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Abstract Rapid tooling techniques can reduce the time to
market compared to conventional machining approaches.
The aluminum-filled epoxy resin mold is a promising choice
for short production runs because it can be a useful alternative
of conventional steel mold and employed in wax injection
mold or plastic injection mold. However, the cycle time is
significantly longer because of the poorer thermal conductiv-
ity of the material compared to conventional mold steels. In
this study, a new technique to produce wax injection molds
with complex geometrical shapes of cooling channels was
presented. The main advantages of this technique include
low production cost, simple manufacturing processes, and
short processing time.

Keywords Aluminum-filled epoxy resin - Cooling channels -
Wax injection mold

1 Introduction

In general, metal parts with complex geometrical shapes
were fabricated by investment casting process [1]. It is
well known that the low-pressure wax injection molding
is a promising approach to produce wax patterns for in-
vestment casting. The wax injection molding parts must
be solidified before opening the mold because the quality
of the molded wax patterns was affected significantly by
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the cooling stage. Cooling of the wax injection mold is
crucial to the performance of the wax injection mold. To
achieve efficient cooling for enhancing the productivity in
the wax injection molding process, the cooling channels
are widely incorporated into the mold to remove heat
from wax patterns. The straight-line channels formed by
traditional machining processes are widely used in the
conventional injection molds. Unfortunately, the cooling
effectiveness of the straight-line channels is inferior to the
conformal cooling channels [2] because conformal
cooling channels have uniform distance between the mold
surfaces and the center of conformal cooling channels.
The copper ducts [3, 4] are widely used as the conformal
cooling channels. However, only conformal cooling chan-
nels with simple geometrical shapes can be used due to
the limitation of bending process of copper pipes.
Selective laser sintering or selective laser melting [5—8]
is then developed to overcome this issue since the confor-
mal cooling channel with complex geometrical shapes can
be introduced to the mold using layer-by-layer modeling.
However, the production cost is inexpensive because it
requires precision beam delivery and focusing optical sys-
tems as well as long lead time. In order to solve this
problem, a cost-effective, fast, and simple method was
proposed to produce wax injection molds with complex
geometrical shapes of cooling channels for wax injection
molding in this study [9, 10]. The cross-sections of the
fabricated wax injection mold were also investigated.

2 Experiment
The wax injection molds were built through transfer rapid

tooling. A manufacturing process for fabricating wax in-
jection molds with cooling channels was developed.
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Figure 1 shows the process layouts for fabricating a wax
injection mold with conformal cooling channels. The ma-
terials for positioning fixture and the spacer are the same
as mold materials. There is no need to remove the posi-
tioning fixture and the spacer. The thickness of the spacer
can control the distance between the mold surfaces and
the center of conformal cooling channels to ensure the
positioning accuracy of the conformal cooling channels
inside the wax injection mold. Al-filled epoxy resins
(70-3810R, Epoxies Inc.) were used to produce wax in-
jection molds. A vacuum machine (F-600, Feiling) was
used to eliminate air bubbles from the resulting mixture.
The fabricated wax injection molds were then cured using
a convection oven (DH400, Deng Yag) for obtaining the
mechanical properties needed. This typically takes about
6—8 h. The cooling channels with complex geometrical
shapes were designed by using the Pro/ENGINEER soft-
ware according to the geometries of the master model.
The hollow cooling channels were fabricated by using a
three-dimensional printing machine (uPrint, Stratasys).
The applied layer thickness was 0.254 mm. The material
used for manufacturing the cooling channels was acrylo-
nitrile butadiene styrene (ABS) [11, 12]. The solution

prepared by alkaline detergent (1310-73-2, sodium hy-
droxide) was used for removing the support materials of
the cooling channels fabricated. The pH meter (pH 600)
was used to monitor the variability of solution pH value.
In order to evaluate the results after the removal process,
silicone rubber (KE-1310ST, Shin Etsu) was used as the
mold material because it is transparent. Three different
approaches were proposed to remove the cooling channels
from the silicone rubber mold. The first approach for re-
moving the cooling channels is the use of an ultrasonic
machine (LEO-1502, Guang Hua) with acetone liquid.
The second approach for removing the cooling channels
is the use of the flushing with acetone liquid. The third
approach for removing the cooling channels is the use of
the vapors of acetone [13]. The best approach was inves-
tigated based on the results after the removal process,
which will be employed to remove cooling channels from
wax injection molds fabricated by using Al-filled epoxy
resins [14—17]. The cross-sections of the fabricated wax
injection molds were prepared using a precision milling
machine. The locations of cooling channels in the wax
injection mold were inspected using a vision measuring
system (Quick Vision Series 359, Mitutoyo).

