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ABSTRACT: This study compares the effects of two dif-
ferent types of nanosized fillers (silica and montmorillonite)
at three different weight fractions as well their mixtures on
the thermomechanical properties of polylactide (PLA). The
role of aggregation and interphase was investigated in terms
of several experimental techniques, including scanning elec-
tron microscopy, wide-angle X-ray scattering (WAXS), ther-
mogravimetric analysis, differential scanning calorimetry,
dynamic mechanical analysis (DMA), and tensile measure-
ments. The experimental results clearly suggest that silica
and montmorillonite have different reinforcing and toughen-
ing effects on PLA, while the combination of the two differ-
ent nanofillers has a detrimental effect on the tensile
properties of the material. Four micromechanics models

describing the Young’s modulus of the nanocomposites
were used to study the different matrix–nanofiller interac-
tions. The best fit of the experimental results was obtained
with a model that assumes the presence of an interphase
surrounding each nanoparticle. The increase of the nanofiller
content above a certain amount was not accompanied by a
corresponding increase of the interphase, because the
total nanofiller surface area was counterbalanced by the cre-
ation of aggregates. It is postulated that the aggregation
effect acts antagonistically to the interphase effect. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 122: 1519–1529, 2011

Key words: nanocomposites; interfaces; biodegradable;
polylactide; aggregates

INTRODUCTION

Poly(lactide) (PLA) is a thermoplastic material
belonging to the family of environmental-friendly
biodegradable polymers that has attracted a lot of
attention in recent years.1–3 PLA is used as a bio-
compatible polymer for applications in implants,
surgical sutures, and controlled drug delivery sys-
tems, and it has also a great potential for applica-
tions in agriculture and in the packaging and cater-
ing industry.4 However, its poor thermal and
mechanical resistance and its limited barrier proper-
ties limit its access to those industrial sectors where
biodegradability is required. One way to overcome
these drawbacks is the addition of a small amount
of nanosized fillers (2–5% by weight), which enhance
the thermomechanical and barrier properties of pris-
tine PLA.5–7

The polymer nanocomposites did not live up to
the expectations as they did not provide substantial
improvements to the properties of materials in com-
parison to the conventional microcomposites,
although substantial savings to the costs and the
weight of the materials can be achieved; for instance,
it has been estimated that a nanocomposite with a

nanofiller content of 4% by weight provides equiva-
lent mechanical properties compared with a conven-
tional microcomposite with a microfiller content of
20% by weight.8,9 The main reason the mechanical
properties of polymer nanocomposites still fall short
of their theoretically predicted values is the inherent
tendency of the nanoparticles to aggregate. The chal-
lenge in polymer nanocomposites is to obtain uni-
form and stable dispersion of nanofiller in the poly-
mer matrix.
Several works have been focused on the prepara-

tion and study of biodegradable polymer-based
nanocomposites.10–13 A variety of nanofillers disper-
sion methods, such as in situ polymerization,10,13 so-
lution intercalation method in N-dimethylaceta-
mide,11 and melt intercalation technique using
modified montmorillonite,10,14 have been applied.
Biodegradable nanocomposites were prepared12

based on PLA and MMT with stacked intercalated
and partially exfoliated morphologies.
So far, most of the nanocomposites reported in the

literature are reinforced by one type of nanofiller.
Combination of two different nanofillers has been
reported for the reinforcement of polyacrylonitrile15

and polypropylene.16 The incorporation of Na-mont-
morillonite and silica into the polyacrylonitrile gave
nanocomposites with highly enhanced thermal
stabilities and mechanical properties compared with
nanocomposites reinforced with either Na-montmo-
rillonite or silica nanoparticles.15 Similarly, the
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incorporation of nanosized CaCO3 into PP/montmoril-
lonite nanocomposites improved the mechanical prop-
erties of the nanocomposites.16 The combination of two
nanoparticles of different shapes apparently had a syn-
ergistic effect on the reinforcement of the matrix. On
the other hand, the concurrent use of ZnO and Al2O3

nanofillers had a negative effect on the photostabiliza-
tion of linear, low-density polyethylene.17

The aim of this article is to study the effect of two dif-
ferent types of nanosized fillers at three different weight
fractions as well their mixtures on the thermomechani-
cal properties of PLA. Silica nanoparticles, a commercial
modified montmorillonite, and their mixture were used
for the preparation of three series of nanocomposites.
The majority of previous works has been dealt with lay-
ered silicates-based nanocomposites,8,18–21 while in this
work, a comparative study of the thermomechanical
properties between the two nanofiller types and their
mixture was made to detect the different matrix–filler
interactions, occurring between PLA and either silica or
montmorillonite nanoparticles. The experimental study
of the thermomechanical properties was supplemented
with a theoretical study involving the application of
four micromechanics models, describing the Young’s
modulus of the three series of nanocomposites for the
interpretation of the matrix–nanofiller interactions.

