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Abstract

Thin films of unmodified and nano-clay modified polylactide/poly(butylene succinate) (PLA/PBS)
blends were prepared on a glass substrate with a spin coater. The morphology and crystal growth
behaviours for the films, crystallized at different temperatures, were visualized with atomic force
microscope (AFM). AFM images showed that the size of the dispersed PBS-phase was reduced on the
addition of 2 wt% clay to the PLA/PBS blend, and the size of the dispersed phase increases with the
further addition of clay. Transmission electron microscopy studies indicated that this behaviour was
due to the preferential location of silicates in the PBS phase than in the PLA phase. A similar effect of
clay to the blend thin films on the dispersed phase and the crystalline morphology were observed
when annealed at 60 °C and 120 °C. However, at 60°C the addition of clay to the blend quenched the
growth of edge-on lamellae. The crystalline morphologies at 120 °C were dominated by edge-on
lamellae grown around the PBS phase to form spherulites. Morphologies of thin films crystallized at
120 °C from melt were dominated by the flat-on lamellae, while the ones crystallized at 70 °C from
melt were dominated by the edge-on lamellae. The degree of clay silicate dispersion in the blend
matrix was characterized by X-ray diffraction. These results show how the crystallization
temperatures and the addition of the clay-particles influence the morphology of the thin films.
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1. Introduction

The blends of polylactide (PLA) and poly(butylene succinate) (PBS) have received considerable
research attention because of their potential applications as advanced environmental-friendly
packaging materials [1-3]. The soft biodegradable plastic PBS generally blended with PLA to
improve the brittleness of PLA, which is one of its main drawbacks, that limits its applications [4].
However, when PLA and PBS are blended together, the resulting blend shows phase-separated
morphology with poor interfacial adhesion and hence, poor properties of blend. Researchers are using
various compatibilizers, such as PLA-co-PBS, to improve the compatibility between phases [5].
Reactive processing is another frequently used technique for the production of compatibilized blends
with much improved properties [6]. This technique has also been used for the production of
compatibilized PLA/PBS blends [7].

In recent years, researchers have shown that organically modified nano-clay (or organoclay) particles
can play an alternative route to manipulate the interfacial properties of a variety of immiscible
polymer blends [8—10]. For example, Sinha Ray et al. have shown the role of organoclay interfacial
activity on immiscible PP/PS blends [11]. Transmission electron microscopy (TEM) at high
magnification revealed clear localization of intercalated silicate layers at the interface between the
phases. Additional measurements showed a decrease in interfacial tension, which is a clear indication
of interfacial compatibilization of the blend [11]. In their subsequent studies, they investigated
extensively the effect of the miscibility of the organic modifier with the polymer matrices, as well as
the effect of the initial interlayer spacing of the silicate galleries, on the morphology and properties of
the immiscible PC/PMMA [12-14], PP/PBSA [15], PP/PBS [16], and PLA/PBSA [17] blend systems.

Recently, a couple of studies have been reported on the organoclay-containing PLA/PBS blend
systems [3, 18—20]. Bhatia et al. investigated the thermal, rheological, morphological, and mechanical
properties of unmodified and organoclay-modified PLA and PBS blends [18]. On the other hand,
Chen and Yoon [19] studied thermal stability and thermo-mechanical properties of PLA/PBS/clay
composites containing Cloisite®25A (C25A) and twice-functional organoclay (TFC). Results showed
significant improvements in properties when TFC was used to prepare composites with PLA/PBS.
According to the authors, such improvements were due to the highly dispersed morphology of
intercalated silicate layers in the blend matrix and the increased interaction between the polymer
matrices and the silicate surfaces through chemical reactions. However, all reported works are in the
bulk state, prepared either by melt-blending or solution casting.

