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ABSTRACT Structure and property gradation from surface to bulk of poly(L-lactic acid)/poly(D-lactic acid) (PLLA/PDLA) blended films
was estimated from nanoscratch tests using scanning probe microscopy (SPM). The PLLA/PDLA blended film was prepared by melting,
following isothermal crystallization at 150 °C due to the formation of stereocomplex crystal (sc-crystal). Grazing-incidence X-ray
diffraction measurements revealed that the fraction of sc-crystal on the surface was higher than that of bulk. Two types of morphologies
were observed in an SPM nanoscratch test conducted under a higher applied load: a less-deformed morphology and a plowed-up
morphology. These results demonstrate that a hierarchical structure with an sc-microcrystallite networked surface could be developed
by optimizing the processing conditions.
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INTRODUCTION

Poly(lactic acid) (PLA) has become attractive because
it can be produced from a renewable resource. PLA
has two optical isomers, i.e., poly(L-lactic acid) (PLLA)

and poly(D-lactic acid) (PDLA), because of its asymmetric
carbon atoms. An equimolar racemic blend of PLLA and
PDLA produces a stereocomplex crystal (sc-crystal), in which
both chains are alternately packed within a lattice cell (1-5).
One of the most characteristic properties of this sc-crystal
is its high melting temperature (Tm) of around 220 °C. In
contrast, the usual R-form composed of pure PLLA or PDLA
chains, which are separately crystallized even for blends, has
a lower Tm of 170 °C. The sc-crystal also has superior
resistance to hydrolysis decomposition (6), which is a prin-
cipal disadvantage of general PLLA materials (7). If the
formation of the sc-crystal can be controlled, there is a
possibility of overcoming this disadvantage of PLLA materials.

The crystalline structure of PLLA/PDLA blended material
is influenced by the molecular weight and the crystallization

conditions. Little sc-crystal is formed from blending high
molecular weight (HMW; >1 × 105) PLLA and PDLA materi-
als (8-10). Consequently, conventional sc-crystallization is
unsuitable for PLA materials since the molecular weight
required for sc-crystallization is lower than that required for
sufficient mechanical properties (10). A high composition of
sc-crystal can be achieved by crystallization under a non-
equilibrium state such as tensile drawing (11, 12) or anneal-
ing of an oriented sample (13-16), even if both PLLA and
PDLA materials have HMWs (11, 13, 15), because the chains
are brought into close contact by drawing. A film surface
region in a nonequilibrium state is expected to preferentially
support characteristic sc-crystallization because the glass
transition temperature of a thin polymer film surface is lower
than that of the bulk material (17) and the contact frequency
between PLLA and PDLA chains is higher than in bulk
because of higher chain mobility. If the sc-crystals selectivity
cover an HMW-PLA film surface using a lower amount of
PDLA content, there will be a number of advantages for
preparing functional PLA material, since PDLA material is
more expensive than PLLA. Thus, technology for controlling
composition on the surface is key to developing of PLA
applications.

Scanning probe microscopy (SPM) is one possible analyti-
cal technique for evaluating surface structures and proper-
ties. In particular, nanoscratch tests using SPM (18-27)
enable us to determine the structure and property layering
or gradation within an intermediate region from surface to
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bulk states of polymeric materials. We previously reported
that the effects of molecular weight (28), chemical composi-
tion (29), molecular anisotropy (30), and molecular segrega-
tion (31) on polymer film surfaces have been evaluated by
SPM nanoscratch tests. This SPM nanoscratch technique can
evaluate the surface deformation properties from the result-
ant scratch patterns. The obtained data give us accurate
information on surface properties with higher reproducibility.

Recently, grazing-incidence X-ray diffraction (GIXD) mea-
surement has been widely used to identify surface crystalline
structures (32-34). When the incident angle (Ri) of an X-ray
beam projected onto the sample surface is equal to or
smaller than the critical angle (Rc), the incident X-rays
undergo total external reflection and penetrate into the
sample as evanescent waves, reflecting only the surface
structure. However, the spatial resolution of GIXD measure-
ments is poor because the incident area is inevitably larger.
In contrast, the SPM nanoscratch test in this study, which
estimates the morphological deformation on a nano-order
level, achieves extremely high resolution. Moreover, superior
depth resolution is also achieved, obtaining the structure and
property gradation within several tens of nanometers (31).
Therefore, the structural development mechanism of the
PLLA/PDLA blended film surface, including the sc-crystal,
was comprehensively interpreted by combining an SPM
nanoscratch test and GIXD measurement. In this study,
amorphous, R-form, and sc-crystal in PLA film surfaces were
identified based on surface-deformation characteristics esti-
mated from SPM nanoscratch tests and GIXD measurements.

