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PLA nanocomposites with stearate coated precipitated calcium carbonate (PCC) and halloysite natural nanotubes (HNT) were
prepared by melt extrusion. The crystallization behavior, mechanical properties, thermal dynamical mechanical analysis (DMTA),
and the morphology of the PCC/PLA, HNT/PLA, and HNT/PCC/PLA composites were discussed. Compared to halloysite
nanotubes, PCC nanoparticles showed a better nucleating effect, which decreased both the glass transition and cold crystallization
temperatures. The tensile performance of PLA composites showed that the addition of inorganic nanofillers increased Young’s
modulus but decreased tensile strength. More interestingly, PLA composites with PCC particles exhibited an effectively increased
elongation at break with respect to pure PLA, while HNT/PLA showed a decreased ultimate deformation of composites. DMTA
results indicated that PLA composites had a similar storage modulus at temperatures below the glass transition and the addition of
nanofillers into PLA caused 𝑇

𝑔
to shift to lower temperatures by about 3∘C.The morphological analysis of fractures surface of PLA

nanocomposites showed good dispersion of nanofillers, formation of microvoids, and larger plastic deformation of the PLAmatrix
when the PCC particles were added, while a strong aggregation was noticed in composites with HNT nanofillers, which has been
attributed to a nonoptimal surface coating.

1. Introduction

PLA polymer is a biodegradable thermoplastic derived from
a renewable resource [1–3]. PLA polymer has received much
attention not only as alternative to petrochemical plastics but
also because of its high strength and stiffness, biocompatibil-
ity, and thermal processability. PLA is considered as a poten-
tial material in many fields such as biomedicine, packaging,
and films [4]. However, its toughness, heat resistance, and gas
barrier properties are not satisfactory and then its application
for commercial products is limited because of those inherent
weaknesses. The most extensively used methodology to
improve PLA properties is to blend PLA with different plas-
ticizers and (biodegradable or nonbiodegradable) polymers.
Available plasticizers are glycerol, citrate ester, PEG, and PPG
which are used to lower the glass transition temperature
and increase ductility and processability [5, 6]. Meanwhile,

a lot of research work has been carried out on PLA polymer
blended with other biodegradable polymers such as poly(3-
hydroxybutyrate) (PHB) and poly(e-caprolactone) (PCL)
without compromising the biodegradability of PLA [7, 8].
Recently, PLA based nanocomposites are also investigated
with nanoparticles, such as calcium carbonate, montmoril-
lonite clay, and natural cellulose fibers [4, 9, 10]. In principle,
rigid nanoparticles can substantially improve toughnessmore
efficiently than rubber particles, when a good dispersion is
achieved, since both stiffness and toughness can be balanced
[11, 12]. The properties of this biodegradable PLA might be
enhanced by the incorporation of nanoscale reinforcements
as reported in the literature.

In this work, nanoprecipitated calcium carbonate (PCC)
particles were added into the PLA as filler toughening
agents. Calcium carbonate is the mostly widely used filler
in polymers and enables increasing toughness without loss
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Table 1: Composition and crystallization properties of PLA composites.

Code Composition Isothermal crystallization Thermal properties of PLA composites
𝑛 log𝐾 𝑡

1/2
(min) 𝑇

𝑔
(∘C) 𝑇cc (

∘C) Δ𝐻cc (J/g) 𝑇𝑚1 (
∘C) 𝑇

𝑚2
(∘C) Δ𝐻

𝑚
(J/g)

PHC 1 PLA HNT PCC 100/0/0 2.298 −3.791 37.7 61.8 109.9 25.56 148.2 156.0 30.69
PHC 2 PLA HNT PCC 95/5/0 2.476 −3.831 31.2 62.1 103.8 25.62 146.9 155.0 27.94
PHC 3 PLA HNT PCC 90/0/10 2.234 −3.199 25.5 60.3 96.9 25.03 145.9 155.8 29.31
PHC 4 PLA HNT PCC 90/5/5 1.808 −2.184 12.4 57.9 98.4 27.41 146.8 156.7 30.68
PHC 5 PLA HNT PCC 85/5/10 2.656 −3.985 29.1 57.8 100.1 27.79 146.5 156.2 29.91
PHC 6 PLA HNT PCC 80/5/15 2.180 −3.357 20.3 58.9 99.0 25.65 145.7 156.2 30.83
PHC 7 PLA HNT PCC 75/5/20 2.339 −3.295 23.3 58.4 99.0 27.93 146.3 156.4 33.17
PHC 8 PLA HNT PCC 70/5/25 2.937 −4.062 21.9 58.7 97.6 19.34 145.6 155.5 32.91
The enthalpy of cold crystallization and melting is corrected according to the content of PLA in the composites.