Currently, polymer thin films have received great research attention due to their important role in a
variety of high-technological applications, such as coatings, adhesion, electronics, and so on [21].
Literature search show that studies on thin films of neat polymers [22-26] and on polymer blends thin
films [27-29] has been conducted. If the polymer matrices confined in thin film geometry, such that
surface area to volume ratio is very high, surface effect will dominate and the phase separation will be
different from that for the bulk samples. Using nano-clay particles in the phase separated PLA/PBS
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blend thin films, a number of phase-separated structures, which will have great importance for many
applications ranging from lithography to drug-released capsules, can be fine-tuned. Therefore, in this
article, we present our first results on the morphology of nanoclay-modified PLA/PBS blend thin
films and our understanding of the morphology obtained using AFM. To the best knowledge of our
literature search, no work has been presented on PLA/PBS blend thin films containing nanoclays.

Over the last few years, AFM has become established as one of the most popular tools to investigate
the topology and physical characteristics of polymeric materials [30]. In addition to its extremely high
resolution, AFM has the added benefit of simplicity in terms of sample preparation as compared to
other microscopy techniques such as electron microscopy. In this work, the tapping mode was used to
capture both height and phase images of unmodified and nanoclay-modified PLA/PBS blend thin
films. The height images are used to study the phase separated morphology of blend thin films
because height images generate the true three-dimensional topography of the sample surface, whereas
phase images are used to understand the surface crystallization behaviour of unmodified and
nanoclay-modified PLA/PBS blend thin films upon annealing (both ex- and in-situ) at different
temperatures because phase images are useful for getting sharp contrast of the features.

2. Experimental details
2.1. Materials

Both polymers used in this study were commercial products. The PLA, with D content of 1.1-1.7%
was obtained from Unitika Co. Ltd., (Japan). According to the supplier, it had a weight average
molecular weight, M,,= 200 kg/mol, density = 1.25 g/cm’ (ASTM 1238), glass transition temperature,
T, = ~60°C and melting temperatures, T,, = ~170°C. On the other hand, the PBS, with the designation
BIONOLLE #1020, was obtained from Showa High Polymer (Japan). According to the supplier, low
molecular weight PBS extended with 1,6-diisocynatahexane, it had M,, = 180 kg/mol, density = 1.22
g/em’ (ASTM 1238), T, ¢=-42°Cand T,,’s = 115°C. Before use, PLA was dried at 60°C under vacuum
for 36 h, whereas, PBS was dried at 60°C under vacuum for 12 h.

The organoclay, Cloisite®30B (C30B) was purchased from Southern Clay Products, USA. According
to the supplier, the pristine montmorillonite (MMT) was modified with 30 wt% of methyl tallow
bis(2-hdroxyethyl) quaternary ammonium salt.

2.2. Preparation of C30B-containing PLA and PBS nanocomposites using melt-blending
Nanocomposites of PLA and PBS containing 5 wt% C30B were prepared by first melting each

polymer matrix and then mix with C30B for 10 min in Thermohaake twin-rotors mixer at two
different sets of temperatures (185 °C for PLA and 135 °C for PBS) and a rotor speed of 60 rpm. The



composites were then compression moulded using a carver laboratory press at the same processing
temperature for 10 min into sheets of 0.5 mm and then cooled at room temperature.

2.3. Preparation of unmodified and 2 wt% C30B-containing PLA and PBS blends using melt-blending

Blends of PLA and PBS with one weight composition (70/30 = PLA/PBS) were prepared under the
same conditions by first melting the polymers and then mix with C30B (different weight percent, from
1 to 5 wt%) for 10 min in Thermohaake twin-rotors mixer (Polylab system) at 185°C (set temperature)
and a rotor speed of 60 rpm. The blends were then compression moulded using a Carver laboratory
press at 185°C for 10 min into sheets of 0.5 mm thick and then cooled at room temperature. Samples
were then freeze-fractured to expose the surface for morphology analysis.

2.3. Preparation of unmodified and 2 wt% C30B-containing PLA and PBS blends using solution-
blending

The solution of neat PLA and PBS were first prepared by dissolving them in chloroform (volume was
constant) at room temperature (~25 °C). The blend (70PLA/30PBS) was then prepared by dissolving
the PLA and PBS separately in chloroform at room temperature, and then the solutions were mixed
and sonicated for 15 min, and subsequently cast on a glass dish. Blend thin film with 2 wt% C30B
loading was prepared using the same method as described above; by separately dissolving PLA, PBS,
and dispersing C30B in chloroform (total volume was constant for all samples).

