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ABSTRACT: Polylactide (PLA)/linear low-density polyethylene (LLDPE), (PLA/LLDPE), blends and nanocomposites were prepared by
melt mixing process with a view to fine tune the properties. Two different commercial-grade nanoclays, Cloisite® 30B (30B) and
Cloisite® 15A (15A) were used. A terpolymer of ethylene, butylacrylate (BA) and glycidylmethacrylate (GMA) was used as a reactive
compatibilizer. The influence of type of clay on the morphology and mechanical properties of two PLA-rich and LLDPE-rich blend
systems was studied. Morphological analysis using X-ray diffraction, transmission electron microscopy, and scanning electron micros-
copy revealed that the organoclay layers were dispersed largely at the interface of PLA/LLDPE. Decreasing the PLA content changed
the morphology from droplet-in matrix to coarse co-continuous. In comparison with 30B, due to less affinity of 15A towards compa-
tibilizer and PLA phase, the reduction of the size of dispersed phase was less than that of the equivalent 30B composites. The me-
chanical results demonstrated that the composites containing both types of organoclay exhibited higher modulus but lower elongation
and tensile strength as compared to the neat blends. The injection molded nanocomposites were shown to have the sequential frac-
ture behavior during tensile test. The tensile testing results on the neat blends and nanocomposites showed significant increase in
elongation at break and decrease in the modulus as compared with the neat PLA. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130:
749-758, 2013
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INTRODUCTION

Polymers from renewable resources have gained much attention
over the last two decades, mainly due to two major reasons:
first, limitation of fossil fuel resources, and second, environmen-
tal concerns. As one of the biodegradable polymers, poly (lactic
acid) or polylactide (PLA) has attracted an increasing attention
due to its comprehensive mechanical properties and its poten-
tial to replace conventional petrochemical-based polymers. PLA
is a linear aliphatic polyester that can be semicrystalline or
totally amorphous, depending on the stereopurity of the poly-
mer backbone. In general most of the commercial PLA grades
are semicystalline and contain less than 6% p-lactide. The prop-
erties of PLA such as degradability, mechanical and thermal
properties, are strongly dependent on the degree of crystallin-
ity." Because of high stiffness, modulus and strength of PLA, it
has been used in many applications such as food packagings,
films, and textiles. However, some of the other properties such
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as heat distortion temperature (HDT), melt strength, impact re-
sistance, gas barrier properties, etc. are not good enough for
various end-use applications such as packaging.?

In recent years, considerable efforts have been made to improve
the brittleness, thermal properties and gas barrier properties by
blending PLA with other polymers, low molecular weight plasti-
cizers or with the intercalation of PLA in the silicate galleries of
nanoclay to prepare nanocomposite systems with superior
properties.”

Among the petrochemical-based polymer, polyethylene (PE) is
one of the most consumed polymers in the packaging industry.
Considering the low price and good mechanical properties of
PE, it can be a good candidate for improving the toughness of
PLA. Only limited researches on PLA/PE exists in the literature.
In addition, this blend system has attracted many interests
because it complements brittleness of the PLA. Studies have
shown that blending of PLA with linear low-density
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polyethylene (LLDPE) resulted in significant increase in PLA
ductility and toughness but the PLA strength and modulus were
also substantially reduced.*'® Because of the immiscibility of
this polymer pair, several researchers employed different compa-
tibilizer to further tailoring their properties.

