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Abstract    Polylactide  (PLA)  has  often  been  blended  with  biodegradable  poly(butylene  adipate-co-terephthalate)  (PBAT)  to  improve  its

toughness.  However,  the  strength  and  heat  resistance  of  PLA  are  always  sacrificed.  Herein,  exchangeable  hydroxyl-ester  crosslinks  are

constructed  in  PLA/PBAT  blends  by  successively  introducing  a  tertiary  amine-containing  polyol,  bis-(2-hydroxyethyl)amino-tris

(hydroxymethyl)methane (BTM) and 4,4’-diphenylmethane diisocyanate (MDI) via reactive blending. BTM can react with both PLA and PBAT by

transesterification, generating PLA or PBAT chains with terminal or pendant hydroxyl groups, which can then react with MDI to form networks.

With internal catalysis of tertiary amine moiety in BTM, transesterification between the residual hydroxyl groups and ester bonds can occur at

high temperatures, endowing the PLA/PBAT network with vitrimeric properties. Owning to the transesterification and chain extension reactions

with MDI between PLA and PBAT, the interfacial adhesion is greatly improved. As a result of the excellent interfacial adhesion and the network

structure,  the  prepared  PLA/PBAT  blends  show  greatly  enhanced  heat  resistance  and  toughness  (more  than  40  times  that  of  PLA)  while

maintaining  high  stiffness  comparable  to  PLA.  Furthermore,  the  prepared  PLA/PBAT  blends  exhibit  promising  reconfigurable  shape  memory

behavior. The present work provides a new and facile way to achieve high-performance and functional biodegradable polymeric materials.
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INTRODUCTION

Plastics have indispensable applications in daily life, but plastics
at  their  end  of  life  have  brought  about  serious  environmental
problems.  It  is  estimated  that  global  plastic  waste  will  reach
about  12  billion  tons  by  2050.[1] The  pandemic  of  Covid-19
makes  the  situation  worse  due  to  the  huge  consumption  of
facemasks  and  gloves.[2] To  address  plastic  pollution,  many
efforts  have  been  made  to  develop  biodegradable  plastics
alternatives,  which is  considered as one of the most promising
solutions.[3,4] Among  biodegradable  plastics,  polylactide  (PLA)
has  seen  significant  commercial  growth  because  of  its
renewable  and  low-cost  nature,  high  mechanical  strength  and
good  biocompatibility.[5,6] However,  the  brittleness  and  poor
resistance  to  heat  deformation  of  PLA  prevent  it  from  being
applied  widely  in  advanced  engineering  fields  such  as
automotive industries, electronics, and biomedical devices.[7,8]

To  toughen  PLA,  it  is  often  blended  with  flexible
polymers,[9−11] especially with biodegradable polyesters, such
as  poly(butylene  adipate-co-terephthalate)  (PBAT),[12−14]

poly(propylene  carbonate)  (PPC)[15,16] and  polycaprolactone
(PCL),[17,18] which  can  maintain  its  biodegradability.  In  this
way, compatibilizers are usually needed due to the poor mis-
cibility  between  different  polyesters.  Additionally,  the  stiff-
ness  and  heat  resistance  are  often  compromised.  In  this  re-
gard,  additional  annealing  treatment  or  nucleating  agents
can be used to improve the crystallinity of PLA, and thus im-
prove the stiffness and heat resistance of the blends,[19−21] but
it usually still needs an annealing process to achieve a satisfy-
ing crystallinity, which would increase the complexity of pro-
cessing  and  defective  rate  of  the  products.  Apart  from  pro-
moting  crystallinity,  crosslinking  is  another  effective  way  to
improve the stiffness and the heat resistance of a linear poly-
meric  material  including  PLA.[22,23] However,  permanent
crosslinks  would  make  the  material  lose  its  thermoplasticity,
which  prevents  the  material  from  being  fabricated  by  a
straightforward  melting  blending  and  hot  pressing,  thus  a
post-curing process is often necessary, for example crosslink-
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ing  by  radiation.[24] Moreover,  once  the  material  is  cross-
linked, it cannot be reshaped and reprocessed, causing recyc-
ling problems shared with thermosets.

