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ABSTRACT: Electromagnetic induction heating combined
with coolant cooling is used to achieve dynamic mold sur-
face temperature control. A simulation tool was also devel-
oped by integration of both thermal and electromagnetic
analysis modules of ANSYS, and capability and accuracy
were verified experimentally. To evaluate the feasibility and
efficiency of induction heating on the mold surface temper-
ature control, a mold plate (roughly about an inset size of
cellular phone housing) with four cooling channels was
utilized for two demo experiments with varying mold sur-
face temperature between 110 and 180°C , and 110 and
200°C, respectively. During induction heating/cooling, it
takes 4 s to increase mold surface temperature from 110 to
200°C and 21 s for mold surface to return to 110°C. The mold

plate surface temperature can be raised at about 22.5°C and
cooled down at 4.3°C/s within the aforementioned temper-
ature range. Mold plate temperature distribution exhibits
good uniformity as well in all stages of the heating/cooling
process. Finally, mold surface temperature of a double-gated
tensile test part mold was induction heated to above glass
transition temperature for few seconds prior to melt injec-
tion. The surface mark of weld line was eliminated, and the
associated weld line strength enhanced. © 2006 Wiley Period-
icals, Inc. ] Appl Polym Sci 101: 1174-1180, 2006
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INTRODUCTION

Injection molding is one of the most widely used
processing technologies in the plastics industry. The
cooling process occupies about two thirds of the cycle
time in an injection cycle. As a result, efficient cooling
can significantly reduce cycle time and operating
costs.!” Unfortunately, many molding problems, such
as weld lines, part surface gross, residual stress, and
warpage, occur when mold temperature is low and
mold temperature distribution is not uniform. High
mold temperature may reduce or eliminate many
molding problems.

The most inexpensive way to achieve high mold
temperature is to run cold water at temperatures as
high as 90°C or even 100°C. When a mold temperature
exceeding 100°C is required, either a high-pressure
water supply system (to prevent the water from
steaming) or heated oil may be used. The former may
cause channel connection damage and safety issues
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after long-term operation, while the latter may not be
energy-efficient because of the low heat transfer coef-
ficient of oil. Local mold heating using electrical heat-
ing elements is sometimes used to assist high mold
temperature control, especially for thin-wall cavity
areas. However, this requires additional design and
tool costs. Further, electrical heating is usually used as
an auxiliary heating and is limited to increase mold
temperature by roughly several tens of degrees Cel-
cius.

Nowadays, the rapid growth of the 3C (computer,
communication, and consumer electronics) industry has
driven demand for ever lighter, thinner, and smaller
parts. Injection molding of thin-wall parts creates new
challenges in every aspect of the mold process, including
the requirement of high-speed injection machine, suit-
able product and mold design, materials selection, and
process control. Among them, rapid melt cooling due to
the thin wall is one of the major factors causing this
molding challenge. If mold temperature during the fill-
ing stage can be maintained relatively high, e.g., greater
than the glass transition temperature, then the molding
pressure can be greatly reduced. Further, under such
conditions, a high-speed melt injection is not required,
and the residual stress and part warpage can be mini-
mized. The weld line and other surface faults can be
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Figure 1 Flowchart of coupled electromagnetic-thermal and cooling analysis.

easily eliminated as well. Similar ideas can be applied to
frozen layer elimination.>*

However, maintaining high mold temperatures
during the filling process while lowering the mold
temperature to below deflection temperature during
the postfilling process without a great increase in cycle
time and energy consumption is not easy. The most
popular approach to dynamic mold temperature is to
alternate heating fluid and coolant, either by switch
pumping in the same cooling circuits or by circulating
in separate cooling channels. Either way, the massive
mold base is either heated or cooled at the same time,
resulting in great power consumption and longer cy-
cle times. More recently, gas flame heating has been
proposed.® Although the efficiency of flame heating is
quite good, issues of safety and repeatable, quantita-
tive temperature control remain to be solved. A
method proposed by Yao et al.®” uses a conductive
(metal) layer coated on the mold surface to provide
direct heating and an insulating (oxide) layer beneath
to prevent heat from entering the massive mold base.
This method does provide efficient heating, but the
weak mechanical properties and difference in thermal
expansions of the conductive and insulating layers
hinder the application of this method to real molding
processes.