EXPERIMENTAL SECTION
Initial Materials. A PLLA material (LACEA, Mitsui Chemicals,

Inc.; weight-average molecular weight (Mw) ) 2.2 × 105, aver-
age-number molecular weight (Mn) ) 1.3 × 105) and a PDLA
material (Purac Japan; Mw ) 2.3 × 105, Mn ) 1.4 × 105) were
used in this study. The Mw values for the two materials were
almost the same. The specific optical rotation measured in
chloroform at 25 °C and at a wavelength of 589 nm ([R]D) was
-154° for PLLA material and +155° for PDLA material, sug-
gesting that the optical purity of both of these samples was
99.5%. PLLA and PDLA materials were used after removal of
the oligomer and the polymerization catalyst (stannous octoate).
Before the polymer solution was prepared, both materials were
dried at 100 °C for 24 h in a vacuum. Polymer solutions of 1
wt % PLLA and PDLA were prepared separately by dissolving
the requisite amount of the polymer in chloroform at room
temperature (RT). The solutions were admixed by vigorous
stirring to prepare a solution of an equimolar blend of PLLA and
PDLA as a PLLA/PDLA blended sample, in order to produce a
complete mixture of PLLA and PDLA molecular chains. The
PLLA and prepared PLLA/PDLA solutions were cast onto a Petri
dish and covered with aluminum foil with holes, followed by
solvent evaporation at RT for 5 days.

Sample Film Preparation. Two kinds of pure PLLA films and
a PLLA/PDLA blended film were prepared under different
crystallization conditions in this study. The obtained cast films
were sandwiched between polyimide (PI) films, and the as-
sembly was placed between a pair of hot plates installed in a
vacuum chamber. The PI film, supplied by Ube Industries, Ltd.
(UPILEX 125S), is desirable for preparing films that will be
nanoscratched later because it has a superior flat surface
(unevenness of less than 6 nm). Here, subsequent film prepara-
tion processes (melt holding, compression molding, and iso-

thermal crystallization) were performed in a vacuum using a
special molding chamber from Baldwin Co., Ltd., Tokyo (35),
to inhibit thermal decomposition. Two independent pressing
machines are installed in this vacuum chamber, one for melt
holding and compression molding and the other for isothermal
crystallization. After the atmosphere in the chamber was evacu-
ated, the hot plates were heated to 250 °C, a sufficient tem-
perature for melting the initial sc-crystals, and held for 4 min,
followed by compression molding at 3 MPa for 1 min. One pure
PLLA sample was immediately quenched in liquid nitrogen to
prepare an amorphous film (PLLA-Q film). The other was
isothermally crystallized at 100 °C (PLLA-100 film), at which
temperature the crystallization rate of the R-form is high
(36, 37). A PLLA/PDLA blended sample was isothermally crys-
tallized at 150 °C (PLLA/PDLA film). This isothermal crystalliza-
tion temperature (Tc) of 150 °C was suitable for sc-crystallization
of this PLLA/PDLA blended sample, as confirmed by differential
scanning calorimetry (DSC) and X-ray measurements (see
Figure S1 in the Supporting Information). The PLLA-100 and
PLLA/PDLA samples were compression molded at each Tc and
3 MPa for 1 h, followed by slow cooling to RT. The prepared
film was 100 µm thick. The Mw values of these obtained films
were unchanged even after molding, as confirmed by gel
permeation chromatography (GPC) measurements (see Table
S1 in the Supporting Information).

SPM Nanoscratch Tests. The SPM used in this study was an
SPA400 controlled by an SPI3800N (SII NanoTechnology Inc.).
This SPM system is equipped with an Olympus triangle canti-
lever with a spring constant of 0.57 N/m. An Si3N4 tip with a 30
nm radius was provided at the rear of the top of the cantilever.
All SPM measurements were made at RT in a flow of dry
nitrogen that reduced the humidity to less than 20%. As a first
scan, the SPM tip was pushed onto the film surface with applied
loads of 10 to 50 nN, and the surface was subsequently
scratched with 256 lines within a 1 × 1 µm2 area with the load
applied. These scratches were made by repeating left-to-right
and right-to-left scans for the whole series of topographical
images depicted in this study. After this multiline scratching, a
second scan was made at a low applied load (below 1 nN)
without any deformation within a 1.5 × 1.5 µm2 area, including
the first scratched area. Scratch and scan directions were always
perpendicular to the longitudinal axis of the cantilever axis, and
the velocities were set to 1 µm/s.

