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Abstract   Nanocomposites  of  blends  of  biodegradable  poly(butylene  adipate-co-terephthalate)  (PBAT)  and  sustainable  poly(propylene

carbonate) (PPC) with nanosilica were prepared by melt compounding method. PBAT/PPC blend was partially miscible system with sea-island

structure, and nanosilica particles were selectively dispersed in the continuous phase PBAT matrix to form the double percolation network. The

introduction  of  nanosilica  into  PBAT/PPC  blend  reduced  the  size  of  dispersed  PPC  phase,  promoted  the  crystallization  of  PBAT  in  the

nanocomposites,  and  increased  the  storage  modulus  of  the  nanocomposites.  The  study  of  rheological  behaviors  indicated  that  the  double

percolation network was formed at the nanosilica loading of 5 wt%, as a result, the nanocomposites exhibited the solid-like viscoelastic behavior

and their relaxation time was extended. With the increase of the nanosilica content,  the PBAT/PPC/silica nanocomposites displayed increased

Young’s modulus and yield strength.
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INTRODUCTION

Recently,  environmentally  friendly  polymers  achieve  a  great
deal of interest in materials science due to the increasing waste
and  pollution  originated  from  non-biodegradable  plastic  and
growing  shortage  of  oil  resources.[1,2] Biodegradable  polymers
have  been  widely  studied  in  biomedical  and  industrial
applications[3] because of their combination of biodegradability
and biocompatibility.[4] Poly(butylene adipate-co-terephthalate)
(PBAT),  an  aliphatic  aromatic  copolyester,  is  one  of  the
promising  biodegradable  copolyesters,[5] which  is
manufactured  from  the  condensation  reaction  between  1,4-
butanediol, dimethyl terephthalate and adipic acid. PBAT shows
low  modulus  and  high  elongation  at  break  due  to  its  flexible
butylene adipate section (BA).[6] In addition, PBAT has moderate
water  vapor  permeability.[7] Therefore,  it  can  be  used  as
breathable  and  packing  films.  Nonetheless,  the  low  modulus
and strength of PBAT have become a bottleneck for the further
wide application of PBAT in many fields.[8] Consequently, some
research efforts such as physical blending[9,10] and incorporation
of fillers have been extensively studied.[11,12]

Usually,  PBAT  is  used  as  the  dispersed  phase  to  toughen-
ing  other  biodegradable  polymers,  especially  to  toughening

poly(lactic  acid)  (PLA).  Many  properties  of  PLA/PBAT  blends
have been found to be greatly improved, including the elong-
ation at break, melt elasticity and viscosity, and crystallization
rate.[13,14] In  addition,  some  properties  of  PLA/PBAT  blends,
such  as  the  melting  peak  temperature  and  degree  of  crys-
tallinity  reduced  with  increasing  PBAT  contents.[15] Kumar
et  al.[16] prepared  PLA/PBAT  blends  with  glycidyl  methac-
rylate  (GMA)  as  a  reactive  compatibilizer  and  found  an  im-
provement in the impact strength and tensile modulus. Al-Itry
et al.[17] studied the thermal degradation of PLA/PBAT blends
by using the reactive extrusion with functionalized epoxy and
found  that  the  thermal  stability  of  blends  increased.  Blends
based on PBAT, such as PBAT/stereocomplex polylactide (SC-
PLA) blends were prepared by melt blending and showed an
enhancement  in  the  rheological  and  mechanical  properties
compared  with  PBAT  components.[18] Blown  films  of
PBAT/PLA  blends  by  twin-screw  extruder  exhibited  the  en-
hanced  tensile  strength  and  modulus.[19] It  can  be  seen  that
there are few reports  on the blends of  PBAT and other  poly-
mers.

Poly(propylene carbonate)  (PPC) is  a  sustainable and envi-
ronmentally  benign  polymer,[20] which  is  synthesized  by  co-
polymerization  of  carbon  dioxide  (CO2)  and  oxirane  in  the
presence  of  catalyst.[21] PPC  has  excellent  processability  so
that  it  can  be  molded  by  various  thermoplastic  processing
methods,[22] including  solvent  casting,  blown  film,  compres-
sion  molding,  spin  casting,  injection  molding,  blow  molding
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and extrusion casting.[23,24] Moreover, PPC shows high modu-
lus  and  tensile  strength  compared  with  PBAT.  Thus,  in  this
study,  sustainable PPC was selected to as  minor phase to be
blended with PBAT to prepare a binary blend with good pro-
cessability.

