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Abstract

Abstract: The magnetic properties of magnetic materials are considerably changed near
the Curie temperature. The consideration of the temperature dependence of the B-H
curves and iron loss curves is necessary for the precise analysis. In this paper, the
measuring method of magnetic properties at high temperature using ring specimens is
examined, and a technique to improve the accuracy is investigated. The eddy current
and temperature distribution of an induction heater are analyzed considering
temperature dependence of magnetic characteristics which is measured by us.

It is shown that the calculated values of temperature are in good agreement with
measured values.
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1. Preface

The BH characteristics of magnetic materials such as billet used to produce the while axis of
automobiles varies with temperature. Especially near the Curie temperature where the permeability
dramatically decreases. The temperature inside billet varies with time. Therefore, a coupled analysis of
the eddy currents and temperature needs to be performed using the material constants such as
permeability, resistivity, and specific heat for the temperature in each area for each time step to utilize a
coupled analysis that takes into account the variations of the permeability distribution in billet versus time.
(DMaterial properties for high temperatures need to be used when analyzing the characteristics of
electromagnetic devices used in vehicles because vehicles can reach temperatures of more than 150
degrees Celsius. ® There are very few examples measuring material properties at temperatures near the
Curie point. Therefore, this research considers methods to measure material properties at Curie
temperatures using ring specimens and investigates the accuracy of the results. Furthermore, problems in
measuring this phenomena is examined, such as methods for raising temperatures during measurement.

In this paper, the magnetic characteristics of various materials are measured using a measurement
system for measuring magnetic characteristics at high temperatures, and then describes the differences of
the magnetic characteristics that occur in the materials at high temperatures. In addition, a coupled
thermal and magnetic field analysis of a billet heater, which is used as the induction heating devices, is
performed and the couple analysis procedure as well as the eddy current loss and temperature versus time
for each part inside the billet are clarified. The validity of the simulation results are examined by
comparing actual measured values. The temperature dependency of the BH curve is considered by
comparing results that account for the temperature dependency of BH curves and those that do not.

2. Examining Methods for Measuring Magnetic
Characteristics of Magnetic Materials at High

Temperatures

<2.1> Creating a Test Piece to Measure at

High Temperatures

The insulation of the electric wire and test piece
need to be innovated so that they are not ruined at (a) External appearance
temperatures such as the Curie point of steel.
Therefore, a ring specimen was created using a
guard vessel and heat resistant insulation tap. The
guard vessel indicated in Fig. 1 is a ceramic C -
material that can withstand temperatures of up to =
1000 degrees Celsius with 4 ring specimens (inner
diameter: 70 mm; outer diameter: 100 mm) of
non-oriented electromagnetic steel sheet inside. | 124 »!
The ring specimens are extracted by using a wire
cut that accounts for the effects of stress. The test
piece that was created is indicated in Fig. 2. The
white tap covering the exterior is thermal resistant (b) Container diameter
tape providing insulation up to 1000 degrees
Celsius. The exciting coil is wrapped with
insulation every turn to withstand the heat. The tap
is also warped between each test piece. A
cross-section of the test piece that was created is

Fig 1. Conservation container
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indicated in Fig. 3.

The cross-sectional area of the B coil used to examine
the magnetic flux density of the test piece because the
thermal insulation tape is used to reinforce the test piece
and insulation of wire for this research even though the B
coil is usually wound directly to the test piece.

