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APPARATUS AND METHOD OF CRYOGENIC 
COOLING FOR HIGH-ENERGY CUTTING 

OPERATIONS 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to the ?eld of machin 
ing of material by cutting (e.g., shaping parts by removing 
excess material in the form of chips), and more particularly 
machining of materials by cutting With cryogenically cooled 
cutting tools. 

[0002] Numerous references are cited throughout this 
application, including the endnotes Which appear after the 
Detailed Description of the Invention. Each of those refer 
ences are incorporated herein by reference With regard to the 
pertinent portions of the references cited herein. 

Jun. 19, 2003 

[0004] Cutting hard or dif?cult to machine materials, as 
Well as high-speed cutting of materials from all groups 

except the loW-melting point group including Zinc or poly 
mers, leads to very high levels of energy dissipated at the 
cutting tool. Table 1 beloW presents examples of easy and 
dif?cult to machine ferrous and non-ferrous metals With 

their machining responses modi?ed by both composition 
and thermo-mechanical condition. 

[0005] Materials characteriZed by the unit poWer (PC) of 
more than 1 hp/in3/minute, unit energy (E0) of more than 2.7 
J /mm3, and/or hardness of more than 30 HRC are considered 
dif?cult to machine. In the case of steels and other metals 
melting above 1400° C., high-speed machining proves dif 
?cult even if the hardness level is only 25 HRC. 

TABLE 1 

F amnles of Hardness PoWer Energy and Temperature Encountered in Cuttingm 

Nominal Increase 
Assumed in Work 
Speci?c Assumed Material/Chip 

Unit PoWer Unit Energy Density Speci?c Heat Temperature 
Materials: Hardness: [hp/in3/minute] [Joules/mm3] [grams/cm3] [cal/(gram * [deg. K. or C.] 

Magnesium 40-90 HB 0.13-0.17 0.36-0.46 
LoW strength aluminum alloys 30-150 HB 0.20 0.55 2.7 0.21 230 
6061 — T6 aluminum alloy 0.35 0.96 2.7 0.21 400 
2024 — T4 aluminum alloy 0.46 1.26 2.7 0.21 520 
Soft copper alloys 10-80 HRB 0.50 1.37 8.9 0.09 400 
70Cu-30Zn brass 0.59 1.61 
Copper and harder copper 80-100 HB 0.70-0.80 1.91-2.18 8.9 0.09 580 
alloys 
Steels: 

AISI 1020 carbon steel 150-175 HB 0.58 1.58 7.8 0.11 440 
AISI 1020 carbon steel 176-200 HB 0.67 1.83 7.8 0.11 500 
Carbon, alloy, and tool 35-40 HRC 1.15 3.14 7.8 0.11 870 
steels, 40-50 HRC 1.20 3.28 7.8 0.11 900 
various hardness 50-55 HRC 1.60 4.37 7.8 0.11 ~1200 
levels . . . 55-58 HRC 2.75 7.51 7.8 0.11 >1500 

Stainless steels, Wrought and 135-275 HB 1.05 2.87 
cast, 30-45 HRC 1.12 3.06 
various hardness 150-450 HB 1.12 3.06 
levels: . . . 

Precipitation hardening stainless 
steels 
Soft grades of cast irons 110-190 HB 0.55 1.50 
Gray, ductile, and malleable 190-320 HB 1.12 3.06 
grades 
Titanium alloys 250-375 HB 1.0-1.9 2.73-5.18 4.4 0.12 1186->1600 
Nickel based superalloys 200-360 HB 2.0 5.46 8.9 0.11 >1350 
Niobium alloys 217 HB 1.4 3.82 
Molybdenum 230 HB 1.6 4.37 10.2 0.06 1710 
Tantalum 210 HB 2.25 6.14 
Tungsten 320 HB 2.3 6.28 19.2 0.03 2440 

Notes: 
(1)Unit poWer — poWer at cutting tool required to remove Work material at the rate of 1 in3/minute. 
(2)Unit energy — total energy dissipated by cutting tool removing 1 mm3 of material. 1.0 hp/in3/min = 2.73 J/mm3. 

[0003] As used herein, the term “cutting” includes but is 
not limited to the folloWing operations: turning, boring, 
parting, grooving, facing, planing, milling, drilling, and 
other operations Which generate continuous chips or frag 
mented or segmented chips. The term cutting does not 
include: grinding, electro-discharge machining, ultrasonic 
cutting, or high-pressure jet erosion cutting, i.e., operations 
generating very ?ne chips that are not Well de?ned in shape, 
e.g., dust or poWder. 

[0006] 3. Listed above, average values of unit poWer 
required in turning are valid for sharp high-speed steel 
(HSS) and carbide (WC-Co) tools cutting Within the feedrate 
range of 0.005 to 0.020 inches per revolution and exclude 
spindle ef?ciency factor. Average values of unit poWer 
required in milling may vary by +/—10%. 

[0007] 4. Values of unit poWer should be multiplied by a 
factor of about 1.25 in the case of cutting With dull tools or 
tools characteriZed by a negative rake geometry. 
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[0008] 5. Calculated above, nominal increase in chip tem 
perature is an estimate assuming: (1) constant speci?c heat 
of Work material across the entire temperature range, (2) no 
energy losses to Work material and tool, and (3) a uniform 
temperature distribution across chip thickness including the 
chip/tool contact interface Within so-called secondary shear 
Zone. 

[0009] Table 1 also shoWs hoW the unit poWer and energy 
translate into high temperatures of a machined chip staying 
in contact With the cutting tool. It is clear that the high 
energy materials and cutting conditions require tool grades 
retaining hardness at the highest temperatures—hard but 
brittle grades of cemented carbides (WC-Co) and, ideally, 
advanced non-metallic tool materials that offer an ultimate 
level of hardness at the cost of loW rupture strength and 
fracture toughness. 

[0010] Table 2 beloW outlines the typical values of 
traverse rupture strength (TRS) and fracture toughness (K10) 
of the major groups of tool materials. 