A  novel  kind  of  polymer  material  crosslinked  with  ex-
changeable  covalent  bonds,  named  vitrimers,  have  received
much  attention  in  the  past  decade,  as  they  can  be  repro-
cessed  like  thermoplastics  although  they  are  permanently
crosslinked.[25,26] The  unique  properties  of  vitrimers  are  en-
abled  by  the  rearrangement  of  network  topology  resulting
from the exchange reactions between the covalent bonds at
high  temperatures.  The  concept  of  vitrimers  has  been  intro-
duced  to  commercially  available  thermoplastics  including
polystyrene,[27] polymethyl  methacrylate,[27,28]

polyethylene,[27,29] polypropylene,[30] poly(butylene  tereph-
thalate),[31] and  polyethylene  terephthalate,[32] to  improve
their  mechanical  properties  and  resistance  to  thermal  and
solvents  deformation,  while  maintaining  their  thermal  pro-
cessability. PLA vitrimers have also been reported due to their
bio-based and biodegradable nature.[33−35] Hillmyer et al. first
demonstrated  a  PLA  vitrimer,  which  was  prepared  by  using
methylenediphenyl  diisocyanate  to  crosslink  a  synthesized
hydroxyl-terminated  star-shaped  PLA.  The  residual  hydroxyl
groups  in  the  system can react  with  ester  groups  in  the  PLA
backbone via transesterification  under  the  catalysis  of
Sn(Oct)2 at  high  temperatures,  thus  endowing  the  material
with  vitrimeric  properties.[33] Very  recently,  Bao et  al.  fabri-
cated a  PLA vitrimer by two-step alcoholysis  and transesteri-
fication via reactive  processing in  order  to  improve the  melt
strength of PLA and as such for better foaming performance.
However,  the  obtained  PLA  vitrimer  are  quite  brittle  with  a
tensile strain of about 1% and a tensile strength of around 29
MPa.[35]

In  this  study,  we  incorporated  exchangeable  covalent
bonds  into  commercial  PLA/PBAT  blends  by  reactive  blend-

ing.  PLA/PBAT  was  first  blended  with  a  tertiary  amine-con-
taining  polyol,  bis-(2-hydroxyethyl)amino-tris  (hydroxy-
methyl)methane (BTM), which can inset in PLA or PBAT chains
by  internally  catalyzed  transesterification,  forming  PLA  or
PBAT chains with terminal or pendant hydroxyl groups. After-
ward, 4,4’-diphenylmethane diisocyanate (MDI) was added to
react  with  the  hydroxyl  groups  and  connect  the  polymer
chains  as  a  crosslinking  agent.  At  last,  PLA/PBAT  networks
were achieved (Fig.  1).  During the reactive blending, internal
catalyzed  transesterification  occurs  between  residual  hy-
droxyl  groups  and  ester  groups  in  PLA  or  PBAT  backbone,
thus  the  prepared  PLA/PBAT  networks  possess  vitrimeric
properties,  which  can  be  subject  to  melt  blending  and  sub-
sequent hot pressing. Due to the confinement of the network
structure, the prepared PLA/PBAT networks shows greatly im-
proved resistance to heat  deformation.  Importantly,  because
of the interfacial transesterification and chain extension reac-
tions between PLA and PBAT, the vitrimeric PLA/PBAT blends
present  excellent  interfacial  adhesion.  As  a  result,  both  the
mechanical strength and toughness of the blends are signifi-
cantly  improved,  showing  a  good  balance  between  stiffness
and  toughness.  Moreover,  the  resultant  PLA/PBAT  blends
present promising reconfigurable shape memory behavior.

EXPERIMENTAL

Materials
A  commercially  available  PLA  (4032D)  was  purchased  from
Nature  Works  LLC  (Minnetonka,  MN).  It  has  a  density  of  1.24
g/cm3 and a weight-average molecular weight (Mw) of 2.07×105

g/mol.  The  melting  point  (Tm)  of  PLA  is  159.2  °C.  PBAT  with  a
density of 1.22 g/cm3, was supplied by Kanghui New Material of
Hengli Petrochemical Co., Ltd. (China). The melting point (Tm) of
PBAT is 116 °C. The antioxidant (Irganox 1076) was supplied by
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Fig. 1    Schematical illustration of the preparation of vitrimeric PLA/PBAT blends based on transesterification by reactive blending.
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BASF. 2,2-Bis(hydroxymethyl)-2,2′,2″-nitrilotriethanol (BTM, 99%)
and  4,4′-methylene  bis  (phenyl  isocyanate)  (MDI,  98%)  were
purchased from Macklin Inc.

