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Abstract

This paper presents some physical evidences indicating that reduced friction
occurs in an cryogenic machining process, in which LN2 is applied selectively in
well-controlled jets to the selected cutting zone. In machining tests, cryogenic
machining reduced the force component in the feed direction, indicating that the
chip slides on the tool rake face with lower friction. This study also found that the
effectiveness of LN2 lubrication depends on the approach how LN2 is applied
regarding cutting forces related.

Introduction

Cryogenic Machining, which uses liquid nitrogen (LN2) as a coolant, is an
environmentally safe alternative to conventional machining, and has been explored
since the 1950s. Scattered reports disclosed the advantages of cryogenic machining,
such as improving tool life, improving machined surface finish, and reducing cutting
forces[1-7]. After 1980s, new trends such as high-speed cutting, concern for the
environment, and employee health awareness renewed the interests in cryogenic
machining, as reviewed in [8]

There are reasons that people do not consider LN2 as a lubricant. The
lubrication mechanisms of conventional cutting fluid include hydraulic, boundary, or
extreme pressure lubrications. By no means LN2 falls into any category of them.
IN2 has a very low viscosity and evaporates quickly into gaseous state. That
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makes it very difficult, if not impossible, to form a nitrogen film between the tool
and the chip as in hydraulic lubrication. LN2 does not possess polar property either,
certainly cannot act as an additive in boundary lubrication. Although at extremely
high temperature LN2 may react with titanium to form TiN (Titanium Nitride), a
low friction substance, nitrogen is a relatively inert medium under a temperature
reachable in most metal cuttings. No chemical reaction is expected to form low
friction derivatives, as the chlorines or sulfur in extreme pressure lubrication.

Experiment Result and Discussion

LN2 as a coolant will alter mechanical properties of the workpiece materials,
and usually influence the shearing force on the primary deformation zone, therefore
changing the friction on the tool-chip interface due to a corresponding change in
the normal load. One the other hand, LN2 as a lubricant will also directly modify
the inherent frictional behavior on the tool-chip interface and usually reduce the
friction force. Therefore an investigation into the force components can provide a
qualitative evaluation of the effect of LN2 on the frictional behaviors in cryogenic
cutting.

Testing Results for Ti-6Al-4V

All the cutting tests on this material were performed for outer surface
turning. The feed and the depth of cut were 1.27mm and 0.254mm, respectively.
Due to the super-cooling property of LNZ, the high surface cutting speed was
allowed, which exceeded the industry suggested speed limit (1.0ms) and ranged
from 1.0m/s to 2.5m/s. The cutting tool was an uncoated CNMA 432-K68 flat
insert from Kennametal Inc. (or equivalently ISO KO05-K20, M10-M20), which is
made of the tungsten carbide-cobalt alloy (WC/CQ) and has been the leading
choice adopted in aerospace or airplane industry for titanium machining.

Three cryogenic cooling strategies have been tested, that is, primary nozzle
on for cooling the tool rake, secondary nozzle on for cooling the tool flank, and two
nozzles on for cooling both tool faces, and compared to emulsion-flood cooling.

Figure 1, 2, 3 show the cutting, thrusting and feeding forces versus the
surface cutting speed for Ti-6Al-4V machining, respectively, with the emulsion as
a basis for comparison. Obviously the additional tool flank cooling ( two nozzles
on ) does tend to increase the cutting fore, compared to the tool rake cooling alone
( primary nozzle on ). But it is interesting to note all of the cryogenic cooling
strategies lead to only a slightly increased cutting force although the mechanical
properties of Ti-6Al-4V, such as its shear yielding strength or ductility, can vary
significantly with the temperature[12, 13]. For example, at the surface cutting speed
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of 1.0m/s, simultaneous cryogenic cooling of the tool rake and flank has increased
the cutting force component only by less than 6%, in comparison with the emulsion
cooling. This is mainly because that the Ti-6Al-4V workpiece is not exposed to
directly to the LN2 cooling and the temperature on the primary deformation zone is
not reduced significantly due to a poor thermal conductivity of the Ti-6Al-4V.