TABLE 2 

Selected Properties of HSS, Carbide and Advanced Tool 
Materials — Cermets Ceramics and Diamond(2) 

Traverse 
rupture Fracture 
strength toughness 

Tool material (M Pa) (K10) M Pa rnl/2 

A1203 500-700 2.5-4.5 
A12O3—TiC 600-850 3.5-4.5 
Al2O3-1%ZrO2 700-900 5-8 
A12O3—SiC 550-750 4.5-8 
SiAlON 700-900 4.5-6.5 
Si3N4 100-1000 1.5-8 
SiC 550-860 4.6 
Polycryst. CBN (PCBN) 800-1100 4—6.5 
Polycryst. Diamond (PCD) 390-1550 6-8 
TiC—TiN—WC—TaC—Ni—CO—MO 1 3 6 0 8.5 

(C7-C8/C3-C4 class) 
97WC-3Co (With alloying additions) 1590 9 
71WC—12.5TiC—12TaC-4.5CO 1380 
84WC-16Co (straight cemented 3380 10—13.5 
carbide grades) 
High speed steel M42 (CPM grade) 4000 

[0011] Comparing to the traditional high-speed steel 
(HSS) and tougher grades of cemented carbides containing 
more cobalt binder, the advanced, non-metallic tool mate 
rials are signi?cantly more brittle, i.e., sensitive to irregu 
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larities in stress loading, irregularities in thermal loading or 
cooling and thermal stress shocking. Tools With a TRS value 
of less than 3 GPa (3000 MPa) and a K10 value of less than 
10 MPa my2 are considered brittle and prone to rapid 
fracturing under high-energy cutting conditions. Thus, the 
machining community is aWare of the necessity of either 
avoiding the use of conventional cutting ?uids When 
machining With these brittle tool materials or, if it is possible 
and practical in a given cutting operation, using the brittle 
tool materials With eXtreme care by a complete and uniform 
?ooding of the tool, chip, and contact Zone. 

[0012] For eXample, numerous publications and tool 
manufacturer recommendations alert machining operators to 
the problem of reduced life of ceramic tools on contact With 
conventional cutting ?uids. Despite the inherent de?cien 
cies, e.g., overheated Workpiece, reduced dimensional accu 
racy, or risk of chip ?res, dry machining is recommended if 
hard but brittle tools are used. P. K. Mehrotra of Kennametal 
teaches in “Applications of Ceramic Cutting Tools”, Key 
Engineering Materials, Vol. 138-140 (1998), Chapter 1, pp. 
1-24: “the use of coolants is not recommended When these 
tools are used to machine steels due to their loW thermal 
shock resistance”. R. C. DeWes and D. K. AspinWall (“The 
Use of High Speed Machining for the Manufacture of 
Hardened Steel Dies ”, Trans. of NAMRI/SME, Vol. XXIV, 
1996, pp.21-26) tested a range of oXide and nitride tools 
including: 71% Al2O3-TiC, 75% Al2O3-SiCW, 50% CBN 
AlBz-AlN, 50%-TiC-WC-AlN-AlB2, 80% CBN-TiC-WC, 
as Well as 95% CBN-Ni/Co. They found that the use of a 
conventional cooling ?uid applied by ?ooding or spraying 
resulted in the reduction of tool life by more than 95% 
eXcept for the Whisker reinforced alumina, for Which the life 
Was shortened by about 88%. Similar test results shoWing a 
dramatic tool failure by brittle chipping on contact With 
cooling ?uid have been published for PCBN cutting inserts 
by T. J. Broskea et al. of GE Superabrasives at MMS Online 
(WWW.mmsonline.com/articles) and by others elseWhere. 

[0013] Table 3 beloW represents typical machining condi 
tions recommended in the prior art for a range of Work 
materials and tool materials. While different combinations of 
depth of cut (DOC), feedrate (F), cutting speed (Vc), and 
unit poWer (Pc), lead to high or loW total poWer levels (P), 
the most important value characteriZing high-energy cutting 
and critical to tool life is the poWer ?uX (Pf), Which is 
calculated by dividing P by the cross-sectional area of an 
undeformed chip (a product of DOC and 

TABLE 3 

EXAMPLES OF MACHINING CONDITIONS RECOMMENDED IN PRIOR ART FOR A RANGE OF CUTTING, 
VARIABLES INCLUDING WORK MATERIALS WORK HARDNESS LEVELS AND TOOL MATERIALS 

Recommended Assumed 
Depth Cutting Speed, Work Material Unit Total 

Work of cut, Feedrate, Medium Value, Removal Rate, PoWer in PoWer, PoWer Flux, 
Material Tool Type and DOC Vc MRR Cutting, Pc P Pf 

Work Material Hardness Material [inches] [inch/rev] [feet/min] [in3/min] [hp/in3/min] [hp] [kW/mm2] 

Carbon Steel, 150 HB indeXable carbide, 0.150 0.020 490 17.6 0.6 10.2 3.9 
1020 grade C-6 (P20) 
Carbon Steel, 150 HB HSS, M2—M3 0.150 0.015 120 3.2 0.6 1.9 1.0 
1020 grade 
H13 Tool Steels, Q&T 48-50 indeXable carbide, 0.150 0.010 150 2.7 1.2 3.2 2.5 

HRC 08 (P01) 
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TABLE 3-continued 

EXAMPLES OF MACHINING CONDITIONS RECOMMENDED IN PRIOR ART FOR A RANGE OF CUTTING, 
VARIABLES INCLUDING WORK MATERIALS WORK HARDNESS LEVELS AND TOOL MATERIALS 

Recommended Assumed 
Depth Cutting Speed, Work Material Unit Total 

Work of cut, Feedrate, Medium Value, Removal Rate, PoWer in PoWer, PoWer Flux, 
Material Tool Type and DOC F Vc MRR Cutting, Pc P Pf 

Work Material Hardness Material [inches] [inch/rev] [feet/min] [in3/min] [hp/in3/min] [hp] [kW/mm2] 

H13 Tool Steels, Q&T 48-50 indexable carbide, 0.300 0.015 120 6.5 1.2 7.8 2.0 
HRC 08 (P01) 

High-carbon Alloy 52-54 indexable carbide, 0.150 0.005 115 1.0 1.6 1.7 2.6 
or Tool Steels HRC C-8 (P01) 
Cold Work Too 58-60 PCBN (DBC50) 0.012 0.004 490 0.3 3.0 0.8 20.4 
Steel HRC 
Austenitic St. 135-185 indexable carbide, 0.150 0.020 350 12.6 0.8 10.1 3.9 
Steels HB 02 (K10/M10) 
Austenitic St. 135-185 Cold-pressed 0.150 0.010 900 16.2 0.8 13.0 10.0 
Steels HB Alumina, ceramic 
Austenitic St. cold draWn indexable carbide, 0.150 0.015 300 8.1 0.9 7.3 3.7 
Steels to 275 HB C-3 
Austenitic St. cold draWn HSS, T15-M42 0.150 0.015 80 2.2 0.9 1.9 1.0 
Steels to 275 HB 
Ti-6Al-4V ELI 310-350 indexable carbide, 0.150 0.008 195 2.8 1.4 3.9 3.8 

HB 02 (K10, M10) 
Ti-6Al-4V ELI 310-350 HSS, T15-M42 0.150 0.010 60 1.1 1.4 1.5 1.2 

HB 

NOTES: 
CUTTING POWER, POWER FLUX, AND VELOCITY INDEX ARE ESTIMATED FROM DATA IN TABLE 1. 
REFERENCES FOR MACHINING CONDITIONS — IAMS AND ASM LISTED IN TABLE 1. 