in stiffness. In our former work [11], precipitated calcium
carbonate nanoparticles coated with fatty acids were added
into high-density polyethylene, and the impact strength of the
polymeric composites was increased as the amount of stearic
acid increased. We believed that the interfacial adhesion
between PCC and HDPE was affected by the amount of fatty
acid for the surface coating. A weaker interfacial interaction
can achieve both a good dispersion of nanoparticles and
debonding between fillers and the matrix during the fracture
process, which are necessary factors for the improvement of
toughness in polymer composites. The toughening mecha-
nism for polymer nanocomposites with calcium carbonate
has been well discussed for HDPE, PP, PVC, and ABS [13,
14]. However, little research work has been reported in the
literature on PCC/PLA nanocomposites. In our study, this
polymeric system was studied in relation to the thermal and
mechanical properties, building upon our former experience
on the application of calcium carbonate nanoparticles into
polymers, with the purpose of improving the toughness of
PLA.

Another type of nanofillers, a tubular clay material,
halloysite nanotubes (HNTs), was also added to PLA, for
the purpose of comparison. HNTs with molecular formula
of Al2Si2O5(OH)4⋅nH2O are naturally occurring multiwalled
inorganic nanotubes which have a similar geometry to
carbon nanotubes (CNTs) [15, 16] but with a much lower
cost. Xu and coworkers [17] carried out some research
on polylactide-based composites with functionalized mul-
tiwalled carbon nanotubes (F-MWCNTs), which exhibited
remarkable improvements in rheological properties in the
molten state compared with pure PLA. Also F-MWCNTs
acted as nucleating agent when applied to PLA. With
similar structures and physical properties as CNTs, HNTs
are receiving increasing attention in the field of polymeric
composites based on the their following facts: HTNs possess
high mechanical strength and modulus and a high aspect
ratio, and they can easily be dispersed by shearing in the
polymer matrix due to their relative low hydroxyl density
compared to other layer silicates.

The aim of this study is to compare two different types of
inorganic fillers on the final performance of PLA composites,
such as the thermal behaviour and themechanical properties,

especially fracture toughness. The nucleating effect of inor-
ganic rigid nanoparticles on the crystallization behaviour of
PLA compositionwas evaluated by the isothermal crystalliza-
tion analysis. Meanwhile, the macromechanical properties
and the microdeformation morphology of PLA composites
were investigated.

2. Experimental

2.1. Materials. Semicrystalline extrusion grade PLA 2002
D (4% D-lactide, 96% L-lactide content, nominal average
molecular weight Mw = 199590, and MFR 5–7 g/10min) was
purchased from Natureworks in pellet form. One of the filler
particles was SOCAL precipitated calcium carbonate (PCC)
obtained from Solvay Advanced Functional Minerals, Salin
de Giraud, France. This type of PCC particles was surface
treated with commercial stearin and the total organic content
of the surfactant is about 13.5 wt%.The average particle size is
about 70 nm and the specific surface area is about 19m2/g.

The other inorganic filler used was halloysite natural
nanotubes supplied by Imerys Tableware Ltd. (Auckland,
New Zealand). This type of halloysite nanotubes has a
dimension with the diameter typically smaller than 100 nm
and length typically ranging from about 500 nm to over 1-
2 𝜇m.

