Applied Polymer

SCIENCE

1734

PLA/Sepiolite and PLA/Calcium Carbonate Nanocomposites:
A Comparison Study

Mohammad Sabzi,**? Long Jiang,> Mohammad Atai,* Ismail Ghasemi®

Llran Polymer and Petrochemical Institute (IPPI), 14965/115, Tehran, Iran

2Department of Mechanical Engineering, North Dakota State University, Fargo, North Dakota 58108
Correspondence to: L. Jiang (E-mail: long.jiang@ndsu.edu) or M. Atai (E-mail: m.atai@ippi.ac.ir)

ABSTRACT: Polylactic acid (PLA)-based nanocomposites comprising two different types of nanofillers, i.e. sepiolite (SEP) and nano
calcium carbonate (NCC), were prepared by internal mixing and injection molding. Because of the different aspect ratio, surface area,
and surface property of the nanofillers, their effects on the morphological, mechanical, dynamic mechanical, rheological, and thermal
properties of the nanocomposites were shown to be very different. NCC demonstrated more uniform particle dispersion and matrix
compatibility than did SEP because of the former’s surface treatment, thus leading to higher strength and strain-at-failure of PLA/
NCC composites. On the other hand, larger aspect ratio and surface area of SEP caused higher melt viscosity, stronger shear thinning,

and better thermal resistance of PLA/SEP composites. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 1734-1744, 2013
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INTRODUCTION

Biodegradable and bio-based polymers have attracted much
attention because of the environmental concerns and sustain-
ability issues associated with petroleum-based polymers. Among
the commercialized bio-based polymers, PLA has the largest
volume of production and has been used in various end-use
applications. PLA has many advantages such as biocompatibil-
ity, high strength and modulus, outstanding processability, and
low carbon footprint.! However, the toughness, heat deflection
temperature, flexural and gas barrier properties of PLA are infe-
rior to those of commodity polymers such as polypropylene.
These properties can be improved by adding nanoparticles to
the polymer. Various nano-reinforcements including layered-
silicate clays,z_6 cellulose nanofibers,”™'? nanoTiOz,13
nanodiamond,'* nanotube,!>!® na1nographit<3,4’17
cium carbonate'®'? have been used with the aim of improving
thermal, crystallization, mechanical, biodegradability, and melt
rheological behaviors of polymers.

silica,”®
and nano cal-

Most of the studies on clay nanocomposites have focused on
layered silicates such as montmorillonite. Sepiolite, on the other
hand, is a hydrated magnesium silicate (Mg,SisO,5(OH),-6H,0)
without layered structures. Its fibrous structure can be described
as a quincunx of talc-type layers separated by parallel channels,
which lead to relatively high surface area of sepiolite. Compared
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to layered silicates, the dispersion of sepiolite in polymer
matrixes is easier due to its smaller surface area (with similar
aspect ratio) and the resultant lower tendency toward agglomer-
ation. Sepiolite has been shown to not only improve mechanical
properties of polymer matrices®*>* but also affected their rheo-
logical properties”?® and thermal stability.”’* PLA as the poly-
mer matrix was used in four of these studies and the mechanical
properties, biodegradability, crystallization, and thermal stability
of the composites were investigated.”*”?*?° Rheological proper-
ties of PLA/sepiolite composites have not been studied and
more in-depth mechanical property studies are also needed.

Nano calcium carbonate (nano-CaCQO3) particles have an aspect
ratio of nearly 1. Its low production cost has led to its large
scale applications in plastics, paints, inks industries, etc. It could
noticeably improve both the toughness and stiffness of poly-
(vinyl chloride) (PVC), whereas showing small effect on the ten-
sile strength.>*° It was also shown to be effective in improving
the toughness of PLA.'®7°

In this article, PLA/sepiolite and PLA/nano-CaCO3; nanocompo-
sites were prepared by internal mixing and injection molding.
Morphological, mechanical, rheological, and thermal properties
of the two composites were studied and compared. The effects
of filler shape, surface area, and surface properties on the prop-
erties of the composites were discussed.
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Table I. Formulations and Notations of the Nanocomposite Samples

