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Abstract - Heat treatment processes are commonly used to 
harden mechanical components. Among the most important 
problems encountered in this type of process are the 
reproducibility and control of the treatment. Id this paper, we 
investigate a way to control induction heating processes through 
the measurement of the instantaneous active power transferred 
to the component. We first model the process using 2D and 3D 
CAD packages, then compare the results of the computation to 
the measurement of the power used in the actual process. 

Steel components of mechanical assemblies are hardened 
in order to increase their lifetime and durability. Induction 
heating is a very efficient way to heat the components [I]. 

For the treatment of long components, such as axles and 
gear shafts, coils that heat the component at once (single shot 
coils) are difficult to build and control. Scanning coils are 
preferred for heating long components. In such a process, a 
coil surrounds the component. The component is moved 
along the axis of the coil. A quenching device follows behind 
the coil, quenching that part of the component that was just 
heated. The heating stage is controlled by regulating both the 
power supplied to the coil and the linear velocity of the 
component passing through the coil [2]. 

To control the process, it is necessary to detect the 
beginning and the end of each component as it goes through 
the scanning coil. Also, to perform a uniform heat treatment, 
it is very important to detect precisely any irregularities in the 
geometry in order to regulate the power supplied to the coil. 

This paper presents a method for detecting the changes in 
the shape of the component through electrical measurements 
performed on the coil. A computation was first performed to 
design and study the process. The results of the computation 
will be compared to measurements performed on the actual 
process. 

II. THE PROCESS 

The component is a gear shaft. Its shape is mainly 
cylindrical except for two notches machined on one side 
along an axis orthogonal to the axis of the cylinder. The goal 
of the process is to harden the material uniformly from under 
the surface towards the inside of the component, up to a 
constant depth of a few millimeters. The component is passed 
through a scanning coil and heated up to a temperature of at 
least 820°C. After being pushed through the coil, the 
component is passed through a pressurized water spray. This 
spray performs the desired quenching. The distance between 
the coil and the water spray determines the holding stage. A 
schematic diagram of the process is shown in Figure 1. The 
geometry of the component is shown in Figure 2. 

The component is made of stainless steel XC42 (0.4% 

Carbon). In this paper, we will only investigate the heating 
stage of the process. 
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Fig. 1: Schematic diagram of the process 

The method suggested to control the process is to measure 
the power supplied to the coil. Before the component starts 
going through the coil, the power dissipated is mainly 
reactive, except for the copper losses in the coil. When the 
component starts going through the coil, the active power 
increases. Similarly, when a change of shape in the geometry 
of the component goes through the coil, the active power 
increases or decreases because of the change occurring in the 
magnetic coupling between the coil and the component. By 
monitoring constantly the active power, it is possible to 
adjust both the power supplied to the coil and the velocity of 
the linear displacement of the component through the coil. 

111. The Modelling 

The frequency of the source used to heat the component is 
10 kHz. The velocity of the linear displacement of the 
component through the coil does not exceed 0.03 mls. The 
velocity does not create any extra eddy currents due to the 
motion effects. 

Because of the temperature dependence of the magnetic 
and electrical properties of the material, the modelling of 
induction heat treatment requires proper accounting for 
magneto-thermal coupling. The thermal sources consist of the 
power dissipated by the eddy currents generated in the 
component being treated. 

Because of the geometry of the component, the problem is 
three dimensional. However, the software tools available for 
solving coupled magneto-thermal problems have only two 
dimensional and axisymmetric capabilities. It was necessary 
to combine the use of a two dimensional CAD package with 
the use of a three dimensional CAD package to compute the 
magnetic and thermal behavior of our process [3]. The 2D 
modelling helped to compute the different parameters of the 
heat treatment. The 3D modelling was performed to study the 
distribution of the power dissipated in the component versus 
the position of the coil. 
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Fig. 2: Component and scanning coil (Phi3D) 

A. Two dimensional FEM magneto-thermal modelling 

Flux2D was used to perform the magneto-thermal 
modelling 141. Flux2D features second order curvilinear 
elements. The program can compute non-linear steady state 
AC problems coupled with non-linear transient thermal 
problems for two dimensional or axisymmetric geometries. 
For the steady state AC part of the problem, Flux2D solves 
the following equation: 

j r a A  t v *((l/p) x v $(A)) = - o v v ) / l  (1) 

where A is the vector potential (complex value), J is the 
source term (complex value), w is the angular frequency, p is 
the magnetic permeability, a is the electric conductivity, 1 is 
the length of the coil and V is the voltage applied between the 
terminals of the coil. 

