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performance relationship studies
on biodegradable ternary blends of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate), polylactic
acid, and polypropylene carbonate

Mary M. Hedrick, ab Feng Wu,b Amar K. Mohanty *ab and Manjusri Misra *ab

A biodegradable ternary blend fabricated from polylactic acid (PLA), poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) and polypropylene carbonate (PPC) with a good balance of stiffness and

toughness via optimizing the composition ratio and morphological structure is, to the best of the

authors' knowledge, reported here for the first time. The optimal blend formulation is comprised of 20%

PLA, 40% PHBV, and 40% PPC, which possesses a tensile strength measuring 44 MPa and an elongation

at break measuring at 215%. Thermal performance analysis revealed an HDT value of 72 �C. The Harkins

equation predicts that the three immiscible polymers formed a complete wetting morphology, which

was confirmed by scanning electrical microscopy. As the PPC content of the ternary blends is increased,

the material undergoes morphological transition from droplet to co-continuous structure, resulting in

significant improvement of elongation at break (approximately 40 times higher than that of the PLA–

PHBV binary blend). Excellent stiffness and over 200% elongation at break make these sustainable

ternary blends feasible for use in packaging as substitutes for certain non-biodegradable petroleum-

based single use plastics.
1. Introduction

Petroleum-based plastics are suboptimal materials as they use
limited fossil resources and take a long time to break down in
the environment.1,2 Biodegradable plastics made from biomass
or bacterial processes are a sustainable solution as a substitute
for petroleum based plastics in many applications.1,2 Polylactic
acid (PLA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), and polypropylene carbonate (PPC) are biodegradable
environmentally friendly biopolymers that would be an excel-
lent alternatives to petroleum-based plastics,1,2 and these
biopolymers are currently being used in biocomposite manu-
facture and design.3 PLA is a polyester produced from renew-
able resource such as corn starch or sugarcane.4 Lactic acid or
lactide monomers fermented from biomass are then polymer-
ized into PLA by ring-opening polymerization or poly-
condensation.5,6 PLA is chosen for being biodegradable,
commercially available, affordable, and comparable in perfor-
mance to polystyrene. PLA exhibits high modulus and strength,
yet, it is brittle and fractures easily, greatly hindering its
potential for high performance applications.7–9 PHBV is a linear
, Thornbrough Building, Guelph, Ontario,
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–44632
aliphatic polyester bioplastic that is nontoxic, biodegradable,
and biocompatible. It is produced by bacteria and is a good
substitute for petroleum-based polymers.10 By itself, PHBV is
very brittle but has high thermal resistance and has been
studied extensively in bre-based biocomposites.11 PPC is
synthesized using a zinc glutarate catalyst in copolymerization
between repurposed CO2 and propylene oxide.12 PPC is an
amorphous polymer and useful as a toughening agent in
biopolymer blends.

However, in an individual biopolymer, mechanical proper-
ties may not be sufficient for high performance applications. To
achieve comparable properties to fossil-based plastics,
biopolymers need chemical or physical modication for desir-
able mechanical features such as stiffness, high thermal resis-
tance and toughness to be achieved and balanced. Polymer
blending has been widely researched as it is versatile, economic,
and effective. By optimizing blend ratios, a balance of
mechanical–thermal properties for materials can be obtained,
making biopolymer blends competitive alternatives for high
performance applications. Binary blends prepared by melt
blended injection moulding of PHBV–PPC were found to exhibit
good dimensional and thermal stability and that increasing
crystalline PHBV in PHBV–PPC blends improved the tensile
strength and modulus but reduced the elongation at break.13

