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Abstract

In recent years, studies have proven that conformal cooling channels (CCC) in an additively manufactured mould result in a
more efficient and effective injection moulding process. This can be achieved since CCCs are designed to follow the contour
of the part being moulded so that the surface of the part is equidistant from the channel at all points. However, no studies
were found which explored the combined effect of mould material thermal conductivity and varying cooling channel designs
on the cooling performance of the mould from a sustainability point of view. Within this context, a study was carried out to
explore the effect of the tool material’s thermal conductivity on the performance of various CCC designs in comparison with
conventional, straight drilled cooling channels. The performance of the cooling channels was analysed from a sustainability
point of view by comparing the channel performances in terms of energy consumption, financial implications, and the
resulting quality of the part. The results of this study showed that the higher conductivity alloys were especially effective at
reducing the cycle time and improving the energy performance of the process in the conventional cooling channel designs.
These materials were also capable of reducing the overall cost of the process which was calculated in terms of material costs
and electricity consumption. For the CCC designs, however, the high conductivity alloys were less effective in all aspects
of this analysis, namely cooling time, energy efficiency, and overall costs. However, it is worth noting that based on the

melt flow simulations, the alternative materials had little to no effect on the resulting quality of the part.

Keywords Injection moulding - Sustainability - Conformal cooling channels - Metal additive manufacturing - Thermal

conductivity - Melt flow simulation

1 Introduction

The polymer manufacturing industry has experienced
considerable growth in recent years due to the continu-
ous increase in demand for plastic products from different
industrial sectors [1, 2]. In fact, between 2018 and 2021,
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the global plastics production increased by around 25 mil-
lion tonnes [1]. Injection moulding is amongst the most
widely used plastic manufacturing processes in industry
today, mostly used for mass production of products. The
injection moulding cycle comprises multiple phases; how-
ever, the cooling phase is responsible for up to 80% of the
overall cycle time [2-5]. During the cooling phase, coolant
is circulated through cooling channels which are designed
and manufactured into the mould’s cavity plates and cores,
thereby cooling the molten plastic inside the mould cavities.
In conventional moulds, these cooling channels can only be
machined as straight drilled bores due to machining limita-
tions [1].

Given that injection moulding is used for mass produc-
tion, and that the cooling phase is the lengthiest phase of
the injection moulding cycle, a reduction in cooling time
can result in higher productivity levels, energy savings and
shorter lead times. The effect of these results is a reduction
in the overall costs for the plastic component manufacturer.
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For this reason, a significant amount of research worldwide
has been dedicated towards making the cooling phase of
the injection moulding cycle more effective and efficient,
thereby making the process more sustainable. Examples of
the effect of a shorter cooling time can be found in [2, 6-8].
The drive behind this aim for a more sustainable injection
moulding process stems from the ever-increasing pres-
sure from society and governing bodies to curb the onset
of climate change. Furthermore, there is now more aware-
ness about how sustainability not only helps society and
the environment but is also financially beneficial for the
manufacturer.

The effectiveness of the injection moulding cycle affects
the quality of the part produced whilst the term efficiency
is used to describe how long and energy-intensive the cycle
is. The result of research on the cooling phase was the
advent of what are known as conformal cooling channels
(CCCs). As shown in Fig. 1, CCCs follow the geometries
of the part being manufactured, ensuring that there is an
equal distance between the cooling channel and the plastic
part surface. CCCs significantly reduce the cycle time of the
injection moulding process, whilst the quality of the part
is improved due to more homogeneous cooling. Given the
complex geometry of CCCs, the mould inserts containing
the channels must be additively manufactured or 3D printed
[5, 11-13].

In the numerous studies conducted on the effect of CCCs
on the injection moulding cooling phase, the results have
been highly positive. Taking for example the work of [6],
the use of CCCs with varying radii reduced the cycle time
by 43%. In a separate study by Berger et al. [7], CCCs were
designed to mimic the behaviour of human blood vessels,
resulting in a cycle time reduction of 14%. The study
conducted in [8] also supports these positive results as the
introduction of CCCs to the production of plastic collimators
yielded a cycle time reduction of 13%.