MATERIALS

PLA was supplied by NatureWorks LLC (Minnetonka,
MN). The selected grade 2002D has a D content of
4.25%, a residual monomer content of 0.3%, and a den-
sity of 1.24 g/cm3. The material in pellets form was
dried at 45�C for a minimum of 8 h prior to use in a
desiccating dryer.

Two different types of nanofillers and their mixtures
were introduced in pristine PLA. Silica Aerosil R972
(supplied by Degussa Chemicals) (Marl, Germany) is
hydrophobic fumed silica after treated with dimethyl-
dichlorosilane and based on a hydrophilic fumed silica
with a specific surface area of 130 m2/g. The average
primary size is 16 nm. Montmorillonite clay is of type
Nanomer I30 E by Nanocor (Arlington Heights, Il)
modified by octadecylamine.

EXPERIMENTAL

On the basis of PLA and the two nanofiller types,
three series of PLA nanocomposites were prepared
by melt mixing. The first two series, PLA/Si and
PLA/MMT, consisted of PLA nanocomposites with
a filler content of 2, 3, and 5 wt % of silica (Si) and
montmorillonite clay (MMT), respectively; the third
series contained PLA nanocomposites with a filler
content of 4 wt % and a MMT/Si ratio of 60/40 and
40/60. In Table I, the materials with the correspond-
ing filler weight and volume fractions are presented.

Melt mixing of nanofillers with PLA matrix was
performed with a Brabender mixer at a temperature
of 160�C, while the rotation speed of the screws was
40 rpm. The temperature for melt mixing was kept
as low as possible to minimize the effect of degrada-
tion. The material was compression molded at
130�C, using a thermopress and a special mold of 2-
mm thickness. The material was then cooled slowly
down at ambient temperature. For each composition,
two samples were prepared in the same manner,
which provided reproducible results.
Scanning electron microscopy (SEM) images were

obtained by direct observation of the topography of
the sample’s surface with a FEI QUANTA 200 (Hills-
boro, Or) scanning microscope operated at accelera-
tion voltage of either 15 or 20 kV and equipped with
an energy dispersive system. All the studied samples
were coated with carbon black to avoid charging
under the electron beam.
Wide-angle X-ray scattering (WAXS) were recorded

at room temperature in the range 2–60� (2y) (step size
¼ 0.02� and scanning rate 2 s/step) by using filtered
Cu Ka radiation (k ¼ 1.54 Å). The type of the device
was D500 SIEMENS (Munich, Germany).
Thermogravimetric analysis (TGA) was performed

by using a TGA Q500 V20.2 Build 27 instrument by
TA Instruments (New Castle, De) in an inert atmos-
phere of nitrogen. In a typical experiment, � 10 mg
of the material was placed in the sample pan, and
the temperature was equilibrated at 25�C. The tem-
perature was then increased to 600�C at a rate of
20�C/min.
Calorimetric measurements [differential scanning

calorimetry (DSC)] were carried out using a Setaram
(Caluire, France) DSC 141 instrument calibrated with
an Indium standard. Each sample was heated at a
constant heating rate of 10�C/min from 20 to 170�C,
and the thermogram was recorded. After heating up
to 170�C, the PLA samples were isothermally held
for 2 min and subsequently cooled down to 0�C at a
cooling rate of 20�C/min. A second heating scan at
10�C/min was also performed. Both thermograms of
first and second heating run were recorded. The
degree of crystallinity was calculated by considering

TABLE I
Weight and Volume Fractions of the Three Series of

PLA/Nanocomposites

Sample type Weight content (%) Volume content (%)

PLA/Si/2 2 1.25
PLA/Si/3 3 1.88
PLA/Si/5 5 3.10
PLA/MMT/2 2 1.26
PLA/MMT/3 3 1.90
PLA/MMT/5 5 3.20
PLA/MMT60/Si40 4 2.50
PLA/MMT40/Si60 4 2.50
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a melting enthalpy of 93.1 J/g for 100% crystalline
PLA.22 DSC samples were taken from the center and
the edge of a 2-mm thick PLA sheet, and it was
found that the DSC results were repeatable, with an
average scatter of lower than 5%.

