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Abstract

Bipolar plate is one of the key parts in the fuel cell technology with the advantages of a higher electrical conductivity and
mechanical properties are high. Injection molding is one of the manufacturing method that being used in the manufacture of
bipolar plates. The critical powder loading and rheological properties of the feedstock are an important factor in the process of
injection molding in the manufacturing process of bipolar plate. The critical powder loading feedstocks with a mixture of
polypropylene and graphite have been conducted with the torque method test. The appropriate critical powder loading the using a
graphite filler material was produced with the composition of 75 % the weight of an optimum load and 25 % weight of
polypropylene. The rheological studies have also been carried out using capillary test for determining critical loading powder by
increasing the viscosity of the feedstock. The test results showed that the rheological properties of the feedstock with optimum
powder loading to exhibit pseudoplastic properties are suitable for injection molding process with the n less than one.

Keywords: injection molding, polymer composite, bipolar plate, fuel cell

Abstrak

Plat dwikutub adalah salah satu bahagian utama pada teknologi sel bahanapi dengan kelebihan sifat kekonduksian elektrik dan
mekanik yang tinggi. Pengacuan suntikan adalah salah satu kaedah pembuatan yang digunakan dalam pembuatan plat dwikutub.
Pembebanan serbuk genting dan sifat reologi bahan suapan adalah faktor penting dalam proses pengacuan suntikan semasa
proses pembuatan plat dwikutub. Pembebanan serbuk genting bahan suapan dengan campuran polipropilina dan grafit telah pun
dijalankan dengan kaedah ujian nilai tork. Pembebanan serbuk genting yang sesuai menggunakan bahan suapan grafit telah
dihasilkan dengan komposisi 75 % berat yang merupakan beban optimum dan 25 % berat polipropilena. Kajian reologi juga
telah dijalankan menggunakan ujian rerambut bagi menentukan beban serbuk genting dengan peningkatan nilai kelikatan bahan
suapan. Keputusan ujian sifat reologi didapati bahawa bahan suapan dengan beban serbuk optimal mempamerkan sifat
pseudoplastik yang sesuai bagi proses pengacuanan suntikan dengan nilai n kurang daripada 1.

Kata kunci: pengacuan suntikan, komposit polimer, plat dwikutub, sel bahanapi
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Introduction

Conductive polymer composite (CPC) materials generally comprise a mixture of polymers and conductive fillers,
such as carbon-based and metallic fillers. Conductive materials contribute to the improvement of electrical and
mechanical properties (e.g., critical load) of a material, particularly for carbon-based materials, such as graphite (G),
carbon black (CB), carbon nanotubes, and carbon fiber (CF) [1 — 3]. One of the applications of CPC is the bipolar
plate, which requires high electrical conductivity for electron mobility. The properties of CPC materials favor their
application in the manufacture of bipolar plates. Among various carbon-based fillers, graphite is the optimal
material type because of its chemical stability [4], corrosion resistance [4], lightness [5 — 8], and high electrical
conductivity [9]. Achieving the required properties when such materials are utilized depends on the manufacturing
method. Compression and injection molding are two of the most commonly used methods to fabricate bipolar
plates. Injection molding has an advantage over compression molding when used for mass production; injection
molding has better factor cycle time and compact ability during production than compression molding. Several
factors, such as process parameters, contribute to the success of the manufacturing process. However, the most
important factors are the characteristics that correspond to the properties of the feedstock. Feedstock injection
molding is a balanced blend of filler powder and binder matrix. Three important factors influence powder loading
injection molding; these three factors are the rheological properties of a good feedstock for production, mechanical
properties of the materials, and tight dimensional control and limited distortion [10].

