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Abstract   Poly(butylene carbonate) (PBC), a biodegradable aliphatic polycarbonate, is limited by its suboptimal thermal and mechanical proper-

ties. This study enhanced PBC by incorporating nanoscale nucleating agents combined with isothermal annealing and pre-stretching. The results

indicate that the dispersion and interfacial interactions of different nucleating agents within the PBC matrix vary significantly. Among them, SiO2

demonstrate  good dispersion and compatibility,  effectively  enhancing the storage modulus  and crystallization kinetics.  Isothermal  annealing

and pre-stretching treatments further synergistically improved the crystallinity and mechanical performance of the composites: after annealing,

the tensile strength of PBC/SiO2 increased to 61.96 MPa, and after pre-stretching, it reached 83.26 MPa. Dynamic mechanical analysis and differ-

ential scanning calorimetry results consistently show that the incorporation of nucleating agents raises the glass transition temperature and ther-

mal stability of the materials. This research provides systematic experimental evidence and process optimization strategies for the high-perfor-

mance modification of PBC.
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INTRODUCTION

The  practical  application  of  poly(butylene  carbonate)  (PBC)  is
hindered  by  its  relatively  limited  thermomechanical  properties
and low tensile strength. To address this limitation, copolymer-
ization and blending have  been employed to  enhance crystal-
lization ability,  thereby improving the overall  performance.  For
instance,  Kim et  al. demonstrated  the  effectiveness  of  copoly-
merization using a series of PBC-based copolymers.[1−5] Howev-
er,  chemical  copolymerization  involves  complex  procedures
and  is  less  suitable  for  rapid  and  cost-effective  industrial  pro-
duction  of  PBC  films.  Alternatively,  incorporating  nucleating
agents offers a more straightforward approach to enhance crys-
tallization and mechanical performance.[6−8]

To achieve balanced material  properties,  PBC are often in-
troduced  as  soft  segments.  Wang et  al. prepared  PBS/PBC
blends,[9] but  observed  poor  compatibility  between  the  two
components, leading to island or bicontinuous morphologies
depending  on  the  composition.  Although  the  crystallization
rate  of  PBS  increased  with  the  PBC  content  and  the  impact
strength  improved  significantly,  compatibility  remained  a

challenge. Li et al. developed PBC/sc-PLA blends via low-tem-
perature  melt-blending.  At  20  wt%  sc-PLA,  stereocomplexa-
tion  between L- and D-chains  formed  a  percolated  network
structure,  increasing the yield strength and modulus by 34%
and  145%,  respectively,  compared  to  neat  PBC.[10] Similarly,
Wang et  al. prepared PBC/PLA blends  by  melt  processing.[11]

At  a  PBC/PLA  mass  ratio  of  1:9,  the  tensile  strength  reached
50.7  MPa.  Blending  polymers  with  inorganic  particles  is  an-
other effective strategy for the preparation of composite ma-
terials. Inorganic particles can act as nucleating agents, refin-
ing  spherulite  size,  disrupting  crystal  regularity,  and  improv-
ing crystallization kinetics  in  semicrystalline  polymers,  there-
by  enhancing  mechanical  and  surface  properties.  For  exam-
ple,  Wang  prepared  PBC/SiO2 composites via melt  blending
and found that well-dispersed SiO2 improved mechanical per-
formance,[12] crystallization  behavior,  and  thermal  stability.
Zhu  investigated  talc,  CaCO3,  BN,  and  h-BN  as  nucleating
agents  in  PBC,  reporting  increased  crystallization  rates,[13]

with BN showing the most pronounced effect. In PBC/talc sys-
tems,  the  crystallization  rate  increased  with  increasing  talc
content  up  to  4  wt%,  beyond  which  it  plateaued.  Despite
these  studies,  systematic  reports  on  the  mechanical  proper-
ties of PBC blended with nucleating agents are limited.

Building upon our established findings that physical  treat-
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ments  (isothermal  annealing  and  pre-stretching)  effectively
enhance  crystallinity  and  induce  crystal  orientation  in  PBC,
thereby  improving  its  mechanical  properties,  this  work  pro-
poses  a  hybrid  modification  strategy.[14,15] We  hypothesized
that  coupling  these  physical  treatments  with  nucleating
agents will create dual reinforcement pathways: nanoparticle-
triggered nucleation density elevation combined with crystal
perfection/orientation  control.  To  address  this  mechanistic
synergy,  we  systematically  investigated  the  following:  (i)  the
role of inorganic nucleating agents in modulating PBC’s crys-
tallization kinetics, rheological behavior, and thermal stability
of  PBC;  (ii)  the  synergistic  interplay  between  nucleating
agents and physical treatments (annealing/pre-stretching) on
hierarchical  crystalline  structuring;  and  (iii)  the  consequent
enhancement  of  bulk  crystallinity  and  mechanical  perfor-
mance beyond standalone approaches.