GIXD Measurement. GIXD measurements were preformed
using a Rigaku Ultima III operating at 40 kV and 40 mA with
nickel-filtered Cu KR radiation at RT. Ri values of 0.05 and 1.0°
were chosen for the surface- and bulk-sensitive measurements
because the Rc of PLA is 0.17° under these experimental
conditions. The scan was carried out in the 2θ range of 5 to 30°
with an angle interval of 0.02° and a scan speed of 0.2°/min.

RESULTS AND DISCUSSIONS
First, SPM nanoscratch tests were performed for two pure

PLLA films formed under different crystallization conditions
in order to estimate the standard morphological changes of
amorphous and crystalline films. Figure 1 presents topo-
graphical images of the scratched surfaces of the PLLA-Q film
prepared by quenching. The PLLA-Q film is a completely
amorphous sample, as confirmed by GIXD measurement
(see Figure S2 in the Supporting Information). Nanoperiodic
patterned structures perpendicular to the sliding direction
are observed on the surface of the scratched PLLA-Q film.
The periodic pattern becomes clear with an increase in the
applied load. Such deformation is also observed in the SPM
nanoscratch test of polystyrene, a typical amorphous poly-
mer (28). Figure 2 presents topographical images of the
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scratched surfaces of a PLLA-100 film isothermally crystal-
lized at 100 °C for 1 h. The crystallinity of the PLLA-100 film
was 40%, as evaluated by the area of the GIXD profile, and
no difference in the crystallinity between surface and bulk
was recognized (see Figure S3 in the Supporting Informa-
tion). Linear structures without periodicity are observed on
the surface of the scratched PLLA-100 film. This morphology
is reflected in the initial lamellar structure of the film. The

obtained radial pattern can be considered as edge-on lamel-
lar crystals in spherulite. This morphology is emphasized by
a nanoscratch test with an increase in the applied load.
Furthermore, the characteristic fibrillar structure normal to
the sliding direction is observed at an applied load of 50 nN.
Such a fibrillar structure is similar to the nanoscratch pattern
of a uniaxially oriented film surface (30). Thus, molecules
of the film surface were oriented by scratching. The scratch
depth, determined from a cross-sectional profile of topo-
graphical images for the PLLA-100 film, is less than that for
the PLLA-Q film (see Figure S4 in the Supporting Informa-
tion). This result indicates that surface deformation is sup-
pressed by crystallization. Furthermore, the scratch depth
increases linearly with increases in the applied load, mean-
ing that a uniform morphology is formed from surface to
bulk for PLLA-Q and PLLA-100 films.

This nanoscratch test was also performed for PLLA/PDLA
film isothermally crystallized at 150 °C for 1 h in order to
evaluate the effect of sc-crystal on surface deformation. The
crystallinity of this PLLA/PDLA film was 47% including the
sc-crystal evaluated by the area of the GIXD profile (see
Figure S5 in the Supporting Information). Figure 3 presents
topographical images of the scratched surfaces of the PLLA/
PDLA film. For scratch tests at applied loads of <30 nN, the
observed morphology is similar to that for the PLLA-100 film.
Linear structures expanding radially and reflecting the edge
of a lamellar crystal in spherulite are observed. In contrast,
an entirely different morphology is observed for PLLA/PDLA
film at an applied load of 50 nN. There are two types of
scratched morphologies: a less-deformed morphology (Fig-
ure 3c, red dotted line) and a plowed-up morphology (Figure
3c, green dotted line). The morphology of a less-deformed
region coincides with that for the PLLA-100 film. In contrast,

FIGURE 1. SPM topographical images of the scratched surfaces for
PLLA-Q film. Nanoscratches were made at applied loads of (a) 10,
(b) 30, and (c) 50 nN in the horizontal direction. Left-to-right and
right-to-left scratches were produced within a central 1 × 1 µm2 area
at an applied load. Scan size is 1.5 × 1.5 µm2. All scale bars are 300
nm.

FIGURE 2. SPM topographical images of the scratched surfaces for
PLLA-100 film. Nanoscratches were made at applied loads of (a) 10,
(b) 30, and (c) 50 nN in the horizontal direction. Scan size is 1.5 ×
1.5 µm2. All scale bars are 300 nm.

