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ABSTRACT
Application of conventional cutting fluids do not serve tize purposes
etfectively particularly under high cutting velociiy and ieed. fresides,
such cutting fluids pollute the environment in higtt production
machining and grinding. Cryogenic cooling seemed to *e quiie
effective in reducing the high cutting temperature, v,'hiclt impairs
product quality and reduces tool life. Cryogenic cooling is an
environment friendly clean technology for desirable control of
cutting temperature. The present work investigates the role of
cryogenic cooling by liquid nitrogen jet on chip formation, cutting
forces and cutting temperature in turning AtSl 4148 steel under
industrial speed-feed conditions. The experimental results indicate
significant reduction in cutting temperature on application of
cryogen. Such reduced temperature along with reduction in cizip-tool
contact length and favourable chip-tool interaction aiso provide
significant reduction in cutting forces.

Keywords: Turning, Cryogenic cool ing, Cutt ing temperature, Cutt ing
forces

1 . I N T R O D U C T I O N

Machining industr ies essent ial ly t ry for high mater ial  removai rate (MRR)
and product qual i ty.  The major problems in achieving high product iv i ty
and qual i ty are caused by the high cutt ing temperature developed during
machining at high cutt ing veloci ty and feed, par l icular ly v;hen the work
mater ial  is di f f icul t- to-machine. Such high temperature causes
dimensional deviat ion and premature fai lure of cutt ing tools.  I t  also impairs
the surface integri ty of the product by inducing tensi le residual stresses
and surface and subsurface micro-cracks in addition to rapid oxidation
and corrosion [1,2].  General ly,  such problems are tr ied to be conirol led by
profuse cool ing with soluble oi l .  But convent ional cool ing is not that
effect ive, as the bulk chip-tool  contact under high cutt ing veloci ty and feed
prevents the f lu id from enter ing the chip-tool  interface, where temperature
is maximum [3-7].  However,  high-pressure jet  of  soluble oi l .  i f  appl ied at
the chip-tool  interface, could reduce cutt ing temperature and improve tool
l i fe to some extent [7,8].

Besides providing only marginal technological  benef i ts,  the convent ionai
cutt ing f lu ids pose a few major environmental  problems [9];  l ike

Professor, Department of Industr ial and Production Engineering. Bangiadesh
University of Engineering & Technology, Dhaka, Bangladesh
Assistant Professor, Department of Industr ial & Production Engineering
Shah Jalal University of Science & Technology, Sylhel,  Bangladesh.



environmental  pol lut ion due to chemical break-down of the cut l ing f lu id at
high cutt ing temperature, biological ly hazardous to operator due to
bacter ial  growth [10] and water pol lut ion and soi l  contaminai ion during
f inal  disposal.  Simply, the cost of  disposal of  used coolant has increased
substant ial ly and in Germany in 1994, i t  was est imated [9] to be one bi l l ion
D M .

Possibi l i ty of  control l ing high cutt ing temperature in nigh product ion
machining by some al ternat ive methods have been reported, l ike
tr ibological ly modif ied cutt ing inserts [11],  high pressure coolant in ject ion
technique [ '12] and COz in the form of jet  [13].

Application of cryogen for effective cooling without poliuting the
environment is becoming more and more popular 114-251. Bui in addition
to pol lut ion control ,  the industr ies also reasonably insist  economic viabi l i ty
through technological  benef i ts in terms of product qual i ty,  tool  i i fe and
saving power consumption by appl icat ion of cryogenic cool ing. So i t  has
become essential to study the role of cryogenic cooling on cuiting forces,
cutt ing tool  wear and qual i ty of the product in machining and gr inding
where high cutt ing temperature is the major concern and opt imize the
cryogenic application to derive maximum benefits.

The review of the literature suggests that cryogenic cooling provides
several  benef i ts in machining and gr inding. The object ive of the present
work is to experimentally investigate the in{luence of cryogenic cooling by
liquid nitrogen jets on chip formation, cutting forces and temperature in
machining AlSl-4140 steel with integrated chip breaker type uncoated
carbide inserts.