PoWer Flux = Total PoWer/DOC/F 

1 hp/in2 = 1.15 W/mm2 

[0014] The representative examples in Table 3 are not 
intended to be an exhaustive list. Persons skilled in the art 
Will recognize that numerous other conditions are possible 
that Would result in similar patterns. 

[0015] High values of poWer ?ux indicate the magnitude 
of potential upset in thermo-mechanical tool loading or 
irregularity in tool cooling. Only the HSS tools and certain 
cemented carbide tools operate under the range of cutting 
conditions Where these process irregularities can be 
neglected. Being a product of cutting speed and unit poWer, 
poWer ?ux indicates Whether a given set of machining 
conditions leads to a high-energy cutting situation. If a 
cutting speed is selected for a given tool, depth of cut, and 
feedrate, Which is higher than the cutting speed recom 
mended by the tool manufacturer, and/or the Work material 
requires unit cutting poWer exceeding 1 hp/in3/minute, the 
resultant poWer ?ux value exceeds the conventional poWer 
?ux value and the operation may be classi?ed as high-energy 
cutting. 
[0016] Although the machining industry has strong eco 
nomic incentives to enhance cutting operations Within the 
high-energy range, it is limited by tool overheating, high 
poWer ?ux values, and inability of removing cutting energy 
from tools in a uniform manner required to prevent rapid 
failures. All tool materials, including HSS, carbides, and 
refractory ceramics, have one thing in common—as the 
temperature of the tool material increases, the tool material 
softens and may develop localized, internal stresses (due to 
thermal expansion, especially if compounded With limited 
conductivity), as described by E. M. Trent and P. K. Wright 
in “Metal Cutting”, 4th Ed., ButterWorth, Boston, Oxford, 
2000, and the ASM Handbook on “Machining, Ceramic 
Materials”. This poses limits on workpiece hardness, cut 

ting speed, and poWer ?ux during machining. With conven 
tional machining methods, the industry is unable to cope 
With the cooling problem While satisfying the other needs 
enumerated above. Other problems facing the machining 
industry include signi?cant environmental and health related 
problems associated With the conventional cutting ?uids and 
coolants presently used in the industry. For example, carbon 
dioxide (CO2), a commonly used industrial coolant, is a 
greenhouse generator. Also, since CO2 is denser than air it 
presents a potential asphyxiation concern. In addition, CO2 
also has the potential to cause acid corrosion, since it is 
soluble in Water. Freons and freon substitutes, some other 
commonly used coolants, also are greenhouse generators 
and oZone depleters. These substances also are explosive 
and/or toxic When heated on contact With red-hot solids. 
Other coolants Which can be explosive include hydrocarbon 
gases and liqui?ed ammonia. Coolants such as cryogenic/ 
liqui?ed air With oxygen in it can result in chip ?res. 

[0017] There exists a relatively large body of prior art 
publications pertaining to cryogenic cooling of tools, includ 
ing: WO 99/60079 (Hong) and US. Pat. Nos.: 5,761,974 
(Wang, et al.), 5,901,623 (Hong), 3,971,114 (Dudley), 
5,103,701 (Lundin, et al.), 6,200,198 (Ukai, et al.), 5,509, 
335 (Emerson), and 4,829,859 (Yankoff). However, none 
these publications nor the other prior art references dis 
cussed herein solve the problems discussed above or satisfy 
the needs set forth beloW. 

[0018] US. Pat. No. 5,761,974 (Wang et al.) discloses a 
cryogenically cooled cap-like reservoir placed at the top of 
a cutting tool, as shoWn in FIG. 1A herein (corresponding 
to FIG. 1 of Wang et al.). Wang’s method and apparatus 
provides for uniform and stable cooling, except that the 
reservoir requires dedicated tooling and repositioning if 
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depth of cut and/or feedrate are changed during cutting 
operations. Such requirements and limitations are cost 
prohibitive and unacceptable in the industrial machining 
environment. 

[0019] US. Pat. No. 5,901,623 (Hong) discloses a cryo 
genic ?uid spraying chip-breaker Which is positioned adja 
cent the rake face for lifting a chip from the rake face after 
the chip is cut from the Workpiece. See FIGS. 1B and 1C 
herein (corresponding to FIGS. 3 and 7B of Hong). Hong’s 
method does not provide for uniform cooling of the entire 
cutting tool, Which is desired in the case of hard but brittle 
tools used in high-energy cutting operations. Moreover, 
Hong’s chip-breaking noZZle requires dedicated tooling and 
repositioning if depth of cut and/or feedrate are changed 
during cutting. Such requirements and limitations are cost 
prohibitive and unacceptable in the industrial machining 
environment. 

[0020] US. Pat. No. 3,971,114 (Dudley) discloses a cryo 
genic coolant tool apparatus and method in Which the tool is 
internally routed, the internal passage is thermally insulated, 
and the coolant stream is jetted at a precise angle at the 
interface betWeen the tool edge and the Workpiece so that the 
chip cutting from the Workpiece does not interfere With the 
stream. See FIGS. 1D and 1E herein (corresponding to 
FIGS. 2 and 3A of Dudley). This method also does not 
provide the desired uniform cooling of hard but brittle 
cutting tools used in high-energy cutting operations. More 
over, it requires an involved, dedicated tooling. This require 
ment is cost-prohibitive and unacceptable in the industrial 
machining environment. 
[0021] US. Pat. No. 5,103,701 (Lundin, et al.) discloses a 
method and apparatus for the diamond machining of mate 
rials Which detrimentally react With diamond cutting tools in 
Which both the cutting tool and the Workpiece are chilled to 
cryogenic temperatures. The method and apparatus require a 
fundamental modi?cation of the entire machine tool and 
Workpiece handling, something cost-prohibitive and unac 
ceptable in the industrial machining environment. 

