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ABSTRACT: The effects of organic montmorillonite
(OMMT) on the rheological behaviors and phase morphol-
ogy of polylactide (PLA) were investigated. The rheological
behaviors of nanocomposites showed mainly dependence
on both temperature and OMMT content. At low OMMT
loading (1 wt %), the complex viscosities showed a Newto-
nian plateau in low frequency region at low temperatures
and converted to a shear-thinning behaviors with increasing
temperature. In comparison, at high OMMT loadings (above
5 wt %), strong shear-thinning behaviors were observed in
the full range of frequencies and temperatures. The results
demonstrated rheology of PLA/OMMT is highly sensitive
to the nanofillers filled materials. A pseudo-solid-like

behavior at long scale time in the hybrids with OMMT
loading was higher than 5 wt %, this response was related to
the formation of a network structure across the polymer
matrix due to strong interactions of PLA and OMMT
that confined the relaxation process of the macromolecules.
X-ray diffraction and transmission electron microscopy indi-
cated the nanocomposites at low OMMT loading were
mainly exfoliated and intercalated nanocomposites were
gradually formed with increasing OMMT loading. VC 2011
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INTRODUCTION

Polylactic acid (PLA) is one of linear aliphatic poly-
esters derived from 100% renewable resources, such
as sweet corns and sugar beets. PLA is synthesized
by either direct condensation of lactic acid or by the
ring-opening polymerization of the cyclic lactide
dimer. PLA has two enantiomeric forms (D and L)
of lactic acid. Enantiomerically pure PLA is a semi-
crystalline polymer. PDLLA, which contains both D
and L forms of lactic acid, is an amorphous polymer.
PLA, possessed many physical characteristics, is
suitable for replacing commodity polymers.1 Its
advantages are high strength, biocompatibility, ther-
moplastic fabricability, good crease-retention, grease
and oil resistance, and excellent aroma barriers.2–5

Recently, one of particular commercial interest of
PLA is developing PLA nanocomposites, which
exhibit remarkably improved mechanical and vari-
ous other properties as compared to those of virgin
polymers.6

PLA is well suitable for sheet extrusion, film blow-
ing, and fiber spinning, but it is only marginally
acceptable for some other types of fabrication. The
melt viscosity of PLA, typical of aliphatic polyester, is
not very shear sensitive and the melt has relatively
poor strength. To enhance the rheology of PLA for
operations where shear sensitivity and melt strength
are desirable, incorporating OMMT is employed in
view of the much predominant properties of PLA.
It is well-known that there are two ideal types of

nanostructures in Polymer/OMMT nanocomposites,
intercalation, and exfoliation. The intercalated struc-
ture is formed when a few polymer molecules are
inserted into the OMMT gallery and exfoliated struc-
ture is formed when the silicate layers are indivi-
dually dispersed in Polymer matrix. However, real
morphologies of PLA/OMMT nanocomposites
often contain the two idealized microstructures.7,8

Although all these structures often coexist in the
Polymer/OMMT nanocomposites, it is believed that
the remarkable mechanical, flammability, and barrier
properties of these materials result from the large
amount of the exfoliated silicate layers.7,8

In this article, Polylactide/organic montmorillonite
nanocomposites were successfully prepared by
melt-compounding technique and the effects of
OMMT on the rheological behaviors and phase
morphology of PLA were investigated. The main
objective of this article is to relate the rheological
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behaviors of the PLA/OMMT nanocomposites with
phase morphologies.

EXPERIMENTAL

Material and preparation of nanocomposites

PLA polymer 4060D, a product from NatureWorksVR

(registered trademark of Cargill Dow) was used in
this article. This grade of NatureWorksVR PLA is
amorphous with weight average molecular weight
of 1.4 � 105 and polydispersibility index of 1.5 as
measured by GPC. The organic montmorillonite
(OMMT; model: NB-901) was supplied by Huate
Chemical (Zhejiang, China) and was modified by
octadecylammonium ions.