2.4. Preparation of unmodified and C30B-containing PLA and PBS blends thin films

Thin films of neat PLA and PBS were prepared by dissolving them in chloroform (volume was
constant) at room temperature (~25 °C). Thin films were prepared on a glass substrate using a spin
coater that was ramped at 500 rpm for 10 s and subsequently ramped at 1000 rpm for 20 s. The
samples were allowed to dry in air at room temperature. The blend (70PLA/30PBS) was prepared by
dissolving the PLA and PBS separately in chloroform at room temperature, and then the solutions
were mixed and sonicated for 15 min. The solution mixture was used to prepare thin films on a glass
substrate using a spin coater. Blend thin films with different loadings of C30B (1-5 wt%) were
prepared by separately dissolving PLA and PBS and dispersing C30B in chloroform (total volume
was constant for all samples). The solutions were then mixed and sonicated for 15 min, and then thin
films of various composites on a glass substrate were prepared by spin-casting. The thickness of
various thin films (1.3—1.5 pum) was measured directly by cross-sectioned analysis using focused-ion
beam scanning electron microscopy (Zeiss, Auriga FIB-SEM).

2.2. Characterization

The degree of dispersion of silicate layers in the polymer matrix was investigated by means of TEM
(JEOL, JEM 1250), operated at an accelerating voltage of 80 kV. The ultrathin sections (the edges of
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the sample sheets) with a thickness of 150 nm were microtomed at —80 °C using a Reichert Ultracut
cryo-ultramicrotome without staining.

The surface morphology of unmodified and C30B-modified PLA/PBS blends, prepared using three
different methods, was studied by means of field emission scanning electron microscopy (SEM,
Auriga® from Carl Zeiss). To avoid charging, all samples were carbon coated before being subjected
to SEM study.

The X-ray diffraction (XRD) measurements were conducted using Phillips X’pert X-ray diffracometer
operated at 45.0 kV and 40.0 mA with CuK,, radiation.

The flow behaviours of neat PLA, PBS, unmodified and C30B-modified PLA/PBS blends in molten
states were studied by an Anton-Paar stress-strain controlled rheometer model MCR-501 with a
parallel plate (PP-25) configuration. Samples prepared using melt-blending were used for this study.
To do the dynamic oscillatory measurements, one should first determine the amplitude of oscillation
in the linear viscoelastic region where any structural change is supposed to be reversible. Hence, the
strain amplitude sweep experiments of all samples were performed at 175 °C with a constant angular
frequency (w) = 6.28 rad/s in the varying strain window 0.01-100%. The frequency sweep
experiments were carried out at the same temperature with a strain amplitude of 2% in the frequency
range 100-0.01 rad/s, at 175 °C.

A multimode AFM (Nano Scope Version (R) IV) using 0.5-2.0 Qcm phosphorous (n) doped Si tip
with a radius curvature of less than 10 nm (Veeco Instruments) was used to study the surface
morphology of the unmodified and C30B-modified PLA/PBS blend thin films. The RTESPW tip
mounted on a 125 um long cantilever with the spring constant of 40 N/m was employed for tapping
mode experiments. Samples were imaged using a scan rate of 0.5 Hz, and the tip frequencies were
ranged from 280-310 kHz. Three different areas on each as-prepared and dried thin film of
unmodified and C30B-modified blends were imaged. Only representative images are reported in this
article. The height images of various samples were used for the particle size distribution of dispersed
PBS phase using Image]® software.

To study the effect of the annealing temperature on surface morphology and crystal growth, all
samples were annealed at two different temperatures of 60 °C and 120 °C for 1 h. After 1 h, each
sample was immediately quenched in liquid nitrogen to freeze the morphology and then scanned as
soon as possible before significant morphological change could occur. In situ crystalline morphology
studies were performed with AFM equipped with hot-stage scanner. Thin films were heated to melt at
180 °C and then rapidly cooled down to the crystallization temperatures of 120 °C and 70 °C. The
images were captured at these crystallization temperatures after allowing them to crystallize for 20
min.



