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Abstract

An adequate induction heat treatment operation should always identify, previously, the probable temperature distribution and
hardness profile behavior in specific regions of the treated component according to heating process parameters. This paper presents
an analysis of the effects of some geometrical factor related to the component and the coil and machine parameters on temperature
distribution and case depth of an AISI 4340 low-alloy steel disc heated by induction. A Comsol model was created, defined as a
group of process parameters followed by a mesh study. A Matlab algorithm coupled to the simulation model was designed to handle
a large number of simulations and export temperature profile data. The case depth is then interpolated from collected temperature data
and a statistical analysis was developed to create the hardness prediction model. The experimental tests conducted under the same
process parameters support the numerical model results and approve the simulation, the prediction modeling, and the statistical study.

Keywords Induction heating - Simulation - Experimental validation - Sensitive study - 4340 steel disc

1 Introduction

For many years, induction heating has shown its success in the
metallurgical industry, his remarkable productivity, energy ef-
ficiency, and capacity to manipulate complex parts and vari-
ous metal shapes has made it a popular tool in many industrial
heat treatment applications like melting, injection molding,
brazing, and surface hardening [1-3]. Steel hardening by
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induction is a widespread application of induction heating that
uses heat generated by electromagnetic fields and induced
currents with rapid cooling (quenching) to increase the surface
hardness of the steel [4—6]. The process consists of creating
high heat intensity at concentrated region on the surface of the
metal part. An alternative current characterized by its intensity
and frequency is supplied to an coil. A magnetic field, which
generated immediately inside the coil, induces a current at the
metallic part. This current creates heat due to Joule effect. Asa
result, the temperature rises at heated location up to
austenitization point. Induction heating could be applied to a
wide variety of shapes and sizes and requires no physical
contact between the treated component and induction coil
[7-9]. The AC-induced current flowing decreases its density
from the surface toward the internal part of the part. As a
result, the produced heat distribution will be concentrated
from the surface into a specific internal distance known as
the penetration depth. After quenching, a very hard martens-
itic structure will be created in the heated region defined from
the surface up to the penetration depth.

The penetration depth is related essentially to current fre-
quency, but other process parameters could also affect the depth
of'this concentrated region such as the machine and geometrical
parameters. Machine parameters include current frequency
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Fig. 1 Schematic representation of model components

(FRr), power density (Py), and duration of the heating process
(Tyy) while geometrical parameters concern the shape, the size,
dimensions, and relative positions of the treated object with an
induction coil [1, 10]. The most important geometrical and
machine parameters to consider in any induction heat applica-
tion are the size of the treated object and its position beside the
induction coil, where the most important machine parameters
are current frequency, current density, and heating time [10, 11].

The study of induction heat treatment process has several
difficulties at the simulation and experimental level. There is a
difficulty in managing the complex electromagnetic and
heating physics that includes several parameters and coupled
physical phenomena. Moreover, material property data are not
accurate and vary dissimilarly with the temperature. Measuring
adequately the temperature and the machine current during
heating process is a hard and challenging experimental task
due to the quick heating rate. Researchers have proposed ex-
perimental and statistical methods that may be relevant to solve
such problems. To make a good statistical study, it is necessary
to choose the right parameters, to conduct well the experimental
tests and to analyze adequately the obtained results. There is
researchers that proposed this approach by simulation [10, 12,
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Fig. 2 Temperature evolution according machine power
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Table 1 Simulation parameters with fixed machine power

