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Abstract   Hydroxyapatite-graft-poly(D-lactide) (HA-g-PDLA) was synthesized by ring-opening polymerization with HA as initiator and stannous

octanoate (Sn(Oct)2) as catalyst. Thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR) results indicate that PDLA

chains are successfully grafted onto HA particles by covalent bond. Under two different processing temperatures (190 and 230 °C), the effect of

the  grafted  PDLA  chains  on  the  crystallization  behavior  of  poly(L-lactide)/HA-g-PDLA  (PLLA/HA-g-PDLA)  composite  was  investigated  in  the

current study, comparing to neat PLLA and its four composites (PLLA/HA, PLLA/HA-g-PLLA, PLLA/PDLA, and PLLA/HA/PDLA). The crystallization

rate  of  PLLA/HA-g-PDLA  composite  is  highly  enhanced  comparing  to  PLLA,  PLLA/HA  and  PLLA/HA-g-PLLA  composites  in  which  there  are  no

stereocomplex (SC) crystallites. In addition, when the processing temperature rises from 190 °C to 230 °C, the acceleration of PLLA crystallization

in PLLA/HA-g-PDLA composite is not influenced so much as other composites containing SC crystallites, such as PLLA/HA/PDLA or PLLA/PDLA.

The  differential  scanning  calorimetry  (DSC)  results  demonstrate  that  even  without  SC  crystallites,  the  crystallization  of  PLLA  can  still  be

accelerated a lot in this composite. This may be related to the interaction between the grafted PDLA chains and the amorphous PLLA chains in

PLLA/HA-g-PDLA composite. The isothermal crystallization kinetics studies indicate that the nature of nucleation and crystal growth of PLLA/HA-

g-PDLA  composite  are  more  likely  3D  crystalline  growth  with  heterogeneous  nucleation  mode,  which  are  different  from  PLLA  or  other

composites. This investigation could shed new light on the application of PLLA/HA composites.
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INTRODUCTION

Poly(lactide)  (PLA)  has  been  well  investigated  for  its  excellent
properties,  such  as  biodegradability,  biocompatibility,  and  de-
sired mechanical properties.[1−3] It has therefore been applied to
the preparation of controlled release drugs, tissue engineering,
and  bone  fracture  fixation.[4−6] PLA  possesses  three  stereo-
chemical  forms:  poly(L-lactide)  (PLLA),  poly(D-lactide)  (PDLA),
and  poly(D,L-lactide)  (PDLLA).  PLLA  and  PDLA  are  semi-
crystalline, while PDLLA is amorphous. PLLA is the most widely
used  in  the  three  stereochemical  forms,  because  the  produc-
tion  of  PDLA  is  expensive  and  PLLA  owns  higher  mechanical
strength  than  amorphous  PDLLA.[7,8] However,  the  slow  cry-
stallization rate of PLLA restricts its extensive application.[9,10]

The combination of  hydroxyapatite (HA) particles and PLA
is an effective way to modify PLA.[11−13] HA owns the general
formula  of  Ca10(PO4)6(OH)2.  Because  of  its  biocompatibility
and similarity to the mineral phase of native bone, it has been

widely used for bone tissue engineering. HA is often blended
with PLA to combine the good bone binding, bone regenera-
tion  and  osteoconductivity  of  HA  with  the  easy  processing
properties  of  PLA.[14,15] It  can  delay  the  early  degradation  of
PLA,  overcome the  formation of  the  acidic  environment  and
improve  the  mechanical  properties  of  the  material.[16]

However, due to the lack of interaction between HA particles
and PLA matrix,  it  is  difficult  for  HA particles to disperse uni-
formly  in  PLA  matrix,  and  the  weak  interfacial  adhesion  can
be easily destroyed after implantation, resulting in a rapid re-
duction in mechanical properties.[17] Therefore, improving the
interaction between HA particles and PLA matrix is critical to
the mechanical properties of HA/PLA composites.

The in  situ grafting  polymerization  method  is  an  effective
way to avoid the aggregation of inorganic particles, and it can
introduce  PLA  chains  to  the  surface  of  HA  particles  through
covalent  bonding.  The  hydroxyapatite-graft-polylactide  (HA-
g-PLA) particles exhibit improved adhesion to PLA matrix, and
HA-g-PLA/PLA  composite  shows  greater  enhancement  of
tensile  strength  and  elastic  modulus  comparing  to  PLA/HA
composite.[18−20] Furthermore,  Huang  reported  that  if  PDLA
chains are grafted to HA surface, PLA stereocomplexation can
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be  formed  at  the  interface  of  HA  particles,  and  the  tensile
strength  and  elongation  of  the  composite  increased  more
significantly than PLLA/HA-g-PLLA.[21] In this work, the crystal-
lization  of  the  PLLA/HA-g-PDLA  composite  was  investigated
with a melting temperature of 240 °C, which was higher than
the melting temperature of SC crystallites, so there would be
a  competition  between  the  formation  of  PLLA  homocrystal-
lites  and  SC crystallites  during  the  crystallization  process.
However,  if  the  melting temperature  was  below the  melting
temperature  of  SC crystallites,  the crystallization of  the com-
posite would be different,  because the processing temperat-
ure  (or  melting  temperature)  has  a  significant  effect  on  the
acceleration  of  crystallization  rate  of  PLLA/PDLA  composi-
te.[22] When  the  processing  temperature  is  higher  than  the
melting  temperature  of  SC  crystallites,  the  nucleating  effect
of  the  SC  crystallites  on  PLLA  crystallization  will  be  reduced
comparing  to  a  processing  temperature  below  the  melting
temperature  of  SC  crystallites.[23] Therefore,  if  different  pro-
cessing  temperatures  are  used  in  the  composite,  the  PDLA
chains  grafted onto HA particles  will  also play different  roles
in  the  crystallization  of  the  composite.  Moreover,  as  PDLA
chains are grafted onto the HA particles, the surface of the HA
particles can affect the interaction between the grafted PDLA
chains and the PLLA chains, in this way, the stereocomplexa-
tion  in  the  composite  will  also  be  affected.  This  effect  may
also be different  when the processing temperature  changes,
so  it  is  necessary  to  investigate  the  crystallization  of  the
PLLA/HA-g-PDLA  composite  with  different  processing  tem-
peratures,  which will  lead to different properties of the com-
posites.