PLA pellets and OMMT powder were dried in a
vacuum oven at 50�C for 24 h to remove moisture
prior to melt compounding process. PLA and
OMMT were melt compounded in a Haake Polylab
Rheomix 600p at 180�C and 30 rpm for 6 min till the
torque reached constant. Neat PLA as a reference
was processed in the Haake mixer under the same
conditions for comparison. The film samples were
prepared from the blends and neat PLA by heat
pressing at 180�C. Some strands of the blends were
placed in a compression mold to ensure a constant
size (90 � 60 � 0.7 mm) and covered with alumi-
num foil sheets to prevent sticking to the press
plates. This assembly was then placed between the
press plates for 3 min without applying pressure,
until the material was sufficiently melted, and then
pressed for 2 min at a pressure of 10 MPa. The
whole assembly with the press plates was then cool
pressed for 3 min at a pressure of 10 MPa in air. The
compression molded specimens were then stored in
a desiccator awaiting analysis. The sample code was
designated as neat PLA, PLAM1, PLAM5, and
PLAM10 according to the mass ratio of PLA/
OMMT: 100/0, 99/1, 95/5, and 90/10.

Characterization

Wide-angle X-ray diffraction (WAXD)

WAXD analysis were performed for OMMT powder,
neat PLA, and PLA/OMMT nanocomposites using
a Rigaku D/max 2500V/PC X-ray diffractometer
(Cu Ka radiation k ¼ 1.54056 Å), operated at 50 kV
and 250 mA. Scanning angle (2y) ranged from 1� to
30� at the rate of 3�/min.

Transmission electron microscopy (TEM)

Ultrathin specimens (thickness in 50 nm) for TEM
were cut using a Leica ultramicrotome with a dia-
mond knife. The TEM micrographs were taken from
JEM-1011 TEM under an accelerate voltage of 100 kV.

Rheological test

Prior to rheological measurements, the compression-
molded specimens were cut into the disks with 25
mm in diameter and dried at 50�C for 24 h. A
strain-controlled rotational rheometer (Physica,
MCR300, Austria) was employed to measure the
viscoelastic response of PLA/OMMT nanocompo-
sites. A pair of 25 mm parallel plates was used to
carry out dynamic (oscillatory) tests with a fixed gap
of 0.5 mm in the temperature range from 170 to
230�C under nitrogen atmosphere. Strain amplitude
sweeps were performed at 1% in advance to assure
that dynamic tests were in the linear viscoelastic
range. Frequency range from 0.1 to 100 rad s�1 were
applied for dynamic tests.

RESULTS AND DISCUSSION

Dynamic rheological properties

The transition from linear to nonlinear viscoelastic
behavior, as manifested in dynamic oscillatory
experiments (amplitude sweep), for neat PLA,
PLAM1, PLAM5, and PLAM10 were shown in Fig-
ure 1. We focus on the storage modulus, as it is the
most sensitive rheological function to the changes in
the mesoscopic structure of hybrids. To compare
and to elucidate the onset of shear thinning, the G0

data shown in Figure 1 are normalized by the linear
viscoelastic values at low shear strain amplitudes
and shown in the insert. The normalized storage
moduli exhibit the expected shear-thinning behavior
with increasing OMMT loading, namely, the critical
strain amplitude for the transition were decreased
with increasing OMMT loading. Furthermore, the
storage modulus of nanocomposites increase with

Figure 1 Strain amplitude dependence of storage modu-
lus at a constant frequency of 10 rad/s at 180�C for neat
PLA and 1, 5, 10 wt % composites.
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OMMT loading as expected except for PLAM1,
which has lower storage modulus than neat PLA.

The silicate layers and tactoids (collection of interca-
lated silicate layers that are locally correlated) are
randomly organized under quiescent state. However,
the tactoids gradually oriented aligned parallel to the
flow direction under shear amplitude. The orientation
of anisotropic silicate layers under oscillatory shear
was demonstrated using X-ray diffraction (XRD),
TEM, and rheology evaluations.9–12 X-ray measure-
ments showed that the silicate layers were oriented in
the direction of the shear and leaded to a dramatic
change in linear viscoelastic behavior at low frequency
from liquid-like to almost solid-like (detailed discus-
sion later). Furthermore, it is expected that in the
quiescent state, with increasing silicate loading a
larger fraction of the tactoids would be hydrodynami-
cally hindered and caused gradually increase in the
filler-filler interaction.13

Additionally, with increasing OMMT loading, the
ease extent to which the filler structure can be
altered by flow is considerably enhanced primarily
owing to increased filler-filler interactions. It is eas-
ily understood that the threshold of strain amplitude
for the onset of shear thinning decreases with
increasing OMMT loading, and the shear-thinning
dependence of strain amplitude is improved at
higher OMMT loadings.

