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Abstract The crystalline structure and morphology of the PLA crystallized isothermally from the glassy state on highly
oriented PE substrates at 130°C were investigated by means of optical microscopy, AFM and X-ray diffraction. The results
indicate that the PE substrate influences the crystallization behavior of PLA remarkably, which leads to the growth of PLA
crystals on PE substrate always in edge-on form rather than the twisted lamellar crystals from edge-on to flat-on when
crystallizing the PLA on glass surface under the same condition. The edge-on PLA lamellaec on the PE substrate are
preferentially arranged with their long axes in the chain direction of the PE substrate crystals. It is further demonstrated that
except for the different crystal orientation, the PE does not influence the crystalline modification and crystallinity of the
PLA.
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INTRODUCTION

Polylactide (PLA), as a biodegradable and biocompatible polymer, has attracted much attention. It is produced
from renewable resources, such as corn starch, and exhibits comparable mechanical performance to those of
petroleum-based traditional polymers!' "), In the past decades, PLA has been successfully applied in the products
of routine life, e.g. cups and packaging. Recently, this environmentally friendly polymer is under development
for further more advantageous applications’® %!, To this end, controlled property tailing is essentially required.
Generally, the mechanical and thermal properties of a semi-crystalline polymer depend strongly on its
crystalline and phase morphologies. As an example, the mechanical and physical properties of the oriented
polymeric materials may exceed those of their isotropic species by orders of magnitude and demonstrate an
anisotropic feature!'' ™", Moreover, the crystalline structure is another important factor, which influences the
property even functionality of the polymeric materials. For example, the a~phase poly(vinylidene fluoride) with
helical chain conformation can only be used as general plastics, while its f-counterpart has attracted the widest
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interest due to its extensive piezo- and pyroelectric applications!'®?*. This leads to the study on crystallization
behavior and the resultant morphologies of semicrystalline polymers an everlasting research topic in the field of
polymer physics. As a consequence, the crystallization and crystalline morphologies of PLA have also been
extensively investigated in the past decades. Through systematic studies, it is now well known that the PLA can
generate different crystalline structures, designated as «, «', f and y forms, depending on thermal and
mechanical treatments'> %!, It should be pointed out that the early studies are mostly performed with PLA bulk
materials. Crystallization of a polymer in contact with a heterogeneous surface can be quite different from that
of bulk crystallization. The foreign surface may affect both the crystallization kinetics and the crystalline
structure, and therefore influence the properties of the polymer material. A special case is known as polymer
epitaxy®* %, which has already been widely employed for controlling the crystalline structure and orientation of
a wide variety of crystallizable materials™* . Taking these into account, studies on the surface induced
crystallization of PLA are of great significance for the aim of its structure regulation. To our best knowledge,
there is, however, only one report dealing with the surface induced crystallization of PLA by
hexamethylbenzene substrate!*®),

In the present work, the crystalline morphology of PLA induced by the oriented high-density polyethylene
was studied in detail. Preferred orientation of the PLA crystals grown on highly oriented PE surface has been
unambiguously demonstrated. It should be pointed out, however, unlike any other formerly studied systems, the
PLA lamellae grow in the direction parallel to the chain direction of the PE substrate crystal. In other words, a
perpendicular chain orientation of PLA and PE is obtained. This provides a first example of the perpendicular
chain epitaxy and may improve the mechanical property of the system tremendously since the lamellae of one
component bridging the crystalline and amorphous regions of the other component™®> % Here we describe the
detailed experimental procedure and present the unusual crystallization behavior of PLA on highly oriented PE
substrate.

EXPERIMENTAL

Materials and Sample Preparation

Commercial grade polylactide (PLA), Revode213H, with weight-average molecular weight (M,,) = 6.5 x 10° and
polydispersity of 2.1 was obtained from Zhejiang Hisun Bimaterials Co., Ltd. The glass transition temperature
of it was estimated by DSC as 60°C. High-density polyethylene (PE), Lupolen 6021DX, was obtained from
BASF AG Ludwigshafen, Germany. The melting point of the used PE is measured by DSC to be 136°C. Highly
oriented thin film of PE was prepared according to a melt-draw technique introduced by Petermann and
Gohil™. As illustrated in Fig. 1, a small amount of a 0.5 wt% solution of PE in xylene was dispersed uniformly
on a preheated glass plate at 130°C. The xylene solvent was allowed to evaporate at this preparation
temperature. After evaporation of the solvent, the thin molten PE layer of ca. 1 um was then picked up by a
motor-driven cylinder with a drawing speed of about 2 cm/s. In this way, we get highly oriented ultrathin PE

