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Abstract

The article presents the results of thermovision tests of temperature distribution in the cut-
ting zone. The tests were carried during orthogonal turning of AISI 321 austenitic steel with-
out coolant. TNMA160408 inserts made of H10F carbide were selected as the cutting edges.
In the study, special attention was paid to the method of determining the surface emissivity coeffi-
cient of the chip upper side. The maximum temperature values of the chip upper side determined
from thermographic images were related to the average contact temperature measured by the
natural thermocouple method. The results of the study indicate that the maximum temperature
value of the chip upper side is proportional to the average contact temperature, and represents
approximately 42-44% of its value. The results were illustrated graphically.
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Nomenclature
a, — depth of cut [mm]
f — feed rate [mm/rev]
v, — cutting speed [m/min]
t, — average contact temperature [°C]

tmax — Maximum temperature of the chip upper side [°C]

Introduction

It is generally known that heat during the cutting process is generated in
the primary plastic deformation zone and in the friction zone of the chip against
the rake face of the cutting edge. The total amount of heat generated during
the cutting process is extracted from the cutting zone by lifting together with
the chip, moves to the tool cutting edge and in a negligible part flows into the
workpiece (GRZESIK 2016, STEPHENSON, AGAPIOU 2016). The division of thermal
streams depends both on the processing parameters and on the mutual ratio
of thermo-physical properties of both tool and workpiece materials. By observing
the temperature distribution in the cutting zone you get a lot of information about
the cutting process itself, e.g. tool wear. Temperature distribution information
can also be a valuable source of data to verify cutting simulation models.
It is well known that it is difficult to measure the temperature in the cutting
zone, and especially in the immediate vicinity of the contact zone. This is often
done by placing a thermocouple inside the cutting edge (ANEIRO et al. 2008,
YVONNET et al. 2006) but with carbide cutting edges it is not easy. Another
interesting measurement technique was proposed by BASTI, OBIKAWA and
SHINOZUKA (2007). To measure the average contact temperature, they used
a thin thermocouple made by photolithography before applying a protective coating
to the cutting edge rake face. Most often, however, the cutting temperature is
measured by measuring the thermoelectric force generated at the contact between
the cutting edge and the workpiece material (ABHANG, HAMEEDULLAH 2010,
AKHIL et al. 2016, CEAU et al. 2010). However, this is the temperature averaged
over the entire contact area, both at the rake face and clearance face. Recently,
methods using IR radiation are gaining in importance. Initially, pyrometric
measurements were predominant in cutting temperature measurements, but
with time and the progress of electronics, thermographic and thermovision
methods are becoming increasingly important (HEIGEL et al. 2017, ZHAO et al.
2018). They make it quite easy to determine the temperature distribution on
the surfaces of the cutting zone, but they require a careful determination of the
emissivity coefficient of the surface being tested. This necessity is due to the
fact that the value of the surface emissivity coefficient has a significant impact
on the measurement result (ARRAZOLA 2008, RECH 2006).
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On the basis of literature data and own research results, it can be concluded
that temperature measurements in the cutting zone still pose many research
problems. The accuracy of the obtained measurement results depends primarily
on the accuracy of the calibration of the measurement chain. In the case
of thermovision measurements, the accuracy of the measurements depends on
the accuracy of the determination of the emissivity coefficient of the observed
surface.

This article presents problems related to thermovision measurements
of temperature distribution on the surfaces of the cutting zone. Special atten-
tion has been paid to the temperature of the chip upper side as an important
source of information about the cutting process itself. The sources of possi-
ble interferences and causes of measurement inaccuracies are also discussed.
In the research, great emphasis was placed on developing the author’s own
method of determining the emissivity coefficient of the observed chip surface.
Verification of the obtained results was based on the average contact temperature
determined by the natural thermocouple method.

Research methodology
Workpiece and cutting tool materials

A case of dry orthogonal cutting of AISI321 austenitic steel with carbide
cutting edges without protective coatings was selected for testing. The quality
of the steel selected for testing was guaranteed by approval no. MEST944800/2010/.
Regardless of this, the chemical composition of the steel was confirmed by labo-
ratory tests. The results obtained are shown in Table 1. However, this steel has
a high tendency to be reinforced by compression. After compression, the value
of R, , limit reaches 1080 to 1370 N/mm?.