Dynamic mechanical analysis (DMA) experiments
were performed using the Perkin–Elmer (Norwalk,
CT) DMA 7e instrument. The mode of deformation
applied was the three-point bending system, and the
mean dimensions of sample plaques were 2 mm � 4
mm � 20 mm. The temperature range varied from
�50�C to 130�C. The temperature-dependent behavior
was studied by monitoring changes in force and
phase angle, keeping the amplitude of oscillation con-
stant. The experiments were performed at a constant
frequency of 1 Hz, and the heating rate was 5�C/min.
The storage and loss moduli curves versus tempera-
ture were plotted.

Tensile measurements were performed with an Ins-
tron 1121 (Buckinghamshire, UK) type tester at room
temperature. The dumbbell-type specimens were of a
gauge length of 20mm, and the applied crosshead speed
was 0.5 mm/min. This value corresponds to an effective
strain rate of 4.17 � 10�4 s�1. The deformation could be
measured very accurately with an experimental proce-
dure that is based on a noncontact method with a laser
extensometer, which is described in detail in a previous
work.23 Five specimens were tested for pristine PLA and
each nanocomposite procedure, and the average scatter
between experimental data was lower than 8%.

RESULTS AND DISCUSSION

Scanning electron microscopy

Representative SEM micrographs of PLA nanocom-
posites [Fig. 1(a–c)] reveal that both nanofiller types

Figure 1 (a) SEM micrograph of PLA/Si/2 nanocomposite. (b) SEM micrograph of PLA/MMT/3 nanocomposite. (c)
SEM micrograph of PLA/MMT40/Si60 nanocomposite.
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examined have inherently the tendency for aggre-
gate formation.24 Namely, Figure 1(a–c) correspond
to the micrographs of PLA/Si/5, PLA/MMT/2, and
PLA/MMT40/Si60, respectively. It was found that
PLA/Si/2 materials appear to have a homogenous
distribution, and the average size of particles was
varied from 150 to 300 nm. For PLA/Si/3, the parti-
cle distribution was not so homogeneous, with some
particles being of the order of 200 nm, and larger
agglomerates have also been observed. PLA/Si/5
materials are characterized by a distribution of
agglomerates between 270 and 800 nm or greater.
Analogous observations were made for PLA/MMT
nanocomposites. PLA/MMT/2 appears to have
smaller particles of an average size of 150 nm, coex-
isting with larger agglomerates of 300 or 600 nm.
PLA/MMT/3 and PLA/MMT/5 are characterized
by agglomerates of an average size of 600 and 900
nm, respectively. The PLA/Si/MMT nanocomposites
are also characterized by the formation of aggregates
with a larger average size compared with the other
two series of PLA nanocomposites. More specifi-
cally, these materials show a more uniform disper-
sion of larger agglomerates, with an average size of
1200 nm, as shown in Figure 1(c).

Wide angle X-ray analysis

In Figure 2, the WAXS patterns of MMT and the cor-
responding PLA/MMT nanocomposites are presented
for the range of 2y between 2 and 10�. MMT is charac-
terized by a single diffraction peak at 2y ¼ 4.0� corre-
sponding to the basal reflection, (001) accounting for a
21.6-Å interlayer distance. The shift of the clay diffrac-
tion peak to lower angles, as observed in Figure 2,
corresponds to an increase of the interlayer distance
of 11, 9.2, and 10.6 Å for 2, 3, and 5 wt % PLA/MMT
nanocomposites, correspondingly, and indicates the
creation of intercalated structures in the PLA/MMT

nanocomposites. Although the gallery spacing of the
clay platelets has been increased through the incorpo-
ration of PLA, there is still a high degree of layered
order present in the clay tactoids. Two peaks at differ-
ent interlayer distance are reported, suggesting the
presence of different interlayer distances. The pres-
ence of the second-order peak usually suggests that a
high degree of periodic order is present in the
material.

