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Abstract: This review summarizes the application of percolation theory for the behavior simulation
of renewable-carbon in its doped packaging composites. Such dopant-reinforced materials have
sparked considerable interest due to the significant improvement on the aesthetic and mechanical
properties at considerable low filler content (<1% in some cases), which would further boost their
potential use in the food and pharmaceutical packaging industries. We focused mainly on the
percolation behavior, which is closely related to the distribution of renewable carbon particles in the
presence of polymeric matrix. The effect of geometry, alignment and surface property is of particular
relevance to the percolation threshold of composites containing carbon fillers. Validity, as well as
limitations of the mostly used percolation models, is further discussed. Finally, despite its recent
emergence as functional filler, carbon-based nanocellulose has been extensively developed for a wide
range of applications. This inspired the concept to use nanocellulose as a secondary bio-additive
for packaging purposes, such as functional nanocellulose-coated film where primarily synthetic
polymers are used. The microstructure and functionality of rod-like nanocellulose in its use for film
composite are specifically discussed.

Keywords: packaging; renewable carbon; percolation; functional film; nanocellulose

1. Introduction

Increasing environmental concern has led to the rapid growth of bio-based materials as
alternatives to petroleum-based derivatives [1]. Renewable carbon, a burgeoning material derived from
biomass sources, possesses abundant functionalizable groups with ultra-low density. Its exceptional
mechanical properties and surface reactivity make this new form of carbon an excellent candidate for
packaging-composite reinforcement [2].

Typically, enhanced aesthetics of packaging material can be achieved via the embedding of
reinforced additives, such as carbon black, silver nanoparticles or nano-titanium [3—6], which are majorly
derived from nonrenewable sources. Though these functional reinforcement agents offer a great number
of benefits to the finished parts, designing biobased additives is still of importance [7], especially for
the food and pharmaceutical industries, which having high safety concerns. Biobased nanofillers,
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such as hairy cellulose and renewable carbon, possess many of the same advantages as regular fillers
but come from plant-derived sources and can be potentially synthesized to become compatible with
the polymeric matrix as for packaging use [8,9]. For instance, many studies regarding the polymer
blends have shown that renewable carbon can generate higher surface gloss at its lower dosage,
due to the ability to reside in either the minor or major phase, or the interfacial region inside of the
polymeric blends.

In addition to its contribution to the aesthetics, renewable carbon can further enhance the
mechanical properties, while reducing the product weight, which is critical for packaging industries.
However, it is not without challenge. Notably, the overdosed renewable carbon would generate
negative effects on the tensile/impact strength. The processing cost would be increased as well. It is
thus crucial to manipulate the concentration of renewable carbon in order to cover the aforementioned
disadvantages. However, comparatively little progress has been reported in regard to using the
conventional optimization methods, due to their limitations in dealing with the unusual properties of
renewable carbon, such as its complex geometry and unique porous structure. Percolation model, which
is established for quantifying the dosage of additive inside of its doped composite, can be used to study
the mobility dynamics of renewable carbon in a specific and systematic manner. The concentration and
localization of renewable carbon in its doped composite can be manipulated to improve the overall
performance of the finished products.

2. Renewable Carbon/Carbon Complex

Renewable carbon is one of the most important materials which have been used in a wide range
of applications, such as chemical catalysis, medicinal purification, environmental cleaning and metal
extraction [10]. Meanwhile, with the development of technology, the use field of renewable carbon
keeps expanding to new areas, such as electrode and super-capacitors for energetic cell, as well as
many other innovative industries. Similar to carbon nanotube (CNT) or graphene, it has variable
characteristics of surface groups, along with high interface reactivity [11]. These surface groups provide
abundant reaction sites for chemical modification via electrostatic/van der Waals force, chemical
bonding or noncovalent 7-m interactions (Figure 1), thus imparting carbon particles with excellent
natural affinity toward a large number of substrates [12]. Moreover, the highly developed porous
structure renders renewable carbon with a large range of surface area (500-3000 m?/g). It consists of
thin graphite layers with exceptional mechanical strength, which highlights its great potential to be
used as reinforcement agent in advanced packaging composites.

e
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Figure 1. Chemical modification of CNT or graphene via four typical schemes [12].
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The production of renewable carbon involves two steps: carbonization and activation.
The carbonization process can create the initial porosity and enrich the carbon content, while activation,
the second step, is capable to enhance the pore structure. As for its raw materials, a large number
of botanical origins, such as wood, bamboo or coconut shells, can be potentially selected for the
physical (gaseous carbon dioxide or steam) or chemical (strong chemicals such as alkali-metal
hydroxides) reaction. Particularly, agricultural by-products, a low-cost resource, can be considered
since they are ultra-renewable, and the use of them may provide additional benefits of eliminating the
environmental waste.

2.1. Classification of Renewable Carbon

Renewable carbon is a complex product, and this makes its classification difficult. Many different
ways have been reported by considering the various features of renewable carbon, such as surface
characteristics, reactivity and physical behaviors [13]. Based on the geometry, renewable carbon can be
classified into granular renewable carbon and powdered renewable carbon, and each type has its own
application area, such as gas adsorbent (granular renewable carbon) and water cleaning (powdered
renewable carbon).

2.1.1. Granular Renewable Carbon

Granular renewable carbon has been widely used as a functional adsorbent for a wide range of
applications. The particle size of granular carbon is relatively larger, thus with smaller specific surface
area. Figure 2 shows the bamboo-derived granular renewable carbon prepared via KOH activation.
Large pores can be observed from the scanning electron microscopy images (SEM, JSM-6460LV,
JEOL) [14].

Figure 2. SEM images of carbonized bamboo (a), and bamboo-derived granular renewable carbon with
magnification of X100 (b), x1500 (c) and x5000 (d) [14].

As for the application, granular renewable carbon can be employed for gas purification or
for the separation of components in flow systems, due to its high diffusion rate [15]. Yang et al.
used granular carbon to accelerate the syntrophic metabolism of a batch-mode anaerobic sludge
treatment, via enhancing the electron exchange between syntrophs and methanogens (Figure 3).



Coatings 2020, 10, 193 40f 34

An increase of 17.4% for the methane production was achieved, as the dosage of granular carbon
increased from 0 to 5.0 g [16].
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Figure 3. Mechanism for granular carbon in enriching the hydrogen-utilizing methanogens,
Geobacter and other methanogens capable of direct interspecies electron transfer, to accelerate the
methane generation and sludge consumption [16].

2.1.2. Powdered Renewable Carbon

Renewable carbon in its particular powder form is generally with larger internal surface. It has
an average diameter between 0.1 and 25 mm, with a length of less than 100 mm. Figure 4 shows
the microstructure of a typical powdered carbon with large conchoidal cavities and smooth surfaces
(Figure 4a,b) [17]. Its porosity is made up of randomly distributed pores, as displayed in Figure 4c,d.
The inset Fast Fourier Transform (FFT) pattern further confirms the amorphous structure of generated
powder carbon. The high surface area, as well as the small diffusion distance, allows the carbon
powder to be directly used in the process units.

Recently, a new type of superfine powdered renewable carbon has been emerging as an effective
adsorbent material with a size of 0.1-1 pm, which is an order of magnitude smaller than the
conventional powdered carbon. Partlan et al. prepared the superfine powdered carbon from both
wood and coconut-shell sources [18]. A wet mill with yttrium-stabilized zirconium oxide beads
(dimension of 0.3-0.5 mm) was used to grind the raw materials into different sizes by controlling
the milling time. The results revealed that both wood-based and coconut-shell-based carbons had
their particle size decreased at a longer milling time. However, the specific surface area and pore
volume distributions remained independent of the milling time. Comparing with regular powdered
renewable carbon, superfine carbon showed an increased adsorption capacity for contaminants in the
drinking water.

Besides the aforementioned two types of carbon, impregnated renewable carbon and extruded
renewable carbon are also popular in the market. As for their application, the former can be used for
air-pollution control [19], while the latter is suitable for gas-phase applications [20].
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Figure 4. SEM images of a typical powdered renewable carbon (a,b) and transmission electron
microscopy (TEM) images corresponding to its pore structure (c,d). Insets in (c,d) show the FFT pattern
which confirms the amorphous structure of renewable carbon [17].

