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Abstract- The reduction of temperature at the cutting zone becomes the dominating factor for determining the reliability or 
efficiency effectiveness of a coolant. The conventional cutting fluids fail to achieve the desired cutting temperature and also 
have techno-environmental problems along with the possibility of corroding the workpiece and machine tool parts. Cryogenic 
coolant (dip in LN2) has the potential to obtain the desired cutting temperature and is also environment friendly. The current 
work involves the experimental study for determining the optimized method of machining for AISI 1040 steel under dry, wet 
and cryogenic coolant (LN2) conditions by analyzing cutting force, surface roughness and chip formation for all the conditions. 
Even though cutting forces obtained for cryogenic cooling were high but surface roughness, chip formation were in favor of 
encouraging cryogenic cooling. 
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I. INTRODUCTION 
 
Steel has wide applications in industries and also the 
demand of steel is increasing day by day. The only way 
to meet the increasing demand of consumers is to 
increase the rate of production and processing of steel. 
This urge to meet high rate of production causes 
generation of high temperature zone at the tip of the 
tool (tool wear) and also detoriates the quality (surface 
finish, dimensional accuracy) of product 
manufactured. But no compromise can be allowed 
with surface finish and dimensional accuracy of the 
product and at the same time the life of the cutting tool 
has to be taken care too. In order to overcome these 
problems during machining either coated cutting tools 
or appropriate cutting fluids are used. Thus this 
experiment makes an approach to evaluate various 
types of cutting fluids used for machining and 
concludes the optimized method based on the results 
obtained. 
 
The conventional coolants fail to provide desirable 
control of cutting temperature in the cutting zone and 
it also creates techno-environmental problems. The 
use of conventional coolants not only restricts itself 
with these problems but also effects workpiece and the 
parts of the machine tool by causing corrosion which 
ends up in the failure of the part. Thus to reduce the 
environmental problems caused by conventional coolants, 
cryogenic fluids were introduced as cutting fluid.Cryogenic 
cooling involves a liquid coolant whose boiling point 
is at sub zero temperature. This coolant acting as a 
sink would absorb the heat from the tool tip 
temperature which forms the source of heat 
generation. This is based completely on the principle 
of flow of heat from higher temperature to lower 
temperature. There are experiments conducted on 
steel using carbon dioxide as the cryogenic coolant. 
Even though CO2 is cheaper and available in abundant 

it has two major disadvantage of affecting the 
respiratory system of the operator whose is in contact 
with it for prolonged period of time during machining 
and it also has huge adverse impact on the greenhouse 
effect as CO2 is a greenhouse gas. Due to these major 
disadvantages Liquid Nitrogen (LN2) is much 
preferred compared to carbon dioxide (CO2) when it 
comes to cryogenic cooling. Cryogenic cooling 
provided less cutting forces, reduced cutting 
temperature, better surface finish and improved tool 
life compared to dry machining. Cryogenic cooling 
plays a vital role in chip breaking and reducing cutting 
temperature in turning as this was reported. The 
physical properties of LN2 are:- 
 
Boiling Point:  -195.8°c Liquid Density:
 
808.607 kg/m3 (1.013 bar at boiling point) 
Among the variety of steel grades available AISI 1040 
steel is widely used in industries for manufacturing of 
crankshaft, fasteners, coupling and cold headed parts. 
Thus the current work experimentally shows the 
comparison and analysis of cutting forces, surface 
roughness and chip formation  for turning of AISI 1040 
steel at various feed, speed and depth of cut using High 
speed steel single point cutting tool for dry machining, 
machining using conventional cutting fluid and 
cryogenic cooling(LN2). 
 