The insulation tape is warp around the outside of the
protection container to make compensating for the air gap
easier by confirming the cross-section of the B coil.
Furthermore, the B coil has 20 turns using wire that has a
diameter of 1 mm. The exciting coil producing the
magnetic field is wound using 70 turns wrapping thermal  Fjg 2 Test piece to measure at high temperatures
insulation tape after each turn by manually
operating an automatic toroidal coil winding . . exciting coil .
machine model 100 (TAGA CO. LTD) using | ceramic porcelain ® B coil
wire that has a diameter of 1.4 mm. [T,

<2.2> Measuring Method r

A block diagram of the measuring system ! Specimen

that was used is indicated in Fig. 4. The
exciting frequency is 50 Hz. The magnetic flux
density B is obtained by importing data

heatproof insulation tape

calculated by amplifying the induced voltage Fio. 3 Cross-section of test niece
detected in the B coil using a single amplifier .
and converting with an A/D converter to a (ELK-7000-D-SP) (NF-3627) (NF-4S20N) ransiormer

computer, and then integrating using the
discrete Fourier transform. The magnetic field
intensity is also obtained using the excitation
current method from the current flowing in the
shunt resistance. The test piece is placed in the
furnace indicated in Fig. 5 and the coil and

thermocouple are connected by innovating the sampling

D/A ower
converter [:] filter [:]attenuatorm a'r)npliﬂer [::?lé:__

IEEE-488 bus (GP-IB) computer
(P4-2.8G+VEE)

trigger pulse

(BIOMATION 2202A)

clock pulse
generator

shunt resistor

furnace door. A/D (NF P-62A)
converter signal ! ‘Tagnetizin
ELK-7121 (NF P-62A)

(DL-750) = specimen

) ) Fig. 4. Measuring system
<2.3> Compensating for the Air Gap

The B coil detecting the magnetic flux density in the test piece has an air gap between the B coil and
the test piece because the thermal insulation tape is wrapped around the guard vessel for the reasons
described in <2.1>. Therefore, the magnetic flux flowing the air gap in the B coil is included in the
magnetic flux Bmea detected by the B coil. Evan though the magnetic flux can be obtained using the
magnetic flux passing through the test piece, the magnetic flux density needs to compensate for the air
gap because the induced voltage caused by the flux passing through the air gap is also output to the B coil.
Therefore, the magnetic flux ®spe passing through the test piece is obtained by subtracting the magnetic
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Thermomaznetic 1
Execiting coil

Fig. 6 Furnace door

Fig. 5. Furnace increasing temperature

flux passing through the air gap from teh flux
linkage in the B coil using equation (1), and then
the magnetic flux Bspe in the test piece is obtained
using equation (2). V©®

Dy = BeSspe = Mo oS ai
spe mZLIprL Ho mcaSalr (1)
)
_ spe
B.vpe - S
spe (2)

Sspec is the area of the test piece's cross-section,
Sair is the area of the air gap's cross-section, and
Hmea is the magnetic field intensity that is measured.

12
LIS —-mc

—B-800C
L1

<2.4> Accuracy of Measurements for Curie < 105 F 9

Temperatures 1
095
This section describes the validity of compensating 0.9
for the air gap described in <2.3> is examined. The 0 0.002 0004 0006  0.008

results of the relative permeability measured above
the Curie temperature are indicated in Fig. 7. The
relative permeability obtained by compensating for
the air gap measures approx. 1.03 with a 3% error. Fig. 7. Relative permeability above Curie
temperature (35A250/50 Hz)

Bn[T]

First, the difference between the average length of
magnetic paths that were measured and the actual length of the magnetic paths is examined to investigate
the cause of the error. The magnetic field intensity, H, above the Curie temperature without magnetic
properties is indicated in Fig. 8. The average length of the magnetic pathway, Lmean, is 0.2669 m which
can be calculated with equation (3) using r; as the interior radius and r, as the exterior radius.

Lmean =7 (1 +1y) 3)
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If the ampere turns of the coil for the magnetic flux intensity, H, at the point of radius r in the test piece is
NI, the actual width of the magnetic pathways is 0.2640 m which can be calculated using equations (4)
and (5).

! f Hdr &)

nh—n+

Leff =

H=NI2m ©)

This indicates a error of 1.1% between Lmean and Leff above the Curie point.