[0022] US. Pat. No. 6,200,198 (Ukai, etal.) discloses a 
method of cutting metallic and non-metallic materials in a 
non-combustible gas atmosphere Where a lightly chilled 
mixture of nitrogen and oxygen gases, or nitrogen gas and 
air, are bloWn to the contact area betWeen the tool and the 
Work material. The effectiveness of this method in high 
energy cutting operations is questionable in vieW of the fact 
that the gases used are not cryogenically cold. Gas jets are 
knoWn to quickly aspirate Warm air from the surroundings, 
Which means that the jet temperature at the tool surface is 
nearly the same as the temperature of the surrounding air. 

[0023] US. Pat. No. 5,509,335 (Emerson) discloses a 
cryogenic machining system including a hermetically sealed 
atmosphere chamber enclosing the entire machine tool and 
the material handling mechanism and directing cryogenic 
?uid toWard a Workpiece retained by a Workpiece holder. 
The effectiveness of this method in high-energy cutting 
operations is doubtful since the cryogen cools the Workpiece 
material thereby making it even harder to cut the Workpiece. 
The method cannot be practiced Without a fundamental 
modi?cation of the entire machine tool and Workpiece 
handling, Which is cost-prohibitive and unacceptable in the 
industrial machining industry. 
[0024] US. Pat. No. 4,829,859 (Yankoff) discloses a very 
high-pressure system, pulse-mixing and jetting a conven 
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tional ?uid and cold CO2 at the tool, Workpiece and chips. 
While very effective in breaking long chips, the system 
generates a mist of toxic ?uid Which is not acceptable for 
environmental and health reasons. The capital and operating 
costs of the high-pressure system are prohibitive and Would 
be unacceptable in the machining industry. Its very high 
pressure jet pulsing, frequently combining solid particles, 
may affect the life of hard but brittle tools operating in the 
high-energy cutting mode. 

[0025] WO 99/60079A2 (Hong) discloses a cryogenic 
milling cutter including rotating transfer tubes and noZZles 
positioned next to the cutting edges and continuously 
exposed to the abrasive chips evolving from the Work. Apart 
from the question regarding the life and maintenance costs 
of this system, its application in the machining industry 
requires an expensive retooling of existing machining cen 
ters, something undesired and unacceptable in the produc 
tion environment. 

[0026] It is desired to have an apparatus and a method for 
cooling cutting tools, including hard but brittle tools, Which 
improves tool life in cutting operations characteriZed by 
poWer ?ux values exceeding the common values recom 
mended for conventional machining processes by tool 
manufacturers, tool suppliers, and technical authorities rec 
ogniZed Within the machining industry. 

[0027] It is further desired to have an apparatus and a 
method for cooling such cutting tools that increases Work 
material cutting speeds and/or productivity, both of Which 
are limited by the lifetime (and costs) of cutting tools, 
inserts, and tips. 

[0028] It is still further desired to have an apparatus and a 
method for machining a Workpiece Which improves safety 
and environmental conditions at Workplaces by using a 
cryogenic coolant to cool cutting tools, thereby eliminating 
conventional, emulsi?ed cutting ?uids and/or oil mists. 

[0029] It is still further desired to have an apparatus and a 
method for machining a Workpiece Which improves safety 
and environmental conditions at Workplaces by minimiZing 
the risks of chip ?res, burns and/or chip vapor emissions 
While using an environmentally acceptable, safe, non-toxic 
and clean method of cooling cutting tools. 

[0030] It is still further desired to have an apparatus and a 
method for machining Which reduces production costs by 
elimination of Workpart, Workplace, and/or machine clean 
ing necessitated by the use of conventional, emulsi?ed 
cutting ?uids and/or oil mists. 

[0031] It is still further desired to have an apparatus and a 
method for machining Which provides for effective cutting 
of Work materials that cannot tolerate conventional, emul 
si?ed cutting ?uids and/or oil mists, such as medical prod 
ucts or poWder-metallurgy parts characteriZed by open 
porosity. 

[0032] It is still further desired to have an apparatus and a 
method for cooling cutting tools, an apparatus and a method 
for controlling cooling of cutting tools during cutting opera 
tions, and an apparatus and a method for machining a 
Workpiece, Which overcome the dif?culties and disadvan 
tages of the prior art to provide better and more advanta 
geous results. 
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BRIEF SUMMARY OF THE INVENTION 

[0033] Applicants’ invention is an apparatus and a method 
for cooling a cutting tool, an apparatus and a method for 
controlling cooling of a cutting tool during a cutting opera 
tion, and an apparatus and a method for cooling a Workpiece. 
Another aspect of the invention is an apparatus and a method 
for machining a Workpiece With a cutting tool using the 
apparatus and method for cooling the cutting tool and/or the 
apparatus and method for controlling cooling of the cutting 
tool. Other aspects are a Workpiece machined by the appa 
ratus and method for machining, and the recyclable chips 
removed from the Workpiece as a byproduct of the apparatus 
and method for machining. 

[0034] A ?rst embodiment of the method for cooling a 
cutting tool includes multiple steps. The ?rst step is to 
provide a supply of a cryogenic ?uid. The second step is to 
deliver a free-expanding stabiliZed jet of the cryogenic ?uid 
to the cutting tool. (“A free-expanding stabiliZed jet” is 
de?ned and discussed in the Detailed Description of the 
Invention section beloW.) 