3. Results and discussion
3.1. Dispersed clay morphology of PLA and PBS nanocomposites

On the basis of Flory-Huggins theory, one can describe the compatibilization effect of two immiscible
polymers A and B by the addition of a third component, S. Therefore, in a three component (per unit
volume) system of S with polymers A and B, the free energy of mixing is given by:

AGhix = AGas —AGps —AGap, wWhere the subscripts identify the interacting pairs.

According to the above equation, when both polymers in a blend have a strong interaction with the
filler surface, the interaction parameters (AGas and AGgs) of polymers A and B with the surface of S
will be negative, and thermodynamically driven compatibility will be likely to occur between the
polymers A and B.

Fig. 1. Bright field transmission electron microscopy (TEM) images of: (a) PLA/SC30B and (b)
PBS/5C30B composites.

In the case of clay-containing polymer composites, the degree of interaction of the clay surface with
the polymer matrix is generally determined by the extent of intercalation of polymer chains into the
two dimensional silicate galleries of clay. Now to determine the degree of interaction of C30B surface
with each homopolymer matrix, 5 wt% of C30B was separately melt-mixed with 95 wt% of PLA and
PBS, and TEM study was conducted. Parts (a) and (b) of Fig. 1, respectively, show the bright field
TEM images of PLA/5C30B and PBS/5C30B composites. TEM images show that clay particles are
very nicely dispersed in the PBS matrix compared to the PLA matrix. As the degree of dispersion of
clay particles in a polymer matrix is directly related to the favourable interaction between the
organoclay surface and polymer matrix, the results indicate that the C30B surface has a more
favourable interaction with the PBS matrix compared to the PLA matrix.



3.2. Structure and morphology of unmodified and C30B-modified PLA/PBS blend thin films

Taking into consideration the known ability of C30B to form an intercalated structure with both PLA
and PBS matrices, the aim of this section is to find out whether the addition of C30B could have an
effect on the surface morphology of immiscible PLA/PBS blends prepared using three different
methods, such as melt-mixing, solution- and spin-casting. Fig. 2 shows the surface morphology of
PLA/PBS blends and their composites containing 2 wt% C30B, prepared using three different
methods. Clearly, the processing method has a strong effect on the surface morphology of PLA/PBS
blend. On the other hand, 2 wt% C30B has a significant effect on the morphology of PLA/PBS blend
prepared using all three different methods. Particularly, in the case of 2 wt% C30B containing blend
composite thin film (thickness ~1.5 um); it is very difficult to differentiate the phase separated
morphology under examined magnification.

To have insight into the morphology of unmodified and C30B-modified PLA/PBS blend thin films,
the tapping-mode AFM analyses were carried out to understand the molecular scale morphology of
PLA/PBS blend thin films in the presence and absence of C30B. Recently, AFM was established as
one of the most popular tools to investigate the topology and physical characteristics of polymeric
materials at the molecular level [30].

Fig. 3 shows the 5 x 5 um® height images (left side) and corresponding three dimensional (3D)
topographies (right side) of as-prepared unmodified and various C30B-modified PLA/PBS blend thin
films. The size distributions of dispersed PBS phase in various blends are also presented in Fig. 3
(middle). The height image and 3D-topography of unmodified PLA/PBS blend clearly show a two-
phase morphology (PLA as matrix and PBS as dispersed phase), indicating the expected immiscibility
of the two components. The size distribution analysis reveals that the average diameter of the
dispersed phase is about 257.5 nm from a total number (N) of 93 dispersed PBS domains. With the
addition of 1 wt% C30B, the average diameter of the dispersed phase increases to 290 nm with a
decrease in the number of dispersed domains to 78. The addition of 2 wt% C30B significantly reduced
the diameter of the dispersed phase to 211 nm and increased the number of domains to 163 within the
measured area of 5 x 5 pm’. With the addition of 3 wt% C30B, the number and diameter of the
dispersed domains remain almost the same with 2 wt% C30B-modified blend. However, with further
increase of C30B loading to 4 wt%, the diameter of the dispersed phase increased and the number of
dispersed domains was decreased. In the case of 5 wt% C30B-modified blend, the diameter of the
dispersed domains significantly increased and revealed quite a pronounced phase-separated
morphology compared to unmodified PLA/PBS blend.
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Fig. 2. Scanning electron microscope images of unmodified and 2 wt% C30B-modified PLA/PBS
blends prepared using three different methods.
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Fig. 3. The 5 x 5 um> AFM height images (left side), the size distributions of dispersed PBS phase
(middle) and corresponding three dimensional (3D) topographies (right side) of as-prepared

