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Abstract: The modeling of machining process characteristics and, in particular, of various cutting
processes occupies a significant part of modern research. Determining the thermal characteristics
in short hole drilling processes by numerical simulation is the object of the present study. For
different contact conditions of the workpiece with the drill cutting inserts, the thermal properties
of the machined material were determined. The above-mentioned properties and parameters of the
model components were established using a three-dimensional finite element model of orthogonal
cutting. Determination of the generalized values of the machined material thermal properties was
performed by finding the set intersection of individual properties values using a previously developed
software algorithm. A comparison of experimental and simulated values of cutting temperature in
the workpiece points located at different distances from the drilled hole surface and on the lateral
clearance face of the drill outer cutting insert shows the validity of the developed numerical model
for drilling short holes. The difference between simulated and measured temperature values did not
exceed 22.4% in the whole range of the studied cutting modes.

Keywords: machining; short hole drilling; finite element method; simulation; cutting temperature;
thermocouple; pyrometer

1. Introduction

Progress in the development of material removal processes is closely related to the
necessity to understand the physical and mechanical processes occurring in the contact
interaction zones between the cutting tool and the machined material. Modeling techniques,
in particular numerical models [1,2], which have established themselves as an integral part
of most studies on modern machining processes [3,4], provide invaluable support for this.
Three-dimensional numerical models of machining processes using unstable end cutting
tools with continuously varying contact conditions between the tool and the machined
material [5] offer a significant benefit [6,7]. It is considerably difficult to realize models of
such cutting processes for machining complex periodic [8] and non-periodic [9] surfaces of
various machine and mechanism parts. Oblique non-free cutting processes with a complex
stress—strain state of the machined material and end cutting tools used for machining such
parts are very sensitive to the complex conditions of thermomechanical loads acting in the
cutting zones [10]. This fully applies to drilling processes [11], in particular the short hole
drilling process [12-14], and causes significant tool wear and great difficulty in achieving
the specified quality of machined surfaces. Experimental studies of such processes are
accompanied by considerable difficulties due to the difficult accessibility of cutting zones for
measuring such cutting characteristics, for example, cutting temperatures [15]. However,
further study of the thermal loading of the tool and workpiece during drilling, which
significantly determines the wear of drill cutting elements and the machined surface
quality [16,17], necessitates the application of alternative possibilities. Numerical models of
machining processes have such capabilities. This paper is concerned with the application
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of a numerical model of short hole drilling to determine the thermal characteristics of
the machining process. It is a continuation of a previously published paper [18] on the
determination of the kinetic characteristics of the short hole drilling process.

2. Methods for the Determination of Thermal Characteristics in Short Hole Drilling

The drilling process has long been the subject of study by many researchers [6,19].
A substantial number of these studies have used numerical models, particularly finite
element models [20-22], meshless models such as SPH models [23,24], and other types of
numerical drilling models to determine various characteristics of this machining process.
Numerous studies have been concerned with modeling the drilling process to determine
optimal machining modes (see, for example, [25-27]), kinetic characteristics of the process
(see, for example, [28-31]), and mechanical characteristics of the machined material (see, for
example, [32-34]). Some researchers have paid special attention to modeling drilling pro-
cesses with different types of tools for hard-to-machine materials (see, for example, [35-38]),
particularly titanium [39,40] and nickel [41,42] alloys.

A significant part of the published studies have focused on modeling the thermal
characteristics of the drilling process with different types and kinds of tools. Li and Shih
presented a three-dimensional finite element cutting model for twist drills [43], which can
simulate the temperature distribution in the tool and workpiece. They used a thermal model
with reverse heat transfer. The modeling results were confirmed by experimental studies
and analytical calculations. Muhammad and colleagues developed a three-dimensional
FEM model of drilling [44]. Spiral drills were used as tools. In the used model of the
machined material, its nonlinear and temperature-dependent behavior was taken into
account. The model also included the use of additional heating of the machined material to
reduce its shear strength, thus providing easier cutting conditions. The numerical modeling
of the temperature distribution in a spiral drill and a workpiece of Ti-6Al-4V titanium
alloy was investigated by Patne et al. [45]. The developed finite element model used a
variable heat partition model and a model of the planning ploughing forces, taking the
curvature radius of the tool cutting edge into account. The results of the temperature
simulation were confirmed by corresponding IR camera measurements. Lazoglu and
colleagues studied the temperature evolution at the cutting edges of spiral drills through a
combination of analytical and numerical cutting models of titanium alloy Ti-6Al-4V [46]. To
validate the developed models, thermocouples built into the drill were used. A telemetry
system was applied to transmit the signal from the thermocouples to the measuring system.
Kuzu et al. developed a finite element model of drilling compacted graphite iron with twist
drills [47]. To calculate the heat flows in the tool, the calculation results of the tool force
effect on the workpiece were used. Yang and Sun analyzed the temperature distribution
in a titanium alloy workpiece, simulated with a finite element model of drilling [21]. The
developed model used the model components of machined material, friction, and damage.
Experimental dependences of the hardening terms of the machined material and its strain
rate hardening were used as parameters of the constitutive equation. Heat flows in cutting
zones during drilling were modeled by Kumar and colleagues [39]. The numerical model
was used to determine the temperature distribution in the workpiece and at the tool cutting
edges. These simulated temperature values were used in the regression model of drill
wear. The tool temperature values measured with an infrared camera were used to verify
the model. Bonnet et al. developed a finite element model for drilling Ti-6Al-4V titanium
alloy with carbide twist drills [40] to calculate heat flows and the energy balance in the
cutting zones. A numerical-experimental method was used to quantitatively determine
the thermal and mechanical loads of the machined material. The spatial heterogeneity
in cutting characteristics along the tool cutting edge was shown. The FEM model used
constant values of thermal material properties from known publications. Kolahdoozan and
colleagues presented a developed numerical drilling model of Inconel 718 nickel alloy with
a TiAIN-coated carbide drill [42]. By using simulated temperature distribution values in
the tool, they created a model of drill wear. The Eulerian-Lagrangian scheme was used
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by Svensson and colleagues to model the drilling process of AISI 4140 steel using tools
equipped with carbide inserts [48]. The temperature distribution in the machined material
and the kinetic characteristics of the machining process were modeled separately for the
outer and inner cutting inserts. Jiang et al. modeled the kinetic drilling characteristics using
tools with replaceable carbide inserts by means of a finite element model [14]. The cutting
characteristics were simulated separately for the outer and inner cutting inserts of the drill.
Fandifio et al. investigated the temperature distribution in the drill bit during single-lip
deep hole drilling [34]. The thermal properties of the machined and tool materials were
assumed to be constant and borrowed from published sources. The validation of numerical
models is ensured by experimental studies of heat flow distribution in drills (see, e.g., [49]).
Various thermocouples were often used as measuring instruments, either embedded in the
tool or embedded in the workpiece [50]. In the last two decades, optical methods of cutting
temperature measurement using fibre optic two color pyrometers have been significantly
developed [51,52].