Preparation of the Vitrimeric PLA/PBAT Blends
PLA and PBAT pellets were dried at 70 °C overnight in a vacuum
oven  to  remove  water  and  cooled  to  room  temperature
naturally  before  use.  PLA/PBAT  and  the  additives  were  melt-
blended in a Haake internal mixer at 180 °C.  The mixing speed
was set to 60 r/min. Specifically, the dried PLA, PBAT and Irganox
1076 were first mixed for 3 min, followed by the addition of BTM
and mixing for another 7 min.  Thereafter,  MDI was added, and
the  mixture  was  continued  to  be  compounded  for  10  min.  At
last,  the  samples  were  obtained  by  hot-pressed  for  10  min  at
180  °C.  The  neat  PLA/PBAT  was  prepared  by  the  same
procedure  but  without  adding  BTM  and  MDI.  The  crosslinked
samples are coded as PLA/PBAT- xB/M, in which x represents the
feeding weight ratio of BTM to the polymer matrix (PLA/PBAT).
The  weight  ratio  of  PLA  and  PBAT  is  85/15  if  not  specifically
noted. The amount of MDI was determined by the molar ratio of
the  isocyanate  groups  to  the  hydroxyl  group  of  BTM,  which  is
controlled  to  be  1:1.  This  ratio  allows  the  sample  to  have  a
relative high crosslinking density while still be able to relax fast
due to the difficulty of complete conversion of the isocyanates
in MDI.[33] The formula of the samples is listed in Table 1.

Characterizations
Fourier  transform-infrared  spectroscopy  (FTIR)  reflectance
spectra  were  recorded  on  an  FTIR  spectrometer  (Is50,  Thermo
Nicolet, USA) in a range of 3500−500 cm−1 with a resolution of 4
cm−1 and a scanning number of 32.

Gel  permeation  chromatography  (GPC,  Waters  1515,  USA)
measurements was used to get the average molecular weight
(Mw)  and  polydispersity  index  (PDI).  Tetrahydrofuran  was
used as the eluent (1 mL/min) to maintain good solubility and
a polystyrene (PS) standard was used for calibration.

The gel  content  of  the samples was estimated by measur-
ing  its  insoluble  part  in  a  dried  sample  after  placing  it  in  a
Soxhlet  apparatus  extracted  with  THF  for  24  h  at  room  tem-
perature. The gel fraction was calculated as follows:

Gel fraction (%) = Wd/Wi × 100% (1)

where Wi is the initial weight of the dried sample and Wd is the
weight  of  the  dried  insoluble  part  of  the  sample  after  Soxhlet
extraction.

The melt indexes of the samples were measured according
to national standard GB/T 3682-2000. The melting index is set
as 190 °C and the load mass is set as 2.16 kg. The mass of the
samples  passing  through  the  die  port  in  15  s  was  measured
for three times, and the average value was converted into the
mass of the sample passing through the die port in 10 min.

Dynamic thermomechanical analysis (DMA), heat deforma-

tion measurements,  creep TTS tests were performed on a TA
Q800 DMA apparatus with a rectangular  sample of  10 (l)  × 4
(w)  ×  0.5  (t)  mm at  the tensile  mode.  For  DMA tests,  the fre-
quency and strain were set as 1 Hz and 0.1%, respectively. The
scanning temperature window was −50 °C to 200 °C and the
heating  rate  was  3  °C/min.  For  heat  deformation  measure-
ments, the strain of the sample was recorded by heating from
40  °C  to  200  °C  at  5  °C/min  with  a  stress  of  0.05  MPa.  Creep
TTS tests  were carried out  from 40 °C to 75 °C in  intervals  of
5  °C.  During  the  measurement  of  each  isotherm,  a  constant
force of 0.05 MPa was applied for 5 min followed by a 10 min
recovery period.

Stress  relaxation  tests  and  frequency  sweeps  at  high  tem-
peratures were carried out on an Anton Paar Rheometer MCR
302e under N2 protection at a strain of  0.5% and 0.1%, relat-
ively.

Differential  scanning  calorimetry  (DSC)  measurement  was
performed  under  a  nitrogen  atmosphere  using  a  Germany
204 F1 apparatus to determine the glass transition temperat-
ures (Tg) and melting points (Tm) of the samples. Consecutive
heating-cooling-heating runs  were  performed under  N2 flow
in a temperature window of 40 °C to 200 °C with a rate of 10
°C/min. The second heating curve was adopted for analysis.

The  dumbbell-shaped  splines  with  a  length  of  40  mm,  a
width of 4 mm, and a thickness of 0.5 mm were prepared by
hot  pressing  the  samples  with  a  flat  vulcanizer  (Dongguan
Kanyan Co.,  China).  The tensile test was carried out on a uni-
versal  testing  machine  (5967X,  TW  Co.,  American)  according
to the national standard GB/T 528-2009. At least 6 specimens
were measured for each sample. The extension rate was set as
10 mm/min.

Morphologies of the samples were observed using a scan-
ning electron microscope (SEM, S-4800, Japan).