II. LITERATURE REVIEW 
 
There has been a lot of research work conducted on 
machining (turning, grinding) of mild steel. In dry 
machining of a metal in lathe, oxygen jets were 
directed at tool-chip interface to perform the work of a 
coolant. It was found that oxygen was particularly 
effective in reducing cutting forces and improving 
surface finish. In an experimental study conducted on 
metal cutting under high hydrostatic pressure, a 
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hydrostatic pressure of 0MPa-150MPa was applied 
using a pressure vessel. The orthogonal cutting 
process was carried out using hydraulic oil ISO VG 32 
as hydraulic fluid. It was concluded that hydrostatic 
pressure was successful in penetrating hydraulic oil 
into chip-tool interface and at tool workpiece interface 
and thereby improving the surface finish with the 
increase in hydrostatic pressure for both aluminium 
and steel workpieces. A reduction about 5-15% in the 
cutting force was observed during the turning of AISI 
1040 steel and the main reason behind this reduction 
of cutting force was the favorable change in chip-tool 
interaction and retaining the sharp cutting edge due to 
the reduction in cutting temperature by the use of 
MQL method. In an comparative study experiment 
conducted on 1045 cold rolled steel for dry machining, 
flood cooling using water based cutting fluid, 
micropool lubrication using cutting oil and solid 
lubricant it was observed that micropool lubrication 
supplies minimum amount of lubricant to the 
chip-tool interface resulting in improving the metal to 
metal contact conditions by reducing the coefficient of 
friction. Micropool lubrication was also found to be 
very efficient in reducing cutting force, cutting energy 
and chip-tool contact length. This method encourages 
curl chips indicating improved surface finish of the 
workpiece and the chip removal is easy. In an 
investigational study of applicability of solid lubricant 
in turning of AISI 1040 steel a new setup was designed 
for the application of fine solid lubricant powder(2µm 
average size particle) at tool and work interface. The 
solid lubricant powder used for machining was 
molybdenum disulphide. It was found that this method 
of solid lubricant machining was successful in 
reducing the surface roughness and chip thickness 
ratio. It also improved the surface finish by 5% to 
30%. In turning of C45 steel under compressed air, oil 
water emulsion, water vapour as coolant and lubricant 
and dry cutting it was found that the use of water 
vapour as coolant and lubricant reduced the values of 
various significant parameters such as cutting force, 
friction coefficient, chip deformation coefficient and 
further it reduced the values of surface roughness thus 
improving the surface finish and it also lowered the 
cutting temperature. In a turning operation performed 
on ANSI 1045 steel material using cemented carbide 
tool P10 under variety of coolants such as oil water 
emulsions, CO2, O2, water vapour, WV&C (mixture of 
water vapour and carbon dioxide gas), WV&O 
(mixture of water vapour and oxygen gas) and 
machining under dry conditions it was observed that 
water vapour, gases and mixture of water vapour and 
gas as a coolant and lubricant emerged out to give 
better results than the remaining machining 
conditions. The application of gases, water vapour, 
mixture of water vapour and carbon dioxide and 
mixture of water vapour and oxygen at the tool-chip 
interface reduced 20-40% of the cutting forces than 

dry cutting. The values of various parameters 
favouring for better surface finish and better tool life 
were observed in this method of lubrication. In 
comparison of applications of gases, wet and dry 
turning of AISI 1040 steel oxygen, nitrogen and 
carbon dioxide gases were used at constant cutting 
speed with three different levels of feeds and depth of 
cut. Results revealed that finer surface finish was 
obtained at high feed rates with the application of 
gases while wet machining produced higher surface 
quality at low feed rates and highest surface roughness 
values were obtained for machining in dry condition. 
It was also concluded that application of gases reduced 
the cutting forces and increased the shear angle 
compared to dry and wet machining. A new method of 
lubrication was proposed which uses supercritical 
carbon dioxide (scCO2) along with straight soyabean 
oil. The soyabean oil-in-scCO2 is sprayed during 
tapping operation and it was observed that CO2 due to 
its rapid expansion cools the cutting zone and the 
combination of both high pressure and low surface 
tension are primarily responsible for supplying the 
straight soyabean oil at interstitial spaces between the 
tool-wokpiece interface thus providing better desired 
results than only straight petroleum mineral oil and 
petroleum oil. During turning of AISI 1045 steel 
under cryogenic condition(cryogenic coolant CO2), 
wet machining and under dry machining it was 
observed that application of CO2 gas improved the 
surface finish by 5%-25% compared to wet 
machining. In plain turning of stainless steel work 
under dry and cryogenic conditions it was observed 
that the cutting forces in cryogenic machining reduced 
by 14.83% over dry machining. It was further 
concluded that cryogenic cooling is more beneficial 
for higher machining rate with better quality but the 
consumption of liquid nitrogen was high which lead to 
increase in overall cost of machining. N.R. Dhar et al. 
conducted an experiment on turning of AISI 4037 
steel under dry, soluble oil and cryogenic condition by 
spraying the jet of liquid nitrogen at tool tip. The 
experiment was conducted at industrial feed-speed 
combination using a coated carbide insert. It was 
concluded that application cryogenic cooling resulted 
in better surface finish and higher dimensional 
accuracy compared to dry and wet machining. 
 