[0035] There are several variations of the ?rst embodiment 
of the method for cooling. In one variation, the cutting tool 
is engaged in a high-energy chip-forming and Workpiece 
cutting operation. Preferably, at least a portion of the cryo 
genic ?uid is selected from a group consisting of liquid 
nitrogen, gaseous nitrogen, liquid argon, gaseous argon and 
miXtures thereof. In another variation, at least a portion of 
the free-expanding stabiliZed jet of the cryogenic ?uid has a 
temperature beloW about minus 150 degrees Celsius (—l50° 
C.). In another variation, at least a portion of the free 
eXpanding stabiliZed jet of the cryogenic ?uid has a sub 
stantially uniform mass ?oWrate greater than or equal to 
about 0.5 lbs/minute and less than or equal to about 5.0 
lbs/minute. In another variation, at least a portion of the 
free-expanding stabiliZed jet of the cryogenic ?uid has a 
substantially uniform mass ?oWrate having a ?oW pulse 
cycle time less than or equal to about 10 seconds. In another 
variation, the cutting tool has a rake surface and at least a 
portion of the free-expanding stabiliZed jet of the cryogenic 
?uid impinges on at least a portion of the rake surface. In 
another variation, at least a portion of the cutting tool has a 
traverse rupture strength (TRS) value of less than about 
3000 MPA. In another variation, the cutting tool has a 
cutting edge and a means for delivering the free-expanding 
stabiliZed jet of the cryogenic ?uid to the cutting tool has at 
least one discharge point spaced apart from the cutting edge 
by a distance greater than or equal to about 0.1 inches and 
less than about 3.0 inches. In a variant of this variation, at 
least a portion of the cryogenic ?uid has a pressure greater 
than or equal to about 25 psig and less than or equal to about 
250 psig during or immediately prior to discharge from the 
at least one discharge point. 

[0036] In another embodiment of the method for cooling 
a cutting tool, in Which the cutting tool has a cutting edge, 
there are multiple steps. The ?rst step is to provide a supply 
of a cryogenic ?uid. The second step is to provide a noZZle 
adapted to discharge a jet of the cryogenic ?uid. The noZZle 
has at least one discharge point spaced apart from the cutting 
edge by a distance greater than or equal to about 0.1 inches 
and less than about 3.0 inches. The third step is to deliver a 
free-expanding stabiliZed jet of the cryogenic ?uid from the 
discharge point to the cutting tool, Wherein the cryogenic 
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?uid has a temperature of about minus 150 degrees Celsius 
(—150° C.) at the discharge point. 
[0037] Another aspect of the invention is a method for 
machining a Workpiece With a cutting tool using a method 
for cooling the cutting tool as in the ?rst embodiment of the 
method for cooling. Other aspects are a Workpiece machined 
by such a method for machining and characteriZed by an 
improved surface, and recyclable chips removed from the 
Workpiece as a byproduct of the method for machining the 
Workpiece, the recyclable chips being characteriZed by an 
improved purity. 
[0038] The method for cooling a Workpiece involves mul 
tiple steps. The ?rst step is to provide a supply of a cryogenic 
?uid. The second step is to deliver a free-expanding stabi 
liZed jet of the cryogenic ?uid to the Workpiece. 

[0039] A ?rst embodiment of the method for controlling 
cooling of a cutting tool during a cutting operation includes 
multiple steps. The ?rst step is to provide a supply of a 
cryogenic ?uid. The second step is to deliver a ?oW of the 
cryogenic ?uid to the cutting tool. The third step is to 
regulate the ?oW of the cryogenic ?uid to the cutting tool at 
a substantially uniform mass ?oWrate, Whereby a frost 
coating is maintained on at least a portion of the cutting tool 
during substantially all of the cutting operation in an atmo 
sphere having an ambient relative humidity in a range of 
about 30% to about 75% and an ambient temperature in a 
range of about 10° C. to about 25° C. In one variation of this 
embodiment, the cutting tool is engaged in a high-energy 
chip-forming and Workpiece-cutting operation. 
[0040] Another embodiment of the method for controlling 
cooling of a cutting tool during a cutting operation includes 
multiple steps. The ?rst step is to provide a supply of a 
cryogenic ?uid. The second step is to provide a noZZle 
adapted to discharge a ?oW of the cryogenic ?uid, the noZZle 
having at least one discharge point spaced apart from the 
cutting tool. Athird step is to deliver a ?oW of the cryogenic 
?uid from the discharge point to the cutting tool. The fourth 
step is to regulate the ?oW of the cryogenic ?uid to the 
cutting tool at a substantially uniform mass ?oWrate greater 
than or equal to about 0.5 lbs/minute and less than or equal 
to about 5.0 lbs/minute having a ?oW pulse cycle time less 
than or equal to about 10 seconds, Whereby a frost coating 
is maintained on at least a portion of the cutting tool during 
substantially all of the cutting operation in an atmosphere 
having an ambient relative humidity in a range of about 30% 
to about 75 % and an ambient temperature in a range of about 
10° C. to about 25° C. 

[0041] Another aspect of the invention is a method for 
machining a Workpiece With a cutting tool using a method 
for controlling cooling of the cutting tool as in the ?rst 
embodiment of the method for controlling cooling. Other 
aspects are a Workpiece machined by this method for 
machining and characteriZed by an improved surface, and 
the recyclable chips removed from the Workpiece as a 
byproduct of this method for machining, Which chips are 
characteriZed by an improved purity. 

[0042] A ?rst embodiment of the apparatus for cooling a 
cutting tool includes: a supply of a cryogenic ?uid; and 
means for delivering a free-expanding stabiliZed jet of the 
cryogenic ?uid to the cutting tool. 

[0043] There are several variations of the ?rst embodiment 
of the apparatus for cooling. In one variation, the cutting tool 
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is engaged in a high-energy chip-forming and Workpiece 
cutting operation. Preferably, at least a portion of the cryo 
genic ?uid is selected from a group consisting of liquid 
nitrogen, gaseous nitrogen, liquid argon, gaseous argon and 
miXtures thereof. In another variation, at least a portion of 
the free-expanding stabiliZed jet of the cryogenic ?uid has a 
temperature beloW about minus 150 degrees Celsius (—150° 
C.). In another variation, at least a portion of the free 
eXpanding stabiliZed jet of the cryogenic ?uid has a sub 
stantially uniform mass ?oWrate greater than or equal to 
about 0.5 lbs/minute and less than or equal to about 5.0 
lbs/minute. In another variation, at least a portion of the 
free-expanding stabiliZed jet of the cryogenic ?uid has a 
substantially uniform mass ?oWrate having a ?oW pulse 
cycle time less than or equal to about 10 seconds. In another 
variation, the cutting tool has a rake surface and at least a 
portion of the free-expanding stabiliZed jet of the cryogenic 
?uid impinges on at least a portion of the rake surface. In 
another variation, at least a portion of the cutting tool has a 
traverse rupture strength (TRS) value of less than about 
3000 MPa. In another variation, the cutting tool has a cutting 
edge and a means for delivering the free-expanding stabi 
liZed jet of the cryogenic ?uid to the cutting tool has at least 
one discharge point spaced apart from the cutting edge by a 
distance greater than or equal to about 0.1 inches and less 
than about 3.0 inches. In a variant of this variation, at least 
a portion of the free-expanding stabiliZed jet of the cryo 
genic ?uid has a pressure greater than or equal to about 25 
psig and less than or equal to about 250 psig during or 
immediately prior to discharge from the at least one dis 
charge point. 