Besides,  composites  with  nanofillers  is  also  an  effective
method  for  fabricating  polymer  materials  with  good
property.[25] In recent years, there have been many reports on
nanofillers  improving  the  properties  of  PBAT.  For  example,
montmorillonite  (MMT)  was  found  to  decrease  the  biode-
gradation  rate  and  water  vapor  transmission  rate  of
PBAT/MMT  nanocomposites.[26] The  antibacterial  and  anti-
static properties of PBAT were enhanced by the introduction
of  multi-walled  carbon  nanotubes  (MWCNTs).[27] In  addition,
graphene  oxide  nanosheets  (GONS),[28] nanoclay,[29] TiO2

nanoparticles,[30] etc.,  have all  been found to improve certain
properties  of  PBAT.  Fumed  silica,  a  kind  of  nanoparticle,  is
considered  a  good  nanofiller  due  to  its  high  strength  and
modulus,  low  price,  light  mass,  and  rich  resource.  However,
there  have  been  few  reports  on  the  study  of  silica  nano-
particles modified PBAT polymer and its blends. Therefore, in
the  present  study,  on  the  basis  of  PBAT/PPC  blend,  silica
nanoparticles  was  selected  as  nanofiller  to  prepare  the
PBAT/PPC/silica  nanocomposites  by  melt  blending  method.
The  effect  of  silica  nanoparticles  content  on  the  phase  mor-
phology,  thermal  behaviors,  and rheological  and mechanical
properties  of  PBAT/PPC/silica  nanocomposites  was  investi-
gated.

EXPERIMENTAL

Materials
PBAT  with  weight-average  molecular  weight  (Mw)  of  1.50×105

g/mol  and  polydispersity  of  1.45  was  purchased  from  Xinjiang
Blue  Ridge  Tunhe  Chemical  Industry  Joint  Stock  Co.,  LTD.  PPC
with Mw of  1.3×105 g/mol  and  polydispersity  of  2.60  was
supplied  free  from  Changchun  Institute  of  Applied  Chemistry,
CAS.  The  nanosilica  with  SiO2 content  greater  than  99.8%
(AEROSIL 200) was provided by Degussa AG (Hanau, Germany).
The  diameter  and  specific  surface  area  were  12  nm  and  220
m2/g, respectively.

Sample Preparation
Prior  to  blending,  PBAT,  PPC  and  nanosilica  were  dried  in  a
vacuum  oven  of  50  °C  for  24  h.  Melt  mixing  of  PBAT,  PPC  and
nanosilica  was  conducted  on  a  Haake  batch  intensive  mixer
(Haake  Rheomix  600,  Karlsruhe,  Germany).  The  chamber
temperature,  residence  time,  and  screw  speed  were  170  °C,  4
min,  and  60  r/min,  respectively.  Then,  all  samples  were
compression  molded  at  150  °C  for  5  min  and  cold  pressed  to
form sheet  with  thickness  of  1  mm.  Neat  PBAT underwent  the
same  thermal  processing  in  order  to  obtain  the  same  thermal
history.  In  the  PBAT/PPC/silica  nanocomposites,  the  mass  ratio
of  PBAT  to  PPC  was  set  to  70:30  (see  the  electronic
supplementary information, ESI, for other mass ratio of PBAT to
PPC),  and  the  mass  percentages  of  nanosilica  were  0  wt%,  2
wt%,  5  wt%  and  10  wt%.  For  convenience,  PBAT/PPC/silica
nanocomposites  were  designated  as  PBAT/PPC-X,  where X
represented  the  weight  percentage  of  nanosilica  in  the
nanocomposites.

Characterization

Scanning electronic microscopy (SEM)
The phase morphology of PBAT/PPC blend and PBAT/PPC/silica
nanocomposites  was  observed  on  a  SEM  (FEI  Co.,  Eindhoven,
Netherlands)  with  an  accelerating  voltage  of  10  kV.  All
specimens were cooled in liquid nitrogen for about 10 min, and
then they were fractured.  Before SEM observation,  the fracture
surfaces of the samples were sputtered with a layer of gold.

Dynamic mechanical analysis (DMA)
DMA  tests  of  neat  PBAT,  PPC  and  PBAT/PPC/silica
nanocomposites  were  carried  out  on  a  dynamic  mechanical
analyzer  of  TA  instruments  (Q800,  USA)  in  tensile  mode.
Rectangular specimens (20 mm × 10 mm × 1 mm) were used
in  this  work.  The  test  frequency,  temperature  range  and
heating rate were 1 Hz, –60−80 °C, and 3 °C/min, respectively.

Differential scanning calorimetry (DSC)
The  thermal  behaviors  of  neat  PBAT  and  PBAT/PPC/silica
nanocomposites  were  studied  by  using  a  TA  Instruments  DSC
Q20  (USA)  at  nitrogen  atmosphere.  All  samples  weighing  5−
8 mg were heated from –70 °C to 160 °C, at a heating rate of
10 °C/min (first heating), isothermal for 3 min, then cooled to
–70 °C at a rate of 10 °C/min (first cooling), and finally heated
to 160 °C at a rate of 10 °C/min again (second heating).

Rheological measurements
The  rheological  properties  of  PBAT/PPC/silica  nanocomposites
were  investigated  using  a  rotational  rheometer  (TA  Series
AR2000ex,  USA)  equipped  with  a  25  mm  parallel  plate.  The
sheet samples with thickness of 1.0 mm were heated to 150 °C
for  frequency  scanning.  The  frequency  sweep  range  and
amplitude were 0.05−100 rad/s and 1.25%, respectively. The test
process was carried out in a nitrogen atmosphere.

