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Abstract
This research is performed by 2D axis-symmetric finite element simulation based on the coupling of electromagnetic fields and
heat transfer applied on 4340 steel specimen with flux concentrators heated by induction process. The model is built using
COMSOL software based on an adequate formulation taking into account the material properties and process parameters. The
obtained induced currents and temperature distributions are analyzed versus the geometrical dimensions of the model. The
originality of this paper lies in the exploitation of simulation data using classical modeling and the optimization techniques to
optimize the hardness profile according to geometrical factors. The proposed method is based on finite element simulations and
adequate objective function able to converge to the optimal linear hardness profile. The results demonstrate that the final hardness
profile can be quasi-uniform with a narrow flux concentrator gap when the gap between the master part and the inductor is larger.
This overall study allows a good exploration of hardness profile linearity under various geometrical dimensions and permits a
good comprehension of induction heating with flux concentrator behavior.
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1 Introduction

The automotive and aerospace manufacturing industry is al-
ways in the face of the challenge of the growing demand for
more efficient and higher performance components. In order
to improve the mechanical behavior of engineering parts such
as gears and crankshaft, basic understanding of failure modes
is important. During their service, components are subject to
cyclic and heavy loads, and crack initiation is linked essen-
tially with the magnitude and direction of stresses applied to
the component. Studies have shown that residual stresses play
an important role in the distortion of machined components
and have an important impact on the fatigue life and the

endurance of the engineering component [1, 2]. Residual
stress arise as a consequence of manufacturing and treatment
process of the part, especially in those processes where the
internal microstructure of the component undergoes volume
expansions due to heat treatments such as welding and surface
hardening with rapid cooling [3, 2]. Tensile residual stresses
are not beneficial as they increase the likelihood of fatigue
failure by promoting crack initiation and growth. Otherwise,
compressive residual stresses in the surface layer are very
beneficial to counteract crack development and to improve
stress corrosion cracking resistance and fatigue behavior [3,
4]. The different processes and methods used in the compo-
nent manufacturing steps therefore all play an important role
in the final distribution of residual stresses [5]. Furthermore,
many scientists are trying to develop finite element models
(FEM) capable of predicting the residual stresses induced by
different manufacturing processes [6, 7, 8, 9]. These models
will subsequently minimize the distortion phenomenon while
reducing the number of steps and also modify the machining
methods without affecting the properties of the components.

In induction hardening, where the surfaces of parts such as
gears and disk are heated to high temperature with rapid
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cooling, a compressive residual stress could be conceived by
the generation of high temperatures and microstructural and
mechanical properties’ gradients between the surface layer
and the core of the component [10, 11]. Change of austenite
to martensite after quenching is accompanied with a hardness
and volume increase that is proportional to the carbon percent-
age contained in the treated material [12]. This thermal expan-
sion due to temperature gradient and phase change produces a
beneficial state of compressive residual stress that can be pre-
dicted and/or controlled according to several factors involved
in the induction heating process, such as the cooling rate [13]
and final temperature distribution before quenching ([14, 15]).
Furthermore, the fatigue strength is proportional to the thick-
ness of the hardened surface layer and changes depending on
the hardness distribution [16]. Indeed, the hardened region is
directly related to the microstructure composition which could
be interpreted from the final temperature distribution of the
heating process. Measuring temperature distribution during
the induction heating process is a difficult task to do due to
the very quick heating rate of the induction process. Some
researchers have developed an experimental method to mea-
sure surface temperature profile at the end of induction heating
[17]. Therefore, developed FEM models are very useful to

predict accurately the real behavior of the temperature distri-
bution [18], not to mention that experimental designing and
testing technologies are always associated with high-cost
processes.

