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Abstract
Thermal properties of machined materials, which depend significantly on the change in cutting temperature, have a con-
siderable effect on thermal machining characteristics. Therefore, the thermal properties used for the numerical simulation 
of the cutting process should be determined depending on the cutting temperature. To determine the thermal properties of 
the machined materials, a methodology and a software-implemented algorithm were developed for their calculation. This 
methodology is based on analytical models for the determination of tangential stress in the primary cutting zone. Based on 
this stress and experimentally or analytically determined cutting temperatures, thermal properties of the machined material 
were calculated, namely the coefficient of the heat capacity as well as the coefficient of thermal conductivity. Three variants 
were provided for determining the tangential stress: based on the yield stress calculated using the Johnson-Cook constitutive 
equation, based on the experimentally determined cutting and thrust forces as well as by directly calculating the tangential 
stress. The thermal properties were determined using the example of three different materials: AISI 1045 and AISI 4140 steel 
as well as Ti10V2Fe3Al titanium alloy (Ti-1023). With the developed FE cutting model, the deviation between experimental 
and simulated temperature values ranged from approx. 7.5 to 14.4%.
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1  Introduction

As one of the main methods of shaping various products, 
providing their necessary accuracy and manufacturing 
quality, the cutting process has been the subject of study by 
numerous researchers for many decades. One of the most 
powerful tools for studying cutting has been the process of 
its modeling. Particular advances have been made in the 
development of numerical cutting models, e.g., using the 
finite element method [1] and also mesh-free methods [2]. 
In recent decades, this method is often successfully used 
to study the characteristics of the cutting process [3, 4] in 
particular the kinetic [5] and thermal [6] characteristics, tool 
wear [7], physico-mechanical characteristics of the work-
piece boundary layers [8, 9], etc.

In order to be able to apply numerical cutting mod-
els, numerous studies have been carried out to create the 

components of the FE-model triad: a model of the machined 
material (the constitutive equation), a friction model, and a 
fracture model of the machined material. Significant efforts 
have been made to determine material models suitable for 
numerical cutting models [10], as well as methods for cal-
culating the constitutive equation parameters [11, 12]. Sig-
nificant advances have been made in evaluating the contact 
interaction between the tool and chip and the workpiece [13, 
14] and in developing friction models that characterize this 
interaction [11, 15]. A detailed study of the machined mate-
rial fracture and chip forming processes [5] has contributed 
to the development of various models of machined material 
fracture (see e.g., [16, 17]). This ensured the development 
of fracture models for various hard-to-machine steels and 
titanium alloys during cutting [18–20].

Despite significant successes in applying numerical mod-
els to predict the cutting process characteristics, the simula-
tion results differ from the corresponding experimental data. 
In order to obtain machining characteristics corresponding 
to the specific modeled processes of material removal, it is 
necessary to use realistic values of cutting model parameters. 
Whereas there has been extensive research into establishing 
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the parameters of the material model, the friction model, and 
the fracture model of the machined material, little attention 
has been given to determining the thermal properties of the 
material for modeling the cutting process. Yet, the thermal 
properties of the material to be machined have a significant 
impact on the cutting process characteristics and, particu-
larly on the value of the cutting temperature. The simulation 
of cutting temperature, along with other important charac-
teristics of the cutting process, is given special attention. 
The thermal properties of the materials to be machined have 
a predominant influence on the temperature distribution in 
the various cutting zones [21, 22]. A significant influence of 
thermal properties has been established on the constitutive 
equation parameters used to the machined material model 
[23], on, for example, predicting the cutting temperature for 
complex tool cutting wedge shapes [24], when machining 
difficult-to-machine steels and titanium alloys [25], when 
using tools with coatings [26], etc.

This paper presents studies into establishing the ther-
mal properties of the machined materials, especially for the 
modeling of cutting processes. In addition, a method for 
determining these properties and the simulation results of 
cutting temperature are described here using the example of 
orthogonal cutting.

2 � Methods for the determination of thermal 
properties

Fundamental material properties, such as mechanical and 
thermal properties, are a necessary part of every cutting 
model of these materials. Determining the thermal proper-
ties of materials has been a research subject for a long time. 
During this period, well-established methods and procedures 
for determining thermal properties have been developed. The 
basic procedures for determining these properties specifi-
cally for material removal processes are outlined in a review 
by Davies and colleagues [27]. Most publications on the 
modeling of cutting processes have taken the thermal prop-
erties of the machined material from the constant values 
included as standard in the simulation software (see e.g., 
[28–32]). In the studies dealing with the analytical modeling 
of cutting processes (see e.g., [22, 29, 33–36]), the proper-
ties required have been established as constant values based 
on similar sources.