In the present work, HA-g-PDLA was synthesized and blen-
ded with an equal mass of PLLA to form SC crystallites on the
surface of HA particles. We used different processing temper-
atures (190 and 230 °C), which are below and above the melt-
ing temperature of SC crystallites, respectively. The crystalliza-
tion  behavior  of  PLLA/HA-g-PDLA  composite  was  investig-
ated for understanding the formation of the SC crystallites at
the interface of HA particles and their effect on the PLLA crys-
tallization  in  the  composite.  Mechanism  for  the  acceleration
effect  in  PLLA/HA-g-PDLA  composite  will  be  discussed  by
comparing  to  PLLA  and  its  other  four  composites  (PLLA/HA,
PLLA/HA-g-PLLA, PLLA/PDLA, PLLA/HA/PDLA).

EXPERIMENTAL

Materials
D-lactide (DLA) (99% optical purity), L-lactide (LLA) (99% optical
purity) and PLLA (Mn = 7.02 × 104 g/mol, Mw = 8.84 × 104 g/mol,
PDI  =  1.26)  were  purchased  from  PURAC  Biomaterials  (Neth-
erlands)  and  the  monomors  were  purified  by  recrystallization
from anhydrous ethyl acetate and then dried in a vacuum oven
for 72 h before use. PDLA (Mn = 8000 g/mol, Mw = 8600 g/mol,
PDI  =  1.08)  used  in  the  composite  was  sythesized  in  our  lab
according to the molecular weight of the grafted PDLA in HA-g-
PDLA. Toluene (AR grade, Sinopharm Chemical Reagent Beijing
Co.,  Ltd.)  was  distilled  in  the  presence  of  metallic  sodium  and
benzophenone.  Stannous  octoate  (Sn(Oct)2)  (Sigma-Aldrich)
was  dissolved  in  dehydrated  toluene  prior  to  use.  Hydroxy-
apatite  (≥ 97%  phase  purity,  Sigma-Aldrich)  was  fully  dried  at
100 °C in a vacuum oven before use. Ethylene glycol (AR grade,

Sinopharm Chemical Reagent Beijing Co., Ltd.) was dehydrated
over  calcium  hydroxide  and  then  distilled  under  reduced
pressure.

Surface Grafting of HA via in Situ Polymerization
The  grafting  polymerization  of  DLA  onto  HA  particles  was
carried out by using 2.5 g of HA as initiator and 7.5 g of DLA as
monomor  in  the  presence  of  120  μL  of  Sn(Oct)2 in  toluene
(0.905 mol/L) and 50 mL of toluene; it was kept under an argon
atmosphere  and  anhydrous  conditions  at  120  °C  for  48  h.  The
dispersion-centrifugation-collection  cycle  reported  in  previous
studies  was  repeated  seven  times  to  remove  the  free  PDLA
chains. At last, the HA-g-PDLA powders were vacuum-dried for 1
week  to  a  constant  weight.  HA-g-PLLA  was  synthesized  and
purified in the same way.

Synthesis of PDLA
The polymerization of PDLA was carried out as follows. A dried
glass reaction tube was degassed and purged three times with
argon.  Then,  2  g  of  DLA,  12.2  μL  of  ethylene glycol,  8.29  μL  of
Sn(Oct)2 in  toluene  (0.905  mol/L),  and  4  mL  of  toluene  were
introduced into the reaction tube. The reaction was carried out
at  120  °C  for  2  days.  The  reaction  mixture  was  dissolved  in
dichloromethane  (CH2Cl2)  and  then  precipitated  in  excess  of
methanol.  The  product  was  dried  under  vacuum  for  1  week
before further characterization.

Preparation of Composites
PLLA/HA,  PLLA/HA-g-PLLA,  and  PLLA/HA-g-PDLA  composites
were  prepared  by  the  solution-casting  method  as  follows.
Modified or  unmodified HA particles  were uniformly  dispersed
in  chloroform  under  magnetic  stirring,  then  the  above  HA-
containing  suspensions  were  added  into  the  chloroform  sol-
ution  of  PLLA.  The  weight  ratio  of  PLLA  to  modified  or  un-
modified HA particles in the mixture is 1/1. The mixture solution
of PDLA/PLLA was prepared by mixing the chloroform solution
of  PLLA  and  PDLA.  Chloroform  was  then  removed  by  evapor-
ation and these composites were vacuum-dried. HA/PDLA/PLLA
composite and PDLA/PLLA composite were prepared using the
same method.

Analysis and Characterization
The 1H-NMR spectra of polymerization products were recorded
on  a  Varian  400MHz  spectrometer  at  room  temperature  with
CDCl3 as solvent.

Fourier-transform infrared (FTIR) measurements of the thin
films were performed using a Nicolet 6700 FTIR (USA) spectro-
meter  equipped  with  an  attenuated  total  reflectance  (ATR).
The spectra were obtained by adding 32 scans at a resolution
of 4 cm–1.

The  amount  of  grafted  organic  materials  was  determined
using  a  thermo-gravimetric  analyzer  (Pyris  1,  Perkin  Elmer).
The  measurement  was  performed  at  a  heating  rate  of
5  °C/min  from  room  temperature  to  600  °C  (in  air).  The
amount  of  surface  grafted  PLA  was  determined  by  the  per-
centage of weight loss during heating.

Differential  scanning  calorimetry  (DSC)  curves  of  all
samples (about 5 mg,  encapsulated in aluminum pans)  were
recorded  on  a  Pyris  Diamond  DSC  with  a  nitrogen  atmo-
sphere  as  circulating  atmosphere.  The  calibration  was  per-
formed  with  indium  and  hexatriacontane.  For  the  first  heat-
ing  curves,  the  specimens  were  heated  to  230  °C  at  a  rate
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of  10  °C/min.  For  non-isothermal  crystallization,  specimens
were  first  melted  at  190  or  230  °C  for  3  min  to  erase  the
thermal  history,  then  cooled  to  50  °C  at  a  rate  of  5  °C/min,
and  second  heated  to  230  °C  at  a  rate  of  10  °C/min.  For iso-
thermal  crystallization  curves,  the  specimens  were  first
melted at 190 or 230 °C for 3 min to erase the thermal history,
then cooled to 140 °C at a rate of 45 °C/min. After holding at
140 °C for 1 h, the specimens were then heated to 230 °C at a
rate of 10 °C/min.