Figure 2 shows time sweep results within the lin-
ear viscoelastic regime for neat PLA and PLA/
OMMT nanocomposites. The storage modulus G0 as
a function of time was presented for nanocomposites
with various amounts of OMMT. Neat PLA exhibits
a quick decreasing G0 as a function of time for about
half of an hour, and then continues to decrease in
lesser extent. The value of G0 for PLAM1 is below
that of neat PLA within whole studied time range
which is in accordance with previous strain sweep

result. For PLAM5 and PLAM10, it shows that both
the G0 values remain constant though the difference
of two value size. It is concluded that adding over
5 wt % OMMT to PLA matrix a stable viscoelastic
response can be obtained for about 1 h at least.
The complex viscosities of the nanocomposites

with various OMMT loading were presented in
Figure 3(a). It is interesting that the inclusion of low
OMMT loading (1 wt %) lower the complex viscosity
of PLA matrix. Li has reported that apparent melt
viscosity of PEG/OMMT/PP composite with low
OMMT loading (< 5 wt %) is much lower than that of
pure PP at low shear rates and the role of lubricant
carrier of OMMT is responsible for the reduction vis-
cosity.14 In the article, this may result from rotating
more freely and orientation of silicate layers when
they were suffered to shear for the nanocompositeFigure 2 Time sweep curves for neat PLA and PLA/

OMMT nanocomposites at 180�C.

Figure 3 Complex viscosity as a function of frequency
for neat PLA and PLA/OMMT nanocomposites at 170�C
(a). Storage modulus (solid symbol) and loss modulus
(open symbol) as a function of frequency for neat PLA
and PLA/OMMT nanocomposites at 170�C (b).
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with lower silicate loading due to the weaker filler-
filler interaction.13 Moreover, beyond a critical volume
fraction, the tactiods and individual layers are incapa-
ble of rotating freely and are prevented from complete
relaxation when subjected to shear. This incomplete
relaxation leads to the presence of the pseudo-solid-
like behavior observed in both intercalated and
exfoliated nanocomposites.10 Therefore, the reduction
storage modulus of PLAM1 as shown in Figure 1 and
2 is related to the lower complex viscosity in view of
equation G0 ¼ xg00¼x|g*|cosd, where g00 is viscous
dynamic viscosity and d is phase angle.

Liu et al reported that the exfoliated silicate layers
were formed at low clay loadings (less than 4 wt %)
when they studied the nylon 11/organoclay nano-
composites.15 Therefore, we predicted that the silicate
layers mainly achieved the exfoliated state for
PLAM1 and this is supported by the later WAXD
and TEM result.

The PLA matrix and the PLAM1 displayed a
pseudo-Newtonian behavior at low angular fre-
quency range, while other samples showed a higher
complex viscosity and a more pronounced shear
thinning behavior with the increase of OMMT load-
ing. For example, a linear increase was observed
with decreasing frequency for the nanocomposite
containing 10 wt % OMMT. Shear thinning pseudo-
non-Newtonian behavior was observed in some
conventional thermoplastic composites: some studies
on dispersed flow of particulate-filled polymers,
containing high percentage of fillers (glass spheres,
barium sulfate, calcium carbonate powder), demon-
strated that the dynamic viscosities increased with
the filler concentration and, beyond a critical concen-
tration, showed a divergence at low frequencies indi-
cating a structure change of the network formed by
the particles.16 The exact concentration at which a
continuous structure network was formed depending
on the nature of the filler, its size, and the interac-
tions between the filler and the suspending medium.