Thermogravimetric analysis

Figures 3–5 show the TGA curves in terms of the
percentage loss of weight versus temperature of
pristine PLA and the three series of PLA/nanocom-
posites, respectively.
Table II summarizes the 10 wt % loss tempera-

tures. The pristine polymer degrades without form-
ing any residue, while the nanocomposites leave
some residue, as it was expected. Compared with
that of pristine PLA, the thermal stability of the
three sets of PLA nanocomposites is increased. In
particular, the 10 wt % loss temperature of all PLA
nanocomposites, except of PLA/Si/2, is higher than
that of PLA. The stabilities of the PLA/MMT/5 and
PLA/Si/5 are higher than that of the pristine PLA
by � 7 and � 4�C, respectively. The improved stabil-
ity of the PLA/MMT/5 composite is attributed to
the silicate layers acting as an insulating barrier. The
PLA/MMT/Si nanocomposites have an intermediate
thermal stability, close to that of PLA/MMT and
PLA/Si materials, as shown in Figure 5.
The PLA decomposes almost completely (99%) at

387�C. The corresponding temperature shifts to
higher values in all nanocomposites. The shifting is
more pronounced for the PLA/MMT nanocompo-
sites and reaches its maximum value with PLA/
MMT/5. Furthermore, the thermal stabilities of the
PLA/MMT nanocomposites are higher than those of

Figure 2 WAXS patterns of MMT and PLA/MMT nano-
composites at 2, 3, and 5 wt %.

Figure 3 TGA mass loss curves of PLA/Si
nanocomposites.
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the corresponding PLA/Si nanocomposites, while the
terminal plateau value is also higher. It is concluded
that the introduction of nanofillers increases the ther-
mal stability of PLA, whereas the PLA/MMT materi-
als seem to be more stable with respect to PLA/SiO2

ones during the entire degradation process. As it is
reported by Wu et al.25 in PLA/clay nanocomposites,
the increase in the thermal stability can be attributed
to an ablative reassembling of the silicate layers, creat-
ing a physical protective barrier on the surface of the
material. On the other hand, the delay of volatilization
might be due to the labyrinth effect of the silicate
layers dispersed in the nanocomposites.26

Generally, the introduction of inorganic compo-
nents into organic materials can improve their ther-
mal stability.25

Differential scanning calorimetry

The DSC thermograms are shown in Figures 6 and 7
for all material types tested. In Table III, the glass

transition temperature and the melting measure-
ments are summarized. Referring to the results of
the second heating run, no endothermic or exother-
mic peak was detected. This behavior is in agree-
ment with the reported slow crystallization rate of
high molecular weight PLA, which does not allow
the development of crystalline domains upon
cooling.27,28

From the DSC experimental results of Table III, it
is observed that the Tg of the PLA/Si and PLA/
MMT nanocomposites is reduced with respect to the
Tg of the pristine PLA material. In both series of
nanocomposites, the nanofiller content variation
does not affect the Tg values of the nanocomposites
examined. In the PLA/MMT/Si nanocomposites, the
Tg is close to the Tg of the pristine PLA material.
The Tg reduction, observed in the PLA/Si and

PLA/MMT nanocomposites, is attributed to the in-
crement of polymer mobility.29,30 In such a case, the
interphase between matrix and nanofillers must be
poor because of the lack of connecting polymer from
the nanoparticles to the surrounding polymer
matrix.

Figure 4 TGA mass loss curves of PLA/MMT
nanocomposites.

Figure 5 TGA mass loss curves of PLA/MMT/Si
nanocomposites.