It is always advantageous to control temperature distri-
bution at the end of the process. In induction heating of
disk and gears with single shot, the non-uniformity of pow-
er density distribution is dependent on magnetic field dis-
tortion at the surface and near the edge of components, so
called the edge effect, which could be predicted and con-
trolled by many factors like system geometry, coil power,
frequency, and heating time [19]. Barka et al. [20] intro-
duced a simple and effective approach to reduce the edge
effect for gears without affecting coil geometry or process
parameters; the technique consists of putting the main gear
between two identical gears with some axial gap acting like
flux concentrators to the middle part. In this paper, the
possibility of optimizing this approach is examined and
applied on a disk made of 4340 low carbon steel, using a
FEM model coupled with optimization algorithms with
experimental validation to generate the optimal geometri-
cal parameters that give the best hardness profile at the end
of the process.

Fig. 1 Evolution of electrical,
magnetic, and thermal properties
versus temperature of the 4340
steel [22]

Table 1 Chemical composition of 4340 steel [6]

Element Ni Cr Mn C Mo Si S P

Content (%) 1.65–2.00 0.700–0.900 0.600–0.800 0.380–0.430 0.200–0.300 0.150–0.300 0.0400 0.0350
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2 Methodology

The chosen model is a finite element model of the coil and the
treated parts and is well adapted to complex geometries which
guarantee an increased precision of simulated phenomena.
The proposed algorithm is based on the coupling between
numerical simulations and finite element analysis, with the
aim of developing a system capable of automatically generat-
ing an optimal configuration. Thus, an iterative procedure is
used for dimensioning the different gaps between the process
components; it consists of an analysis phase of the geometrical
combination intended to be optimized and a minimization
phase of the objective function based on the obtained results.

The initial parameters, derived from the experimental data,
make it possible to reduce the simulation time and alsomake it

possible to identify the most influential parameters, thus re-
ducing the number of parameters to be optimized before the
optimization process, and the computation times are then re-
duced significantly. However, the desired speed of the optimi-
zation study requires a precise analysis of the chosen geome-
try structure, thus leading to a significant reduction of the
exploration of the solution domain. Finally, the proposed al-
gorithm offers a complete solution, resulting in an optimal
geometry structure from objective temperature and constraints
of the optimization parameters.

3 Parametric study

3.1 Material characterization

The workpiece is a disk made of steel 4340, as used for ex-
ample in the manufacture of crankshaft crank pins or cranks.
The 4340 steel is a material widely used in the automotive and
aerospace industry because of its very high hardenability [21].
The 4340 steel is characterized by its robustness, strong tough-
ness, good ductility, and immunity against embrittlement. The
thermal and electrical properties of this steel are strongly re-
lated to the variation of the temperature (Table 1 and Fig. 1)
[21].

4 Geometry

The 4340 steel disk having the properties mentioned above
will be placed horizontally against a copper coil with a
squared useful section with a horizontal gap Ga. In the coil,
an alternative current characterized by its density JE and its
frequency Fr circulates. The disk will be placed vertically
between two 4340 steel disks of identical shapes and geome-
tries and spaced by a vertical gapGc. These two disks serve as
flux concentrators which have a key role to concentrate the
electromagnetic flux in order to reduce the edge effect affect-
ing the piece placed in the middle [20].

Since the geometrical properties of the disk and the induc-
tor coil are invariant by orthogonal symmetry with respect to
their symmetry axes, the 3D simulation model can be reduced
to a 2D axis-symmetric model, which makes it possible to
reduce considerably the calculation and simulation time.
Figure 2 illustrates the different geometrical parameters in-
volved in the design of the system.

The machine factors that are involved in the induction heat
treatment process are mainly the external current density JE,
the external current frequency Fr, and the heating time TH.

The study will be done at high frequency, i.e., Fr =
200 kHz, and a fast heating time, i.e., TH = 0.5 s. The external
current density is to be changed to ensure that the surface
temperature of the master disk at the end of heating is greater
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Fig. 3 Flowchart of the optimization procedure

Fig. 2 Schematic presentation of the model geometry
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than the austenitization temperature of the steel 4340, i.e.,
about 850 °C.

5 Optimization study

The optimization algorithm was implanted usingMATLAB in
combination with COMSOL multiphasic. It is based on the
quasi-Newton method to systematically update the input pa-
rameters in order to minimize a predefined objective function.
At each iteration, calculation is done using the updated output
parameters. The temperature at the edge and the middle of the
disk surface is evaluated at each step to verify if it exceeds the
minimum austenitization temperature, required to transform
the surface structure to austenite. The steps of the finite ele-
ment optimizationmethod could be summarized in the follow-
ing flowchart in Fig. 3.

