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Abstract

Microinjection molding (1IM) exhibits significantly higher shear rates and faster cooling
rates, as compared to conventional injection molding, which affect the characteristics of
its final products. The effect of carbon black (CB), carbon nanotubes (CNT), and
graphene nanoplatelet (GNP) fillers on the electrical conductivity properties of
microinjection-molded polypropylene (PP) nanocomposites was systematically studied.
Results showed the electrical conductivity properties of PP/CNT and PP/CB microparts
were significantly influenced by mold geometry. PP/CNT/CB hybrid filler microparts
demonstrated synergistic increases in electrical conductivity and crystallization
temperature with higher CNT loading. Morphological observations indicated significant
CB and CNT phase separation. Powder-PP/GNP composites exhibited higher electrical
conductivity compared to pellet-PP/GNP due to the similar particle size between PP
powder and GNP flakes promoting more uniform microscopic dispersion. Moreover,
‘precoated’ samples exhibited smaller GNP flake size, better microscopic dispersion and

exfoliation of GNP fillers.
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Summary for Lay Audience

There is a significant demand for small scale microinjection molded parts in the
fields of electronics, automotive, and medical industries, with a special focus on
microelectromechanical systems (MEMS). Microinjection molding (1IM) is a promising
technology with many advantages such as high efficiency for mass production, low cost,
excellent process control, and a wide selection of thermoplastics that can be used to
manufacture micro-components. Since microinjection molding is significantly different
than many existing processes, there is a need to study how the process affects the material
properties of the finished microparts produced through this method. Recent studies have
characterized the properties of carbon-filled polymer composite microparts. However,
further studies are required to understand more complex systems. The following results

were obtained in the present study:

First, it was found that the mold geometry can significantly affect the distribution of
carbon fillers within the microparts, and consequently, the electrical and thermal

properties of the entire microparts.

Second, adding two types of carbon fillers concurrently (e.g., carbon black and
carbon nanotubes) to polypropylene plastic can result in synergistic improvements to

electrical conductivity and thermal properties of the microparts under certain conditions.

Third, using various pretreatment methods to prepare the composite materials before
microinjection molding can significantly improve the properties of produced microparts.
For example, ‘precoating’ the fillers on the surface of polypropylene powder through
solvent blending and ultrasonication resulted in better filler distribution, smaller particle

size and more numerous filler particles.

As a result of findings from this research, future commercially produced microparts
can incorporate some of the aforementioned strategies to improve the electrical, thermal,

and morphological properties of microinjection molded polymer composites.
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Chapter 1

1 Introduction

1.1 Motivation

There has been an increasing demand for injection molded parts, mostly in the
electronics, automotive, and medical industries. More recently, micro-injection systems
(uIM) are becoming more prevalent, with a renewed focus on microelectromechanical
systems (MEMS) [1]. Micro-injection molding is becoming an important technology to
fabricate miniature products and components, which possess many advantages such as
high efficiency for mass production, low cost, and excellent process control [2]. Because
of these factors, the adaptation of uIM process to microfabrication will lead to a
promising technology for MEMS applications [3], [4]. Polymer composites are often
used as molding materials due to their weight advantage, processability, and resistance to
wear and corrosion [4], but other materials such as metal, glass, quartz, and silicon can

also be used for the manufacturing micro-components [5].

As a miniaturized version of conventional injection molding (CIM), uIM shares
similar procedures with CIM, including plasticization, metering, injection, cooling, and
ejection. However, puIM is not merely a scaled downed version of CIM, with several
notable differences, all of which might significantly affect the characteristics of

micromolded products:

1. Extremely high shearing effects in pIM might cause different filler distribution in
composite materials when compared to CIM [6]

2. Microscale rheological behavior might significantly influence the material
properties of microparts in uIM, whereas it is a negligible factor in CIM [7]
Extremely high pressure can result in non-negligible melt compressibility [8]

4. Reduced thickness and higher aspect ratio of pIM microparts results in much

higher shear deformation and cooling rates when compared to CIM [9]



There is a large body of research aimed at incorporating carbonaceous fillers into
various polymer matrices [10]-[15]. However, much of existing studies on polymers
composites and processing were carried out using hot press and CIM, which are different
than puIM filled polymer flows. For example, Jiang et al. [16] reported there is no obvious
flow-direction orientation of CNT fillers in samples produced through conventional
injection molding, but very prominent FD-orientation of fillers in pIM microparts. This
can be attributable to the extremely high shearing rate of up to 10° in uIM, which would
preferentially align fillers along the flow direction [8]

Moreover, previous studies showed that polymer composites produced through
compression molding (CM) exhibit far superior electrical conductivity compared to parts
produced through CIM [17] and pIM [18], [19]. There is a need to examine methods to
further study and improve the properties of micromolded composite materials.

1.2 Carbon Fillers
1.2.1 Carbon Black

Among all the conductive fillers, carbon black is widely used due to its abundance
in nature and low price, with many potential applications including but limited to
conductive ink, coating, fuel cells, electromagnetic shielding, and sensors [15], [20], [21].
There are many factors that affect the conductivity of CB-filled polymer composites. For
example, Balberg [22] argued that the electrical percolation threshold of CB-based
polymer composites (defined as the critical concentration of filler where the composite
material quickly turns from an insulator into a conductor) is strongly related to the
structure of CB fillers used and the molding conditions. Huang [23] reported that CB
with smaller diameter and higher surface area, as well as greater porosity, are more
electrically conducive in CB-filled polymer composites. Additionally, crystallization can
also affect the formation of conductive pathways. Yu et al. found that slower crystal
growth could help to form CB aggregates in amorphous regions of a PP matrix, and thus
be less likely to be trapped in crystalline regions where they could not participate in the

formation of conductive pathways [24].



1.2.2 Carbon Nanotubes

Carbon nanotubes can be viewed as graphene nanosheets rolled up into a
cylindrical shape of about 10 nm in diameter, capped by half of a fullerene-like shape at
each end [25]. The remarkable properties of carbon nanotubes (CNT) attracted intense
interest from the scientific community since the pioneering work by Sumio lijima in 1991
[26], with a plethora of journal articles and patents covering various topics of CNT
production, functionalization, applications, fabrication and characterization of CNT-filled
polymer nanocomposites [13].

There are two main types of carbon nanotubes. Single-walled nanotubes
(SWCNT) consist of a single graphene sheet seamlessly wrapped into a cylindrical tube.
Multiwalled nanotubes (MWCNT) are comprised of multiple concentrically nested
nanotubes [27]. The terms ‘zigzag’ and ‘armchair’ refer to the arrangement of hexagons
around the circumference of the circumference of the CNT, while ‘chiral’ denote
hexagons that are arranged helically around the axis of CNTSs, as shown in Figure 1
below [25].

G K O

Figure 1: Three configurations of carbon nanotube structures: (a) armchair (b) zigzag (c)
chiral [25].

Thanks to its exceptional electrical and thermal conductivities, mechanical

properties, and high aspect ratio, CNT is frequently utilized as carbon filler to enhance to



properties of polymers [10], [13]-[15]. For example, CNTs have demonstrated the
potential for being used as electrical conductors [28] and reinforcements in high strength,
light weight, high-performance composites [29]. However, poor interfacial interaction
between CNT and host polymers, the state of CNT dispersion in the polymer matrices,
and the processing techniques all significantly affect the expected benefit of adding CNT
fillers [10]. Additionally, due to the poor yield and costly fabrication and purification
process, the price of CNT is still quite high, which limits its commercial applications
[30], [31].

Dispersion:

There are three main factors to the dispersion CNT-based hanocomposites. The
first factor is the disentanglement of CNT agglomerates at the nano-level, the second
factor is on the microscopic dispersion, and the third is the aspect ratio of CNTs. One
study suggested that the initial breakup of large CNT agglomerates is dependent on the
ultrasonication power, while the overall quality of the microscopic dispersion is more
dependent on the cumulative energy input [32]. Skipa and coworkers argued that the
reason for low electrical conductivity of many CNT-composites is due to insulating
polymers wrapped around CNT rods, thus preventing the fillers from forming a
conductive network. Therefore, instead of a uniform microscopic dispersion, selective

agglomeration might be desirable [33].
Role of Aspect Ratio:

Despite having very high theoretical aspect ratios, in reality, CNTs tend to form
agglomerates and entangled tube bundles. This lowers the effective aspect ratio of CNTSs,
which results in a higher experimental electrical percolation threshold than the
theoretically expected values for fully elongated CNTs [33]. Moreover, this is
compounded by the problem that dispersed CNTs, without sufficient surface functional
groups, tend to agglomerate because of van der Waals and Coulomb attractions [34] in
subsequent processing such as injection molding. Consequently, many researchers have
attempted to disentangle CNT in polymer matrices, which in turn results in more even
distribution of CNT fillers.



However, excessive processing can negatively affect the properties of CNT-based
composites. Ultrasonication and ball-milling techniques were found to reduce the length
of CNTs, while magnetic agitation, shear mixing, and chemical modification did not [35].
Thus, a good balance of loosely entangled on the nanoscopic level but uniformly
distributed CNT secondary agglomerates on a microscopic level is most desirable for
enhancing electrical conductivity. It’s a delicate balancing act of achieving better
dispersion versus maintaining a high aspect ratio. For example, one study suggested that
CNTs with very low aspect ratios are less effective in forming conducting networks
despite good dispersions; with high CNT aspect ratio, better CNT dispersion is the

dominant factor [36].

There are also similarities between the effect of CNT and GNP processing on
filler aspect ratios. For example, CNT could be damaged and broken into smaller pieces
during ball-milling [37] and ultrasonication [38], [39]; similar results were also reported
for GNP [40]. This is further supported by one study that adapted the interparticle
distance (IPD) theory used in CNT towards GNP particles with good predictability;
aspect ratio was found to be a predominant factor of the nanocomposite percolation
threshold [41].

1.2.3 Graphene

Graphene is a flat monolayer of carbon atoms tightly packed into a two-
dimensional (2D) honeycomb lattice, completely conjugated sp2 hybridized planar
structure. It is the basic building block for carbon allotropes of other dimensions. For
example, graphene can be wrapped up into 0D fullerenes, rolled into 1D nanotube or

stacked into 3D graphite, as illustrated in the figure below [42].

Graphite Gréf)hene Carbon nanotube Fullerene Diamond



Figure 2: Different Allotropes of Carbon. From Left to Right: Graphite (3D), Graphene
(2D), CNT (1D), Fullerene (0D), and Diamond (3D) [42].

Over the last decade, graphene has been extensively investigated as an alternative
carbon-based nanofiller in the preparation of polymer nanocomposites, with the potential
of exhibiting great mechanical and electrical properties [43]. There are many studies
exploring the use of graphene and graphene derivatives in biomedical applications such
as cellular and tissue engineering [44]. Graphene-based nanocomposites are suitable for
wearable health monitoring sensors due to their thin, flexible, and sensitive nature [45],
but also mechanically robust enough to be used to fabricate lightweight, thin, and low-
cost flexible electronics [46] and light-weight components for aerospace applications
[47].

Synthesis and Exfoliation:

The original technique used to discover and discover single-layer graphene in
2005 was the micromechanical cleavage of bulk graphite, which is also known as the
‘Scotch tape’ method [48]. This method can provide high-quality graphene crystallites for
most research purposes [49]. The chemical vapor deposition (CVD) process has been
extensively studied as a method to synthesize uniform films of monolayer and few layers
graphene [50], [51]. Chemical methods for the synthesis of graphene involve two steps.
The first step is to use graphene-intercalated compounds (GIC) to increase interlayer
spacing, and then the expanded graphite is exfoliated to produce few layers graphene
with high temperature or ultrasonication [52]. Some additional methods include epitaxial
growth of graphene on electrically insulating surfaces [53] and using colloidal suspension
to produce chemically modified graphene [54].

The importance of graphene exfoliation cannot be overstated. For instance, the
thermal conductivity of single-layer graphene can reach about 5000 W-m™ -K ~* [55] for
single layer, and drops to 2800 W-m™ -K ~* for 2 layers and 1300 W-m™ -K 2 for 4
layers [56]. This shows the significant impact of graphene exfoliation on the thermal

conductivity. Additionally, a high degree of exfoliation usually leads to a greater number



of GNPs in a polymer melt, both of which could accelerate the formation of GNP
conductive networks. Graphene flake size can also significantly influence various thermal
and mechanical properties [57]. Many commercially available GNP flakes, such as Grade
M produced by XG Science, can be produced through chemical intercalation of natural
graphite followed by thermal exfoliation. Given a monolayer thickness of 0.335 nm and
interlayer distance of 0.14 nm [58], this roughly translates to few layers to few dozen

layers thick graphene flakes, depending on the product grade.

Moreover, if the graphene sheets are not well separated from each other, graphene
sheets will tend to agglomerate after exfoliation, and sometimes even undergo restacking
back into small graphite particles due to Van der Waals interactions [59]. One method to
prevent agglomeration is by attaching other small molecules or polymers to the graphene
sheets. For example, hydrophilic or hydrophobic groups prevents aggregation of
graphene sheets because of either polar-polar interactions or bulky size [60]. Similarly,
functionalizing the graphene can also aid the dispersion in a hydrophilic or hydrophobic
media, as well as in the organic polymer [61]. Controlling the crystallization process of
polyolefins can also be beneficial towards controlling the dispersion state [62], which in

turn affects dispersion state and agglomeration.

