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ABSTRACT: A series of blends based on poly(lactic acid) (PLA) and poly[(butylene succinate)-co-adipate] (PBSA) as well as their

nanocomposites with nanoclay (PLA/PBSA/Clay ternary nanocomposites) were prepared using the twin-screw extruder. The blends

were prepared for PBSA contents ranging from 25 to 75 wt % and their corresponding nanocomposites were prepared at a single-clay

concentration. The morphology and structure of the blends and the nanocomposites were examined using field emission scanning

electron microscopy, transmission electron microscopy, and X-ray diffraction. Rheological properties (dynamic oscillatory shear meas-

urements and elongational viscosities) of the blends, nanocomposites, and pure components were studied in detail. The strain hard-

ening intensity of different blends and nanocomposites was compared with the behavior of the pure components. Strong strain hard-

ening behavior was observed for blends composed of 50 wt % and higher PBSA content. However, the effect of PBSA content on the

elongational viscosity was less pronounced in PLA/PBSA/Clay ternary nanocomposites. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Poly(lactic acid) (PLA), a linear aliphatic polyester, is one of the

most promising renewable biodegradable polymers. Properties

such as high gloss and clarity, high tensile strength, good heat

sealability, and low coefficient of friction make PLA a suitable

candidate for a wide variety of packaging applications.1 How-

ever, drawbacks such as brittleness, low-heat distortion tempera-

ture, and high gas/liquid permeability (weak barrier properties)

limit its end-use applications, particularly for flexible food pack-

aging. Moreover, PLA does not offer the processability needed

for many polymer processing operations (e.g., film blowing,

stretch blow molding, foaming, fiber spinning, etc.) owing to its

low melt strength. On the other hand, there exist some syn-

thetic biodegradable polymers (e.g., poly[(butylene succinate)-

co-adipate] (PBSA), a commercially available aliphatic copo-

lyester, poly[(butylene adipate)-co-(butylenes terephthalate)]

(PBAT), a commercially available aliphatic–aromatic copo-

lyester) with high ductility and good processability. Therefore,

blending PLA with such synthetic biodegradable polymers could

provide one way of achieving adequate ductility and process-

ability without compromising biodegradability. Along these

lines, Lee and McCarthy2 prepared blends of PLA with chemi-

cally modified polyhydroxyoctanoate (mPHO) by direct melt

mixing. To improve the compatibility of PLA and PHO, they

used hexamethylene diisocyanate as a chain extender for PHO.

They reported that the elastic modulus of PLA decreased and its

elongation at break increased as mPHO content increased.

Wang and Mano3 employed the solvent casting method to pre-

pare PLA/PBSA blends with various compositions. They

observed two independent glass transition temperatures and a

biphasic melt was observed for all compositions of the blends,

indicating immiscibility of the components. They reported that,

when PLA was the major phase, varying the content of PBSA

had no significant effect on the mechanism or the rate of crys-

tallization of PLA. However, when PLA was the minor phase,

the crystallization rate of PBSA decreased with an increase in

PLA content. Rheological, morphological, and mechanical prop-

erties of a binary blend of PLA and PBSA were also investigated

by Lee and Lee.4 It was found that as PBSA content increased,

no significant improvement was observed in mechanical proper-

ties of the blends. The authors suggested that the mechanical

properties of PLA/PBSA blends may be improved by

VC 2012 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37928 1



functionalization at the dispersed phase surface, by physical

blending with the compatibilizer and/or in situ compatibiliza-

tion. Recently, the dynamic rheological behavior and morphol-

ogy of PLA/PBAT binary blends with a wide range of composi-

tions were investigated by Li et al.5 They found that when the

PBAT content was lower than 20 wt %, fine and uniform drop-

let morphology was obtained. Cocontinuous phase structure

was observed when the PBAT content reached 50 wt %. The

blend structure reverted to the droplet morphology when the

PBAT content exceeded 70 wt %. The effects of the different

morphologies (e.g., droplet, cocontinuous) on the rheological

properties of the blends were also discussed.

Recently, a considerable amount of work has been devoted to a

new class of polymer composites, so-called nanocomposites, in

which particles with at least one dimension in nanometric size

are dispersed in the polymer matrix. Polymer/layered silicate

(PLS) nanocomposite is a well-known example of these materi-

als.6 Special attention has been paid to PLS nanocomposites

because of their potential to create materials with enhanced

thermal and dimensional stability, lower permeability, better

surface finishing and surface printability, and enhanced mechan-

ical properties.6–11 Ternary nanocomposites, based on polymer

blends, have also received attention owing to the possible syner-

getic effects between the nanoparticles and the structure of the

blends.12 A combination of advanced processing techniques and

detailed nanostructure characterizations has made it possible to

develop high-performance biodegradable polymer nanocompo-

sites. Kumar et al.13 prepared PLA/PBAT blends and corre-

sponding nanocomposite using glycidyl methacrylate (GMA) as

a reactive compatibilizer to improve the interfacial adhesion

between PLA and PBAT. Their results revealed that a PLA/PBAT

blend with 25 wt % PBAT exhibited maximum impact strength.