2. EXPERIMENTAL INVESTIGATIONS

AlSl4140 steel rol led stock of in i t ia ldiameter200 mm and length 750 mm
was straight turned in a high power rigid HMT lathe by uncoated carbide
inserts of two different integrated chip breaker geometry at industrial
speed-feed combination under dry and cryogenic cooling conditions to
study the role of cryogenic cooling in respect of chip formation and cutting
forces as well as cutting temperature. The experimental setup is
schematical ly shown in Fig.1. Table-1 provides the detai led experimental
condit ions.

Liquid ni trogen jets were appl ied almost along the main and auxi l iary
cutting edges. Two jets have been used mainly to target the rake surface
and flank surface along the main cutting edge and to protect the auxiliary
flank to enable better surface finish and dimensional accuracy. Two
different integrated chip breaker geometry cuiting insert were used to
study the effect of such geometry on ef{ectiveness of cryogenic cooling.
The process parameters as indicated in Table-1 were selecteci as per
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industrial practice and recommendation
machining AlSl 4140 steel.
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Fig.1 Schematic layout of the experimental set-up
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Machine tool
Work specimen

Material
Size

Cutting inserts

Tool holder
Working tool geometry
Process parameters

Cutting velocity, V.
Feed rate, So
Depth of cut, t

Environment

NH22 HMT Lathe, India, ' l ' l  kW
AlSl-4140 steel (C-0.43'/", Mn.0.67%, Si-
O.2Oo/", Cr-1 .05%, Mo-O. 1 5%)
9200 X 750 mm (Hardness: 252 BHN)
Carbide, TTS (P-30 ISO specification), WIDIA

i ' . '  \ - r  .  l
-- #'Y,-

SNMG 120408-26 SNMM 120408
PSBNR 2525 M12 (lSO specification)
- 6 ,  - 6 , 6 , 6 ,  1 5 , 7 5 , 0 . 8  ( m m )

67 to 137 m/min
0 . 1 2 , 0 . 1 6 , 0 . 2 0  a n d  0 . 2 4  m m / r e v
1 . 5  m m
Dry and cryogenic cooling by liouid nitrogen

Table-1 Experimentalconditions

The chip samples collected while turning the steels by the ciilferent inserls
of configuration SNMG and SNMM at different V"-So combinations under
both dry and cryogenic cooling condition have been visually examined
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and categorized with respect to their shape and colour. The results of
such categorization of the chips produced at different condiiions and
environments by the AlSl-4140 steel at  lower feeds (0.12 and 0.16
mm/rev.)  and higher feeds (0.20 and 0.24 mm/rev.)  have oeen shown in
Table 2(a) and Table 2(b) respect ively.

Feed, S9, mmlrev

SNMM 120408 TTS

h l r r o

I  grey
b lue

Table 2(a) Shaoe and colour of chios al  lower feeds

Table 2(b) Shape and colour of chips at higher feeds.

Another important machinability index is chip reduction coefficient, ( (ratio
of chip thickness after and before cut). For the given tool geometry and
cutt ing condit ions, the value of (  depends upon the nature of chip-tooi
interaction, chip contact length and chip form, all of which are expected to
be inf luenced by cryogenic cool ing in addit ion to the levels of V" and So.
The variat ion in value of (  with change in tool  conf igurat ion, V. and So as
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vc,
n/min

c

E
E
Etu

Feed, Ss, mm/rev

SNMG 120408.26 TTS SNMM 120408 TTS
0.20 0.24 0.20 4.24

Shape Color Shape Color Shape Color ShapeColor
67 Drv b lue b ue b lue a

Cryo ni,1:i golden goden ! i l golden loppel

8 1 Drv qrev o U E orev
Cryo Sri. Solder goden !:i:i i b lue b iue

'106 Drv qrev t inoe grey dro\t

Crvo :o lden qolden b lue b iue
t J / Dry blue b lue b lue D I U E

crvo :o lden purpre qrev b lue
Chip shape

,1-liilii
' iiltir,i. '