Fig.1 Process layouts for fabricating a wax injection mold with conformal
cooling channels. a Preparation of a master model. b Placing the master
model into the mold frame. ¢ Preparation of intermediate mold materials
and casting. d Intermediate mold. e Designing a conformal cooling channel
of core insert. f Placing the intermediate mold and master model into the
mold frame. g Placing the positioning fixture and the conformal cooling
channel for core insert into the mold frame. h Preparation of Al-filled
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epoxy resins. i Green part of core insert. j Placing the core and master
model into the mold frame. k Placing positioning fixture and the
conformal cooling channel for cavity insert into the mold frame. 1
preparation of Al-filled epoxy resins. m Green part of cavity insert. n
Removing conformal cooling for core and cavity inserts. o Al-filled
epoxy resin mold with conformal cooling channels. p Post heat treatment
for Al-filled epoxy resin mold with conformal cooling channels
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Fig. 2 Silicone rubber molds a before and b after removing a cooling
channel by using the ultrasonic vibrations with acetone liquid

3 Results and discussion

In order to determine the best approach for removing the
cooling channels from wax injection mold, silicone rubber
was first used for making rapid tooling. Figure 2 shows the
silicone rubber molds before and after removing a cooling
channel by using the ultrasonic vibrations with acetone liquid.
Figure 3 shows the schematic illustrations of silicone rubber
molds in the process of removing a cooling channel by using
the ultrasonic vibrations with acetone liquid after 0 to 65 min.

=

Fig. 3 Schematic illustrations of
silicone rubber molds in the
process of removing a cooling
channel by using the ultrasonic
vibrations with acetone liquid
aftera0,b 5,¢10,d 15, e 20, f
25,¢30,h 35,140, j45 k50,1
55, m 60, and n 65 min

.
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Fig. 4 Silicone rubber molds a before and b after removing a cooling
channel by using the flushing with acetone liquid

As can be seen, a cooling channel was removed from the
inside or the outside. In addition, the removing speed of the
linear portions of a cooling channel is faster than the corners of
a cooling channel. The cooling channel removal time is about
65 min, and the wall thickness of the cooling channel is 1 mm.
As a result, the cooling channel removal rate is about
0.0154 mm/min. This indicates that a cooling channel can be
removed completely by using the ultrasonic vibrations with
acetone liquid. However, the silicone mold surface is foggy
due to temperature effects caused by ultrasonic vibrations.
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Fig. 5 Schematic illustrations of silicone rubber molds in the process of
removing a cooling channel by using the flushing with acetone liquid
aftera0,b 5, ¢ 10, and d 15 min

Figure 4 shows the silicone rubber molds before and after
removing a cooling channel by using the flushing with ace-
tone liquid. Figure 5 shows the schematic illustrations of sil-
icone rubber molds in the process of removing a cooling chan-
nel by using the flushing with acetone liquid after 0 to 15 min.
As can be seen, a cooling channel was removed from the
inside or the outside. However, the removing speed on the
corners of a cooling channel is faster than the linear portions
of a cooling channel due to turn effect. This result is a signif-
icant difference compared to that removed by the ultrasonic
vibrations with acetone liquid. The cooling channel removal
time is about 15 min, and the wall thickness of the cooling
channel is 1 mm. As a result, the cooling channel removal rate
is about 0.067 mm/min, which is 4.3 times of that by using the
ultrasonic vibrations with acetone liquid. This indicates that a
cooling channel can be removed completely by using the ul-
trasonic vibrations with acetone liquid. In addition, it clearly
shows that the silicone mold surface is still clear.