2.2. Use of Renewable Carbon in the Reinforced Packaging Polymeric Composites

Renewable carbon has been widely used to modify the mechanical strength of polymeric
composites [21]. Typically, its rod-like shape in the form of CNT/graphene has an abundance of unique
properties (Figure 5), such as high strength/stiffness, excellent energy transfer/absorbing, controllable
conductivity and good dispersion in the multifunctional composites, as well as being lightweight [12].

Many studies have been reported, each with a different focus, on the structural properties of
renewable carbon doped polymeric composites [22,23]. Shown in Figure 6 is a typical example of
incorporating biocarbon into poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)/poly(lactic acid)
(PLA) blends to enhance their mechanical functions [24]. However, the potential deleterious reaction
of biocarbon with polymers might negatively affect the morphology and melt dynamic of the finished
products. Phase separation method was therefore suggested as a possible solution, to improve the
overall properties, while reducing the percolation threshold of carbon fillers. This was in agreement
with a later work conducted by Meincke et al. [25], whose initial study was to evaluate the rheological
properties and mechanical strength of CNT doped polyamide-6. Measurements of the viscous behavior
suggested that the carbon in its form of nanotubes showed a percolation threshold of 2—4 wt%, which was
mainly attributed to a dual percolation effect: CNT percolated inside of the polyamiode-6 phase
(first percolation), which itself percolated within the blend matrix (second percolation). Rheological
experiments showed that, at threshold, the material exhibited a fluid-solid transition in the molten state.
The notched impact strength decreased as the increasing of filler content. However, the toughness of
blends was still higher than the ones doped with carbon black.
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Figure 5. Rod-like CNT/graphene doped composites with anticipated enhanced properties [12].

Moreover, it was reported that renewable carbon can selectively disperse into one of the two
polymers or their interface, due to the different affinity between renewable carbon and polymer.
The overall distribution of renewable carbon fillers in the blends is governed by the percolation
of carbon-rich phase and the continuity of this phase in the finished product. Certain chemical
modifications are favorable for the localization of renewable carbon, e.g., Gubbels et al. reported a
thermodynamic method to selectively localize carbon at the interface of a binary polymer via the surface
oxidation of carbon [26]. The introduction of a copolymer, which has higher affinity to renewable
carbon, can also be considered to be a feasible approach to favor the accumulation of renewable carbon
at the interface. In another study, Wu et al. defined two key parameters, critical matrix ligament
thickness (7.) and inter-particle distance () [27], to simulate the mechanical behavior of the composites.
Moreover, 7. represents the thickness at which the matrix ductility can be improved drastically, and
the expression of T can be written as Equation (1):

1
s 3
— -1 1
) »
where d stands for the particle diameter.

The results indicated that the shear yielded zones throughout polymer matrix would result in a
brittle-tough transition. In the case of 7 < 7., a remarkable increase of the toughness is perceivable.
Therefore, the smaller the filler, the lower the concentration it would require to realize the brittle-tough

T=d-
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transition under sufficient interfacial adhesion. Percolation mechanism was concluded as the leading
attribution for the improved strength and toughness as the filler loading increased at 7 < 7.

Add nanofiller
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- Change blend ratio

—— 0% PLA ——10% PLA —— 20% PLA —@—40% PLA [—e—2% B —e— 6% CB —e—10% CB —e— 14% CB —e— 15% CB|
10° r 1

PHBV:PLA @c
vol.% wt.% CB

100:0 3.6 £0.02
90:10 2.4 +0.90
80:20 1.6 £ 0.60
60:40 24+0.01

R()

4 6 8 10 12 14 16 18 0 5 10 15 20 25 30 35 10
wt.% Carbon Black wt.% PLA

Figure 6. Incorporation of CNT into PHBV: PLA blends and their corresponding properties [24].

3. Percolation Theory

Percolation theory is served as universality class in critical phenomena characterized by a set of
exponents regarding their scaling structure of the corresponding geometric features [28]. It has been
applied in a large variety of technological and engineering processes. Various transition phenomena,
such as virus propagation or sol-gel transition, can be described by percolation theory [29,30]. Since
the early 1980s, extensive analytical and computational studies of percolation behavior have been
conducted for fillers-reinforced polymeric composites, with the aim to enhance the performance [31].

Technically, the fillers-doped composites can be simplified into two phases: dispersed phase
(fillers or additives) and continuous phase (polymer). In the simulated system, the geometry of the
dispersed phase is normalized, and its microstructure is considered to be dimensionless. The whole
composite can be thus modeled into an infinite lattice (Figure 7a), where the sites are connected by
continuous phase, except for the ones which are occupied by dispersed phase [32]. The probability of
these connections, also named as percolation probability p(¢q), can be increased as the site occupation
rising (¢4). The minimum rate of site occupation for percolation is described as percolation threshold
(¢c), which is the critical filler volume fraction needed to obtain an initial percolating path throughout
the matrix. As shown in Figure 7b, there is no percolation at ¢q < ¢, which means the percolation
probability is 0. Meanwhile, at the ¢4 > ¢, the percolation probability gradually increases toward 1.
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Figure 7. Schematic diagram of site percolation (a) and probability of percolation (b) [32].

Mechanical and surface aesthetics properties are highly dependent on the percolation dynamic of
fillers. In general, renewable carbon with homogeneous structure, such as branched primary aggregates
and low chemisorbed oxygen complexes, can decrease the percolation threshold in its composites. On
the other hand, the heterogeneous structure mostly requires a larger concentration of renewable carbon
to generate its percolation networks. The high dose of this kind of bio-particle would usually have a
negative effect on the mechanical properties and processability. Moreover, the sloughing of renewable
carbon would be more severe under its high concentration.

In the percolating system, the fillers doped into the polymeric matrix can also be classified into
two types of clusters: the finite clusters and the percolating clusters (infinite clusters), comprising
a backbone and dangling bonds (Figure 8a) [29]. Around the percolation threshold, the mechanical
properties are closely related to the weight P of infinite clusters, as shown in Equation (2):

P(2) = Ao - 2.)° 2

where ¢ is the volume fraction of fillers, A is a dimensionless constant, ¢ is the critical volume fraction
and f is a critical exponent which solely related to the system dimension (f is 0.4 for 3D-system).

It was demonstrated that both finite and infinite (backbone and dangling bonds) clusters were
capable of affecting the mechanical strength, to various extents. In general, the infinite cluster has the
most reinforcing effect, the finite cluster has the lowest and the dangling bonds lie in between. Shown in
Figure 8b is an established model with springs in series and parallel, to describe the percolation
behavior of fillers toward the mechanical stress. Fillers in finite clusters are associated with series,
considering their lower contribution to the reinforcement, and in parallel stand for the fillers in infinite.
For ¢ < ¢, the volume fraction of the infinite cluster ¢ is zero. For ¢ > ¢, ¢ can be defined by
using Equation (3). The critical exponent b lies between 0.4 and 1.6. The lower the value of b is, the
stronger the interaction between fillers and polymeric matrix will be. If b = 0.4, the reinforcing effect
of the dangling bonds is similar as backbone. While b = 1.6 means no reinforcement from dandling
bonds. Accordingly, the elastic modulus, Ecomposite, Of the composite can be expressed as Equation (4),
in which, Egjjer-filer represents the stiffness of the filler—filler clusters. It highly depends on the intrinsic
stiffness of filler itself, plus the binding stiffness between fillers. In the literature, the filler-filler stiffness
for polymeric composites was usually set at 2.0 or 1.8 GPa [33].

@—@C)b

Foo =
(7=

®)



Coatings 2020, 10, 193 9 of 34

2
(1 — 2000 + Do @)Eﬁller—ﬁllerEpolymer + D (1 -9 )Efiller—filler

E ite = )
e Epolymer (& — Do) + Egiller—filler (1 — 9)
Infinite Cluster
Finite Cluster Dangling bond
l Backbone
d Filler in finite
cluster
Filler in Bfinite = D — Doo
infinite Econtact
cluster
b = Polymer blend
Econtact
onlymer =1—-0
{ ) Matrix Units == Filler Platelet Epotymer
() (b)

Figure 8. Schematic of finite and infinite clusters with a percolation concept (a), and series/parallel
springs model for mechanical response of the percolated composite (b) [29].