''nr....iii ailq 
*rit_,

qL/

,r5..ii;
i l .i1.'

r I]\

Grouo Half  turn Tubular/hel ical Spira l Ribbon



well as machining environment evaluated for AlSl 4140 steel has been
plotted and shown in Fig.2.
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Fig.2 Variation in chip reduction coefficient, ( with increase in cutting
velocity at different feeds in turning steel by (a) SNMG and (b)
SNMM inserts under dry and cryogenic conditions
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Fig.3 Variation in main cutting forces, P. with increase in cuiting velocity
at different feeds in turning steel by (a) SNMG and (b) SNMM
inserts under dry and cryogenic conditions

The tangential or main component, P, and the feed or axial component, P*
of the cutting force were monitored by a 3-D dynamometer (Kistler 3-
component dynamometer) and recorded in a PC using a data acquisition
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system (PCL 818 HG Mult i funct ion 12 bi t  highgain DAS card: Sampling
frequency 2000 Hz) during turning the steel by the carbide inserts (a)
SNMG and (b) SNMM under different V. and So and have been
graphically shown in Fig.3 and Fig.4 respectively.

Cryogenic cooling is expected to provide some favourable effects mainly
through reduction in cutting temperature. The simple but reliable tool-work
thermocouple technique with proper calibration has been employed to
measure the average cutting temperature during turning at different V.-So
combinations by the two inserts under dry condiiion. The cutting
temperature was estimated using a two-dimensional finite element model
[26]. This model has been validated using the experimentally measured
cutting temperature under dry condition.
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Fig.4 Variation in feed force, P* with increase in cutting velocity at
different feeds in turning steel by (a) SNMG and (b) SNMM inserts
under dry and cryogenic condition.

The finite element analysis provided distribution of temperature assuming
steady state heat transfer in the workpiece, chip and tool. Such analyses
have been carried out for all the combinations of work material{ool-V"-So-
environment undertaken. Fig.5 and Fig.6 are typically showing ihe
temperature distribution under dry and cryogenic condition respectively by
SNMG and SNMM inserts. The effect of cryogenic cooling on average
chip-tool interface temperature in turning steel by the iwo types of inserts
at different V. and So under dry and cryogenic condition has been shown
in Fig.7.
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The percentage reduction in the cutting forces, P, and P. and average
cutt ing temperature (Ouun) due to cryogenic cool ing under the present
machining condit ions are shown in Table 3.

Table-3 Reduction in forces and 0uun due to cryogenic cooling

3.  EXPERIMENTAL RESULTS AND DISCUSSIGNS

On Cutting Temperature

During machining any duct i le mater ials,  heat is generated at the pr imary
deformation zone due to shear and plastic deformation, chip-tool interface
due to secondary deformation and sliding work-tool interfaces cjue to
rubbing. All such heat sources produce maximum temperature ai ihe chip-
tool  interface, which substant ial ly inf luence the chip formation mode,
cutting forces and tool life. Therefore, attempts are made to reduce this
detr imental  cutt ing temperature. Convent ional cutt ing l lu id appl icat ion
may, to some exlent, cool the tool and the job in bulk but cannot cool and
lubricate expectedly effectively at the chip-tool interJace where the
temperature is maximum. This is mainly because the f lowing chips make
mainly bulk contact with the tool rake surface and may be iollowed by
elastic contact just before leaving the contact with the iool. Bulk contact
does not allow the cutting fluid to penetrate in the interface. Elastic contact
al lows sl ight penetrat ion of the cutt ing f lu id only over a smal l  region by
capillary action. The cutting fluid action becomes more and more

Journal of Engineering and Technology Vol. 5 No. 1, 206 2B

v c
m/min

o

mm/rev
Percentaqe reduct ion in i

Px P7 "avo P, , 7 - A

S N M G SNMM
67

0 . 1 2

7.8 5 .29 24.5 .10
L L ,  I

8'l 1 2 . 0 3.82 1 8 , 3 o .  l I u . ( ]