TABLE II
TGA 10 wt % Loss Temperature at a Rate of 20�C/min
Under Nitrogen of PLA and PLA/Nanocomposites

Sample type T10 wt % (�C)

PLA 340
PLA/Si/2 340
PLA/Si/3 343
PLA/Si/5 344
PLA/MMT/2 344
PLA/MMT/3 347
PLA/MMT/5 347
PLA/MMT40/Si60 344
PLA/MMT60/Si40 344

Figure 6 DSC thermograms of PLA, PLA/Si, and PLA/
MMT nanocomposites at 10�C/min.
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The experimental fact that the Tg of the PLA/Si
and PLA/MMT nanocomposites is not further
affected by the nanofiller content is in contradiction
with the established prior art opinion31 that an
increase of the nanofiller content is expected to di-
minish the interparticle distances and shift the Tg of
the material to higher temperatures. A possible ex-
planation to this discrepancy is the creation of aggre-
gates in the matrix. The SEM images of the nano-
composites [see Fig. 1(a–c)] display large aggregates,
and the size of the aggregates increases with the
nanofiller content. Because of the creation of aggre-
gates, the increase of the nanofiller content does not
lead necessarily to an extra increase of the total
nanofiller surface area. The MMT nanoparticles have
greater tendency to create aggregates than the silica
nanospheres because of their larger surface area.

In Figure 6, the PLA sample shows a broad cold
crystallization (exotherm) area around 110�C. When
cold crystallization occurs, less perfect crystallites
are formed, which melt during the DSC heating run.
The PLA/Si nanocomposites do not display a cold
crystallization area. The PLA/MMT nanocomposites

exhibit a cold crystallization area shifted to lower
temperatures, around 97�C, while the total cold crys-
tallization area increases with the MMT content (see
also Table III). The lowering of the cold crystalliza-
tion temperature in respect to pristine PLA indicates
that the incorporation of clay considerably promotes
kinetics and extent of PLA crystallization on heat-
ing.5 Apparently, the MMT nanofiller acts as an
effective nucleating agent speeding up PLA crystalli-
zation. On the other hand, the PLA/MMT/Si nano-
composites do not display cold crystallization, and
their thermal behavior is similar to pristine PLA (see
Fig. 7).
Regarding the melting behavior, the PLA sample

shows a melting point at about 155�C and a heat of
fusion of 19.50 J/g. The incorporation of silica nano-
particles or MMT clays affects the melting point of
the materials slightly but leads to a substantial incre-
ment of heat of fusion, and subsequent increment of
crystallinity content, as shown in Table III. This
means that both nanofiller types act as nucleating
agents, with the silica nanoparticles leading to rela-
tively higher crystallinity content. On the other
hand, both the PLA/MMT/Si nanocomposites ex-
hibit a lower crystallinity content compared with the
other two series of PLA nanocomposites. This
behavior is attributed to the creation of larger
agglomerates and the reduction of the number of
available nucleation sites.

Dynamic mechanical analysis

The dynamic mechanical experimental results of all
types of PLA/nanocomposites studied are presented
in Figures 8 and 9. These figures display the temper-
ature dependence of storage modulus E0 and loss
modulus E00 at a fixed frequency of 1 Hz. A general
increment of E0 with increasing nanofiller content for
each series of nanocomposites is observed, which
becomes more pronounced as temperature increases
above Tg.
Table IV presents the comparative values of E0 of

all PLA/nanocomposites at different temperature

TABLE III
DSC Results of PLA and PLA/Nanocomposites

Sample type Tg (
�C)

Heat of
fusion DHm (J/g)

Melting
point Tm (�C)

Percent
crystallinity

Cold crystn.
(on heating) Tcc (

�C)
Crystn.

(on cooling) Tc (
�C)

PLA 58.0 19.5 155.0 20.9 110.0 94.0
PLA/Si/2 52.9 30.7 153.0 33.0 – 110 (broad)
PLA/Si/3 52.9 30.3 153.5 32.5 – slightly broad
PLA/Si/5 52.7 29.2 152.5 31.3 – 94.0
PLA/MMT/2 55.2 20.7 153.4 22.2 97.0 93, 121 (bimodal)
PLA/MMT/3 55.2 29.1 153.4 31.3 96.5 119.3
PLA/MMT/5 55.4 25.7 154.0 27.6 97.6 90.0
PLA/MMT40/Si60 57.5 17.7 152.8 19.0 – 99.3
PLA/MMT60/Si40 57.3 19.6 153.4 21.1 – 100–140 (broad)

Figure 7 DSC thermograms at 10�C/min of PLA and
PLA/MMT/Si nanocomposites.
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ranges. As it can be seen, in the glassy state and the
transition region, the PLA/MMT nanocomposites ex-
hibit higher values of storage modulus enhancement

in respect to the PLA/Si nanocomposites. In particu-
lar, at �30�C, increments of the order of 23.3, 26,
and 11% are obtained for PLA/MMT/2, PLA/

Figure 9 (a) Loss modulus versus temperature at 1 Hz of
PLA/Si nanocomposites. (b) Loss modulus versus temper-
ature at 1 Hz of PLA/MMT nanocomposites. (c) Loss
modulus versus temperature at 1 Hz of PLA/MMT/Si
nanocomposites.