Moreover, incorporation of GMA and nanoclay in the blend

caused an increase in the impact strength. Ko et al.14,15 investi-

gated the rheology and morphology of PLA/PBAT/multiwalled

carbon nanotube (MWCNT) nanocomposites. Their results

showed that PLA/PBAT blends were immiscible. Moreover,

MWCNT showed better affinity to the PBAT phase than the

PLA phase, owing to the chemical structure of PBAT with aro-

matic molecules. The authors then concluded that viscosity ra-

tio, flexibility of the polymeric chain, and polymer chemical

structure had an important influence on locating MWCNT in

the PBAT phase. The shear thinning, elastic and viscous behav-

ior of the nanocomposites confirmed that filler–filler and poly-

mer–filler interactions are very important in determining the

location of filler within the system. More recently, Wu et al.,16

studied the selective localization of some nanofillers in PLA/

PCL blends. They reported that clay platelets were mainly

located in the PLA phase and at the interface. However, carbon

nanotubes were selectively located in the PCL phase and at the

interface when the viscosity ratio of the blend components was

high. By reducing the viscosity ratio, carbon nanotubes changed

their location from the PCL phase to the PLA phase. They then

concluded that the selective localization of the nanofillers may

not be controlled only thermodynamically through the surface

properties of the components but may also be controlled kine-

matically through viscosity ratio of the blend components.

Moreover, it was found that the location of nanofillers had a

strong influence on the crystallization behavior within ternary

nanocomposites.

The effect of organically modified clay on the morphology of

immiscible polymer blends was investigated by Hong et al.17

They reported that when a small amount of clay platelets was

added to the blend, clay platelets were mainly located at the

phase interface. This resulted in the suppression of the coales-

cence of the droplets, which in turn led to a reduction of the

droplet size. They also found that, with increasing clay concen-

tration, the clay platelets were localized in the component with

stronger affinity to the organically modified clay. The clay plate-

lets caused a change in the viscosity ratio of the blend compo-

nents. This, in turn, influenced the droplet size in the final mor-

phology. They concluded that clay platelets suppressed the

coalescence of the droplets at the interface and influenced the

breakup of the droplets owing to the change of viscosity ratio

of the blend. Bose et al.18 investigated the possibility of using

the phase separation process as a tool to control the dispersion

of MWCNTs in polymer blends. They used amine-functional-

ized MWCNTs in poly[(R-methyl styrene)-coacrylonitrile]/poly

(methyl methacrylate) (PRMSAN/PMMA) blends. Their results

demonstrated that, as a result of phase separation, it was possi-

ble to obtain well-dispersed MWCNTs in PRMSAN/PMMA

blends. This resulted in more effective percolation.

Although a considerable amount of work has been devoted to

biodegradable polymer blends and their nanocomposites, less

attention has been paid to the biodegradable polymer nanocom-

posite based on the blend of PLA and PBSA. Only a few

attempts have dealt with PLA/PBSA blends.4,19,20 To the best of

our knowledge, no research has been done regarding the elonga-

tional flow properties of PLA/PBSA blends and PLA/PBSA/Clay

nanocomposites. Therefore, the objective of this study has been

to prepare biodegradable PLA/PBSA binary blends and PLA/

PBSA/Clay ternary nanocomposites and to investigate in detail

their rheological properties, particularly their elongational flow

behavior.

EXPERIMENTAL

Materials

PLA used in this study was supplied by Natureworks, LLC, USA

with the designation 4042D. It is recommended for biaxially

oriented films for potential application in packaging. PLA is

synthesized by ring opening polymerization of lactides or con-

densation polymerization of lactic acid monomers.15 The chem-

ical structure of PLA is shown in Scheme 1.

Synthetic biodegradable PBSA (Bionolle 3001 M) was obtained

from Showa High Polymer, Japan. According to the supplier,

PBSA has mass density of 1230 kg/m3. PBSA is a random copo-

lyester synthesized by polycondensation of 1,4-butanediol in the

presence of succinic and adipic acids. The production cost of

PBSA is relatively low. The mechanical properties and the proc-

essability of PBSA are comparable to those of polyolefins.7 It

contains highly flexible macromolecules with excellent impact

strength. The chemical formula of PBSA is shown in Scheme 2.

Organically modified montmorillonite used in this study was

Cloisite 30B (C30B), supplied by Southern Clay Products, USA.
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Cloisite 30B is treated with a methyl, tallow, bis(2-hydrox-

yeethyl) quaternary ammonium chloride surfactant. It has been

shown that Cloisite 30B is effective in conjunction with PBSA

because of the strong interaction between the ‘‘CO’’ group on

the PBSA and the diols on the Cloisite 30B.7,8,21 All materials

(PLA, PBSA, and C30B) were dried under vacuum at 60�C for

72 h prior to processing.

Blending and Nanocomposite Preparation

Extrusion was carried out using a Leistritz 18HP corotating

twin-screw extruder (D ¼ 18 mm, L/D ¼ 40) equipped with

eight controllable heating zones. It was followed by a strand die,

water bath, and pelletizer. To avoid any possible degradation,

the strand was initially cooled by high-pressure air before pass-

ing through the water bath. Blends of PLA and PBSA with dif-

ferent compositions were prepared (PLA/PBSA: 75/25, PLA/

PBSA: 50/50, and PLA/PBSA: 25/75). First, granules of PLA and

PBSA were hand mixed in a plastic container. The hand-mixed

samples were then processed using the twin-screw extruder. For

the preparation of the nanocomposite, a masterbatch based on

PLA was prepared by feeding PLA pellet through the main hop-

per and C30B powder through the side feeder. The content of

Cloisite 30B in the masterbatch was approximately 15 wt %.

The prepared pellets (masterbatch) were then dried in a vacuum

oven at 60�C for 12 h to remove any possible residual water.

The inorganic content of clay in the master batch was deter-

mined by burning a few grams of sample in a furnace at 800�C.
The test was performed for three different samples and good

reproducibility in the results of inorganic content was observed,

indicating a well-mixed masterbatch (inorganic content, 15 6 1

wt %). The prepared master batch was then used to prepare

nanocomposites based on PLA/PBSA blends. PLA, PBSA, and

the masterbatch, all in the form of pellets, were first hand

mixed in a plastic container. The hand-mixed samples were

then processed using the same twin-screw extruder. Nanocom-

posites were prepared at a single-clay concentration (3 wt %).