Both a and p depend on the temperature of the material. 
For the transient thermal part of the problem, Flux2D solves 
the following equation: 

p, (dT/dt) t a (-k V(T)) = Q (2) 

where T is the temperature, t is the time, pCp is the specific 
heat, k is the thermal conductivity and Q is the thermal 
source (eddy current). 

Both p, and k depend on the temperature of the material. 
To take into account the radiation and convection that occur 
during the heating phase, a non-homogeneous Neumann 
boundary condition is applied to the external border of the 
component: 

where h is the convective exchange coefficient, E is the 
emissivity of the surface and a is the Stefan Boltzmann 
constant. 

Here again, h depends on the temperature of the surface. 
However, this temperature dependency is only needed to 
compute the cooling phase. 

Flux2D first performs an initialization of the magnetic 
problem. This actually sets the thermal sources. Using an 
initial time step, Flux2D starts computing the thermal 
problem, iterating back on the magnetic problem to take into 
account the change in temperature. The results of both the 
electromagnetic and thermal problems are stored at the 
completion of each time step. After the computation of three 
time steps, a predictor - corrector algorithm adapts the time 
step to the variation of the electromagnetic and thermal 
phenomena. 

Flux2D features an automatic mesh generator based on the 
Delaunay triangulation method and a semi-assisted mesh 
generator featuring both triangular and quadrangular 
elements. The semi-assisted mesh generator allows the user 
to control completely the mesh. The semi-assisted mesh 
generator was used to perform the meshing in order to insure 
a proper distribution of elements in the skin depth of the 
component and in the coil. The mesh of the thermal part of 
the problem is shown in Figure 3. 

Fig. 3: Mesh in the component 

Flux2D is an  open program. Sources and material 
properties can be described using user developed subroutines. 
For our problem, we developed a subroutine to describe the 
electrical source and the resistivity of the source region. We 
defined a region of the domain representing the path of the 
coil (trace region) obtained when moving the coil along the 
component instead of moving the component through the 
coil. This region was considered as the source of the steady 
state AC problem. 

For computing the problem, we actually moved the coil 
instead of the component. A point of the region trace of the 
coil was either in the coil or in the vacuum at a given instant 
of the process. The user subroutines were used to compute 
the position of the coil at each time step, comparing the 
location of the points of the region trace to the position of the 
coil and energizing the points if found inside the coil at the 
current time step. 

Another subroutine describes the water spray producing 
the quenching just behind the coil. The water spray and the 
coil were moving at the same velocity. Thus the three stages 
of the heat treatment, heating, holding and quenching, were 
included in the same problem. The results presented here 
show the three stages of the heat treatment but, in this paper, 
we will concentrate more on the heat cycle and its control. 

Fig. 4: Isothermal lines for 2 positions of the coil (FIUBD) 

Figure 4 shows the isothermal lines for two positions of the 
coil: one before the notches on the gear shaft, the other one 
centered on the notches. Note that behind the coil, the hot 
zone is not at the surface of the region but inside, mainly ' 

because of the quenching. 
Figure #5 shows the variation of the temperature versus 

time at a test point, 1.25 mm below the surface of the 
component. We can check that the maximum temperature 
reached at this point exceeded 820 "C. We have achieved our 
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objectives. The variation of the power dissipated inside the 
domain was also computed for comparison with the results 
of the three dimensional problem and with the measurements. 
The variation of the dissipated power versus the position of 
the coil is shown in Figure 6. However, we treated the 
problem as  a two-dimensional problem (not even 
axisymmetric) and this curve is more qualitative than 
quantitative. Note that, as the coil moves over the notches, 
there is a drop in the active power dissipated in the 
component. We will check with a three dimensional 
modelling that this power drop has a magnitude large enough 
to be measured. Also, we need to check how precisely we can 
locate the notches from the reading of the power dissipated in 
the domain. 

220 

time (s) I d L  20 0 50 100 150 200 

Fig. 5: Temperature vs. time at test point (Flux2D) 

Fig. #6: Power dissipatedvs. position of the coil 

B. Three dimensional BEM high frequency AC modelling 

We model the actual three dimensional geometry using 
Phi3D [5]. Computations are made using a high frequency 
formulation described hereafter. 