The thermal properties of materials have mainly been 
determined by experiment (see e.g., [37–39]). However, 
there have also been experiments to establish these prop-
erties theoretically or analytically [40, 41] as well as to 
numerically simulate and calculate the thermal properties 
of different kinds of steel (see e.g., [42]). These values have 
been determined with common methods for the examination 
of material properties (see [38, 43–46] and many others). 

The values of the thermal properties have been established 
at a fixed temperature of the material, mainly at room tem-
perature. In addition, it is known that the thermal properties 
of materials such as specific heat, thermal expansion, and 
thermal conductivity also change significantly with varying 
temperature of the examined material [37, 38, 40]. If it is 
not taken into consideration that the thermal properties of 
the machined material change when its temperature changes, 
fundamental errors occur regarding the determination of 
thermal flows in this material. In turn, this leads to con-
siderable errors when establishing the temperature and the 
kinetic characteristics of cutting processes, tool wear, etc.

In rather less known studies, changes in the thermal prop-
erties of the machined material with varying temperature 
have been taken into account [1]. A procedure has been 
developed to summarize the data on the change in the ther-
mal properties of the machined material depending on its 
temperature in a table. In this case, the values of thermal 
properties from the table corresponding to a certain cutting 
temperature are used to simulate the cutting process (see 
e.g., [1, 47]). The temperature dependences of the thermal 
properties of materials obtained experimentally or by cal-
culation are also approximated by equations of the first [36] 
or higher orders [48, 49].

Based on the above analysis, it can be concluded that the 
known methods for determining the thermal properties of 
machined materials are based on the assumption that the 
thermal properties to be determined are constant within 
the boundaries of the test specimen. However, during cut-
ting, the machined material is under conditions in which its 
thermal properties change and depend on the stress-strain 
state of that material (see below). This must be taken into 
account when determining the thermal properties of mate-
rials in order to use these properties in the cutting process 
simulation.

3 � Methodology for identifying thermal 
properties

The specific characteristic of the material deformation and 
the subsequent material breaking during the cutting in het-
erogeneous shearing processes is that areas with different 
states of stress-strain arise and thus with a considerably dif-
ferent deformation in corresponding cutting zones [50–52]. 
In the same way, the temperature of the material in the cut-
ting zones and their areas differs considerably [30, 53, 54]. 
Under certain cutting conditions, this leads to a hardening of 
the material as well as to a softening of the material among 
other things. The thermal properties of the material and how 
they vary with temperature depend basically on its state of 
stress-strain. The condition of the material in different cut-
ting zones differs greatly from the usual, often undeformed 
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condition in which its thermal properties are generally meas-
ured. As such material conditions can only be obtained dur-
ing the cutting process [52], the thermal properties of the 
material have to be established during the corresponding 
machining processes.

For establishing the thermal properties of the machined 
material, which are necessary to simulate different cutting pro-
cesses, it was suggested to determine by experiment the cutting 
temperature in the respective zones based on the analytical 
description of the stress-strain state of the material [51, 52] 
in the cutting zones — Fig. 1. In this case, it was necessary to 
find out for which area or rather cutting zone the correspond-
ing calculations and temperature measurements must be car-
ried out. Naturally, it made sense to choose that cutting zone or 
that area of the zone in which there is a constant temperature 
distribution, the measuring point is as accessible as possible 
and the measuring process itself is comfortable on the whole. 
A constant temperature distribution depends basically on a 
homogeneous stress-strain state of the material [52, 53, 55]. 
A homogeneous stress-strain state of the machined material 
and a resulting constant temperature occurs in those cutting 
zones with predominantly adiabatic deformation conditions 
leading to material hardening or isothermal deformation con-
ditions leading to material softening. Under these conditions, 
the material is only in the primary cutting zone [52, 56]. In this 
zone, the material to be machined is under all-around com-
pression. This condition provides for a uniform distribution of 
deformations, stresses, and temperatures throughout the entire 
primary cutting zone. Possible irregularities in the distribution 
of these characteristics accompanying the machining of such 
difficult-to-machine materials as, for example, titanium and 
nickel alloys, austenitic steels, etc., arise after the material to 
be machined has left the primary cutting zone, i.e., after the 

final chip formation. This occurs already in the stagnant area 
of the secondary cutting zone [52, 56].

The temperature distribution within the primary zone, 
inside the area bounded by the indicated temperature isolines 
(see Fig. 1), is approximately constant compared with the 
temperature distribution in the secondary and tertiary cut-
ting zones, in which there is a temperature gradient of up to 
5 °C/μm [27, 53, 54, 57]. Moreover, the accessibility to the 
temperature measurement of the primary cutting zone is con-
siderably better and more comfortable than in other cutting 
zones, because the temperature can be measured at the exterior 
surface of the chip during the transition from workpiece mate-
rial to chip (see Fig. 1). For example, the temperature at the 
exterior surface of the chip in this measuring point is the same 
as in the primary cutting zone. This occurs if the chip thick-
ness is within the conventional range, the chip forming process 
is constant, and the temperature at this measuring point has 
reached the steady-state condition [55, 58].