Figure 8 (a) Storage modulus versus temperature at 1 Hz
of PLA and PLA/Si nanocomposites. (b) Storage modulus
versus temperature at 1 Hz of PLA and PLA/MMT nano-
composites. (c) Storage modulus versus temperature at 1
Hz of PLA and PLA/MMT/Si nanocomposites.
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MMT/3, and PLA/MMT/5, respectively. The corre-
sponding values for PLA/Si/3 and PLA/Si/5 are
19% and 11.5%, respectively, while the PLA/Si/2
has the same modulus with the PLA matrix. This
effect seems to be reversed above Tg (at about 70�C)
where the PLA/Si nanocomposites appear to have
much higher E0 values. Regarding the nanocompo-
sites with a nanofiller content of 5 wt %, the same
reinforcement effect is obtained for both nanofiller
types, in the glassy state, while at higher tempera-
tures, the E0 values of PLA/Si/5 are essentially
higher than those of PLA/MMT/5.

Both PLA/MMT60/Si40 and PLA/MMT40/Si60
nanocomposites show a storage modulus increment
of the order of 12 and 19.6%, respectively, at �30�C.
At higher temperatures, PLA/MMT40/Si60 has the
highest storage modulus values of all the PLA nano-
composites studied, as can be seen in Figure 8(c)
and Table IV.

From Figure 8(a–c) and Table IV, it is deduced
that for both nanofiller types, the highest thermome-
chanical enhancement in the glassy state is obtained
at 3 wt %. At a higher nanofiller content, the rein-
forcement effect is reversed. This result means that
the combination of an essential amount of nanofiller
with a good quality dispersion can lead to better me-
chanical properties. At 5 wt %, the material is char-
acterized by a large number of agglomerates, and it
behaves as a conventional nanocomposite.

Regarding loss modulus data [Fig. 9(a–c)], no sys-
tematic dependence of the max E00 temperature was
detected.

Tensile testing

The tensile results of pristine PLA and PLA nano-
composites are presented in Figures 10–12 and sum-
marized in Table V. Regarding the PLA/Si nancom-
posites, shown in Figure 10, the highest modulus is
obtained at a silica content of 2 wt % (37.4% incre-
ment), while the ductility is retained close to that of
the pure matrix. The PLA/MMT nanocomposites,
shown in Figure 11, exhibit a somehow different
behavior. The highest modulus reinforcement occurs

at 3 wt % (32.6% increment), while the PLA/MMT
nanocomposites seem to be more brittle than the
PLA matrix. Taking into account that the Young’s
modulus in a semicrystalline material depends on
the crystallinity content, the earlier results are in
consistency with the DSC data, where the two spe-
cific nanocomposites with the highest modulus
appear to a have a maximum crystallinity content of
33 and 31.3%, respectively.
The modulus of the PLA/Si nanocomposites

changes slightly with the silica content, while the
modulus of the PLA/MMT nanocomposite increases
with the MMT content. WAXS and SEM revealed
the presence of intercalated and aggregated struc-
tures in the PLA/MMT nanocomposites. At MMT
contents of 3 and 5 wt %, the nanocomposites
become more brittle, and the tensile strength drops
apparently because of the formation of
agglomerates.
As can be seen in Figures 10–12 and Table V, the

yield strain of all PLA nanocomposites is lower than
the one of pristine PLA.
With regard to PLA/MMT/Si nancomposites,

both samples exhibit the same modulus, which is

TABLE IV
Storage Modulus Values of PLA and PLA/Nanocomposites at Various Temperature Ranges

Sample type E0 at �30�C (MPa) E0 at 30�C (MPa) E0 at 50�C (MPa) E0 at 65�C (MPa) E0 at 70�C (MPa)