During the cooling phase, heat is transferred away
from the molten plastic through two mechanisms, namely
convection and conduction [9]. The coolant flowing
through the cooling channels is mostly responsible for the
convective side of heat transfer, whilst the mould material
between the part and cooling channel caters for most of
the heat transfer by conduction. Therefore, the cavity and

Fig. 1 Design comparison
between conventional and con-

moulded part

core inserts play a very important role in the cooling of the
part [9]. For many industrial applications, different types
of steels are used as the material of choice for tooling. This
is because whilst steel may not have the highest thermal
conductivity, it provides significant resistance to wear and
thermal fatigue [3, 9]. On the other hand, there are many
readily available alloys which can provide a significantly
higher thermal conductivity at the expense of the mould’s
life expectancy, such as aluminium and copper alloys. In
fact, studies have been conducted to investigate the effect
of alternative materials on the quality and cycle time of
the resulting injection moulding process [3, 10, 11]. In [3],
various copper alloys were used for injection mould inserts,
and compared to tool steel mould inserts. This resulted in
a reduction in cooling time of up to 29%. Similarly, [10]
and [11] assessed alternative materials. In the former study,
the use of pure copper for a mould insert yielded a 29%
reduction in cycle time whilst, in the latter study, the CCCs
of the mould insert were lined with copper tubing such that
a cooling time reduction of 35% was achieved.

The effect of a cycle time reduction on the energy effi-
ciency of the injection moulding process had also been stud-
ied. In his paper, Kent [12] explores how the energy con-
sumption of 114 injection moulding machines was affected
by a reduction in cycle time. The result of this study is the
equation shown in Eq. 1 and Fig. 2. This equation is related
to the throughput of the machine in terms of parts per hour
with the specific energy consumption (SEC) of the machine
[12].

SEC = 4.8914 x throughput %+’ 1)

Similarly, the study by Cardeal, which is discussed in
[13], also explores the same relationship as that of Kent in
35 different injection moulding machines. Given that the
study in [12] covers a wider variety of injection moulding
machines, Eq. 1 was used for the purpose of the study
presented in this paper.

Whilst there have been studies which explore how
varying insert materials affect the cooling time of injection
moulding, no studies were found which also explored
their effect on the injection moulding process from a
sustainability point of view. Therefore, this simulation-based
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Fig.2 SEC vs throughput graph adopted from [12]

study aims to explore the combined effect of additively
manufactured mould inserts with different CCC designs
and mould materials with different thermal conductivities
on the sustainability of injection moulding process. The
results from the different materials and CCC designs of the
injection moulds will be compared by taking into account
the energy consumption, financial, and quality aspects.

2 Materials and methods
2.1 Materials

To test the effect of thermal conductivity on the cooling
time, mould materials of varying thermal conductivities
needed to be selected. In addition to the thermal properties,
these materials were selected according to price and
hardness. Since the mould inserts with complex CCCs must
be additively manufactured, in this case using a laser powder
bed fusion (L-PBF) system, the materials should also be
available in powder form. The price of the material is also
essential in determining the financial feasibility of using
materials other than tool steels for the mould inserts. Since
conventional and conformal CC designs are compared in this
study, the price of the materials in both solid and powder
form must be considered. The prices of these materials in
their two forms are very different, with the prices in powder
form typically being much higher. On the other hand, the
hardness of the material is a property which greatly affects
the life expectancy of the insert, as explained in Sect. 2.2.3.