All extrusion processes were performed at the screw speed of

100 rpm. The following temperature profile (from the feeder to

the die) was used in the extrusion process: 170, 175, 175, 180,

180, 180, 180, and 175�C. To cover the whole concentration

range, pure PLA and PBSA were also processed under the same

processing conditions.

Morphological Characterization

The samples for scanning electron microscopic (SEM) measure-

ments were prepared by cryofracture in liquid nitrogen of

strands obtained in the extrusion process. The cryofractured

samples were then coated with gold–palladium vapor deposit

for a period of 30 s. The morphology of the blends was

observed by field emission scanning electron microscopy (FE-

SEM, Hitachi S-4700) operated at 2 kV. The nanoscale mor-

phology of the ternary nanocomposite was also examined by

high-resolution transmission electron microscopy (TEM, Phi-

lips, CM200), operated at an accelerating voltage of 200 kV. For

TEM measurements, ultrathin sections were prepared by cryo-

genic ultramicrotome, operated at T ¼ �100�C with a diamond

knife. Disk-shape samples of approximately 2 mm thickness

were used for X-ray diffraction (XRD) measurements. XRD

experiments were carried out using a Bruker Advanced X-ray

machine (Bruker AXS, Madison, WI) equipped with an area

detector diffraction system. The area detector diffraction system

in XRD measurements makes it possible to cover a larger area

of the sample, leading to a precise measurement. The scans

were performed in a one-frame measurement for a period of

60 s. This procedure covers 2h ranges from 0.5 to 28�. To have

a reference, the XRD test was also performed for the pure

components.

Rheological Measurements

The transient elongational viscosity was measured using a SER

Universal Testing Platform (Xpansion Instruments LLC) in

combination with Anton Paar Physica MCR 501 rotational rhe-

ometer. Transient stress growth experiments were carried out

over a range of Hencky strain rates from 0.5 to 8 s�1 and the

test temperature was kept at 180�C. The detailed operating

principle of the SER Universal Testing Platform can be found

elsewhere.22,23 To prepare the specimen for the test, the pellets

obtained during the extrusion process were molded into rectan-

gular sheets (with the nominal thickness of 1 mm) by compres-

sion molding, using a flat window frame mold. Compression

molding was carried out at 5 MPa and 180�C for a period of 15

min (5-min preheating, 5-min heating under pressure, and 5-

min cooling under pressure). A dual blade cutter with a fixed

gap spacer was then used for cutting a rectangular specimen

with fixed width. The ultimate approximate dimension of the

test specimen was 17 mm in length, 12.7 mm in width, and

Scheme 1. The chemical structure of PLA.

Scheme 2. The chemical structure of PBSA.
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0.8–01 mm in thickness. It is worth mentioning that the loading

procedure of the sample (i.e., opening the door of the oven

chamber, fixing the sample onto the SER fixture, and finally

closing the door of the oven chamber) and the waiting period

prior to starting a test have substantial influence on the accu-

racy and reproducibility of the extensional experiment. More

specifically, the sample has to be loaded in the fixture as fast as

possible, to minimize the temperature drop of the oven cham-

ber. Furthermore, to avoid the sagging of the sample, the test

has to be started as soon as the sample reaches its equilibrium

temperature. In the present study, the loading procedure took

about 30 s and the sample was allowed to reach its equilibrium

temperature for a period of about 2 min.

Dynamic oscillatory shear measurements were performed using

a stress-controlled rheometer (Physica MCR 501, Anton Paar)

with parallel plate configuration at 180�C. A disk-shape speci-

men (25 mm in diameter and 2 mm in thickness) was first

placed in the parallel plate fixture and left for 10 min. The

gap was then adjusted to 1.3 mm by gradually squeezing the

sample. Dynamic frequency sweep experiments were then per-

formed in the linear viscoelastic region over a range of fre-

quency from 0.25 to 100 rad/s. Disk-shape specimens were

prepared using a compression molding machine operated at 5

MPa and 180�C for a period of 15 min (5-min preheating, 5-

min heating under pressure, and 5-min cooling under

pressure).

Figure 1. FE-SEM images of PLA/PBSA binary blends (a,b) PLA/PBSA: 75/25, (c,d) PLA/PBSA: 50/50, and (e,f) PLA/PBSA: 25/75.
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RESULTS

Morphology

Figure 1 shows the FE-SEM images of fractured surface of various

compositions of PLA/PBSA binary blends. The results show that

the phase inversion occurs as PBSA content reaches around 50 wt

% PBSA. For blends with PBSA content smaller than 50 wt %,

the dispersed phase, PBSA, exhibits droplet morphology with a

relatively small mean diameter [Figure 1(a,b)]. A nearly cocontin-

uous morphology is obtained for the blend containing 50 wt %

PBSA [Figure 1(c,d)]. As PBSA content exceeds 50 wt %, PBSA

becomes the continuous phase, whereas PLA changes into the dis-

persed phase [Figure 1(e,f)]. It is now well-established that both

the viscosity and the elasticity ratios are important factors influ-

encing the deformation and the size of the dispersed phase dur-

ing mixing.12 The mean diameter of the dispersed phase appears

to be smaller for the blend containing 75 wt % PBSA than for

the blend containing 25 wt % PBSA (compare Figure 1(a) with

(e)). This is possibly because the viscosity and the elasticity of

PBSA are higher than those of PLA. The higher is the viscosity

and the elasticity of the dispersed phase, the more difficult it will

be to deform it during mixing.12 Therefore, PLA droplets in a

PBSA matrix deform and break more easily than PBSA droplets

in a PLA matrix, leading to smaller droplets for PLA in a PBSA

matrix, under the same mixing conditions.