Anderson et al. showed that for the amorphous PLA the tough-
ening was achieved only when a poly (i-lactide) (PLLA)-PE
block copolymer was used as compatibilizer.® On the other
hand Kim et al. investigated blends of PLLA and low-density
polyethylene (LDPE) and found that the domain size of dis-
persed phase decreased and the tensile properties enhanced sig-
nificantly by using a reactive compatibilizer having glycidyl
methacrylate (GMA) functional group.” Rezgui et al. studied the
plastic deformation and modeled the creep behavior of LDPE
reinforced with PLA.”® They pointed out that the deformation
damage of LDPE/PLA blends increased with increasing the PLA
content.” They also found that with increasing concentrations of
PLA, the blend showed higher Young’s modulus, stiffer visco-
elastic response, and earlier fracture.® Recently Nufez et al.
studied the PLA/LLDPE nanocomposites based on sepiolite.’
They showed that the compatibilized blends prepared without
clay have higher thermal degradation susceptibility and tensile
toughness than those prepared with sepiolite. Moreover signifi-
cant changes in complex viscosity and melt elasticity values
were observed on sepiolite incorporation. This blend nanocom-
posites exhibited similar thermal degradation, lower tensile
strength, and Young’s modulus values and increased elongation
at break and tensile toughness, complex viscosity, and storage
modulus compared with the nanocomposite of PLA.

Thermal properties and degradation characteristic of PLA/
LLDPE was also studied by Singh et al.'®!" They found that the
degradation in alkaline medium and the presence of compatibil-
izer was favorable. In addition among the investigated samples
the compatibilized blends with higher content of LLDPE (80 wt
%) showed better mechanical and thermal properties.

Hydrolysis degradation behavior of starch/LDPE and starch/
LDPE/PLLA blend systems was also studied in acidic solution."?
Raghavan et al. studied the micro-structure of starch/LDPE/
PLLA/vernonia oil. According to the results the vernonia oil was
present at the interface of the starch/polyethylene. They also
showed that the quantity of water passing through the porous
acid hydrolyzed composite depended on the thickness of the
film.

Besides these studies on PLA/PE blends, there are several reports
on PLA blend nanocomposites.'”* These studies mainly
focused on the study of thermal, mechanical, and permeability
properties of PLA/poly caprolactone (PCL) nanocomposites,'™*¢
the rheological behavior of PLA/poly(butylene succinate) (PBS)
nanocomposites'’? and the mechanical and rheological behav-
ior of PLA/poly(butylene adipate-co-terephthalate) (PBAT) nano-
composites.””* In our previous work we reported on the effect
of mixing sequence on rheological behavior as well as biodegrada-
tion properties of the PLA/LLDPE/clay system.” This work is
focused mainly on the influence of clay type and clay content
on the state of clay dispersion as well as their consequent
effects on morphology and mechanical properties of the compati-
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bilized PLA/LLDPE system. The addition of compatibilizer to a
clay-containing multiphase system can have its own contribution
towards clay positioning and dispersion due to imposed
changes on the system thermodynamics. This issue has been dis-
cussed intensively in the literature,>*2° and therefore, it will not
be addressed again in this work. No comparison was made
between compatibilized and noncompatibilized systems. In this
study the microstructure and tensile properties of different nano-
composite systems based on PLA/LLDPE blends by two
approaches were investigated to achieve PLA composites with
better-balanced properties. In PLA-rich system the brittleness of
PLA was improved with LLDPE, as one of the most widely used
commodity plastics. In LLDPE-rich system, PLA has chosen as a
counterpart of LLDPE due to its biodegradable properties.
Blends and nanocomposites of LLDPE and PLA may be a
candidate for excellent biodegradable and inexpensive packaging
materials. The Cloisite 30B was chosen due to the polar nature of
PLA and better affinity between this nanoclay and PLA. A nonpo-
lar organoclay-like Cloisite 15A with long alkyl tail surfactant
was used for LLDPE matrices. This study illustrates a new
approach to achieve PLA composites with better-balanced
properties.

