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Abstract
The effect of cutting parameters—workpiece rotation speed, depth of cut, and feed rate—on the temperature distribution across
the rake face of an AISI M32C high-speed steel cutting tool is analyzed. The study focuses on machining ABNT 12L14 steel
to evaluate thermal behavior under different cutting conditions. Using COMSOL® Multiphysics 6.0 for 3D transient heat
transfer modeling, three inverse methods-Levenberg–Marquardt, Linear Specified Function, and Nelder-Mead-to estimate
heat flux at the chip-tool interface are implemented. Our results show that the Levenberg–Marquardt method achieves the
best accuracy, with estimated temperatures deviating by only 1.5% from experimental measurements. This study highlights
the effectiveness of optimized cutting parameters in minimizing tool temperature and extending tool life, with the proposed
method offering practical benefits for industrial machining processes.

Keywords Heat transfer · Inverse methods · Levenberg–Marquardt · Linear specified function · Machining · Nelder-Mead

1 Introduction

Temperature control is a critical factor in machining pro-
cesses, directly influencing tool performance, wear resis-
tance, and the quality of themachined surface. Excessive heat
generated at the chip-tool interface can lead to accelerated
tool degradation, impacting productivity and efficiencywhile
incurring additional costs. Accurate temperature estimation
and effective heat management are essential for optimizing
machining processes and extending tool life (Trent et al.
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2025; Brito et al. 2015; Kovac et al. 2019). This study investi-
gates the influence of cutting parameters on tool temperature
and employs inverse heat conduction techniques to obtain
precise temperature estimates at the tool-workpiece inter-
face.

1.1 Temperature measurement and inverse
problems inmachining processes

Temperature measurement during machining is challenging
due to the dynamic and localized nature of the heat generated
at the chip-tool interface (Brito et al. 2009; Paula et al. 2019;
Diniz et al. 2005; D’Addona and Raykar 2019). Previous
studies have employed techniques such as thermocouples and
infrared cameras to capture temperature profiles, but these
methods face limitations in obtaining direct measurements at
exact contact points, resulting in potential inaccuracies (Brito
et al. 2015; Diniz et al. 2005). Inverse problems have increas-
ingly been utilized to overcome these limitations, indirectly
estimating temperature and heat flux at the interface based
on accessiblemeasurements fromnearbypoints. Thismethod
has shown promise in enhancing the accuracy of temperature
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predictions in machining processes (Machado et al. 2015;
Lima et al. 2000; Carvalho et al. 2006). Additional work is
needed to refine these models, particularly in accounting for
transient cutting conditions, though.

This study is based on the numerical and experimental
work of Santos et al. (2014). They demonstrated that, within
the tested range of heat transfer coefficients by convection
(h) of 10–30 W/m2·K, the influence on the final tempera-
ture at the cutting interface was minimal. Using an average
h value of 20 W/m2·K as a reference, a maximum devi-
ation of less than 0.74% was observed in the calculated
temperature compared to other h values within the range.
From these results (Santos et al. 2014), it was concluded
that temperature calculations at the cutting interface were
reliable and did not compromise for the h values consid-
ered, leading to the adoption of 20 W/m2·K as a standard
reference value. The temperature range, overwhich themate-
rial properties were considered, was clearly defined. The
computational simulation incorporated temperature depen-
dent thermophysical properties of the cutting apparatus.
This ensured accurate thermal analysis. Specifically, the ini-
tial temperature throughout the computational domain was
set to 0 °C during sensitivity coefficient calculations. The
experimental and numerical analyses covered a range where
maximum tool temperatures reached 570 °C and minimum
tool temperatures did not exceed 160 °C (Santos et al. 2014).
These values were used to validate the numerical model and
optimize heat flux estimation techniques in order to ensure
consistency in thematerial properties applied across different
cutting conditions.

1.2 Experimental methods for obtaining
temperature at the cutting interface

Direct temperaturemeasurementmethods, such as embedded
thermocouples, infrared cameras, and thin-film thermocou-
ples (TFTCs), have been widely used to obtain temperature
data inmachining studies.While thesemethods provide valu-
able insights into heat generation and tool wear, challenges
persist regarding sensor placement and response time, which
can introduce discrepancies in measurements (Kshetri et al.
2020; Chen et al. 2017; Soler et al. 2018). The thermocouples
used are the K-type Thermocouple, which introduces a devi-
ation of about ± 2 °C for the range of temperature present.
For instance, Chen et al. (2017) used thermocouples to mea-
sure the temperature on the wear surface of cutting tools.
Soler et al. (2018) employed an infrared thermal camera for
greater precision. De-spite advancements, these experimen-
tal techniques are often limited by environmental constraints,
emphasizing the need for a complementary approach that
integrates both experimental data and numerical modeling.

1.3 Analytical, numerical, and inverse techniques
for solving themachining thermal problem

Addressing thermal challenges in machining requires a com-
bination of analytical, numerical, and inverse techniques to
accurately predict temperature distribution. Analytical mod-
els are effective for simpler systems. However, they may
exhibit deviations due to necessary simplifications (Kashani
et al. 2016). Numerical techniques, such as Finite Element
Analysis (FEA), enable more detailed simulations and suit
complex geometries that are typical from machining. Nev-
ertheless, these methods have a high computational cost
(Clavier et al. 2021; Kanellos et al. 2019). Inverse tech-
niques, such as the Levenberg–Marquardt, Linear Specified
Function, and Nelder-Mead methods, have been employed
to estimate thermal properties more accurately, resolving
heat flux issues on the cutting tool surface (Dourado da
Silva et al. 2021). This study applies these inverse tech-
niques in COMSOL® Multiphysics to enhance the precision
of temperature estimations by providing a practical solution
to optimize cutting conditions in machining processes (Heat
2018).

COMSOL® Multiphysics employs Finite Element Anal-
ysis (FEA), even though Finite Difference Method (FDM)
is more computationally efficient for simple geometries and
uniform grids. However, FEA proves to be more effective in
handling complex geometries and adaptive meshes, where
the grid can be refined in regions of interest (Thornton and
Wieting 1979). FEA also offers greater flexibility in manag-
ing complex boundary conditions, such as non-uniform heat
flux or convective boundaries, by directly incorporating these
conditions into the element equations (Thornton andWieting
1979).

The numerical simulationswere conducted using the com-
mercial software COMSOL® Multiphysics 5.6 (Heat 2018).
In the COMSOL® interface, the transient heat transfer in
the solid module was employed to address the physics of the
problem. Once this module is selected, the software provides
standard numerical methods for solving the physical model.
This feature is a major advantage of the software, that is,
selecting a specific module for a given physics automatically
defines numerical methods optimized for achieving better
convergence with minimal computational time.

For transient heat transfer problems, COMSOL® Multi-
physics utilizes the second-order Backward Differentiation
Formula (BDF) method to approximate time derivatives.
BDF is an implicit multi-step numerical integration method
used for solving ordinary differential equations (Heat 2018).
In a BDF of order n, the problem is solved using a polyno-
mial of degree n, incorporating terms derived from previous
steps.

To solve the linear system of equations generated by the
Finite Element Method (FEM), the heat transfer module in
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COMSOL® Multiphysics applies the Parallel Sparse Direct
and Multi-Recursive Iterative Linear Solvers (PARDISO)
method for a small number of degrees of freedom. The PAR-
DISOmethod is a high-performance and robust approach for
solving symmetric or non-symmetric sparse linear systems
in the form Ax � b (PARDISO-PROJECT 2019).

1.4 Research gaps and objectives

Despite the advances made in measuring and modeling
thermal behavior in machining, precise temperature esti-
mation at the chip-tool interface remains a challenge. This
study addresses this gap by using inverse heat conduc-
tion techniques to achieve accurate temperature distribution
predictions, focusing on optimizing cutting parameters to
minimize tool temperature. By analyzing workpiece rota-
tion speed, depth of cut, and feed rate, this research aims
to provide valuable insights that support improved tool life
and process efficiency, offering a refined approach to thermal
management in machining.