The objective function is an analytic function. The optimi-
zation algorithm uses the vector of the parameter θ = (radial
gap, axial gap) to minimize the difference between the middle
and the edge profiles’ temperature of the part. If this difference
is less or equal to the stopping conditions ε, then the optimi-
zation is complete and a couple of optimal gaps are taken. To
summarize, the algorithm’s objective is to find the vector θ
that minimizes the objective function F(θ). The objective
function is an analytic function defined as:

F θð Þ ¼ ∑n
i¼1 TEi θð Þ−TMi θð Þð Þ2→min ð1Þ

TM and TE are respectively the temperatures at each middle
and edge node i after the heating process as illustrated in
Fig. 4. θ is the vector of the two parameters, which are the
axial gap and the radial gap.

The ranges of the radial gap GR and the axial gap GA are
very restricted and inspired by the technical and experimental
feasibility. The radial gap could vary in the range of 1 to 5mm,
while the axial gap could vary in the range of 0.2 up to 3 mm.
The deviation of the axial and radial gaps for each iteration is
controlled by the simulation program and varies with a pitch
of 0.2 mm for the axial gaps and 0.25 mm for the radial gaps;
these values are chosen due to experimental feasibility.

As the study space is confined and well controlled
(medium-scale problem), the minima of the objective
function will be of the same order, so it is useless to apply
global optimization algorithms in this case due to expen-
sive time calculation. The chosen algorithm is that of
quasi-Newton [23], which is very useful for non-linear

Fig. 4 2D model showing nodes
to evaluate at the medium and the
edge

Fig. 5 Evaluation of objective function in each global iteration during
optimization process

Table 2 Initial parameters used in optimization process

Parameter

Radial gap Axial gap Power Heating time

Level 3 3 95 0.5

Unit mm mm kW s
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optimization and black box–type problems. The choice of
the quasi-Newton algorithm for optimization is based on
two arguments. The first is because the algorithm requires
only information about the gradient in each calculation

step, and this can be evaluated by discretizing the gradient
with the finite difference method at each iteration [24].
The second argument focuses on the ease of calculating
the inverse of the Hessian matrix by approximation at
each iteration, thus giving speed to the computation and
to the optimization process [24].

After obtaining the optimal parameter vector, it suffices
to go to the validation step to check the performance of the
sized part, with respect to the physical constraints. The
result’s accuracy is dependent on the temperature profile’s
quality at the surface of the part. The perfect profile is a
constant temperature that is higher than the austenitization
temperature of the 4340 steel. At the same time, the tem-
perature is gradually decreasing with the workpiece depth.
The first property must be introduced in the optimization
algorithm as an additional constraint to add to the maxi-
mum and minimum bounds on the parameters that must be
defined based on physical considerations. Although the
chosen structure in this example is simple, the computa-
tional load is important, in relation to the computation time
either at the level of the finite element modeling steps or at
the level of the optimization process; then to obtain a great-
er precision, it is essential to choose the right parameters of
meshes and the criteria of stops for the optimization algo-
rithm. At this point, the choice of initial conditions θ0
(3 mm, 3 mm) is already done.

Fig. 6 Induced current (A/m^2) and temperature (°C) distribution
surfaces after the heating process. Induction heating a with no flux
concentrator, b with flux concentrator and initial gap parameters, and c
with flux concentrator and optimized gap parameters

Fig. 7 Temperature profile in the middle and the edges with initial gap
parameters

Fig. 8 Temperature profile in the middle and the edges with optimized
gap parameters
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5.1 Numerical simulation

As described above, the study involved the calculation of the
inverse Hessian matrix in each iteration, with respect to the
constraints defined to guarantee a sufficient heating level at
the surface. Simulations started under the following combina-
tion are described in Table 2.