Table 1
Chemical composition of AISI 321 stainless steel
Element Mn Si P S Cr Ni Mo Cu v Al
% at. 1.63 0.66 0.007 0.014 17.31 9.29 0.36 0.43 0.062 0.025
Element Ti W Co Pb Sn As B N Ca Fe

% at. 0.309 0.029 0.116 <0.001 0.01 0.003 0.0013 <0.001 0.0017 69.70

The tests were carried out using the PTNGR 2020-16 tool holder ensuring
orthogonal positioning of the TNMA 160408 cutting edge with a flat rake face
(Tab. 2).
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Table 2
Specification of the angles of the tool cutting edge
Cutting tool angle Symbol Value [°]
Normal rake T -5
Normal clearance a, 5
Major tool cutting edge i, 90
Inclination A -6

As the material of the cutting edge, fine-grained H10F carbide recommend-
ed by the manufacturer, i.a., for processing steel, cast iron, stainless steel and
heat-resistant alloys based on nickel, chromium and titanium with low cutting
speeds and high feed rates, was adopted (Narzedzia tokarskie 2017).

Test stand

The tests were carried out on a stand based on a TUM-35D1 center lathe
with a modernized drive system. During the tests, the values of the components
of total cutting force, contact temperature and thermographic images of the cut-
ting zone were measured and recorded. The average contact temperature was
measured using the natural thermocouple method with a single cutting edge
(ABHANG, HAMEEDULLAH 2010, CEAU et al. 2010). Thermographic images were
collected using a JENOPTIK VarioCAM thermal imaging camera equipped with
IRBIS 3 software dedicated to archiving and processing thermographic images.

thermal
imaging camera

insulation
insert

workpiece dynamometr

Fig. 1. View of the specimen in the processing space of the test stand
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Experimental tests of the cutting process were carried out on specimens
in the form of a cylinder with undercut forming a short pipe with a wall thick-
ness of 2 mm. The location of the specimen in the test stand space is shown
in Figure 1.

For the sake of recording of the tested signals a National Instruments NI
9237 measurement card and LabVIEW software were used. The selected software
allowed for easy construction and adaptation of existing measurement chains
to the needs of the conducted research.

Process conditions

The turning tests were carried out for orthogonal cutting, without coolant,
with H10F carbide cutting edges, without protective coatings. The following
processing conditions are assumed:

— cutting speed v, = 66.67, 86.33, 100.00, 116.67, 133.33, 150.00 m/min,

— feed rate f= 0.20 mm/rev,

— cutting width a, = 2 mm.

The samples for testing the emissivity of the chip upper side were prepared
with the following cutting parameters:

— cutting speed v, = 50.00 m/min,

— feed rate f=0.04, 0.10, 0.16 mm/rev,

— cutting width a, = 2 mm.

Results and discussion

Calibration of the measurement chain

During thermovision measurements of temperature distribution in the cutting
zone, special attention was paid to the observation of the chip upper surface.
Due to the nature of the chip forming process, its upper surface has a complex,
fault-crossed texture (Fig. 2). According to the literature data (ARRAZOLA et al.
2008, M’SAOUBI et al. 2004, RECH 2006, WANG et al. 1996), the emissivity
of such a surface is significantly different from that given for machined surfaces.
Therefore, in order to obtain reliable temperature measurements of the chip
upper side it was necessary to calibrate the measuring chain.

Typically, the calibration of thermovision measurement chains is based on
a perfectly black body (M’SAOUBI et al. 2004) or specially prepared surfaces
with known emissivity (WANG et al. 1996). Jaspers used a different solution
in his research (JASPERS et al. 1998). The thermographic measuring chain
was calibrated using a chip enclosed in a special vacuum chamber and heated
by a current flow. However, these are idealized conditions, far removed from
the prevailing conditions during the cutting process. Another equally impor-
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b

Fig. 2. The chip after orthogonal turning at a cutting speed v, = 66.67 m/min and feed rate
f=0.1 mm/rev: a — view of the chip upper side at magnification x10.5, b — chip longitudinal
section at magnification x24

tant aspect that can affect the accuracy of thermal imaging measurements is
the oxidation of the observed surface. However, JASPERS (JASPERS et al. 1998),
just like ARRAZOLA et al. (2008) have shown in their works little influence
of oxidation on the change of surface emissivity coefficient.

