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Abstract
The models of temperature prediction in manufacturing processes have advanced considerably in the last decades, either by 
applying numerical methods or by the development of techniques and methods of temperature measurement, which feed and 
compare the results of models. Associated with the advancement of prediction models is the improvement in the analysis of 
heat generation and distribution during materials machining. This work presents state of the art in research related to heat flux 
estimation in metal cutting processes using direct and inverse methods, through analytical, numerical, and empirical models. 
Pioneering and current research approaching the problem of estimating heat flux, as the main focus or means to predict the 
temperature distribution during the process, are reviewed. Its particularities, such as boundary conditions, techniques used, 
and innovations concerning previous works, are discussed. Therefore, this paper will present and detail different methods to 
estimate the heat flux during machining, aiming to help researchers identify the advantages and limitations in several cases 
discussed. The heat flux estimation using inverse methods can be more accurate with the development of data acquisition 
systems, reducing errors in measured temperatures during the process. In addition, multiphysics numerical simulations 
characterizing plastic deformation and heat transfer can be improved to help estimate the heat generated in machining.
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1  Introduction

Conventional machining has been highlighted among the most 
used manufacturing processes and with the highest production 
cost per component. The development of new tools, coatings, 
and materials that can increase tool life, reduce production 
process time, improve the surface quality of components, and 
reduce costs greatly influences an increasingly competitive 
industry. In this context, prediction models are important in 
developing new cutting tools and machining processes planning.

The metal cutting process is not a fully understood phe-
nomenon due to its nonlinear nature and the complex cou-
pling between the deformation and temperature fields. High 
temperatures in the cutting process have a strong influence 
on the phenomena involved. Plastic deformation and shear 
are restricted to a small volume and the heat generated in 
chip formation affects all parts involved in the formation [1].

The study of the temperature influence on the machining 
process started a long time ago. There are records of machin-
ing experiments analyzing the thermal effect since 1798 [2]. 
In 1907, Taylor [3] presented a work that evaluated the tem-
perature effect on the wear of cutting tools. Shore in 1925 [4] 
was one of the pioneers of the tool-workpiece thermocouple 
method for measuring temperatures during machining. In 
1926, Herbert [5] related the temperature effect to the defor-
mation process in cutting materials. In 1938, Schallbroch 
et al. [6] presented an equation that related the tool life of 
high-speed steel with temperature field. These and many 
other authors have been studying the temperature effects on 
machining processes for over a century.

Several studies have focused on understanding the conse-
quences of the temperature increase in the tool, workpiece, 
and chip system. Temperatures in the tool-chip interface 
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influence tool wear and process quality [1, 7–9]. Thus, cut-
ting process modeling is fundamental for a better under-
standing of the phenomenon. Several problems are related 
to the cutting process modeling, such as: material properties, 
cutting speed, feed rate, tool-chip interface, workpiece mov-
ing, chip obstruction, and small contact area [10–14].

The heat generated due to cutting represents an important 
heat source in the machine tools system. This heat causes 
thermoelastic deformations and is dissipated through the 
spindle, the workpiece, and the fixing system. The heat 
source in machining results from deformation energy and 
friction converted into heat, generated between the contact 
between tool, workpiece, and chip [15].

In this sense, the heat generated and temperature field 
in the tool, workpiece, and chip system are fundamental to 
understanding the phenomena related to the cutting tool, 
workpiece’s wear, and surface integrity. However, research 
has focused on temperature prediction models that depend 
on previous heat flux estimation, which has some limita-
tions that hinder the effectiveness of solving the problem. 
This work presents the theory related to generation, distribu-
tion, and measurement of heat and temperatures during the 
machining processes, discussing the main researches that 
present techniques to estimate the heat flux.

2 � A brief history on determining heat flux 
and temperature distribution in metal 
cutting

2.1 � Origin and evolution of analytical model 
studies in machining

Literature involving the temperature distribution in machin-
ing processes started around in the late 18th century with 
Benjamin Thompson. Still, it was in the early 20th century 
that Taylor’s work [3] highlighted by associating the evolu-
tion of cutting tool wear to temperature increase.

In the mid-1940s and early 1950s, analytical model stud-
ies on the subject began to appear. In 1942, Jaeger [16] was 
one of the pioneers in studies of heat transfer problems with 
moving sources. In these years, several authors developed 
analytical models to predict the temperature field or heat 
generation in machining problems [17–23].

The determination of temperature field depends on 
knowledge about the amount of heat generated during the 
machining process. In this historical context, in 1946 the 
solids theory heated by the movement of heat flux stood out, 
which is well developed by Rosenthal [22], and it has been 
widely applied in solidification, welding, machining pro-
cesses, among others. In 1954, Rapier’s work [21] presented 
analytical solutions for the temperature distribution and heat 
flux in similar problems to those found in metal cutting. In 

1969, Watts [24] presented analytical solutions obtained by 
using Hankel’s finite transformations in order to understand 
the temperature field in cylinders using a mobile heat source, 
similar to cutting.

Although the literature presents advances in analytical 
solutions and empirical correlations to relate the distribu-
tions of temperature, the heat generated, and cutting param-
eters during machining processes [25–29], the most recent 
works seek to estimate the effect with the aid of inverse 
problem solutions.

The great advantage of the inverse technique is obtain-
ing the solution to a physical problem that cannot be solved 
directly. In orthogonal cutting, for example, direct tempera-
ture measurement using contact-type sensors in the tool-
workpiece interface is very difficult. The use of inverse 
techniques is a good alternative, as measurements are made 
directly at easier access points for the sensors.

2.2 � Origin and evolution of inverse heat transfer 
problems

Inverse problems are widely applied to engineering prob-
lems. The main characteristic of this type of approach is 
to obtain the solution of the physical problem indirectly, 
where the boundary conditions are not known or difficult 
to access.

The problem can be solved using information from sen-
sors located at accessible points. In direct problems of heat 
conduction, if the heat flux (the cause) is known, the tem-
perature field (the effect) can then be determined. Whereas 
for an inverse problem, the heat flux is estimated from 
knowledge of the temperature at a location of easy access 
(see Fig. 1). Thus experimental temperatures can be used 
to obtain thermal properties, surface heat flux, internal heat 
source, or the temperature at a surface without direct access 
[30–35].

Inverse problems belong to an exciting and common 
class of mathematically said problems to be ill-posed. It is 
observed that mathematically a problem is considered well 
placed if it satisfies three essential requirements: i) Exist-
ence; ii) Uniqueness; iii) Stability.

Cause
(Heat flux) System Effect

(Temperature)

Direct Problem

Inverse Problem

Fig. 1   Direct and inverse heat transfer problem sequence
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A solution to an inverse problem in heat conduction is 
ensured by physics: if there is an effect, then there is a cause.

