIG. 5 is a graph depicting the effects carbonation has on
viscosity and surface tension properties of an aqueous solu-
tion.

FIG. 6 is a graph depicting the effects carbonation has on
viscosity and surface tension of a machining fluid through
several stages of the method of the present invention.

DETAILED DESCRIPTION

The carbonated machining fluid of the present invention
includes a machining fluid acting as a solvent, with the carbon
dioxide dissolving therein as a solute. It has been discovered
that by employing the lubricant as the solvent and the carbon
dioxide gas as the solute, and especially when the resulting
carbonated fluid is used with minimum quantity lubrication,
the lubricity and wettability of the carbonated machining
fluid is greatly enhanced. Using the technique of the present
invention, the viscosity and surface tension values of the
carbonated machining fluid entering the cutting zone are
between 10-70% lower as compared to the same properties of
the initial non-carbonated machining fluid. For purposes of
this description, machining operations or machining pro-
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4

cesses refer to any process whereby a tool contacts a substrate
and frictional heat is produced at the interface between the
tool and the substrate, or cutting zone. Non-exhaustive
examples of machining processes include, but are not limited
to, hard turning processes including lathe processes, drilling
processes, milling processes and other metalworking pro-
cesses. While the aforementioned processes are typically
used in regards to the machining of metal substrates, it should
be noted that the present invention may also be used on
substrates of various substance and construction including,
but not limited to, plastics, ceramics, wood and composites.

In contrast to existing methods using carbon dioxide, a
general aspect of the present invention includes the use of a
machining fluid employed as a bulk solvent into which carbon
dioxide is dissolved as a solute to form the carbonated
machining fluid. Such machining fiuid preferably has an ini-
tial static viscosity of at least 2.0 centipoise. While it is
preferable that the machining fluid comprise a non-aqueous
oil lubricant, it is well within the scope of the present inven-
tion to provide conventional oil-water emulsion coolants as
the initial machining fluid. Non-exhaustive examples of non-
aqueous machining fluids include, but are not limited to,
bio-based oils, synthetic oils, semi-synthetic oils, petroleum-
based oils including mineral oil, alcohol esters including soy
methyl esters, tetrahydrofufuryl alcohol and ethyl lactate,
alcohols including ethanol, ketones including acetone, polyg-
lycols, phosphate esters, hydrocarbons and silicones. An
exemplary non-aqueous lubricant includes those as sold
under the BOELUBE® line of products as made commer-
cially available through The Oreolube Corporation of Bell-
port, N.Y. More particularly, non-exhaustive examples of bio-
based oils include, but are not limited to, vegetable oils
including corn oil, soybean oil, sunflower oil, peanut oil,
safflower oil, flaxseed oil and canola oil. Exemplary bio-
based oils include those as sold under the COOLWAY™,
NUTCUT™ and SOYEASY™ line of products as made
commercially available through Environmental Lubricants
Manufacturing, Inc. of Cedar Falls, lowa. Optionally, both
solid and liquid additives may be added to any of the afore-
mentioned machining fluids including, but not limited to,
oxidation inhibitors, corrosion inhibitors, rust inhibitors,
extreme pressure agents including chlorinated paraffinic oils,
boron nitride, molybdenum disulfide, polytetrafluoroethyl-
ene, pour point additives, detergents, dispersants, foam
inhibitors, trace amounts of water, and any combinations
thereof.

