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1. INTRODUCTION 

The growing demand for higher productivity, product 
quality and overall economy in manufacturing by 
machining, particularly to meet the challenges thrown by 
liberalization and global cost competitiveness, insists 
high material removal rate and high stability and long life 
of the cutting tools. However, high production machining 
with high cutting velocity, feed and depth of cut is 
inherently associated with generation of large amount of 
heat and high cutting temperature. Such high cutting 
temperature not only reduces dimensional accuracy and 
tool life but also impairs the surface integrity of the 
product. Longer cuts under high cutting temperature 
cause thermal expansion and distortion of the job 
particularly if it is slender and small in size, which leads 
to dimensional and form inaccuracy. On the other hand, 
high cutting temperature accelerates the growth of tool 

wear and also enhances the chances of premature failure 
of the tool by plastic deformation and thermal fracturing. 
The surface quality of the products also deteriorates with 
the increase in cutting temperature due to built-up-edge 
formation, oxidation, rapid corrosion and induction of 
tensile residual stress and surface micro-cracks. Such 
problem becomes more acute and serious if the work 
materials are very hard, strong and heat resistive and 
when the machined or ground part is subjected to 
dynamic or shock loading during their functional 
operations. Therefore, it is essential to reduce the cutting 
temperature as far as possible.  

Conventionally employed cutting fluid fails [1] to 
penetrate the chip-tool interface and removes heat by 
bulk cooling [2]. Addition of even extreme pressure 
additives fails to provide desirable lubrication [3]. Thus, 
cutting fluids cannot reduce cutting temperature and tool 
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wear that effectively [4]. However if high pressure jet of 
water soluble cutting fluid is applied at the chip-tool 
interface, it can reduce friction and temperature to some 
extent and enable the reduction cutting forces and 
improve tool life [5].   

The machining temperature can also be reduced to 
some extent by improving the machinability 
characteristics of the work material by optimizing the 
process parameters and tool geometry [6]. Proper 
selection and use of special tools like cBN may also help 
in reducing cutting temperature and associated problems 
[7].   

However, conventional cutting fluids are still widely 
used. The major problems of conventional cutting fluid 
application are [8] (a) environmental pollution due to 
chemical break-down of the (b) cutting fluid at high 
cutting temperature (c) biologically hazardous to 
operator due to bacterial growth (d) requirements of 
additional system for pumping, local storage, filtration, 
recycling, chilling and large space and (e) water pollution 
and soil contamination during final disposal. 

Some alternative methods have been studied in an 
attempt to effectively control the cutting zone 
temperature. Friction and temperature at the work-tool 
interface and the cutting forces were found [9] to 
considerably decrease when steels are machined by 
carbide inserts tribologically modified by depositing soft 
bearing materials on their working surfaces. However at 
higher cutting speed the lubricating layers were depleted 
very fast. Application of CO2 in the form of liquid 
(-79°C) jet under high pressure (60 bar) showed some 
success, if used properly, in the case of some specific 
work-tool materials [10]. High pressure coolant injection 
techniques reportedly [10] could reduce cutting fluid 
consumption by more than 50 percent as well as cutting 
forces, tool wear and surface roughness to some extent. 
Some work has recently been done [12,13] on 
high-pressure coolant jet in machining some commonly 
used steel. Compared to dry and wet machining with 
conventional fluid, high-pressure coolant provides much 
better surface integrity, lesser cutting forces and longer 
wheel life, though in different degrees for different steels, 
mainly through reducing temperature, preventing wheel 
loading 

The concept of high-pressure coolant presents itself 
as a possible solution for high speed machining in 
achieving slow tool wear while maintaining cutting 
forces/power at reasonable levels, if the high pressure 
cooling parameters can be strategically tuned. It has the 
benefits of a powerful stream that can reach the cutting 
area, it provides strong chip removal, and in some cases, 
enough pressure to deburr. High-pressure coolant 
injection technique not only provided reduction in 
cutting forces and temperature but also reduced the 
consumption of cutting fluid. The aim of the present 
work is primarily to explore and evaluate the role of 
high-pressure coolant on machinability characteristics of 
commonly used tool-work combination mainly in terms 
of cutting temperature and chip-forms, which govern 
productivity, product quality and overall economy.  
 

