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Abstract: Due to their low shrinkage and easy moldability, metal epoxy composites (MEC) are
recognized as an alternative material that can be applied as hybrid mold inserts manufactured with
rapid tooling (RT) technologies. Although many studies have been conducted on MEC or reinforced
composite, research on the material properties, especially on thermal conductivity and compressive
strength, that contribute to the overall mold insert performance and molded part quality are still
lacking. The purpose of this research is to investigate the effect of the cooling efficiency using
MEC materials. Thus, this research aims to appraise a new formulation of MEC materials as mold
inserts by further improving the mold insert performance. The effects of the thermal, physical, and
mechanical properties of MEC mold inserts were examined using particles of brass (EB), copper (EC),
and a combination of brass + copper (EBC) in irregular shapes. These particles were weighed at
percentages ranging from 10% to 60% when mixed with epoxy resin to produce specimens according
to related ASTM standards. A microstructure analysis was made using a scanning electron microscope
(SEM) to investigate brass and copper particle distribution. When filler composition was increased
from 10% to 60%, the values of density (g/ cm?), hardness (Hv), and thermal conductivity (W/mK)
showed a linear upward trend, with the highest value occurring at the highest filler composition
percentage. The addition of filler composition increased the compressive strength, with the highest
average compressive strength value occurring between 20% and 30% filler composition. Compressive
strength indicated a nonlinear uptrend and decreased with increasing composition by more than
30%. The maximum value of compressive strength for EB, EC, and EBC was within the range of
90-104 MPa, with EB having the highest value (104 MPa). The ANSYS simulation software was
used to conduct a transient thermal analysis in order to evaluate the cooling performance of the
mold inserts. EC outperformed the EB and EBC in terms of cooling efficiency based on the results of
thermal transient analysis at high compressive strength and high thermal conductivity conditions.

Keywords: rapid tooling; hybrid mold; metal epoxy composite; injection molding process; mate-
rial properties

J. Manuf. Mater. Process. 2022, 6, 134. https://doi.org/10.3390/jmmp6060134

https://www.mdpi.com/journal /jmmp


https://doi.org/10.3390/jmmp6060134
https://doi.org/10.3390/jmmp6060134
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0002-4521-7727
https://orcid.org/0000-0003-2115-2030
https://orcid.org/0000-0002-3209-8132
https://orcid.org/0000-0001-8673-159X
https://orcid.org/0000-0002-0054-6535
https://doi.org/10.3390/jmmp6060134
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp6060134?type=check_update&version=1

J. Manuf. Mater. Process. 2022, 6, 134

20f22

1. Introduction

Nowadays, rapid tooling (RT) and additive manufacturing (AM) are widely seen as
complementary technologies for the rapid manufacture of tooling for prototype applications
within the tooling sector [1,2]. Current techniques in developing mold inserts (core and cav-
ity) involve many manufacturing steps in producing the final product, where dimensional
accuracy and good surface, as well as the preparation of cooling channels, are the most
important factors [3,4]. Commonly, mold components are fabricated from conventional,
CNC, and electro-discharge machining that are expensive and time-consuming [1,4-8]. As
stated by Elangovan et al. [9], tooling inserts with complex geometries can be produced
at low cost and in less time using the RT technique than conventional steel molds, which
can take up to a month. To improve the competitiveness, the use of metal epoxy composite
(MEC) as a hybrid mold insert (Figure 1) could reduce the tooling manufacturing cost and
lead time by up to 25% and 50%, respectively [4-6,10,11].

Mold insert using

Mold based using RT techmiques

conventional machining

Figure 1. The hybrid-mold concept.

MEC mold inserts are frequently made using the vacuum casting process [12,13],
which involves mixing an epoxy-based material with metal fillers before pouring the
mixture into a specially prepared pouring container. These mold inserts, which have low
processing cost, are very competitive when applied in the manufacture of plastic parts in
low volumes [4,6,14,15].

There are several other factors that will affect the thermal, physical, and mechanical
properties of the mold inserts produced based on the manufacturer’s guidelines and
previous research [15-17], such as curing time, curing temperature, metal filler composition
based on weight ratio, mixing time, degassing time, etc., [18]. There is a potential for
problems to arise in the specimens and mold inserts being made if there is non-uniform
mixing of the MEC material and the curing agent, and the presence of entrapped gases in
the mixture [19-22]. Metal fillers will not work better in epoxy matrices if the dispersion is
not even and will sink to the bottom [15].

In general, the mold insert material and the mold cooling system influence the cooling
time of injection molded products [4,22-24]. Nevertheless, MEC materials have disad-
vantages such as high wear rate, low compressive strength, and low thermal conductiv-
ity [4,11,15,25,26]. Epoxies filled with aluminum, brass, copper, etc., in spherical shapes
have been used for a long time in indirect rapid tooling, and have especially been applied
as mold insert materials [4,15,17,22]. The type and amount of filler composition on the
MEC material are critical in ensuring good performance, which can be assessed by con-
ducting various types of tests such as physical, thermal, and mechanical tests to examine
the properties of the material [4,15,16,22,27-29]. Most manufacturers of epoxy resin for
tooling use mixtures in the range of 20-30% because, at this condition, it has the highest
compressive strength, saves money on filler, and is easy to pour into more complex pouring
blocks [22,30-35].