Figure 2. FE-SEM images of PLA/PBSA/Clay ternary nanocomposites at different blend compositions (a,b) PLA/PBSA: 75/25, (c,d), PLA/PBSA: 50/50,

and (e,f) PLA/PBSA: 25/75.
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Now, we turn to the morphology of PLA/PBSA/Clay ternary

nanocomposites. Figure 2 shows the FE-SEM images of frac-

tured surface of PLA/PBSA/Clay ternary nanocomposites with

various blend compositions. In general, the results indicate that

incorporation of clay particles reduces the scale of morphologi-

cal features compared to the corresponding blends. In particu-

lar, for blends that exhibit droplet morphology, the mean diam-

eter of the droplets becomes smaller in the presence of clay

platelets (compare Figure 1(a,e) with Figure 2(a,e), respectively).

Moreover, clay induces a change in morphology from spherical

droplet to elongated droplet when PBSA content increases. It

can be related to the higher viscosity and elasticity of PBSA

phase. In Figure 3, the high magnification images of the ternary

nanocomposites with different blend compositions are com-

pared. As shown in Figure 3(a,c), the morphology of the nano-

composites containing 25 and 75 wt % PBSA remains matrix-

droplet type morphology. It is believed that clay platelets play

the role of compatibilizer and suppress the coalescence, resulting

in finer droplet morphology in nanocomposites compared to

the corresponding blends. However, for nanocomposite contain-

ing 50 wt % PBSA [Figure 3(b)], not only the morphological

domains become finer (compare Figure 1(c,d) with Figure

2(c,d)), but also the type of morphology changes from a nearly

cocontinuous morphology into an elongated droplet morphol-

ogy (see also high-magnification image in Figure 3(b)).This

may be because the viscosity and the elasticity ratio change in

the presence of clay platelets owing to the slightly different af-

finity of organoclay to PLA and PBSA. Figure 4 shows the TEM

images for ternary nanocomposite containing 50 wt % PBSA at

three different magnifications. Figure 4(a) shows the typical

two-phase structure for ternary nanocomposite in which the

dark gray and the light areas correspond to the PBSA and the

PLA phases, respectively. TEM images show that clay platelets

are well dispersed, at the nanoscale, although some clay tactoids

(ordered structure of clay platelets) still remain. The presence of

clay tactoids is further confirmed by XRD measurements (Fig-

ure 5). Exfoliated clay platelets can be seen in the high-magnifi-

cation TEM images [Figure 4(b,c)]. As we shall see from the

analyses of the interfacial energy data in the DISCUSSION sec-

tion, clay platelets are preferentially located at the phase inter-

face and only small proportion of them are located within the

PLA and PBSA phases. We shall return to this issue in the DIS-

CUSSION section.

X-ray Diffraction

Figure 5 shows the XRD patterns of PLA, PBSA, their blends,

and their nanocomposites with Cloisite 30B. The XRD pattern

of pure PBSA shows three distinct diffraction peaks at about 2h
¼ 19.16, 22.02, and 25.16�. However, pure PLA presents no

clear diffraction peaks, an indication of its amorphous structure.

It should be noted that the broad peak observed in the

XRD pattern of pure PLA is associated with its amorphous

phase.24–26 Figure 5(a) shows that various compositions of the

blends present the same diffraction peaks, in terms of position,

as pure PBSA. In other words, no noticeable shift in the charac-

teristic diffraction peaks of PBSA is observed when PLA is

added. As shown in Figure 5(a), the intensity of the diffraction

peaks decreases with an increase of PLA content.

The position, shape, and intensity of the basal reflections of sili-

cate layers in XRD indicate the extent of intercalation in nano-

composites.6,10,27–29 Figure 5(b) shows the XRD patterns of

Cloisite 30B, pure PLA, pure PBSA, and nanocomposites with

various blend compositions. Figure 5(b) shows a diffraction

peak around 2h ¼ 4.6� for Cloisite 30B, which shifts to the

lower angle (2h ¼ 2.2–3.15�) for the nanocomposites. This

means that the interlayer spacing of clay lamellae increases and

polymeric chains penetrate into the clay galleries. The XRD pat-

terns of blends and nanocomposites at two different blend com-

positions are also compared in Figure 6(a,b) for blends contain-

ing 25 and 75 wt % PBSA, respectively. The results of the XRD

Figure 3. High-magnification FE-SEM images of PLA/PBSA/Clay ternary

nanocomposites at different blend compositions (a) PLA/PBSA: 75/25, (b)

PLA/PBSA: 50/50, and (c) PLA/PBSA: 25/75.
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observations reveal that the diffraction peak of Cloisite 30B

shifts from 2h ¼ 4.6 to 3.15� for the nanocomposite containing

25 wt % PBSA, whereas it shifts from 2h ¼ 4.6 to 2.2� for

nanocomposite containing 75 wt % PBSA. Thus, the interlayer

spacing of clay lamellae in PLA/PBSA/Clay ternary nanocompo-

sites increases as PBSA content increases. This may be related to

the differences in affinity of Cloisite 30B to the blend compo-

nents, which influences clay localization. The finer droplet size

observed in nanocomposites containing 75 wt % PBSA com-

pared to the corresponding morphology in nanocomposite con-

taining 25 wt % PBSA also confirms this observation. The shift

of the diffraction peak of Cloisite 30B to the lower angle at 75

wt % PBSA is in line with the good dispersion observed in

TEM images. It should be noted that a diffraction peak is

Figure 4. TEM images of PLA/PBSA/Clay ternary nanocomposite containing 50 wt %PBSA at three different magnifications.
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observed at about 2h ¼ 16.2� for nanocomposite, which is not

present for the blend. This is a diffraction peak of Cloisite 30B

which is shifted from 2h ¼ 19.4 to 16.2� for nanocomposite.

