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Abstract
This work presents a developed thermal model of hard precision turning, in which the depth of the cut is made to be considerably
smaller than the tool nose radius for final finishing. The required input data for this model was extracted from a previously
published mechanistic model of precision turning. This mechanistic model is based on Merchant’s analysis of 3D cutting, which
was modified to adopt the precision turning operation. Calculations were obtained of the shear plane temperature rise at the
primary deformation zone and the temperature rise of the chip due to the work done in overcoming friction at the secondary
deformation zone (frictional temperature rise). The thermophysical properties of the workpiece and cutting tool materials as well
as their variation under different shear plane and frictional temperatures were considered. After performing the required calibra-
tions, the cutting temperatures were measured with the tool-workpiece thermocouple technique during machining of hardened
HSS and D2 tool steel by PCBN and mixed alumina ceramic tools. The occurrence of secondary hardening during HSS
machining was found to be dependent on the thermal conductivity of the tool material. The estimated cutting temperatures were
found to be reasonably close to the measured ones.
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Nomenclatures
a Depth of Cut
b1 Undeformed chip width
Bt Geometrical factor
Fa Axial force component
Fc Main cutting force component
Ff Friction force
Fr Radial force component
Fs The component of force along shear plane

h1 Undeformed chip thickness
hav Average undeformed chip thickness
Lc Contact length
MFTW Machine-fixture-tool-workpiece
Pc Cutting power
Pf Power consumed in overcoming friction

on tool face
Ps Power consumed in shear
Ptf Power required to overcome friction between worn

tool flank and workpiece surface (at the tertiary
deformation zone

Qch Amount of heat conducted to the chip
qf Frictional heat flux
Qw Amount of heat conducted to the workpiece
r Tool nose radius
R2 Thermal number
Rz Average peak to valley surface roughness
s Feed
v Cutting speed
vf Chip frictional velocity
vs Shear velocity
α Clearance angle
γ True rake angle
Γf Proportion of frictional energy flowing into the chip
γn Normal rake angle
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Γs Proportion of the deformation heat energy entering
the chip through the shear plane

γx Side rake angle
γy Back rake angle
δs Angle that the shear force makes with normal

to the cutting edge in this plane
ε Shear strain on shear plane
θc Cutting temperature
θf Frictional temperature rise
θo Ambient temperature
θs Shear plane temperature rise
ρw Workpiece density
φc Contact angle

1 Introduction

In metal cutting, the energy expended in the primary deforma-
tion zone shearing along the shear plane, and in the plastic
deformation and friction at the tool-chip interface in the sec-
ondary deformation zone, is mostly converted into heat [1].
When a cutting tool edge wears out during machining, the
rubbing effect of the workpiece surface against the tool flank
in the tertiary deformation zone is another source of heat [2].
Commonly defined as the average temperature measured at
the tool-chip interface, cutting temperature resulting from the
heat generated during machining has a remarkable effect on
the process performance. The greater the cutting speed, feed,
and depth of cut, the greater also is the power consumed by the
shearing action and plastic deformation, as well as the cutting
temperature [3]. Machining a workpiece with greater ultimate
strength such as in hardened steels results in greater flow stress
of the workpiece material during cutting; therefore, generating
an extra amount of heat also raises the cutting temperature [4].
The thermophysical properties of the tool and workpiece such
as the thermal conductivity and the volumetric heat capacity
affect the cutting temperature, which will be further discussed
in the present work.

