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ABSTRACT: Two types of supramolecular carbon nano-
structures, carbon nanospheres (CNS) and multiwalled
carbon nanotubes, (MWCNTs) are investigated for their
potential as nanofillers in the bioplastic polylactide (PLA).
Modification of the surfaces of both carbon nanostructures
by covalent attachment of dodecylamine is accomplished
and the effects of this compatibilizing functionality are
explored. Crystallization kinetics, thermal properties, and
mechanical properties are investigated. Addition of a small
amount of carbon to the PLA increases the thermal stabil-
ity by as much as 20–30�C. Incorporation of the MWCNT
and CNS increases the heat distortion temperature by up
to 10�C. Speed up in crystallization rate is observed for
small to intermediate loading levels; however, at higher
nanofiller loading, the rate decreases. Functionalized nano-

structures are more effective at increasing crystallization
rates than unfunctionalized nanostructures. It is concluded
that the dodecylamine (DDA) grafted to the carbon surfa-
ces aids in dispersing the materials and preventing aggre-
gation, thereby providing higher surface area for
heterogeneous nucleation of the biopolymer. The resulting
materials are composed of the supramolecular carbon
nanostructure embedded in a semicrystalline biopolymer
matrix. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 121:
2029–2038, 2011
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INTRODUCTION

Carbon fillers have been used as reinforcement in
polymer composites since synthetic plastics were
first developed. Carbon black is commonly incorpo-
rated in automotive tires to increase toughening and
wear resistance. More recently, carbon nanotubes
(CNTs) and fullerenes have been investigated for
their potential to provide strength, toughening,1 and
unique electrical, optical,2 and thermal3 properties to
all sorts of polymer matrices.4,5 Nanomedicines or
nanoparticles with tethered drug molecules and cell-
specific target molecules are also of expanding
interest. Potential applications for CNT-polymer
nanocomposites include targeted drug delivery,6

photovoltaics,7 electromagnetic shielding materials,8

and reinforced fibers and thermoplastics for aero-
nautical, automotive, sporting, and other high-
performance applications.9

One of the biggest challenges in successful nano-
composite preparation is dispersion and distribution
of nanoparticles in the polymer.10 Nanoparticles
tend to aggregate due to their high surface energy,
and unfunctionalized CNTs are not generally soluble
in any organic solvent.11 Techniques explored to en-
courage dispersion include (1) extensive mechanical
work in the form of shear or ultrasonication, (2)
compatibilization using surfactants12,13 or polymer
wrapping,14 and (3) covalent modification with small
molecules or grafted polymer chains. Each technique
has advantages and drawbacks and several thorough
reviews are available on this important subject.15,16

Successful dispersion of nanoparticles in polymers
results in less aggregation of the filler, providing
more surface area for interaction and improved me-
chanical and electrical properties at extremely low
loading levels because of the efficient transfer of
stress or charge through a percolated CNT network.
Dynamic mechanical thermal analysis (DMTA)
shows an increase in composite stiffness and glass
transition temperatures.17–19 Surface functionaliza-
tion can also lead to a more pronounced effect on
mechanical and other properties.20
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Polylactide (PLA) is an emerging green bioplastic;
it is a semicrystalline polyester produced commer-
cially from renewable resources. Applications for
PLA are limited by its brittleness and low heat dis-
tortion temperature21 making it a great candidate for
property improvement through nanocomposite tech-
nology. PLA is of interest for compostable packag-
ing22 and fibers, and also in medical fields because
of its biodegradability and biocompatibility.21 PLA
based bionanocomposites are of interest for biologi-
cal sensing and drug delivery applications as well as
production of high-performance biodegradable plas-
tics. Carbon nanospheres (CNS) produced from cel-
lulose23 are a novel, synergistic nanofiller for PLA
because the resulting composites are over 99%
renewable. Because CNTs can be produced from
renewable resources,24 supramolecular bionanocom-
posites composed of PLA chains grafted to CNS or
nanotubes25,26 are also very high in renewable con-
tent. In the first of this series of articles, PLA was
successfully grafted to both CNS and CNTs;27 in this
and the following report, related supramolecular
surface modified CNSs and CNTs are embedded in
PLA matrices to form novel bionanocomposites.