For  observation  of  the  spherulitic  morphology  of  PLLA
composites,  the  films  between  microscope  coverslips  were
prepared  by  melting  at  190  or  230  °C  for  3  min  and  then
quenching  to  the  designed  temperature  in  a  Linkam  THMS-
600  hot  stage  for  isothermal  crystallization.  The  films  were
observed  between  crossed  polarizers  in  an  optical  micro-
scope (Leica DMLP,  Leica  Germany)  equipped with a  camera
system.

The  crystal  structure  and  crystallinity  of  PLLA  composites
were  measured  by  wide-angle  X-ray  diffraction  (WAXD).  The
WAXD  patterns  of  melt-crystallized  films  were  recorded  at
room  temperature  on  a  Rigaku  D/Max-2500  diffractometer
with  a  nickel-filtered  Cu  Kα radiation  (wavelength λ =
0.154 nm, 40 kV, and 110 mA) in the 2θ range from 5° to 40° at
a  scanning  step  of  0.02°.  The  films  used  in  the  experiment
were obtained by quenching in liquid nitrogen after melting
at 190 or 230 °C for 3 min.

RESULTS AND DISCUSSION

Synthesis and Characterization of HA-g-PDLA
Scheme  1 shows  the  synthesis  route  to HA-g-PDLA via  in  situ

polymerization.  The  grafting  polymerization  was  carried  out
under  the  catalysis  of  Sn(Oct)2.  To  confirm  the  successful
synthesis of HA-g-PDLA, the IR spectra of HA and HA-g-PDLA are
shown  in Fig.  1(a).  The  IR  bands  at  566,  605,  963,  1040,  1090
cm−1 are attributed to phosphate group,[24,25] and 873, 1420 and
1455  cm−1 are  related  to  the  carbonate  group.[26] There  are
some weak bands in the range of 2200–2000 cm−1 due to POH
vibration in crystal lattice.[27] After surface grafting, a new absor-
ption  band  appears  at  1760  cm−1 belonging  to  the  carbonyl
group of  PLA on the surface  of  HA-g-PLA.  This  means  that  the
PLA chains  are  grafted onto the surface of  HA particles.  At  the
same time in Fig.  S1 (in the electronic supplementary informa-
tion,  ESI),  the  improved  dispersion  of  HA-g-PLA  in  chloroform
confirms again the successful grafting of PDLA.

The grafting rate of HA-g-PDLA is determined by the ther-
mal gravimetric analysis of neat HA and HA-g-PDLA (washing
with chloroform and centrifuging for seven times) in Fig. 1(b).
The  value  of  the  mass  loss  of  HA-g-PDLA  is  3.0%  when  the
temperature rises to 600 °C, which is greater than that of neat
HA  (0.8%).  This  means  that  a  small  amount  of  PDLA  chains
(2.2%  mass  fraction  of  HA-g-PDLA)  are  grafted  on  HA  par-
ticles.[18] It  should  be  noted that  free  PDLA molecular  chains
which  were  not  grafted  onto  the  surface  of  the  HA  particles
were  removed  completely  from  the  sample,  and  it  is  con-
firmed in Fig. S2 (in ESI). After seven cycles of dispersion-cent-
rifugation-collection, the mass loss of the dried HA-g-PDLA is
almost  the  same  as  the  sample  of  dispersing  and  centrifu-
ging  for  five  times,  indicating  that  seven  cycles  are  enough
for  removing  the  free  PDLA  chains  in  the  product.  It  is  as-
sumed  that  the  avarage  molecular  weight  of  PDLA  grafted
onto HA particles is identical to that of the free PDLA chains in
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Scheme 1    Synthesis of HA-g-PDLA via in situ polymerization.
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Fig. 1    Confirmation of successful grafting of PDLA chains onto HA particles by (a) FTIR spectra and (b) TGA analysis.
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PLLA/HA-g-PDLA  composite,  and  it  is  calculated  to  be  8100
according to the method in previous studies.[28]

Composition Control of the Different PLLA
Composites
In  PLLA/HA-g-PDLA  composite,  PLLA  homocrystallization  may
be  affected  by  both  HA  particles  and  SC  crystallites  formed
by  the  grafted  PDLA  and  PLLA  chains  in  the  composite.  As  a
result, in order to understand the different roles of HA particles
and  SC  crystals  in  the  crystallization  process,  four  composites
including  PLLA/HA,  PLLA/HA-g-PLLA,  PLLA/HA/PDLA,  and
PLLA/PDLA  were  prepared  and  their  crystallization  behaviors
were  investigated  for  comparison. Table  1 shows  the  compo-
sition  of  PLLA  and  its  five  composites.  Referring  to  the  weight
ratio  of  PDLA  to  PLLA  or  HA  particles  in  PLLA/HA-g-PDLA
composite,  which  is  about  2.2/100,  the  composition  of  other
composites was controlled.

Selection of the Processing Temperatures
It  is  well  known  that  the  PLLA  homocrystallization  behavior  in
the  blend  of  PLLA  and  PDLA  is  highly  dependent  on  the  re-
lationship  between  the  processing  temperature  and  the  melt-
ing zone (Tmz) of SC crystallites. If the processing temperature is
below Tmz,  which  means  SC  crystallites  are  non-melted,  these
crystallites  can  serve  as  effective  nucleators for  PLLA  homo-
crystallization. On the other hand, if the processing temperature
is  above Tmz,  SC  crystallites  will  be  melted,  and  the  homo-
crystallization of PLLA will  be affected in a different way as the
SC crystallites may also be in the recrystallization process during
PLLA  crystallization.[29] As  discussed  above,  in  this  work  two
different processing temperatures, which are above and below
the Tmz of  SC  crystallites  respectively,  were  selected  to  further
investigate  the  influence  of  the  HA  particles  grafted  by  PDLA
chains on PLLA crystallization in the composite.