It has been surprisingly discovered by the present inventor
that the dissolved carbon dioxide gas in the aforementioned
machining fluids, when under near-saturated, saturated or
super-saturated conditions, effects beneficial changes in flow,
penetration and heat transfer qualities to the selected machin-
ing fluid. The machining fluid is preferably carbonated to
saturated or near-saturated levels, but it should be understood
that carbonation below saturation effects beneficial changes
in the machining fluid, and thus be well within the scope of the
present invention. Further, while super-saturated carbonated
machining fluids can be employed with the present invention,
such super-saturation preferably occurs within the body of
the applicator itself, just prior to the carbonated machining
fluid being applied to the tool/substrate. For purposes of this
description, a non-carbonated machining fluid will be con-
sidered as having a carbon dioxide vapor pressure less than
500 kPa (70 psi), while a carbonated machining fluid will be
considered as having a carbon dioxide vapor pressure of at
least about 500 kPa (70 psi), while a near-saturated carbon-
ated machining fluid will have a carbon dioxide vapor pres-
sure between about 2.5 to about 3.5 MPa (400 to 500 psi) and
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a saturated carbonated machining fluid will be any lubricant
having a carbon dioxide vapor pressure between about 3.5 to
about 5.5 MPa (500 to 800 psi). Lubricants or machining
fluids having a carbon dioxide vapor pressure greater than
about 5.5 MPa (800 psi) result in the formation of liquid
carbon dioxide within the lubricant, which tends to freeze
transport lines and oils gel upon the immediate introduction
of'the carbonated fluid into ambient pressures. As such, most
preferable carbonated machining fluids generally include
those having vapor pressure ranges between about 5 kPa to
about 5.5 MPa (50 to 800 psi), which exhibit higher velocities
through machine plumbing and, most importantly, through
tool fixtures due to less internal friction. Generally speaking,
the higher the saturation of the machining fluid with carbon
dioxide, the more preferable the carbonated machining fluid
becomes. Of particular importance, carbonated machining
fluids introduced at the interface between the cutting tool and
workpiece exhibit lower viscosity and surface tension. This
enhances wettability of and penetration of the machining
fluid constituents into the cutting interfaces.

In another aspect of the present invention, upon forming
and delivering the carbonated machining fluid to the applica-
tor, the carbonated machining fluid may be further com-
pressed using a high pressure pump to at least partially change
the saturated gas phase into a dispersed liquid fluid phase
within the carbonated machining fluid itself, which is briefly
maintained within the tool body of the applicator until deliv-
ered into the cutting zone. This results in the super-saturation
of'the carbonated machining fluid. Dense phase carbon diox-
ide solute provides enhanced lubrication and cooling during
chemical interactions such as chemical plasticization and
complexation, enhanced lubricity and Joule-Thompson
expansion as the carbonated machining fluid exits the tool and
enters into the cutting zone.

Further, and in instances where oil-water emulsion cool-
ants are selected as the initial machining fluid, at elevated
vapor pressures of carbon dioxide gas (>44 atm) and during
Joule-Thompson expansion cooling (<20 C), stable gas
hydrates (clathrates) may be formed which are stable ice-like
structures of water containing significant volumes of near-
liquid density carbon dioxide gas. The volume of carbon
dioxide stored in these stable carbon dioxide hydrates is
greater than what can be achieved with conventional aerosols
using compressed air and, when heated in the cut zone, pro-
duce very high local pressures and streaming velocities at
cutting surfaces as the carbon dioxide is released.

There are several means by which carbonation of the
machining fluid can be accomplished in accordance with the
present invention. A general method of forming and applying
the carbonated machining fluid in accordance with the
present invention is illustrated in FIG. 1. A suitable machin-
ing fluid, such as one or combination of the ones previously
described, is transferred from a storage tank 10 by means of a
conduit 12 into a pressure vessel 14. The pressure vessel 14
may be constructed from any suitable material and should
safely handle pressures of up to 6.0 MPa (800 psi). To the
pressure vessel is added non-supercritical carbon dioxide in
any combination of solid phase 16, near-liquid dense phase
18 or gas phases 20. Upon intimate contact and increased
pressures, the machining fluid absorbs the carbon dioxide to
form the carbonated machining fluid. With the increased
vapor pressure from the carbon dioxide, from either addi-
tional gas pumped into the pressure vessel or from sublimat-
ing solid carbon dioxide particles, the carbonation of the
machining fluid increases and eventually approaches satura-
tion. The near-saturated or saturated carbonated machining
fluid is then transported via a pump through a high pressure
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pumping fluid conduit 22 to an applicator 24, such as a ported
drill bit, or spray applicator. The carbonated machining fluid
exits the applicator and upon so doing is injected into the
cutting zone where the tool interfaces with the substrate work
piece 26. Upon so doing, and going from a relatively high
pressure to ambient conditions, the carbonated lubricant
essentially boils and the carbon dioxide phase sublimates
under the heat and pressure conditions to produce a foaming
carbon dioxide gas-containing machining fluid which liber-
ates machining heat, removes chips and provides lubrication.
Following application of the carbonated machining fluid onto
the tool, work piece, or both, the processed metalworking
fluid containing residual carbon dioxide gas, chips and heat is
collected in a sump 28 and returned to the storage tank 10
(after filtration).