2 Methodology

This machining process, conducted by Santos et al. (2014),
utilized a Revolution RV220 Diplomat lathe and a work-
piece, which is made of free-machining steel AISI 12L14.
The workpiece had a diameter of 50.8 mm and underwent a
hot-rolled treatment, resulting in aRockwell B hardness of 68
and a ferritic microstructure. These material properties and
machining conditions were critical for analyzing tool perfor-
mance and thermal behavior during the cutting process.

The validation of techniques used in solving inverse heat
conduction problems presents a significant challenge. This
difficulty arises because validating the estimated heat flux
requires prior knowledge of the experimental heat flux. In
real-world inverse problems, such as those encountered in
machining processes, the experimental heat flux is often
unknown. To address this, an alternative validation approach
involves conducting controlled experiments. In such exper-
iments, heat flux and temperature measurements are taken
from the cutting tool. These measured signals are com-
pared with the estimated heat flux. Hence, temperatures are
calculated using the COMSOL Multiphysics software for
three inverse techniques. Prior to analyzing the real machin-
ing process, a controlled experiment was performed using
a cemented carbide tool with dimensions of 0.0127 m ×
0.0127m× 0.0047m, as explained byCarvalho et al. (2006).
The authors employed a setup that included a heat flux
transducer, two previously calibrated thermocouples, and a
Kapton electric heater, as shown in Fig. 1.

As an experimental strategy, the study utilized the exper-
imental data from Carvalho et al. (2006), by employing the

Fig. 1 Kapton electric heater. Source: TEMPCO (2025)

experimental setup, shown in Fig. 2. In this case, the results
obtained through COMSOL® simulations were compared
with the referenced data to validate the mathematical mod-
eling used in the present study.

In the experimental setup, the electric heater connected to
a continuous source current (MCE), generated heat through
the Joule effect. The heat flux transducer was positioned
between the heater and the tool to measure the heat supplied,
as depicted in Fig. 2. Temperature readings were obtained
using the two thermocouples. Data acquisition involved an
HP Series 75,000 system with the E1326B voltmeter con-
trolled by a PC. To ensure optimal thermal contact, thermal
pastewas applied between the transducer and the tool. Capac-
itor discharge facilitated the attachment of the thermocouples
to the plate surface.

The present study developed a numerical methodology
for the validation of direct and inverse problems using a
cemented carbide cutting tool, as previously investigated by
Carvalho et al. (2006). For the direct problem, numerical tem-
perature estimates were obtained using the Finite Element
Methodology (FEM) usingCOMSOLMultiphysics software
(Heat 2018).

The estimated heat fluxes in the cemented carbide cut-
ting tool were obtained using inverse techniques, utilizing
the experimental temperatures from Carvalho et al. (2006).
The comparative analysis employed three inverse tech-
niques: Nelder-Mead (NM), Levenberg–Marquardt (LM),
and Linearly Specified Function (LSF). After conducting the
experiment, validation was performed for both the direct and
inverse problems in the present study. It was observed that
the Levenberg–Marquardt (LM) technique achieved a better
computational cost ratio.

The inverse problem was solved and applied to cases of
easy-cutting steel turning with high-speed steel tools for var-
ied cutting tool parameters. Each techniquehas its advantages
and disadvantages, and the choice depends on the specific
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Fig. 2 Schematic of the
experimental set-up made by
Carvalho et al. (2006). Source:
Santos (2008)

Fig. 3 a High-speed steel cutting
tool for Case 1; b Zoomed wear
region

Fig. 4 a High-speed steel cutting tool for Case 2; b Zoomed wear region
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Fig. 5 a High-speed steel cutting tool for Case 3; b Zoomed wear region

Fig. 6 a High-speed steel cutting tool Case 4; b Zoomed wear region

Table 1 Description of the cutting parameters for each case addressed
in this work

Case Cutting speed
(m/min)

Depth of cut
(mm)

Feed rate
(mm/rev)

1 143 1.0 0.138

2 57 1.0 0.138

3 57 2.0 0.138

4 57 1.0 0.298

5 5 1.0 0.138

application. The Levenberg–Marquardt (LM) technique and
the Finite Element Methodology (FEM) using COMSOL
(Heat 2018) were selected among the three proposed numer-
ical inverse techniques.

2.1 Analytical, numerical, and inverse techniques
for solving themachining thermal problem

A methodology is used for estimating heat flux in cut-
ting tools during the turning process. Such methodology is
based on experimental temperature measurements in differ-
ent regions of the tool. The problem analysis begins with
the study of the cutting interface of the high-speed steel
tool, as illustrated in Figs. 2, 3, 4, 5 and 6, which present
CAD drawings of the high-speed steel cutting tool used in
the experiment conducted bySantos et al. (2014) for the cases
shown in Table 1.

The determination of the contact area is based on an anal-
ysis conducted after cutting is interrupted. The methodology
involves measuring the contact area on three distinct edges
of the cutting tool for each machining condition, enabling
the calculation of an average value. For the measurement
process, an image processing system is employed. Using a
high-resolution video camera, the images obtained from the
interrupted cutting process are analyzed and processed with
the GLOBAL LAB Image software. This approach ensures
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Fig. 7 a High-speed steel cutting tool for Case 5; b Zoomed wear region

Fig. 8 a High-speed steel tool, b three-dimensional physical model, and c tool dimensions in millimeters (mm) where the coordinate “z” is 9.5
(mm). Source: Santos et al. (2014)

Table 2 Thermocouple Positions

Thermocouple Coordinates on the cutting tool

X (mm) Y (mm) Z (mm)

1
3

6.1
0.0

7.2
9.0

0.0
5.0

4 3.3 7.0 8.098

5 2.0 3.4 8.098

Table 3 Specifications of the Tool Used in the Experiment

Specification Value

Material AISI M32C

Rake angle (%) 6°

Approach angle (%) 75°

Inclination angle (%) 0°

Nose angle (%) 90°

Relief angle (%) 8°

Nose radius None

precise and reliable determination of the contact area under
varying machining conditions.

According to Dourado da Silva et al. (2021), Santos et al.
(2014), Erturk et al. (2023), and Lian et al. (2023). The ther-
mal analysis developed in this paper is conducted in the rake
face of the cutting tool, as presented in Figs. 3, 4, 5, 6, 7. The
wear region is located in the rake face, and it generates the
highest amount of heat flux.

Figure 8a shows thehigh-speed steel tool,while the cutting
toolmodel used is presented in Fig. 8b. The dimensions of the
tool are shown in Fig. 7c. The estimation of heat flux directly
depends on the locations of the thermocouples. The interface
contact area, denoted asAq (x, y), experiences the heat flux q”
(x, y, t), due to contact between the tool and the workpiece.
A constant convective heat transfer coefficient of 20W/m2 K
is assumed on the remaining boundaries. Therefore, precise
positioning of the thermocouples plays a fundamental role in
solving inverse problems (Nosko 2024; Oliveira et al. 2022).
Figure 8 and Table 2 provide the specific positions of the
thermocouples in the experimental test conducted by Santos
et al. (2014).
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Table 3 presents the specifications of the cutting tool used
in the study, offering a detailed description of its material and
geometric parameters.

In Fig. 9, one may note the setup of the experiment con-
ducted by Santos et al. (2014), with data obtained used for
analysis in this study. The thermocouples shown in Fig. 9 are
of T-type and are attached to the tool using the capacitive dis-
charge method (Santos 2008). The experiment is performed
on a conventional IMOR MAXI-II-520 – 6CV lathe. The
experimental temperatures are recorded through an acquisi-
tion systemnamedHP75000SeriesBdata. It uses anE1326B
voltmeter, controlled by a PC, as shown in Fig. 10.

The positioning of the thermocouples on the cutting tool,
located at the coordinates described in Table 2, can be viewed
in Fig. 11.