It was clear in the Figure 3(b) that neat PLA exhib-
ited the pure liquid-like relaxation behavior and G00

dominated over G0 at all studied frequency range,
implying viscous characteristic excelled the elasticity
for neat PLA at melt state. Additionally, it seemed
that there was a crossover at about 100 rad/s
between storage modulus and loss modulus. The
similar phenomenon was also observed for nanocom-
posites of high OMMT loadings (e.g., 5 wt % and 10
wt %). The corresponding frequency xcro at crossover
point was 0.203 rad/s and 3.46 rad/s for PLAM5
and PLAM10, respectively. It was evident that
PLAM10 exhibited the elasticity more quickly than
PLAM5 at 170�C owing to the intersection locating in
higher frequency (shorter time). Further, this cross-
over corresponded to a transition in viscoelastic
behavior dominated by relaxation of unentangled

polymer chains to that was dominated by layered sil-
icate superstructure. Therefore, the introduction of
layered silicate apparently enhanced the elasticity
property of PLA matrix, especially for composites of
high silicate loadings.
At 170�C and low frequencies, PLA molecular

chains were fully relaxed and exhibited typical
homopolymer-like terminal behavior with scaling
properties of approximately G0 � x2 and G00 � x as
shown in Figure 3(b) (this power law may vary
owing to the polydispersity of polymer chains).
However, this terminal behavior disappeared when
OMMT loading was higher than 5 wt %, and the
dependence of G0 and G00 on x at low frequency was
weak. The incorporation of OMMT to PLA dramati-
cally increased the G0 and G00, particularly at low
frequencies and the developed plateaus of G0 and G00

were detected. This effect was more pronounced in
G0 than that in G00. The frequency dependence of G00

showed a similar trend. The structure network
formed in nanocomposites was emphasized by the
behavior of the storage modulus G0, extremely sensi-
tive to morphological state. The almost independ-
ence of G0 on x and a divergence of complex viscos-
ity at low frequency when the OMMT loading
was higher than 5 wt %, indicated a transition from
liquid-like to solid-like viscoelastic behavior in the
composite. This nonterminal low frequency behavior
was a characteristic for the formation of clay net-
work-like structures that restrained the long-range
motion of polymer chains and can be attributed
to the percolation of the fillers.17 Thus, large-scale
polymer relaxations in composites were effectively
restrained by the presence of OMMT. Similar rheo-
logical behaviors were observed in polymer compo-
sites containing clays or MWNTs.18–23

At high frequencies, the characteristic of processing
behavior, the effect of OMMT on the rheological
behavior was relatively weak. Thus, the composites
containing OMMT were expected to exhibit the same
processing behavior as the neat polymer in practical
applications almost. This behavior suggested that the
OMMT did not significantly influence the short-range
dynamics of the PLA chains.
In addition, the influence of temperature on the

complex viscosity |g*| was investigated in the
range of between 170 and 230�C. Figure 4 showed
the complex viscosity of neat PLA and PLAM1 at
four different temperatures. Neat PLA presented the
characteristic of Newtonian liquid at low frequency
and its |g*| was strongly sensitive to temperature.
From 170�C to 230�C, |g*| of Neat PLA reduced
from 3410 to 230 Pa�s at 1 rad/s as shown in Table I
and Figure 4. Furthermore, the onset frequency of
shear-thinning gradually increased from 1.7 to 20.3
rad/s when the temperature was raised from 170
to 230�C.
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It was clear that incorporating OMMT into PLA
enhanced the stability of PLA, particularly at high
temperatures. The complex viscosities of PLAM1 were
lower than those of neat PLA both at 170 and 190�C
and the difference of complex viscosities of PLAM1
between 170 and 190�C was lower than that of neat
PLA, suggesting that PLA softened more rapidly and
had a better processing behavior below 190�C than
PLAM1. However, with increasing temperature the
value of viscosity of PLAM1 approached (51 Pa�s at
210�C) and even exceeded (�29 Pa�s at 230�C) that of
neat PLA as shown in Table I. Moreover, the differ-
ence of complex viscosities of PLAM1 (315 Pa�s) at
both higher temperatures was closer than that of neat
PLA (395 Pa�s), implying that neat PLA softened more
rapidly and had less stability than PLAM1 at high
temperature. Especially, between 190 and 210�C, the
value change of complex viscosity for PLAM1
(344 Pa�s) was much lower than that of neat PLA
(915 Pa�s), suggesting that the stability of PLAM1 was
best between 190 and 210�C. Moreover, the Newto-
nian plateau of complex viscosity for PLAM1 at low
frequency was displaced by shear-thinning curves
when the temperature was raised to 210�C.

