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The inherent brittleness of polylactide (PLA) poses considerable scientific challenges and limits its large-scale
applications. Here, we propose and demonstrate a new industrially relevant methodology to develop a polylactide
(PLA)-based nanoblend having outstanding stiffness-toughness balance. In this approach, a hydroxyl functional
hyperbranched polymer (HBP) was in-situ cross-linked with a polyanhydride (PA) in the PLA matrix during melt
processing. There was formation of new hyperbranched polymer-based cross-linked particles in the PLA matrix.
Transmission electron microscopy (TEM) and atomic force microscopy (AFM) revealed the sea-island morphology
of PLA-cross-linked HBP blend. The domain size of cross-linked HBP particles in the PLA matrix was less than
100 nm as obtained from TEM. The presence of cross-linked hyperbranched polymer in the PLA matrix exhibited
∼570% and∼847% improvement in the toughness and elongation at break, respectively, as compared to unmodified
PLA. The increase in the ductility of modified PLA was related to stress whitening and multiple crazing initiated
in the presence of cross-linked HBP particles. Formation of a networked interface as revealed by rheological data
was associated with enhanced compatibility of the PLA-cross-linked HBP blend as compared to the PLA/HBP
blend. The cross-linking reaction of HBP with PA was confirmed with the help of Fourier transform infrared
spectroscopy (FTIR) and low-temperature dynamical mechanical thermal analysis (DMTA).

1. Introduction

There is an increased emphasis on the enhancement of
material properties with the structures engineered at nanometer
length scales. The inherently high surface-area-volume ratio
of nanometer-sized materials plays a key role in enhancing the
desired properties. Recently, nanostructure polymer blends
having a minority polymer phase with nanoscale dimensions
offered much promise because of enhanced thermomechanical
properties, optical transparency, and toughness in comparison
to conventional polymer blends. Reactive blending, utilizing the
concept of in-situ polymerization, and graft and block copo-
lymerization lead to the creation of nanostructure blends.1,2 So
far the nanostructure blending is restricted to a handful of
petroleum-based polymers, i.e., polyamide (PA), polypropylene
(PP), and poly(vinylidene fluoride) (PVDF).1-3 In the midst of
these polymers, polylactide (PLA) or polylactic acid is emerging
as a promising thermoplastic polyester because of its renewable
resource-based origin along with its biodegradability and
biocompatibility.4 PLA can exist in three stereochemical
forms: poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and
poly(DL-lactide) (PDLLA).5 The inherent brittleness of PLA has
been a major bottleneck for its large-scale commercial applica-
tions. Numerous approaches such as plasticization, block
copolymerization, blending with tough polymers, and rubber
toughening have been adopted to improve the toughness of
brittle polylactide bioplastic.6-9 The major drawbacks of these
methods are the substantial decreases in the strength and
modulus of the toughened polylactide. So, a polylactide-based
material having good stiffness-toughness balance along with
high biobased polylactide content is still elusive.

Previous research suggested that the brittleness of PLA is
due to the low entanglement density (Ve) and the high value of

characteristic ratio (C∞), a measure of chain stiffness.10-12 The
enantiomerically pure PLAs, such as PLLA and PDLA as well
as amorphous PLA, deform in a brittle fashion because of the
formation of crazes.13 Crazes are the microcracks bridged by
small fibrils and often lead to the catastrophic failure of a
polymer. In conventional polymers, polystyrene (PS) is a
classical example of a craze-forming polymer.14 Micron-scale
rubber particles are usually dispersed in the PS matrix to enhance
its toughness. In conventional rubber toughening, some of the
major drawbacks are incompatibility between rubber particles
and the polymer phase, high shear processing, and increased
melt viscosity.

In the midst of polymers having conventional molecular
architecture such as linear, branched, and cross-linked, hyper-
branched polymers (HBP) are the emerging additives, which
fall in the category of dendritic polymers and are gaining
attention because of their unique structures and properties.
Hyperbranched polymers encompass highly branched nano-
scopic structures having high peripheral functionalities.15 They
are polydisperse and can be prepared in a one-pot synthesis
unlike dendrimers, making the former less costly. The role of
hyperbranched polymers is reported as processing aids, branch-
ing agents, compatibilizers, and tougheners for conventional
thermoplastics and thermosets.16-19 However, the unique physi-
cal properties and high peripheral functionalities of HBP offer
many other pathways for polymer modification. HBP can play
a role of novel building blocks for generating new nanostructures
inside a polymer matrix ranging from core-shell to highly
networked morphologies. In our recent findings,20 cross-linking
of hydroxyl functional hyperbranched polyesters in the PLA
matrix is demonstrated as a new method to overcome its
brittleness, and the modified PLA showed promise in various
applications.