The thermal problem is governed by the 3D transient heat
diffusion Eq. (1), as shown by Santos et al. (2014), where T
is the temperature, λ is the thermal conductivity, and ρ.Cp
is the product of density and specific heat capacity.
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COMSOLMultiphysics 6.0 (Heat 2018) is used to approx-
imate solution to direct and inverse problems. This software
uses the finite element method to approach solution to a
three-dimensional transient thermal model by employing an
unstructured tetrahedral mesh. Moreover, it offers flexibility
in adjusting boundary conditions and models the geometry
under study. Hence, the representation and discretization of
the investigated system are illustrated in Fig. 12.

Similarly to Figs. 12 and 13 shows the tetrahedral mesh,
which is automatically dimensioned by COMSOL Software
(Heat 2018). Such mesh is applied to the cemented carbide
cutting tool used for analyzing the three optimization tech-
niques, which is previously described in the solution of the
direct heat transfer problem.

For the models developed so far, the choice of tetrahedral
mesh is due, not only to its straightforward computational
implementation, but also to its ability to adapt to complex
geometries. Case 4 is taken to carry out a mesh convergence
test. Taking into consideration the advantages, previously
mentioned, the maximum temperature percentual deviation
for each thermocouple demonstrates that a mesh with around
6952 elements is appropriate, as shown in Fig. 12.

The goal of a thermal inverse technique is to estimate
the transient heat flux for each machining experiment. This
parametermust be determined in such away that the resulting
effect matches the experimental data or exhibits the least
possible discrepancy from these data.

Fig. 9 Photo of the experiment conducted by Santos et al. (2014).
Source: Santos (2008)

Fig. 10 Equipment setup used during the experiment conducted by San-
tos et al. (2014). Source: Santos (2008)

The Levenberg–Marquardt (LM), Nelder-Mead (NM),
and Linear Specified Function (LSF) are numerical opti-
mization techniques that are widely utilized in mechanical
engineering (Levenberg 1944a; Marquardt 1963; Nelder and
Mead 1965a; Lawson and Hanson 1974). The LM method
integrates gradient-descent and Gauss–Newton methods. It
efficiently solves nonlinear least squares problems by itera-
tively updating parameters to minimize residual errors. The
LM method approaches gradient information from the Jaco-
bian matrix (Levenberg 1944a; Marquardt 1963). The LM
method is appropriate when applied to problems character-
ized by smooth, continuous, and differentiable functions.
This ensures rapid convergence through gradient-informed
adjustments.

On the other hand, the NM method employs direct
search optimization without requiring gradient computations
(Nelder and Mead 1965a). Based on simplex geometry, NM
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Fig. 11 Position of the thermocouples on the cutting tool

Fig. 12 The cutting tool domain with tetrahedral mesh with 6952 elements in Case 4

iteratively evaluates and adjusts vertices within a multidi-
mensional simplex to locate function minima. This gradient-
free approach is particularly effective for complex, noisy, or
discontinuous objective functions. It offers robustness where
derivative information is unreliable or unavailable.

The Linear Specified Function (LSF) method iteratively
approximates unknown parameters through piecewise linear
functions (Lawson and Hanson 1974). Being significantly
valuable in inverse heat transfer analyses, the LSF method
mitigates the drawbacks inherent in such problems by enforc-
ing linear constraints. Such method reduces sensitivity to
measure noise and enhances stability.

In this work, the objective function from by Lima e Silva
et al. (2015), is adopted in Eq. (2):

F �
ns∑
i�1

(Texp(x , y, z, t)p − Tnum(x , y, z, t)p)
2 (2)

In Eq. (2), F is the objective function, Texp is the exper-
imental temperature, Tnum is the numerically calculated
temperature, ns is the number of sensors used, and p is the
index denoting the pth sensor employed.

The primary goal of solving inverse problems is to min-
imize the objective function to find the optimal value of
heat flux. In this context, three techniques are tested: Lin-
ear Specified Function (LSF), Levenberg–Marquardt (LM),
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Fig. 13 Tetrahedral mesh applied to the cemented carbide cutting tool
for validation of the direct heat transfer problem

and Nelder-Mead (NM). A detailed analysis of these tech-
niques is conducted to determine which technique offers the
best cost–benefit ratio for tackling inverse problems.

LSF, Beck et al. (1985) inherently incorporates a min-
imization process of the objective function. They employ
components of heat flux to estimate time-dependent sur-
face heat flux. Besides, LM (Zhenwu et al. 2022; Bergou
et al. 2020; Hanke 1997; Levenberg 1944b; Marquardt 1962;
Golsorkhi and Tehrani 2014) combines elements from the
Steepest Descent and Gauss–Newton methods in order to
seek for a numerical approximation to minimize the nonlin-
ear function. NM (McKinnon 1999; Yu 1979a, b; Kolda et al.
2003; Lewis et al. 2007; Nelder and Mead 1965b; Spendley
et al. 1962; Marshall 1984) in turn, is based on the geometry
of the problem and aims to optimize an objective function in a
multi-dimensional space. The choice of the appropriate tech-
nique depends on specific demands from the inverse problem,
ensuring the attainment of precise and effective results.

Figure 14 shows a flowchart, detailing the step-by-step
LSF procedure. Similarly to Lima e Silva et al. (2015), it
includes the inputs and outputs used to approach the inverse
problem through the specified linear function.

The application of the Specified Function method in
three-dimensional heat conduction, usingMATLAB® and its
developed algorithm, involves three distinct stages (Evaluate
2023).

In the first stage, the sensitivity coefficients must be
calculated. For this, a simulation should be performed in
COMSOL®Multiphysics, setting the heat flux to 1.0Watt/m2

on the contact area and the initial temperature throughout
the computational domain to 0 °C (Levenberg 1944a). As a
result, the sensitivity coefficients are obtained. These coeffi-
cients are equivalent to the temperatures obtained in °C in the

COMSOL® Multiphysics. Therefore, these sensitivity coef-
ficients are input data for theMATLAB® code containing the
LSF (Evaluate 2023).

In the second stage, the inverse problem is solved by esti-
mating the heat flux using experimental temperature data.
The MATLAB algorithm takes into consideration experi-
mental temperature in °C, thermocouple type and number,
and subsequent time-step values (Evaluate 2023). It takes the
sensitivity coefficients from the first stage and calculates the
heat flux, ensuring precision in the inverse problem solution.

In the third stage, the estimated heat flux becomes an
input to solve the direct problem, where COMSOL® Mul-
tiphysics is used to find the temperature field (Evaluate
2023). Inputs like thermophysical properties, boundary and
initial conditions, and time-steps are also needed. It approx-
imates solution to the heat diffusion equation and generates
temperature data in comparison which will be contrasted
with experimental measurements. By coupling MATLAB
algorithm with COMSOL® Multiphysics, this comprehen-
sive method ensures reliable estimation of heat flux and
temperature distribution in mechanical engineering contexts
(Levenberg 1944a; Evaluate 2023).

Levenberg–Marquardt and the Nelder-Mead method are
part of the optimization package in COMSOL®Multiphysics
(Beck et al. 1985), offering a robust approach to finding the
optimal point for a wide range of functions. This feature
makes it a valuable tool for solving various inverse prob-
lems and other models. However, it is important to note that
Nelder-Meadmay have a low convergence rate (Powell 1973;
McKinnon 1999; Yu 1979a, 1979b; Kolda et al. 2003; Lewis
et al. 2007; Nelder and Mead 1965b; Spendley et al. 1962).

Each of these techniques offers a unique approach to solv-
ing the inverse problem, allowing a thorough analysis to
determine the most suitable one. It takes into consideration
efficiency and performance in accordance with the available
computing resources.