A number of studies have been conducted to determine the load range of the feed for the powder filler material.
Generally, ceramic powder carbon-based filler is the material used; it is injected at a load range of 50 % to 55 % by
volume. Previous studies [11 — 13] have indicated that the appropriate critical load could be up to 65 % by volume.
Other studies have reported the use of alumina powder as filler at feedstock composition of 80.5 wt.% filler (50 %
by volume) [14]. Feedstock with different types of metals as fillers are commonly injected during powder loading at
56 % [15, 16] to 60 % by volume [17, 18]. Injection of fillers such as G, CB, and CF has also been successfully
conducted at filler composition of up to 60 % by weight [19]. The load volume of feedstock refers to critical filler
loads in the feedstock up to the maximum that can be injected. An increase in the volume load of feedstock affects
feedstock viscosity [20]. Relative changes in viscosity influence critical powder loading. Feedstock viscosity is
highly dependent on particle size, particle size distribution, solid loading, and specific surface area [21]. A study has
demonstrated through modeling that powder load is influenced by particle size distribution [22]. Studying the
critical powder loading feedstock of polypropylene (PP)/G is necessary to determine the maximum powder load of
G fill in the appropriate feedstock injection molding process. A detailed investigation of the maximum powder
loading of this feedstock has never been conducted.

The current study investigates the critical powder load by using mixer torque variations and analyzing the viscosity
behavior of G feedstock. Rheological analysis with various G fillers was conducted on the composition of the
feedstock to determine the feedstock’s pseudo-plastic nature and mold reliability.

Materials and Methods

A matrix polypropylene (PP) (injection molding grade, impact copolymer SM 240) with a melting point of 160 °C
to 170 °C, density of 0.9 g cm™, and MFR of 10 g/10 min was utilized. PP allows for balance between stiffness and
impact resistance. PP was purchased from Polypropylene Malaysia Sdn. Bhd. Natural G was obtained from Asbury
of 3243 (99 % purity, 44 um average normal powder size, 3 m® gr' surface area, 27.8 S cm™ electrical conductivity,
and 2.31 kg m™® density); the technical aspects of the utilized natural G were provided by the supplier. The
morphology of the G powder was observed with a scanning electron microscope (SEM; Zeis EVO MAL0). The
morphology of graphite filler is important to know the effects that occur during the test (Figure 1).

Figure 1 show that the morphology of natural graphite flakes has different shapes and sizes. Shaped pieces of G
particles have better electrical properties than others in the form of a sphere [23, 24]. The process of mixing the
powder and testing the critical powder loading (G and binder PP) was performed with an internal mixer (Haake
Remix Roller rotor type 600R with Haake Polylab TM programming). The PP melt was mixed in a chamber at a
volume of 50 cm? and filler composition of 60 wt. % to 80 wt. % of graphite. The mixing parameters were 200 °C
and 50 rpm for 2 hours. The experimental torque values were observed and found to be unstable [24]. Feedstock
viscosity was measured with a Shimadzu capillary rheometer (CFT 500D) with a capillary diameter (D) of 0.1 cm,
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length (L) of 1 cm, and L/D of 10 at 160 °C. The measurement was done at a temperature of melts viscosity of the
feedstock with a given load and power passing through the capillary.

100 pm EHT = 10.00kV Signal A = SE1 00X

y \ o o
4 = N
Mg = ZEISS|
WO = 105 men INSTITUT SEL FUEL

Figure 1. Morphology of graphite powder

Results and Discussion

Critical powder loading was determined by observing the changes in the value of the torque variations (critical solid
loadings) of the G feedstock. Generally, with the increase in filler material content during the process, torque slowly
increased during mixing until an unstable condition was reached. The results in (Figure 2) show an increase in
torque blending at 80 wt. % of the powder filler. The blending process became uncertain after this increase. Torque
did not reach a steady state and fluctuated instead. These results indicate that the critical load mix was
approximately 75 wt. % of the filler powder. These results are similar to those of ceramic-based materials and
metals reported in [13] at 80.5 wt. % of filler. In this study the critical powder loading test has been carried out three
times the test at between 139 minutes to 142 minutes. Based on observations of time tests showed phenomenal
torque value changes are likely the same, at 80 % by weight graphite. This situation showed that the increase in the
torque tends to depend on the content of graphite powder filler. The feedstock includes G filler with different
particle sizes. The particle size distribution was shown in (Figure 3), which illustrates the variations in particle size
and percentage of different feedstock. The differences in particle size were divided into small-sized [d(0.1): 18.85
um], mean- or mid-sized [d(0.5): 56.43 um], and large-sized [d(0.9): 127.08 pum].

