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The paper concerns analysis of gears hardening process. In order to obtain required temperature distribution sev-
eral variations of single and ¢ ombined frequencies for selected gear-wheel c onfigurations were considered. The
paper includes the calculation models and analy sis of geometry and current intensity as well frequency influence
on temperature distribution of the t ooth surface. All calculations ha ve been carried out b y means of the use of
Flux3D simulation program, which enables to provide, coupled electromagnetic and temperature fields analysis.
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INTRODUCTION

The quality of the production process is evaluated
basis on multiple criteria. Proper hardening of irregu-
larly shaped work-pieces in contrast to a cylindrical
shape is not an easy task. Method that can connect eco-
nomic and ecological values for higher product quality
is the induction hardening. Heating should provide an
optimal temperature field, that is, uniform temperature
in the surface of the tooth and the notch (above the tem-
perature required for hardening), while the deeper lay-
ers should remain in the lower temperature, respective-
ly. This makes it possible to obtain high hardness of the
tooth surface while keeping some flexibility of the core
wheel [1].

Obtaining the desired temperature distribution is not
a simple issue. In order to achieve that inductors are
often used by of sophisticated shapes. This solution is
uneconomical (high cost of implementation) and not
very universal (the inductor fits only a specific type and
size of the wheel). Heating process can be made much
easier by using the classical cylindrical inductors, but in
such case it is very difficult to obtain required tempera-
ture field distribution. Usage of two, (or more) frequen-
cy of current can drastically improve the solution [2, 3,
4]. However, sometimes, the use of a cylindrical induc-
tor is not possible. The results of quenching depend also
on the number of teeth, height, or length of the tooth.

RESARCH DESCRIPTION
AND CALCULATION MODEL

The basic parameters are frequencies of induction
heating and the heating time. They allow to control the
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temperature distribution, which must be adapted to the
contour of hardness, which should be obtained. In the
case of gears, hardening takes place on the surface: this
applies to both the side surface, and the tooth tip and
root. With such a complex geometry obtain the desired
surface temperature distribution is difficult. Quenching
with use of the classical loop inductor produces large
differences of temperature between the tip and root
tooth. For the surface heating different treatments
should be used. One of them is the use of multistage
heating, using the inductor current of different frequen-
cies [3, 4, 5,]. The final result depends on many param-
eters of such a process. In the simplest two-step process
of heating the main parameters are:
* Heating time during stage 1 and 2,
* The frequency of the supply current in the inductor
during stage 1 and 2,
+ Final temperature of selected surface points obtained
after stage 2,
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* Geometrical parameters of inductor (height, depth,
position),

* The distance between the tip of the tooth and the
coil.

In order to full analyze of the problem all possible
combinations of several values of the selected parame-
ter should be done. This requires an analysis of many of
variants. In this project an attempt to analyze the impact
of selected parameters for a single gear on the quench-
ing process was made.

The paper concerns analysis of inductor position and
height of the coil on the temperature distribution on the
tooth surface. Due to symmetry of calculated objects
analysis was conducted only for a small part of gear
(quarter of a tooth). Analyzed area is shown in Figure 1.

The object of research is a gear. In all cases the of
outer radius has 31,5 mm, 11 mm of inner radius and 6
mm of height. The wheel consists of 48 teeth and is
placed inside of circular, one-turn inductor [6].

Depending on calculation variant the air gap be-
tween top of the tooth and inductor was between 5 to 10
mm and inductor was between 3 to 7,2 mm of height.

Calculations were carried out with the use of Flux3D
program (version 9). In induction hardening process
medium or high frequency usually is used. For test pur-
poses 10 kHz is taken as medium frequency and 100
kHz as high frequency. Such high frequencies causes in
strong skin effect. It is necessary to generate mesh with
high element density in outer parts of wheel, because
most of the power is produced in these parts. In the most
important parts regular mesh of second order is used. To
reduce number of elements the inductor winding was
modeled as stranded coil.

In calculations pair of potentials is used: 7" and ®
according to the following equations [7]:

Wheel (charge) area:
J=rotT (1)
H=T- grad® 2)
Air area:
H=H, - grad® 3)

where: J — eddy current density, 7'— vector potential of
electric field, @ — scalar potential of magnetic, H — mag-
netic field intensity, H - magnetic field intensity calcu-
lated according to Biot-Savart law.

Boundary condition ®=0 is taken on outer border of
the model, which is a result of magnetic field disappear-
ing in big enough distance from heating system. Due to
teeth symmetry on both its sides symmetry boundary
condition was adopted (tangential magnetic field).

In high frequency calculations method of surface
impedance is used, skin depth & is too low to generate
mesh of good enough quantity. Method of surface im-
pedance is an assumption of power (and heat) genera-
tion only on wheel surfaces. In this case on surfaces fol-
lowing (4) border condition is adopted:

nxE=Z nx(nxH) 4)
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where n is normal vector to considered surface, E-elec-
tric field intensity and Z-complex surface impedance
calculated according to equation (5) (p-electric resistiv-
ity of the charge):

Z=(14))p/d )

Thermal field calculations were conducted for tooth
area only. Thermal field analysis basis on Fourier-
Kirchhoff law (6) [8, 9]:

V-(lVT)=pc%—w (6)

where: T — temperature, A - thermal conductivity,
w= p\J °_ volumetric power density.