More specifically, FIG. 2 illustrates an embodiment of the
present invention in which a spray applicator is employed,
while FIG. 3 illustrates an embodiment in which a through-
tool applicator is employed. Due to the overall similarities of
each of the aforementioned embodiments, the following
description applies to both embodiments unless specified oth-
erwise. Hach apparatus 100 generally includes a first pressure
vessel 112 and a second pressure vessel 114 in fluid commu-
nication with an application device 101a, 1015. The first
pressure vessel 112 and the second pressure vessel 114 may
be constructed from any suitable material and should safely
handle pressures of up to 6.0 MPa (800 psi). To the first
pressure vessel 112 is added a selected quantity of machining
fluid from a storage tank 116 as a solvent, preferably a non-
aqueous lubricating fluid as previously identified, or any
combination thereof, at a temperature above the gel-point
thereof. It should be noted again that while the lubricating
fluid is preferably non-aqueous, it is well within the scope of
the present invention to provide an aqueous lubricating fluid,
or an emulsified fluid, especially if the lubricity thereof is
found to be acceptable relative to the intended machining
process. Upon supplying the first pressure vessel 112 with the
selected quantity of lubricant from the storage tank 116, and
any selected additives as previously listed herein, the first
pressure vessel 112 may be optionally decompressed by a
vacuum pump 118 to remove any ambient air, as previously
discussed herein.

Solid carbon dioxide particles are then introduced into the
first pressurized vessel 112 containing the selected machining
fluid. The solid carbon dioxide particles are preferably
formed by means of a capillary condenser 120, such as that as
described in commonly owned U.S. Pat. No. 7,293,570,
which is hereby incorporated herein by reference. However,
the formation of the solid carbon dioxide particles is not
critical to practicing the present invention, and other means of
forming the solid carbon dioxide particles may be employed,
including the use of a convergent-divergent nozzle with liquid
carbon dioxide, as is known in the art. Alternatively, the solid
carbon dioxide particles may be in the form of dry-ice chips
delivered to the pressurized vessel 112. The solid carbon
dioxide particles are allowed to come into intimate contact
with the machining fluid upon being introduced into the pres-
surized vessel. Due to the machining fluid having a relatively
higher temperature as compared to the solid carbon dioxide
particles, and the relatively low initial pressure within the
vessel 112, the solid carbon dioxide naturally sublimates and
releases, or “bubbles”, carbon dioxide gas as a solute into the
lubricant and the remaining space within the pressure vessel.
Due to the heat of sublimation, this also reduces the tempera-
ture of the lubricant as well. Further sublimation of the solid
carbon dioxide gradually increases the amount of carbon
dioxide gas, and inherently the vapor pressure of carbon
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dioxide within the pressure vessel. The relatively cool, carbon
dioxide gas sublimating from the solid carbon dioxide dis-
solves into and initially carbonates the machining fluid.