Biodegradation of PLA is strongly affected by
crystallinity and crystalline form,28,29 and as with
most semicrystalline polymers, the degree of crystal-
linity and thermal history have a large influence on
PLA’s resulting thermomechanical properties.27

Commercially-produced PLA is composed mostly of
L-lactic acid with small amounts of D-lactic acid and
is, therefore, notably slow to crystallize,30 leading to
prohibitively expensive processing. In a previous
work, CNS were investigated as nucleating agents in
PLA and polypropylene.31 Carbon black and CNTs
have also been shown to improve crystallization
kinetics in PLA,32,33 polypropylene,34–37 and other
polymer matrices.38,39 Other materials investigated
as nucleating agents for PLA include nanoclay,40

talc,41 and PLLA/PDLA stereocomplex crystalli-
tes.42,43 Despite these successes, there remains a
need to increase the crystallization rate of PLA and
to explore synergistic effects of various fillers on
nanocomposite properties.

In this work, two types of supramolecular carbon
nanostructures, novel cellulose-derived CNS and
multiwalled CNTs (MWCNTs), are investigated for
their potential as nanofillers in PLA. Of particular
interest are faster crystallization, increased heat dis-
tortion temperature, and improved thermal degrada-
tion of commercial-grade PLA. Modification of the
surfaces of both carbon nanostructures with covalent
attachment of dodecylamine (DDA) is accomplished
and the effects of this compatibilizing functionality
are explored with regard to crystallization kinetics
and thermal and mechanical properties. Significant
improvements of 20–30�C in thermal stability, 10�C

increase in heat distortion temperature, and three
times faster crystallization are observed. The result-
ing supramolecular bionanocomposites are unique
in that the polymer matrix can be degraded either
by hydrolysis or via biodegradation.44

EXPERIMENTAL METHODS

Chloroform, methanol, DDA, N,N-dimethylforma-
mide (DMF), and thionyl chloride were reagent
grade and used as received. CNS were obtained
from Fullerene Sciences (Boulder, CO). MWCNT
functionalized with hydroxyl groups (MWCNT-OH)
and unfunctionalized MWCNT were from CheapTu-
bes.com. PLA 2000D grade (extrusion/thermoform-
ing, MFI 4–8 g/10 min) was obtained from Nature-
Works LLC and dried by crystallization at 80�C
under vacuum for at least 14 h before use.
CNS and MWCNT-OH were refluxed in thionyl

chloride (3.33 mg/mL) with a small amount of DMF
(1 mL per 30 mL thionyl chloride). After filtering
(CNS, 0.1 lm nylon filter) or centrifuging (MWNCT,
10 min at 8600 g) and washing with chloroform, the
acyl chloride functionalized CNS or MWCNT were
added to melted DDA at a 10-fold stoichiometric
excess relative to atomic carbon. The CNS or
MWCNT were stirred in DDA 24 h, then diluted
with chloroform and filtered (CNS) or centrifuged
(MWCNT) to remove unreacted DDA. The resulting
CNS-DDA or MWCNT-DDA was washed repeatedly
until thermaogravimetric analysis (TGA) measure-
ments indicated a stable amount of grafted function-
ality. Additional details are available in the
literature.45

A solution blending technique was used to pre-
pare the nanocomposites. A 10-wt % solution of
PLA in chloroform was stirred overnight to ensure
complete dissolution. Chloroform was also used to
prepare 1 wt % suspensions (� 15 mg/mL) of CNS,
MWCNT, MWCNT-OH, CNS-DDA, and MWCNT-
DDA thoroughly dried carbon samples. The carbon
suspensions were then sonicated for 24 h and added
in appropriate ratios to the PLA solution to target
nominal compositions of 0.5, 2, 4, 7, and 12 wt %
(CNS and MWCNT-OH) and 0.5, 2, 7, and 12 wt %
(CNS-DDA and MWCNT-DDA). Solution-phase
composites were stirred on magnetic stir plates for
48 h and then precipitated into 10-fold excess metha-
nol. Precipitate was collected, dried overnight, and
further dried under vacuum (25 inHg) at 60�C for at
least 24 h. Hereafter, nanocomposite samples will be
indicated using the nominal weight fraction fol-
lowed by the type of carbon nanostructure and the
functionality, if present (for example 0.5CNS-PLA,
12MWCNT-DDA-PLA, etc).
TGA, to determine actual carbon weight loading

and thermal stability, was run on a Seiko TG/DTA
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220 calibrated against an indium standard. The
sweep gas was air and it was assumed, based on
measurements of pure PLA and pure carbon speci-
mens, that all mass remaining at 400�C was gra-
phitic carbon. Sample starting mass was 15–30 mg.
The heating program was as follows: (1) heat from
30 to 800�C at 10�C/min, (2) hold 30 min at 800�C,
and (3) cool from 800 to 30�C at 20�C/min.