The adequacy of numerical, especially finite element, cutting models to the actual
machining process depends mainly on the extent to which the triad models (model compo-
nents) acceptably describe the relevant physical phenomena in the cutting zones. In turn,
the description acceptability of these physical phenomena is completely determined by the
parameters of the triad models. Among the known constitutive equations (material models)
used in numerical cutting models [53], the Johnson—Cook equation [54] has become the
most popular. This is due to the relative simplicity and clarity of this constitutive equation,
which was the reason for its application in 3D cutting models, particularly for modeling
the drilling process [55,56]. Various methods were used to determine the parameters of
the constitutive equation applied in numerical models of drilling: borrowing from known
publications (see, for example, [57,58]), determination of these parameters from the results
of the orthogonal cutting process and experimental studies (see, for example, [59-61]),
and others. Recently, modified Johnson-Cook defining equations have often been used
(see, e.g., [59,62,63]). The friction model parameters [64] used in numerical drilling models
were also overwhelmingly borrowed from known publications (see, e.g., [55,56]). Based on
the information in most of the known publications, the damage models of the machined
material [65] could be mainly divided into two types: geometric and physical. Regarding
the machining process of structural heat-treatable steels, i.e., materials of which flow chips
are generated in the cutting process, damage models were used that can be conventionally
called “geometric” models. More accurately, they must be termed as division models of the
machined material, dividing it into a chip and a machined part of the workpiece [65]. They
were realized either by inserting some thin intermediate layer of material at the assumed
separation boundary, the elements of which are removed when approaching the region of
the tool’s immediate vicinity [66] or by continuously repeated remeshing of the workpiece
mesh upon reaching a previously specified criterion [67]. Regarding the machining process
of hard-to-machine metals, such as titanium and nickel alloys, austenitic steels, etc., i.e.,
materials of which serrated chips are produced in the cutting process, damage models with
a physical criterion were used [65]. The physical criterions used were critical values of
strain [54] or stress [68], energy criteria for damage of the machined material [69,70], as
well as characteristics of the machining process, such as, for example, the form and size
comparison of the resulting serrated chips [62,63,68].

Being fundamental properties of machined materials, mechanical and thermal proper-
ties are an indispensable part of any analytical or numerical cutting model. Quite a few
different studies have been concerned with determining the parameters of triad models
(material model, friction model, and damage model). There are, however, rather few studies
on determining the thermal properties of machined materials, although these properties
have a significant effect on both the cutting temperature and the cutting process charac-
teristics as a whole. Over a fairly long period of research, methods and procedures for
determining the thermal properties of various materials have been developed. The basic
procedures for determining these properties with respect to material removal processes
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were summarized in a review by Davies et al. [71]. This paper shows the advantageous
effect of thermal properties on the temperature in different cutting zones [72-75]. In the
development of numerical cutting models, thermal properties have mostly been chosen to
be constant, as found in the data bank of material properties embedded in the commercial
software tool used (see, e.g., [76-78]). If the thermal properties of the machined material
were still determined, they were determined experimentally in most cases (see, e.g., [79,80])
and less often by theoretical [81] or analytical methods [82,83] using the generally accepted
methods for investigating the properties of various materials (see, e.g., [79,84,85]). When
the changing thermal properties of the machined material due to temperature were taken
into account, tables were set-up for the dependence of thermal properties on changing tem-
peratures [3,86] to be used in numerical cutting models. The thermal property dependences
of materials were approximated by first order [87] and higher order equations [39,88].