FIGURE 3. SPM topographical images of the scratched surfaces for
PLLA/PDLA film. Nanoscratches were made at applied loads of (a)
10, (b) 30, and (c) 50 nN in the horizontal direction. Scan size is 1.5
× 1.5 µm2. All scale bars are 300 nm. Red (green) dotted lines
indicate the less-deformed (plowed-up) regions.
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the morphology of a plowed-up region has a rough surface,
which is similar to that for the PLLA-Q film, but without
periodicity, suggesting a complicated structure is formed in
this plowed-up region. Figure 4 depicts cross-sectional pro-
files extracted along the red (less-deformed) and green
(plowed-up) dotted lines in Figure 3c. The deep scratch and
high plowed-up areas are recognized in the cross-sectional
profile of the plowed-up region (Figure 4, bottom column),
although the surface roughness is low, around several nano-
meters relative to the initial surface level, in that of the less-
deformed region (Figure 4, top column). The deep scratch
at the left edge of the scratched area is thought to be due to
a coefficient of static friction that exceeds the coefficient of
dynamic friction (31).

These surface deformations were quantitatively analyzed
by comparing the scratch depths determined from the cross-
sectional profiles. The scratch depths for the PLLA/PDLA film
are plotted in Figure 5 as a function of the applied load. In
this analysis, 10 cross-sectional profiles were extracted from
each topographical image, from left to right along the scratch

direction, and the recorded maximum depths were averaged
and plotted as the scratch depth. The scratch depth at an
applied load of less than 30 nN for the PLLA/PDLA film is
less than that for PLLA-Q and PLLA-100 films. Notably, a
shallower scratch depth is maintained at an applied load of
30 nN for the PLLA/PDLA film, although a linear increase in
scratch depth is observed for the PLLA-Q and PLLA-100
films. This means that the surface of the PLLA/PDLA film is
more robust than that of the PLLA-100 film containing only
R-form. Furthermore, a drastic change in scratch depth
occurs beyond an applied load of 30 nN. Specifically, the
plowed-up region exhibits a deeper scratch and the less-
deformed region exhibits a shallower scratch at an applied
load of 50 nN. The existence of two scratch patterns reveals
that the PLLA/PDLA film forms a hierarchical structure from
surface to bulk. It is assumed that these nanoscratch char-
acteristics are closely related to the crystalline structure of
the film surface. For detailed analyses of the crystalline
structures for surface and bulk, a sc-crystal index (�sc/R) and
a full width at half-maximum (FWHM) of (110)R and (110)sc

reflection peaks were evaluated from the GIXD profiles
obtained at Ri values of 0.05°, for detecting surface, and
1.0°, for detecting bulk, as seen in Figure S5 in the Support-
ing Information. The �sc/Rs for each Ri value is evaluated
from eq 1.

I(110)R and I(110)sc indicate the integral intensities of the
(110)R and (110)sc reflection peaks. The obtained �sc/R and
FWHMs for the PLLA/PDLA film are summarized in Table 1.
The �sc/R of the surface is higher than that of the bulk,
meaning that the sc-crystal is located more on the surface
than in the bulk. Therefore, the sc-crystal successfully con-
centrates on the surface for the PLLA/PDLA film under these
preparation conditions. This result demonstrates that the
characteristic nanoscratch behavior of PLLA/PDLA film is
attributable to the existence of sc-crystal segregated on the
film surface. The crystalline size of the sc-crystal estimated
by FWHM is less in the surface than in the bulk, but the
R-form is almost the same. The plasticizer content (38) or
lower molecular weight (LMW) component (31) is known to
segregate on a polymer film surface, and an sc-crystal is
known to form preferentially by blending LMW-PLLA and
PDLA materials (8-10). Thus, it is reasonable that an sc-
crystal can be formed well on a surface that is in a nonequi-
librium state.

FIGURE 4. Topographical images of (left) scratched surfaces and
(right) cross-sectional profiles of PLLA/PDLA film at an applied load
of 50 nN. There are two types of morphologies: less-deformed (top)
and plowed-up (bottom). Cross-sectional profiles of the less-
deformed and plowed-up regions were extracted along the dotted
red and green lines in the set of left-hand images from each left-
to-right scan. Black dotted and solid lines in the right-hand column
indicate the scratched region in the left images and the unscratched
surface height, respectively. All scale bars are 300 nm.

FIGURE 5. Changes in scratch depth of PLLA/PDLA film as a function
of the applied load, determined from the cross-sectional profile. Red
(green) plots correspond to the less-deformed (plowed-up) regions
in Figure 4. Corresponding data of PLLA-Q and PLLA-100 films (see
Figure S4 in the Supporting Information) were again denoted here
for comparison.

Table 1. Sc-Crystal Indexes (�sc/R) and FWHMs of
(110)R and (110)sc Reflection Peaks for the Surface
and Bulk of PLLA/PDLA Film

FWHM (deg)b

Ri sensitive position �sc/R (%)a (110)R (110)sc

0.05 surface 0.36 0.45 0.90
1.0 bulk 0.18 0.42 0.67

a Evaluated from eq 1. b Evaluated from GIXD profiles in Figure S5
in the Supporting Information.