M. Dhananchezian et al. performed an experimental 
investigation by turning AISI 1045 steel and 
Aluminium 6061-T6 alloy using multi coated carbide 
and uncoated carbide cutting tools respectively. The 
jet of liquid nitrogen was sprayed at the rake face of 
the tool (Rake cooling). The cutting forces for steel 
increased upto a maximum of 15% while the cutting 
forces for aluminium increased upto a maximum of 
10%. S. Paul et al. performed a cryogenic cooling 
experiment on plain turning of AISI 1060 steel by 
spraying liquid nitrogen jet. The experiment was 
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conducted at industrial speed-feed combination by 
using two different carbide inserts of different 
geometric configurations. Dry machining resulted in 
maximum tool wear and surface roughness while wet 
machining did not show any noticeable improvement. 
Cryogenic cooling reduced tool wear, improved tool 
life and surface finish compared to dry machining. 
 
N.R. Dhar et al. machined (turning) AISI 4140 steel 
under cryogenic cooling and compared the values of 
various parameters with dry cutting. The different 
cutting tool inserts used for this operation were SNMG 
120408-26 and SNMM 120408. Improved surface 
finish and dimensional accuracy were obtained by 
adopting the method of cryogenic cooling.[18]Vishal 
S. Sharma et al. machined difficult to cut materials 
using a variety of methods of cooling and lubrication 
such as minimum quantity lubrication(MQL), high 
pressure coolant(HPC), compressed air cooling, solid 
lubricants/coolants and cryogenic cooling using 
carbide inserts. Cryogenic cooling showed better 
results at high feed rates thus it was concluded that 
this method had the potential of increasing the 
productivity. 
 
III. EXPERIMENTAL SETUP 
 
The turning operation was performed on medium 
carbon steel AISI 1040 in PSG A141 lathe (2.2 KW) 
under dry, conventional cutting fluid and cryogenic 
cooling conditions. The chemical composition of AISI 
1040 Steel is as shown in the below:- 
 

Table 1: Chemical composition of the workpiece 
material AISI 1040 steel, by weight 

Materia
l 

C Mn P S 

AISI 
1040 
Steel 

 
0.37-0.4

4 

 
0.60-0.9

0 

 
0.04

0 

 
0.05

0 
 
The values for 3 different cutting speed, feed and 
depth of cut are as shown in below: 

Table 2: Experimental Conditions 

 

 
Fig.1: Cryogenic machining 

 

 
Fig. 2: Photographic view of Surtronic 3+ 

 

 
Fig. 3: Experimental Setup 

 
The workpieces used for each of the machining 
conditions(dry, wet and cryogenic) were separate but 
were taken from the same parent material so as to 
avoid any deviation in the results obtained due to 
variation in chemical composition. The workpiece 
was dipped in cryogenic liquid (LN2) for a specified 
period of time and then fixed on to the chuck for 
turning. The fig.1 shows turning of AISI 1040 steel 
which was dipped in cryogenic liquid (LN2). 
 
The surface roughness of the machined workpieces 
were measured using Taylor Hobson manufactured 
instrument Surtronic 3+ (112/1590).The length for 
which roughness test was carried out was 4mm.It had 
a selectable range of 10µm, 100µm and 
500µm.Resolution used to carry out the experiment 
was 0.5µm.The instrument had a selectable cut off 
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value of 0.25mm, 0.8mm and 2.50mm.Skid pick up 
stylus with diamond tip radius of 5µm was used to 
measure the surface roughness. The software used for 
data acquisition and evaluation of surface roughness 
was Taly Profile 3.1.The fig.2 shows the photographic 
view of surface roughness measurement conducted.  
 
A tool holder Kistler 9404 was used to hold the cutting 
tool. A Kistler 4 component force and torque 
measuring piezoelectric drilling dynamometer was 
mounted over the toolpost for measuring and 
recording all 3 forces(cutting, feed, radial).The Kistler 
used was of type 9272A. A 4 channel charge amplifier 
5070A10100 was used and a PC based Dynoware 
software was used for data acquisition and analysis. 
Fig. 3 shows the photographic view of the 
experimental setup. 
 