The degradation behaviors of the samples were estimated
in  the  NaOH  solution  (pH=13)  and  in  compost.  For  the  de-
gradation  behavior  in  NaOH  solution,  the  weight  ratio  of
NaOH solution to the samples was controlled to be 200:1. The
samples were taken out at fixed intervals and dried in a vacu-
um oven before weighing. The weight loss percentage (WL) of
the samples was recorded, which was calculated as follows:

WL = W0 −Wt/W0 × 100% (2)

where W0 and Wt are  the  initial  weight,  and  the  weight  at
different times of degradation, respectively. For the degradation
behavior  in  compost,  PLA/PBAT  film  samples  were  buried  in  a
degradation  box  under  constant  temperature  and  humidity
(40  °C,  60%RH).  The  composition  of  the  compost  degradation
box is: 360 g of wood chips, 90 g of starch, 45 g of sugar, 27 g of
edible oil, 18 g of urea, 270 g of rabbit food, 900 mL of deionized
water,  500  g  of  soil,  and  50  g  of  leaves  and  other  corrosive
substances.

 

Table 1    The formula of the vitrimeric PLA/PBAT blends.
 

Samples PLA (g) PBAT (g) BTM (g) MDI (g) Irganox 1076 (g)

PLA/PBAT 85 15 0 0 0.3
PLA/PBAT-1B/M 85 15 1 3 0.3

PLA/PBAT-1.5B/M 85 15 1.5 4.5 0.3
PLA/PBAT-2B/M 85 15 2 6 0.3
PLA/PBAT-3B/M 85 15 3 9 0.3
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The shape memory behavior was investigated on a TA DMA
Q800.  Before  deformation,  the  sample  was  heated  at  90  °C
and equilibrated for 5 min. First, the sample was stretched to
a set stress of 0.15 MPa. Then, the sample was cooled to 25 °C
at  5  °C/min  before  the  load  was  removed,  yielding  a  setting
strain  of εs.  Thereafter,  the stress  exerted on the sample  was
unloaded, followed by an additional 5 min of isothermal step
to  ensure  that  the  shape  was  fixed  at  25  °C,  leaving  a  fixed
strain εf. At last, the sample was reheated to 90 °C at 5 °C/min
to recover the strain,  and the final stain was εr.  The shape fix
ratio (Rf)  and shape recovery ratio (Rr)  were calculated as fol-
lows:

Rf = εf/εs × 100% (3)

Rr = (εf − εr)/εf × 100% (4)

For the reconfigurable shape memory behavior, the sample
was first reconfigured at 170 °C in a vacuum oven for 10 min,

and then programmed at 90 °C for 2 min, and cooled at 25 °C.
The final recovery process was conducted at 90 °C in hot wa-
ter to conveniently take pictures or videos.

RESULTS AND DISCUSSIONS

The Network Formation
During  the  reactive  blending  process,  BTM  that  has  a  tertiary
amine moiety can break up and insert into PLA/PBAT chains via
internally  catalyzed  transesterification,  bringing  in  plenty  of
pendant or terminal hydroxyl groups to PLA or PBAT chains,[32]

which  can  then  react  with  MDI  to  form  a  network  structure
(Fig.  1).  FTIR  was  carried  out  to  characterize  the  reactions.  As
shown in Fig.  2(a),  after adding BTM into PLA/PBAT matrix,  the
characteristic  absorption  at  around  3300  cm−1 ascribed  to  the
stretching  vibration  of ―OH  is  observed,  which  is  then
disappeared  after  adding  MDI.  In  addition,  the  characteristic

 

 
Fig. 2    (a) FTIR spectra and (b) GPC curves of PLA/PBAT, PLA/PBAT-1.5B and PLA/PBAT-1.5B/M, the inset table lists the corresponding Mn, Mw and
PDI;  (c)  Gel  fraction of  the samples;  (d)  Photo for the samples immersed in THF for 24 h,  the samples from left  to right are neat PLA/PBAT and
PLA/PBAT-B/M with increasing BTM amount, and (e) photos for PLA/PBAT-2B/M after reactive blending and after hot pressing.
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absorption  at  around  1530  cm−1 attributed  to  the  stretching
vibration  of  amide  (II)  is  found  after  adding  MDI.  These  results
confirm the reaction between ―OH and ―NCO in the blends.
Besides,  the  absence  of  characteristic  absorption  for ―NCO
indicates  a  full  consumption  of  MDI.  Moreover,  the  decreased
molecular  weight  with  a  wider  polydispersity  index  for  the
PLA/PBAT blend after  adding BTM, give additional  evidence to
the  scissor  effect  of  BTM  on  the  polyester  chains  through
transesterification  (Fig.  2b).[32] The  network  structure  of
PLA/PBAT-B/M is demonstrated by the increasing torque during
blending, the frequency sweep at 170 °C (Figs. S1 and S2, in the
electronic  supplementary  information,  ESI)  and  gel  fractions
obtained  by  Soxhlet  extraction  using  tetrahydrofuran  as  the
solvent. As shown in Fig. 2(c), the gel fraction of the PLA/PBAT-
B/M  increases  with  increasing  amounts  of  BTM  and  MDI,
indicating an increased crosslinking degree.  The gel  fraction of
PLA/PBAT-2B/M  and  PLA/PBAT-3B/M  is  higher  than  80%,
suggesting  a  well-crosslinked  network. Fig.  2(d)  displays  the
photos of the samples immersed in THF for 24 h. The PLA/PBAT-
B/M  was  swelling  while  the  neat  PLA/PBAT  was  dissolved.
Although  PLA/PBAT-B/M  were  crosslinked,  they  are
thermoplastic  as  demonstrated  by  the  smooth  surface  of  the
samples  after  blending  and  hot-pressing  (Fig.  2e).  This  is
because  transesterification  between  the  residual  hydroxyl