Tensile tests
Tensile tests were carried out by using a tensile testing machine
(Instron-1121, USA) based on the ISO 527-1:2012 standard. The
crosshead speed and test temperature were 20 mm/min and 25
°C, respectively.

Contact angle
The contact angles were measured on a DSA100S static contact
angle  measurement  instrument  at  ambient  temperature.
Double  distilled  water  (H2O)  and  diiodomethane  (CH2I2)  were
used as probe liquids.

RESULTS AND DISCUSSION

Formation of Percolation Network
It  is  well  known  that  the  rheological  properties  are  much
sensitive  to  phase  morphology  and  microstructure  in
multiphase  polymeric  composites.[31,32] The  oscillatory  shear
rheological test was performed at 150 °C in order to investigate
the effect of nanosilica particles and dispersed PPC phase on the
rheological  properties  of  PBAT  matrix. Figs.  1(a),  1(c),  1(e)  and
1(f)  illustrate  the  changes  of  the  storage  modulus  (G′),  loss
modulus (G″),  complex viscosity (|η*|) and tanδ as a function of
frequency  for  neat  PBAT  and  PPC,  PBAT/PPC  blend  and
PBAT/PPC/silica nanocomposites.

It  is  seen  that  the  storage  modulus  (G′)  of  PPC  increases
slightly  with  the  addition  of  nansilica  at  low  angular  fre-
quency  when  the  amount  of  nano  silica  reached  2  wt%.  At
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nanosilica content over 5 wt%, the elastic  modulus (G′)  exhi-
bits a platform in the low frequency region. Especially below
1  rad/s,  it  is  interesting  to  see  that  the  plateau  modulus  of
PBAT/PPC/silica  nanocomposites  increases  significantly  from
0.15 kPa to 40 kPa with increasing the silica content.

According  to Figs.  1(a)  and  1(c),  the  plots  of G′ and G″ for
neat PBAT and PPC exhibit a smooth linear relationship in the
low  frequency  zone,  illustrating  their  liquid-like  behaviors.
Since G′ and G″ of  neat  PPC  are  higher  than  those  of  neat
PBAT,  especially  in  the high frequency region,  the  PBAT/PPC
binary blend shows a higher G′ and G″ than neat PBAT in the
high  frequency  region.  For  the  PBAT/PPC/silica  nanocompo-
sites,  the  gradual  increase  in  the  nanosilica  content  signifi-

cantly  increased  the G′ and  G″ of  the  resulting  nanocompo -
sites.  The  viscoelastic  response  of  PBAT/PPC/silica  nanocom-
posites  is  altered  at  low  frequency  regions,  where G′ and  G″
exhibit  almost  no  dependence  on  frequency.  This  result  im-
plied  that  a  characteristic  gel-like  of  solid  structure,  that  is,
network structure composed of spherical fillers was formed in
the  nanocomposite  system.[33] Generally  speaking,  the  mi-
nimum content of the fillers forming the network structure is
called the percolation threshold. Figs. 1(b) and 1(d) show the
plots  of  the G′ and  G″ at  a  frequency  of  0.05  rad/s  versus
nanosilica content,  respectively.  The inflection point of these
curves  could  be  considered  as  the  percolation  threshold  of
this system.[34] As can be seen that the percolation threshold
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Fig.  1    Change  of  (a)  storage  modulus  (G′),  (c)  loss  modulus  (G″),  (e)  complex  viscosity  (|η*|)  and  (f)  tanδ as  a  function  of  angular
frequency for neat PBAT and PPC, PBAT/PPC blend and PBAT/PPC/silica nanocomposites; (b) G′ and (d) G″ values at the frequency of 0.05
rad/s as a function of silica content in the nanocomposites.
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of  PBAT/PPC/silica  nanocomposites  was  approximately  4
wt%,  which  was  lower  than  that  of  poly(ɛ-caprolactone)
(PCL)/silica  nanocomposites  (5  wt%−7  wt%)[35] and  poly(L-
lactide) (PLLA)/silica (6.4 wt%).[36] This was because the nano-
silica particles were selectively dispersed in the PBAT matrix.

The complex viscosity (|η*|)  can also be used to reveal  the
influence  of  the  nanosilica  particles  on  the  melt  rheological
behaviors. It can be seen from Fig. 1(e) that the typical liquid
behaviors  can  be  observed  for  neat  PBAT  and  PPC  and
PBAT/PPC blend. Since the melt viscosity of PPC is larger than
that of neat PBAT, the reinforcement of PPC phase caused the
PBAT/PPC  blend  to  exhibit  a  higher  |η*|  than  PBAT.  Further-
more,  the  melt  viscosity  of  PBAT/PPC/silica  nanocomposites
increased significantly with an increase in the nanosilica con-
tent.  Moreover,  the  enhancement  of  melt  viscosity  of  nano-
composites with nanosilica loading was more pronounced as
the  frequency  was  decreased.  In  fact,  the  incorporation  of  5
wt% nanosilica into PBAT/PPC blend almost disappeared the
Newtonian  plateau  of  PBAT  so  that  a  stable  shear  thinning
behavior  was  observed  with  frequency,  once  again  proving
the  formation  of  the  network  structure  of  nanosilica  dis-
persed in the PBAT phase.