The Tmz of SC crystallites is obtained from the first melting
curve  in Fig.  2(a),  and  the  arrow  marks  show  the  melting
peaks of  the SC crystallites.  The melting peaks of  the stereo-
complex  crystallites  appear  in  the  composites  containing
PDLA  chains,  such  as  PLLA/PDLA  composite,  PLLA/HA/PDLA
composite and PLLA/HA-g-PDLA composite. The results show
that  homocrystallites  are  completely  melted  at  185  °C,  and
Tmzs  of  stereocomplex  crystallites  in  PLLA/HA-g-PDLA,
PLLA/HA/PDLA,  and  PLLA/PDLA  composite  are  192  °C  to
200  °C,  200  °C  to  216  °C,  and  200  °C  to  220  °C,  respectively.
Based  on  these  results,  190  and  230  °C  were  selected  as
two different processing temperatures,  which are above and
below the Tmz of  SC crystallites,  respectively.  In  addition,  the
crystallization  enthalpies  of  the  stereocomplex  crystallites
(∆Hm,sc)  are  2.7,  1.7,  and  0.3  J/g  for  PDLA/PLLA,  HA/PDLA/
PLLA,  and  PLLA/HA-g-PDLA  composite,  respectively,  reflect-

ing  the  decrease  in  the  amount  of  SC  crystallites  formed  in
these composites.

The WAXD results of PLLA and its composites,  which were
quenched in liquid nitrogen after melting at 190 °C for 3 min,
are shown in Fig. 2(b). Neat PLLA and PLLA/PDLA show large
broad halo amorphous peaks at  2θ = 16.5°  and around 10.0°
to  25.0°.  For  PLLA/HA,  PLLA/HA-g-PLLA,  PLLA/HA/PDLA,  and
PLLA/HA-g-PDLA composites,  the scattering peaks related to
the  HA  particles  can  be  observed.  These  results  mean  the
PLLA  crystallites  melt  completely  in  these  composites  when
the  temperature  rises  to  190  °C.  However,  as  the  content  of
the  PDLA  is  very  low,  it  is  difficult  to  observe  the  scattering
peaks related to the SC crystallites in the WAXD results. When
the  processing  temperature  rises  to  230  °C,  the  results  are
similar to those in Fig. 2(b).

Processing Temperature below Tmz of SC Crystallites
Non-isothermal  crystallization  and  isothermal  crystallization
after  melting  at  190  °C  were  investigated  in Fig.  3.  The  quan-
titative  analyses  of  the  thermal  properties  of  PLLA  and  its
composites  during  non-isothermal  crystallization  and  subse-
quent heating process are tabulated in Table 2. Fig. 3(a) shows
the  non-isothermal  crystallization  curves  of  PLLA  and  its  com-
posites  when  the  processing  temperatures  is  190  °C. Figs.  3(b)

Table 1    Code names and composition of the composite categories.

Code
Sample composition (wt%)

HA PDLA HA-g-PLLA HA-g-PDLA PLLA

PLLA − − − − 100
PLLA/HA 50 − − − 50

PLLA/HA-g-PLLA − − 50 − 50
PLLA/PDLA − 2.2 − − 97.8

PLLA/HA/PDLA 48.9 1.1 − − 50
PLLA/HA-g-PDLA − − − 50 50
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Fig. 2    Selection of the processing temperatures by DSC and WAXD
results.  (a)  DSC  curves  of  PLLA  and  its  composites  during  the  first
heating run. (b) WAXD results of PLLA and its composites which were
quenched in liquid nitrogen after melting at 190 °C for 3 min.
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and 3(c) show  the  melting  curves  after  crystallization.  During
non-isothermal  crystallization  in Fig.  3(a),  the  crystallization
rate  increases  in  the following order:  PLLA < PLLA/HA < PLLA/
PDLA  <  PLLA/HA-g-PLLA  <  PLLA/HA-g-PDLA  <  PLLA/HA/PDLA.
This  order  is  obtained  by  comparing  the  value  of  the
crystallization  peak  temperature  (Tp)  of  each  composite  in
Fig.  3(a) and Table  2.  The  crystallization  rates  of  PLLA/HA  and
PLLA/PDLA  composites  are  faster  than  that  of  PLLA,  which
means  the  presence  of  HA  particles  or  SC  crystallites  can
accelerate  the  PLLA  crystallization  in  these  composites.  When

the HA particles are grafted by PLLA chains, the Tp of PLLA/HA-
g-PLLA  composite  increases  to  110.0  °C  comparing  to  the
PLLA/HA  composite,  indicating  the  acceleration  effect  is
improved.  The  two  fastest  crystallization  rates  belong  to
PLLA/HA/PDLA  composite  and  PLLA/HA-g-PDLA  composite,
because  both  HA  particles  and  SC  crystallites  exist  in  the  two
composites. This indicates that the combination of HA particles
and SC crystallites results in a synergistic effect. In addition, the
highest Tp (crystallization peak temperature),  which means the
fastest crystallization rate, belongs to PLLA/HA/PDLA composite.
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Fig. 3    DSC curves of non-isothermal crystallization, isothermal crystallization and subsequent heating curves of PLLA and its
composites  when  the  processing  temperature  is  190  °C.  (a)  Cooling  curves  from  190  °C  to  60  °C  at  a  rate  of  5  °C/min,  (b)
subsequent heating curves after non-isothermal crystallization at a rate of 10 °C/min, (c)  enlarged curves of (b),  (d) isothermal
crystallization at 140 °C, (e) subsequent heating curves after isothermal crystallization, (f) enlarged curves of (e).
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The  possible  reason  is  that  the  PLLA/HA/PDLA  composite
has  more  pre-existing  SC  crystallites  than  PLLA/HA-g-PDLA
composite  to  accelerate  PLLA  crystallization.  This  could  be
confirmed  by  the ∆Hm,sc values  in Fig.  2(a) and  these  values
remain  almost  unchanged  in Fig.  3(c) and Table  2.  The
crystallinity  (Xc)  of  PLLA in  the PLLA composite  is  much higher
than  that  of  neat  PLLA  (25.2%).  This  is  due  to  the  accelerated
crystallization of PLLA during cooling, as more homocrystallites
could be formed in the presence of HA particles or PDLA chains.

