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ABSTRACT: This paper presents the results obtained by numerical modelling of the surface induction hardening process of a
workpiece. We performed numerical modelling by using the ELTA program. In this study, we aimed to establish the electrical

parameters in order to optimize the surface hardening process.
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1. INTRODUCTION

James C. Maxwell was the one who combined
electrical and magnetic phenomena, transposing
them into mathematical equations [1]. These
equations underlie the solving of problems related to
the penetration of the electromagnetic field into
conductive environments.

With the emergence of high performance computers,
analytical methods are no longer so often used, but
analytical calculation results are very useful for
selecting the initial process parameters (time, power,
frequency) [2].

Surface hardening heat treatment is one of the most
important applications of induction heating. This
process concentrates a large amount of energy in a
layer in which the higher the frequency the lower the
thickness is [3], [4]. Using high frequencies ensures
high power density and fast heat concentration in a
well-located region. At the end of the hardening
process in that region, the metallurgical structure
will be changed, but the properties of the material
are not affected.

2. ELECTROMAGNETIC FIELD ANALYSIS
IN A SINUSOIDAL QUASY-STATIONARY
REGIME

The analysis of the surface hardening process is
particularly complicated, involving the solving of
some coupled electromagnetic and thermal field
problems. For  these  applications, the
electromagnetic field is the heat source, and the
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boundary conditions change during the hardening
process.

The analysis of the electromagnetic field in a
sinusoidal quasi-stationary regime in eddy current
problems is done starting from the following
equation [5]:

B

VXEz-E;VtzJ;JZOE#Jo (1)

In the case of conductive media, ¢ > 0 and Jy = 0,
and in insulating media, o = 0. The domains with the
imposed current density Jo, like coils, are part of the
insulating media.
B=H (2)
The constitutive equation B-H is non-linear, because
the physical properties of the medium depend on
temperature. Because of this nonlinearity, the
solving of the electromagnetic field problems in the
quasi-stationary regime is very difficult. An
effective method to solve these problems was
proposed by [6], the non-linear medium being
replaced by a linear computing medium whose
magnetic polarization is corrected according to
magnetic induction. (1), (2) represent a system of 4
equations with the unknowns B, H, E, J.
By applying the operator Vx and taking into account
the equations (1), (2), we obtain the following
equation:
VX(EVxHjﬂLﬁ:O 3)
c ot
Equation (3) can be used to determine the
electromagnetic field in a domain that is entirely
conductive, and whose boundary conditions are
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imposed for the tangential component of H; [7]. If
the conductive medium is also homogeneous,
J =0k, o=ct., u= ct., we obtain an equation of the
form:

VX(VXE) + “Gaa_ltz =0 4

but Vx(VXE)=V(V -E) - AE=-AE
equations (3) and (4) become:

oH
~AH+pus—=0 5
Mo — (5)

0E
“AE+uc-—=0 6
Mo — (6)

The determination of the electromagnetic field in the
quasi-stationary regime is usually done numerically,
a lot of scientific research of specialists in electrical
engineering going in this direction [8], [9], [10],
[11], [212].

3. THERMAL FIELD ANALYSIS

The thermal field is described by Fourier’s equation:
—V~(7Ne)+c\,§=p )
where: A is the thermal conductivity, c, is the
volumetric thermal capacity of the material, and p is
the volume density of the power that converts from
the electromagnetic form into heat. The boundary
condition is:
00

}Lan +a(0-6,)=0 (8)
where: o is the thermal transfer coefficient at the
surface, and 6. is the temperature outside the
domain. If o=0, the boundary conditions are
homogeneous Neumann-type conditions, and if A =
0, the boundary conditions are Dirichlet-type
conditions.

4. NUMERICAL RESULTS

The numerical analysis of the electromagnetic and
thermal field was carried out using the ELTA
program. This program provides fast and accurate
results on the simulation of electromagnetic and
thermal phenomena coupled to induction heating
using a single dimension. The program can be used
to find optimal correspondence between heating
time, temperature, and power. ELTA is a one-
dimensional 1D computational program, which can
take into account the length of the coil and of the
cylindrical workpiece, and these problems are solved
using the “Total Flux Method”. This method is
based on the substitution of the inductor-piece
system with a magnetic circuit, providing a

preliminary assessment of an induction process or
induction heating system [13]. The ELTA program
can be used separately or in combination with other
2D or 3D programs. Using ELTA involves 5 steps:

1 — introducing the sizes and material properties of
the piece;

2 — defining the inductor: length, number of spirals,
the shape of the inductor spiral section, the load
adaptation type, and the sizes of the short network;

3 — defining the process: the type of the simulation
process (induction heating or the thermal transfer
phase), the input values of the inductor-semi product
system (voltage, current, power), that can be defined
on the generator or inductor, the heating time, the
time step and defining the convection and radiation
coefficients for heat transfer processes;

4 — the program running phase;

5 — the result phase.