EXPERIMENTAL

Materials and Sample Preparation

The PLA used in this study was a commercial grade Nature-
Works® PLA 4042D, containing 4.5% of p-Lactide, supplied by
NatureWorks (USA). The linear low density polyethylene
(LLDPE) used was also a commercial grade (LL 4004EL) sup-
plied by ExxonMobile Chemicals (USA), having a melt flow
index of 3.6 g/10 min (190°C, 2.16 kg). The Elvaloy® PTW
which is a terpolymer of ethylene, n-butylacrylate (BA) and gly-
cidylmethacrylate (GMA) with MFI of 12 g/10 min (190°C,
2.16 kg) supplied by DuPont (USA) used as a reactive compati-
bilizer. Two different organo-modified clays (Southern Clay
Products) Cloisite®30B, (30B), MMT-Na+ modified with bis-
(2-hydroxyethyl) methyl tallowalkyl ammonium cations and
Cloisite® 15A, (15A), MMT-Na+ modified with dimethyl,
dehydrogenated tallow, quaternary ammonium cations were
used in this study. Before mixing, all the polymers and the
organo-modified clays (OMMT) were dried in a vacuum oven
at 80°C for 24 h.

A corotating twin-extruder (ZSK 30) equipped with gravimetric
feeders and a strand pelletizer was employed to compound the
blends as well as nanocomposites. The screw speed of 150 rpm
and the feed rate of 10 kg/h were used for all runs. The extru-
sion temperature profile was set from 160 to 190°C from hop-
per to die. The blend and nanocomposite pellets were then
dried in a vacuum oven at 80°C for 24 h prior to characteriza-
tion and testing. The compatibilized blend and nanocomposites
had about 5 wt % compatibilizer. The OMMT loading in each
nanocomposite samples was about 3 wt % of the total mixture
(Table 1).

Characterization

Wide-angle X-ray scattering (WAXS) patterns were recorded
using Co K, radiation (40 kV, 40 mA) generated by an X-ray
diffractometer (Xpert, Philips); corresponding data were

©WILEY i ONLINE LIBRARY



Applied Polymer

CIENCE

Table I. Sample Composition

Composition (wt %)

Cloisite Cloisite

Sample PLA LLDPE 30B 15A Elvaloy
PLA71/LLDPE24 71 24 = = 5
PLA24/LLDPE71 24 71 - - 5
PLAG9/LLDPE23/30B 69 23 g = 5
PLAG9Y/LLDPE23/15A 69 23 - 3 5
PLA23/LLDPEG9/30B 23 69 3 = 5
PLA/LLDPE/15A 23 69 - 3 5

collected from 20 angle of 1.5° to 10° to characterize the spac-
ing of the layer structure of the neat OMMT as well as that of
the nanocomposite samples in the form of sheets. The scanning
rate was 1°/min with a step size of 0.02°.

The dispersion of the OMMT platelets in the blend was studied
by means of transmission electron microscopy (TEM). The
samples were cut by cryo-ultramicrotom from extruded bars in
thin section (~ 60 nm thick) at —120°C using a diamond knife.
The sections were observed by means of a Carl Zeiss LIBRA®
200 CS-STEM, using an accelerated voltage of 200 kV. The clear
contrast between PLA and LLDPE are observable, due to high
electron density difference between the phases.

Scanning electron microscopy (SEM) was used to characterize
the morphology of the blends and nanocomposites. The surfaces
were prepared by cryo-fracturing at the tensile direction (i.e.,
melt flow direction in injection molding) for analyzing any
occurrence of microstructure anisotropy. The ultra-thin sections
which were prepared from the cross section of all samples com-
pared with each other.

All specimens after proper drying were sputter coated with gold
prior to examination and observed under a VEGA TESCAN.

Standard tensile test samples (ISO 527-1) were prepared by
injection molding operated at 190 °C with the mold tempera-
ture of 30°C. After molding, the molded specimens were condi-
tioned at room temperature for at least 24 h to allow for any
relaxation of elasticity within the specimens.

The tensile testing was performed on a tensile tester (Zwick/Roell,
Germany) according to the standard method for testing the ten-
sile properties of rigid plastics (ISO 527-1:1993) at room tempera-
ture. For all samples the crosshead speed was 50 mm/min and the
average values of at least seven measurements were reported.