The performed investigation showed here that the thermal properties of machined
materials are established from the condition of their constancy within the boundaries of
the test specimen. In addition, the thermal properties of this material vary and depend
significantly on the stress—strain state of the material in the cutting process, and especially
in processes with variable contact conditions between the tool and the machined material,
to which the drilling process undoubtedly belongs. In order to develop an adequate model
of the drilling process, these variations and dependences must be accounted for.

3. Materials and Methods

To represent the changing cutting conditions along the tool cutting edge, the drilling
process simulation should be performed using a 3D finite element model. The significant
gradient of contact conditions during short hole drilling is aggravated by the fact that the
machining process is carried out using two cutting inserts (outer and inner) located at
different distances from the center of the machined hole [12,14]. These specific features
of the drilling process were taken into account in determining the parameters of the triad
models that compose the numerical drilling model. The above parameters were determined
by means of the well-known inverse method, and a previously developed technique [18,89]
was used to determine their generalized values.

In addition to the determination of the above-mentioned parameters, it was necessary
to establish the thermal properties of the machined material, which have a decisive influ-
ence on the numerical modeling of cutting temperatures. These basic properties were the
mass-specific heat capacity C;; and the thermal conductivity coefficient A. The methodology
previously developed by authors [90] was used to determine these parameters. Similar to
the definition of the parameters mentioned above, the our previously developed methodol-
ogy for finding the intersection of individual property sets [89] was used for this purpose.
Known literature data were taken as the thermal properties of the tool material.

The mass-specific heat capacity Cy, is determined according to the following relationship [90]:

_&_Tt‘gw'KPs

C
" Y Tdmeas

, )
where Cy is the coefficient of the specific volumetric heat capacity of the machined material,
T; is the tangential stress in the primary cutting zone or rather the specific tangential force
in this zone, &, is the true final strain, Kp, is the coefficient of heat flow from the primary
cutting zone into the workpiece, and T j,e55 is the actually measured temperature in the
primary cutting zone.

The value of tangential stress in the primary cutting zone 7; was determined according
to the following dependence [90,91]:

o= (Fx — Fxc) ~cosg:; ._w(FZ — Fzc) -sing sing, 2

where Fx and F; are the cutting force components measured in the orthogonal cutting
process, Fxc and Fzc are the cutting and thrust forces at the clearance face of the tool wedge
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(in the tertiary cutting zone), respectively, ¢ is the shear angle, a is the depth of cut (or
the undeformed chip thickness in the case of orthogonal cutting processes), and w is the
cutting width.

The cutting temperature Ty,.,s was measured during orthogonal cutting (see
Sections 3.1.1 and 4.1). The shear angle ¢ was determined using the chip compression ratio
K, and the tool orthogonal rake angle y [92,93]:

1
< * Cos
¢ = arctan K"ily , 3)
1
1-— K -siny
chip compression ratio
a
Ko=—, 4)

where 7 is the tool rake angle, and ac is the chip thickness.
In the case of adiabatic hardening of the machined material, the true final strain &,
was established with the chip compression ratio K, [92-95]:

K, 4+ & —2-siny
ew = Le , ®)
Ccos 7y

The coefficient of heat flow from the primary cutting zone into the workpiece Kp, was
defined by the following equation [90,92]:

1 1
g , Q)
L+ S 1%

Kpe =

where P, is the Péclet number (Péclet criterion):

PC: : ’ (7)

where V¢ is the cutting speed, and w is the coefficient of thermal diffusivity, defined as the
quotient of the thermal conductivity coefficient and the coefficient of the specific volumetric
heat capacity.

The following dependence was used to calculate the thermal conductivity coefficient
A [90,93,94]:

-Cy - Ve -a-tan
=0 Cm Ve tang ®)

10 k2

where S is the proportion of heat flow into the workpiece (a similar quantity like the
coefficient of heat flow from the primary cutting zone into the workpiece Kp,), and k; and
ko are the experimental coefficients.

A flowchart of the program algorithm for calculating the thermal properties of the
machined material is shown in Figure 1.

The parameters of the constitutive equation and the friction model as well as the
thermal properties of the machined material, determined in the way described above, were
further used for the numerical modeling of the short hole drilling process.

3.1. Materials

AISI 1045, a well-known representative of thermo-treated structural steel, was chosen
as material to be machined. Prior to experimental studies of both orthogonal cutting and
short hole drilling, all used workpieces were subjected to tempering and a subsequent
normalization to remove residual stresses generated in the workpiece subsurface layers
during previous workpiece forming operations.
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Input of initial data: tool geometric parameters,
cutting modes and conditions, mechanical
properties of the machined material, etc.

Temperature measurement in the primary
cutting zone on the chip outer surface

¥
Cutting force components and chip
compression ratio measurement

Determination of tangential stresses
from measured cutting force components
and addition cutting characteristics

¥
Calculation of mass specific heat capacity C
and thermal conductivity coefficient i

( Save*data (

Figure 1. Algorithm flowchart for calculating the thermal parameters of the processed material.