unmodified and various C30B-modified PLA/PBS blend thin films.
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The above results indicate the preferential location of the silicate particles in the PBS matrix, and the
change in the rheological behaviours of the dispersed phase may be the possible reason for observed
morphology with increase C30B loading. Up to the addition of 2 wt% of C30B, most of the silicate
layers went to the PBS matrix as PBS has a much higher favourable interaction with C30B than PLA
(refer to Fig. 1, TEM images) and increased the viscosity of the dispersed phase. Under such
circumstances, the viscosity ratio of the PBS phase and the PLA phase increased, and as a result, the
diameter of the dispersed PBS phase decreased in the case of PLA/PBS/2C30B composite thin film.
In case of the bulk sample a co-continuous like morphology was obtained, see Fig. 2. The situation
remains almost the same up to the addition of 3 wt% C30B. With the further addition of C30B in
PLA/PBS blend, the viscosity ratio of the two phases started to decrease as the PBS phase has no free
volume to accommodate extra silicate particles and the silicate particles started to move to the PLA
matrix. As a result the viscosity ratio between phases again decreased and hence, so did the dispersed
phase diameter. In the case of PLA/PBS/5C30B blend, the viscosity ratio of the two phases is much
higher than that of the unmodified PLA/PBS blend. For this reason, the diameter of the dispersed PBS
phase is much higher in the case of 5 wt% C30B-modified PLA/PBS blend than unmodified PLA/PBS
blend.

To support the above conclusion, the melt-state complex viscosity of neat PLA, PBS, unmodified, and
various C30B-modified PLA/PBS blends were measured at 175 °C, and the results are presented in
Fig. 4. Although these samples were prepared using a melt-blending method, the presented results
give an indication about the effect of adding C30B to the blend viscosity. It is clear from the figure
that 1 wt% C30B addition has no effect on the viscosity of PLA/PBS blend. The difference in melt-
state viscosity of PLA/PBS/2C30B and PLA/PBS/3C30B composites was not that much. For this
reason, there is almost no significant difference in observed morphology. However, the viscosity of
PLA/PBS blend significantly increased after the addition of 5 wt% C30B.

To further support the conclusions made on the basis of SEM, AFM, and viscosity data, the dispersion
characteristic of the silicate layers in the blend matrix was carried out by means of XRD. The XRD
patterns of the C30B powder, unmodified and C30B-modified PLA/PBS blends are presented in Fig.
5. In the XRD patterns of both PLA/PBS/1C30B and PLA/PBS/2C30B composites, the characteristic
peak of C30B almost disappears suggesting that the ordered structure of C30B is completely
destroyed. Such an observation indicates that either the silicate layers are highly delaminated in the
case of PBS matrix leading to the formation of delaminated composite thin films or the absence of
peak may be due to the effect of dilution. However, a broad C30B characteristic peak appears at 4.2°
in the XRD pattern of PLA/PBS/3C30B composite, indicating that the silicate layers started to
intercalate by the PLA chains. With further increase of the C30B loading into the PLA/PBS blend, the
characteristic C30B peak position moved towards the high diffraction angle. Therefore, the above
results indicate that dispersion of nanoclay particles in the individual polymer matrix and the ultimate
viscosity play significant roles to control the thin-film morphology.
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3.3. Crystal growth behaviour of unmodified and C30B-modified PLA/PBS blend thin films