In this paper, we report the creation of a novel polylactide
(PLA)-based nanoblend by in-situ generation of new hyper-
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branched polymer (HBP)-based nanostructures in the matrix
polymer prepared via an environmentally friendly melt process-
ing technique. Fourier transform infrared spectroscopy (FTIR),
low-temperature dynamical mechanical thermal analysis (DMTA),
parallel plate rheology, transmission electron microscopy (TEM),
atomic force microscopy (AFM), tensile testing, and scanning
electron microscopy (SEM) were used to characterize the blends.

2. Experimental Section

2.1. Materials. Poly(lactic acid), PLA (Biomer L9000) (mol. wt.:
188 kDa from GPC) was obtained from Biomer, Germany. The PLA
was theL-form of poly(lactic acid). The hyperbranched polymer (HBP),
a dendritic polymer having the trade name BOLTORN H2004, mol.
wt. 3200 g/mol was procured from Perstorp (Perstorp, Sweden).
BOLTORN H2004 has six primary hydroxyl groups, with a hydroxyl
value of 110-135 mg KOH/g and maximum acid number of 7 mg
KOH/g. Polyanhydride, trade name PA-18 (LV), having an average
molecular weight∼ 22500 g/mol was obtained from Chevron-Phillips,
The Woodlands, Texas, USA. The PA is a linear polyanhydride resin
having a 1:1 mole ratio of 1-octadecene and maleic anhydride.

2.2. Reactive Extrusion.The PLA was dried for 4 h at 40°C in a
vacuum oven before processing. The HBP was dried for 4 h at 80°C
in a convection oven. The blends were prepared by melt mixing in a
microcompounder/microextruder (DSM Research, Netherlands). The
instrument is a corotating twin-screw microcompounder having a screw
length of 150 mm, L/D of 18, and barrel volume of 15 cm3. The test
specimens were prepared with the help of a mini-injection molder. All
compositions made were on weight/weight basis. Initially, PLA was
melted in the microcompounder. The hyperbranched polymer (HBP)
was added, followed by addition of an appropriate amount of polyan-
hydride (PA). The chemical structures of the polyanhydride (PA) and
the chief constituent of HBP are depicted in Figure 1.21,22 The
hyperbranched polymer was a second generation of dendritic aliphatic
polyester having alkyl and hydroxyl groups at the periphery. It was
synthesized from an AB2 type monomer and a B4 type core. The
hyperbranched polyester was based on 2,2-bis-methylolpropionic acid
(bis-MPA) as a chain extender with a pentaerythritol derivative core.

There were six primary hydroxyl groups (OH) groups at the periphery
of this HBP. The glass transition temperature (Tg) of the HBP was
around-40 °C. A multifunctional polyanhydride (PA) was selected
as a cross-linking agent for the hyperbranched polymer. PA was a
copolymer of octadecene and maleic anhydride having a 1:1 molar ratio.
The hydroxyl functionality of HBP was exploited to cause an
interparticle cross-linking of HBP to obtain new highly networked
morphologies inside the PLA matrix. The reactivity of hydroxyl (OH)
functional compounds with anhydride groups containing copolymer is
well-known.23 The molar ratio of hydroxyl (OH) to anhydride group
was 1:2. The molar ratio was calculated on the basis of hydroxyl and
anhydride equivalent weight of hyperbranched polymer (HBP) and
polyanhydride (PA), respectively. Figure 2 schematically depicts the
in-situ cross-linking of HBP with PA in the PLA matrix performed
during melt processing of PLA. The details of processing parameters
and material types are given in Table 1. The processing cycle time of
different blends were obtained by observing the variation of the extruder
force with cycle time. Here the cycle time represents the duration of
time used for the mixing of polymers after material feeding and before
removal of material from the microcompounder. In the case of neat
PLA, the extruder force increased until the PLA pellets melted and
then dropped with the cycle time. For the PLA/HBP (92/08) blend,
the force remarkably dropped because of the lubricating effect of HBP
and the decrease in the melt viscosity of PLA in the presence of HBP.
The addition of polyanhydride (PA) to the PLA/HBP system caused
the extruder force to increase with cycle time and stabilized around 10
min of cycle time. This cycle time represented the time for which PLA,
HBP, and PA were mixed in microcompounder at a screw speed of
100 rpm. The overall composition for this blend was PLA/HBP/PA
(92/5.4/2.6). The increase in the extruder force was attributed to the
cross-linking reaction of HBP with PA in the PLA matrix. A control
sample of the PLA/PA (97.3/2.7) blend was also fabricated at the same
processing condition like that of the PLA/HBP/PA (92/5.4/2.6) blend.
The blend had a similar ratio of PLA to PA concentration as it was in
the PLA/HBP/PA blend. The purpose of this blend was to investigate
the possible interaction of PA with PLA and its effect on the resulting
properties of PLA.