Due to the fact that epoxy tools frequently begin to crack and break when repeatedly
heated to high temperatures and cooled to room temperature, the current challenges and
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issues in MEC material are to improve the performance of the mold inserts [4,6]. According
to Ma et al. [15], MEC material’s properties as a mold insert in the injection molding process
are determined by its structure, compressive strength, hardness, and thermal conductivity.
This is an important aspect that must be considered when developing effective MEC mold
inserts that determine the MEC mold life. The relatively low thermal conductivity is the
primary obstacle that needs to be overcome during the development of the molding process
using RT. The slow heat transfer from the molten plastic to the coolant through the mold
inserts is caused by epoxy mixed with fillers having low thermal conductivity (0.6 W/mK
to 1.8 W/mK) [3,4,33,36]. Rapid heating and cooling can worsen the MEC mold insert
during the injection molding process, which affects the quality and dimensional accuracy
of the part [4,37].

Rahmati and Dickens [38] highlighted that filler thermal conductivity, resin tempera-
ture (Tg), and fabrication process are significant factors when considering how the molding
process with RT-fabricated mold inserts affects the molded component. Making plastic
components with hybrid molds still presents some challenges because the thermal proper-
ties, mechanical information, and behavior of the materials are either inaccessible or poorly
understood [39]. From previous research [4-6,21], the data on the properties of MEC are
limited, with every researcher obtaining different values, and there is no comprehensive
data presented [33,40]. Most studies concentrated on part shrinkage when filled epoxy was
utilized as mold inserts [41-43].

Several researchers [27,44-46] have investigated the thermal conductivity and mechan-
ical strength of MEC material consisting of brass and copper fillers in a spherical shape.
The physical, mechanical, and thermal properties of aluminum epoxy were investigated
in a series of experiments initiated by Khushairi et al. [22]. Aluminum-filled epoxy was
mixed separately with brass and copper fillers of varying compositions (10%, 20%, and
30%). In the thermal conductivity test, it was found that the copper filler provided better
thermal diffusivity. However, regarding density and compressive strength, brass fillers
are proven to be more effective than copper fillers. There is also research on the use of
irregularly shaped filler particles and fibers, in addition to spherical shapes, but they have
not been comprehensively reported for use as mold insert material [29,47].

Therefore, with regard to the contribution to knowledge in MEC mold inserts, this
study was initiated to investigate the cooling performance of the MEC mold by investigating
the effect of the mold material in the mixture using brass and copper filler particles of
irregular shapes. The investigation includes the determination of its physical, mechanical,
and thermal properties. Cooling time of the MEC material is to be simulated using ANSYS
software to provide significant information and benefits, especially to the mold and die,
engineering parts, and plastics industries.

2. Methodology

The process flow of this research is illustrated in Figure 2. It starts with the assessment
and selection of the type, shape, size, and wt% composition of filler particles in the form
of powder. Irregular shaped filler particles of brass and copper are used to enhance the
ability of the MEC mold insert in terms of cooling time reduction, while the use of spherical
aluminum filler is intended as a measurement guide because the use of different resins
yields different results. Table 1 shows the filler information provided by Chengdu Huarui
Industrial Co., Ltd., Chendu, China, which was used in this research. The information of
particle size and shape are given in Figure 3. The process is then continued with physical,
mechanical, and thermal tests to obtain the properties of the new MEC material before
evaluating the type and percentage of filler composition suitable for use as mold inserts.
Mold inserts with cooling channels were designed, and thermal transient analysis was
conducted using ANSYS Fluent 180, ANSYS, Inc., Canonsburg, PA, USA, by considering
the best properties of the materials selected.
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Figure 2. Flow Chart.

Table 1. Filler Properties.

Filler Shape Particle Size (mm) Metal Contents (%)
Aluminum Spherical 40-65 um 99
Brass Irregular 10-100 pm 95
Copper Irregular 10-100 um 99

D .
N D56 x200 500 um TM3000_

TM3000_

(b) Type : Brass irregular shape
Size : 10-100 microns

spherical shape (c) Type : Copper irregular shape

Size : 10-100 microns
Figure 3. Particle size and shape.

2.1. Specimen Preparation

The epoxy used in this research was MIRACAST 1516 A /B [48], provided by Miracon
(M) Sdn. Bhd, Selangor, Malaysia. Miracast 1516A with Miracast 1516B is a low viscosity
epoxy system suitable for the production of molds, tools, and fixtures that are subjected to
heat. Most manufacturers of epoxy resin for tooling use aluminum filler at a composition of
20-30% to ensure that the material properties are at an optimal level [29,33-35]. From the
literature study [49], it can be seen that the aluminum filler in a spherical shape and size is in
the range of 20-65 microns. Therefore, in this research, EA filler is used to set a benchmark
for testing the physical, thermal, and mechanical properties of MEC material. Epoxy resins
were mixed separately with aluminum (EA), brass (EB), and copper (EC) fillers in the range
of 10% to 60% by weight composition ratio. At compositions of 10% to 40%, the high
compression strength is broken down into 5% intervals to achieve a more precise picture
of where it occurs. The compositions of the metal filler, epoxy resin, and hardener used
to produce one set of specimens are listed in Table 2. For the combination of the brass +
copper (EBC) filler, the compositions of the epoxy resin and hardener remain according to
each % composition, as in Table 2. The only change in the total composition of the metal
filler is to combine two brass and copper fillers with a 1:1 ratio. Specimen preparation was
started by mixing epoxy resin and hardener, while filler particles were added separately in
different percentage compositions. After the mixture was stirred (within 5 to 10 min), it
was degassed in a vacuum casting chamber (CM2000, Cybron Technology (M) Sdn. Bhd,
Peneng, Malaysia) for 10-15 min to remove any trapped air bubbles. The mixture was then
poured into a well-prepared rubber mold to form a specimen, and after it hardened at room
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temperature for 24 h, it was heated in the oven (Memmert UM200, Memmert GmbH +
Co. KG, Schwabach, Germany) at 180 °C for 8 h to obtain the maximum hardness of the
material [15-17,22,50-53]. The procedures are clearly illustrated in Figure 4.