[0044] In another embodiment of the apparatus for cooling 
a cutting tool, in Which the cutting tool has a cutting edge, 
there are several elements. The ?rst element is a supply of 
a cryogenic ?uid. The second element is a noZZle adapted to 
discharge a jet of the cryogenic ?uid. The noZZle has at least 
one discharge point spaced apart from the cutting edge by a 
distance greater than or equal to about 0.1 inches and less 
than about 3.0 inches. The third element is a means for 
delivering a free-expanding stabiliZed jet of the cryogenic 
?uid from the discharge point to the cutting tool, Wherein the 
cryogenic ?uid has a temperature of about minus 150 
degrees Celsius (—150° C.) at the discharge point. 

[0045] Another aspect of the invention is an apparatus for 
machining a Workpiece With a cutting tool using an appa 
ratus for cooling the cutting tool as in the ?rst embodiment 
of the apparatus. Other aspects are a Workpiece machined by 
an apparatus for machining and characteriZed by an 
improved surface, and recyclable chips removed from the 
Workpiece as a byproduct, the recyclable chips being char 
acteriZed by an improved purity. 

[0046] The apparatus for cooling a Workpiece includes: a 
supply of a cryogenic ?uid; and a means for delivering a 
free-expanding stabiliZed jet of the cryogenic ?uid to the 
Workpiece. 

[0047] A ?rst embodiment of the apparatus for controlling 
cooling of a cutting tool during a cutting operation includes 
several elements. The ?rst element is a supply of a cryogenic 
?uid. The second element is a means for delivering a ?oW of 
the cryogenic ?uid to the cutting tool. The third element is 
a means for regulating the ?oW of the cryogenic ?uid to the 
cutting tool at a substantially uniform mass ?oW rate, 
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Whereby a frost coating is maintained on at least a portion of 
the cutting tool during substantially all of the cutting opera 
tion in an atmosphere having an ambient relative humidity 
in a range of about 30% to about 75% and an ambient 
temperature in a range of about 10° C. to about 25° C. In one 
variation of this embodiment, the cutting tool is engaged in 
a high-energy chip-forming and Workpiece-cutting opera 
tion. 

[0048] Another embodiment of the apparatus for control 
ling cooling of a cutting tool during a cutting operation 
includes several elements. The ?rst element is a supply of a 
cryogenic ?uid. The second element is a noZZle adapted to 
discharge a ?oW of the cryogenic ?uid. The noZZle has at 
least one discharge point spaced apart from the cutting tool. 
The third element is a means for delivering a ?oW of the 
cryogenic ?uid from the discharge point to the cutting tool. 
The fourth element is a means for regulating the ?oW of the 
cryogenic ?uid to the cutting tool at a substantially uniform 
mass ?oWrate greater than or equal to about 0.5 lbs/minute 
and less than or equal to about 5.0 lbs/minute having a ?oW 
pulse cycle time less than or equal to about 10 seconds, 
Whereby a frost coating is maintained on at least a portion of 
the cutting tool during substantially all of the cutting opera 
tion in an atmosphere having an ambient relative humidity 
in a range of about 30% to about 75% and an ambient 
temperature in a range of about 10° C. to about 25° C. 

[0049] Another aspect of the invention is an apparatus for 
machining a Workpiece With a cutting tool using a method 
for controlling cooling of the cutting tool as in the ?rst 
embodiment of the apparatus for controlling cooling. Other 
aspects are a Workpiece machined by this apparatus for 
machining and characteriZed by an improved surface, and 
the recyclable chips removed from the Workpiece as a 
byproduct, Which chips are characteriZed by an improved 
impurity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] The invention Will be described by Way of eXample 
With reference to the accompanying draWings, in Which: 

[0051] FIGS. 1A to IE illustrate various prior art devices 
used for cryogenic cooling in cutting or machining opera 
tions; 
[0052] FIG. 2A is a schematic illustration of one embodi 
ment of the invention; 

[0053] FIG. 2B is a schematic illustration of an embodi 
ment of the invention used in a turning operation; 

[0054] FIG. 2C is a schematic illustration of an embodi 
ment of the invention used in a milling operation; 

[0055] FIG. 3A is a graph illustrating the tool nose 
temperature over time during high-energy turning of stain 
less steel 440° C.; 

[0056] FIG. 3B is a graph illustrating the temperature over 
time of a tool nose and a tool back corner during high-energy 
turning of Ti-6Al-4V ELl; 

[0057] FIG. 3C is a graph illustrating the correlation 
betWeen cryo-?uid pulse cycle and tool nose temperature 
during high-energy turning of stainless steel 440° C.; 

[0058] FIG. 3D is a graph illustrating the effect of the 
RPM of a cutter on impact ?oWrate of pulsing cryo-?uid 
reaching a cutting insert; 
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[0059] FIG. 4 is a graph illustrating tool life and tempera 
ture in high-energy cutting of Ti-6Al-4V; 

[0060] FIG. 5A is a graph illustrating the life of a ceramic 
composite tool used in a high-energy cutting operation at the 
speed of 300 ft/minute; 

[0061] FIG. 5B is a graph illustrating the life of a ceramic 
composite tool used in a high-energy cutting operation at the 
speeds of 300 ft/minute and 400 ft/minute; 

[0062] FIG. 6 is a graph illustrating the effect of pulsing 
cryo-?uid jet on the life of cubic boron nitride under certain 
conditions; and 

[0063] FIG. 7 is a graph illustrating the effect of the 
invention on the chemistry of chips collected for a Ti-6Al 
4V Work material. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0064] The invention addresses fundamental, unresolved 
needs of the machining industry—to produce cleaner parts 
faster and at less cost, and to improve environmental and 
health conditions in manufacturing operations. An important 
factor in reducing manufacturing costs is to replace sloW 
grinding operations on hard to machine parts With more 
cost-effective cutting operations. The machining industry 
needs improved methods for hard-turning. Another impor 
tant but frequently overlooked factor is the cost of tooling 
and conventional process modi?cations. The machining 
industry needs machining process improvements that also 
minimiZe the extent of the modi?cations required to existing 
equipment and processes. 