The steel expands at a constant expansion coefficient
as the temperature rises. Therefore, the cross-sectional
area of the test piece varies as it expands with rising
temperatures. The cross-sectional area of the test piece
is 21.41 X 10°m’obtained using the expansion
coefﬁcient of steel (0.09968) at 800 degrees Ce.ls.ius, irudioe of425mm)  © - frytine of 2 05um
which has a 2% difference from the original ' :
cross-sectional area for the test piece of 21.0 X 10°m’. W\

A 3% error can be expected based on the two 1
evaluation results above. Further examination of the R T w A
measurement accuracy between room temperature and Fadius fom]

the Curie point is necessary in the future.

e
o
=

i
L Raryze of sample
i
i

N

Legrth of wrerage heepath 1oy -:ct’mei:'lmgfb.n{pwh

e
=
=

1am

Force of magpetic field H [A/m]

11

Fig. 8. Width of magnetic pathways

<2.5> Examining the Raising Temperatures

Measurements at each of the various temperatures
are not feasible because it would take approximately a

week of continuous measurements. Therefore, the s b = lat.
temperatures could be measured by raising the o | s Ind
temperature after measuring up to a certain point and  _ g | m AT
the reducing the temperature. The measurements were - 50

performed by raising the temperature to T; degrees Emu -
Celsius, and then lowering the temperature. The next — © a0 |

day the measurements were performed by raising the a0 r

temperature to T, degrees Celsius, and then raised gain o

to T, degrees Celsius (T,>T;) to see if there is a 0

difference in the results. ® 0 5 L P I A
The measurements were taken for the temperature

pattern indicated in Fig. 9 for a frequency of 50 Hz up Fig. 9. Temperature pattern

to the Curie temperature of (770 degrees Celsius).
More specifically, the temperature was first (1st time)
raised to 100 degrees Celsius (Tigp, O mark), and then the temperature was lowered to room
temperature before raising the temperature to 100 degrees Celsius (Tjpo*, @ mark) again (2nd time).
The measurements were then taken by raising the temperature up to 200 degrees Celsius (T,g0) and
the results were reviewed to see if there was a difference in Ty and Tgo*.
The relative permeability, u s, measured the 1™ time (T100, Taoo' -) is indicated in Fig. 10(a) and the
difference between the results, 11, measured the 1% and 2™ time are indicated in Fig. 10 (b) (n=100,200

Measredresutt for T
= {[—'] - l}xlEIEI
Iffeanmed Tesult for 'j'"_
(6)

1 is within 5% for the relative permeability. The results measured the 2™ time are larger. The relative
permeability at the Curie point indicated in Fig. 11 are accurate considering the measurements the 1* and
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40000

2" time are almost p=1. 35000 | e
The difference in the measured values comparing the 30000 —300C

2" time to the 1% time at the next lower temperature has . oo | e

an error within 10%. This method can be applied to 15000 f ——e00C

measure the raising temperatures because the error will '2222 i 7o0e

not drastically change the characteristics when o

evaluating the temperature characteristics of magnetic

K B, [T]
materials.

(a) 1** time (T100, T200...) results

3. Magnetic Properties of Magnetic Materials at

High Temperatures
——100C
<3.1> Magnetic Properties of Various Magnetic ——200C
Materials - - 300:C
S —x- 400°C
The BH curves of cooled rolled steel sheet SPCC = ——500C
(thickness: 1 mm), rolled steel for general structures ——600°C
SS400 (thickness: 0.6 mm), non-oriented ——700C
electromagnetic steel 35A250 (thickness: 0.35 mm),
and 6.5% Si steel sheet are indicated in Fig. 12. The “ B[T)]
relative permeability, s, that was measured is indicated
in Fig. 13. 7?” The temperature dependency of the (b) Comparing 1 and 2™ time

relative permeability, g, is indicated in Fig. 14. The

. o . Fig. 10. Relati ilit
way the relative permeability varies as the temperature ig. 10. Relative permeability

raises differs depending on the material as indicated in a |
Fig. 13. The magnetic flux gradually decreases as the - ARG lst, )
relative permeability reaches a maximum when the 15T —=- TG and.)
temperature rises for 35A250 and 6.5% Si and the = o
magnetic flux has a maximum of approx. 0.25 T at e | i