Differential scanning calorimetry (DSC) was car-
ried out on a Perkin Elmer DSC 7 calibrated against
an indium standard. The instrument was cooled
using ice water and nitrogen was used as the purge
gas. The temperature program was as follows: (1)
heat from 5 to 200�C at 10�C/min (2) hold at 200�C
for 5 min (to erase thermal history), (3) cool to 110�C
at 50�C/min, (4) hold 30 min at 110�C (isothermal
crystallization), (5) cool to 5�C at 10�C/min, and (6)
heat from 5 to 200�C at 10�C/min (record glass and
melting transitions after crystallization). Two sam-
ples between 8 and 18 mg were run for each com-
posite and resulting data were averaged.

Polarized optical microscopy was used to measure
the spherulite growth rate for various composites. A
small amount of lowest loading levels from each car-
bon composite was melted onto a glass slide and
spread under the coverslip to a thickness of <1 mm.
Each sample was heated in a Mettler Toledo FP82
hot stage and FP90 temperature controller (accuracy
of 60.2�C) to 180�C and held until completely
melted for � 5 min. The melt was then quenched to
130�C and images were captured every minute for at
least 30 min. Spherulite growth was measured and
recorded for the lowest nanotube loading level of
each composite type. ImageJ software was used to
analyze the crystallization micrographs and the
growth rates were taken to be the slopes of size vs.
time plots.

DMTA was performed on a Rheometrics ARES-LS
rheometer with torsional rectangular fixtures. Com-
posite samples were vacuum/compression molded
into rectangular bars (3 � 12.5 � 45 mm3), crystal-
lized at 110�C for 3 h (except for the uncrystallized
sample of Fig. 1) and physically aged for 24 h before
DMTA. Testing was carried out at 0.05% strain,
1 Hz, with a temperature ramp from 30 to 160�C at
5�C/min.

RESULTS AND DISCUSSION

The important influence of crystallinity on polymer
properties is made clear by the data presented in
Figure 1. Here, the shear moduli as a function of
temperature during a DMTA heating scan for two
PLA samples are presented. For the annealed and
highly (about 40%) crystalline sample, the modulus
drops by a single order of magnitude as the glass
transition temperature (about 58�C) is passed. In

comparison, the modulus of the amorphous sample
drops precipitously by three orders of magnitude.
With increasing temperature, the amorphous sample
begins to crystallize at � 95�C, causing the modulus
to actually increase with temperature. Clearly, in
cases where temperature stability is important, a
high degree of crystallinity is desirable. For eco-
nomic reasons, it is important that this level of crys-
tallinity is achieved rapidly so that manufacturing
cycle time is minimized.
The carbon nanostructures used in the present

investigation have some novel features. Transmission
electron microscopy (TEM) images of the two carbon
nanoparticles are shown in Figure 2. The CNS are hol-
low with about 30 layers of graphene in the outer
walls, and are 40 nm in diameter on average. The
hydroxyl functionalized nanotubes (MWCNT-OH)
are 20–30 nm in diameter and 10–30 lm in length,
as reported by the manufacturer. These dimensions
correspond to aspect ratios varying from 333 to
1500. The MWCNT-OH reportedly have 1.6 wt %
OH functionality (0.011 mol fraction), surface area
>110 m2/g and electrical conductivity >100 S/cm.
Before oxidation, the MWCNT-OH are identical to
the unfunctionalized nanotubes (MWCNT). All three
carbon nanostructures tend to aggregate in large
bundles or tangles, when dried onto TEM grids.