Parameters Pum Tu Wp Gg Fr
Level 66.5 0.5 6.5 2.5 200
Unit kW S mm mm kHz

13], by simulation with validation [14—16], and experimenta-
tion with planning strategy [17-20]. These studies are carry out
to analyze various mechanical and thermal effect on a wide and
different part shape, using electromagnetic induction process, in
order to qualify or improve hardness, residual stress, deforma-
tion and final temperature distribution. Researchers made pos-
sible by simulation and/or experiments tests and mathematical
models are analyzed generally with Lo to L34 orthogonal array
of combination parameters chosen by several methods includ-
ing Taguchi method and synthesized with statistical model in-
cluding regression and ANOVA techniques with verification by
confirmation tests. The chosen combination parameters include
either machine parameters, like power, heating time, and speed
[11, 12, 15, 20], either machine and quenching parameters [18,
19], either machine parameters and metallurgical factors [17] or
only geometrical part versus induction coil parameters [14].
This literature review demoted that there are no previous works
that have combined both simulation and experimentation in
statistical analyzes that include studying both of the machine
parameters with the main geometric factors of the process.
Therefore, the aim of this study is to develop a model that
describes the hardness profile as a function of both geometrical
and machine parameters based on a Lg; orthogonal array. First,
a 2D asymmetric model was developed, mesh studied, and then
validated by experimental data. Second, a Matlab algorithm
was developed and coupled with Comsol to carry out the sim-
ulations with different set of parameter’s configurations.
Finally, prediction equations of temperature profile and hard-
ness depth were obtained by statistical analysis and partial ex-
perimental validation of extracted data.

2 Formulation

The formulation of induction heating process is described by
an electromagnetic field (Maxwell’s equations) in time vary-
ing form neglecting displacement field, which could be writ-
tenas [1, 21]:

Gauss s law V.D = ph¥e(q) (1)

Table 2 Validation test parameters

Parameters Py Th Wp Gy Fr
Level 72.6 0.5 6.5 2.5 200
Unit kW S mm mm kHz
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1100 — where A is the magnetic vector potential. Since the field is time-
3 harmonic, assumption of harmonically oscillating currents with
£1025 single frequency make possible to write Eq. 2 in complex form
g}_ such that
E 950 v |
I /./-T‘ ‘\ V x E = jwB )
875 VXE=jwV xA (10)
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Fig. 3 Final temperature according the mesh size
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Faraday's law V x E = 5 (2)
Gauss s law for magnetism V.B =0 (3)
Ampere'slaw  V x H = J (4)

With E, D, H, and B describes respectively the electric field
intensity (V/m), electric flux density (C/m>), magnetic field
intensity (A/m), and magnetic flux density (T). p"*° is the
electric charge density (C/m?) and J is the conduction current
density (A/m?) and could be expressed by Ohm’s law:

J =0FE (5)
E and D, H, and B are related using Eqs. 6 and 7.
D=¢E (6)
B = uH (7)
With o, €, and p represents, respectively, the electrical con-
ductivity (S/m), permittivity (F/m), and magnetic permeability
(H/m) of the material. These parameters are temperature depen-

dent and the material is considered to be homogenous. Since B
satisfies a zero divergence condition, equation becomes

V x (E—jwA) =0

The curl is zero, the term £ — jwA will be equal to the gra-
dient of a scalar function ¢ such that

Vo = E—jwA (12)
After multiplying with o and inserting Eq. 5, Eq. 10 could
be written as:

= —oVp—jowA (13)

The current density could be written as the sum of an in-
duced current J; and an imposed external source current in the
induction coil, J, such that:

Ji = —jowA (14)
Jo=—0Veo (15)
Inserting Egs. 7, 8, and 11 in Eq. (4) gives
1
—(VxVxA)=J (16)
n
1
m (VX VxXA)=J,~jowA (17)

The resolution of Eq. 14 made it possible to determine the
current density as a function of magnetic vector potential A
which in turn could be deduced by resolving Eq. 17. The
amount of heat generated inside the metal part due to joule
heating is evaluated using the following equation.

Fig. 4 Final mesh optimized by
convergence study
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Fig. 5 Distributions of induction
current (A/m?) and temperature
°C)

Oind (W) = Iv@ av (18)

The heat generated by induction is introduced into the heat
equation in order to calculate the temperature distribution in
the part. In induction heating, the heat transfer is described by
Fourier’s equation and it is given by [1]:
pC I = V(K VT) + Oy (19)
where T is the temperature (K). p, C, and k are non-linear
temperature-dependent properties and represent respectively
the mass density (kg/m3), the specific heat (J/kg K), and the
thermal conductivity (W/(m K)) of material. A part of energy
is lost by convection and radiation due to temperature differ-
ences between part and surrounding air. Convection and radi-
ation heat flux losses g. and ¢, between the workpiece and
open air are defined respectively as

qe = he(Ts—T,) (20)
q, = oy (T*T,%) (21)
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Fig. 6 Temperature distribution at the edge and middle profile
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where /.. is the convection coefficient, ¢ is the emissivity, and
0, is the Stefan-Boltzmann constant.