Previously, it was reported14,15 that the ductility of PPC improved
toughness i.e. impact strength and elongation at break of PHBV,
This journal is © The Royal Society of Chemistry 2020
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with elongation at break increasing from 4% to 74%. Other
research of 50 : 50 PHBV–PPC binary blends discovered that
PHBV improved the dimensional stability of PPC.13 Thermal
properties of PHBV–PPC blends were reported.14–19 PLA–PHBV
binary blends were fabricated and the study showed that
incorporating PLA improved the modulus and strength of
PHBV.8 With increasing PHBV content in the binary blend, the
glass transition temperature (Tg) and crystallization tempera-
ture (Tc) of PLA were found to decrease. Electron microscope
micrographs (SEM) of fractured specimens revealed that PLA
and PHBV were phase separated.8 Crystallization kinetics have
shown that the incorporation of polycaprolactone (PCL),20 pol-
yglycolide (PGA),20 polyhydroxybutyrate (PHB),20 epichlorohy-
drin rubber (ECO),21 and polybutylene adipate terephthalate
(PBAT)22 into PLA can improve its performance. Blends con-
taining PHBV with PCL, polybutylene succinate (PBS) or poly(-
ethylene succinate) (PES) showed a reduction in PHBV's
crystallization rate due to limited nucleation and heterogeneity
for PHBV in binary blends.23–25 The reduction of PHBV crystal-
lization rate in blends was attributed to the physical restriction
of crystal growth.

Other blended types, such as ternary blends of PLA–PHBV–
PBS biopolymers, were also studied.26 Dispersions of PHBV as
the major phase and PBS as the minor phase showed signicant
improvement in exibility and toughness. PLA–PHBV–PBS
ternary blends were shown to exhibit good stiffness and
toughness balance with PHBV as the matrix. PLA's thermal
resistance was shown to improve with the incorporation of
PHBV and PBS.26 These newly blended ternary polymers show
promise as biodegradable materials that can be used in
biomedical or packaging applications.

To further investigate balancing stiffness, heat deection
temperature and toughness, PBS was substituted by PPC to
fabricate a novel blend with increased bio-content and reduced
carbon footprint as PPC is synthesized from carbon dioxide
(CO2). Additionally, experimental studies have shown that the
source of propylene glycol,27 precursor to propylene oxide28 to
produce PPC,12 can come from biomass. To the best of the
authors' knowledge, such PLA–PHBV–PPC ternary blends and
its morphological evolution with increasing PPC contents have
not been reported before. Ternary blends with different
composition ratios were prepared, expecting to achieve a decent
stiffness–heat deection temperature–toughness balance. The
mechanical properties and morphology development with
increasing PPC content were characterized to give the
morphology-properties relationship in this ternary blend. With
40 wt% PPC incorporated, the blend exhibited high elongation
at break (�215%), suitable for use in applications requiring
high exibility.

2. Material and experiment
2.1 Materials

Three different biodegradable polymers, PLA 3251D purchased
from NatureWorks LLC (Minnetonka, USA), PHBV ENMAT
Y1000P (3% HV) from Tianan Biological Materials Co., Ltd.
(Ningbo City, China) and PPC QPACVR 40 purchased from
This journal is © The Royal Society of Chemistry 2020
Empower Materials (New Castle, USA) were used in this study.
The PPC was stored in a freezer to avoid physical aging due to its
low glass transition temperature (Tg).
2.2 Sample preparation

PLA and PHBV were dried in an 80 �C oven for 4 hours prior to
handling. PPC was kept in the freezer until used to retain shape
and usability. The moisture content of neat biopolymers was
measured to be lower than 0.5 wt% prior to melt processing.
Twin screw extrusion was performed using a lab-scale DSM
(Netherlands) extruder. The barrel had a volume of 15 cm3 with
150 mm long screws. Extruder temperature was set to 180 �C,
with screw speed of 100 rpm and a mixing time of 120 seconds.
The extruded material was inserted into a 180 �C micro injector
and injected into ASTM test moulds at a temperature of 30 �C.
The moulded samples were then allowed to condition at room
temperature for two days. Neat biopolymers of PLA and PHBV,
35 : 65 PLA–PHBV binary blend, and ternary blends of PLA–
PHBV–PPC with increasing PPC content from 20 wt% to 40 wt%,
i.e., PLA–PHBV–PPC (30 : 50 : 20, 25 : 45 : 30 and 20 : 40 : 40),
were prepared. Impact samples were notched prior to testing.
Aer being conditioned, the remaining untested samples were
cryofractured and examined by scanning electron microscopy
for phase morphology.
2.3 Mechanical properties