Sublimation continues until the pressure within the pres-
sure vessel 112 reaches approximately 500 kPa (70 psi). At
this point, the carbonated lubricant may be removed from the
pressure vessel 112 and fed into the application device 101a,
1015 for use in the machining process. However, as the most
beneficial effects of the carbonation of the machining fluid
occur at vapor pressures between 2.0 and 5.5 MPa (300 and
800 psi), continued sublimation of the solid carbon dioxide
particles should persist to increase the amount of carbon
dioxide dissolved in the machining fluid. This continued sub-
limation of the solid carbon dioxide particles may continue
until a pressure of about 4.1 MPa (600 psi) is reached.
Through the heat of sublimation, the sublimating solid carbon
dioxide particles tends to decrease the temperature of the
machining fluid being carbonated, and the final temperature
range of the carbonated machining fluid when employing this
technique is in the range of between about -30° C. and 0° C.

Additional carbon dioxide gas from source 122 may be
optionally pumped or sparged into the pressure vessel up to
approximately 6 MPa (800 psi) to further increase the carbon
dioxide vapor pressure and increase the saturation thereof
into the lubricant. However, when the vapor pressure of the
carbon dioxide begins to exceed 6 MPa, the carbon dioxide
gas tends to go into liquid phase, reducing the temperature of
the machining fluid to levels where it begins to gel or freeze.
This is a deleterious effect causing inherent transport and
delivery problems of the carbonated machining fluid through
conduits and applicators.

Alternatively, the machining fluid may be carbonated by
introducing a high pressure dense liquid into the pressure
vessel 112. To the second pressure vessel 114 is added carbon
dioxide from supply 122 to form under pressure either liquid
phase, gas phase, or both, depending on the specific applica-
tion and the supplier from which the carbon dioxide can be
purchased. To form the dense phase liquid or carbonated
coolant, a high pressure pump is used to compress carbon
dioxide gas contained within the second pressure vessel into
a liquid phase or near-liquid density gas, but not approaching
the supercritical point. The carbonated coolant 126 is then
pumped from the second pressure vessel 114 to the first
pressure vessel 112 to begin carbonation of the lubricant
contained therein. The carbon dioxide gas is pumped into the
first pressure vessel 112 at about 20° C. and a pressure
between about 2.5 to about 3.5 MPa (400 to 500 psi) to form
the carbonated machining fluid at ambient temperature. If
near-saturated or saturated lubricant is desired, additional
carbon dioxide gas is pumped into the first pressure vessel
112 such that the carbon dioxide vapor pressure therein is
between about 4.0 to about 5.5 MPa (600 to 800 psi). At these
elevated pressures, full carbonation of the machining fluid
occurs within several minutes, and upon becoming saturated
with the carbon dioxide gas, the carbonated machining fluid
can be applied as a minimum quantity lubricant or as a
flooded lubricant. Optionally, the lubricant may be cooled by
means of the refrigeration unit 128 prior to the introduction of
the carbon dioxide to increase its cooling effects during appli-
cation.

It should be noted that the methods of carbonation as
described above can be used in combination with one another
to tune the carbonated machining fluid to a temperature and
degree of saturation. Regardless, under a continuous vapor
pressure of carbon dioxide, from either the sublimation of the
solid carbon dioxide particles or the additional pumped-in
carbon dioxide gas or dense gas, near-saturation to saturation
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of the machining fluid with carbon dioxide is achieved. The
resultant carbonated machining fluid, exhibiting between a
10-70% lower viscosity than the initial non-carbonated
machining fluid, contains microscopic coolant-lubricant
complexes which can be more efficiently delivered into a
cutting zone. It has been discovered that stable and uniform
compositions of carbonated fluids formed in this way easily
pass through convoluted machine tool ports and into cut
zones. Beneficial aspects of the present invention include
improved particle stability and uniformity, lower machining
temperatures, lower viscosity and lower surface tension. FI1G.
4, for example, graphically illustrates the beneficial changes
of'a mineral oil machining fluid saturated with carbon diox-
ide. Not wanting to be bound by theory, it is believed that
carbon dioxide gas under pressure plasticizes the machining
oil by filling in the molecular spaces between long chain
hydrocarbon molecules. In this way, carbon dioxide gas
serves as a lubricant for a lubricant. As a result, both oil
viscosity and surface tension are lowered appreciably. Com-
pared to gases such as argon, air, nitrogen and oxygen, carbon
dioxide fluids impart significant changes in physicochemical
properties of liquid hydrocarbon oils.

