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Abstract   Poly(lactic acid) (PLA) as a bio-based polymer with biodegradability and biocompatibility has attracted much attention. To manipulate

its properties for different applications, regulation of crystal structure and crystalline morphology becomes an attractive research topic. In this

work, the structure evolution of layered samples containing an amorphous poly(D-lactide) (PDLA) layer and a crystalline poly(L-lactide) (PLLA)

layer with highly oriented edge-on α lamellar crystals after annealing at 150 °C or/and after melt-recrystallization has been studied by AFM, FTIR,

and TEM combined with electron diffraction. The results demonstrate that melt recrystallization of the as-prepared sample leads to the formation

of abundant randomly oriented PLA stereo-complex (PLA SC) crystals. Annealing at 150 °C results in the formation of a small amount of oriented

PLA SC crystals at the interface. These PLA SC crystals show great impact on the recrystallization behavior of sample after melting at 190 °C and

then crystallizing at  90  °C.  First,  they  impede the  mutual  diffusion of  the  overlying PDLA and underlying PLLA,  and thus  reduce their  stereo-

complexation  ability  as  manifested  by  the  decreased  amount  of  PLA  SC  crystals.  Second,  they  act  as  substrate  to  initiate  the  epitaxial

crystallization of the overlying PDLA and underlying PLLA, which ensures the production of a highly oriented structure of PDLA and PLLA after

melt recrystallization again.
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INTRODUCTION

Poly(L-lactic  acid)  (PLLA)  is  a  typical  polymorphic  polymer
exhibiting at least four known crystal forms including the stable
α form  made  of  103 helices  arranged  in  an  orthorhombic  unit
cell,[1−3] the β form  made  of  31 helices,[1,4] the γ form  obtained
through epitaxy,[5] and the δ (initially referred to as α’) grown at
relative  low  temperature  during  melt  or  cold  crystallization.[6,7]

Besides,  co-crystallization  of  it  with  its  enantiomer, i.e.,  poly(D-
lactide)  (PDLA),  results  in  the formation of  stereo-complex (SC)
structure  of  the  poly(lactide)s  (PLAs),  which  exhibits  some
specific  features,  such  as  the  outstanding  heat  resistance
property with melting temperature about 50 °C higher than the
PLLA  and  PDLA  homogenous  crystals  (HCs),  high  nucleation
efficiency  toward  the  homo-crystallization  of  PLLA,  and  so
on.[8−12]

It  is  well  documented  that  the  physical  and  mechanical
properties  of  PLLA  depend  strongly  on  the  polymorphism,
crystallinity  and  crystalline  morphology.  For  example,  while
the distinct PLLA crystal forms (e.g., the α and β forms) exhibit
different  thermal  stabilities,  its  tensile  strength and modulus
in  the  same α phase  can  be  increased  from  60  MPa  and  3.7
GPa to 0.28−1 GPa and 7−10 GPa for randomly and highly ori-
ented  samples,  respectively.[2,13] This  makes  the  study  on
multiscale structure regulation of PLLA an attractive research
topic,  owing  to  the  promising  alternatives  for  commercial
petrochemical-based  polymers  and  potential  applications  in
many fields.[14−19]