films with thickness of ca. 50 nm.
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Fig. 1 A sketch for the preparation procedure of the highly oriented PE substrate films
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Samples for optical microscopy and wide-angle X-ray diffraction (WAXD) observations were prepared by
dipping glass slides covered with oriented PE thin films into a 2 wt% PLA/chloroform solution and then dried at
room temperature for several days by evaporation of the chloroform. The obtained thin PLA layers of about
10 pum in thickness are initially in amorphous phase as reported in Ref. [37]. It has also been demonstrated by
X-ray diffraction, which is not shown here since no any signals have been observed. Actually, the occurrence of
epitaxial crystallization of it on the PE substrate already confirms its amorphous status unambiguously;
otherwise it will remain in its initial crystalline state. The crystallization of PLA was realized by heating the
as-prepared samples from room temperature to 130°C for 24 h, which enables an isothermal cold crystallization
of PLA. For a direct comparison of the different crystallization behaviors of PLA on PE and glass surfaces, the
glass slides were only partially covered by the oriented ultrathin PE films, which provide the possibility to put
the PLA grown on PE and glass slide at exactly the same thermal conditions in the same view field. Samples for
atomic force microscopy (AFM) observations were prepared by spin-coating a 1 wt% PLA/chloroform solution
on the surface of mica supported PE oriented films. The PLA layers obtained in this way are about 100 nm in
thickness. The AFM samples have subjected the same thermal treatment as the optical microscopy samples.

Characterization

For optical microscopy observation, an Axioskop40 optical microscope (Carl Zeiss, Germany) equipped with a
Linkam THMS600 hot stage was used in this study. All pictures presented here were taken under crossed
polarizers.

Fine structure on lamellar scale was obtained using an Agilent 5500 AFM (Agilent Technologies), which is
specially designed for probing polymer materials. The AFM was operated in tapping mode using silicon
cantilevers with spring constant of 20-30 N/m. The resonance frequencies were set as 140—-160 kHz. The scan
speed varied from 0.5 line/s to 1.0 line/s. The set-point ratio and amplitude were chosen such that the surface
was tracked while maintaining the necessary contrast in the phase images.

Wide-angle X-ray diffraction experiments were carried out using a 12 kW rotating-anode generator
(Cu K@) in combination with a Geigerflex D/max-RB diffractomter (Bruker AXS). The reflection peak positions
and widths were calibrated with silicon powder (26 > 15°) and silver behenate (26 < 10°). Powder patterns were
taken within the 26 angle region of 5°-30° at a scan rate of 10 (°)/min. Background scattering was recorded and
subtracted from the sample patterns.

RESULTS AND DISCUSSION

The surface morphology of the melt-drawn PE substrate films was first examined by AFM in tapping mode.
Presented in Fig. 2 are the representative AFM height (part a) and phase (part b) images of the highly oriented
PE films. The white arrow shows the drawing direction during film preparation. From both height and phase
images, it can be clearly seen that the obtained PE substrate film consists of highly oriented lamellar structure
with the closely packed crystalline lamellae arranged perpendicular to the drawing direction. This is in good
accordance with the infra red spectroscopy and transmission electron microscopy results reported in Ref. [38].
The average thickness of the PE lamellae is measured to be about 20 nm. The lateral width of the highly oriented
PE lamellae is estimated to be hundreds of nanometers. Moreover, the AFM results demonstrate that the
melt-drawn PE films exhibit relatively smooth surfaces with height difference of only few nanometers, which is
ideal for investigating the surface induced crystallization behavior of other polymers.