RESULTS AND DISCUSSION

X-ray Diffraction

The level of intercalation and exfoliation of the organoclay was
investigated using X-ray diffraction (XRD) technique. The XRD
patterns for PLA/LLDPE nanocomposites are shown in Figure
1. The XRD patterns of the neat organoclays were also recorded
as reference. The mean interlayer spacing for the 30B organoclay
is 18.45 A° corresponding to 20 =4.85°. In the case of PLA69/
LLDPE23/30B (PLA-rich system) a small shifted peak is

Mﬁ‘ﬂ\f%#’& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

ARTICLE

observed at 20 =3° (corresponding to a basal spacing of 34 A°)
[Figure 1(a)], representing intercalated structure. The LLDPE-
rich system (PLA23/LLDPE69/30B) in Figure 1(a) has also an
intercalated morphology. This sample shows a similar peak at
3° with basal spacing of 34A°. Similar diffraction peaks are
observed for both PLA-rich and LLDPE-rich systems having dif-
ferent PLA contents. In other words the ability of these two
matrixes to swell the organoclay crystallites is similar.

Figure 1(b) shows the mean interlayer spacing of 15A and the
related nanocomposite systems based on this type of clay. The
mean interlayer spacing of 15A is 30.9 A° at 20 = 2.77°. In
the case of blends with 3 wt % 15A, no significant peak shift
was observed. In the 15A based blend nanocomposites unlike
the 30B-based nanocomposites, the d-spacing of silicate layers
differs only slightly from that of neat 15A. Similar results have
been reported by other researchers.”’” The small peaks which
are observed at 20 =5.6° in the 15A-based nanocomposites
are related to the (002) plane of the silicate layers dispersed in
the matrix.?® The difference in the phase morphology of two
kinds of clay nanocomposites can be explained from the
chemical component and structure of organic surfactants used
in 30B and 15A. Different cationic modifiers present on the
clay surfaces result in different polarity and interlayer gallery
of organoclay. This leads to a different level of intercalation or
exfoliation in polymer matrix. Generally, polar organoclay
from a surfactant with only one long alkyl (i.e., 30B) can be
used to modify polar polymer, like PLA; on the other hand,
nonpolar organoclay from two or more long alkyl tail surfac-
tant (i.e., 15A) may be used to modify the polymer like poly-
olefin matrices. Therefore, the results confirm that the struc-
ture of clay modifier is one of the most important factors that
can influence the level of dispersion of nanoclays. Similar to
[Figure 1(a)], the basal spacing of the organoclay is unaffected
by the PLA content, and it is 35.6 A° for PLA contents of 23
and 69 wt %.

Microscopic Analyses Using TEM and SEM

For a qualitative understanding of the internal structure of the
nanocomposite systems TEM was used. Combination of XRD
and TEM is useful for a precise result. TEM micrographs of
PLA/LLDPE nanocomposites with different magnifications are
illustrated in Figures 2 and 3. The typical two-phase structure
can be seen in these TEM micrographs, in which the dark grey
parts are PLA phase and the white parts correspond to LLDPE
phase. The dark lines are the cross section of the clay layers that
have been delaminated and dispersed in the polymer matrix.

The TEM images for PLA69/LLDPE23/30B-based nanocompo-
sites presented in Figure 2(a—c) are indicative of an intercalated/
exfoliated structure. Some partly exfoliated clay platelets are
located at the interface between PLA and LLDPE. But, besides
the exfoliated organoclay layers, some organoclay stack are also
visible mostly in the PLA phase [Figure 2(a,)]. Presence of
these stacks was earlier confirmed by the XRD results. It can be
seen from Figure 2(a—c) that the main part of nanoclay is local-
ized at the interface between PLA and LLDPE. This implies that
the adsorbed compatibilizer macromolecules on clay surface are
desorbed by PLA macromolecules. Since the compatibilizer
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Figure 1. XRD patterns of various PLA/LLDPE mixtures: (a) Cloisite 30B and 30B-based nanocomposites, (b) Cloisite 15A and 15A-based

nanocomposites.

melts at temperature significantly lower (approximately at
75°C) than the other two polymers, it encompasses the 30B
nanoparticles preferentially.