PLA 2960 2800 2740 421 170
PLA/Si/2 2960 2960 2890 1760 1040
PLA/Si/3 3540 3280 3070 1360 988
PLA/Si/5 3300 3070 2980 2400 1880
PLA/MMT/2 3650 3320 3060 639 200
PLA/MMT/3 3720 3410 3250 2100 1430
PLA/MMT/5 3290 3000 2200 420 170
PLA/MMT60/Si40 3410 3140 2880 1420 704
PLA/MMT40/Si60 3730 3350 3380 2500 1660

Figure 10 Tensile stress–strain curves at a rate of 4.17
10�4 s�1 of PLA and PLA/Si nanocomposites.
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higher than the modulus of pristine PLA, as is
shown in Figure 12 and Table V. Furthermore, the
yield stress and yield strain of the PLA/MMT/Si
nanocomposites are substantially lower than the
yield stress and yield strain of pristine PLA and of
all the PLA/Si and PLA/MMT nanocomposites. The
decrease of yield stress is attributed to the debond-
ing of the nanofillers from the matrix. In a system
where the interfacial adhesion is not high, debond-
ing could occur at a lower tensile stress than the
yield stress of pristine PLA.19,32 This peculiar behav-
ior can be explained as follows.

The decrement of yield stress and the increment of
the initial slope of the stress–strain curve is not typical
in conventional particulate composites, where yield
stress is enhanced because of the filler’s presence. As
it was reported in a previous work,33 the yield behav-
ior of polymeric structure is affected mainly by two
factors, namely the accumulated strain (in respect to
the imposed strain rate) and the distributed nature of
various defects onto the polymeric bulk. Given that a
number of free volume holes and/or other type
defects are distributed into the matrix, the imposed
strain will be preferably installed in these regions, and

therefore, a distribution of strain is established into
the material. Hereafter, the onset of yielding will be
emerged at these localized regions, with extra free
volume or density fluctuations. The presence of a
nanoparticle will lead to a perturbation of polymeric
bulk around it, and as it has been reported else-
where,34 it is a matter of interest whether this effect is
directly responsible for the mechanical behavior of the
materials. The presence of nanofillers, and especially
the mixture of the two nanofiller types, seems to
cause the development of additional localized regions
with different size and extent compared with those
developed in the two other series of PLA/nanocom-
posites. This inhomogeneity leads to the emergence of
yielding at a lower macroscopic strain, resulting to a
higher modulus but to a lower yield stress. This effect
seems to be more intense in PLA/MMT/Si nanocom-
posites, where the formation of larger and different
type agglomerates possibly leads to the creation of
larger holes causing the agglomerates to debond from
the matrix, and since the debonded nanoparticles do
not transfer any external load, the yield stress
decreases.

Figure 12 Tensile stress–strain curves at a rate of 4.17
10�4 s�1 of PLA and PLA/MMT/Si nanocomposites.

Figure 11 Tensile stress–strain curves at a rate of 4.17
10�4 s�1 of PLA and PLA/MMT nanocomposites.

TABLE V
Tensile Results of PLA and PLA/Nanocomposites

Sample type Young modulus (MPa) Yield stress (MPa) Yield strain Tensile strength (MPa) Strain at break

PLA 2800 56.0 0.026 47.8 0.056
PLA/Si/ 2 3846 (37.4%) 57.0 0.021 51.8 0.050
PLA/Si/ 3 3300 (17.9%) 61.0 0.023 53.0 0.048
PLA/Si /5 3436 (22.7%) 57.0 0.021 55.0 0.023
PLA/MMT/2 3200 (14.3%) 54.0 0.024 51.0 0.037
PLA/MMT/3 3713 (32.6%) 49.0 0.018 48.0 0.027
PLA/MMT/5 3650 (30.4%) 47.0 0.016 48.0 0.030
PLA/MMT60/Si40 3300 (17.8%) 40.0 0.015 32.0 0.052
PLA/MMT40/Si60 3323 (18.7%) 42.0 0.015 39.0 0.026
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Modeling