As illustrated in Fig. 5, a total of 5 global iterations were
performed to reach a local minimum with over 76 numerical
calculations that were carried out to evaluate the Hessian ma-
trix with respect to problem constraints. Results lead to an
optimized radial gap of 3.1 mm and an optimized axial gap
of 0.44 mm. The temperature profile after the heating process
under the optimized configuration was analyzed in the middle
and the edges of the disk.

Figure 6 illustrates temperature distribution surfaces for the
classic induction heating process with no flux concentrators,
for the initial non-optimized configuration and for the opti-
mized final configuration with flux concentrators.

In Figs. 7 and 8, the temperature along the radial line is
shown to explain the heating penetration depth at the end of
the process across the disk. The influence of adjusting the
slave flux concentrators and the coil position is observed
clearly as the temperature penetrates evenly the core of the
disk. High temperatures are maintained in the surface, and
the region heated above AC3 = 780 °C [21] is limited to a
depth of about 0.8–0.9 mm from the surface. Martensitic
transformation will appear if a fast quenching is achieved by
the disk directly after the heating process.

Uniform temperature distribution ensures uniform distribu-
tion of hard martensite on the surface of the workpiece.
Furthermore, the temperature at the surface can be controlled,
and higher hardened depths are achievable by increasing the
power and the heating time of the process [18]. The effect of
flux concentrators and coil position has a light effect on the
quantity of energy absorbed by the treated part compared with
the power and the heating time. But concentrators and coil
position have a much important effect of how this absorbed
energy is distributed at the core of the disk.

6 Experimental validation

The experimental validation tests were conducted on the in-
duction machine located at the induction heat treatment labo-
ratory at the Ècole de technologie supérieure (Montréal,
Canada). This machine is equipped with two medium- and
high-frequency power generators. We use the second genera-
tor that consists of a thyristor radiofrequency generator (RF),
operating at 200 kHz and providing a maximum power of
450 kW.

6.1 Experimental setup

The three disks used for the experimental validation are 4340
steel disks of identical shapes and geometries having an outer
diameter of 104.3 mm and a thickness of 6.5 mm. They are
placed vertically and spaced by a gap of 0.4 mm as shown in
Fig. 9. The master disk and the flow concentrators are
mounted together on a prefabricated steel support mounted
on the vertical rod of the machine which holds the transverse
and rotational movement of the assembly. The spacing be-
tween the disk is guaranteed using two 1010 steel shims, used
specifically for precision alignment, leveling, and spacing on
shafts and machinery. Each shim has a thickness of 0.2 ±
0.05 mm with an outer diameter of 31.75 mm.

The coil is made of copper, and its outer diameter is
140 mm and internal diameter is 110 mm, with a useful sec-
tion of 49 mm2 (7 mm× 7 mm) with a 2-mm thickness. The

Fig. 9 Induction machine and
operation system

Fig. 10 Experimental setup scheme
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cooling of the inductor during heating is ensured with a 38 l/
min flow of distilled water. The piece is brought back after the
final heating in the shower section where the piece is cooled
with jets of a solution with 92% of water and 8% of polymers
used in tempering. The shower system is made of PVC and
has an outside diameter of 150 mm and internal diameter of
125 mm. The experimental setup is typically the same one
used in the simulation model, and it is shown schematically
in Fig. 10.

6.2 Metallographic analysis

Figure 11 shows the hardness profiles obtained on the edges of
the treated master disk. The brighter and upper regions repre-
sent hard martensite transformed after the heating and
quenching process while the gray regions are in the form of
an un-tempered and non-transformed martensite.

It is clear that the electromagnetic edge effect that causes a
non-uniform hardness profile as seen in Fig. 11 has been con-
trolled which leads to a more linear and uniform profile. To
quantify this linearity, hardness measurements were made at
the three characteristic regions, the middle and both left and
right edges. Figure 12 shows the hardness measurements in
the predefined regions. Results show that the three curves of
hardness have the same appearance. The hardness is maxi-
mum at the surface (about 61HRC) and extends to a depth
of 0.9 mm which is the hardened or the case depth. The hard-
ness drops drastically from a depth of 1 mm (about 37HRC)
and then increases gradually to reach its initial value while
approaching the disk core.