Filler Filler wt %  Filler vol %  Designation
1 0.44 PLA/SEP1
Sepiolite (SEP) 3 1.34 PLA/SEP3
5 2.25 PLA/SEP5

10 4.64 PLA/SEP10
1 0.47 PLA/NCC1
Nano-CaCO3 (NCC) 3 1.43 PLA/NCC3
5 2.40 PLA/NCC5

10 4.94 PLA/NCC10

EXPERIMENTAL

Materials

PLA (3251D) was supplied by NatureWorks. Sepiolite (SEP)
fibers with specific gravity of 2.83 g/cm’ were supplied by Eski-
sehir (Turkey). The specific surface area of sepiolite (313.6 m?/
g) was measured through a nitrogen adsorption method (BET)
using a surface area analyzer (Micrometrics Gremini III 2375).
The nano-sized precipitated calcium carbonate (NCC,
HAKUENKA® CC-RS) with an average particle size of 80 nm
and specific gravity of 2.6-2.7g/cm’ was supplied by Omya
GmbH (Austria). A specific surface area of 17 m2/g (by BET)
was reported by the producer.’”” The powder was coated with
fatty acids to improve its dispersion in organic matrixes.

Sample Preparation

Before use, PLA was dried at 80°C for 6 h and sepiolite and
NCC powders were dried at 90°C for 12 h under vacuum. PLA/
SEP and PLA/NCC composites (Table I) were prepared by mix-
ing the materials in an internal mixer (Brabender, Germany) for
7 min (60 rpm, 180°C). Neat PLA was also processed using the
same condition to prepare control samples. A mini injection
molder (Dynisco Polymer Test, USA) was used to prepare ten-
sile and DMA specimens. The melt and mold temperatures
were set at 185 and 90°C, respectively.

Characterizations

Tensile properties of the nanocomposites were tested according
to ASTM D638. The experiments were carried out on a univer-
sal testing machine (SMT-20, Santam, Iran) equipped with a 5
KN load cell. Tensile speed was 5 mm/min with a preload of 10
N. Test temperature was 23 = 2°C. Young’s modulus was calcu-
lated from the initial linear region of the stress—strain curves.
Seven repeats were carried out for each sample.

Tescan (VEGAII, XMU, Czech Republic) Scanning Electron Mi-
croscopy (SEM) and HITACHI (S-4160, Japan) Field Emission
Electron Microscopy (FESEM) were used to examine the mor-
phology of the fracture surfaces obtained from the tensile test.
The samples were sputter coated with gold before examination.

Dynamic mechanical properties of PLA and nanocomposites
were evaluated using a dynamic mechanical analyzer (DMA) (Q
800, TA Instruments). DMA specimens (12.6 x 3.55 X 50
mm?) were prepared by the mini injection molder and tested by
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a dual-cantilever fixture at a frequency of 1 Hz. All tests were
carried out at a strain of 0.04% (within the linear region of the
materials) with a 3°C/min temperature ramp from 30 to 120°C.

Rheological measurements were performed on a stress-con-
trolled rheometer (AR G2, TA Instruments). Samples were
tested at 180°C using a parallel-plate geometry (d = 25 mm).
The distance between the plates was adjusted 1 mm. Initially,
strain sweep test was performed to measure the linear visco-
elastic limit of the PLA and nano composites. Dynamic fre-
quency sweep measurements (strain: 5%, frequency: 0.05 to 600
rad/s) were conducted to evaluate the dynamic properties.
Steady-shear tests were also conducted for all the samples at the
same temperature (shear stress 0.005 to 7000 Pa).

Thermo gravimetric analysis (TGA) was carried out using a
TGA-PL-150 (Polymer Laboratories) under nitrogen atmosphere
(10°C/min, 25 to 700°C, sample size about 10 mg). Thermal
degradation temperature was defined as the temperature at
which 5% of weight loss (Tse,) was obtained. Ty, denotes the
temperature at which the maximum weight loss rate occurred.