Table VI compares the experimental values of rela-
tive Young’s modulus, i.e., the composite’s modulus
over the modulus of PLA matrix (Ec/Em), of the var-
ious studied material types with the corresponding
theoretical values predicted by four well-known
micromechanics models of Mori–Tanaka, Chen,
Taya–Chou, and Odegard.35–38 From these results, it
becomes apparent that the first three models, which
were designed for conventional composite materials,
are not able to describe adequately the reinforcement
induced by the nanofillers because of the very low
filler content (up to 5 wt %). On other hand, the
Odegard’s model, which takes into account the so-
called ‘‘interphase,’’ i.e., the specific region devel-
oped around nanoparticles, describes satisfactorily
the reinforcement effect. In all material types, the
interphase modulus, Ei was fitted to be equal to 7
GPa. The calculated interphase volume values were
0.55 for the PLA/Si/2 nanomposite and 0.2 for both
PLA/Si/3 and PLA/Si/5 nanocomposites. A differ-
ent trend was found for PLA/MMT nanocomposites,
namely 0.2 for PLA/MMT/2, 0.45 for PLA/MMT/3,
and 0.4 for PLA/MMT/3. The interphase volume
fraction of the PLA/MMT/Si nanocomposites was
0.18. The reduced total interphase volume of both
samples is in agreement with the corresponding ten-
sile results, meaning that the combination of the two
different nanofillers has a detrimental effect on the
properties of the material. The decrease of the inter-
phase volume might be due to the formation of large
agglomerates.

Although the Odegard’s model presents the best
fitting in comparison with the other tested models, it
still deviates from the experimental data. This devia-
tion could be attributed to the presence of a (multi-
modal) particle size distribution as a result of the
formation of aggregates in the polymer matrix, the
effect of which has not been taken into account.

On the basis of the experimental and theoretical
results, it is postulated that the aggregation effect

acts antagonistically to the interphase effect. The
increase of the nanofiller content above a certain
amount is not accompanied by a corresponding
increase of the interphase, because the total nanofil-
ler surface area is counterbalanced by the creation of
aggregates which compromise the expected proper-
ties improvement.

CONCLUSIONS

In this article, a comparative study of the thermome-
chanical properties between two nanofiller types of
different shapes was made to detect the different
matrix–filler interactions occurring between PLA
and either silica or montmorillonite nanoparticles as
well their mixtures.
With reference to the Young’s modulus, the opti-

mum nanofiller was 2 wt % and 3 wt % for silica
and MMT, respectively. On the other hand, the
PLA/Si nanocomposite with filler content of 3 wt %
silica gave the highest yield stress.
Both nanofiller types acted as nucleating agents,

leading to an increment of crystallinity content. On
the other hand, the combination of the two nanofil-
lers reduced the crystallinity of the material. Further-
more, the Tg of all PLA/nanocomposites is lower the
Tg of pristine PLA.
The concurrent addition of two nanofillers caused

the yield stress to decrease and the Young’s modu-
lus to increase compared with pristine PLA matrix.
Theoretical calculations based on the Odegard’s
model showed that the PLA/MMT/Si nanocompo-
sites have the smallest interphase volume fraction
(0.18), and as a result, they are prone to debonding.
In general, the mechanical properties of the PLA/
MMT/Si nanocomposites were inferior than the
nanocomposites reinforced with either MMT or silica
nanoparticles. This behavior was attributed to the
formation of large agglomerates.
The increase of the nanofiller content above a cer-

tain amount (>3 wt %) is not accompanied by a

TABLE VI
Experimental Data of Relative Young’s Modulus and the Corresponding Theoretical Values Predicted by Four Well-

Known Micromechanics Models

Sample type
Ec/Em

(experimental)
Mori–Tanaka

model
Chen
model

Taya–Chou
model

Odegard
model

Young’s
modulus (MPa)

PLA 1.00 – – – – 2800
PLA/Si/ 2 1.37 1.02 1.02 1.02 1.36 3846
PLA/Si/ 3 1.18 1.03 1.03 1.03 1.18 3300
PLA/Si /5 1.23 1.06 1.06 1.05 1.20 3436
PLA/MMT/2 1.14 1.02 1.02 1.02 1.17 3200
PLA/MMT/3 1.33 1.03 1.03 1.03 1.33 3713
PLA/MMT/5 1.30 1.06 1.06 1.05 1.31 3650
PLA/MMT60/Si40 1.18 1.04 1.04 1.04 1.18 3300
PLA/MMT40/Si60 1.18 1.04 1.04 1.04 1.18 3323
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corresponding increase of the interphase, because
the total nanofiller surface area is counterbalanced
by the creation of aggregates which compromise the
expected properties improvement.

References
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