


While researching induction-heating technology at
Baosteel, attention was focused on the improvement
of heating efficiency and heating effect.

By C.Y:WU, X.L:JIN,and Y.M,ZHOU

his paper introduces recent research progress of induc-

tion heating technology at Baosteel, specifically the
T development of full coil static induction heating tech-

nology of the backup roller, the development of induc-
tion hardening technology of steel pipe, and research on sparking
phenomenon during edge induction heating. A computer simulation
method has been established and used in these research subjects,
which can precisely calculate the whole heating processes and the
system parameters. Based on experimental tests and verification, the
simulation model has been greatly improved, and the corresponding
computed results can be directly used as guidance for the production
process, which makes these research works

1. FULL COIL STATIC INDUCTION HEATING
TECHNOLOGY OF THE BACKUP ROLLER
Afull coil staticinduction heating technology was developed for the
induction hardening of the backup roller where a solenoid coil with
multiple turns covers all the working surface of the heated backup
roller during heating [4]. The roller rotates to improve circumferen-
tial temperature uniformity, while it is kept relatively static to the
induction coil in the axial direction. Compared to conventional heat
treatment technologies, the full coil static induction heating technol-
ogy has an advantage of a much deeper hardened layer and a larger
hardness value when used for heat treating of the backup roller. With
this technology, wear resistance and service

life of the treated roller can be improved to
reduce production and maintenance costs.

Since a backup roller usually has a diam-
eter larger than 1.5 meters and a height

higher than 2 meters, it inevitably takes a
much longer heat-treating time than that of

conventional induction heating. Moreover,

the difference of temperature distribution
along the whole roller surface is restricted

more efficient and accurate. % 0.5
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within +10°C. These requirements make the
industry application of this technology hard

ing process and uniformity of temperature 0
distribution are the most prioritized objec-
tives in the application of induction heating
technology, which mainly depends on rea-
sonable designing of the induction coil struc- 1000

over time.
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Figure 1: Calculated equivalent inductance curve

to realize, unless we can precisely calculate
the induction heating system parameters
and control the heating process [5-7].

In this study, the backup roller is heated
from 450°C to more than 900°C, which has a

1800

ture and precise controlling of the heating
process parameters. With the development
of computer simulation technology, the
accurate calculation of the induction heat-
ing process becomes possible, which makes
the application of this technology faster and
more efficient. In addition, it is easy not only
to obtain the heating temperature but also
the induction heating system parameters by
computer simulation [1-3].

Recently, the EPM team at the Baosteel
Research Institute successfully developed a
full coil static induction heating technology for a large forged back-
up roller, an inner scanning induction heating technology for large
steel pipe, and the edge heating technology for hot rolled steel plate.
This paper gives a brief introduction to the development process
and main difficulties of the previously mentioned induction heating
technologies. Three research topics during the induction heating
process — the end-effect and its countermeasures, the precise control
of the heating temperature, and the electromagnetic field analysis
under complicated working conditions — have been explored and
will be discussed.

900 ¢

&
=1

Temperature ('C)
o @ -2
s B8

en
=1
=1

200

(=1

400

temperature.

distance from the roller center (mm)

Figure 2: Calculated temperature curves along the
axial direction of the roller surface at a different