Fig.  3(a) shows  that  PLLA  homocrystallization  begins  at
130 °C during the non-isothermal crystallization. As the rapid
formation  of  PLLA  homocrystallization  at  temperatures  be-
low 130 °C would restrict  PLA stereocomplexation,  we selec-
ted a higher temperature (140 °C) as the temperature for the
isothermal  crystallization  of  PLLA  and  its  different  compos-
ites.  At this temperature it  is  difficult  for homocrystallization,
but easier for stereocomplexation.

Fig.  3(d) shows  the  isothermal  crystallization  curves  of
PLLA  and  its  composites  when  the  processing  temperature
is  190  °C. Figs.  3(e) and 3(f) show  the  melting  curves  after
isothermal  crystallization.  The  quantitative  analyses  of  the
thermal  properties  of  PLLA  and  its  composites  during  iso-
thermal  crystallization  and  subsequent  heating  process  are
tabulated  in Table  3.  During  isothermal  crystallization,  the
crystallization rate increases as  follows:  PLLA < PLLA/PDLA <
PLLA/HA-g-PLLA  ≈ PLLA/HA  <  PLLA/HA-  g-PDLA  <  PLLA/HA/
PDLA.  This  order  is  obtained  according  to  the  peak  time  (tp)
values  of  these  composites.  The  results  confirm  again  that
both HA particles  and SC crystallites  can accelerate  the crys-
tallization  rate  of  PLLA.  The  difference  between  isothermal
crystallization  and  non-isothermal  crystallization  is  that  the
crystallization rate of PLLA/HA composite is faster than that of
PLLA/PDLA  composite  in  isothermal  crystallization,  but
slower  in  non-isothermal  crystallization.  This  means  that

comparing to the PDLA chains in the composite, HA particles
can accelerate the crystallization of PLLA at a higher temper-
ature (140 °C) than PDLA chains.

In Table  3,  the Xc of  each  PLLA  composite  during  the iso-
thermal  crystallization  increases  to  about  70%  comparing  to
the  non-isothermal  crystallization  in Table  2 when  the  pro-
cessing temperature is  190 °C,  because there is  enough time
for PLLA in the composite to crystallize.

Polarized  optical  microscopy  (POM)  experiments  are  car-
ried out in order to investigate the nucleation and the growth
of  spherulite  during  isothermal  crystallization. Fig.  4 shows
the spherulite morphologies and growth rates of PLLA and its
composites. It could be seen that the spherulites of neat PLLA
are  the  largest  in  all  the  samples  (Fig.  4a).  When  the  pro-
cessing temperature is 190 °C, the addition of HA particles or
PDLA in PLLA can significantly increase the number of spher-
ulites  (Figs.  4b−4f).  Combined with the results  in  DSC curves
in Fig. 3, it can be concluded that the HA particles or SC crys-
tallites in the composites served as nucleation sites accelerat-
ing  PLLA  crystallization.  In Fig.  4(g),  the  spherulite  growth
rates  of  the  five  PLLA  composites  (PLLA/HA,  PLLA/PDLA,
PLLA/HA-g-PLLA,  PLLA/HA-g-PDLA,  PLLA/HA/PDLA),  which
are  around  5.0  μm/min  (Table  4),  are  close  to  that  of  PLLA.
Comparing  to  the  increasing  number  of  spherulites  in
Figs.  4(b)−4(f),  the  nearly  unchanged  spherulite  growth  rate
indicates that the acceleration of PLLA crystallization in these
composites  is  primarily  due  to  the  increase  in  nucleating
agents rather than spherulite growth rate.

Fig.  5 shows  the  relative  crystallinity  (Xt)  as  a  function  of
crystallization  time  and  the  Avrami  plots  when  the  pro-
cessing temperature is 190 °C. In Fig. 5(a), all the curves exhib-
it  a  sigmoidal  dependence  on  time.  The  isothermal  crystalli-
zation kinetics of PLLA and its composites are analyzed by the
Avrami  theory.  According  to  the  Avrami  equation, Xt devel-

Table 2    Quantitative analysis on thermal properties of PLLA and its composites during non-isothermal crystallization and subsequent heating process
with a processing temperature of 190 °C.

Sample Tp a (°C) ∆Hc b (J/g) ∆Hcc c (J/g) ∆Hm,hc d (J/g) Xc e (%) Tm,sc f (°C) ∆Hm,sc d (J/g)

PLLA 104.3 −12.9 38.2 64.1 25.2 − −
PLLA/HA 105.7 −20.3 1.1 27.9 57.0 − −

PLLA/HA-g-PLLA 110.0 −23.4 0 29.6 63.0 − −
PLLA/PDLA 106.5 −37.1 3.0 49.2 53.5 212.7 3.1

PLLA/PDLA/HA 127.9 −26.8 0 26.1 55.5 212.5 1.3
PLLA/HA-g-PDLA 113.9 −24.9 0 36.2 77.0 208.3 0.1

a Tp denotes  the  crystallization  peak  temperature  of  the  composite  in  the  cooling  run. b ∆Hc denotes  the  crystallization  enthalpy  of  the  composite  in  the
cooling run. c ∆Hcc denotes cold crystallization enthalpy of the composite in the second heating run. d ∆Hm,hc and ∆Hm,sc denote the fusion enthalpy of homo-
crystallites and SC crystallites in the second heating run, respectively. e Xc = (∆Hm,hc − ∆Hcc)/(wf × ∆H0

m), wf is the weight percent of the PLLA matrix, ∆H0
m =

94 J/g. f Tm,sc denotes the melting temperature of SC crystallites.

Table 3    Quantitative analysis on thermal properties of PLLA and its composites during isothermal crystallization and subsequent heating process with a
processing temperature of 190 °C.