2.2. Sample Preparation. The composites studied in this
work were prepared by melt extrusion with the MiniLab
II Haake Rheomex CTW 5 conical twin-screw extruder
(Thermo Scientific Haake GmbH, Karlsruhe, Germany), at
a screw rate of 90 rpm/min, a cycle time of 30 seconds,
and with the extrusion barrel working at a temperature
of 190∘C. Prior to the extrusion, the PLA and fillers were
dried at 80∘C in a vacuum oven for eight hours. PCC/PLA
composites were prepared with increasing fillers content
from 5wt% to 25wt%. HNT/PLA composites were prepared
with the nanotubes loading from 2wt% to 10wt%. Some
compositions of PLA composites with both PCC and HNT
are listed in Table 1. After extrusion, the molten materials
were transferred through a preheated cylinder to the Haake
MiniJet II mini injection molder (Thermo Scientific Haake



Journal of Nanomaterials 3

GmbH, Karlsruhe, Germany), to obtain ASTM D638 V dog-
bone tensile bars used for measurements and analysis. The
molding parameters set were as follows: barrel: 180∘C, mold:
50∘C, injection pressure: 800 bar, and cycle time: 40 s. After
molding, the specimens were placed in nylon bags with
vacuum sealing to prevent moisture absorption.

2.3. Characterization

2.3.1. Thermal Properties. The crystallization behaviour of
PLA composites was investigated by DSC technique with a
TAQ200 instrument (TA Instruments, New castle, DE, USA)
with nitrogen as purge gas.TheDSC programwas carried out
firstly from 20∘C to 190∘C by a heating rate of 5∘C/min. The
sample was kept at 190∘C for 5minutes to remove the thermal
history and then quenched to the isothermal temperature of
120∘C, the crystallization temperature chosen in this work.
The temperature was maintained at 120∘C until complete
crystallization of the sample. The Avrami equation was used
for the kinetic crystallization study.

2.3.2. Mechanical Properties. Tensile tests were performed at
room temperature, at a crosshead speed of 10mm/min, by
means of an Instron 4302 universal testing machine (Canton
MA, USA) equipped with a 10 kN load cell and interfaced
with a computer running the Testworks 4.0 software (MTS
Systems Corporation, Eden Prairie MN, USA). At least five
specimens for the tensile properties were tested according to
the ASTM D 638.

2.3.3. Dynamic Mechanical Properties. Dynamic mechanical
thermal analysis was carried out on pure PLA and PLA
composites prepared with PCC or HNT fillers by means of
a Gabo Eplexor 100N (Gabo Qualimeter GmbH, Ahlden,
Germany). Test bars were cut from the tensile bar specimens
(size: 20 × 5 × 1.5mm) and mounted in tensile geometry.
The dynamic storage modulus and tan 𝛿 were recorded with
a constant frequency of 1.00Hz as a function of temperature
from 0∘C to 150∘C with a heating rate of 2∘C/min.

2.3.4. Morphological Study. The morphology of the com-
posites was studied, by a scanning electron microscope
(JEOL JSM-5600LV, Tokyo, Japan), by analyzing the fracture
surfaces of samples, broken in liquid nitrogen. Prior to SEM
analysis, all the surfaces were sputtered with a thin layer of
gold.

3. Results and Discussion

3.1. Crystallization Behavior of PLA Composites. PLA crys-
tallinity is a very important factor related to the mechanical
and durability performance for molded applications. In this
work, the isothermal crystallization of PLA composites was
investigated at 120∘C as the crystallization temperature from
themolten state.The effect of the PCCparticles and halloysite
nanotubes on the PLA crystallization kinetics was compared
by the crystallization half time by the isothermal tests.
Figure 1 shows the DSC isothermal curves for pure PLA and
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Figure 1: Selected isothermal DSC curves of PCC/PLA, HNT/PLA,
and PCC/HNT/PLA ternary composites.