Among its characteristics, the inverse problems present 
the possibility of having more than one solution to the same 
problem, which leads to the need to use mathematical tools 
based on additional information. In this case, the commit-
ment to modeling is cited as an example, so the solution’s 
uniqueness to inverse problems can be mathematically 
proven only for some special cases. The inverse problem 
is also susceptible to the degenerative effects of additive 
noise on the input data, the operator, or even the limitations 
imposed by the numerical process’s iterative character. Thus, 
it is necessary to use special techniques for the solution to 
meet the stability criterion. The instability problem was 
addressed by reformulating the inverse problems in approxi-
mation to a well-posed problem using some regularization 
techniques [30, 36].

2.3 � Origin of inverse heat transfer problems 
in machining processes

Several studies claim that almost all the energy consumed 
when cutting metal is converted to heat. The total amount of 
heat distributed during metal cutting can be calculated as the 
product of cutting force and cutting speed [1, 37]. Several 
works were dedicated to determining the heat flux and its 
thermal effect on the tool, workpiece, and chip in different 
machining processes, such as grinding, drilling, turning, 
threading, milling, among others [38–42].

As ever mentioned, inverse methods can be used to esti-
mate temperatures and heat generation in the machining 
process from temperature measurements [43]. According to 
Kryzhanivskyy et al. [44], inverse heat conduction problem 
has become a major heat flux forecasting tools in machining 
processes. The solution of inverse heat conduction problem 
can be performed by several techniques, such as: modal 
approach, sequential algorithm, heuristic methods, transfer 
function, among others [45–49].

3 � Theory of heat generation in machining 
process

3.1 � Fundamentals of heat generation during chip 
formation

The heat generated during machining directly influences the 
chip formation mechanism, friction, tool wear mechanism, 
tool life, integrity, and surface finish, as well as machining 
tolerances. Understanding the heat partition and temperature 
distribution is of great importance for machining processes 
[50].

There are three heat generation zones active during the 
chip formation process associated with phenomena such as 
plastic deformation, shear, and friction, as shown in Fig. 2.

	 (i)	 Primary shear zone: The heat generated in this 
region is associated with the plastic deformation that 
occurs in the material before the shear plane and the 
shear that occurred in the primary shear plane. The 
heat generated in this zone is transferred to the chip 
and workpiece, and the increase in cutting speed 
and thermal conductivity of the workpiece material 
causes an increase of heat transfer to the chip [51].

	 (ii)	 Secondary shear zone: The classical theory regard-
ing the heat generated in the secondary shear zone 
considers friction and disregards the phenomena in 
the flow zone. The sticking (flow zone) and sliding 
can occur simultaneously, with sticking responsible 
for the most important characteristics and the most 
common sliding in peripheral regions due to the 
lower compression stress [51]. The heat generated 
in this zone plays a secondary role in increasing the 
tool temperature because the highest temperatures 
are at the cutting edge and in the flow zone, so the 
heat cannot be transported from the chip body (lower 
temperature) to the tool (higher temperature) [52].

	 (iii)	 Tertiary shear zone: This region is generally 
neglected in cutting process modeling, but it can 
greatly influence the heat generated. When the mate-
rial is plastically deformed but not sheared in the 
primary shear zone, it comes into contact with the 
tool’s clearance surface. In metal cutting conditions, 
as described in the Wallbank study [53], where the 
tool is new, and the clearance angle is significant, the 
small contact length, about 0.2 mm, the heat gener-
ated in the tertiary zone is insignificant. However, 
for conditions where there is a need for small clear-
ance angles or where flank wear has accentuated this 
contact length of the clearance surface, a heat source 
in the tertiary zone similar to the flow zone may be 
present. Under certain conditions, the heat generated 

Tertiary shear  zone

Primary shear  zone

Secondary shear  zone

Workpiece

VC

Vchip

Rake face

Flank face

Tool

Cutting length

Chip

Fig. 2   Heat sources in the orthogonal cutting process [54]
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in the tertiary shear zone may be higher than in the 
secondary zone because the material speed on that 
surface is the same as the cutting speed. On the exit 
surface, the movement speed is chip exit speed [51].

The values of heat partitioning during metal cutting 
change according to the analyzed process. Table 1 shows 
the thermal energy partition between the tool, workpiece, 
and chip in drilling, turning, and milling processes.

3.2 � Variables that influence heat generation 
in shear zones

The cutting conditions and interaction between workpiece, 
tool, and chip strongly influence the method selected for 
determining the heat generated and heat partition between 
the parties involved in the process. Parameters such as feed, 
cutting speed, and cut depth, or tool geometric character-
istics (exit angle, clearance, and nose radius), or thermal 
properties of workpiece, tool, and coating material, all of 
them can significantly change the amount of heat generated 
and its distribution. Many output parameters in the machin-
ing process depend on the heat generation and temperature 
field [37].

Denkena et al. [57] evaluated the chamfer effect on the 
heat generation in the milling process with aluminum alloy. 
The authors show that extra contact due to the chamfer can 
influence the heat generation transported to the workpiece. 
This is critical in the aluminum workpieces with thin walls 
due to the tendency to soft spots. This work also evaluated 
the effect of advance and rotation of spindle on the heat gen-
eration and, consequently, the workpiece temperature. The 
workpiece temperature with chamfered tools was higher than 
in those without chamfer. Analyzing the increase in spin-
dle rotation (1000 - 10000 rpm), the tool without chamfer 
did not show a pattern in the temperature behavior, and its 
temperature changes were small. Still, the tool with cham-
fer a significant temperature increase (100 to 300◦C ), and 
tool temperatures without chamfer were always lower than 
a chamfered tool.

Ceretti et al. [58] developed a model to calculate the 
global heat transfer coefficient as a function of contact pres-
sure and tool-workpiece interface temperature. Experiments 
using medium carbon steel, carbide tools with and without 

coating, showed that global heat transfer coefficient is 
directly proportional to the temperature and contact pressure 
at tool-workpiece interface, and this occurred with increase 
in cutting speed.

4 � Temperature distribution during metal 
cutting

Different methods can be used to try to obtain the tempera-
ture distribution during machining processes (Fig. 3), such 
as: analytical or numerical mathematical solutions; experi-
mental measurements; or by coupling more than one of the 
techniques via the hybrid method.

Temperature measurement in the cutting process is a 
fundamental step for parameter prediction models, both 
for model validation or input data in inverse algorithms. 
However, measuring temperature is a major challenge over 
time, either due to the difficulty in reaching the temperature 
measurement region (mainly the chip-tool interface) or the 
difficulty of sensors calibrating. Several techniques have 
been used over time, highlighting in this review only the 
techniques considered most important that have been applied 
in recent works.

The temperature distribution in tool holder set (Fig. 4) can 
be described by classic heat equation (Eq. 1), thus reflecting 
the energy conservation for any point inside the body.

where T = T(x, y, z, t) is temperature function, k is thermal 
conductivity coefficient, � is material density, cp is specific 
heat, and t is time.