2.3. Testing and Characterization.Solvent extraction and ultra-
centrifugation technique were used to determine the insoluble compo-

Figure 1. (A) Chemical structure of the chief constituent of hyperbranched polymer (HBP). (B) Chemical structure of polyanhydride (PA).
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nent in neat PLA and its blends. The 0.5 g of processed blends were
dissolved in 30 mL of methylene dichloride (CH2Cl2) (Jade Scientific)
and stirred for 4 h atroom temperature. The solutions were observed
for their physical appearance. The insoluble fraction of the PLA/HBP/
PA (92/5.4/2.6) blend was extracted with repeated cycles of centrifuga-
tion (3000 rpm, 30 min) and solvent wash. The insoluble fraction was
dried for 24 h at 40°C and characterized with scanning electron
microscopy (SEM). The chemical composition of the insoluble fraction
was evaluated with help of a Perkin-Elmer system 2000 FTIR
spectrometer having ATR assembly. The weight fraction of the insoluble
cross-linked HBP particles formed by the reaction of HBP and PA was
calculated by following equation:

whereWcHBP ) weight fraction of cross-linked HBP particles,Wins )
final weight of insoluble fraction after extraction and drying,WHBP )
initial weight of HBP in PLA composition, andWPA ) initial weight
of PA in PLA composition.

The dynamical mechanical thermal analysis (DMTA) of the neat
PLA and its blends were performed with DMA Q800, TA Instruments,
New Castle, Delaware, USA. The test was carried out at a heating rate
of 3 °C/min from -90 to 150°C in the single cantilever mode. The
drive amplitude was 15µm, while the oscillating frequency was 1 Hz.
Rheological studies of neat PLA and its blends were conducted with
an ARES parallel plate rheometer in dynamic strain frequency sweep
mode. The plates had 25 mm diameter. The gap between plates was
0.5 mm during testing. The test was conducted in the frequency range
of 0.1 to 100 rad/s at a strain rate of 1% and at a testing temperature
of 175°C. A transmission electron microscope (TEM) (JEOL 100 CX)

was used to analyze the morphology of PLA-based blends at an
accelerating voltage of 100 kV. Microtomed ultrathin film specimens
with thickness of less than 100 nm were used for TEM observation.
The microtomy was carried out at room temperature using a diamond
blade on a RMC microtome station. The PLA-based blend samples
were stained with ruthenium tetroxide (RuO4) before examination.
Atomic force microscopy (AFM) of microtomed surface of modified
PLA was performed on a AFM microscope (Digital Instrument
MultiMode SPM with Nanoscope IV controller, Digital Instruments,
NY) in tapping mode. Scan sizes of 10 and 5µm at a scan rate of
0.5044 Hz were used for AFM analysis. Contrast enhancement of AFM
pictures was also performed. Tensile properties of neat PLA and its
blends were measured using a United Calibration Corp SFM 20 testing
machine as per ASTM D638. The specimens having a gage length of
2.54 mm were tested at a cross-head speed of 15.4 mm/mm-min. A
JEOL scanning electron microscope (model JSM-6400) was used to
evaluate the morphology of tensile-fractured surfaces of the neat PLA
and its blends. An accelerating voltage of 15 kV was used to produce
the SEM photomicrographs.

3. Results and Discussion

3.1. Solvent Extraction, Morphology, and Fourier Trans-
form Infrared Spectroscopy. The physical observation of the
solutions of PLA and its blends in methylene dichloride are
depicted in Table 2. All of the solutions were clear in appearance
except that of the PLA/HBP/PA (92/5.4/2.6) blend, which was
turbid in appearance. The turbidity was attributed to the
scattering of light by the suspended particles in continuous PLA
solution. Methylene dichloride is a reported as good solvent
for PLA.24 So it was likely that the particles were the reaction
product of HBP and PA. The reaction of HBP and PA could

Figure 2. Schematic illustrations of in-situ cross-linking of hyperbranched polymer (HBP) in the PLA melt with the help of a polyanhydride (PA).