2. EXPERIMENTAL INVESTIGATIONS 
Continuous turning of medium carbon steel bar was 

carried out on a heavy duty lathe, 10 hp under dry and 
high-pressure coolant (HPC) conditions. The coolant jet 
was applied at the cutting zone along the auxiliary 
cutting edge at a pressure 70 bar as shown in Fig. 1. 
Cutting temperature has been measured by a tool-work 
thermocouple technique with due care to avoid 
generation of parasitic emf and electrical short circuit. 
The cutting forces were monitored by a dynamometer 
and recorded in a PC. The conditions of the present 
experiments are given in Table-1. 

 

Fig 1:
 
 Photographic view of the experimental set-up 

 
Table 1: Experimental conditions 
Machine tool : Lathe Machine (China) 10hp  
Work material :  Medium carbon steel  

(φ176 X 580 mm) 
Cutting tool  
 Cutting insert : SNMM 120408, Sandvick 
 Tool holder : PSBNR 2525M12 
 Working geometry : -6o,-6o,6o, 15o, 75o, 0.8 (mm) 
Process parameters  
 Cutting velocity : 93, 133, 186 and 266 m/min 
 Feed rate : 0.10, 0.14, 0.18 and 0.22 mm/rev
 Depth of cut : 1.0 mm 
High-pressure 
coolant 

: 80 bar, Coolant: 6.0 l/min 
through external nozzle 

Environments : Dry and High-pressure coolant 
 

Fig.2 shows the calibration technique employed for 
the thermocouple used in the preset investigation. The 
work-tool thermocouple junction was constructed using 
a long continuous chip of the work-material and a 
tungsten carbide insert to be used in actual cutting. To 
avoid generation of parasitic emf, a long carbide rod was 
used to extend the insert. A graphite block embedded 
with a electrically heated porcelain tube served as the 
heat sink. A chromel-alumel thermocouple was used as a 
reference in the vicinity of the thermocouple for 
measuring the temperature of the graphite block. The 
junction temperature measured by the reference 
thermocouple was recorded using a temperature 
controller (Eurotherm, UK) while, the emf generated by 
the tool work thermocouple was recorded by a digital 
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multimeter.  
 
Fig.3 shows the calibration curve obtained for the 

tool-work pair with tungsten carbide (P30 Grade, 
WIDIA) as the tool material and medium carbon steel as 
the work material. In the present case, almost linear 
relationship is obtained between the temperature and emf. 
A multiple correlation coefficient of 0.994 was obtained.  
 

 
Fig 2:

 
 Tool-work thermocouple calibration set up 
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Fig 3: Tool-work thermocouple calibration curve 
 
3. COMPUTATIONAL EVALUATION OF MACHINING 

TEMPERATURE 
Under both dry and high-pressure coolant conditions, 

the average chip-tool interface temperature could be 
effectively measured very reliably throughout the 
experimental domain. However, the distribution of 
temperature within the tool, work and chip cannot be 
determined effectively using experimental techniques. 
This necessitated development of a finite element model 
of machining temperature, its validation using present 
experimental results and finally determining complete 
temperature distribution in the tool, work and chip under 
both dry and high-pressure coolant environment. 

 

Earlier researchers [14-16] used Jeager’s model of 
moving heat sources and block partition principles to 
estimate average temperature at the shear plane and at the 
chip-tool interface. However, this model could not take 
into account variation in thermal properties of work and 
tool material with temperature, the elastoplastic nature of 
chip-tool interaction, work-tool interaction at the wear 
land in flank, etc. The aforesaid shortcomings of 
analytical approach were overcome [17] by using finite 
element modeling of machining temperature. The 
refinement of the FEM models took place over the years 
[18-21] with increasing reliability. Three dimensional 
FEM models are marginally more accurate than two 
dimensional models, but are complex to develop and 
require more computational effort [18-21]. 

