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Highlights
« Design of plastic injection mold with conformal cooling channels.
 Manufacturing of conformal cooling channels by Vacuum Brazing method.
« Improving plastic part quality and cycle time in plastic injection molding.

Article Info Abstract

In this study, an experimental research was carried out for the production of plastic
Received: 19/09/2019 injection molds with conformal cooling channels by laminated brazing method. In this
Accepted: 25/02/2020 context, plastic injection mold conformal cooling channels was designed and

manufactured. In order to obtain three-dimensional complex cooling channels, mold cores
were separated into layers and processed as plates in different thicknesses. These plates

Keywords were combined with the vacuum brazing method. For the comparison, another mold with
Conformal cooling channels a linear cooling channel was produced. Plastic parts were produced by using both molds.
Plastic injection molding In the experimental study, the cooling time, the surface temperature of the product and
Cooling system the distortions in the product were examined. According to the results, it was determined
Vacuum brazing that by using of conformal cooling channels, the cooling time decreased by 22%. It was
Warpage of plastic parts also observed that there was nearly 50% decrease in the amount of warpage on the

produced plastic parts.

1. INTRODUCTION

One of the cheapest and most common methods used to produce plastic parts is plastic injection molding.
The molten plastic that fills to the cavity in the mold needs to be cooled in a controlled manner. The cooling
process is carried out by means of a cooling system on the mold. Cooling plastic injection molds is a very
critical phase as it directly affects production speed and product quality [1, 2]. The cooling time corresponds
to approximately 80% of the total cycle time [3]. Improvement in the efficiency of the cooling system
improves product quality and production speed.

Plastic injection molds are traditionally cooled by passing cooling water through the straight cooling
channels formed by drilling the mold plates [4, 5]. Straight cooling channels cannot provide the proper
temperature distribution needed in inclined surfaces, regions and corners with different wall thicknesses
[6]. In regions where cooling is not effective, it takes longer to fully solidify of molten plastic. The distance
between the straight cooling channel and complex shaped surfaces varies with the slope of the surface [7].
Therefore, a more suitable cooling system is required for plastic parts with complex geometry. The location
of the cooling channel significantly affects the cooling process and the solidification rate of the molten
plastic [8]. There are two main critical points in the design of cooling systems: shortening cycle time and
uniform temperature distribution [9].
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In a group of studies, a systematic method was presented for the design of the conformal cooling channels
that were not affected by the designer's experience [10-12]. Conformal cooling channels were used for the
cooling operation which was more compatible with the geometry of the mold cavity [13-16].

Thanks to metal laser sintering technologies, it is possible to manufacture plastic injection molds with
conformal cooling channels. With the help of this production method, restrictions on the design of cooling
channels are removed [17]. However, since the material produced by metal laser sintering method has a
porous structure, it cannot provide the expected mechanical properties for plastic injection molds. Another
drawback caused by the porous structure is the low thermal conductivity. Also, the cost of this production
method is still quite high. Material improvement studies on metal laser sintering method are ongoing [18,
19].

In another study proposed in the literature, an alternative method was presented for the production of plastic
injection molds with conformal cooling channels. For this purpose, three-dimensional cooling channels
were tried to be obtained by milling the back side of the mold plates [20-23].

In another method, although not very precise, a plastic injection mold with a conformal cooling channel
was manufactured with welded metal deposition [24].

More industrial production methods are being explored for the manufacturing of molds with conformal
cooling channels. Studies in this field show that more applicable production methods are needed for the
production of the mold plates with conformal cooling channels. Multi-part production of plastic injection
molds with conformal cooling channels comes to the fore [25]. Vacuum brazing is a method that provides
a durable joining of mold parts to mechanical loads and sealing [26-29].

In this study, a practical and cost-effective method for the production of conformal cooling channels is
presented. Unlike the studies in the literature, mold cores were produced in pieces, and then the pieces were
combined with the vacuum brazing method. Plastic injection molds with conformal cooling channels could
thus be produced from steel material with high thermal conductivity and mechanical strength. An
experimental study was carried out to achieve this. Mold cores with conformal cooling channels were made
of steel plates. The gaps that would form the conformal cooling channels were engraved on the plates by
milling. The plates were combined with brazing, and mold blocks were formed. Mold cores and cavities
were manufactured by milling the obtained blocks again. Plastic parts were produced by using mold with
linear cooling channel and mold with conformal cooling channel separately. The produced plastic parts and
cooling times were examined, and both types of molds were compared.

2. MATERIAL AND METHOD

2.1. Plastic Part and Cooling Channel Design

For the experimental study, a plastic part was designed with geometry that straight cooling channels
couldn’t follow conformably. There are inclined surfaces on the plastic part as is seen in Figure 1. ABS

(Acrylonitrile Butadiene Styrene) was chosen as plastic part material. Dimensions of the plastic part are
149x94x41mm and the wall thickness is 3.5mm.

Figure 1. Plastic part geometry used in the stud
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Conformal cooling channels were designed by using a design method developed in the previous study [11].
In order for the cooling channels to be located at a fixed distance from the mold cavity, both the inner and
outer surfaces of the plastic part were offsetted, and the offset surfaces were created (Figure 2). The center
of the conformal cooling channel was located on these surfaces (Figure 3).