Table 1. Processing Parameters of Neat PLA and Its Blends

processing temp (°C)
at three zones
of miniextruder

material compositions
(wt. %/wt. %) Top center bottom

cycle time
(min)

neat PLA 185 185 185 3
PLA/HBP (92/08) 185 185 185 3
PLA/HBP/PA (92/5.4/2.6) 185 185 185 10
PLA/PA (97.3/2.7) 185 185 185 10

WcHBP )
Wins

WHBP + WPA
(1)

Table 2. Behavior of PLA and Its Blends after Dissolving in
Methylene Dichloride

material compositions
(wt. %/wt. %) appearance

neat PLA clear
PLA/HBP (92/08) clear
PLA/HBP/PA (92:5.4:2.6) Turbid
PLA/PA (97.3/2.7) Clear
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form cross-linked network because of their multifunctionality
and make them insoluble in a solvent. The insoluble mass was
dried and characterized with SEM and FTIR. The scanning
electron microscopy (Figure 3) of extracted cross-linked HBP
revealed particle morphology of the extracted insoluble fraction.
The particles were fused with each other after solvent removal.
Most of these particles had dimensions less than 100 nm. The
photomicrograph also revealed large size distribution of cross-
linked particles. In order to confirm the reaction of HBP with
PA, HBP was allowed to react with polyanhydride (PA) in a
laboratory flask in the absence of PLA for 10 min at 185°C.
The molar ratio of OH to anhydride was 1:2. There was gelation
and formation of a solid mass as a result of the reaction between
HBP and PA. Figure 4 represents the FTIR spectrum of PLA,
HBP/PA particles (extracted), HBP/PA particles (reacted out-
side), neat HBP, and PA. The FTIR spectrum of extracted
particles showed a spectrum having similar peaks like that of
HBP and PA. There was strong reduction in the broadness and
intensity of OH peaks (3600-3500 cm-1) in the spectra of
extracted particles. On the other hand, the FTIR spectra of neat
HBP showed strong absorption in this region due to the presence
of primary hydroxyl groups in its structure. The broadness in
the peak for HBP was due to the presence of inter- as well as
intramolecular hydrogen bonding in HBP. The interpretation
of hydroxyl peaks suggested that the OH groups of HBP had
been reacted with anhydride group of PA and formed monoester.
There was the presence of two characteristic anhydride fre-

quency bands at 1855 and 1777 cm-1 in extracted HBP/PA
particles due to the coupled vibration of symmetric and
asymmetric stretching of two>CdO groups in the anhydride
group of a polyanhydride. These bands accounted for the
presence of unreacted anhydride groups in the extracted
particles. The molar ratio of OH to anhydride was 1:2 in the
PLA/HBP/PA blend so it was quite expected that there would
be the presence of a free anhydride group. The characteristic
anhydride frequency bands of extracted particles matched
perfectly with that of the polyanhydride (PA). The fingerprint
region (<1500 cm-1) of the spectra of extracted particles was
in coherence with that of HBP. There was no presence of
characteristic bands of PLA in the spectra of extracted particles.
This suggested that the main reaction occurred between HBP
and PA in the PLA matrix, while the PLA chains were
physically entangled in the network of HBP and PA. PLA has
functional groups (OH and COOH) only at the chain ends, which
might not able to react with the OH and anhydride group of
HBP and PA, respectively. A further confirmation of the reaction
of HBP with PA in the PLA matrix was performed by
comparing the FTIR spectra of the reaction product of HBP
and PA in the absence of PLA. The FTIR spectra of extracted
particles were in complete unison with that of particles prepared
outside (Figure 4B and C). This result confirmed that the
polyanhydride had successfully caused the cross-linking of HBP
in the PLA matrix. The weight fraction of extracted cross-linked
HBP particle was calculated as per eq 1 and was∼0.89, i.e.,
89%. So there was high reactivity of HBP with PA in the PLA
matrix. The presence of some unreacted HBP and PA was
primarily due to steric hindrance created by a large amount of
PLA media.

