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The heat generated in various cutting zones significantly influences machining, affects tool
wear, and thereby reduces tool life. In this paper, a spline cubic interpolation is used to estimate
the transient heat flux imposed on the surface of a carbide cutting tool during stock removal,
at constant thermal properties and cutting velocity. Interpolation of instantaneously measured
temperature data set by the polynomial of lowest possible degree that passes through the points
of the dataset is obtained. A high-precision remote-sensing infrared thermometer is used to
measure the temperature at the surface. For friction shear stress determination, a mounted
sensing system detects strain gauges signals and computes them in the form of forces on the
display screen. From thermal behavior point of view the final result is notably interesting: it
highlights the feature of non-proportionality in temperature/heat flux variation.
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terpolation; TableCurve; heat flux.

1. Introduction

During the machining process, shaping by material removal takes place,
which is a complex process that has been the subject of research for a long
time. Manufacturers need to optimize their production processes to increase
productivity and improve the performance of cutting tools. Temperature is one
of the main concerns when choosing process parameters such as cutting speed
and feed rate. The significance of temperature prediction in metal cutting has
been well recognized in the field of machining for its effects on tool wear and
its constraints on productivity. Determining cutting temperature in machining
is a major area of research, which was studied in detail at the beginning of the
century by Taylor [1].

In [2], a new approach for predicting cutting temperature distribution in
transient and steady-state heat conduction of TiN-coated tools is compared and
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discussed to illustrate the existence of the non-Fourier heat conduction effect
in the unsteady-state. With the increase of cutting time, the heat conduction
changed from transient-state to steady-state as the cutting temperature stabi-
lized gradually.

In [3], three analytical models have been compared to obtain machining
temperatures in orthogonal cutting. The study aimed to promote the use of
analytical models in real applications, which provides high prediction accuracy
and high computational efficiency.

Augspurger et al. [4] published the results of the heat flow distribution
between the chip and workpiece in orthogonal cutting processes. A thermody-
namic methodology calculated the heat partitions. The thermal diffusivity was
included as an evaluation criterion of heat partitioning during cutting different
metals at varying undeformed chip thicknesses and cutting velocities.

A finite element modeling (FEM) was employed to predict tool temperature
distribution during high-pressure coolant-assisted turning of Inconel 718 [5].
Compared to dry and conventional wet machining, the high pressure jet was
able to partially penetrate into the cutting interface, providing both an effi-
cient cooling and lubrication. Analysis of transient and steady-state simulations
indicated a significant temperature drop when using high coolant pressure [6].

An experimental temperature measurement technique in dry milling opera-
tion with a K-type thermocouple was presented to validate an analytical model
proposed to solve the 3D transient heat conduction problem [7]. The model sho-
wed that the effect of convection is negligible under dry cutting conditions.

The problem of determining the heat flux q and heat transfer coefficient h,
based on temperature measurement at three locations in the flat plate, was pre-
sented in [8], with the assumption that the material of which the sensor is made
is temperature-dependent. The temperature distribution in the analyzed zone
was determined using the Gauss-Seidel method and the unknown parameters
were determined using the Levenberg-Marquardt method.

A finite difference approach and hybrid analytical-FEM technique allowed
predicting the average interface temperatures and their maximum values occur-
ring in dry orthogonal machining of carbon steels with uncoated and coated
carbide tools [9]. The comparisons between predicted temperatures and the
tool-work thermocouple-based measurements have confirmed the reliability of
the proposed models. One of the main findings reveals that the substrate un-
der the thin coating was cooler in comparison to uncoated tools.

Samadi et al. [10] estimated the heat flux in the rake face of a cutting
tool by solving the inverse heat conduction problem. Three different thermal
conductivity cases were considered, including a temperature dependent-one. The
authors have also investigated the effects of sensors locations and nonlinearity
of solutions.
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List et al. [11] produced an FEM to explore the dependence of the inter-
face cutting temperature with the crater wear mechanism in the domain of the
high-speed machining above 20 m/s. Cutting tests were carried out on a spe-
cific ballistic bench equipped with an intensified CCD camera to measure the
temperature field of the chip.