3.1.1. Orthogonal Cutting

The cutting temperature in the orthogonal cutting process and the thermal properties
of the machined material were established with a special experimental stand [91,92]. A
detailed specification of the experimental set-up for the realization of the orthogonal cutting
process, measuring system, tool type, geometrical parameters of its cutting wedge, as well
as cutting modes is given in the first part of the drilling process study devoted to the
determination of kinetic characteristics [18]. When changing cutting modes (cutting speed
and drill feed), new cutting inserts were used. In repeated tests with the same cutting
modes, the cutting inserts were not changed. The drilling depth was set so that the wear
of the cutting inserts was negligible. Since new inserts were used for each set of cutting
modes, the influence of insert wear on the measurement results was negligible.

The cutting temperature was measured parallel to the cutting force components. The
temperature was measured in the primary cutting zone from the outer surface of the formed
chip at the transition region of the workpiece surface into the chip [72,90,96]. The experi-
mental set-up for the temperature measurement is shown in Figure 2. The measurements
were performed with a high-speed pyrometer, IGA-740 LO by LumoSense. The measuring
field of the pyrometer was about 0.8 mm. The resolution time was 6 psec. The pyrometer
signal acquisition including its analog-to-digital conversion was carried out using a multi-
function I/0 device USB-6259 of National Instruments with a resolution of 16-bit and a
data acquisition frequency of 1.25 MS/s. Subsequent processing of the pyrometer signal
was carried out using the developed program in LabVIEW Professional Development
System 2018. To perform the pyrometer calibration, the developed methodology [90] was
applied by means of a special device using real chips obtained in the experiments studies
at different cutting modes.
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Measuring
{ temperature

i field

F T o Primary cutting zone
e (Shear zone)
n 2
Workpiece

Figure 2. Experimental set-up for temperature measurement in the primary cutting zone at the outer
surface of the chip.

The process of orthogonal cutting was carried out without the use of coolant. To ensure
the necessary reliability of the measured values, the tests for each set of cutting speeds
were repeated at least 5 times. The specified minimum number of repetitions was used for
both orthogonal cutting and drilling. The error bars were determined by the minimum and
maximum values of the measured cutting temperatures. The confidence interval chosen
was equal to 0.9. Since there were no significant differences between individual cutting
temperature values, the average temperature value was used as a representative value. The
largest error in temperature measurement by the pyrometer was 10%.

3.1.2. Short Hole Drilling

Experiments of the temperature distribution in the workpiece and the temperature
change in the outer tool insert were carried out with the UWF 1202 H machining center
by Hermle, depending on the cutting modes in the short hole drilling process. The exper-
imental set-up for measuring the temperature distribution in the workpiece is shown in
Figure 3. The drill was fixed in the machining center spindle using an HSK-32 shrink-chuck
(see Figure 3d). The drill diameter was @ 25 mm. The short hole drilling tool was equipped
with two square carbide inserts: an outer and an inner one (see Figure 3b). The outer and
inner inserts were installed and fixed in the drill body so that the geometric parameters
of the cutting wedge were the same. In this case, the rake angle was equal to y; = 0°. At
the same time, the clearance angle of the cutting wedge was a; = 8°. The curvature radius
of the cutting edge was 20 pm, and the curvature radius of the tips from the outer and
inner plates was 4 mm. The plates were 5 mm thick. At a distance of 2 mm from the inserts’
cutting edges, a groove with a width of 1 mm was produced for swirling the chips [18].
The geometric parameters of the cutting inserts and the parameters of their fastening to
the tool body were mainly consistent with the geometric parameters of the cutting inserts
used in the orthogonal cutting process (see Section 3.1.1). The workpiece was fixed in a
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stationary four-jaw chuck on a Kistler four-component dynamometer, type 9272, which
was mounted on the machining center table (see Figure 3a). The mantle thermocouple with
transition sleeve, type K by tc-direct, was used to measure the temperature distribution
in the workpiece. Such thermocouples have also been successfully used to measure the
temperature in the tool during the drilling process [97]. The thermocouple diameter was
1 mm. Thermocouple signals, including their analog-to-digital conversion, were acquired
via a CompactDAQ Chassis NI cDAQ-9178 with an embedded NI 9214 unit from National
Instruments. The data acquisition frequency of the thermocouples was 70 S/s with 24-bit
resolution. Signal processing was also performed via a program developed in the LabView
2018 environment. The measurement accuracy of the thermocouple signals was 0.1 °C. For
the measurements, twelve thermocouples were used which were evenly arranged around
the workpiece height and perimeter. The thermocouples were fixed to the workpiece using
special adapters (see Figure 3a).

Thermocouples

=

C—— ‘ s . Y e S
. ) Adapter for
72 . i N\ ‘ thermocouple
Four-jaw chuck N L mounting
o\

= 1
1

(@)

Arrangement scheme Development of the workpiece cylindrical surface
of thermocouple rows Row 0 Row 1 Row 2 Row 3
0 2 3
4 5 6, T4 ..
9 1 1

(b) (0

Shrink chuck
HSK-32

Hole for supplying
the cooling lubricant

(d)

Figure 3. Test set-up for analyzing the drilling process: (a) experimental stand for measuring

thermal characteristics; (b) arrangement scheme of thermocouple rows; (c) arrangement scheme of
thermocouple layers; (d) short hole drill.