The study tackled uncertainties in heat flux measurement
and power-to-heat conversion through meticulous experi-
mental design and methodology. Potential errors, including
measurement inaccuracies, are minimized by calibrating
equipment and ensuring precise sensor placement. High-
precision devices, such as K-type thermocouples, are used to
improve accuracy and reduce uncertainties caused by inter-
face resistance.A comprehensive error analysis is performed,
emphasizing the mathematical model for thermal parame-
ter estimation. Sensitivity analysis evaluates the impact of
deviations in measured values, ensuring robust calculations.
Additionally, inverse heat conduction techniques are val-
idated against controlled scenarios to enhance reliability.
The study contrasts experimental data with numerical mod-
eling, concerning discrepancies and, therefore, achieving
consistent results. This dual approach ensures effective cross-
validation and reduces uncertainty impact on conclusions.
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This process provides a reliable framework for accurate ther-
mal analysis.

3 Results and discussion

In turning machine processes, it is unreasonable to directly
measure heat flux due to the physical conditions and sys-
tem arrangement, which involve direct contact between the
workpiece and the cutting tool. This makes it impossible to
include any device for measuring heat flux in this interface.
Therefore, an alternative methodology for validation is the
creation of a controlled experiment in which flux and tem-
perature are measured on the cutting tool (Carvalho et al.
2006).

The present study utilizes experimental data from San-
tos et al. (2014). In this work, a laboratory experiment is
conducted to measure and obtain experimental heat fluxes
and temperatures using two thermocouples. This controlled
experiment is employed to validate the numerical data
obtained using COMSOL® Multiphysics. In a subsequent
experiment conducted by Santos et al. (2014), their experi-
mental results are utilized to evaluate three numerical inverse
techniques using the console andMATLAB®. The controlled
experiment is conducted to measure experimental heat flux
with the objective of validating numerical inverse techniques.

Subsequently, these variables are compared over time,
allowing for the analysis of variations presented by the tech-
nique used in relation to the controlled experiment. This
procedure enables the identification of the advantages and

disadvantages of each technique and the selection of themost
suitable one for solving thermal problems in machining.

3.1 Thermal model

The next step of this work involves the analysis and val-
idation of the three inverse techniques presented. For this
validation, the controlled experiment is used to validate the
direct problem. In general, in this validation process, exper-
imental temperatures T01 and T02 is provided as inputs to
each inverse method to estimate heat flux. Subsequently, the
estimated fluxes are compared with the experimental flux, as
illustrated in Fig. 15.

When analyzing Fig. 15, it can be observed that all three
techniques provide satisfactory results in estimating heat
flux, closely approaching the experimental result. Addition-
ally, Fig. 16a and b illustrate good agreement between the
numerically estimated temperatures by each technique and
the experimental temperatures recorded by Thermocouples
T01 and T02. It is important to note that, for the purpose
of experiment validation, the heat flux and estimated tem-
peratures are considered only within the period in which the
heater in the experimentwas on, in other words, up to 63.27 s,
as heat loss to the system is uncontrolled.

For a more detailed analysis of the temperature compari-
son, the residuals between numerical and experimental data
are presented in Fig. 17a and b. In the case of the Nelder-
Mead method, no deviations are plotted due to the high
computational cost requiredby this technique,which requires

Fig. 14 Scheme for the use of the
specified linear function
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Fig. 15 Comparison of experimental and estimated heat flux by the 3
techniques LSF, LM, and NM

significant adjustments to the time step and consequently fur-
ther increase in simulation time. It is observed that, during the
effective period, temperature residuals do not exceed 3 °C,
indicating good agreement between numerical and experi-
mental data for the LM and LSF methods.

A relevant aspect in choosing the bestmethod among those
presented is the computational cost associated with each
technique in solving the inverse validation problem. Table
3 compares the computational time spent by each technique.
It is evident that the Nelder-Mead method demands signifi-
cantly more computational time, rendering it unfeasible for
use in solving the problems proposed in this work.

Therefore, considering Table 4, Figs. 11 and 12, the
technique selected as the most suitable is the Levenberg—
Marquardt method due to its low computational cost and

Fig. 16 Comparison of numerical temperatures obtained through estimated fluxes for each technique and the experimental ones: a Thermocouple
T01; b Thermocouple T02

Fig. 17 Residual temperature between LM and LSF regarding experimental data for: a Thermocouple T01; b Thermocouple T02
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Table 4 Computational time spent solving the inverse problem by each
technique

Ranking Inverse technique Computational time spent
[min]

1 Levenberg–Marquardt 5

2° Linear specified
function

5

3° Nelder-Mead 4441

excellent temperature estimates, which closely match the
experimental temperatures.

An additional advantage of the Levenberg–Marquardt
method is its practicality, as the entire modeling and reso-
lution process can be performed directly in the COMSOL
software (Beck et al. 1985). On the other hand, the Linear
Specified Function technique requires integration between
two software tools, MATLAB® and COMSOL® (Heat 2018;
Evaluate 2023), to solve the inverse problem. Its algorithm
is written in the MATLAB environment, which uses exper-
imental temperature data to estimate heat flux through the
minimization of an objective function. With the heat flux
curve obtained, this data is subsequently incorporated into
COMSOL® (Heat 2018) to obtain the estimated temperatures
based on that heat flux. The complexity of this integration and
the computational cost involvedmake Levenberg–Marquardt
the most suitable choice for solving the thermal problems in
machining addressed in this study.

3.2 Heat flux and temperature estimation using
Levenberg–Marquardt

To validate and determine the number of tetrahedral ele-
ments that compose the mesh used in the finite element
method employed by COMSOL® Multiphysics, a study is
conducted to compare computational time and the percent-
age temperature deviation found between the different mesh
configurations, ranging from 2564 to 42,388 finite elements.
The results obtained will be presented in chapter 3.3.

The results of the heat flux and temperature estimations are
obtained by applying the Levenberg–Marquardt technique as
a method for minimizing an objective function to solve the
inverse problems. The results of the estimations for the men-
tioned variables are presented for three different workpiece
rotational cases: 900 RPM, 355 RPM, and 28 RPM. Addi-
tionally, the comparison between the results of the heat flux
and temperature estimations are given for depth of cut and
feed rate variation. For 355 RPM rotation, the comparison
is between 1.0 and 2.0 mm depth of cut and between 0.138
and 0.298 mm/rev, regarding cutting parameter cases shown
in Table 5.

Themodel, based on the geometric and physical character-
istics of the experiments conducted by Santos et al. (2014), is
built and discretized in the COMSOL Multiphysics 6.0 soft-
ware. The temporal aspects of the model are discretized to
represent the actual experiment conditions, with a time inter-
val of 0.112 s for storing output data. The total duration of
the experiment is 126.224 s, resulting in 1128 measurements
and data storage points throughout the experiment. For Case
4, the total duration of the experiment is 87.248 s, covering
all the effective machining time, which meets the objective
of this study. It is relevant to note that the experiment is con-
ducted at an average room temperature (25 °C) right from the
beginning. Also, the cooling system operates under natural
air convection.

3.3 Finite elements mesh configuration study
for Levenberg–Marquardt technique

For the present study, an analysis of the computational mesh
to be used in thermal simulations with the commercial soft-
ware COMSOL® (Heat 2018) is conducted. The results of
this analysis are presented in the following sections. The anal-
ysis is performed on a computer equipped with an Intel®

Xeon W-1250 processor at 3.30 GHz, 64 GB of RAM, and
an integrated Intel® UHD Graphics GPU. Case 4 is chosen
to obtain the percentage deviation results between the exper-
imental temperatures from Santos et al. (2014) and those
numerically obtained. The different mesh configurations and
their corresponding results are shown in Table 5 and Fig. 18.

Figure 18 shows the relationship between the number of
finite elements and both the computational time and the great-
est percentage deviation in thermocouple readings (T03, T04,
and T05). The results demonstrate that as the mesh density
increases, the percentage deviation stabilizes, indicating con-
vergence while computational time rises significantly. This
analysis ensures that the selected mesh provides a balance
between accuracy and computational efficiency.