groups and ester groups in the PLA or PBAT backbone occurred
during  reactive  blending  and  hot  pressing,  leading  to  the
rearrangement of network topology, thus endowing PLA/PBAT-
B/M with vitrimeric properties.[33] These vitrimeric properties are
also  demonstrated  by  the  stress  relaxation  behavior  of
PLA/PBAT-2B/M at high temperature range (170−190 °C) (Fig. S3
in  ESI).  However,  the flowability  of  the PLA/PBAT-B/M is  not  as
good as the neat PLA/PBAT blends as implied by the decreased
melting index values (Fig. S4 in ESI).

Thermal Properties
The  heat  resistance  of  the  blends  was  investigated  by  heat
deformation curves obtained from dynamic mechanical analysis
(DMA). As shown in Fig. 3(a), the strain increases with increasing
temperature. An upturn beginning at around 80 °C is found for
all the samples, which is attributed to the sharp decrease of the
stiffness  due  to  the  glass  transition  of  PLA.  It  is  seen  that  the
deformation  is  much  slower  for  PLA/PBAT-B/M  than  neat
PLA/PBAT,  which  indicates  significantly  enhanced  heat
resistance and dimensional stability of PLA/PBAT-B/M owning to
the network  structures.  When the  temperature  rises  to  around
120 °C, a plateau is observed for neat PLA/PBAT and PLA/PBAT-
1B/M  with  a  low  crosslinking  degree.  This  can  be  ascribed  to
enhanced  deformation  resistance  because  of  the  cold
crystallization  of  PLA,  which  forms  a  physical  crosslinked
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Fig.  3    (a)  Heat  deformation  curves  of  neat  PLA/PBAT  and  PLA/PBAT-B/M,  the  inset  picture  shows  PLA/PBAT  and  PLA/PBAT-2B/M  after  test;
(b) Creep TTS curves for PLA/PBAT and PLA/PBAT-2B/M; (c) Dependences of E'  and (d) dependences of tanδ on temperature for neat PLA/PBAT
and PLA/PBAT-B/M.
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network. As to PLA/PBAT-B/M with a higher crosslinking degree,
the  plateau  becomes  hard  to  distinguish,  suggesting  cold
crystallization is suppressed due to the confined chain mobility
by  cross-linking,  which  is  also  manifested  by  the  decreased
melting  enthalpy  in  DSC  (Fig.  S5  in  ESI).  Above  160  °C,  the
crystallization  is  melted,  leading  to  a  sharp  strain  increase  for
neat  PLA/PBAT  and  PLA/PBAT-1B/M.  By  contrast,  the  strain  of
PLA/PBAT-B/M  with  a  higher  crosslinking  degree  increases
much  slower.  However,  we  can  still  observe  deformation  in
those  samples.  This  can  be  attributed  to  the  network
rearrangement  because  of  the  exchange  of  hydroxyl  groups
and  ester  bonds,  which  is  envisioned  to  happen  above  about
100  °C,[25,33] as  well  as  the  still  insufficient  crosslinking  degree.
Overall,  PLA/PBAT-B/M  presents  much  higher  heat  resistance
and  dimensional  stability  than  neat  PLA/PBAT.  If  we  compare
the  temperature  at  20%  strain  of  the  samples,  it  can  be
observed that  the temperature at  20% strain greatly  improved
with  increasing  crosslinking  degree  of  PLA/PBAT-B/M  blends.
Typically, the temperature at 20% strain of PLA/PBAT-2B/M (198
°C)  is  90  °C  higher  than  that  of  neat  PLA/PBAT  (108  °C).
Moreover,  as  seen  from  the  inset  pictures  that  display  the
samples  of  neat  PLA/PBAT  and  PLA/PBAT-2B/M  after  the  test,
PLA/PBAT-2B/M keeps its shape while neat PLA/PBAT is melted
and  permanently  deformed.  The  parameters  of  thermal
properties for the samples are listed in Table S1 (in ESI).