In addition, the validity of time-temperature
superposition principal (TTS) was checked by plot-

ting the phase angle d (atan G00/G0) versus the abso-
lute value of the complex modulus |G*| ((G02þ
G002)1/2) (van Gurp’s plot).24 TTS was fulfilled if the
un-shifted isotherms fall on one curve. Figure 5
showed the corresponding data of neat PLA and
PLA/OMMT composites. It was apparent in the fig-
ure that TTS did hold in the case of neat PLA
because the isotherms did merge into a common
curve. The data for the nanocomposite with 1 wt %
OMMT exhibited minor failures from TTS, with
divarication at low complex modulus. Further, the
nanocomposites with 5 and 10 wt % OMMT did not
follow the TTS at all complex modulus. With increas-
ing the OMMT loading from 1 to 10 wt %, the mate-
rials became more and more elastic. The smaller d
values of composites at small moduli revealed an
even higher elasticity in compare to neat PLA.
A unique type of van Gurp’s curve is typical for

linear samples. This type of curve is characterized
by one minimum and one inflection point. The loca-
tions of these points and thus the shape of the curve
are correlated to the plateau modulus, to the molec-
ular weight, and, especially, to the polydispersity. A
typical linear polymer has a unique course of curve
like that moving from high to low modulus value of
the phase angle d drops, passes a minimum, rises
again, moves through an inflection point and finally
approaches its value of 90�. This characteristic curva-
ture is found for amorphous polymers such as poly-
styrene.25 For crystalline polymers like polyethylene
only the part on the left side of the minimum can be
monitored by melt rheology, since crystallization
occurs at the low temperatures that are necessary to
reach the minimum region.
For our samples, only the sample PLAM10 exhib-

ited this characteristic curve at higher temperature
(230�C) as shown in Figure 5. Apparently, the hori-
zontal positions of the minimum scattered around
6 � 103 Pa, which was the value of the PLAM10
plateau modulus Go

N. This finding can be reasoned
by a mathematical consideration. The plateau modu-
lus is defined by eq. (1):

Go
N ¼ G0ðxjtan d at minÞ (1)

This definition can be expressed in term of
|G*(d)|: Go

N ¼ limd!0 jG�ðdÞj when d!0, then

TABLE I
The Complex Viscosity of Neat PLA and PLAM1 Nanocomposite at Different Temperatures

Sample 170�C 190�C 210�C 230�C |g*|170-|g*|190 |g*|190-|g*|210 |g*|210-|g*|230

Neat PLA 3410 1540 625 230 1870 915 395
PLAM1 2690 918 574 259 1772 344 315
|g*|PLA-|g*|PLAM1 720 622 51 �29 – – –

The dynamic angular frequency x is set at 1 rad/s and the unit of complex viscosity is Pa�s.

Figure 4 Effect of temperature on complex viscosity for
neat PLA (solid symbol) and PLAM1 (open symbol) at
temperature of 170, 190, 210, and 230�C.
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tand!0 (that is also the minimum), G0 dominates
over G00 and finally disappears such that |G*|
approaches G0. Therefore, |G*| in the minimum
equals the plateau modulus. Keeping this in mind, it
can be stated that the minimum in the van Gurp’s
plot is associated with the plateau modulus Go

N and
the lower this minimum is located on the vertical
axis, the more accurately does the |G*| value in the
minimum correspond to the plateau modulus Go

N.

Structure and morphology

The structure of the nanocomposites was typically
established by using WAXD patterns and TEM
observations. WAXD allowed a direct evidence of
the intercalation of polymer chains into the silicate
layers, whereas TEM offered a qualitative under-
standing of the internal structure through direct vis-
ualization. WAXD patterns of OMMT powder and
PLA/OMMT nanocomposites with various OMMT
loadings in the range 2y ¼ 1.8� � 9.0� were pre-
sented in Figure 6. The WAXD pattern of the organic
montmorillonite showed a diffraction peak of at
about 2y ¼ 4.48�, corresponding to a basal spacing
of 1.97 nm. As a result, after incorporating with PLA
by melt compounding the d-spacing of OMMT
increased from 1.97 to 3.45 nm, which was obtained
from the observed peaks of the angular position (2y)
according to the Bragg formula (nk ¼ 2d siny). This
change in d-spacing indicated that PLA chains were
intercalated into the OMMT interlayers.26 Meanwhile,
the maximum peak intensities of PLAM1, PLAM5,
and PLAM10 located at about the same angular posi-
tions, suggesting that d-spacing for the PLA/OMMT
nanocomposites was independent of the OMMT
loading. This result was agreement with the previous