Rheology

Extensional Flow. In many polymer processes such as film

blowing, fiber spinning, thermoforming, blow molding, foam-

ing, etc., the major mode of the deformation is elongational

flow. Moreover, the extensional flows are considered as strong

flows, which can significantly orient macromolecular chains,

droplets in polymer blends, and anisotropic particles in polymer

nanocomposites. These orientations will eventually influence the

properties of the end-use products. Consequently, a comprehen-

sive knowledge of the elongational flow behavior is crucial for

the optimization product composition, processing conditions,

and product properties.30–32

The results of the extensional (elongational) melt rheology

experiments for pure PBSA and pure PLA are shown in Figure 7.

It should be noted that for the sake of clarity, the elongational

viscosity of PBSA was shifted one decade upward. The uniaxial

elongational tests were performed at strain rates >0.5 s�1,

where an accurate signal can be obtained from the transducer.

Figure 7 shows strong strain hardening behavior for pure PBSA

at strain rate as low as 0.5 s�1. It is possible that strain harden-

ing could start at even a lower strain rate. However, the mea-

surement could not be obtained with the existing measurement

system, owing to the transducer sensitivity limitations. The

results of the elongational test for pure PLA, on the other hand,

show no strain hardening in the entire range of applied strain

rates. The highly linear structure of PLA is responsible for its

weak or no strain hardening behavior under uniaxial exten-

sional flow. Thus, PBSA was chosen for the applications of in-

terest to take advantage of its strong strain hardening behavior,

which should also be reflected by enhanced melt strength in

PLA/PBSA blends and PLA/PBSA/Clay nanocomposites.

Figure 8 shows plots of elongational viscosity as a function of

time for various compositions of the blend. Again, for the sake

Figure 5. XRD patterns (a) PLA/PBSA binary blends and (b) PLA/PBSA/

Clay ternary nanocomposites.

Figure 6. Comparison between XRD patterns of PLA/PBSA binary blend

and PLA/PBSA/Clay ternary nanocomposites (a) PLA/PBSA: 75/25 and

(b) PLA/PBSA: 25/75.
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of the clarity, the elongational viscosity of the blends was shifted

one and two decades upward for the blends with 50 and 75 wt

% PBSA, respectively. It is seen that the incorporation of PBSA

into PLA imparts strain hardening behavior to the blends. The

blend containing 25 wt % PBSA exhibits weak strain hardening

behavior, whereas blends with high PBSA content exhibit well-

defined strain hardening behavior which becomes stronger as

PBSA content increases (e.g., blends containing 50 and 75 wt %

PBSA).

The transient elongational viscosity of PLA/PBSA/Clay ternary

nanocomposites with different blend compositions is shown in

Figure 9. Again, for the sake of the clarity, the elongational vis-

cosity of the nanocomposites was shifted one and two decades

upward for the nanocomposite based on 50 and 75 wt % PBSA,

respectively. Again, in Figure 9, no clear strain hardening behav-

ior is observed for nanocomposite based on 25 wt % PBSA.

However, nanocomposites that have higher PBSA content ex-

hibit strain hardening behavior.

The effect of PBSA content on the uniaxial elongational viscos-

ity at a strain rate of 8 s�1 is shown in Figure 10(a,b) for blends

and nanocomposites, respectively. The results show that the

strain hardening becomes more pronounced as PBSA content

increases.

Comparison between the transient elongational viscosity of bi-

nary blends and the ternary nanocomposites containing 50 wt

% PBSA is shown in Figure 11. Two different strain rates are

employed for this comparison. Figure 11(a,b) shows that the

elongational viscosities of the nanocomposite are higher than

those of the blend at small Hencky strain. However, the inverse

is observed as the Hencky strain increases. In other words, at

the beginning of the transient elongational test, when the strain

is small, the values of the elongational viscosities of the blend

are smaller than those of the nanocomposites. As the deforma-

tion increases with time, the elongational viscosity of the blend

becomes larger than that of the nanocomposite. This behavior

is observed for all blends and nanocomposites reported in this

study, regardless of the composition of the blends.

To elucidate the effect of PBSA content on the strain hardening

behavior of the binary blends and ternary nanocomposites, a

nonlinear parameter kn is defined as follows33:

kn ¼ gE;nonlinear=gE;linear

in which gE,linear and gE,nonlinear are the elongational viscosities

in the short time region and the long time region, respectively.

At a given strain rate, the slope of log kn versus Hencky strain

defines a measure of the strain hardening intensity. The plots of

log kn versus Hencky strain at strain rate of 8 s�1 are shown in

Figure 12(a,b) for binary blends and ternary nanocomposites,

respectively. The slopes of the corresponding curves as a func-

tion of PBSA content are also shown in Figure 13(a,b). It is

found that the strain hardening intensity of the blends increases

Figure 7. Uniaxial elongational viscosity at various strain rates for pure

PLA and pure PBSA.

Figure 8. Uniaxial elongational viscosity at various strain rates for differ-

ent compositions of PLA/PBSA blends.

Figure 9. Uniaxial elongational viscosity at various strain rates for differ-

ent compositions of PLA/PBSA/Clay ternary nanocomposites.
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monotonically at low PBSA content. However, a significant

increase in the strain hardening intensity is observed at high

PBSA content. The same behavior is observed for ternary nano-

composites. However, the intensity of strain hardening for the

nanocomposites is smaller than that of the corresponding

blends. It can be concluded that the blending of PLA with

PBSA as well as the preparation of their nanocomposites would

be an effective method for the enhancement of the strain hard-

ening behavior of PLA.