1.2.4  Hybrid Fillers System

Graphene/Carbon Nanotubes:

Theoretically, perfectly dispersed graphene should have a lower percolation
threshold and a higher electrical conductivity than CNT [63]. In reality, graphene-based
composites often have a higher percolation threshold and a lower electrical conductivity
compared to CNT, which can be partially attributed to significant, large size GNP
agglomeration and stacking in GNP-filled polymer nanocomposites due to van der Waals
forces and strong n—m interactions between the GNP sheets [64]; GNP flakes are more
likely to aggregate than CNT due to large plane-to-plane surface area. Additionally, as a
two-dimensional material, GNP is more difficult to interlock with each other into a 3D
conductive network structure than is CNT [65].



Thus, using a hybrid fillers system comprised of GNP and CNT might provide
superior conductivity over a GNP single filler system because graphene nanoplatelets
could improve CNT dispersion and suppress aggregation due to their large surface area
and space hindrance effects [66]. At the same time, CNT rods could also reduce the
formation of large size stacking of GNP sheets [67]. Additionally, synergetic effects in
electrical conductivity may arise from the presence of the flexible MWCNT rods, which
favor the bridging of planar GNP nanoplatelets and thus facilitating the formation of a 3D
network [68]. CNT rods can act as ‘bridges’ to enhance electron transport across GNP
sheets and nanotubes, and thus significantly increase the electrical conductivity of the
composites. For example, Fan et al. [69] reported that a hybrid filler system comprised of
MWCNT and graphene oxide (GO) resulted in better dispersion than either a GO or
MWOCNT single filler system due to the introduction of 1D MWCNT between the 2D
graphene sheets, with a resulting 3D network structure that helps to inhibit the
aggregation of graphene sheets. Moreover, it has been well-documented that subjecting
CNT to ultrasonication will reduce its aspect ratio [38], [39], and the large flat surface of
GNP can also provide a shielding mechanism to protect MWCNT from damage and
fragmentation caused by high-power ultrasonic vibration, which helps to preserve the

excellent aspect ratio of CNT and enhance electrical conductivity [70].
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Figure 3: CNT branching out acting as conducting channels between graphene
nanoplatelets taken from a literature source [70]



There are also many works that examine the effect of the CNT:GNP ratio. Ivanov
et al. found that adding CNT/GNP to polylactic acid (PLA) with equal or greater CNT
loading than GNP loading resulted in a synergetic effect on the electrical conductivity,
with the values higher than those observed of single filler systems [71]. Another study
argued that the ideal CNT:GNP ratio is 4:1 in some epoxy-based composite resins [67].
However, adding a small amount of CNT, e.g., a CNT:GNP ratio of 1:10, is sufficient to
lead to decrease percolation threshold by 50% and increase electrical conductivity by
several orders of magnitude. [68]

Carbon Black/Carbon Nanotube:

It is also possible for CB and CNT fillers to work synergistically to improve the
electrical conductivity of polymer composites. Al-Saleh reported a synergistic effect that
was greatest at a CNT75:CB25 hybrid filler ratio using a hot press [72]. Sumfleth et al.
reported that epoxy/(CNT50:CB50) ternary filler systems exhibited comparable electrical
properties to epoxy/CNT binary composites at the same filler loading wt%, but three
times lower than the 0.085wt% percolation threshold of the epoxy/CB system [73]. This
suggests that CB can be used to replace some CNT while retaining comparable electrical

conductivities [74].

One theory is that CNT fillers might help to form conductive networks by
creating ‘bridges’ that connect CB agglomerates [75], [76]. At the same time, CB
particles can effectively link the gaps present between the unconnected CNTS, resulting
in the formation of conducting networks [72], [74]. Another theory is that the distribution
and mobility of CNT fillers might be affected by CB particles. This might be favorable
for the formation of conductive networks in some composite systems under certain
conditions [75]. However, Wu and co-workers argued that in a hybrid system, it is
possible to have a segregated CB particle phase and a CNT bridge phase, thus preventing
the fillers from effectively constructing synergetic ‘bridging’ effect [75]. Moreover, the
electrical conductivity is greater at higher CNT-to-CB ratio because CB aggregates have
lower electrical conductivity and aspect ratio than the CNT particles [72].
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Figure 4: Graphical representation of CNT-CB ‘island-bridging’ in producing synergistic

effect to enhance electrical conductivity [72].

1.3 Polymer-Filler Mixing Methods

One of the main challenges in preparing polymer-carbon composites is that many
carbon fillers have significant primary agglomeration, which is defined as the natural
agglomeration of carbon fillers in their normal storage conditions (not including liquid
suspension). Thus, one challenge is to find a way to break up the carbon filler
agglomerates before melt compounding to ensure more uniform microscropic and

nanoscopic dispersion.

1.3.1 Melt Mixing

Melt processing is the preferred choice for many industrial applications because
of its low cost, simplicity, and scalability. The process involves melting solid polymer
into viscous liquid form, and then using a high shear force to disperse the nanofillers.

Melt blending is popular because it does not require any solvents for the dispersion of
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nanofillers, and results obtained from melt blending experiments can be readily
transferred to industrial processes such as extrusion and injection molding [77]. Since
melt mixing plays a critical role in the practical fabrication of polymer composites,
especially in large scale industrial applications, methods to improve the properties of

polymer nanocomposites should consider the use of melt [78].

Even though solvent dispersion appears more efficient than melt mixing [79], the
latter is much more frequently used at an industrial scale. Huang et al. utilized the
traditional melt blending method and reported that an optimal conductivity of 0.36 S/m
occurs at 20 wt% loading of graphene nanosheets [80]. Additionally, Beuguel et al. used
an internal batch mixer to demonstrate that melt blended, non-exfoliated GNP composites
exhibited similar thermal, rheological and mechanical properties compared to
nanocomposites based on reduced graphene [81]. These studies suggest that melt

blending is a viable method for preparing PP/GNP nanocomposites.

However, it has been argued that melt mixing provides insufficient shear force to
break down GNP agglomerates and homogeneously disperse the platelets [82]. Yu et al.
argued that the high percolation threshold of melt blended composites might be primarily
due to high polymer melt viscosity that prevents the conductive fillers from forming a
percolated network [24]. Additionally, polymer nanocomposites prepared through melt
blending tend to agglomerate instead of becoming sufficiently dispersed particles [83],
which suggests poor polymer-filler interfacial interaction during melt blending. Thus,
some prior studies [84], [85] have utilized ultrasonic-assisted melt extrusion with PP/CB,
PP/CNT, and PP/GNP to break apart agglomerates. However, this modified melt extruder
configuration has short sonication times (of seconds compared to minutes for solvent

sonication), thus resulting in minimal improvement in electrical conductivity.

1.3.2  Solution blending

Solvent blending is much more efficient than melt mixing [79]. This is because
melt blending only results in good macroscopic dispersion, but with poor microscopic
dispersion and poor exfoliation of carbonaceous fillers such as graphene due to the high

viscosity of many polymer matrices [13]. Sonication in organic solvents is another
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plausible route to graphene production. First, using a suitable solvent is a necessary
prerequisite to help ensure more uniform microscopic dispersion of the fillers in the
solvent. Second, ultrasonic waves generate pressure waves to break up filler

agglomerates [38]. The sonication energy serves two purposes:

Q) shear force from the pressure helps to separate larger flakes and exfoliate
individual graphene platelets apart by overcoming the binding energy
among the graphene nanosheets [86]

(i) cavitation and sonication energy can lead to the formation of micro-jets
and shockwaves, which helps to achieve finer nanoscopic dispersion of

graphene at higher filler loading [87]

However, ultrasonication does have many disadvantages, which may include low
yields, a large energy requirement, and use of toxic solvents [88]. Since the
ultrasonication process involves intense energy input over an extended period of time,
this can result in localised structural and topological defects to graphene structure [40], as
well as reducing the aspect ratio of graphene [89], all of which can drastically affect the
mechanical and thermal properties of graphene. Moreover, one study found that the initial
breakup of large CNT agglomerates is dependent on the sonication power, while the
overall quality of the microscopic dispersion is more dependent on the cumulative energy
input [32]. Thus, enhancing the effect of ultrasonication can improve the dispersion and
exfoliation of carbonaceous fillers, at the risk of fragmentation and reduction in aspect

ratio.

Dispersion of graphene fillers in solution with the aid of ultrasound can result in
very few (less than 5) layers of graphene and small quantities of monolayer graphene
[90]. For example, mixing GNP and polyetherimide in the presence of a solvent that can
dissolve both the filler and the polymer allows the polymer chains to move freely and
permeate into graphene sheets, thus preventing exfoliated graphene sheets from
restacking [91]. Less agglomeration means a greater number of GNP particles able to be

dispersed, thus available to form a conductive network. There are many research studies
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on the dispersibility and solubility of various graphene-based fillers in different solvents
[92].

However, quite often, it’s not possible to dissolve both the GNP fillers and the
polymer matrix. For example, solvents such as isopropanol can only disperse GNP but
not polypropylene. This severely limits the applicability of the solvent blending
approach. To address this problem, Kalaitzidou and co-workers proposed a novel method
of ‘coating’” PP powder with GNP [82]. In this method, GNP flakes are dissolved and
exfoliated through sonication in the presence of isopropanol, which is capable of
dissolving GNP but not PP. Afterwards, non-dissolved PP powder is added to GNP-
isopropanol suspension and mixed together via mechanical stirring. Thus, instead of
dissolving the PP matrix, it is possible to simply ‘coat’ and deposit exfoliated graphene
flakes onto the surface of non-dissolved PP particles. This method has proven to be very
effective in prior studies [82], [91], [93], [94] because:

Q) dispersing GNP under ultrasonication helps to break down GNP agglomerates

(i) exfoliated GNP particles are not taken out of solution and dried, which
prevents restacking of exfoliated GNP fillers [17]

(iii)  solution mixing helps to ensure excellent initial dispersion/coverage of PP
particles before further processing. However, for injection molding and
microinjection molding, further melt compounding is unavoidable to avoid
screw slippage and ensure easy processability [62].

(iv)  Itis important to note that using a solvent that can dissolve PP, but not GNP,
failed to produce good results due to poor dispersion and exfoliation of GNP
[95].

PP powder can be obtained from suppliers, but it can also be prepared from
pellets [96] or cryogenically milled. This technique has been attempted on other polymer
matrices such as polyetherimide [91], polyvinyl chloride, and ultrahigh-molecular-weight
polyethylene [97]. Moreover, better interfacial bonding can be achieved by the reduction
in PP particle size due to a greater surface area. Nonetheless, it is still not optimal for two

reasons. First, the solvent used (i.e., DMF and isopropanol) is usually optimized towards
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the exfoliation of GNP sheets but cannot dissolve PP. A dual solvent at a specific ratio,
such as p-Xylene:DMF, can be used to dissolve both PP and GNP simultaneously [98].
Second, extended duration of ultrasonication might damage graphene sheets and reduce
the GNP particle size, resulting in greater amount of GNP intersheet junctions and greater

contact resistance, thus higher electrical resistivity [99].

After precoating and melt compounding, it is possible to further mill the resulting
composite down to micron size. Size reduction makes it more likely for GNP particles
that are encapsulated in the polymer matrix to be exposed to the surface, thus more likely
to be connected to other exposed GNP particles in subsequent molding [91]. In this case,
the GNP particles would be less likely to be trapped in the crystalline regions of the
polymer matrix, where they would not be part of conductive pathways [24]. Moreover,
solid state ball milling and shear pulverization also provides sufficient shear force to

break apart GNP aggregates to ensure more homogeneously GNP coating [93].

In situ polymerization

In situ polymerization involves adding graphene during the polymerization of the
monomer to improve the dispersion of graphene [100]. Using this technique, Huang et al.
reported uniform dispersion of graphene oxide (GO) in a PP host matrix, which exhibited
high electrical conductivity of 0.3 S m™ at 4.9 wt% GO concentration [101]. Milani et al.
found that PP/graphene composites prepared by in situ metallocene polymerization most
likely favored the growth of polymeric chains around the graphene sheets and facilitated
its overall dispersion by preventing agglomeration of fillers. However, this also caused
graphene nanosheets to be encapsulated by the polymer matrix, which prevented direct
inter-particle contact and decreased the electrical conductivity despite improved
dispersion [102].