700 degrees Celsius. On the other hand, the magnetic s b

flux at the maximum relative permeability up to 600

degrees Celsius is roughly 0.8 T without varying and 0

remains at approx. 0.6 T even at 700 degrees Celsius. ] 0002 00 omd 000
The temperature and g increases at 0.25 T and a line £

similar to the Hopkinson effect, as indicated in Fig. 14.
The temperature and g increase at 0.8 T In materials
that has a very low g such as SPCC, but the temperature and g vary little as the magnetic flux density
increases in material with a high z such as 35A250. Furthermore, the temperature and g4 decrease for
both materials at 1.5 T.

The iron loss that is measured is indicated in Fig. 15 and the iron loss versus temperature is indicated in
Fig. 16. The iron loss decreases with the temperature regardless of the size of the magnetic flux density,
but the ratio iron loss is reduced by temperature is larger for SPCC. The separated results of the iron loss
at 50 Hz are indicated in Fig. 17. The hysteresis loss decreases with the temperature raises. Therefore, the
hysteresis loss is a phenomenon that increases at lower temperatures ®®. The eddy current loss also
decreases with the temperature, but the conductivity decreases at high temperatures, as indicated in Fig.
18.

Fig. 11 Relative permeability at 700 °C
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(d) 6.5% Si steel

Fig. 12 Temperature characteristics of BH curve

(d) 6.5% Si steel

Fig. 13. Temperature characteristics of permeability
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Fig. 14. Variations of permeability by temperature
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Fig. 15. Temperature characteristics of iron loss

The SPCC is thick in this testing and has a ratio of eddy currents in all of the steel sheets that is larger
than the 6.5% Si. The SPCC also has conductivity that varies largely by temperature as indicated in Fig.
18 (approx. 2 times 6.5% Si). Therefore, the iron loss decreases largely with the temperature for the
SPCC.
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Fig. 16 Variation of iron loss by temperature Fig. 18 Temperature characteristics of conductivity
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Fig. 17 Temperature characteristics of hysteresis loss and eddy current loss

<3.2> Effects of Magnetic Characteristics at Room Temperature

The magnetic characteristics are measured by raising the temperature by 100 degree
Celsius until the Curie point is reached, and then measuring again after the test piece has
cooled to room temperature naturally to investigate the effects on magnetic characteristics
at room temperature.
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The magnetic properties that are measured at room temperature (RT) for 35A250 in Fig. 9 are
indicated in Fig. 19. The tested temperatures are indicated in the legend on the right side of the diagram.
The relative permeability and iron loss versus temperature are indicated in Fig. 20. The relative
permeability increase to 1.0 T when the temperature is above 500 degrees Celsius, but then moderately
decreases above 1.2 T. Furthermore, the iron loss does not vary for each magnetic flux density up to 400
degrees Celsius, but, as the temperature reaches 500 degrees Celsius, the line increases 0.4 T where there
had been no variations from 0.2T. Therefore, the degree the relative permeability increases is larger for
higher magnetic flux densities. The line decreases after 600 degrees Celsius excluding 1.6 T and there is
very little variation between 700 degrees Celsius and 800 degrees Celsius. This is similar to the variations
of x s and W caused by the temperature in Fig. 15 and Fig.16. For this reason, the relative permeability is
high when the magnetic flux density is low if magnetic materials are subjected to high temperatures
indicating the iron loss decreases or phenomena similar to an anneal effect is happening. Therefore,
machines driven in regions with a relatively low magnetic flux density improve their magnetic
characteristics after being exposed to high temperatures.

Furthermore, 35A250 maintains its magnetic characteristics up to temperatures of 400 degrees Celsius
based on the relative permeability and iron loss results above.