Additionally,  creep  TTS  measurements  for  neat  PLA/PBAT
and  PLA/PBAT-2B/M  were  carried  out  and  the  curves  are
shown  in Fig.  3(b).  It  can  be  seen  that  the  creep  strain  of
PLA/PBAT-2B/M  at  different  temperatures  is  significantly
lower compared to that of neat PLA/PBAT. Besides, the recov-
ery  curve  of  PLA/PBAT-2B/M  is  convergent  while  that  of
PLA/PBAT is divergent.  The creep strain of PLA/PBAT-2B/M is
fully recovered at 75 °C, indicating an essential elastic deform-
ation  of  PLA/PBAT-2B/M  due  to  the  cross-linked  network
structure.  It  should  be  mentioned  that  the  reason  that  the
creep recovery is not complete at lower temperatures can be
the  limited  chain  mobility  resulting  from  insufficient  glass
transition.  These results  further illustrate that the heat resist-
ance and dimensional  stability  of  PLA/PBAT-B/M are  signific-
antly improved by introducing dynamic covalent crosslinks.

Figs. 3(c) and 3(d) show the dependences of storage modu-
lus  (E')  and  loss  factor  (tanδ)  on  temperature  for  neat
PLA/PBAT and PLA/PBAT-B/M. With the temperature rising, E'
of all the samples exhibits a sharp decrease upon glass trans-
ition, followed by an increase due to crystallization and a final
decrease  because  of  the  melting  of  the  crystals.  For
PLA/PBAT-B/M  with  a  higher  crosslinking  degree,  a  plateau
can be found above the melting point,  suggesting an elastic
network structure.  It  is  noticed that the E'  of  PLA/PBAT-3B/M
at  the  plateau  region  is  lower  than  that  of  PLA/PBAT-2B/M.
The reason for  this  phenomenon might  be that  the polymer
chains  were  scissored  too  much  by  BTM  in  PLA/PBAT-3B/M,
resulting in some short or branched chains that can be act as
plasticizers.  The  crystallization  of  PLA/PBAT  matrix  is  gradu-
ally suppressed with an increasing crosslinking degree, which
is consistent with the above results (Fig. 3a and Fig. S5 in ESI).
Because  of  the  confinement  of  crosslinking  points  on  the
chain  segments  mobility,  the  glass  transition  temperatures
(Tgs)  read  from  tanδ curves  of  both  PLA  and  PBAT  are  im-

proved accompanied by decreasing peak intensity after cross-
linking  (Fig.  3d).  Typically,  compared  to  neat  PLA/PBAT,  the
Tgs  of  PBAT  and  PLA  in  PLA/PBAT-3B/M  are  increased  by  14
and  5  °C,  respectively.  These  results  also  indicate  that  the
crosslinking  reactions  occurred  in  both  the  PBAT  phase  and
PLA phase. Notably, the Tg of the PBAT phase increases more
significantly  than  that  of  the  PLA  phase,  which  may  imply  a
higher  crosslinking  degree  in  the  PBAT  phase  due  to  a  pos-
sible  higher  reactivity  of  PBAT.[36] Besides,  the  difference
between Tgs  of  PBAT  and  PLA  becomes  closer,  suggesting
better  compatibility  between  PBAT  and  PLA  after  crosslink-
ing.  This  is  expectable  since  interfacial  reactions  between
PBAT  and  PLA  including  transesterification  and  chain  exten-
sion with MDI would occur during sample preparation, which
greatly  enhances  the  interfacial  adhesion and reduce the  in-
terfacial tension.

Morphological Structure
The compatibility between PBAT and PLA is further revealed by
the  phase  morphology  of  the  blends. Fig.  4 presents  the  SEM
images  of  neat  PLA/PBAT  and  PLA/PBAT-1.5B/M.  The  neat
PLA/PBAT  displays  a  coarse  phase-separated  morphology,
where  spherical  PBAT  granules  with  relatively  large  sizes
ranging from 0.5 μm to 2 μm are dispersed in the PLA matrix. In
addition,  extensive  interfacial  debonding  is  observed
throughout the image as marked by the arrows in Figs. 4(a) and
4(c),  suggesting  that  PBAT  and  PLA  are  poorly  miscible.
Concerning  PLA/PBAT-1.5B/M,  the  size  of  PBAT  granules  is
greatly  decreased  and  the  interface  is  blurry  that  is  hard  to
distinguish,  which  indicates  the  remarkably  improved
compatibility  and  interfacial  adhesion  between  PBAT  and  PLA
due  to  the  interfacial  transesterification  and  chain  extension
reactions. The greatly improved compatibility between PLA and
PBAT by crosslinking herein is also observed in PLA70/PBAT30-
1.5B/M, which has a higher content of PBAT (the weight ratio of
PLA to PBAT is 70/30), as shown in Fig. S6 (in ESI).