The  loss  factor  (tanδ)  is  an  important  parameter  that  can
characterize  the  relaxation  of  viscoelastic  materials  and  is
considered to be more sensitive to changes in relaxation than
modulus.[37] Fig.  1(f)  depicts  the  dependence  of  tanδ on  the
frequency  of  all  samples.  As  can  be  seen  that  tanδ of  neat
PBAT  and  PBAT/PPC  blend  were  much  higher  than  those  of
PBAT/PPC/silica  nanocomposites.  Moreover,  tanδ of  nano-
composites decreased clearly with increasing nanosilica load-
ing.  This  phenomenon suggested that  nanocomposites  melt
gradually showed elastic response on account of the interac-
tion  between  nanosilica  particles,[38,39] especially  after  the
nanosilica particles formed the percolation network structure.

Double Percolation Network
Formation  of  the  nanosilica  network  has  been  illustrated  by
linear  viscoelasticity  in  the  above  section.  However,  linear

viscoelasticity  can  only  give  reasonable  information  on  the
structures  with  greatest  mechanical  contribution.  More  direct
evidences  are  needed  to  justify  the  morphology  of
PBAT/PPC/silica  nanocomposites  and  distribution  of
nanosilica.[40]

SEM micrographs of  fractured surfaces  of  PBAT/PPC blend
and  PBAT/PPC/silica  nanocomposites  are  displayed  in Fig.  2.
As  observed  from Fig.  2(a),  PBAT/PPC  blend  shows  a  sea-is-
land structure, and the nanosilica particles are selectively dis-
persed  in  the  continuous  phase  PBAT  matrix.  For  the
PBAT/PPC/silica  nanocomposites,  as  shown  in Figs.  2(b),  2(c)
and 2(d),  phase-separated morphology can also be observed
and  the  size  of  the  dispersed  PPC  phase  particles  become
smaller as the nanosilica content increases. It is worth noting
that nanosilica particles detected as white dots were located
in the continuous PBAT matrix, following by the formation of
double percolation network. This observation suggested that
the  thermodynamic  equilibrium  localization  of  nanosilica
particles was in the PBAT phase instead of the PPC phase be-
cause of the higher interfacial tension of PPC/silica compared
to PBAT/silica.[41,42] In other words, nanosilica particles used in
this work were selectively dispersed in the PBAT phase, which
might  be  because  PBAT  could  be  better  wetted  by  the
silica.[43]

Fig.  3 illustrates  the  distribution  and  particles  size  of  the
dispersed  PPC  phase  obtained  from Fig.  2.  It  can  be  found
that  the  average  particle  size  (D)  of  PPC  phases  in  the
PBAT/PPC  blends  is  about  2.91  μm,  while D values  for
PBAT/PPC/silica  nanocomposites  containing  nanosilica  of  2
wt%, 5 wt% and 10 wt% decrease to 2.18,  1.56 and 1.44 μm,
respectively. Furthermore, a rather narrow distribution of the
PPC  dispersed  particles  can  be  observed  with  increasing
nanosilica  loading.  It  was  widely  accepted  that  the  balance
between  the  coalescence  and  breakup  of  polymer  droplets
was the primary mechanism that controlled the morphology
development of whole or partially miscible polymer-polymer
blend systems.[44] The decrease in the size of dispersed phase

a b

c d

10 μm 10 μm

10 μm10 μm
 

Fig.  2    SEM  micrographs  of  PBAT/PPC  blend  and  PBAT/PPC/silica  nanocomposites  with  different  silica  content:  (a)  PBAT/PPC  blend,
(b) PBAT/PPC-2, (c) PBAT/PPC-5, (d) PBAT/PPC-10.
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by the introduction of nanoparticles was due to a decrease in
the coalescence of  polymer  droplets.[45] In  the  present  work,
the present of silica nanoparticles resulted in the reduced in-
terfacial  tension  between  continuous  PBAT  phase  and  dis-
persed  PPC  phase  attributed  to  a  lower  level  of  interactions
between  PBAT  and  PPC  than  between  PBAT/silica  and
PPC/silica.[46] The same results  were consistent  with the con-
tact angle, DSC and rheological properties in the other discus-
sion of this work.