Itshould be also noted that contrary to prior art teachings of
carbonated fluids used as lubricants, the machining fluid of
the present invention acts as a solvent, with the carbon diox-
ide dissolving into the lubricant as a solute. It has been dis-
covered by the present inventor that by employing the lubri-
cant as the solvent and the carbon dioxide gas as the solute,
and especially when the resulting carbonated fluid is used
with minimum quantity lubrication, the lubricity and wetta-
bility of the carbonated machining fluid is greatly enhanced.

To transport the carbonated machining fluid to the appli-
cation tool 101a, 1015, a transport line 130 fluidly connects
the first pressure vessel 112 to the application tool 101a,
1015. A metering valve 132 is placed within the transport line
130 to control the rate at which the carbonated machining
fluid enters the application tool 101a, 1015. As illustrated in
FIG. 2, the applicator 101aq is a spray-type applicator, such as
that as fully described in commonly owned U.S. Pat. No.
7,389,941, which is hereby incorporated herein by reference.
It should be understood, though, that other spray-type appli-
cators are well within the scope of the present invention,
including convergent-divergent nozzles and coaxial applica-
tors such as that fully described in U.S. Pat. No. 5,725,154
which is hereby incorporated herein by reference. The car-
bonated machining fluid enters the body of the applicator
101a, where it can be admixed with a propellant gas 136, such
as additional carbon dioxide gas, additional solid carbon
dioxide particles 138 from the capillary condenser 120, addi-
tives, or any combination thereof, before being exiting the
nozzle and being applied to the substrate work piece 140, a
machining tool 142, or both, to impart its cooling and lubri-
cating effects.

Alternatively, and as illustrated in FIG. 3, the exemplary
application tool 1015 includes a spindle 144 having a ported
drill bit 146 with a pressure chamber 148 connected to a
rotary union 150. An exemplary machining tool for use with
the present invention includes assorted right angle or in-line
positive feed drilling machines as included in the QUACK-
ENBUSH line of tools as made commercially available by
Cooper Industries, Ltd. of Houston, Tex. Another exemplary
machining tool for use with the present invention includes
turret-mountable spindle motors as made commercially
available by NSK-America Corporation of Schaumburg, I11.
Another exemplary cutting tool is that as fully described in
commonly owned U.S. patent application Ser. No. 11/301,
441, which is hereby incorporated herein by reference. The
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carbonated lubricant feed line 130 enters through the rotary
union 150 and terminates within the pressure chamber 148. A
SWAGELOK® coupling, such as those as made commer-
cially available by the Swagelok Company of Solon, Ohio,
secures the carbonated lubricant feed line 130 within the
rotary union 150 and yet allows a pressure to be maintained
within pressure chamber 148. Also introduced into the pres-
sure chamber through the SWAGELOK® coupling is tube
138 for feeding carbon dioxide snow particles from the cap-
illary condenser 120 into the pressure chamber 148 to be
admixed with the carbonated lubricant to form the composite
carbonated machining fluid within the pressure chamber 148.
The tube 138 fluidly connects to the capillary condenser 120
which produces the carbon dioxide snow particles, as previ-
ously discussed herein.

As there tends to be a drop in pressure upon exiting the feed
line 130 and entering the pressure chamber 148, to prevent
boiling of the carbonated machining fluid within the pressure
chamber 148 an overpressure line 154 connects to the rotary
union 150 to provide the pressure chamber 148 with a supply
of gas or dense phase gas at about 0.5 MPato 5.5 MPa at 20°
C., preferably the dense phase carbon dioxide gas from the
second pressure vessel 118 containing the liquid-gas carbon
dioxide. Optionally, a stand-alone gas source (not shown) can
be provided to feed the overpressure line. It has been discov-
ered by the present inventor that the use of the overpressure
line 154 ensures that the pressure within the pressure chamber
150 is maintained at approximately that of the carbonated
lubricant, which prevents boiling or premature foaming of the
carbonated lubricant within the pressure chamber 150 prior to
exiting the tool 1015. This permits the admixing of the carbon
dioxide snow particles with the carbonated lubricant without
freezing or clogging of the ported drill bit or nozzle. More-
over, dependent upon the intensity of the overpressure, as
well as the temperature of the machining fluid, further car-
bonation of the machining fluid can take place within the
pressure chamber of the applicator, especially to super-satu-
rate the carbonated machining fluid. It should be noted that
the super-saturation pressure will vary based upon tempera-
ture and type of machining fluid employed, which relates to
cohesion energy differences between carbon dioxide solute
and the lubricant solvent.