In machining, where the chip thickness is much 
smaller than the chip width, the problem is reduced to a 
two-dimensional steady-state heat transfer [19, 20]. In 
the present work a two dimensional model has been 
developed for computational evaluation of temperature 
distribution in turning tools for which the heat developed 
at the auxiliary flank has been neglected. In machining, 
heats is generated primarily in three different zones, 
namely primary shear plane, chip-tool interface and wear 
land of the principal flank. The mass and heat transport 
are governed by formation and separation of the chip, 
speed of the work materials and heat conduction and 
convection. The two-dimensional section at which the 
temperature distribution is calculated includes three 
regions: one is the workpiece moving at the cutting 
velocity, the second is the chip moving at the bulk chip 
velocity and the third is the tool which is stationary. The 
basic equation to be solved for the temperatures of this 
domain is of the type:  
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where ρ is the mass density, cp r is the specific heat, k is 
the thermal conductivity, 

.
Q is the internal heat generation 

rate, u & v represent the velocity components in the x and 
y directions and T is the temperature. The workpiece, 
chip and insert domain are discretized for analyzing them 
for the steady-state heat transfer using finite element 
analysis. The problem domain is defined with three types 
of material. Starting from the shear plane, in the 
downstream direction, the whole length of the chip is 
treated as one type of material, the workpiece is treated 
as a second type of material and the insert is treated as the 
third type of material. This facilitates the specification of 
different mass flow rates. The velocity of flow of the chip 
has been treated as uniform throughout and is used to 
specify the mass flow rate in the chip region. The mass 
flow rate in the workpiece region is specified using the 
cutting velocity. These conditions would make the 
solution procedure simulate the thermal phenomenon in 
the cutting process more or less close to the actual cutting 
conditions with specified assumptions.  

For all the cases, the shear plane and the chip-contact 
length were divided into 14 elements and the wear land 
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was divided into 3 elements as shown in Fig.4. Since the 
chip-contact length varied with the cutting speed and 
feed, the element size for all the cases were not the same.  

 

 
Fig 4: 

 
 Meshing used for Finite Element Model (FEM)

 
The dimensions of the work part are so selected that the 
far boundaries are almost negligibly affected by the 
sources of heat. A constant gradient condition is imposed 
on these boundaries.  

The length of the chip on the down stream side, from 
the point of separation from the shear plane has been 
taken to be equal to 12 mm. At such a distance from the 
frictional heat source, the temperatures in the chip are 
found to stabilize in the flow direction. Thus, a zero 
thermal gradient condition could be specified at the 
outlet boundary of the chip. All the surfaces exposed to 
air are assumed to be insulated as the heat loss through 
these surfaces is negligibly small. 

In the domain of the cutting insert, some surfaces will 
conduct the heat into the tool holder. A constant 
temperature (200°C) boundary condition has been 
imposed at all the nodes on these surfaces [6]. 

Boundary Dry condition HPC 
IJ &JK 
KA, AL,MD & DE 
EF & FG 
GC & CH 

ambient temperature boundary 
insulated boundary 
200OC temperature boundary 
insulated boundary 

ambient temperature boundary
convective boundary 
60oC temperature boundary 
insulated boundary 

Fig 5: Problem regions showing thermal boundary 
conditions 

 
In dry cutting conditions, the boundary condition as 

shown in Fig.5 can be categorized into three distinct 
groups, namely STα, where the temperature is known to 
be ambient temperature (40°C), ST, where the 

temperature is assumed to be a constant T, and So , which 
is assumed to be thermally insulated. T is set to 200°C for 
dry cutting. A zero temperature gradient 
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fluxes for AB, BD, and BC are given by the determined 
heat-generation rates along AB, BD, and BC respectively. 
Therefore, the following applies to the classification of 
the boundary for dry cutting conditions: 
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In high-pressure coolant conditions, the boundary as 

shown in Fig.5 can be categorized into four distinct 
groups, namely STα , where the temperature is known to 
be ambient temperature (40°C), ST, where the 
temperature is known to be a constant TN  (TN should be 
set to the cutting oil temperature 40°C for high-pressure) 
Sn, which can be assumed to be thermally insulated and 
Sh, which is assumed to be convective heat transfer 
boundary by introducing cooling heat-transfer 
coefficients (0.02 W/mm2) with temperature 40oC into 
the boundary conditions.. The convective heat transfer 
coefficient has been calculated assuming the flow of 
cutting oil over a flat plate maintained at a particular 
temperature [22]. The thermo-fludic properties of the 
cutting oil have been taken from the handbook. The heat 
fluxes for AB, BD, and BC are given by the determined 
heat-generation rates along AB, BD, and BC respectively. 
The surface HI has been assumed to have a zero 
temperature gradient
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the boundaries of the solution region are thus, in the most 
general terms, are: 
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Furthermore, by merging the boundaries of the tool and 
workpiece on the chip-tool interface BD and tool-work 
interface BC, it is implicitly assumed that the tool rake 
and the chip face are subjected to the same temperature in 
that area. This is justified by the fact that high normal 
contact stress on the chip-tool interface produces only 
negligible thermal resistance.  