1.3.3 Electrochemical Exfoliation

The principle behind electrochemical chemical approaches is to use an electrolytic

solution for the expansion and exfoliation of graphite sheets [103]. Anionic
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electrochemical exfoliation also works through the oxidative exfoliation of bulk graphite
into GO, followed by chemical reduction into reduced graphene oxide (rGO) sheets
[104]. The anions also function as surfactants to prevent restacking of graphene layers
and facilitate dispersion of graphene sheets [105]. The exfoliation of graphite using
anionic electrochemical exfoliation is shown in Figure 5 below. Su et al. showed that this
method can produce high-quality graphene sheets, with a lateral diameter of several to 30
um, which helps to reduce inter-sheet junctions, thus increasing nanosheet conductivity
[99]. It is a viable method that can produce graphene flakes of less than 5 nm in
thickness, with 5% of it being monolayer graphene [57]. Another study showed ~85% of
flakes having merely 1-3 layers [105].
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Figure 5: lllustration of electrochemical exfoliation through anionic intercalation,

explained by Parvez et al. [105]

Generally speaking, the anionic method is more common than the cationic
method, and it usually leads to good exfoliation of graphene flakes. However, this

method tends to result in oxidized or functionalized graphene sheets due to the chemicals
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involved [106]. This is a problem because these oxygen-based functional groups reduce
graphene’s electronic conductivity, which cannot be completely restored upon further
chemical reduction, thereby losing some of the inherent advantages of pristine monolayer
graphene such as high electrical and thermal conductivities [107]. On the other hand,
cationic exfoliation avoids the production of oxidized sheets, but very few papers,
including the most recent work by Cooper and co-workers, managed to form few layers
in graphene flakes (2 nm thickness) through cationic exfoliation; although, the flake
diameters are very small at around 100-200 nm [108].

1.3.4 Chemical Modifications

Compatibilizer:

Even though solvent mixing results in excellent dispersion [79], heat drying
processing after solution blending might induce some restacking of GNP platelets [17].
Additionally, further processing such as melt compounding and injection molding might
result in severe re-agglomeration that negates excellent dispersion and exfoliation of
GNP fillers [109]. Nanoparticles with a large surface-to-volume ratio tend to agglomerate
into clusters that are detrimental to the composite properties, and this problem can be
addressed by adding compatibilizer to the nanocomposite to prevent agglomeration of
GNP fillers. For example, one study demonstrated that pyrene-functionalized maleic
anhydride-grafted polypropylene (g-MA-PP) can prevent stacking of exfoliated GNP and
improve the compatibility of PP and GNP [98]. Using interfacial compatibilizer can help
to facilitate the dispersion and prevent the agglomeration of the graphene-like flakes
[110], [111].

Graphene Oxide:

Graphene oxide (GO) is a derivative of graphene-based materials. Chemical
exfoliation of graphene, such as the Modified Hummers’ Method, involves oxidizing
graphite into graphite oxide, followed by exfoliation and reduction into reduced graphene
oxide (rGO). This is a commonly used process because graphene oxide (GO) can be

easily functionalized to improve exfoliation and dispersion [106]. The principal
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advantage of utilizing GO is the ability to produce 90% monolayer GO sheets, but at the
cost of highly oxidized graphene sheets and an extremely time-consuming process of
repeated centrifugation [112]. Another advantage is that it provides a stronger interface
with the polymer relative to unfunctionalized pristine graphene, with much less
aggregation than most other graphene systems; this gives it a high level of mechanical

reinforcement with relatively low optimal loadings [57].

Since GO is electrically insulating and thermally unstable, it is often necessary to
reduce GO to remove its functional group to restore its electrical and thermal properties.
However, the oxidation process when producing GO can severely damage the
honeycomb lattices of graphene, resulting in significant and irreversible damage to
graphene’s electrical properties [99], [113]. More specifically, the process of reducing
GO back to ordinary graphene is unable to fully recover the damage to graphene’s
structures, thus resulting in inferior mechanical and electrical properties compared to
mechanically exfoliated pristine graphene sheets [44]. Hence, the product, reduced
graphene oxide (rGO), nonetheless exhibits many defects compared to pristine graphene,
and complete reduction of graphene oxide rarely occurs [53].

Surface Modification:

Chemical functionalization of the fillers can be an effective method for enhancing
the interfacial interactions between the fillers and the polymer matrix. This can be
accomplished by methods such as oxidation, physical adsorption, and grafting [114]. For
example, CNT [115] and GNP [116] can be modified to increase the adhesion between
the polymer and filler. This will help to maintain filler dispersion while forcing the filler
to selectively aggregate at the matrix-filler interface, thus forming filler-rich regions and
creating sufficiently dense conductive pathways. However, the effectiveness of
functionalized graphene in preventing the agglomeration of GNP particles is disputed
[117].



1.4

Microinjection Molding

Small scale injection molding is becoming an important technology to fabricate

miniature products and components, especially in microelectromechanical systems
(MEMS) [1], [3]. Moreover, Fred Chiou [2] summarized the following advantages of

using microinjection molding:

Cost-effectiveness for mass production process

Can be used with a wide range of thermoplastics

Good process control, automation, and accurate part replication
Relatively low-maintenance costs of capital equipment

Large amount of information available from conventional injection molding.

In microinjection molding, the polymer is loaded into a hopper, melted, and

rapidly injected into the mold cavity under high pressure. The material is then cooled

down into the mold shape and ejected. Polymer composites are often used as molding

materials due to their weight advantage, processability, and resistance of wear and

corrosion, with thermoplastic polymers being most widely used [4]. The figure below

shows a simplified diagram of the injection molding process, where an injection piston

pushes the polymer melt into the mold cavity.

18
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Mold

(a) (b)

Product

(c) (d)

Figure 6: The various stages of the uIM (with separate plasticization and injection units)
process. Herein: (a) plasticization of polymer (b) mold closing (c) injection, packing, and
cooling, and (d) demolding and re-plasticization [1].

However, uIM is not merely a scaling down of conventional injection molding
(CIM). The polymer melt will experience extremely high shearing effects in uIM since it
involves higher injection velocities and higher molding temperatures [6]. Thus, it is
anticipated that very high shear rates would generate severe shear stress fields, which
cause fillers to favorably align in the flow direction. Moreover, strong shear forces and
friction forces that act on the polymer matrices can damage molecular chains, which
helps to explain why mechanical and thermal characteristics of microparts are inferior to
the feed blend [118]. Factors such as higher temperature can also lead to polypropylene
chain degradation [119]. Additionally, previously negligible factors in CIM such as
microscale rheological flow behavior, wall slip, and surface tension can significantly
influence the material properties of microparts [3], [7]. The extremely high pressure in
uIM also results in non-negligible effects of melt compressibility [8] and preferred
orientation of macromolecular chains along the flow direction. Moreover, the rapid
cooling of the material during the contact with mold wall partially contributes to the

‘skin-core”’ structures in CIM. Reduced part thickness and higher aspect ratio of uIM
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microparts increases shear deformation and cooling rates [9]; temperature is one of the

main factors that determines the quality and properties of uIM microparts [3].
Effect of Mold Geometry

Zhou et al. [19] studied the properties of microinjection molded nanocomposites
using a step-mold, which produced microparts with three different thickness — thick,
middle, and slim — as shown in Figure 7b below. However, one question is whether the
sudden decrease in micropart thickness (i.c., the ‘step’ feature) affected the observed
electrical conductivity. Hence, the proposed research involves analyzing the thermal,
electrical, and morphological properties of a micropart of uniform thickness dimensions
(plaque micropart), as shown in Figure 6a. The purpose of producing simple rectangular-
shaped plaque microparts, as shown in Figure 7d, is to establish baseline electrical
conductivities of various polymer composites without having to consider any geometrical
effects. Additionally, the material combinations and process conditions used in this thesis

are identical to that Zhou et al. for consistency purposes.
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Figure 7: The original step microparts (top) and the constant-thickness plaque microparts
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(bottom) adapted from previous studies [19]. Herein: (a, ¢) 3D view of a finished
micropart (b, d) micropart divided into three sections for easy referencing and

characterization.

There are some literature sources that suggest that mold geometry is not the most

dominant factor. White and Dee studied flow visualization for the injection molding of
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polymer melt into a rectangular mold, which suggests that more fountain flow is to be
expected for the rectangular micropart than the step micropart. [120]. Chu suggested that
injection speed is the most important factor, more so than the shape of the mold cavity,
because the choice of injection speed directly influences melt temperature, injection and
mold cavity pressure [121]. Moreover, using a mold insert might also cause variations in

cooling conditions, which also needs to be accounted for [122].
High Shear Conditions:

Due to the extremely high shearing effects in pIM [6], it is possible for shear
deformation to result in a conductive network of interconnected secondary agglomerates
[33], [123]. For this to occur, the initial primary agglomerates must be broken up and
well dispersed in the polymer matrix in the mixing stage. In further processing steps, such
as CIM and pIM, the filler network can be formed by secondary agglomerates, which is
shown in Figure 8. Moreover, one study found that polypropylene chain degradation is
primarily caused by chain scission that is promoted by a combination of factors including
chain entanglements, temperature, shear rate, and viscosity [119], all of which are

exacerbated by the processing conditions in microinjection molding.
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Figure 8: Illustration of the effect of steady state shear applied to an initially non-

conductive composite with initially well-dispersed nanotubes [124]
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Future Applications:

In the future, the pIM system could become the compromise solution between
household 3D printers and industrial production lines because uIM offers greater
precision and production volume compared to 3D printers. [125] Injection molding for
internal biological application is also being explored; one example is producing
biodegradable implants for medical purposes [126]. Using existing uIM technology for
producing both micro and nano-scale features is also being investigated. [127] Specific
studies regarding the effect of micro-cavity dimensions on the material properties of
microparts have been conducted [128]. However, one challenge with uIM is that
producing mold cavities with micro features with CNC machining and lithography can be
very expensive, while also requiring complex technical capabilities [129]. Another
challenge is a complex quality assurance system is often required to ensure that high

precision micro features are guaranteed [4].

1.5 Characterization of microinjection molded microparts

1.5.1  Electrical Conductivity

The conductivity of a PP-filler composite system derives from the formation of a
conductive network by the fillers within the PP polymer matrix [130]. The surface
resistivity and bulk resistivity of thin sheets can be calculated from measured resistance
using the 4-probe method [131]. Larger samples can be measured using a simple 2-probe

approach to obtain bulk conductivity [12].

There is a significant amount of research on enhancing the electrical conductivity
of polymer composites by incorporating carbon-based fillers at various filler loadings and
with different manufacturing techniques [132]. Factors such as filler geometry (i.e.,
aspect ratio), concentration, directional alignment, and percolation threshold may all play
an important role in the conductivity of the filled polymer composites [133]. Moreover,
techniques such as surface treatment can help to improve the interfacial interaction

between CNT and polymer matrix to improve electrical conductivity [134].
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1.5.2  Morphology

Polymer melts, such as polypropylene (PP), behave as a shear thinning non-
Newtonian fluid, where the fluid viscosity decreases with increasing shear rate. At low
shear rates, PP melt will show a constant viscosity value. At and above a critical shear
rate, there will be a significant drop in viscosity, which is the shear thinning region. At
high shear rates, which is characteristic of the uIM process, carbon fillers in PP-based
composite materials will be preferentially align along the flow direction, resulting in the
rearrangement of filler dispersion. More specifically, CNT fillers tend to agglomerate
into cylinder-like nanotube bundles, GNP fillers might restack into graphitic flakes, and
spherical CB particles are likely to form small ‘grape’-like aggregates [13]. Most
importantly, excess agglomeration caused by high-shear conditions of the uIM process
might impede the efficiency of which carbon fillers can disperse and form a conductive

network, thus elevating the percolation threshold.

1.5.3  Thermal Stability

The thermal stability of polymer-carbon composites can be measured through
thermogravimetric analysis (TGA), where the change in mass of a polymer is measured
as a function of temperature or time in a controlled atmosphere. This method can yield
data such as decomposition temperature (Tgq, taken at 5% weight loss), maximum
decomposition temperature (Tmax, peak of 1st order derivative weight loss), and
percentage remaining as char at the end of the heating cycle (Rseo, subscript denotes the
end temperature of the heating cycle) [135]. Different types of purge gas may be used,
such as inert (nitrogen, argon, or helium), oxidizing (air, oxygen), or reducing gases
(forming gas), with a heating rate around 5-20°C/min; different testing conditions may

also play a role in the thermal stability results [83].

The addition of GNP to polymer matrix has shown to improve the thermal
stability of the composites, with one study reported an increase of Tq from 259°C to
295°C at 15 wt% graphene loading [95]. There are several mechanisms that have been
proposed to explain this observation. First, GNP fillers can act as heat sinks to withdraw

some heat from the polymer matrix, and thus prevent the accumulation of heat within the
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polymer and delay oxidation at the early stage of thermal degradation [136]. Second,
well-dispersed GNP fillers can serve as efficient mass transfer barriers against the volatile
pyrolyzed products, hindering the movement of oxygen and volatile products throughout
the material [137]. But the addition of GNP fillers will result in decrease in the amount of

phase changing material, which in turn reduces latent heat storage capacity [138].

1.5.4  Crystallization

Differential Scanning Calorimetry (DSC) is a technique that can be used to
measure the heat flow in or out of a material, as a function of time or temperature. The
crystallization behavior of the polymer can be quantified by the heat of fusion and heat of
crystallization of the polymer composite. Since the thermomechanical history can affect
the properties of the samples, each sample was scanned three times. The first cycle
(heating) is reflective of the thermomechanical history of the microparts due to melt
compounding and the uIM process, which might have affected the micropart
microstructure. The second cycle (crystallization) was for the purpose of analyzing the
crystallization behavior, which might include some dissipation of the filler
microstructure. The third cycle (heating) is measuring the material properties without
much influence of melt mixing and uIM process.