The workpiece machinability can be assessed by the cutting
temperature [5]. An increase of the cutting temperature strong-
ly corresponds with the cutting tool wear and the microstruc-
tural changes on the workpiece surface [6, 7]. Raising the
cutting temperature decreases the cutting force components
through thermal softening of the material at the shear plane
[8]. The accuracy of the machine tools and workpieces can be
limited by thermally induced deviations. These deviations be-
come important when considering the trends of hard precision
cutting [5]. However, because of the small feed and depth of
cut used in hard precision turning, the generated heat is con-
centrated on a small area of the tool-chip interface, which
results in a greater rate of tool wear [9]. Tribochemical reac-
tions at the tool-chip interface usually take place in this ma-
chining operation, especially under dry conditions, and thus

require a study of the cutting temperature results [10, 11].
However, theoretical analysis and experimental measurement
of the cutting temperature in dry hard precision turning are
needed to explain the aforementioned phenomena encountered
during cutting. To that end, the required measurement of the
cutting temperature depends on the case under study, such as
the available location of the sensor, dynamics of cutting, accu-
racy needed, and cost of instrumentation. Several methods
were used to measure the cutting temperature:

& Embedded thermocouple [12, 13]
& Dynamic thermocouple or tool-workpiece thermocouple

[14–16]
& Infrared photography, optical infrared radiation pyrome-

ters [17, 18]
& Thermal paints, materials with a known melting point,

either in a powder or thin film form [18]
& High-speed steel tools undergoing microstructural chang-

es alongside cutting temperature [19]

Nevertheless, obtaining access to the tool-chip interface is
technically difficult in most of the used techniques, especially
for precision hard turning due to the small chip area.
Therefore, the tool-workpiece thermocouple can be a reliable
method in this case, with the measured values representing the
mean temperatures over the tool-chip interface [20]. In this
method, the contact region at the tool-chip interface forms a
hot junction during cutting, whereas the entire part of the tool-
workpiece is used to form the cold junction. An electromotive
force (emf) is generated between the tool and the workpiece
due to the gradient between the cutting and environmental
temperatures. The captured emf chiefly depends on the conti-
nuity of the electrical circuit, which makes this technique
more suitable in the case of continuous chip formation [21].
Care must be taken to avoid parasitic (secondary) emf, which
may arise with tipped tools such as PCBN usually used in hard
turning, as well as to prevent short circuiting, which can occur
if the chip makes a secondary contact with the tool substrate
and/or tool holder [20]. Calibration establishing the necessary
relationship between the captured emf and the real cutting
temperature is one of the major problems of applying the
tool-workpiece thermocouple while measuring the cutting
temperature. The most widely used calibration method in-
volves comparing the emf generated by a standard thermocou-
ple immersed in molten lead contained in a thermo-insulated
vessel to the emf produced when the tool and the workpiece
form another thermocouple in the same container [21]. The
workpiece is usually represented by a long chip. This calibra-
tion technique is difficult to apply if the workpiece does not
produce a long continuous chip such as in the hardened alloy
steel and if a tipped tool such as PCBN is used, both of which
are the case in this study. Another method is to calibrate the
tool-workpiece thermocouple when the tool is in tight contact
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with the workpiece surface and the region of contact is heated
using an oxygen-acetylene torch. A standard thermocouple is
spot welded in the hot area as close as possible to the tool-
workpiece contact region [22]. The latter method may not be
accurate due to a high probability of generating a secondary
emf, which affects the obtained readings. The present study
presents a newly developed calibration technique that seeks to
avoid the disadvantages of the two aforementioned methods,
which will be detailed in the experimental work.

Due to the difficulties associated with the measurements,
several modeling methods were applied to predict the cutting
temperature. Finite element approaches were applied in thermal
modeling of metal cutting [23–25]. These approaches include
large formulation that requires relevant friction laws and
thermoviscoplastic material behavior at high strain rates and
temperatures [2]. Filice et al. [26] and Umbrello et al. [27]
mentioned that to achieve an accurate model, a large number
of elements are necessary along with refinement and remeshing
processes. The calculation timewill be only for a limited cutting
length; thus, the steady-state cutting cannot be easily simulated.

