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Abstract: Due to the increasing use of hard-to-cut materials, machining processes face the challenge of
overcoming technologically determined limits of machinability. Hybrid manufacturing processes combine
different mechanisms of action into one process and are a promising approach to shift the limits of the
individual processes. One approach for improving efficiency through hybrid manufacturing processes is
thermally assisted machining. By softening the material in the heated area, machining forces can be
reduced and surface quality can be improved. In comparison to other heating methods, induction is an
easy-to-use and highly efficient option. Currently, there is no consistent method for simulating this process.
The paper shows approaches for the Finite Element Method simulation and implementation of induction-
assisted turning. The simulation model developed by the authors predicted temperatures and cutting forces
with the validation and reduction of forces are proven by the practical tests.
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1. INTRODUCTION

The increasing use of new and difficult-to-
machine materials, driven by the constantly
growing component requirements, serves as a
catalyst for the further development of
conventional machining processes. However,
machining of difficult-to-machine materials is
often associated with significant difficulties due
to poor machinability and requires machining
technologies adapted to the task. Hybrid
machining is becoming more and more the focus
of development efforts. It combines several
working mechanisms or processes at the point of
operation, thereby leveraging the advantages of
each mechanisms and mitigating their
drawbacks. Hybrid manufacturing can extend or
shift technological process limits to more
favorable areas [1, 2]. Furthermore, increased
process performance, better machining results,
reduced process forces and longer tool life are
just some of the possible benefits of hybrid-
assisted processes. [3, 4]. The prospect of easier

machining of difficult-to-machine materials as
well as the reduction of process force in the
machining of conventional materials continues
to drive research and development [5, 6]. Adding
thermal energy has a positive influence in
machining these materials. In particular,
processes with heat input are a promising
approach to improving cutting conditions.
Introducing heat into the material reduces its
tensile strength, making it much easier to
machine difficult-to-machine materials by
reducing cutting forces and increasing of tool
life [7]. Current research focusses on laser and
plasma assisted processes [8, 9].

2. INDUCTIVE ASSISTED TURNING

Stationary induction heat treatment involves
no relative motion between the coil and the
inductor [10]. In contrast, induction-assisted
turning involves a relative movement between
the induction coil and the workpiece. The
specific area of the workpiece to be machined is
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heated to a higher temperature and is then
machined by the cutting tool. This process
allows for greater control of the temperature
distribution and can significantly reduce the
cutting forces required for machining, resulting
in improved surface quality and reduced tool
wear. It has been demonstrated in [11, 12] that
inductive assisted machining is a promising
method for machining difficult-to-cut materials
such as titanium and Inconel 718.

Induction heating is a highly non-linear and
complex process in nature, involving the
interplay of multiple physical phenomena,
including electromagnetic and thermal effects
[11, 12]. Due to the continuous variation of
magnetic flux linkage and temperature, the
corresponding magnetic and thermal properties
of the material also exhibit non-linear behavior
[13, 14]. Extensive research has been conducted
over the years to develop numerical models and
simulations for induction heating processes.
Researchers used finite element methods to
investigate the complex and highly coupled
magneto-thermal interactions involved in
moving induction heating processes.

Wang et al. [15] developed a model utilizing
a finite element approach with a re-mesh scheme
for moving induction heat treatment.
Shokouhmand [10] performed a nonlinear and
transient magneto-thermal coupled temperature
analysis of a moving induction process. Cho [16]
developed a model that accounts for all non-
linearities in the coupled electromagnetic and
thermal systems for both 1D and 2D stationary
billet induction heating. In addition, Lietal. [17]
developed a model to investigate the mechanism
of moving induction heating with a magnetic
flux concentrator.

Jain [18] developed an electromagnetic-
thermal model based on the finite element
method to simulate induction heating of a
moving wire. These studies have provided
valuable insights into the complex and coupled
nature of the electromagnetic and thermal
interactions involved in moving induction
heating processes.

A major focus of machining research has
been the optimization of processes through a
better understanding of the relationship between
input and output variables. These variables

include tool geometry, material characteristics,
temperature, tool wear, and surface finish.