As mentioned above, L-PBF was selected to manu-
facture the conformal cooling moulds since most studies

show that parts of different materials produced through
L-PBF achieved a relative density of around 99% [14].
Thus, it is assumed that this high density will also be
achieved in the case of the mould inserts used in this
study, and that their thermal properties will not be signifi-
cantly affected [15]. Another reason for the selection of
L-PBF as the manufacturing process was that the remain-
ing non-sintered powder in the cooling channels does not
require complex removal or cleaning processes. There-
fore, the complexity of the designed conformal cooling
channels will have little to no effect on the post-process-
ing of the mould insert [14].

The moulding material considered in this study is
HE125MO polypropylene (PP) as it is amongst the most
used materials for injection moulding. This grade of PP
offers good flow properties and high stiffness [16].

2.2 Tool steels

Common steels used for injection moulds are the H13
tool steel and 420 Stainless Steel (420SS), both of which
were selected. The H13 tool steel is renowned for its high
tensile strength and good resistance to thermal cracking,
which are ideal material properties for injection moulds
[17]. The 420 Stainless Steel (420SS) was selected due
to its good corrosion resistance [18] and was used as the
control material since it has the lowest thermal conductiv-
ity from all the materials selected. This material is also the
cheapest in comparison to the other selected materials.

2.3 Aluminium alloys

Aluminium alloys are being considered as possible mould
insert materials due to their significantly improved thermal
conductivity over steels. This improvement in conductivity
comes at the expense of the durability of the inserts. The
aluminium alloy selected was the AISi10Mg alloy, which
is promoted for its excellent thermal conductivity, paired
with a high dynamic toughness [17].

2.4 Copper alloys

Copper alloys provide an even higher thermal conductivity
than aluminium alloys [17]. The copper alloy considered
for this study, namely CuNi2SiCr, retains the desirable
properties of copper, such as thermal conductivity and cor-
rosion resistance, whilst also having improved mechanical
properties, including but not limited to the strength and
hardness of the material.

Table 1 lists the selected materials with their price and
properties as well as the mould classifications based on the
mould material used.
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Table 1 Price and properties of the selected mould insert materials and mould classifications [16-19]

Material type Material Price (€/kg) Hardness Thermal Mould class* Life
- conductivity expectancy?
Solid form Powder form (W/m K) (no. of cycles)
Stainless Steel 420 3.47% 43¢ 55 HRC* 25¢ 102 <1,000,000
Tool Steel H13 1.28° 82° S0HRC®  32° 102 <1,000,000
Aluminium alloy AlSil10Mg 1.97% 68° 71 HRB® 140° 104 <100,000
Copper alloy CuNi2SiCr 5.47% 95° 59 HRB® 215° 104 <100,000

References: (a) [16]; (b) [17]; (¢) [18]; (d) [19]

3 Methods
3.1 Mould design and case study part

To properly test the limitations of the cooling system, a
case study part prone to inhomogeneous cooling accord-
ing to [20] was designed. The resulting case study part,
as shown in Fig. 3, consists of various features which are

Fig.3 Annotated renders of
front and rear of case study part

Long Vents

challenging to cool such as long and flat walls, thin vents
at the front, and a deep core with an inner rectangular
section, leaving less space for cooling channels, as well
as a thick rib.

Based on the designed case study part, a mould was
designed with inserts which include different CC designs as
shown in Fig. 4. The overall dimensions of the inserts are
180 50% 130 mm for the cavity insert and 180x 58 x 130
mm for the core insert (these dimensions are the same for all

Part Width: 92.4 mm
Part Height: 36.8 mm
Part Depth: 39 mm
Part Weight: 0.022 kg

Rounded
Sides
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Fig.4 Case study part mould
inserts with different CC
designs and the resulting mould
inserts’ material volume

Basic CC Design
with inserts’ material volume of 2527 cm?

Square CC Design
with inserts’ material volume of 2527 cm?

—————

— e

U-Shaped CCC Design
with inserts’ material volume of 1676 cm?

— N\

.

(b)

Zigzag CCC Design
with inserts’ material volume of 1686 cm?