4. The Effect of Renewable Carbon Characteristics on Its Percolation Behavior

Nowadays, the renewable-carbon-doped composite is witnessing its significant development for
packaging applications because of the environmental advantage over many other types of fillers, such as
carbon black and metal fibers. Exploiting the full potential of this newly emerged material requires a
comprehensive understanding and predictive capability of its property—function relationships. This is
particularly necessary for simulating the geometric percolation dynamics.

Renewable carbon prepared from different methods is usually with varying size and surface
morphology. These factors are believed to be the main reason for the considerable disparity in
thresholds and mechanical properties among the prepared polymeric composites. It is therefore critical
to address the effect of filler characteristics on its percolation mechanism. In general, the preferred
renewable carbon is with high surface area (small particles size), optimal structure (branched primary
aggregates) and low chemisorbed oxygen complexes.

4.1. Geometry of Renewable Carbon

The stress transfer from matrix phase (polymer) to dispersed phase (carbon filler) mainly depends
on the molecular interaction at their interface. The geometry of carbon fillers is considered to be the
key factor which would significantly affect the interactions between the filler and matrix, and a large
number of numerical models have been devoted to reinforced polymers doped with carbon fillers of
variable geometries. The different geometry generates differences in the filler size, which contributes
to the phase-localization and phase-separation behaviors in the composite blends.

It has been theoretically verified that a significant reinforcing effect of nanofillers could be achieved
via the formation of a thick and strong interphase between the matrix and fillers. Thus far, the fact
that isotropically distributed phases percolate at lower filler volume in the two-dimensional (2D)
system has been well documented, but the quantitative determination of the geometric effects in
the three-dimensional (3D) system was relatively recent. This is especially critical for carbon fillers,
considering their complex structure, which would lead to an intensive computation demand. Yi et al.
carried out a Monte Carlo study to investigate the percolation threshold of interpenetrating plates
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with different geometry, i.e., circular, square and triangular (Figure 9a—c), which were dispersed in
3D space [34]. Percolation model was established to elucidate the effect of filler distribution on the
interfacial energies and particle-surface energy between different components in the system. Shown in
Table 1 are the normalized percolation points (1), which were estimated by extrapolating the data to
zero radius. The circular shape, 1 of 0.9614 + 0.0005, tends to decrease the interparticle connectivity
and has the highest percolation point. The 3D computer realization of 100 circular plates in random
distribution is shown in Figure 9d. Similarly, Mathew et al. conducted Monte Carlo simulations on
the percolation behavior of hard platelets in 3D continuum systems [35]. Cut-spheres, generated via
intersecting a sphere with two parallel planes at equal distance from the equatorial plane, were used in
their model, to represent the hard platelets. The simulation results indicated the platelets with lower
aspect ratios required a relatively lower percolation threshold. Note that the majority of related works
neglected the physical properties of the system, and only a few studies in the technical literature are
devoted to the mechanical strength of the filler-doped composites.

(@) (b) (©) (d)

Figure 9. Three fundamental geometries of plates (a—c), and computer realization of one hundred
circular plates in 3D space (d) [34].

Table 1. Estimated percolation points (1) for different geometries in 3D space [34].

Geometry Circular Plates Square Plates Triangular Plates
e 0.9614 0.8647 0.7295
Error + 0.0005 +0.0006 +0.0006

The percolation behavior of ellipsoids” disks has been the specific subject of several other studies.
Ambrosetti et al. conducted a numerical study to evaluate the percolation networks of oblate ellipsoids
of revolution surrounded with penetrable matrix [36]. Their results indicated that oblates with higher
aspect ratios approach a pseudo-disk geometry, though still differentiated from an ideal circular disk.
This was in good agreement with their later work, which expanded their initial study and investigated
the percolative properties of nanocomposite regime doped with ellipsoids of revolution [37].

4.2. Alignment of Renewable Carbon

The alignment of renewable carbon is another important factor which affects its percolation
behavior. Empirically, the ideal distribution of fillers throughout the composite is very application
dependent: for most of the mechanical properties, a higher loading is preferred, as it can be aligned
in the direction of the load, whereas for conductive capacity, a random percolated network is more
desirable with as low of a loading concentration as possible. In the scenarios of multifunctional
applications, the required microstructures may therefore even be contradictory.

In most of the packaging composites, an isotropic distribution of filler orientations is preferred.
Renewable carbon, as highly anisotropic fillers, tends to get aligned under shear forces. These increased
alignments would negatively affect the interconnectivity among the filler particles, thus increasing
the percolation threshold. Moreover, during the synthesis of composites, the van der Waals attraction
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between renewable carbons is capable of generating aggregates and agglomerates. The strong interfacial
interaction between renewable carbon and polymer may form a third phase, which further exacerbates
the alignment of renewable carbon in certain directions. Such directional dependence might be of
deterioration for extensive applications due to the maximum strength of material can only be reached
in a preferred direction. It is thus critical to afford the good dispersion of carbon fillers in the polymeric
matrix to improve its overall properties. Otten et al. developed an anisotropic continuum percolation
theory to study the effect of an externally applied alignment field and excluded-volume interactions on
the formation of a percolating network [38]. Angular correlations between the elongated particles were
investigated by combining the connectedness percolation theory and Onsager theory, of which the
former was for cluster size and the latter was for the interplay between interactions and the alignment
of field-induced particles. The results indicated that the system-spanning, self-assembled network
that forms above a critical loading would break up at higher loadings, as shown in Figure 10, due to
the interaction-induced enhancement of particles alignment. Upon approaching to the percolation
threshold, the dimension of particle clusters diverged with the same critical exponent perpendicular
and parallel with the field direction. For strong fields, the low-density percolation threshold would
be suppressed completely, while for weak fields, the densities were preempted by the transition to a
uniaxial nematic phase.

L 2 20.10
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I TTeell T 0003 04 08
| s -'--___::.__’ﬁK
Q 3 L CLDM a
O 2t N ICEY
| R X1
r ' . 2.5
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r . -0.6 -0.4 -0.2 0.0 0.2 04 0.6
L no percolation ‘ BK
0...|.. M BRI B BRI B

-0.5 0.0 0.5 1.0 1.5 2.0
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Figure 10. Scaled particle concentration cp = mDL2gp/4 at the percolation threshold as a function of the
dimensionless field strength, fK. Where D refers to the diameter (particles were presumed mutually
impenetrable rigid cylinders), L refers to the length and g, is percolation threshold). Solid lines—
connectivity percolation; dashed curves—contact-volume approach for A/D = 0.3 (top), 0.6 (middle) and
1 (bottom). The percolating network only existed in the enclosed areas. The shaded area is the region
of coexisting isotropic (paranematic) and nematic phases. Inset (a): calculated percolation thresholds
scaled to the zero-field value cop. Inset (b): order parameter S, with, from steepest to flattest, A/D = 0.3,
0.6 and 1. The dots indicate the largest value of |3K] that allows for a percolation threshold [38].

In another study, the effect of filler alignment on its percolation dynamic was investigated by
using the Bethe-lattice mapping models [39]. The alignment of fillers would create spatial clustering
thus affecting the interaction between fillers. The simulated results showed a significant dependence
on the variance of orientation for the rod-like fillers. Kale et al. conducted a Monte Carlo simulation to
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investigate the percolative properties of monodisperse oblate and prolate hard-core soft-shell ellipsoids,
which represented carbon nanoplatelets and nanotubes, respectively [40]. Their results showed that,
for a highly aligned system of rod-like carbon, the simulation result was coincided with the second
virial approximation-based predictions, while for the highly aligned disk-like carbon, the result was
the opposite.

In a later work conducted by Khan et al., the enhanced alignment of multi-walled carbon
nanotube (MWCNT) was realized via the application of DC electric fields during the epoxy-based
composite curing [41]. The ultra-violet/ozone (UV/Os) treated MWCNT with a large amount of
oxygenated functional groups were mixed with the epoxy resin in an acetone medium. The curing
agent triethylenetetramine was afterward added into the milled degassing mixture and subjected to a
DC-electric field for an accelerated curing under elevated temperature (Figure 11a). The preferential
orientation of MWCNT was confirmed by the polarized Raman spectroscopy of a nanocomposite
containing 0.3 wt% of aligned MWCNT in Figure 11b, which showed the intensity of G-band peak
with the incident light applied parallel to the alignment was about 1.7 times of that measured with the
incident light perpendicular to it.