a selection of PLA composites. It is obvious that pure PLA
has a very slow crystallization rate from the melt, which is
a well-known result especially for the injection molded PLA
products where PLA shows a low crystallinity or is almost
amorphous. The degree of crystallinity and hence many
important properties are largely controlled by the ratio ofD to
L enantiomers used, and to a less extent on the type of catalyst
used [18]. The crystallization half time of pure PLA is about
37.7min in this work. Our results are consistent with other
works, which reported a half crystallization time in the range
between 17 and 45min, depending on the crystallization tem-
perature, stereochemistry, and molecular weight [19]. Many
works [20–22] discussed influence of the stereochemistry
of PLA on the crystallization behaviour, since two optically
active forms of lactic acid exist: L-lactic acid andD-lactic acid.
Schmidt and Hillmyer [21] showed that the self-nucleation of
PLAwith stereocomplex (0.25–15wt% PDLA into PLLA)was
extremely effective compared to the traditional nucleating
agents like talc. Self-nucleation is considered to be an ideal
case for homopolymer crystallization due to an optimum
dispersion of crystallites and the favourable interactions
between the polymermelt and the polymer crystal fragments.
In this work, only the effect of nanoparticles is investigated
for the crystallization of PLA composites. PCC nanoparticles
were applied as nucleating agents into polypropylene for
the formation of 𝛽 phase PP [23, 24]. Similar enhanced
crystallization behaviour was also found when the HNT
nanotubes were added into PP, which is attributed to the
unique morphology with multiwalled inorganic tubes and
rolled by some aluminosilicate layers [25]. Both the PCC and
halloysite particles increase the crystallization rate from the
melt and shorten the crystallization half time 𝑡1/2, which is
shown in the Table 1. Similar results were found in other
researches for PLA/talc composites [19], in which it was
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found that the addition of talc into the PLA can speed up
the crystallization rate by over 65-fold over pure PLA for
an isothermal temperature of 115∘C. The most impressive
increase in the crystallization rate has been found for the
HNT/PCC/PLA composite with a composition of 05/05/90,
which showed crystallization half time of only 12.4min. As
the content of PCC increases, the half crystallization time
becomes longer again. This can be related to the possible
formed percolation network with higher content of nanopar-
ticle, which is also found in other PLA systems especially with
high aspect ratio particles such as montmorillonite [2] and
carbon nanotubes.The formed network is unfavorable for the
PLA crystallization due to the prohibited chain mobility.

In this work, the results obtained fromPLAnanocompos-
ites during theDSC isothermalmeasurements, were analyzed
by the Avrami equation:

1 − 𝑋 (𝑡) = exp (−𝐾𝑡𝑛) , (1)

where constant 𝐾 is the crystallization rate, 𝑛 is the Avrami
exponent, and 𝑋(𝑡) is the relative crystallinity at time 𝑡. The
parameter 𝐾 and 𝑛 are related to the crystallization rate
and to the type of nucleating and the geography of crystal
growth. Figure 2 shows the plots of relative crystallinity of
selected PLA composites against crystallization time. The
crystallization half time is defined by the timewhere a relative
crystallinity of 50% is reached. Pure PLA has the longest time
to finish the crystallization from the melt. The Avrami plots
of log(− ln(1 − 𝑋(𝑡))) versus log(𝑡) are shown in Figure 3,
where the intercept and slope of the best fitting lines are
calculated as the value of log𝐾 and 𝑛, respectively. The
Avrami exponent 𝑛 of both pure PLA and PLA composites is
just below 3. In other words, this value means that the crystal
growth occurred in 3 dimensions. In general, the nucleation
stage and the crystal growth are more complicated for the
polymeric composites due to the possibility that fillers can
act as nucleating agents to increase the crystallization or to
limit the normal crystal growth in some certain areas such
as the interphase between fillers and polymer matrix [26],
depending upon the interfacial adhesion.

In the literature, it is generally accepted that slowly
crystallizing polymers tend to form a multilayer structure
with an amorphous skin, a semicrystalline intermediate layer,
and an amorphous core in their injection molded specimens
[2], which is due to the thermal and stress crystallization
during the injection process. However, crystallization of
PLA from melt usually occurs in the temperature range
from 80∘C to 120∘C [27]. The crystallization properties of
PLA molded samples showed no structural gradient in PLA
nanocomposites [27], which was explained by the combined
effect of material crystallization ability and the injection
molding conditions (50∘C). In our work, the neat PLA
exhibited no crystallization peak during cooling from melt
state with a cooling speed of 20∘C/min and this is consistent
with the literature that no crystals form during cooling at
this speed. For the pure PLA, therefore, the DSC sample
for the isothermal tests was taken from the injected molded
specimens, which is already quenched from the melting state
by a fast cooling speed in 15 seconds to 50∘C as the molding

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

 R
el

at
iv

e c
ry

st
al

lin
ity

 

Crystallization time (min)

Isothermal crystallization half time t1/2

PLA/HNT/PCC (70/5/25)
PLA/HNT/PCC (75/5/20)
PLA/HNT/PCC (80/5/15)
PLA/HNT/PCC (85/5/10)

PLA/HNT/PCC (90/5/5)
PLA/PCC (90/10)
PLA/HNT (95/5)
PLA

Figure 2: Plot of the relative crystallinity versus time from the
isothermal crystallization.