(c) (d)
Table 2, M.Olﬂd material Mould insert material Thermal Density (kg/m3) Specific heat Thermal
p.ropel>rt1'es inputted for melt flow conductivity capacity (J/kg K) diffusivity
simulation [16-18] (W/m K) (m2/s)
420SS 25 7600 475 6.90x107°
HI3 32 8000 477 8.39x 107
AlSil0Mg 140 2670 960 54.62% 107
CuNi2SiCr 215 8840 385 63.17%x107

CC designs). The designs involve both straight drilled chan-
nel designs, as well as conformal cooling channel designs.
The simplest design, called Basic Cooling Channels (Basic
CC) employs four straight drilled channels. The other con-
ventional CC design is the Square CC design which follows
a square-shaped pattern. The U-Shaped CCC is somewhat
similar to the Basic CC design with two main differences:
the main channels contour to the curves of the case study
part and additional cooling channels are introduced to the
core of the part. Finally, the most complex design is the
Zigzag CCC which follows a 3D zigzag pattern.

3.2 Simulation and comparison

Melt flow simulations were carried out using the Mold-
ex3D software to analyse the effectiveness and efficiency
of the designed cooling system, namely the cooling chan-
nels and the mould insert materials. For each different
material, the thermal conductivity, density, and specific
heat capacity was inputted into the software, as can be
seen in Table 2. For the simulations, it is also assumed

Table 3 Moldex3D simulations parameters used for polypropylene
(PP_125_1) representing PP HE125MO

Parameter Units Value
Material file PP_125_1
Maximum injection pressure MPa 140
Maximum packing pressure MPa 140
Filling time S 1.19
Packing time S 5.13
Melt temperature °C 230
Coolant temperature °C 35
Coolant type Water
Eject temperature °C 80
Automatic calculation for cooling time s 9.1

that the properties of the selected mould materials will
not significantly change after the L-PBF process due to
the relatively high material density of around 99% [14].
The simulations were used to determine the effects of the
cooling phase changes on the quality of the part and the

@ Springer
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overall cycle time. The parameters used for the Moldex3D
simulation are listed in Table 3.

3.3 Life expectancy of the mould inserts

The life expectancy of a mould manufactured using
an alternative material to steel is an essential factor in
determining the feasibility of these materials. However,
the life expectancy of a mould cannot be calculated by any
conventional formula. In fact, the life expectancy is usually
determined through physical experimentation. In the case of
this study, since physical experiments could not be carried
out, the life expectancy of each alternative mould material
was estimated using the mould classification standard set
by the Society of Plastics Industry (SPI) [19]. This standard
gives a rough estimate of the life expectancy of a mould
according to the hardness of the mould material. The life
expectancies of each material used in this study are listed
in Table 1.

3.4 Results analysis

The resulting cooling times for each combination of
cooling channel design and insert material were used for a
preliminary energy analysis. In this analysis, the equation
proposed by Kent [12] was used to find the SEC per part
for each combination. To do this, however, the material
throughput needs to be found. This was done by first
calculating the theoretical cycle time of the control material
for each CC design using Eq. 2. The factor of 0.65 in the
equation was derived from the fact that the cooling time of
the injection moulding process takes up an average of 65%
of the entire cycle time [4]. The respective cycle times for all
the other materials were found by deducting the reduction in
cooling time they produce from the theoretical cycle time.
To find the throughput in kg/hr, the number of cycles per
hour was calculated using the cycle times found for each
case and this was multiplied by the mass (7,14 runner) Of the
case study part and runner (found from CAD data), i.e. 22 g.

Control material cooling time
0.65

Theoretical cycle time =

@

Throughput = Cycles/hr X 7, runner 3)

Furthermore, the SEC was used to analyse the cost
reductions induced using alternative materials in terms
of electricity tariffs and material insert costs to produce 1
million case study parts. To find the electricity costs for each
material and CC design combination, the Maltese electricity
tariffs were applied to the electricity consumption for 1
million case study parts. The tariff band for a large company

@ Springer

in Malta is found in [21]. The mould insert material costs
were based on the volume of material required for each
insert and the properties of the materials as defined by the
manufacturers. For the conventionally machined inserts, the
volume of material required consists of a block of metal so
that the metal can then be cut away through machining to
form the required shape.