Figures should be separated from the text by one single line (before and after the text). Figure and the
caption can be either left or center justified. Figure caption should be in italic font. Excel files (i.e. graphs)
should not be embedded directly into the text. Instead, they should be converted to image files or
copy/pasted to the text as images.

Outside offset surface

Inside offset surface

Figure 2. The offset surfaces [11]

As seen in Figure 4, conformal cooling channels have been designed for both halves of the mold (bottom
and top plates). The offset distance of the surface determines the distance between the axis of the cooling
channel and the mold cavity. The channel dimensions were determined depending on the wall thickness of
the plastic part [30]. The channel diameter is 10mm, the distance of the channels to each other is 25mm,
and the distance between the channel and the mold cavity is 17mm.

Figure 4. Conformal cooling channels at both sides
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Straight cooling channels were also designed to compare the difference between the conformal cooling
channels and the straight cooling channel (Figure 5). As is seen in Figure 5, the straight channels consist of
four drilled holes. The straight cooling channels on the same mold half were connected in series outside the
mold.

Figure 5. The straight cooling channels
2.2. Manufacturing of Plastic Injection Mold
A laminated production method was used for the production of the mold sets with conformal cooling

channels. The solid model of the plastic injection mold was divided into layers (Figure 6). The layer
thicknesses were determined to be suitable for milling the gaps formed by the cooling channels.

)

b)
Figure 6. Obtaining splits plates. a) Dividing the mold cores into layers, b) The obtained plate

The surfaces of the steel plates were precisely machined by grinding to manufacture the divided parts. The
material properties of the steel plates are shown in Table 1.

Table 1. Chemical properties of the mold material, %
Standard (1SO) C Mn Si P S
1.0037 0.17-0.2 14 0.3 0.045 0.009

The plates manufactured by CNC milling were combined with the vacuum brazing method. The parts to be
joined before soldering were mechanically and chemically cleaned. The joining surfaces were ground for
the mechanical cleaning. Unlike the diffusion source, the surfaces were left grinded to allow the molten
soldering material to penetrate the surface scratches with capillary action. No additional polishing was
applied.

The surfaces to be joined were cleaned from the oxide layer and dirt with ethyl alcohol. Copper-based
soldering material was used to the joining surfaces. The properties of the soldering material are shown in
Table 2.
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Table 2. Properties of soldering material
EN 1044 | AWS A5.8 | DIN 8513 | Cu % | Sn % | Melt Temperature °C
CU101 Bcu-la L-Cu 100 - 1083

Then the parts to be joined with the centering pins were aligned to each other. Soldering was carried out in
an atmosphere-controlled vacuum furnace, in a nitrogen / hydrogen (90% / 10%) gas atmosphere, at 1100°C
for 5 minutes holding time. While brazing, a load was placed on the plates to prevent the mold plates
separating from each other and drift apart.

After the joining, the blocks with conformal cooling channels were milled on the CNC machine, and the
mold cores and cavities were formed (Figure 7). Polishing process was not applied to the mold surfaces.

a) b) c)
Figure 7. Mold cores with conformal cooling channels. a) Joined plates, b) Brazed plates, ¢) precision
machined mold cores

2.3. Measuring of Warpage on The Plastic Parts

In plastic injection molding process, while plastic material cools, shrinkage occurs. As the shrinkage occurs,
the temperature distribution on the plastic material also affects the shrinkage phenomenon. As a result of
the absence of a uniform temperature distribution, the plastic part warps. With the use of conformal cooling
channel, it was aimed to cool the plastic part with a more uniform temperature distribution. The effect of
the cooling process performed with the conformal cooling channel on the amount of warpage on the plastic
parts was tried to be determined. The amount of warpage on the produced plastic parts were examined and
compared. The warpage depths on the planar surface on the plastic part were measured with a dial indicator
(Figure 8).

The processing parameters used in the producing trials are shown in Table 3. Mold conditioning unit was
used to keep the mold temperature constant. The coolant temperature was kept constant at 60°C.

Mold temperature was continuously controlled with k-type thermocouple and data logger. The surface
temperature of the ejected part from the mold was measured with an infrared thermometer (Standard
Infrared Thermometer ST-8858). The surface temperature measurement of the plastic part was carried out
as soon as the ejector pins dropped the plastic part after the mold was opened.

Figure 8. Comparison of the amount of warpage depths on plastic parts
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Table 3. Injection parameters

Melt temperature, °C 240
Mold temperature, °C 60
Ejection temperature, °C 90
Injection pressure, bar 45
Packing pressure, bar 30

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The plastic injection mold with conformal cooling channels was designed and divided into layers. The parts
that formed the mold cores were produced by joining with the vacuum brazing method. In addition, the
mold cores with straight cooling channels were produced for the comparison. ABS was used as a plastic
material in producing trials. The properties of the plastic material are shown in Table 4. Producing trials
were carried out by connecting the prepared plastic injection molds to the plastic injection machine.