The crystal growths of unmodified and C30B-modified PLA/PBS blend thin films were investigated
with both ex situ and in situ AFM. Ex situ studies were carried out on as-prepared thin films, annealed
at 60 °C and 120 °C and quenched in liquid nitrogen before being subjected to AFM studies. Fig. 6
represents AFM phase images of as-prepared unmodified and C30B-modified PLA/PBS blend thin
films. The morphology of unmodified blend thin films has two phases, the dispersed phase and the
main phase. The dispersed phase is associated with the PBS phase and the main phase is PLA. The
introduction of C30B from 1-5 wt% to PLA/PBS blend affected the size and distribution of particle
size of the dispersed (PBS) phase as discussed in Fig. 3. At this point, as-prepared morphologies of
the unmodified PLA/PBS blend thin films did not exhibit any crystalline structure. This is obvious
because as-prepared PLA thin films do not exhibit any crystalline morphology since PLA is the main
phase and difficult to crystallize at room temperature. The modification with 1-5 wt% C30B to the
PLA/PBS blend did not initiate the crystal growth as well.

To examine the influence of annealing temperatures on unmodified and C30B-modified PLA/PBS
blend thin films, samples were annealed at 60 °C for 1 h (for PBS phase to crystallize) and quenched
in liquid nitrogen before being subjected to AFM study. Fig. 7 shows the AFM phase images of
unmodified and C30B-modified PLA/PBS blend thin films annealed at 60 °C for 1 h. The morphology
of unmodified PLA/PBS blend thin films in Fig. 7(a) shows the edge-on lamellae, which started to
grow around the edges of the dispersed (PBS) phase. However, the addition of 1 wt% C30B quenched
the growth of these edge-on lamellae as shown in Fig. 7(b). Further addition of C30B to the blend
from 2-5 wt% continued to quench the growth of edge-on lamellae. In this temperature, PBS is
expected to crystallize while PLA is not. The edge-on lamellae grown around the dispersed phase can
be associated with the PBS crystals, and therefore this observation suggests that the presence of C30B
at 60 °C prevents the growth of edge-on structures of the dispersed phase. This may be due to the high
degree of intercalation of PBS chains into the silicate galleries, which actually inhibits the crystal
growth [31].

Unmodified and C30B-modified blend thin films were further annealed at 120 °C for 1 h (for PLA
phase to crystallize) and quenched in liquid nitrogen. Fig. 8 illustrates the AFM phase images of
unmodified and C30B-modified PLA/PBS blend thin films annealed at 120 °C for 1 h. The AFM
images of unmodified PLA/PBS blend presented in Fig. 8(a) is composed of the edge-on lamellae
grown around the dispersed phase. The growth formed spherulites around the dispersed phase, and
their centers coincide with that of the dispersed phase. A close inspection shows some edge-on
lamellae grown within the dispersed phase. When 1 wt% C30B was added, the size of the dispersed
phase distribution looks similar to the unmodified blend but the edge-on lamellae look thinner (refer
to Fig. 8(b)). On the addition of 2 wt% C30B, the size of the dispersed phase became smaller and
uniformly distributed throughout the sample surface as shown in Fig. 8(c). The edge-on lamellae were
grown around the dispersed phase but with thinner lamellae.
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(a)Blend (b)Blend/1C30B

(c)Blend/2C30B (d).Blend/3C30B

(e)Blend/4C30B (f) Blend/5C308B

Fig. 6. The 5 x 5 pm”> AFM phase images of as-prepared unmodified and various C30B-modified
PLA/PBS blends.
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(a)Blend (b) Blend/1C30B

(c)Blend/2C308B (d) Blend/3C30B

(e) Blend/4C30B (f)Blend/5C308

Fig. 7. The 5 x 5 pm”> AFM phase images of unmodified and various C30B-modified PLA/PBS blends
annealed at 60 °C for 1 h quenched in liquid nitrogen.
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(a)Blend (b) Blend/1C30B