Mechanical Properties
The mechanical properties of the blends were studied. Fig. 5(a)
presents  the  stress-strain  curves  of  neat  PLA,  neat  PLA/PBAT,
and  PLA/PBAT-B/M.  The  fracture  energy  that  represents  the
 

 
Fig. 4    SEM images of the cross-sections of (a, c) neat PLA/PBAT and
(b, d) PLA/PBAT-1.5B/M.
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toughness  of  a  material  was  calculated  from  the  integration
area of the stress-strain curves and is presented in Fig. 5(b). The
related values of mechanical properties are listed in Table S2 (in
ESI). From Fig. 5(a), we can see that the ductility and toughness
of  PLA  are  significantly  improved  after  blending  with  PBAT
(PLA/PBAT=85/15),  but  the  tensile  strengths  at  yielding  and  at
break  decrease  obviously  because  of  the  soft  nature  of  PBAT.
After  incorporating  the  crosslinks,  both  the  strength  and  the
toughness are enhanced significantly, and they increase with an
increasing  amount  of  BTM  when  BTM  feeding  ratio  does  not
exceed  3%.  The  toughness  is  decreased  for  PLA/PBAT-3B/M,
which may be due to the overwhelming scissors of the polymer
chains  and  crosslinking  density.  Typically,  the  strengths  at
yielding and at break are improved from 45.3 MPa and 30.2 MPa
(values on average, hereinafter) for neat PLA/PBAT to 50.2 MPa
and  45.3  MPa  for  PLA/PBAT-2B/M,  respectively.  At  the  same

time, the fracture energy of PLA/PBAT-2B/M is 93 MJ/m3, which
is 21 MJ/m3 higher than that of neat PLA/PBAT. Impressively, the
tensile  strength  at  yielding  and  at  break  of  PLA/PBAT-2B/M  is
slightly lower or comparable to those of neat PLA (53.1MPa and
46.3 MPa), yet the fracture energy is more than 40 times that for
PLA, showing a good balance between strength and toughness.

A  comparison  of  tensile  strength  and  elongation  at  break
for  PLA/PBAT-B/M,  with  those  of  the  PLA/PBAT  blend  repor-
ted in  previous studies,  is  made and presented in Fig.  6.  It  is
demonstrated that PLA/PBAT-2B/M possesses a satisfying bal-
ance  between  strength  and  toughness.  The  concurrent  im-
provement  of  strength  and  toughness  of  PLA/PBAT-B/M  can
be  ascribed  to  the  synergetic  contribution  of  the  covalently
crosslinked network structure and the greatly improved inter-
facial  interactions  between  PLA  and  PBAT  that  promotes
transfer loading. Significant improvements in the mechanical
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Fig. 5    (a) Stress-strain curves and (b) fracture energy for neat PLA and PLA/PBAT-B/M.

 

 
Fig.  6    Comparison  of  tensile  strength  and  elongation  at  break  for  PLA/PBAT-B/M,  to  those  of  the  PLA/PBAT  blend  reported  in  the
literature.[13,36−49]
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properties are also achieved when varying the weight ratio of
PLA  and  PBAT  (Fig.  S7  in  ESI).  In  addition,  the  mechanical
properties  of  PLA/PBAT-M  with  only  MDI  but  not  BTM  were
tested  to  demonstrate  the  advantage  of  constructing  a  net-
work over only chain extension. The tensile strength at yield-
ing and at break of PLA/PBAT-M is significantly lower than its
counterparts  PLA/PBAT-1.5B/M,  although  the  elongation  at
break  is  higher  due  to  the  plasticizing  effect  of  excess  MDI
(Fig. S8 in ESI).

Shape Memory Behavior
Shape memory polymers are a kind of smart polymer materials
that  can  memorize  their  temporary  shape  and  recover  the
permanent shape under external stimuli, such as heat, light, pH,
etc.[50] They  have  wide  applications  in  medical  care,  electronic
communications, aerospace, and among others. Semicrystalline
PLA  can  be  used  as  shape  memory  polymers,  in  which  the
crystalline phase and amorphous phase act as the fix phase and
the  reversible  phase,  respectively.  However,  very  low
crystallinity after regular processing and the brittle nature of PLA
greatly  limits  its  application  as  a  shape  memory  polymer.[51,52]