Thermal stability

TGA scans for each composite are shown in Figures 3
and 4. The untreated CNS and MWCNT both have
excellent thermal stability; neither loses significant
mass until about 600�C. Hydroxylating the surface
decreases thermal stability; the MWCNT-OH starts
to lose mass at about 550�C. The data also show that
CNS-DDA and MWCNT-DDA both lose the DDA

Figure 1 Storage modulus vs. temperature on heating for
pure PLA before and after crystallization at 110�C.
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functionality at relatively low temperatures. It
appears that even addition of a small amount of car-
bon to the PLA increases the composites’ overall
thermal stability by as much as 20–30�C. However,
there is not an appreciable increase in thermal stabil-
ity after addition of more carbon. The TGA results
allow the determination of actual, as opposed to
nominal weight loadings. The percent carbon for
each nanocomposite is taken as the remaining mass
fraction at 425�C; at this temperature, both DDA and
PLA are completely burned off.

Isothermal crystallization

Isothermal DSC crystallization curves are analyzed
by taking the integral under the crystallization exo-
therm with respect to time and normalizing by divi-
sion of the area under the entire peak. This proce-
dure yields the fraction of achievable crystallinity as
a function of time. Examples of two of the isother-
mal crystallization curves are shown in Figure 5(a);
pure PLA is compared to a nanocomposite contain-

ing 7 wt % MWCNT-DDA. Because of the delay in
sample temperature reaching Tc after the quench,
there is an apparent onset time of a few seconds
before integration starts. The integration end time
was selected as the point at which the DSC curve
returned to the baseline. Crystallization kinetics for
the two cases are shown in Figure 5(b), which
presents the corresponding crystalline fractions as a
function of time.
Figure 6 shows the integration curves for all CNS-

containing nanocomposites. In the left-hand plot, it
is evident that unfunctionalized CNS do increase
crystallization rates; however, there is no systematic
trend with increasing CNS loading. In fact, the 15 wt
% composite appears to crystallize as slowly as the
pure PLA. In contrast, when the CNS-DDA are
used, the crystallization rate increases considerably
with each loading level. However, again at 13 wt %,
the crystallization occurs more slowly than in the
less loaded composites. A possible interpretation of
these results is that the DDA functionalization
improves dispersion, but that as the loading level

Figure 2 Representative TEM images of (left) MWCNT-OH and (right) CNS. Insets are close-up images of the nanostruc-
ture graphitic sidewalls.

Figure 3 TGA thermal stability in air for (left) CNS composites and (right) CNS-DDA composites.
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increases a threshold is reached whereby concentra-
tion effects dominate and reaggregation of the nano-
filler occurs.

Figure 7 shows similar results for MWCNT nano-
composites and for the control experiment of PLA

blended with only DDA. In the case of MWCNT-
OH, the smallest loading of CNTs appears to speed
the crystallization somewhat, but addition of higher
weight loadings does not increase the crystallization
speed appreciably. For MWCNT, the lowest loading

Figure 4 TGA thermal stability in air for (top left) MWCNT composites, (top right) MWCNT-OH composites, and (bot-
tom) MWCNT-DDA composites.

Figure 5 (a) Example DSC scans of isothermal crystallization exotherms for pure PLA and the fastest crystallizing com-
posite, 7 wt % MWCNT-DDA. (b) Normalized, integrated curves for the same two samples.
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levels have no effect on the crystallization rate,
whereas the higher levels show a slight increase in
crystallization rate. In the case of MWCNT-DDA, the
crystallization proceeds considerably faster up to
addition of about 7 wt % MWCNT-DDA, but higher

weight loadings are again less beneficial to accelerat-
ing crystallization kinetics.
The similarity of slower crystallization kinetics at

very high loadings for both MWCNT-DDA and
CNS-DDA indicates that either the nanoparticle

Figure 6 Integrated isothermal crystallization curves for (left) CNS-PLA composites and (right) CNS-DDA-PLA
composites.

Figure 7 Integrated isothermal crystallization curves for (top left) MWCNT-PLA composites, (top right) MWCNT-OH-
PLA composites, (bottom left) MWCNT-DDA-PLA composites, and (bottom right) DDA blended with PLA.
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clusters can impede crystal formation, or that a criti-
cal filler loading has been reached so that aggrega-
tion phenomena result in less surface area available
for heterogeneous nucleation. Figure 6(d) shows the
integration results from isothermal crystallization of
PLA solution blended with pure DDA. It is clear
that the presence of DDA alone actually slows crys-
tallization down; therefore, it cannot be responsible
for the faster crystallization in MWCNT-DDA and
CNS-DDA composites. It can be concluded that the
DDA grafted to the carbon surfaces aids in dispers-
ing the materials and preventing aggregation,
thereby providing higher surface area for nucleation
of the polymer.