The morphology of PLA cold crystallized, i.e. crystallized from its amorphous state, on highly oriented PE
substrate was first observed by optical microscope. Figure 3(a) presents an optical micrograph of the PLA
isothermally crystallized at 130°C for 24 h. It presents the morphologies of PLA crystallized on both the PE
oriented film and the glass surface, since the glass slide is only partially covered by the oriented PE film. The PE
thin film locates at the upper left corner of Fig. 3(a). The boundary line of it can be recognized with careful
inspection. The white arrow near and parallel to the boundary line indicates the drawing direction of the oriented
PE thin film during preparation, i.e. the direction of its molecular chain orientation. The polarizer and analyzer
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are aligned in the horizontal and vertical directions, respectively. Since the PE substrate film is too thin to give
much birefringence contribution, the contrast of the optical micrograph comes from the PLA crystals, indicating
the transition of PLA from amorphous state into crystalline phase. From Fig. 3(a), it can be seen that
crystallization on the glass substrate, irregular spherulitic structure of PLA has been produced, see lower right
corner of Fig. 3(a). The morphology of PLA crystallized on the PE surfaces is somewhat different from that on
the glass slide. First of all, the PLA crystals created on the PE substrate exhibit a much stronger birefringence
than that formed on the glass slide, as it can be observed by comparing the upper left with the lower right
corners of the Fig. 3(a). This may be caused either by the different crystalline modification and crystallinity or
the different spatial arrangement of the PLA crystals on the PE and glass substrates. With careful inspection,
some domains of the PLA on the highly oriented PE substrate show lath-like structures, as indicated by the
circles. They may be composed of PLA lamellar aggregates and imply some preferred orientation of the PLA
crystals. This has been confirmed by the exceptional extinction phenomenon during the rotation of the sample
around light beam axis. As illustrated in Fig. 3(b), a 45° anticlockwise rotation of the sample results in a
remarkable birefringence reduction of the PLA crystals on PE substrate, while the contrast of the PLA crystals
on the glass substrate does not change much. This indicates unambiguously that the PE substrate can induce the
crystallization of PLA in an unusual way as compared with the glass substrate.

Fig. 2 Height (a) and phase (b) AFM images of the melt-drawn PE ultrathin films
The white arrow represents the drawing direction during film preparation.

Fig. 3 (a) An optical micrograph of PLA cold crystallized on the PE and glass substrates at a boundary region
(The PE substrate is located in the upper left corner of the picture. The arrow indicates the molecular chain
direction of PE substrate); (b) Another optical micrograph taken from the same area as part (a) but rotated 45°
anticlockwise about the light beam

The polarizer and analyzer are aligned in the horizontal and vertical directions, respectively.

It should be pointed out that a 45° anticlockwise rotation of the sample shown in Fig. 3(a), which produces
a status of the sample as shown in Fig. 3(b), leads to a parallel alignment of the PE chain direction in the
analyzer direction. According to the extinction rule of the optical microscope under crossed-polarizers, a
reduction of the birefringence of the PLA crystals on the PE substrate indicates that the PLA crystals created on
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the PE substrate are oriented with their molecular chains either parallel or perpendicular to the chain direction of
the PE substrate. To find out the mutual orientation relationship between PLA and PE, fine structures of PLA
crystallized on the PE and glass substrates are monitored by AFM at a lamellar scale. As presented in Fig. 4, the
morphologies of PLA crystallized on highly oriented PE and glass substrates are quite different. On the glass
slide, see Figs. 4(a) (height image) and 4(b) (phase image), the PLA grows in spherulitic structure. At the centre
of the spherulite, i.e. the crystalline nucleus, edge-on crystalline lamellae are observed. As the edge-on lamellae
splay outward, lamellar twisting takes place, which leads to the transition from edge-on to flat-on lamellae of
PLA. At the boundary region of the PLA spherulite, flat-on lamellar crystals with smooth surface are the solely
observed morphology. This is the reason why the PLA crystals grown on glass slide display relatively weaker
birefringence as compared with that on PE substrate. Moreover, the lamellar thickness measured from the flat-on
PLA crystals is approximately 15 nm. On the contrary, the PLA crystallized on the oriented PE substrate
possesses completely different morphology. First, as illustrated in Figs. 4(c) and 4(d), the PLA crystallizes
always in edge-on lamellae at any place. These edge-on lamellae are thicker than the flat-on lamellae formed on
glass slide, 20 nm vis 15 nm. Second, the edge-on PLA lamellae are preferentially parallel aligned rather than
compose a spherulitic structure. Third, the parallel aligned PLA lamellae are mostly oriented with the long axis
in the chain direction of the PE substrate crystals. This indicates the existence of special interaction between the
PLA and PE molecules, which results in an epitaxial crystallization of PLA with chain axis perpendicular to the
chain direction of the PE substrate crystals, if a {001} fold surface of PLA crystals is accepted. For this kind of
orientation, a complete extinction of the PLA crystals under crossed-polarizers with the chain direction along
either the polarizer or analyzer is expected. This is actually not the case. As can be seen from Fig. 3(b), there are
still some birefringence of the PLA crystals grown on PE substrate even when the PE molecular chains are
aligned in the analyzer direction, which corresponds to a parallel alignment of the PLA chains with the polarizer.