Table 2. Composition of MEC for one set of specimens.

Mixing Composition (grams)

No. Type of Fillers Metal Fillers (£ 1.5%) Epoxy Resin Hardener Total (100%)
1. 10% 70g 60% 420g 30% 21.0g 70g
2. 15% 105¢g 56.7% 39.7¢g 283% 198¢g 70g
3. 20% 140¢g 53.3% 373¢g 26.7% 187¢g 70g
4. 25% 175¢g 50% 350g 25% 175g 70g
5. (EA, EB or EC) 30% 210¢g 46.7% 327¢g 233% 163¢g 70g
6. 35% 245¢g 43.3% 303¢g 21.7% 152¢g 70g
7. 40% 280¢g 40% 28.0g 20% 14.0g 70g
8. 50% 350¢g 33.3% 233¢g 16.7% 11.7g 70g
9. 60% 420g 26.7% 187 g 13.3% 93g 70g

Preparation Material

fi= E
2

Specimen Curing Pouring into silicone rubber
mold

Figure 4. Specimen preparation.

2.2. Experimental Set-Up

The primary objective of test selection is to obtain material properties that meet the
material requirements for use as a mold insert while also adhering to ASTM standards. The
tests were chosen based on previous research conducted on MEC’s mechanical and thermal
properties and their use in the injection molding process. A combination of RT techniques is
used to determine physical, mechanical, and thermal properties [15-17,22,50-54]. In order
to ensure that the materials are suitable for their intended applications, four tests were
carried out in this current study, which were the density test, hardness test, compression
strength test, and thermal conductivity test.

Prior to the actual tests, several specimens were prepared and selected randomly
according to percentage composition and analyzed using the microstructure analysis
method. It was intended to ensure that the percentage of the filler particles and the size is
accurate, as well as to ensure that the mixture is evenly distributed over the entire surface
area. The specimens were cut along the casting direction, and then the areas to be observed
(bottom and side) were polished, as shown in Figure 5. The microstructures reflect particle
dispersion in the entire epoxy matrix composite. All micrographs at these two areas were
taken and analyzed for each type of powder filled epoxy composite in different ratios of
fillers. Figure 6 shows the example of optical micrographs of the 30% copper filled epoxy
and the percentage content of filler on the specimen. Numerical values of the percentage
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composition were obtained for each specimen preparation, with a confidence interval of
£1.5%.

Cut specimen
Casting Direction along casting

direction

%

|
I
|

\ Area to be observed

(side and Bottom)

Figure 5. Positions of microstructure.

Mass percent (norm.) Point

80

60

40

31.0%
20
8.4%
, 0 ey o B ;
TM3000_2863 g Resin Cu [o]
(a) Microstructure of 30% (b) Percentage content of
copper filled epoxy filler on the specimen

Figure 6. Optical micrographs of the 30% copper filled epoxy.

2.2.1. Density Test

The density test was performed to identify the mass of the MEC specimen. The
MEC specimen was weighed in air before it was immersed in a liquid to determine its
relative density using an Electronic Densimeter (EW-300SG, EKTRON TEK Co., Ltd., City
of Industry, CA, USA), as shown in Figure 7. This method is in accordance with ASTM
D-792-20 [55]. The relative density, D (at 23 °C), was determined using the following
Equation:

D=ab/(a—b+c—d) 1)

where D is the density, a is the mass of the specimen and wire in air, b is the mass of the
wire in air, c is the mass of the wire with end immersed in water, and d is the mass of the
wire and specimen immersed in water. Density data were collected from five specimens for
each composition.

(a) Electronic Densimeter (b) Specimens

Figure 7. Density Test.
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2.2.2. Hardness Test

The measurement of a material’s strength and resistance to scratches and wear can be
investigated by conducting a hardness test [31]. The durability and life of a mold are highly
dependent on its hardness properties. Several tests that had been conducted by previous
researchers [15-17,51] agreed that the addition of filler ratio could increase the hardness of
composites significantly. In this study, the Vickers hardness (Hv) test method was carried
out, referring to the standard ASTM D2240-97 [56]. Hv is measured with an LV-700AT
machine, where the specimens for the hardness test are similar to disk samples or Brazilian
test specimens, as shown in Figure 8. The diamond indenter produces an indentation that
is measured based on an average of two diagonals by specifying a light load range and
converting it to a hardness value using Equation (2), where Hv is Vickers hardness, F is the
load (kgf), and d is the arithmetic mean of two diagonals, d1 and d2 (mm).

Hv = 1.854 F/d? )

(a) LV-700AT machine (b) Specimens
Figure 8. Hardness Test.