Computer-aided modeling and simulation has
proven to be a valuable tool in understanding
these parameters and optimizing machining
processes.

Most of these models rely heavily on the
Finite Element Method (FEM). However,
limitations associated with FEM, such as the
modeling of high deformation, material
separation, and contact phenomena during
machining, have led to the prevalence of two-
dimensional (2D) models employing plain strain
assumption.

The Smooth Particle Hydrodynamics (SPH)
method, which is emerging as a promising
alternative to FEM, uses a particle-based
approach to discretize the domain, thereby,
eliminating the necessity for explicit physical
contact among particles.

Limido et al. [12] presented a 2D orthogonal
machining model that employed the Johnson-
Cook constitutive model to simulate material
behavior. The study concluded that the SPH
method for machining models offers advantages
such as its meshless nature, natural separation of
chips  without the need for re-
meshing. Fauerholdt  [19] conducted a
sensitivity analysis to investigate the influence
of numerical parameters in the SPH method.
Cherukuri [20] performed parametric studies
focusing on the smoothing length, particle
density, and stress distribution in SPH.

Xi et al. [21] presented a coupled SPH-FEM
machining model to study thermal assisted
machining of Ti6Al4V. The workpiece was
discretized using SPH particles in the high
deformation zone (tool-workpiece interaction
zone) and FE mesh in the low deformation zone.
Similarly, Song et al. [22] used a coupled SPH
and FEM model to investigate laser-assisted
machining of fused silica and predict cutting
forces. However, these models tend to
significantly underpredict feed forces. Limited
research [23, 24] has been conducted to
incorporate realistic three-dimensional (3D)
machining models, where only a section of the
workpiece is modeled.

Ojal et al. [25] introduced a comprehensive
3D model of turning operations using a
combined SPH and FEM approach. The



advantages of each method were exploited to
develop a highly accurate coupled SPH-FEM
machining model. By applying this approach to
3D models, a 17% difference was achieved
between the total simulated force and the
experimentally measured force for Al 6061.

In conclusion, one of the shortcomings of the
current state of the art in the field of moving
induction heating is the lack of a consistent
simulation approach that includes all non-linear
parameters and their variations. This research
paper addresses this gap. It presents a
comprehensive 3D multiphysics FEM
simulation model of induction heating in
motion. The model integrates electromagnetic
and thermal solvers in real-time using Ansys®
software. In addition, this study draws on the
knowledge provided by the work of Ojal's et al.
[25] to develop a three-dimensional machining
model. A systematic methodology is employed
to create a complete workflow procedure for
both induction heating and turning processes.
Emphasize is place on the reduction of cutting
forces and the performance of the model is
evaluated by comparison with experimental
data.

3. DEVELOPMENT OF SIMULATION
MODEL

3.1 Software

This study employs the Ansys® FE code for
induction heating and LS-Dyna® for turning
simulations. Ansys® provides multiphysics two-
way coupling with the ability to include all non-
linear factors for comprehensive analysis. The
induction heating simulations in this study is
performed by coupling Ansys® electronics
(Maxwell 3D) and Ansys® Fluent. The 3D
turning simulation model is developed in LS-
Dyna® using a coupled SPH and FEM. The
inductor's CAD files were generated using
SolidWorks®.

3.2 Model setup

The initial simulation setup of the inductor
workpiece model is shown in Fig.1Error!
Reference source not found.. In this setup, the
workpiece undergoes a controlled upward
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motion, while the inductor remains in a fixed
position.

Inductor
(fixed)

<+«—Workpiece

(moving)

Direction of
movement

Fig.1. Induction heating in Maxwell 3D

Structural steel (1.0038) was selected for the
workpiece and copper for the inductor.

Due to the non-linear nature of the induction
heating process, temperature-dependent
properties such as relative  magnetic
permeability, thermal conductivity, specific heat
etc. are defined consistently in both the solvers.
The mesh generated for the electromagnetic
simulation consists of tetrahedral elements
(workpiece) and triangular elements (inductor).
Thermal simulations use the unstructured
tetrahedral meshing method within Fluent for
the workpiece. This approach ensures an
accurate representation of the thermal behavior
and better data mapping to and from Maxwell.