Mould insert material cost = (material price per kg)

“

X (,0 X VOlumeInserls)

4 Results and discussion
4.1 Melt flow simulation results

Simulations were run for all combinations of mould insert
material and cooling channel design, such that a series of
16 simulations were run. Figures 5 and 6 show examples
of the simulation results. Figure 7 summarises the cool-
ing times, maximum average temperatures, and part’s total
displacement for each CC design and mould insert material
combination. In the Moldex3D environment, total displace-
ment refers to the resulting warpage of the part after it is
ejected and allowed to cool to room temperature [21]. This
total displacement accounts for displacement in all three
directions of the Cartesian coordinates.

Figures 5 and 6 show that the thick rib feature took the
longest to cool. This thick rib acted as a bottleneck for the
cooling efficiency of each cooling system design. Taking
Fig. 5a as an example, the thick rib required around 76 s
to fully cool, whilst the outer walls of the part required a
maximum of 27 s. Similarly, the average temperature of the
part was highest in the thick rib, having a maximum aver-
age temperature of 155 °C in comparison to the average of
95 °C for the outer walls, which is due to the larger volume
of plastic melt present in that area. In the case of the conven-
tional cooling channel designs, the inner core walls behaved
similarly to the thick rib, requiring almost 50 s more to cool
completely, due to the lack of cooling channels designed in
the core mould insert.

Compared to the control mould material (420SS), an
increase in thermal conductivity of the mould insert material
resulted in a decrease in cooling time for all cooling channel
designs, as shown in Fig. 7. The maximum cooling time
decrease of 47% was achieved by AISi10Mg mould inserts.
Furthermore, a pattern which can be drawn out is that from
the thermal conductivity of aluminium alloy, the cooling
time and maximum average temperature values converge,
regardless of complexity of the cooling channel design. This
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Fig.5 Simulation results for a
cooling time for Basic CC with
420SS; b average temperature;
and c total displacement for
Basic CC with 420SS

means that any increase in thermal conductivity higher than
that of aluminium has little to no effect on the cycle time
or maximum average temperature of the part at ejection.
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Taking the Square CC for example, whilst the aluminium
alloy resulted in a decrease of 43% in cooling time, the
copper alloy reduced the cooling time by 45%, even though
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Fig.6 Simulation results for a
cooling time for Zigzag CCC
with 420SS; b average tempera-
ture; and c total displacement
for Zigzag CCC with 420SS
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Fig.7 A graph of cooling time, maximum average temperature, and
maximum total displacement vs. thermal conductivity

the thermal conductivity of the copper alloy is 54% higher
than that of the aluminium one. This pattern also shows
that thermal conductivity is not the only deciding factor on
the material’s performance in injection moulding cooling.
Together with a material’s density and specific heat, the
thermal conductivity is one of the three properties which
contributes to thermal diffusivity. As shown in Table 2,
copper and aluminium have similar thermal diffusivities,
leading to a similar cooling time reduction for these two
materials.

The results of the simulations also show that the effec-
tiveness of the increased thermal conductivity of the mould
inserts decreases with increasing cooling channel design
complexity. An example of this behaviour can be seen in
the aluminium alloy, which reduced the cooling time by 47%
in the Basic CC and only by 10% in the Zigzag CCC. A
similar pattern can be seen in the plot for the maximum aver-
age temperature of the part at ejection. This pattern leads to
the assumption that, in the simpler cooling channel designs,
heat transfer is predominantly conductive in nature. In the
conventional cooling channel designs, for example, there
are no cooling channels that cool the core of the case study
part, leaving more material mass for the insert materials.
This means that the heat in areas which do not have nearby
cooling channels must be extracted through heat conduction