Herein, the prepared PLA/PBAT-B/M has good toughness with a
network  structure,  thus  we  envisioned  that  it  can  be  a  good
shape memory polymer. As proof of the concept, the thermally
triggered  shape  memory  behavior  of  neat  PLA/PBAT  and
PLA/PBAT-2B/M was explored by DMA. As shown in Fig. 7(a), the
permanent shape is deformed at 85 °C and fixed at 25 °C to yield
the temporary shape, followed by a recovery by reheating to 85
°C. The fixed ratio (Rf) for both PLA/PBAT and PLA/PBAT-2B/M is
as high as 100%. Owning to the good elasticity, PLA/PBAT-2B/M
possesses  a  recovery  ratio  (Rr)  of  93%.  By  contrast, Rr of

PLA/PBAT  is  only  44%. Fig.  7(b)  shows  the  photos  for  the
recovery  process  of  PLA/PBAT  (white)  and  PLA/PBAT-2B/M
(yellow) in hot water at 90 °C, which presents that the recovery
of  PLA/PBAT-2B/M  is  faster  and  more  complete  than  the  neat
PLA/PBAT. The corresponding video is attached as Video S1 (in
ESI).  These results demonstrate that the PLA/PBAT-2B/M shows
great  potential  to  be  used  as  smart  shape  memory  polymers.
Moreover,  the  permanent  shape  of  PLA/PBAT-2B/M  can  be
readily reconfigured due to its vitrimeric nature, which endows
the  sample  with  reconfigurable  shape  memory  performance
(Fig. 7c, Video S2 in ESI).

Degradation Behavior
To  reveal  whether  the  dynamic  covalent  network  containing
tertiary amine moieties  influences the degradation behavior  of
PLA/PBAT,  the  degradation  behavior  of  PLA/PBAT  and
PLA/PBAT-1.5B/M  in  NaOH  solution  (pH=13)  (Fig.  8)  and
compost (Fig. S9 in ESI) were investigated. Fig. 8(a) presents the
photos  of  the  samples  to  visually  demonstrate  the  change  of
the samples with time. The weight loss of the samples in NaOH
solution was recorded and compared as shown in Fig. 8(b). It is
found  that  PLA/PBAT-1.5B/M  has  a  lower  degradation  rate
compared  to  PLA/PBAT.  Although  there  are  tertiary  amine
moieties  in  PLA/PBAT-1.5B/M  that  may  act  as  a  catalyst  to
accelerate its degradation, the introduction of carbamate bonds
that  have  a  poorer  hydrolyzing  ability  than  the  ester  bonds  as
well  as  the  network  structure  prevents  the  degradation  of  the
PLA/PBAT-1.5B/M to a larger extent. However, it demonstrates a
more durable  nature  of  PLA/PBAT-B/M on the other  side.  How
to balance the stability and the fast degradability of degradable
materials in a simple way is still a big challenge.

 

 
Fig. 7    (a) Shape memory program for PLA/PBAT (Rf=100%, Rr=44%) and PLA/PBAT-2B/M (Rf’=100%, Rr’=93%); (b) Photos of the recovery process
of PLA/PBAT (white) and PLA/PBAT-2B/M (yellow) in hot water at 90 °C; (c) Photos of the reconfigure and program process of PLA/PBAT-2B/M.
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CONCLUSIONS

In  this  study,  vitrimeric  PLA/PBAT  blends  crosslinked  with
exchangeable  hydroxyl-ester  bonds  are  reported,  which  were
fabricated by straightforwardly melt-blending PLA/PBAT with a
tertiary amine-containing polyol, BTM, and a diisocyanate, MDI.
The network structures were confirmed by the high gel fraction
above  80%.  Yet,  the  resultant  crosslinked  blends  can  be
processed  by  reactive  blending  and  hot  pressing  due  to  their
vitrimeric nature endowed by the exchangeable hydroxyl-ester
bonds. Attributed to the network structure, the heat resistance
of the blends is greatly enhanced. Typically, the temperature at
20% increases by 80 °C for PLA/PBAT-2B/M, and the sample can
keep its shape after heating to 200 °C. In addition, the interfacial
compatibility  and  adhesion  between  PLA  and  PBAT  are
remarkably  improved  ascribed  to  interfacial  transesterification
and chain extension reactions. This further leads to significantly
improving  in  both  the  tensile  strength  and  toughness  of  the
blend. PLA/PBAT-2B/M possesses a tensile strength of 50.2 MPa
and  a  fracture  energy  of  93  MJ/m3,  which  exhibits  a  good
balance  between  strength  and  toughness.  Furthermore,  the
resultant  PLA/PBAT  blends  show  promising  reconfigurable
shape memory behavior with good recovery. This work offers a
promising  approach  to  fabricating  high-performance  and
functional  PLA/PBAT  blends,  which  is  envisioned  to  be  readily
extended to other fully biodegradable polyester blends.
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