Figure 3b,c show the layout of the thermocouples on the circumference of the work-
piece’s outer diameter and on the cylindrical surface of the workpiece. The temperature
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Mounting the
pyrometer head 4
=

L

in the workpiece was measured at various distances from the cylindrical surface of the
drilled hole. The distance between the drill hole wall and the temperature measuring
point (thermocouple end) was 0.5 mm in row 0, 1.0 mm in row 1, 2.0 mm in row 2, and
3.0 mm in row 3 (Figure 3b). Before performing measurements, each thermocouple was
calibrated within the region from room temperature to 300 °C. The thermocouples were
calibrated using a block calibrator, type CTD 9100 by WIKA Alexander Wiegand SE & Co.
KG, Klingenberg am Main, Germany.

The test set-up for temperature measurement on the lateral clearance face of the drill
outer cutting insert is shown in Figure 4. The temperature was measured using a high-speed
pyrometer (see Section 3.1.1) that was fixed onto the machining center body—Figure 4a. The
measurement area was the lateral clearance face of the outer insert, to which the pyrometer
measurement field signal was directed (see Figure 4b). Figure 4c illustrates the scheme of
the temperature measurement process at the specified location. A special workpiece shape
with a pre-milled slit was used for the measurement (see the initial state of the workpiece in
Figure 4c). During the drilling process, the workpiece slit was uncovered (see the final state
of the drilled workpiece in Figure 4c). As soon as the lateral clearance face of the insert was
visible through this opened slit during the drilling process, the corresponding temperature
signal was recorded by the pyrometer [72].

s | 05X
[Four-jaw chuck

Wit

4-component FEL
2

dynamometer [T st

i

.
Temperature measurement
0 field of pyrometer

A
{

Drilled slit
for temperature | 3
measurement

Initial workpiec Machined workpiece
(0)

Figure 4. Test set-up for analyzing the drilling process: (a) arrangement for the temperature mea-
surement on the clearance face of the outer drill insert; (b) short hole drill with measurement field;
(c) measurement scheme.
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The pyrometer signal acquisition and its processing were carried out by the same
measuring system that was used to measure the temperature in the primary cutting zone
from the outer surface of the formed chip at the transition region of the workpiece surface
into the chip (see Section 3.1.1). The pyrometer was calibrated in the same way as in the
study of the orthogonal cutting process according to the developed method [90] by means
of a special device (see Section 3.1.1). The largest error in temperature measurement in this
area was 11%.

3.2. Methods

The parameters of the model triad [53,64,65] had the main influence on the simulated
characteristics of the cutting process. Therefore, it became essential to determine these
parameters, ensuring that the simulated characteristic values of the cutting process were
close enough to the corresponding experimental values. As in the first part of the numer-
ical modeling study for short hole drilling [18], an orthogonal cutting model was used.
The decisive argument in favor of using this process to determine the above-mentioned
parameters was the simplicity and rapidity of such a numerical model.

The three-dimensional modeling of the orthogonal cutting process and the subse-
quent modeling of the short hole drilling process were developed in DEFORM V 12.0
2D/3D™ software environment [67]. A detailed description of the developed numer-
ical cutting models is given in the first part of the drilling process study devoted to
the determination of kinetic characteristics [18]. The measured cutting force and tem-
peratures were used as target values when performing DOE sensitivity analyses. Local
parameters of the contact interaction in the secondary and tertiary cutting zones were
determined according to the procedure [98]. The values of local parameters were estab-
lished with friction windows [64,98]. In the simulation process, an algorithm built into the
software tool was used to divide the machined material into chip and machined workpiece
volumes [67]. Therefore, it was not necessary to employ a special model of the machined
material fracture [65,68].

3.2.1. Orthogonal Cutting Process

Figure 5 shows a 3D finite element model of the orthogonal cutting process combined
with the results of the cutting temperature simulation. The boundary conditions were
defined by rigidly clamping the bottom of the workpiece in all coordinate directions and
rigidly clamping the tool onto the Z-axis and Y-axis. The initial thermal conditions T, were
set equal to room temperature. The relative movement of the tool and the workpiece was
realized by an absolute translational movement of the tool in the negative direction of the
X axis at cutting speed V.

Temperature [°C]

BDOI

Figure 5. Initial geometry of the FE model for orthogonal cutting with boundary conditions and
mesh combined with the results of modeling the temperature distribution in the cutting zones.
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The initial finite element number of the workpiece was 56,324 elements and 12,232 nodes.
The largest element side length of the workpiece model was about 0.098 mm. The smallest
element side length of the workpiece model was about 0.032 mm. The initial number of
tool finite elements was 27,438 elements and 6375 nodes. The largest element side length of
the tool model was about 0.095 mm, and the smallest element side length of its smallest
element was about 0.028 mm.

3.2.2. Short Hole Drilling

The heat flows in the workpiece and in the tool during the short hole drilling process
were simulated using a 3D FEM model. The principal steps for building the tool geometric
model are presented in Figure 6. The initial object of the geometric model was a CAD
model of a drill equipped with replaceable carbide inserts. After the general analysis of
the CAD model, its simplification was carried out. This was the first step of the procedure
for building the geometric tool model. In the second step, the simplified drill model was
partitioned into a mesh of finite elements (see Figure 6).

Figure 6. Procedure for building the geometric tool model.

Figure 7 shows the mesh and boundary conditions of the initial geometric models
for the short hole drilling process to simulate both the temperature distribution in the
workpiece and the temperature simulation in the outer carbide insert. The workpiece
movements in the developed model were constrained along all coordinate axes. The tool
was given a rotary motion with a revolution frequency # and a translational motion in the
negative direction of the Z-axis at a feed rate vy (see Figure 7).