Heat transfer between charge and air includes con-
vection and radiation and is taken into consideration

It is no easy to estimate values of convection coef-
ficient and emissivity because of fast rotating of the
gear and proximity of inductor. Base upon review refer-
ences o, = 20 W/(m’K) and & = 0,5 was taken for the
calculation.
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Figure 2 Location of temperature paths

The calculations take into account heating with use
of two-step process, during the first step medium fre-
quency is used and then high frequency. During harden-
ing process temperature distribution is very important,
so as results temperature field distribution and tempera-
ture in chosen points were monitored. Positions of these
points are shown in Figure 2.

CALCULATIONS RESULTS

In this part of the paper influence of the geometrical
parameters on temperature distribution of tooth surface
was considered. The calculations consist of several var-
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iants depending on variable parameter. Symbols’ mean-

ing used in calculations is described below:

 f,— frequency of inductor current during medium
frequency (MF) stage (10 kHz),

* t,—heating duration of MF stage (1,5 s.),

* [, —intensity of inductor current (MF) (7 500 A),

* f,— frequency of inductor current during high fre-
quency (HF) stage (100 kHz),

* t,—heating duration of HF stage (0,2 s.),

* I, —intensity of inductor current (HF) (3 600 A),

* k- tooth length (5 mm),

* n—teeth number (48),

* T, — maximum temperature after MF stage (=700
°0),

e K —tooth height (6 mm),

* 7 — gear radius (26,5 mm),

* i—inductor height. (3 + 7,2 mm),

* a - distance between the tooth and the inductor (5 +

10 mm).

These last two parameters (i and @) describe calcula-
tion variants.

All heating processes consist of two stages. During
first stage medium frequency (MF) of inductor current is
used. When it is finished, final stage is carried out with
use of high frequency current (HF). The picture (Figure
3) shows final temperature distribution on the tooth sur-
face. The graphs (Figures 4-6) show the temperature
value in the selected measurement paths. Temperature
values are presented on the surface of the tooth (paths A
& D), 0,2 mm from the surface of the tooth (paths B & E)
and 0,4 mm from the surface of the tooth (paths C & F).
Temperatures are shown on the edge of the tooth (paths
D, E, F and G) and in the quarter of the tooth (paths B and
C). In addition, the temperature is determined at points
along the tooth (path G (Figure 2)).

Change of distance between the tooth
and the inductor

The first parameter that changes during the experi-
ment was the distance between the tooth and the induc-
tor. To obtain correct temperature with the change of
gap, also the power supply current value was changed,
and have values as follow:

I, =75kA, I,=3,6kA

I, =82KkA,I,=3,6 kA

I, =9KkA,[,=3,6kA

Variants of this part of experiment are described in
Table 1.

Table 1 Simulation parameters

Variant a - distance between the tooth and the inductor,
i —height of inductor
al-il a=5mm i=7,2mm
az-il a=7,5mm i=7,2mm
a3-il a=10mm i=7,2mm

METALURGIJA 52 (2013) 2, 235-238

e R PRZYEUCKI et al.: INDUCTION HEATING OF GEARS - PULSING DUAL-FREQUENCY CONCEPT [

Change of height inductor

Another parameter that changes during the experi-
ment was the height of inductor. Description of consid-
ered variants contain Table 2. In order to meet the con-
ditions of heating wheels, with the change height of in-
ductor, also changed the power supply current value:

I, =75kA,I,=3,6kA

I, =74KkA,I1,=3,6kA

I, =74KkA, I =36KkA

Table 2 Simulation parameters

Variant a - distance between the tooth and the inductor,
i—height of inductor

al-il a=5mm i=7,2mm

al-i2 a=5mm i=45mm

al-i3 a=5mm i=3mm

The last parameter that changes during the experi-
ment was the distance between the inductors and the
gear (Table 3).

I, =75kA, I =3,6kA

I, =T7T4KkA,I,=38kA

I, =74KkA, I =4kA

Table 3 Simulation parameters

Variant a - distance between the tooth and the inductor,
i —height of inductor
az2-il a=7,5mm i=7,2mm
a2-i2 a=7,5mm i=4,5mm
a2-i3 a=7,5mm i=3mm

Figure 3 Variant a1-i1 - surface temperature after time 1,7s
(1,5s+0,25)
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Figure 4 Effect of distance between the inductor and the gear
on the temperature value for the path A
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Figure 5 Effect of height of inductor on the temperature value
for the path D
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Figure 6 Effect of distance between the inductor and the gear
on the temperature value for the path G

CONCLUSIONS

Analysis of the induction heating process of gear
wheels seems to be a very complex process. This is
mainly because of the large number of parameters that
have a decisive influence on the final result. In addition,
necessity of multiple calculations and change of the se-
lected parameter in order to achieve the assumed tem-
perature causes the large number of calculations.

For hardening process surface temperature of the
tooth should be constant. Unfortunately in all cases
tooth tip achieve higher temperature than its root. This
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difference is connected with parameters showed in Fig-

ures 3 - 6. The main conclusions are:

» Shifting inductor from the wheel has influence on
the uniformity of heating of the tooth wheel. With
increasing distance between the wheel and the in-
ductor, the tooth is heated more uniformly (Figure
4);

* Height of “non meshed” coil has small influence on
the uniformity of heating of the tooth (Figure. 5);

* By using a pulsing dual-frequency concept (f,-10
kHz, f,-100 kHz) is achieved heating the tooth sur-
face. In our case, a distance of 1 mm from the tooth
surface temperature decreases by about 200 °C (Fig-
ure 6).

Application of pulsing dual-frequency concept heat-
ing increases control of temperature field distribution
by changing the electrical and geometrical parameters.
The resulting non-uniformity of temperature in selected
points is about several percent.
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