ASTM standard D638 Type IV dumbbells were used for tensile
testing to obtain strength, elongation at break and modulus.
The tests were performed at ambient temperature at a rate of 5
millimetres per minute using an Instron Universal Testing
Machine (Norwood, MA). Tensile testing was performed on ve
replicates of each material. Impact strength was measured
using a TMI Monitor Impact Tester (Testing Machines Inc., DE)
and followed ASTM standard D256 for notched Izod samples.
Six notched samples of each material were prepared two days in
advance for conditioning. Statistics for each group of test pieces
were obtained.
2.4 Heat deection temperature (HDT)

ASTM Standard D648 was used to determine HDT by dynamic
mechanical analysis (DMA) (Q800, TA Instruments) in three-
point bending mode. The temperature at which 250 mm
displacement was reached at a heating rate of 2 �Cmin�1 under
a load of 0.445 MPa was used to obtain HDT. Measurements for
three replicates were obtained.
2.5 Thermogravimetric analysis (TGA)

TGA (Q500, TA Instruments) was used to measure thermal
characteristics of sample blends. Approximately 15–20 mg of
material was measured for each test. The heating rate used was
10 �C min�1 from ambient temperature to 600 �C under inert
conditions.
RSC Adv., 2020, 10, 44624–44632 | 44625
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Table 1 Sample formulations designated by letters for each
biopolymer blend with weight percentages of neat polymer used

Blend formulations (wt%)

PLA PHBV PPC

A 100 — —
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2.6 Differential scanning calorimetry (DSC)

5–10 mg of each sample in Tzero aluminium pans was charac-
terized using DSC (Q200). Samples underwent a heat/cool/heat
test in the range of �30 to 200 �C, with heating and cooling
rates of 10 �C min�1 under nitrogen at a ow rate of 50
mL min�1.
B — 100 —
C 35 65 —
D 30 50 20
E 25 45 30
F 20 40 40
2.7 Scanning electron microscopy (SEM)

Before imaging, the samples were cryogenically fractured and
coated by nanoparticles using a Cressington sputter coater for 8
seconds. Surface structure of coated, non-etched and etched
(using acetone), samples were imaged using SEM (Phenom-
World ProX desktop) with an accelerating voltage of 5 kilo-
volts and were collected at 3000 magnication. The etched
samples were prepared by soaking fractured samples in acetone
for seven days at ambient temperature until the PPC had
completely dissolved. PPC was completely solubilized leaving
PHBV and PLA undisturbed.
2.8 Contact angle analysis

The instrument used to obtain the contact angle measurements
for neat PLA, PHBV and PPC was a Ramé-hart standard goni-
ometer (260-U1). Tests were performed at ambient temperature
using deionized water (gp ¼ 51.0 mN m�1 and gd ¼ 21.8 mN
m�1) as the polar liquid and diiodomethane (gp ¼ 0.4 mN m�1

and gd ¼ 50.4 mN m�1) as the nonpolar liquid.29 DROPimage
soware (Version 2.8.05) recorded the interface between liquid
and surface, and calculated the contact angles. Three replicates
were performed. Surface tension was calculated using Owen–
Wendt–Rabel–Kaelble equations.30
3. Results and discussion
3.1 Thermal–mechanical properties

PHBV was modied by melt blending with semi-crystalline PLA
and amorphous PPC to produce a material that had improved
Fig. 1 Tensile strength andmodulus of samples where A: 100% PLA, B:
100% PHBV, C: PLA : PHBV (35 : 65), D: PLA : PHBV : PPC
(30 : 50 : 20), E: PLA : PHBV : PPC (25 : 45 : 30), and F:
PLA : PHBV : PPC (20 : 40 : 40).

44626 | RSC Adv., 2020, 10, 44624–44632
toughness. Fig. 1 shows the tensile properties of neat polymers
(PLA and PHBV) and their binary/ternary blends. In Fig. 1, PLA
neat polymer is represented as A, and neat PHBV is represented
as B. C represents a binary blend that contains 35% PLA and
65% PHBV by weight. The PHBV–PPC (65 : 35) blend was
chosen for its high heat deection temperature based on
preliminary studies. Blends D, E and F represent PLA–PHBV–
PPC in percentage ratios of 30 : 50 : 20, 25 : 45 : 30 and
20 : 40 : 40 respectively, as shown in Table 1. Both PLA and
PHBV are semi-crystallization polymers with high modulus and
tensile strength, but suffer from inherent brittleness with
extremely low elongation at break and impact resistance.13,31