Xsc/α )
I(110)sc

I(110)sc + I(110)α
(1)
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The nanoscratch test using SPM revealed that PLLA/PDLA
film has a hierarchical structure, in which the surface region
(∼5 nm) has improved wear resistance. Considering that the
sc-crystal is located more on the surface of this PLLA/PDLA
film, the surface properties develop due to the existence of
an sc-crystal. However, the fraction of sc-crystal located on
the surface of this PLLA/PDLA film is at most 40% in a totally
crystalline component. Moreover, the crystalline size of sc-
crystal is smaller than bulk. These results indicate that the
reason the mechanical properties develop on the surface of
PLLA/PDLA film is not sc-crystal formation alone. The de-
velopment of mechanical properties (11, 12, 39) and hy-
drolysis resistance (6) in PLLA/PDLA are explained by the
formation of networks between sc-microcrystallites. A simi-
lar sc-microcrystallite network is formed on our PLLA/PDLA
film surface. Therefore, scratch deformation of the PLLA/
PDLA film is suppressed. In contrast, a plowed-up region is
recognized as having less of an sc-microcrystallite network.
The scratch depth for a plowed-up region is greater than that
for PLLA-100 film, which contains only R-form. Here, an sc-
crystal acts as a nucleating agent for R-form crystallization
(40-43) due to the higher crystallization rate (44) and/or the
stronger interaction between PLLA and PDLA molecules
(45). At the same time, the addition of PDLA leads to a
reduction in crystalline size because the stronger PLLA/PDLA
interaction restricts the mobility of PLLA chains (8, 40, 46).
The crystalline size change induces a difference in scratch
depth between PLLA homopolymer and PLLA/PDLA blended
samples. These results demonstrate that the morphology
and deformation characteristics of the PLLA/PDLA film
surface are dominated by the structural effect of sc-crystal.
The surface of PLLA/PDLA film exhibits superior wear resis-
tance because of its sc-microcrystallite networked structure.
In contrast, it is plowed-up at higher applied loads in areas
where this sc-microcrystallite network is diluted. Hence, the
hierarchical structuring in the surface arises from the sc-
microcrystallite network density gradation from surface to
bulk localized to a small surface region (∼20 nm), as ef-
fectively evaluated by SPM nanoscratch testing.

It is difficult to form sc-crystal by blending HMW-PLLA
and PDLA materials (8-10), especially in a molten state
(9, 10). However, this methodology is important for industry.
We attempted to induce sc-crystallization only in the surface
region, which is in a nonequilibrium state, using HMW
materials (>1 × 105) in a molten state and considering the
chain diffusion and contact frequency, the predominant
factors in sc-crystallization (8, 47, 48), using only optimiza-
tion of the processing conditions, i.e., Tm and Tc. Conse-
quently, we were able to prepare PLLA/PDLA film with the
characteristic sc-microcrystallite networked structure only
on the surface. The structure and property gradations from
surface to bulk of PLLA/PDLA film are developed by control-
ling molecular diffusion in the molten state (Tm) and by
selective sc-crystallization only on the surface (Tc). It is also
important that this hierarchy can assign a different role to
surface and bulk. The surface has a function, i.e., heat and
hydrolysis resistance, and the bulk provides the overall

mechanical properties. Therefore, this PLLA/PDLA film, with
its structure and property gradation, is one approach for
developing a single polymer composite material with specific
economic and environmental benefits.

CONCLUSIONS
The surface structure of PLLA/PDLA blended film was

investigated using an SPM nanoscratch test. A shallower
scratch was maintained under an applied load of 30 nN for
the PLLA/PDLA film, indicating that the surface of the PLLA/
PDLA film was more robust than that of the pure PLLA film.
Two scratched morphologies were observed at higher ap-
plied loads: a less-deformed morphology and a plowed-up
morphology. Considering the fraction of sc-crystal on the
surface was higher than that of bulk, as evaluated by GIXD
measurements, these surface characteristics were attributed
to the existence of sc-crystal. Specifically, a hierarchical
structure with an sc-microcrystallite networked surface could
be developed by optimizing the processing conditions, i.e.,
Tm and Tc. These results demonstrate that the surface
functionalization of PLLA/PDLA film was dominated by the
structural effect of sc-crystal. Such a hierarchical structure,
including R-form and sc-crystal, which have the same chemi-
cal structure but different crystalline strucutres, could be
recognized visually with an SPM nanoscratch test. Therefore,
the SPM nanoscratch test is expected to become an evalu-
ation technology for PLA film surfaces.
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