In the present study, dynamic mold surface temper-
ature control using electromagnetic induction heating
technology was investigated. Although induction
heating has been successfully used in many industrial
applications, such as induction metal melting, its use
in mold surface heating requires solutions to several
problems, including coil design, system operations,
and parameter control. Few systematic studies of

mold surface induction heating have been conducted.
Although Wada et al.® proposed the idea of using
induction heating more than twenty years ago and a
feasibility study on induction heating on mold heating
was also reported recently,” stable utilization of induc-
tion heating by the molding industry will not be prac-
tical without a full understanding of induction heating
from both the simulation and experimental point of
view.

In our previous study, simulated results were
verified by experimental measurements on a flat steel
mold plate subjected to pure induction heating using
single turn coils of circular and rectangular shape. It
was found that coil current and coil to plate distance
are major parameters affecting the heating efficiency
for identical coil designs. Single turn coils are able to
increase the mold surface temperature at just 10°C/s,
and temperature uniformity is not acceptable. As a
result, a spiral coil was used in this study. Induction
heating using a spiral coil combined with coolant cool-
ing was investigated by both simulation and experi-
ment to determine its rapid heating/cooling capabili-
ties as well as the temperature uniformity in the mold
plate surface. Finally, induction heating was applied
to the mold surface temperature control on a double-
gate tensile test specimen mold, and its effects on the
surface mark and the associated weld line strength
were examined.

10,11

THEORETICAL MODEL AND SIMULATIONS

The governing equations used to describe the electro-
magnetic field during the induction'? are the Maxwell
equations expressed as:
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Figure 2 (a) Temperature dependence of mold plate elec-
trical resistivity. (b) Temperature dependence of mold plate
thermal conductivity.
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V-B=0 (4)

where H is the magnetic field intensity, J is the current
density, E is the electric field intensity, B is the mag-
netic flux density, D is the electric flux density, and p
is the electrical resistivity. The electromagnetic (EM)
wave induces an eddy current in the mold plate. The
EM wave decays exponentially as it enters the mold
plate surface because of free electron scattering. As a
result, most induced eddy currents exist in a thin-layer
region beneath the mold plate surface. This thin layer
is designated as the penetration depth. The penetra-
tion depth, 4, near surface can be described by

g

where f is the alternating current frequency, and £g
denotes the permeability. The energy required for the
eddy currents to circulate around the working object
within the induction area is finally dissipated as heat,
which causes mold temperature rise. The volumetric
heat generated, Q, from dissipated power due to eddy
current flow can be calculated as

Q=plJ|* (6)

Hysteresis loss in magnetic induction may also intro-
duce heat. However, its contribution is much less than
eddy current heating.'""'® Therefore, it is ignored in
the analysis.

A 3D thermal analysis of ANSYS on a mold plate
with heating sources was first conducted to check and
test the analytical capability and accuracy.!' Then, the
distributions of the electromagnetic (EM) field gener-
ated from the induction coil were simulated via AN-
SYS, from which the EM wave and the associated
eddy current were calculated. The heat generated
from dissipated power due to eddy current flow was
further simulated according to the eq. (6). The temper-
ature dependence of the material properties was also

Coolant out

Figure 3 Multiple-turn coil in a spiral shape was designed to improve the heating capacity. Cooling channel and heaters
installed in a steel plate to evaluate the efficiency of fast mold heating/cooling.
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Figure 4 (a) Spiral coil and power supply equipment. (b) Check points, T1 (top), T2 (center), and T3 (right).

considered for both the thermal analysis and the elec-
tromagnetic calculation. Figure 1 shows the flowchart
of the simulation algorithm for induction heating com-
bined with coolant cooling. All simulated predictions
were compared with experimental results.

Relevant materials properties and operating condi-
tions for mold plate (AISI 4130 steel) and coil are used
in the present simulations. The density and specific
heat of mold plate are 7800 kg/m? and 465 J/ (kg °C),
respectively. The specific heat and density of coil are
383 J/(kg °C) and 8954 kg/m?>, respectively. Surface
emissivity for the mold plate is 0.8. Temperature-de-
pendence of materials properties was also taken into
account during the simulation (Fig. 2).