According to the comparison of the results presented in
Table 5 and Fig. 18, it is observed that the mesh configura-
tion containing 6952finite elements provides the best balance
between computational time cost and result accuracy (Heat
2018). This approach reflects upon the maximum percent-
age deviation of the temperatures obtained numerically using
the Levenberg–Marquardt optimization technique compared
to the experimental temperatures obtained by Santos et al.
(2014). The mesh with 6952 elements delivers the same
quality of results as the mesh containing 42,388 tetrahedral
elements, but requiring approximately 17 times less com-
putational time. Therefore, the tetrahedral mesh containing
6952 finite elements is selected for cases 1–5.
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Table 5 Results table for the analysis of the number of elements in the tetrahedral mesh

Finite elements mesh
quantity

Computational time spent Thermocouple T03
greatest percentage
deviation

Thermocouple T04
greatest percentage
deviation

Thermocouple T05
greatest percentage
deviation

2564 15 min 15 s 2.1592 1.4047 0.5925

3180 21 min 1 s 2.1589 1.3849 0.6018

6952 38 min 32 s 2.1375 1.3805 0.5869

9351 1 h 11 min 37 s 2.1399 1.3886 0.5840

12,541 1 h 32 min 18 s 2.1387 1.3839 0.5854

42,388 10 h 38 min 27 s 2.1383 1.3805 0.5880

Fig. 18 Convergence graphical
analysis of the number of
elements in the tetrahedral mesh

Fig. 19 a Comparison between the heat flux estimated by Levenberg and the flux estimated by Santos et al. (2014) for Case 1; b Percentage deviation
between the estimated fluxes by Santos et al. (2014)
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Fig. 20 Comparison between the numerical temperatures obtained by Levenberg–Marquardt and the experimental temperatures from Santos et al.
(Lima e Silva et al. 2015). a Thermocouple T01; b Thermocouple T04; c Thermocouple T05

Fig. 21 Comparison between the
numerical temperatures obtained
by Levenberg–Marquardt and the
experimental temperatures from
Santos et al. (Santos and Lima e
Silva et al. 2014).
a Thermocouple T01;
b Thermocouple T04;
c Thermocouple T05

3.4 Results corresponding to case 1–900 RPM,
1.0 mmdepth of cut and 0.138mm/rev feed rate

In Fig. 18a, the heat flux estimations obtained using the
Levenberg–Marquardt method are presented along with the
estimated values from the study conducted by Santos et al.
(2014), which employs the Inverse 3D technique to estimate
heat flux using the function specification method. An evi-
dent agreement between these estimations over time can be
observed, as illustrated in Fig. 18a. Figure 18b shows the per-
centage deviation of the estimated heat flux from this study
compared to that of Santos et al. (2014).

By examining Fig. 19b, it can be noted that during the
effective cutting period,which extends to approximately 50 s,
the percentage deviation remains at low levels. However, it

increases as the cutting tool moves away from the machining
point.

As a result of the model developed in the COMSOL
software (Heat 2018), graphs representing the estimated
temperatures throughout the machining period are gener-
ated, taking into consideration the heat flux estimated by
the applied technique for solving the inverse problem. In
Fig. 20, a comparison is presented between the experimen-
tal temperatures obtained from Santos et al. (Lima e Silva
et al. 2015) research and the estimated temperatures at the
measuring points of thermocouples T01, T04, and T05. This
comparison considers the heat flux estimated using the Lev-
enberg–Marquardt method.

It is relevant to highlight that for all the scenarios ana-
lyzed, the results prove to be highly satisfactory, as shown in
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Fig. 22 Temperature field on the cutting tool for Case 1: a t � 5 s; b t � 50 s; c t � 85 s

Fig. 21. The estimated temperatures demonstrate a signifi-
cant agreement to the experimental temperatures throughout
the machining process. In Fig. 21, the percentage deviation
between the estimated temperatures and the experimental
temperatures can be observed. It is important to note that the
maximum deviation does not exceed 1.5%, an exceptional
value that validates the method effectiveness even under
high-speed conditions.

Once the distribution of heat flux and the temperature field
on the cutting tool are established (Fig. 22), understanding
the thermal behavior in the toolwear region is of significance.
This region is considered critical due to its elevated temper-
atures and wear rate. The resolution of the inverse problem
allows the estimation of temperatures at various points in this
critical region. Figure 22 illustrates the evolution of the tem-
perature field on the cutting tool at relevant moments of the
machining process. The temperature is measured at a specific
point located in the wear region, and its behavior is evaluated

in the initial stages of machining, when the cutting tool loses
contact with the workpiece, as well as in moments after the
process.

Figure 22 depicts that in the 50 s of the machining pro-
cess, the cutting tool under analysis exhibits a significant
thermal gradient, reaching temperatures exceeding 570 °C
while machining.

Regarding the wear region, the behavior of maximum,
average, and minimum temperatures in this area is recorded
throughout the machining process. For each time inter-
val, the corresponding temperatures are monitored by the
COMSOL® software (Bergou et al. 2020), allowing for the
creation of the graph presented in Fig. 23.

The information presented in Fig. 23 is relevant for pre-
dicting temperatures in the wear region. In the context of
this study, direct experimental temperature measurements in
this area are impractical. This is primarily because the region
experiences continuous contact between the workpiece and

123



  287 Page 16 of 33 Multiscale and Multidisciplinary Modeling, Experiments and Design            (2025) 8:287 

Fig. 23 Maximum, average, and
minimum temperatures in the
wear region

Fig. 24 Comparison between the
heat flux estimated by Levenberg
and the flux estimated in the
study by Santos et al. (2014) for
Case 2

the cutting tool. Additionally, there is constant chip genera-
tion on the cutting tool surface.

3.5 Results corresponding to case 2 – 355RPM,
1.0 mmdepth of cut and 0.138mm/rev feed rate

The comparison between the heat flux estimated by COM-
SOL (Beck et al. 1985) and the flux estimated by Santos et al.
(2014) is presented in Fig. 24.

In Fig. 25, for Case 2, the heat flux estimated by
COMSOL® exhibits substantial deviations compared to
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Fig. 25 Percentage deviations of heat flux; a overall view of the curve throughout the test; b zoomed-in curve emphasizing the cutting period

Fig. 26 Comparison between the numerical temperatures obtained by Levenberg–Marquardt and the experimental temperatures from Santos MR
et al. (Marquardt 1963). a Thermocouple T01; b Thermocouple T04; c Thermocouple T05

those from Santos et al. (2014) and Beck et al. (1985).
These discrepancies can be analyzed in terms of percent-
ages through the curves presented in Fig. 25a and b.
Figure 25a provides an overall view of the percentage devi-
ations throughout the entire test, while Fig. 25b emphasizes
the cutting period, thus highlighting the discrepancies during
this specific stage of the process.

The machining time for this case is approximately 90 s.
During this period, the heat flux exhibits an average percent-
age deviation of 45.20%, a value higher than the average
deviation observed in the cutting interval for Case 1, which
is around 7%. However, it is worth noting that the estimated
temperatures obtained from this heat flux estimated by the
Levenberg–Marquardt (LM) method show agreement with
experimental data, for all three thermocouples considered as
Fig. 26 shows.

The analysis of Fig. 26 reveals alignment between the
curves for thermocouples T01, T04, and T05. This is con-
tradictory given the results obtained in the heat flux compar-
ison shown in Fig. 25. However, considering the similarity
between the results presented in Case 1 and the other cases,

the data are deemed valid for further analyses and compar-
isons between the findings.

The close alignment of the temperatures shown in Fig. 26
is confirmed by the analysis of Fig. 27, which presents the
percentage deviations between the temperatures estimated
numerically using COMSOL® and the experimental tem-
peratures reported by Santos et al. (2014). The maximum
percentage deviations found for thermocouples T01, T04,
and T05 are 0.6%, 1.0%, and 0.8%, respectively, reflect-
ing the accuracy of the Levenberg–Marquardt optimization
method.