Sample tp,iso a (min) ∆Hc b (J/g) ∆Hcc c (J/g) ∆Hm,hc d (J/g) Xc e (%) Tm,sc f (°C) ∆Hm,sc d (J/g)

PLLA 30.0 −55.7 0 68.3 72.7 − −
PLLA/HA 13.6 −25.6 0 34.5 73.4 − −

PLLA/HA-g-PLLA 17.1 −29.0 0 34.4 73.2 − −
PLLA/PDLA 22.6 −67.0 0 67.0 72.9 212.7 3.3

PLLA/PDLA/HA 3.8 −22.8 0 30.2 64.3 208.2 0.7
PLLA/HA-g-PDLA 6.2 −25.2 0 34.3 73.0 208.1 0.2

a tp denotes the isothermal crystallization peak time. b ∆Hc denotes the crystallization enthalpy of the composite during isothermal crystallization. c−f See the
footnotes, Table 2.
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ops with t as

1 − Xt = exp(−ktn) (1)
where n is  the  Avrami  exponent  depending  on  the  nature  of
nucleation  and  growth  geometry  of  the  crystals,  and k is  the
overall  kinetic  rate  constant  involving  both  nucleation  and
growth rate parameters. To avoid deviation from the theoretical
curves, Xt was used in the range 3%−20% for estimating n and k.
In Fig.  5(b),  it  is  found that all  the lines are almost straight and
parallel for PLLA and its composites, indicating that the Avrami
equation  is  suitable  for  describing  the  overall  isothermal  melt
crystallization  process.  The  related n and k obtained  from  the
slopes  and  intercepts  are  listed  in Table  4.  The  values  of n for

PLLA  are  about  2.3,  which  may  be  related  to  one-dimensional
(fibrillar) growth with a homogeneous nucleation crystallization
mechanism.[30] Jiang et al. reported that the value of n increased
a little in HA/PLGA composite compared with neat PLGA due to
large  numbers  of  crystal  HA  nucleus.[31] However,  in  our  study
the  value  of n for  PLLA/HA  composite  is  reduced  to  1.7  when
the  processing  temperature  is  190  °C.  Combined  with  the
accelerating  rate  of  PLLA  crystallization  in  this  composite  in
isothermal  crystallization,  the  reduced n values  suggested that
high  content  of  HA  particles  in  the  composite  may  restrict
crystal growth. When PDLA chains are introduced into the blend
of  PLLA  and  PDLA,  because  of  the  synergistic  effect  of  HA

Table 4    Avrami kinetic parameters for the isothermal crystallization of neat PLLA and its composites at different processing temperatures.

Sample
Processing temperature 190 °C Processing temperature 230 °C

n k (min−n) t1/2 (min) G (μm/min) n k (min−n) t1/2 (min) G (μm/min)

PLLA 2.3 2.82 × 10−4 28.4 5.4 2.1 3.31 × 10−4 37.8 2.7
PLLA/HA 1.7 9.82 × 10−3 11.0 4.9 2.1 3.02 × 10−3 13.5 5.5

PLLA/HA-g-PLLA 2.7 5.62 × 10−4 13.7 5.4 2.6 9.55 × 10−4 12.8 4.5
PLLA/PDLA 2.3 6.61 × 10−4 21.3 5.8 2.5 1.51 × 10−4 27.1 4.0

PLLA/PDLA/HA 2.5 1.26 × 10−2 5.0 5.1 2.2 2.29 × 10−3 14.2 5.7
PLLA/HA-g-PDLA 3.2 2.97 × 10−3 5.7 5.1 2.7 3.55 × 10−3 7.3 5.1

4 6 8 10 12 14 16
0

10

20

30

40

50

60

70

80 g

PLLA
PLLA/HA
PLLA/HA-g-PLLA
PLLA/PDLA
PLLA/HA/PDLA
PLLA/HA-g-PDLA

S
p

h
e

re
 r

a
d

iu
s 

(µ
m

)

Time (min)

a b c

d e f

100 µm 100 µm 100 µm

100 µm 100 µm 100 µm

 
Fig. 4    Polarized optical photomicrographs and radial growth rate of spherulites of PLLA and its composites crystallized isothermally at 140 °C
when the processing temperature is 190 °C. (a) PLLA, (b) PLLA/HA, (c) PLLA/HA-g-PLLA, (d) PLLA/PDLA, (e) PLLA/HA/PDLA, (f) PLLA/HA-g-PDLA, (g)
radial growth rate of spherulites.
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Fig. 5    Plots of (a)  relative crystallinity (Xt)  versus time and (b) log[−ln(1 − Xt)]  versus logt for the isothermal crystallization of
PLLA and its composites with a processing temperature of 190 °C (Tc = 140 °C).
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particles  and  SC  crystallites  on  the  acceleration  of  PLLA  crys-
tallization, n value of PLLA/HA/PDLA composite increases to 2.5
when the processing temperature is 190 °C. Furthermore, when
PLLA or PDLA chains are grafted onto HA particles, the value of
n increases  to  2.6  or  higher.  The n value of  HA-g-PDLA/PLLA
composite  even  increases  to  3.2;  this  significant  increase  in n
demonstrates  that  the  nucleation  mechanism  and  the  mor-
phology  of  crystal  growth  change  from  one-dimensional  (fib-
rillar)  growth  with  a  homogeneous  nucleation  mode  to  two-
dimensional  (circular)  or  three-dimensional  (spherical)  growth

with a heterogeneous nucleation mode.

Processing Temperature above Tmz of SC Crystallites
Non-isothermal  crystallization  and  isothermal  crystallization
after  melting  at  230  °C  are  investigated  in Fig.  6.  The  quantit-
ative  analyses  of  the  thermal  properties  of  PLLA  and  its  com-
posites  during  crystallization  and  subsequent  heating  process
are tabulated in Table 5 and Table 6.

Fig. 6(a) shows the non-isothermal crystallization curves of
PLLA and its composites when the processing temperature is
230  °C. Figs.  6(b) and 6(c) show  the  subsequent  melting
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Fig. 6    DSC curves of non-isothermal crystallization, isothermal crystallization and subsequent heating curves of PLLA and its
composites after melting at 230 °C. (a) Cooling curves from 230 °C to 60 °C at a rate of 5 °C /min, (b) subsequent heating curves
after non-isothermal crystallization at a rate of 10 °C/min, (c)  enlarged curves of (b),  (d) isothermal crystallization at 140 °C, (e)
subsequent heating curves after isothermal crystallization, (f) enlarged curves of (e).