reported literatures.26,27 In spite of the absence of the
basal plane, a small peak in the small-angle region
was usually observed in WXRD patterns for the
obtained nanocomposites with various OMMT load-
ing, probably indicating the formation of exfoliated,
intercalated or partially exfoliated/partially interca-
lated structures. Further, it was distinctly that the
peak intensity of PLAM5 at small-angle region was
larger than those of PLAM1 and PLAM10, suggesting
that more orientation of silicate layers was formed
in the PLAM5 nanocomposites. Hence, it seemed
reasonable that Kojima et al. used the peak intensity
together with the interlayer spacing to characterize
the relative proportion of exfoliated and intercalated
species with the nanofiller content.28 For the studied
PLA/OMMT nanocomposites, it was likely that the
exfoliated structure was the dominant population
when the concentration was below 5 wt %; and
above it, the intercalated hybrid gradually domi-
nated; and for 5 wt %, the exfoliated structure with
partially ordering structure was probably formed.29

In addition, for the nanocomposites with high
OMMT loading (e.g., 10 wt %), though the interca-
lated structure was dominant there were more aggre-
gative silicate layers without intercalated PLA chains
in the matrix. These speculations were further con-
firmed by TEM observation as illustrated in Figure 7.
TEM images (a), (b), and (c) showed typical but
various OMMT dispersions for PLA nanocomposites
containing organic montmorillonite of 1, 5, and 10 wt
%, respectively. It can be seen that the silicate plates
(dark lines) or silicate bundles (dark area) were
homogeneously dispersed in the polymer matrix in
all three cases. Clearly, the PLAM1 (at low OMMT
loading, 1 wt %) was a typical characteristic of

Figure 6 The WAXD patterns of organically modified
montmorillonite powder, neat PLA and the nanocompo-
sites with different OMMT loading.

Figure 5 van Gurp plots of neat PLA and three nanocom-
posites with different OMMT loading.
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disordered and exfoliated OMMT nanostructure and
silicate layers rotated and orientated more freely
when they were suffered the shear due to the weaker

filler-filler interaction. Thus, the PLAM1 displayed a
pseudo-Newtonian behavior at low frequency range
as does neat PLA in Figure 3. The more ordered and
exfoliated OMMT layers were observed for the
PLAM5 (5 wt % OMMT loading), which observably
restrained the motion of polymer chains and led to a
transition from liquid-like to solid-like viscoelastic
behavior in composites. Whereas the PLAM10 (at
high OMMT loading, 10 wt %) was typically ordered
intercalated OMMT layers (dark area) morphology
with some aggregative OMMT (darker area) and
showed a higher complex viscosity and a more
pronounced shear thinning behavior as indicated in
Figure 3.
It should also be noted that, in practice, it is difficult

to get fully exfoliated or fully intercalated polymer/
OMMT nanocomposites at higher OMMT loadings,
especially by the melt intercalation approach. The
relative fraction of intercalation/exfoliation usually
increased with increasing the OMMT loadings. More-
over, the OMMT agglomeration was usually inevitable
to some extent at high OMMT loading (e.g., 10 wt %).
In addition, diverse nanoscale morphologies of
OMMT were usually observed by TEM.

CONCLUSIONS

Nanocomposites comprising of PLA and organic
montmorillonite were prepared by melt-compound
technique. The rheological behavior of nanocompo-
sites showed dependence on both temperature and
OMMT loadings. For the polymer and the nanocom-
posite of low OMMT loadings (1 wt %), the complex
viscosity showed a Newtonian plateau in low fre-
quencies at low temperatures. The nanocomposites
exhibited strong shear-thinning behavior and nonter-
minal viscoelastic behavior at high temperature or
high loadings of OMMT. The dynamic moduli meas-
urements suggested the presence of pseudo-solid-like
behavior for composites with OMMT loadings in
excess of 5 wt %. The time sweeps showed that the
stability of PLA matrix was improved by incorporat-
ing the more than 5 wt % OMMT loadings and TEM
showed that the exfoliated nanocomposites was
formed at low OMMT loadings (less than 5 wt %)
and a mixture of exfoliated and intercalated nano-
composites was obtained at higher OMMT loadings.
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