Oscillatory Shear Flow. The results of dynamic frequency

sweep test for the blends along with their pure components are

shown in Figure 14. The results include complex viscosity (g*)
and storage modulus (G0). Figure 14(a) shows that pure PLA

exhibits a clear Newtonian plateau at low frequency, in the

measured frequency region, followed by a decrease in complex

viscosity at higher frequencies. However, the complex viscosity

of pure PBSA does not show a Newtonian plateau, at least in

the frequency range investigated in this study. At low frequency,

the complex viscosity of pure PBSA is almost five times greater

than that of pure PLA. At high frequency, on the other hand,

the complex viscosity of pure PBSA becomes comparable to

that of pure PLA. The results of Figure 14(a) indicate that at

low frequencies, the complex viscosity of the blend increases

with increasing PBSA content, except for the blend containing

25 wt % PBSA, where no significant change is observed in its

complex viscosity. The storage modulus of the blends along

with that of pure components is shown in Figure 14(b). It is

found that G0 of the blends increases with the increase of PBSA

content. As G0 is a measure of the elasticity of the system, it can

be concluded that the elasticity of PLA/PBSA blends increases

with the introduction of PBSA. This is possibly because the

highly flexible molecule of PBSA enhances the formation of

entanglements in PLA/PBSA blends.

Figure 10. Effect of PBSA content on the uniaxial elongational viscosity at

strain rate of 8 s�1 (a) PLA/PBSA binary blends and (b) PLA/PBSA/Clay

ternary nanocomposite. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 11. Comparison between uniaxial elongational viscosity of blend

and its corresponding nanocomposite with 50 wt %PBSA (a) at strain

rate of 5 s�1 (b) at strain rate of 8 s�1. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The complex viscosity and storage modulus of the ternary

nanocomposite with different blend compositions are shown in

Figure 15(a,b), respectively. The results show that the complex

viscosity of the nanocomposites is higher than that of the pure

components for the entire range of the frequency, except for the

nanocomposite based on 25 wt % PBSA at low frequencies.

Interestingly, the complex viscosity of the nanocomposite based

on 50 wt % PBSA is slightly higher than that of the nanocom-

posite based on 75 wt % PBSA. The results of Figure 15(b)

indicate that the storage modulus of the ternary nanocomposite

with different blend compositions is also higher than that of the

pure components. Again, the storage modulus of the nanocom-

posite based on 50 wt % PBSA is higher than that of the nano-

composite based on 75 wt % PBSA. More specifically, nano-

composite containing 50 wt % PBSA exhibited pronounced

frequency independence of storage modulus in the terminal

region. This can be attributed to the good dispersion of clay

lamellae, as confirmed by TEM observations.

The so-called Cole–Cole plot (the curve of g00 versus g0) is com-

monly used to examine the structural changes in multicompo-

nent multiphase polymer systems. Cole–Cole plot represents an

empirical correlation between g00 and g0. However, the modified

Cole–Cole plot (the curve of log G0 versus log G00) has a base of

molecular viscoelasticity theory.34 The modified Cole–Cole plots

were widely used for the evaluation of the structural changes in

filled polymer system at a fixed temperature.34–36 The modified

Cole–Cole plots for binary blends and ternary nanocomposites

are shown in Figure 16(a,b), respectively. Figure 16(a) shows

that the modified Cole–Cole plots of the blends deviate from

those of the pure components. The slope of the log G0 versus
log G00 plots for the blends is much smaller than that for pure

components (slope of the log G0 versus log G00: 1.71 for PLA,

1.45 for PBSA, and around 1.2 for blends). This suggests that

all PLA/PBSA blends are immiscible, confirming the result of

SEM observations.34 Figure 16(b) shows that the deviation from

the pure components becomes more pronounced in ternary

nanocomposites. Nonlinear behavior is clearly observed in the

Figure 12. Plot of log kn versus Hencky strain at strain rate of 8 s�1 (a)

PLA/PBSA binary blends and (b) PLA/PBSA/Clay ternary nanocomposite.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 13. Strain hardening intensity at various blend compositions at

strain rate of 8 s�1 (a) PLA/PBSA binary blends and (b) PLA/PBSA/Clay

ternary nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37928 11

ARTICLE



modified Cole–Cole plot of nanocomposite containing 50 wt %

of PBSA. The slope of the log G0 versus log G00 plots for the

nanocomposites is not only smaller than that for pure compo-

nents but also smaller than that for the blends. The slope

changes form 1.2 for PLA/PBSA blends to 0.35 for nanocompo-

site containing 50 wt % PBSA. These observations reveal an

additional structural change in ternary nanocomposites because

of the presence of clay platelets.

The complex viscosity of the PLA/PBSA binary blend and the

PLA/PBSA/Clay ternary nanocomposite with 25 wt % PBSA are

compared in Figure 17. The corresponding storage modulus is

also inserted in Figure 17. The results show that the values of

G0 and g* for the nanocomposite are greater than those for the

blend in the entire range of the frequency. Moreover, the effect

of clay platelets is very large at low frequencies. This may be

attributed to the presence of plateau in G0 and the rising com-

plex viscosity in the low frequency region. Qualitatively, the

same behavior is observed for nanocomposites and blends with

50 and 75 wt % of PBSA (Figures 18 and 19). However, the fre-

quency dependence of the storage modulus of nanocomposite

with 50 wt % PBSA is weaker than that observed for nanocom-

posites with 25 and 75 wt % PBSA. Such behavior, known as

solid-like behavior, has been reported for both intercalated and

exfoliated polymer nanocomposites.21,37–45

DISCUSSION

The above observations have shown that strong solid-like behav-

ior is observed for nanocomposites containing 50 wt % PBSA.