The temperature of the deformed material in the primary 
cutting zone was in proportion to the specific deformation 
work [52, 53]:

where Aw is the specific deformation work, CV is the coef-
ficient of the specific volumetric heat capacity of the machined 
material, τt is the tangential stress in the primary cutting zone 
or rather the specific tangential force in this zone, εw is the 
true final strain, and KPε is the coefficient of heat flow from 
the primary cutting zone into the workpiece.

The true final strain εw in the case of adiabatic material 
hardening was established with the chip compression ratio Ka 
[12, 50, 51]:

where a is the undeformed chip thickness (depth of cut), ac 
is the chip thickness, and γ is the tool orthogonal rake angle of 
the tool wedge (see Fig. 1).

The coefficient of heat flow from the primary cutting zone 
into the workpiece KPε was defined by the following equation 
[52]:

where, Pe is the Péclet number (Péclet criterion), ϕ is the 
shear angle, VC is the cutting speed, and ω is the coefficient of 
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Fig. 1   Layout of cutting zones
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thermal diffusivity, defined as the quotient of the coefficient of 
thermal conductivity and the coefficient of specific volumetric 
heat capacity.

The shear angle ϕ was determined using the chip compres-
sion ratio Ka and the tool orthogonal rake angle γ:

As the temperature at the exterior surface of the chip (see 
Fig. 1) was established by experiment, the coefficient of the 
specific volumetric heat capacity CV could be calculated as 
follows:

The stress-strain state of the machined material in the pri-
mary cutting zone during cutting could be clearly established 
with the tangential stress or rather the specific tangential force 
τt (see Fig. 1) and the true final strain εw [50–52]. The tangen-
tial stress τt was determined in three different ways:

➢ Due to the yield stress σt calculated using a well-
known constitutive equation (e.g., Johnson-cook [59]) 
(JC);
➢ Based on the resultant forces determined by experi-
ment, e.g., Fx and fz in the case of orthogonal cutting 
(MF);
➢ By directly calculating the tangential stress τt (TS).

According to the first method (JC), the yield stress σt 
prevailing in the primary cutting zone during the machin-
ing of material was established using a constitutive equa-
tion, in this case with the Johnson-Cook constitutive equa-
tion [59]:

where σt is the yield stress, A is the initial yield stress, B 
is the stress coefficient of strain hardening, n is the power 
coefficient of strain hardening, C is the strain rate coeffi-
cient, m is the power coefficient of thermal softening, ε is 
the strain, 𝜀̇ is the strain rate, 𝜀̇0 is the reference value of 
strain rate, Tdmeas is the actually measured temperature in 
the primary cutting zone, Tr is the reference or room tem-
perature, and Tm is the melting temperature of the material 
to be machined (machined material).

The constitutive equation contains five constants: A, B, n, 
C, and m, which can be determined by experiment (see e.g., 
[12]). The tangential stress τt was calculated through the yield 
stress σt as follows [12, 52]:

(5)� = arctan

⎛
⎜⎜⎝

1
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⋅ cos �
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1
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⋅ sin �

⎞
⎟⎟⎠
.

(6)CV =
�t ⋅ �w ⋅ KP�

Tdmeas

(7)

𝜎t = (A + B ⋅ 𝜀n) ⋅

[
1 + C ⋅ ln

(
𝜀̇

𝜀̇0
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⋅

[
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(
Tdmeas − Tr

Tm − Tr

)m]

The strain rate 𝜀̇ from Eq. (7) could be calculated in two 
different ways, either due to Oxley’s machining theory [12, 
50, 60–62]:

where C0 is the thickness ratio of the primary cutting zone,
or due to Zorev’s machining theory [12, 51]:

where Δy is the thickness of the primary cutting zone 
(see Fig. 1).

If it was considerably difficult or impossible to directly 
measure the thickness of the primary cutting zone Δy, the 
value was determined with the following inequality [12]:

Instead of using the classic Johnson-Cook equation, it 
would also be possible to apply the modified equations 
developed in the last years (see e.g., [63–65]).

According to the second method (MF), the tangential 
stress τt in the primary cutting zone was determined due 
to the resultant forces established by experiment [51, 52]:

where w is the cutting width, FX and FZ are the experi-
mental cutting and thrust forces respectively (in the case of 
orthogonal cutting), and FXC and FZC are the cutting and 
thrust forces at the clearance face of the tool wedge (in the 
tertiary cutting zone) respectively.

