
Abstract
Modeling of the heat flux generated during machining is of significant importance in order to understand its effect on 
the cutting tools and tribology of machining. An important criterion influencing the life of cutting tools is the tool-chip 
 interfacial temperature, which affects the ability of the cutting tool to function properly without suffering unwanted 
 damage or thermal degradation. This paper presents the estimates of transient heat flux and temperature distribution in 
the cutting tool based on temperatures measured below the cutting tool insert with an embedded thermocouple, during 
orthogonal machining of a plain carbon steel under dry cutting. The results indicate that the heat flux in machining, which 
is traditionally considered constant during machining, may have a time dependent variation.
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1. Introduction
Machining is a key manufacturing process for many  critical 
components required for a wide range of  applications. 
It has direct influence on the surface  integrity and thus 
life of the parts being machined. Machining process 
involves plastic deformation of the material being cut, 
and according to estimates, almost all the energy  supplied 
for machining gets converted into heat1 .The areas where 
 significant heat generation takes place, are shown in 
Figure 1. 

The primary heat zone consists of shear plane, where 
the material is plastically deformed in a narrow shear 
band, and this energy is converted to heat. The  secondary 
heat zone exists at the tool rake face near the cutting edge, 
where the chip slides, before leaving the tool and the fric-
tional energy is converted into heat. The tertiary heat zone 
is formed due the rubbing of the cut workpiece material 
against the worn tool flank.

Traditionally, cutting fluids are employed in  flooding 
mode to remove the heat generated in machining. Cutting 
fluids, however, are a major cause of operator health 

 hazards and environment damage. Additionally, they 
require periodic disposal, which adds to the operational 
costs and poses serious ecological concerns.

Considerable research has taken place to eliminate or 
reduce the use of cutting fluids. Dry machining has been 
attempted by employing advanced tool materials and coat-
ings which can withstand the high temperatures, hybrid 
machining with laser heating of the workpiece being cut, 
modulation assisted machining, cryogenic machining 
with liquid nitrogen and Minimum Quantity Lubrication 
(MQL) machining in which a compressed air jet contain-
ing very small amount of lubricant/cutting fluid (~10-100 
ml/hr) in the atomized form, is directed at the cutting 
zone. In MQL process, the lubricant is consumed in the 
cutting process itself eliminating the need of disposal and 
environmental concerns. 

Since dry/near dry machining generates  considerable 
amount of heat, it is necessary to know its effect on work-
piece and tool temperatures. Thermal degradation of 
the tool beyond certain temperature will affect the effec-
tiveness of the cutting action. Thus the knowledge of 
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temperature  distribution on the tool-chip interface and 
the heat flux produced in machining assumes significant 
importance. Estimation of heat generation in metal cut-
ting is an extremely arduous task due the complexity and 
non-linearity inherent in the process. Machining involves 
high strain and strain rate, coupled with high temperature, 
which significantly alters the material properties. Many 
different models have been proposed by researchers to esti-
mate heat generation and its distribution in machining. The 
analytical approach relies mainly on heat partition model 
given by Blok2 and friction slider model proposed in3. 
Analytical models for estimation of cutting tool tempera-
tures was first proposed in 4–9 proposed a volumetric heat 
source at the tool-chip interface, as opposed to planar heat 
source considered by other researchers. Many refinements 
in these analytical models have since taken place. However 
the underlying assumptions of these models of a uniform 
source and steady-state condition are questionable due to 
the inherent transient nature of the metal working process. 
The numerical models employed for estimation of cutting 
temperatures generally fall in two categories: The finite ele-
ment methods (FEM), and finite difference (FD) approach. 
The finite element approach was first presented in10 and sub-
sequently used by many researchers including11–14 to name 
a few. The finite difference model for heat and temperature 
prediction has been used in15–19 many other researchers.

In this paper, we have used a two-dimensional finite 
difference model for estimating heat influx and transient 
temperature distribution in the cutting tool based on tem-
peratures measured below the cutting tool insert with an 
embedded thermocouple, during orthogonal machining 
of a plain carbon steel under dry cutting conditions.