Figure 28 shows the progression of the temperature field
on the cutting tool at significant moments during the machin-
ing process, in parallel with Case 1. Due to the characteristics
of the experiment conducted by Santos et al. (2014), the times
selected to obtain the 3D temperature field of the cutting tool
are adjusted in Fig. 28 compared to Fig. 22. The purpose of
this adjustment is to capture the largest temperature changes
during machining, allowing for a clearer understanding of
the experiment progression. This adjustment scenario also
applies to subsequent cases.
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Fig. 27 Percentage temperature
deviations obtained through the
comparison between the
numerical temperatures obtained
by Levenberg–Marquardt and the
experimental temperatures from
Santos et al. (2014) for
Thermocouples T01, T04, and
T05

It can be pointed out in Fig. 28b that, at 90 s into the
process, the cutting tool under analysis exhibits a signifi-
cant thermal gradient, reaching a temperature of 400 °C at
the highest point of heat generation in this case. Compared to
Case 1, it is observed that the maximum temperature exceeds
the one found for Case 2, as shown in Fig. 28b. This is
explained by the difference in the cutting parameter rota-
tion: 900 RPM for Case 1 and 355 RPM for Case 2, resulting
in a more severe cutting configuration in Case 1 and, conse-
quently, greater heat generation (Diniz et al. 2005).

As evidenced in Fig. 29, similarly to the Case 1 scenario,
the estimation of maximum, average, and minimum temper-
atures in the wear region is conducted for Case 2.

After examining Fig. 29, it is possible to estimate that
the maximum temperature remains around 400 °C for severe
conditions of the machining process. Once again, it is
noteworthy that this maximum temperature is lower when
compared to Case 1, in which high rotation resulted in
temperatures close to 600 °C. These results provide clear
evidence that, as rotation increases, the temperature at the
cutting interface tends to rise (Diniz et al. 2005).

3.6 Results corresponding to case 3 – 355RPM,
1.0 mmdepth of cut and 0.298mm/rev feed rate

The comparison between the heat flux estimated by COM-
SOL (Levenberg 1944a) and the flux estimated by Santos
et al. (2014) is presented in Fig. 30.

A typical aspect of Case 3 is the shorter machining period
considered in the graph generated. The analysis primarily
focuses on the time when the tool is in contact with the work-
piece and generating heat, representing the thermal effect
under investigation. The temperature decrease phase is not
accounted for in this evaluation. This characteristic is due
to the difficulty in interpreting the thermocouple data acqui-
sition beyond 90 s of temperature readings, resulting in the
validation of temperature information only up to this point.

The analysis of Fig. 30a shows that the result obtained
numerically using the Levenberg optimization method, com-
pared to the experimental heat flux determined by Santos
et al. (2014), exhibits similar values to real data from
experimental approach. This similarity can be justified by
examining Fig. 30b, which indicates reasonable average per-
centage deviation of 5.88%while the cutting tool is in contact
with the workpiece, as shown in Fig. 31.

More temperature results for thermocouples T03, T04,
and T05 from COMSOL® software are contrasted with the
experimental temperatures recorded by Santos et al. (2014),
as shown in Fig. 32. A slight deviation is observed for the
temperatures of thermocouples T03 and T04. In contrast in
Fig. 32, the deviation for thermocouple T05 is low. Figure 32
shows that for thermocouples T03 and T04, the percent-
age deviation of temperatures is higher, reaching maximum
values of 2.14% and 1.38%, respectively. In contrast, the
percentage deviation for thermocouple T05 is minimum and
around 0.59%.
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Fig. 28 Temperature field on the cutting tool for Case 2: a t � 5 s; b t � 90 s; c t � 110 s

It is noteworthy that Case 3 has some similarities to Case
2, whose machining parameters are presented in Table 1. The
primary difference between them is the variation in the tool
feed rate, from 0.138 to 0.298 mm/rev. This change in the
cutting parameter results in a more aggressive chip removal
process, generating more heat (Diniz et al. 2005) and, con-
sequently, increasing the tool temperature. This statement is
verified by comparing Figs. 28b and 33b, which show that for
the machining times corresponding to the temperature peaks
at the cutting interface (90 s and 50 s, respectively, for Cases
2 and 3), the temperature difference exceeds 130 °C in Case
3, indicating a more severe cutting depth.

Figure 33a shows that during the first 5 s of machining,
there is a considerable increase in the temperature at the cut-
ting interface compared to its surroundings. Additionally,
it is observed that the temperature at the cutting interface
reaches a significant value of 537 °C. The temperature fields
presented are obtained using the COMSOL® Multiphysics

software (Heat 2018) and exhibit high-quality representa-
tion.

Specifically at the tool cutting interface, the maximum,
average, and minimum temperatures are depicted in Fig. 34,
supporting the results previously presented.

3.7 Results corresponding to case 4 – 355RPM,
2.0 mmdepth of cut and 0.138mm/rev feed rate

The heat flux results obtained numerically using the Lev-
enberg–Marquardt optimization technique for Case 4 are
presented in Fig. 35, along with the heat flux estimated by
Santos et al. (2014).

Figure 35 shows that, initially, the heat flux estimated
by Santos et al. (2014) exhibits a pronounced deviation,
caused by temperature noise in the acquisition of experi-
mental data. Subsequently, the heat flux estimated by the
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Fig. 29 Maximum, average, and
minimum temperatures in the
wear region for Case 2

Fig. 30 a Comparison between the heat flux estimated by Levemberg and the flux estimated by Santos et al. (2014) for Case 3. b Percentage
deviation between the heat flux estimated by Levenberg and the flux estimated by Santos et al. (2014)

COMSOL software (Heat 2018) demonstrates good agree-
ment, closely following the curve obtained by Santos et al.
(2014). This close match is justified by the analysis of the
percentage deviation between the heat fluxes, as presented in
Fig. 36.

The analysis of Fig. 36a reveals that, fromabroad perspec-
tive, the percentage deviation curve between the heat fluxes
considered is extremely low and close to zero. Complement-
ing this observation, Fig. 36b provides an expanded scale
of the percentage deviation, allowing for the visualization

of a slight percentage variation between the fluxes, with an
average percentage deviation of 5.57% during the effective
machining period, from 10 to 80 s. This value is considered
acceptable for the simulation conditions.

As a result of the thermal model developed in the COM-
SOL software (Heat 2018), temperature curves calculated
numerically for thermocouples T03, T04, and T05 are also
obtained. These curves are compared with the experimen-
tal temperatures measured for the same thermocouples, as
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Fig. 31 Comparison between the numerical temperatures obtained by Levenberg–Marquardt and the experimental temperatures from Santos et al.
(2014). a Thermocouple T03; b Thermocouple T04; c Thermocouple T05

reported in the study by Santos et al. (2014). This compari-
son is presented in Fig. 37.

The analysis of Fig. 37a and b, corresponding to thermo-
couples T03 and T04, respectively, reveals a small deviation
between the temperatures obtained numerically using the
commercial COMSOL software (Heat 2018) with the Leven-
berg–Marquardt optimization technique and the experimen-
tal temperatures (Santos et al. 2014). In the case of Fig. 37c,
corresponding to thermocouple T05, the temperatures are
identical, making it visually impossible to detect any relative
deviation.

The close agreement between the temperatures shown in
Fig. 37 is confirmed by the analysis of Fig. 38.

Figure 38 presents the percentage deviation between the
temperatures obtained numerically and experimentally. It can
be observed consistency with previous temperature analysis
that thermocouples T03, and T04 show higher percentage
deviations compared to thermocouple T05. This premise is
confirmed by the maximum percentage deviation observed
for each thermocouple: 1.86% for T03 and 1.37% for T04.
These results are better compared to the percentage devia-
tions obtained forCase 3. For thermocouple T05, amaximum
percentage deviation of only 0.5% is found, which explains
the notable similarity between the temperature curves in
Fig. 37c.