Analytical models can provide an easier approach to under-
standing this process and for making improvements. These
models are extensively reviewed by Komanduri and Hou [28,
29], usually based on simplifying assumptions that generally
focus on a 2D and steady-state orthogonal cutting operation
with a simplified tool geometry. Moufki et al. proposed an an-
alytical thermomechanical model including a temperature-
dependent friction law at the tool-chip interface [30]. Bahi et
al. [31] introduced a more complex friction law that accounted
for both sticking and sliding contacts and proposed an
analytical-numerical approach. Zhou et al. [32] proposed amod-
el of temperature distribution in the primary shear zone. Li et al.
[33] developed a model for dry orthogonal cutting to predict the
cutting temperature distribution in the cutting zone. Stephenson
[21] found that themost accurate model was that of Loewen and
Shaw, because it accounted for the changes in thermal properties
of the tool and workpiece with respect to temperature.

In Loewen and Shaw’s approach, both primary and second-
ary shear zones are considered to be planes. The chip and the
workpiece are viewed as two bodies in relative motion at the
shear plane, and the tool-chip and tool-workpiece contact
zones are seen as thermally insulated. Part of the heat deliv-
ered to the chip will only stay on the chip and there is no heat
flux flowing out of its boundaries [34]. This approach will be
used for thermal modeling in the present study after making
the necessary modifications.

Hard precision turning is set to partially replace grinding
due to its comparable surface roughness and reduction in the
total machining cost [9]. Cutting fluids are usually used for
machining hard-to-cut alloys [35], and their use can generate
significant environmental and health problems [36, 37].
However, hard dry machining becomes a desirable technique
in different applications [38].

In the present work, Loewen and Shaw’s model will be
used to estimate the cutting temperature in dry hard precision
turning. Calculations will be performed of the shear plane
temperature rise at the primary deformation zone and the tem-
perature rise of the chip due to the work done in overcoming
friction at the secondary deformation zone (frictional temper-
ature rise). The required input data for this model will be
extracted from a previously published mechanistic model of
precision turning [39], based on Merchant’s analysis in 3D
cutting. Cutting temperature will be measured using the tool-
workpiece thermocouple technique.

No previous analytical models have used Loewen and Shaw’s
approach to estimate the cutting temperature in hard precision
turning. This is due to the difficulties associated with the calcu-
lations of the undeformed chip thickness and width, which have
been addressed in the proposed mechanistic model. In accor-
dance with the mechanistic model, the thermal model in this
work can be applied in 3D oblique cutting of precision turning.

To successfully perform the hard cutting operations, super-
hard tool materials such as PCBN and ceramics are used.
These tool materials have different thermal conductivities,
which in turn affect the cutting temperature. However, the
impact of changing the tool material thermal conductivity on
the cutting temperature induced in hard precision turning will
be illustrated in this study for the first time.

Secondary hardening, a phenomenon encountered during
hard machining of certain high alloy steels, results in an in-
crease of the cutting force components, cutting temperature,
and tool wear [40]. A novelty of the present work lies in ana-
lyzing the effect of different tool materials with different ther-
mal conductivities on the instances of secondary hardening.

Hardened alloy steels have different thermal conductivity
and volumetric heat capacity, depending on their chemical
composition. The effects of these two variables on the cutting
temperature are to be theoretically and experimentally inves-
tigated in the present study.

However, AISI T15 high-speed steel (HSS) and high-chro-
mium, high-carbon tool steel (D2 tool steel) were chosen as
the workpiece materials in this study due to their relatively
different thermal conductivities and volumetric heat capaci-
ties. Moreover, HSS is a representative secondary hardenable
high alloy steel. The workpieces’ chemical composition are
illustrated in Tables 1 and 2. Due to their refractory nature and
different thermal conductivities, a low-content PCBN and a
mixed alumina ceramic tool were used as tool materials in this
investigation. The complete descriptions of the two cutting
tools are provided in Tables 3 and 4.