3.2. Dynamical Mechanical Thermal Analysis. Low-
temperature dynamical mechanical thermal analysis (DMTA)
was conducted to observe the cross-linking of HBP, phase
separation, and molecular interaction of PLA with HBP and
cross-linked HBP (cHBP). The temperature dependency of loss
modulus (E′′) of neat PLA, PLA/HBP (92/08) blend, and PLA/
HBP/PA (92/5.4/2.6) blend is shown in Figure 5. In the PLA/
HBP (92/08) blend, there were two loss modulus (E′′) relaxation
peaks at-40 °C and 58°C, respectively, corresponding to the
glass transition temperature (Tg) of HBP and PLA, respectively.
There was slight depression in theTg of PLA in the presence
of HBP. It suggested that there was some molecular interaction
between PLA and HBP, but this system was dominated by phase
separation. Phase separation has also been a major problem in

Figure 3. SEM photomicrographs of extracted cross-linked HBP
particles from the PLA matrix.

Figure 4. FTIR spectrum: A: Neat PLA; B: HBP/PA particles
(extracted), C: HBP/PA particles (outside); D: Hyperbranched
polymer (HBP); E: polyanhydride (PA).

Figure 5. Temperature dependence of the loss modulus (E′′) of (A)
neat PLA, (B) PLA/HBP (92/08) blend, and (C) PLA/HBP/PA (92/
5.4/2.6) blend. The shift in the glass transition temperature (Tg) of
HBP from -40 °C to -31 °C indicated the occurrence of cross-linking
of the HBP.
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most of the plasticized PLA systems.25 The creation of free
volume in plasticized PLA enhances its molecular mobility,
facilitating the increase in its crystallinity, which renders the
expulsion of plasticizer molecules from the amorphous region.

On the other hand, the PLA/HBP/PA (92/5.4/2.6) composition
revealed two peaks at-31 °C and 58°C, representing the glass
transition temperature (Tg) of cross-linked HBP (cHBP) and
PLA, respectively. There was a shift in glass transition tem-
perature from-40 °C for HBP in the PLA/HBP blend to-31
°C for cHBP in PLA/HBP/PA blend. This suggested that
polyanhydride (PA) had selectively caused the cross-linking of
HBP in the PLA matrix. The increase in the glass transition
temperature of cross-linked HBP was attributed to the restricted
segmental mobility and increase in the molecular weight of HBP
after cross-linking. In theory, cross-linking would increase the
Flory-Huggin interaction parameter and thus would aggravate
the phase instability.26 It was also demonstrated that cross-
linking helped in inhibiting the macrophase separation.27 The
phase stability of a system in which one species is cross-linked
is dictated by the entropic interaction. The fractal dimension of
these cross-linked HBP would be responsible for new entropic
interactions. The present system could be considered as a
pseudo-semi-interpenetrating network system. Here, in the
presence of a linear PLA chain, the hyperbranched polymer was
cross-linked, thus leading to the formation of highly branched
networked domains in the PLA matrix. The growing network
of HBP during the in-situ reaction could cause physical
interlocking with PLA chains thus helping to reduce the
macrophase separation of HBP from the PLA phase. It was
likely that physical interlocking of PLA chain with the growing
network of HBP occurred at the phase boundaries between PLA
and cross-linked HBP only, primarily because of the limited
miscibility of PLA with HBP.

3.3. Rheological Evidence of Networked Interface between
PLA and Crosslinked HBP. The variation of the storage
modulus,G′, with small-amplitude oscillatory frequency for the
neat PLA and its blends is given in Figure 6. There was a distinct
formation of a rubbery plateau of highest length in the case of
the PLA/HBP/PA (92/5.4/2.6) blend unlike that of neat PLA,
the PLA/HBP (92/08) blend, and the PLA/PA (97.3/2.7) blend
in lower frequency region. The formation of a rubbery plateau
is determined by the presence of cross-links and entanglement
in a polymer.28 When observing the lowest frequency region
of all curves, it was found that the PLA/HBP/PA (92/5.4/2.6)

blend had highest value of plateau modulus. Such an increase
in plateau modulus is caused by the presence of cross-links or
entangled networks in a polymer melt.28 So it was believed that
the presence of the cross-linked HBP network caused the upward
shift in the plateau modulus. On the other hand, the in-situ cross-
linking of HBP with PA in the PLA melt caused the formation
of cross-linked particles, which had the tendency to form an
entangled network with the PLA chain preferably at the
interface. The terminal slope of theG′-ω curve approached
zero for the PLA/HBP/PA (92/5.4/2.6) system, reflecting its
pseudo-solid-like behavior. The relaxation and motion of the
PLA chain, which was a major fraction in the blend, would
have a prominent effect on rheological properties in low shear
regime. The longer relaxation of the PLA chain in the presence
HBP/PA particles caused the frequency independence of storage
modulus in lower shear regime. This behavior also strongly
indicated toward formation of a physical network of the PLA
chains with HBP/PA particles during their in-situ reaction in
the PLA matrix.