High cutting tool temperatures associated with machining titanium alloys
have drawn the interest of many researchers. The low thermal conductivity of
these alloys is mainly responsible for the heat generated in the primary shear
zone. Through an orthogonal cutting of titanium alloy Ti6Al4V, an infrared
camera observes the tool-chip interface and measures the temperature distribu-
tion [12]. These measurements are relevant because they can be used to validate
cutting models. In fact, an improved analytical model of the cutting tempera-
ture was proposed based on the Komanduri-Hou model and the Huang-Liang
model [13]. The temperatures calculated by the presented model were consistent
with the actual cutting temperature field.

In [14, 15], methods were implemented to determine the transient heat trans-
fer at the workpiece-tool interface to optimize metal cutting process. An infrared
thermometer and camera were simultaneously used to measure surface temper-
ature and obtained data was modeled using the response surface methodology
(RSM) and fuzzy logic (FL). Moreover, a third-order spline approximation was
derived for the results treatment.

Patne et al. [16] proposed two thermal models for predicting the temper-
ature distributions in the tool and the workpiece during drilling. To reach the
best agreement between simulations and actual results, the authors developed
an experimental procedure for the temperature measurements with IR camera
assistance.

Mirkoohi et al. [17] used an inverse computational methodology to deter-
mine the temperature in the shear zone depending on specific process param-
eters. A moving point heat source approach allows to obtain adaptively the
desirable temperature by optimizing process parameters.

In [18, 19], in order to predict temperature distribution accurately, improved
thermal models were presented to simulate an orthogonal cutting process. Chal-
lenges were presented through original numerical methods such as smoothed
particle hydrodynamics (SPH) and the Johnson-Cook constitutive model (J-C
model) regarding convergence properties and boundary treatments [18, 19].

Numerical simulations were performed based on heat transfer models to eva-
luate the temperature distribution of chip, tool-chip contact, and tool-workpiece
contact during high-speed machining processes [20, 21]. Analyzes were con-
ducted on the cutting heat generation and the temperature increment allowing
the determination of cutting temperatures. Moreover, the maximum tempera-
ture in various cutting zones was successfully simulated.
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Cutting strategy depends on the thermophysical properties of the workpie-
ce material. From this point of view, a numerical simulation using finite dif-
ference and finite element methods was conducted in [22] to determine and
analyze the temperature distribution for an face milled aluminum alloy. It was
found that the material surface temperature is mainly affected by heat sources.

Gosai and Bhavsar [23] developed an empirical mathematical model of
temperature measurement for EN36 as work-piece material, and coated carbide
insert as tool material. The authors showed that the change in depth of cut
has a very high effect on cutting temperature while cutting speed and feed rate
have a moderate effect, which could be very helpful in optimizing the cutting
conditions.

In most previous researches, the temperature distribution in machining was
investigated with either laborious experiments or complicated numerical simula-
tions. In the present study, to overcome those issues, low experimental complex-
ity of model inputs coupled with a versatile mathematical approach based on
preliminary temperature measurements is proposed to determine the heat flux
at the cutting tool surface using high precision nonlinear interpolation. Besides,
the turning process is performed at a various depths of cut with constant feed
and cutting speed. An IR thermometer is positioned at a short distance from
the lathe tool equipped with a dynamometer. The present investigation pays at-
tention to the thermal behavior of specified locations on the cutting tool body.

2. Brief overview of heat dissipation in machining

In machining, mechanical work is converted to heat through the plastic de-
formation involved in chip formation and through friction between the tool and
workpiece. Regions of heat generation in turning are the shear zone, the chip-tool
interface and the tool-work piece interface zone. The temperature distribution
T (x, y, t) obeys a transient nonlinear thermal problem in the tool-chip-workpiece
system, solved using the heat equation:

(2.1)
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Q̇sh and Q̇f are heat sources due to shear and friction, and u and v correspond
to the velocities in x and y directions.