3500 - Band
DC Power G \ Incicent light  Inddent light

3000+ l
.

36 mm I

2500 |
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Aluminum Electrode
1500 -

Raman Intensity (Counis)
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=]
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Suspension
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: e
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Alignment Experiment Raman Shift (cm™)

(@) (b)

Figure 11. Alignment of MWCNT in epoxy nanocomposites (a), and Raman spectra of aligned
MWCNT/epoxy composites, showing different G-band peak intensities as the change of the direction of
applied polarized light against the CNT alignment (b) [41].

Shown in Figure 12 are the SEM images of the fracture surface morphologies of neat epoxy and
MWCNT-incorporated nanocomposites. The neat epoxy, as a typical thermoset polymer, displayed a
smooth surface (Figure 12a); however, the surface turned rougher and showed directional crack patterns
upon embedding with MWCNT (Figure 12b,c). For the nanocomposites without MWCNT alignment
(Figure 12b), long and straight river markings can be observed in parallel with the crack propagation
direction without deflection, indicating less of a restraining effect against the crack propagation. In
contrast, the composites with alighed MWCNT alignment exhibited shorter and round-ended river
markings (Figure 12c), which could force the cracks to bypass the MWCNT’s tortuous paths, known as
the crack tip deflection and bifurcation mechanism. Additional toughening effect due to the crack-tip
bridging and pullout of aligned CNT bundles was further confirmed, showing the pullout CNTs and
bundles on the fracture surface were of as long as 6-700 nm (Figure 12d). The nanoscale MWCNT
bridges shown in Figure 12e could provide strong resistance to the crack opening, thus significantly
boosting the strain energy required for the crack propagation through the matrix and enhancing the
toughness on the macroscopic scale. The further forcing cracked composites left pullout, as well as a
cavity on the other side of crack plane (Figure 12f). This pullout mechanism may significantly enhance
the toughness of MWCNT-epoxy composites.



Coatings 2020, 10, 193 13 of 34

1@ m 7
Hl.888 1imm

K

= 1] ¥
HEBEST 1 SEL- il 2 BB T1mia

bridging by
tube bundle

Figure 12. Quasi-static fracture surface morphologies of neat epoxy (a), 0.3 wt% of randomly distributed
MWCNT-nanocomposites (b), 0.3 wt% of aligned MWCNT-nanocomposites (c and d), crack bridged
by aligned single and bundle MWCNT (e) and after MWCNT pull-out (f) [41].

Jalal et al. evaluated the effective mechanical properties of CNT doped polymeric composite
based on the mesh-free method and an optimized neural network (ONN) method [42]. An isotropic
polymer matrix was assumed. The CNT reinforcement is either functionally graded (FG) or uniformly
distributed (UD) in the radial direction. Shown in Figure 13A is a schematic representation of
carbon-nanotube-reinforced composites (CNTRC) cylinder, nanostructure and CNT coordinates. It was
concluded that CNT was prone to get aligned in the composite due to its tendency to bundle or
cluster together. The effect of CNT alignment on the modulus properties were simulated based on
the governing equations of stress and strain vectors by using the Eshelby—Mori-Tanaka approach.
Similarly, Shi et al. studied the effect of agglomeration of randomly oriented CNTRC on its elastic
properties based on an analytical micromechanics model [43]. It was assumed that a number of
CNT were aggregated, while the remaining ones were uniformly dispersed throughout the polymer
matrix (Figure 13B). Their findings indicated that the superior mechanical properties could be possibly
achieved only if the CNT was with straight shape and distributed uniformly inside of the polymer.
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Isotropic Core

Matrix

Figure 13. Schematic representation of nanocomposite cylinder with functionally graded (FG)
distribution along with CNT coordinates (A), and representative volume element (RVE) with Eshelby
cluster model of agglomerated CNT (B) [42].

4.3. Surface Property of Renewable Carbon

Surface property is also a key factor deciding the percolation performance of the finished
composites. Renewable carbon features with abundant functional groups and high specific area are
favorable for chemical modifications. It is critical to select the proper surface treatments considering
the easy aggregation of carbon particles owing to the strong van der Waals interactions between them.
On the other hand, the attempts to over-modify the renewable carbon might generate nonuniformly
dispersed bundles in the polymeric matrix, leading to poor interfacial connectivity and formation of
mechanical stress concentration sites. The performance of nanocomposites would thus be affected.
Therefore, it is important to chemically functionalize the renewable carbon without compromising their
intrinsic properties [12]. Noncovalent modification method is capable to partially solve the dispersion
problems but is ineffective to address the interface challenges. Therefore, increasing efforts have been
put to develop the systematic and engineering approaches to design the functionalized carbon with
both good dispersion and strengthened interfacial connectivity. As a consequence of these strategies,
the storage moduli and relaxation process of the prepared nanocomposite would decay more slowly
over the one made from pristine carbon.

Kinloch et al. proposed the multifunctional carbon composite model by combining the best
features of continuous CNT and chemically functionalized CNT or graphene carbon, inside of the
modifiable polymer matrix (Figure 14A) [12]. It was expected that the mechanical property of
multifunctional carbons could exceed that of conventional carbon fibers for their use as structural
reinforcements in composites. The best load-carrying capability ever achieved yet could thus be
reached, which may evoke the potential of using multifunctionalized carbon to replace current carbon
fibers, if properly designed and manufactured, for making high strength yet ultralight structures.
Figure 14B further illustrates the loss modulus and electrical conductivity with respect to interfacial
volume fraction in CNT or graphene carbon nanocomposites. The loss modulus, which represents
the viscoelastic damping behaviors, increased linearly as the interfacial volume fraction increased
within the low loading range. However, at higher volume fraction (depicted as saturation zone), no
further increase in loss modulus was observed, mainly due to the constrained mobility of polymer
chains. As for electrical conductivity, it shifted from insulating to conductive regimes as the interfacial
volume fraction increased beyond percolation threshold (displayed in an S-curve). In another study,
Mitchell et al. synthesized the functionalized single-wall CNTs (SWCNTs) via the in situ reaction of
organic diazonium compounds [44]. The prepared 4-(10-hydroxydecyl) benzoate-SWCNTs particles
were then used for the fabrication of nanocomposites, which exhibited the percolated SWCNTs network
at 1% of loading. While for the nanocomposites prepared from the pristine SWCNTs, the percolation
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occurs at twice of the fillers’ loading. This phenomenon was attributed to the enhanced interaction
and dispersion of chemically modified carbon tubes within the polymer matrix.

Graphene preform (fabric)

Saturation

Linear Percolation threshold

increase

Loss modulus
AIA13ONpUO0D [B91119913

Interfacial volume fraction (%)

Figure 14. Polymeric composite which consists of both continuous carbon nanotube (CNT) and
chemically modified CNT or graphene carbon as matrix modifiers (A), and loss modulus and electrical
conductivity with respect to interfacial volume fraction in CNT or graphene carbon nanocomposites
(B) [12].

Graphite oxide, as a layered carbon material produced by the oxidation of graphite, has multiple
functional groups such as hydroxyl, carbonyl, carboxyl and epoxide groups [45]. These hydrophilic
groups allow the graphite oxide carbon to be well-dispersed in the aqueous medium; however, they are
incompatible with most organic polymers. Surface functionalization can potentially change their
intrinsic properties, thus eliminating their irreversible coagulation within a polymer matrix. Stankovich
et al. chemically modified the graphite oxide carbon by using organic isocyanates, and the resulted
isocyanate-derivatized carbon was with lowered hydrophilic character [46]. The isocyanate treatment is
capable of generating amide and carbamate ester bonds via the reaction with the carboxyl and hydroxyl
groups, respectively. This would be favorable for the modified carbon to form stable dispersions
and generate the completely exfoliated carbon sheets with thickness around 1nm. The individual
carbon sheet could be well-dispersed into the polymer matrix, which was directly correlated with
its positive effect on the mechanical strength improvement. Moreover, at loading concentration of
2.4vol.%, the composite appeared to be almost entirely filled with the carbon sheets, even though its
majority component was polymer (97.6 vol.%). This ‘visual’ effect is mainly attributed to the large
surface area of the carbon sheet (specific surface area of 2600 m?/g for an individual carbon sheet).
The high aspect ratio and surface-to-volume ratio of the modified carbon would significantly facilitate
the preparation of graphene oxide (GO) carbon-based composites. Similarly, Nawaz et al. covalently
functionalized GO carbon with octadecylamine (ODA) and added into thermoplastic polyurethane
(TPU) as model additives [47]. The mechanical properties of the composites were characterized
and showed no increase in stiffness or low-strain stress at loading levels below 2.5 vol%. However,
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above this threshold, the functionalized carbon formed a percolating network and both mechanical
quantities increased as a power law with the increase of volume fraction. It was concluded that the
formation of this network, other than interfacial stress transfer, would act as a jammed system for
dominating the mechanical properties.