EXPERIMENTAL

A steel plate of 100 X 100 X 35 mm?, roughly about the
size of a cellular phone housing inset, with four cool-
ing channels (10 mm diameter with center 25 mm
beneath the surface) looped in two circuits was used
for rapid heating and cooling experiments (Fig. 3). The
coolant running through the channels is 12°C. We
used a multiple-turn coil in a spiral shape, which was
expected to have better heating capacity than a single
turn coil design of either circular or rectangular shape.
In the dynamic mold surface control experiment, the
mold was preheated to 110°C. An induction coil of
spiral shape was turned on and brought to the mold
plate surface with a 2-mm gap distance via a guided
slide [Fig. 4(a)]. Temperature variations (T1, T2, and
T3) at plate top, center, and right locations [Fig. 4(b)]
from the measured thermal image were analyzed for
further discussions.

Induction heating was performed and continued
until the mold plate center temperature reached
200°C. When the mold plate center reached the target
temperature, induction heating was turned off, and
induction coil was removed. The mold plate was sub-
jected to pure coolant cooling. The first experiment ran

through a cycle with plate center temperature varying
from 110 to 180°C and back to 110°C. In the second
experiment, plate center temperature varying from
110 to 200°C and back to 110°C was investigated for
comparison and evaluation purpose.

Experimental results were then used to verify sim-
ulated predictions. During all experiments, mold sur-
face temperature distributions were measured using
an infrared thermal imaging system. Detailed mea-
surement procedures were developed in our earlier
study."

Finally, induction heating was applied to a double-
gated tensile specimen mold (Fig. 5) with 1.4-mm
thick cavity prior to mold close for ABS melt injection.
The induction heating time was varied from 2.5 to
5.5 s, with an interval of 1 s. The cooling time was
carefully chosen so that the mold temperature re-
turned to 50°C prior to induction heating. The effects
of dynamic mold surface temperature variation on
surface marking and the associated strength of the
weld line were investigated and compared with those
on surface marking and weld line molded by regular
injection without induction heating.

Weld Line
e Apparent

Thickness=1.4mm
(Long/Thickness)LIT=114.3
Unit: (mm)

Figure 5 The double-gated tensile test specimen with
length/thickness = 114.3 as thin-wall molding and the weld
line appearance in the middle of the part.
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Figure 6 Mold plate surface temperature distribution mea-
sured by infrared thermal imaging system at various time
intervals, during the induction heating process. (Heating
target temperature is 200°C.)

RESULTS AND DISCUSSION

The experimental results showed that during induc-
tion heating and coolant cooling, it takes 3 s for plate
center temperature to increase from 110 to 180°C and

T1=208.3
T2=202.9
T3=213.4
Unit: (C)
3sec 4sec
R g
110 140.341 170.683 201.024 231.365
125.171 155.512 185.853 216.195 246.536

Figure 7 Simulated temperature distributions at the end of
induction heating period. (Heating target temperature is
200°C.)
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Figure 8 Comparisons of measured and simulated temper-
ature variations at plate center during induction heating and
subsequent cooling process.

21 s to return to 110°C. For the second heating/cooling
cycle, it takes 4 s for plate center temperature to in-
crease from 110 to 200°C and 21 s to return to 110°C.
Mold plate surface temperature distribution as mea-
sured by the infrared thermal imaging system at var-
ious time intervals (1, 2, 3, and 4 s after heating)
during 110-200°C heating cycle is shown in Figure 6.

Simulated mold plate surface temperature results
during the 110-200°C induction heating cycle are
given in Figure 7. The pattern of simulated tempera-
ture distribution at the end of the heating process is
similar to that of the measured results.

Dynamic temperature variations for both cycles of
induction heating combined with cooling at plate cen-
ter are depicted in Figure 8. Simulated results are
slightly different but reasonably consistent with mea-
sured values. The difference is larger in the cooling
cycle than in the heating cycle. Simulation analyses
typically assume ideal conditions, but in the real
world, extra thermal resistance produces slower cool-
ing. As a result of the slower cooling, the measured
experimental values are higher in the heating phase
and lower in the cooling phase than the simulated
results. However, the predictive accuracy of the sim-
ulation is reasonably good, given the complexity of a
simulation that models induction heating.