greater change of physical properties during
the heating process and leads to a remark-
able fluctuation of the heating system load.
This phenomenon makes it difficult to pre-
—— cisely control the heating process. As shown
in Figure 1, the equivalent inductance drops
with an increase of temperature and then
finally reaches a stable value. Furthermore,
the initial inductance is almost twice as
much as that of the high temperature, which
causes the heating frequency to increase
almost 50 percent during the entire heat-
ing process under the condition that the load capacitance remains
constant. This phenomenon not only greatly influences the stable
running of the induction heating system, but it also has an impor-
tant effect on the temperature distribution. Since the thickness of
the induction heated layer is required to be more than 100mm, the
heating frequency is usually under 100 Hz. On the other hand, the
parameters of the induction system change with the size of the back-
up roller and its corresponding heating coil, which makes designing
of the induction system parameters and control of the heating pro-
cess more complicated.
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Regarding the temperature distribution,
it is relatively easy to obtain a desirable tem-
perature distribution at the radius direction.
However, the end effect inevitably occurs
when using a solenoid-type induction coil
during the heating process, which makes
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Curie temperature, the temperature at the
end part of the roller is much lower than
that of the center part. However, when the
roll surface temperature exceeds the Curie
temperature during induction heating, the
temperature at the end part of the roller will
rise rapidly and exceed that of other parts.
This means simply changing the induction
heating parameters cannot improve the
uniformity of the temperature distribution.
To solve this problem, an effective way has
been proposed and conducted that adjusts
the heating-coil currents separately based on
the surface temperatures of the correspond-
ing heated roller parts.

Regarding the hurdles mentioned earlier,
a computer simulation used to accurately

Temperature/C

Figure 3: The calculated temperature distribution
after all induction heating stages.
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2. INDUCTION HARDENING
TECHNOLOCGY OF STEEL PIPE

Wear resistance is one of the key perfor-
mance indexes of steel pipe when it is used
for material transportation, which directly
affects its service life and cost performance.
In the process of steel pipe production,
the use of heat-treatment technology to
improve its hardness and wear resistance is
an effective method, and has a wide range of
applications in industry lines. However, for
large diameter steel pipes used for transpor-
tation, there are many difficulties in using
conventional heat-treatment methods. In
this study, a scanning induction hardening
technology was applied to the inner surface
of the steel pipe, so as to improve its inner
hardness and wear resistance. By carrying
out a series of research works of composi-
tion study, computer simulation, physical
experiment, temperature measurement,
hardness testing, micro-structure analysis
etc., a steel pipe with gradient strength dis-
tribution along the wall thickness direction
has been obtained.

To improve its service life, the steel pipe

b more than 50 percent of its wall thickness.
B Since over-heating will cause grain coarsen-
ing, itis important to control the maximum
temperature below a certain temperature

simulate the induction heating process
and temperature distribution. The simula-
tion model was first verified and optimized
by experiment results. The final calculated
temperature distribution of the roller along
the longitudinal direction is shown in Figure 3, where it can be seen
that the temperature uniformity of the roller surface layer is well
controlled, while the inner part of the roller remains at a relative
low temperature. Results of an infrared temperature measurement
show the temperature difference of the entire roll surface is less
than +5°C, as shown in Figure 4, where S1~S5 are the temperature
curves measured by an infrared radiation thermometer at different
locations of the roller surface during the final stage of the induc-
tion heating process. The five curves all but overlap with each other,
which means a very uniform temperature distribution has been
obtained at the entire roller surface.

thermometer.

i

| errer e e st

S 2r 2T

P
|
t W
u I
= o L i
] o & Bk o e B z
s o |
iy SC— o T <
: i o —— M =S J
e .
] p S |
e = Sl T S
i ]
= e . e s J
i ol B aw am 2.4

Figure 5: Computer simulation model and calculated temperature distribution
curves.
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Figure 4: Temperatures measured at different
locations of the roller surface by infrared radiation

during the heating process. This peak tem-
perature can be controlled by the heating
power, heating frequency, and the moving
speed of the steel pipe. In order to precisely
control the entire heating process, a com-
puter simulation has been implemented. At a low moving speed,
heat conduction becomes dominant, which makes the tempera-
ture gradient hard to obtain. As shown in Figure 5, there is a peak
value of the inner surface temperature during heating, while the
temperature difference along the radius direction soon becomes
gentle out of the heating coil, where the temperature difference
between the inner and outer surfaces is only within 20 degrees at
the starting quenching position. Therefore, in order to increase the
temperature gradient, the moving speed of the steel pipe should
be increased.