Figure 1 shows the geometry and the sizes of the
piece to be simulated using the ELTA program. The
piece is made of OLC45, surface hardening is done
throughout the length of the piece, and the depth of
the hardened layer ranges between 1,4+1,6 mm.

Zona de calire prin inductie (52-54 HRC)

Figure 1. The geometry of the workpiece
The program does not take into account the length of
the piece, and calculates the surface hardening
process using the feed speed of the piece. The
configuration of the hardening system is shown in
Figure 2.
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Figure 2. System configuration



Table 1 shows the values of the input quantities for 4

distinct cases studied.
Table 1. Values of the input quantities for
cases studied

f Pind Vay t;

[Hz] (W] [cm/s] [s]

Case | 2500 1206,6 0,1 10
Case Il 2500 3105,7 0,5 2
Case |11 5000 242,45 0,1 10
Case IV 5000 599,75 0,5 2

Case 1. Figure 3 presents the temperature variation
depending on time and hardening depth, and Figure
4 shows the temperature variation depending on
hardening depth and time.
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Figure 3. Temperature variation depending on time and
hardening depth
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Figure 4. Temperature variation depending on hardening
depth and time

The piece needs 10 seconds to reach the optimal
hardening temperature of 860 °C and the hardening
depth of 1,6 mm, at a constant speed of movement
of v=0,1 cm/s. After 10 seconds, the electrical and
power parameters of the model stabilize at optimal
values for the hardening process. Figure 5 shows the
time variation of specific power on the surface of the
piece, and Figure 6 presents the power variation in
the hardening system.

15

N Surface Specific Power
Po.W/enr’

700

600

500 /

400

300

200

100

0 ts
0 10 20 30 40 50 60 70 80 90

Figure 5. Time variation of specific power
on the moving surface
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Figure 6. Power variation in the hardening system

Case 1l. In this case, the frequency is the same as in
the first case, the power, the speed of movement,
and the hardening time change. Figure 7 shows the
temperature variation depending on time and
hardening depth, and Figure 8 presents the
temperature variation depending on hardening depth
and time.
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Figure 7. Temperature variation depending on time and
hardening depth
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Figure 8. Temperature variation depending on
hardening depth and time




The piece needs 2 seconds to reach the optimal
hardening temperature of 860 °C and the hardening
depth of 1,6 mm, at a constant speed of movement
of v4=0,1 cm/s. If the speed of movement of the
piece increases from v,,=0,1 cm/s to v,,=0,5 cm/s,
there is an increase in power, if the power increases,
the hardening time decreases.

At the same frequency of 2500 Hz, at an increased
speed of movement, the required power increases
(Figures 9 and 10). After 2 s, the electrical and
energy parameters of the model are stabilized at
optimal values.
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Figure 9. Time variation of specific power
on the moving surface
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Figure 10. Power variation in the hardening system
Case Il1. In this case, the frequency is 5000 Hz, the
power, the speed of movement, and the hardening
time change. Figure 11 shows the temperature
variation depending on time and hardening depth,
and Figure 12 presents the temperature variation
depending on hardening depth and time.
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Figure 11. Temperature variation depending
on time and hardening depth
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The piece needs 10 seconds to reach the optimal
hardening temperature of 860 °C and the hardening
depth of 1,6 mm, at a speed of movement of v,,=0,5
cm/s. After 10 s, the electrical and energy parameters
are stabilized at the optimal values of the hardening
process (Figures 13 and 14).

At a constant speed of movement, v,,=0,5 cm/s, the
hardening depth is constant, at high frequencies, the
hardening power decreases.
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Figure 12. Temperature variation depending
on hardening depth and time
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Figure 13. Time variation of specific power
on the moving surface
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Figure 14. Power variation in the hardening system
Case IV. In this case, the frequency is the same as in
case |11, only the power, the speed of movement, and
the hardening time change. Figure 15 shows the
temperature variation depending on time and
hardening depth, and Figure 16 presents the



temperature variation depending on hardening depth
and time.
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Figure 15. Temperature variation depending on time and
hardening depth
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Figure 16. Temperature variation depending on
hardening depth and time

The piece needs 10 seconds to reach the optimal
hardening temperature of 860 °C and the hardening
depth of 1,6 mm, at a speed of movement of v,,=0,1
cm/s. If the speed of movement of the piece
increases from v,,=0,1 cm/s to v,,=0,5 cm/s, there is
an increase in power. After 2 s, the electrical and
energy parameters are stabilized at the optimal
values of the hardening process, as shown in Figures
17 and 18.
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Figure 17. Time variation of specific power
on the moving surface
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Figure 18. Power variation in the hardening system

5. CONCLUSIONS

In this paper, we performed simulations of the
surface hardening of a piece using the ELTA 1
program. By wusing this program, the optimal
correspondence  between the heating time,
temperature and power was found. If power is
greatly increased, very low hardening times are
obtained, which cannot be achieved in practice.

The relationship between power, time, temperature,
and depth of penetration during the hardening allows
the user to modify the characteristics of the
induction hardening equipment in order to optimize
the process.
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