This behavior is less pronounced for the other ternary nano-

composites. One question remains to be answered. Why do we

observe a pronounced solid-like behavior for nanocomposite

based on 50 wt % PBSA while the clay concentration is almost

the same for all ternary nanocomposites? We suggest the follow-

ing interpretation:

Figure 14. Linear viscoelastic properties of binary PLA/PBSA blends (a)

complex viscosity and (b) storage modulus. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 15. Linear viscoelastic properties of ternary PLA/PBSA/Clay nano-

composites (a) complex viscosity and (b) storage modulus. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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It is now well-established that the solid-like behavior observed

in the linear rheology of polymer nanocomposites is owing to

the formation of network-like structure in the suspension.21,37–

45 The network-like structure is more obvious at lower frequen-

cies (or equivalently at large time scale) and less so at higher

frequencies (or equivalently at small time scale). However, the

nature of this network-like structure has not been well under-

stood. It may depend on particle–particle and polymer–particle

interactions which vary from one polymeric system to the other.

Polymer–particle and particle–particle interactions are expected

to play an important role in the rheology of nanocomposites

where the particle number density is quite high. In particular,

particle–particle interactions are expected to become important

where the particles are highly anisotropic such as the clay plate-

lets. Above the percolation threshold, the proximity of the par-

ticles and the topological constraints are responsible for the for-

mation of the network-like structure. This network-like

structure is known as particle–particle network-like struc-

ture.21,37–45 Polymer–particle interactions, on the other hand,

are anticipated to become important in the formation of the

network-like structure when there is a good affinity between

polymer chains and particles. This affinity depends on the type

and the length of the modifier on the surface of the particles.

More specifically, it depends on the interfacial energy between

polymer and particle. In such systems, the network-like struc-

ture is formed by linking between polymeric chains and par-

ticles, even below the percolation threshold. According to Zhang

and Archer,46 even for isolated nanoparticles dispersed in a

polymeric host, strong polymer–particle interactions may

induce absorption of the polymeric chains on the particles and

form network-like structure.46 This network-like structure is

recognized as polymer–particle network-like structure.Figure 16. Modified Cole–Cole plot for (a) PLA/PBSA binary blends and

(b) PLA/PBSA/Clay ternary nanocomposites. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 17. Comparison between complex viscosity and storage modulus

(inset) of PLA/PBSA binary blend and PLA/PBSA/Clay ternary nanocom-

posites with 25 wt %PBSA. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 18. Comparison between complex viscosity and storage modulus

(inset) of PLA/PBSA binary blend and PLA/PBSA/Clay ternary nanocom-

posites with 50 wt %PBSA. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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In the ternary nanocomposites investigated in this study, the

solid-like behavior observed in the low-frequency region (i.e.,

low-frequency plateau in storage modulus, Figures 17–19) con-

firms the existence of such a network-like structure. The inten-

sity of the network-like structure depends on the morphology

of the blends (droplet or cocontinuous morphology) and the

selective localization behavior of the clay platelets within the

ternary nanocomposites.

According to Young’s equation, the selective localization behav-

ior of filler in ternary systems can be evaluated by estimating

the wetting coefficient xa as follows
16,47,48:

xa ¼ rfiller�B � rfiller�A

rA�B

where rfiller � A and rfiller � B are the interfacial energy between

filler and component A and filler and component B, respec-

tively. rA � B is the interfacial energy between component A

and component B. If the wetting coefficient is higher than 1

(xa > 1), the filler is located in phase A. The filler is located in

phase B, if the wetting coefficient is lower than �1 (xa < �1).

When the wetting coefficient is between 1 and �1 (�1 < xa <

1), the filler is preferentially located at the interface between the

two blend components.16

According to the geometric-mean equation, the interfacial

energy between two components cAB can be calculated as fol-

lows16,47,48:

cAB ¼ cA þ cB � 2½ðcdAcdBÞ1=2 þ ðcpAcpBÞ1=2�

where cA and cB are surface energy of the components A and B,

and cdA and cpA are the dispersive and the polar portions of the

surface energy, respectively.

The literature values of the surface energies of PLA, PBSA, and

Cloisite 30B (Table I) are used for the calculation of the interfa-

cial energies for pairs of PLA/PBSA, PLA/C30B, and PBSA/

C30B.16,49,50 The geometric-mean equation is used for this cal-

culation and the data are summarized in Table I. The data in

Table I are then used to calculate the wetting coefficient accord-

ing to Young’s equation. The calculated wetting coefficient for

PLA/PBSA/Clay ternary nanocomposites is �0.72, which means

that clay platelets are mainly located at the phase interface, with

small amounts located within the PLA and PBSA phases.

The results of FE-SEM images show that for blends with droplet

morphology (e.g., blends containing 25 and 75 wt % PBSA) the

type of the morphology of the resultant nanocomposites

remains unchanged. In other words, droplet morphology is also

observed for nanocomposites containing 25 and 75 wt% PBSA.

However, for blend containing 50 wt % PBSA, where the mor-

phology is nearly cocontinuous, incorporation of clay platelets

transfers the morphology from cocontinuous to very fine elon-

gated droplet morphology. Therefore, the amount of interface

between the dispersed phase and the continuous phase (i.e.,

interfacial area) for nanocomposite containing 50 wt % PBSA is

much higher than that for nanocomposites containing 25 and

75 wt % PBSA. This is basically because the number of droplets

is much higher for nanocomposites containing 50 wt % PBSA

than those for nanocomposites containing 25 PBSA and 75 wt

% PBSA. As for PLA/PBSA/Clay ternary nanocomposites clay

platelets are mainly located at the phase interface, higher inter-

facial area in nanocomposite containing 50 wt % PBSA makes

it possible to locate more clay platelets at the phase interface.