0.6 0.8 1.0 1.2 1.4 1.6 1.8

0.0
0.2
0.4
0.6

Avrami equation:

PLA/HNT/PCC (70/5/25)
PLA/HNT/PCC (75/5/20)
PLA/HNT/PCC (80/5/15)
PLA/HNT/PCC (85/5/10)

PLA/HNT/PCC (90/5/5)
PLA/PCC (90/10)
PLA/HNT (95/5)
PLA

−0.2

−0.4

−0.6

−0.8

−1.0

−1.2

−1.4

−1.6

lo
g(
−

ln
(1

−
X

(t
))

)

1 − X(t) = exp (−Ktn)

log(t)
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temperature. The characteristic thermal properties, such as
glass transition temperature (𝑇𝑔), cold crystallization temper-
ature (𝑇cc), enthalpy of cold crystallization (Δ𝐻cc), melting
temperature (two peaks 𝑇𝑚1 and 𝑇𝑚2), and enthalpy of
fusion (Δ𝐻𝑚), are marked in Figure 4 and those values are
shown in Table 1. The addition of both PCC particles and
halloysites nanotubes into PLA decreases the 𝑇𝑔 by about
3∘C. More impressively, the cold crystallization temperature
(109.9∘C) of pure PLA was decreased by the incorporation
of PCC and HNT fillers, which also indicated the improved
crystallization behaviour of PLA matrix with the presence
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Figure 4: DSC traces of PLA molded composites with a heating
speed of 5∘C/min after quenching at 50∘C.

of nanoparticles. The decreased glass transition temperature
indicates the enhanced chain mobility of PLA polymer with
the addition of particles attributed to the surface treatment
of particles. Furthermore, the decreased cold crystallization
temperature reveals that decreased crystallization induction
period due to the presence of the already existing crystalline
nuclei formed during injection process and the nanoparticles
as heterogeneous nucleating agents. This result confirms the
Avrami isothermal study that rigid inorganic particles like
PCC can behave like nucleating agents in the PLA polymer.
Meanwhile, the enthalpy of cold crystallization was slightly
increased by the addition of nanoparticles compared to that
of the pure PLA. This enhanced crystallization behaviour
can be explained by the high surface area supplied by the
nanoparticles and thus by the increasing number of nucleat-
ing sites for PLA matrix. The crystallinity of PLA nanocom-
posites can be determined from the difference between the
enthalpy of fusion and that of cold crystallization, which
is quite small compared to the theoretical melting enthalpy
(93 J/g) [28], which means that the injection moulded PLA
composites are almost in amorphous structure. There is
not too much difference of the PCC composition on the
crystallization behavior and all nanocomposites can increase
the crystallizing speed of PLA in isothermal tests.

Another interesting point is that two melting peaks
show in the DSC curves for pure PLA in Figure 4. For the
nanocomposites with the PCC and HNT fillers, there is a
progressive shift of lower temperature peak to the higher
temperature. The two melting peaks are classic for the
PLA thermal behavior due to reorganization of less perfect
crystals, which have the same structure of the more perfect
crystal but with a smaller lamella thickness [29]. Figure 4
clearly shows the shift of the first melting peak to higher
temperatures in the PLA nanocomposites. We believe that

the improved crystallization rate favors the nucleation of
larger amounts of already existing less perfect crystals with
respect to the pure PLA polymer, resulting in the shift of
melting temperature to higher part. Here PCC nanoparticles
have amuchmore impressive influence on the reorganization
of the PLA crystals.

There are slight differences of the half crystallization time
of the HNT/PLA and PCC/PLA nanocomposites. More work
will be carried out to discuss the influence of the PCC loading
and the possibility of molded temperature on the crystalliza-
tion behavior of PLA composites with the consideration of
the mechanical properties and the morphology structures of
the PLA composites.