Selective Dispersion of SiO2 in PBAT Phase
The contact angles of the PPC and PBAT are shown in Table S1
(in ESI), the surface free energies are shown in Table 1. From the
data  of  contact  angle  test,  the  contact  angle  of  H2O and CH2I2
on  the  surfaces  of  PPC  and  PBAT  are  73.0°  and  43.1°,
respectively,  for  H2O,  and  and  23.1°  and  22.0°,  respectively,  for
CH2I2.  According  to  Eqs.  (S1)  and  (S2)  (in  ESI),  the  calculated
surface  free  energies γ are  shown  in Table  1.  For  SiO2,  the
corresponding  surface  energy  data  is  suggested  to  be  73.8
mJ·m−2 for γ,  31.2  mJ·m−2 for γd and  38.6  mJ·m−2 for γp.  The
interfacial tensions between components were then calculated
according to Eqs. (S3) and (S4) (in ESI), and the results are shown
in Table  2,  the  interfacial  tension  between  PPC  and  SiO2 was
calculated to be much higher than that between PBAT and SiO2.
Finally,  the  wetting  coefficient ωa for  SiO2 in  PPC  and  PBAT
blend  could  be  calculated  according  to  Eq.  (S5)  (in  ESI),  it  is
clearly  seen  from Table  3 that  both  the  harmonic-  and
geometric-mean  predicted  the  SiO2 would  be  in  the  PBAT
phase. The selective location of SiO2 results were consistent with

the SEM characterization.

Dynamic Mechanical Analysis
Fig. 4(a) displays the variations of loss factor (tanδ) as a function

of  temperature  for  neat  PBAT  and  PPC,  PBAT/PPC  blend  and

Table 1    Surface free energies γ of the samples. a

Samples γ (mJ·m−2) γd (mJ·m−2) γp (mJ·m−2)

PPC 47.5 42.1 5.5
PBAT 59.7 35.5 24.2
SiO2 73.8 31.2 38.6

a γ = γd + γp; γd: dispersive component of γ; γp: polar component of γ.

Table  2    Interfacial  tensions γ12 calculated  using  harmonic-  and
geometric-mean equation. a

Materials pair γ12
h (mJ·m−2) γ12

g (mJ·m−2)

PPC/SiO2 25.52 15.31
PBAT/SiO2 3.24 1.64
PBAT/PPC 12.50 7.01

a The superscripts h and g represent the values calculated using harmonic-
and geometric-mean equation, respectively.

Table 3    Wetting coefficient ωa and predicted localization of SiO2 in the
PBAT/PPC blends. a

System ωa
h ωa

g Predicted localization

PBAT/PPC/SiO2 1.78 1.95 PBAT phase
a The superscripts h and g represent the values calculated using harmonic-
and geometric-mean equation, respectively.
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Fig.  3    Quantitative  analyses  of  distribution  of  PPC  dispersed  phase  based  on  the  Fig.  2:  (a)  PBAT/PPC  blend;  (b)  PBAT/PPC-2;  (c)
PBAT/PPC-5; (d) PBAT/PPC-10. Dmax, Dmin and D are the maximum, minimum and average particle diameter, respectively.
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PBAT/PPC/silica  nanocomposites,  respectively.  The  glass
transition  temperatures  (Tg)  obtaining  from  tanδ peaks  are
summarized in Table S3 (in ESI). Neat PBAT and PPC shows Tg at
about  −22.1  and  42.9  ºC,  respectively.  In  case  of  PBAT/PPC
blend,  two Tgs  can be found on the tanδ curve,  the lower  one
corresponding  to  the  PBAT  phase  and  the  higher  one
corresponding  to  the  PPC  phase,  which  suggested  that
PBAT/PPC  blend  was  not  thermodynamically  miscible.
Furthermore, compared with neat PBAT and PPC, the two Tgs in
the PBAT/PPC blend shift to each other, indicating the partially
miscible of the two phases. Besides, it can be found that the Tgs
of  PBAT  and  PPC  components  in  the  PBAT/PPC/silica
nanocomposites  show  little  change  with  varying  nanosilica
loading  (see  Table  S3  in  ESI).  This  result  suggested  that  the
introduction of nanosilica into PBAT/PPC blend did not improve
the  compatibility  of  the  two  phases,  nor  did  it  affect  the
segments and chains mobility of the two polymer components.

The  changes  of  storage  modulus  (E')  of  all  samples  as  a
function  of  temperature  are  illustrated  in Fig.  4(b).  For  com-
parison, the E' values of −50, 0 and 60°C for all  samples were
measured and listed in Table 4. As can be seen that E' of neat
PBAT  decreases  sharply  at  temperature  range  of  −30  °C  to
−10 °C and E' of  neat  PPC drops dramatically  at  about 43 °C,
due  to  their  glass  transitions.  When  the  temperature  was
lower than the Tg of PPC phase, which was about 43 °C, the E'
of PBAT/PPC blend is higher than that of neat PBAT, because
the  glassy  PPC  with  high E' (3335  MPa)  could  enhance  the
PBAT matrix. Furthermore, the E' of PBAT/PPC/silica nanocom-

posites  is  higher  than  that  of  PBAT/PPC  blend  and  increases
with nanosilica loading. This was due to the further strength-
ening effect of high-hardness nanosilica particles on the PBAT
matrix.  Especially  at  temperature  above Tg of  PBAT  and  be-
low Tg of PPC, the PBAT matrix became soft, then the dual re-
inforcement  of  PPC phase and nanosilica  particles  was  more
prominent.  For  example,  the  PBAT/PPC blend and the nano-
composite  constituting  10  wt%  nanosilica  loading  were
found to obtain an enhancement of E' up to 358 MPa and 678
MPa at  0°C,  showing an increase of  153% and 381%, respec-
tively, compared with neat PBAT. However, when the temper-
ature  continued  to  rise  above  the Tg of  PPC,  the E' of  PPC
dropped  sharply  to  about  only  3.5  MPa.  The  reinforcement
from  PPC  phase  disappeared,  resulting  in  a  decrease  in E' of
blend and nanocomposites.