1 0 6 10.2 5.07 14.4 6 .6 6 . 9 a A  a
|  + . u

l . ) t a 7 9 . 1 9 1 3 . 1 1 ^  A
I  L . +

67

0 . 1 6

o .  I + .2 \ ) z z . z o . z o _ / o Z U . Z

8 1 8.6 18.4 5 .7 5 .68 I  o . L

1 0 6 1 2 . 2 Z+. . ' J 1 4 . 3 5 8.71
137 10.7 5 .63 12.2 4 . 9 I J .  I

67

0.20

o . Y 4.59 '18 .3 6 .4 a . t t . J . o

8 1 1 0 . 9 3 .99 t o o . Y 7 7 R L / . O

1 0 6 t . t . c 3 . 2 1 1 e  A t r .  l v 4.2
t 3 t I  z . + 4 . 7 1 1  AI  t . - 6 F  O A

67

0.24

1 0 . 6 +.+o 5 . 9 I  o . l

8 1 14.3 4 .56 l + _ o 4.9 t o . +

1 0 6 16.2 3.74 t J . o 5 .  1 a a  A

137 1 3 . 8 7 .53 1 3 . 8 A 1 7.3 t + . o



ineffective at the interface with the increase in V" when the chip-tool
contact becomes almost fully plastic or bulk.

Application of liquid nitrogen jet substantially lowered the maximum level
of temperature at the chip-tool interface and at the wear land for both the
inserts (Fig.S and Fig.6). But the pattern of temperature distribution
remains almost similar. Such observations are valid throughout the
experimental domain. Also the liquid nitrogen jet provides post cooling of
the chip, which may enhance chip breakability [21]. The present method
of application of liquid nitrogen, however, has not appreciably changed the
shear plane temperature.

Under cryogenic cooling, the contact side of the chip was cooled leading
to closer chip curling and reduction in chip-tool contact length. The
integrated chip breaker type inserts under cryogenic cooling provided the
benefits of restricted contact cutting effect for reduced chip contact length.
Though chip contact length was reduced under cryogenic cooling but the
maximum temperature occurred at the mid section of the chip-tool
interface. Thus, there was no concentration of heat at the tip of insert,
which would have been detrimental.

Figures like Fig.5 and Fig.6 have been used to quantitatively determine
the effect of cryogenic cooling vis-a-vis dry machining on average chip-
tool interface temperature. Fig.7 shows the variation in average chip-tool
interface temperature with the increase in cutting velocity and feed when
steel is turned by the pattern type (SNMG) and groove type (SNMM)
insert under both cryogenic and dry conditions.

Fig.7 cleady shows that the machining temperature significantly increased
with the increase in cutting velocity and feed, though in different degree,
under all the conditions undertaken expectedly for increased energy input.

Cryogenic cooling has enabled significant reduction in machining
temperature, though in different degree for different levels of process
parameter undertaken. Such effect may be reasonably attributed to
reduction in chip-tool contact length, reduction in forces due to restricted
contact cutting effect [27] and also by enhanced heat transfer under
cryogenic cooling. The benefit of cryogenic cooling has been more
predominant at lower cutting velocity expectedly because at lower velocity
a large portion of the chip-tool contact remains elastic in nature, which is
likely to allow more effective penetration of cryogen al the interface.
However, it is evident from Fig.7 that the average chip-tool interface
temperature has decreased by about 117o lo 24o/" when steel has been
machined under cryogenic cooling. Even such apparently small reduction
in the cutting temperature is expected to have some favourable influence
on other machinability indices.
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The cutt ing temperature general ly increases with the increase in V" ano
So, though in di f ferent degree, due to increased energy inpui and i t  could
be expected that cryogenic cool ing would be more effect ive at higher
values of V" and So. But actually it had been otherwise as can ire shown in
Table-3. The percentage reduct ion in the average cuit ing remperature
gradual ly decreased with the increase in V. more or less truly under ai l  the
values of So when the steel rod was machined under cryogenic cool ing by
the SNMM type insert  unl ike when machined by the SNMG iype. This
indicates that the geometry of the cutt ing insert  plays signi f icant role on
the effect iveness of cryogenic cool ing. l t  seems the increased bulk contact
of the chips with the tool  with the increase in V. did not al low signrfrcani
entry of even the l iquid ni trogen jets in case of the SNMM insert  whose
cutt ing edge geometry al lowed int imate contact of  the chip over the chrp-
tool contact length. Only possible reduction in the chip-lool contact length
by the cryogenic jets,  part icular ly that which comes alortg the auxi i iary
cutt ing edge, could reduce the temperature to some extent part icular ly
when the chip veloci ty was high due to higher V..