3 Simulation model

A disc made from low-alloy steel (AISI 4340) is placed inside
8 x 8 mm square coil. The geometrical parameters to be con-
sidered are the width of the disc (mm) and its relative distance
with the coil (gap (mm)). The model is represented in Fig. 1.
Due to geometry symmetrical properties, the model could be
reduced from a 3D model into axisymmetric 2D model, this
geometry reduction increase the numerical computation time
and gives approximately the same results. Temperature distri-
bution in the part is evaluated by defining three points, Tm is
the points on the middle of the surface, and Tg; and Tg, are the
point on the edge of outside surface. Due to symmetrical
properties of the disc, the two edges will have the same tem-
perature distribution so Tg; will be equal to Tg;.
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Fig. 7 Typical hardness profile by induction heating
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3.1 Power under typical configuration

Using induction-heating systems to harden the part requires
changing its surface layer microstructure by heating it to tem-
peratures that are above or inside the austenitization range. The
temperature distribution after heating will not be uniform be-
tween the surface layer and the inner portion of the disc, and it
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Fig. 9 Hardness profile obtained by experiments
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will decrease rapidly while getting closer to the surface middle
and the disc center [7]. The mesh size is very refined and it is
fixed at 0.2 mm that generates 33,677 elements and 135,072
degrees of freedom. The heating time (7}) is fixed at 0.5 s and
the width (Wp) is fixed at 6.5 mm. Finally, the gap (Gg) is fixed
at 2.5 mm. The outer surface exactly into the austenite trans-
formation temperature will not ensure that the heat will prop-
agate sufficiently along the internal part of the part and that will
have no effect in changing the surface microstructure inside the
disc. Since the high frequency heating is only study, the fre-
quency is fixed at 200 kHz. The last parameter to tune is the
imposed current density (Jy). This parameter is replaced by the
real machine power using the approximated ratio developed by
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Fig. 10 Hardness curve on edge and middle obtained after the
experimental test
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Table 3 Stratching parameters and their levels

Parameters Py Ty Wp Gg

Level 1 70 0.4 6.3 24

Level 2 72.5 0.45 6.5 2.5

Level 3 75 0.5 6.7 2.6

Unit kW S mm mm

Barka et al. [10]. Figure 2 shows the evolution of final temper-
ature according the machine power. It is interesting to remark
that the temperatures are identical at low power and the offset
continues to increase to reach maximal value at 80 kW. The
temperatures have a parabolic evolution and some variation
caused by the material properties are occurred between 55
and 65 kW. To ensure that a transformation will occur inside
the part, and that 100% austenite will be formed within the
treated area, the temperature used for austenitization must be
above A, surface middle temperature of 900 °C will be con-
sidered sufficient to meet these conditions. Considering all
geometrical and machine parameters, the most flexible input
parameter is power delivered by the machine into the induction
coil because it can be changed softly and precisely from the
simulation software by the machine operator with no risk of
error. All the machine and geometrical parameters, except the
input power, will be fixed into reference level as shown in
Table 2. The input power values vary from 10 to 100 kW in
the simulation with a step of 10 kW and very smooth mesh size
of 0.1 mm to see in which point the surface middle temperature
Ty will exceed 900 °C.

The edge and middle temperatures increase with power and
could attempt very high levels that exceed the melting point
from 80 kW. The edge temperature increases faster than the
middle temperature due to the edge effect phenomena. Edge
temperature exceeds the value of 900 °C starting from 57 kW
power machine value while middle temperature exceeds it
with 66.5 kW input power value. The reference values are
given in the Table 1.