System coupling files are generated
separately from both solvers, enabling the
execution of a co-simulation. Ansys® system
coupling integrates both solvers and facilitates a
coupled simulation with tight integration and
real-time data transfer Fig.2.
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Fig.2. Coupled simulation for induction heating

Co-simulation incorporates a moving mesh
technique that allows the mesh to move with the
workpiece. This ensures that the system's
behavior is accurately captured, while
effectively managing computing resources.

The 3D machining model developed is shown
in the Fig.3. Specifically, SPH particles (shown
in green) are used in areas of high deformation
and in contact with the cutting tool, while the FE
mesh (shown in pink) is used in areas of lower
deformation. To transfer properties, they are
coupled at the interface using node-to-surface
constraint algorithm [26]. Additionally, the tool
is discretized using an FE mesh and brought into
contact with the SPH particles during the
simulation using a nodes-to-surface contact
algorithm.

Fig.3. Coupled SPH-FEM model for turning

To streamline the model and reduce
computational complexity, the tool is assumed
to be a rigid entity. The Johnson-Cook material
and damage model is utilized to accurately
replicate the behavior of the workpiece and
simulate fracture.

4. PRACTICAL TESTS

Practical tests were carried out on a lathe to
verify of the simulation results. The machine
was equipped with an inductor holder for
heating in front of the tool cutting edge. Two
different water-cooled inductors were used for
the tests. Inductorl was a fully enclosed
inductor with an internal diameter of 16mm,
while inductor 2 was designed with a curved
surface with a radius of 24 mm to allow one-

sided heating with a variable coupling distance
to be included in the tests Fig.4.
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Fig.4. Inductor 1 (left) and 2 (right)

An "eldec HFG 3" generator with a total
output of 3 kW was used as the induction unit. A
"PCLNR 2020K12" tool holder with a
"CNMGO08 04 12 - HB7035" indexable insert of
the type was used as the turning tool. The
process forces during both conventional and
induction-assisted machining were measured
using a “Kistler 9527B” dynamometer Fig.5.
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Fig.S. Position of the tool attached to the Dynamometer

A “CT Laser LT CF1” pyrometer was used to
record the temperatures generated on the surface
of the workpiece in the cutting zone. It was
mounted on the support of the lathe and moved
together with the inductor and the tool,
remaining focused on the cutting zone Fig. 6.
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Fig. 6.7 Setup of pyrometer

5. RESULTS

The results of both simulations and practical
tests for moving induction heating and
conventional turning processes are presented.
The influence of parameters such as cutting
depth, current, feed and coupling distance are
investigated. The main objective is to reduce the
cutting forces due to induction heating. The
simulation results are validated with data from
practical tests to ensure their accuracy and
reliability.

5.1 Cutting depth

To predict the cutting forces and select
suitable cutting depth for inductive assisted
turning process, simulations of conventional
turning is performed initially. A workpiece of
10mm diameter is used for this study. Cutting
depths of 0.25mm and 0.50mm were chosen for
the simulation.

The workpiece rotated at a constant angular
velocity of 710rpm. According to the study by
[25], increasing the cutting speed up to 10x in
the simulation has no significant effect on the
cutting forces, but reduces the computation time
significantly. The cutting speed in all subsequent
simulations is 5x (actual cutting speed).
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Fig.7. Simul. of cutting forces, different cutting depths
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According to [27], an increase in depth of cut
leads to an increase in cutting forces. Fig.7
shows the cutting forces from the simulations for
the two speeds. When the cutting depth was
doubled, the cutting forces increased by 36%.