The heat flux specified in tool-workpiece or tool-chip 
contact interface, and the convective heat transfer with envi-
ronment are generally considered as boundary conditions 
during the machining process. The characterization of con-
tact between tool and holder is also necessary information 

(1)∇(k∇T) = �cp
�T

�t

Table 1   Thermal energy partition for different machining process 
[55, 56]

Drilling Turning Milling

Tool (%) 5 - 15 2.1 - 18 5.3 - 10
Workpiece (%) 10 - 35 1.1-20 1.3 - 25
Chip (%) 55 - 75 74.6 - 96.3 65 - 74.6

Temperature 
distribution

Analytical

Numerical

Experimental

Hybrid

Fig. 3   Methods for obtaining temperature distribution in metal cut-
ting
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for the problem solution. The analytical solutions (separation 
of variables, Green’s functions, Duhamel’s superposition, 
etc.), numerical solutions (finite difference method, finite 
volume method, finite element method, etc.), or hybrid 
solution can be used with or without the aid of commercial 
software (ANSYS, COMSOL, ABAQUS, DEFORM, etc.) 
to obtain the appropriate temperature distribution for the 
machining problem.

In 1986, Byrne [60] commented that in the past sixty 
years, several techniques had been developed to evaluated 
temperatures in the cutting zone during machining pro-
cesses. Figure 5 shows a flowchart with the main tempera-
ture measurement methods in machining.

The tool-workpiece thermocouple method is the most 
used technique for measuring temperature during metal 
cutting, allowing to observe the effect of cutting parameters 
on the temperature of the chip-tool interface, but there is 
significant uncertainty in the measured values [61]. One 
of the problems with this technique is the existence of a 

temperature gradient along with the chip-tool contact, so the 
thermocouple is not able to measure the highest and lowest 
temperatures, but an approximate temperature gradient. The 
disadvantage of the tool-workpiece thermocouple method 
is the need to perform calibration for all combinations of 
tool materials and workpiece, in addition, there is uncer-
tainty about the validity of static calibration (performed in 
a controlled environment) for the dynamic situation (real 
conditions of the process) [9].

Countless researchers like Hebert [5], Braiden [62], 
Stephenson [63], Lima et al. [64], and Pereira et al. [65] 
used the tool-workpiece thermocouple method in their 
work. Figure 6 shows the assembly scheme of the tool-
workpiece thermocouple using contact pins.

Kaminise et al. [67] developed a tool–work thermocouple 
calibration system with physical compensation. With this 
system, they also studied the influence of tool-holder mate-
rial on cutting temperature in machining. Dry machining of 
gray cast iron was performed with uncoated carbide inserts. 
Five tool-holders were made with materials having differ-
ent thermal conductivity: copper, brass, aluminum, stainless 
steel, and titanium alloy. The temperature of the tool-chip 
interface was measured using the tool-work thermocouple 
method. The surface temperatures on the insert and tool 
holder were obtained by conventional T-type thermocou-
ples. The system was modified to develop an experimental 
procedure for the physical compensation of the secondary 
junctions and parasite thermoelectric e.m.f. signals. Also, 
modifications were carried out in a conventional tail-stock 
to obtain the e.m.f the signal between the rotating work-
piece and the stationary insert, without significantly altering 
the system’s stiffness. The tail-stock with mercury bearing 
inside was insulated electrically.

q(t)

Tool holder

Tool

h, T∞

Fig. 4   Thermal modeling of tool holder set [59]

Fig. 5   Methods used for the 
experimental determination of 
temperatures in metal machin-
ing [60]

Temperature Measurement Machining

Conduction Techniques Radiation Techniques

Field 
Measurement

Point 
Measurement

Compositional 
EffectsThermoelectric Effect

Direct
a. Tool-Work Thermocouple
b. Twin/Tool Thermocouple
c. Combination Thermocouple

Indirect
a. Miniature Thermocouple
b. Single Wire Thermocouple

Metallurgical 
changes in 
workpiece/cutting 
tool material

Thermocouples

Infrared 
Pyrometer

Infrared 
Thermography
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Modifications of the tool–work thermocouple-system pro-
posed in this paper proved to be effective to compensate for 
the formation of secondary junctions in the circuit. Besides, 
modifications of the conventional tail-stock provided better 
continuity of the electric circuit of the system. The elec-
trical insulation of the system concerning other elements 
was obtained using emery paper. The fixing system at the 
chuck with an elastic steel sleeve conferred firmness to the 
jaws’ grip on the workpiece. The improved stiffness of the 
experimental set-up during the machining tests diminished 
the limitations of this technique. The results obtained in 
this work allow concluding that the tool-holder materials’ 
thermal conductivity has a great effect on the temperature 
distribution in the insert and tool holder. However, it has 
less effect on the maximum temperature at the tool–chip 
interface.

Another widely used method is the thermocouple inserted 
or fixed to an exposed surface. It is an excellent method to 
measure the temperature at a point on a surface since the 
thermocouple is a simple and versatile sensor, with good 
accuracy, low cost, known calibration curves for commercial 
types, and low response time. However, it does not reach the 
chip-tool interface and has limitations on moving surfaces 
and materials with low thermal conductivity. Chen et al. 
[68], and Karaguzel et al. [69] used the method to compare 
the results obtained with a numerical model. Liang [48] con-
siders the inserted thermocouple method unsatisfactory, as 
it interferes with heat flux at the interface and limits the tool 
strength (see Fig. 7).

Another method similar to the inserted thermocouple and 
characteristics similar to the tool-workpiece thermocouple 
is a thin-film thermocouple (TFTC). This method over-
comes some limitations presented by other methods, such 
as rapid temperature change, cutting fluid, high-temperature 
gradients, reach of the chip-tool interface, and calibration 
difficulty.

According to Basti et al. [70], the built-in thin-film ther-
mocouple technique can only be used on coated tools. Sev-
eral other works applied the direct temperature measurement 
method and validated its application in machining processes 

[71–74]. Figure 8a shows tool drawing and positive/negative 
poles of the thermocouple that come together at tool edge, 
and Fig. 8b shows micro-channels made for deposition of 
the thermocouple material.

Infrared thermography temperature measurement (IRT) 
has been applied in machining. Kramer [75] was one of 
pioneers in the use of IRT to measure temperatures in metal 
cutting, followed by the works of Reichenbach [76] and 
Boothroyd [77]. IRT is a non-destructive, non-invasive 
technique that does not require contact which allows the 
mapping of thermal patterns, i.e. thermograms, on the 
objects surface, bodies and systems by infrared imaging 
instrument (IR), such as an IR camera [78]. IRT has been 
applied in several studies, but the difficulty in applying 
cutting fluid due to interference in thermal emissivity, 
high cost of equipment, and difficulty in calibrating emis-
sivity has limited its further application in machining. 