3.4. Transmission Electron Microscopy (TEM).Transmis-
sion electron microscopy (TEM) was carried out to evaluate
the morphology and dispersion of pristine and cross-linked HBP
particles in the PLA matrix. The ultramicrotomed samples of
the PLA/HBP (92/08) and PLA/HBP/PA (92/5.4/2.6) blends
were stained with ruthenium tetroxide (RuO4) before TEM
observation. Ruthenium tetroxide selectively stained the ether
moiety present in the hyperbranched polymer and appeared
darker than the PLA phase in the TEM photomicrographs. The
TEM photomicrograph (Figure 7) of the PLA /HBP (92/08)
blend revealed the nanoscopic dimension of HBP (4-6 nm),
but they were not well distributed in the PLA matrix and
appeared rather as discrete agglomerations. This was attributed
to the limited miscibility of HBP with PLA and the presence
of strong intermolecular hydrogen bonding between HBP
molecules due to their high peripheral hydroxyl functionalities.
Figure 8A and 8B revealed the nanoscale phase-separated sea-
island morphologies of the PLA/HBP/PA (92/5.4/2.6) blend,
in which cross-linked HBP particles (dark patches) had various
size orders, having dimensions ranging from 50 to 100 nm.
There was heterogeneous size distribution of cross-linked HBP
particles in the PLA matrix. The multifunctionalities of HBP
and PA and random effective collisions of HBP molecules with
PA molecules during their reaction in the large sea of PLA were
the possible reasons behind the random size distribution. The
heterogeneity in the morphologies of cross-linked HBP particles

Figure 6. Behavior of storage modulus, G′, of neat PLA and its blend
as a function of oscillatory frequency (ω).

Figure 7. Transmission electron micrographs of PLA having 8 wt.%
of pristine HBP. (Scale bar: 50 nm).
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would also arise from the polydispersity of pristine HBP itself
and the uncontrolled cross-linking reaction. The variation in stain
intensity of cross-linked HBP particles also indicated the random
cross-linking of HBP particles. The phase boundaries of all of
the cross-linked particles were diffused and devoid of any sharp
demarcation, which was an indication toward formation of a
network between PLA and cross-linked HBP chains. Such
networked structures at an interface would increase the compat-
ibility between two phases.

3.5. Atomic Force Microscopy (AFM).Further confirmation
of the formation of HBP-based nanoscale particles in modified
PLA was obtained by tapping mode atomic force microscopy
(TM-AFM) analysis. There was clear evidence of formation of
nanoscale morphologies in the PLA/HBP/PA (92/5.4/2.6) blend
in the phase images (Figure 9A,B). The difference in the
viscoelastic behavior of two phases present in the sample caused
a phase lag, which led to appearance of contrast in the AFM
image.29 The lighter area corresponds to the soft cross-linked
HBP phase while the darker area was due to the stiff PLA phase.
There was heterogeneity in the dispersed phase morphology that
correlated well with the TEM images. The dispersed phase
dimensions from AFM were in the range of 80-200 nm. The
difference in the dispersed phase size from AFM and TEM
micrographs was obvious, as the tip radii, scan rate, and scan
size affect the resolution in AFM. Another major difference was
in the appearance of a lesser number of particles in AFM
pictures than in TEM pictures. The AFM was carried out in
tapping mode over a smooth surface of modified PLA. There
was probability that some particles might not be exposed to
the surface of the scanned area. On the other hand, a thin cross-
section (∼70 nm) of modified PLA was stained with ruthenium
tetroxide and examined under an electron microscope. So, it

was possible to spot these stained cross-linked HBP particles
more easily. Thus, the TEM can estimate a larger population
of particles and their sizes more accurately than AFM for this
sample. The purpose of characterizing modified PLA with AFM
was to validate the two-phase morphology of modified PLA
and the softer nature of cross-linked HBP particles. The presence
of depressions around cross-linked HBP particles in AFM
images was a microtomy artifact. The knife cut the softer cross-
linked HBP particle deeper as compared to the surrounding stiff
PLA matrix and a left a depression.