Table 4 Results from calculations for throughput and SEC/part

CC design Mould insert material ~Throughput SEC (Wh/part)
(kg/h)

Basic CC 420SS 0.68 128
H13 0.73 123
AlSil0Mg 0.97 109
CuNi2SiCr 0.96 110

Square CC 420SS 0.67 128
H13 0.73 124
AlSil0Mg 0.94 111
CuNi2SiCr 0.95 110

U-Shaped CCC  420SS 1.10 103
H13 1.13 102
AlSil0Mg 1.23 98
CuNi2SiCr 1.21 99

Zigzag CCC 420SS 1.15 101
H13 1.17 100
AlSilOMg 1.23 98
CuNi2SiCr 1.23 98

through the mould materials. In contrast, the more complex
cooling channel designs have a significantly larger cool-
ing channel surface close to the plastic part such that heat
transfer by convection is the more dominant mechanism. For
this reason, the use of high thermal conductive materials
for the mould inserts yields less prominent results for the
complex cooling channel designs.

In analysing the effects of these alternative materials on
the sustainability of the injection moulding cycle, one cannot
omit the effect the change in material has on the resultant
part quality. The effect of the cooling system on the resulting
quality of the part can be best investigated by examining the
total displacement at the rounded sides of the part. These
rounded sides were designed to provide a good comparison
for the effectiveness of the cooling system design. Although
the cooling time was significantly impacted by the change in
insert material, there was no discernible change in the quality
of the part produced, as shown in Fig. 7. In fact, between
one material and another for the same cooling channel
design, the maximum difference in warpage of the part
was 0.046 mm between the control material 420SS and
the Al1Si10Mg inserts of the Simple CCC design. This is
caused by the fact that each simulation run took place until
the targeted ejection temperature of the moulding material
(PP) was reached, which results in a significant difference
in cooling time but not in the warpage value. Furthermore,
no discernible pattern could be extracted from Fig. 7 for the
resulting part quality. Considering this lack of pattern, the
effect that each cooling system design has on the resultant
part quality should be further studied through physical
experimentation in a future study.
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Table 5 Results for electricity and mould insert material costs

CC design Mould insert material Material form No. of insert sets Electricity Insert material Total

required for IM parts  cost/IM parts (€) cost/IM parts (€)  cost/IM
parts (€)

Basic CC 420SS Solid 1 13,771 27 13,798

H13 Solid 1 13,331 68 13,399

AlSi10Mg Solid 10 11,753 135 11,888

CuNi2SiCr Solid 10 11,828 1236 13,064

Square CC 420SS Solid 1 13,806 27 13,833

H13 Solid 1 13,362 68 13,430

AlSil0Mg Solid 10 11,949 135 12,084

CuNi2SiCr Solid 10 11,873 1236 13,110

U-Shaped CCC 420SS Powder 1 11,138 548 11,686

H13 Powder 1 11,034 1099 12,133

AlSil0OMg Powder 10 10,631 3043 13,674

CuNi2SiCr Powder 10 10,682 14,075 24,757

Zigzag CCC 420SS Powder 1 10,944 551 11,495

H13 Powder 1 10,844 1106 11,950

AlSil0Mg Powder 10 10,632 3061 13,693

CuNi2SiCr Powder 10 10,608 14,159 24,767

5 Environmental and costing analysis

As described in Sect. 2.2.4 Results, calculations were per-
formed to find the SEC of the injection moulding process
based on throughput, which varies directly according to
cycle time. The results of the environmental and costing
analysis are shown in Tables 4, 5, and Fig. 8.