There are studies that showed that the MWCNTSs acted as a-nucleating agents in
iPP [139]. Generally speaking, increased CNT loading may result in increased
crystallization temperature (Tc¢) and percent crystallinity (Xc) of PP/CNT composites,
thereby confirming the nucleating effect of CNT by increasing the number of nucleation
sites [86]. One study argued that CNT is a strong a-nucleating agent, which can suppress
nucleation of B-crystals and forced the material to exclusively yield a-crystals after
reaching 2.5wt% CNT loading [140]. However, another study showed that, while a great
number of studies testified the ability of CNT to promote the crystallization and the
formation of a-PP crystals, which are the dominant crystal forms for iPP, CNT can also

induce the formation of p-crystals [141].

Crystallization can affect the formation of conductive pathways by concentrating

filler aggregates in the amorphous phase of polymer matrix. Yu et al. found that slower
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crystal growth could help to push CB aggregates into amorphous regions of the PP
matrix, where they are less likely to be trapped in crystalline regions where it could not
participate in the formation of conductive pathways [24]. Similarly, GNP fillers have
good nucleation ability. Achaby et al. [142] reported a 6°C increase in melting
temperature (Tm) and 9°C increase in T¢ at 3 wt% GNP loading. However, crystals can
develop on the surface and envelop the GNP filler; this will increase contact resistance
and reduce the number of filler particles available to form continuous conductive network
[62]. Thus, one approach is to deliberately influence fillers to agglomerate at an

interface, such as the ‘coating’” method [143].

Slower cooling rate is also favorable towards the formation of effective
conductive pathways, which is shown in Figure 9, by promoting the growth of larger
crystal sizes of a few microns, thus more effectively displacing CNT fillers from the
crystallized region to the amorphous phase; larger crystal size is a more dominant factor
over % crystallinity structure [144]. Similarly, reducing the CNT nucleation effect on PP
crystallization and forming large crystallites (shown as a wider crystallization peak on the
DSC thermographs) will allow more CNT to migrate to the amorphous phase to
selectively develop a distributed network structure [144]. Moreover, the degree of

crystallinity is independent of GNP flake diameter [57].
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Figure 9: Effect of slower cooling rate on the crystallization behavior of compression
molded PP/CNT composites [144].

1.5.5 Rheology

There are several studies that reported a significantly lower rheological
percolation threshold than electrical percolation threshold for CNT-based composite
materials [84], [85], [145]-[147]. The difference between the electrical and rheological
percolation thresholds is mainly attributed to different stages of nanotube network
required. For example, Du et al. reported the rheological threshold at 0.12 wt% and
electrical threshold at 0.39 wt% in a SWCNT/PMMA system [147]. Hu et al. found the
rheological and electrical threshold for a MWCNT/PET system to be 0.6 wt% and 0.9
wit%, respectively [145]. This discrepancy can be explained by the smaller
nanotube—nanotube distance required for electrical conductivity as compared to that
required to impede polymer mobility (i.e., rheological percolation) [147]. The CNTs need
to be very close, but do not need to come into direct physical contact, to achieve electron
tunneling/hopping process [148]. The nanotube—nanotube distance required for
rheological percolation (to restrict polymer chain mobility) is longer than that for

electrical percolation, thus fewer nanotubes are needed to achieve rheological percolation
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than electrical percolation [149]. The ‘physical network’ formed by entangled polymer

chains impede polymer chain movement, thus increasing viscosity [145].

(b)

Electrical percolation threshold Rheological percolation threshold

Figure 10: Illustration of electrical percolation threshold (a) and rheological percolation
threshold (b) in PET/MWNT nanocomposites. The thick lines stand for MWCNT, and
the thin ones for PET chains [145]

Similarly, the addition of GNPs in a polymer matrix will increase the melt
viscosity, which is related to the formation of the GNP network in the polymer melt
which strongly depends on the aspect ratio and the degree of exfoliation of GNP.
Compared with carbon black, carbon nanofibers and carbon nanotubes, GNP-filled
polymer nanocomposites have the lowest melt viscosity in a certain range of filler
loadings, indicating better processibility [110]. This associates with the ability of
different nanostructures in various polymers to form network structures that could
constrain the motions of polymer chains. A possible reason for the lower viscosity is that
the 2D structure of GNP might also act as a solid lubricant [150]. Moreover, at lower
filler loading, factors such as better dispersion, smaller particle size, and higher degree of
exfoliation will result in greater filler surface area and encourage stronger interfacial
bonding. Thus, better processing methods might lead to more efficient GNP networks,
and consequently, higher storage and loss modulus and more obvious shear thinning
behavior [151].
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Chapter 2

2  Experimental Methodology

Materials, equipment, and analysis techniques used in this thesis are detailed in this

section.
2.1 Materials
Polypropylene

Isotactic polypropylene in pellet form (PP, Product number: 427888, average Mw:
~250,000) was purchased from Sigma Aldrich. The material has a density of 0.9 g/cm?®
and a melt flow index of 12 g/10 min (230°C @ 2.16 kg load).

Isotactic polypropylene in powder form (PP, SM 6100, average Mw: ~264,000) was
acquired from the Shell Oil Company. The material has a density of 0.9 g/cm? and a melt
flow index of 12 g/10 min (230°C @ 2.16 kg load).

Carbonaceous Fillers

Table 1: Properties of Carbonaceous Fillers

Density Surface area

Filler Manufacturer Grade
[g/cm?] [m?/g]
Akzo Nobel Polymer Chemicals  Ketjenblack®
) 1.80 ~1400
LLC. (Chicago, IL, USA) EC-600JD
Hyperion Catalysis International
CNT _ MB3020-01 1.75 178
(Cambridge, MA, USA)
XG Sciences Inc. XGnP®
GNP ) 2.2 120 ~ 150
(Lansing, MI, USA) Grade M

Nanocomposites with CNT were produced through the melt dilution of PP/CNT
masterbatch obtained from Hyperion Catalysis International. According to the
manufacturer, its proprietary nanotubes (FIBRILTM) were vapor grown with a length over

10 um and an outside diameter about 10 nm. The material’s density and surface area were
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found in literature sources [152], [153]. Relevant information about the EC-600JD CB was
obtained from data sheet provided by the supplier and listed in the table above. Graphene
nanoplatelets were purchased from XG Science Inc. (Lansing, Ml). Based on data obtained
from the manufacturer, the grade M15 particles have an average thickness of approximately
6 to 8 nm, a typical surface area of 120 to 150 m?/g, and an average particle diameter of 15

pm.

2.2 Preparation of Materials

2.2.1 For PP/CNT and PP/CB samples in Chapter 3.1:

A Brabender twin-screw batch mixer (C.W. Brabender Instruments, Inc., South
Hackensack, NJ, USA) was used to mix the PP and carbon fillers (CB and CNT
separately) at 50 rpm and 190°C for 10 min. Samples with concentrations of CB and
CNTat1,2, 3,5, 7,10, and 15wt% were prepared. PP/CNT composites were obtained
from the melt dilution of PP/CNT masterbatch. PP/CB composites were obtained from
direct melt mixing of PP pellets with CB. The blended materials were pulverized into
pellet-sized chunks using a commercial blender, then loaded into a microinjection
molding system (uIM, Microsystem 50, Wittmann Battenfeld) to produce microparts for

testing. The following nomenclature was adopted for easier identification of samples:

e PP/CB# refers to PP and CB composites, where # denotes the weight percentage
of CB fillers. T (thick, 0.83mm) or M (middle, 0.50mm) can be appended at the
end of the nomenclature to indicate the micropart’s thickness, and the absence of
T/M indicates not-micromolded composite materials (feed blend). For example,
PP/CB2T indicate a “thick” micropart with a thickness of 0.83mm produced from
PP/CB composites with 2 wt% CB filler loading.

o PP/CNT# refers to PP and CNT composites, where # denotes the weight
percentage of CNT fillers. T (thick, 0.83mm) or M (middle, 0.50mm) can be
appended at the end of the sample name to indicate the micropart’s thickness. The
absence of T/M indicates feed blend. For example, PP/CNT5M indicate
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microparts with a thickness of 0.50mm produced from PP/CNT composites with 5
wt% CNT filler loading.

2.2.2 For PP/(CNT:CB) hybrid samples in Chapter 3.2:

The polymer nanocomposites with various carbon filler concentrations (3, 5, and 10 wt%)
at various weight ratios of CNT:CB (100:0, 30:70, 50:50, 70:30, 0:100) were prepared by
melt blending in a similar fashion as described in chapter 2.2.1. For example,
PP/(CNT30:CB70)3M denotes:
e The microparts are 0.50mm thick
e The total filler weight is 3wt%, of which 0.9wt% is CNT (obtained from melt
dilution of PP/CNT masterbatch) and 2.1wt% is CB

e Absence of T/M indicates not-micromolded feed blend

2.2.3 For PP/GNP samples in Chapter 3.3:

Kalaitzidou and co-workers proposed a method of precoating PP powder with exfoliated
graphene nanoplatelets (GNP) by sonication in the presence of isopropanol to complete
cover PP powders with GNP [82]. This process was modified and briefly described below:
e GNP was added to 1L of isopropyl alcohol, which was purchased from Sigma
Aldrich (Oakville, Canada). Then, the obtained mixture was ultrasonicated for 1
hour to yield uniformly dispersed GNP solution
e A certain amount of PP powders was slowly added and stirred at high speed for
30 min, followed by another 1 h of sonication; after that, solvent was removed
through vacuum filtration. Any remaining solvent was evaporated at room
temperature
e The word “premixed” and “precoated” are used to describe this process of

solvent-based premixing of PP and GNP

The study in Section 3.3 of this thesis compares the properties of uIM microparts (all
0.83mm thick) prepared through three different methods: (i) direct melt mixing PP of
pellets with GNP fillers (ii) direct melt mixing PP of powders with GNP fillers (iii)

precoating of PP powder and GNP fillers through solvent-based ultrasonication, but
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subsequent melt compounding is required for easy processability in injection molding

systems [62].

All samples from all three methods were melt blended for easy processing in the M
system. A Brabender twin-screw batch mixer was used to melt blend PP and GNP fillers
at 50 rpm and 190°C for 10 min. The concentrations of GNP filler were at 3, 5, 7.5, 10,
12.5, and 15wt%. The blended materials were pulverized into pellet-sized chunks using a
commercial blender, then loaded into a microinjection molding system (pIM,
Microsystem 50, Wittmann Battenfeld) to produce microparts for testing. The following
nomenclature was adopted for easier identification of samples:
o Pellet-PP/GNP3 refers to composites prepared by mixing PP pellet and GNP with
3wt% total filler loading
e Powder-PP/GNP5 indicates composites prepared from PP powder and GNP at
5wt% filler loading

e The word “blend” refers to not-micromolded composite materials (feed blend)

2.3 Preparation of Microparts

The preparation of a micropart using the Battenfeld microinjection molding system can
be summarized as the following four steps. First, the raw material is loaded to a hopper,
which is then fed into the extruder screw. Second, the extruder screw melts the polymer —
at the melt temperature — and pushes the exact amount of material into the metering
chamber. Third, the injection piston pushes molten polymer from the metering chamber
into the mold cavity. Lastly, the mold is cooled down, and the microparts are

automatically ejected from the mold cavity.
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Figure 11: Internal Schematics of the micro-injection-molding system. Taken from:

http://www.battenfeld.ru/fileadmin/templates/docs/imm/microsystem_presentation.pdf

The mold cavity was specifically designed to accommodate microparts of varying
thickness. More specifically, mold inserts can be used to adjust the thickness of the
microparts to either 0.83mm (thick), 0.50mm (medium), or 0.2mm (slim). The microparts
were produced at a melt temperature of 260°C, mold temperature of 100°C, and injection

speed of 300 mm/s.
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Figure 12: (a) 3D view of a finished micropart and (b) the micropart was divided into

three sections, where the middle region was taken for various characterizations [154]
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2.4 Characterization

2.4.1  Electrical Conductivity

The electrical conductivity (o, S/cm) was determined using a two-probe method as
follows. For each sample, the micropart was placed between two copper electrodes, and
applied pressure to minimize the contact resistance between the electrodes and the
surface area of the sample. A Keithley 6517B (Tektronix Inc., Beaverton, Oregon)
electrometer was used to measure the direct current (DC) electrical resistance (R, Q)
along the melt flow direction (FD) and transverse direction (TD). Using the external
dimensions of the micropart and the measured R value, the electrical conductivity (o,

S/cm) can be calculated as per Equation (1):

1 L
p AR

o=

where, L (cm) is the distance between the measuring electrodes, R(Q2) is the electrical
resistance, and A (cm?) is the contact area between the electrodes and the sample. The
average o value, as calculated from five samples, was used. Moreover, the electrical
percolation threshold (pc) is achieved when the o of polymer composites sharply increases,
often by several orders of magnitude, due to the formation of continuous conductive
pathways are formed from a sufficiently dense filler network. The o at p. is at least 10°

S/cm or higher for microparts produced in this thesis.