Particle sizes have a significant impact on critical powder load, where the amount of large particles that result in
high critical loading filler is large [10, 25]. The consolidation of particles with various sizes in the feed material
affects density. In particular, the composition of the dominant particle size in the feedstock material has a significant
effect on density. Small particles can be added to fill the empty spaces between large particles to increase density
[17, 18]. The particle size of the powder filler affects the determination of density and maximum aspect ratio of the
feedstock [26]. During the blending process, the powder particles are arranged according to shape and size to
achieve a stable level because neither the blending process nor excessive pressure can force particles to enter a
dense compound [27, 28]. High packing densities can be achieved if the particle size is not uniform [27, 28]. The
gap that forms between coarse particles because of restructuring allows the entry of a large number of fine particles,
thereby contributing to the density of the random feedstock. Critical powder loading is also influenced by particle
size, and density affects size variation, as shown in the feedstock schematic in (Figure 3). Based on SEM
observation on the composition of 75 % by weight graphite was found that the structure of graphite flakes form
more compact. This condition is known of the composition of the particles homogeneously mixed to form a bond
between the particle size large, medium and small. The other factor is the flakes particles very easily formed a solid
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structure as shown in (Figure 4). In a simple illustration of the bond between the graphite particles with different
sizes are shown in (Figure 5).
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Figure 2. Effect of power loading on torque and temperature
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Figure 3. Particle size distribution of graphite
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Figure 4. SEM of G feedstock (a) 60 wt.%, (b) 65 wt.%, (c) 70 wt.%, and (d) 75 wt.%
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Figure 5. Schematic of different graphite particle sizes

The results of the viscosity test indicated an increase in viscosity versus the shear rate at the maximum filler powder
content of 75 wt. % (Figure 6). The increase in viscosity was inversely proportional to the increase in shear rate.
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This finding is consistent with that of previous studies [17, 18] and thus reveals that the materials that are pseudo-
plastic using the PIM process.

400
W 75%
350
70%
300
—_ < 65%
s 250
£ 50%
£ 200
=
8 1s0
=
100
50
o
o} 250 500 750 1000 1250 1500
Shear Rate (1/s)

Figure 6. Feedstock viscosity versus shear rate at different powder loadings

The increase in feedstock viscosity was also affected by the increase in surface area, which occurred because of the
increase in small particle variations in the filler. The improved composition of small particles simultaneously
increased the surface area and caused agglomeration, which increased feedstock viscosity. The agglomeration in the
feedstock fine powder formed a bond between the powders. This phenomenon occurs naturally because of the force
of attraction between the surfaces of particles with varying strengths. The agglomeration of small particles in the
feedstock is difficult to overcome [29]. Previous studies on critical powder loading using G do not exist;
nevertheless, this phenomenon shows similarities with the viscosity of ceramic feedstock because the use of solid
powder materials and polymers as ceramic composite has the same characteristics as mixed feedstock. Studies that
dealt with this phenomenon reported that the increase in surface area in feedstock containing ZrO, and polymer
ethylene-vinyl acetate copolymer grade at feedstock composition of 20 vol. % to 50 vol.% ceramic powder has an
impact on lowering the activation energy flow [29]. High shear rate at low powder load shows more polymer
components than filler components. Viscosity and shear rate suitable for injection molding have already been
reported in numerous studies. Studies recommend maximum viscosity of 1,000 Pa.s and shear rate in the range of
100 s-* to 100,000 s-* [27, 29]. The results of rheological studies on feedstock PP/G in the present study indicate
viscosity at 80 Pa.s. The shear rate is below the level allowed for injection molding processing (1,700 s™). The test
results show that feedstock viscosity and shear rate are generally within the range suitable for injection molding.
The variations in viscosity caused by temperature at different powder loadings are shown in (Figure 7). A high load
is required when the powder has high viscosity. Viscosity decreased when the feedstock temperature increased. By
contrast, an increase in viscosity reduced the shear rate, as shown in (Figure 6). The increase in viscosity is
anticipated because of the increase in powder filler content consisting of fine powder agglomeration. Devaluation of
viscosity occurs when the percentage content of fine powder is low. Increasing the coarse powder content reduces
feedstock agglomeration [30, 31]. Changing on the different powder loading results in a change in feedstock shear
rate. Similar conditions were observed during injection molding, wherein shear rate was applied to the material at a
given pressure value. The ratio between the filler and matrix polymer powder is significant to the success of the
current and subsequent processes.