Table 1 Chemical composition of T15 HSS

%C %Si %Mn %Cr %Mo %V %W %Co %Fe

1.1 0.2 0.25 4.75 1 5 12.5 5 Balance
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2 Modeling of hard precision turning

2.1 Mechanistic model

In precision turning, the tool nose radius is remarkably
larger than the depth of cut (a/r ≪ 1), and low values of
feed are used to improve the surface finish and accuracy
of the workpiece. However, the classical calculation of the
undeformed chip thickness needs to be modified to adopt
the precision turning configurations. This has been carried
out in the present mechanistic model [39]. The assump-
tions of this model are as follows: the cutting tool is sharp
and unworn during the cutting, the formed chip is contin-
uous with steady frictional action on the tool rake face, a
builtup edge is not formed, the chip moves as a rigid body
relative to the tool, and the deformation of the chip in the
shear plane is uniform. The model’s input data are cutting
conditions (cutting speed, feed, depth of cut), necessary
geometrical features of the cutting tool including the tool
nose radius, and the experimentally measured cutting
force components (radial, tangential, axial). These data
will be utilized to deduce the shear force generated in
the primary deformation zone (Fs) and shear velocity in
the same zone (vs) in order to calculate the power con-
sumed during the shearing action. Moreover, the frictional
force generated at the secondary deformation zone (Ff)
and the chip frictional velocity (vf) are required to calcu-
late the power consumed during the frictional action.
Shear strain (ε) will be also considered in this mathemat-
ical work. To extend the mechanistic model to a 3D cut-
ting setting, the measured force components were trans-
ferred in the plane of the tool face: along the cutting edge
tangent to the tool arc, normal to the tool face, and normal
to the cutting edge [34]. A flowchart for the mechanistic
model is presented in Fig. 1. The quantities deduced from
the mechanistic model will be the input data needed for
the developed 3D thermal model.

2.2 Thermal model

The power consumed in cutting (Pc) can be expressed as:

Pc ¼ Ps þ P f þ Ptf ð1Þ
Pc ¼ Fcv ð2Þ
Ps ¼ Fsvs ð3Þ

Ps is the power required to overcome the shearing resis-
tance at the shear zone (primary deformation zone).

P f ¼ F f v f ð4Þ

Pf is the power required to overcome the frictional resistance
at the chip-tool interface (secondary deformation zone) and Ptf
is the power required to overcome friction between the worn
tool flank and workpiece surface (tertiary deformation zone).

However, unless the tool is severely worn out, which is
unacceptable in the precision machining operations, the heat
generated due to friction between the worn flank and the
workpiece surface is negligible. The power equation can be
thus reduced to:

Pc ¼ Ps þ P f ð5Þ

The cutting power (Pc), which is the rate of mechanical
work to overcome the shear and friction, is transformed into
an equivalent amount of heat (Qc), (1 Nm/s = 1 J/s), divided
between the chip, the tool, and the workpiece, such that:

Qc ¼ Qch þ Qw þ Qt ð6Þ

Qch Amount of heat conducted to the chip
Qw Amount of heat conducted to the workpiece
Qt Amount of heat conducted to the tool

2.2.1 Temperature in the primary deformation zone

Temperature in the primary shear zone has a great impact on
the in-depth study of the cutting process [40]. The produced
chip is the first heated by the deformation work overcoming
the shear resistance in the primary deformation zone. The
shear plane temperature rise (θs) is computed as follows [34]:

θs ¼ Γ sPs

ρwcwvb1h1
ð7Þ

Table 2 Chemical composition of AISI D2 tool steel

%C %Si %Mn %Cr %Mo %V %Fe

1.55 0.3 0.4 11.8 0.8 0.8 Balance

Table 3 Used PCBN cutting tool

Manufacturer Sumitomo Electric Carbide, Inc.

Manufacturer’s grade name BNX20

% CBN 55–60

Type of binder TiN

Hardness at room temperature 3100–3300 Hv

Thermal conductivity at room
temperature

50 W/m °C

Table 4 Used mixed alumina ceramic cutting tool

Manufacturer NTK company

Manufacturer’s grade name HC2

Components Al2O3 (70%) + TiC (30%)

Hardness at room temperature 2000 Hv

Thermal conductivity at room temperature 23 W/m °C
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Where (Γs) is the proportion of the deformation heat energy
entering the chip through the shear plane, given by:

Γ s ¼ 1

1þ 1:328

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kwε

ρwcvh1

r ð8Þ

(ε) is the shear strain in the chip. ρw, cw, and kw are the
density, specific heat, and thermal conductivity of the work-
piece material, respectively.