However, PPC is a completely amorphous polymer that has high
impact strength and elongation at break.32 The addition of PPC
into PLA, PHBV or PLA–PHBV blends is expected to improve the
toughness and exibility of these biopolymers, as PPC can work
as a toughening agent for ternary blends due to its ductile and
amorphous nature.13 This is counter-intuitive as it has been
seen previously that applying a toughening agent signicantly
reduces the stiffness of binary blends.8,33–41 However, as shown
here and in a recent study,26 both signicant stiffness and
toughness can be achieved for blends when using PLA for
stiffness reinforcement and PPC as toughening component.
Fig. 2 Impact strength and elongation at break of samples where A:
100% PLA, B: 100% PHBV, C: PLA : PHBV (35 : 65), D: PLA : PHBV : PPC
(30 : 50 : 20), E: PLA : PHBV : PPC (25 : 45 : 30), and F:
PLA : PHBV : PPC (20 : 40 : 40).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 HDT of samples where A: 100% PLA, B: 100% PHBV, C:
PLA : PHBV (35 : 65), D: PLA : PHBV : PPC (30 : 50 : 20), E:
PLA : PHBV : PPC (25 : 45 : 30), and F: PLA : PHBV : PPC (20 : 40 : 40).

Fig. 4 Thermal decomposition of samples where A: 100% PLA, B:
100% PHBV, D: PLA : PHBV : PPC (30 : 50 : 20), E: PLA : PHBV : PPC
(25 : 45 : 30), and F: PLA : PHBV : PPC (20 : 40 : 40).
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From Fig. 1, the incorporation of 35% of PLA in the PLA–
PHBV binary blend increased tensile strength by �20%
compared to neat PHBV polymer, with unchanged modulus.
The addition of amorphous and ductile PPC to the PLA–PHBV
binary blends slightly decreased the modulus and tensile stress.
The decrease is more signicant as the PPC content increases.
As well as the fact that addition of rubber material normally
leads to a decrease of stiffness, phase separation between the
three biopolymers might also be responsible for this behav-
iour.42 The type and strength of interface bonding between
polymeric phases is a critical factor in determining mechanical
and physical properties for blends.21,43 The voids formed
allowed some relief of the stress present between interfaces22,43

and, during yielding, the PPC domain absorbed the stress
before the matrix and disperse phases separated, which would
probably have occurred in this case. Phase separation in PLA–
PHBV–PPC ternary blends will be further explored using SEM.

The impact strength and elongation at break of the neat
polymers and their blends are shown in Fig. 2. The impact
strength of PLA–PHBV (35 : 65) was between that of neat PLA
and PHBV, with a value of �20 J m�1. The addition of PPC
slightly increased the impact strength of the binary blends
which was optimal at 40 wt% PPC. However, even with 40%
PPC, the toughness represented by impact strength of �23 J
m�1 is still very low. This means that the rubber PPC phase
could not absorb energy during high speed fracture, resulting
from the poor compatibility between amorphous PPC and the
crystalline components contained in PLA–PHBV blend. The
addition of exible polymeric phase imparts not only tough-
ness, but has the ability to absorb energy from shear deforma-
tion processes occurring during impact.22,43 However,
improvements in miscibility (addition of compatibilizer) or the
presence of more polar surface groups to blends would need to
be made to signicantly improve impact performance.

Different to impact strength, the elongation at break of the
binary blends can be signicantly improved by addition of 40%
PPC, achieving a signicant value of 215%. Surprisingly, this
signicant improvement only occurred when PPC increased
from 30% to 40%, while at 30% PPC the elongation at break of
the ternary blend was only 5.2%, almost identical to that of
PLA–PHBV (35 : 65) binary blend. The signicant improvement
at 40% PPC results from the morphology evolution from sea-
island dispersion at 30% PPC to co-continuous structure with
40% PPC, which will be discussed later in the SEM morphology
observations. The improvement of elongation at break but not
impact strength with 40% PPC mainly resulted from the two
different facture modes. In tensile characterization, the sample
breaks in a low speed mode, in which the rubber PPC phase has
enough time to deform. The deformation of rubber PPC phase
consumes energy generated during extension and leads to the
improvement of the exibility of blends.