It may be noted that the performance of carbon-based composites is kind of sensitive to the
preparation method and polymer matrices, even when the same modified carbon materials are used.
For example, Jiang et al. prepared the polyimide (PI) composite by in situ polymerization, using
modified multi-wall carbon nanotubes (MWNT) as fillers (Figure 15a) [48]. Their results implied no
significant improvement in the mechanical properties of composite by addition of MWNT (only about
6% maximum increase in Young’s modulus, as shown in Figure 15b) at the percolation threshold of
ca. 0.15 vol%. While Shaffer et al. used the same category of MWNT carbon material for poly(vinyl
alcohol) composite and the percolation threshold was ranged in 5-10 wt% [49].

Dispersing CNT in N,N-Dimethylacetamide
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Figure 15. The preparation procedure of polyimide composite film with MWNT carbon (a), and Young's
modulus of PEMWNT composites films against the MWNT content (b) [48].

As for the preparation procedure adopted by Jiang et al., the MWNT was firstly treated in
N,N-dimethylacetamide (DMAc) under ultrasonic to form the loose networks, which is a critical
step for making a uniform dispersion of MWNT into polyimide [48]. The monomers, pyromellitic
dianhydride (PMDA) and equimolar amount of 4,4’-diaminadiphenyl ether (DADPE) were then added
into the DMAc solution to obtain the PMDA-DADPE polyamic acid (PAA)-MWNT solution after
stirring for 3 h in the nitrogen gas, at ambient temperature. The PAA-MWNT solution was cast onto
plate glass, followed by the dry and curing process, to form the P-MWNT composite film. The
SEM patterns in Figure 16a,b show a layered structure consisting of carbon particles covered by the
polymeric matrix. It was conjectured that MWNT was capable of promoting the nucleate crystallization
on its surface, which may interrupt the direct contact of carbon tubes, thus restraining the performance
improvement of the composite.
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Figure 16. SEM pattern of the cross-section of PI-FMWNT (MWNT = 1.14 vol%) composite film (a),
and the enlargement of its selected area (b) [48].

5. Percolation Models

Percolation model is of practical meaning to simulate the migration/diffusion behavior of fillers in
the mechanical reinforcement of packaging composites. So far, a variety of mathematical and analytical
models has been introduced, some of which with completely different scaling and universal properties
from the original approach. Meanwhile, from the modeling aspects, the majority of works related to
high-performance composites doped with renewable carbon has been mostly experimental, and only
few numerical and analytical models on this subject are established in the technical literature. Active
carbon, derived from nonrenewable source, were more frequently reported and typical examples can
be found as graphene and CNT [50,51].

5.1. Directed Percolation and Semi-directed Percolation

Directed percolation is a mathematical system which displays nonequilibrium phase transitions.
It needs certain prerequisites, such as the absence of additional symmetries, conservation laws or
long-range interactions, as well as the existence of a unique absorbing state. Within the directed
system, the lattice is sensitive to particle properties and the probability of connectedness are adjustable.
Technically, an active state can propagate through connected bonds on a fixed grid with a probability,
P, and proliferation occurs only via the neighbor interactions. Percolation would be solely governed by
parameter P, and the transition between different phases mainly depend on the Reynolds number [52].
In directed percolation, there is an exact critical point of probability, P.. At P < P, the system would
return to the passive state; P = P, corresponding to a continuous phase transition; while at P > P,
the fraction of active states is beyond zero [52].



Coatings 2020, 10, 193 18 of 34

For the semi-directed percolation, it can be treated as an intermediary model between the directed
percolation and isotropic percolation model (Figure 17). Various studies of closely related models
of semi-directed lattice have been conducted through general random mathematical networks [53].
KneZevic et al. established a semi-directed percolation model on the square and triangular lattices by
using the transfer-matrix and phenomenological renormalization approaches [54]. A good numerical
estimation of both critical exponents and critical probabilities were obtained by doubling the finite strips
size. The simulation results provided numerical evidence that semi-directed percolation belonged to
the universality class of the fully directed percolation model. This conclusion was supported by other
studies of semi-directed self-avoiding walk simulations, showing that they, indeed, have the same
critical properties as corresponding fully directed models.
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Figure 17. A semi-directed site percolation cluster on the square lattice, containing N = 17 sites (filled
circles) on a strip of width n = 5, due to periodic boundary conditions the sites denoted by 1 and 1/,
are identified. The strip is infinite along the horizontal axis (the preferred direction). In contrast to the
case of fully directed percolation, vertical lines of the lattice are not directed, which means that the set
of all semi-directed percolation clusters includes the set of all possible fully directed clusters [54].

5.2. Tunneling Percolation

Tunneling percolation model has been suggested to describe the structural properties of disordered
network systems in which percolation coexists with tunneling behaviors. Examples of such systems
were provided by various filler-doped-polymeric composites [55]. Tunneling model generally assumes
an isotropic distribution of fillers, without considering their relative orientation. It is thus with
limitation to evaluate the effect of anisotropy in tunneling orientation on the mechanical and surface
properties of the composites. Two primary approaches are currently available to estimate the threshold
of tunneling percolation, namely Monte Carlo (MC) simulation and analytical approximation, of which
the former was proved to be more effective in computational simulation.

MC simulation is a powerful mathematical technique to study the interactions between multiple
particles or bodies in the presence of local or external fields. It has been widely used to investigate the
filler-polymer binary composites in both 2D and 3D model. For 2D modeling, the migration behavior
of additives is simulated into a square domain. The alignment is expressed as a function of angular
distribution between [0, 7] for anisotropic case. For 3D simulation, the filler alignment is correlated
to the distribution of angle 8 between the axis and a specified direction. For rod-shaped additives,
one angle is sufficient to describe the alignment considering their axial symmetry. The orientation
distribution function (ODF) was proposed as Gaussian distribution in cos® by Chatterjee et al., and its
expression is expressed as Equation (5) [39]:

p(0) = a+ blcos O™ (5)
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Kale et al. followed this assumption and investigated the tunneling-percolation behavior in
polydisperse ellipsoids [40]. Two parameters, <S> and <S?>, were introduced. <S> stood for the
orientational order parameter, and its angular brackets stood for the ensemble averaging of total
fillers. (S) is 1 for the fully aligned fillers and is 0 for the isotropic orientations. The results from the
simulations showed that, as the <S> decreased from 1 to 0, the percolation threshold decreased in
the alignment direction. This behavior is attributed to the enhanced connectivity between fillers as
the alignment diminished. <S?> is its second moment, which is expected to affect the performance of
composites as well.

Shown in Figure 18 is the model established based on ODF proposed by Chatterjee et al. In this
model, (S) and (S?) can be independently altered. The distribution of azimuthal angle 8 is chosen
between [0, 27t], which is independent from the distribution of 6. The normalization condition for p(6)

requires the following;:
21 27
f f p(0)sin0dodp = 1 (6)
0 Jo

(c) <83=0.5 (d) <S>=0.9

Figure 18. Increased alignment of prolate ellipsoids at various nematic order parameter <S> of (a) 0,
(b) 0.25, (c) 0.5 and (d) 0.9. The green fillers are percolating clusters, while red fillers are other isolated
clusters. The m value is equal to My, (M>mpyi=3(S)/(1-(S))) [40].

The condition which was given in Equation (5) shows thata + b/ (m + 1) = 1/47t. Thus, the (S)
and (S?) can be expressed as follows:

4rtbm
= D3 7
o _ 1 2(2m+1)(S)
=31+ (m+5) ®

Two free parameters, (S) and m, are available to control the distribution, due to the imposed
normalization condition. The minimum value of m for the ODF can be thus obtained as follows:

©)
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In the simulations, fillers were modeled as spheroids, and their orientation was determined by
choosing 0 according to a distribution obtained for given (S) and m. Aspect ratio was defined as the
ratio of polar and equatorial semi-axes. The desired volume fraction of fillers was achieved by adding
fillers one by one to the square domain, ensuring that there was no entanglement between the fillers.
Periodic boundary conditions were implemented in all three directions.