2.4.2  Morphology

Finished microparts were observed using scanning electron microscopy (SEM). First,
microparts of various material combinations were cryogenically fractured using liquid
nitrogen towards the middle region of the (0.83mm) thick microparts in the TD, as shown
in Figure 12(b). Second, the fractured microparts were subjected to chemical etching
using a solution of 64.7wt% H2S0a, 32.3wt% H3PO4, and 3wt% of KMnO4 for at least 7
h. Afterwards, microparts were rinsed using distilled water, 3wt% hydrogen peroxide,

and acetone. [155] Third, the fractured surface was sputter coated with a thin layer of
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platinum, and then observed using SEM for both the core and skin layers of the

microparts.

2.4.3  Thermogravimetric Analysis (TGA)

The thermal stability of each sample was determined by a thermogravimetric analyzer
(TGA). Feed blends were used as-is without further processing, and samples from
molded microparts were taken near the middle of the microparts. Tests were carried out
under constant nitrogen flow and a heating rate of 10°C/min. The testing conditions for
each sample are given in the following table.

Table 2: TGA Testing Conditions of Composites and Molded Samples

Section 3.1: PP/CB and PP/CNT 320 to 560°C TG 209F1 Iris, Netzsch

Section 3.2: PP/(CB:CNT) Hybrid 240 to 600°C TG 209F1 Iris, Netzsch

2.4.4  Differential Scanning Calorimetry (DSC)

The melting and crystallization behavior of pure PP and filler-containing PP composites
were examined with a differential scanning calorimeter (DSC, Q200 and Q2000, TA
Instruments) under nitrogen atmosphere with a gas flow rate of 50 mL/min. Feed blends
were used as-is without further processing, and samples from molded microparts were

taken near the middle region of the microparts.

The first cycle (melting) reflects the thermomechanical history of the microparts due to
melt compounding and the puIM process. The second cycle (crystallization) was used to
analyze the crystallization behavior. The third cycle (melting) reflects the material
properties without much influence of previous thermomechanical history. In Sections 3.1
and 3.2, the samples were scanned from 30 to 200°C with a temperature increasing rate
of 10°C/min (1% cycle), and then cooled down at a rate of 50°C/min to 30°C (second
cycle), and finally scanned from 30 to 200°C at 10°C/min (3" cycle). In Section 3.3, the
samples were scanned from 30 to 230°C with a temperature increasing rate of 10°C/min,
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and then cooled down at a rate of 10°C/min to 30°C, and finally scanned from 30 to
230°C at 10°C/min.

The melting temperature (Tm) was obtained from the heating cycle and the peak
crystallization temperature (Tc) was obtained from the cooling cycle. The crystallinity

(xc) was calculated with Equation (2):

Xe = = __<rcaic
(1—w)AH

)

where AHn is the melt enthalpy of isotactic PP, w is the weight fraction of GNP filler in
PP, and AH® is the melting enthalpy for 100% crystalline PP, which is 207 J/g [156].

2.45 Melt Rheology

Melt rheology testing can be utilized to study the microstructure of filled PP composites.
This test is mainly focused on the flow behavior, viscosity, and deformation of filler
structure of the composite material. In Section 3.2 with PP/(CNT:CB) hybrid composites,
the test was conducted using a rheometer (Bohlin Gemini 200, Malvern) with a parallel
plate setup. The tests were performed within a frequency sweep from 0.01 to 100 Hz at
190°C.
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3  Results and Discussion

3.1 Effect of Mold Geometry

Zhou et al. [19], [157] studied the properties of microinjection molded nanocomposites
using a step-mold, which produced microparts with three different thickness — thick
(0.83mm), middle (0.50mm), and slim(0.20mm). However, one question is whether if the
sudden decrease in micropart thickness (i.e., the ‘step’ feature) affected the material
properties of resultant CNT-filled and CB-filled microparts. In this section, simple
rectangular shaped plaque microparts were produced using identical process conditions,
materials, and experimental procedure as prior studies by Zhou et al. Afterwards, the
electrical, thermal, and morphological properties of the plague microparts were compared
to the properties of step microparts to determine whether the ‘step’ feature resulted in

significant changes to the material properties of the finished microparts.

3.1.1  Electrical conductivity

The electrical conductivity using a two-probe approach, and results for plague-microparts

were compared to the step-microparts used in past studies.
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Figure 13: Comparison of the electrical conductivity (o) between the plaque microparts
and step microparts for (a) PP/CB TD (b) PP/CB FD (c) PP/CNT TD (d) PP/CNT FD.

FD refers to the flow direction and TD denotes the transverse direction, which is

perpendicular to the flow direction.

A comparison of o of plaque microparts and step microparts is given in Figure 13. For

both CB-based and CNT-based microparts, the ¢ values for step microparts were

consistently higher than corresponding plaque microparts of the same thickness. For both
PP/CB and PP/CNT microparts, this difference in ¢ is approximately one order of

magnitude on average along the TD and two orders of magnitude along the FD direction.

There are several possible explanations for this. One factor is that at each thickness, step
mold microparts are much shorter than plaque microparts. For example, the thick section
(0.83mm) of a step micropart is only 5mm long, whereas a plague micropart is 14.3mm
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long. Thus, the difference in ¢ value might be different due to flow conditions and filler
distribution at various distances away from the gate region. Wegrzyn et al. reported that
the concentration of CNT fillers generally increases further away from the gate region,
except in the area immediately adjacent to the runner due to disturbed polymer flow
[158]. Hence, the shorter step microparts (i.e., the section is closer to the gate region)
might have contained disproportionately high filler concentration, thus more likely to
result in higher o than plaque microparts with longer flowing distance. Additionally,
since the abrupt decrease in mold thickness (i.e., the ‘step’ feature) can result substantial
difference in filler distribution. For example, Zhou et al. [159] found that the number of
CNT agglomerates found within different sections of the micropart decreased with
thinner parts, which could be ascribed to the sudden and significant increase in shear rate
brought by the ‘step’ feature. The abrupt change in mold geometry might also cause flow

disturbance or entrap larger agglomerates.

Changes in micropart thickness had a smaller effect on the o in CB-filled microparts in
Figure 13 (a, b) compared to CNT-filled microparts in Figure 13 (c, d). Additionally,
Figure 13 (c, d) showed there is less difference in o between plaque vs step microparts at
the same thickness for CNT-filled microparts. Since reducing thickness results in higher
shear rate, this can also be attributed to CNT rod-like structure being more susceptible to

sudden changes in shear rate and flow conditions caused by the ‘step’ feature [159].

3.1.2  Morphology

The morphology of PP/CB and PP/CNT plaque microparts was examined using a SEM
microscope in both the core layer and skin layer. This was then compared to prior studies

as well.
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Figure 14: SEM images of the (a) skin layer (b) core layer of PP/CB2T micropart

SEM images of PP/CB 2 wt% in Figure 14 showed CB aggregates uniformly distributed
in both the core layer and the skin layer, whereas a prior study by Zhou et al. using step

microparts showed significant CB depletion in the shear layer. [19]

Figure 15: SEM images of the (a) skin layer (b) core layer of PP/CNT2T micropart

Figure 15 shows the SEM images of PP/CNT 2 wt% plaque microparts in the shear layer
and core layer. Results revealed that CNTs tended to form clusters which overlapped,
which heavily favors the formation of three dimensional (3D) conductive pathways.
Despite the non-uniform distribution of CNTs, the o results from Figure 13 indicated that
PP/CNT formed strong conductive network. Moreover, it appears that plaque microparts
resulted in a greater number of smaller CNT clusters outside of large agglomerates and

less FD orientation of nanotubes [157]. This is consistent with the greater disparity in ¢
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between step and plaque microparts along the FD in Figure 13. Additionally, Figures 14
and 15 showed the distribution of CNT agglomerates is not as uniform as PP/CB in
plaque microparts. First, the average size of CNT agglomerates is significantly larger
than that of CB-agglomerates. Second, there are fewer dispersed nanotubes outside of the
major CNT clusters, whereas the PP/CB microparts exhibited a greater number of smaller

and more dispersed clusters of CB particles.

3.1.3 Thermal Stability

The thermal decomposition behavior of both PP/CB and PP/CNT microparts was
examined using a thermalgravimetric analyzer (TGA, TG 209F1 Iris, Netzsch). The mass

loss (%) was charted as a function of temperature for all samples.
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Figure 16: TGA graphs for (a) PP/CNT microparts (b) PP/CB plaque microparts (c)
PP/CNT feed blends (d) PP/CB feed blends

The thermal stability of uIM microparts and corresponding feed blends were evaluated
using TGA and graphically plotted Figure 16; the tabulated data are shown in Table 3.
Results indicated that there is a significant improvement of thermal stability with the
incorporation of CB particles in PP. In addition, the thermal stability increased with
higher loadings of CB fillers in both PP/CB micropart and PP/CB blends. The TGA curve
showed significant improvement in thermal stability from 0 to 2wt% CB loading,
whereas only marginal improvement of thermal stability was detected for PP/CNT from 2
to 5wt% CNT loading. Both PP/CB and PP/CNT feed blends showed no further

improvement from 5 to 10wt%. This is consistent with one study that reported highest
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thermal stability at 5Swt% CNT loading, but little further improvement with even more
filler loading [14].

It can be inferred from Figure 16 that both PP/CNT and PP/CB systems showed three
similarities. First, there was little further improvement of thermal stability when the filler
content increased from 5 to 10 wt%. This suggested that after the formation of physical
filler network (i.e., some filler loading threshold), there is little further benefit in adding
more fillers. Second, the decomposition curves are nearly identical between thick and

middle sections, showing minimal difference due to changes in micropart thickness.

Third, by comparing the difference between the TGA graphs of feed blends and molded
microparts, the uIM process seems to have narrowed the difference between the 2 wt%
and 5 wt% decomposition curves. This might be attributable to higher filler loading
resulting in higher melt viscosity, which causes greater shearing effect with more
preferential alignment of polymer chains along the flow direction. Greater flow-induced
crystallization will, to a certain degree, favor greater enhancement of thermal stability,
especially for PP/CNT composites. Additionally, filler rheological network could serve as
a mass transfer barrier against volatile decomposed products. The polymer phase in close
vicinity to fillers are restricted by the filler rheological network, thus increasing the
energy required to decompose the polymer and altering the ability of degraded molecules

to diffuse and evaporate [111].
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Table 3: The 5wt% decomposition temperature (Tse), 30wt% decomposition temperature

(T30%), maximum decomposition temperature (Tmax), and char residue at 560°C (Rseo) for
PP/CB and PP/CNT microparts

Ts5 [°C] T30 [°C] Tmax [°C] Rse0 [%0]
PP Thick 425.7 447 .4 460.8 5.99
PP Middle 422.3 448.5 459.1 6.67
PP/CB2 Thick 442.7 457.5 467.0 7.48
PP/CB5 Thick 449.0 463.5 473.2 9.08
PP/CB2 Middle 443.0 457.6 467.1 9.18
PP/CB5 Middle 447.7 462.2 472.8 9.81
PP/CNT2 Thick 436.0 451.7 463.3 6.11
PP/CNT5 Thick 443.3 457.6 467.6 9.90
PP/CNT2 Middle 430.9 449.4 460.5 8.95
PP/CNT5 Middle 444.1 457.6 466.2 12.27

3.1.4  Melting and Crystallization Behavior

As discussed in Section 2.3.4, the melting and crystallization behavior of PP-based

composites was analyzed using a differential scanning calorimeter (DSC, Q2000, TA

Instruments). Figure 17 displays the DSC graphs and Table 4 shows the tabulated data for

key thermal characteristics from DSC analysis.
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Figure 17: DSC scans of PP/CB microparts (a) first heating cycle (b) cooling cycle and

PP/CNT micropart’s (c) first heating cycle (d) cooling cycle

The ‘shoulder’ peaks as shown in Figure 17(a, c) can be attributed to the rapid melting,

quick recrystallization, and then immediate remelting of imperfect a-crystals prior to the

main melting peak for properly formed a-crystals [160]. Shoulder peaks were detected in
PP/CNT microparts because CNT acts as strong nucleating agent, inducing PP to
crystalize on the CNT surface [144]. Jiang et al. [16] reported larger shoulder peaks with

increasing CNT concentration, which suggest that rapid crystallization can promote the

formation of imperfect a-crystals, and consequently, shoulder peaks on DSC graphs.

Moreover, the rapid cooling rate and high shear rate in pIM can also result in a greater

number of imperfect a-crystals.
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Moreover, all the major ‘shoulders’ appeared in the medium thickness microparts —
CB2M, CB5M, and CNT5M microparts — rather than in thick microparts. This suggests
that differing thickness might have promoted more imperfect a-crystals, possibly due to
higher shear rate with thinner sections. It is unlikely to be due to accidental creation of -
crystal because that would result in a far more distinct second melting peak [161], which
is not evident in the DSC melting graphs. The lack of a second melting peak at 140-
150°C is due to CNT acting as a strong a-nucleating agent, which can suppress f-
nucleating effect and forced the material to exclusively yield a-crystals after reaching
2.5wWt% CNT loading [140].