2.2.2 Temperature in the secondary deformation zone

Knowledge of the average temperature rise of the chip
due to the work done in overcoming friction at the sec-
ondary deformation zone (θf) helps in understanding the

phenomena encountered at the tool-chip interface. It is
given by [34]:

θ f ¼ 0:377Γ fP
kb1

ffiffiffiffiffi
R2

p ð9Þ

(Γf) is the proportion of frictional energy flowing into the
chip, given by:

Γ f ¼
q fLc

Bt

k t
−θs þ θo

q fLc
Bt

k t
þ 0:377

q fLc
kw

ffiffiffiffiffi
R2

p
ð10Þ

Where (qf) is the frictional heat flux:

q f ¼
P f

Lcb2
ð11Þ

Fig. 1 Flowchart of the
mechanistic model used to
calculate the necessary quantities
for the thermal model
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(kt) is the thermal conductivity of the tool material.
(R2) is the thermal number for the motion of the chip rela-

tive to the tool, given by:

R2 ¼ v fLcρwcw
2kw

ð12Þ

(Lc) is the chip contact length on the tool rake face ≈ 2hav [41].

Bt ¼ 2

π
sinh−1 Arð Þ þ Arsinh

−1 1

Ar

� �
þ 1

3
Ar

2 þ 1

Ar

� �
−
1

3

1

Ar
þ Ar

� �
1þ Ar

2
� �1=2

� �

ð13Þ

Bt is a geometrical factor defining the nature of the cutting
process, which needs to be identified in precision turning. (Ar)
is the aspect ratio of the contact area¼ b1

Lc
for a tool with a nose

radius.

The workpiece material properties (kw, ρw, cw) and tool ther-
mal conductivity (kt) are assumed to vary with temperature.

Calculate , ,

Yes

No

Calculate , , , 

, = , ,

If

For I2=1 to 100

NoYes

Input data: Ps, Pf, ε, v, b1, ρw, cw, kw, vf, Lc, kt, θso, θfo, θo

For I1=1 to 100

If Іθs- θsoІ>Δ1

θc= θs+ θf+ θ0

Fig. 2 Flowchart of the cutting
temperature calculation
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Iterative calculations are carried out from an initially estimated
temperature.

For many metals, the thermal conductivity (k) varies ap-
proximately linearly with temperature, whereas the volumetric
heat capacity (ρ c) varies quadratically [22]:

k θð Þ ¼ ko þ k1θ ð14Þ
ρc θð Þ ¼ ρco þ ρc1θþ ρc2θ

2 ð15Þ

The cutting temperature (θc) is therefore obtained as fol-
lows:

θc ¼ θs þ θþ θo ð16Þ

To predict the effects of different workpiece and tool
thermophysical properties at the shear plane temperature
(θs), the frictional temperature (θf), and the cutting tempera-
tures (θc), the proposed model is applied according to the
logical flowchart presented in Fig. 2. The following relation-
ships were deduced from the thermal model:

& Higher workpiece density and specific heat reduce the
shear plane temperature but do not remarkably affect the
rake face temperature (Figs. 3 and 4). This is a result of the

greater amount of heat energy needed to raise the temper-
ature at the shear plane due to the higher volumetric heat
capacity (ρw cw).

& The higher the workpiece thermal conductivity, the higher
the rate of heat energy dissipation in the primary and sec-
ondary deformation zones. However, machining a work-
piece with a higher thermal conductivity (kw) decreases
both the shear plane temperature (θs) and the frictional
temperature (θf) (Fig. 5).

& Using a tool material with a higher thermal conductivity
(kt) decreases the frictional temperature (θf) and does not
remarkably affect the shear plane temperature (θs) (Fig. 6).
This is due to the direct contact between the chip and the
tool at the frictional region in the secondary deformation
zone, which accelerates the heat energy dissipation in this
region if using a tool with a higher thermal conductivity.