Differential scanning calorimetry (DSC) was performed using a
DSC200F3 (Netzsch Instruments, Germany) under nitrogen
atmosphere. All the samples were kept isothermally at 240°C for
3 min to erase their previous thermal history. They were then
scanned from 240°C to 25°C at 10°C/min and subsequently
from 25 to 240°C at 10°C/min.

The glass transition temperature (T}), cold crystallization tempera-
ture (T,.), melting temperature (7T,,), cold crystallization enthalpy
(AHg), and melting enthalpy (AH,,) were measured from the
cooling and second heating scans. Crystallinity () of PLA and the
nanocomposites was calculated using the following equation:

Hy,

== 1009 1
= (=) * 100 W
where AH,, is the specific melting enthalpy of the sample deter-
mined from the heating curves, AHY, is the melting enthalpy of
the 100% crystalline PLA (93.0 J/g") and miy is the weight per-
centage of the fillers.*

RESULTS AND DISCUSSION

Morphology Studies

Determination of the Aspect Ratio of Nanoparticles. The
sepiolite fibers used in this study demonstrated nonuniform
length and diameter [Figure 1(a)]. Several white particles were
believed to be dolomite impurities. The diameter and length of
270 fibers were measured using Image J software, and the data
were analyzed using IBM SPSS statistics software to compute
mean fiber length and diameter. The histograms of the fiber
length and diameter are shown in Figure 2. The mean length
and diameter of the fibers were calculated to be 7 um and 340
nm, respectively, which resulted in a mean fiber aspect ratio («)
of 21. On the other hand, the aspect ratio of the NCC particles
was close to one and the particle size was 80 nm [Figure 1(b)].

Tensile Fracture Surface. The tensile fracture surfaces of neat
PLA and the two nanocomposites were examined by SEM
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Figure 1. SEM images of sepiolite fibers (a) and nano calcium carbonate’

(b).

(Figure 3). The composites containing SEP and NCC particles
exhibited rougher and more irregular surfaces than that without
fillers. Interfacial debonding at the filler—polymer interfaces ini-
tiated numerous cracks throughout the samples. Many of these
cracks propagated through the samples and cause their ultimate
fracture. The multiple crack propagation and diversion created
the rough fracture surfaces of the nanocomposites. Without
interfacial debonding, neat PLA showed a much smoother frac-
ture surface. Figure 3 also shows that the nanoparticles tended
to agglomerate at high particle concentrations and the sepiolite
fibers appeared to be more prone to particle agglomeration
compared to NCC at the same particle concentrations.
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Under high magnification, individual SEP fibers and NCC par-
ticles can be seen on the fracture surfaces (Figure 4). SEP fibers
showed interfacial debonding from the fracture surface, whereas
NCC particles appeared to exhibit strong adhesion to the matrix
polymer. The better dispersion of NCC and its stronger interfa-
cial bonding with the PLA matrix was due to its fatty acid coat-
ing. On the other hand, without any surface treatment, SEP
showed weaker interfacial bonding and the particles were more
prone to particle agglomeration.

Tensile Properties

Tensile strength for the PLA/SEP and PLA/NCC composites are
compared in Figure 5. Within the investigated particle concen-
tration range, the strengths of all the composites were higher
than that of the neat PLA. Both composites showed their maxi-
mum strengths at 1.4 vol % (3 wt %) particle concentration.
The lower strengths at higher concentrations were most likely
due to deteriorated particle dispersion. The strengths of the
composites with 3 wt % SEP and NCC were 1.2 and 1.7 times
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Figure 2. Histograms of sepiolite fiber length (a) and diameter (b).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3. SEM images of the fracture surfaces after tensile test: 1 wt % SEP (a), 5 wt % SEP (b), 10 wt % SEP (c), 1 wt % NCC (d), 5 wt % NCC (e),
10 wt % NCC (f), nanocomposites and neat PLA (g) (the circle in the picture indicates SEP agglomerates).

of the strength of the neat PLA. Although SEP had larger aspect
ratio than NCC (larger aspect ratio leads to higher reinforce-
ment), the PLA/SEP composites exhibited significantly lower
strength compared to the PLA/NCC composites at the same
nanofiller loadings. This was believed to be due to NCCs stron-
ger interfacial bonding and more homogeneous dispersion.
With strong interfacial bonding, large stress can be transferred