Fig. 6   Assembly scheme of the 
tool-workpiece thermocouple 
[66]

-
+

1

2 3

14

45

67

11

12
8

9
113

10
1. CNC lathe
2. Three jaw chuck
3. Aluminum bar
4. CNC’s tailstock
5. Device (3 brush)
6. Articulable arms
7. Aluminum brush

8. Copper wire (+)
9. Copper wire (-)
10. Dynamometric platform
11. Agilent 34970A
12. PC/Benchlink data loger
13. Tool
14. Equipotential grounding

Fig. 7   Scheme inserted thermocouple system [69]
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Valiorgue et al. [79] presented an emissivity curve for 
austenitic stainless steel 316L and performed experiments 
in orthogonal section (see Fig. 9). The experimental data 
were treated with aid of emissivity values extracted from 
calibration to determine the thermal gradient during metal 
cutting. Several studies have used infrared thermography 
to analyze the effect of cutting conditions on temperature 
[39, 80, 81]. The comparison between temperature data 
obtained by infrared thermography and analytical models 
was also performed [82].

Two-color fiber pyrometer has been highlighted among 
temperature measurement methods. This sensor type’s 
advantage is the elimination of emissivity influence, making 
instrument calibration simpler and more accurate. Hosseini 
et al. [83], Han et al. [84], and Saelzer et al. [85] use the 
method for temperature measuring according to some cut-
ting parameters and present satisfactory results (see Fig. 10).

The methods presented above are examples of different 
types that exist and have been addressed here due to their 
great application, advantageous characteristics, or grow-
ing and recent application. The aim of this work is not to 
review the temperature measurement methods (as performed 
by Da Silva and Wallbank [61] and Davies et al. [87]) but to 
present the most used techniques and those that have been 
gaining more space over time in the validation and feeding 
of temperature and heat flux prediction models.

5 � Heat generated estimation in machining

The determination of heat generated during a machining 
process and its partition in a temperature prediction prob-
lem can be considered a major challenge. Several authors 
have presented methods and models to overcome this barrier. 
Some studies estimate the heat generated by plastic defor-
mation and friction, while other studies, for example, use 
inverse techniques to determine the transient heat distribu-
tion by direct temperature measurement. The heat generation 
estimation and its partition by the calorimeter method help 
validate and understand the problem.

The heat flux estimation is possible in various manufac-
turing processes using the calorimeter or measuring forces 
during cutting materials. However, temperature measure-
ment is not simple in machining processes. The heat parti-
tion during machining is a complex problem, mainly due to 
the variation of material properties (mechanical and thermal) 
with temperature [9, 88]. The calorimeter’s use presents dif-
ficulties such as liquid temperature homogenization, errors 
associated with temperature measurement techniques, heat 
exchanges with the environment, and heat generated deter-
mination in a single component of the system (workpiece, 
chip, or tool).

One of the major reviews on the modeling of machining 
problems was performed by Arrazola et al. in 2013 [89]. 

Fig. 8   Schematic diagram of 
thin film thermocouples embed-
ded in cemented carbide insert: 
(a) Three-dimensional view, 
and (b) Local section view [72]

Fig. 9   Schematics of the infra-
red thermography experimental 
set-up on a CNC vertical mill-
ing machine [80]

Rake surface of insert tool

IR camera

Work

CNC spindle
Rake surface
of insert tool

IR camera
Work (slotted tube)

Tool holder
Dynamometer

CNC milling machine table
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In this work, the authors highlighted that analytical models 
could provide information to optimize numerical models. 
Also, highlight the need for advances in numerical modeling 
for three-dimensional phenomena, assisting the industry in 
predicting parameters with more reliability. Many of the 
perspectives for future work by Arrazola et al. [89] have 
been developed; however, there are still several limitations 
to be overcome. In the following text, several studies that 
estimate the heat generated at the cutting zone interface from 
temperature measurements and analyze the effect of cutting 
parameters on the thermal phenomenon during the cutting 
process are highlighted.

Before specifying the estimation methods, it is known 
that one of the objectives of research involving manufac-
turing processes is to try to present analytical, numerical, 
experimental, empirical and hybrid models that can ensure 
energy conservation during cutting processes, and therefore 
use some theoretical model to estimate unknown parameters. 
To characterize the energy conservation in a control volume, 
the First Law of Thermodynamics is used, where the input, 
output, generated, and accumulated energy must always sat-
isfy the following equation:

In order to guarantee the First Law in cutting processes, 
the estimation of heat generation in shear zones is investi-
gated in the literature mainly in two different ways, using 
empirical methods or inverse methods, as shown in Fig. 11. 
Thus, several studies on the estimation of heat generated in 
machining processes are presented and discussed in these 
two categories.

(2)Ėinp − Ėout + Ėger = Ėacu

5.1 � Empirical methods

In 1951, Hahn [19] calculated the temperature distribution 
in the primary zone and disregarded the influence of other 
heat source on it. Thus, assuming that all mechanical work 
carried out in the machining process is converted to heat, the 
heat source in the heat form ( W∕m2 ) is expressed as

where the product of the shear force, Fs , and the velocity, Vs , 
is the power expended in the primary zone. The heat region 
is characterized by area wl. However, this expression does 
not account for the fact that the velocity direction changes 
beyond the shear plane.

At that time, Trigger and Chao [23] calculated the aver-
age temperature in the chip by determining the heat genera-
tion. Based on the power spent in the primary, FsVs , and 
secondary, FVc , shear plans, they assumed that there is no 
interaction between these two heat sources, which requires 
an exact knowledge of the heat partition during the cutting 
process. They also considered the latent energy due to plastic 
deformation that is stored in the chip. The material was char-
acterized before and after the shear plane as a single body, 
this simplification limits the determination of maximum 
temperatures during the chip formation process.

Therefore, one of the most valid assumptions according 
to Quinney and Taylor [90], Bever et al. [91], and Radulescu 
and Kapoor [92] is that the heat generation rate could be 
expressed by

where fc is the cutting or tangential force, ff  is the feed 
force, V is the cutting speed, and F is the feedrate. The forces 
needed to determine the heat source can be determined from 
the different models in the literature [93–96].

The surface heat source due to friction at the tool-chip 
interface was considered by Moufki et al. [97] acting on a 
layer along the tool interface como sendo igual a

(3)qs =
FsVs

wl

(4)Ė = fcV + ff F

(5)Q(x) = 𝜇̄VcP(x)

Fig. 10   (a) Set-up of the two-
colour pyrometer, and (b) Fibre 
position for the measurement of 
the chip temperature [86]

D

Object
surface

L

Quartz fibre

Lens
Dichroic

beamsplitter

IR-filter

Photodiode Amplifier Thermoelectric
cooler controller

Power
supply unit

Low-pass
filter

PC

Workpiece

Major
cutting edge

x

ChipChip

Measurement spot

Insert

Quartz fibre
α

Heat Source?Empirical methods Inverse methods

Fig. 11   Heat source estimation in machining processes

2834 The International Journal of Advanced Manufacturing Technology (2022) 120:2827–2848



1 3

where 𝜇̄ is the average friction coefficient, and Vc is the chip 
velocity. P(x) represents the pressure distribution, and x is 
the distance on the rake face from the tool tip.