The TEM micrographs of PLA69/LLDPE23/15A-based nano-
composites are shown in Figure 2(d—f). As it can be seen orga-
noclay is localized mainly at the interface. However, in 15A-
based nanocomposites, as earlier confirmed by XRD results,

unlike the 30B based nanocomposites, the level of exfoliation is
lower and some large tactoids are observable at the interface of
PLA and LLDPE. The main reason behind this might be the
lesser affinity of 15A modifier with compatibilizer and PLA
phase. Significant difference is not observed between the local-
ization of organoclays in 30B and 15A-based nanocomposites.
In both systems, the nanoclays are localized mainly at the

Figure 2. The TEM micrographs of various compatibilized PLA/LLDPE nanocomposites, (a—c) PLA69/LLDPE23/30B, (d—f) PLA69/LLDPE23/15A.
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Figure 3. TEM Micrographs of various compatibilized PLA/LLDPE nanocomposites (a—c) PLA23/LLDPE69/30B, (d—f) PLA23/LLDPE69/15A.

interface. However, in 30B-based nanocomposites some parts of
nanoclays are localized in PLA phase.

Figure 3 shows the TEM micrographs of LLDPE-rich system.
Similar to the PLA-rich system both 30B and 15A organoclays
are localized mainly at the interface of PLA and LLDPE. It is
interesting to underline that in spite of higher affinity between
LLDPE and 15A, no localization of this organoclay within
LLDPE phase are observed in LLDPE and PLA-rich system. One
possible reason for this behavior is due to the easier diffusion
of the compatibilizer chain around and into the nanoclay aggre-
gates at the initial stage of melt mixing. On the other hand,
most of the nanoclays have a tendency to be further dispersed
on the phase interface driven by the mixing flow because the
carboxylic group of modifier on surface of the nanoclays has
good affinity to both the PLA and the compatibilizer phases. As
it can be seen from Figure 3 in LLDPE-rich system some parts
of exfoliated clay (both 30B and 15A) platelets are located at
the interface between PLA and LLDPE. However, in both PLA
and LLDPE-rich systems the overall organoclay distribution is
better for 30B than the equivalent 15A composites.

Comparing the dispersion of these nanocomposites at different
PLA contents one can conclude that the influence of PLA con-
centration on localization and the state of dispersion is not sig-
nificant. This can also be an effect of addition of all the compo-
nents to the extruder simultaneously. In such case the phase
which melts at temperature significantly lower than other phases
encompasses the organoclays preferentially. This interfacial
localization of the nanoclays could prevent the coalescence of
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the dispersed phase effectively which helps compatibilization
during melt mixing. Therefore, both the thermodynamically
and kinetically driven compatibility is possible to occur.**?
Such interface localization of the nanoclays, as a result,
improves the interfacial adhesion of the PLA/LLDPE blend ma-
trix evidently as confirmed by the SEM micrographs presented
in Figures 4 and 5.

EM micrographs of the cryofracture surfaces provide morpho-
logical information complementary to the TEM results. The
corresponding SEM micrographs of the cryofracture surface
along the longitudinal (flow) direction for the neat as well as
the nanoclay-filled blends, for PLA-rich and LLDPE-rich sys-
tems, are presented in Figures 4 and 5, respectively. From Figure
4, it is seen that all PLA-rich samples have typical droplet-in
matrix morphologies where some of the LLDPE inclusions are
deformed in to ellipsoids due to the high shear flow in the
injection molding process. A significant change in the blend
phase morphology is seen on addition of a small amount of
organoclay. As it can be seen in case of PLA/LLDPE/30B system
[Figure 4(b)], the fracture surface appears coarser due to size
reduction of dispersed phase.'” It is to be noted that the frac-
ture surfaces may have also been an effect of sample preparation
conditions and the locations where the specimens are taken
from. In comparison with 30B, due to less affinity of 15A
towards compatibilizer and PLA, the reduction of the dispersed
phase is less than the corresponding 30B composites (comparing
Figure 4(b,c)]. On the other hand, localization of some
extent of organoclay at the interface of the blend is one of the
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Figure 4. SEM micrographs of cryofractured compatibilized PLA69/
LLDPE23 system before stretching, PLA/LLDPE, (b) PLA/LLDPE/30B, (c)
PLA/LLDPE/15A.

equisetic mechanisms of size reduction of the dispersed
23-26

phase.