As is well-known, both previous thermal history of the ma-
terials  and post  annealing or  thermal  treatment provide effi-
cient  ways  to  regulate  the  crystal  modification,  crystallinity,
and  crystalline  morphology  of  PLA.[20,21] To  illustrate  the  im-
pact of thermal history on the melt recrystallization behavior
of PDLA/PLLA composite samples, double-layered films com-
posited  by  a  non-oriented  amorphous  PDLA  (a-PDLA)  layer
and  a  highly  oriented  crystalline  PLLA  layer  with  edge-on α
lamellar  structure  (α-PLLA)  were  fabricated.  The  structure
evolution  of  them  after  annealing  at  150  °C  and  melting  at
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190 °C then recrystallizing at 90° has been studied by means
of  atom  force  microscopy  (AFM),  Fourier  transform  infrared
(FTIR)  spectroscopy  and  transmission  electron  microscopy
(TEM)  combined  with  electron  diffraction  technique.  It  is
found  that  a  small  amount  of  oriented  PLA  SC  crystals  with
the  same  chain  orientation  as  the  used  PLLA  substrate  film
have  formed  at  the  interface  layer  after  annealing  at  150  °C.
Meanwhile,  epitaxy  of  PDLA  on  either  oriented  PLLA  sub-
strate  or  oriented  PLA  SC  crystals  takes  place  with  the  PDLA
HCs oriented in the same way as the used PLLA substrate. Fur-
thermore, the oriented SC crystals at the interface layer, even
though  in  limited  amount,  show  pronounced  influence  on
the  recrystallization  behavior  of  the  sample  after  melting  at
190 °C.

EXPERIMENTAL

Materials
PLLA  and  PDLA  materials  used  in  this  work  were  supplied  by
Changchun  SinoBiomaterials  Co.,  Ltd.  The  weight-average
molecular  weights  of  PLLA  and  PDLA  are  2.2×105 g/mol  and
9×104 g/mol,  respectively.  The  optical  purity  of  PDLA  is  90%,
while  that  of  PLLA  is  95%.  Analytical N,N-dimethylformamide
(DMF)  and  chloroform  solvents  were  purchased  from  Beijing
Chemical Reagent Co., Ltd.

Sample Preparation
Highly oriented PLLA ultrathin films with thickness ranging from
40 nm to 60 nm (as measured by Dektak XT step profiler, Bruker
Corporation)  were  prepared  according  to  a  melt-draw
technique,[22] which has frequently been used for getting highly
oriented ultrathin films for different polymers, such as PLLA,[23,24]

isotactic  polybutene-1,[25,26] polyethylene,[27,28] isotactic
polypropylene,[29−31] and poly(vinylidene fluoride).[32,33] In short,
a  small  amount  of  0.6  wt%  PLLA  solution  in  DMF  was  poured
and spread uniformly on a preheated glass plate at 170 °C. After
evaporation of the DMF solvent, the thin molten PLLA layer was
then picked up by a motor-drive cylinder with a draw speed of
25  cm/s.  An  AFM  phase  image  and  a  corresponding  electron
diffraction pattern of the as-prepared melt-drawn PLLA ultrathin
films, which shows a peak melting temperature of 176 °C and an
end melting temperature of  185 °C,  are presented in Fig.  S1 in
the  electronic  supplementary  information  (ESI).[23] It  is
demonstrated  that  the  as-prepared  melt-drawn  PLLA  ultrathin
films  consist  of  granular  crystallites  (Fig.  S1a  in  ESI).  The
corresponding electron diffraction (Fig. S1b in ESI) confirms the
high orientation of the PLLA crystallites in α form with molecular
chains or chain segments aligned along the melt-draw direction
during sample preparation.

Amorphous  PDLA  films  were  prepared  by  spin-coating
PDLA solution in chloroform with a concentration of 5 mg/mL
on thin poly(acrylic acid) (PAA) substrate. The thickness of the
as-prepared  amorphous  PDLA  films  is  about  25  nm  (mea-
sured by a Dektak XT step profiler, Bruker Corporation).

Double-layered  samples  composed  of  amorphous  PDLA
and oriented crystalline PLLA with α crystallites, hereafter de-
noted  as  a-PDLA/α-PLLA,  were  prepared  by  transferring  the
clean  amorphous  PDLA  films,  obtained  through  dissolving
the  PAA  in  PDLA/PAA  composite  films  on  the  surface  of  dis-
tilled  water,  onto  the  surface  of  melt-drawn  PLLA  ultrathin

films,  which  were  supported  by  copper  grid  for  TEM,  silicon
wafer  for  AFM,  and  KBr  tablet  for  FTIR  analyses.  It  should  be
mentioned  here  that  while  the  annealing  of  a-PDLA/α-PLLA
samples  at  150  or  190  °C  was  performed  by  placing  the
sample  directly  on  a  hot-stage  at  desired  temperatures,  the
cooling rate of samples from 190 °C to 90 °C was 50 °C/min.

