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Thermal Analysis of Steel Blade Quenching by
Induction Heating

Yoshihiro Kawase, Member, IEEE, Tsutomu Miyatake, and Katsuhiro Hirata, Member, IEEE

Abstract—This paper introduces a computational method for
predicting the temperature characteristics of steel quenching
by induction heating. In this method, an eddy current analysis
is coupled with a thermal analysis using the 3-D finite element
method. The nonlinear characteristics of the electric conductivity
of steel is taken into account. The validity of this method is
confirmed through the comparison with measured results when
applied to a steel blade quenching of an electric shaver.

Index Terms—Eddy current, induction heating, thermal anal-
ysis.

I. INTRODUCTION

T HERE are some kinds of instant quenching methods; the
electric heating by high power voltage source, the induc-

tion heating by high frequency power source, and so on. The
induction heating equipment, which generates an eddy current
in the conductor by high frequency current, is thought to be suit-
able for the use of local heating. Then, this method is adopted
so that the steel blade of a shaver can be locally and uniformly
quenched because the hardness of the steel is greatly influenced
by heating conditions.

It is very important to obtain the optimal specification and
conditions of the heating equipment by the analytical approach,
authors have been studying the coupled problem of the magnetic
analysis and the thermal analysis [1].

In this paper, nonlinear characteristics of the electric conduc-
tivity of steel blade is taken into account when partially heated
up to about C. The effectiveness of this method is clari-
fied though the comparison with the measured results when ap-
plied to obtain the temperature distribution of the steel blade
of a shaver by induction heating quenching. Furthermore, the
influences of the ferrite cores and the coil shapes on the mag-
netic flux, eddy current and temperature distributions of the steel
blade are clarified.

II. A NALYSIS METHOD

A. Current Vector Analysis

A model with complex shape makes it difficult to precisely
analyze the distribution of the current vector in the finite element
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analysis. Therefore, the current density vector [2], [3] for each
element should be computed beforehand using (1)

(1)

Here, is conductivity, is current vector potential, and is
current density.

B. Eddy Current Analysis

In the next step, eddy current analysis is carried out using (2)
to obtain the Joule loss.

(2)

Here, is permeability, is the magnetic vector potential,
is the current density obtained by (1), is the eddy current
density, and is the electric scaler potential.

C. Transient Thermal Analysis

Transient thermal analysis is carried out using Joule loss den-
sity above obtained as a heat source. The fundamental equation
of thermal analysis is as follows,

(3)
Here, is the temperature, , , and are the thermal
conductivities in , , and directions, respectively, is the
material density, and is the specific heat. is the Joule loss
obtained by the equation (4).

(4)

In this analysis, the nonlinear characteristic of the electric con-
ductivity is taken into account so that the CPU time can be saved
as follows.

Some patterns of Joule loss according to the electric con-
ductivity are beforehand prepared, and this value is changed by
linear interpolating approximation using these patterns.

The electric conductivity at temperature taking into ac-
count the temperature rise is derived from the following equa-
tion.

(5)

Here, is the temperature rise, and are the electrical
resistivity and the temperature coefficient at C, respectively.

III. A NALYZED MODEL

Fig. 1 shows the analyzed model used in this study. The steel
blade of this model has 28 convex parts (27 concave slits). The
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Fig. 1. Analyzed model.

TABLE I
PROPERTIES OFCONSISTINGMATERIALS

quenching equipment has four ferrite cores set under the blade
so that the magnetic flux can be concentrated on the tips of the
blade and the eddy current efficiently can flow in the blade. One
turn coil made of copper have a copper tube for water cooling.
The input supply is a sinusoidal voltage of 293 V with a fre-
quency of 348 kHz. The electric conductivity, the thermal con-
ductivity, specific heat, and material density of each part are
showed in Table I. The heat transfer and the room temperature
is assumed to be 30 W/mC and 25C, respectively.

IV. RESULTS AND DISCUSSION

A. Comparison with Measured Results

Fig. 2 shows how temperature changes over time with actual
measured values. Both results have a good agreement as shown

Fig. 2. Time variations of temperature.

Fig. 3. Temperature distributions in steady state.

in this figure by taking the nonlinearity of the electric conduc-
tivity into account.

Fig. 3 shows the temperature distribution of each part in
steady state. This figure clearly shows that the temperature
near the center of the blade is about C higher than that
around both edges. Table II shows the discretization data and
CPU time.

B. Influences of Cores for Magnetic Flux Concentration

Fig. 4 shows the distributions of the magnetic flux density
vector around steel blades of which models are with and without
ferrite cores at the phase angle of 90 degree. It is found that the
magnetic flux density of the model with cores (basic model)
is greatly higher than that of the model without cores (simple
model), but the temperature distribution of the basic model is
not uniform in the blade compared with the simple model be-
cause of the magnetic flux concentration. Figs. 5 and 6 show
the distributions of eddy current density vector of both models.
As shown, the eddy current density of the basic model is also
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TABLE II
DISCRETIZATION DATA AND CPU-TIME

Computer Used: Sun Microsystems Ultra 1 Model 170

Fig. 4. Distributions of magnetic flux density vectors.

greater than that of the simple model because the eddy current
density is proportional to the magnetic flux density. It is found
from Fig. 6 that the eddy current concentrates in the blade above
four ferrite cores. Fig. 7 shows the temperature distribution of
steel blade of the simple model in steady state. Fig. 8 shows the
temperature characteristics of the basic model compared with
the simple model. As shown, the temperature of basic model
is about C higher than that of the simple model. In both
models, the temperature near the center of the blade is compar-
atively higher than that around edges.

Fig. 5. Distributions of eddy current density vectors.

Fig. 6. Distributions of eddy current density vectors.

Fig. 7. Temperature distributions of simple model in steady state.

C. Influences of Coil Shape

Figs. 9, 10 and 11 show the distributions of magnetic flux
density vector and eddy current density vector around the steel
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Fig. 8. Influence of cores on temperature.

Fig. 9. Distribution of magnetic flux density vectors.

Fig. 10. Distribution of eddy current density vectors.

Fig. 11. Distribution of eddy current density vectors.

blade at the phase angle of 90 degree when the neighborhood
of center of the coil is shaved round. It is found that there are
not so much differences in these distributions of the steel blade
compared with the basic model whether their coils are shaved
or not. Fig. 12 shows the temperature distribution of each part in
steady state. Fig. 13 shows the comparison of temperature char-
acteristics between the basic model and the coil shaved model.
As seen in this figure, the maximum temperature of the coil
shaved model is higher than that of the basic model, but the min-
imum temperature of the former greatly drops compared with
the latter.

Fig. 12. Temperature distributions of coil shaved model in steady state.

Fig. 13. Influence of coil shape on temperature.

V. CONCLUSIONS

This paper introduced a computational method for predicting
the temperature characteristics of steel quenching by induction
heating. This method was applied to the steel blade quenching
of an electric shaver. As the result of that, the computed results
had a good agreement with the measured ones by taking the non-
linearity of the electric conductivity into account. Furthermore,
the influences of the ferrite cores and the coil shape on the mag-
netic flux, eddy current and temperature distributions of the steel
blade were clarified.
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