Table 4 Temperature at middle obtained by simulation (°C)

3.2 Mesh convergence study

To determine the appropriate mesh size value, a mesh conver-
gence study was carried out by Comsol. The default parameters
of frequency, process duration, part width, the gap, and machine
power were chosen in order to reach the austenitization point in
the surface of the part (7jy =900 °C). Figure 3 illustrates the
evolution of temperature using the same machine parameters
and geometrical factors according to meshing size. The trunca-
tion errors affect the evolution at the top of the value 0.45 mm,
while the numerical errors affect this temperature down 0.15 mm.

Figure 4 shows the final configuration of optimal mesh ob-
tained using the convergence study. Indeed, a simple section
does not represent a good approximation of the problem since
the induced currents are distributed at external surface.

3.3 Distribution of induced currents and temperature

Figure 5 shows the distributions of the total current density
and the temperature after a heating time of 0.5 s in the case of
high-frequency heating. The initial density of the current in
the coil (Jy) is adjusted to also have a maximal temperature of
1100 °C. The currents are concentrated, in this case, on a thin
layer in the edges of the coil and in the part because of the skin
depth. The temperature profile is profounder at the edges than
the middle plane since the currents are more concentrated at
the corners of the coil. The preliminary results clearly show
the presence of the both electromagnetic effects, the skin ef-
fect and the edge effect. These results also show that the tem-
perature distributions are a direct consequence of the currents
induced in the part and this profile has a considerable effect on
the final hardness profile.

The temperature is at its maximum on the surface and de-
crease rapidly toward the disc center. Edge temperature is
slightly higher than in the middle, but still both have the same
temperature profile for every heating step time. In the HF case,
the temperatures are distributed over a larger area on the edge

Py (kW) 70 70 70 72.5 72.5 72.5 75 75 75
Ty (s) 04 0.45 0.5 0.4 0.45 0.5 0.4 0.45 0.5
Gg (mm) Wp (mm) Middle temperature (°C)

24 6.3 898.69 932.71 990.54 929.15 991.98 1059.52 985.20 1055.49 1149.86
24 6.5 875.11 921.33 963.82 918.52 965.41 1051.26 951.35 1029.52 1077.01
24 6.7 863.52 901.28 966.58 919.76 966.56 1015.29 956.30 1014.84 1115.50
2.5 6.3 886.47 910.39 953.67 903.01 956.44 1007.69 941.00 1008.05 1092.41
2.5 6.5 878.42 891.80 931.04 889.07 932.74 982.96 928.18 979.81 1068.63
2.5 6.7 868.44 911.22 920.28 881.94 921.71 964.80 911.76 972.26 1033.97
2.6 6.3 843.64 868.30 934.02 866.08 907.10 965.83 897.91 960.29 1028.68
2.6 6.5 829.53 886.57 920.58 886.71 891.26 957.98 903.40 959.04 1006.20
2.6 6.7 842.04 881.34 883.10 879.11 898.37 941.02 890.88 937.82 986.56
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Table 5 Temperature at edge obtained by simulation (°C)

Py (kW) 70 70 70 72.5 72.5 72.5 75 75 75
Ty (s) 0.4 0.45 0.5 0.4 0.45 0.5 04 0.45 0.5
Gg (mm) Wp (mm) Edge temperature (°C)

24 6.3 1146.41 1203.83 1271.65 1211.86 1288.32 1358.62 1294.99 1373.53 1452.56
24 6.5 1162.56 1193.67 1250.98 1201.92 1267.58 1355.85 1277.41 1346.76 1411.22
24 6.7 1146.21 1169.32 1260.99 1208.40 1284.44 1325.88 1281.10 1341.49 1428.63
25 6.3 1115.48 1183.61 1222.56 1181.22 1240.59 1298.45 1238.30 131441 1408.97
25 6.5 1104.81 1137.56 1200.39 1144.54 1217.47 1274.61 1222.68 1285.78 1398.39
2.5 6.7 1088.32 1121.54 1189.17 1133.55 1203.45 1260.54 1212.70 1284.79 1354.79
2.6 6.3 1109.42 1099.50 1178.32 1107.12 1186.28 1245.26 1190.45 1258.63 1331.16
2.6 6.5 1094.25 1115.09 1165.46 1129.17 1172.73 1250.44 1196.95 1273.14 1313.49
2.6 6.7 1083.84 1109.23 1152.32 1117.43 1190.37 1227.27 1183.06 1239.37 1297.15