Characterizations
A  JEOL  JEM-2100  TEM  operated  at  200  kV  was  used  for  TEM
study.  Exposure  time  for  capturing  the  electron  diffraction
pattern is 3 s. AFM study was performed by a Bruker Dimension
Icon  AFM  operated  under  tapping  mode.  The  resonance
frequency and spring constant of the tips used in this work are
75 kHz and 3 N/m, respectively. FTIR analysis was carried out on
a Spectrum 100 FTIR spectrometer (PerkinElmer). Five a-PDLA/α-
PLLA  layers  with  the  same  PLLA  orientation  were  used  for
enhancing the infrared signal. Polarized FTIR spectra were used
to  reveal  the  orientation  of  specimens.  FTIR  spectra  were
recorded in the wavenumber range from 4000 cm−1 to 450 cm−1

by averaging 32 scans at a 4 cm−1 resolution.

RESULTS

Morphology of a-PDLA/α-PLLA before and after
Annealing at 150 °C
The  morphologies  of  a-PDLA/α-PLLA  samples  before  and  after
annealing at 150 °C for 5 h were first characterized by AFM. As
presented  in Figs.  1(a)  and  1(b),  the  as-prepared  sample, i.e.,  a
non-annealed  a-PDLA/α-PLLA  film,  exhibits  featureless  and
quite  smooth  surface  due  to  the  amorphous  nature  of  the  a-
PDLA.  After  annealing  at  150  °C  for  5  h  (Figs.  1c and  1d),
isothermal cold crystallization of a-PDLA thin film on oriented α-
PLLA film surface takes place, which results in the formation of
parallel-aligned PDLA lamellar crystals arranged perpendicularly
to the melt-draw direction of the α-PLLA as revealed by both the
height  (Fig.  1c)  and phase (Fig.  1d)  AFM images.  This  indicates
the  epitaxial  crystallization  of  a-PDLA  on  oriented α-PLLA
substrate with PDLA and PLLA molecular chains parallel to each
other  and  has  been  further  confirmed  by  the  electron
microscopy observation combined with electron diffraction.

Fig. 2 shows a bright field (BF) electron micrograph and an
electron  diffraction  pattern  of  an  annealed  a-PDLA/α-PLLA
sample  as  shown  in Figs.  1(c)  and  1(d).  As  can  be  seen  from
Fig.  2(a),  the  BF  electron  micrograph  displays  also  a  parallel-
aligned  lamellar  structure,  even  though  not  as  clear  as  the
AFM images shown in Figs.  1(c)  and 1(d).  The appearance of
sharp and well-defined reflection spots in the electron diffrac-
tion pattern shown in Fig.  2(b)  confirms the high orientation
of  both PDLA and PLLA crystals.  It  should  be  noted that,  ex-
cept for the appearance of some new reflection spots, such as
the  (008)  ones,  the  electron  diffraction  pattern  shown  in
Fig. 2(b) is essentially the same as the one shown in Fig. S1(b)
(in ESI). The appearance of some new diffraction spots is most
probably due to the increased crystallinity caused by crystal-
lization of PDLA and the perfection of α-PLLA crystals during
annealing.  Moreover,  all  of  the  reflection  spots  appeared  in
Fig.  2(b)  can fully  be indexed according to the α PLA crystal-
line  unit  cell  with  parameters a=10.683 Å, b=6.17  Å, c=28.86
Å.[34] This indicates unequivocally the occurrence of epitaxy of
a-PDLA  on  oriented α-PLLA  substrate  also  in α form.
Moreover,  the  appearance  of  only  one  set  diffraction  spots
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demonstrates  the  same  orientation  of  both  PLLA  and  PDLA
crystals,  indicating  the  same  molecular  chain  alignments  of
them.  This  is  comprehensive  based  on  the  exact  same  unit
cell geometry and parameters of both PDLA and PLLA α form
crystals, which creates a perfect matching between them with
zero  discrepancy.  It  has  been  reported  that  PLA  SC  crystals
can form during annealing of the binary mixture of PLLA and
PDLA single crystals at around 150 °C.[35] There are, however,
no  diffraction  spots  corresponding  to  the  PLA  SC  crystals  in
Fig. 2(b).