The forces FXC and FZC in the tertiary cutting zone are 
determined by extrapolating the dependence of respective 
forces on the depth of cut to the zero value of this depth of 
cut [51, 56, 66].

In the third method (TS), the tangential stress τt was 
directly calculated according to the following equation [52]:

where Rt is the true ultimate strength, mh is the empiri-
cally established parameter of the material deformation 
hardening, Bτ is the empirical constant taking account of 
the joint effect of strain rate and temperature on the yield 
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point, and Kε is the empirical constant regarding the effect 
of the strain rate at a partly constant mean temperature. The 
dimensionless complexes A1 and A were defined with the 
following equation [52, 53, 56]:

The experimental coefficients Bτ and Kε were established 
using mechanical tensile/compression tests according to the 
methodology in [12, 52]. The maximum deformation of the 
machined material to be reached under isothermal deforma-
tion conditions in the primary cutting zone was calculated 
with the following equation [53, 56]:

However, the coefficient of mass specific heat capacity 
Cm is mostly used in commercial and other software for the 
simulation of machining processes. Cm of CV was converted 
according to the following equation:

where ρ is the density of the material.
By defining the coefficient of the specific heat capacity, 

it was possible to determine a further thermal property of 
the machined material, namely the coefficient of thermal 
conductivity λ. Zorev*s machining theory [51] and the 
extended Oxley’s machining theory [12, 50, 60–62] were 
used for that. Based on the mathematical composition of 
the theory, the coefficient of thermal conductivity λ was 
calculated with the following system:

The proportion of heat conducted into the workpiece β 
(a similar quantity like the coefficient of heat flow from the 
primary cutting zone into the workpiece KPε, see Eq. (3)) 
was calculated with the following equation:

in addition, the thermal number RT was determined as 
follows:
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)
⋅ cos (� − �) ⋅ � ⋅ Cm ⋅ a ⋅ w

F� ⋅ cos � ⋅ �
,

where η is the parameter to scale the average tempera-
ture rise at the shear plane (when fulfilling the conditions 
of orthogonal cutting).

The cutting force Fτ (see Fig. 1) acting in the primary 
cutting zone was defined as follows:

The sequence of steps in the procedure for determining 
the thermal properties of the materials subjected to the 
cutting process is shown in Fig. 2.

The coefficient of thermal expansion, which is also nec-
essary for simulating cutting processes, can be established 
using a simulation-aided design of experiments (DOE) (not 
presented in this paper). The DOE method is determined 
based on the temperatures measured in the primary cutting 
zone as well as the coefficients of specific heat capacity CV 
and thermal conductivity λ defined in advance (see Chapter 6).

4 � Test setup

The device for conducting the experimental analyses was 
designed and assembled for establishing the cutting tem-
perature at the exterior surface of the chip in the terminal 

(20)RT =
� ⋅ Cm ⋅ V ⋅ a

�
,

(21)F� =
�t ⋅ a ⋅ w

sin�

Fig. 2   Flowchart of the procedure for determining the thermal prop-
erties of the machined materials
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area of the primary cutting zone. The measuring device 
consisted of two setups: one for conducting the cutting 
tests and one for the calibration of the measuring system.

4.1 � Cutting tests

The experimental investigations into the determination of 
cutting temperatures were carried out in the machining of 
AISI 1045 and AISI 4140 steel as well as Ti-1023 titanium 
alloy (Ti10V2Fe3Al) using the test stand for orthogonal and 
oblique cutting [55, 66]. Fig. 3 shows the used test facility 

with the measuring equipment for establishing the result-
ant forces and cutting temperatures [58, 66]. The workpiece 
was clamped into a three-component dynamometer, type 
9263 by Kistler, which was used for measuring the resultant 
forces. The cutting process was carried out using the tool 
with a clamped changeable cemented carbide insert SNMG-
SM-1105 by Sandvik Coromant. The geometry of the tool 
wedge necessary for cutting was guaranteed by positioning 
and grinding the tool orthogonal clearance of the wedge. 
The tool orthogonal clearance was 8°, and the radius of cut-
ting edge rounding was 20 μm in all tests. The tool orthogo-
nal rake angle was changed from − 10° to 10° in steps of 10° 
in order to guarantee different values of the true final strain 
εw of the machined material in the primary cutting zone.

The cutting temperature was measured with a high-speed 
pyrometer, IGA-740 LO by LumoSense, at the exterior 
surface of the chip (see the measuring field in Fig. 3). The 
measuring field of the pyrometer ranged from 0.5 to 0.8 mm. 
The time resolution was 6 μsec. The cutting parameters used 
in the experiments are given in Table 1.