Thermal Properties
The  DSC  cooling  and  heating  curves  of  neat  PBAT,  PBAT/PPC
blend and PBAT/PPC/silica  nanocomposites  are  enumerated in
Fig.  5,  and  the  relevant  thermal  properties  data  are  listed  in
Table  S4  (in  ESI).  As  can  be  seen  from Fig.  5(a)  of  first  cooling
scan, neat PBAT shows an exothermic crystallization peak (Tc) at
79.0 °C.  In case of  PBAT/PPC blend, Tc increases to 81.2 °C.  The
incorporation  of  PPC  into  PBAT  matrix  increases  the
crystallization  temperature,  indicating  that  the  PPC  could
promote  the  crystallization  of  PBAT  in  the  blend.  This  was
because  the  crystallization  of  the  matrix  polymer  would  be
affected by the dispersed phase for the partially miscible blend
systems.[47,48] In  this  work,  it  could  be  seen  from  the  results  of
SEM and DMA that PBAT/PPC blend was partially miscible, and
PBAT could be inferred to crystallize at the interface of the two
phases during cooling process. The dispersed PPC phase might
act as the nucleation sites of PBAT. As a result, the enhancement
in crystallization of PBAT might be ascribed to the positive effect
of PPC dispersion on the nucleation of PBAT.

For PBAT/PPC/silica nanocomposites, Tc is higher than that
in  neat  PBAT.  The Tc increases  first  and  then  decreases  with
increasing nanosilica loading and shows the maximum value
in PBAT/PPC-5 sample. The reasons for the influence of nano-
silica  and its  loading on PBAT crystallization were as  follows.
The crystallization process  of  polymers  consists  of  two parts:
nucleation  and  growth.  On  the  one  hand,  the  nanosilica
particles  act  as  nucleating  agent  and  were  conducive  to  the
crystallization  of  PBAT  in  the  nanocomposites.[49,50] On  the
other  hand,  with  the  increase  of  nanosilica  content,  the  per-
colation network of  nanosilica particles formed and the melt
viscosity  of  the  nanocomposite  increased,  which  limited  the
regular  arrangement  of  PBAT  segments  and  was  not  condu-
cive  to  the  crystallization  of  PBAT.[25] When  the  nanosilica
content was less than or equal to 5 wt%, the nucleation effect

Table 4    Storage modulus (E') of neat PBAT and PPC, PBAT/PPC blend
and PBAT/PPC/silica nanocomposites at different temperatures.

Sample Storage modulus
at −50 °C (MPa)

Storage modulus
at 0 °C (MPa)

Storage modulus
at 60 °C (MPa)

PBAT 1903 141 55
PPC 3335 3335 3.5

PBAT/PPC 2384 358 40
PBAT/PPC-2 2406 387 42
PBAT/PPC-5 2412 434 45

PBAT/PPC-10 2671 678 60
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Fig.  4    DMA  traces  of  neat  PBAT  and  PPC,  PBAT/PPC  blend  and
PBAT/PPC/silica  nanocomposites:  (a)  tanδ and  (b)  storage  modulus
(E') against temperature curves.
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of nanosilica was predominant.  When the nanosilica content
increased  to  10  wt%,  the  restricted  effect  of  nanosilica  was
predominant. As a result, with the increase of nanosilica load-
ing, Tc shows a trend of increasing first  and then decreasing.
Similar  results  were  also  found  in  other  silica
nanocomposites.[51] On the second heating curves in Fig. 5(b),
two Tgs  are  observed  on  the  curves  of  blend  and  nanocom-
posites,  indicating  the  partial  miscibility  of  PBAT  and  PPC,
which  was  consistent  with  the  results  of  DMA.  The  melting
enthalpy  (ΔHm)  and  degree  of  crystallinity  (Xc)  of
PBAT/PPC/silica  increased  with  increasing  the  silica  content
and  illustrated  that  the  addition  of  SiO2 could  improve  crys-
tallinity  of  PBAT.  This  might  be  ascribed  that  nanosilica
particles provides crystallization sites for PBAT.