Melt-recrystallization Behavior of Non-annealed and
Annealed a-PDLA/α-PLLA Samples
The  above  experimental  results  demonstrate  that  epitaxial
crystallization  of  amorphous  PDLA  layer  in  the  a-PDLA/α-PLLA

sample  takes  place  on  the  oriented α-PLLA  melt-drawn  film
during annealing at 150 °C. To show the effect of annealing on
the  melt  recrystallization  behavior  of  the  a-PDLA/α-PLLA
sample,  melting  of  both  a-PDLA  and α-PLLA  layers  in  the  a-
PDLA/α-PLLA sample at  190 °C for  5  min and then cooling the
sample  down  to  90  °C  at  a  rate  of  50  °C/min  for  isothermal
crystallization  was  performed. Figs.  3(a)  and  3(b)  present  the
AFM  height  and  phase  images  of  a  non-annealed  (i.e.,  the  as-
prepared)  a-PDLA/α-PLLA  sample  after  melt  recrystallization.
Unlike  the  AFM  images  shown  in Figs.  1(a)  and  1(b), Figs.  3(a)
and 3(b)  show essentially  a  spherulitic  morphology with edge-
on  lamellae.  The  lack  of  preferred  orientation  indicates  the
melting  of  oriented α-PLLA  melt-drawn  film,  which  has  also
been confirmed by the observation of non-oriented spherulitic
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Fig. 1    AFM height (a, c) and phase (b, d) images of a-PDLA/α-PLLA samples before (a, b) and after (c, d) annealing at 150 °C for 5 h. The
yellow arrow indicates the melt-draw direction of α-PLLA substrate film during preparation. The inset in (d) is the enlarged part marked
by the yellow rectangle.
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Fig. 2    A BF electron micrograph (a) and an electron diffraction pattern (b) of an annealed a-PDLA/α-PLLA sample as shown in Figs. 1(c)
and 1(d). The yellow arrows indicate the molecular chain direction of the initially used α-PLLA melt-drawn films.
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morphology  of  a  single  oriented α-PLLA  layer  after  melting  at
190 °C and then crystallizing at  90 °C for  5 h (cf.  Fig.  S2 in ESI),
and  thus  both  the  molten  underlying α-PLLA  and  overlying  a-
PDLA  layers  recrystallize  in  forms  of  spherulites.  The
morphology  of  the  annealed  a-PDLA/α-PLLA  film  after
annealing at 190 °C for 5 min and then cooling down to 90 °C for
5 h is quite different from that of its non-annealed counterpart
as  revealed  by  AFM.  As  can  be  seen  from Figs.  3(c)  and  3(d),
highly  oriented  lamellar  structure  with  close  resemblance  to
that  shown  in Figs.  1(c)  and  1(d)  appears  again  after  melt
recrystallization.  The  alignment  of  the  oriented  lamellae  still
perpendicular  to  the  melt-draw  direction  of  originally  used α-
PLLA  substrate  film  indicates  an  oriented  recrystallization  of
both PDLA and PLLA.