Mach in ing  Ch ips

The pattern of chips in machining duct i le metals general ly depends upor-r
the mechanical properties of the work malerial, tool geometry particularly
rake angle, levels of V" and So, nature of chip-tool interaction and the
cutt ing environment.  In absence of chip breaker,  length and uniformity of
chips increase with the increase in duct i l i ty and softness of the work
mater ial ,  tool  rake angle and cutt ing veloci ty unless the chip-tooi
interact ion is adverse causing intensive f  r ict ion and bui i t -up edge
formation.

Table 2(a) and Table 2(b) show that the steel, when machined by the
pattern type SNMG inserts under dry condltion produced ribbon type
cont inuous chips at low feed (0.12 mm/rev) and more or less half  turn
chips at higher feeds. The geometry of the SNMG insert  is such that the
chips of this steel f i rst  came out cont inuously got cur led along normal
plane and then hi t t ing at the pr incipal f lank of this insert  broke into pieces
with regular size and shape. When machined under cryogenic cool ing the
form of these duct i le chips did not change appreciably but their  back
surface appeared much brighter and smoother. This indicates that the
amount of reduction of temperature and presence of inert nitrogetr due io
cryogenic appl icat ion enabled favourable chip-tool  interact ion and
el iminat ion of even trace of bui l t -up edge formation.

The colour of the chips have also become much l ighter i .e.  metal l ic or
golden from blue or grey depending upon V" and So due to reduci ion in
cutt ing lemperature by cryogenic cool ing.
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Almost all the parameters involved in machining have direcl and indirect
inf luence on the thickness of the chips during deformation. The degree of
chip thickening which is assessed by chip reduct ion coeff ic ient,  ( ,  plays
sizeable role on cutting forces and hence on cutting energy requirements
and cutting temperature.

Fig.2 shows that cryogenic cooling has reduced the value of pariiculariy at
lower values of V. and So when both the inserts machined ihe sieei rod.
By cryogenic applications, ( is reasonably expected to decrease for
reduction in friction at the chip-tool interface and reduction in deterioraiion
of effective rake angle by buill-up edge formation and wear at the cutiing
edges mainly due to reduct ion in cutt ing temperature and also possibly for
removal of  oxygen from the cutt ing zone by ni trogen. In this case, more
effect ive cryogenic cool ing seemingly enabled larger reduct ion in at
lower V. and So. But close cur l ing of the chips due to post cool ing by
nitrogen jets may, on the other hand, tend to increase to some exien{.

Cutting Forces

The nature of variation in the cutting forces P, and P* observed during
turning the steel rod by the two different types inserts at ciifferent V" and
So under both dry and cryogenic cool ing condit ions are shown in Fig.3
and Fig.4 respectively.

The magnitude and pattern of the cutting forces is one of ihe most
important machinability indices because that plays vital roies on power
and specif ic energy consumption, product qual i ty and l i fe of the sal ient
numbers of the Machine-Fixture-Tool systems. Design of the Machine-
Fixture-Tool-Work systems also essentially need to have the knowledge
about the expected characteristics of the cutting forces. Therefore, it is
reasonably required to study and assess how the cutting forces and tool
life are affected by cryogenic cooling with liquid nitrogen, which is
pr imari ly aimed at environment fr iendly machining.