M&\“\;’.Eﬁs WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

from the polymer matrix to the nano fillers, leading to high
tensile strength.® The homogeneous dispersion of NCC also
lowered the probability of forming large particle aggregates,
which often causes stress concentrations and leads to premature
sample failure. The strain-at-failure of the nanocomposites fol-
lowed a trend similar to the tensile strength, i.e., the strain
increased and then decreased as the nanoparticle content
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Figure 4. FESEM micrographs of the fracture surfaces of the PLA/SEP5
(a) and PLA/NCCS5 (b) nanocomposites.

increased (Figure 6). This was because micro-sized agglomerates
which appeared at high nanoparticle concentrations caused
premature sample failures at low strains.

Tensile moduli of the neat PLA and the composites are pre-
sented in Figure 7. The moduli increased with increasing NCC
and SEP contents within the entire filler content range. The

100
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Figure 5. Tensile strength of PLA/SEP and PLA/NCC nanocomposites.
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Figure 6. Strain at failure (%) of PLA/SEP and PLA/NCC nanocompo-
sites at different filler loadings.

incorporation of 10 wt % of SEP and NCC (corresponding vol %:
4.64 and 4.94) led to a 25% and 19% increase in modulus, respec-
tively. Halpin-Tsai micromechanical model was used to theoreti-
cally explain the trend of the moduli. The modulus for a compos-

ite (Ec) with randomly oriented short fibers is given as follows™®:

Fe—>E,+2F (2)
c=— -
g g T

where E; and Ep are the longitudinal and transverse moduli of
the composite, respectively. They can be calculated using the
following equations:

Er 1409, and Er_ 142000,
En 1—mn0, En 1=nr9,
E _ E _ (3)
£, 1 £l
== and  np="
=+ 2
5.5
= = SEP (Halpin-Tsai)
O SEP (Experimental) .
NCC (Halpin-Tsai) P -
ﬁ4.5 . -7
% A NCC(Experimental) P
= =
: -~ °,
-
[=]
Es.s ‘i”‘&/%//
2.5
0 1 2 3 4 5

Volume fracttion of filler (%)

Figure 7. Comparison between experimental and theoretical values of the
tensile moduli of PLA/SEP and PLA/NCC nanocomposites.
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Figure 8. Storage modulus of PLA/SEP (a) and PLA/NCC (b) nanocomposites as a function of temperature and the corresponding tan ¢ curves (c) and (d).

where E,, is Young’s modulus of the matrix and { is a shape
factor which depends on the geometry and aspect ratio of the
filler:

{=(@n/p 4)

where L and D are the length and diameter of the filler, respec-
tively. The L and D for sepiolite fibers were measured (from
SEM micrographs) to be 7000 nm and 340 nm, respectively.
The L/D of NCC particles was assumed to be 1 (diameter is
about 80 nm). The volume fraction of the filler (¢,) was calcu-
lated using the following equation:

where W, and p, are the weight percentage and density of the
filler, respectively. p,, is the density of the matrix. The following
values were used for model prediction: p,, = 1.24 g/cm’, E,, =
3.13 GPa, Egpp = 200 GPa,”® Eycc = 26 GPa,*® pgpp = 2.2 g/
em?,20
model prediction and experimental values. The figure shows
that the experimental data of PLA/SEP composite agree well
with its model prediction up to 1.4 vol % (3 wt %) and then
deviate from the prediction by showing lower values. Wang
et al. observed similar deviation in cellulose/biopolymer compo-
sites above 6 wt % filler concentration.'” The deviation can be
ascribed to SEP particle aggregation at high particle contents

p nce = 2.65 g/lem’.*” Figure 7 compares the results of
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due to the low compatibility between PLA and SEP. By contrast,
the experimental values of PLA/NCC composites were higher
than the corresponding model predictions, as a result of good
compatibility between PLA and the surface-coated NCC.’

