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Abstract

In the automobile industry, it is required to reduce the weight of cars for better
fuel consumption. Recently, Carbon Fiber Reinforced Thermoplastics (CFRTP)
are expected to be used for lightweight component parts. However, the cost of
CFRTP is so high that the use of CFRTP is barely applied in the automobile
industry. In order to lower the cost of CFRTP, simple equipment and low
consumed power are necessary. High-frequency direct resistance heating to
CFRTP molding dies becomes possible to solve these issues. High-frequency
direct resistance heating is a method that alternating current is directly applied to
a metal, and metal surface is heated by skin effect. When opposite directions of
an alternating current flow in a pair of metal sections which face each other with
a small gap, the proximity effect also promotes the concentration of current
density on proximal surfaces of the metal and heats the metal surface intensively
by joule heat. By applying high-frequency direct resistance heating to CFRTP
molding, cost reduction as well as simplification of the facilities can be expected.
In this study, in order to apply high-frequency direct resistance heating to
CFRTP molding die, the effects of the proximity effect on the mold are
evaluated to clarify the heating characteristics and conditions of the proximity
effect, and the applicability of CFRTP molding is discussed. The experimental
result reveals that the proximal surfaces can be heated by proximity effect.
Keywords: die heating, proximity effect, high-frequency direct resistance
heating, carbon fiber reinforced thermoplastics.

1 Introduction

Out of consideration for environmental issues, the lightening of various
transportation equipment has been required [1-3]. Expectations for Carbon Fiber
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Reinforced Plastics (CFRP) have been raised in the aerospace and the
automotive industry. In particular, considering recyclability and productivity, it
is desirable to apply Carbon Fiber Reinforced Thermoplastics (CFRTP) that are
using thermoplastic resin for the matrix [4]. However, the cost of CFRTP is so
high that CFRTP have not yet led to full-scale application in the automobile
industry.

In order to lower the cost of CFRTP, developments of both novel molding
methods and novel materials are required. In this study, the development of new
molding method is focused on. Recently, high-speed compression molding
process of CFRTP by means of electromagnetic induction heating system was
proposed [5-7]. In this system, when a heat targets become larger, necessary
coils surrounding a molding die also become larger. This makes the equipment
more complicated and the production cost becomes higher. To reduce the cost of
production, another system without complicated equipment is expected to be
developed.

For a heating technique that is to be applied for metal heating, heat treatment
and welding, we have high-frequency direct resistance heating and
electromagnetic induction heating [8-10]. High-frequency direct resistance
heating has advantages in terms of simple equipment and low consumed power.
High-frequency direct resistance heating is a method that alternating current is
directly applied to a metal, and the metal surface is heated by skin effect. As
illustrated in fig. 1, when directions of an alternating current flow in a pair of
metal sections which face each other with small gap, the proximity effect also
promotes the concentration of current density on proximal surfaces of the metal.
The skin effect and the proximity effect are induced by the magnetic field
resulting from the high-frequency alternating current. Thus, only the metal
surfaces are heated by joule heat. By applying high-frequency direct resistance
heating to CFRTP molding, cost reduction as well as simplification of the
equipment and facilities can be expected.
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Figure 1: Schematic drawing of direct resistance heating.

WIT Transactions on The Built Environment, Vol 137, © 2014 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



High Performance and Optimum Design of Structures and Materials 257

In this study, in order to apply high-frequency direct resistance heating to
CFRTP molding die, the effects of the proximity effect on the mold are
evaluated to clarify the heating characteristics and conditions of the proximity
effect, and the applicability of CFRTP molding is discussed.