EXPERIMENTAL

Materials
Poly(butylene carbonate) (PBC),  synthesized via the melt trans-
esterification polycondensation method with  diphenyl  carbon-
ate (DPC), butanediol (BDO) as reactants, and MgO as a catalyst
under  a  N2 atmosphere in  the laboratory according to a  previ-
ous  report,[16−18] has  a  number-average  molecular  weight  of
6.25×104 g/mol, a weight-average molecular weight of 9.01×104

g/mol,  and  a  molecular  weight  distribution  index  of  1.44.
Fumed silica (SiO2) nanoparticles with an average primary parti-
cle size of 7‒40 nm were supplied by Macklin (Shanghai Mack-
lin  Biochemical  Co.,  Ltd.).  The  magnesium  oxide  (MgO)
nanoparticles with an average primary particle size of 30‒50 nm
were  supplied  by  Macklin  (Shanghai  Macklin  Biochemical  Co.,
Ltd). The zinc oxide (ZnO) nanoparticles with an average prima-
ry  particle  size  of  30  nm  were  supplied  by  Macklin  (Shanghai
Macklin  Biochemical  Co.,  Ltd).  The  titanium  dioxide  (TiO2)
nanoparticles  with  an  average  primary  particle  size  of  25  nm
were  supplied  by  Macklin  (Shanghai  Macklin  Biochemical  Co.,
Ltd).  The  aluminium  oxide  (Al2O3)  nanoparticles  with  an  aver-
age  primary  particle  size  of  60  nm  were  supplied  by  Macklin
(Shanghai Macklin Biochemical Co., Ltd). All materials were dried
in a vacuum oven at 80 °C for 12 h.

Blending PBC with Inorganic Materials
The inorganic nucleating agent and PBC were weighed at a ra-
tio of 1 wt% and added to the torque rheometer for blending.
The  test  conditions  of  the  torque  rheometer  were  as  follows:
first  zone,  100 °C;  second zone,  100 °C;  third zone,  100 °C;  and
speed,  30  r/min.  PBC/inorganic  particle  composites  were  ob-
tained by blending.

Preparation of PBC Composite Sheet
The PBC and the PBC composites were dried in a vacuum oven
at 50 °C for 8 h. The dried polymer particles were then placed in
a flat  vulcanization bed machine.  Dumbbell-shaped PBC speci-
mens were prepared using the compression molding method. A
platen vulcanizing press was employed at a processing temper-
ature of 105 °C and pressure of 13 MPa.

Annealing Treatment
The samples were placed in a vacuum oven at 50 °C, annealed
for 7 h for chain relaxation, and cooled to room temperature. Af-
ter annealing, the samples were cooled and maintained at room

temperature for 5 days before conducting the mechanical tests.

Pre-stretching Treatment
The prepared sheet was uniaxially stretched to 200% at a speed
of  10  mm/min  under  the  action  of  a  universal  stretching  ma-
chine  and  maintained  for  30  min  under  the  uniaxial  stress.  A
pre-stretched  PBC  sheet  was  obtained  and  cut  into  splines  for
mechanical testing.

Tensile-testing
The  mechanical  properties  of  the  PBC  dumbbell  splines  were
tested using a universal testing machine (NKK 3010D) at a draw-
ing speed of 50 mm/min at room temperature, and each value
is the mean of 5 parallel samples.

Differential Scanning Calorimetry
The  thermal  properties  of  PBCs  with  and  without  annealing
were  characterized  using  differential  scanning  calorimetry
(DSC).  The  instrument  was  calibrated  using  indium  standard.
Samples weighing 5–10 mg were heated from ‒60 °C to 100 °C
at a rate of 10 °C/min under a N2 atmosphere using a Model Q20
DSC (TA Instruments Inc., New Castle, DE, USA).

Isothermal  crystallization  kinetics:  the  PBC  material  was
heated from ‒60 °C to 100 °C at a heating rate of  10 °C/min,
maintained for 3 min, dropped sharply to the temperature of
isothermal  crystallization,  maintained  for  60  min,  and  then
heated to 100 °C at a heating rate of 10 °C/min.

Thermogravimetric Analysis
The  PBCs  with  and  without  annealing  treatment  (5‒10  mg)
were heated from to 30‒600 °C under a nitrogen atmosphere at
a heating rate of 10 °C/min, which was carried out with an STA
8000  (PerkinElmer,  America)  to  measure  the  decomposition
temperature of the materials.