Molinari and Moufki [24] suggested a thermomechanical model of ortho-
gonal cutting applied to turning operations considering a number of assump-
tions. He assumed a Hertzian contact of a cylinder applied on a semi-infinite
plane with the normal component of the cutting force. Within the chip, the
solved heat equation in the steady state case is:
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(2.2)
k
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T (x, y) = 0.

Initial and boundary conditions are:

T (0, y) = T1, y > 0,

T (x, y) = T1, x > 0,

−k∂T (x, 0)

∂y
= Q, x > 0.

In Eq. (2.2), x is parallel to the tool-chip interface and y is perpendicular.
The mean temperature rise in the shear zone in which the chip is formed is

found by Oxley [25] and expressed as:

(2.3) T sh =
1− qc
ρ c ecw

Fsh cosα

cos (φ− α)
,

where qc is the proportion of heat conducted into the work, ec is the undeformed
chip thickness, w is the width of cut measured along the tool cutting edge, Fsh is
the shear force, φ is the shear angle, and α is the tool rake angle.

Moufki et al. [26] developed thermomechanical models in orthogonal and
oblique cutting. The authors introduced a friction law that describes the evolu-
tion of the apparent friction coefficient as a function of the average temperature
at the tool-chip interface:

(2.4) µ = µ0

(
1−

(
T int
Tm

)q)
.

In the above expression, Tm represents the material melting temperature, µ0 is
a friction coefficient of reference, and q is a parameter controlling the decrease
of µ.

Assuming a perfect sliding contact, the heat generated by friction at the
tool-chip interface is estimated:

(2.5) Q(x) = µVc P (x),

Vc is the chip velocity and P (x) is the interface contact stress expressed as:

(2.6) P (x) = P0

(
1− x

lc

)ξ
,

P0 is the stress at the tool tip (x = 0), lc is the length of tool-chip contact, and
ξ is a stress profile coefficient.
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The thermal problem within the chip is resolved analytically. The tempera-
ture at the tool-chip interface is given by the expression:

(2.7) Tint =
µP0

√
V c√

π k ρ c
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(lc)ξ
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i=0

2

2i+ 1
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)
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,

θh is the temperature at the outlet of the primary shear zone. Finally, the
temperature T int in Eq. (2.4) is formulated:
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The heat flux at the surface (SHF) is obtained by using the one-dimensional,
semi-infinite medium solution for a step change in surface temperature [27].
Duhamel’s superposition integral is applied to give:

q̇(t) =

√
k ρ c

π

tˆ

0

dT (Θ)

dt
1√
t−Θ

dΘ,(2.9)

T (t) = A0 +A1t+A2t
2 + ...+Amt

m,(2.10)

T (t) is the time-dependent temperature function, m is polynomial order, and
Θ is a dummy time variable.

3. Experimental methodology and thermal prediction

3.1. Experimental methodology

A stock removal during the turning process was accomplished for 20 se-
conds duration at an ambient temperature around 20◦C. The machining tests
are carried out on a parallel conventional lathe machine of 7 kW power, and the
maximum spindle speed being used is 1250 rpm (Fig. 1a). Experiments measure
the tool surface temperature using a high-speed pyrometer under friction coef-
ficient monitoring, thanks to a lathe tool dynamometer. The temperature was
captured in an area of about 0.5 cm2. The measurements of temperature were
repeated seven times according to the friction coefficient, and the resulting ave-
rage values are reported in Fig. 4. Therefore, 77 measurements were executed
in one location, which means a total of 385 temperature measures for the whole
experiment.
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Fig. 1. a) Photo of the lathe machine, b) scheme of the experimental setup
of the turning process.