In order to reproduce the conditions as close as possible to real conditions
during calibration, the measuring chain was calibrated using chips placed on
a plate made of tested steel. To reduce heat conduction losses between the sub-
strate plate and the chip, DRAGON ceramic heat-resistant adhesive was used.
As with the experimental tests during calibration, the upper side of the chips
was in direct contact with the surrounding atmosphere. An overview of the
calibration stand for the thermovision chain is shown in Figure 3.

The course of emission changes of the chip upper surface is shown in Table 3.
The average values of chip surface emissivity produced during the experimental
tests at a cutting speed v, = 50 m/min and the values determined for the surface
of a steel plate after turning were collected there. The average roughness value
of the steel substrate plate was about R, = 1.215 pm.

foreign
thermocouple

substrate

plate made
of AISI 321
steel

thermal
imaging
camera test

specimens

Fig. 3. A calibration stand for the thermal imaging camera
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Table 3
A summary of average emissivity values of the chip surface and of AISI 321 steel after turning
Temperature [°C] Post-turning Chip surface
steel £=0.04 £=0.10 f=0.16

50 0.24 0.50 0.53 0.58

100 0.26 0.55 0.56 0.63

150 0.25 0.54 0.54 0.59

200 0.29 0.60 0.61 0.62

250 0.28 0.59 0.57 0.61

300 0.29 0.60 0.58 0.61

350 0.29 0.63 0.58 0.61

400 0.30 0.60 0.62 0.62

450 0.30 0.58 0.57 0.58

500 0.31 0.53 0.53 0.53

550 0.37 0.49 0.50 0.49

600 0.43 0.45 0.45 0.46

The analysis of the waveform of changes in the value of the emissivity
coefficient determined for the upper side of the chips indicates that regardless
of the processing parameters, the observed chip surfaces have very similar
emissivity values (Fig. 4). The nature of the changes, especially in the higher
temperature range is almost identical for all analyzed cases. At the same time,
the tests carried out indicate significant differences in the emissivity values
for chips and the machined surface of the substrate plate. These differences
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Fig. 4. The course of changes in the emissivity coefficient of the upper side of chips
and AISI 321 steel after turning as a function of temperature
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are particularly noticeable at temperatures below 400°C. The emissivity for the
turned surface in the temperature range under consideration is about half as
high as for the upper surface of the chips. Above this temperature, the difference
indicated decreases noticeably.

Temperature distribution in the cutting zone

The maximum temperature generated during cutting can reach 900 or even
about 1000°C. However, on the surfaces of the cutting zone we can observe much
lower values. The greatest amount of heat generated in the cutting zone is carried
away with the chip. Therefore, in the thermographic image of the cutting zone
its surface has the brightest colors. A sample image obtained from a thermal
imaging camera is shown in Figure 5. Its analysis shows that the tempera-
ture distribution along the center line of the chip is in line with the literature
(JASPERS et al. 1998, RECH 2006). The waveform of the temperature changes
of the upper side of the chip are shown in Figure 6. The IRBIS 3 software
used in the tests allowed to automatically search for the area with the highest
temperature and set the maximum temperature value. Using this function,
the temperature values of the maximum chip upper side were determined for
all the cases studied. An exemplary summary of the thermal imaging results
and the corresponding average contact temperature values is shown in Table 4
and Figure 7.
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radiation reflected from
the treated surface

cutting edge

cutting insert
clamping system
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:

Fig. 5. A thermographic image of the cutting zone obtained for a cutting insert without coatings
at a cutting speed v,= 100 m/min and feed rate f= 0.20 mm/rev
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profile
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Fig. 6. The temperature distribution along the chip center line, cutting parameters:
v, = 100 m/min, f = 0.20 mm/rev

Table 4

Examples of average values of test results for a feed rate of 0.2 mm/rev
and a variable cutting speed

Uc. U YWmax
[m/min] [°C] [°C]
66.67 880.0 367.3
86.33 912.4 376.5
100.00 931.0 381.8
116.67 949.4 387.3
133.33 963.1 392.1
150.00 972.0 396.3
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Fig. 7. Contact temperature and maximum temperature of the chip upper side;
cutting parameters: v,= 100 m/min, f= 0.20 mm/rev
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When comparing the results obtained with each other, it can be seen that the
temperature value of the maximum chip upper side is proportional to the average
contact temperature. At cutting speed of 66.67 m/min it represents approximately
42-44% of the average contact temperature and approximately 40-42% w), for
v, = 150 m/min. The results obtained indicate that the value of the maximum
temperature of the chip upper side mainly depends on the cutting speed v,.
The feed rate does not affect the nature of changes in relation ¢y, . .=f(¢,).