Rheological Properties
The  Han  curves  for  neat  PBAT  and  PPC,  PBAT/PPC  blend  and
PBAT/PPC/silica nanocomposites at 150 °C obtained by plotting
G′ against G′′ are  shown  in Fig.  6(a).[52] Firstly,  the  slop  of  Han
plot for the PBAT/PPC blend changes compared with neat PPC
and  PBAT  in  the  low  frequency  region,  indicating  the  partial
miscibility  of  the blend.  Secondly,  the slopes  of  Han curves  for
nanocomposites  that  decrease  with  increasing  silica  content
indicated that  the PBAT/PPC/silica  nanocomposites  were more
heterogeneous.  Furthermore,  as  nanosilica  content  increases,
the  inflection  point  at  which  the  slope  of  the  Han  curve
changed  toward  the  direction  of  high  modulus,  indicative  of
more energy was needed to  alter  the degree of  heterogeneity
of  the  nanocomposites.  This  was  due  to  the  fact  that  the

interactions  between  nanosilica  particles  were  enhanced  with
the increase of nanosilica loading.

Once the nanosilica particles formed the network structure,
the large scale relaxation of  PBAT chains might be highly ar-
rested by the network of nanosilica. The relaxation time (λ) of
polymer composites could be calculated by using Eq. (1):[18]

λ = G′∣η∗∣ × ω2
(1)

where ω is  anglar  frequency.  At  a  frequency  of  0.05  rad/s,  the
ratios  of  the  relaxation  time  of  PBAT/PPC  blend  and
PBAT/PPC/silica nanocomposites to that of neat PBAT (Δλ) are 1
for  neat  PBAT,  1.9  for  PBAT/PPC blend,  2.7  for  PBAT/PPC-2,  5.6
for  PBAT/PPC-5  and  5.7  for  PBAT/PPC-10.  Clearly,  Δλ of
nanocomposites  increased  gradually  with  nanosilica  loadings,
indicating  that  the  higher  the  nanosilica  content,  the  more
obvious  its  influence  on  the  relaxation  behaviors  of  the  PBAT
chains. In other words, the introduction of nanosilica did greatly
restrict  the  mobility  of  PBAT  chains,  especially  after  the
percolation network of nanosilica particles was formed.

Cole-Cole  curve,  a  plot  of  imaginary  viscosity  versus  real
viscosity, can be used to characterize the strong restriction of
the  formed  percolation  network  structure  on  the  chains  of
the matrix polymer.[53] Fig. 6(b) presents the Cole-Cole curves
of  neat  PBAT  and  PPC,  PBAT/PPC  blend  and  PBAT/PPC/silica
nanocomposites. Neat PPC shows a single arc, corresponding
to  monomodal  molecular  weight  distributions,  which  illus-
trated its local dynamic relaxation. Neat PBAT shows a single
arc and a rigid tail, corresponding to its local dynamic relaxa-
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Fig.  5    DSC  thermograms  of  neat  PBAT,  PBAT/PPC  blend  and
PBAT/PPC/silica nanocomposites: (a) first cooling scan and (b) second
heating scan.
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Fig.  6    (a)  Han plots and (b)  Cole-Cole plots of  neat PBAT and PPC,
PBAT/PPC blend and PBAT/PPC/silica nanocomposites
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tion  and  long-term  relaxation  with  time  distribution.  For
PBAT/PPC  blend,  the  Cole-Cole  plots  exhibits  the  contribu-
tions of the two phases coexisting in the blend. The two relax-
ation  peaks  in  the  Cole-Cole  curves  corresponded  to  the  re-
laxation of the PBAT matrix and the dispersed PPC phase, re-
spectively.  Similar  results  had been reported in  other  immis-
cible  blend  systems.[54,55] However,  for  the  PBAT/PPC/silica
nanocomposites,  the  presence  of  nanosilica  resulted  in  a  re-
markable increase in relaxation time. The rigid tail at the high
viscosity region representing the long-term relaxation of con-
strained molecular chains of PBAT became longer with the in-
crease  of  silica  content.  When  the  silica  content  was  in-
creased to  5  wt%,  the  arc  related to  local  relaxation of  PBAT
chains  almost  disappeared,  demonstrating  that  the  long-
range  relaxation  of  restricted  PBAT  molecular  chains  domin-
ated the entire relaxation process. This phenomenon was also
an  evidence  for  the  formation  of  the  silica  percolation  net-
work structure at the present silica loading.

Tensile Mechanical Properties
The  typical  stress-strain  curves  of  neat  PBAT,  PBAT/PPC  blend
and PBAT/PPC/silica nanocomposites are depicted in Fig. 7. The
main  mechanical  properties  are  listed  in Table  5.  Neat  PBAT
exhibits a rubbery-like behavior with significantly higher tensile
strain  (1264%)  and  much  lower  modulus  (85  MPa)  and  yield
strength (9.0 MPa). Clearly, the PBAT/PPC blend also fractured in
ductile mode.  The elongation at  break of  blends only dropped
to 1032%, the modulus and yield strength increased to 129 MPa