The effect of filler alignment on the mechanical properties was also studied by Silva et al. based on
the tunneling-percolation model [56]. Their MC simulations resulted in an increase in the mechanical
strength, as the fillers” alignment decreased. A similar conclusion was reported by White et al,,
who identified a critical orientation S. at a given aspect ratio and volume fraction of the fillers.
The mechanical strength of their samples exhibited a significant increase under S [57].

5.3. Dual Percolation

Dual percolation refers to the double percolation processes which take place simultaneously
inside of the matrix. The eventual percolation threshold is mathematically equal to the product of
individual percolation thresholds, based on the scaling theory. A lower concentration of filler is thus
requested to improve the mechanical properties of composites. This is beneficial for designing the
ultralow filler-loaded reinforcing polymeric composites. Moreover, the dual percolation can also be
used to describe the critical transitions in other disordered systems which typically have a random
geometric structure. The percolation threshold is generally dependent on the structural factors, which
are closely related to the connectivity of stress volumes, such as molecular weight and the aspect ratio
of fillerfiller/filler-polymer agglomerates.

Wu et al. fabricated the dual percolated network by combining the loosened large-sized expanded
graphite (EG) and dense tiny-sized multi-wall carbon nanotubes (MWCNT) in polypropylene (PP)
through a simple melt blending method [58]. Shown in Figure 19 is the proposed dual percolation
schematic diagram. Within this network, EG sheets were well connected, while still having certain
vacancies, which could be filled by the further addition of tiny-sized MWCNT with a length of only
1.5 um. MWCNT could sufficiently entangle with each other when its concentration reached to
percolation threshold, thus forming a dense network in the EG vacancies for the heat and electron
transferring. The prepared PP/EG-MWCNT ternary composite was reported with an excellent
electromagnetic interference (EMI) shielding behavior, as well as increased electrical and thermal
conductivity. The multiple interaction mechanism in their dual percolated network was concluded
as a key factor in reducing the interface thermal resistance of MWCNT compared with the single
filler composites. In another study, Wie et al. incorporated two immiscible polymers, poly(methyl
methacrylate)(PMMA) and polystyrene(PS), with multiwalled carbon nanotubes (MWCNTs) for
the preparation of high-performance composites [59]. Their results revealed that MWCNTs were
selectively localized in PMMA phase, which was favorable to form a dual percolated network at the
same filler loading. Shown in Figure 20 are the Infrared camera images of PS/CNT, PMMA/CNT and
PMMA/PS/CNT samples that represent the effect of dual percolation. The color of samples became
brighter as the temperature increased, indicating the effect of phase separation within two polymers.
Apparently, PMMA/PS/CNT had the brightest color among the three samples.
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Small amount of MWCNT

Figure 19. Schematic diagram of dual percolation network constructed by the cooperation of EG
and MWCNT in the matrix. Follow the direction of the arrows, MWCNT content inside of the
PP/EG-MWCNT ternary composites is increasing [58].
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Figure 20. Infrared camera images of samples that represent the effect of dual percolation [59].

A similar concept was adopted by Rong et al., who prepared the polypropylene (PP) composites
via doping with the nanofiller [60]. Nano-silica was used in their case, instead of carbon materials, and
it was grafted by the irradiation-pretreated polystyrene (SiO,-g-PS). Their tensile test results confirmed
the effect of filler addition on the strength toughening due to the enhanced interfacial stress-transfer
efficiency. As shown in Figure 21a, an improved adhesion was obtained as the filler content exceeded
the critical value of 0.65 vol%. The microstructure analysis of composites revealed the dual percolation
dynamics which simultaneously occurred in both SiO,-g-PS agglomerates (dispersed phase) and the
polypropylene host matrix. This was mainly attributed to the superposition of stress volumes around
the single filler and inside of the dispersed agglomerates. Figure 21b illustrated the variation in the
toughness of 5iO,-g-PS/PP composites characterized by the area under the stress—strain curves as
a function of fraction of stress volume, ¢ (Equation (10)). The critical stress volume fraction @,
which is defined as the peak position of the first derivation of the area with respect to the stress volume
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fraction, was estimated as being 51%. The percolation behavior at the shear-yielded zones is beneficial
for lowering the overall percolation threshold while maintaining or enhancing the performance.

d+ 1\
<ps=( d“) vy (10)

where d stands for the particle diameter, 7. stands for the critical matrix ligament thickness and V¢
stands for the particle volume fraction.
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Figure 21. Tensile strength of SiO,-g-PS/PP composites as a function of the volume fraction of SiO, (a),
and area under the tensile stress—strain curve of SiO,-g-PS/PP composites as a function of the stress
volume fraction of @g (b) [60].

5.4. Other Models

5.4.1. Halpin-Tsai Model

The Halpin-Tsai model for two-dimensional in-plane unidirectional of carbon fillers is widely
used for the simulation of mechanical properties of the filler-reinforced polymer nanocomposites
(PCNT) [61]. It correlates the modulus of PCNT to many parameters, such as filler content, geometry
and filler modulus [62]. In most of these studies, the modified Halpin—Tsai equation, as shown in
Equation (11), was adopted by integrating the orientation factor, o« [63,64]:

E. ldon (“z}ss—f)—l
cn m
—= = —f, withn =

Em 1-cnoy (ag_f)_’_c

in which ¢ = 2(A/d) refers to a constant shape factor relating to the aspect ratio of reinforcement length
(A) over the diameter (d); Ec, Em and Ef refer to the modulus of composite, matrix and filler (carbon);
and v¢ refers to the volume fraction of carbon filler. As for «, its value of 1/3 is generally used for the
Young’s modulus of composites, in the case that the length of filler is greater than the thickness of
specimen (fillers are assumed randomly oriented in two dimensions); however, the value of 1/6 or 1/5
is used if the filler length is much smaller than the thickness of specimen (fillers are assumed randomly
oriented in three dimensions) [65]. For carbon doped polymeric composites, « of 1/6 is more widely
employed, considering the much shorter length of carbon particles when comparing them with the
thickness of specimens [66].

However, it was later reported that the linear description of mechanical modulus using the
Halpin-Tsai equation was restricted in a relatively narrow concentration range. At high load volume,
carbon particles were entangled and aggregated more severely so that their reinforcing effects would

(11)
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be compromised. Yeh et al. thus introduced an exponential shape factor, &, to replace the factor c in
Equation (11) [66]:

£ = 2(3)e‘“vf—b (12)

Moreover, the modified Halpin-Tsai equation was expressed as follows:

o)1
NETEN (13)

(O(m) +&
where a and b were constants, related to the degree of carbon agglomeration, and account for the
nonlinear behavior of the Halpin—Tsai model as the carbon content increased to the semi-diluted
region. Wu et al. used both the Halpin—Tsai equation and modified Halpin-Tsai equation to describe
the linear and nonlinear mechanical behaviors of the biodegradable polylactide composites (PCTs),
which were prepared by melt-mixing with the carbon nanotubes (CNTs) with high aspect ratio (HAR)
and low aspect ratio (LAR), respectively [65]. Their results showed that the HAR CNTs were much
more flexible in the polylactide matrix than the LAR CNTs. At low loading levels, the former was
dispersed as self-entangled flocs, whereas the latter was dispersed as bent fibers or bundles. However,
at high loading levels, both were presented as flocs due to the strong interfacial interactions. Sun et al.
conducted a study on both static and dynamic mechanical behaviors and electrical properties of carbon
nanofiber (CNF)-reinforced epoxy nanocomposites, by varying the CNFs content [63]. The modified
Halpin-Tsai model was used to evaluate the Young’s modulus and storage modulus, and a good fit
between the predicted values of Young’s modulus and the experimental data was achieved. The highest
tensile strength was found at the CNF content of 1.0 wt%, and the alternate-current (AC) electrical
properties of the CNF/epoxy nanocomposites exhibited a typical insulator-conductor transition with
percolation threshold of 0.057 vol% CNFE.