High powder loading makes it easy to control the dimensions. An extremely high powder loading (very small binder
matrix) produces a mixture with remarkably high viscosity, which could complicate the injection molding process
[10, 27]. The critical composition of the powder mixture can be achieved by reducing the concentration of the
polymer matrix. Reduction of the polymer matrix concentration also sets the highest filler powder loading. When
the powder loading exceeds the critical limit, the viscosity of the mixture becomes extremely high [32]. The results
of the mean flow index behavior, n, for all compositions show that all feed materials exhibit a pseudo-plastic
behavior (Table 1.). The value of n indicates the uniformity of the flow of a mixture in the capillary during testing
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[30, 31]. The decrease in the viscosity of pseudo-plastic materials with the increase in shear rate was noticeable at a
low powder load. The n value was less than 1, which indicates that the feed material exhibits shear thinning. A
feedstock should have an n value of less than 1 during injection molding [29].
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Figure 7. Relationship between feedstock viscosity and different powder loading temperatures

Table 1. Rheological properties of feedstock at a filler content of 60 wt. % to 75 wt. %

Feedstock wt. % Temperature E (kJ/mol)  nvalue o
60 180 93.412 0.377 501.83
190 93.412 0.415 616.35
200 93.412 0.301 1610.85
65 180 92.731 0.295 440.70
190 92.731 0.348 727.32
200 92.731 0.323 1196.08
70 180 78.937 0.521 331.49
190 78.937 0.285 796.74
200 78.937 0.444 932.04
75 180 82.146 0.331 352.30
190 82.146 0.312 660.47
200 82.146 0.366 837.11

The ability of feedstock containing high G filler to flow during injection molding is indicated by the value of n,
which should be small. The effect of increasing load on the feedstock powder through injection can be obtained by
developing the relationship between particle and particle bonding in the composite. The value of n is obtained with
Equation (1) [27, 29] as follows:

T—1, =k()" 1)
The calculation of the n value and moldability a shown in Table 1., where n is the average resulting from the
composition of 60 wt. % to 75 wt. % of G filler, shows that n is smaller or less than 1. This situation proves that the

feedstock is pseudoplastic and that qualified feedstock can be injected because of flow ability. The determination of
moldability index value (o) is an important method to predict the suitability of an material for the injection molding
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process as shown in Table 1. The result of the calculation shows that the largest value at 200 °C for each weight
percent graphite filler. It means the larger values of moldability, the more easily feedstock was provided by the
injection molding process [18, 27]. The activation energy (E) of a feedstock is strongly related to its viscosity [33].
An improvement in viscosity significantly affects the rate of increase of the activation energy value. This
relationship occurs because of the different particle sizes arranged in the feedstock. In this study, a parallel increase
in viscosity was observed with the addition of the filler material into the feedstock. The difference in the
composition of fine- and large-sized particles contributed to the changes in viscosity. Another factor that affected
the increase in viscosity was the content and composition of small particles. These results are consistent with the
findings on microstructures because viscosity increased in a parallel manner with the increase in G filler content at a
composition of 60 wt. % to 75 wt. %.