In  order  to  further  ascertain  the  different  recrystallization
behavior of non-annealed and annealed a-PDLA/α-PLLA films,
TEM  characterization  of  the  samples  after  melt  recrystalliza-
tion has been performed. Fig. 4 shows the BF electron micro-
graphs and corresponding electron diffraction patterns of the
non-annealed  and  annealed  a-PDLA/α-PLLA  films  after  melt-
ing at 190 °C for 5 min and recrystallizing at 90 °C for 5 h. The
BF micrograph of the non-annealed sample after melt recrys-
tallization  shown  in Fig.  4(a)  displays  also  the  randomly  ori-
ented lamellar structure similar to the AFM images (cf. Figs. 3a
and 3b). This is supported by the appearance of discontinued
diffraction rings in the corresponding electron diffraction pat-
tern  shown  in Fig.  4(b),  which  confirms  melting  of α-PLLA
substrate  film  and  a  random  orientation  of  both  the  PDLA
and recrystallized PLLA crystals. On the other hand, the BF im-

age of the annealed sample after melt recrystallization shown
in Fig. 4(c) has a close resemblance with the one obtained be-
fore melt recrystallization presented in Fig. 2(a).  The electron
diffraction pattern related to the annealed sample after  melt
recrystallization  shown  in Fig.  4(d)  with  sharp  and  well
defined reflection spots demonstrates the high orientation of
the  sample.  It  should  be  particularly  noticed  that,  except  for
the  reflection  spots  of α-PDLA  and α-PLLA  crystals  observed
originally in Fig. 2(b), some new diffractions corresponding to
the (110), (211), (220) and (300) lattice planes of PLA SC crys-
tals appear in Fig. 4(d). This implies the occurrence of stereo-
complexation of PDLA and PLLA in the sample melt-recrystal-
lized  from  the  annealed  a-PDLA/α-PLLA  film,  which  has  not
been identified before melt recrystallization. The stereo-com-
plexation happens actually also in the sample melt-recrystal-
lized from the non-annealed a-PDLA/α-PLLA films as manifes-
ted  by  the  appearance  of  (110),  (220)  and  (300)  reflection
rings of the PLA SC crystals. The occurrence of stereo-compl-
exation  in  melt-recrystallized  samples  has  also  been  con-
firmed  by  the  appearance  of  a  high  temperature  melting
peak at 221 °C.[36]

FTIR Analysis of the Samples Melt-recrystallized from
Annealed and Non-Annealed a-PDLA/α-PLLA Double-
layers
The  electron  diffraction  results  tell  us  unequivocally  but
qualitatively  that  melt  recrystallization  of  a-PDLA/α-PLLA
double-layers  either  before  or  after  annealing  at  150  °C
promotes  the  stereo-complexation  of  PDLA  and  PLLA.  To
quantitatively  characterize  the  amount  of  the  PLA  SC  crystals,
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Fig. 3    AFM height (a, c) and phase (b, d) images of non-annealed (a, b) and annealed (c, d) a-PDLA/α-PLLA films after melting at 190 °C
for  5  min  and  then  recrystallizing  isothermally  at  90  °C  for  5  h.  The  annealing  of  the  sample  shown  in  (c)  and  (d)  was  performed  by
placing the sample directly on a hot-stage at 150 °C for 5 h before melt-recrystallization. The yellow arrows indicate the molecular chain
direction of the originally used α-PLLA. The inset in part (d) is the enlarged part marked by the yellow rectangle.
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FTIR  analyses  of  the  samples  melt-recrystallized  from  the  non-
annealed  and  annealed  samples  have  been  performed. Fig.  5
shows the FTIR  spectra  of  the samples  melt-recrystallized from
non-annealed and annealed a-PDLA/α-PLLA films. From the top
panels of Figs. 5(a) and 5(b), the characteristic band for the PLA
SC  crystals  at  908  cm−1 can  be  clearly  seen,  indicating  the
occurrence  of  stereo-complexation  in  both  samples.  The  band
at 921 cm−1 typical for the α-PLA HCs appears only as a shoulder
of the 908 cm−1 band.[37−39] This implies that the a-PDLA/α-PLLA
films melt-recrystallize preferentially  in  form of  PLA SC crystals.
Generally, we can recognize that the amount of PLA SC crystals
is  higher  in  the  sample  recrystallized  from  non-annealed  a-
PDLA/α-PLLA  films  than  in  the  sample  recrystallized  from
annealed  a-PDLA/α-PLLA  films  through  comparing  the  relative
intensity  of  908  and  921  cm−1 bands.  The  quantitative
calculation of the relative fraction of SC crystals (φSC) in a sample
can be achieved by Eq. (1):