2.2.3. Compressive Strength Test

In the injection molding application, the compressive strength is needed to identify
the suitable clamping force and packing pressure in the mold cavity [57]. Compression
testing was performed using an Instron Universal Testing Machine (Instron 5900 Series
50 kN, Instron Corporation, Norwood, MA, USA), as shown in Figure 9a, which is usually
used for tensile and compressive strengths. ASTM D 695 standard [58] was employed,
considering that the MEC material is a rigid thermoset class of material and the specimens
shown in Figure 9b were prepared with dimensions of 79.4 mm in length x 19 mm in
width, while the neck measured 12.7 mm wide and 5 mm thick. A support jig for the
compression test was equipped to handle the specimen right alongside the top and bottom
plates, as indicated in Figure 9c. The top compression plate is set to move at 1.3 mm/min,
and the load was gradually applied at 10 points per second. The load and displacement
were recorded using Trapezium X software when the crosshead was moved downwards
and facing the specimen.

(a) Universal Testing Machine (b) Specimens (c) A support jig

Figure 9. Compression test.
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2.2.4. Thermal Conductivity Test

The mold insert was exposed to a thermal cycle during each cycle of the injection
molding process, which includes the heating and cooling phases [17,22]. Hopkinson and
Dickens [11] reported that filler material improved the thermal properties as well as con-
tributed to a shorter cycle time in the injection molding process. Previous researchers found
that the proportion of higher wt% filler particles will increase the thermal conductivity [4].
A Thermal Properties Analyzer (Decagon KD2 Pro, Decagon Devices Inc., Pullman, WA,
USA) was used for this purpose (Figure 10). Five pieces of specimen were prepared, with
each composition of filler having a dimension of 5 mm thickness x & 30 mm. The test was
conducted using a thermal conductivity device, where there are sensors that are inserted
into a hole drilled through the specimen.

>

(a) Thermal conductivity analyser (b) Specimen test

Figure 10. Thermal conductivity test.

2.2.5. Set-Up for Thermal Transient Analysis of Cooling Time

The cooling time of MEC mold inserts with various types of filler particles was
determined using ANSYS software simulation. The properties of the MEC material can
be improved by choosing a wt% of filler particles that is mixed according to how well
the mixture performs. The materials that were chosen as mold inserts were (1) epoxy +
brass (EB), (2) epoxy + copper (EC), and (3) epoxy + copper +brass (EBC). As previously
mentioned, EA fillers are intended as benchmarks for the current study and only EB, EC,
and EBC fillers are used for later studies, i.e., thermal transient analysis for cooling time
on new formulations of MECs. The properties of the EB, EC, and EBC materials obtained
from the physical and mechanical specimen tests were analyzed under conditions of high
compression and high thermal conductivity, as shown in Tables 3 and 4.

The 3D model for cavity inserts, as in Figure 11, was designed using Computer-
Aided Design (Solidworks 2014, Dassault Systemes, S. A., Suresnes, France), based on the
international standard ISO 3167: 2014 (E) [59] with regard to the mold insert design. The
parameterization of this simulation is divided into two stages: a heating phase for melting
the material and a cooling phase for shaping the part and reaching the ejection temperature,
as shown in Table 5.

Table 3. Properties of mold insert material at high compression value.

Property Unit EB EC EBC
Percentage composition Y% 20 (+1.5%) 25 (+1.5%) 30 (+1.5%)

Densit Jem3 1.48 1.51 1.70

s g/cm (+0.02/—0.03) (+0.02/—0.02) (+0.08/—0.07)
Specific Heat, Cp, J/kg-K 1300 1300 1300
.. 1.03 1.34 1.29

Thermal Conductivity, ks W/m-C (+0.09/—0.05) (+0.08/ —0.05) (+0.08/ —0.06)
Compression MPa 100.3 92.30 93.01

P (+2.71/—2.14) (+2.13/—2.88) (+1.08/—1.65)

Coeff. of Thermal Expansion, CTE 1/C 3.5t05.0-10~°
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Table 4. Properties of mold insert material at high thermal conductivity value.

Property Unit EB EC EBC
Percentage composition % 60 (+£1.5%) 60 (£1.5%) 60 (£1.5%)

Densit Jem3 2.50 2.24 2.42

e §/¢ (+0.08/—0.07) (+0.05/—0.06) (+0.00/—0.01)
Specific Heat, Cp, J/kg-K 1300 1300 1300
.. 1.70 2.66 1.89

Thermal Conductivity, kst W/m-C (+0.09/—0.06) (+0.15/—0.08) (+0.10/—0.09)
Compression MPa 84.00 80.20 80.87

P (+1.43/-3.91) (+1.51/—1.69) (+0.57/—1.41)

Coeff. of Thermal Expansion, CTE 1/C 3.5t05.0-10°°

Mold insert

~ Cooling channels

Figure 11. Cavity insert design.

Table 5. Transient thermal analysis parameter settings.

No Parameter Setting
i Step 2 (step1=4s,step2=100s)
ii Mold temperature (initial condition) 70 °C

iii Water Temperature 35°C

iv Convection coefficient (cooling channel) (a) 5098 W/m2°C

\% Ejection Temperature 110°C

vi Melt Temperature (b) 245°C

vii Diameter of cooling channel (c) 0.08m

3. Result of Material Properties Testing of EA, EB, and EC

The filler compositions of aluminum, copper, and brass were tested to understand
their response to physical, mechanical, and thermal tests. Furthermore, the findings of these
tests are used to determine the composition suitable for the fabrication of mold inserts. The
tests consist of density, hardness, compressive strength, and thermal conductivity. ANSYS
simulation results show an increase in the cooling time performance of the mold insert to
be produced.