Scanning Electron Microscopy
To  obtain  clear  observations  of  the  crystalline  morphology,
scanning  electron  microscopy  (SEM)  (ZEISS  Sigma  360,  Ger-
many)  was  performed.  The  surface  and  cross  section  of  the
specimen  were  obtained  from  the  fracture  of  the  spline  neck
during the  mechanical  test.  All  the  samples  were  sputter-coat-
ed with a thin layer of gold and observed at an accelerated volt-
age of 3 kV.

DMA
The storage modulus, loss modulus, and loss angle of the sam-
ples were measured using a DMA1-Mettler dynamic thermome-
chanical analyzer. In tensile mode, the size of the spline was 15
mm × 10 mm × 1 mm. The parameters were set as follows: heat-
ing rate, 3 °C/min; frequency, 1 Hz; amplitude 10.0 μm; and tem-
perature scanning range, ‒60 °C to 40 °C.

Rheological Properties
The rheological properties of the blends were characterized us-
ing  a  rheological  testing  instrument  (AR-G2,  TA  Instruments,
USA).  The sample was a 1.0 mm thick sheet.  The test tempera-
ture was 150 °C, the shear angle frequency was 0.05‒100 rad/s,
and the strain was 2.5%.

RESULTS AND DISCUSSION

SEM Analysis of Poly(butylene carbonate)
To  study  the  dispersion  of  different  nucleating  agents  in  PBC,
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we  systematically  observed  the  cross-sectional  morphology  of
PBC and its blends with different inorganic fillers (silica, alumina,
titanium dioxide, magnesium oxide, zinc oxide, and calcium sul-
fate)  to reveal  the dispersion state,  interface compatibility,  and
microstructure  characteristics  of  fillers  in  the  PBC  matrix.  The
corresponding  cross-sectional  images  are  shown  in Fig.  1.  Ac-
cording  to Fig.  1,  the  cross-section  of  the  pure  PBC  sample
shows a typical smooth and uniform fracture surface, which in-
dicates that it has good toughness and uniformity. After adding
different  inorganic  nucleating  agents,  PBC/SiO2 showed  good
filler  dispersion  at  1  μm,  and  SiO2 particles  were  evenly  dis-
tributed in  the PBC without  obvious agglomeration,  indicating
good  interface  compatibility  between  the  two.  In  PBC/ZnO
composites,  ZnO is  uniformly dispersed in PBC,  the interface is
clear,  and  there  is  no  obvious  agglomeration,  indicating  that
ZnO has good compatibility with PBC. A certain degree of TiO2

filler agglomeration was observed at 1 μm for PBC/TiO2,  which
may be related to the high surface energy of TiO2 and the weak
interface interaction with the PBC matrix. In PBC/Al2O3 compos-
ites,  Al2O3 particles  are  closely  combined  with  the  matrix,  and
no  obvious  interface  spalling  phenomenon  is  observed,  which
indicates that Al2O3 particles have a certain enhancement effect
on PBC. The obvious agglomeration of nucleating agents in the
PBC/TiO2and PBC/Al2O3 composites indicated that the distribu-
tion of nucleating agents in the composites was not uniform. At
1  μm,  the  distribution  of  MgO  fillers  in  PBC/MgO  is  more  uni-
form, closely integrated with the matrix, and has no obvious de-
fects. PBC/CaSO4 is uniformly distributed in the PBC matrix, and
no  large-scale  agglomeration  or  interfacial  debonding  is  ob-
served,  indicating  that  there  is  good  interfacial  bonding  be-
tween  CaSO4 and  PBC,  which  is  expected  to  improve  the  me-
chanical properties of the material. In contrast, in the PBC/MgO
and  PBC/CaSO4 composites,  there  are  fewer  nucleating  agent
particles  in  the  bottom  layer  of  the  PBC,  which  also  indicates
that the material has an uneven distribution.

Rheological Properties
To  explore  the  microstructure  and  relaxation  behavior  of  a  se-
ries of PBC composites, a dynamic frequency scanning test was
performed. Figs.  2(a)  and  2(b)  show  the  relationship  between
the storage modulus and loss modulus of PBC at three different
temperatures (100,  125,  and 150 °C) and angular frequency.  At
all  temperatures,  the  storage  modulus  and  loss  modulus  de-

pend on the angular frequency, which is a characteristic of vis-
coelastic  behavior.  At  higher  frequencies,  the storage modulus
is  dominant,  whereas  the  loss  modulus  is  in  a  secondary  posi-
tion, which indicates that it is closer to the characteristics of the
solid  under  rapid  deformation  conditions.  In  contrast,  at  lower
frequencies, the loss modulus became more significant, indicat-
ing the existence of an enhanced viscous flow. As the tempera-
ture  increases,  the  modulus  curve  moves  toward  a  higher  fre-
quency,  which  is  consistent  with  the  time-temperature  super-
position  principle.  This  shift  reflects  the  acceleration  of  the
molecular mobility and relaxation processes at higher tempera-
tures. Fig.  2(c)  shows  the  relationship  between  the  storage
modulus and loss modulus of the PBC composites at 150 °C and
the angular frequency (ω).