2.2.3 Effect of temperature rise on the thermophysical
properties of the workpiece and tool materials

Figure 7 shows the effect of temperature rise on the thermal
conductivity (kw) for the HSS and D2 tool steel. D2 tool steel
has a slightly higher thermal conductivity with increasing tem-
perature starting from 21 to 38 W/m °C, which can be
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attributed to its greater chromium content. The HSS material
thermal conductivity range is from 20 to 32 W/m °C. The
presented values kw are in the estimated range of shear plane
temperature rise.

Figure 8 illustrates the effect of the temperature rise on the
different tool materials’ thermal conductivity (kt). PCBN has a
higher thermal conductivity, which increases along with tem-
perature, 50 to 55 W/m °C, whereas the mixed alumina ce-
ramic tool has a lower thermal conductivity, which decreases
upon an increase of the temperature, 23 to13 W/m °C. These
values of kt are in the expected range of frictional temperature
rise.

The effect of temperature rise on the volumetric heat ca-
pacity (ρw cw) for the HSS and D2 tool steels, in the range of
shear plane temperature rise, is presented in Fig. 9. The HSS
has a higher volumetric heat capacity at high temperatures
than the D2 tool steel due to the exponential relationship of
the specific heat (cw) with respect to temperature [42], whereas
this is a quadratic relationship for the D2 tool steel [22].

2.2.4 Estimated temperatures using the developed thermal
model

The thermal model aims to estimate the shear plane tempera-
ture rise (θs) and frictional temperature rise (θf) and finally to
calculate the resultant cutting temperature (θc).

Shear plane temperature rise The estimated shear plane tem-
peratures indicate that the hardened HSS secondary hardening
temperature range is 350–600 °C, at which the cutting speed
range is 30–50 m/min (Fig. 10a). This range occurs with the
mixed alumina ceramic tool at a speed of 30–40 or 40–50 m/
min with the PCBN tool. However, secondary hardening oc-
currence depends on the thermal conductivity of the used tool
material. Thus, at the same cutting conditions, secondary hard-
ening is observed at a lower speed range with a tool material
that has lower thermal conductivity. This will be explained
during the actual measurements of cutting temperatures.

Figure 10b presents the effect of increasing the cutting
speed on the shear plane temperature rise for the hardened
D2 steel. Due to the lower density (ρw) and lower specific heat
(cw), the shear plane temperatures obtained by the D2 steel are
higher than those obtained by the hardened HSS presented in
Fig. 10a, and this is confirmed in Figs. 3 and 4.

It is notable that in Fig. 10a, b, the mixed alumina ce-
ramic tool demonstrates slightly higher shear plane temper-
atures during machining of the two workpiece materials at
the lower range of cutting speeds, whereas the PCBN
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showed higher shear plane temperatures during the higher
speeds. These observations result from the variation of the
proportion of the heat energy entering the chip through the
shear plane (Гs) with the cutting speed. Гs is dependent on
the shear strain (ε) that is a function of the chip compres-
sion ratio (λc). λc is affected by the tribological behavior at
the tool-chip interface, which in turn depends on the cut-
ting speed and the tool material [43].

Frictional temperature rise The effect of the cutting speed (v)
on the frictional temperature (θf) when machining the HSS is
illustrated in Fig. 11a. The ceramic tool produces a higher
frictional temperature (θf) due to its low thermal conductivity
(kt). The same behavior is applied during machining of the D2
tool steel using the ceramic and PCBN tool materials
(Fig. 13b). These observations can be confirmed by the results
presented in Fig. 6.

In HSS, the frictional temperature rise values are greater
than in the D2 tool steel, which can be attributed to the lower
thermal conductivity of the HSS workpiece. This can be con-
firmed by Fig. 7.

3 Experimental work

Dry longitudinal turning tests were carried out on hardened
(52 HRC) HSS and D2 workpiece materials. This hardness
value is usually used for deep drawing, punching, and extru-
sion dies. A 3-kW digitally controlled general purpose lathe
was used for the cutting tests.