[0065] The invention is an apparatus and a method for 
cooling a cutting tool, an insert, a tip, an edge, a blade, or a 
bit, any of Which may be either stationary or moving (e.g., 
rotating, With respect to a Workpiece), by using a free 
expanding (unconstrained) stabiliZed jet of cryogenic ?uid. 
The jet of cryogenic ?uid, Which may be a single phase gas, 
a single phase liquid, or a tWo-phase combination, prefer 
ably is liquid nitrogen, gaseous nitrogen, liquid argon, 
gaseous argon, and/or mixtures thereof. HoWever, persons 
skilled in the art Will recogniZe that other cryogenic mixtures 
of liquids, gases, and solid particles could be used as the 
cryogenic ?uid. 

[0066] The free-expanding or unconstrained jet is a stream 
of cryogenic ?uid expanded from a higher pressure via a 
noZZle into an uncon?ned surrounding or a space. Due to 
differences in velocity, density, and temperature, the result 
ant shearing forces and mixing eddies lead to the aspiration 
of surrounding gas(es), such as ambient air. A jet expanding 
from a noZZle located at or above a ?at plane, such as rake 
surface, is free-expanding, but a jet expanding betWeen tWo 
or more ?xed planes is not free-expanding, because the 
boundary ?lm attachment effect is signi?cantly enhanced 
and aspiration of the surrounding gas atmosphere is signi? 
cantly reduced. (Rake surface is the cutting tool surface 
adjacent the cutting edge Which directs the ?oW of the chip 
aWay from the Workpiece. In the embodiment shoWn in FIG. 
2A, rake surface is the cutting tool surface adjacent the 
cutting edge Which directs the ?oW of the chip 86. The rake 
surface may be completely ?at, chamfered or may have a 
more complex, three-dimensional topography produced by 
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molding or an addition of a plate in order to provide an 
enhanced control chip ?oW and/or chip breaking.) 

[0067] The noZZle for issuing a free-expanding jet may be 
made of tubing terminating behind, above, or at the rake 
surface. Alternatively, the noZZle also may be made in the 
form of a channel drilled in an insert-holding clamp 80 
holding a cutting tool on the back end Within a toolholder 82 
as shoWn in FIG. 2A. The noZZle may be formed by any 
combination of ?xed or adjustable mechanical components 
attached to an insert-holding clamp or a toolholder Which 
have channels drilled for the discharge of the cryogenic ?uid 
from the desired distance at a rake surface and toWard a 
cutting edge of the rake surface. FIG. 2B illustrates an 
example of an adjustable-angle noZZle attached to a tool 
holder. The noZZle exit may be round or ?at vertically or 
horiZontally, converging, straight or diverging. There are no 
particular limitations on the noZZle, as long as the noZZle jets 
a free-expanding jet of cryogenic ?uid at the tool from the 
desired distance in the desired direction While positioned 
aWay from the chip. 

[0068] FIG. 2A illustrates a preferred embodiment of an 
apparatus 70 taught by the invention in Which a free 
expanding jet of cryogenic ?uid 72 is directed at the surface 
of a tip 74 of a cutting tool. Cryogenic ?uid passes through 
a delivery tube 76 and through bore 78 Which is drilled 
throughout a clamp 80 to form a noZZle. The clamp is 
attached to a toolholder 82 by a fastening mechanism (not 
shoWn). The jet of cryogenic ?uid expands from the noZZle 
onto the tip 74 of a cutting insert 84. In a most preferred 
mode of operation, the free-expanding jet terminates at the 
surface of the tip of the cutting insert. Alternatively, the 
free-expanding jet may be alloWed to expand further aWay 
to reach the chip 86 evolving from the Workpiece as Well as 
the surface of the Workpiece around the chip and the 
tool/Workpiece contact Zone. 

[0069] The embodiment shoWn in FIG. 2A minimiZes the 
extent of modi?cations needed on a standard machining tool 
set-up to practice the present invention. The cryogenic ?uid 
jetting noZZle is incorporated into a metal clamp 80 com 
monly used for holding the cutting inserts 84 in Work 
position, Which cutting inserts may be made of a brittle 
material. The exit of the noZZle and the front part of the 
clamp are located aWay from the chip 86 evolving from the 
Workpiece 88 during cutting, and are never in continuous 
contact With the chip and do not participate in the chip 
breaking operation. 
[0070] The illustration in FIG. 2A shoWs the direction 90 
of rotation (measured in RPM) of the Workpiece 88, the 
depth of cut (DOC) 92, the feed rate (F=undeformed chip 
thickness) 94, and the cutting poWer 96. 

[0071] FIGS. 2B and 2C illustrate a preferred mode of jet 
application in turning and milling operations. The jet of 
cryogenic ?uid 72 impinges directly at the target tool. For 
the turning application (FIG. 2B), the cryogenic ?uid enters 
delivery tube 76 and is discharged from the noZZle assembly 
98, Which is an adjustable-angle noZZle. A free-expanding 
stabiliZed jet of cryogenic ?uid is transmitted from the 
noZZle assembly to the tool nose of the cutting tool insert 84. 
The axial length 100 of the jet from the noZZle exit to the tool 
nose is a critical feature of the invention, as discussed herein. 
The arroWs 102 indicate entrainment of ambient air by the 
jet. 
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[0072] In the milling operation shown in FIG. 2C, the 
free-expanding stabilized jet of cryogenic ?uid 72 is trans 
mitted from a noZZle at the end of the delivery tube 76. The 
distance betWeen the noZZle and the tool 104 must be less 
than three inches. The arroWs 102 indicate entrained ambient 
air. The tool rotates in the direction shoWn by the arroW 106 
as the Workpiece 88 moves in the direction shoWn by the 
arroW 108. The ?gure illustrates a depth of cut 92, a Width 
of cut 110, and the chips 86‘ formed by the milling process. 