3.1. Density Test Result

Based on the density tests performed, the addition of metal fillers in the epoxy increases
the density of the material. Table 6 shows a summary of the density values of EA, EB,
and EC. From the test results, the average densities for EA, EB, and EC epoxy reported
were in the range of 1.21 g/cm? to 2.50 g/cm3. Figure 12 shows a graph of density against
percentage of filler composition for EA, EB, and EC filler mixtures. An increasing linear
trend was observed when the fillers were added to the epoxy from a composition of 10 wt%
to 60 wt.%. For the density value at 60% wt, EB is the highest at 2.50 g/cm3, followed by EC
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at2.24 g/cm?® and EA at 1.69 g/cm?. This phenomenon indicates that the density values of
brass and copper fillers are higher than those of aluminum fillers. Therefore, the volume of
brass, copper, and aluminum fillers in epoxy increases when the mass of the compositions
of EA, EB, and EC are increased, directly increasing the density value. Similar trends were
recorded where the density increases with the addition of the percentage of metals and
non-metals in the epoxy mixture, as reported in previous studies [15,16,22,60].

Table 6. Summary of Density values for EA, EB, and EC.

Filler Type

Percentage Filler Composition (+1.5%)

10% 15% 20% 25% 30% 35% 40% 50% 60%
Average 1.21 1.27 1.32 1.36 1.38 1.45 1.49 1.59 1.69
EA + 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.00
- 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01
Average 1.26 1.41 1.48 1.63 1.74 1.85 1.98 2.26 2.50
EB + 0.01 0.02 0.02 0.03 0.08 0.01 0.04 0.05 0.08
- 0.00 0.01 0.03 0.03 0.12 0.02 0.08 0.14 0.07
Average 1.25 1.31 1.40 1.51 1.63 1.69 1.86 2.02 2.24
EC + 0.02 0.01 0.05 0.02 0.03 0.02 0.03 0.06 0.05
. 0.01 0.01 0.03 0.02 0.02 0.02 0.04 0.07 0.06
2.8
2.6
2.4
22
k|
D 2
>
1.8
[t
816
14
1.2
1

10% 15% 20% 25% 30% 35% 40% 50% 60%

Percentage of Filler Composition (+1.5%)
Figure 12. Effects of fillers on Density.

3.2. Hardness Test Results

Hardness value average data for EA, EB, and EC are tabulated in Table 7. Figure 13
shows the distribution of Hv value with different percentage filler compositions. The trend
for all three filler materials, EA, AB, and EC, showed a linear uptrend when the filler compo-
sition increased. Brass fillers showed superior hardness properties compared with copper
and aluminum fillers. The hardness curve showed an upward trend, with a positive slope
for all fillers. This result is in line with the findings from previous researchers [15-17,33],
who concluded that material hardness increased gradually as the percentage filler material
increased.



J. Manuf. Mater. Process. 2022, 6, 134 11 of 22
Table 7. Summary of Vickers hardness values for EA, EB, and EC.
Filler Tvpe Percentage Filler Composition (£1.5%)
P 10% 15% 20% 25% 30% 35% 40% 50% 60%
Average 18.74 19.56 20.34 21.08 21.62 22.18 22.70 23.46 24.48
EA + 0.26 0.24 0.66 0.42 0.38 0.12 0.30 0.14 0.53
— 0.64 0.26 0.44 0.48 0.52 0.18 0.20 0.26 1.18
Average 22.04 23.28 24.36 24.84 25.46 25.80 26.30 26.98 27.90
EB + 1.06 0.82 0.24 0.16 0.24 0.20 0.40 0.32 0.40
— 0.74 1.28 0.16 0.14 0.26 0.40 0.30 0.58 0.60
Average 19.18 20.34 21.36 22.08 22.96 23.52 23.94 24.72 25.36
EC + 0.62 0.36 1.24 0.82 0.64 0.58 0.66 0.68 0.44
— 0.28 1.14 1.36 0.38 0.66 1.02 1.04 0.72 0.46

29

27

25

23

21

19

Vickers Hardness (Hv)

17
10% 15% 20% 25% 30% 35% 40% 50% 60%

Percantage Filler Composition (+1.5%)
Figure 13. Effects of fillers on the hardness.

3.3. Compressive Strength Test Results

After the compression test, it was observed that the majority of specimens showed
permanent fracture or deflection at the center area once the maximum load was reached.
Table 8 shows a summary of the compression test values of EA, EB, and EC. EA, EB, and
EC fillers at 20%—25 wt.% compositions had the highest average compressive strength of
93.56 MPa, 100.29 MPa, and 92.30 MPa, respectively, as shown in Figure 14. Referring
to Table 8 and Figure 12, EB indicated higher values, followed by EA and EC. All fillers
experienced a decrease in compressive strength after 25%-30 wt.% composition. This
phenomenon was similar to previous studies [15,16,22,61], which also found that a decrease
in compressive strength between the filler wt% and the compressive strength was obtained
with higher values at 20%-30 wt.% composition. This is because adding fillers in excess
amounts—more than 30 wt.%—could cause the epoxy matrix to become viscous and hold
less compressive strength. In this instance, the fillers are agglomerated and the porosity
increases, resulting in reduced material stiffness.
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Table 8. Summary of Compressive strength values for EA, EB, and EC.
Filler Tvpe Percentage Filler Composition (£1.5%)