Heat deection temperature (HDT) is important for mate-
rials because it determines the highest temperature a material
can withstand before deformation.7 It is well known that PLA
exhibits rather low HDT (�55 �C) and the addition of PLA
normally leads to a decrease of HDT of blends.8 In this study,
the addition of 35% PLA did not weaken the HDT of PHBV
This journal is © The Royal Society of Chemistry 2020
dramatically. The binary blend exhibits a rather high HDT of
�135 �C (similar value to pure PHBV), as shown in Fig. 3. This
mainly resulted from the high crystallinity of PHBV in the
blend. As expected, the addition of thermoplastic elastomer,
PPC, resulted in reduction of HDT of the binary blends. The
HDT reduced more with increasing PPC content, from 100 �C
(20% PPC) to 72 �C (40% PPC). The HDT of the exible sample
(PLA–PHBV–PPC (20 : 40 : 40)) with 40% PPC was much higher
than that of pure PLA, which will benet the application of this
biopolymer blend at higher temperature.

In summary, the biodegradable blends can be tailored to
form stiffness–HDT–toughness balanced materials by adjusting
the composition ratios appropriately. With 40% PPC added, the
ternary blends of PLA–PHBV–PPC (20 : 40 : 40) exhibited high
stiffness with modulus of 2.7 GPa, acceptable HDT of 72 �C and
high exibility with elongation at break of 215%. The designed
ternary blend (PLA–PHBV–PPC (20 : 40 : 40)) is expected to be
used in different applications to substitute for petroleum-based
RSC Adv., 2020, 10, 44624–44632 | 44627
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Fig. 5 The DSC thermograms of (a) cooling cycle and (b) second heating cycle at 10 �Cmin�1 for samples where A: 100% PLA, B: 100% PHBV, D:
PLA : PHBV : PPC (30 : 50 : 20), E: PLA : PHBV : PPC (25 : 45 : 30), and F: PLA : PHBV : PPC (20 : 40 : 40).
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plastics. To reveal the mechanism behind the thermal-
mechanical performance of ternary blends, the crystallization,
thermal degradation, and morphology were evaluated and
analysed and are discussed in the following sections.

3.2 Thermogravimetric analysis (TGA)

Thermal behaviour of ternary blends as analysed by TGA is
presented in Fig. 4. Compared to PLA, the thermal stability of
PHBV is poor with much lower maximum degradation
temperature. As PHBV contents are greater than 40% in the
ternary blends, the thermal stability is dramatically inuenced
by PHBV, where all ternary blends show similar onset and
maximum degradation temperature to that of PHBV.

3.3 Differential scanning calorimetry (DSC)

The DSC curves of the ternary blends are presented in Fig. 5,
and the corresponding crystallization-melting properties were
compared with those of the neat PLA and PHBV. At 10 �C min�1

cooling, PLA showed an amorphous state because of its slow
crystallization rate. Zero crystallization peaks were observed for
neat PLA, as shown in Fig. 5(a). However, for the neat PHBV and
its ternary blends, crystallization peaks at 115–125 �C were
found, resulting from fast crystallization of the PHBV matrix.
Compared to that of neat PHBV, the crystallization temperature
Fig. 6 SEM for cryofractured samples before acetone treatment whe
(30 : 50 : 20).

44628 | RSC Adv., 2020, 10, 44624–44632
of ternary blends reduced slightly, indicating the decreased
crystallization of PHBV in the presence of PLA and PPC. This is
probably due to the phase separation of the three biopolymers
where PLA and amorphous PPC hindered the crystalline growth
of PHBV.

Because of the slow crystallization rate, PLA exhibits cold
crystallization in the following heating cycles, as shown in
Fig. 5(b). The cold crystallization peak at 110 �C for PLA dis-
appeared in the ternary blends, indicating that the crystalliza-
tion rate of PLA had been improved with the addition of PHBV
and PPC. If there is sufficient chain and surface mobility, as
seen in binary44 and ternary blends,26 PHBV can act as nucle-
ating centres to enhance PLA crystallization. Specically, the
phase interface has a strong effect in determining nucleation
enhancement.44 The interface between phase domains must be
taken into account in order to properly evaluate rate of crys-
tallization in melt blended polymers.45,46 Differing terminal and
bulk biopolymer functionality of small molecules that contain
an abundance of shorter chain ends encourages free mobility of
biopolymer chains to the interface, as well as being oriented,
where localized alignment could promote crystalline
growth.45,47,48