4. Couple Thermal and Magnetic Field Analysis of an Induction Heating Device

<4.1> Analysis Model and Analysis Conditions

The billet heater used for this analysis is indicated in Fig. 21. The billet material is
S45C and the structure has the heat insulation wrapped around the fire-resistant material. The Curie
temperature of the billet material is 760 degrees Celsius.
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Fig. 20 Effects on relative permeability and iron loss for temperatures rising from room temperature (35A250, 50 Hz)

The magnetic field analysis used the 3D finite element method with edge elements 19 and the
A-method and the thermal analysis uses the 3D nodal finite element analysis. The coil is divided in the
actual machine as indicated in Fig. 21, but it is considered uniform in the Z direction as indicated in Fig.
22. For example, the heat sources of the billet is calculated by performing a finite element analysis of the
cross-section (Fig. 23) indicated in a-a’ of Fig. 22, and then the distribution is calculated when the billet is
displaced in the Z direction. However, excitation is performed for the actual coil arrangement so that the
moment the a-a&’ cross-section is between the coil in Fig. 21 the current does not flow in the coil in Fig.
23. Furthermore, the initial temperature of each material is 25 degrees Celsius and the boundary of he
analysis regions are specified as heat insulation boundaries. '

<4.2> Coupled Thermal and Electromagnetic Field Analysis
The temperature field was analyzed based on the following governing equations for 3D transient heat
transfer. ¥

Coil
Coil

Fﬁ'&ﬂ i : '"S“'a““gi materal
yT_’ : Insulating material

Z Billet Fire-resistant material

y
(a) z-y plane L a  Billet
z Fire-resistant material
Fig. 22. Uniform model in Z direction
Caoil

y [mm]

Insulating materia
) ) Insulating material
Fire-resistant

material (B ) N Coil Current
y Billet
I Fire-resistant material
X Air
b) x-y plane
( ) VP Billet

Fig. 21 Billet heater

X [mm]

0 275 42 50 5570

Fig. 23. Analysis model (1/4 model)
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0 or 0 or 0 or or
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ax('“ 6xj ay[”ayJ 62(22 azJ Q=ry )

The T is the temperature of the heated body, 4 is the heat transfer, Q is the internal heat sources, p is the

density, c is the specific heat, and ¢ is the time.
The boundary condition for the heat transfer if the heat flux is ¢, and the normal vector in the outer
direction of the boundary is n can be found with the following equation using the Fourier’s law.

or
L,
Ao 0 0 | Ox -
q:—[i]a—T:—[l](n-VT):— 0 2, 0 6—Tny (8)
on ox
0 0 j'/ZZ aT
oL,
ox

The governing equation for the heat conductivity problem was discretized using the 3D nodal elements.
The following equation is obtained by discretizing the governing equations using {N} as the interpolation
equation.

RO
2L, 2 o, ol
| ox X v i

+M[ A MJ}CIV{T}@ - [[f, otwjar

)

0z 0z

o [[f, pelviivirar 8 g

ot

The temperature field analysis was performed by adding the boundary conditions to the above equation.
The amount of heat that is radiated, ¢, is applied to the following equation when heat is radiated to the
surrounding environment along the fixed boundary. /"9

=hT-T,,)
q ( out . . ( 1 0)
h=eoF(T+T, )T~ +Tgy)
¢ is the thermal emissivity, o is the Stefan-Blotzman constant, F is the configuration factor, T, is the

surrounding environment temperature, and /% is the coefficient for radiated heat. The analysis is performed

by substituting the value in the previous step for the unknown 7.
The following equation is obtained by substituting the boundary integral component of equations (9)

and (10) (first component on left).