IV. RESULTS AND DISCUSSION 
 
The machinability of AISI 1040 steel under dry, wet 
and cryogenic condition were analysed using the 
following parameters:- 
 
(A) Cutting Force 
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Fig. 4: Cutting force with feed for a cutting speed of 27.14m/min 

at various depth of cut 
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Fig. 5: Variation of cutting force with feed for a cutting speed of 

33.92m/min at various depth of cut 
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Fig. 6: Variation of cutting force with feed  for a cutting speed of 
43.73m/min at various depth of cut 

 
All the above graphs show the variation of cutting 
force with variable feeds at different speeds. It was 
observed that the cutting force increased with the 
increase in cutting speed and feed. The values of 
cutting forces for dry machining increased with the 
increase in cutting feed and cutting speed as there was 
no control over the cutting zone temperature and no 
method was adopted to remove the chips which were 
adhered on the tool tip. There was an increase in the 
value of cutting forces observed for machining using 
conventional cutting fluid with the increase in cutting 
feed  and cutting speed. The reason for this is that the 
coolant was found to be successful in reaching the 
cutting zone efficiently but performed only the task of 
a coolant that is it reduced the cutting zone 
temperature but failed to perform the task of a 
lubricant efficiently that is to lubricate in order to 
reduce the friction between the tool tip and the 
work.[20]The cutting forces are very sensitive to 
chemical composition, hardness, micro-structure, type 
of cutting tools used, machine stability, heat 
generation and operating parameters. It is evident 
from the above graphs that the cutting forces for 
cryogenic machining increased with the increase in 
cutting feed compared to dry and wet machining. This 
is because when mild steel is dipped in liquid nitrogen, 
liquid nitrogen forms a layer around the steel 
workpiece. Mild steel tries to turn a little more brittle 
due to the cold temperature effect formed by the liquid 
nitrogen layer around it. Due to the increase in 
brittleness the hardness too increased which is 
responsible for the increase in cutting forces in 
cryogenic machining. Mild steel regains its original 
properties when it returns to normal temperature. In 
addition to that the cutting forces increases with the 
increase in feed rate due to the increase in chip load 
and also the cutting forces decreases with the increase 
in cutting speed due to the decrease in shearing area. 
The main objective of liquid nitrogen is to reduce the 
cutting temperature as a coolant. Due to this the 
workpiece becomes harder and less adhesive at lower 
temperature thus thereby resulting in increase in the 
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cutting force and reduction in adhesion between 
chip-tool interface. 
 
(B) Surface Roughness 
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Fig. 7: Variation of surface roughness with feed  for a cutting 

speed of 27.14m/min at various depth of cut 
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Fig. 8: the variation of surface roughness with feed for a cutting 

speed of 33.92m/min at various depth of cut 
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Fig. 9: Variation of surface roughness with feed for a cutting 

speed of 43.73m/min at various depth of cut 
 
Surface roughness (Ra) plays a significant parameter 
in deciding the level of surface finish obtained with 
the respective machining condition. The undesirable 
surface finish of the machined part will not allow it to 
be assembled with another mating part which together 
forms a component. In order to avoid the occurrence of 
such problems the best method to obtain surface finish 
must be selected and put to practice. All the above 
graphs show the variation of surface roughness with 
respect to feed for three different cutting speeds and 
depth of cut under dry, wet and cryogenic condition. 
The surface roughness values for dry machining at any 
given value of depth of cut, cutting speed and feed was 
obtained to be high compared to wet and cryogenic 

cooling. This was due to the high cutting temperature 
generated at the tool work interface which could be 
clearly visible as fumes raised at certain instances 
while machining. The chips produced while 
machining were very hot and they stuck on the tool tip 
for certain period causing distortion of the machined 
surface thus thereby increasing the values of surface 
roughness. The values of surface roughness obtained 
for wet machining were less compared to dry in all 
versions of the experiment. It was observed that at 
high feed rate wet machining resulted in better surface 
finish because the soluble oil was successful in 
entering the interstitial space between tool-work 
interface thus thereby reducing the surface roughness. 
The soluble oil was also successful to some extent in 
reducing the cutting zone temperature. The cryogenic 
cooling (dip method) showed better results for surface 
finish at low feed for all the different versions of 
cutting speed and depth of cut. This was due to the low 
feed rate which permitted the easy flow of chips over 
the cutting tool without damaging the machined 
surface and simultaneously cryogenic cooling was 
provided to reduce the cutting zone temperature. 
During machining it was observed that the zone where 
cutting operation was performed, that zone returned 
from frost state to normal state and after the material 
was removed it regained its frost state (LN2 
surrounded layer). From this it’s evident that 
cryogenic coolant performed its task of absorbing the 
heat excellently thereby reducing the temperature at 
cutting zone and improving the surface finish. The 
fig.1 above shows the same. 
 