5.4.2. Debonding Model

For certain rigid-fillers reinforced binary composites, the filler-particles will not deform when
external loading is applied, because the Young’s modulus of fillers is much greater than that of the
polymer matrix. As the loading exceeds the interfacial adhesion between the fillers and polymer matrix,
debonding at the interface will occur first and generate the micro-voids. The deformation restraint of
the composites around the fillers could thus be released and create an extensive elastic deformation to
absorb the strain energy. This phenomenon is also named as “brittle-ductile transition (BDT)”, and its
typical process follows the percolation mechanism: The yielding of the matrix initiates from the local
area and then propagates to the entire region, under the action of external forces. The enhancement of
the interfacial bonding thus becomes a main factor for the reinforcing mechanism. Liang et al. reviewed
the advance studies on rigid inorganic particulates filled poly(propylene) composites, and their
toughening and reinforcing mechanisms were interpreted by debonding model [67,68]. The key to
the reinforced polymers was concluded as that the fillers should be able to induce the large polymer
deformation via interfacial debonding and end the propagation of cracks. It was desirable for the
fillers to be encapsulated with an thin elastic layer to form a soft shell/hard core structure so that
to simultaneously toughen and reinforce polymers. The results showed that the addition of rigid
inorganic particulates into poly(propylene), a semicrystalline thermoplastic, could cause variation in its
crystalline grain size and thus be favorable to maintain the plane strain state and make the deformation
of matrix difficult. Three types of interfacial adhesion were classified based on the bonding strength:
poor adhesion, some adhesion and strong adhesion.

In the case of a poor adhesion, little stress could be transferred between the interfacial layers.
Therefore, the yield strength of particulates-filled polymeric composites mainly depends on the effective
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load bearing cross-section area fraction (1-¥), due to the absence of the particulates. If ¥ is a power
law function of the volume of particulates, V¢, then we get the following:

Oye = cym(l - aV?) (14)

where oy and oynm refer to the yield strengths of composite and polymer matrix, respectively, while a
and b refer to the constants related to stress concentration, adhesion and geometry of particulates
(fillers). As for the spherical particles with no adhesion to the matrix, which fail by the random fracture,
Equation (14) becomes the following:

2
Oye = Gym(l - 1.21vf3) (15)

However, in the case of some interfacial adhesion, the interfacial layer could transfer certain
stress, and then the debonding between the particulates and polymer matrix would be produced
as the deformation increased. The yield strength was thus a sum of both forces, and the value
of a in Equation (14) turned smaller than 1.21, whereas b = 1 as the samples failed by planar
fracture. A debonding model was thus established by introducing a new parameter, bonding angle
(0) (Figure 22) [68]. The equation could be expressed on the basis of the assumption of cubic array of
spherical fillers:

2
Oye = (yym(l —1.21sin? evg) (16)
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Figure 22. Interfacial debonding model [67].

For the well-bonded fillers (strong adhesion), the stress could be transferred via a shear mechanism,
and Equation (14) could be modified as follows:

Oye = (0a +0.83Tu) + Koa(1 - Vy) 7)

5.4.3. Generalized Method of Cells (GMC) Model

Generalized Method of Cells (GMC) is known as a three-dimensional model for evaluating
the mechanical percolation properties of effective nanoscale composite when the critical threshold
is reached [69]. The use of GMC model captures the effect of scale and the interfacial geometry
surrounding the included phase, and it can be used to assess the mechanical strength of continuously
reinforced nanocomposite in the transform domain based on the percolation theory [70]. As a periodic
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unit cell model, GMC uses a rectangular repeating volume element as the representative volume
element (RVE) for a periodic microstructure. Every RVE composes of multiple subcells, with each
one assigned the properties of one of the composite phases. The microstructure of nanocomposite is
then described by a triply periodic stacking of RVEs. Upon applying the periodic conditions between
these stacked RVEs, or between the subcells, the microstructure of GMC can be connected to an
equivalent homogeneous material with a set of continuum level equations, thus predicting the effective
properties [70]. Moreover, specific boundary conditions, which are satisfied in an average sense and
integrated over the boundaries, can enforce the continuity of displacements and tractions across the
subcells by minimizing of the effect of rectangular geometry [71].

In a previous study, Snipes et al. used the GMC model for the simulation of a three-dimensional
nanoscale composite, to predict its effective viscoelastic property [70]. Scale was introduced by
referencing the dimension of interfacial regions to that of the nanofillers. Effective viscoelastic
properties were developed for varying interfacial elastic stiffnesses. Their results showed a significant
increase in the stiffness in response to an “instantaneous” step load, which corresponded to a reduction
in the rapid creep response and a rapid leveling off of the time-dependent strain curves, until a plateau
or threshold was reached. This threshold was below the stiffness of the included nanophase, which
might be attributed to the sizable volume fraction of a third phase. It suggested that the surface
derivatization of nanofillers might be beneficial to generating a more compliant surrounding interface
for a tunable creep response behavior.

5.4.4. Other Micromechanics Models

Micromechanics-based theory has been proven to be a powerful analytical approach for simulating
the mechanical properties of double-phase composites. The well-known micromechanics models
include the Mori-Tanaka method [72], self-consistent method [73,74] and differential method [75],
among others. Of these models, the most widely adopted approach is the Mori-Tanaka method,
though it always gives a higher prediction of the elastic modulus than the experimental results [76].
Taya et al. summarized the role of Eshelby’s micromechanics models in different selected smart
composites based on the Mori-Tanaka theory [77]. These smart composites included piezoelectric
composites, shape memory alloy (SMA) fiber composites and piezoresistive composites, which
exhibited coupling among mechanical, thermal and electromagnetic behavior. The predictions based
on these micromechanics models were in accordance with the limited experimental data. In a later work,
Loos et al. derived and compared different micromechanics models in the prediction of elastic modulus
of polymer/CNT composites [78]. Their results confirmed the variable suitability of these models, under
the changed test conditions. The fitting data showed that a significant enhancement of modulus took
place up to the percolation threshold, above which the reinforcement efficiency decreased dramatically.
Garcia-Macias et al. recently employed the electrical counterpart of a mean-field homogenization
model of Eshelby-Mori-Tanaka to estimate the effective properties of a heterogeneous volume element
(RVE) [79]. Shown in Figure 23 is a representative RVE in multiscale, which depicts the two-phase
composite consisting of a cementitious matrix doped with a volume fraction f of straight and randomly
oriented carbon fillers. An RVE designated a macroscopic area from the composite as a representative
for the material microstructure, so that sufficient carbon fillers could be considered within the RVE,
to statistically represent the overall properties of composite [79,80].



Coatings 2020, 10, 193 26 of 34

Micro scale

Nano scale
:" ) -—_ -‘-”-*- _ ;_ ) Macro scale
E ’ e % N\
: \ I
: ™
: . P
i / | \ p |
e . “/ / =

Figure 23. Representative microscale volume element (RVE) containing straight carbon fillers [79].

It wasbelieved that the agglomeration of carbon fillers was the origin of its spatially inhomogeneous
distribution within the composite, and the corresponding clustering effect is sketched in Figure 24.
The bundles were assumed to be ellipsoidal carbon fillers with different properties from their
surrounding matrix. The two-parameter agglomeration model was applied to describe the total
volume, V;, of carbon fillers in the RVE [81]:

V, = V‘fundles + Vin (18)

where Vbundles and V™ are the volumes of carbon fillers agglomerated in the bundles and dispersed in
the matrix, respectively. Moreover, two more agglomeration parameters, X and (, were introduced
specifically for characterizing the clustering behavior:

X = Vbu\r;dles (19)
Vbundles
(= rv— (20)
r

where Viundles is the bundles volume in the RVE, ¥ is the volume ratio of the bundles with respect
to the total volume of RVE and ( is the volume ratio of carbon tubes that are dispersed in bundles
with respect to the total volume of carbon tubes. A higher x means a more homogeneous distribution,
and at x =1, the carbon fillers reach to a fully uniform dispersion. On the contrary, ¢ = 1 represents the
state in which all the carbon fillers are agglomerated.

Vr — V?undles + V:.n

Figure 24. Sketch of volume element (RVE) with ellipsoidal bundles of carbon fillers [79].