3.6. Tensile Properties.Stress-strain curves of neat PLA,
PLA/HBP (92/08), and PLA/HBP/PA (92/5.4/2.6) blends are
shown in Figure 10, while the detail of the measured tensile
properties is provided in Table 3. There was no improvement
of elongation at break value of PLA when blended with 8 wt.%
of pristine HBP as well as with 2.7 wt.% of PA, but the
elongation at break of PLA was improved by around∼847%
for the PLA/HBP/PA (92/5.4/2.6) blend. The PLA and PLA/
HBP (92/08) blends underwent strain softening and deformed
in brittle fashion. On the other hand, the PLA/HBP/PA (92/

Figure 8. Transmission electron micrographs of PLA having cross-
linked HBP. A: Scale bar: 200 nm; B: Scale bar: 100 nm.

Figure 9. Tapping mode AFM phase image of the PLA/HBP/PA (92/
5.4/2.6) blend revealed nanoscale domains of cross-linked HBP
particles in the continuous PLA matrix. A: Scan size: 10 µm; B: Scan
size: 5 µm.
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5.4/2.6) blend showed initial strain softening after yielding and
then underwent considerable cold drawing. The stress-strain
curve after the yield point showed a combination of strain
softening and cold drawing. In this region, there was competition
between PLA chain orientation and crack formation. Hence,
there was a drop in stress with increasing strain. After 20% of
strain, only cold drawing dominated at a constant stress. This
suggested that a large energy dissipation occurred in the presence
of cross-linked HBP particles in the PLA/HBP/PA (92/5.4/2.6)
blend. The toughness, calculated as the area under stress-strain,
exhibited a drop in its value for the PLA/HBP (92/08) blend as
compared to the neat PLA, while increased dramatically from
2.6 MJ/m3 for neat PLA to 17.4 MJ/m3 for the PLA/HBP/PA
(92/5.4/2.6) blend. This was quite an unusual result, as the
modified PLA maintained a quite high tensile modulus value
of 2.8 GPa. The result was very significant in obtaining a
biobased material having remarkable stiffness-toughness bal-
ance. The tensile strength of modified PLA decreased to 63.9
MPa from 76.5 MPa for neat PLA. These results suggested that
the nanoscale cross-linked HBP particles behaved like rubber
particles and were effective in improving the toughness of PLA
at low concentration (8 wt.%) with a minimal sacrifice of tensile
strength and modulus. In such a multiphase system, inelastic
deformation occurs via the phenomenon of shear yielding,
multiple crazing, and cavitation in the softer dispersed phase.30

PLA is an example of semicrystalline glassy polymer and
undergoes brittle deformation via craze formation.13 The craze
volume fraction (Vf) plays a crucial role in determining the
propensity of craze for catastrophic failure. The true stressσt,
acting on the craze fibrils is inversely proportional to the volume
fraction of craze, which is given by the equation:14

Here σ∞ is the applied stress andλ is the craze extension
ratio. So increasing the volume fraction of craze can reduce
the true stress on an individual craze. Dispersing elastic second
phase and plasticization with low molecular weight molecules
can provide control over nucleation and growth of crazes and
can increase craze plasticity in glassy polymers leading to the
decrease in brittleness.31-34 In the PLA/HBP/PA (92/5.4/2.6)
blend, the nanoscale rubbery cross-linked HBP (Tg ∼ -31 °C)
particles were formed in a continuous PLA matrix. During
tensile testing, there was stress-whitening in the subfracture
region in PLA/HBP (92/08) and PLA/HBP/PA (92/5.4/2.6)
blends (Figure 11). The stress whitening was more pronounced
in the PLA sample having cross-linked HBP (cHBP) particles,
i.e., PLA/HBP/PA (92/5.4/2.6) blend. There was the possibility
of the creation of numerous tiny crazes nucleated by cross-linked
HBP (cHBP) in the PLA matrix. The stress-whitening occurred
because of the scattering of light by these tiny crazes created
by cross-linked HBP particles. Such intense stress whitening
was absent in the neat PLA sample (Figure 11). So, the
phenomenon of multiple crazing was likely the possible energy
dissipation mechanism behind the toughening of PLA bioplastic.
Here the nanoscale cross-linked particles increased the craze
volume fraction and thus reduced the true stress on a single
craze. This helped in craze plasticity, leading to the orientation
of the PLA chain in load direction. The PLA/HBP (92/08) blend
also exhibited stress whitening, but the sample failed in brittle
manner. The stability of crazes initiated by the rubbery phase
in brittle polymers depends on the level of adhesion between
the polymer matrix and dispersed particles. The crazes nucleated
by HBP were not stable because of the incompatibility of PLA

Figure 10. Stress-strain curves obtained at a cross-head speed of
15.4 mm/min: (A) neat PLA; (B) PLA/HBP (92/08); (C) PLA/HBP/PA
(92/5.4/2.6).