and  9.2  MPa,  respectively.  This  was  attributed  to  the
enhancement of PPC, which had a high modulus compare with
PBAT matrix at room temperature. In the case of PBAT/PPC/silica
nanocomposites,  it  can  be  seen  from Fig.  7 that  the  distinct
yielding and neck growth during cold drawing can be observed,
except for nanocomposites with a nanosilica content of 10 wt%.
The  modulus  and  yield  strength  of  PBAT/PPC/silica
nanocomposites  are  higher  than  those  of  neat  PBAT  and
PBAT/PPC  blend,  and  increased  with  nanosilica  loading.  The
previous  discussion  proved  that  nanosilica  particles  were
selectively  filled  in  the  PBAT  matrix.  Therefore,  the  enhanced
modulus  and  yield  strength  of  the  nanocomposites  might  be
due to the fact  that  the nanosilica  with high modulus serve as
carriers of stress and load, which were transferred from the PBAT
matrix to the silica particles, thereby giving rise to a uniform and
effective stress distribution, leading to an increase in the tensile
modulus and yield strength of the nanocomposites.[56,57] On the
other  hand,  the  percolated  nanosilica  particles  network
structure[58] and  the  increase  of  crystallinity  inhibited  the
movement  of  PBAT  segments,  leading  to  the  enhancement  of
the tensile modulus and yield strength.[59]

Additionally,  the  elongation  at  break  of  PBAT/PPC/silica
nanocomposites  was  obviously  decreased  with  increasing
nanosilica loading. This observation could be explained as fol-
lowing. Since nanosilica particles had different elastic proper-
ties compared to PBAT matrix,  PBAT deformed, but silica did
not  deform  under  tensile  stress.  Nanosilica  particles  would
debond  from  the  PBAT  matrix  at  the  interface  when  the
tensile stress was greater than the bonding strength between
the PBAT matrix and nanosilica particles at the interface.[60] As
the  nanosilica  content  increases,  the  interface  area  between
PBAT matrix and silica increases, and debonding occurs earli-
er  and  more  easily,  resulting  in  a  decrease  in  elongation  at
break  of  nanocomposites  with  nanosilica  loading.  Most  im-
portantly,  PBAT/PPC/silica  nanocomposites  exhibit  a  certain
degree of ductility and enhanced modulus and yield strength.
The  elongation  at  break  of  the  nanocomposite  with  5  wt%
nanosilica  still  maintains  at  454%.  The  combination  of  en-
hancement of modulus and yield strength and good ductility
made  the  performance  of  PBAT/PPC/silica  nanocomposites
easier to meet the requirements of commodity plastics.

CONCLUSIONS

A  novel  PBAT/PPC/silica  composite  with  enhanced
performances was fabricated by melt blending, in which PPC
and  silica  nanopaticles  served  as  the  first  and  second
reinforcing  components  of  PBAT,  respectively.  Moreover,
silica was selectively located in PBAT continuious phase rather
than  PPC  dispersed  phase,  due  to  the  smaller  interface

Table  5    Tensile  properties  of  neat  PBAT,  PBAT/PPC  blend  and
PBAT/PPC/silica nanocomposites.

Sample Young’s
modulus (MPa)

Yield strength
(MPa)

Elongation at
break (%)

PBAT 85 ± 13 9.0 ± 0.7 1264 ± 123
PBAT/PPC 129 ± 24 9.2 ± 0.3 1032 ± 92

PBAT/PPC-2 149 ± 34 9.5 ± 0.2 608 ± 84
PBAT/PPC-5 170 ± 21 10.3 ± 0.4 454 ± 31

PBAT/PPC-10 260 ± 39 12.2 ± 0.9 26 ± 3
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Fig. 7    (a) Tensile stress-strain curves of neat PBAT, PBAT/PPC blend
and  PBAT/PPC/silica  nanocomposites;  (b)  details  of  stress-strain
curves of (a).
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tension between silica and PBAT compared to silica and PPC.
For  partially  miscible  PBAT/PPC(70/30)  blend  with  sea-island
structure, the percolation threshold of silica was reduced to as
low  as  5  wt%,  which  should  attributed  to  the  formation  of
double  percolation  structure.  Furthermore,  the  introduction
of  silica  reduced  the  size  of  PPC  dispersed  phase  due  to  the
decrease  in  the  coalescence  of  polymer  droplets.  It  is  worth
mentioning  that  the  PBAT/PPC(70/30)  blend  and  the
composite constituting 10 wt% nanosilica loading were found
to obtain an enhancement of storage modulus up to 358 MPa
and  678  MPa  at  0  °C,  respectively,  showing  an  increase  of
153%  and  381%,  respectively,  compare  with  neat  PBAT.
Additionally,  the  PBAT/PPC(70/30)  blend  and  the  composite
containing  10  wt%  nanosilica  content  could  increase  the
Young’s  modulus  by  52%  and  205%,  respectively,  compared
to  pure  PBAT.  The  improvement  in  mechnical  properties  of
PBAT  should  be  attributed  to  the  intrinsic  properties  of  PPC
and  nanosilica,  as  well  as  the  fabrication  of  nanosilica
percolation network and the increase of crystallinity.

In  summary,  a  novel  PBAT/PPC/silica  composite  with  en-
hanced  performances  was  obtained  by  the  introduction  of
PPC  and  nanosilica,  wihich  could  better  meet  the  require-
ments of commodity plastics.
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