Similarly to the comparison made between Cases 3 and
2, it is also possible to compare the temperature results
obtained for Cases 4 and 2. The cutting depth parameter dif-
fers between Cases 2 and 4, varying from 1.0 to 2.0 mm,
respectively. In other words, the cutting parameters for Case
4 are considered more severe than those for Case 2, resulting
in increased heat generation (Diniz et al. 2005) and, conse-
quently, higher temperatures. This can be clearly observed
by comparing Figs. 28b and 39b, where at the machining
time corresponding to the peak temperature during effective
cutting, there is a temperature difference of 61.2 °C, with
Case 4 being higher than Case 2.

As shown in Fig. 40 and similar to the cases discussed
previously, the numerical simulation provided the estimated

curves for the maximum, average, and minimum tempera-
tures at the cutting interface for Case 4.

The analysis of Fig. 40 shows that the maximum tempera-
ture at the cutting interface reached 400 °C at the beginning of
the machining experimental test and subsequently remained
above 400 °C. This indicates a more intense heat generation
compared to Case 2, as expected.

3.8 Results corresponding to case 5 – 28RPM,
1.0 mmdepth of cut and 0.138mm/rev feed rate

In Case 5, in Fig. 41, the machining time also extended to
approximately 90 s. The comparison between the heat flux
estimated by the Levenberg–Marquardt (LM) model and the
flux estimated by Santos et al. (2014) shows small deviations
when to one another.

Considering the effective cutting time, which is 90 s, it
is observed that the average percentage deviation is around
2.27%, the lowest among the three cases (Fig. 42). In this
scenario, it is remarkable that, for the severe condition of
the machining process, the percentage deviation tends to
remain constant. This behavior reflects a solid agreement
between the flux estimated by the Levenberg–Marquardt
(LM) method and the flux estimated in Santos et al.’s study
(2014).

A comparative analysis between the temperatures esti-
mated by the Levenberg–Marquardt (LM) method and the
experimental measurements is presented for the three ther-
mocouples in Fig. 43. Agreement between the estimates and
measurements is observable for thermocouples T01, T04,
and T05. All three thermocouples showed satisfactory results
in terms of the deviation between the curves, as shown in
Fig. 44, which displays the percentage deviation between
the temperatures obtained numerically and those recorded in
the experiment conducted by Santos et al. (2014).

The analysis of Fig. 44 shows that the percentage devi-
ation between the compared temperatures is notably low.
For thermocouples T01, T04, and T05, maximum percentage
deviation values of 0.26%, 0.3%, and 0.18%, respectively, are
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Fig. 32 Percentage Temperature
Deviations obtained through the
comparison between the
numerical temperatures obtained
by Levenberg–Marquardt and the
experimental temperatures from
Santos et al. (2014) for
Thermocouples T03, T04, and
T05

Fig. 33 Temperature field on the cutting tool for Case 3: a t � 5 s; b t � 50 s; c t � 85 s
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Fig. 34 Maximum, average, and
minimum temperatures in the
wear region for Case 3

found. This confirms the high degree of alignment between
the temperature curves, ensuring greater reliability of the
results obtained.

Figure 45 displays the evolution of the temperature field
on the cutting tool at significant moments of the machin-
ing process, analogous to Case 1. It can be observed that
the machining parameter settings for Case 1 exhibit a milder
temperature distributionfield compared to the previous cases.
This is due to the more moderate cutting parameter config-
uration, resulting in lower heat generation than in the other
cases (Diniz et al. 2005). Figure 45a and b show that the
temperature increase at the cutting interface between 20 and
90 s is minimal, rising from 127 to 151 °C. This differs
from previous cases, where temperature variation over simi-
lar machining times is significantly greater. For instance, in
Case 3, the temperature increases from 327 to 537 °C °C
between 5 and 50 s of machining, indicating a substantial
temperature rise over a shorter effective machining period.

Maximum, average, and minimum temperatures are also
estimated for the Case 5 scenario, as illustrated in Fig. 46. As
expected, for the lowest rotation evaluated, the lowest tem-
peratures are recorded among the three cases, not exceeding
160 °C in the wear region.

The results shown in Fig. 46 confirm the observation that,
as theworkpiece rotation rate increases, there is a correspond-
ing rise in temperature within the wear region. Consequently,
these elevated temperatures contribute to increasedwear, pri-
marily due to the reduction inmaterialmechanical strength in
response to the thermal effects (Fernández-Abia et al. 2011;

Teixeira et al. 2023; Viale et al. 2002; Bergman et al. 2020;
Luiz and Machado 2008; Grzesik 2017).

3.9 Comparison of studied cases (items 3.4 to 3.8)

Figure 47 presents the distributions of the maximum temper-
atures occurring in the cutting tool for Cases 1, 2, 3, 4, and
5, as follows:

Case 1 (900 RPM, Depth of Cut: 1.0 mm, Feed Rate:
0.138 mm/rev):

• This scenario exhibits the highest temperatures in the tool
wear region, exceeding 570 °C.

• The elevated rotational speed (900 RPM) significantly
increases heat generation at the cutting interface, resulting
in higher thermal gradients and substantial heat dissipa-
tion.

Case 2 (355 RPM, Depth of Cut: 1.0 mm, Feed Rate:
0.138 mm/rev):

• Reducing the rotational speed decreased heat generation,
leading to maximum temperatures around 400 °C.

• This case demonstrates a marked reduction in thermal
impact compared to Case 1, highlighting the influence of
rotational speed on heat generation.

Case 3 (355 RPM, Depth of Cut: 1.0 mm, Feed Rate:
0.298 mm/rev):
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Fig. 35 Comparison between the
heat flux estimated by Levenberg
and the flux estimated in the
study by Santos et al. (2014) for
Case 4

Fig. 36 Percentage deviations of heat flux for Case 4; a overall view of the curve throughout the test; b zoomed-in curve emphasizing the cutting
period

Fig. 37 Comparison between the numerical temperatures obtained by Levenberg–Marquardt and the experimental temperatures from Santos et al.
(2014). a Thermocouple T03; b Thermocouple T04; c Thermocouple T05
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Fig. 38 Comparison between the
numerical temperatures obtained
by Levenberg–Marquardt and the
experimental temperatures from
Santos et al. (2014) for
Thermocouple T03,
Thermocouple T04, and
Thermocouple T05

• Increasing the feed rate to 0.298 mm/rev intensifies heat
generation, raising the maximum temperature to approxi-
mately 537 °C.

• The more aggressive material removal due to the higher
feed rate is the primary contributor to the observed increase
in temperature.

Case 4 (355 RPM, Depth of Cut: 2.0 mm, Feed Rate:
0.138 mm/rev):

• A greater depth of cut (2.0 mm) leads to slightly higher
temperatures, with a peak of 461.2 °C, compared to Case
2.

• This result highlights the role of the depth of cut in affect-
ing heat dissipation through the cutting tool.

Case 5 (28 RPM, Depth of Cut: 1.0 mm, Feed Rate:
0.138 mm/rev):

• The low rotational speed significantly reduces heat gener-
ation, with maximum temperatures not exceeding 160 °C.

• This configuration results in the lowest thermal gradients,
reflecting the effect of a less severe cutting condition.

3.10 Impact of cutting parameters

Rotational Speed (RPM): Higher rotational speeds exponen-
tially increase the temperature at the tool-chip interface due
to the greater relative velocity between the tool and the work-
piece.

Depth of Cut: Larger depths of cut increased the contact
area, contributing to higher heat generation, though the effect
is less pronounced compared to rotational speed.

Feed Rate: A higher feed rate intensifiesmaterial removal,
generatingmore heat and raising tool temperatures. At higher
feed rates, heat generation increases due to greater plastic
deformation and friction at the chip-tool interface. The higher
material removal rate results in intensified shearing, increas-
ing strain rates, and converting more mechanical energy
into heat. Additionally, the thicker chip leads to a larger
contact area with the tool, amplifying friction and cutting
forces, which further raise temperatures. In the cases studied,
increasing the feed rate from 0.138 to 0.298 mm/rev (Case 3)
led to a significant temperature rise to 537 °C, confirming this
effect. In addition, the reduced time for heat dissipation lim-
its the cooling effect of conduction and convection, causing
heat to accumulate more rapidly. These factors demonstrate
the direct relationship between feed rate and thermal effects,
emphasizing the need for parameter optimization to manage
excessive heat and its impact on tool wear and workpiece
quality.
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Fig. 39 Temperature field on the cutting tool for Case 4: a t � 5 s; b t � 90 s; c t � 110 s

The findings demonstrate that rotational speed has the
most pronounced influence on tool temperature, followed by
feed rate and depth of cut. To minimize tool heating and
extend tool life, careful balancing of these parameters is
essential, considering both process objectives and material
limitations.