Figure 5 shows the phase morphology of LLDPE-rich system
with and without clay loading. Strong interfacial bonding
between PLA and LLDPE is not observed in this compatibilized
system which is an indication of an interfacial debonding
between PLA and LLDPE phases. All the samples exhibit co-
continuous morphology.
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Figure 5. SEM micrographs of cryofractured PLA23/LLDPE69 system
(LLDPE-rich) before stretching, PLA/LLDPE, (b) PLA/LLDPE/30B, (c)
PLA/LLDPE/15A.

As it can be seen from Figures 4 and 5 based on different
contents of PLA/LLDPE, there is a significant difference in
break morphology of blend. Decreasing the PLA content
changes the morphology from a droplet-in matrix to a coarse
co-continuous. It is well known that there can be a co-con-
tinuous region around the phase inversion composition whose
composition range depends mainly on the interfacial
tension.”!
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Figure 6. Tensile properties of (a) PLA-rich system, (b) LLDPE-rich system, (c) Tensile modulus, (d) Tensile strength.

In the case of PLA/LLDPE/15A with different PLA contents the
size of dispersed phase is bigger than the corresponding nano-
composites made from 30B. This can be attributed to the local-
ization of the major parts of organoclay particles at the interface
(Figures 2 and 3). It appears that more polar structure of the
30B modifier is responsible for enhanced interactions with com-
patibilizer and PLA. This modification of the interfacial tension
affects the breakup/coalescence equilibrium in favor of the
breakup and should lead to smaller drops.

From Figures 4 and 5 it is also seen that by incorporation of 15
A to both PLA-rich and LLDPE-rich blend systems the phase
morphology significantly changes from elongated dispersed
domains to somehow more spherical domains. Such phenom-
enon was not observed in the 30B-based systems. The observed
great change in phase morphology as compared with the 30B-
based samples can be attributed to the difference in interaction
of compatibilizer with 15A and 30 B in the respective systems.
Considering the cationic nature of 30B modifier as compared to
nonpolar modifier of 15 A it is expected that 15A should have
less interaction with the compatibilizer as compared with 30B
and therefore it might be more free to affect the blend phase
morphology. On the other hand, since this change of phase

ol
Mk s
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morphology by presence of 15A is evident in both PLA-rich
and LLDPE-rich system the change in morphology can not be
due to the difference in type of matrix.

Tensile Properties

Figure 6 presents the tensile properties (stress—strain curves,
tensile modulus and tensile strength) of PLA-rich and LLDPE-
rich blends and nanocomposites. The tensile data are summar-
ized at Table II. From these results the effect of addition of
LLDPE and organoclay on tensile properties can be seen clearly.
LLDPE can convert the brittle PLA to a flexible material on
expense of a large strength lost. Addition of 23% LLDPE to
PLA reduces the tensile strength and modulus by about 60%. In
contrast the elongation at break increases significantly (about
5-folds). This exhibits the toughening effect of LLDPE on PLA.
The increase of modulus and the decrease of elongation at break
in LLDPE-based system, as compared with neat LLDPE can also
be attributed to inherent brittle nature of PLA. The organoclay
role on modulus enhancement can be seen from Figure 6(c).
The modulus of the neat PLA/LLDPE blend increases to
some extent by inclusion of 3% 30B. These changes can be
explained by the preferential localization of the organoclay
(30B) at interface and the degree of exfoliation which described
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Table II. Elastic Modulus and Elongation at Break of PLA/LLDPE
Composites