Table 3. Mechanical Properties of Neat PLA and Its Blends

materials (wt./wt.)/properties tensile modulus (Gpa) tensile strength at yield (MPa) elongation at break (%) toughness (MJ/m3)

PLA (100/00) 3.6 ( 0.07 76.5 ( 1.45 5.1 ( 1.7 2.6 ( 0.9
PLA/HBP (92/08) 3.4 ( 0.05 64.2 ( 0.8 5.1 ( 1.0 1.6 ( 0.7
PLA/HBP/PA (92/5.4/2.6) 2.8 ( 0.2 63.9 ( 1.7 48.3 ( 6.3 17.4 ( 1.5
PLA/PA (97.3/2.7) 2.6 ( 0.1 76.2 ( 0.5 3.3 ( 0.2 1.5 ( 0.6

Figure 11. Tensile specimen after testing to failure at 15.4 mm/min
under uniaxial tension.

σt )
σ∞

Vf
) λσ∞
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with HBP. In the PLA/HBP (92/08) blend, pristine HBP
molecules have strong intermolecular hydrogen-bonding due to
their abundant hydroxyl groups, which seems to promoted their
aggregation in the PLA matrix and resulted in macroscopic
phase separation and inferior properties.

The in-situ reactive blending of HBP and PA in the PLA
matrix resulted in the formation of a network at the PLA-HBP
interface, which provided the compatibility between the two
phases. The creation of numerous stable crazes in the PLA
matrix by cross-linked HBP particles helped in the sub-
stantial drawing and orientation of PLA chains under tensile
loading. The nanoscale dimensions of the cross-linked par-

ticle were instrumental in increasing the phenomenon of
multiple crazing per unit volume. The increase of the inter-
facial region due to high surface area of these particles made
them effective at lower concentration. The nanoscale par-
ticle size tantamount to that of cross-linked HBP is cur-
rently not possible using other conventional toughening
methodologies.

3.7. Scanning Electron Microscope (SEM).Figure 12
represents the scanning electron micrographs of the tensile
fractured surfaces of neat PLA, PLA/HBP (92/08) blend, and
PLA/HBP/PA (92/5.4/2.6) blend. The surface of neat PLA was
extremely flat, indicating the brittle failure of PLA under tensile
loading. The tensile fractured surface of PLA/HBP (92/08)
revealed inhomogeniety, formation of voids, and absence of
ductile tearing. This was an indication of phase separation,
incompatibility between the PLA and HBP, and brittle failure.
The in-situ cross-linking of HBP in the PLA matrix dramatically
changed its surface characteristic after deformation. The tensile
fractured surface of the PLA/HBP/PA (92/5.4/2.6) blend
exhibited considerable ductile tearing, surface roughness, and
surface integrity. The increased surface area of fractured surface
of the PLA/HBP/PA (92/5.4/2.6) blend suggested that the crack
paths were highly bifurcated, and crack propagation absorbed
considerable strain energy before failure. This led to a conclusion
that the in-situ cross-linking of HBP was instrumental in
improving the compatibility between the PLA and HBP phase
and resulted in significant toughness enhancement of PLA
bioplastic.

4. Conclusions

We report that a nanostructure-controlled polylactide (PLA)
was created by in-situ cross-linking of hyperbranched polymer
(HBP) in the PLA matrix through reactive extrusion blending.
The generation of new HBP-based nanostructures in the PLA
matrix improved the toughness and elongation at break by∼
570% and∼847%, respectively, as compared to unmodified
PLA. The modified PLA remarkably maintained high strength
and modulus values. The cross-linking of HBP was demon-
strated by the FTIR analysis and DMTA analysis. The transmis-
sion electron microscopy and atomic force microscopy obser-
vations of modified PLA confirmed the nanoscopic dimensions
of cross-linked HBP particles in the PLA matrix. The scanning
electron microscopy analysis clearly exhibited the toughening
of PLA. Finally, the current research unwraps the new op-
portunities available to us from the unique physical and chemical
properties of the highly functional hyperbranched polymers in
generating new nanostructured multiphase polymer systems with
enhanced properties.
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