3.11 Thermal analysis and optimization in turning
processes

The computational simulation program employed considers
the convection boundary conditions obtained from the empir-
ical formulas proposed by Incropera et al. (Kolda et al. 2003).
Other available computational resources enable the defini-
tion of a material with the thermophysical properties of the
cutting tool that are temperature dependent. These condi-
tions are utilized in the comparison for convergence with the
experimental results obtained by Santos et al. (2014).

Experimental protocols are meticulously devised in this
investigation to mitigate potential sources of inaccuracies.

The methodology described aims to determine the tempera-
ture field on the cutting tool during the machining process.
Several distinctive features of this work are highlighted, such
as the ability to model, in three dimensions, the thermal flow
behavior and the contact area between the workpiece and
the high-speed steel cutting tool as realistically as possible,
using commercial computer tools. The use of a nonlinear
inverse problem technique allowed for the consideration of
temperature-dependent thermal properties and the effect of
forced convection on the cutting tool temperature field is
considered regarding standard conditions described in the
experimental test developed by Santos et al. (2014).

To validate the proposed methodology, the temperature
and heat flux data from the controlled experiment conducted
by Carvalho et al. (2006) are considered and applied in the
commercial software COMSOL® to validate the available
optimization techniques through the solution of the direct
heat transfer problem.

Regarding numerical analysis, initially, a 3D CAD study
is developed to represent the entire cutting tool. In the present

123



Multiscale and Multidisciplinary Modeling, Experiments and Design            (2025) 8:287 Page 27 of 33   287 

Fig. 40 Maximum, average, and
minimum temperatures in the
wear region for case 4

Fig. 41 Comparison between the
heat flux estimated by Levenberg
and the flux estimated by Santos
et al. (2014) for Case 5

study, three inverse numerical techniques are employed for
the estimation of numerical temperatures. Among the three
techniques utilized, the one that demonstrated superior cost-
effectiveness is the Levenberg–Marquardt (LM)method. The
solution to the problem illustrates the efficacy of the Leven-
berg–Marquardt (LM) method of addressing the proposed
inverse problem. The numerically estimated temperatures

show a deviation of around 1.5% compared to experimental
measurements when using the Levenberg–Marquardt inverse
numerical technique.

Concerning the thermal effects under analysis, a com-
prehensive study is conducted to compute and evaluate the
three-dimensional temperature distribution within the ther-
mal machining model, including the chip-tool interface.
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Fig. 42 Percentage deviations of heat flux; a overall view of the curve throughout the test; b zoomed-in curve emphasizing the cutting period

Fig. 43 Comparison of numerical and experimental temperatures; a Thermocouple T01; b Thermocouple T04; c Thermocouple T05

Fig. 44 Percentage temperature
deviations for case 5
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Fig. 45 Temperature field on the cutting tool for Case 5: a t � 20 s; b t � 90 s; c t � 110 s

Comparison of numerically derived temperatureswith exper-
imental data, provided by the experiment conducted by
Santos et al. (2014), enhances the reliability and trustwor-
thiness of the findings. Additionally, the estimation of heat
flux at the contact interface facilitates quantitative analysis
of thermal energy generated during the machining process.

Based on the results and given the close alignment and low
percentage deviations observed in the comparisons between
the numerical results obtained using the Levenberg–Mar-
quardt optimization technique and the experimental data pro-
vided by Santos et al. (2014), it is concluded that COMSOL®

Multiphysics effectively reflects the temperatures and heat
flux generated in a cutting tool during a real machining pro-
cess. This indicates that the methodology can be applied to
adjust the cutting parameters in turning processes to achieve
optimal temperature levels without compromising tool life.

This approach contributes to the development and advance-
ment of the turning process, enhancing its efficiency over
time.

Analysis of the results indicates a consistent trend
observed in the referenced literature, where temperatures at
the cutting interface rise with increasing cutting conditions
intensity. Nevertheless, deviations from findings presented
by Luiz andMachado (Lewis et al. 2007), utilizing the exper-
imental tool-workpiece thermocouple technique, are noted.
Such discrepancies are attributed to inherent differences in
methodologies, each carrying potential sources of error that
directly influence results. Consequently, there is no univer-
sally accepted standard technique. Efforts to comprehend the
fundamentals of thermal exchanges during turning opera-
tions imply a crucial step toward predicting manufacturing
process performance (Nelder and Mead 1965b).
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Fig. 46 Maximum, average, and
minimum temperatures for Case
5

Fig. 47 Maximum, average, and
minimum temperatures for Case

4 Conclusions

This study systematically investigated the influence of cut-
ting parameters-rotational speed, depth of cut, and feed rate
on the temperature distribution of an AISI M32C high-speed
steel cutting tool during themachining ofABNT12L14 steel.
The results demonstrated that rotational speed was the most

significant factor affecting tool temperature, followedby feed
rate and depth of cut. The highest temperature (exceeding
570 °C) was observed at 900 RPM (Case 1), whereas the
lowest temperature (below 160 °C) was recorded at 28 RPM
(Case 5). The Levenberg–Marquardt inverse heat conduction
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technique proved to be the most efficient method for estimat-
ing heat flux at the chip-tool interface, achieving deviations
of less than 1.5% contrasted with experimental data.

The findings confirmed that optimizing cutting parameters
was essential for minimizing tool temperature, enhancing
tool life, and improvingmachining efficiency. The developed
finite element thermal model, validated with experimental
data, provided a robust framework for predictive temperature
estimation inmachining. Furthermore, themesh convergence
analysis ensured an optimal balance between computational
efficiency and accuracy. A mesh with 6952 finite elements
was selected as the most suitable configuration.

Based on the findings of this study, the optimal cutting
parameters to minimize tool temperature while maintaining
machining efficiency were a rotational speed between 355
and 500 RPM, a depth of cut ranging from 1.0 to 1.5 mm,
and a feed rate between 0.138 and 0.200 mm/rev. A speed of
900 RPM led to excessive heat generation exceeding 570 °C,
increasing tool wear, while 28 RPM significantly reduced
heat transfer, without compromising machining efficiency.
Similarly, increasing the depth of cut from 1.0 to 2.0 mm
resulted in a temperature rise of 61 °C, highlighting the need
of balancing material removal and thermal effects. Further-
more, a higher feed rate of 0.298mm/rev caused temperatures
to reach 537 °C, reinforcing thatmoderate feed rates offered a
better trade-off between productivity and heat management.
Implementing these optimized parameters could extend tool
lifetime, reduce wear, and enhance machining efficiency
in industrial applications. Complementary research should
explore adaptive control strategies for real-time parameter
adjustments based on thermal feedback. In addition to this,
subsequent studies should investigate advanced cooling tech-
niques to further improve thermal management in machining
operations.

Future works should explore adaptive cooling strate-
gies to further mitigate tool temperatures and improve tool
wear resistance. Additionally, integrating machine learn-
ing algorithms with inverse heat conduction models could
enhance real-time thermal predictions. This would enable
smart machining systems with self-adjusting cutting param-
eters based on thermal feedback. Investigations into different
tool coatings and materials could also provide insights into
heat dissipation mechanisms, contributing to the develop-
ment of more thermally resistant cutting tools.

These findings brought about practical implications for
industrial machining, where controlling thermal loads is crit-
ical to ensure product quality and operational efficiency. The
methodologies proposed here could be directly applied to
optimize manufacturing processes, reduce tool wear, and
improve energy efficiency in machining operations.
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