Standard Standard
deviation deviation
Samples E: (MPa) (MPa) e (%) (%)
PLA 3338 58.7 9.2 2.7
LLDPE 248 3.41 509.5 34.7
PLA71/LLDPE24/ 2208 187.9 50.3 143
Elvaloy PTW
PLAGY/LLDPE23/ 2220 49.7 218 4
Elvaloy PTW/ 30B
PLAGY/LLDPE23/ 2132 71.2 47.2 2.3
Elvaloy PTW/ 15A
PLA24/LLDPE71/ 526 14.8 206.9 432
Elvaloy PTW
PLA23/LLDPEGY/ 571 22.9 1448 26.5
Elvaloy PTW/ 30B
PLA23/LLDPEGY/ 599 15.5 2575 542

Elvaloy PTW/ 15A

All blend nanocomposites contain 3 wt % nanoclay and 5 wt %
compatibilizer.

earlier (TEM micrographs). Based on the other researcher’s
report, the mechanical properties of nanocomposites are sensi-
tive to the level of exfoliation and localization of nanoclays.”” In
general, the addition of nanoclays in a polymer matrix results
in significant improvements of modulus. However, exceptions
to this general trend have been reported.” In addition the
improvement of the modulus was observed by incorporating
clay in the matrix.”” As it can be seen in Figures 2 and 3, most
of the nanoclays were localized at the interface. This localization
of nanoclay may have influence on the improvement of the me-
chanical properties. In addition in both PLA and LLDPE-rich
system, silicate layers are intercalated at the interface and only a
few exfoliated layers are observable. In this case the improve-
ment of tensile properties is not significant by the addition of
nanoclays.

In general, the addition of an organically modified layered sili-
cate in a polymer matrix results in significant improvements of
mechanical properties. However, exceptions to this general trend
have been reported. The level of exfoliation and localization of
organoclays are two crucial factors which affect the degree of
improvement of mechanical properties. Mixing methods has a
significant effect on the level of exfoliation and localization of
organoclays. In this study due to simultaneous addition of the
components, the organoclays localized at the interface in both
PLA and LLDPE-rich systems. The results show that due to the
low level of exfoliation of organoclay and localization of orga-
noclays at the interface the improvement of mechanical proper-
ties is not significant. As the localization of organoclays at the
matrix has major role on the improvement of mechanical prop-
erties, through a proper mixing method the organoclays can be
localized in matrix, in such case the effect of organoclays on the
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properties would be significant. In our previous work,> the
effect of mixing methods on the morphology and properties of
PLA/LLDPE was investigated.

In the case of PLA/LLDPE/15A with different PLA contents, the
enhancement of the modulus was observed only in specimen
with higher content of LLDPE [see Figure 6(a,c)]. There are
several factors which can contribute to the modulus enhance-
ment. The first and the major contribution are exerted from the
exfoliated and/or intercalated organoclay layers with their high
inherent modulus. Second, the formation of a network-like co-
continuous morphology which in turn can contribute to the
modulus enhancement. The role of co-continuous morphology
in enhancement of modulus is evident if one compares the
modulus of two PLA/LLDPE blend nanocomposites with a sim-
ilar clay type but at higher and lower contents of LLDPE. As it
was seen from the SEM micrographs presented in Figures 4 and
5 reduction of PLA content changed the morphology from
droplet-in matrix to co-continuous. In other words the compar-
ison of the effects of 15A and 30B on the enhancement of mod-
ulus can reveal the affinity between PLA matrix and 30B. In
contrast the tensile strength as well as elongation at break of the
PLA/LLDPE/30B blend nanocomposite at different contents of
PLA show decreasing trend. Similar behavior was observed for
the equivalent 15A nanocomposites.