The initial thermal conditions T, were specified along the tool and workpiece bound-
aries. A significantly finer mesh was used in the expected areas of the cutting zones than in
the rest of the tool and the workpiece. The initial finite element number of the workpiece
was 127,637 elements and 28,267 nodes. The largest element side length of the workpiece
model was about 0.789 mm. The smallest element side length of the workpiece model was
about 0.0823 mm. The initial number of the drill body finite elements was 36,947 elements
and 8325 nodes. The largest element side length of the tool model was about 1.393 mm, and
the smallest element side length of its smallest element was about 0.334 mm. The initial
number of the inserts finite elements was 23,425 elements and 6515 nodes. The largest
element side length of the inserts model was about 0.734 mm, and the smallest element
side length of its smallest element was about 0.0842 mm.
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Figure 7. Initial geometry and boundary conditions of short hole drilling model: (a) geometric model
for simulation of temperature distribution in the workpiece; (b) geometric model for temperature
simulation in carbide inserts.

To simulate the temperature during the drilling process at different workpiece points,
four radial cylindrical holes were included in the geometric model from the periphery
of the workpiece to its center (see Figure 7a). These holes simulated the position of
thermocouples used in the experiments for measuring the temperature of the workpiece
at various distances from the wall of the drilled hole. The simulated temperatures were
determined at the end of the above-mentioned cylindrical holes. The geometric model
shown in Figure 7b was used to simulate the temperature during the drilling process in the
carbide inserts. The location of the specified temperature (see Figure 7b) corresponded to
the location of its measurement (see Section 3.1.2).

4. Results and Discussion

The measured and simulated kinetic and thermal characteristics of the orthogonal
cutting process were used to determine the parameters of the triad component models
(see Section 3.2). The parameters of these models were subsequently applied in a finite
element model of short hole drilling. The validity and reliability of the numerical model of
drilling were evaluated by comparing the experimental and simulated values of the cutting
temperature at different workpiece points as well as on the lateral clearance face of the
outer cutting insert.

4.1. Orthogonal Cutting Process

The results of the cutting force components Fx and Fz in the orthogonal cutting
process, measured earlier and presented in the first part of the numerical modeling study
of the short hole drilling process [18], were used to determine the constitutive equation
parameters of the machined material and friction model parameters. The above-mentioned
parameters are presented in Table 1. By studying the orthogonal cutting process, it was
possible to find out the thermal properties of the machined material which are required
to simulate the thermal flow of the workpiece and the cutting temperature in the tool
during the short hole drilling process. For this purpose, the chip compression ratio and
the temperature were measured on the outside of the chip in the transition region from
the machined material to the chip (see Figure 2). These data were necessary to determine
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the thermal properties of the machined material, according to our previously developed
methodology [90] (see also Section 3).

Table 1. Johnson—Cook constitutive equation and friction model parameters [18].

Constitutive Parameters

Friction Parameters in Cutting Zones

Secondary Zone Tertiary Zone
Insert - -
A [MPa] B [MPal nll cl m -] Plastic Area, Elastic Area, fer I
frEp [-] free [-]
Outer 532.7 654.2 0.2654 0.02135 0.85 0.653 0.324 0.562
Inner 475.9 592.6 0.2145 0.01812 0.92 0.724 0.392 0.637
General 518.5 632.4 0.2561 0.02048 0.87 0.678 0.347 0.587
The effect of cutting speed on the chip compression ratio and cutting temperature in
the primary cutting zone is shown in Figure 8. The change in chip compression ratio with
increasing cutting speed (see Figure 8a) corresponds to a kind of S-shaped form.
3.0 T S 500 T T ~ S
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Figure 8. Effect of cutting speed on chip compression ratio and cutting temperature: (a) change in
chip compression ratio; (b) change in cutting temperature.

In the region of low cutting speeds, there was a significant decrease in chip com-
pression ratio, which then grew slightly as the cutting speed increased to the commonly
used values. When the cutting speed was further increased to significant values, the chip
compression ratio also decreased monotonically. The presence of the S-shaped dependence
could be explained by the fact, widely known in cutting theory, that a built-up occurs
on the tool rake face at relatively low cutting speeds and its subsequent damage with
increasing cutting speed [93,94]. A significant reduction in chip compression ratio in the
region of conventional and high cutting speeds was related to a significant increase in the
cutting temperature, providing the prevailing effect of machined material softening over
the hardening effect of its plastic deformation [92,95]. The temperature in the primary
cutting zone increased monotonically with increasing cutting speed (see Figure 8b).

The measured chip compression ratio and temperature values in the primary cutting
zone, shown in Figure 8, were used to determine the mass-specific heat capacity C;;, and the
thermal conductivity coefficient A separately for different cutting speeds, corresponding
to the average cutting speeds of the outer and inner tool inserts during short hole drilling.
The specified thermal properties of the machined material were established with the
methodology previously developed by us [90] and summarized in Section 3. Based on the
thermal properties of the machined material determined separately for different cutting
speeds, the generalized values of C;; and A were established, which were subsequently used
to simulate the thermal characteristics of the short hole drilling process. The generalized
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values of these parameters were established using the previously developed algorithm for
finding the intersection of parameter sets [89] through multiple iterations of DOE (design of
experiment) sensitivity analyses [67]. To perform a DOE sensitivity analysis, the measured
temperature values in the primary cutting zone were used as target values. The thermal
property values of the machined material determined in this way are given in Table 2.