The  storage  modulus  of  PBC  and  its  composites  tends  to
converge  in  the  high-frequency  region,  which  indicates  that
the response of the material to the outside world at high fre-
quencies  depends  on  its  own  motion  and  local  interactions,
and  all  materials  are  similar.  However,  in  the  low-frequency
region  (ω<10  rad/s),  PBC  composites  show  significant  differ-
ences owing to the different rheological phenomena of their
internal  structures.[19,20] As  shown  in Fig.  2(c),  both  PBC/SiO2

and PBC/ZnO exhibit  a  slightly  higher  storage modulus than
neat PBC, which may be because the surfaces of SiO2 and ZnO
are  rich  in  polar  groups  (―OH, etc.),  which  can  form  strong
hydrogen bonds with ―C＝O in the PBC molecular  chain or
generate  dipole-dipole  interactions  to  achieve  good  stress
transfer.  Given  the  morphology  of  the  composite  material,
the uniform dispersion of the nucleating agent helps form an
effective  network,  limits  chain  segment  mobility,  increases
friction  between  molecular  chains,  and  improves  the  modu-
lus. The modulus of PBC/MgO and PBC/CaSO4 is slightly low-
er than that of PBC, and MgO and CaSO4 may have problems
with moisture absorption or compatibility with the matrix, so
that the two fail  to form a strong interface bonding, and the
modulus  of  PBC/TiO2 and  PBC/Al2O3 is  significantly  lower
than that of the matrix, which indicates that the interface be-
tween the nucleating agent and the matrix is extremely poor.
Among  these,  Al2O3 agglomerates  to  form  defects  and  be-
comes a stress concentration point.[21] The surface polarity of
TiO2 is  too strong to effectively  adhere to PBC,  resulting in a
decrease in the overall stiffness of the composite.
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Fig. 1    The scanning electron microscope cross-section of PBC composites.
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Thermogravimetric Analysis
The  TG  and  DTA  curves  of  the  different  PBC  composites  are
shown  in Fig.  3,  and  their  corresponding  thermal  decomposi-
tion  temperatures  are  listed  in  Table  S1  (in  the  electronic  sup-
plementary information, ESI). Combined with the relevant data,
it can be clearly seen that the thermal decomposition tempera-
ture  of  the  PBC  composites  is  significantly  higher  than  that  of
pure  PBC.  For  example,  the  thermal  decomposition  tempera-
ture of  pure PBC increased from 296 °C for neat PBC to 310 °C
for  PBC/ZnO,  and  the  maximum  thermal  decomposition  tem-
perature increased from 322 °C for PBC to 348 °C for PBC/ZnO.
The  endpoint  of  the  thermal  decomposition  temperature  also
increased from 341 °C for PBC to 374 °C for PBC/ZnO. By com-
paring different PBC composites, it was found that the thermal
decomposition temperature of PBC/MgO is comparable to that
of  pure  PBC.  The  maximum  thermal  decomposition  tempera-
tures  of  PBC/SiO2,  PBC/Al2O3,  and  PBC/ZnO  increased  to  more

than 340 °C, which was higher than the thermal decomposition
end temperature of pure PBC. The thermal decomposition end-
points of PBC/TiO2 and PBC/ZnO increased to more than 370 °C.
In addition, all the PBC composites showed a one-step degrada-
tion process, which was proven by the existence of a single peak
in the DTA curve.[22−24]

Isothermal Kinetic Analysis of PBC and Its Composites
Isothermal crystallization kinetics can be used to study the crys-
tallinity of crystal nucleation and the crystal growth rate of poly-
carbonate  materials  simply  and  intuitively,  which  is  helpful  for
further guidance in polymer processing. According to the litera-
ture,[13] the  isothermal  crystallization  kinetics  of  polycarbonate
at  different  temperatures  show  that  the  crystallization  process
of the polymer can be divided into two stages:  nucleation and
crystal growth. The lower the temperature, the faster is the nu-
cleation rate. The higher the temperature, the faster is the crys-
tal growth rate; that is, the crystallization rate is determined by
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Fig. 2    The frequency dependence of the storage modulus (a) and loss modulus (b) of PBC at three different temperatures of 100, 125 and 150 °C;
Frequency dependence of the storage modulus (c) and loss modulus (d) of PBC composite materials at 150 °C.
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Fig. 3    (a) TG and (b) DTA curves of different PBC composites.
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the nucleation and crystal growth rates. Among them, PBC had
the  fastest  crystallization  rate  at  10  °C,  and  the  crystallization
temperature of this experiment was 10 °C.