The performance of the developed machining
model is validated with the experimental data.
The validation results are presented in Fig.8 and
Fig.9.
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Fig.8. Cutting forces, cutting depth 0.25mm
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Fig.9. Cutting forces, cutting dept 0.50mm

The forces predicted by the simulation model
are within an acceptable range when compared
to the experimental data for both cutting depths.
However, it is worth noting that the predictions
of the simulation model underestimated the
cutting forces by 20% and 26% for cutting
depths of 0.25mm and 0.50mm, respectively.
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Various factors such as the values of the material
model parameters (J-C model), coarse mesh
resulting in the discontinuities in the prediction
of the cutting forces, variations in the coefficient
of friction, and the uncertainties introduced
during the measurements may have contributed
to the divergence.

5.2 Influence of current

A 10mm diameter workpiece with inductor 1
was used to study the influence of current. The
input excitation currents for the simulations are
chosen to be 225A, 500A, and 750A, while the
frequency is kept constant at 280kHz. The initial
feed is set to a constant value of 0.27mm/rev in
practical tests, the length of the workpiece is
75mm with a constant speed of 710rpm.

Fig.10 shows the temperature profile of a
moving workpiece after 25s of heating. The
highest temperature of approximately 885°C is
obtained for the input current of 750A.
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Fig.10. Temperature profiles for 280kHz at 25s

The comparison of the simulated
temperatures with the experimental values are
depicted in Fig.11, Fig.12 and Fig.13.
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Fig.11. Validation of heating curve for 225A
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Fig.12. Validation of heating curve for 500A

800

Temperature [°C]
e
[e=]
[e=]

200 Simulation

[ = Test

09 5 10 15 20 25
Time [s]

Fig.13. Validation of heating curve for 750A

Although there are some under and over-
predictions at different time intervals, the overall
nature of the heating curves is in good agreement
with the experimental data. The average
maximum difference between the total
simulated temperatures and the experimental
values is 13.83% for inductor 1 at 750A. Fig.14
illustrates a comparative analysis of the cutting
forces between inductively assisted turning
(225A, 500A, and 750A) and conventional
turning. The greatest reduction in cutting force
is obtained for 750A, due to the higher
temperatures. Specifically, there was a reduction
of 31.25% in cutting forces for 750A and the
figures dropped to 25% and 6.25% for 500A and
225A respectively. This demonstrates the
significant effect of induction heating on cutting
forces during turning operations.
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Fig.14. Reduction in cutting forces, different currents

5.3 Effect of feed

The effect of the velocity of the workpiece
(feed rate) and the efficiency of the simulation
model in predicting temperatures is studied with
inductor 1. The input current and frequency are
held constant at 500A and 280kHz. The
temperatures generated for a feed of 0.17mm/rev
and 0.27mm/rev for a 10mm diameter
workpiece are shown in Fig.15 after 25s of
heating.

Compared to a feed of 0.27mm/rev and with
the same input parameters, a higher temperature
is observed at 0.17mm/rev with a maximum of
706°C. The experimental values confirm the
same where the lower feed produced higher
temperatures and vice versa.
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Fig.15. Temperature profiles at different feed

Fig.16Error! Reference source not found.
shows the comparison of simulation and
experimental results of temperatures for the feed
of 0.17mm/rev. The simulation model can also
predict the type of heating curve and temperature
values for a different feed also with a maximum
average deviation of 12.66%.
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Fig.16. Validation of heating curves for feed of
0.17mm/rev

Fig.17 shows the cutting forces from the
experiments for three different feed.
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Fig.17. Reduction in cutting forces, different feed

Temperatures have an effect on the reduction
of cutting forces. Lower feed result in higher
temperatures and lower cutting forces.

According to [28], the increase in the
temperature during the machining facilitates the
gradual decrease in the cutting forces. The
reduction in cutting forces for 1.0038 is evident
with the introduction of thermal energy by
induction. A reduction in cutting forces of 35%,
29%, and 21% is achieved for the feed of
0.17mm/rev, 0.27mm/rev and 0.54mm/rev
respectively.