To carry out experimental studies, the area of cutting 
parameters for each studied material was selected separately. 
These cutting parameters are typically used in practice for 
turning, drilling, and milling AISI 1045 and AISI 4140 
steels as well as the Ti-1023 titanium alloy. Specific values 
of cutting speeds from the commonly used in practice range 
are selected in such a way as to provide an integer value of 
the Péclet criterion. This criterion is further used as a simi-
larity criterion for comparing cutting temperatures.

4.2 � Calibration

During the cutting process, the machined material is subject 
to a considerable thermomechanical effect, which substan-
tially changes not only the physical-mechanical properties 
of boundary layers, but also the topography of the workpiece 
surface and the chip. This greatly changes the emissivity 
of the surface to be measured. To take account of this phe-
nomenon in the determination of the cutting temperature, 
the measuring system must be calibrated together with the 
measuring instruments for optically establishing the cutting 
temperature. This also concerned the temperature determina-
tion at the exterior surface of the chip in the accessible area 
of the primary cutting zone (s. Fig. 1 and Fig. 3).Fig. 3   Experimental setup for temperature measurement [58]

Table 1   Cutting parameters in 
experimental tests

Material Cutting speed, VC [m/min] Depth of cut, a [mm] Péclet number, 
Pe [-]

Max. Min. Step Max. Min. Step Max. Min.

AISI 1045 192 48 48 0.2 0.1 0.05 80 10
AISI 4140 144 48 48 0.2 0.1 0.05 60 10
Ti-1023 96 32 16 0.15 0.05 0.05 30 3.34

1946 The International Journal of Advanced Manufacturing Technology (2022) 118:1941–1956



1 3

The fundamentals for establishing the temperature in cut-
ting processes with different methods have been described 
in detail, e.g., in studies by G. Barrow [67] and G. W. Burns 
with M. G. Scroger [68]. In principle, there are two fun-
damentally different measuring methods for determining 
the temperature: contact and contactless methods [69]. The 
contact methods can be divided into stationary and dynamic 
methods. In the case of stationary methods, different ther-
mosensors are used for the measurements [55]. With the 
dynamic methods, the temperature is measured using the 
tool and the workpiece, which are electrically isolated from 
each other but in contact during the measurement. Various 
techniques are used to calibrate the thermosensors as well 
as the tool-workpiece pair (see e.g., [70–74]). The contact 
methods are rarely applied for temperature measurements 
due to the great inertia of the used sensors and the consider-
able difficulties in placing such measuring elements as close 
to the cutting zones as possible [75].

In the last years, fiber-optic two-color pyrometers have 
been used for establishing the cutting temperature [76]. The 
principle is based on double measurements of the surface 
emissivity at two different wavelengths in the infrared range. 
When assuming that the object to be measured is a grey body 
of which the emissivity is independent from the wavelength, 
it is possible to evaluate the temperature and the emissiv-
ity of the chip surface using this method. Several measure-
ments of cutting temperatures were carried out with such a 
two-color pyrometer [47, 77]. When the temperature was 
determined at the exterior surface of the chip, the surface to 
be measured was, however, not similar to the grey body and 
thus dependent on the wavelength [75]. In addition, it was 
very difficult or nearly impossible to orientate the measuring 
part of the glass fiber of the two-color pyrometer towards 
the measuring field. Measuring methods with pyrometers 
or thermographic cameras are better suited to measure the 
temperature at the exterior surface of the chip [75, 78–80]. 
The measuring system must be calibrated here with real test 
objects used in the experiments (exterior surface of a chip) 
as well as their surface properties. This method [75] [81] 
was used to calibrate the measuring system for the tempera-
ture determination.

The fundamental scheme for calibrating the measuring 
system is shown in Fig. 4. The pyrometer measured the tem-
perature at the surface of the real chip during this calibra-
tion. This real chip was put on a heating unit and heated up 
to a set temperature using two heating elements. In addi-
tion to the pyrometer, the actual temperature in the heat-
ing unit and the chip was measured simultaneously using a 
calibrated thermosensor, type PT-100. Due to the signal of 
the actual temperature, a control signal was produced using 
the control program worked out in the environment of the 
LabVIEW software. Based on this signal, the power regu-
lator, type M 028N, in the control unit created the desired 

voltage with which the heating elements were fed. Thus, the 
heating elements warmed up the heating unit with the chip to 
a temperature set in the control program. The PID controller 
(proportional-integral-derivative controller) integrated into 
the LabVIEW control program ensured that the set tempera-
ture of the heating unit with the chip could be kept reliably.

By comparing the signal of the pyrometer with the tem-
perature of the chip, it was possible to create a calibration 
equation using the LabVIEW program. Fig. 5 presents an 
example for the calibration equation regarding the tempera-
ture measurement at the exterior surface of the chip in the 
machining of AISI 1045 steel.