The variation of work material properties with 
temperature for different work materials has been 
considered in the present model [23]. The mass density, 
thermal conductivity and specific heat of the work 
material used in the analysis are given in Table-2. It was 
assumed that within an element, k and c r were constant 
at values corresponding to the average temperature of the 
element. As a consequence of this temperature 
dependence, it was necessary to perform the calculations 
iteratively. The thermal properties of the tool material 
were taken to be temperature independent as given in 
Table-3. 
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Table 2: Thermal properties of the work materials 
 

Work 
material

Mass 
density, 

ρ 
(Kg/mm3) 

Thermal 
conductivity, k 

(W/mm-K) 

Specific heat, 
cp (J/Kg-K)

Medium 
carbon 
steel 

7.2X10-06 k=0.052-1.9X10-5 T cp=420+0.66 T

 
Table 3: Thermal properties of tool materials  

Tool 
material 

Mass 
density, 

(Kg/mm3) 

Thermal 
conductivity, 
k (W/mm-K)

Specific heat, 
cp (J/Kg-K)

SNMM 
120408 TTS 12 X 10-06 0.047 251.00 

 
The knowledge of the normal and tangential stress 

distributions on the tool rake face is essential for the 
analysis of temperature distributions in the cutting tool. 
The magnitude and distribution of the frictional forces 
involved in a cutting process largely controls the 
temperature distribution over the rake surface.  

Previous investigations suggested that [24-26] both 
the normal stress and the tangential stress remained 
uniform up to the plastic contact portion of the chip tool 
contact area and from there linearly reduced to zero at the 
point of separation of the chip from the rake surface, as 
shown in Fig.6. Though there has been some difference 
of opinion regarding the apportionment of plastic to 
elastic contact length, in this work, the plastic contact 
length is considered as 60 percent of the total contact 
length [27]. 
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Fig.6: Stress distribution along the chip-tool and 
work-tool interface. 

 

In the actual machining conditions, the tool never 
remains perfectly sharp and a small wear land almost 
always exists on the flank surface. Considering such a 
wear land would always make the analysis represent 
more realistic conditions. A wear land of length of 0.2 
mm [6] has been taken in all the cases studied in this 
work. Based on the experimental results reported [19] 
earlier, the frictional force on the wear land is assumed as 
20N and the normal force as 40N. A triangular 
distribution is assumed for these forces over the wear 

land as shown in Fig.6. 
The chip velocity at the vicinity of the rake surface is 

usually less than the bulk chip velocity, Vf due to drag 
force. The best approximation of such drag-back is to 
assume the velocity at the tool tip to be Vf /3 and then 
increasing to Vf with uniform acceleration within half the 
contact length [17]. However in the present analysis such 
effect has been neglected and the chip velocity has been 
taken to be uniform through the chip contact length.  

The chip-tool contact length is difficult to measure 
accurately, it can be assumed to be equal to a constant 
multiple of either the chip thickness [17] or product of 
the chip thickness and tool-chip friction coefficient. 
Conventionally, the chip-tool contact length CN, for 
given rake angle and feed becomes almost proportional 
to a

2
 as 

[ ])tan(12 γβ −+= aC N ................................ ....(4) 
where,  β is the shear angle. 
 

In machining, the major portion of the deformation 
energy gets converted into heat and a small portion 
remains frozen in the strained chips. The percentage of 
such frozen energy gradually decreases with the increase 
in cutting velocity. Hence, it may be assumed that the 
entire work done during the deformation process gets 
converted into heat. Further, in the present work 
exothermic oxidation of the chips has also been 
neglected. Therefore, for the present analysis, the total 
heat generation, Q and the heat generation at the rake 
surface, Qf per unit time have been evaluated as,  

ffcz VFQandVPQ .. 1== ............................... (5) 
     

where, F1 is the total frictional force on the rake surface 
which could be determined from the known values of the 
tangential force Pz and the axial force Px by experimental 
force measurement. 
 