Figure 7 shows that the predicted moduli of PLA/SEP compo-
sites are much higher than those of PLA/NCC because of SEPs
higher aspect ratio. This model prediction is based on the
assumption of perfect interfacial bonding and uniform particle
dispersion. The fact that the two nanocomposites showed

Table II. Storage Modulus of PLA and Its Nanocomposites at the
Temperatures Below and Above T,

Sample G’ at 40°C (MPa) G’ at 80°C (MPa) Tq4(°C)
PLA 2702 9.4 69.2
PLA/SEP1 3315 9.2 68.8
PLA/SEP3 3625 13.7 68.5
PLA/SEPS 3582 18.8 69.4
PLA/SEP10 4274 211 69.8
PLA/NCC1 3564 9.2 69.3
PLA/NCC3 3591 8.9 69.1
PLA/NCC5 3761 12.8 68.9
PLA/NCC10 3480 9.4 69.1
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Figure 9. Storage modulus of PLA/SEP (a) and PLA/NCC (b) nanocom-
posites as a function of angular speed.

similar experimental moduli indicates that NCC exhibited better
dispersion and stronger interfacial bonding than SEP did.

A percolation theory has been used to explain abrupt property
When percolation
occurs, dispersed particles transition from a disconnected set of
objects to an infinitely connected state and the properties of the
composite often exhibit abrupt changes. The geometrical perco-
lation threshold ¢, (volume fraction) of the particles can be cal-
culated using the equation given below**:

. . . . 41
increase in fiber-reinforced composites.

o, =1— e (ev/vex) (6)

where v is the volume of the particle, ., is the excluded volume
of the particle, ¢ is the total excluded volume in an infinite sys-
tem. For randomly oriented cylindrical particles (e.g., the sepio-
lite fibers in this study), the equation can be further developed
into**:

L B c(@)mr’ 4 nr’L)
fe=1 exp< %71(21’)3 + 2n(2r)2L + nrl? 2
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where r and L are the radius and length of the particles, respec-
tively. ¢ equals 1.4 for the cylinders. Introducing r = 170 nm
and L = 7 um for the sepiolite fibers into eq. (7) yields ¢, =
4.7 vol % (10.2 wt %). This result shows that the sepiolite fibers
(maximum content 10 wt % in this study) did not form perco-
lated networks in the PLA matrix, which is in agreement with
the gradual increase of the measured tensile modulus. As for
NCG, its percolation threshold is found to be 29 vol % (10.2 wt
%) if the NCC particles are approximated as spheres.*> Obvi-
ously, NCC did not reach percolation in any samples of this
study, and thus the modulus of the PLA/NCC composites dem-
onstrated only gradual increase with increasing NCC content.

Dynamic Mechanical Analysis

Figure 8 shows the temperature dependence of G’ and tan ¢ of
neat PLA and the various composites. G plummeted when sam-
ple temperature approached the glass transition temperature (T,
~69°C) of PLA and started to increase at a higher temperature

(~90°C) due to the cold crystallization of PLA. Overall, G’ of
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Figure 10. Steady shear viscosity of PLA/SEP (a) and PLA/NCC (b)
nanocomposites as a function of shear stress.
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Figure 11. TGA curves for PLA/SEP (a) and PLA/NCC (b) and their corresponding d-TGA curves (c) and (d).

the two nanocomposites increased after the addition of the
nanoparticles at both glassy and rubbery states. Tan ¢ curves
showed negligible variation (peak shift and broadening) between
the samples, indicating minimal effects of the nanoparticles on
PLA chain dynamics during glass transition. It was reported
that the plasticizing effect of surfactants could lead to a decrease
in T, of composites.** Therefore, the negligible change on the
T, of PLA/NCC can be explained by the two competing factors
of the plasticizing effect of NCC surface coating and the
restraints on PLA chain mobility exerted by NCC. The minimal
change on the T, of PLA/SEP can be ascribed to their weak
interfacial bonding® and SEP aggregation.'” Table II summa-
rizes T, and G (measured at 40 and 80°C, respectively) of all
the samples.