This method of calibration using real chips obtained dur-
ing experimental studies provided the possibility for elimi-
nating uncertainty when measuring the temperature in the 
transition area from the primary cutting zone to the exterior 
surface of the chip.

5 � Experimental tests

The experimental tests for establishing the temperature at 
the exterior surface of the chip (see Fig. 1) were carried 
out applying the cutting parameters listed in Table 1. As an 
example, Fig. 6 shows the temperatures at the exterior sur-
face of the chip measured during the orthogonal cutting of 
three test materials: AISI 1045 (Fig. 6, a), AISI 4140 (Fig. 6, 
b), and Ti-1023 (Fig. 6, c).

The temperature development is described depending on 
the different values for the true final strain of the machined 
material in the primary cutting zone and on the different 
Péclet numbers. It has to be noted here that the presented 
temperatures were interpolated to rounded values of true 
final strain. This was necessary in order to be able to com-
pare the temperatures for different Péclet numbers.

The temperature at the exterior surface of the chip 
increased monotonously with rising true final strain. In 
the case of cutting processes with higher Péclet numbers, 

Fig. 4   Scheme for calibrating the measuring system
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Fig. 5   Determination of the 
calibration equation

Fig. 6   (a, b, c) Temperature at the exterior surface of the chip
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the temperature reached considerably greater values. The 
change in true final strain necessary for the experimental 
tests was obtained by correspondingly different values of 
tool orthogonal rake angle γ and chip compression ratio Ka 
(see Eq. (2)). The different Péclet numbers were guaranteed 
by a change in cutting speed VC and undeformed chip thick-
ness or depth of cut a (see Eq. (4)).

As expected, the temperature in the cutting of heat-treat-
able steel AISI 1045 was considerably lower than in the 
machining of AISI 4140 high-alloy steel for corresponding 
values of true final strain and the Péclet number. This differ-
ence was also caused among other things by the substantial 
difference in the hardness of the steel materials. Regarding 
the materials examined in this study, the highest temperature 
occurred in the cutting process of Ti-1023 titanium alloy. 
This could be attributed to the considerably greater values of 
the true ultimate strength Rt and the hardness of the material. 
It was also not insignificant for the process of temperature 
development that the toughness was considerably greater 
than in the case of steel materials.

All tests carried out in this study with regard to the tem-
perature at the exterior surface of the chip in the area of 
the primary cutting zone showed the same character as the 
results depicted as examples in Fig. 6. These were used fur-
ther for establishing the desired thermal properties of the 
machined material.

6 � Determination of thermal material 
properties

The methodology described in Chapter 3 was used for cal-
culating the coefficient of volumetric heat capacity CV or 
mass-specific heat capacity Cm as well as the coefficient of 
thermal conductivity λ of the machined material. The coeffi-
cients were determined for all three calculation variants: due 
to the Johnson-Cook constitutive equation (JC), based on 
resultant forces established by experiment (MF) and using 
directly calculating the tangential stress (TS) in the primary 
cutting zone (s. Chapter 3).

The parameters of the Johnson-Cook constitutive equa-
tion [59] were established for the examined materials using 
the method in [12] and listed in Table 2. According to this 
method, the parameters of the constitutive equation are 
determined separately. The values of the initial yield stress 
A, the stress coefficient of strain hardening B, and the power 
coefficient of strain hardening n are determined by fitting the 
flow curve in compression of samples at room temperature. 
Then, the samples are compressed at various temperatures 
up to the maximum cutting temperature. The average value 
of the power coefficient of thermal softening m is deter-
mined by appropriate processing of the obtained flow curves 
for the studied material. Finally, the strain rate coefficient C 

is determined for the conditions of the cutting process. To 
determine this coefficient, experimental studies of cutting 
forces are carried out, mainly during the orthogonal cutting 
process. The tangential stresses in the primary cutting zone 
are calculated from the obtained cutting forces. Based on 
the tangential stresses and taking into account the previ-
ously defined parameters of the constitutive equation, the 
coefficient C is calculated [12]. Thus, the coefficient C is 
determined for the strain rate range corresponding to the 
cutting conditions.

These values of the parameters were used for calculating 
the thermal properties of the machined material according 
to the first variant.

Table 3 shows the dependences of the coefficient of mass-
specific heat capacity Cm and the coefficient of thermal con-
ductivity λ on different values of final strain εw and calcula-
tion variants for the analyzed materials, using one value of 
the Péclet number and the depth of cut as an example.