TABLE I
Comparisons of Heating and Cooling Times between
Simulated and Measured Results When Mold Plate
Center Reaches Target High and Low Temperatures

Time (sec)
Process Measured Simulation

Heating Stage

110-180°C 3.0 2.9

110-200°C 4.0 3.8
Cooling Stage

180-110°C 21.0 20.4

200-110°C 21.0 21.3
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TABLE 1I
Comparisons of Simulated and Measured Temperature
Uniformity When Mold Plate Temperature Reaches
Target High and Low Temperatures

Temperature (°C)

Process T1 T2 T3
Heating stage (110-200°C)
Measured 169.7 200.8 183.6
Simulation 208.1 202.3 214.0
Cooling stage (200-110°C)
Measured 105.1 110.8 106.6
Simulation 109.5 111.9 108.3

The heating times required to reach target temper-
ature in the heating phase are listed in Table I. It takes
3-4 s for mold surface temperature to rise from 110 to
180°C and 200°C using induction heating, whereas
cooling time is 21 s. The shorter heating time required
for the induction heating is because heat generated
from induction is basically limited to the surface layer,
about 0.2 mm in depth, because of the skin penetration
of the EM wave. Although only layers close to the
mold surface were effectively heated, the path taken
by heat to sink to the coolant after the termination of
induction heating is long. Predicted heating times and
cooling times from simulations are consistent with
measured results.

The mold plate surface temperature distribution ex-
hibits good uniformity (Table II), once the plate center
temperature reaches the target temperature. The tem-
perature uniformity also remains when the plate cen-
ter temperature returns to 110°C. Simulation and mea-
sured results are consistent. This indicates that the
simulation tool is reasonably reliable for design pur-
poses.

Since only the very thin skin layer of the mold
surface (less than 0.2 mm) was heated, the required

Measured

Unit:('C)
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Weld Line Elimination

‘Weld Line Appearance

Figure 10 Surface mark of weld line without induction
heating (left). Weld line mark was eliminated (right) via
induction heating prior to melt injection.

energy to raise the mold surface temperature by 100°C
for this mold plate is about 1 kJ. The corresponding
power requirement is about 0.2 kW. This requires a 1
kW power supply system for the induction coil (the
transmission efficiency is 20%). Compared with the
similar dynamic mold temperature control within the
same temperature range using electrical heaters, this
technique requires the total energy of 60 kJ, and the
corresponding heater power supply also needs about
1 kW (heating time is 67 s). The required energy con-
sumption during induction heating is superior to
other methods. Detailed efficiency evaluation can be
found in separate studies.'>'®

The results of this research are exciting. They indi-
cate that dynamic surface temperature control by us-
ing induction heating combined with coolant cooling
is feasible and efficient. The integrated simulation
technology for coupled electromagnetic-heat analyses
appears to be successful in facilitating rapid heating/
cooling design and may become a useful tool in real-
world molding applications.

Simulated
201
163
144
125
L 4

106

87

68

IR |
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Figure 9 Simulated and measured mold surface temperature distributions on a double-gated tensile test specimen mold

after induction heating for 5 s.
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Figure 11 Variation of tensile strength of weld line as
induction-heating time increases. Heating effects on both
cavity side surface and core side surface are illustrated.

For a demonstration of application purpose, dy-
namic mold surface temperature control was used to
mold ABS tensile test parts. The measured and simu-
lated temperature distribution for the induction
heated mold surfaces are shown in Figure 9.

These parts will typically manifest a weld line when
molded under regulation conditions (mold tempera-
ture is 50°C). When the mold surface is induction
heated to a point above the glass transition tempera-
ture prior to melt filling stage, the surface mark dis-
appears (Fig. 10). As the induction heating time in-
creases, allowing higher temperature and longer time
for molecule chains to diffuse across the interface, the
weld line strength also increases, regardless of
whether the heat is applied to the cavity side or the
core side surface. This is clearly seen in Figure 11. This
prior heating process only takes about 3-5 s and does
not increase the cycle time significantly.

CONCLUSIONS

Both numerical simulation and experimental observa-
tion were carried out on a mold plate for a dynamic
heating/cooling cycle development using induction
heating combined with water cooling through the

CHEN, JONG, AND CHANG

cooling channel. The mold plate surface temperature
can be raised at about 22.5°C and cooled at 4.3°C.
Mold plate temperature distribution exhibits good
uniformity as well. The results indicate the feasibility
and efficiency of dynamic mold surface temperature
control using the combined induction/coolant cooling
technology in a real-world injection molding process.
The developed simulation algorithm also shows great
success and can be used as a helpful tool for system
design. The application of induction heating in mold
surface temperature control also leads to the surface
mark elimination of weld line and the enhancement of
weld line strength for injection molded ABS tensile
bars.

The authors would like to thank The Center of Excellence
Program on Membrane Technology, the Ministry of Educa-
tion, Taiwan, R.O.C.
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