Figure 6 shows the silicone rubber molds before and after
removing a cooling channel by using the acetone vapor. It was
observed that the cooling channel begins to soften when the
cooling channel interacts with acetone vapor. As a result, the
cooling channel cannot be removed completely due to in-
crease in viscosity coefficient of a cooling channel.

According to the above findings, flushing with acetone
liquid is a good candidate for removing the cooling channels.
In order to demonstrate the feasibility of the proposed method,
a wax injection mold was fabricated. Figure 7 shows the wax
injection mold of car’s shell on core side, cross-section of core
side, cavity side, and cross-section of cavity side. The wax
injection mold is rigid enough for wax injection molding
using low-pressure injection molding machine. As can be
seen, cooling channels have been incorporated both into the
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Fig. 6 Silicone rubber molds a before and b after removing a cooling
channel by using the vapors of acetone

core and cavity halves of the wax injection mold. The loca-
tions of cooling channels in the wax injection mold can be
fabricated accurately to meet the industrial application re-
quirement. The cross sectional shapes of the conventional
cooling channels in wax injection molds are circular. This
kind of cooling channel was usually machined through
computer-aided numerical machining. It should be noted that
the cross sectional shapes of cooling channels are semi-circle
and rectangle. Especially, the cross sectional shape of semi-
circle means that the cooling channels are conformal to the
shape of the products. This kind of cooling channel can solve
the disadvantage of conventional circular cooling channel be-
cause it has better cooling efficiency than a conventional cir-
cular cooling channel. In addition, the cooling channel layout
can be revised easily directly from a CAD model. According
to the results from the case study, this indicates that the wax
injection molds [18] with complex geometrical shapes of
cooling channels can be fabricated using rapid tooling and
three-dimensional printing techniques [11, 19, 20]. It is worth
noting that the production cost of a wax injection mold with
complex geometry of cooling channels is cheaper compared to
those fabricated by conventional approaches such as selective
laser melting [21], selective laser sintering [22], or diffusion
bonding [23-25]. In the high-variety low-volume manufactur-
ing systems, the wax injection molds can be fabricated in less
time compared to that fabricated by conventional method.
Thus, this technique not only reduce the development time
but also reduce the production cost in the research and devel-
opment stages of a new wax injection mold with complex
geometrical shapes of cooling channels.

Fig. 7 Wax injection mold of car’s shell
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Epoxy resin ABS Cooling channel

Al-filled epoxy resin Al-filled epoxy resin

Fig. 8 Photos of a cross-section of the ABS cooling channel, b internal
of the ABS cooling channel that was penetrated with epoxy resins, and ¢
cross-section of wax injection mold

In the wax injection mold making process, this study found
that internal of the ABS cooling channel was penetrated with
epoxy resins. Figure 8 shows the photos of cross-section of the
ABS cooling channel, internal of the ABS cooling channel
that was infiltrated with epoxy resins, and cross-section of
wax injection mold. In order to avoid penetration of epoxy
resin into the interior of the ABS cooling channel, the external
of the ABS cooling channel was coated with a thin layer of
epoxy resin. It should be noted that it is not required to remove
this thin layer of epoxy resin because it will eventually be-
come part of the material of wax injection mold.

In order to reduce the production cost of wax injection
mold, the recycled pieces of Al-filled epoxy resins were used
in this study. Firstly, the recycled pieces of Al-filled epoxy
resins were first milled into powder and granulation using a
precision universal milling machine. Secondly, a mixture was
prepared by mixing new epoxy resin and recycled Al-filled
epoxy resins. Figure 9 shows the cross-section of wax

Fig. 9 The cross-section of wax
injection molds fabricated from a
a mixture of powdered recycled
Al-filled epoxy resin with epoxy
resin and b a mixture of
granulated recycled Al-filled
epoxy resin with epoxy resin

(a)

(b)