When comparing the presented dependences, it could be 
noted that both coefficients Cm and λ increase with growing 
true final strain εw. The final strain of the machined mate-
rial in the primary cutting zone during machining and the 
calculation variant affected the calculated values of both 
coefficients in fundamentally different ways. This effect also 
differed from material to material (s. Table 3). How much 
and in which way these influences had an effect differed with 
the change in cutting parameters, the chemical composition 
as well as the mechanical properties of the machined mate-
rial, the tool geometry, and other cutting conditions. When 
analyzing the correlations between the thermal properties of 
the machined material, which have to be established, and the 
above-mentioned process parameters, it appeared that they 
have a unique character in every single case. Hence, it would 
be hardly possible to generalize them. That would require 
calculating the thermal properties of the machined material 
in every case to be conducted for the simulation. Regarding 
the completely structured analytical model for establishing 
these properties (see Chapter 3), the calculation method is 
suited well for the programming. Thus, the thermal prop-
erties required for simulating the cutting process could be 
calculated easily and reliably.

The use of the proposed three methods for determin-
ing the tangential stress ensures that the thermal prop-
erties of the machined materials are sufficiently close 
(see Table 3). This demonstrates that each of the three 

Table 2   Johnson-Cook constitutive equation parameters [12, 82]

Material A [MPa] B [MPa] n [-] C [-] m [-]

AISI 1045 439.125 475.9 0.2136 0.0181201 0.848
AISI 4140 632.3 546 0.1784 0.0175 1.46
Ti-1023 976.9 502.3 0.2214 0.02812 0.8
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methods can be applied. The decision to use one or another 
method of determining the tangential stresses is up to the 
user depending on what data and capabilities he has. In 
particular, whether data are available on the parameters of 
the constitutive equation, or whether it is possible to deter-
mine cutting forces experimentally, etc. The availability of 

these data and possibilities determines the type of tangen-
tial stress determination method.

The question which calculation variant would be more 
suitable for establishing the thermal properties should be 
answered based on the simulation results for the cutting pro-
cesses. This is dealt with in the next chapter.

Table 3   Calculated values of the thermal properties Cm and λ 

Material
Thermal material properties

Coefficient of mass-specific heat capacity Cm

[J/(kg °C)]

Coefficient of thermal conductivity 

[W/m °C]

5401ISIA

(P
e

)
m

m
1.0=a;02=

0414ISIA
Ti

-1
02

3

(P
e

)
m

m
50.0=a;01=
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7 � Simulation of orthogonal cutting 
processes

In order to verify the elaborated methodology for determin-
ing the thermal properties of the machined material and to 
validate the suggested calculation variants, a FEM mod-
eling and a subsequent simulation of the orthogonal cut-
ting process were carried out. The FEM cutting model was 
developed in the environment of the commercial software 
DEFORM 2D/3DTM [83]. The simulation was based on the 
updated implicit Lagrangian formulation method. It was 
assumed for all models that the material of the workpiece 
was isotropic of the plastic type and the material of the tool 
was rigid. The material model of the three examined mate-
rials was based on the constitutive Johnson-Cook equation 
with the model parameters listed in Table 2. The fracture 
mechanism of the cutting process was modeled with the 
damage model by Cockcroft and Latham [84]. The critical 
elongation for AISI 1045 steel was 210 MPa, 280 MPa for 
AISI 4140 steel, and 240 MPa for Ti-1023 titanium alloy 
respectively. These critical stresses were determined with 
the help of a design of experiments (DOE) analysis [12, 82]. 
The contact between tool and chip as well as between tool 
and workpiece was modeled with a hybrid friction model. 
The friction model was composed of a combination of the 
Coulomb model and a shear friction model. Regarding the 
modeling of the cutting processes for AISI 1045 and AISI 
4140 steel, the Coulomb coefficient of friction was 0.15 and 
the plastic proportion of the shear friction model was 0.6. 
Regarding the modeling of the friction process during the 
machining of Ti-1023 titanium alloy, the Coulomb coeffi-
cient of friction was 0.2 and the shear friction coefficient 
was 0.8 [12, 82].

Fig. 7 presents the meshed initial geometrical model with 
boundary conditions. The boundary conditions were deter-
mined by fixing the workpiece and the tool as well as by 
the input of the thermal conditions at the boundaries of the 

respective objects. The bottom of the workpiece was rigidly 
fixed in the X-, Y-, and Z-directions. The rigid fixation of the 
tool at the back of its rake face in Z-direction prevented its 
meshing in this direction. The thermal initial conditions at 
room temperature Tr were given at the bottom and the left-
hand side of the workpiece as well as at the right-hand side 
and the top of the tool. The working motion of the tool at a 
cutting speed VC for guaranteeing the cutting process was 
given by the absolute motion in the negative X-direction.