compared to the middle plane. In addition, the maximum tem-
perature values record a clear offset of 280 °C between the
edge and middle (Fig. 6). The heated zone on the edge reaches
260 °C at a depth of 4 mm and 230 °C at the middle plane at
the same depth. The temperature curve following the depth at
the end of heating makes it possible to predict the hardened
region and suggests that the region near the edges is trans-
formed into hard martensite while that at the middle plane of
the part does not reach the temperature necessary to martens-
itic transformation. Similarly, if the temperature of 600 °C is
assumed a legitimate assumption, the depths affected are
2.1 mm at the edge and 1.6 mm at the middle plane.

In order to interpret a temperature profile into a hardness
profile, the critical austenitization temperatures Ac; and Ac; that
characterize the heated region after 0.5 s must be considered.
Thus, the temperature Ac; characterizes the onset of formation
of the austenite while the temperature Ac; characterizes the end
of the martensite returned (initial microstructure) and all the
regions heated above this temperature are austenitized to
100%. The region between the Ac; and Ac; temperatures is a
mixture of austenite and unconverted returned martensite. The
final temperature distribution has a direct impact on the hardness
profile in the part and its evolution as a function of depth (sur-
face hardness and hardened depth). If the assumption that all
regions heated above Ac; (100% austenite) become martensite
lasts after cooling and that this temperature for a heating time of

Table 6 Percent

contribution of Parameters Edge Medium

parameters on edge and

middle temperatures Py 45.26% 32.92%
Ty 31.84% 40.05%
Wp 1.11% 2.44%
Gs 18.25% 17.48%
Py x Ty 0.92% 2.12%
Pum X Gg Insignificant 0.97%
Error 2.61% 4.07%

0.50 s is approximated to 850 °C, it is possible to appreciate the
hardened depth for both the MF and HF cases on the edge and
the middle plane.

3.4 Case depth versus temperature curves

The simulated case depth is deduced from critical transforma-
tion temperature distribution across the disc assuming that a
rapid cooling (quenching) is done perfectly after the heating
process to form a new and hard martensitic microstructure.
The transformation temperatures are identified to be the criti-
cal temperature Ac, (825 °C) corresponds to the apparition of
first austenite germs. Ac; (850 °C) corresponds to the temper-
ature at which the first germs of austenite appear. Finally, the
critical temperature (7;) fixed at 640 °C is assumed to be the
lowest temperature that affects the part microstructure [22]. In
fact, this temperature characterize the depth where the hard-
ness recovers the initial value in the part core. To retrieve the
corresponding critical depth d; for each critical temperature
Acy, Acs, and Tr, a linear interpolation function was used
between the closest higher temperature and closest smaller
temperature values with their corresponding depth values
from the simulation results (Fig. 7). High surface hardness is
related to martensite formation, which in turn is dependent
upon heating to austenite range and cooling rate. Therefore,
the simulation results and temperature distribution could re-
veal the shape and size of the hardened region and case depth.

Table 7 Percent contribution of parameters on edge depths

Parameter dy dy. dy

Py 35.39% 34.54% 28.22%
Ty 48.3% 49.6% 59.26%
Wp 0.74% 0.73% 0.69%
Gs 12.91% 12.48% 9.47%
Error 2.66% 2.66% 2.36%
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Fig. 11 Simulated temperatures versus predicted temperature at middle
and edges

3.5 Preliminary experimental validation

Experimental validation tests are performed using the induction
machine located at the Ecole de Technologie Supérieure
(Montreal, Canada). This machine contains solid state con-
verters (10 kHz) and thyristor radio frequency generator
(200 kHz). The first one provides a maximum power of
550 kW and the second generator delivers a maximum power
of 450 kW. This machine is capable to control both frequencies
using the sequential double frequency heating concept and it is
a numerically commanded using two numerical axes (Fig. 8).