Moreover, it has been suggested that the interphase zone exists between the carbon fillers and
their surrounding polymer matrix, and it would play an essential role in determining the elastic
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properties. Accordingly, certain methods, such as differential replacement method (DRM) and uniform
replacement method (URM), which account for the inhomogeneity at the interphase zones, can be used
to study the effective elastic modulus of composites [76]. These methods are capable of converting a
three-phase, which includes fillers, polymer matrix and their interphase zones, into a two-phase with
randomly oriented fillers surrounded by the inhomogeneous matrix. The resulted two-phase system
can then be simulated by any existing micromechanical models mentioned above, to predict the overall
effective properties based on Equation (21) [76]:

ceff iy 2C 1)

o+ (1-2)

where () = (ro/r1)™ refers to the volume fraction of fillers in the two-phase system, with ry and r; as
the inner and outer radii of the interphase region, and m of 2 or 3 for fillers; the superscripts “eft”,
“i” and “t” refer to the effective property, interphase and fiber/fillers, respectively. The ociC relates
to the Poisson ratio of the interphase and boundary conditions of the far-field loading. Feng et al.
simplified the carbon nanotubes as straight cylindrical tubes, and the carbon particles together with
their surrounding interphases were simulated as equivalent solid fillers, due to the electron hopping,
thus turning the composite into a two-phase system for micromechanical modeling [80]. A good
agreement between the modeling results and the experimental data was achieved for both single-wall
and multi-wall carbon-nanotube-based nanocomposites. The simulation results indicated that the size
of carbon nanotubes had significant effects on the percolation threshold.

However, itis also well accepted that most of the classical micromechanical models were not capable
of capturing the percolation threshold at an extreme low volume fraction of carbon fillers, even though
multiple heterogeneities would be considered in the investigation of the effect of interaction networks
and reinforcement dispersion. For this reason, Kim et al. adopted an analytical homogenization
approach for composites containing multiple heterogeneities to predict the percolation threshold
effect by using the hard/soft core concept [82]. The composites were with matrix of polymerized
cyclic butylene terephthalate (pCBT) and compounded with nanocarbon-fillers, based on a method of
solvent-free powder-mixing and in situ polymerization. Their results showed the carbon fillers, with
various size and shapes, were uniformly dispersed within the pCBT matrix. The comparison of the
experimental data and predicted values confirmed that the percolation threshold and tunneling effect
of reinforcements were successfully captured by this newly developed model.

6. Nanocellulose: Carbon-Based Reinforcing Filler

Nanoscaled materials hold the power to revolutionize the field of composites, due to their
strikingly distinct properties from the bulk counterparts. Nanocellulose, a unique type of carbon-based
reinforcement filler, consists of molecular chains of anhydro-D-glucopyranose units (AGU), with each
having three functional hydroxyl groups (Figure 25a) [83—-86]. As for the chemical reactivity, the
hydroxyl groups at the highly ordered region (crystalline) are more inert compared with those in
the loosely organized region (amorphous) [87]. Shown in Figure 25b is the TEM image of rod-like
nanocellulose which was reported by Sun, et al., with a width of 3-10 nm and length of 50-165
nm [8]. An isotropic distribution in the solvent medium was realized due to the surface negative
charges derived from the sulfate groups. Nanocellulose possesses an excellent affinity toward different
molecules. Shown in Figure 25¢ are the composites formed by nanocellulose rod-particles loading with
Spirooxazine (SO) [88].
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(a) (b) (c)

Figure 25. Molecular structure of nanocellulose macromolecule (a), TEM image of nanocellulose (b) and

nanocellulose-SO compounds (c) [9,87,88].

Nanocellulose has been successfully used for the manufacturing of packaging film. Sun et al.
prepared the nanocellulose-based edible (BE) film via a modified nanofiltration setup using dialysis
membrane [9]. The obtained film possessed desired mass transport properties and could be used as an
effective barrier to oxygen by discriminating the molecular size and relative affinity between the gas
and film matrix. Mechanical strength tests showed a significant increase in the tensile stress (from 0.08
to 0.17 MPa) and auto module (from 0.9 to 3.1 MPa) of BE film, comparing with the control sample
(co-blended film without the use of modified nanofiltration setup). SEM results revealed the uniform
and smooth surface structure of BE film with a compact lamellar cross section. The swelling behavior
was evaluated by the Schott’s second-order model in Equation (22):

— (22)

where Q; (g/g) refers to the swelling capacity at time t (s), K5 (g/g) refers to the swelling rate constant
and Q. (g/g) refers to the equilibrium swelling capacity. Figure 26a presents the swelling kinetics for
both BE film and co-blended film, and a significant decrease in the swelling capacity (Q;, P <0.05) was
confirmed (swelling rate constant Kj; decreased from 621 to 500 g/g; equilibrium swelling capacity Qc,
decreased from 454.55 to 434.78 g/g).

Both permeability and permeability ratio of the test gas (oxygen and carbon dioxide) increased as
the relative humidity (RH) elevated (Figure 26c). Evidently, an exponential increase was exhibited
beyond 50% RH. The decreased pore size and porosity were proposed as the main reasons for impeding
the dissolution of molecules into the film. Two distinct stages, the pore-size-dependent stage and the
gas-solubility-dependent stage, were identified with different diffusion mechanisms (Figure 26b): The
gas was constrained initially by the pore size; whereas pore size increased above its threshold, the
gas diffusion began to be dependent on its solubility. This unique character of BE film may find its
potential application for the edible coating or packaging.
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Figure 26. Swelling kinetics (Q;) and linear plotting (t/Q;) of BE film and co-blended film at different
submerse time (t) (tests were conducted inside of distilled water at room temperature) (A), gas diffusion
dynamic as the relative humidity (RH) increases (B), and effect of relative humidity (RH, %) on the gas
permeability and gas selectivity of the BE film (Bottom Side, test was conducted at the temperature of
25°C) (C) [9].

Additionally, the oxidized nanocellulose (CNC) by sodium periodate was used as a strength
additive to prepare the pulp-fibers-based film (Figure 27a) [89]. As shown in Figure 27b, the oxidized
nanocellulose possessed a better performance than unmodified nanocellulose upon the addition into
the film-matrix (though still not as good as the commercial Polyetherimide (PEI) reinforced film). A
32.6% increase in the tensile strength was reached at a 1.2% dosage, compared to the samples without
oxidized nanocellulose. As a typical rod-shaped nanofiller, the oxidized cellulose may well strengthen
the crosslinking at the interface between fibrils, due to the large specific surface area of cellulose
particles and the formation of acetal or hemiacetal linkages at the inter-fiber bonds. This would thus
lead to a significant improvement in the mechanical strength. Moreover, Loos et al. investigated
the mechanical percolation behavior of two different nanofillers, cellulose nanowhisker and carbon
nanotube, in polymeric composites [90]. The Takayanagi Models I and II were employed for the
simulation of elastic modulus of the composite. The results of percolation-network formation indicated
a positive “turning point” for reinforcement in the composites with cellulose nanowhisker above
the glass transition temperature (Tg) of the matrix. In contrast, carbon nanotube presented with a
negative “turning point” in its reinforcing behavior at the temperature below the Ty of the matrix.
The evaluation results of these two models confirmed their suitability in prediction of the mechanical
properties over a wide range of testing conditions.

In sum, the development of high-performance packaging film via doping with carbon-based
nanocellulose will move forward, being partially driven by its unique functionality and
environment benefits.
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Figure 27. Interaction between oxidized nanocellulose and pulp fibrils (a), and tensile strength of

composites made from unmodified nanocellulose-fibrils, modified nanocellulose-fibrils and PEI-fibrils
(b) [89].

7. Conclusions

Groundbreaking developments of technologies on functional composites have led to
many applications in different commercial sectors, typically in the packaging industry.
Renewable-carbon-reinforced packaging materials, which are currently being pursued as viable
alternatives to petroleum-based ones, play an important role in these developments, thanks to their
unique properties. This review paper specially highlighted the doping benefits of renewable carbon
on the enhancement of aesthetic and mechanical properties. Percolation theory was used to describe
the effect of internal connectivity of renewable carbon on its diffusion/percolation behavior via
different models. The good prediction and simulation upon using renewable carbon as reinforcement
fillers render them as excellent candidates for the preparation of packaging materials. As a typical
carbon-based material from renewable and sustainable biomass, nanocellulose’s application in the
packaging industry would highly meet the demand from consumers for green and healthy living.
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