The overlap of melting peaks of PLA and PHBV results in
only one melting point being found in the ternary blends. The
re a: 100% PHBV, b: PLA : PHBV (35 : 65), and c: PLA : PHBV : PPC

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 SEM for cryofractured samples before acetone etching where a: PLA : PHBV : PPC (30 : 50 : 20) and after acetone treatment where b:
PLA : PHBV : PPC (30 : 50 : 20), c: PLA : PHBV : PPC (25 : 45 : 30) and d: PLA : PHBV : PPC (20 : 40 : 40).
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melting points of ternary blends are slightly higher than that of
neat PLA and PHBV, indicating the probability of special crys-
tals forming between PLA and PHBV, which needs to be further
investigated in the future.
3.4 Morphology

Morphologies of the ternary blends were observed by Scanning
Electron Microscopy (SEM) and are shown in Fig. 6 and 7. It was
difficult to distinguish the different phases from the PLA–PHBV
binary blends and PLA–PHBV–PPC ternary blends without
phase etching due to the multi-phase structures of the blends,
as shown in Fig. 6. To better differentiate between polymer
domains in the ternary blends, and determine changes in
polymeric particle sizes, samples were soaked in acetone to
extract the PPC particle phase then sputter coated with gold
Table 2 Surface tension of polymers at 180 �C processing
temperature

Polymer gs (mN m�1) gd (mN m�1) gp (mN m�1)

PLA 32.4 29.2 3.2
PHBV 35.2 26.9 8.3
PPC 32.9 25.8 7.0

This journal is © The Royal Society of Chemistry 2020
nanoparticles and observed by SEM. The images of etched
samples are shown in Fig. 7.

From the SEM images of etched samples, ternary blend
morphology transitioned from sea-island structure with ellip-
tical shaped droplets at low PPC contents (20%) to co-
continuous structure at higher PPC contents (30 and 40%).
Particle size was shown to increase slightly with the increasing
PPC contents where it was more pronounced with 40% PPC.
However, this is not necessarily indicative of improved misci-
bility but rather the effect of adding higher contents of PPC. For
polymer blends with high compatibility, a considerable reduc-
tion in particle size of the minor phase was observed resulting
from enhanced interfacial adhesion.49 However, the three
biodegradable biopolymers are not completely immiscible,
leading to the slightly increased PPC size at higher PPC
contents. Therefore, it can be expected that the continuity
would be greater with 40% PPC, which is why the elongation at
break experienced a dramatic improvement at 40% PPC,
Table 3 Polymer spreading coefficients from interfacial interaction

Sample l31 (mN m�1)

PLA/PPC/PHBV harmonic 1/3/2 ¼ g12 �3.98
PLA/PHBV/PPC harmonic 1/2/3 ¼ g13 �0.84
PPC/PLA/PHBV harmonic 3/1/2 ¼ g32 0.58
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Fig. 8 Schematic illustration detailing the transition from droplet–droplet to co-continuous morphology for biopolymer phases of ternary
blends.
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jumping from 5.2% to 215%. The mechanical performance of
the ternary blends was determined, not only by the phase
morphology of co-continuous droplets, but also by the wetting
behaviour of the different components. The blends can form
complete wetting or partial wetting scenarios which can be
predicted by the spreading coefficient from the Harkins
equation.

Hobbs et al. adjusted the Harkins equation to account for
a spreading coefficient that would determine if separate or
miscible phases were present in the matrix and detail ternary
blendmorphology.26,50 Themodied Harkins equation is shown
below.

l31 ¼ g12 � g32 � g13

l31 represents the spreading coefficient of polymer 1 over
polymer 3. The interfacial interaction is denoted as gij. If poly-
mer 1 is encapsulated by polymer 3, l31 is positive. If terms l31
and l13 are negative, polymer 1 and polymer 3 will disperse into
separate phases.26,50 g12, g32, g13 were computed from
a harmonic mean equation51 using surface data for PLA, PHBV
and PPC at processing temperatures with �0.06 mJ m�2 as the
temperature constant. The equation below details the harmonic
mean equation used to determine g12.

g12 ¼ g1 þ g2 � 4

�
gd
1g

d
2

gd
1 þ gd

2

þ gP
1g

P
2

gP
1 þ gP

2

�

The data for surface tension of polymers at 180 �C are listed
in Table 2.