φSC = A908/(A921 + A908) (1)

where A921 and A908 are  the  integral  intensities  of  the  related
absorption  bands.  To  this  end,  as  presented  in  the  bottom
panels  of Figs.  5(a)  and  5(b),  the  FTIR  spectra  have  been
decomposed according to Gaussian functions for separating the
overlapped  921  and  908  cm−1 absorption  bands.  The  relative
fractions  of  SC  crystals  in  the  samples  melt-recrystallized  from
non-annealed and annealed a-PDLA/α-PLLA films are estimated
to be 80.4% and 68.6%, respectively, manifesting the formation
of  SC  crystals  is  easier  in  the  non-annealed  sample  than  in

annealed sample.

DISCUSSION

According  to  the  aforementioned  experimental  results,  two
issues  should  be  discussed  here.  The  first  one  is  about  the
oriented melt recrystallization of the annealed sample. The used
PLLA substrate films exhibit  a  peak melting temperature of ca.
176 °C and an end melting temperature of ca.  185 °C.[23] It  will
certainly  be  molten  at  190  °C  for  5  min.  In  this  case,  melt
recrystallization  of  the  non-annealed  sample  in  randomly
oriented  structure  can  easily  be  understood.  The  oriented
recrystallization  of  the  annealed  a-PDLA/α-PLLA  films  seems,
however, hard to be understood. A possible reason may be the
existence  of  some  oriented  PLA  SC  crystals  at  the  interface  of
the  annealed  a-PDLA/α-PLLA  sample,  which  can  survive  from
melting at 190 °C and serve as oriented substrate to initiate the
oriented recrystallization of both PDLA and PLLA. They have yet
not  been  identified  by  the  electron  diffraction  as  presented  in
Fig. 2(b). This may be caused by the limited detecting sensitivity
of  electron  diffraction.  To  check  the  validity  of  this  hypothesis,
FTIR  study  on  five  layers  of  the  annealed  samples  has  been
conducted.  As  presented  in Fig.  6(a),  the  908  cm−1 band
characteristic for the PLA SC crystals can indeed be recognized
as  a  shoulder  band of  the  921  cm−1 band,  which  can be  more
clearly displayed in the decomposed spectra shown in Fig. 6(b).
A  fraction  of  26%  PLA  SC  crystals  in  the  annealed  sample
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Fig.  4    BF  micrographs  (a,  c)  and  corresponding  electron  diffraction  patterns  (b,  d)  of  the  samples  melt-recrystallized  from  the  non-
annealed (a, b) and annealed (c, d) a-PDLA/α-PLLA double-layers at 90 °C for 5 h. The yellow arrow indicates the melt-draw direction of
the used α-PLLA substrate film. In the electron diffraction patterns, only the reflection spots contributed by PDLA/PLLA stereo-complex
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234 Li, Y. P. et al. / Chinese J. Polym. Sci. 2024, 42, 230–238  

 
https://doi.org/10.1007/s10118-023-3035-y

 

https://doi.org/10.1007/s10118-023-3035-y
https://doi.org/10.1007/s10118-023-3035-y
https://doi.org/10.1007/s10118-023-3035-y
https://doi.org/10.1007/s10118-023-3035-y
https://doi.org/10.1007/s10118-023-3035-y
https://doi.org/10.1007/s10118-023-3035-y
https://doi.org/10.1007/s10118-023-3035-y


calculated  according  to Fig.  6(b)  is  obtained,  which  is  really
much smaller than that in the melt-recrystallized samples. These
tiny  PLA  SC  crystals  should  exist  certainly  at  the  interface
between PDLA and PLLA. Moreover,  the polarized FTIR spectra
of  the  annealed  a-PDLA/α-PLLA  films  measured  with  the
electron vector perpendicular (90°) and parallel (0°) to the melt-
draw  direction  of α-PLLA,  see Fig.  7,  do  confirm  the  high
orientation  of  both  the  PLA α HCs  and  SC  crystals.  This  is
reasonable  since  the  as-prepared α-PLLA  melt-drawn  film
exhibits  excellent  orientation  and  cannot  be  molten  at  150  °C,
which is far below the peak melting point of it.