Fig.3 and Fig.4 are clear ly showing that both P. and P* have uniformly
decreased with the increase in V" more or less under all the {eeds, for
both the tools and environments undertaken as usual due to favourabie
change in the chip-tool interaction resulting in lesser friction and intensity
or chances of bui l t -up edge formation at the chip-tool  in ierJace. In
machining duct i le metals l ike steels by carbide tools,  which are not
chemically inert like ceramics, the chip material under elevated
temperature and high pressure sticks in their layer on the iool surface by
adhesion and diffusion and often resulting in gradual piling of the strain
hardened layers forming bui l t -up edge near the cui i ing edge. After
growing to certain size, the built-up edge gets separated from the tool by
the increased transverse force. Both the formaiion and frequent
separation of built-up edge are detrimental because it not only raises and

Journal of Engineering and Technology Vol. 5 No. 1, 206 L t t



fluctuates the cutting lorces but also impairs the finisheo sudace ancJ
reduces tool life.

I t  is evident from Fig.3 and Fig.4 that both P. and P* decreased sizeably
due to appl icat ion of l iquid ni trogen jet  more or less at al l  the V.-S,
combinations and for both the inserts. This improvemeni can be
reasonably attributed to reduction in the cutting temperature particularly
near the main cuttrng edge where seizure of chips and forrnat ion or
tendency of formation of bui l t -up edge is more predominant.  in this
respect,  the l iquid ni trogen jet  impinged along the main cutt ing edge
seems to be more effective in coolinq the neiqhborhood of ihe main
cutting edge.

During machining, the shear strength of the duct i le type work matef lal  at
the cutt ing zone in one hand increases due to compression and straining
and on the other hand decreases due to softening by the cutt ing
temperature i f  i t  is suff ic ient ly high. But again along with sof lening. the
chip mater ial  becomes st icky for which the fr ict ion force and hence the
cutting force may tend to increase. The overall effect of all such factors on
the magnitude of the cutting forces will depend on the nature of ihe work
material and the level of the cutting temperature. Therefore, it seems that
cryogenic cooling had ultimately favourable effect on the behavior of the
present alloy steel in respect of cutting forcers for which cryogenic coolrng
enabled reduct ion in the cutt ino forces to some extent even when bui l t -un
edge was not vis ible.

The percentage reduction observed in P, and P* due to cryogenic
appl icat ion during turning the present steel by the SNMG and SNMlt4
inserts at different V" and So are given in Table-3. The table snows that
there is no definite trend in the role of variation in V" and S,, as well as the
type of inserts on the percentage reduction in P. and P" uniike on that in
cutting temperature. The degree of reduction in the cutting forces seerns
to have been governed combinedly by the levels of V. and Su and the tool
geometry, which together not only controlled the degree of cooling by the
l iquid ni trogen jets but also inf luenced the indirect ef fects of cryogenic
cool ing l ike reduct ion in chip-tool  contact length, break-in wear at the
cutt ing edges, close cur l ing of the chips, al l  of  which might have
contributed in reducing the cutting forces. The randomness in perceniage
reduction in P, and P* (Table-3) might be also indebted to the rarrdom
formation and dislodgement of the built-up edge, whatever be its size and
bond strength. However, more in depth study is needed to expiore the
actual role of the different parameters on the effect of cryogenic cooling in
machining different materials by different tools.
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4. CONCLUSIONS

i. Cryogenic cooling by liquid nitrogen provides not only friendly
working environment and bulk cooling of the tool and the job but also,
if properly employed, some technological benefits like reduction in
the cutting forces, favourable chip formation and retention of cutting
edge sharpness over longer period.

ii. The degree of technological benefits of cryogenic application in
machining a ductile metal depends upon how the cryogen is applied,
the cutting tool geometry and the levels of the machining process
Darameters.

iii. Cryogenic cooling improved the machinability of the steel mainly
through reduction in the cutting zone temperature and favourable
change in chip-tool interaction.
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