M 10% 15% 20% 25% 30% 35% 40% 50% 60%

Average 73.75 78.30 87.49 93.56 88.50 80.29 77.94 76.59 74.85

EA + 1.77 2.02 2.16 0.87 1.00 1.84 1.64 1.78 1.49
- 0.87 3.85 2.84 1.00 1.49 1.35 1.16 1.21 0.86

Average 82.17 89.97 100.29 98.28 93.35 90.38 86.83 85.11 84.00

EB + 1.60 2.06 2.71 1.85 1.98 2.16 2.70 2.59 1.43
- 2.53 1.33 2.14 2.45 2.02 0.98 4.05 4.39 3.91

Average 78.72 83.00 91.77 92.30 87.02 83.19 82.19 81.37 80.20

EC + 2.56 2.44 1.46 2.13 2.40 1.70 2.68 1.75 1.45
- 2.86 3.16 1.90 2.88 1.70 1.92 2.74 1.28 1.52

100

\O
[}

x®
o

Compresive Strength (MPa)
N
o

10% 15% 20% 25% 30% 35% 40% 50% 60%

Percantage Filler Composition (+1.5%)
Figure 14. Effects of fillers on compressive strength.

3.4. Thermal Conductivity Test Results

Thermal conductivity for EA, EB, and EC of the filler composition are shown in
Table 9. In the case of irregular shaped filler (EB and EC), copper filler has a higher thermal
conductivity than brass filler, as presented in Figure 15. The trend on thermal conductivity
for copper fillers showed a rapid increase when their weight composition exceeded 15%.
Meanwhile, the brass filler in EB presented a gradual increase and only appeared obvious
after 30-35%. In addition, thermal conductivity value at low compositions, i.e. less than
10% wt was insignificant due to the diffusion effect in the bulk matrix, which happened
without interaction. Overall, the addition of filler particles promotes the increase in thermal
conductivity of the composites, as previously found in [4,7,17,22,29,62,63].

Based on tests conducted on MEC composite materials, the effect of filler trend is
required to facilitate the selection of filler type and appropriate percentage composition
in improving material properties prior to making mold inserts. The values of density,
hardness, and thermal conductivity of the filled EA, EB, and EC indicate a linear upward
flow with an increase in composition from 10% to 60%, with the highest values at the
highest percentage of filler composition. The density of EA increased from 1.21 g/cm?
to 1.69 g/cm3, for EB from 1.26 g/cm3 to 2.50 g/cm3, and for EC from 1.25 g/cm3 to
2.24 g/cm3 at 10 % to 60% of filler to epoxy weight ratio. The density of EB showed the
highest value compared to EC and EA. The hardness of EA increased from 18.74 Hv to
24.48 Hv, for EB from 22.04 Hv to 27.90 Hv, and for EC from 19.18 Hv to 25.36 Hv at 10% to
60% of filler to epoxy weight ratio. The hardness of EB showed the highest value compared
to EC and EA. At 10% to 60% of the filler to epoxy weight ratio, the thermal conductivity of
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EA increased from 0.69 W/mK to 1.24 W/mK, that of EB from 0.83 W/m-K to 1.70 W/m-K,
and that of EC from 1.02 W/mK to 2.66 W/mK. The thermal conductivity of EC showed
the highest value compared to EB and EA. Compression strength for EA, EB, and EC
indicated a nonlinear trend with decreasing effect when increasing composition was more
than 25%. Adding filler composition increases compression strength, with the highest
average value compression occurring between 20% and 25% of the total filler composition.
The compressive strength of EA and EC only increased by 25% from the average value of
93.53 MPa for EA and 92.30 MPa for EC. The values were reduced at 30 wt.%, as depicted
in the results. EB exhibited a higher compressive strength of 100.29 MPa at 20 wt.% as
compared to EA and EC, and adding brass filler contents beyond 20 wt.% composition
reduced the strength value. MEC material testing against applications has also been
investigated. Theoretically, the trend of the test results is as depicted in Figure 16.

Table 9. Summary of Thermal conductivity values for EA, EB, and EC.

Filler Type

Percentage Filler Composition (+1.5%)

10% 15% 20% 25% 30% 35% 40% 50% 60%
Average 069 072 074 0.82 085 095 097 1.09 124
EA ¥ 0.10 0.06 0.15 020 017 0.07 0.09 0.08 0.04
- 0.09 0.06 0.08 0.11 0.10 0.06 0.08 0.10 0.05
Average 083 085 103 111 121 131 140 157 1.70
EB ¥ 0.05 0.14 0.09 0.09 0.16 0.06 0.09 0.10 0.09
- 0.06 0.08 0.05 0.11 023 0.08 0.09 0.08 0.06
Average 102 107 121 134 163 189 221 246 2.66
EC ¥ 0.07 0.09 0.10 0.08 0.8 0.09 0.09 0.08 0.15
- 0.07 0.08 0.12 0.05 0.8 0.12 0.10 0.06 0.08
3
——EA
= 25
% —=—EB
<,
> —e—EC
=
2
Z 15
=
8
<
: o1
g
<
=
05

10% 15% 20% 25% 30% 35% 40% 50% 60%

Percantage Filler Composition (£1.5%)

Figure 15. Effects of fillers on thermal conductivity.

Based on Figure 14, there are two important factors that need to be considered, i.e.,
choosing the percentage composition for high compressive strength or at high thermal
conductivity. From the graph, it can be seen that most researchers as well as manufacturers
of resins for tooling used filler particle compositions to yield high compressive strengths at
compositions ranging between 10% to 30% [15-17,22,29,50-53]. The more filler particles
mixed into the resin, the more viscous the mixture becomes, making it impossible to
perform a perfect casting process for complex shapes, causing porosity and making the
material more brittle.
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Figure 16. Summary of trend results.