To  study  the  effect  of  inorganic  nucleating  agents  on  the
crystallization  rate  and  nucleation  mode  of  polycarbonate,
the isothermal crystallization kinetics of the composites were
analyzed using DSC.  The relationship curve between the en-
thalpy  released  by  isothermal  crystallization  of  the  modified
PBC composite at 10 °C is shown in Fig. 4. From the diagram,
it can be seen that after adding inorganic particles as nucleat-
ing  agents,  the  crystallization  rate  of  PBC  increased  to  vary-
ing  degrees.  The  shorter  the  crystallization  time  of  the  com-
posite system, the faster the crystallization rate of the system.
To study the isothermal crystallization kinetics of PBC and its

composites,  the  relative  crystallinity  was  calculated  using
Eq. (1).

X (t) = Q (t)
Q (∞) = Xc (t)

Xc (∞) = ∫ t

0
(dH

dt
)dt

∫ ∞

0
(dH

dt
)dt

(1)

t∞

where  dH represents  the  crystallization  enthalpy  measured
within the time interval dt, Q(t)  is the heat generated at time t,
Q(∞) is the total heat generated by the final crystallization pro-
cess, t0 is the initial crystallization time, and tt and  represent
the time experienced during the crystallization process and af-
ter the completion of crystallization, respectively. After the inte-
gral calculation, the curve of the relative crystallinity of the PBC
composites  with  time  during  the  isothermal  process  was  ob-
tained. The results are shown in Fig. 4(b). The half-crystallization
time  (t1/2)  obtained  from  the  curve  of  the  relative  crystallinity
with time is listed in Table S2 (in ESI). It can be seen from the ta-
ble that the half-crystallization time of neat PBC at 10 °C isother-
mal crystallization is as long as 14.75 min. After adding the nu-
cleating  agent,  the  half-crystallization  time  was  improved.
Among these, the PBC/CaSO4 composite exhibited the shortest
half-crystallization  time.  The t1/2 values  across  composites  in-
creased  in  the  order:  PBC/CaSO4 <  PBC/TiO2 <  PBC/MgO  <
PBC/ZnO < PBC/SiO2 < PBC/Al2O3 < neet PBC. In order to better
study  the  isothermal  crystallization  kinetics,  crystallization  rate
and  nucleation  mode  of  PBC  and  its  composites,  the  typical
Avrami equation (Eq. 2) was used.

X(t) = 1 − exp(−Ktn) (2)

Eq. (3) is often written in a double logarithmic form as fol-
lows:

ln [−ln (1 − X (t))] = lnK + nlnt (3)

This equation is mainly used to evaluate the Avrami param-
eter, where n is the Avrami index reflecting the crystallization
mechanism, t is the time, and K is the kinetic rate constant in-
volving the crystal  growth and nucleation parameters  of  the
molten  pool.  In  general,  for  different  crystallization  mecha-
nisms, n should  be  an  integer  between  1  and  4.  The  Avrami
parameters n = 1,2 and 3 represent one-dimensional, two-di-
mensional  and three-dimensional  crystal  growth,  respective-
ly.  However,  the  Aravmi  index n is  not  a  simple  integer  and
may  involve  other  complex  factors,  including  irregular
boundaries  of  spherulites  and/or  the  composition  of  diffu-
sion-controlled  growth. Fig.  4(c)  shows  the  relationship
curves  between  ln[−ln(1‒X(t)))]  and  lnt during  isothermal
crystallization of the PBC composites at 10 °C. The Avrami ex-
ponent n and  crystallization  rate  constant K obtained  from
the relationship curve of  ln[− ln(1‒X(t)))]  and lnt are  listed in
Table S2 (in ESI). The results showed that the relationship be-
tween ln[− ln(1‒X(t)))] and lnt was linear in the early stage of
crystallization  for  all  PBC  materials.  Compared  with  the  PBC
homopolymer,  the  crystallization  rate  constant  and  crystal-
lization rate of the PBC composites were improved.[25]

Dynamic Mechanical Analysis
Dynamic mechanical analysis is an effective method for evaluat-
ing  the  viscoelasticity  and  interfacial  interactions  of  polymeric
materials.  By  measuring  the  change  in  the  storage  modulus
with temperature, the enhancement effect of different inorgan-
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Fig.  4    (a)  The relationship curve between the cold crystallization
enthalpy and time of PBC during isothermal crystallization at 10 °C;
(b) The change curve of relative crystallinity of PBC composites with
time  during  isothermal  crystallization  at  10  °C;  (c)  The  change  of
relative crystallinity of PBC composites with time during isothermal
crystallization at 10 °C.
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ic  fillers  on  the  rigidity  and  thermomechanical  properties  of
polymer  matrix  composites  can  be  further  explored. Fig.  5
shows  the  temperature  dependence  of  storage  modulus  and
tanδ of neat PBC and its composites.