Higher amounts of clay platelets at the phase interface increase

the chance for the formation of polymer–particle and particle–

particle network-like structure, which in turn lead to the strong

solid-like behavior in nanocomposites containing 50 wt %

PBSA. Such a network-like structure is also formed in nano-

composites containing 25 and 75 wt % PBSA. However, its in-

tensity is lower than that observed for nanocomposite contain-

ing 50 wt % PBSA.

Figure 19. Comparison between complex viscosity and storage modulus

(inset) of PLA/PBSA binary blend and PLA/PBSA/Clay ternary nanocom-

posites with 75 wt %PBSA. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Table I. Surface Energies for PLA, PBSA, and Cloisite 30B and Interfacial Energies for Pairs of PLA/PBSA, PLA/C30B, and PBSA/C30B Calculated from

Geometric-Mean Equation

Surface energy (mJ/m2)

Sample cd cp c Sample A Sample B
Interfacialenergy,
cAB (mJ/m2)

PLA 37 13 50 PLA PBSA �0.75

PBSA 43 14 56 PLA Cloisite 30B 1.82

Cloisite 30B 22.4 12.6 35 PBSA Cloisite 30B 2.36
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As we discussed in the Extensional Flow section, elongational

viscosities of the nanocomposite are higher than those of the

blend at small Hencky strain. However, the inverse is observed

as the Hencky strain increases. As mentioned above, a network-

like structure is formed in ternary nanocomposites, which origi-

nates from polymer–particle and particle–particle interactions.

Such a network-like structure is not present in binary blends.

When the binary blends are subjected to elongational stresses,

the stretching of the polymeric chains and the stretching of the

interface determine the response to the elongational flow field.

However, when the ternary nanocomposites are subjected to

elongational stresses, in addition to the stretching of the poly-

meric chains and the interface, the stretching of the network-

like structure also contributes to the response to elongational

flow field. At small deformation (or equivalently at short-time

scale), the network-like structures in ternary nanocomposite are

responsible for the higher elongational viscosity. However, at

longer time scale (or equivalently at larger deformation), the

network-like structures are destroyed and clay platelets are ori-

ented in the stretching direction. To observe the orientation of

clay platelets in nanocomposites, at the end of the elongational

tests, the samples were quickly cooled down using compressed

air and cryofractured in liquid nitrogen. Figure 20 shows the

FE-SEM and TEM images of PLA/PBSA/Clay ternary nanocom-

posite containing 50 wt %PBSA before and after the elonga-

tional test at strain rate of 8 s�1. It is seen that the majority of

Figure 20. FE-SEM and TEM images of PLA/PBSA/Clay ternary nanocomposite containing 50 wt % PBSA (a,b) before elongational viscosity measure-

ment and (c,d) after elongational viscosity measurement at the strain rate of 8 s�1.
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clay platelets and the droplets are oriented in the direction of

stretching [Figure 20(c,d)]. The oriented clay platelets reduce

the stress required for a given deformation, leading to the lower

elongational viscosity for ternary nanocomposites at longer

times. The same type of observation has been reported by

Eslami et al.21 regarding the normal stress difference of polymer

nanocomposites in shear flow.

CONCLUSIONS

Elongational flow and linear viscoelastic melt properties of PLA/

PBSA binary blends and PLA/PBSA/Clay ternary nanocompo-

sites were investigated. A nearly cocontinuous morphology was

achieved for blends containing 50 wt % PBSA. As PBSA content

reached more than 50 wt %, PBSA became the major phase and

PLA changed into the dispersed phase. The incorporation of

PBSA into PLA imparted strain hardening behavior to the

blends. The blend containing 25 wt % PBSA exhibited weak

strain hardening behavior, whereas blends with high PBSA con-

tent exhibited well-defined strain hardening behavior which

became stronger as PBSA content increased. No clear strain

hardening behavior was observed for nanocomposite based on

25 wt % PBSA. However, nanocomposites based on higher

PBSA content exhibited strain hardening behavior. It was found

that the elongational viscosities of the nanocomposite were

higher than those of the blend at small Hencky strain. However,

an inverse behavior was observed as Hencky strain increased. At

small deformation, the network-like structures in ternary nano-

composite are responsible for the higher elongational viscosity.

However, at large deformation, the network-like structures are

destroyed, and clay platelets become oriented in the direction of

stretching. The oriented clay platelets contribute to the lower

elongational viscosity for ternary nanocomposites. The analyses

of the interfacial energy data for PLA/PBSA/Clay ternary nano-

composites revealed that clay platelets were preferentially located

at the phase interface with small amounts of clay located within

the PLA and PBSA phases. For blends containing 50 wt

%PBSA, where the morphology was nearly cocontinuous, incor-

poration of clay platelets changed the morphology from cocon-

tinuous to very fine elongated droplet morphology. Because of

the high interfacial area in nanocomposite containing 50 wt %

PBSA, large amounts of clay platelets were located at the inter-

face, which in turn increased the chance for the formation of

the polymer–particle and particle–particle network-like struc-

tures. Such network-like structures are believed to be responsi-

ble for the strong solid-like behavior observed in nanocompo-

site containing 50 wt % PBSA. Finally, the results of this study

suggest that the addition of PBSA to PLA improves PLA’s strain

hardening behavior, which makes it more suitable for many

polymer-processing operations (e.g., film blowing, blow mold-

ing, and fiber spinning).
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