[[yalnviTds = [[ W(T ~To)iNds

= [I, HNHNY astr], = [ T NS

an

The discretization equation of the heat transfer problem including the boundary condition is as follows:

Kliry+ e} 5} - tr) (12
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[K] is the heat conductivity matrix, [C] is the thermal capacity matrix, {F} is the thermal flow vector
indicated in the following equation:

1 221, S0 2, o)

> > (13)

+ %(iz a{gv—z}TJ}dV + | js NN} ds
[c]= [J, pelv Ny av (14)
{Fi=[[], v} av + [[ nT, AN} ds (15)

A coupled electromagnetic and thermal analysis is run using the following procedure to account for the
conductivity, permeability, specific heat, and temperature variations of the thermal conductivity for the
billet. First, a magnetic field analysis using the 3D finite element method was performed by applying a
material constant with an initial temperature (25 degrees Celsius) to obtain the eddy current loss of the
billet heater by solving the following basic equation.

rot(vrotd)=J, — O’[g—lj-%— grad¢] (16)

Next, a thermal analysis was performed by using the eddy current loss obtained in the magnetic field
analysis as the heat sources to obtain the temperature distribution of the billet heater. Furthermore, the
temperature distribution is obtained by obtaining the eddy current loss for the material constant at the
raising temperatures. The temperature distribution for each time was obtained by repeating these two
analyses. The time interval that was used is 1 second.

<4.3> Temperature Variations of Material Properties

The properties for the air gap, fire resistant material, and thermal insulation are indicated in Table 1.
The thermal properties of the billet are indicated in Fig. 25 through Fig. 26. The linear interpolated values
of data are used when running an analysis. The analysis was performed without taking into account the
material properties of the fire resistant material, thermal insulation, and air because the objective is to
examine the varying temperature distribution of the billet. ‘1’ is used for the configuration factor in
equation (10) for the billet and fire resistant material.

<4.4> Analysis Results and Evaluation
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Fig. 24. Billet conductivity Temperatire ['C)

versus temperature Fig. 25. Billet specific heat Fig. 26. Billet thermal conductivity

versus temperature
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Fig. 27. Temperature versus time for the surface and a £ 10 115 0 25

center of the billet

Fig. 28. Temperature distribution versus time of the Billet

Table 1. Material properties at 25degrees Celsius
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Fig. 30. Magnetic flux distribution versus time of the billet

Fig. 29. Heat generation and temperature
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The temperature versus time for the center (=0
mm) and the surface (+=27.5 mm) of the billet is
indicated in Fig. 27, the temperature distribution
versus time in Fig. 28, the heat generation
distribution and temperature distribution in Fig. 29.
The actual temperature measured using a thermal couple in Fig. indicated in Fig. 27.

The actual results and analysis results for the raising temperature of the billet match well, as indicated
in Fig. 17. The surface temperature is fluctuates suddenly every 20 seconds because the temperature of
the billet reaches the Curie point and the specific heat suddenly rises.

Amenmt ofheat Zereratiom pwm]
5
oo

T
1
1
\
1IE+13 1
5

] ] a5

i

Fig. 31. Heat generation versus time of the billet

(16)(17)
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Fig. 33. Temperature versus time of the billet

The heat generation penetrates to the interior of the billet and its value decreases as the temperature
rises, as indicated in Fig. 29. This is because the skin depth increases by the reduction in conductivity
caused by raising temperatures, the magnetic flux decreases by the reduction in permeability, and the
eddy currents that occur are smaller.

The magnetic flux density distribution versus time is indicated in Fig. 30 and the heat generation versus
time in Fig. 31. The magnetic flux penetrates the billet and the magnetic flux density decreases because
the permeability decreases by raising temperatures as time passes and the temperatures increase and in the
billet. Therefore, the heat generated in the billet increases but the amount it increases is smaller.

The temperature distribution at the end of heating (50 seconds) with and without radiated heat is
indicated in Fig. 32. The temperature on the surface of the billet decreases slightly when accounting for
radiated heat, but the effect of the radiated heat is minimal because the temperature are still low at this
point.

<4.5> Effects of the Temperature Dependence of the B-H Curve on the Analysis Results

This section compares the results with and without accounting for the temperature dependency of the
B-H curve.