(c) Blend/2C30B (d):Blend/3C308B

pm

(e).Blend/aCc308 (f) Blend/5C308

Fig. 8. The 5 x 5 pm”> AFM phase images of unmodified and various C30B-modified PLA/PBS blends
annealed at 120 °C for 1 h and quenched in liquid nitrogen.
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Further addition of C30B (3 wt%, refer to Fig. 8(d)) formed the crystalline morphology that looks
similar to that of PLA/PBS blend with 2 wt% C30B. However, the thicknesses of the edge-on
lamellae seem to have slightly increased compared to the PLA/PBS blend with 2 wt% C30B loading.
This argument can be clearly seen in Fig. 8(e), where the addition of 4 wt% C30B produced a
morphology with much thicker edge-on lamellae. The initial development of flat-on lamellae can be
observed and become pronounced when 5 wt% C30B was added to PLA/PBS blend (see Fig. 8(f)).
The morphology has both edge-on and flat-on lamellae. At this point, the dispersed phases could not
be identified.

The unmodified PLA/PBS blend thin films at lower annealing temperatures (60 °C) exhibited the
development of edge-on lamellae around dispersed phases. The addition of C30B hindered this
growth. This suggests that the clays, which are mainly situated on and around the PBS phase,
quenched the crystal growth. When the annealing temperature was increased to 120 °C, the crystalline
morphology of unmodified PLA/PBS blend thin films is composed of fully developed edge-on
lamellae compared to Fig. 8(a). At this temperature, PBS is in the molten state while PLA crystallizes.
The PBS edge-on structures that grow before melt formed the scaffold for PLA crystals. During
annealing, the temperature on the film surface was lower than in the polymer/substrate interface. As a
result, very fast nucleation took place on the film surface leading to the growth of edge-on lamellae
[4]. The addition 1 and 2 wt% reduced both the size of the dispersed phase and the thickness of edge-
on lamellae, while the increase in lamellae thickness was observed on the addition of 3, 4, and 5 wt%.
The development of flat-on lamellae started when 4 wt% C30B was added and became more visible
when 5 wt% was added. In this case, higher contents of C30B quench the growth of edge-on lamellae
and therefore allowing flat-on lamellae to grow. It was noted that the influence of the clays on
lamellae thickness was related to the effect it had on the phase separations of the blend. In the
beginning most of the clays were intercalated in the PBS phase than in PLA phase. As the clay content
increases, some clay particles intercalate in the PLA phase and therefore act as nucleating sites which
promote the heterogeneous nucleation and is associated with the growth of flat-on lamellae. This
effect is clearly demonstrated in Fig. 8(e).

In situ crystal growths of unmodified and C30B-modified PLA/PBS blend thin films were
investigated with AFM equipped with hot-stage. The films were heated to melt at 180 °C and then
rapidly cooled to the crystallization temperature of 120 °C and 70 °C. Fig. 9 depicts the AFM phase
images of unmodified and C30B-modified PLA/PBS blend thin films crystallized at 120°C for 20 min
from melt. The crystalline morphology of unmodified PLA/PBS blend thin film in Fig. 9(a) mainly
has flat-on lamellae with “hard-to-indentify” edge-on lamellae. In the presence of 1 wt% C30B, the
crystalline morphology was dominated by edge-on lamellae and few flat-on lamellaec were observed,
see Fig. 9(b). The image in Fig. 9(c) indicates that the addition of 2 wt% C30B produced the
morphology having both flat-on and edge-on lamellae. Similar morphology was seen in Figs. 9(d) and
9(e) for the addition of 3 and 4 wt% C30B, respectively. Fig. 9(f) represents the morphology of
PLA/PBS blend with 5 wt% C30B in which the morphology contains both flat-on and edge-on
lamellae. Some of the flat-on lamellae folded up to form flower-like structures.
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(b) Blend/1C30B

Fig. 9. The 5 x 5 um? in situ AFM phase images of unmodified and various C30B-modified PLA/PBS
blends crystallized at 120 °C for 20 min from melt at 180 °C.