2. Methodology
The finite difference model uses genetic algorithm to 
 estimate the temperature at a given location inside the 

tool, which is compared with the measured temperature 
provided by an embedded thermocouple at that location. 
The square of difference in estimated and measured tem-
peratures is summed up at different time steps to arrive at 
an error value. The genetic algorithm aims at minimizing 
the error value to provide a good matching of the pre-
dicted and measured temperatures.

The values of material properties have been taken 
from materials handbook. The value of heat flux enter-
ing the tool-chip contact zone was left as unknown, to be 
solved by the inverse transient heat conduction problem. 
The temperatures were calculated at the thermocouple 
location node and compared with the measured tempera-
tures at different time intervals to compute the error. An 
evolutionary genetic algorithm was used to reduce the 
error and arrive at the near-optimum solution.

The finite difference discretization of the cutting tool 
insert and supporting shim is shown in Figure 2. An 
area of 10mm x 10mm has been considered for analysis 
and lower as well as right boundaries are taken at room 
 temperature.

3. Experimental Setup
The orthogonal turning operation were performed on 
a CNC Turning Center. For cutting temperature mea-
surements, a fine wire K-type thermocouple of 0.25mm 
diameter was embedded in the shim supporting the cut-
ting tool insert. The workpiece material chosen was AISI 
1045 steel. 3 mm thick disc shaped flanges were machined 

Figure 1. Zones of heat generation in machining.

Figure 2. Finite difference discretization of the cutting tool 
insert and supporting shim.
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Figure 3 show the plots of estimated as well as actual 
measured temperatures as the cutting progresses when 
the value of heat flux was considered constant during the 
machining.

The value of heat input rate was kept as an unknown, 
and invariant with time in Figure 3. As can be seen from 
the figures, the estimated as well as actual values match 
reasonably well, however some error remains and the 
solution does not converge beyond a certain limit. In 
actual cutting, the heat input rate at the tool chip contact 
zone varies with time. The friction, and consequently the 
heat influx, at the tool-chip interface steadily increases as 
the cutting progresses. The simulations were run again 
with variable heat input rate and the results obtained for 
estimated temperatures at the thermocouple location are 
plotted in Figure 4. 

It can be readily inferred from Figure 4 that variable 
heat input rate provides a much closer estimation of the 
cutting tool temperature distribution. The measured and 
estimated temperatures almost overlap each other.

The temperature distribution on the tool rake face 
with variable heat flux after 3.6 seconds of machining is 
shown in Figure 5.

From Figure 5, it can be seen that the maximum tem-
perature occurs at a small distance from the cutting edge 
which is in synch with the experimental results obtained 
by various researchers. 

on a CNC lathe with a straight-edged tool by performing 
face turning operation. The detailed experimental plan is 
listed in Table 1. 

4. Results and Discussion
During the iterations of the genetic algorithm, the  values 
of specific heat capacities, thermal conductivities and 
densities of the tool insert and tool holder were kept as 
constant. The coefficient of convection was also kept 
constant. The amount of heat entering through the tool-
chip contact zone was the only variable left to be solved 
through the inverse transient heat conduction method.

Figure 3. Estimated and actual measured temperatures for 
constant heat influx.

Table 1. Experiment plan for orthogonal turning 
experiments

Parameter Value
Machining operation Orthogonal turning

Machine CNC Turning Center
Work piece material Steel AISI 1045

Cutting Tool Flat faced tool type TNMA

Cutting insert Uncoated tungsten carbide 
insert

Cutting speed 150 m/min
Feed / tooth 0.3 mm
Depth of cut 0.8 mm

Figure 4. Estimated and actual measured temperatures for 
variable heat influx.
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5. Conclusions
It can, thus be seen that a two-dimensional finite  difference 
model utilizing inverse transient heat conduction estima-
tion along with genetic algorithm can be successfully 
employed to calculate the temperature distribution in the 
cutting tool. Further, variable input flux in the tool-chip 
contact zone provides a much better estimation of tem-
peratures, as compared to fixed value of heat flux, which 
is the usual convention. The estimation of distribution of 
tool temperature can be helpful in designing advanced 
tools and coatings suitable for dry machining. 