5.4 Influence of Coupling distance

Inductor 2 is employed for this study as it can
by flexibly coupled as an external heating
inductor to workpieces of various shapes and
sizes. Three coupling distances of 1mm, 1.5mm
and 2mm for a workpiece of 20mm diameter are
simulated for temperatures. In all three cases the
heating conditions and feed are kept constant at
500A, 175 kHz and 0.27mm/rev. Heating curves
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are obtained for three different coupling
distances as shown in Fig.18Error! Reference
source not found..
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Fig.18. Different coupling distances, inductor 2

It shows that the heating is more pronounced
when the coupling distance is 1mm and
gradually decreases as the distance increases due
to a decrease in energy transfer to the workpiece.
A temperature drop of 2.72% and 13.2% is
observed when comparing 1mm with 1.5mm
and 2mm. The coupling distance of 1mm, which
produced the highest temperature, was chosen
selected for practical test. The comparison of
temperature data from simulation and
experimental analysis is shown in Fig.19.
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Fig.19. Heating curves for inductor 2, dist. 1mm

Although the nature of the heating curve
shows a promising trend, the temperature was
over predicted by the simulation model by
14.50%. Fig.20 shows a comparison of cutting
forces between induction assisted turning and
conventional turning processes for inductor 2.
Due to the setup (Fig. 6) the tool starts with
cutting unheated material for a short distance
initially (gap between inductor and tool), which
results in the same forces as the conventional
machining in the beginning. As the tool starts
cutting the heated material, the forces gradually

start decreasing. The findings show an average
28% reduction in the cutting forces with
induction heating.
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6. CONCLUSION

The study shows that it is possible to
represent the entire, inductively assisted
machining by a combination of different
simulation approaches. These include the
simulation of the ohmic losses occurring during
induction heating, the simulation of the resulting
temperature rise in the workpiece, the
application of the Johnson-Cook model and the
combination of the SPH method with the FEM
for machining.

The developed simulation model predicted
temperatures for different input currents, feed
and coupling distance. The results indicate that
higher the input current, lower the feed and
coupling distance higher temperatures are
obtained. This has a substantial impact in
reducing the cutting forces. The inductive
assisted turning process with optimal parameters
achieved a maximum reduction in cutting forces
of 35% compared to conventional turning. The
validated simulation models proved an accuracy
of approximately 85% and 80% in predicting
temperatures and cutting forces.

The results of the practical verification of the
resulting temperatures and cutting forces
compared to simulation results are within an
acceptable range. The main reasons for the
deviations are the often still insufficient
availability of the electromagnetic material
properties and the J-C model properties as a
input for the simulation. Improving the accuracy
of these parameters will significantly improve



the quality of the simulation results. The use of
induction heating significantly reduces the
resulting cutting forces in a turning operation.
This can increase the efficiency compared to
conventional turning.

In addition, the reduction in the tensile
strength of the material to be machined and the
associated improvement in cutting conditions
allows the process limits specified by the
machine to be shifted.

Further work is underway to investigate the
effects of the resulting temperatures on chip
formation and the tool life in induction assisted
machining.
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Investigatii si simuliri practice ale prelucrarilor asistate inductiv

Datorita utilizarii tot mai des a materialelor greu de tdiat, procesele de prelucrare se confrunta cu provocarea de a depasi
limitele de prelucrabilitate determinate tehnologic. Procesele de fabricatie hibride combind diferite mecanisme de
actionare Intr-un singur proces si reprezintd o abordare promitatoare pentru a schimba limitele proceselor individuale. O
abordare pentru imbunatatirea eficientei prin procese hibride de fabricatie este prelucrarea asistata termic. Prin inmuierea
materialului in zona incilzita, fortele de prelucrare pot fi reduse si calitatea suprafetei poate fi imbunatatita. in comparatie
cu alte metode de incilzire, inductia este o optiune usor de utilizat si foarte eficientd. in prezent, nu existi o metoda
consistentd pentru simularea procesului. Lucrarea prezintd abordari pentru simularea FEM si implementarea strunjirii
asistate cu inductie. Modelul de simulare dezvoltat de autori a prezis temperaturile si fortele de tdiere cu validarea si
reducerea fortelor prin intermediul testelor practice.
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