The first test was done under the following machine param-
eters and geometry configuration. This tuning data (Table 2) is
used to validate the first model developed by simulation.

The hardness profile at the edge and middle of the disc
obtained by the previous configuration is shown in Fig. 9.

It is important to note that the hardness profile is not uni-
form across the part section. Due to the edge effect, the mag-
netic field is concentrated more at the edges than in the mid-
dle. This fact generate a deep layer with important concentrat-
ed currents that heat more the edges than the middle. After
been transformed to austenite, the regions are transformed to
thin martensite. Due to lack temperature diffusion and skin
effect, the non-affected zone toward the center of the disc
remains with its initial hardness value and no structural and
phase change occurs in this region.

As illustrated in Fig. 10, the hardness curve measured at the
edge and the middle has a typical hardness profile as expected
with significant difference on critical depth for both positions,
due to edge effect. It can be shown that a conformity in the
shape exists between simulation and experimental tests for
both edge and middle profile. One can remark that the hard-
ness at the surface are slightly the same at the middle and the
edges. It is also interesting to observe that the low hardness is
about 370 HV and the over-tempered zones have the same
width in both cases.

@ Springer

4 Sensitive study — Temperatures

A sensitivity study was performed to determine the effects
of geometrical (Gg and Wp) and machine parameters (Py;
and Ty) with a fixed HF frequency (200 kHz). In order to
avoid reaching melting point temperature during the
heating process especially at the edge, which refers to
the maximum configuration parameters and considering
that temperature in the middle surface must reach at least
austenitization point at the end of the process, which re-
fers to the minimum configuration parameters, a range of
parameters between maximum and minimum group values
are chosen based on Taguchi method and verified by sim-
ulation (Table 3). Each of the four independent variables
will be calculated in three levels, giving 81 possible con-
figurations and corresponding to the 81 simulations.

The classical technique for handling simulation is
exploited manually, but since the number of configuration
is great and the mesh is very condensed, this kind of man-
ual work of input and result extraction will take a very long
time [10]. To optimize this time and effort problem, all 81
simulations were automatized by writing a MATLAB code
coupled with a Comsol built-in functions. This automated
method solution reduced the calculation and results extrac-
tion into just 6 h even with a very condensed mesh size.
Results were the temperature distribution alongside the
edge and the middle plan of the heated disc. Statistical
analysis was performed to analyze the effect of these inde-
pendent geometrical and machine parameters on tempera-
ture distribution and hardness profile.
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Fig. 12 Effect of geometry factors and machine parameters on
temperature, b middle and a edge
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4.1 Simulation data

The following data presented in Tables 4 and 5 are extracted
from results simulations and summarize the temperature
values at middle and edge of the part. It can be shown that
final process temperatures are above the austenitization tem-
perature Acs as desired and respects the non-melting condition
for middle region but it can be reached at the following con-
dition at the edge (75 kW, 0.5 s, Gs=2.4 mm and Wp=
6.3 mm), and the following configuration is the extreme case
and temperature is at its highest values.

4.2 Contributions

After performing statistical analysis on simulation results, the
contribution of each factor on the final temperature could be
interpreted. Table 6 shows the contribution factor percentage
for each parameter on edge and middle temperatures. It can be
shown that Tg and T, are highly influenced by the power and
the heating time. Both contribute in more than 70% on final
temperature values. Power has more effect on the edge
(45.62%) than the middle temperature (32.92%) while heating
time has more contribution on middle temperature (40.05%)
than edge temperature (31.84%) (Table 6). The gap has an
important effect and it is involved in more than 17% for both
middle and edge temperatures. The part width has no signifi-
cant effect and could be neglected.