The rate of heat generated in the shear zone Qs is 
therefore, 

fs QQQ −= ...........................................................(6) 
 

Qs is assumed to be uniformly distributed over AB 
(Fig.3.1) both under dry and high-pressure cooling 
condition and specified over a strip of nodes along the 
shear plane. The total heat generated per unit time, Qw 
due to friction at the flank wear land has been evaluated 
from,  

cw VFQ .2= ............................................................. (7) 
     

where,  F2 is the total frictional force at the wear land. 
The distribution of rate of heat generation at the chip-tool 
interface, Qf and wear land, Qw follow the shear stress 
distribution pattern as shown in Fig.6. 

Unlike the previous approaches using apportionment 
coefficient for calculating thermal loads on the cutting 
tool and analysis of only the tool [28, 29], the present 
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analysis uses an integrated approach with a control 
volume consisting of work, tool and chip. The MSC 
NASTRAN/PATRAN software is used for implementing 
the model. 
 
4. RESULTS AND DISCUSSION 
The correlation between the average chip-tool interface 
temperature obtained directly by measurement and that 
obtained by finite element analysis under dry machining 
have been depicted in Fig.7. The estimated values of 
average chip-tool interface temperature appeared to be 
higher than the measured values expectedly for ignoring 
the part of the cutting energy that remains frozen in the 
chips as strain energy. However, the average deviation 
between the estimated and measured temperature 
throughout the domain is around 5.4 percent which is 
within the acceptable range from an engineering 
viewpoint.  

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-tool-Vc-So environment undertaken. Fig.8 and 
to Fig.9 are typically showing the temperature 
distribution in case of machining the medium carbon 
steel under dry and high-pressure cooling condition 
respectively by SNMM inserts. 
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Fig 7: Comparison of measured and predicted 
average chip-tool interface temperature attained
in dry machining 

 
The contact side of the chip is found to be at a higher 

temperature as compared to the open side of the chip. 
Further at the wear land of the flank the increase in 
temperature is not very appreciable as compared to the 
chip-tool interface. This may be attributed to higher heat 
carrying capacity of the large workpiece and mostly the 
elastic nature of contact between the wear land and the 
finished work surface. The average shear plane 
temperature under dry machining conditions appeared to 
be around 300°C which is much less than that at the 
chip-tool interface.  

 
(a) Dry condition 

 
(b) High-pressure condition 

Fig 8: Computed temperature distribution in chip, 
tool  and workpiece under (a) dry and (b) 
high-pressure coolant condition [Vc= 93 m/min, 
So=0.10 mm/rev, t=1.00 mm] 

 

 
(a) Dry condition 

 
(b) High-pressure condition 

Fig 9: Computed temperature distribution in chip, 
tool  and workpiece under (a) dry and (b) HPC
condition [Vc= 133 m/min, So=0.10 mm/rev, 
t=1.00 mm] 
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Fig.9 clearly show that the machining temperature 
significantly increased with the increase in cutting 
velocity and feed, though in different degrees, under all 
the conditions undertaken expectedly for increased 
energy input. High-pressure coolant has enabled a 
significant reduction in machining temperature, though 
in different degrees for different levels of process 
parameter undertaken. Such effects may be reasonably 
attributed to reduction in chip-tool contact length, 
reduction in forces due to restricted contact cutting effect 
[6] and also by enhanced heat transfer under 
high-pressure cooling. The benefit of high-pressure 
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 a more effective penetration of 
cryogen at the interface. However, it is evident from 
Fig.9 that the average chip-tool interface temperature has 
decreased by about 20 percent to 35 percent when 
medium carbon steel has been machined under 
high-pressure cooling conditions. 
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Fig 9:  Variation in chip tool interface temperature

with Vc at different So under dry and
high-pressure coolant conditions 

 
5. CONCLUSIONS 
     Detailed experimental study along with finite element 
analysis provides the following conclusions: 
 

i. The measured chip-tool interface temperature and 
the predicted temperature are in close agreement 
with an average deviation of 5 percent, which is, 
thereby, validating the present two-dimensional 
finite element model. 

ii. The FEM slightly overestimated the average 
chip-tool temperature especially at low speed-feed 
combination possibly for neglecting the residual 
strain energy, though small, retained in the chips. 

iii. The high-pressure coolant jet provided significant 
reduction in temperature; the level of benefit 
seemed to be higher at lower feed and lower cutting 
velocity. 

iv. The reduction in temperature is attributed to 
reduction in chip contact length, favorable chip-tool 
interaction, better chip breaking, reduced forces and 

enhanced heat transfer situation under high-pressure 
cooling conditions. 
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