As shown in Fig. 5(a), the storage modulus of the PBC com-
posites  is  higher  than  that  of  neat  PBC  over  the  entire  test
range, which proves that the introduction of an inorganic nu-
cleating agent improves the mechanical properties of the ma-
terial. In the low-temperature region, the storage modulus of
PBC and its composites was higher than that of neat PBC (1.0
× 103 MPa), indicating that the addition of inorganic nucleat-
ing agents  had different  degrees of  constraint  on the move-
ment of molecular chains in the glassy state. With an increase
in the test temperature, the movement ability of the molecu-
lar chain was enhanced, and the storage modulus of the ma-
terial was gradually reduced, especially in the glass transition
region.  The  storage  modulus  decreases  sharply,  but  the  nu-
cleating  agent  binds  the  movement  of  the  molecular  chain;
thus,  the  storage  modulus  of  the  PBC  composite  material  is
still higher than that of pure PBC in the rubber state platform.
It  can  be  seen  from Fig.  5(b)  that  all  the  relatively  neat  PBC
tanδ peaks  of  the  PBC  composites  move  to  high  tempera-
tures,  indicating  that  the  glass  transition  temperature  of  the
PBC composites increases, which again proves that the addi-
tion  of  a  nucleating  agent  makes  the  movement  of  the  PBC
molecular  chain  difficult,  thus  improving  the  heat  resistance
of  the  material.  Similar  results  were  obtained  by  using  DSC.
For  the  PBC  composites,  the  increase  in  the  glass  transition
temperature  of  PBC/MgO  is  lower  than  those  of  the  other
composites,  and  the  enhancement  effect  is  relatively  weak.
This  may  be  due  to  the  poor  interfacial  compatibility  be-
tween the nanoparticles and PBC matrix, which leads to stress
concentration points and fails to give full play to its enhance-
ment potential.  At  a  similar  glass transition temperature,  the
tanδ peaks from high to low are PBC/ZnO, PBC/TiO2, PBC/Ca-
SO4,  PBC/SiO2,  and PBC/Al2O3.  The broadening and decrease
of tanδ peaks indicate that the internal molecular motion en-
vironment of PBC composites is not uniform, the motion unit
is smaller, and the distribution is more dispersed. Similar phe-
nomena  and  conclusions  have  also  been  reported  for  PBC
and PLA blends.[10]

DSC
To  study  the  thermodynamic  behavior  of  the  PBC  composites

using  different  modification  methods,  the  results  of  the  first
heating curves of the polymer are shown in Fig. 6, and the cor-
responding  thermodynamic  behavior  data  are  summarized  in
Table S2 (in ESI). The results show that the Tg and Tm of the PBC
composites are slightly higher than those of neat PBC, especial-
ly for PBC composites without any treatment. The addition of a
nucleating  agent  provides  crystallization  sites,  which  promote
the crystallization ability of polymer molecular chains and affect
the molecular chain movement of polymers. The Tm of the mod-
ified polymer, particularly after isothermal annealing, was signif-
icantly improved.

Xc-DSC =
ΔHm

ΔH0m
× 100% ΔH0m

The crystallinity of  PBC composites was calculated accord-

ing  to  the  formula ,  where  is  the

melting enthalpy  of  100%  crystalline  PBC  with a  value  of
137.1  J/g,[23] which  can  be  compared  to  the  crystallinity  of
PBC  composites,[24] and  the  results  are  shown  in Fig.  6.  The
crystallinity  of  PBC  composites  was  significantly  higher  than
that of neat PBC, and the crystallinity of PBC/Al2O3 increased
to 35.04%. After pre-stretching and isothermal annealing, the
crystallinity  of  the  PBC  composites  improved  to  varying  de-
grees.  Among  them,  the  crystallinity  of  the  polymer  after
isothermal crystallization showed the most obvious improve-
ment.  Thermal  annealing  increased  the  crystallinity  of
PBC/SiO2 and PBC/ZnO by about 25% and 45%, respectively,
compared  to  those  unannealed  samples.  Conversely,  for
PBC/Al2O3,  annealing  reduced  the  crystallinity  to  a  level  be-
low that  observed in the unannealed state.  This  may be due
to the fact that the crystals that have been well crystallized in
the pre-stretching process are broken under the action of uni-
directional  tension  and  transformed  into  multiple  tiny  and
imperfect crystals. However, excessively broken crystals inhib-
it crystal growth, thereby reducing the crystallinity of the ma-
terial.