The composition of in-sized particles also improved when density was increased, resulting in an increase in
viscosity. The obtained SEM images show an increase in small-sized particle content in the feedstock. Studies on
the effect of size on viscosity have shown that a feedstock mixture with fine-sized particles has a higher melting
point than that with large-sized particles. Different particle sizes also influence the temperature of the process; fine-
sized particles are more likely to increase the temperature of the process compared with rough-sized particles [30,
31]. The differences in the activation energy values (shown in Table 1) are due to the thermal expansion between
the components of the material; this expansion occurred because of differences in particle size and agglomeration in
the fine particles. This phenomenon occurred at 60 wt. % and 65 wt. % of graphite. Furthermore, activation energy
was affected by the decrease and increase in G content (wt. %). Graphite powder dispersion between small and large
particle sizes was evenly distributed. Nevertheless, agglomeration should occur between particle dispersion on small
particle sizes to increase the activation energy, as shown at 70 wt. % G and 75 wt. % of graphite. This condition will
increase the interaction among various particle sizes so that feedstock viscosity can increase. The viscosity of the
obtained feedstock was still acceptable because the injection provided G dispersion in a uniform feedstock, which
resulted in an improved particle distribution network and electrical conductivity between the particle surface and
various particle sizes. The mechanical properties of the composite materials were increased by the dispersion of
particles with different sizes, which filled the gaps, thereby increasing density.

The microstructures of the feedstock are shown in Figure 4. Compaction with particle sizes was parallel to the
increase in filler content in the feedstock from 60 wt. % to 75 wt. %. The improvement of G filler composition with
different particle sizes indicated the potential for increased density. These results are supported by studies on the
microstructures shown in (Figure 4) and indicate an increase in the content of small-sized particles that appeared to
be more dispersed in the feedstock. The increase in the amount of small-sized particles significantly affected
feedstock viscosity, as shown by the red arrows in (Figure 4(d)). The SEM observation shows the difference of the
shape and size of particles in the presence of polypropylene as a binder, a white coat over the form of graphite. The
decrease in filler content resulted in a decline in the dispersion of small-sized particles. The decrease in the amount
of small-sized particles in the filler content is shown in (Figure 4(a)), which shows the composition of the filler
content to be 60 wt. % of graphite. These results are consistent with those obtained by Bobek et al. [34], who found
that high packing densities can be achieved when particle size is not uniform. The variations in particle size are also
shown in the schematic of particle size in (Figure 5).

The particle dispersion conditions in the blending process provide the opportunity to form porosity. An increase in
porosity occurs when the filler content in the feedstock decreases slightly, instead of porosity reduction in feedstock
occurring because of filler content increase. The increase in filler content with filler size variation denotes the
possibility of small particles filling the gaps in the feedstock and ultimately reducing porosity. Dispersion of
particles different sizes also showed homogeneous up to contribute to an increase in viscosity, in which the
homogeneous properties is the important properties of the feedstock [35].

Conclusion
This study showed that a suitable feedstock composition determined by fitting should involve balance between the
powder filler and binder matrix, particularly during injection molding. Critical solid loading of 75 wt. % was found
to be the optimal composition of the powder and binder; it affected the stability of the injection molding process. At
the maximum critical load of 75 wt. % of the filler, torque stability remained normal. At 80 wt. % composition,
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torque became unstable. This situation suggests that an increase in maximum viscosity and is unsuitable for
injection molding. High viscosity was caused by the density of the filler content compared with polymeric materials
that serve as a binder in the filler. The differences in the size and composition of the powder particles increased
viscosity significantly because solid particles increased the density of the feedstock powder. An improvement in
density and viscosity affected the injection molding parameters such as injection pressure and flow of the feedstock.
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