Interferences

Detailed analysis of the thermographic images of the cutting zone indicates
that the measurement result may be affected by a number of external factors.
In the previously discussed Figure 5, outside the clearly visible chip area, one
can see the radiation reflected from the processed surface of the object. The cause
of such an interference is considered to be the angle of the thermal imaging
camera and the proximity of the heat source. The angle at which the IR camera
was set during the measurements caused the collected images to show the IR
radiation emitted from the chip just behind the slip zone, which was reflected
on the surface of the processed test specimen. Sometimes the source of reflected
radiation can be lighting or solar radiation. However, it should be noted that
these interferences do not cause significant changes in the temperature distri-
bution on the upper surface of the chip. In practice, only sporadically occurring
point reflections of foreign IR radiation could be observed on the upper surface
of the chip without affecting the measurement value. The negligible impact
of these interferences is supposed to be due to the high roughness and irregular
shape of the observed chip surface.

The literature quite often says that the reason for inaccuracies in thermal
imaging measurements may be the oxidation of the observed surfaces. However,
due to its relatively small importance it is usually overlooked (ARRAZOLA et al.
2008, JASPERS et al. 1998). The phenomenon of surface oxidation is closely
related to the change of its emissivity coefficient. Therefore, when analyzing
the nature of the changes in the surface emissivity coefficient, determined in
the tests, as a function of temperature, it can be seen that the assumption made
on the basis of literature data about the negligible effect of surface oxidation
on the emissivity coefficient is appropriate, but only up to a temperature of about
400°C (Figure 4). When this value is exceeded, the emissivity of the chip upper
surface decreases noticeably, reaching about 0.453 at 600°C. The opposite
phenomenon is observed for the substrate plate. When it exceeds 450°C, its
emissivity coefficient gradually increases to a value of about 0.430 at 600°C.
Such changes in the emissivity coefficient values for both observed surfaces,
which differ significantly in roughness, suggest that for a higher temperature
range, however, the oxidation phenomenon is significant. It should be noted
that the method used in the research to determine the emissivity coefficient
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of the upper side of the chip contained the effect of the oxidation of the observed
surface, therefore additional actions to correct its value were not necessary.
The second most significant and frequent disturbing factor is the chips curl-
ing above the cutting edge. A sample image of the cutting zone with a visible
chip that interferes with the measurement is shown in Figure 8. As we know,
the chips may temporarily obscure the measurement site completely, making
it impossible to determine the temperature in the area under study. In addition,
the heat lifted along with the chip has a strong influence on the surfaces directly
adjacent to it by reflecting on them and changing the temperature indication
values. Due to its nature, this type of interference is difficult to control.

curled chip

- - 3| 13100 EENE
5 J

Fig. 8. The temperature distribution along the chip center line, cutting parameters:
v, =100 m/min, f= 0.20 mm/rev

reflected radiation

Conclusions

On the basis of the conducted research, it can be concluded that thermal im-
aging measurements of the temperature distribution in the cutting zone enable
the determination of the maximum temperature of the chip upper side. However,
the accuracy of such measurements depends on the precision of the calibration
of the measuring chain. The value of the temperature determined in this way
1s proportional to the temperature generated with the contact area between the
chips and the rake face. In the case of the examined austenitic steel, the ratio
of the temperature of the chip upper side ty, .. to the contact temperature ¢, in
the entire examined range of cutting speeds is almost constant and varies from
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40 to 44%. It should be noted, however, that for other machined materials this
ratio may take different values. The literature analysis and my own research
indicate that the maximum temperature of the chip upper side can be successfully
used to verify numerical calculations of the heat distribution in the cutting zone.
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