Mechanical Properties
The  mechanical  properties  of  aliphatic  polycarbonates  are
closely  related  to  their  chemical  composition,  aggregation
structure,  morphology,  and  crystallinity.  The  mechanical  prop-
erties of different PBC composites and their mechanical proper-
ties under different modification conditions were studied using
mechanical tensile tests. Fig. 7 shows the stress-strain curves of
PBC and its composites at 50 mm/min at room temperature and
the  related  mechanical  properties,  such  as  breaking  strength,
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Fig. 5    The performance of PBC in DMA: (a) storage modulus and (b) loss factor.
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tensile  strength,  elongation at  break,  and elastic  modulus.  The
experimental  data  show  that  the  tensile  strength  of  the  pure

PBC without modification was (38.23±2.00) MPa,  and the elon-
gation at break was 428.27%±28.74%. As shown in Figs. 7(a) and
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Fig.  6    (a−c)  The  primary  heating  curves  of  PBC  composites  before  and  after  modification:  (a)  untreated,  (b)  isothermal  annealed  and  (c)  pre-
stretched; (d) Crystallinity of PBC composites under untreated, isothermal annealed and pre-stretched conditions.
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Fig.  7    Stress-strain  curves  of  PBC  composites:  (a)  untreated,  (b)  annealed  and  (c)  pre-stretched,  and  tensile  strength  of  PBC  composites:
(d) untreated, (e) annealed and (f) pre-stretched.
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7(b),  the  mechanical  strength  of  the  PBC  composites  is  higher
than  that  of  pure  PBC,  indicating  that  the  addition  of  an  inor-
ganic nucleating agent helps to improve the tensile properties
of PBC, especially PBC/SiO2 and PBC/MgO composites. The ten-
sile  strength  of  PBC/SiO2 and  PBC/MgO  composites  reached
(42.53±1.65)  and  (42.90±2.12)  MPa,  respectively,  which  in-
creased  by  11.24%  and  12.22%,  respectively.  The  PBC/Al2O3

composite with the smallest increase (39.36±2.69 MPa) was also
1.13  MPa  higher  than  that  of  pure  PBC.  However,  the  elonga-
tion  at  break  of  the  PBC  composites  did  not  decrease  signifi-
cantly, especially for the PBC/MgO and PBC/CaSO4 composites.
The elongation at break of the PBC/MgO and PBC/CaSO4 com-
posites  slightly  increased,  indicating  that  this  material  con-
tributed to the enhancement and toughening of PBC. The elas-
tic modulus and yield strength of the PBC composites exhibited
only  a  small  change  compared  with  neat  PBC  materials.  The
yield  strength  of  PBC/MgO  was  the  highest  (up  to  15.49),  and
the elastic modulus of PBC/SiO2 was the highest.

The  mechanical  properties  of  the  PBC  composites  after
isothermal  annealing  are  shown  in Figs.  7(c)  and  7(d).  It  can
be clearly found that isothermal annealing contributes to the
growth of crystals in PBC, and inorganic particles act as nucle-
ating agents to increase the nucleation sites of polymers. The
synergistic effect of the two further improves the mechanical
properties  of  the  PBC  composites.  Among  them,  The  tensile
strengths of PBC/SiO2 and PBC/MgO composites increased to
(61.96±2.04)  and  (56.65±3.88)  MPa,  respectively,  which  was
62.07%  and  48.18%  higher  than  that  of  blank  PBC  (unan-
nealed) and 41.17% and 29.07% higher than that of blank PBC
(annealed).  After  annealing,  the  elongation  at  break  of
PBC/SiO2 composites  increased  significantly  (518%±32%),
while  the  elongation at  break  of  PBC/Al2O3 composites  after
annealing  was  not  as  good  as  that  of  unannealed  PBC  com-
posites. There was no significant change in the elongation at
break of  the other  PBC composites,  indicating that  the elon-
gation at break of most of the composites remained stable af-
ter annealing. After annealing, the yield modulus of PBC com-
posites  increased  by  20%‒30%  compared  to  that  before  an-
nealing,  while  the elastic  modulus remained stable.  The ten-
sile properties of the pre-stretched PBC composites (see Figs.
7e and 7f) were significantly improved compared to those of
the  untreated  and  isothermally  annealed  samples.  Among
them,  the  tensile  properties  of  pure  PBC after  pre-stretching
were increased to (73.55±3.94) MPa ; the tensile properties of
the PBC composites also significantly improved to varying de-
grees.  The  tensile  properties  of  PBC/SiO2 composites  have
been  greatly  improved  after  stretching,  and  their  tensile
properties have been improved to (83.26±5.00) MPa, which is
13.20% higher than that of pure PBC after pre-stretching, and
their elongation at break was comparable to that of pure PBC.
Other  PBC  composites  have  different  degrees  of  improve-
ment  after  pre-stretching,  and  the  order  of  improvement  is:
PBC/ZnO  >  PBC/TiO2 >  PBC/MgO  >  PBC/Al2O3>  PBC/CaSO4.
The  tensile  strengths  of  PBC/Al2O3 and  PBC/CaSO4 after  Pre-
stretching is  not significantly different from that of  neat PBC
after  pre-stretching,  but  the  elongation  at  break  was  signifi-
cantly reduced, and the yield strength of the PBC composites
after  pre-stretching  was  significantly  improved  compared
with  that  after  unannealing  and  isothermal  annealing.
Among  them,  the  highest  yield  strength  is  that  of  PBC/MgO
(70.97 MPa),  which is  3.58 times higher  than that  of  untreat-