Table 4. Properties of the plastic material

Injection Mold Heat Dryin Dryin
Material Density Ten{perature Temperature Deflection Temp)éra%ure Tiymeg
kg/cm? o o Temperature o
C C oC C h
LG CHEM
ABS HI121 1.04 210-240 40-70 91 80 2-4

The cooling time was adjusted so that the surface temperature of the ejected plastic part would be 90°C.
Preparation producing were carried out to balance the mold temperature. 30 parts were produced in both
types of cooling channels (Figure 9).

Effects of the straight and conformal cooling channels on cooling time were examined (Table 5). Cooling
time was observed as 32s when using straight cooling channel, and cooling time was observed as 25s when
using conformal cooling channel. Figure 10 shows the time reach of the ejection temperature graphically.

The total cycle time decreased from 44s to 37s with the use of conformal channels. The effect of the
conformal cooling channels in the cooling process can be clearly seen in Figure 9. The using of conformal
cooling channels increased the production speed.

Figure 9. Plastic parts produced with conformal (left) and straight (right) cooling channel

Although the production costs of the molds with straight cooling channels was lower than the conformal
cooling channels, increasing the production speed provided an advantage in reducing the total costs. With
this regard, compared to additive manufacturing methods, this method is very advantageous in terms of
mold production costs.
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Figure 10. Plastic part surface temperatures by time

In the plastic injection molding process, the plastic parts that are scrapped during the time until the mold
temperature reaches equilibrium and the loss of time cause start-up losses. Therefore, minimizing
preparation time will reduce production costs. With this respect, in this experiment, conformal and straight
cooling channels were also compared in terms of start-up losses. Mold conditioner was used for the
production trials, and it was expected to reach the working temperature of the mold without production.
The time to reach thermal equilibrium for the mold was determined as 75 minutes in the use of the straight
channels and 48 minutes in the use of the conformal channels. In experimental and numerical studies
conducted in the literature, cycle times were seen to decrease by 15-45%. It is seen that the results obtained
in the experiments performed with the method presented in this study are also compatible with the literature.

Table 5. Effects of straight and conformal cooling channels on durations

Cooling Channel Type Cooling Time, s Cycle Time, s | Preparation Time, min
Straight 32 44 75
Conformal 25 37 48

The amount of warpage depth on the planar surfaces of the plastic parts produced in the trial producing
were measured with the dial indicator, and their average values were determined. The warpage on the plastic
parts produced with the conformal and straight channels is shown in the graphics in Figure 11.

03 03
E E
g 0% € 025 0.24
g " g 02
A 015 \ a =
° ) . \ v
g 01 ' \~\VV £ 0.15
g Y \ J\, f V "~ a 0.12
>
0 &
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 g 005 -
<T
Plastic Parts 0

=—Sraight Conformal M Sraight ® Conformal

Figure 11. Comparison of the amount of warpage on the plastic parts produced using the conformal and
straight channels

The average warpage depth on the plastic parts produced by using the conformal cooling channels was
determined as 0.12 mm, and the average warpage depth on the plastic parts produced by using the straight
channel was 0.24 mm. With the use of conformal cooling channel, the amount of warpage decreased by
50%, and the quality of the plastic part produced increased. In similar studies in the literature, results
consistent with the 25-50% reduction in the amount of warpage were obtained. This result shows that the
conformal cooling channels provide a more uniform temperature distribution.
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Weights of the plastic parts produced by trial producing were measured and compared. The average weights
of the plastic parts are shown in the graphic in Figure 12.
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Figure 12. Comparison of the average weights of plastic parts produced using conformal and straight
channels

The average weight of the plastic parts produced with the conformal cooling channel was determined as
55.98¢, and the average weight of plastic parts produced with the straight cooling channel was observed as
56.57¢g. The parts produced with the conformal channel were approximately 1% lighter. Considering that
the plastic injection molding process is a large volume production method, so the use of conformal cooling
channels will save plastic material.

4. CONCLUSION

In this study, the effect of conformal cooling channels on the efficiency of the cooling system in plastic
injection molds was investigated experimentally. A case study was performed for the plastic part with
complex geometry. The cooling channel which would follow the inclined surfaces of the plastic part in
conformably was designed with a systematic method. The plastic injection mold with the conformal cooling
channel was produced by joining the laminated parts via the vacuum brazing method. The mold was firstly
produced in pieces from the grinded steel plates and then joined with the vacuum brazing method.

The plastic parts were produced with plastic injection molds with the straight and conformal cooling
channels, and the cooling times were examined. With the use of the shape-adaptive cooling channel, the
cooling time decreased from 32s to 25s, and a shortening of about 22% was achieved. The total cycle time
decreased from 44s to 37s. The time to reach the mold thermal equilibrium decreased from 75 min to 48
min.

In the experiments, the amount of warpage on the plastic parts produced was measured and compared. The
amount of warpage was reduced by 50% by using a conformal cooling channel.

With the production method presented, shape-adaptive channels were produced at a lower cost without the
need for expensive methods such as metal laser sintering. Both the production speed and plastic part quality
were increased. Taking these results into account, an industrially applicable method was presented for many
plastic parts with complex geometry.
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