Melt Rheology

Frequency dependence of G of the composites comprising dif-
ferent filler loadings are compared in Figure 9. G increased and
the slope of the curves decreased within the low frequency
range. The high G’ at low frequencies indicated increased elastic
behavior of the samples comprising the nanofillers. The decreas-
ing slope indicated that the rheological behavior was increas-
ingly solid-like due to rising filler—filler interactions even the
formation of a filler network structure occurred at high filler
concentrations.* Comparing Figure 9(a) with (b), G of the
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PLA/SEP composites increased steadily with SEP concentration,
whereas the G increase of the PLA/NCC was smaller and var-
ied. 1 wt % of NCC led to a remarkable increase in G of the
PLA/NCC, but the increase was smaller at 3 and 5 wt % NCC.
The NCC used in this study was coated with fatty acids, which
could act as lubricants in the samples. The G’ of the PLA/NCC
composites was the net result of the G gain from the filler
effects and the G loss due to the lubrication effect of the fatty
acids. Another noteworthy phenomenon was that the critical
angular speeds at which the G of the composites equated to the
G of the neat polymer (indicated by the arrows) were different
for PLA/SEP and PLA/NCC. The former showed a higher speed
than the later, indicating SEP was able to affected PLA melt
flow dynamics to a shorter time scale. This is probably due to
SEPs much larger aspect ratio and surface area, which can facili-
tate the formation of an interconnected filler network (low per-
colation threshold) and imparted relatively larger confinement
on PLA chain mobility.

Steady shear viscosities of the samples were compared in
Figure 10. Neat PLA showed a pseudo-Newtonian behavior with
nearly constant viscosity. Viscosities of PLA/NCC and PLA/SEP
both increased with increasing filler content. Shear thinning of
PLA/SEP became increasingly pronounced and was remarkably
more significant than that of PLA/NCC. At the same filler
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Figure 12. DSC thermograms of neat PLA and its nanocomposites: cool-
ing scan (a) and second heating scan (b). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

content, PLA/SEP exhibited higher viscosities than did PLA/
NCC. The shear thinning of filled polymer melts is due to pro-
gressive destruction of their original microstructures (filler net-
works and chain entanglement) and the occurrence of new
structures such as filler alignment.

The fact that PLA/SEP exhibited higher viscosity and more pro-
nounced shear thinning than PLA/NCC again indicated that,
due to its larger aspect ratio and surface area, SEP formed a
more established network structure than did NCC and it
imposed stronger restraints on PLA melt flow. A closer observa-
tion of each curve of the composites in Figure 10 shows a com-
bination of a shear thinning region at low shear stresses and a
relatively constant region at high shear stresses. The two regions
were separated using vertical lines in the figures. The transition
from the shear thinning region to the constant region indicated
that the effects on melt flow from the fillers were largely sup-
pressed by the applied high shear stress.

Thermal Analysis

Thermo Gravimetric Analysis. The weight loss and weight
loss rate of the neat PLA and PLA composites are compared in
Figure 11. It is clear from Figure 11(c) that T, (the tempera-
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ture at which the maximum degradation rate occurs) and T
(the temperature at which the sample weight started to
decrease) increased with increasing SEP concentration, indicat-
ing higher thermal stability. However, the addition of SEP also
increased the maximum degradation rate of the composites and
the degree of increase appeared to decrease with the SEP con-
centration. The increase of T, and Ty, was mainly because
that SEP acted as mass transport barrier to the volatiles pro-
duced during decomposition and thus delayed the loss of sam-
ple weight. Physi- and/or chemi-sorption taking occurring at
the matrix-nano particles interphase could also cause to the for-
mation of physical network (especially at high filler content)
that could increase thermal stability of composites.*® It has been
reported that SEP can function as a catalyst to accelerate poly-
mer thermal degradation.”” This could explain the higher
weight loss rate after the addition of SEP. The catalyzing effect
of SEP was gradually overwhelmed by its barrier property with
its increasing concentration. As a result, the weight loss rate
decreased.

The effects of NCC on the thermal stability of PLA were much
smaller [Figure 11(d)]. Except for 1% concentration, PLA/NCC
composites with higher NCC concentrations showed Tj.0 Titart
and the maximum weight loss rate similar to those of neat PLA.
This was believed to be due to NCCs smaller aspect ratio and
surface area which resulted in a weaker network structure.