[0073] Cryogenic nitrogen and/or argon ?uids (in liquid or 
gaseous phase) are preferred because these ?uids are inert, 
non-toxic, non-corrosive, acceptable environmentally, and 
can be made sufficiently cold at the exit of the noZZle to 
refrigerate a remote target, such as a cutting tool, if jetted at 
the target from a distance. The boiling points of liquid 
nitrogen, liquid argon, and several other cryogenic ?uids 
scale With their delivery pressure to reach the folloWing 
minimum if expanded into a 1 atmosphere pressure envi 
ronment: 

[0074] liquid N2=-196° c.=-320° F. 

[0075] liquid Ar=—186° c.=-302° F. 

[0076] liquid CO2=—79° C.=—110° F. (sublimation 
point) 

[0077] chloro?uorocarbon Freon-12 CCl2F2=—30° 
C.=—22° F. 

[0078] An expanding jet tends to entrain a large quantity 
of ambient gas, such as room temperature air in typical 
machining operations. The entrainment of room temperature 
air results in a drastic reduction of refrigeration capacity of 
a cryogenic jet Within a relatively short distance from a 
noZZle exit. US. Pat. No. 5,738,281 (Zurecki et al.) dis 
closes a method of minimiZing this entrainment in the case 
of isothermal or preheated gas jets. HoWever, that patent 
does not teach about free-expanding, cryogenic jets Which 
tend to expand both radially and axially on mixing With 
Warmer surroundings. 

[0079] Applicants discovered that if a cryogenic ?uid is 
jetted from a distance of 0.1 to 3.0 inches at a target tool 
surface, has an initial temperature at the noZZle exit less than 
minus 150° C. (—150° C.), and has a ?oWrate of at least 0.5 
lbs/minute, then the jet of cryogenic ?uid arriving at the tool 
surface is sufficiently cold and can, potentially, enhance the 
life of the tool under high-energy cutting conditions. Appli 
cants also discovered that if the ?oWrate of the cryogenic 
?uid jet exceeds 5.0 lbs/minute (37.8 grams/second), exces 
sive spreading of the jet of cryogenic ?uid Within the cutting 
area results in a detrimental pre-cooling of Workpiece mate 
rial, a transient effect of hardening the Workpiece just 
upstream of the cutting edge, leading to a drop in tool life. 
Applicants also determined that the minimum discharge 
pressure required for effective tool cooling is 25 psig (1.7 
atm). The maximum pressure (250 psig) is established by the 
large-scale economics of storing and handling cryogenic 
nitrogen and argon—the most common and cost-effective 
large tanks holding these cryogens are rated up to 230 psig 
and rapidly vent a thermally compressed and expanding 
cryogen if the cryogen pressure exceeds 250 psig (17 atm). 
Applicants recogniZed that in order to meet the economic 
necessities of the machining industry, the cryogenic cooling 
of tools engaged in high-energy cutting operations should be 
performed using a cryo-?uid stream sourced from a large, 
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“bulk” tank under its oWn cryogenic vapor pressure. Thus, 
Applicants optimiZed their tool cooling procedure for a 
maximum discharge pressure of no more than 250 psig. The 
discharge pressure is the pressure measured at the inlet side 
of the cryogenic ?uid jetting noZZle. 

[0080] The free-expanding jet of cryogenic ?uid should be 
aimed toWard the rake, nose, and cutting edge of the cutting 
tool to maximiZe the cooling effect. If the use of multiple 
cryo-jets is desired in a given cutting operation due to Work 
material or tool geometry considerations, the primary cryo 
jet characteriZed by the highest ?oWrate should be aimed 
toWard the rake, nose, and cutting edge. Applicants found it 
surprising and unexpected that the cryogenic ?uid jet 
impinged at the rake surface in such a Way that the jet does 
not induce fractures, chipping, or cleavage of hard but brittle 
tool materials preferred in high-energy cutting operations. 
The advanced, non-metallic tools, as Well as other hard but 
brittle tools (characteriZed by a traverse rupture strength of 
less than 3 GPa or a fracture toughness of less than 10 MPa 
mO 5) cooled according to Applicants’ method lasted longer 
than the same type of tools operated dry under high-energy 
cutting conditions. This ?nding is contrary to the teachings 
of the prior art 

[0081] While the exact reasons for the surprising and 
unexpected results (Which provide a substantial improve 
ment over the prior art) are not clear, it appears that these 
results may be due to a combination of factors. Without 
Wishing to be bound by any particular theory, Applicants 
believe that these factors include but are not limited to: (1) 
cryogenic hardening of the entire cutting tool material, (2) 
reduction in thermal expansion-driven stresses Within the 
entire tool, and (3) reduction in thermal gradients at tool 
surfaces due to the boundary ?lm effect and the Leidenfrost 
phenomenon. The boundary ?lm is a jetting condition 
controlled, semi-stagnant, transient ?lm Which “softens” the 
cryogenic chilling effect and “smoothens” thermal pro?les at 
the impingement-cooled surface. The Leidenfrost phenom 
enon occurs to a larger or smaller degree With all liquids 
sprayed at a target surface that is hotter than the boiling point 
of the liquid. Liquid drops boil above a hot surface and, thus, 
the hot surface is screened by a layer of vapor. In the case 
of cryogenic liquids, especially if colder than —150° C., all 
tool surfaces are hot, Which means that a typical cryo-liquid 
jet slides on a boundary ?lm of its vapor Without directly 
Wetting the tool. This makes the thermal pro?le of the 
impingement-cooled tool surface smoother and may explain 
Why Applicants’ free-expanding cryo-?uid jet is effective in 
enhancing the life of brittle tools. In the case of an oil or 
Water-based cutting ?uid, With its boiling point signi?cantly 
higher than room temperature, boiling occurs only at a very 
close distance from the perimeter of a chip contact Zone at 
a tool surface. When the chip changes direction during 
cutting, or the cutting tool encounters a sudden cutting 
interruption, such a conventional ?uid spreads over a sud 
denly exposed, hottest tool surface area Where it boils 
explosively, releasing vapor, microdroplets, and pressure 
Waves. The boundary ?lm thickness, Leidenfrost phenom 
enon, sudden changes in boiling behavior With a change in 
temperature difference betWeen jetted liquid and target sur 
face (hydrodynamic instabilities), as Well as the importance 
of noZZle orientation and ?oW conditions, have been taught 
in many references.(3) Applicants believe that their method, 
practiced Within the above-described range of cryo-?uid 
jetting conditions, promotes the desired, thin boundary ?lm 




