PCBN andmixed alumina ceramic cutting tool inserts were
mounted on a tool holder with − 6° rake angle, − 3° side rake
angle, and − 9° back rake angle.

The tool-workpiece thermocouple was chosen for measur-
ing the cutting temperature. Since only the potential difference
was measured, it was enough to insulate a sole component of
the circuit so that it did not affect the Machine-Fixture-Tool-
Workpiece (MFTW) system rigidity to avoid chatter occur-
rence [20]. As insulating the workpiece would prove to be
difficult, the tool holder was chosen instead. The preliminary
tests showed that the MFTW system rigidity was not affected
by the insulation on the tool holder. One of the lead wires was
connected to the tool holder and the other directly to the
tailstock. The direct machine connection (instead of slip rings
or mercury path) would not affect the emf reading significant-
ly [20]. Several tests were carried out to identify the effects of
lead wire connected directly to the machine instead of the
workpiece; no differences were observed, especially under
limited length of cut. To overcome the parasitic emf problem,
it was decided to avoid prolonged cutting. The response time
of the tool-workpiece thermocouple was found to be approx-
imately 0.25 s.

Both the tool post and the tool holder were completely
insulated with silicone rubber. Al2O3 powder (2-μm particle
size) was embedded into the rubber to increase its thermal
stability against the hot chip. While measuring the cutting
temperature under PCBN, the presence of another secondary
junction between the CBN tip and the tungsten carbide sub-
strate should be considered, which will decrease the measure-
ment time to be within 5 s. The insert was completely insulat-
ed except for the CBN tip to prevent any contact between the
chip and the tungsten carbide [44]. The presented cutting tem-
perature is the mean values of three repetitive measurements
with uncertainty of 5%.

A method was developed to calibrate the emf generated
between the different types of tools and workpieces. Awork-
piece cylinder of 50 mm diameter and 50 mm length was
prepared; a coned tip of 3 mm length was machined at the
center of the cylinder. This cylinder was heated up to 1100 °C
inside a heat treatment furnace. After heating up, the cylinder
was connected to the center-drilled workpiece by inserting the
cone inside the workpiece center-drilled hole. The other side
of the workpiece was electrically connected to the voltmeter
through the lead wire. The tool insert was mounted on the tool
holder and connected to the other pole of the voltmeter. The
lead wire connections at the workpiece and the tool holder
were cooled to prevent any increase in their temperatures.
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Fig. 11 Effect of the cutting speed (v) on the frictional temperature rise (θf)
in machining a HSS and b D2 tool steel, using ceramic and PCBN tools
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The emf generated between the tool and workpiece was com-
pared to the emf signal of a precalibrated K-type thermocou-
ple during the cooling down of the hot junction. The measure-
ment and calibration arrangements are presented in Fig. 12.

Cutting temperature measurements were carried out using
fresh tools to avoid the effect of tool wear on the measured
values. The used cutting conditions are summarized in
Table 5.

Table 5 Used cutting conditions
Cutting conditions Value

Cutting speed (v) 30–150 m/min for HSS and 10–150 m/min for D2 tool steel

Feed 0.1 mm/rev

Depth of cut range (a) 0.1 mm

Tool nose radius (r) 1.2 mm

Tool holder specifications − 6° rake angle, − 3° side rake angle, and − 9° back rake
angle, + 5° clearance angle

Time of cutting temperature measurement 3–10 s, depending on the cutting speed and tool material

(a)

(b)

Fig. 12 Arrangement for a
cutting temperature measurement
and b the tool-workpiece
thermocouple calibration
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4 Results and discussion

Figure 13 shows the effect of the cutting speed (v) on the
cutting temperature (θc) for the HSS and D2 tool steel.