(C) Chip morphology 

 

 
Fig. 10 (a): Chips obtained for dry machining 

   
Fig. 10 (b): Chips obtained for wet machining 
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Fig. 10 (c): Chips obtained for cryogenic machining 

 
Chips produced by different machining conditions at 
different cutting ranges are useful in determining the 
optimized method of machining for obtaining better 
surface finish. During machining of ductile materials 
like AISI 1040 steel heat is generated at primary and 
secondary deformation zones and the flank 
(clearance) surfaces, but the temperature is maximum 
at chip-tool interface. Thus the chips produced depend 
upon the friction values and temperature at the 
chip-tool interface. Fig.10 (a) shows the chips 
obtained for dry machining which are C-shaped and it 
was observed that the chips obtained were slightly blue 
in colour which indicates that the chip is removing 
sufficient amount of heat from the work. The soluble 
oil used reduced the chip-tool interface temperature to 
some extent which can be concluded from the fig. 
10(b) The chips obtained for wet machining were 
short washer type helical shaped. The length of these 
chips obtained ranged between 2cm to 4.5cm.Fig. 
10(c) shows the chips obtained for cryogenic 
machining which is continuous conical helical shaped 
and these chips are desired for any type of machining 
process.  
 
This was possible because LN2 had the potential to 
penetrate the cutting zone very efficiently than any 
other conventional liquid coolant. As a result it was 
successful in reducing the adhesion and friction 
between chip tool interface causing easy flow of chips 
over the cutting tool and the cryogenic coolant 
simultaneously reduced the temperature at the 
chip-tool interface. 
 
These chips obtained are also called shear localized 
chips because they are formed when the yield strength 
of the work material decreases with temperature under 
proper conditions. These chips are obtained for 
hardened and stainless steel at high cutting speeds.A 
few of the chips had a length of 27cm, 10cm, 14cm 
and 6cm. 

CONCLUSION 
 
The use of cryogenic LN2 as cutting fluid along with 
dip method for machining of AISI 1040 mild steel and 
comparing the cutting force, surface roughness and 
chip formation with that of dry and wet machining the 
following conclusions can be made:- 
 
 The percentage increase in cutting force of 
cryogenic machining compared to dry was 
36.36%-61.66% and the percentage increase in 
cryogenic machining compared to wet machining was 
23.07%-45.22%.It was also observed that the cutting 
forces were less at high speed in cryogenic machining. 
 The percentage reduction in surface roughness of 
cryogenic machining compared to dry was 
17.69%-18.58% and the percentage reduction in 
cryogenic machining compared to wet machining was 
14.33%-20.81%.This concludes that a remarkable 
surface finish can be obtained by adopting cryogenic 
cooling (dip method).    
 Desired continuous chips were obtained in 
cryogenic machining thus indicating better surface 
finish. There are no residues of oil found on the chips 
obtained from cryogenic machining thus they can be 
recycled. The chips produced did not stick over the 
tool tip in cryogenic machining as that of dry and wet 
machining thus thereby reducing the down time and 
increasing the productivity. 
 Cryogenic cooling is neither harming the 
environment nor the operator in comparison to wet 
machining so it can be encouraged for obtaining better 
surface finish. 
 Even though the cutting forces obtained for 
cryogenic machining were high there were a lot of 
advantages like reduction in surface roughness, 
reduced friction at chip-tool interface, reduced 
temperature at the cutting zone, reduced tool wear and 
environmental benefits. 
 
It is evident from the above results that cryogenic 
cooling using dip method proved to be the optimized 
method for obtaining better surface finish, reduced 
frictional values and reduced cutting temperature 
compared to dry and wet machining. 
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