3.2. Mechanical Properties. Pure PLA is well known with its
high strength and stiffness. The strain-stress curves of PLA
composites with PCC, halloysite, or both of those two types
of nanoparticles are shown in Figure 5. The pure PLA shows
the highest tensile strength but with a very small elongation
at break of about 3.5%. The specimens of pure PLA fractured
without any whitening or necking. The addition of both
halloysite nanotubes and PCC particles into PLA decreases
the tensile strength as shown in Figure 5. Furthermore, HNTs
are more effective for the strength of PLA nanocomposites
compared with PCC. More interesting, the addition of PCC
can increase the elongation at break from about 3.5% for
the pure PLA to about 10% of the PLA filled with 10wt%
of PCC particles as shown in Figure 5(b). Meanwhile, all the
specimens of composites with PCCs show extensive stress
whitening band over the whole gauge length. However, the
elongation at break first increases to reach a maximum of
about 12% as the maximum value when the PCC particles
increase to be 15 wt% and then decreased with the further
addition of PCC particles. However, the addition of the
HNT nanotubes has little effect on the elongation at break
of nanocomposites. From Figure 5(c), it is impressive of the
little increased elasticmodulus ofHNT/PLA composites with
respect to that of pure PLA. This result confirms that the
HNT nanotubes are effective in the improvement of stiffness.
The HNT/PCC/PLA ternary composites in Figure 5(a) show
unstable mechanical properties as the increasing of PCC
content in the composites except the relative increasing
of elongation at break. Similar to the PLA/PCC system,
the elongation at break of HNT/PCC/PLA composites first
increases and then decreases with rising level of loading of
PCC fillers, while the yield stress keeps decreasing when
the fillers content increases. From the stress-strain curves of
three different PLA composites, the effect of PCC coated with
stearic acid on both the yield stress and the elongation at
break can be explained by a decreased interfacial adhesion
between PCC fillers and the PLA matrix in the presence of
stearic acid in the interphase.

Young’smodulus and the tensile stress of those three types
of PLA nanocomposites are compared in Figures 6 and 7
as a function of the contents of nanoparticles in the PLA
matrix.The tensile strength tends to decrease gradually as the
fillers content increases in all the three PLA composites. The
addition of 20wt% of PCC decreased the tensile strength by
27%. Considering that the elongation at break of PCC/PLA
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Figure 5: Strain-stress curves of (a) HNT/PCC/PLA ternary, (b) PCC/PLA, and (c) HNT/PLA composites.

composites is bigger than that of pure PLA, the decreased
tensile stress is a reflection of both weaker interface adhesion
between the nanoparticle and the polymer matrix and a
plasticizing effect of surface coating. In our former work [11]
for the HDPE toughened by PCC nanoparticles coated with
stearic acid, similar weaker interface interaction between
polyethylene and calcium carbonate particles allowed the
improvement of the toughness of final nanocomposites. Here
we believe that the surface modified PCC particles have a
suitable interface interaction with PLA and this is respon-
sible for the decreasing yield stress shown in the Figure 6.
The weaker interfacial adhesion between rigid nanoparticles
and the polymer is also reported to achieve debonding
of nanoparticles from the matrix and then the improved
toughness [29, 30].

The effect of HNT nanotubes in the PLA polymer shows
higher Young’s modulus with respect to the addition of
PCC to PLA, which is due to the higher aspect ratio of
HNT nanofillers. All those tensile results indicated that the
HNT nanotubes and PCC particles have different effects on
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the toughness and stiffness on the PLA polymer. However,
the HNT/PCC/PLA composites show the lowest yield stress
and unstable Young’s modulus when compared to the single
filler systems. The lower tensile strength can be related to
the lower particles/polymer interfacial adhesion or to the
presence of flaws due to the aggregation of the fillers. Further
morphology analysis will be able to justify the resulting
decreasing of yield stress.