This could be due to the presence of some organoclay stacks
(see Figures 2 and 3) and high stress concentration which led to
large voids during the tension test. These voids develop into
cracks and reduce elongation at break. It is well known that
obtaining exfoliated nanocomposites without any agglomeration
is very difficult by melt compounding. In addition tensile
strength and elongation at break are much more affected by the
interfacial adhesion than modulus. It was evident from the mor-
phological studies that strong interfacial bonding was not effec-
tively established by the compatibilizer and addition of organo-
clay. The stepwise drops in stress—strain curves [see Figure
6(a,b)] indicates a sequential fracture behavior during tension
testing for PLA/LLDPE blends and their nanocomposites at dif-
ferent contents of PLA. The SEM micrographs from the tensile-
fracture surface presented as insets in Figure 6(a,b) exhibit a
multilayer structure of the specimens and sequential fracture
behavior. Because of the cooling and shear gradient across the
part thickness, the injection molded polymer parts often exhibit
a multilayer structure.”®*® The multilayer structure can be di-
vided into skin and core layers. The orientation of polymer
chains in core layer is less than skin layer. This characteristic is
caused by lower shear rate, lack of extensional flow, and longer
cooling time in the core layer.”"

Figure 7 shows the SEM micrographs of the binary blends
and their nanocomposites after the tension test. All the sam-
ples were cryo-fracture along the longitudinal direction i.e.
tensile direction. The multilayer structure of PLA/LLDPE
blend and nanocomposites can be easily distinguished from
these micrographs. Because of high shear rate and extensional
flow in injection molding, polymer chains are aligned and
the inclusions become smaller. As it can be seen from Figure
7 the morphology changes during the tension test. Because of
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Figure 7. SEM micrographs of PLA/LLDPE and their nanocomposites after stretching: (a) PLA69/LLDPE23, (b) PLA23/LLDPE69, (c) PLA69/LLDPE23/
30B, (d) PLA23/LLDPE69/30B, (e) PLA69/LLDPE23/15A, (f) PLA23/LLDPE69/15A. Arrows indicate tensile direction.

the toughening effect of LLDPE and compatibilizing role of
organoclay, binary blend of PLA/LLDPE and their nanocom-
posites show different morphology after stretching. Due to
brittle behavior of PLA, PLA/LLDPE blend, and nanocompo-
sites with higher content of PLA show smoother surfaces
than samples with lower content of PLA. It is clearly seen
that the ductility of fracture surface is the most excessive in
samples with higher content of LLDPE. During the tensile
test all blend nanocomposites, showed obvious stress whiten-
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1
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ing. In other word as shown in Figure 7, the PLA matrix in
the PLA-based blend and nanocomposites demonstrates inten-
sive fibrillation due to the release of strain constraints initi-
ated by interfacial debonding between PLA and LLDPE. Simi-
lar results have been reported by other researchers.”’
According to multiple crazing theory, interfacial adhesion,
particle size, size distribution, and content of dispersed phase
all have a significant effect on the final mechanical properties
of blend nanocomposites.**>*
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CONCLUSIONS

The compatibilized blend nanocomposites based on PLA/
LLDPE/nanoclay were successfully prepared by melt extrusion
process. The influence of type of clay on the morphology and
mechanical properties of two PLA-rich and LLDPE-rich blend
systems was investigated. Investigation on the effect of organo-
clay type and blend composition on the microstructures and
mechanical properties of PLA blend nanocomposites showed
that the overall organoclay distribution was better for the 30B
than the equivalent 15A composites. Similar diffraction peaks
were observed for different PLA contents indicating that the
ability of PLA and LLDPE matrices to expand the organoclay
crystallites was similar. The results indicate that decreasing the
PLA content changed the morphology from droplet-in matrix
to coarse co-continuous in both systems. Moreover, in the case
of PLA/LLDPE/15A with different PLA content, the size of dis-
persed phase was increased in comparison with the equivalent
30B nanocomposites. The mechanical properties revealed that
the addition of LLDPE to PLA results in a large modulus lost
and elongation improvement. A layered structure and stress
whitening were noted in the injection-molded specimens. In
contrast, by addition of both types of organoclays to PLA/
LLDPE blend the tensile strength as well as elongation at breaks
showed decreasing trend for both PLA-rich and LLDPE-rich
systems. This could be due to some organoclay stacks and high
stress concentration which led to large voids during the tension
test. It was shown that the modulus enhancement in nanocom-
posites with co-continuous morphology was much higher than
that with droplet-in matrix.
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