6. Acknowledgement
The authors thank IIT Ropar and Chandigarh University, 
Mohali for providing the necessary research facilities to 
accomplish this work. 

7. References
1. Trent EM, Wright PK. Chapter 5 – Heat in metal cutting. 

Metal Cutting (Fourth Edition). Butterworth–Heinemann, 
Woburn; 2000 Jan.

2. Blok H. Theoretical study of temperature rise at surfaces 
of actual contact under oiliness lubricating conditions. 
Proceedings of General Discussion on Lubrication and 
Lubricants, The Institution of Mechanical Engineers, 
London, England; 1938. p. 222–35.

Figure 5. Temperature distribution on the tool rake face.

 3. Jaeger JC. Moving sources of heat and the temperature 
at sliding contacts. Journal and proceedings of the Royal 
Society of New South Wales. 1942 Oct; 76(1):203–24.

  4. Trigger KJ, Chao BT. An analytical evaluation of metal 
 cutting temperature. New York, N.Y., ASME; 1950.

 5. Hahn RS. On the temperature developed at the shear plane 
in the metal cutting process. Proceedings of the First US 
National Congress of Applied Mechanics; 1951 Jun. p. 
661–6.

 6. Loewen EG, Shaw MC. On the analysis of cutting tool 
 temperatures. Trans. ASME; 1954. p. 217–31.

 7. Rapier AC. A theoretical investigation of the temperature 
distribution in the metal cutting process. British Journal of 
Applied Physics. 2002 Dec; 5(11):400–5.

 8. Weiner JH. Shear plane temperature  distribution 
in  orthogonal cutting. Trans ASME. 1955 Nov; 
77(8):1331–41.

 9. Boothroyd G. Temperatures in orthogonal metal cutting. 
Proceedings of the Institution of Mechanical Engineers. 
1963; 177:789–810.

10. Tay AO, Stevenson M G, Davis DVG. Using the finite 
 element method to determine temperature distributions 
in orthogonal machining. Proceedings of the Institution of 
Mechanical Engineers. 1974 Jun; 188(1):627–38.

11. Muraka PD, Barrow G, Hinduja S. Influence of the process 
variables on the temperature distribution in orthogonal 
machining using the finite element method. International 
Journal of Mechanical Sciences. 1979; 21(8):445–56.

12. Stephenson DA, Jen TC, Lavine AS. Cutting tool 
 temperatures in contour turning: transient analysis and 
experimental verification. Journal of Manufacturing Science 
and Engineering. 1997 Nov; 119(4A):494–501.

13. Strenkowski JS, Moon K. Finite element prediction of chip 
geometry and tool /workpiece temperature  distribution 
in orthogonal metal cutting. Journal of Engineering 
for Industry-Transactions of the ASME. 1990 Nov; 
112(1):313–18.

14. Komanduri R, Hou Z. A review of the experimental 
 techniques for the measurement of heat and temperatures 
generated in some manufacturing processes and tribology. 
Tribology International. 2001 Oct; 34(10):653–82.

15. Smith AJR, Armarego EJA. Temperature prediction in 
orthogonal cutting with a finite difference approach. CIRP 
Annals - Manufacturing Technology.1981; 30(1):9–13.

16. Lin J. Inverse estimation of the tool-work interface 
 temperature in end milling. International Journal 
of Machine Tools and Manufacture. 1995 May; 
35(5):751–60.

17. Chen WC, Tsao CC, Liang PW. Determination of 
 temperature distributions on the rake face of cutting tools 
using a remote method. International Communications in 
Heat and Mass Transfer. 1997 Mar–Apr; 24(2):161–70.



Gyanendra Singh Goindi and Karanvir Saini

Indian Journal of Science and Technology 5Vol 9 (36) | September 2016 | www.indjst.org

18. Obikawa T, Matsumura T, Shirakashi T, Usui E. Wear 
 characteristic of alumina coated and alumina ceramic 
tools. Journal of Materials Processing Technology. 1997 Jan; 
63(1–3):211–16.

19. Lazoglu I, Altintas Y. Prediction of tool and chip 
 temperature in continuous and interrupted machining. 
International Journal Of Machanics Tools Manufacture. 
2002 Jul; 42(9):1011–22.