Fig. 4 AFM height (a, c¢) and phase (b, d) images showing the different morphologies of PLA
crystallized on glass (a, b) and PE (c, d) substrates

The molecular chain direction of the PE crystals is indicated by a white arrow; The thermal history
of the sample is the same as that of Fig. 3.
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This should be caused by the large film thickness for optical microscopy observation. Considering that the
epitaxial crystallization takes place in a thin layer directly in contact with the substrate”™ *’! the top layer of the
PLA could be unaffected by the PE substrate and crystallized in a random oriented way. Actually, even in the
thin film used for AFM study, there are already some lamellae being deviated from the chain direction of the PE
substrate, see Figs. 4(c) and 4(d).

The above experimental results indicate that the PE can induced epitaxial crystallization of PLA, which
leads to the PLA lamellar crystals oriented preferentially with the lamellar long axis parallel to the chain
direction of the PE substrate crystals. This causes the PLA crystals with different birefringence under optical
microscope depending on sample orientation with respect to the polarizer. It is also different from the PLA
crystals grown on glass substrate. Possibilities relating to the contrast difference of the PLA crystals grown on
PE and glass substrates may also rest on the different crystallinity or/and crystalline modification. To clarify
this, X-ray diffractions of the PLA crystals crystallized on the PE and glass substrates were performed. Figure 5
shows the X-ray diffraction profiles corresponding to the PLA crystals formed on PE and glass substrates,
respectively. The diffraction peaks are contributed by the PLA crystals since the used PE substrate film is too
thin (ca. 50 nm in thickness) to give any diffractions at present condition. From Fig. 5, it is clear that the PLA
crystallized on PE and glass surface from the glassy state exhibits exactly the same crystalline structure also with
similar crystallinity. The diffraction peaks at 26 = 14.8°, 16.7°, 19.1° ascribed to the (010), (200 or 110), (203)
lattice planes of a-PLA crystals indicate that the PLA crystallizes both on glass and PE substrates in its
a-form™®. This demonstrates that the morphological differences viewed by optical microscope are solely caused
by different spatial arrangement of the produced PLA crystals.

40001

3000+

2000/ ....,--'M\ A PLA on PE

1000} ’/‘J\ A PLA on glass

510 15 20 25 30 35 40
20(°)

Intensity

Fig. 5 X-ray diffraction profiles of the PLA crystals formed on PE and glass substrates, respectively
The thermal history of the samples is the same as that of Fig. 3.

CONCLUSIONS

The crystalline structures and morphologies of the PLA crystallized isothermally on glass and highly oriented
PE substrates at 130°C were investigated by means of optical microscopy, AFM and X-ray diffraction. The
optical microscopy observation shows that the PE substrate exhibits special effect on the crystallization of PLA
as revealed by the oriented crystallization of PLA on the PE substrate. This leads to the crystallization of PLA
on PE substrate always in edge-on structure, while lamellar twisting from edge-on to flat-on takes place when
crystallizing the PLA on glass surface under the same condition. The edge-on PLA lamellae on the PE substrate
are preferentially arranged in the chain direction of the PE substrate crystals with only a few exceptions. The
X-ray diffraction results indicate that, except for the different crystal orientation, the PLA grown on the two
different substrates exhibits the same crystalline modification with similar crystallinity. The origin of the
unusual alignment of PLA on PE substrate is not clear at present. Detailed electron microscopy studies on the
exact mutual crystalline orientation relationship and its formation mechanism are now under way.
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