17



In an unmodified blend thin film, crystallization at 120 °C from melt at 180 °C favoured the growth of
flat-on lamellae, which is associated with the heterogeneous nucleation [4]. Thus at higher
temperatures, heterogeneous nucleation took place faster and quenched the other modes of
crystallization. The inclusion of C30B promotes the growth of edge-on lamellae. The effect of the
clays is different from what was observed when the samples were annealed at 120 °C from room
temperature. The difference could be the result of the fact that at 180 °C, both PLA and PBS were in
the molten state and the polymer chains were completely unfolded. It therefore provided the
opportunity for the intercalated silicate layers to uniformly distribute throughout the thin film. When
the films were quickly cooled down to 120°C, the PBS phase remained in the molten state while some
of the clays were trapped in PLA phase as it crystallized. This brought the balance competition
between the homogeneous and heterogeneous nucleation. Another explanation would be the fact that
the arrangement of polymer chains from melt is different than the ones viewed when annealing from
room temperature. During annealing, the ordering of polymer chains is influenced by the pre-existed
amorphous state, while at melt, polymer chains completely unfold and start afresh to arrange when
cooling to 120 °C.

Fig. 10 illustrates the AFM phase images of unmodified and C30B-modified PLA/PBS blend thin
films crystallized at 70°C for 20 min from melt at 180 °C. Unmodified PLA/PBS blend thin film in
Fig. 10(a) is dominated by the edge-on lamellae with hardly noticeable flat-on lamellae. In this case,
the lower crystallization temperature (70°C) favours the growth of edge-on lamellae. This could be
due to the fact that during rapid cooling to 120°C, heterogeneous nucleation slightly occurred first but
was quenched by the subsequent dominance of homogeneous nucleation as the film cooled to 70°C.
Fig. 10(b) shows PLA/PBS blend modified with 1 wt% C30B having a morphology that is dominated
by the edge-on lamellae. The addition of 2 wt% C30B in Fig. 10(c) produced the crystalline
morphology having both edge-on and flat-on lamellae. A similar effect is observed in Fig. 10(e). In
the presence of 3 wt% C30B (Fig. 10(d)), the morphology is dominated by flat-on lamellae. Similar
behaviour is observed in Fig. 10(f). This observation indicates that the increase in clay content
coupled with the crystallization of PBS at lower crystallization temperatures promote very efficient
heterogeneous nucleation leading to the growth of flat-on lamellae.

Crystal growth observed from annealing favoured the growth of edge-on lamellae. The growth started
at the edges of the PBS phases. Lower temperatures are expected to favour fast nucleation, which is
associated with the growth of edge-on lamellae [4]. In this study, the thin films were annealed on a
hot-plate in open air. The surface was cooled down and hence gave the opportunity for the
homogeneous nucleation to take place quickly and quench the heterogeneous nucleation.
Crystallization at 120°C from melt favoured flat-on lamellae. This is attributed to higher temperatures,
which promote heterogeneous nucleation. However, at 70 °C, the co-crystallization of PLA and PBS
influence crystalline morphology as the clay content increases. The increase in heterogeneous
nucleation was observed.
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Fig. 10. The 5 x 5 pm’ in situ AFM phase images of unmodified and various C30B-modified
PLA/PBS blends crystallized at 70 °C for 20 min from melt at 180 °C.
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4. Conclusions

The addition of C30B clay-particles influenced the size of the dispersed phase in the PLA/PBS blends.
The clay-particles of C30B were found to disperse better in the PBS matrix than in the PLA matrix.
This was associated with the degree of dispersion of clay particles in the polymer matrix, which is
related to the interactions between the organoclay surface and the polymer matrix. C30B surfaces
have more favourable interactions with the PBS matrix compared to the PLA matrix. This effect was
also seen on the AFM morphologies of PLA/PBS blends, in which the addition of 2 wt% C30B
indicated that most of the silicate layers may went in the PBS matrix and increased the viscosity of the
dispersed phase. Further addition of C30B shows that some of the silicates moved to the PLA matrix
due the lack of space in PBS matrix. Crystallizing thin films by annealing favoured the development
of edge-on lamellae. This was attributed to lower temperatures in which homogeneous nucleation is
faster than the heterogeneous nucleation. Crystallizing thin films from melt gave more preference to
the development of flat-on lamellae due to higher temperatures in which heterogeneous nucleation
takes place faster than homogeneous nucleation.
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