The dual-zone model [98], which considers the sticking 
friction and sliding friction was recently used by Barzegar 
and Ozlu [99] to determine the heat generation and tempera-
ture distribution in the secondary and tertiary deformation 
zone, as shown in Fig. 12. The heat flux at the tool-chip 
interface and due to friction conditions in the third deforma-
tion zone can be expressed by Eq. 6 and Eq. 7, respectively. 
The inclusion of the tertiary zone increases the accuracy in 
predicting heat generation and maximum temperature at the 
clearance surface. However, the limitations of the dual zone 
model refer to the difficulty in determining the contact area 
and the dependence with Johnson-Cook model.

Möhring et al. [100] estimated the heat flux density and 
temperature in the machining zones. The method is based on 
the Jaeger’s model [16] and incorporates the thermomechani-
cal model of Kushner and Storcak [101]. The method charac-
terizes the dependence of heat flux density and temperature. 
The heat flux density is calculated in different areas in chip 
formation, as shown in Fig. 13: material deformation in chip 
forming area (A), where the heat flux density of is propor-
tional to the specific deformation work; material deformation 
under adiabatic conditions in accumulation zone (B), where 

(6)q2(x2) =

⎧
⎪⎨⎪⎩

�1Vch, x2 ≤ lp2

�VchP0

�
1 −

x2

lc2

��

, lp2 ≤ x2 ≤ lc2

0, x2 ≥ lc2

(7)q3(x3) =

⎧
⎪⎨⎪⎩

�1Vi, x3 ≤ lp3

�ViP0

�
a�x2

3
+ b�x3 + c�

��
, lp3 ≤ x3 ≤ lc3

0, x3 ≥ lc3

the heat flux density is independent of temperature; plastic 
contact between the chip and the rake face (C), where the heat 
flux density is calculated by numerical method, a decrease in 
density is considered for each interval due to the increase in 
temperature; and plastic contact between tool and workpiece 
(G), where the heat flux density is considered a constant. 
Therefore, the heat flux estimation depends on several param-
eters, such as: tangential force, shear plane angle, strain ratio, 
shear plane areas, and velocities involved in chip formation.

The determination of heat partition equations devel-
oped after the work of Trigger and Chao [23] who estab-
lished through experiments a constant for thermal partition. 
Loewer and Shaw [102], Boothroyd [103], Reznikov [104], 
Karo and Fujii [105], List et al., and Zhao and Liu [106] 
developed models for thermal partitioning in the primary or 
secondary shear plane. Because of the simplifications, these 
models do not consider several factors that can influence the 
machining process, such as the wear and built-up edge of the 
cutting tool, etc.

Komanduri and Hou presented three essential works on 
thermal modeling in machining processes. In the first part 
[107], the authors analyzed temperature distribution near 
the shear zone, workpiece, and chip. The shear plane was 
considered an infinitely long oblique heat source over an 
extension of the shear zone as an imaginary area. Hahn [19] 
used an oblique moving band heat source, model based on 
the chip formation process, wherein Komanduri and Hou 
modified this model considering a semi-infinite medium. 
The modified model used Hahn’s solution for the thermal 
partition, avoiding the explicit superposition on the thermal 
partition, i.e., the partition is part of the solution and not 
additional information. Thus, the partition fraction includes 
all heat by conduction and due to material flow. The heat 
flux was calculated using the orthogonal cutting classical 
theory, facilitating its determination regardless of cutting 
conditions, but it associates the uncertainties of the estimates 
of area and forces.

Fig. 12   Heat generation and boundary conditions in orthogonal cut-
ting [99]

Fig. 13   Layout of heat flows in orthogonal cutting [100]
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In the second part of the work, Komanduri and Hou [108] 
evaluated a thermal model based on the study by Jaeger [16] 
to calculate the temperature distribution in chip and tool due 
to frictional heat source. The model by Chao and Trigger 
[18] was compared with the model proposed for conven-
tional machining and aluminum ultra-precision machining 
with diamond tool. The model by Chao and Trigger did not 
show a combination of temperature distribution between the 
chip and tool sides. The problem was caused by the discrep-
ancy between the uniform moving band heat source and the 
uniform stationary rectangular heat source. The proposed 
model has a difference of up to 5% for conventional machin-
ing and 1% for ultra-precision machining. Another factor 
associated with this difference between the models was the 
assumed heat partition.

The third work by Komanduri and Hou [109] evaluated 
the temperature distribution in metal cutting due to the com-
bined effect of heat source on the shear plane in the primary 
zone, and friction heat source at the chip-tool interface. 
The results show a significant increase in temperatures and 
a change in conduction heat fraction to the chip and tool 
due to a combination of heat source effects. Yin et al. [110] 
and Shan et al. [26] used as a basis the model proposed by 
Komanduri and Hou [109] to estimate the temperature dis-
tribution in the orthogonal cutting.

A problem in many machining conditions is non-uniform 
heat partition. Hu et al. [111] presented a three-dimensional 
model for temperature prediction based on semi-infinite con-
tour theory and used a non-uniform heat partition model, as 
process characteristics use a circular tool. A circular tool 
is used in the process, which generates an irregular contact 
surface in turning. The authors compared a uniform model 
with a non-uniform heat partition and extracted the tool and 
chip interface temperature curves. Figure 14a and b show the 
tool and chip temperature increase curves for a model with 
uniform and non-uniform thermal partition, respectively. 
The non-uniform model has more consistent temperature 
rise curves for both sides and therefore provides a more 

accurate prediction and consistent temperature increase in 
the chip-tool interface.

Johnson-Cook’s models [112, 113] are well accepted, 
numerically robust, and widely disseminated in research 
on modeling and simulation in machining processes [89]. 
Authors such as Umbrello et al. [114], Haddag at al. [115], 
Zhang et al. [116], Klocke et al. [117], Daoud et al. [118], 
and Caudill et al. [119] estimated chip compression ratio, 
forces, plastic deformation, temperature distributions, chip 
morphology, and residual stresses using the Johnson-Cook 
models. According to Zhang et al. [116], machining must be 
treated as a purposeful fracture and consequently, not only 
the material flow stress determination, but also the condi-
tions in which the fracture occurs and how to model prop-
erly. According to the authors, Johnson Cook’s parameters 
for the same material are found in other works.