An induction hardening experiment was implemented to study

Figure 6: Experimental equipment and temperature distribution of the
induction-heated steel pipe.



the real heating process and the mechani- ™ 7.
cal properties of the treated steel pipe. The
temperatures measured by thermocouples
at different locations of the steel pipe dur-
ing the induction hardening process are well
in accordance with the calculated results.
In Figure 6, a high temperature ring with
uniform temperature distribution in the
circumferential direction of the steel pipe
can be seen during the experiment. This
ring moves with constant speed and with a
stable temperature distribution during the
entire induction hardening process, which
guarantees a 1,400 MPa strength of 10mm
thickness of the steel pipe under a suitable
steel composition.

steel plate surface.

3. RESEARCH ON SPARKING
PHENOMENON DURING EDGE
INDUCTION HEATING

An edge heater having a “C” shape connect- ;
ing core is used for induction heating of hot i
rolled steel plate. During the application of
an edge heater, a spark phenomenon often
occurs, which is induced by discharge arcing
between the conveyor roller and the heated
steel plate. In order to avoid this, some pre-
ventive measures can be implemented, such
as keeping conveyor rollers insulated to the
ground, manufacturing the roller with
unequal diameter, inputting the nearby coil
currents with opposite direction, and so on. Because of the bad condi-
tions at the production line, iron scurf and water mist can destroy
the insulation grade of the roller. It is difficult to keep the high value
of insulation for a long period of time, which brings a greater chal-
lenge to stable production and maintenance.

Analysis shows the main factors that cause the spark phenom-
enon include: (1) surface roughness of the roller, (2) the insulation
value of the conveyor rollers, and (3) magnitude of the induced eddy
current in the contact positions between the conveyor roller and
steel plate. The surface roughness and the insulation value of the
roller basically depend on field maintenance of the conveyer rollers,
while the induced eddy current is influenced by many factors, such
as the deviation of the steel plate during moving, the width of the
steel plate, the relative position of the coil, the heating power, and
so on. Itis obvious that, if the induced eddy current at the positions
of the conveyor roller in contact with steel plate is small, sparking
between the steel plate and the roller is less likely to occur. In this
study, the previously mentioned factors that affect induced eddy
current are analyzed by numerical simulation. The numerical simu-
lation model was verified and optimized by experiment results to
improve its accuracy.

It was found there is a significant difference for different steel
plate width in their current density distribution along the roller-to-
plate contact line. The maximum eddy current density at the contact
line of a narrow steel plate is bigger than that of a wide steel plate.
This result reveals it is more likely to cause a spark when heating a
narrow steel plate.

On the other hand, there are usually four coils connected in par-
allel on both sides of the steel plates. During the heating process,
steel plates are easily shifted to one side, which cause a load-match
unbalance for the induction heating power system (Figures 7 and

Figure 7: Current density distribution along the

Figure 8: Current density distribution along the
steel plate surface when the steel plate is off-
tracking.

8). It was found that, under the same input
current, the induced current on the more
coil-covered side of the steel plate is larger
than that on the other side. This result indi-
cates the probability of a spark and is greatly
increased when the steel plate deviates to
one side of the induction coils. Moreover, the
previously mentioned load-match unbalance
further strengthens the uneven distribution
of the input current in the coil, resulting in
a great bias on the induced current in the
steel plate. Thus, the steel plate will be heat-
ed to different temperatures at each side of
the steel plate, resulting in uneven physi-
cal properties along the steel-plate width.
Therefore, it is strongly recommended that
effective measures should be taken to avoid
a bias of the steel plate so as to decrease the
spark phenomenon.

CONCLUSIONS
This paper mainly focuses on recent research
about applications of induction heating tech-
nology in Baosteel, where three research top-
ics related to roller, plate, and pipe have been
studied. Although shapes of the treated work
pieces are very simple in these cases, special
requirements make the industry application
of induction heating technically difficult.
Through the previously mentioned research,
the following conclusions can be obtained:

> Computer simulation is an indispensable way to apply mod-
ern induction heating technology, which can accurately guide the
industry process.

> Sufficient attention should be paid to non-electrical factors that
greatly affect the induction heating process, such as moving speed,
surrounding condition, and so on. §
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