Table 8  Percent contribution of parameters on edge depths

Parameter dy dy. dy

Py 26.98% 30.6% 24.41%
Tu 50.01% 49.46% 60.45%
Wp 2.54% 1.98% 2.61%
Gs 16.93% 15.01% 9.61%
Error 3.54% 2.95% 2.93%

4.3 Simulated versus predicted temperatures

One goal of this study is to find a model that gives the most
valid prediction of the edge and surface temperature given
the geometrical and machine parameters. The ANOVA sta-
tistical study gives equation that describes the predicted
relationship between temperatures in function with all oth-
er parameters for the edge and the middle point. The fitness
of the model should be examined and evaluated.
Experimentally, it is a difficult task to measure instantly
the temperature distribution across the part section as the
process happens very quickly. Figure 11 presents the scat-
ter plot for Tg and Ty,. It is clear that for each simulated
response value, the predicted value is at the diagonal line,
due to the low value of the residuals errors. Consequently,

SN
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Fig. 14 Effect of geometry factors and machine parameters on case
depth, b middle and a edge
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Fig. 15 Response surface methodology of case depth in the a middle and at the b edge

for each value of temperatures, the predicted and simulated
curves are nearly identical, which explains the good agree-
ment between the predicted and the measured values. The
linear fitting criteria that the prediction equation is able to
assume a satisfactory level of accuracy with simulation
results.

After eliminating the non-significant terms, the empir-
ical relationship between the temperatures at th edge and
in the middle of the heated part by Eqs. 22 and 23. The
equations present an approximate model based on linear
regression and allows the evaluation of the temperature
according the machine parameters and the geometrical
factors.

T = 3415-16.66xPy—6159xT—57.1Wp—462.8xGy

Ta = 2709 + 61.3xPy~7282xT ;—62.76xWp
4 2402xGs + 114.5xPyxT y—37.76xPyxGg (23)
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4.4 Effects of machine parameters on temperatures

The average effect of geometrical and machine parameters on
the final edge and machine temperature are presented in Fig.
12a, b. Each factor contribute by its own degree on the tem-
perature. The power and heating time have the biggest influ-
ence. An increase of 2.5 kW in machine power contribute to
an increase of 80 °C in edge temperature and 40 °C on middle
temperature. A short increase on the heating time (0.05 s)
leads to an important temperature rise for both points, at about
50 °C increase on the edge temperature and 40 °C on middle
temperature. Geometrically, the temperature decrease signifi-
cantly when increasing the gap. A 0.1 mm of gap variation
leads to a temperature drop of about 60 °C on the edge and
about 40 °C at the middle. The part width (Wp) has no signif-
icant influence of the final temperature distribution. A 0.1 mm
of Wp variation decrease the temperature by 10 °C on the edge
and 20 °C on the middle. It is important to note that, unlike
other factors, part width has more influence on middle tem-
perature than the edge temperature.
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Fig. 16 Simulated depths versus predicted depths at middle (a) and in edges (b)
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Table 9  Experimental validation tests

Parameters Pum Tu Wp Gg Fr

Test 2 429 1 6.5 2.5 200
Test 3 56.1 1 6.5 2.5 200
Unit kW S mm mm kHz

The response surface methodology (RSM) given by
ANOVA analysis is a fast and powerful way to predict the
final temperature in function with the process parameters.
Edge and middle temperature are presented according to the
power and heating time values. The gap and the part width are
maintained in typical centered values of 2.5 mm and 6.5 mm.
It can be shown that for both points, temperature has a para-
bolic profile and increases proportionally with the power and
heating time. Figure 13 illustrates the RSM obtained at the
edge and in the middle of the heated part.