Referring now to FIG. 5, the beneficial changes to an
aqueous machining fluid saturated with carbon dioxide are
illustrated. Again not wanting to be bound by theory, it is
believed that carbon dioxide gas under pressure plasticizes
the oil-water emulsion machining fluid by filling in the
molecular spaces between long chain hydrocarbon molecules
as well as forming complexes with water and oil-water mol-
ecules. As a result, and with regards only to the water phase
component, both water viscosity and surface tension are low-
ered appreciably. Compared to gases such as argon, air, nitro-
gen and oxygen, carbon dioxide fluids impart significant
changes in the physicochemical properties of liquid water.
For example, carbon dioxide complexes with water under
certain conditions of pressure and temperature to form gas
hydrates which contain liquid-like density of carbon dioxide
trapped as a guest in a solvent cage wherein water behaves as
the host. Gas hydrates provide a significant volume of carbon
dioxide for Joule-Thompson expansion cooling and reactive
lubrication within the bulk fluid. At elevated pressures (>44
atm) of CO2 gas and during Joule-Thompson expansion cool-
ing (<20 C), stable gas hydrates (clathrates) may be formed
which are stable ice-like structures of water containing sig-
nificant volumes of near-liquid density carbon dioxide gas.
The volume of carbon dioxide stored in these stable CO,
hydrates is greater than what can be achieved with conven-
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tional aerosols using compressed air and, when heated in the
cutting zone, produce very high local pressures and streaming
velocities at cutting surfaces as the carbon dioxide is released.

FIG. 6 graphically illustrates viscosity changes of the
machining fluid prior to carbonation, during carbonation,
through transportation to the application device, and eventu-
ally at the point of introduction into the cut-zone and points
thereafter. Reference A refers to the initial viscosity of a
non-carbonated machining fluid, while reference A1 refers to
the returning state of the machining fluid after leaving the
cutting zone and being partially carbonated. Upon entering
the cutting tool and passing into the cutting zone, machining
heat and pressure liberate the carbon dioxide from the
machining fluid to form a foaming, cooling and reactive met-
alworking fluid. Reference B refers to the viscosity of the
saturated carbonated machining fluid, while reference Bl
refers to the viscosity of a super-saturated carbonated
machining fluid as effected by a high-pressure boost of car-
bon dioxide gas within the tool body, such as generated by the
overpressure line 154. Upon exiting the cutting zone, the
processed metalworking fluid containing residual carbon
dioxide gas, chips and heat is returned to the storage tank for
reuse.

Although the present invention has been described with
reference to preferred embodiments, workers skilled in the art
will recognize that changes may be made in form and detail
without departing from the spirit and scope of the invention.

The invention claimed is:

1. A method of forming and delivering a carbonated
machining fluid to be used in a machining process, the
machining process including a tool contacting a substrate, the
method comprising:

supplying a pressure vessel with an oil-based lubricant;

supplying the pressure vessel with non-supercritical car-

bon dioxide;

allowing at least a portion of the non-supercritical carbon

dioxide to dissolve into the lubricant to form the carbon-
ated machining fluid;

delivering the carbonated machining fluid under pressure

from the vessel to an applicator; and

applying the carbonated machining fluid to the tool or the

substrate to impart cooling and lubricating effects,
wherein supplying the pressure vessel with non-super-
critical carbon dioxide includes introducing solid car-
bon dioxide particles into the pressure vessel wherein
the solid carbon dioxide particles sublimate upon con-
tacting the oil-based lubricant.