Granulated recycled Al-filled
epoxy resin with epoxy resin

Powdered recycled Al-filled

epoxy resin with epoxy resin

Epoxy resin

injection molds fabricated from a mixture of powdered
recycled Al-filled epoxy resin with epoxy resin and a mixture
of granulated recycled Al-filled epoxy resin with epoxy resin.
As can be seen, the dispersion of powder of recycled Al-filled
epoxy resins is better than granulation of recycled Al-filled
epoxy resins in the mixture. A portion of the epoxy resin
floated on the surface of wax injection mold, causing poor
mold surface quality after flushing with acetone liquid in the
process of removal of ABS cooling channels. Conversely, the
quality of mold surface is acceptable after flushing with ace-
tone liquid when the wax injection molds fabricated from a
mixture of powdered recycled Al-filled epoxy resin with ep-
oxy resin. This means that the powdered recycled Al-filled
epoxy resin was recommended for fabricating wax injection
molds to meet the objective of green manufacturing. In addi-
tion, this method has a significant industrial value because
cost reduction increases with increasing the volumes of the
wax injection molds fabricated.

In addition, there are three different types of ABS channels
that can be used for manufacturing wax injection molds. The
first method is solid ABS channels. The advantage of this
method is that the interior of the ABS cooling channel can
be prevented from infiltrating of epoxy resin in the mold mak-
ing process. However, the production cost of this method is
the highest. The second method is hollow ABS channels. This
kind of channels means that the internal support materials
were removed completely. The advantage of this method is
that the removal time of ABS channels can be reduced signif-
icantly because the removal direction of ABS channels can be
changed from the axial direction to the radial direction.
However, it needs higher running cost because a high-

000 000000000000 0000
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Granulated recycled

Al-filled epoxy resin
with epoxy resin
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pressure apparatus is required to meet this requirement. The
third method is thin shell ABS channels with support mate-
rials. The production cost of this method can be lower. In
addition, the preparation time of this kind of cooling channels
is the lowest. This means that the thin shell ABS channels with
support materials were recommended for fabricating wax in-
jection molds.

The fabricated wax injection molds are capable of
manufacturing wax patterns for customized metal components
through investment casting technology. Generally, conduction
is the major mechanism for transferring the heat energy of the
molten wax to the surface of the channels through wax injec-
tion mold materials. Thus, the fabricated wax injection molds
can enhance the cooling rate and reduce the process cycle time
of the wax patterns during the wax injection molding process,
resulting in cost savings in low-volume production of wax
patterns for investment casting [26]. Investigation on the
cooling time for different wax injection molds with complex
geometrical shapes of cooling channels is in progress. The
main limitation of the wax injection molds fabricated is the
limited mold service life. In addition, further studies are need-
ed to optimize the layout of cooling channels in the wax in-
jection molds by using computer simulation software because
a better design of conformal cooling channels is more efficient
for reducing the cycle times [27].

4 Conclusions

The main purpose of this study is to develop a new technique
to produce wax injection molds with complex geometrical
shapes of cooling channels using rapid tooling and three-
dimensional printing techniques. A cost-effective manufactur-
ing process has demonstrated the potential to produce wax
injection molds with intricate geometries. Based on the results
discussed in this study, the conclusions are listed as follows:

1. The feasibility of the proposed approach in this study has
been demonstrated to produce wax injection molds with
conformal cooling channels.

2. The proposed approach provides a fast, simple, and cost-
effective alternative to conventional approaches to pro-
duce molds or dies with conformal cooling channels.
The cooling channels with any cross sectional shapes in
the wax injection mold can be fabricated using rapid
tooling and three-dimensional printing techniques.

3. The results presented in this study have important indus-
trial applications because wax injection molds with com-
plex geometrical shape cooling channels can be fabricated
swiftly and effectively. In contrast to conventional
methods regarding manufacture of wax injection mold
with complex geometrical shape conformal cooling chan-
nels, the main advantages of this technique include short
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lead time, short processing time, simple manufacturing
processes, and low production cost.

4. Flushing with acetone liquid is the best approach for re-
moving the cooling channels in the wax injection mold.

5. The powdered recycled Al-filled epoxy resin was sug-
gested for making wax injection molds to save production
cost due to acceptable mold surface quality.

6. The thin shell ABS channels with support materials were
recommended for fabricating wax injection molds due to
low production cost and short preparation time.
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