The temperature versus time for the center (¥=0mm) and surface (»=27.5mm) of the billet when the
temperature dependency of the B-H curve is taken into account (Analysis A) and when the relative
permeability is 1 over the Curie point using a 25 degree Celsius B-H curve from room temperature to the

Curie point (Analysis B) as well as the values measured with a thermocouple are indicated in Fig. 33.
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Fig. 34 Magnetic flux density distribution versus time for the billet
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Fig. 35. Heat generation versus time of the billet

The temperatures in the analysis results are higher when comparing the analysis accounting for the
temperature dependency of the B-H curve and actual values, but the rise in temperature is almost the
same. The reason for the differing results could be the analyzing the z-direction uniformly. Furthermore,
the temperatures are even higher for in Analysis B than Analysis A. The reason the results differ could be
the following. The magnetic flux density is smaller on the surface because the permeability decreases as
the temperature rises in Analysis A as indicated in Fig. 34. The magnetic flux density remains large on the
surface of the billet for Analysis B up to the curie point where the permeability is 1 because the
permeability is large as the temperatures rise. The temperature increases and continues to diverge because
the heat generation is large in Analysis B especially around 10 seconds as indicated in Fig. 35. The results
for Analysis B around the Curie point (15 seconds) in
Fig. 31 is approx. 80 degrees Celsius (10%) higher

on the surface than Analysis A and approx. 35 zgg
degrees Celsius (3%) higher at 100 seconds. 200
The voltage waveforms of the coil with and 600
without accounting for the temperature dependency S 500
of the B-H curve are indicated in Fig. 36. The >§ 400
voltage is over calculated when the temperature 300
dependency is not taken into account. These voltage 200
characteristics are vital when determining the 100
inverter region to drive the induction heating device. 0
Therefore, analysis accounting for the temperature 0 5 10 15 20
dependency of the B-H curve is necessary for the timels]

reason indicated above.
Fig. 36. Max induced voltage versus time of the coil

5. Conclusion

The knowledge gained from this paper is as follows:

(1) The accuracy of measurements was examined when measuring the material characteristics at high
temperatures using a ring specimen including the effects when selecting the magnetic pathways and the
expansion of the test piece caused by higher temperatures.

(2) When the magnetic field H is the same, the magnetic flux density B decreases as the temperatures
rise higher than room temperature and the magnetic saturation M decreases. Furthermore, the maximum
value of the relative permeability y; increases as the temperature rises when the magnetic flux density is
small and the iron loss W is smaller than at room temperature.

(3) The iron losses are reduced by a higher relative permeability when the magnetic flux density is low
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if the magnetic material is exposed to high temperatures. Therefore, the magnetic properties can be
improved for devices driven at regions the magnetic flux density is relatively low after they are exposed
to higher temperatures.

(4) The temperature decreases a certain amount after measuring when measuring the temperature
dependency of magnetic properties of materials. The same measurement for each temperature is obtained
even if the temperatures are measured by increasing the temperatures higher than the point to measure.

(5) The variations of permeability and iron loss at high temperatures differs depending on the type of
magnetic material. The variations of permeability are large when exposing cold rolled steel sheet SPCC
material to high temperatures to a high relative magnetic flux.

(6) Analysis results extremely close to the actual values can be obtained by running analysis that take
into account the conductivity, permeability, specific heat, and thermal conductivity versus time.

(7) The skin depth increases as the resistivity increases, the permeability is reduced, the magnetic flux
penetrating the billet decreases, and the heat generated in the billet is reduced by higher temperatures.

(8) The temperature is over calculated when the temperature dependency of the B-H curve is not taken
into account for induction heating devices and the voltage of the coil is also over calculated.

(9) The magnetic flux primarily passes through the surface at the initial lower temperatures in the
coupled magnetic field analysis accounting for the temperature distribution and the permeability
distribution versus time in the axial direction of the billet, but the magnetic flux decreases as the
temperature rises with time and only passes through the interior. This physical phenomena needs to be
considered for the design and operation of actual billet heaters.
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