3.5. EBC Filler Testing for Compressive Strength and Thermal Conductivity

Based on the three materials that have been tested, brass and copper fillers demon-
strated their respective abilities in terms of this important factor. The brass filler material
showed an advantage in terms of a compressive strength of 100.29 MPa at 20 wt.%, while
the copper filler showed an advantage in terms of a thermal conductivity of 2.66 W/m-K at
60%. Thus, the continuation of the results of EB and EC is expected to further improve the
properties of MEC materials with a combination of brass and copper fillers. Compressive
strength and thermal conductivity tests were run for a combination of brass and copper
fillers (EBC), and the test results are shown in Figures 17 and 18, respectively. Tables 10
and 11 show a summary of the compressive strength and thermal conductivity test values
for EBC, EB, and EC.

For EBC, the highest compressive strength is 93.10 MPa, and it occurs at 30% filler
composition. Under this condition, an increase in thermal conductivity of 1.29 W/mK for
EBC is attained when compared to EC of 92.30 MPa in strength, with a thermal conductivity
of 1.34 W/m-K at 25% filler composition and EB of 100.3 MPa with thermal conductivity of
1.03 W/mK at 20% filler composition. Based on the results, it is noted that the increase in %
filler composition is proportional to the increase in thermal conductivity. Therefore, it is
necessary to study the effect of increasing other material properties in thermal transient
analysis. After simulations on thermal transient analysis for cooling time using ANSYS
software, the best filler and percentage of composition to be used in the manufacture of
MEC mold inserts will be chosen.
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o
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=

P

2

% 85.00

]

-

o

g

S 80.00
75.00

10% 15% 20% 25% 30% 35% 40% 50% 60%
Percentage of Filler Composition (+ 1.5%)

Figure 17. Compressive strength test result for EBC filler.
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Figure 18. Thermal conductivity test result for EBC filler.
Table 10. Summary of compressive strength values for EBC, EB, and EC.
Filler Tvoe Percentage Filler Composition (£1.5%)
yP 10% 15% 20% 25% 30% 35% 40% 50% 60%
Average 81.34 82.87 87.56 92.98 93.01 86.87 83.54 81.66 80.87
EBC + 1.33 2.00 0.74 0.82 1.08 1.17 1.35 1.11 0.57
— 2.40 0.98 0.68 1.62 1.65 0.89 1.21 0.67 1.41
Average 82.17 89.97 100.29 98.28 93.35 90.38 86.83 85.11 84.00
EB + 1.60 2.06 2.71 1.85 1.98 2.16 2.70 2.59 1.43
— 2.53 1.33 2.14 2.45 2.02 0.98 4.05 4.39 3.91
Average 78.72 83.00 91.77 92.30 87.02 83.19 82.19 81.37 80.20
EC + 2.56 2.44 1.46 2.13 2.40 1.70 2.68 1.75 1.51
— 2.86 3.16 1.90 2.88 1.70 1.92 2.74 1.28 1.69
Table 11. Summary of Thermal conductivity values for EBC, EB, and EC.
Filler Tvpe Percentage Filler Composition (+1.5%)
P 10% 15% 20% 25% 30% 35% 40% 50% 60%
Average 0.85 0.89 1.02 1.16 1.29 1.40 1.48 1.67 1.89
EBC + 0.05 0.05 0.07 0.05 0.08 0.06 0.08 0.04 0.10
— 0.06 0.05 0.05 0.09 0.06 0.05 0.05 0.09 0.09
Average 0.83 0.85 1.03 1.11 1.21 1.31 1.40 1.57 1.70
EB + 0.05 0.14 0.09 0.09 0.16 0.06 0.09 0.10 0.09
— 0.07 0.08 0.05 0.11 0.23 0.08 0.09 0.08 0.06
Average 0.05 1.07 1.21 1.34 1.63 1.89 221 2.46 2.66
EC + 0.14 0.09 0.10 0.08 0.08 0.09 0.09 0.08 0.15
— 0.09 0.08 0.12 0.05 0.08 0.12 0.10 0.06 0.08

4. Thermal Transient Analysis Results for Cooling Time for EB, EC and EBC

The cooling time results for EB, EC, and EBC materials were analyzed at high compres-
sion and high thermal conductivity conditions, as shown in Figures 19 and 20, respectively.
Based on the data generated from ANSYS simulation software, EC showed the lowest
cooling time in both conditions, with a time of 20.5 s at high compressive condition and
18.9 s at high thermal conductivity, followed by EBC filler, with a cooling time of 23.7 s
at high compressive condition and 22.6 s at high thermal conductivity. For EB filler, the
cooling time is 24.8 s at high compressive condition and 23.7 s at high thermal conductivity.
As shown in Table 12, the EC increased the cooling efficiency by up to 17.4% compared to
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the EB and 13.5% compared to the EBC at high compressive conditions. Meanwhile, in the
case of high thermal conductivity, EC attained an increase in the cooling efficiency by up
to 20.3% and 16.5% when compared to EB and EBC, respectively. From the results, it is
observed that the best cooling time between MEC materials to be used as mold inserts is
selected from EC mixture because copper particles enhance thermal conductivity, ks, as
was indicated by low cooling time. Figures 21 and 22 illustrate thermal transient analysis
using EC, EB, and EBC; from these figures, it is noted that EC has indicated the most
significant difference in cooling time as compared to EB and EBC.