Table I lists the numerical results from TGA and
DSC crystallization measurements. The actual
weight loadings are listed as determined from TGA.
For the best nucleator, 7MWCNT-DDA, 50% of max
crystallinity (t1/2) is reached nearly three times faster
than pure PLA. Percent crystallinity values were cal-
culated from the melting peak recorded after isother-
mal crystallization according to eq. (1),

%X ¼ DHm

1� wð ÞDH100
m

; (1)

where DHm is the enthalpy of melting, or the area
under the endotherm divided by sample mass, w is
the mass fraction carbon in the sample, and DH100

m is
the theoretical enthalpy of melting for 100% crystal-
line PLA, taken as 93.7 J/g.46 It is interesting to note
that Tg values are close to those of pure PLA for all
composites, indicating that no significant confinement
of the polymer is occurring at the interface between
the polymer and the nanoparticles. Percent crystallin-
ity appears to decrease slightly in the case of unfunc-
tionalized MWCNT, whereas it increases slightly for
the OH- and DDA-functionalized MWCNT, but no
clear trend is observed for the CNS. Crystallization
mechanism and crystalline form are likely the same
as those of the pure polymer.
Optical microscopy studies further reveal that the

primary reason for enhanced crystallization kinetics
must be denser nucleation. Within the experimental
margin of error (61.4 lm/min), the spherulite growth
rates for the lowest weight fraction nanocomposites
are the same as the growth rates in pure PLA. Figure
8 shows examples of the crystallization photos used
for measurement of spherulite growth rate along with
the spherulite growth rate for each composite. The
lowest weight loaded samples are used to measure the
growth rate because at the highest weight loadings the

TABLE I
Summary of Thermal Data for All Composites Studied

Sample Wt % (TGA) t1/2 (min) (6 0.01)a DHm (J/g) %X (6 0.5)a Tg (DSC) (�C) (6 1.0)a HDT (DMTA) (�C)

PLA0 0.0 7.2 39.8 42.5 62.3 76.1
1MWCNT 1.1 6.0 38.0 41.0 62.3 76.6
1.5MWCNT 1.5 7.9 37.3 40.0 62.5 76.6
2MWCNT 1.9 7.3 36.8 40.0 62.9 77.2
3MWCNT 3.2 6.2 35.9 39.9 61.8 76.3
6MWCNT 6.4 5.3 34.0 39.1 62.7 78.1
13MWCNT 13.7 5.5 32.3 40.2 62.3 87.5
2MWCNT-OH 3.2 5.7 38.3 42.2 62.3 75.2
4MWCNT-OH 4.3 6.1 38.9 43.4 62.6 80.5
7MWCNT-OH 6.9 4.9 39.2 45.0 62.0 77.0
13MWCNT-OH 12.8 5.3 37.8 46.2 63.6 83.8
1MWCNT-DDA 0.9 7.6 37.4 40.1 62.9 77.3
1.5MWCNT-DDA 1.9 7.6 37.4 40.1 62.9 77.1
3MWCNT-DDA 2.9 5.5 37.0 40.7 62.5 77.5
5MWCNT-DDA 4.8 5.1 37.0 41.5 62.1 78.3
7MWCNT-DDA 7.2 2.6 37.8 43.5 63.0 78.3
12MWCNT-DDA 12.2 3.3 38.2 46.5 62.1 84.2
0.08DDA 0.1 12.6 40.1 42.8 60.6 75.2
0.4DDA 0.4 11.6 39.0 41.8 60.5 74.1
1.2DDA 1.2 12.0 41.6 44.9 60.3 73.7
1CNS 1.4 5.4 38.2 41.3 76.1
2CNS 2.4 5.4 39.3 43.0 63.7 77.5
4CNS 4.4 6.08 38.7 43.1 62.5 77.3
15CNS 15.1 7.98 32.1 39.5 63.4 81.3
2CNS-DDA 2.2 4.55 38.3 41.8 62.1 76.9
4CNS-DDA 3.6 4.6 40.1 44.4 79.6
6CNS-DDA 6.0 4.47 36.2 40.7 63.1 80.5
16CNS-DDA 16.4 3.96 34.1 40.7 62.0 81.3

a Error is calculated from the standard deviation of four samples from the same composite run separately through the
crystallization DSC protocol.
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spherulites become obscured by the carbon inclusions
in the samples and their size is difficult to measure.
From the images of Figure 8, it appears that the carbon
nanostructures are not completely dispersed down to
individual nanoscale particles, and some larger scale
aggregates are present, but the distribution appears
even throughout the samples.