The spreading coefficient equation was used to calculate the
surface tension of neat polymer at a mixing temperature of
180 �C. Those results are shown in Table 3.

It was demonstrated that 30% PLA, 60% PHBV and 10% PBS
had a calculated l31 of 3.83 mN m�1. PBS enveloped PLA
lending itself to a core–shell scenario.26 However, for PLA–
PHBV–PPC ternary blends, both g13 and l31 were found to be
negative, indicating that PLA and PPC formed separate phases.
44630 | RSC Adv., 2020, 10, 44624–44632
This means that the three components were separated from
each other, and complete wetting morphology was formed in
the ternary blends. That is why the exibility of ternary blends
can only be improved at 40% PPC where a co-continuous
structure was successfully formed. This is unlike the previous
study where only 10% PBS surrounded by 30% rigid PLA (40%
(PLA + PBS)) could improve the toughness and exibility of
blends.17 In this study, PPC not only played the role of a tough-
ening agent but also improved sample exibility.

Fig. 8 shows the schematic representation of phase
morphology of the ternary blends. PLA, PHBV and PPC are
separated from each other with morphology evolution from
elliptical shaped droplets to co-continuous structures. As such,
the toughness of PLA–PHBV matrix can only be improved with
high contents of PPC (40%), in which co-continuous structures
can be formed in the melt blending. Since all three biode-
gradable biopolymers are mostly immiscible with each other, as
predicted by spreading coefficients from interfacial interaction,
use of compatibilizer such as peroxide or modication of the
surface groups of biopolymers such as maleic anhydride gra-
ing would increase miscibility among the three polymers where
added functionality promote intermolecular interactions
between each biopolymeric species.

4. Conclusions

Ternary blend containing 20 : 40 : 40 weight percentage of PLA–
PHBV–PPC was found to be an optimal blend with high stiffness
of 2.7 GPa, an HDT of 72 �C and a high elongation at break of
�215%. HDT was seen to reduce with 40% PPC, however tensile
exibility showed great improvement compared to neat PHBV.
To reveal the mechanism behind mechanical performance of
ternary blends, the crystallization and morphology were
studied. The SEM studies showed that a co-continuous struc-
ture was formed at 40% PPC, leading to signicant improve-
ment in elongation at break of the ternary blends. Furthermore,
the phase morphology was predicted by theoretical spreading
coefficient calculations. It was found that PLA, PHBV, and PPC
This journal is © The Royal Society of Chemistry 2020
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were separated from each other in the ternary blends and as
such the toughness of blends could only be improved at high
PPC content. Overall, ternary blends containing at least 40%
PPC provided a balance of mechanical and thermal properties
necessary for high performance applications. In the future,
compatibilizer or surface polarity modication of PLA or PPC
will be investigated to further enhance mechanical and thermal
properties of the blends using low amounts of PPC.
Conflicts of interest

The authors declare no conicts of interest.
Acknowledgements

The nancial support from (i) Agriculture and Agri-Food Can-
ada (AAFC), Maple Leaf Food, Canada and Bank of Montreal
(BMO), Canada through Bioindustrial Innovation Canada (BIC)
Bioproducts AgSci Cluster Program (Project No. 054015, 054449
and 800148), (ii) the Ontario Ministry of Agriculture, Food and
Rural Affairs (OMAFRA)/University of Guelph – Bioeconomy for
Industrial Uses Research Program (Project No. 030486 and
030251) and (iii) the Natural Sciences and Engineering Research
Council (NSERC), Canada Discovery Grants (Project No. 400320)
are gratefully acknowledged.
References

1 A. K. Mohanty, M. Misra and L. T. Drzal, J. Polym. Environ.,
2002, 10, 19–26.

2 A. K. Mohanty, M. Misra and G. Hinrichsen, Macromol.
Mater. Eng., 2000, 276/277, 1–24.

3 A. K. Mohanty, S. Vivekanandhan, J.-M. Pin and M. Misra,
Science, 2018, 362, 536–542.

4 A. Morão and F. de Bie, J. Polym. Environ., 2019, 27, 2523–
2539.
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