From the above discussion, the oriented recrystallization of
the  annealed  a-PDLA/α-PLLA  film  can  be  understood  in  the

following way.  As  schematically  illustrated in Fig.  8(a),  the  a-
PDLA/α-PLLA film contains initially an amorphous PDLA layer
and  a  crystalline  PLLA  layer  with  highly  oriented  edge-on
lamellae  in α form.  Annealing  this  kind  of  sample  at  150  °C
produces a small amount of highly oriented PLA SC crystals at
the interface between PDLA and α-PLLA layers as illustrated in
Fig. 8(b), together with abundant highly oriented PDLA lamel-
lae  grown  epitaxially  either  on  ordered  PLA  SC  crystals  or
PLLA lamellar crystals. When heating the sample up to 190 °C
(Fig.  8c),  the  PLA  SC  crystals  do  not  melt  due  to  their  high
melting point at 221 °C rather than further grow at 190 °C lat-
erally,  while  the  PLA  HCs  melt.  After  cooling  down  to  90  °C
(Fig.  8d),  the  highly  oriented  PLA  SC  crystals  induce  the
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Fig.  5    Original  (top  panel)  and  corresponding  decomposed  (bottom  panel)  FTIR  spectra  of  non-annealed  (a)  and  annealed  (b)  a-
PDLA/α-PLLA films after melting at 190 °C for 5 min and then isothermally crystallizing at 90 °C for 5 h.
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Fig. 6    Original (a) and corresponding decomposed (b) FTIR spectra of five a-PDLA/α-PLLA layers films after annealing at 150 °C for 5 h.
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homo-crystallization  of  underlying  molten  PLLA  and  overly-
ing molten PDLA through epitaxy, which has been confirmed
to  accelerate  the  crystallization  rate  tremendously,[40] and
thus leads to the formation of a highly oriented lamellar struc-
ture again.

The second issue should be addressed is about the higher
SC fraction in non-annealed sample than in annealed sample
after melting at 190 °C and recrystallizing at 90 °C. This seems
also difficult to be understood since parallel chain alignment
of  the  PLLA  and  PDLA  is  expected  to  be  favor  of  the  forma-
tion  of  PLA  SC  crystals.[41] It  can  be  actually  explained  in  the
following way.  It  is  well  known that  the PLA SC crystals  con-
sist of PLLA and PDLA racemic helical pairs.[42] Taking this in-
to  account,  the  melting  of  both  PDLA  and  PLLA  films  in  the
non-annealed  a-PDLA/α-PLLA  sample  at  190  °C  facilities  the
intermixing  of  PDLA  and  PLLA,  which  promotes  the  genera-
tion  of  PDLA  and  PLLA  racemic  helical  pairs  and  thus  favors
the  formation  of  PLA  SC  crystals.  As  a  result,  more  PLA  SC
crystals, even though non-oriented, form after melt recrystal-
lization.  For  the  annealed  a-PDLA/α-PLLA  film,  the  PLA  SC
crystals formed at the interface as illustrated in Fig.  8(b) can-