7 Discussion

It is well known that the case depth could be extracted directly
by simulation from the temperature profile after the heating
process [18, 25]. Case depth is related to martensite formation
after rapid cooling of austenite. Austenite is only formed in
regions where temperature exceeds 800 °C in the case of AISI
4340 [21].

Table 3 and the bar graph illustrated in Fig. 13 represent the
measures, the average, and the standard deviation values of

(a) (b)

Fig. 11 Hardened profiles
revealed after Nital etching awith
no flux concentrator and b with
flux concentrators using
optimized parameters

Fig. 12 Hardness profile (a) without flux concentrators and (b) with flux
concentrators and optimized parameters

Table 3 Case depth measured for each induction heating method

Case
depth
(mm)

Classic
without flux
concentrators

With flux
concentrators
and no gap
optimization

With flux
concentrator
and gap
optimization

With
finite
element
simulation

Left edge 1.5 0.95 0.9 0.95

Middle 1.15 1.1 0.8 0.8

Right
edge

1.5 1.15 0.95 0.95

Average 1.383 1.067 0.883 0.900

Standard
devia-
tion

0.202 0.104 0.076 0.087
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the case depth for the left and right edges and middle of the
disk for each induction heating process.

The difference between the left edge and the right edge case
depth is due to a non-controllable slight dissymmetry of the
disk surface toward the coil center during experimental tests.
However, the case depth values extracted by simulations pres-
ent similar results comparatively to case depth values obtained
by experiments. Results show a difference on the average of
2% and a difference on the standard deviation of 12% between
simulations and experiments. The initial standard deviation of
the case depth obtained by a classic induction heating process
is about 0.202. Therefore, the presence of flux concentrators
has improved the case depth profile by 48.5% with a standard
deviation of about 0.104 without gap optimization and im-
proved by 62%with a standard deviation of about 0.076 using
gap optimization.

It is evident that the implemented optimization algorithm
has succeeded in optimizing the temperature profile to obtain
the best case depth profile at the disk surface with respect to
the previously imposed constraints. The final temperature at
the edge of the part is linear and sufficiently higher than the
austenitization temperature.

Despite the fact that the power and heating time during the
heating process were kept constant, and the value of the radial
gap has been changed to about 0.1 mm, the average final
temperature has decreased by 200 °C comparedwith the initial
average, which automatically leads to a decrease in the case
depth average of about 0.5 mm compared with the classic
induction heating average. This decrease is because the energy
supplied by the inductor and consumed by the flux concentra-
tors becomes greater due to the reduction of the axial gap, thus
decreasing the energy consumed by the middle part.

To balance the case depth decrease, other process parame-
ters can be adjusted, such as increasing the external current
density and the process heating time or adjusting the part or
the coil shape. On the other hand, such compensation may
lead to a slight increase in the process operating costs, so it

can be said that the optimization is reliable only in relation to
the objective initially underlined.

8 Conclusion

This paper has presented an original and comprehensive ap-
proach permitting the reduction of the edge effect on the hard-
ness profile of an AISI 4340 disk with flux concentrators and
obtaining the best hardness profile using finite element simu-
lation. First, a 2D model has been built using COMSOL by
coupling the electromagnetic and thermal fields. Second, an
optimization study has been performed to eliminate the edge
effect using additional disks acting as flux concentrators.
Finally, the simulation model has been validated by a compar-
ative analysis with experiment results. The optimal coil posi-
tion and gap between the part and flux concentrators permit-
ting the elimination of the edge effect is then founded. It was
shown that it is possible to reach the best hardness profile by
using the flux concentrator and adjusting the geometrical pa-
rameters of the process. Overall, the obtained results show that
the simulation is useful also to understand the edge effect and
how this phenomenon can be reduced. Consequently, they
certainly help induction heating engineers to choose the good
parameters for the induction machine and achieve the desired
hardness profile. The developed method could be used also to
optimize the surface treatment of parts with different shapes
like spurs and helical gears.
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