Dynamic mechanical thermal analysis

DMTA results for some of the nanocomposites are
shown in Figure 9. Incorporation of either CNS or

MWCNT raises the storage modulus in both the
glassy (<60�C) and rubbery (>100�C) regions. The
MWCNT have a slightly larger effect than the CNS
at equivalent loading levels. The polymer chains can
likely intercalate the web-like structure of the
MWCNT to some degree, leading to a larger rein-
forcing effect. The effect is not as large as might be
expected because of the high aspect ratio of the
MWCNT, indicating that the tubes are not com-
pletely dispersed. The surface functionality of the
CNS and the MWCNT seems to have little to no
effect on the mechanical reinforcement. In fact, the

Figure 8 Optical micrographs (�10) after 15 min isothermal crystallization at 130�C; (a) 0.08DDA, (b) 1CNS, (c) 2CNS-
DDA, (d) 1MWCNT, (e) 1MWCNT-OH, and (f) 1MWCNT-DDA solution blended with PLA. Growth rates in the lower
right corners are the same within experimental error (standard deviation ¼ 1.4 lm/min).

Figure 9 DMTA storage modulus for (left) CNS composites and (right) MWCNT composites. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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MWCNT-OH composites have slightly larger moduli
than the MWCNT and MWCNT-DDA composites at
comparable loading levels. This may be due to
hydrogen bonding interactions with the PLA matrix
or between CNTs leading to a percolated network in
which the tubes are resistant to slipping past one
another. The composites’ loss moduli showed simi-
lar increases indicating a stiffer and more solid-like
material with increasing loading for all
nanocomposites.

As mentioned in the Introduction section, PLA
has a low heat distortion temperature, and this is an
important limitation on the use of PLA. The HDT
can be taken as the point at which the Young’s mod-
ulus falls below 0.75 GPa.47 Young’s modulus is cal-
culated from the storage modulus (G0), loss modulus
(G00), and Poisson’s ratio (m ¼ 0.333 for PLA) using
eq. (2):

E ¼ 2 1þ tð Þ G02 þ G002� �1=2
(2)

Table I shows the HDT for all of the nanocompo-
sites. Incorporation of the MWCNT and CNS
increases the HDT by � 10�C at a loading level of 13
wt % MWCNT.

CONCLUSIONS

In this study, two different carbon nanofiller geome-
tries are investigated as crystal nucleators for PLA.
The effects of a DDA grafted surface functionality
on thermal, mechanical, and crystallization proper-
ties are explored. It is shown through TGA studies
that the added carbon nanoparticles increase the
thermal degradation temperature of the composites
by 20–30�C over the neat polymer.

It is found that while pure DDA slows the poly-
mer crystallization, DDA-grafted CNS and MWCNT
increase the crystallization rate to three times faster
than that of the neat polymer. This was attributed to
enhanced dispersion and reduced aggregation of the
nanofillers in the polymer matrix. Polarized optical
microscopy shows little difference in spherulite
growth rate among the composites, supporting the
theory that heterogeneous nucleation and higher
surface area are responsible for the faster overall
growth in crystallinity.

In DMTA studies, both MWCNT and CNS raise
the modulus of PLA and increase the HDT by �
10�C; however, no change in glass transition is
observed in DSC analysis. This finding indicates
suboptimal segmental interaction between the poly-
mer and the nanofillers. That is, the PLA is not
strongly bound to any of the carbon nanostructures.

CNS and MWCNT may have advantages other
than enhancement of thermal and mechanical

properties as fillers for renewable, biocompatible
PLA polymers. Grafted functionalities on the
nanoparticle surfaces not only yield increased
control over the dispersion in polymer matrices,
but also could include active molecules for medi-
cal, sensing, optical, and electrical properties. Op-
timum functionalities and filler loading levels
naturally depend on the intended application and
target properties.
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