2. The method of claim 1 wherein the oil-based lubricant
initially exhibits a static viscosity of at least about 2 centi-
poise.

3. The method of claim 1 and further comprising providing
an overpressure of carbon dioxide gas to the carbonated
machining fluid downstream from the pressure vessel.

4. The method of claim 1 and further comprising pressur-
izing the vessel with carbon dioxide gas up to 800 psi to
increase the solubility of the non-supercritical carbon dioxide
into the oil-based lubricant.

5. The method of claim 4 wherein the oil-based lubricant
initially exhibits a static viscosity of at least about 2 centi-
poise.

6. The method of claim 4 and further comprising providing
an overpressure of carbon dioxide gas to the carbonated
machining fluid downstream from the pressure vessel.

7. A method of forming and delivering a carbonated
machining fluid to be used in a machining process, the
machining process including a tool contacting a substrate, the
method comprising:
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supplying a pressure vessel with an oil-based lubricant;
chilling the lubricant to approximately above the gel point
of the lubricant prior to the introduction of non-super-
critical carbon dioxide into the pressure vessel;

supplying the pressure vessel with non-supercritical car-
bon dioxide;

allowing at least a portion of the non-supercritical carbon

dioxide to dissolve into the lubricant to form the carbon-
ated machining fluid;

delivering the carbonated machining fluid under pressure

from the vessel to an applicator;

applying the carbonated machining fluid to the tool or the

substrate to impart cooling and lubricating effects.

8. The method of claim 7 wherein the oil-based lubricant
initially exhibits a static viscosity of at least about 2 centi-
poise.

9. The method of claim 7 and further comprising providing
an overpressure of carbon dioxide gas to the carbonated
machining fluid downstream from the pressure vessel.

10. A method of forming and delivering a carbonated
machining fluid to be used in a machining process, the
machining process including a tool contacting a substrate, the
method comprising:

supplying a pressure vessel with an oil-based lubricant;

supplying the pressure vessel with non-supercritical car-

bon dioxide;

allowing at least a portion of the non-supercritical carbon

dioxide to dissolve into the lubricant to form the carbon-
ated machining fluid;

delivering the carbonated machining fluid under pressure

from the vessel to an applicator;

providing solid carbon dioxide particles to the carbonated

machining fluid downstream from the pressure vessel;
and
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applying the carbonated machining fluid to the tool or the

substrate to impart cooling and lubricating effects.

11. The method of claim 10 wherein the oil-based lubricant
initially exhibits a static viscosity of at least about 2 centi-
poise.

12. The method of claim 10 and further comprising pro-
viding an overpressure of carbon dioxide gas to the carbon-
ated machining fluid downstream from the pressure vessel.

13. A method of forming a non-aqueous oil-based carbon-
ated fluid for use in a machining process to simultaneously
cool and lubricate a tool or a work-piece used in the machin-
ing process, the method comprising:

providing a pressure vessel;

supplying the vessel with a non-aqueous oil-based lubri-

cant;

chilling the lubricant from ambient temperate to a tempera-

ture above the gel point of the lubricant;

supplying the pressure vessel with non-supercritical car-

bon dioxide, wherein at least a portion of the carbon
dioxide dissolves into the lubricant to form the non-
aqueous carbonated fluid;

delivering the carbonated fluid under pressure from the

vessel to an applicator; and

applying the carbonated fluid to the tool or the substrate.

14. The method of claim 13 wherein the lubricant becomes
substantially saturated with the carbon dioxide.

15. The method of claim 13 and further comprising pres-
surizing the vessel with gaseous carbon dioxide to increase
the solubility of the carbon dioxide into the lubricant.

16. The method of claim 13 and further comprising pro-
viding an overpressure of carbon dioxide gas to the carbon-
ated fluid downstream from the pressure vessel.
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