2 Experimental methods

Figure 2 is a cross section view of the experiment system. The vacuum-tube
oscillator with 30kW maximum output and 185kHz current frequency was used
as the high-frequency power supplier. Carbon steel of Type S50C which has a
mold-quality with a high magnetic permeability was used as the mold material.
The Teflon sheet was inserted between the molds as an electrical insulations, and
molds end was connected by electrodes. K-type thermocouples were fitted on six
places and the temperatures per second were recorded with graphic recorder. The
power was applied to the molds until the temperature of inner surfaces reached
150°C. After that, the mold was naturally cooled. In this study, in order to clarify
the influence of the oscillator output and the gap among the molds on the
proximity effect, experiments were conducted by which power output of the
oscillator was set at 1.0kW and 4.8kW, and the gap among the molds was set at
2mm, Smm and 8mm.
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Figure 2: Schematic drawing of experimental system.

3 Results and discussion

Figure 3 shows temperature histories of molds having the gap of 2mm when
power output of the oscillator was 1.0kW. Under the condition of 1.0kW, it took
about 120 seconds that the temperature of inner surfaces was heated to 150°C. At
this time, the temperature difference between high temperature area (Points 2 and
3) and low temperature area (Points 1 and 4) was about 40-60°C. The
temperatures of inner surfaces (Points 2 and 3 in fig. 3) were much higher than
outer surfaces (Points 1 and 4). The initial slope of the temperature history curve
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(Points 1 and 4 in fig. 3) in non-proximal surfaces was zero, so the current did
not flow through non-proximal surfaces. Therefore, it is also considered that the
temperature rise in the non-proximal surface was due to heat transfer from the
inner surface where the temperature was high.
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Figure 3: Temperature history of heated mold with 1.0kW output (gap=2m).

Figures 4 and 5 show temperature histories when temperature of Point 2 was
heated to 150°C under the condition of 1.0kW and 4.8kW for the power output
of the oscillator. Significant temperature rise was observed at Points 2, 5, 6
immediately after applying the power. For the condition of 1.0 kW it took 102
seconds to reach 150 °C, on the other hand it took only 31 seconds for the
condition of 4.8 kW. Higher power supply offers faster heating. When
temperature of Point 2 was heated to 150 °C, temperature difference at the inner
surfaces (Points 2, 5, 6) was 6°C under the condition of 1; on the other hand it
was 34°C under the condition of 4. In order to apply the direct resistance heating
to the CFRTP molding, uniformity of the temperature of the mold surfaces is
needed. Therefore, optimum heating rate exists against allowable temperature
distribution.

Figures 6 and 7 show temperature histories with the gaps of Smm and 8mm
between the facing molds. The results for the gap of 2mm was shown in Fig. 4. It
took 102, 117 and 132 seconds to reach 150°C for the mold with 2mm, Smm and
8mm of the gaps respectively. The gap became larger, the time to reach 150°C
took larger. Temperature rises were also observed at the Point 1 for the results
with the gap of 5 and 8mm and temperature differences against Points 2, 5, 6
were small compared to the results for the gap of 2mm. The proximity effect
becomes weaker when the gap is larger. Proximity effect is a phenomenon
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Figure 4: Temperature history of heated mold with 1.0kW output (gap=2mm).
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Figure 5: Temperature history of heated mold with 4.8kW output (gap=2mm).
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Figure 6: Temperature history of heated mold with 1.0kW output (gap=5mm).
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Figure 7: Temperature history of heated mold with 1.0kW output (gap=8mm).
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that by the influence of the magnetic field generated by a current flowing
through each mold, current density is concentrated on the proximal surface. It is
considered that the proximity effect was weakened because magnetic field,
affected with each other, was weakened with the widened gap between the facing
molds. From these results, in the case of molding CFRTP by using direct
resistance heating, it is necessary to consider the thickness of formed product.

4 Conclusion

Heating properties of the mold by using direct resistance heating were evaluated
for the development of CFRTP molding technique. To clarify the heating
properties of the mold by proximity effect, temperature histories for the molds
with different gaps between facing molds were evaluated. The investigation
yielded the following conclusions:

1. The temperature of the proximal surfaces of the molds tends to rise by
proximity effect.

2. Because of temperature irregularity at fast heating, it is necessary to
optimize the heating rate by taking allowable temperature distribution into
account.

3. The smaller the gap between the facing molds, the more remarkable
proximity effect was observed and temperature of the surface of the molds
rises much faster.
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