The workpiece material was S235 steel and the insert holder was made of
42CrMo4 steel (Table 1). An uncoated (Cr3C2) carbide tool insert without
chip breaker and chamfered cutting edge (0.2× 20◦) was used. Insert holder
with negative tool orthogonal rake angle (−6◦) and tool cutting edge inclina-
tion (−6◦) was used. Furthermore, constant machining parameters of feed rate
(f = 0.25 mm/rev) and cutting speed (Vc = 250 m/min) with a variation of
depth of cut ap (0.8 mm to 2 mm) are implemented. Figure 1b shows the scheme
of the experimental setup for the turning operations including temperature and
force sensors.

Table 1. Materials thermophysical properties at 20◦C.

Parameter Insert
(Cr3C2)

Insert holder
(42CrMo4)

Workpiece
(S235 steel)

Density, ρ [kg/m3] 6680 7800 7850

Melting temperature, Tm [◦C] 1890 1420 1480

Thermal conductivity, k [W/(m·K)] 93.7 46 49–54

Specific heat capacity, c [J/(kg·K)] 450 470 461
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Pyrometer is Optris CT 4M (Fig. 3), delivering an output current in the range
of 4–20 mA. The temperature interval is [273, 773] in K for a spectral range of
2.2–6 µm. The sensing head is a cylinder approximately 3 cm long, 1.5 cm in
diameter and a mass of 40 g. Electronics (box and wire) weight is 420 g. The
temperature resolution is 120 mK, the accuracy of 0.3% at an ambient tempera-
ture of 23±5◦C and the response time (at 90%) is 300 µs. The measurement
distance between the pyrometer and the tooltip is 10 cm. The temperature
capture is focused on five specified locations on the tool body surface (Fig. 2),
from zone A to zone E.

Fig. 2. Tested cutting tool.

Fig. 3. Pyrometer Optris CT 4M.

3.2. Data processing and thermal prediction

Every single point located on the tool surface is studied separately, and the
curve data describing the instantaneous temperature measurements (Fig. 4) are

Fig. 4. Temperature data measurements.
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exported to TableCurve 2D V5.01 software for a non-linear curve fitting. Graphs
(Fig. 5) show results of a high-precision fifth-order polynomial interpolation of
the temperature variation in time.

a) b)

c) d)

e)

Fig. 5. Polynomial interpolation of temperature.
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The investigative thermal procedure plots the actual tool body temperatures
at different locations represented by colors, as shown in Fig. 2. Temperature
history is then related to the one of heat transfer rate. Replacing the polynomial
function (Eq. 2.10)) into Eq. (2.9) and its integrating yields the formulation of
the surface heat flux q̇(t) in a semi-infinite body [27]:
(3.1)
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Therefore, according to the above polynomial interpolation (m = 5), the resul-
tant algebraic equation is solved to find the time-varying heat flux (Fig. 6):
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Fig. 6. Surface heat flux of the tested cutting tool.

4. Synopsis and results interpretation

A considerable number of temperature measures were used to predict the
cutting tool’s local heat flux while metal is removed. The undertaken experimen-
tal protocol combines parameters that influence heat dissipation in the cutting
zone, namely material thermophysical properties, cutting speed, feed and depth
of cut. In the present study, the quantification of the heat flow distribution in
the metal cutting process concerns carbide tool insert (Zones A, B, and C) and
insert holder (Zones D and E).

A lathe tool dynamometer rigidly mounted on the tool post where the cutting
tool is fixed, is used to measure the cutting forces coming to the tooltip. The
sensor measures the forces accurately without loss of the force. Forces in x, y, z
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directions are shown individually and simultaneously in three digital indicators
supplied (Table 2).

Table 2. Measured forces and resultant friction coefficient, ap = (0.8–2) mm.