Models for estimating heat flux and its partition have 
evolved over the past few decades and several gaps have been 
filled. However, there is no consensus on an ideal method 
and model that should be used due to different limitations, 
facilities, and applications. In the 50’s and 60’s, works that 
measured temperatures experimentally and through Fou-
rier’s Law estimated the heat flux were common, but the 
method depends on experimental measurements, which pro-
vides practical difficulties and errors in temperature meas-
urement methods, limiting the separation of heat generated 
in the different shear zones.

The heat flux determination from estimated power using 
the classical theory of the orthogonal cutting is widely used 
because of its ease, the computational cost is low and it is 
possible to obtain satisfactory results. However, the tertiary 
shear zone is not evaluated, the material accumulation zone 
is disregarded, and heat flux variation with temperature can-
not be estimated.

Modeling that characterize the material behavior have 
been widely used to help estimate heat flux, the Johnson-
Cook’s model being one of the most used, but there are other 
models that can be associated with both Fourier’s Law and 

Fig. 14   Temperature increase 
distribution along tool-chip 
interface considering (a) uni-
form heat partition, and (b) non-
uniform heat partition [111]
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orthogonal cutting classical theory. These models help to 
estimate the heat flux as a function of temperature variation 
during material cutting. One of the problems of these models 
are the different sets of constants found in the literature for 
the same material and their determinations.

5.2 � Inverse methods

The use of inverse methods in estimating heat flux will be dis-
cussed, highlighting the most found and relevant techniques 
in the literature, such as: sequential function specification 
method, conjugate gradient method, golden section method, 
steepest descent method, Newton-Raphson iterative method, 
Nelder-Mead method, TFBGF, and other potential methods.

Lin’s pioneering 1995 work [120] estimated heat genera-
tion and temperature in the tool-work interface in milling 
using Beck’s sequential function specification method [30]. 
The three-dimensional model was transformed into a 1D 
problem in elliptic coordinates. The results showed a sig-
nificant difference between the temperatures recovered after 
estimating the heat flux and the experimental temperatures 
measured with a pyrometer. The heat flux and temperatures 
estimated during the milling process indicated that the 
method could be capable of achieving good results.

In 2000, Battaglia and Batsale [38] also used the sequen-
tial specified function method to estimate the heat flux and 
temperature at the tool tip during turning. The results indi-
cated that method underestimated the value of heat flux and 
temperature distribution. Regardless of the measurement 
noise magnitude, the method was considered the best for 
estimating the heat flux in such processes.

The works by Battaglia [121] and Battaglia and Kusiak [7] 
used the sequential specified function method to estimate the heat 
flux and temperature in the tool-work interface in milling and 

high-speed drilling processes, respectively. The results showed 
evolution, mainly due to improvements in the choice of tempera-
ture sensors, where the measurements started to have reduced 
noise during machining. However, some inaccuracies were still 
observed, such as the non-comparison between the measured 
and recovered temperatures in milling, and the non-comparison 
between the estimated heat flux with reference values in the drill-
ing process, perhaps showing limitations, but highlighting the 
capacity of the method in achieving different goals.

Samadi et al. [122] used the sequential method to estimate 
the heat flux in a cutting tool from simulated temperatures with 
noise using commercial software ANSYS. Considering the ther-
mal conductivity dependence with temperature, the estimates for 
triangular heat flux showed stability using a reduced number of 
future times and good agreement with the original values. How-
ever, the non-presentation of a comparison between the retrieved 
and simulated temperatures limits the conclusion about the per-
formance of the method, even in cases of numerical simulations.

Jiang et al. [123] evaluated the thermal behavior of the 
interrupted cutting process in milling. One of the work-
ing steps was to estimate the heat flux using the sequential 
method from the experimental temperatures measured by 
thermocouples during the milling of 1045 steel. The results 
showed a reasonable agreement between the estimated heat 
flux and the experimental temperatures. However, the tem-
peratures recovered from the estimated heat flux were not 
obtained, making it impossible to conclude on the effective-
ness of the inverse method in interrupted cutting application.

Norouzifard et al. [124] used a specified sequential func-
tion method to estimate the heat flux in the cutting tool dur-
ing the turning process on AISI 1045 and AISI 304 sheets of 
steel. Numerical simulations of heat transfer in the cutting 
tool were performed by commercial software ANSYS to 
recover the temperatures distribution (Fig. 15). Future time 

Fig. 15   Temperature distribution in (a) cutting tool, and (b) the tool holder at 60th second of machining of AISI 1045 material under cutting 
velocity of 89 m/min and feed rate of 0.11 mm/rev [124]
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regularisation method is used to reduce the errors caused 
by noise in the measured data. The difference between the 
experimental and recovered temperatures showed maximum 
errors approximately 10 %. The authors used Peclet’s dimen-
sionless number to understand the heat transfer between the 
tool and chip during the machining process. During machin-
ing of AISI 1045, heat flux increases as cutting speed also 
increase, up to a certain cutting speed value where the heat 
flux decreases due to the decrease in Peclet number. For 
both analyzed workpiece materials, heat flux transferred to 
the cutting tool decreases when the feeding rate increases 
because the chip thickness increases and heat transferred in 
the chip material also increases.

Brito et al. [8] used the specified sequential function 
method to estimate heat flux in turning gray cast iron with a 
carbide tool. The numerical simulations considering tool and 
holder were performed in COMSOL. The results of heat flux 
estimation in tests and replicates had a low standard devia-
tion. These differences are caused by small variations in the 
interface area that occur in the process (Fig. 16a). Compared 
with literature (Fig. 16b), heat flux estimation showed that 

the methodology of this work presented advances. Ferreira 
et al. [11] also used the sequential specified function method 
to estimate the heat flux (Fig. 17a) and temperature distribu-
tion in cutting tools with and without coating during metal 
cutting. This study also evaluated the thermal effects of 
coatings on the carbide tool during simulations performed 
by COMSOL. Considering that coatings must reduce heat 
dissipated to the tool, the results presented show that the 
contact area’s highest temperatures occur in machining with 
coated tools (Fig. 17b). The greater coating thickness, the 
higher temperature in the contact area. The coating isolates 
heat transfer due to low thermal conductivity, thus reducing 
heat transfer to the tool substrate, increasing the tool’s life.

In 2018, Kryzhanivskyy et al. [12] presented a new method 
to estimate heat flux with the help of a sequential function 
specification method and a sequential regularization method 
in orthogonal cutting processes. The inverse procedure had 
as objective function the difference between experimental 
temperatures (obtained by thermocouples embedded in cut-
ting tools) and simulated temperatures (obtained through the 
solution of finite element method by commercial software 

Fig. 16   (a) Comparison of heat 
flux estimation of three repeated 
experiments for the same turn-
ing condition on the chip-tool 
interface, and (b) Estimated 
heat flux between [8] and [59]
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COMSOL). The results for three heat flux behavior hypoth-
eses are presented in Fig. 18. Errors greater than 10 % were 
observed in temperature recovery. The behavior of decreasing 
heat flux (L-shaped) was responsible for returning the best 
convergences between measured and calculated tempera-
tures, thus showing to be the most appropriate. However, the 
authors claim that exact knowledge of decreasing heat flux is 
still a challenge, which can change significantly with cutting 
parameters.