Table 4: Characteristic Data from DSC Scans for PP/CB and PP/CNT pIM microparts
and their corresponding raw blends for first (heating) cycle, second (cooling) cycle, and
third (heating) cycle.

Cycle1 Cycle 2 Cycle 3

Sample Designation

Tm Xc Tc Tm Xc

[°C] [%] [°C] [°C] [%]
PP-Pure-T 167.1 44.6 114.7 165.7 44.5
PP-Pure-M 166.7 43.3 116.2 164.4 38.0
PP-CB2-M 167.5 43.1 125.0 165.0 50.3
PP-CB2-T 167.5 40.2 122.5 165.6 42.1
PP-CB5-M 167.2 45.5 125.3 165.2 514
PP-CB5-T 167.6 37.9 124.4 166.9 43.8
PP-CB5 Feed Blend 167.3 40.4 121.2 166.9 44.0
PP-CNT2-T 165.6 44.0 128.7 165.4 50.7
PP-CNT2-M 166.7 45.1 127.0 165.2 394
PP-CNT5-T 168.4 41.2 129.2 168.4 47.1
PP-CNT5-M 166.9 42.1 129.3 165.6 47.3
PP-CNT5 Feed Blend 167.5 40.2 122.5 165.6 42.1

In general, the Tm is consistently higher for molded microparts in the 1% cycle than in the
3" cycle, for both the molded microparts and feed blends. The Tc and . increased
significantly after the incorporation of 2wt% CNT. However, from 2 to 5 wt%, there was
a much-diminished relative gain in both T¢ and yc. This is consistent with one study

noting that despite CNT acting as strong nucleating agent, further increase in CNT
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loading beyond 0.2 wt% might not further improve the nucleation effect of CNT [141],
which is consistent with the declining yc from CNT2 to CNT5 observed in the tabulated
DSC thermal characteristic data. This might be due to saturation of CNT-induced
nucleation sites, causing diminished return of higher CNT loading. Another possible
reason is that after achieving rheological percolation, the 3D CNT filler network impedes

the free movement of polymer chains, which might hamper their crystallization.

For PP/CB microparts, Chen et al. [162] reported that CB particles will also act as nuclei
leading to the growth of a-crystals and merely 1wt% CB filler to PP matrix will
significantly diminish the number of B-induced second melting peak. Zhou and co-
workers reported that low CB filler loading corresponds to low nucleating effect of CB,
but it can become significant after 2 wt% [163], which is consistent with the high . in

the table above.

Lastly, there was no correlation between electrical conductivity and yc, which is

corroborated existing studies supports existing literature studies that

% Slower cooling rate is also favorable towards the formation of effective conductive
pathways, which is shown in Figure 9, by promoting the growth of larger crystal sizes of
a few microns, thus more effectively displacing CNT fillers from the crystallized region
to the amorphous phase; larger crystal size is a more dominant factor over % crystallinity
structure [144].

3.1.5 Summary

The electrical, thermal, and morphological properties of PP/CB and PP/CNT microparts
was systematically studied via melt mixing and uIM. The results of plaque microparts in
this study were compared to prior studies conducted with step microparts (after
controlling for factors such as process conditions, materials, and experimental
procedures) to determine whether the ‘step’ feature had any significant impact to the

electrical, thermal, and morphological properties of the pIM microparts.

The DC electrical conductivity (o) for plaque microparts were found to be consistently

lower than its corresponding step microparts of the same thickness. The difference in o
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between the step and plaque microparts, for both the PP/CNT and PP/CB systems, were
about one order of magnitude along the transverse direction and two orders of magnitude
along the flow direction of polymer melt. This is supported by SEM images showing less
FD orientation of CNT than prior studies with step microparts [157].

Additionally, DSC thermographs showed significant presence of ‘shoulder peaks’ in the
medium microparts, but none for thick microparts or the feed blend. This suggests that
the extremely high shear rate of the uIM process either caused or aggravated the number
of imperfect a-crystals or increased the number of y-crystals in the micromolded PP
matrix. TGA results showed that the thermal stability of PP/CB microparts improved
with less filler loading than PP/CNT microparts. Both PP/CB and PP/CNT samples failed

to achieve further improvement after 5wt% filler loading.
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3.2 Effect of PP/(CNT:CB) Hybrid Filler System

In this section, CNT and CB were both added to PP matrix to prepare PP/CNT/CB
composites. The purpose of this study was to determine if there was any synergistic
benefit in adding both CNT and CB fillers simultaneously to the PP matrix. The
PP/(CNT:CB) hybrid filler system was examined at 3, 5 and 10wt% total filler loading
using CNT100:CB0, CNT70:CB30, CNT50:CB50, CNT30:CB70, CNT0:CB100 ratios.
For example, 10wt% total filler concentration at CNT70:CB30 ratio is equivalent to
7wt% CNT and 3wt% CB added to 90wt% PP. The filler materials were added to PP
through melt compounding in a Brabender mixer, which was then used to produce feed
material for plagque microparts through pIM.

3.2.1  Electrical conductivity
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Figure 18: Electrical conductivity (c) for PP/(CNT:CB) hybrid microparts at 3, 5, and 10
wit% filler loading along (a) TD and (b) FD, where TD denotes transverse direction and
FD denotes flow direction.

The electrical conductivity (c) was determined using a two-probe approach and reported
in Figure 18. The values of 6 were compared across samples of varying CNT:CB ratio at
the same total filler loading fractions. Results suggested that there was no clear evidence
of synergetic effect of using hybrid fillers along the TD. In single filler systems, PP/CNT
microparts exhibited lower o along TD when compared to PP/CB counterpart. In hybrid
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filler systems, CNT70:CB30 filler ratio demonstrated the lowest 6 compared to other
CNT:CB ratios along the TD, with ¢ gradually increased with increasing fraction of CB
and decreasing fraction of CNT. A comparison of ¢ between the T (0.83mm thickness)
and M (0.50mm thickness) microparts suggested that the difference in part thickness of

the microparts had minimal effect on the o, often within 1 order of magnitude.

However, there is significant evidence of synergetic effect at the 5 wt% total filler
concentration along the FD; the results are less clear at 10 wt%. At 5 wt% filler loading,
the o value along the FD is the highest at CNT70:CB30, then decreases with increasing
loading ratio of CB and decreasing ratio of CNT. A synergistic effect for a PP/(CNT:CB)
hybrid system at a similar ratio has been reported in the past using hot press, but not uIM.
[72]

The lack of synergetic effect along the TD can be explained by the pIM’s high shear
conditions. The preferential alignment of CNT along the FD helps promote the synergetic
effect along FD near the mold surface, assisting with electron hopping from CB particles
aided by CNT bridges. However, given any fixed amount of filler, greater preferential
alignment of CNT along the FD might be at the detriment of the TD. This is supported by

the fact that the o actually decreased along TD but increased along FD.

3.2.2  Morphology



Figure 19: SEM images of PP/(CNT70:CB30)5T microparts. Herein: skin layers at (A)
5000x magnification (B) 20000x magnification; core layers at (C) 5000x magnification
(D) 20000x magnification.

Figure 20: SEM images of PP/(CNT50:CB50)5T microparts. Herein: skin layers at (A)
5000x magnification (B) 20000x magnification; core layers at (C) 5000x magnification
(D) 20000x magnification.

50
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Figure 21: SEM images of PP/(CNT30:CB70)5T microparts. Herein: skin layers at (A)
5000x magnification (B) 20000x magnification; core layers at (C) 5000x magnification
(D) 20000x magpnification.

Wu and co-workers argued that in a hybrid system, it is possible to have segregated CB
particle phases and CNT bridge phases [75]. Compared to CNT50:CB50 and
CNT30:CB70 hybrid filler ratios, there is far less segregation of CB clusters and CNT
clusters at CNT70:CB30. The size of each CNT cluster appears to be much smaller and
contains far fewer nanotubes, and the clusters are more homogenously distributed. At
CNT50:CB50 and CNT30:CB70, there are very severe, localized concentrations of CNT
fillers, but the CB clusters are smaller and more evenly dispersed compared to CNT tube
bundles; the characteristics of CB agglomerates are consistent with prior studies [19],
[164].

Moreover, the extreme segregation that is shown in CNT50:CB50 and CNT30:CB70 is
only noticeable in certain conditions. First, it is most noticeable in the core layer, but not
the skin layer. Second, it is only present at 5wt% filler loading, but not 3wt% SEM
graphs (included in the appendix). This suggests that the highly localized CNT filler
distributions are more likely to occur at higher filler loading.



3.2.3 Melting and Crystallization Behavior

The melt and crystallization of PP/(CNT:CB) hybrid filler systems were determined

using a differential scanning calorimeter (DSC, Q2000, TA Instruments). The data

obtained from DSC scans are listed in the table below.

Table 5: Characteristic data obtained from DSC scans of PP/hybrid microparts and its

corresponding blends. First cycle: heating cycle. Second cycle: cooling cycle. Third

cycle: heating cycle.
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1% Cycle 2" Cycle 3" Cycle

Sample Name T Yo T. T 1

[°C] [%] [°C] [°C] [%]
PP Middle 167.1 44.6 114.7 165.7 445
(CNTO0:CB100)5M 167.2 45.5 125.3 165.2 514
(CNT30:CB70)5M 166.7 46.6 130.6 166.5 47.6
(CNT50:CB50)5M 165.1 39.6 131.3 166.4 41.8
(CNT70:CB30)5M 166.0 37.0 131.1 164.4 48.6
(CNT100:CB0)5M 166.9 42.1 129.3 165.6 47.3
PP Thick 166.7 43.3 116.2 164.4 38.0
(CNTO0:CB100)5T 167.6 37.9 124.4 166.9 43.8
(CNT30:CB70)5T 166.6 36.8 128.6 166.1 42.8
(CNT50:CB50)5T 166.5 40.0 130.0 166.3 43.6
(CNT70:CB30)5T 166.7 38.0 130.3 166.3 38.0
(CNT100:CB0)5T 168.4 41.2 129.2 168.4 47.1
(CNT0:CB100) Feed Blend 167.3 40.4 121.2 167.3 44.0
(CNT30:CB70) Feed Blend 167.9 42.2 129.7 168.3 38.3
(CNT50:CB50) Feed Blend 166.7 38.2 130.8 166.7 46.3
(CNT70:CB30) Feed Blend 167.4 41.7 130.5 167.2 46.5
(CNT100:CBO) Feed Blend 167.5 40.2 122.5 165.6 42.1

Using PP/CNT (CNT100:CB0) and PP/CB (CNTO0:CB100) as reference points, obtained
from Section 3.1, two inferences can be made. First, the T value for all CNT:CB ratios in
the hybrid filler system are consistently higher than both PP/CNT and PP/CB single filler

systems, showing the CNT and CB fillers working synergistically to improve the

crystallization temperature. The Tc increased significantly as CNT loading increased, and

Dorigato et al. [165] hypothesized that using a CNT:CB hybrid fillers system might result

in remarkable increase in T¢ due to CB and CNT fillers working synergistically to
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produce more effective percolative network. However, the melting temperature (Tm) for
hybrid PP/(CNT:CB) microparts are marginally lower than PP/CB, PP/CNT, and pure PP
microparts. The data table above shows that when compared to pure PP microparts, the
hybrid fillers system have lower Tr, whereas the single filler system marginally improved
it.

Second, the crystallinity (yc) for the hybrid filler system is unlikely to be higher than both
PP/CNT and PP/CB single filler system,; this trend in i also holds true for all microparts
and feed blends. Additionally, there is no clear correlation between y. and changes in the
CNT:CB ratio. Thus, it is unlikely that CNT’s nucleating effect and yc were the dominant
contributing factors that lead to the increase of ¢ along the FD at 5 wt% filler loading
fraction. This is corroborated by findings that the CNT conductive network is more
heavily influenced by crystal structure and size rather than ¢ [144]. Thus, any synergetic

effect in o is not predominately due to improvement in yc.

(CNT100:CBO) 5wt% Thick
(a) (b) (CNT70:CB30) 5wt% Thick
(CNT50:CB50) 5wid% Thick
(CNT30:CB70) 5wt% Thick
(CNTO:CB100) 5wi% Thick
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Figure 22: Comparison of DSC scans of PP/(CNT:CB) hybrid microparts with different
CNT:CB ratio at 5 wt% total filler loading for (a) heating cycle (b) cooling cycle, taken

from the middle of the microparts

The melting and crystallization behavior of PP/(CNT:CB) microparts are shown in Figure
22(a) and (b), respectively. Figure 22(a) showed that the addition of (CNT:CB) hybrid

fillers had minimal effect on the general melting behavior of PP. However, the
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crystallization process of PP was greatly accelerated with the incorporation of carbon
fillers, as shown in Figure 22(b), which confirmed that heterogenous nucleation occurred
in the composite systems. Moreover, CNT and CB fillers also worked synergistically,
with higher CNT loading correlated with more accelerated crystallization process.

Overall, DSC scans showed no clear correlation to suggest any increase in yc was due to
the use of CNT:CB hybrid filler system. T¢ increased more with the hybrid filler system
than PP/CB and PP/CNT single filler systems — higher CNT filler loading resulted in
even greater improvement in T¢. However, it is unclear why the Tr, for PP/(CNT:CB)

hybrid filler system is consistently lower than PP/CB and PP/CNT single filler system.