Figure 8 shows the dynamic storage modulus 𝐸 of
pure PLA and PLA composites with PCC or HNT over a
temperature range from 0∘C to 150∘C. Generally, the storage
modulus of both pure PLA and PLA composites keeps stable
over the temperature from 0∘C to about 55∘C. A lower storage
modulus of PLA/PCC (95/5) composites can be explained by
the lower interfacial adhesion due to the surface treatment
of PCC, which is consistent with the mechanical tensile
results. Then the storage modulus drops rapidly due to the
glass transition. However, after this temperature range, the
storage modulus increases rapidly with temperature, which is
attributed to the well-known cold crystallization. However in
the case of PCC and HNT, the storage modulus is not stable
and shows a much lower value with respect to that of PLA
in the cold crystallization region. There are two possibilities
to explain the low storage modulus in PLA nanocomposites;
one can be the enhanced mobility of PLA polymer chain
and the other one is the smaller numbers of PLA molecular
chains involved. At room temperature, the storage modulus
shows not much difference between the neat PLA and PLA
composites except the PLA composites with 5wt% PCC.
In others’ research work [31, 32], the addition of inorganic
particle shows a huge increase of the storage modulus below
the glass transition temperature. Again this result matches
with the decreased tensile strength with the addition of PCC
particles due to the weaker interfacial adhesion between
fillers and the matrix.
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Figure 8: Temperature dependence of storage modulus 𝐸 of
selected PLA composites.
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Figure 9: Temperature dependence of tan 𝛿 of the selected PLA
composites.

In Figure 9, the tan 𝛿 curves of pure PLA, PLA composites
with PCC or HNT or both of them are plotted against tem-
perature. The pure PLA shows a glass transition temperature
𝑇𝑔 at about 67.1

∘C according to the peak value of the tan 𝛿
curve. For the PLA composites, the 𝑇𝑔 values decreased to
about 63.0∘C for PCC/PLA composites. The slight decrease
of 𝑇𝑔 is consistent with what is observed in tensile tests when
the stearic acid coated PCC caused both a good dispersion
of particles and weak interfacial adhesion with the PLA
matrix. However, the addition of HNT nanotubes into PLA
also showed a slight decrease of the 𝑇𝑔 temperature, which
contradicts with other reports according to which the glass
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transition temperature tends to increase due to the addition
of inorganic fillers. In other words, the addition of fillers into
PLA polymer induced increased polymer chain mobility in
the interphase zone. As it is well known, the glass transition
is a complex phenomenon related to many factors such as
the chain flexibility, molecular weight, branching, crossing-
linking, and intermolecular interaction. Papageorgiou and
coworkers [31] discussed the thermal properties of PLA
composites with multiwalled carbon nanotubes, montmo-
rillonite, and silica nanoparticles. They reported impressive
enhancement in the storage modulus for all three types
of composites and a small increase of 𝑇𝑔 (1-2∘C), which
was attributed to the physical crossing-link caused by the
interaction between fillers and PLA. Similar results were
recorded for PLA composites with other nanoparticles such
as clay [9], bentonite [31], microcrystalline cellulose [32], and
natural fibers [10].However a lower𝑇𝑔 transition temperature
was reported for PLA modified with plasticizer, such as PPG
[33], PEG [34], and glyceryl triacetate [35]. Similar shift in 𝑇𝑔
shown for PCC/PLA composites with the PLAmodified with
plasticizers is consistent with the conclusion of Molnar et al.
[36] that the stearic acid on the PCC surface acts as plasticizer.

About the cold crystallization occurring in the tempera-
ture range from about 80∘C to 120∘C, the pure PLA showed
a very small peak in this range while the PLA composites
give a much higher intensity peak also due to the cold
crystallization of PLA matrix. In other words, more PLA
chains are involved in the crystallization around the soft
interphase zone. Meanwhile, there is a big improvement in
the spherulites due to the presence of the inorganic fillers
separated in the PLA matrix. Again, the effect of PCC as
nucleating agents can be confirmed by tan 𝛿 curves.

3.3.Morphology of PLANanocomposites. The fracture surface
of the tensile samples was investigated by the SEM technique
as shown in Figures 10(a) to 10(d). The dispersion or distri-
bution of nanofillers into the polymer matrix is an important
topic for the high performance of polymeric nanocomposites
in particular for the mechanical and thermal properties. Pure
PLA,HNT/PLA, PCC/PLA, andHNT/PCC/PLA composites
are compared in Figure 10. The surface of pure PLA is
smooth without plastic deformation and a few fibrils were
formed, typical of a fracture process dominated by crazing.
Figure 10(b1) shows the fracture surface of PLA with only
halloysite natural tubes at differentmagnifications.Thewhole
surface in Figure 10(b2) shows the presence of big aggregation
of halloysite natural nanotubes and this will cause early
fracture, which is the explanation of the decreased yield
strength in the tensile tests. However, a part of the PLA/HNT
surface consists of uniform separated nanotubes, as shown in
Figure 10(b3), some of which are pulled out with some holes
left on the surface.This shows the potential of the application
of HNT nanotubes taking advantage of their high surface
area and their unique structure, in the case homogeneous
dispersion could be reached. This will be left to some future
work to try to carry out a surface coating for the natural
nanotubes to decrease their aggregation and meanwhile
to increase their compatibility between those hydrophilic
fillers and the relatively hydrophobic polymer. The tensile