The results of this analysis show that as the thermal
conductivity of the mould insert material increased, the
productivity rate of the injection moulding process also
increased. Similarly, the SEC per part decreased with
an increasing thermal conductivity. This shows that an
increase in thermal conductivity will create a faster and
more energy efficient injection moulding process. This is
especially true for the aluminium alloy which resulted in
a maximum of 44% increase in productivity (from 0.68 to
0.97 kg/h) with a maximum of 15% decrease in SEC/part
(from 128 to 109 Wh/part). As was also seen in Sect. 3.1
Melt flow simulation the copper alloy was less effective in
reducing the cooling time of the injection moulding cycle.
As a consequence, there were no significant improvements
in the productivity of the injection moulding cycle or in the
SEC/part when the copper alloy mould inserts were used.

In the preliminary financial analysis, the total costs of
electricity consumption and mould inserts material costs
were compared for each combination of material and CC
design. For the conventional cooling channel designs, the
higher conductivity materials incur a lower overall cost,
saving a maximum of €1910. These cost savings directly
correlate to the reduction in cooling time that the higher

@ Springer

conductivity materials produce. This reduction in cooling
time is large enough to offset the significantly increased
material costs, especially when considering that for every
one set of mould inserts made from steel, ten pairs of inserts
must be manufactured for the aluminium and copper mate-
rials (as seen in Table 5). For the CCC designs, however,
this is not applicable as all the alternative materials incur a
higher material and electricity cost. The copper alloy pro-
duces a significant increase in costs of around €13,000 whilst
the aluminium alloy requires around €2000 more than the
control material. As discussed in Sect. 3.1 melt flow simula-
tion, the higher conductivity materials were more effective
in improving the sustainability of the injection moulding
cycle when used for the conventional cooling channels.

It is also worth noting that this analysis did not take into
consideration the costs of the machining and 3D printing
processes due to limited data available. However, the
reduction in cycle time leads to various advantages including
shorter lead times, lower storage costs for work in progress
(WIP), and higher customer satisfaction. Therefore, since
limited factors could be considered in this quantitative
analysis, the feasibility of the use of alternative materials for
mould inserts should be investigated on a case-by-case basis.

6 Conclusion

The results of this study show that with increasing cooling
channel complexity, the thermal conductivity of the mould
material plays an ever-diminishing role. Taking the effect of
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Fig.8 Plots for SEC/part, productivity, and total cost for each combi-
nation of insert material and CC design

the aluminium alloy as an example, this material resulted in
a 47% decrease in cooling time for the Basic CC, but only
al0% decrease for the Zigzag CCC. However, in situations
where products are mass produced, even a slight decrease
in cycle time may prove to be a significant advantage from
a sustainability point of view. This is because a decrease in
cycle time produces other indirect advantages such as shorter
lead times, higher customer satisfaction, and lower storage
costs for batches still being processed, etc. Nonetheless,
any increases in mould material thermal conductivity
beyond that of the aluminium alloy appear to yield very
low return, with the copper alloy only resulting in a further
2% difference in cooling time compared to AlSi10Mg. The
moulds with higher conductivity materials also create a
more energy efficient injection moulding process, with
the SEC/part for each mould material being decreased by
a maximum of 15% for any one CC design. This energy
efficiency bolsters the efforts to create a more sustainable
injection moulding process.

In the costing analysis, a mixture of results was achieved.
These results showed that amounts of up to around €1900
can be saved when manufacturing conventional cooling
mould inserts out of high conductivity materials. However,
this analysis considers the material costs and electricity
tariffs. It is worth noting that these savings are achieved
only by one injection moulding machine with the respective
mould. For the CCC designs, the aluminium alloy just about
breaks even with the costs of the control material. How-
ever, the shorter lead times that the alloy achieves (AlSiMg
resulted in an average 13% decrease in cooling time) may
still prove to be highly advantageous in a mass production
environment.

The work produced in this study was set up to serve as a
benchmark for a future study, in which novel CCC designs
will be developed and compared to the designs created and
simulated in this paper. This future study will move include
both simulations and physical experiments, thus allowing
for more in-depth analyses of various factors such as the
maintenance of the mould inserts.
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