ed PBC/MgO and 4.81 times higher than that of neat PBC.
The  crystallinity  and  mechanical  properties  of  PBC  and  its

composites  under  untreated,  isothermal  annealing,  and  pre-
stretching  conditions  are  shown  in Fig.  8.  A  comprehensive
analysis of the relationship between the crystallinity and me-
chanical  properties  of  PBC  and  its  composites  showed  that
the crystallinity of untreated materials was higher than that of
PBC/MgO and PBC/ZnO, but the mechanical properties of the
materials were relatively concentrated, indicating that the ad-
dition  of  a  nucleating  agent  can  improve  the  mechanical
properties and crystallinity of the materials. In addition, to fur-
ther  investigate  the  performance  changes  of  the  PBC  com-
posites after isothermal annealing and pre-stretching modifi-
cation,  the  mechanical  properties  and  crystallinity  of  the
PBC/SiO2 composites  were  analyzed.  It  was  found  that  the
modified  PBC/SiO2 composites  had  almost  the  same  crystal-
lization performance as the other materials, and the mechani-
cal  properties  were significantly  improved.  On this  basis,  the
optimization of the particle size and content of inorganic nu-
cleating agents will be based on the PBC/SiO2 composites.
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CONCLUSIONS

This  study  systematically  explored  the  effects  of  different  inor-
ganic nucleating agents, isothermal annealing, and pre-stretch-
ing  processes  on  the  crystallization  behavior  and  mechanical
properties of PBC. The dispersion and interfacial compatibility of
nucleating agents  are  key  factors  that  influence the properties
of PBC. SiO2 and ZnO were uniformly dispersed within the PBC
matrix  with  good  interfacial  adhesion,  significantly  enhancing
the storage modulus, crystallization rate, and thermal stability of
the material.  In contrast, TiO2 and Al2O3 exhibit agglomeration,
leading  to  interfacial  defects  and  limited  mechanical  enhance-
ment.  Isothermal  annealing  and  pre-stretching  can  synergisti-
cally improve the crystallinity and mechanical properties of the
PBC  composites.  Annealing  promoted  crystal  growth,  whereas
pre-stretching  induced  crystal  orientation.  Combined  with  nu-
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cleating  agents,  these  treatments  synergistically  increased  the
tensile strength of PBC/SiO2 by over 117% compared to the un-
treated  sample,  demonstrating  a  notable  synergistic  enhance-
ment  effect.  Crystallinity  is  positively  correlated  with  mechani-
cal  performance.  Comprehensive  analysis via DSC  and  tensile
tests  revealed  that  increased  crystallinity  was  positively  associ-
ated  with  improvements  in  the  tensile  strength  and  modulus,
particularly under annealing and pre-stretching conditions. The
SiO2 nucleating  agent  combined  with  the  post-treatment  pro-
cess  exhibited  the  best  overall  performance.  Among  the  stud-
ied  systems,  PBC/SiO2 demonstrated  superior  performance  in
dispersion  homogeneity,  crystallization  kinetics,  thermal  re-
silience,  and  mechanical  reinforcement,  facilitating  its  imple-
mentation  in  film  and  packaging  applications.  This  study  not
only elucidates the regulatory mechanisms of nucleating agents
and post-processing on PBC properties but also offers a feasible
technical pathway for the crystallization modification and high-
performance development of polymeric materials.  Future work
should focus on further optimizing the particle size and content
of  inorganic  nucleating  agents  based  on  the  PBC/SiO2 system,
expanding  its  potential  applications  in  flexible  electronics,
biomedical materials, and other fields.
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