3.2.4  Thermal Stability

The thermal decomposition behavior for PP/(CNT:CB) hybrid filler system was also
examined using a thermalgravimetric analyzer (TGA, TG 209F1 Iris, Netzsch). Weight
loss (%) was charted as a function of temperature for all samples.
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Figure 23: The TGA curves of (a) CNT30:CB70 microparts, (b) CNT50:CB50

microparts, (¢) CNT70:CB30 microparts; (d) TGA curves for various CNT:CB ratios at 5
wt% total filler loading fraction.

At each filler ratio, e.g., CNT70:CB30, the TGA curves remained nearly identical and
almost overlapping, regardless of total filler weight. For example, Figure 23(a) showed
the TGA curves of 3, 5, and 10wt% at CNT70:CB30 ratio nearly overlaps. This shows
that peak thermal stability was achieved at 3wt%. Figure 23(d) shows that at 5wt% total
filler loading, varying CNT:CB ratio failed to result in significant changes to the TGA
decomposition curves, but there is some small positive shift in TGA curve that
corresponds to decrease in CNT and increase in CB loading. This is further supported by

Table 6 below, which suggests that the thermal decomposition behavior is merely
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correlated to the absolute CNT and CB filler content without obvious signs of synergistic
effect.

Table 6: Comparison of the 5wt% decomposition temperature (Tse), 30wt%
decomposition temperature (T3o%), and maximum decomposition temperature (Tmax) for

MIM microparts at 5wt%

Sample Name Tsow [°C] T30% [°C] Tmax [°C]
PP Middle 422.3 448.5 459.1
(CNT0:CB100) 5wt% Middle 447.7 462.2 472.8
(CNT30:CB70) 5wt% Middle 446.0 460.2 468.7
(CNT50:CB50) 5wt% Middle 448.5 461.7 470.0
(CNT70:CB30) 5wt% Middle 442.6 458.0 466.6
(CNT100:CB0) 5wt% Middle 444.1 457.6 466.2
PP Thick 425.7 447 .4 460.8
(CNT0:CB100) 5wt% Thick 449.0 463.5 473.2
(CNT30:CB70) 5wt% Thick 446.4 459.5 465.4
(CNT50:CB50) 5wt% Thick 446.0 459.7 466.0
(CNT70:CB30) 5wt% Thick 446.0 460.2 465.4
(CNT100:CBO0) 5wt% Thick 443.3 457.6 467.6

Table 7 shows that increased filler loading did not result in significant changes to Ts and
Tso values at all CNT:CB ratios. This is similar to findings in section 3.1 of this thesis,
which showed that there is little further improvement in thermal stability by adding more
fillers beyond a certain threshold for PP/CNT and PP/CB single filler microparts.
However, with increased total filler wt%, there is some downward trend in Tmax for
hybrid samples. This might be attributable to worse filler distribution (i.e., densely
packed, localized clusters of CNTSs) at higher total loading, which might have caused less

efficient rheological network.
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Table 7: The 5wt% decomposition temperature (Tse), 30wt% decomposition temperature

(T30%), and maximum decomposition temperature (Tmax) for puIM hybrid filler microparts

Sample Name Tsow [°C] T30% [°C] Tmax [°C]
Pure PP Middle 422.3 448.5 459.1
(CNT30:CB70) 3wt% Middle 444.8 459.1 469.9
(CNT30:CB70) 5wt% Middle 446.0 460.2 468.7
(CNT30:CB70) 10wt% Middle 444.7 459.3 466.9
(CNT50:CB50) 3wt% Middle 446.0 459.8 469.2
(CNT50:CB50) 5wt% Middle 448.5 461.7 470.0
(CNT50:CB50) 10wt% Middle 449.7 461.1 467.0
(CNT70:CB30) 3wt% Middle 447.9 461.0 468.3
(CNT70:CB30) 5wt% Middle 442.6 458.0 466.6
(CNT70:CB30) 10wt% Middle 447.2 460.1 466.3
PP Thick 425.7 447 .4 460.8
(CNT30:CB70) 3wt% Thick 445.5 459.1 469.0
(CNT30:CB70) 5wt% Thick 446.4 459.5 465.4
(CNT30:CB70) 10wt% Thick 4457 458.8 467.4
(CNT50:CB50) 3wt% Thick 447.0 461.4 469.4
(CNT50:CB50) 5wt% Thick 446.0 459.7 466.0
(CNT50:CB50) 10wt% Thick 4477 460.5 466.9
(CNT70:CB30) 3wt% Thick 4475 459.7 468.2
(CNT70:CB30) 5wt% Thick 446.0 460.2 465.4
(CNT70:CB30) 10wt% Thick 447.3 459.6 462.9

3.2.5 Rheological Properties

Melt rheology testing can be utilized to study the microstructure of the PP/carbon filler
composite material. For the PP/(CNT:CB) hybrid filler system, this test was carried out
with a rheometer (Bohlin Gemini 200, Malvern) using a parallel plate setup with the

frequency sweep method from 0.1 to 100 Hz at 190°C.

Figure 24(a) shows the plot of storage modulus (G") vs loss modulus (G™) with increasing

frequency. At 5 and 10wt%, there is little difference in the G' vs G" slope between the
two CNT:CB ratios. Potschke and co-workers suggested that changes in the G' vs G
curve correspond to changes in the microstructure of the polymer composite [166]. One
explanation might be that any synergistic effect in electrical conductivity in Figure 18 is
mostly due to preferential alignment of the fillers along the FD during the uIM process,

but this is not reflected in melt rheology.
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Figure 24: Melt rheology data for PP/(CNT:CB) composites at various CNT:CB ratios:
(@) log-log plot of G' [Pa] versus G" (b) log-log plot of G' [Pa] versus frequency [Hz] (c)

complex viscosity n * [Pa-s] versus frequency [Hz]

At 3wt% total filler loading, the CNT30:CB70 sample had less steep G' versu G" slope
and higher n* than the CNT70:CB30 sample, which indicates the latter had significantly
less developed microstructure [19]. More specifically, CNT30:CB70 experienced a much
smaller increase in n * from 3wt% to 5wt% total filler loading, which suggests that it
already reached its rheological percolation at 3wt%. However, the CNT70:CB30 sample
still had a n* plateau at 3wt% total filler loading, which disappeared at 5wt%. The value
of n* significantly increased from 3wt% to 5wt% at CNT70:CB30 ratio, which implies
that the filler network was not fully developed at 3wt% [145].

Moreover, Zhou et al. previously reported PP/CB composites forming percolative
network earlier than PP/CNT composites [19]. This is generally consistent with
CNT70:CB30 blends having lower G’ and n * than the CNT30:CB70 blends at 3, 5, and
10wt% total filler weight. Tuo and co-workers [167] argued that better dispersion of the
carbon material provided greater viscosity of the composite material. Since the SEM
micrographs in Figures 19-21 showed better dispersibility for CB than CNT fillers in a
hybrid filler system, it makes sense for composites with higher CB ratio to result in
higher viscosity. Furthermore, specific types of agglomeration can be desirable for
enhancing the electrical conductivity, but more homogenous dispersion is preferred for
rheological network [168]. At all CNT:CB ratios, there is significant agglomeration from

CNT tube bundles, whereas the CB clusters are smaller and more evenly dispersed. This
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might further explain why greater loading of CNT, with its high aspect ratio, might be
preferred for electrical conductivity, but greater loading of well-dispersed CB is preferred

for rheological networks.

3.2.6  Summary

The electrical, thermal, and morphological properties of PP loaded with a hybrid
combination of CNT and CB fillers (at various CNT:CB ratios) were systematically
studied via melt mixing and puIM. Direct current electrical conductivity was measured
across the TD and along the FD of the polymer melt flow using a two-probe approach.

Results showed there was a significant synergistic effect in o along the FD of the
polymer melt at the expense of decreased o across the TD. More specifically, at any total
filler wt%, higher CNT and lower CB loading is associated with less filler phase
separation and showed more synergistic effect in ¢ along the FD. SEM micrographs
shows that smaller and more uniformly distributed CB clusters might be pushing CNTs

into dense, localized clusters.

Additionally, DSC scans showed no clear correlation between Tm. xc, and various
CNT:CB ratios. However, PP/(CNT:CB) hybrid fillers samples showed significantly
higher T. than both PP/CNT and PP/CB single filler system, with higher CNT loading
correlated with greater synergistic improvement to T.. TGA results showed that the
thermal stability of microparts improved with increasing CB loading and decreasing CNT

loading without any obvious signs of synergetic effect.

Melt rheology studies showed that at fixed total filler weight, greater CB loading results
in higher complex viscosity and better developed rheological percolative network, which
is consistent with a prior study that showed PP/CB composites can form percolative
network earlier than PP/CNT composites [19]. This might also be correlated to SEM
images showing that CB agglomerates are, on average, smaller in size and more
uniformly distributed than CNT agglomerates. Hence, uniform dispersion is more
important in forming rheological network, but it might not be favorable to electrical

conductivity.
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Overall, it was found that CNT70:CB30 ratio exhibited the highest synergetic effect on o,
crystallization behavior, and better filler distribution, all of which are gradually worsened
with lower CNT and higher CB loading.
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3.3 Effect of GNP fillers

Previous studies showed that microinjection-molded PP/GNP microparts resulted in
much lower o compared to compression molding [19]. Since puIM is expected to remain
one of the primary methods of manufacturing small plastic microparts, the purpose of this
study was to determine the potential of two methods that might improve the electrical,

thermal, and morphological properties of puIM microparts.

Method one was to utilize PP powder instead of PP pellet in the melt mixing of PP matrix
and GNP fillers. This is because smaller polymer particle size should result in (i) greater
surface area for polymer-filler interaction and (ii) less localized filler accumulation.
Method two was to create deliberate concentration (i.e., agglomeration) of conductive
fillers at the interface between the polymer matrix particles. This approach, often known
as ‘precoating’ in literature sources, will result in dense, localized filler concentration on

the surface of the PP powder prior to melt compounding.

3.3.1 Electrical Conductivity

The DC electrical conductivity (o) for all microparts was determined using a two-probe
approach. The values of 6 were compared across samples prepared with three different
compounding methods of preparing PP/GNP composites — melt blending of PP pellets,
melt blending of PP powder, and precoating and melt blending of PP powder with GNP

fillers — as shown in Figure 25.
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Figure 25: Electrical conductivity of PP/GNP for different preparation method along (a)

Transverse Direction (b) Flow Direction

The microparts produced through simple melt blending of the powder-PP/GNP system
achieved electrical percolation threshold (pc) at 10wt% along both TD and FD, whereas
the pellet-PP/GNP system only achieved pcat 12.5wt%. After achieving percolation, the
powder-PP/GNP system exhibited a consistent one order of magnitude improvement in ¢
over the pellet-PP/GNP system. It is possible that using a smaller particle size provided
additional filler-matrix interface [97] to help with better dispersion. The smaller size
difference between the polymer matrix and the filler likely reduced localized filler
accumulation [118], [169].

Precoating of GNP and PP powder in the presence of isopropanol before melt
compounding resulted in an additional one order-of-magnitude improvement in o, but
without further reduction in pc. Kalaitzidou et al. argued melt compounding cannot
provide enough shear to break down agglomerates and homogeneously disperse the GNP
particles [82]. This is because melt blending only results in good macroscopic dispersion,
but with poor microscopic dispersion and poor exfoliation of carbonaceous fillers such as
graphene due to the high viscosity of many polymer matrices [13], [24]. On the other
hand, ultrasonication of GNP fillers in solvent helped to break up GNP agglomerates
[38], separate larger flakes and exfoliate individual graphene platelets apart by

overcoming the binding energy among the graphene nanosheets [86], and achieve finer
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nanoscopic dispersion of graphene at higher filler loading [87]. All of these can result in
greater number of GNP particles and greater chance of forming a conductive network.
Moreover, the powder coating method resulted better dispersion by providing a
guaranteed minimum level of macroscopic dispersion before melt compounding [82],
[91], [93], [94].

The o for all microparts along the FD is consistently two to three orders of magnitude
higher when compared to TD, which might be attributable to the high-shear conditions of
the LIM process causing significant preferential alignment of GNP fillers along the flow
direction [6], [16], [19]. This suggested that preferential alignment of GNP fillers along
FD was much more significant than what was reported in prior studies involving PP/CNT
microparts [154], [170].

The obtained o results are slightly lower than prior studies by Kalaitzidou et al. with
conventional injection-molded PP/GNP macroparts using very similar methodologies
[82]. Since high-shear conditions of CIM can reduce the platelet size and aspect ratio of
GNP flakes [17], the extreme shear rates of pIM process might further reduce platelet
size. At the same filler loading, smaller GNP particle diameter results in a much greater
number of particles available, thus increasing the likelihood of forming a conductive
network [170], thus more likely to increase ¢ and reduce pc. Furthermore, smaller particle
size (i.e., smaller surface area) usually result in better dispersion and less agglomeration
than larger diameter GNP flakes [64]. However, smaller particles can also result in lower
o after achieving percolation because a greater number of GNP particles will result in
more interparticle ‘junctions’ and discontinuities, leading to higher contact resistance;
larger particle size can result in a continuous conductive path with fewer contact points
[91].