Fr [N] 71.6 89.5 107.6 125.4 143.4 161 179

Ff [N] 98.4 125.9 154.9 184.8 216.1 247.9 281.6

Fc [N] 238.8 298.3 358.7 418.1 478.1 536.6 596.6

µ 0.412 0.422 0.432 0.442 0.452 0.462 0.472

In order to evaluate the friction factor (µ), the process of stock removal was
assumed to obey Coulomb’s law of friction. In this case, the ratio of the feed
force (Ff ) to the cutting force (Fc) leads to the friction factor values given in
Table 2.

The temperature distribution in the whole tool, including insert closer to
the cutting edge, is shown in Figs 4 and 5. Because of better distinction, the
experimental results obtained for the selected zones are reported in one single
figure (Fig. 4). These results are then illustrated individually by the fifth-order
polynomial interpolation of the temperature (Fig. 5). The maximum interface
temperature, in dry cutting, exists in the vicinity of the cutting edge, i.e., in the
first part of the tool-chip contact. However, significant temperature decreases
were recorded from the tooltip because of less duration of heat impact. Obvio-
usly, as shown in the results obtained, the temperature decreases when moving
away from the machining zone. At the too tip (Zone A), temperature evolves
in two stages. From 0 to 6 s, the first step corresponds to an abrupt increase in
temperature up to a maximum value, Tmax = 477◦C. After that, the temperature
stabilizes around Tmax with a tiny fluctuation of more or less 5◦C. For the
other measurement points, the first step happens from 0 to 4 s but with similar
temperature evolution.

The two main heat sources in cutting processes are the plastic work and
the dissipation of friction energy at the tool-chip interface, which are practically
fully converted into heat. The heat flux of friction and heat of plastic defor-
mation, which strongly depend on the contact temperature, are incorporated
into the predicted SHF. The surface temperature propagated to the tool is inte-
grated, and the heat transfer rate of the tool surface (SHF) is deduced. Figure
6 shows the heat flux behavior in the selected positions on the cutting tool.
Oddly, the result does not completely match with the aforementioned tempera-
ture evolution. This feature proves that the heat generated within the tool does
not necessary vary with the temperature. The maximum heat flux in the tooltip,
q̇max(t) = 270 W/cm2, occurs for T = 323◦C when t = 2 s. After that, the flux
decreases to reach a value of about 70 W/cm2 in 20 seconds. Further move away
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from the machining zone implies lower heat fluxes. The duration of machining
and heat evacuation speed shortens the influence of the thermal fluxes on the
cutting insert. As a result, the total amount of heat penetrating the cutting tool
is significantly reduced.

All cutting actions occur at the edge of the tool; the dislocation deformations
of materials will transfer potential energy into the kinetic energy and result in
a temperature rise. The thermal conductivity and specific heat of the carbide
cutting insert material are a function of temperature. In [28], it was shown that
thermal diffusivity decreases by 25% within the temperature range 20–600◦C.
However, due to the short machining time of 20 s, it should be noted that these
calculations were carried out for the thermal diffusivities of 0.312 cm2/s for the
carbide insert and 0.125 cm2/s for the insert holder.

5. Conclusions

This paper studied the effect of increasing cut depth at constant cutting
speed and feed during the dry material removal process on the involved thermal
energy of friction and plastic deformation. The SHF behavior was highlighted
in the partitions selected on the cutting tool. Based on the results, the following
conclusions can be made:

• A simple mathematical technique of heat measurement was presented for
42CrMo4 as insert holder material and Cr2C3 uncoated carbide insert as
cutting tool material.

• The high heat flux was reached at t = 2 s, it was of the order of 270 W/cm2,
and a decrease of 50% was recorded after 10 s. The fast heat dissipation
was due to heat transferred by convection with the surroundings. The
remaining time, until t = 20 s, the high-speed machining process exhibits
lower heat fluxes because of less duration of heat impact.

• The accuracy of the thermal results depends on reliable force measure-
ments, i.e., the ratio (Ff/Fc). As there is no drift in the force measurement,
inferred values of friction coefficient µ falling between 0.412 (ap = 0.8 mm)
and 0.472 (ap = 2 mm) do not affect the final result.
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