Table 2. Thermal properties of the machined material.

Thermal Properties of the Machined Material

Insert Mass Specific Heat Capacity Thermal Conductivity
Cm [J/(kg °Q)] Coefficient A [W/m °C]
Outer 685.4 19.8
Inner 635.7 17.6
General 663.2 18.3

4.2. Short Hole Drilling

The experiments of cutting temperatures in the short hole drilling process were carried
out in two ways: measuring the temperature distributions in the workpiece and deter-
mining the temperature in the drill cutting inserts in the contact area with the machined
material during cutting. Figure 9 shows an example of the temperature distribution in the
workpiece for different layers of thermocouples and at different distances from the drill
hole surface. As the tool penetrated deeper into the drilled hole, the temperature in the
workpiece increased. The temperature on the workpiece points at the middle layer was
slightly lower, by approximately 6 °C to 10 °C, than the temperature on the corresponding
points at the lower layer (see Figure 9a,b). The highest values of workpiece temperature
were observed at points closer to the surface of the drill hole. Thus, the temperature on
workpiece points located at a distance of 1 mm from the drilled hole was about 10 °C
to 18 °C lower than the temperatures on points located at a distance of 0.5 mm from the
surface of the drilled hole. This was quite natural and needed no special explanation.

Figure 10 presents a summarized view of the temperature distribution in the workpiece
during short hole drilling, depending on the temperature measuring point and on the
cutting modes. The temperature in the workpiece decreased quite significantly with
growing distance from the heat source, which is the cutting zone (see Figure 10a). As the
tool feed increased, the temperature on various points at the workpiece decreased as well
(see Figure 10b—d). Moreover, the nature of this decrease also changed. The temperature
reduction with increasing drill feed was due to the decreasing time that the heat source
lingered at the temperature measuring point with increasing tool feed. In all probability, the
decrease in this time prevailed over the increase in the intensity of the cutting process with
increasing feed. As a result, the workpiece temperature at the measuring points decreased.
As the cutting speed increased, the temperature decreased as well (see Figure 10b—d). The
cutting speed also contributed to the decrease in workpiece temperature by reducing the
time the heat source lingered near the temperature measuring point.

Figure 11a shows the signal registered with a pyrometer. This signal corresponded to
the temperature on the lateral clearance face of the outer cutting insert (see Section 3.1.2,
Figure 4). Figure 11b summarizes and presents the temperature variation at the indicated
point as a function of cutting modes. The cutting temperature, measured on the specified
point of contact between the cutting insert and the machined material during the drilling
process, increased slightly with increasing tool feed. This was due to an increase in the
volume of material removed per unit time, i.e., an increase in the intensity of the cutting
process. The cutting temperature increased quite significantly with increasing cutting
speed. This corresponded to the nature of the cutting speed influence, which is widely
known from the cutting theory [93,94].
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Figure 9. Changing the thermocouple signals during the drilling process: (a) change in the signal of
thermocouples in the middle layer of the workpiece, (b) changing the signal of thermocouples in the
bottom layer of the workpiece; (c) change in the thermocouples signal in a row with the temperature
measuring point positioned at a distance of 1 mm from the drill hole surface; (d) change in the
thermocouples signal in a row with the temperature measuring point positioned at a distance of
0.5 mm from the drill hole surface.
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Figure 10. Workpiece temperature dependence on the position of its measuring point and cutting
modes: (a) variation in the workpiece temperature depending on the position of its measuring point,
(b) temperature change in the workpiece in its lower layer with varying drill feed; (c) temperature
change in the workpiece in its middle layer with varying drill feed; (d) temperature change in the
workpiece in its upper layer with varying drill feed.
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Figure 11. Pyrometer signal development over measurement time and temperature on the lateral
clearance face of the outer insert, depending on the drill feed: (a) pyrometer signal development,
(b) temperature dependence on the drill feed.

The initial validation of the developed numerical model for the short hole drilling
process consisted of checking the convergence of the numerical algorithm, its functioning,
and the visual validity of the obtained results. This was performed by analyzing the chip-
forming process and evaluating the numerical simulation results of the thermal cutting
characteristics. Figure 12 presents the simulation results of the chip-forming process and
the development of thermal characteristics in the machined workpiece at a cutting speed of
Ve =100 m/min and a drill feed equal to 0.1 mm/rev. The initial stage of drill penetration
into the workpiece, recorded at a machining time of 0.333 s from the machining start, is
shown in Figure 12a. In this step, the chip-forming process was carried out by an inner
cutting insert positioned somewhat below the outer insert. The chip temperature did not
exceed 450 °C. At the steady state cutting phase fixed at a machining time of 2.367 s after
the drill entry into the workpiece, the chip formation was already ensured by two cutting
inserts. In this case, the maximum chip temperature corresponded to a level of about 800 °C.
The simulated chip-forming process corresponded visually quite well to the real process
of chip formation by the inner and outer cutting inserts of the drill. The development of
thermal loads as the drill penetrated the workpiece was not contrary to the known data.