606 Wang, M. et al. / Chinese J. Polym. Sci. 2020, 38, 599–610  

 
https://doi.org/10.1007/s10118-020-2374-1

 

https://doi.org/10.1007/s10118-020-2374-1


curves  after  crystallization.  The  crystallization  rate  during
non-isothermal  crystallization  increases  as  follows:  PLLA  <
PLLA/PDLA < HA/PDLA/PLLA < PLLA/HA ≈ PLLA/HA-g-PLLA <
PLLA/HA-g-PDLA.  This  order  is  obtained  according  to  the Tp

values  in Fig.  6(a) and Table  5.  It  can  be  seen  that  when  the
processing temperature increases from 190 °C to 230 °C,  the
crystallization  rate  of  PLLA  in  PLLA/HA  and  PLLA/HA-g-PLLA
composites is still accelerated by the presence of HA particles
and  PLLA-grafted  HA  particles,  respectively.  However,  the
crystallization  rates  of  PLLA/HA/PDLA  and  PLLA/PDLA  com-
posite  containing  SC  crystallites  decrease  dramatically  com-
paring to those when the processing temperature is 190 °C in
Fig.  3(a) and Table  2,  because  the  SC  crystallites  melt  com-
pletely with this processing temperature, and they have to re-
crystallize during the non-isothermal crystallization, resulting
in  the  reduced  acceleration  effect  for  PLLA  crystallization.
After  the  recrystallization,  the  number  of  SC  crystallites
formed  in  the  composites  decreases,  which  is  confirmed  by
the  reduction  of ∆Hm,sc values  (1.4  J/g  for  PLLA/PDLA  com-
posite,  0.2  J/g  for  PLLA/HA/PDLA  composite,  and  0  J/g  for
PLLA/PLLA-g-PDLA composite) in Table 5. However, the crys-
tallization  of  PLLA/HA-g-PDLA  composite  is  not  significantly
affected by the melting of SC crystallites in it,  which is differ-
ent  from  other  composites  containing  SC  crystallites,  and  it
owns the highest Tp among all the samples. We suggest that
comparing  to  the  PDLA  chains  dispersed  between  the  HA
particles  in  PLLA/HA/PDLA composite,  the PDLA chains  graf-
ted  onto  the  HA  particles  in  PLLA/HA-g-PDLA  composite  are
easier  to  interact  with  PLLA  chains  to  form  nucleation  sites,
because  the  HA  particles  in  the  composite  can  attract  PLLA
chains to their surface. At the same time, the Tp of PLLA/HA-g-
PDLA composite  is  higher  than that  of  PLLA/HA-g-PLLA,  and
the  subsequent  heating  curve  shows  that  there  are  no  SC
crystallites in the PLLA/HA-g-PDLA composite (Fig.  6f),  so we
suggest that the interaction between the grafted PDLA chains
and  the  amorphous  PLLA  chains  (PDLA-PLLA  interaction)  is
better in promoting the crystallization of PLLA in the compos-
ite  than  PLLA-PLLA  interaction  in  the  PLLA/HA-g-PLLA  com-

posite. The Xcs of the composites containing PDLA chains de-
crease as compared with those when the processing temper-
ature is 190 °C. The reason for this is the competition between
homocrystallization  and  stereocomplexation.  The Xc of
PLLA/HA-g-PDLA  is  the  lowest  (30.0%)  of  the  three  compos-
ites, suggesting that the grafted PDLA chains are more free at
the  melting temperature  of  230  °C,  which  is  higher  than the
melting  temperature  of  the  SC  crystallites  in  the  composite.
Combining  with  the  fact  that  HA  particles  disperse  best  in
PLLA/HA-g-PDLA  composite  (Fig.  S1  in  ESI),  more  grafted
PDLA  chains  can  interact  with  the  amorphous  PLLA  chains.
However,  as  the  content  of  PDLA  is  very  low,  the  SC  crystal-
lites are difficult to be formed. We suggest that there may be
a  “mesophase”  before  the  formation  of  SC  crystallites  be-
cause  of  the  PLLA-PDLA  interaction.[32] These mesophase
PLLA-PDLA aggregates are easier to accelerate the crystalliza-
tion of PLLA chains which are around them in the melt state,
however difficult to form SC crystallites, because they are dis-
tributed separately around the HA particles.  This  may be the
reason why there were fewer or no SC crystallites after melt-
crystallization when the processing temperature is 230 °C.

Fig. 6(d) shows the isothermal crystallization curves of PLLA
and  its  composites  when  the  processing  temperatures  is
230 °C. Figs. 6(e) and 6(f) show the subsequent melting curves
after  isothermal  crystallization.  During  isothermal  crystalliza-
tion,  the  crystallization  rate  increases  as  follows:  PLLA  <
PLLA/PDLA < HA/PDLA/PLLA < PLLA/HA-g-PLLA ≈ PLLA/HA <
PLLA/HA-g-PDLA  (tps  are  35.0,  31.2,  16.0,  13.8,  13.0,  and
8.6 min, respectively). The order of crystallization rate is simil-
ar to that of the non-isothermal crystallization. In Fig. 6(f), it is
worth noting that there is still  no melting peak of SC crystal-
lites in the melting curve of PLLA/HA-g-PDLA composite after
isothermal crystallization as it is in the non-isothermal crystal-
lization in Fig. 6(c). This result confirms again that even there
are  no  SC  crystallites  formed  in  the  composite,  the  accelera-
tion effect of HA-g-PDLA on PLLA crystallization is the best in
the five PLLA composites.

Fig. 7 shows the spherulite morphologies and growth rates

Table 5    Quantitative analysis on thermal properties of PLLA and its composites during non-isothermal crystallization and subsequent heating process
with a processing temperature of 230 °C.

Sample Tp a (°C) ∆Hc 
b (J/g) ∆Hcc c (J/g) ∆Hm,hc d (J/g) Xc e (%) Tm,sc f (°C) ∆Hm,sc d (J/g)

PLLA 102.0 −9.4 29.7 46.7 18.1 − −
PLLA/HA 107.9 −23.5 1.0 25.8 54.8 − −

PLLA/HA-g-PLLA 110.8 −24.4 0 27.8 59.1 − −
PLLA/PDLA 101.3 −20.2 14.4 50.4 39.2 204.0 1.4

PLLA/PDLA/HA 102.6 −15.2 3.4 22.8 41.3 204.9 0.2
PLLA/HA-g-PDLA 118.5 −13.7 0 14.1 30.0 − −

a−f See the footnotes, Table 2.