For the HSS, the cutting temperature (θc) has increased
from 400 to 750 °C within the cutting speed range of 30–
50 m/min due to the effect of secondary hardening [40]. For
the ceramic tools, this increase occurs in the range of 30–40m/
min, whereas for the PCBN cutting tool, in the range of 40–
50 m/min. The delay at the start of secondary hardening of
PCBN can be attributed to its higher thermal conductivity,
leading to a relatively lower cutting temperature (θc) in the
cutting speed range of 30–50 m/min. PCBN produces a lower
cutting temperature than a ceramic tool at cutting speeds be-
low 130 m/min. At greater cutting speeds (v > 130 m/min), the
cutting temperature values of the ceramic tools are almost the
same as for the PCBN tools.

D2 tool steel produces relatively higher cutting temperatures
(θc) than the HSS due to its lower volumetric heat capacity (ρw
cw), resulting in higher shear plane temperatures (θs) as indicat-
ed in Figs. 3 and 4. PCBN exhibits lower cutting temperatures
than the ceramic tool at cutting speeds of v < 80 m/min and
almost the same temperatures at the higher cutting speeds.

However, the effect of the tool material thermal conductiv-
ity on the generated cutting temperatures becomes predomi-
nant at the lower cutting speed range. The identification of this
range depends on the thermophysical properties of the work-
piece material. If the cutting speed exceeds this range, the
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effect of the tool material thermal conductivity on the cutting
temperature becomes less remarkable.

Figure 14 presents the comparisons between the measured
and estimated cutting temperatures of the HSS and D2 tool
steel machined with the PCBN cutting tool. A maximum de-
viation of 20% can be observed between the estimated and
measured values in all cases, which can be attributed to the
uncertainties of the thermal properties of the used tool and
workpiece materials, as well as the assumptions of the math-
ematical models.

5 Conclusions

A new thermal model for hard precision turning was
established. The measured cutting force components, cutting
variables (v, s, a), and the geometrical features of the cutting
insert and tool holder were used to establish this model.
Changes of thermophysical properties of the workpiece and
tool materials with different temperatures were considered.
The shear plane temperature and the chip frictional tempera-
ture rise (rake face temperature) can be deduced from the
proposed model. It was observed that:

& A higher workpiece density decreases the shear plane tem-
perature and does not remarkably affect the rake face tem-
perature. Increasing the workpiece specific heat has the
same effect as the workpiece density.

& Increasing the workpiece thermal conductivity decreases
both the shear plane and the frictional temperature.

& Increasing the tool thermal conductivity decreases the fric-
tional temperature and does not have a noticeable effect on
the shear plane temperature.

Due to their relatively different thermophysical properties,
hardened T15 HSS and D2 tool steels were used as workpiece
materials in the present study. PCBN and mixed alumina ce-
ramic tools were utilized to machine the selected workpiece
material due to their different thermal conductivities. A tool-
workpiece thermocouple system successfully measured the
cutting temperature in hard precision turning.

For the HSS, the effect of secondary hardening can be
observed through a sudden increase of the cutting temperature
in the cutting speed range of 30–50 m/min. In ceramic tools,
this jump occurs in the range of 30–40 m/min, whereas in the
PCBN cutting tool, the jump takes place in the 40–50-m/min
range, due to the latter’s greater thermal conductivity leading
to lower cutting temperatures.

D2 tool steel results in a relatively higher cutting tempera-
ture than the hardened HSS due to a lower volumetric heat
capacity. Since density and specific heat are lower in the D2
steel, its shear plane temperatures are higher than those of the
hardened HSS.

PCBN generates a lower frictional temperature than mixed
alumina tools due to its greater thermal conductivity, which is in
the range of 50–55 W/m °C (increasing with temperature),
whereas the ceramic tool generates the highest frictional tem-
perature due to a low thermal conductivity 23–13 W/m °C (de-
creasing upon a rise in temperature) in D2 and HSSmachining.

The influence of the tool material thermal conductivity on
the cutting temperatures becomes predominant at the lower
cutting speed range. The increase of the cutting speed above
this range reduces the magnitude of this effect.

A maximum deviation of 20% can be observed between
the estimated and measured values of cutting temperatures in
all cases, which may be attributed to the uncertainties of the
thermal properties of the tool and workpiece materials as well
as the assumptions of the mathematical model.
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