Our problem is to compute the magnetic field H through 
the air surrounding the conducting region (component to 
heat). In the air, a common way of proceeding is to break 
down the field H into two parts: 

H, : the source field. This is the field due to the 
current of the coil exclusively. It is computed using 
the Biot-Savart law. 
Hi : the induced field. This field is due exclusively 
to the eddy currents. It is the gradient of a scalar 
potential 4. We can then write:AV = 0 (Laplace's 

equation). 
Work by Krahenbiihl et a1 [6] shows that the Laplace 

equation is equivalent to the Boundary Integral Equation 
(l3.I.E.): 

p(p) =J[m(Q)* [~p(Q)/6nl-Pm(Q)/6nl *GP(Q)1ds (4) 
s 

where G represents the 3D Green function, s represents the 
surface defining the air region (surface of the conductors) and 
Q represents a point of integration located on the surface s. 

For high fiequency problems, the value of the skin depth is 
small compared to the dimensions of the conductors. We can 
assume that H is tangential to the surface of the conductors 
and constant. This leads to the following boundary condition 
171: 

where n is the unit vector normal to the surface where the 
boundary condition is applied (surface of the conductor), 6 is 
the skin depth and p, is the relative permeability of the 
conductor. 

From the B.I.E., it is possible to compute I$ and H on the 
surfaces of the conductors and anywhere outside the 
conductors. 

Fig. 7: Current distribution for one position of the coil 

As the frequency approaches infinity, the value of the skin 
depth approaches 0. The eddy currents flow only along the 
surfaces of the conductors. The conductors act as a perfect 
magnetic shield. There is no field inside the conductive 
regions. The boundary condition becomes (usually referred to 
as "the infinite frequency boundary condition"): 

The current density along the surface is: 

where Hotg is the tangential component of the source field 
along the surfaces of the conductors. The active power 
dissipated in the conductor is: 

(8) 
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where Ha, is the tangential component of the magnetic field 
along the surfaces of the conductors. 

The current distribution along the surface of the axle and 
on the surface of the coil, resulting from the 3D computation, 
is shown in Figure 7. The shades of gray extend from black 
(no current), to almost white (maximum magnitude of 
current). Note that when the coil covers the tooth between the 
two notches, there is almost no power dissipated at the 
bottom of the notches. To heat the entire surface of the 
notches, we will have to slow down the motion of the 
component through the coil and/or move the coil to an off- 
center position. The variation of the power dissipated versus 
the position of the coil is shown in Figure 8. The value of the 
power drops by 18% as it passes over the notches. Note that 
we cannot detect that there are actually two distinct notches. 
This is due to the size of the coil which is too wide compared 
to the size of the notches. A smaller coil would be able to 
pick up variations and locate the tooth between the notches. 

These computations confirm what we predicted from the 
2D analysis. The last part of our work was to build the device 
and measure the power dissipated inside the domain as a 
function of the position of the coil. 

To check the accuracy of what we computed by numerical 
modelling, we performed the actual heat treatment process of 
the gear shaft. The coil was moved at a velocity of 30 mm/s. 
Such a speed does not generate any appreciable eddy current 
due to the motional effects. The power supply delivered a 
constant voltage of 4.5 V at a frequency of 200 kHz at the 
terminals of the coil. At 200 kHz and 20°C, the skin depth in 
the gear shaft is less than 1 mm. The diameter of the shaft is 
13 mm. 

Fig. 8: Power vs. position - 3D modelling (--) and measurements (+) 

The voltage at the terminal of the work coil (part of the 
coil surrounding the component only) and the current through 
the coil were measured using hardware specially developed 
for this type of process. The hardware includes a current 
transformer and a device for sampling the voltage and the 
current and computing the power [8]. The power was 
computed by integration: 

f 

where T is the period of the source (llfrequency), u is the 

instantaneous value of the voltage and i is the instantaneous 
value of the current. 

The active power versus the position of the coil was 
recorded. Figure #8 shows the two curves of variation of the 
active power versus the position of the coil for the 3D 
modelling and the experiment. The value of the power 
obtained through 3D modelling is slightly different from the 
measured power. This is due to  the fact  that in the 
experiment, we measured the power dissipated inside the full 
circuit and not only inside the component (gear shaft). 
However, the relative variation of the power when the coil 
goes over the notches is 4.8% when computed with the 3D 
modelling, and 5% when measured. The measurement 
matched the results of the 3D modelling in general shape 
with a surprising precision. 

We have shown how it is possible to solve complex 
modelling problems, in our case a three dimensional 
magnetothermal problem with a moving source, through the 
combined use of different modelling tools (2D Finite Element 
and 3D Boundary Element programs). 

Measuring the active power transferred by the coil is an 
efficient way to detect changes in the shape of components 
being heat treated with a scanning coil. It gives accurate 
measurements and does not require any modification of the 
process itself. The measurement of power can be used to 
control the power supplied to the coil, the linear displacement 
of the component and eventually displacements of the coil for 
correcting the coupling. 
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