5 Sensitivity study — Case depths

The final temperature distribution is converted to hardness
curve using Matlab code. In fact, the temperatures according
to the depth at the middle and at the edge are converted to
hardness curve as explained using Fig. 7. After interpolating
the critical depth values dy, dy, and dj corresponding respec-
tively to critical temperatures Acs, Acy, and Tr, statistical anal-
ysis was done to deduce the contribution of geometrical and
machine parameters on these simulated critical depth.
According to statistical analysis (Tables 7 and §), the most
important factor having effect on the case depth is the heating
time with about 50% contribution percentage. The machine
power contributes significantly on the final case depth with
about 35.4% at the edge and 27% on middle. The influence of
the part width is insignificant with about 0.74% at edge and
2.5% on middle. However, the gap has an important effect on
the case depth with about 13% contribution percentage on the
edge and 17% contribution percentage in the middle. The

(b)
Fig. 17 Hardness profile obtained by Test 2 (a) and Test 3 (b)

analysis result also demonstrates that the geometrical factors
contribute much more in the middle than at the edge.

5.1 Effects of machine parameters on case depths

Figure 14 represents respectively the case depth in the edge
and at the middle layer after heating and assuming a perfect
quenching process in function of machine power and heating
time, maintaining the part width and gap in their centered
value. It is clear that case depth has a linear profile and in-
crease in the same rate with time and power. As is known, due
to edge effect, the case depth has bigger values on edge than in
the middle layer. The case depth value is up to 1.62 mm in the
edge and 1.04 mm in the middle.

Figure 15 describes the average effect of geometrical and
machine parameters on the case depth. The response of case
depth is analogous to temperature distribution and the effects
of variant parameters on it are similar. A small increase in the
machine parameters increases the case depth rapidly while
increasing the geometrical parameters values have the oppo-
site effects. The case depth is higher under these conditions
(75 kW, 0.5 s, Gg=2.4 mm and Wg=6.3 mm), and lower
under the following configuration (70 kW, 0.4 s, Gg=
2.6 mm and Wg=6.7 mm).

5.2 Simulated versus predicted case depths

ANOVA analysis gives the following equations describing
critical case depths dy, di, and d; in function of geometrical
and machine parameters. It can be shown from Fig. 16 that the
predicted and simulated depth values are strongly correlated.
The next part will examine the correctness of the predicted
model equations with experimental results. Figure 16 presents
the scatter plot for case depths at edges and in middle loca-
tions. It is clear that for each measured response value, the
predicted value is close to the diagonal line, due to the low
value of the residuals of the predicted values. For each value
of case depths, the predicted and measured curves are nearly
identical, which explains the good agreement between the
predicted and the measured values.

6 Final experimental validation

Experimental validation tests were done under the following
configurations, illustrated in Table 9. The obtained results
demonstrate that simulation combined to practical tests can
be used advantageously for the development of recipes
intended to develop mechanical components by induction
(Fig. 17).

Figure 18 illustrates predicted and measured hardness
curves corresponding to test 2. Results show that the predic-
tion model and experimental data fit together and that error
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Fig. 18 Predicted and measured hardness curves for Test 2, edge (a) and middle (b)

between the three curves is relatively low and is about 5 up to
19%. The marge of error is smaller for experimental tests
where input power and heating time values are close to those
used in the simulation. Still, the mathematical model is reli-
able for predicting the effect of input parameters on critical
depths and to predict the over-tempered zone profile.

7 Conclusion

The main feature of this study is the great number of simulation
done in order to create a reliable and acceptable model that
predicts the effect of geometrical and machine parameters on
the hardness depth of an AISI 4340 low-alloy steel disc heated
by induction. First, a 2D axis-symmetric model was developed
using Comsol that couple electromagnetic and thermal heating
to create and design the temperature distribution on the disc
after induction heating process. A power and mesh conver-
gence study was carried out to identify and select the best and
typical machine, geometry configuration for the simulation
work. A MATLAB algorithm development has greatly reduced
and optimized the simulation time. Statistical analysis using
ANOVA has demonstrated the on the case depth, which values
were extracted from the final temperature distribution, has
shown great concordance between the mathematical model
and experimental results, with an average error less than 15%.
In summary, the obtained mathematical model implies a very
good ability to predict the hardness and the over tempering zone
when the experimental values are close to simulation parame-
ters input. It is interesting also to expand the developed
MATLAB algorithm and mathematical models on other work
and studies such as optimization problems and working on
complex geometries such as spurs and helical gears.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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