Huang et al. [125] compared the heat flux estimation 
between the sequential Tikhonov regularization method 
(STRM) and the sequential function specification method 
(SFSM) in turning processes.Numerical tests were carried 
out to verify the accuracy, stability, and robustness of the 
proposed STRM, as shown in Fig. 19. STRM was as stable 
as SFSM and there was little or no time delay. Experimental 
tests have also shown effectiveness in estimating heat flux 
via STRM, since the difference between the measured and 
recovered temperatures were negligible. The experimental 
tests used the same cutting speed of 30 m/min, limiting the 
analysis to the variation of this machining parameter.

In another work published in 2019, Kryzhanivskyy et al. 
[44] presented the sequential method to determine the ther-
mal conductance coefficient of the chip-tool interface during 
the machining process from the solution of an inverse heat 
transfer problem. The conductance coefficient was corre-
lated to heat flux modeling at the chip-tool interface. The 
inverse problem solution was dependent on the mean chip 
temperature obtained via infrared thermography. The heat 
flux estimation as a time function strongly depends on the 
knowledge of the thermal convection coefficient (Fig. 20a), 
which was determined numerically. The results obtained for 
the heat flux estimation were compared with the literature, 
and the recovered and experimental temperatures were in 
agreement, as shown in Fig. 20b. The tool–chip thermal con-
ductance coefficient is governed by a change in tool surface 
topography as the tool wears.

In 2000, Lima et al. [126] estimated heat flux in experi-
ments analogous to a turning process using the conjugate 
gradient method. The 3D direct solution, adjoint equation, 
and sensitivity problem were numerically solved using the 
finite volumes method. With this technique, the cutting 

Fig. 18   Comparison of the three 
hypotheses of heat flux over 
process time [12]
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temperatures are estimated for various cutting conditions. 
In this case, the results were limited to a time below 10s. 
After this time, the thermal inertia of the tool holder 
affects the thermal problem. Some works that came after 
have corrected this problem, modeling the tool, support, 
and tool holder thermally as in Kryzhanivskyy et al. [12], 
and Carvalho et al. [59]. The heat flux estimates were sta-
ble, but still out of phase with the values measured by 
transducers. The dimensionless Fourier number was fun-
damental for the effectiveness of the inverse problem due 
to the difficulty in controlling the parameters as a function 
of time during the machining processes.

The conjugate gradient method was also used by Luchesi 
and Coelho [127] to estimate the heat flux during milling of 
AISI 4340. The heat source area at the tool-work interface 
was modeled as a moving heat source. The assumptions of 
uniform, parabolic, and Gaussian distribution were assumed 
and verified for the heat source. The heat source estimate 
for higher cutting speed conditions showed disagreement 
with the literature. The increase in cutting speed influ-
ences the heat convection coefficient, which can influence 
the performance of the inverse method. In this context, the 
ambient temperature, cutting fluid, and intermittent milling 
process are also parameters that influence the convection 
heat transfer.

The conjugate gradient method was presented by Liang 
et al. [48] an inverse procedure to estimate heat flux and tem-
perature distribution at the chip-tool interface during the dry 
turning. The temperature measurement in the tool used as 
input data for the inverse procedure was performed by infra-
red thermography (Fig. 21). The numerical solution using 
the finite difference method was used for the thermal model, 
considering the holder-tool assembly. The results showed 
good agreement between experimental and calculated tem-
peratures (obtained after heat flux estimation) at the cutting 
tool-tip, including comparisons with the literature (Fig. 22). 
The authors highlighted that infrared thermography guar-
anteed the tool integrity since it did not interfere with heat 
transfer (which occurs when inserting thermocouples, for 
example), giving more accurately estimating the heat flux. 
The study was also limited only to estimating the param-
eters at the chip-tool interface, not evaluating the accuracy 
of the estimates in tool temperature distribution, which can 
be influenced by different parameters in cutting process.

In a relevant study, Carvalho et al. [59] conceived a ther-
mal model for the tool holder assembly from a 3D tran-
sient heat equation to estimate the heat flux at the tool-chip-
workpiece interface. Eight thermocouples were attached to 
the carbide tool surface for three different combinations of 
machining parameters. The direct thermal model was solved 

Fig. 20   (a) Heat flux time dependency for different values of h, and (b) Time dependency for thermal conductance coefficient

Fig. 21   The infrared images of 
the cutter acquired in the cutting 
experiment (vc = 100 m/min, 
ap = 1.6 mm, and f = 0.15 mm/
rev): (a) during steady cutting; 
(b) right after the chip had left 
the rake face; (c) 0.1 s after cut-
ting; (d) 1 s after cutting [48]
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numerically using the finite difference method. The inverse 
problem for estimating heat flux was solved using the golden 
section method. The results obtained for heat flux allowed 
the recovered cutting tool temperature field with values 
close to those measured by thermocouples during experi-
ments (Fig. 23). The interface contact temperature during 
machining of gray cast iron workpiece by carbide tool is 
directly proportional to the increase of the cutting speed and 
feed rate. Several analyzes were performed, but the com-
parison between measured and recovered temperatures by 
the inverse method was not clear. The estimated heat flux 
was also not compared with values measured empirically or 
from the literature.

Huang and Lo [128], and Huang et al. [39] used the steep-
est descent method (SDM) to estimate the heat flux in the 
cutting tool in turning simulations and drilling experiments, 
respectively. The numerical results showed that the SDM 
does not require a priori information for the heat flux shape 
and reliable estimated values can always be obtained. The 
errors obtained between the temperatures measured in the 
drill flank face and calculated from the estimated heat flux 
were less than 10 %, thus showing a good effectiveness of 
the study in experimental tests.

Yvonnet et al. [129] presented the Newton-Raphson itera-
tive method for estimating heat flux and thermal convec-
tion coefficient during the orthogonal cutting process. The 

experiments were carried out using thermocouples on HSS 
tools during aluminum alloy cutting. The estimation of the 
experimental tests determined the temperature distribu-
tion and heat flux in the tool (Fig. 24). The heat convection 
coefficient was also estimated in the inverse method as 0.5 
W∕m2K . This work presented the heat flux distribution in 
the tool, while the literature was limited only to the heat 
generated estimation in the interface zones. However, it 
was not possible to satisfactorily conclude the quality of the 
results, as the heat flux was not properly compared with real 
or literature values, and the recovered temperatures were 
presented for only a single point of the tool.