not be molten at 190 °C and thus suppress the mutual diffu-
sion of PDLA and PLLA chains in the melts overlying and un-
derlying  the  SC  crystals,  respectively.  Therefore,  either  the
overlying  PDLA  melt  or  the  underlying  PLLA  melt  can  only
crystallize epitaxially at the surface of the preformed SC crys-
tals.  This  resembles  the  phase-separated  PDLA/PLLA  glassy
films  that  have  been  confirmed  to  suppress  the  stereo-com-
plex  crystallization  due  to  the  lack  of  the  racemic  helical
pairs.[38] In  this  case,  although  the  PLA  SC  crystals  formed  at
150 °C can still grow transversely at the interface (Fig. 8c) and
stereo-complex  crystallization  at  places  without  preformed
PLA SC crystals can take place in the same way as the non-an-
nealed  sample,  the  overall  amount  of  SC  crystals  in  the
sample melt-recrystallized from the annealed a-PDLA/α-PLLA
film will  certainly  be reduced.  However,  the epitaxial  growth
of both PDLA and PLLA HCs induced by oriented PLA SC crys-
tals results in an oriented recrystallization of them.

CONCLUSIONS

In  summary,  structure  evolution  of  a-PDLA/α-PLLA  films
containing  an  amorphous  PDLA  layer  and  a  highly  oriented
PLLA layer with edge-on α crystalline lamellae after annealing at
150 °C or/and melt-recrystallizing isothermally at 90 °C has been
studied by AFM, TEM and FTIR techniques. AFM and TEM results
demonstrate that the amorphous PDLA can crystallize from the
glassy state epitaxially on the oriented α-PLLA surface at 150 °C,
leading to the formation of oriented edge-on lamellar structure
with mainly α HCs. On the other hand, FTIR result obtained from
five  layers  of  annealed  a-PDLA/α-PLLA  sample  reveals  the
formation of about 26.5% highly oriented PLA SC crystals during
annealing at 150 °C.

Melting the as-prepared a-PDLA/α-PLLA film at 190 °C and
then  cooling  down  to  90  °C  result  in  the  recrystallization  of
both PDLA and PLLA, and the formation of abundant PLA SC
crystals (ca. 80.4%) together with less than 20% PLA HCs. Both
the PLA HCs and SC crystals are randomly oriented. The melt
recrystallization  of  the  a-PDLA/α-PLLA  film  annealed  prior  at
150 °C for 5 h leads,  however,  to the formation of highly ori-
ented structure of both the PLA SC crystals and the PDLA and
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Fig.  7    Polarized  FTIR  spectra  of  five  a-PDLA/α-PLLA  layers  with
identical  PLLA  orientation  after  annealing  at  150  °C  for  5  h  and
measured  with  the  electron  vector  perpendicular  (90°)  and  parallel
(0°) to the melt-draw direction of α-PLLA.
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Fig. 8    Sketch illustrating the formation of highly oriented PLA SC crystals by annealing an a-PDLA/α-PLLA sample (a) at 150 °C for 5h
(b) at the interface between PDLA and PLLA as indicated by the green color. These PLA SC crystals survive from melting and further grow
at 190 °C laterally (c). By cooling the sample down to 90 °C for isothermal crystallization (d), the PDLA melt overlying the PLA SC crystals
as  well  as  the  PLLA  melt  underlying  the  PLA  SC  crystals  grow  epitaxially  at  the  PLA  SC  crystal  surfaces,  resulting  in  an  oriented
recrystallization of them.
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PLLA  HCs.  The  oriented  recrystallization  of  the  annealed  a-
PDLA/α-PLLA film after melting at 190 °C has been associated
to  the  small  amount  oriented  PLA  SC  crystals  existing  at  the
interface.  They  grow  further  at  190  °C  laterally  and  prevent
mutual diffusion of the overlying PDLA and underlying PLLA,
resulting  in  a  relatively  lower  fraction  of  PLA  SC  crystals
(68.6%) in the annealed a-PDLA/α-PLLA film after melt recrys-
tallization compared to that in the non-annealed sample. On
other  hand,  they  serve  as  substrate  and  initiate  the  epitaxial
crystallization of PDLA and PLLA after cooling down to 90 °C,
ensuring an oriented recrystallization of them.
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