A: Transient Thermal A: Transient Thermal

Temperature Temperature

Type: Temperature I}rpe: Temperature
nit: * nit: °C

Time: 24.805 Time: 20.5

a) EB=248s b) EC=205s

A: Transient Thermal

Temperature

Type: Temperature
nit: °C

Time: 23.72

c) EBC=23.7s

Figure 19. Transient thermal analysis at high compressive strength.
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- 321233 101.66 :

; = 03312 Y .
| 84.803 | 235es i Min @
| 76.404 Ll 76,621

ggggg = 68.276 | Max
. i 59.93
51.205 _{ 51.584 [
42.806 43239
34.406 Min 34.893 Min
a) EB=23.75s b) EC=18.9s
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T te:"Temperamre
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Time: 22.62
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I 93217
|| 8a.827
L] 76438
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L1 51.269
42879
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¢) EBC =22.6s

Figure 20. Transient thermal analysis at high thermal conductivity.
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Table 12. Result of cooling time.
MEC Material High Compressi(;leCStrengtpt. High Thermal Co;mcductivit.); )
Cooling Time o --omposition Cooling Time o --omposition
(£1.5%) (£1.5%)
EB 24.8s 20 23.75s 60
EC 20.5s 25 1895 60
EBC 23.7s 30 22.62s 60

Transient Thermal Temperature Graph

—-a—-EC

=
=]

Temperature °C

)
S

EC=205s
0 20 40 60 80 100
Time (s)

Figure 21. Transient thermal analysis graph at high compressive strength.
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Figure 22. Transient thermal analysis graph at high thermal conductivity.

5. MEC Material Selection as Mold Insert

The material properties influencing important factors in the injection mold process
have been discussed based on the related material testing results in terms of compressive
strength and thermal conductivity. The addition of brass and copper fillers in the epoxy

resin improves the material properties of MEC, such as compressive strength and thermal
conductivity. From this research, it is found that:

1.  The presence of EC and EB fillers affect the properties of epoxy, resulting in the
improvement of MEC material properties. The thermal conductivity test, which
measures how well a mold insert performs against cooling time, particularly favors
EC fillers, while EB fillers tend to improve the compressive strength of the material.
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2. EBC provides a minimal increase in cooling efficiency when compared to EB. This
combination also increases the percentage of filler composition higher than EC and
EB at the highest compressive strength, which promotes the increase in thermal
conductivity of MEC material.

3. Based on data generated from ANSYS simulation software, EC showed the best
cooling time value in both conditions at high compressive strength and at high
thermal conductivity. EC outperformed the EB and the EBC by up to 17.4% and 13.5%,
respectively, in terms of cooling efficiency. Meanwhile, in the case of high thermal
conductivity, EC increased the cooling efficiency by up to 20.3% compared with EB
and 16.5% compared with EBC. The results show that the EC filler has the best cooling
time among the MEC materials for mold inserts because the copper filler increases
thermal conductivity, ks , as indicated by the short cooling time. EC gives the best
cooling time under high compressive strength and at high thermal conductivity.

Choosing the best percentage composition for MEC material is based on the results
obtained during both experiments and simulations. These findings are consistent with those
reported in the literature, which show that copper fillers have better conductivity [22,51,64].
EC shows a better value compared to EB and EBC in improving the performance of the
cooling time of the mold insert as well as meeting the sufficient compressive strength. The
addition of filler will increase the thermal conductivity, which in turn will increase the
cooling time performance. Therefore, the MEC mold insert was produced by using EC
filler at a composition of 60% (high thermal conductivity condition), as shown in Figure 23
and the list of material properties in Table 13. Based on Table 11, it can be seen that the
dispersion of the filler mixture across the surface area is well distributed. Although the
distribution is even, at a higher percentage of the filler mixture composition, which is 60%,
there will be parts that appear slightly agglomerated and porous.

Table 13. Material properties of MEC mold insert (60% copper filler).

Density 224 ¢/ cm3
Experiment Test Hardness 25.36 Hv
P Compressive Strength 80.20 MPa
Thermal Conductivity 2.66 WmK~!
Simulation Test Cooling time 189s

Microstructural Image (filler
distribution)
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Ejector Pin Hole

Cooling Channel

Figure 23. MEC mold insert (60% copper filler).

6. Conclusions

This research aimed to investigate the physical, mechanical, and thermal properties of
brass (EB), copper (EC), and the combination of brass and copper (EBC) fillers of irregularly
shaped particles. The findings from this research with the discovery of a new formulation
of MEC material prove that MEC materials can be used as a mold insert material for the
injection molding application. The performance of the MEC material is improved by the
addition of brass and copper fillers to the epoxy in terms of compressive strength and
ability to withstand the injection pressure of molten plastic material into the mold cavity.
Additionally, it enhances cooling time performance by increasing the value of thermal
conductivity with the aid of a straight cooling channel system integrated into the mold
insert.

As a conclusion, the EC is finally set at 60 wt.% composition using copper fillers so
that it can operate at the best cooling time and therefore have the optimum performance of
the mold insert. In contrast to previous researchers, who produced mold inserts using a
filler composition at a range of the highest compressive strength value, this research chose
a filler composition at the range of the highest thermal conductivity value. The selection of
the best percentage composition of MEC material is based on the results obtained during
experiment and simulation. EC showed better value compared to EB and EBC in improving
the cooling time of the MEC mold insert as well as meeting the sufficient compressive
strength.

Future research will continue, and experimental evaluations of mold performance,
including cooling time, the accuracy of the produced molded part, and the applicability of
the MEC mold insert, will be made using an injection molding machine.
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