Table 6    Quantitative analysis on thermal properties of PLLA and its composites during isothermal crystallization and subsequent heating process with a
processing temperature of 230 °C.

Sample tp,iso a (min) ∆Hc b (J/g) ∆Hcc c (J/g) ∆Hm,hc d (J/g) Xc e (%) Tm,sc 
f (°C) ∆Hm,sc 

d (J/g)

PLLA 35.0 −64.8 0 62.4 66.4 − −
PLLA/HA 13.8 −26.3 0 33.3 70.9 − −

PLLA/HA-g-PLLA 13.0 −33.7 0 34.2 72.8 − −
PLLA/PDLA 31.2 −59.8 0 63.6 69.2 210.8 2.3

PLLA/PDLA/HA 16.0 −28.3 0 34.8 74.0 209.1 0.5
PLLA/HA-g-PDLA 8.6 −16.0 0 21.3 45.3 − −

a−f See the footnotes, Table 3.
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of PLLA and its composites when the processing temperature
is 230 °C. Comparing to the spherulite morphologies of PLLA
in Fig. 7(a), the number of the spherulites in Figs. 7(b)−7(f) in-
crease, which means that HA particles, PDLA chains, and PLA
grafted HA particles can act as nucleators for the PLLA crystal-
lization, and these morphologies are similar to those in Fig. 4.
However,  when  we  compare  the  spherulite  morphologies  in
Fig.  7(e) with those in Fig.  4(e),  the number  of  spherulites  of
HA/PDLA/PLLA  in Fig.  7(e) decreases  dramatically,  indicating
again  that  when  the  SC  crystallites  were  melted  in  the
HA/PDLA/PLLA  composite,  it  would  be  difficult  to  form  SC
crystallites  to  accelerate  the  crystallization  of  PLLA.  At  the
same  time,  the  number  of  PLLA/HA-g-PDLA  in Fig.  7(f) does
not  decrease  so  much  comparing  to  that  in Fig.  4(f) but  still
maintains good acceleration effect for PLLA. Although the SC
crystallites were also melted in PLLA/HA-g-PDLA composite at
a  processing  temperature  of  230  °C,  HA  particles  grafted  by
PDLA chains can still form nucleation sites to accelerate PLLA
crystallization. The spherulite growth rate of PLLA in Fig. 7(a)
decreases  significantly  (from  5.4  μm/min  to  2.0  μm/min),
which may because the higher melting temperature reduces
the  density  of aggregates  in  the  melt.[33] There  is  not  much
change of the spherulite growth rate for the five composites.

Fig.  8 shows  the  relative  crystallinity  (Xt)  as  a  function  of
crystallization  time  and  the  Avrami  plots  when  the  pro-
cessing temperature is 230 °C. The Avrami kinetic parameters
are  listed  in Table  4.  Comparing  to  those  when  the  pro-
cessing  temperature  is  190  °C,  the n values  remain  about
2.1−2.7,  indicating  there  is  no  great  change  for  the  nucle-
ation  mechanism  and  the  morphology  of  crystal  growth  for
the PLLA composites.

Crystallization Mechanism of PLLA/HA-g-PDLA
Composite
Based  on  the  above  discussion,  the  accelerating  mechanism
of  the  modified  HA  particles  on  the  crystallization  of  PLLA  in
the  composite  is  explained  as  follows.  When  the  processing
temperature is 190 °C, the SC crystallites and HA particles both
can  accelerate  PLLA  homocrystallization,  resulting  in  a  syner-
gistic  effect.  On  the  other  hand,  when  the  processing  temper-
ature rises to 230 °C, the SC crystallites melt completely (Fig. 9a);
however, the grafted PDLA chains may attract the molten PLLA
chains  to  the  surface  of  the  PLA-grafted  HA  particles  by  the
PDLA-PLLA interaction (Fig. 9b). So, even there are few or no SC
crystallites  formed  under  this  condition,  HA-g-PDLA  can  still
accelerate PLLA homocrystallization (Fig. 9c).
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Fig. 7    Polarized optical photomicrographs and radial growth rate of spherulites of PLLA and its composites crystallized isothermally at 140 °C
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CONCLUSIONS

In  this  study,  HA-g-PDLA  was  synthesized  by in  situ polymer-
ization  of  DLA  to  HA  particles.  The  crystallization  behavior  of
PLLA/HA-g-PDLA  was  investigated  with  different  processing
temperatures comparing to the composites of  PLLA/HA,  PLLA/
HA-g-PLLA,  HA/PDLA/PLLA  and  PLLA/PDLA.  It  was  found  that
both  HA  particles  and  SC  crystallites  could  act  as  accelerating
agent for PLLA crystallization when the processing temperature
was  190  °C.  As  a  result,  the  crystallization  rates  of  all  the  com-
posites were faster than that of neat PLLA. HA/PDLA/PLLA com-
posite had the fastest  crystallization rate because of  the syner-
getic  effect  of  HA  particles  and  SC  crystallites.  However,  when
the  processing  temperature  rose  to  230  °C,  the  accelerating
effect of SC crystallites in this composite dramatically decreased,
because  the  SC  crystallites  melted  at  this  temperature  and
would  reform  during  the  crystallization  process,  resulting  in  a
competitive  effect  between  homocrystallization  and  stereo-
complexation.  Interestingly,  the  accelerating  effect  of  HA-g-
PDLA did not drop so much as other composites containing SC
crystallites at the processing temperature of 230 °C. The possible
reasons  are  as  follows.  First,  few  or  no  SC  crystallites  were
formed because PDLA chains were grafted onto HA particles, so
there  was  less  competition  between  SC  crystallization  and
homocrystallization during recrystallization. Second, the grafted
PDLA  chains  may  interact  with  the  amorphous  PLLA  chains  in
the composite  to  form nucleation sites  for  PLLA crystallization.
Compared  to  other  composites,  the  PLLA  nucleation  mecha-
nism and the crystal growth form were more likely to be three-
dimensional (spherical)  growth with heterogeneous nucleation
mode.
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