3.3.2 Morphological Properties

The morphology of PP/GNP microparts was examined using a SEM microscope in both
the core layer and shear layer. All images were taken across the TD, as shown in Figure
12b. SEM micrographs for not-etched samples are shown in Figure 26 and etched samples

are shown in Figure 27. The presence of GNP particles within PP are indicated in red.
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Figure 26: unetched SEM micrograph for (a) powder-PP/GNP3 (b) premixed powder-
PP/GNP3 (c) powder-PP/GNP5 (d) premixed powder-PP/GNP5 (e) powder-PP/GNP10
() premixed powder-PP/GNP10. Herein: skin layers at (1) 500x magnification (2) 2000x

magnification; core layers at (3) 500x magnification (4) 2000x magnification.

Figures 26(c1, c2) shows that GNP particles in the powder-PP/GNP5 system are somewhat
more randomly dispersed in the core layer, but Figures 26(c3, c4) shows very clear
preferential alignment of fillers in the skin layer. This can be ascribed to the different shear
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rate in different layers of the microparts [19]. The preferred alignment of GNP along the
FD likely resulted in significant improvement in o at the expense of TD, which is similar
to results from previous work completed on pIM composites produced from PP and
graphite [170]. More holistically, Figure 26 showed ultrasonic precoated samples, at all
filler wt% loading, having more numerous flakes with seemingly smaller flake size, which

implies much better dispersion and exfoliation of GNP flakes.

Figure 27: etched SEM micrograph for (a, b) pellet-PP/GNP5 (c, d) premixed powder-
PP/GNP5: (a, c) skin layer; (b, d) core layer.

The pellet-PP/GNP5 system in Figure 27(a, b) exhibited more preferential alignment of
GNP flakes and very large agglomerates, whereas premixed powder-PP/GNP5 in Figure
27(c, d) showed far less obvious signs of preferential alignment and smaller flake size.
Thus, despite greater FD orientation, the pellet-PP/GNP system had much lower o along
the FD than the powder-PP/GNP system. This suggests that better dispersion and
exfoliation of GNP flakes is a more dominant factor than the directional alignment of fillers.
Moreover, despite utilizing solvent dispersion and ultrasonic exfoliation, pretreated
powder-PP/GNP5 samples still showed significant agglomeration and restacking of GNP
particles; the large GNP flake in the middle of Figure 27(d) is one prime example. This
might be attributable to the high shear conditions of the uIM process, which can destroy

excellent initial GNP dispersion [171]. While the GNP particles might be homogenously
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distributed on a microscopic level, many smaller platelets can become attached to
occasional large sheets [91], possibly due to a combination of significant shear-induced

agglomeration [124] and the large surface area of GNP fillers [64].

3.3.3  Melting and Crystallization Behavior

As detailed in section 2.3.4, the melting and crystallization behavior of PP/GNP feed
blends and the corresponding microparts were analyzed using a differential scanning
calorimeter (DSC, Q200 and Q2000, TA Instruments). The first cycle (melting) reflects
the thermomechanical history of the microparts due to melt compounding and the pIM
process. The second cycle (crystallization) was used to analyze the crystallization
behavior. The third cycle (melting) reflected the material properties without much
influence of previous thermomechanical history, such as the effect of the uIM process.
Figure 28 displays the DSC graphs and Table 8 shows the numerical data for key thermal
characteristics from DSC analysis.



67

Table 8: The melting temperature (Tm), crystallization temperature (T¢), and crystallinity

(%c) from DSC Scans for PP/GNP plM microparts and its corresponding feed blends.

Cycle 1 Cycle 2 Cycle 3
Sample Name Tm Yc Te Tm Xe

[°C] [%] [*C] [*C] [%]
Powder PP 1652 438 1113 1612 485
Micropart
Pellet PP 167.1 44.6 1147  165.7 44.5
Micropart
Pellet-PP/GNP5 166.0 491 128.4 166.3 57.4
Micropart
Pellet-PP/GNP10 166.0 473 1306 1667 545
Micropart
Pellet-PP/GNP15 1660 531 1285 1655  59.8
Micropart
Powder-PP/GNPS 1641 447 1248 1622 490
Micropart
Powder-PP/GNP10 1634 455 1271 1623 508
Micropart
Powder-PP/GNP15 1619 452 1200 1627  50.1
Micropart
Premixed powder-PP/GNP5 163.6 46.3 123.8 162.2 52.2
Micropart
Prgmlxed powder-PP/GNP10 163.2 458 127.6 161.7 51.9
Micropart
Premixed powder-PP/GNP15 163.4 46.9 129.2 162.6 51.6
Micropart
Pellet-PP/GNP5
Feed Blend 166.4 53.2 127.8 165.5 53.6
Pellet-PP/GNP10 1670 573 1303 1662 550
Feed Blend
Pellet-PP/GNP15
Feed Blend 167.0 51.6 131.5 167.0 51.7
Powder-PP/GNP5 1655 481 1233 1633  47.8
Feed Blend
Powder-PP/GNP10 1665 467 1254 1644 476
Feed Blend
Powder-PP/GNP15 165.7 46.2 127.1 165.0 44.9
Feed Blend
Premixed powder-PP/GNP5 166.2 48.0 1241 163.6 49.5
Feed Blend
Premixed powder-PP/GNP10 167.3 44.9 126.4 165.9 47.2
Feed Blend

Premixed powder-PP/GNP15

Feed Blend 167.4 44.7 127.6 167.0 45.0
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The . for feed blends only marginally improved from the 1% cycle to the 3™ cycle, which
suggests that prior thermomechanical history, especially the preparation method for the

feed blends (without uIM), did not significantly affect the yc. On the other hand, the . for
all microparts significantly improved from the 1% cycle to the 3™ cycle of DSC scans, this

implies that the uIM process is a very significant driver in reducing the yc.

Additionally, the micromolded samples had higher T and higher . than its
corresponding feed blends in the 2" and 3" cycle of DSC scans, respectively; higher T
generally indicates greater heterogeneous nucleation effect of graphene-based fillers
facilitating the crystallization of PP during cooling [28]. This might be attributable to the
extremely high shearing effects in pIM [6], [9]. More specifically, GNP filler can be
broken into smaller pieces due to processing methods and conditions [40], especially in
melt extrusion [91], resulting in reduced aspect ratio and lower o [91], [99]. Smaller
particle size (i.e., smaller surface area) might also reduce GNP agglomeration and
restacking [64], thus providing greater number of independent GNP particles for GNP-
induced crystallization.

Overall, powder-PP/GNP feed blends showed more consistent downward trends in yc
with increasing filler wt% loading compared to pellet-PP/GNP feed blends. This can be
attributed to using PP powder resulted in less variability in material properties compared
to using pellet form PP [169]. The pellet-PP/GNP microparts and feed blends exhibited
higher y. than its powder-PP/GNP counterparts at all GNP filler wt% despite having
much lower o. This supports the theory that ¢ is a minor influence towards o [144]. Since
the planar structure of GNP is highly effective in restricting the movement of iPP’s
macromolecular chains and disturbing its regular coil conformation [172], thus, better

dispersion of GNP fillers in powder-PP/GNP samples might have led to lower yc.
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The melting and crystallization behavior of PP/GNP microparts are displayed in Figure

28. The ‘shoulder’ peaks shown in Figure 28(al, a3, b1, b3, c1, ¢3) can be attributed to

the rapid melting, quick recrystallization, and then immediate remelting of imperfect a-

crystals prior to the main melting peak for properly formed a-crystals [160], which shows
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that GNP fillers can act as strong nucleating agents, inducing PP to crystalize on the GNP
surface. However, the shoulder peaks were only witnessed in the powder-PP/GNP system
but not in the pellet-PP/GNP system. This could be attributed to better dispersion of GNP
fillers in the powder-PP/GNP system, which provided a greater number of crystallization
sites available for rapid melting and recrystallization of imperfect a-crystals neighboring
GNP fillers. Additionally, the lack of a distinct second melting peak at 140-150°C
suggests the lack of B-form iPP crystals [161], which is corroborated by findings that
high GNP loading will induce changes to PP crystals conformation, resulting in the
complete disappearance of the B-crystal form to become a-PP [142]. The lack of -
crystals is significant because those are twice as large as a-crystals, and larger crystals
can have significant impact on toughness and conductivity [62]. Moreover, the very fast
cooling rate of the uIM process also likely inhibited the formation of B-form PP crystals
[173].

Since GNP is a nucleating agent and iPP crystals grow around the flakes, which means
that a number of GNP particles will be encapsulated inside PP crystals and not able to
participate in the formation of conductive network [62]. Similar phenomena was reported
for PP/CNT [144] and PP/CB nanocomposites [24]. Thus, better dispersed and exfoliated
fillers can result in a greater number of filler particles available to form continuous filler
network. Similarly, ultrasonication during the premixing stage can also cause reduced
aspect ratio of fillers [40], [99], which further increased the number of fillers available for
conductive network and crystallization; this might be one reason why premixed powder-

PP/GNP microparts had higher ¢ and yc compared to not-premixed powder-PP/GNP.

3.3.4  Summary

The purpose of this study was to determine the effectiveness of two methods that might
be able to improve the electrical, thermal, and morphological properties of PP/GNP
microparts. In the first method, PP powder was used instead of PP pellet in the melt
blending of PP and GNP. In the second method, the ‘precoating’ method was used to

cover the PP powder with GNP fillers prior to melt blending.
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Results showed that using PP powder instead of PP pellet in the melt blending of PP/GNP
(method 1) resulted in one order of magnitude higher electrical conductivity and reduced
the electrical percolation from 12.5wt% to 10wt%. The ‘precoating’ of PP powder with
GNP fillers (method 2) resulted in another one order of magnitude improvement in o but
failed to further reduce p.. SEM micrographs shows precoated samples containing more
numerous GNP flakes with smaller flake size, which can be attributed to the use of solvent
and ultrasonication that helped to break down filler agglomerates and superior exfoliation

of graphene sheets.

Moreover, DSC scans showed the thermomechanical history of the pIM process and the
GNP filler particle size, dispersion, and exfoliation likely had an influence on the melting

and crystallization behavior of the microparts.
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4  Conclusions

This research examined the electrical and morphological properties of CB, CNT, and
GNP filled polypropylene nanocomposites in microinjection molding. Rectangular-
shaped plaque microparts with constant thickness were produced and characterized. The
electrical conductivity of the microparts was characterized along the polymer melt flow
direction (FD) and perpendicular to the flow direction (TD) using a two-probe approach.
Electrical conductivity measurements were analyzed and correlated with the development

of microstructures inside the microparts with the following conclusions.

The geometry of the micropart influenced the filler distribution and the electrical
properties of the microparts. It was found that a plaque micropart of constant thickness
resulted in lower volumetric electrical conductivity than previous studies that used step
microparts with three different thicknesses in a single sample. The distribution of CB and
CNT fillers in plague microparts were also affected. For example, there appeared to be
less FD alignment of CNT in plagque microparts than step microparts, along with less
obvious signs of filler depletion in the skin layer.

The crystallization process of carbon-filled PP was significantly affected by filler
distribution. For example, PP filled with CNT and CB fillers resulted in higher
crystallization temperature than both PP/CNT and PP/CB single filler systems, with
greater CNT loading correlated with greater synergistic improvement; this was not
previously reported in literature sources for uIM processes. Additionally, the
thermomechanical history of the ulM process and the GNP filler particle size, dispersion,
and exfoliation likely had an influence on the melting and crystallization behavior of
GNP-filled PP microparts.

Lastly, the compounding method can significantly influence the dispersion of GNP
fillers. For example, ‘precoating’ the GNP fillers on the surface of PP powder through
solvent blending and ultrasonication resulted in smaller GNP particle size, more
randomized filler orientation, and more numerous GNP flakes. As far as the author is
aware, the effectiveness of the ‘precoating’ method in pIM was studied and reported for

the first time.
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5 Recommendations for future research

This research examined the electrical and morphological properties of CB, CNT, and
GNP filled polypropylene nanocomposites

First, interfacial interaction between fillers and polymer matrices is an essential
component towards improving the dispersion of carbon fillers. Surface modification of
carbon fillers and adding compatibilizers are two promising routes to further improve the
dispersion of CB, CNT, and GNP fillers in micromolded composites. These aspects have
been studied in conventional injection molding, but not yet studied in microinjection

molding.

Second, more thorough studies on the dispersion of carbon fillers inside polymer matrices
can be completed. For example, 3D micro-CT images can help to better visualize the
distribution of carbon fillers. Similarly, Raman Spectroscopy can be used to provide

precise, quantitative evidence om the exfoliation of GNP sheets.
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Appendices

HV mag
15.00 kV 5000 x

Appendix A: SEM images of (a, b) PP/(CNT30:CB70)3T microparts; (c, d)
PP/(CNT50:CB50)3T microparts; (e, f) PP/(CNT70:CB30)3T microparts. Herein: (a)
skin layer (b) core layer
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