DSC Studies. DSC thermograms for the cooling and the second
heating scans of the samples are shown in Figures 12(a) and (b),
respectively. Neat PLA showed negligible crystallization during
the cooling process. The addition of 5 and 10 wt % SEP and 10
wt % NCC improved of PLA crystallization by acting as nuclea-
tion agents. SEP exhibited stronger nucleation effect [larger crys-
tallization peak, Figure 12(a)] because of its larger surface area
and higher surface energy compared to surface-coated NCC.

In the second heating scan, the samples showed cold crystalli-
zation with T, (cold crystallization temperature) decreasing
with increasing nanoparticle concentration [Figure 12(b)]. The
decreasing T, indicates improved crystallization performance of

Table III. Melting and Crystallization Characteristics of Neat PLA and Its
Nanocomposites

AHcc AHm
Sample Tee C) (i) Tmz C)  (Jl9) X (%)
PLA 96.0 27.7 169.2 528 568
PLA/SEP1 97.2 37.9 1669 514 553
PLA/SEP3 971 34.4 166.5 51.6 555
PLA/SEP5 94.7 17.5 1658 521 56.0
PLA/SEP10  86.5 16 1635 56.8 61.0
PLAINCC1  99.6 27.7 1673 501 539
PLA/INCC3  97.0 41.9 1674 509 548
PLAINCC5  94.9 30.5 1656 52.6 566
PLA/NCC10 91.9 41.2 166.5 569 612

AHcc, enthalpy of cold crystallization; AH., heat of fusion; X, crystallin-
ity (%).
AH and X were calculated based on PLA weight.
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PLA under the influence of the nanoparticle nucleation agents.**
At the same nanoparticle concentrations, the samples compris-
ing SEP showed lower T.. compared to those comprising NCC
due to SEPs stronger nucleation effect. Melting point (7,,) of
the samples decreased with nanoparticle concentration for both
composites. This was due to the confinement effect of the nano-
particles, which hindered chain diffusion and folding into crys-
talline lattice at the crystal growth front. The result was thinner
spherulite lamellar thickness and the consequent lower melting
points (Table III). Ten et al. found similar effects of cellulose
nanowhiskers in polymer nanocomposites.*® The crystallinity of
both composites decreased and then increased with increasing
nanoparticle concentration. The crystallinity is controlled by
two competing factors, ie., the nucleation and confinement
effects of the nanoparticles. The decrease in crystallinity at low
nanoparticle concentrations was due to the dominant influence
of nanoparticle confinement. At high concentrations, agglomer-
ation of the nanoparticles led to reduced confinement and thus
facilitated crystal growth.*”

CONCLUSIONS

SEP exhibited much larger aspect ratio and surface area than
did NCC. NCC was surface coated with fatty acids to increase
its compatibility and resultant dispersion in hydrophobic poly-
mers. This study compared their different effects on the me-
chanical, dynamic, rheological, and thermal properties of PLA.
Both particles increased PLA modulus within the entire concen-
tration range and increased sample strength and failure strain
only at low particle concentrations. PLA/NCC showed higher
tensile strength and failure strain than PLA/SEP did because of
the former’s better particle dispersion and stronger interfacial
bonding. The two nanocomposites showed similar moduli due
to SEPs larger aspect ratio, which compensated for its poor
interfacial bonding with the matrix. The larger aspect ratio and
surface area of SEP, which facilitated interconnected filler net-
work structure, also led to PLA/SEPs higher storage modulus at
low frequency and stronger shear thinning behavior in rheology
tests and higher thermal stability in TGA tests. Both nanopar-
ticles functioned as nucleation agents of PLA with SEP showing
stronger nucleation effects due to its larger surface area. Tj,,
and crystallinity of the nanocomposites were reduced by both
SEP and NCC because their confinement effects hindered crystal
growth. At high nanoparticle concentration, the confinement
effects decreased because of particle agglomeration, thus leading
to increased crystallinity.
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