specimens of PLA/PCCnanocomposites, which exhibited the
stress whitening during the tensile test, show a homogeneous
fracture surface with the well separated PCC particles in
Figure 10(c1) compared to the HNT nanotubes. The PLA
matrix in the PLA/PCC composites has enhanced plastic
deformation (in Figure 10(c2)) compared to that of pure PLA.
This better dispersion of PCC particles is achieved by the
surface coating with stearic acid, which effectively decreased
the surface free energy of the calciumcarbonate nanoparticles
as reported in our former work [37]. Meanwhile, the interfa-
cial adhesion between the PCC particles and PLA polymer
is also influenced by the surface coating since debonding of
calcium carbonate particles from the PLA matrix occurred
during the tensile test and evidence of cavitations is shown
in the Figure 10(c2). In other words, this debonding due
to the weaker interfacial adhesion between PCC and PLA
is responsible for the decreasing tensile strength and the
increasing elongation at break for PLA composites when PCC
particles are added and also is one of the most critical factors
for the toughness improvement of PLA nanocomposites.

The addition of both PCC and HNT nanofillers into PLA
does not change the aggregation ofHNTand then the fracture
surface showed different zones in Figure 10(d1). Figure 10(d2)
shows a typical aggregate of HNTs and this zone represents
a material flaw and will induce a decrease of mechanical
properties. Another zone is shown in Figure 10(d2) where
PCC particles are clearly visible as well as many microvoids
due to the debonding of PCCparticles from the PLApolymer.
There is also the combination of the fibrillation of the PLA
around the nanoparticles and the microvoids, which plays an
important role in enhancing the toughness of the materials
[38, 39]. Considering the mechanical properties in the tensile
part, we believe that PCC nanoparticles are also potential
nanofillers for the toughness improvement of PLA polymer.

4. Conclusion

PLA composites with PCC (coated with stearic acid) and
HNT nanotubes were compared in this study. Isothermal
crystallization study indicated both two nanofillers acted as
nucleating agent by decreasing the half crystallization time
and increasing the crystal growth rate. Additionally, the glass
transition temperature was decreased by about 3∘C when the
PCC particles were added into PLA due to the enhanced
mobility of PLA polymer chains. Similar 𝑇𝑔 decrease resulted
from the DMTA tests, which indicated a shift of tan 𝛿 peak
(corresponding to 𝑇𝑔), to the lower temperatures in the
PLA composites. The tensile tests of PLA composites with
PCC, HNT, or both of them showed different effects on the
mechanical performance such as the yield stress, Young’s
modulus, and the elongation at break. The most impressive
increase of ultimate deformation of PLA composites occurred
when PCC fillers were present and the maximum elongation
at break reached about 15%. However, the addition of HNT
nanotubes resulted in decreased elongation at break of the
PLA composites. Such mechanical difference is attributed
to the nanoparticles dispersion in the matrix as the PCC
was surface coated with stearate for achieving a uniform
distribution and the HNTs were not coated and then possess
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Figure 10: SEM micrographs of the fracture surface of tensile specimens: (a) pure PLA, (b) HNT/PLA (95/5) composites, (c) PCC/PLA
(90/10) composites, and (d) HNT/PCC/PLA (80/5/15) ternary composites.

a much higher surface energy leading to the aggregation.
These considerations were confirmed by the SEM morpho-
logical analysis. A weaker interfacial adhesion is proposed
for the PCC surface coating with stearate, which is necessary
for the microvoid formation and higher plastic deformation
of the polymer matrix during the fracture process of PLA
composites.Therefore, a good dispersion and easy debonding
of the PCC particles together with the fibrillation of PLA
matrix indicated the potential possibility of PCC for the
toughness improvement of PLA composites.
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