Kryzhanivskyy et al. [130] selected the Derivative free 
Nelder-Mead method as the most appropriate to estimate 
the heat flux by minimizing the error between retrieved tem-
peratures and measured by thermocouples inside the tool 
holder during turning. The results obtained did not differ in 
relation to the other studies previously presented, showing 
good agreements between the estimated and measured tem-
peratures, and the heat flux as expected, but without more 
specific comparisons.

The transfer-function-based Green’s function (TFBGF) 
inverse technique was proposed by Fernandes et al. [46] to 
estimate the heat flux in an experimental case of temperature 
estimation at the tool-workpiece interface during a machin-
ing process. The results highlighted the advantage of using 
an analytical solution to solve inverse and direct problems. 
The analytical solution did not present any difficulty in char-
acterizing the area exposed to the heat flux, provided that 
previously known. Numerical solutions would require an 
extremely refined mesh with a consequent high computa-
tional cost. However, accurate estimation of the heat flux 
was not possible, because the calculated and experimental 
temperatures showed divergences, mainly in the initial times 
of the cutting process, probably due to an instability of the 
inverse technique proposal. Oliveira et al. [131] also used 
the TFBGF inverse technique to estimate the heat flux and 
temperature distribution at coated tool-chip interface.

An iterative identification algorithm using particle swarm 
optimization (PSO) was used by Medeiros and Crichigno 
[132] for estimating heat flux distribution in drilling pro-
cess. The results showed that the linear and polynomial heat 
flux models can present a good approximation between the 

Fig. 22   The simulated tem-
perature fields of the insert and 
toolholder with optimized heat 
flux of 2.95 × 107 W/m2 (vc = 
100 m/min, ap = 1.6 mm and 
f = 0.15 mm/rev): (a) at the 
cutting time of 60 s; (b) at the 
cutting time of 120 s; (c) 0.1 s 
after cutting; (d) 1 s after cut-
ting [48]
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experimental and recovered temperature curves (Fig. 25). 
However, hybrid model showed the best results in relation 
to maximum and average residual temperatures. In terms of 
the number of particles needed to calibrate the models using 
PSO, the hybrid needed about 10% more than the polynomial 
and four times more than the linear. The number of particles 
to calibrate the models using PSO was 10 % and four times 
higher for the hybrid model compared to the polynomial and 
linear, respectively. Although the study has shown the ability 
of PSO to estimate heat flux, significant differences between 
experimental and simulated data were observed, making it a 
challenge to reduce errors in estimates in experimental tests. 
An overview of PSO techniques to optimize parameters in 
machining processes was presented by Norfadzlan et al. [133].

Over the years, modeling and optimization techniques 
have constantly undergone significant development Mukher-
jee and Ray [134]. In addition, other intelligent algorithm 
can also solve the inverse heat conduction problem, such 
as as artificial neural network with Bayesian regularization 

algorithm presented by Deng and Hwang [135], Genetic 
Algorithms (GA) and Simulated Annealing (SA) are also 
optimization techniques widely used in complex inverse 
problems [136–138], robust and fast hybrid algorithms are 
constantly being developed to increase efficiency in recon-
structing instantaneous heat fluxes from experimentally 
measured temperature data [139]. More recently, advanced 
types of artificial intelligence such as deep neural networks 
are employed to learn the physics of conduction heat trans-
fer [140].

The different methods of optimizing parameters during 
metal cutting try to provide a single, unified and systematic 
approach to determining ideal or near-optimal cutting condi-
tions in various types of problems. The use of one or more 
inverse techniques may result in more effective optimiza-
tions. The optimization method adopted must be based on 
the user’s knowledge and the complexity of the problem to 
be solved, highlighting the importance of the criticality of 
modeling the problem and obtaining experimental data.
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Fig. 24   (a) Temperature distribution calculated at 0.65 mm from the tool tip, and (b) Estimation of heat flux in the tool [129]

Fig. 25   Comparison between experimental and simulated temperatures rise (a) Thermocouple T1, and (b) Thermocouple T2 [132]
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In addition to choosing the best optimization method, 
there are still other difficulties that must be overcome to 
increase efficiency in estimating the heat flow during the 
machining process. The knowledge of the shape variation 
of the heat flow during metal cutting is a limitation to pre-
dict the temperature distribution, and its inverse estimation 
strongly depends on temperature measurements and accurate 
modeling. The dependence of the heat flux on the different 
cutting parameters is still poorly investigated. The complex-
ity of fluid flow in the interface zones is one of the main 
problems especially in machining with high cutting speeds 
and cutting fluid.

6 � Conclusions

This paper reviews methods for estimating heat flux during 
machining processes using analytical, numerical or empiri-
cal models. Based on the studies, the following conclusions 
can be highlighted:

•	 Analytical models have evolved considerably, correct-
ing basic limitations, such as ignoring the heat genera-
tion zone between the tool clearance surface and work-
piece. However, there are still difficulties in estimating 
the heat flux considering temperature variations, which 
causes changes in the mechanical and thermal properties 
of the workpiece and tool material, thus influencing the 
heat flux behavior. The constitutive equations for mate-
rial models minimize this problem, but are limited due 
to the difficulty in determining several constants in the 
equations.

•	 Empirical correlations may rely weakly on experimental 
measurements and generally require less computational 
effort than numerical methods. Correlations for heat 
partition are important to estimate the thermal problem, 
but they still have limitations in the characterization in 
machining processes involving greater complexity, for 
example using cutting fluids.

•	 The inverse methods can estimate temperatures and heat 
generation during the machining process from tempera-
ture measurements far from interface workpiece-chip-
tool. Although there are different technique in the litera-
ture that deals with this problem, the inverse technique 
has become one of the main tools for solving thermal 
prediction problems in the cutting process.

•	 The heat flux estimation by inverse methods is usually 
based on minimizing an objective function. Most recent 
research uses some commercial software (ANSYS, 
COMSOL, ABAQUS, etc.) to simulate and calculate the 
temperature distribution during a machining process. The 
methods of the specified function, conjugated gradient, 
genetic algorithm, Newton Raphson, Transfer Function, 

among others, are examples of methodologies used to 
estimate the heat flux generated at the interface.

•	 One of the major challenges to improving heat flux esti-
mation using inverse methods is to deal with the effect 
of errors present in the temperature signal acquisition. 
Inverse techniques amplify the measurement errors, and 
usually, some regularization technique must be imple-
mented in the inverse code to minimize them.

•	 An experimental technique that has been widely used 
in recent works is Infrared thermography. Good results 
have been presented, showing that it is possible to 
acquire temperature data with less interference and 
reduce the error in estimating the heat generated during 
metal cutting.

•	 Numerical solutions that approach the machining process 
as a multiphysics problem, characterizing both the phe-
nomenon of plastic deformation and the heat transfer, are 
still rarely found in the literature.
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