The validity and functionality of the developed numerical 
cutting model were tested by simulating the cutting process 
characteristics: chip formation, deformation rate develop-
ment in the shear zones, as well as temperature flows in 
the workpiece when machining AISI 1045 and AISI 4140 
steels, as well as titanium alloy Ti-1023. The specified cut-
ting characteristics are exemplarily presented in Table 4 for 
some studied cutting parameters. Analysis of the modeling 
results of the cutting characteristics showed that the devel-
oped model is appropriate for further simulation.

The temperature change during orthogonal cutting at 
the exterior surface of the chip forming during machining 
of the studied materials is shown in Fig. 8. The experi-
mental and simulated temperatures depending on the true 
final strain of the machined material are one above the 
other here. The depicted results were selected as exam-
ples for the cutting parameters which were represented 
by the Péclet number of Pe = 20 for AISI 1045 and AISI 
4140 steel as well as Pe = 10 for Ti-1023 titanium alloy. 
The simulations were carried out with the values of the 
thermal material properties, established according to three 
variants: (1) due to the yield stress (flow stress) σt calcu-
lated with the Johnson-Cook constitutive equation (JC), 
(2) based on the resultant forces FX and FZ determined by 
experiment (MF), and (3) through the direct calculation 
of tangential stress τt (TS). Experimental and simulated 
temperatures were determined at the same place, shown in 
the simulation pictures (s. Fig. 8, a, b, and c).

Fig. 7   Initial geometry and 
boundary conditions of the 
FEM cutting model
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The temperatures established by the experiment for 
these cutting parameters ranged from approx. 340 °C up to 
approx. 470 °C for the three analyzed materials (s. Fig. 8). 
The temperatures at the exterior surface of the chip in the 
boundaries of the primary cutting zone were clearly higher 
in the cutting of the titanium alloy, as already shown in 
Fig. 6. The temperatures established by simulation showed 
a good agreement with the corresponding values deter-
mined by the experiment. The simulated cutting tempera-
tures deviated from the experimental ones by approx. 7.5 
to 14.4%. For all three examined materials, the best agree-
ment was achieved by those temperatures that were simu-
lated based on the thermal properties calculated according 
to the second variant (MF) (see Fig. 8). That could be 
explained, as the experimentally determined components 
of the resultant forces were used in this case to establish 
the thermal properties of the material.

The greatest deviation occurred in the third variant (TS) 
for calculating the thermal properties. Nonetheless, this 
variant also guaranteed a permissible deviation between 

the cutting temperatures established by experiment and by 
simulation.

Hence, the proposed methodology for determining the 
thermal properties of machined materials offers a reasonably 
good agreement between the experimental and simulated 
values of cutting temperatures for the simulation of cutting 
processes.

8 � Conclusion

A methodology for determining the thermal properties of 
materials under stress-strain conditions corresponding to 
the loading conditions of the material in the cutting pro-
cess has been proposed and implemented. This methodol-
ogy is based on analytical models for determining tangential 
stresses in the primary cutting zone. Thermal properties of 
the machined materials, namely the coefficient of specific 
heat capacity Cm and the coefficient of thermal conductivity 
λ, were calculated using the developed software algorithm 
on the basis of tangential stresses in the primary cutting 

Table 4   Simulation results of the developed numerical cutting model functionality

Mate-
rial

Cutting 
para-

meters
Strain [-] Strain rate [s-1] Temperature [°C]
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ni
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m
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m
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zone and the cutting temperature in this zone. The algorithm 
involves using the measured or analytically calculated cut-
ting temperature.

Three methods have been proposed to determine the 
tangential stresses: by yield strength st calculated from the 
Johnson-Cook equation, on the basis of the resultant forces 
FX and FZ determined experimentally, and by direct calcula-
tion of the tangential stress tt.

The developed methodology was tested on three dif-
ferent materials: AISI 1045 steel, AISI 4140 steel, and 
titanium alloy Ti-1023 (Ti10V2Fe3Al). The thermal 
properties of the studied materials for the chosen range 
of cutting parameters, calculated using the three methods, 
depend significantly on the Péclet criterion and the true 
final strain of the material and are proportional to these 
characteristics. The absence of close correlation in these 
dependencies allows to conclude that it is necessary to 
determine the thermal properties of the processed material 
in each case separately.

The adequacy of the developed methodology for deter-
mining the material thermal properties was evaluated by 
comparing the measured and simulated cutting tempera-
tures. A temperature comparison showed a fairly good 
match. The experimental temperature values differed from 
the simulated values by about 7.5 to 14.4%. The smallest 
deviation was achieved when calculating thermal prop-
erties using experimentally determined components of 
the resulting cutting forces. Thus, it can be stated that 
the developed methodology can be used to determine the 
thermal properties of machined materials.
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