=
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Figure 12. Simulation of thermal characteristics in the workpiece during short hole drilling:
(a) temperature simulation at the beginning of the drilling process; (b) temperature simulation
during the steady state drilling process.
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The next validation stage of the developed finite element model for drilling short
holes was to take account of and analyze the results of simulating the changing thermal
characteristics in the workpiece and on the lateral clearance face of the outer drill insert.
These results are summarized in Figure 13. The temperature at the upper workpiece layer,
measured at the ends of the thermocouples located at different distances from the drill hole
surface, rose to a maximum value and then decreased (see Figure 13a).
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Figure 13. Simulation of thermal characteristics in the workpiece and the outer insert during short
hole drilling: (a) changing the thermocouple signals during the drilling process; (b) temperature
distribution in the drill; (c) temperature change on the lateral clearance face of the outer drill insert
over simulation time.

The maximum temperature value recorded by the thermocouples corresponded to
the moment when the cutting zones were located near the measuring point. The tem-
perature values corresponding to these moments were recorded during experiments
(see Figures 9 and 10). The simulated temperature distribution in the tool is shown in
Figure 13b. The greatest thermal load was on the cutting edges of the drill inserts and
the areas adjacent to them. The simulated temperature on the lateral clearance face of the
outer cutting insert in the vicinity of the field corresponding to the pyrometer measuring
field (see Figures 4c and 11) increased monotonically and reached a steady state after about
0.07 s simulation time—Figure 13c. This temperature value was taken as the temperature
in the specified area of contact between the outer cutting insert and the machined material.
The results presented above indicate the functioning of the developed numerical model for
short hole drilling, its ability to simulate the thermal characteristics of the machining pro-
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cess, the visual validity of these results, as well as the counting algorithm itself, providing
sufficient convergence.

The final verification of whether it is possible to adequately simulate the thermal
characteristics of the drilling process with the analyzed finite element model was tested by
comparing the measured cutting temperature with the corresponding simulated values.
The above-presented and analyzed experimental results of the temperature distribution at
different points of the workpiece as well as the results of the temperature measurements on
the lateral clearance face of the outer drill insert were then used to compare these values
with the corresponding simulated values.

As an example, Figure 14 shows a comparison of the measured and simulated temper-
ature distributions in the workpiece and on the lateral clearance face of the outer drill insert
for a cutting speed of V¢ = 100 m/min. The greatest deviation in the simulated temperature
values in the workpiece from the corresponding measured values was observed at the
highest drill feed and was equal to 20.4%—Figure 14a. In this case, the simulated tem-
perature values were lower than the measured values for the whole range of applied tool
feeds. In all probability, the observed deviation was caused by an imperfect consideration
of all the peculiarities regarding the thermomechanical loading of the machined material
during the cutting process in the constitutive equation, friction model, as well as in the
thermal properties used. Moreover, the simulated temperature values in the examined field
of the lateral clearance face on the outer drill insert were higher than the corresponding
measured values for the whole range of drill feed variation. In this case, the greatest
deviation between simulated and measured temperature values was observed at the lowest
tool feed and was equal to 22.4%. The causes of these deviations should, in all likelihood,
be attributed to the reasons mentioned above. In addition, inaccuracies in the thermal
properties of the cutting material should be pointed out as a cause.

25 600 25
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Figure 14. Comparison between measured and simulated temperature values in the workpiece and
on the lateral clearance face of the outer drill insert at different drill feeds: (a) comparison between
measured and simulated temperatures in the workpiece; (b) comparison between measured and
simulated temperatures on the lateral clearance face of the outer drill insert.

Nevertheless, the above-mentioned deviations were no obstacle to using the developed
numerical model for short hole drilling to simulate the thermal characteristics of the
drilling process, since the greatest deviations of the measured temperature values from
their simulated values did not exceed 22.4%.

5. Conclusions

The thermal characteristics modeling of the short hole drilling process with a nu-
merical model was the focus of the presented study. The thermal material properties, the
constitutive equation parameters, as well as the friction model parameters were determined
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using a 3D finite element model of orthogonal cutting. The thermal properties of the ma-
chined material were determined separately for the different contact conditions of the drill
inserts. The algorithm previously developed by us for finding the intersection of specific
value sets of these properties was used to determine the generalized values of the thermal
material properties. The algorithm was executed through a DOE sensitivity analysis. The
measured temperature values in the primary cutting zone at the exterior side of the chip
near transition area from the machined material to the chip were used as goal data for the
DOE sensitivity analysis.

The final adequacy check of the developed finite element model for thermal charac-
teristics simulation in the short hole drilling process was performed by comparing the
measured and simulated temperature values at different points of the workpiece and on
the lateral clearance face of the outer drill insert. The greatest deviation between measured
and simulated temperature values in the workpiece was 20.4% at the highest drill feed
of 0.15 mm/rev. The largest discrepancy between simulated and measured temperature
values on the lateral clearance face of the outer drill insert was 22.4% at the lowest drill
feed of 0.05 mm/rev.

Based on the fixed deviations of the simulated values from the temperatures of the
corresponding measured values, it can be asserted that the developed numerical model can
be used to satisfactory modeling the thermal characteristics during the short hole drilling
process. This will reduce the time and cost of experimental studies into the mentioned
machining process.
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