The thrusting force component is mainly contributed by the plastic plowing
action of the tool flank against the newly cut surface of the workpiece, which
occurs when the tool cutting edge is not absolutely sharp. The thrusting force
changes with the surface cutting speed less drastically than the cutting force. All
the cryogenic cooling strategies produces a smaller thrusting force compared to
emulsion cooling. The secondary nozzle on and two nozzles on cooling
strategies in cryogenic cutting have both a lower thrusting force than the primary
nozzle on cooling. This means that the flank cooling exerts a more significant
influence on the thrusting force than the rake cooling. The reduced thrusting force
in a cryogenic cutting may imply that the cryogenic cooling on the newly cut
surface of the workpiece suppress the Ti-6Al-4V Dplasticity due to a low
temperature.

The feeding force component in an oblique cutting operation is more closely
related to the frictional force on the tool-chip interface{14]. As shown in Figure 3,
the feeding force component can be reduced significantly in cryogenic cutting if the
tool rake is cooled, as in the case of the primary nozzle on or two nozzles on
cooling strategies. Cooling the tool flank alone with secondary nozzle on will not
change the feeding force substantially. This implies that the tool-chip interface
friction can be reduced considerably by delivering a LN2 jet to the tool-chip
interface.

Testing Result for AISI1008

Because AISII008, as a low carbon steel, has mechanical properties highly
dependent on temperature, the use of liquid nitrogen can significantly influence the
chip-tool contact length and mechanical interactions on the tool-chip interface,
therefore change the frictional behaviors in the cutting zone. The chip cooling,
workpiece pre-cooling, which were originally used for improving chip breakability
[9,10], and the tool rake cooling ( primary nozzle on ) have been tested in the
current study to demonstrate the effect of LN2 on the cutting force components
and compared with dry cutting, the common cutting operation for this material in
the industry.

The cutting tests on AISI 1008 were performed using a depth of cut of 1.5
mm and a feed of 0.254 mm. The cutting speed ranged from 4 m/s to 1lm/s, and
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the tool insert was CNMA432-KC850 (with a flat rake), which is composed of a
tri-phase coating (TiN-TiCN-TiC) and cobalt-enriched substrate.

Figure 4 and 5 show the cutting force and feeding force components
measured in AISI1008 cutting tests. Since workpiece pre-cooling influenced the
workpiece without any cooling effect on the tool-chip interface, it has produced the
highest cutting force component over the whole speed range used. This is
attributable to the increased sheaﬁng strength of AISI1008 caused by the
substantial cooling effect on the primary deformation zone. On the contrary, the
cryogenic rake cooling ( primary nozzle on ) did not lead to a considerable increase
in the cutting force component, compared to the dry cutting, because LNZ was
applied only to the very localized tool rake without causing a substantial cooling
effect to the workpiece material. Furthermore, it is interesting to note that the
cryogenic rake cooling resulted in lowest feeding force component. This corresponds
to a reduced friction on the tool-chip interface by a LN2 shooting to the tool face,
implying a lubrication effect of LN2 on the tool-chip sliding contact.

Conclusions

From the observations made on the force components, which are critical
behaviors in a cutting process and influenced by LN2, the following conclusions can
be derived.

(1). The use of LN2 generally increases the force component in the cutting
direction, due to the temperature-dependent mechanical properties of the workpiece
materials. But the unfavorable increase in the cutting force components strongly
depends on the cooling approach used and can be minimized by applying LN2 only
to the localized tool faces.

(2). The feeding force component in cryogenic machining of AISI1008 and
Ti-6Al-4V can be always reduced substantially by applying a LN2 jet to the take
face, indicating a reduced tool-chip friction, which contribute to the feeding force.
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Figure 1. Cutting Force versus Speed for Ti- 6Al- 4V
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Figure 2 Thrusting Force versus Cutting Speed for Ti- 6Al-4V
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Figure 4 Cutting Force versus Speed for AISI1008
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Figure 5 Feeding Force versus Speed for AISI1008
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