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ABSTRACT: Biodegradable poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (PHBV)/poly(butylene adipate-co-terephthalate)
(PBAT) blends hold great potential for use in sustainable
packaging applications for their advanced performance. Under-
standing the structure−property relationship in the blends at
various proportions is significantly important for their future
application, which is addressed in this work. The study found that
the inherent brittleness of PHBV can only be modified with the
addition of 50 wt % PBAT, where co-continuous structures formed
in the blend as revealed by scanning electron microscopy (SEM)
analysis. The elongation at break (%) of the blends increased from
3.81 (30% PBAT) to 138.5% (50% PBAT) and 345.3% (70 wt %
PBAT), respectively. The fibrous structures of the PBAT formed
during breaking are beneficial for energy dissipation, which greatly increased the toughness of the blends. Both the SEM observation
and glass-transition temperature study by dynamic mechanical analysis indicated that the PHBV and PBAT are naturally immiscible.
However, by simply mixing the two polymers with different composition ratios, the properties including melt flow index, heat
deflection temperature, and mechanical properties can be tailored for different processing methods and applications. Our research
work herein illustrates the fundamental structure−property relationship in this popular blend of PHBV/PBAT, aiming to guide the
future modification direction in improving their properties and realizing their commercial applications in different scenarios.

1. INTRODUCTION
The growing impact of plastic pollution is becoming more
apparent with each passing year. Increased awareness about
global environmental issues due to the accumulation of plastic
waste is driving academics and industries to find alternatives to
nonbiodegradable products. These plastics cannot safely
decompose and, therefore, significantly contribute to landfills
and environmental pollution.1 Among them, only a minimal
quantity of recyclable plastics is successfully converted into a
new product. It is estimated that as little as 14% of plastic
produced around the globe is effectively recovered annually.2

This results from the fact that recycling currently suffers from
some limitations such as worsened quality (mechanical
recycling) and significant investment into the process
(chemical recycling).3 A shift toward biobased and renewable
plastics, which can be a drop-in replacement for these other
materials, is being encouraged in addition to improved end-of-
life strategies.4 With potentially similar properties to conven-
tional plastics with biodegradability, these polymers can relieve
the current strain being placed on landfills while still
maintaining the useful properties of petroleum-based plastics.

Polyhydroxyalkanoates (PHAs) are a family of bacterial
polyesters which are synthesized within the cytoplasm of
microbes under growth-limiting conditions.5,6 Initially formed
by the bacteria as energy storage molecules, they are aliphatic
polyesters that have drawn significant attention from the
academic community over the past several decades. PHAs are
considered universally biodegradable, meaning they can safely
biodegrade in any environment, whether in a landfill, compost,
soil, the ocean, or freshwater.7 As an aliphatic polyester, the
high concentration of ester bonds within the polymer chain
creates many sites for enzymatic attack and, subsequently,
rapid hydrolysis of the polymer chains.8 ,9 Poly-
(hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is the most
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popular polymer in the PHA family. The properties of PHBV
are highly dependent on the hydroxyvalerate (HV) content.
Higher HV contents normally lead to improved elongation/
flexibility of the polymer by decreasing the overall crystallinity,
subsequently increasing its toughness.10 Several studies have
been conducted to show how the HV content of PHBV
governs the polymer behavior.11−13 The key benefit of PHBV
is its excellent oxygen and water vapor barrier properties,
which is a crucial consideration for food packaging. Minimizing
the transmission of gasses and water vapors through packaging
is one of the best ways to maintain the quality and shelf life of
the goods inside.14,15

Despite these significant advantages, they do not come
without drawbacks which have prevented the widespread
adoption of biopolymers, specifically PHBV, throughout
various industries. Some intrinsic weaknesses of PHBV are
its extremely high brittleness, thermal instability, narrow
processing window, and high production cost.16,17 The poor
mechanical properties are linked to its high degree of
crystallinity (70−85%) and slow rate of crystallization.18 To
overcome this and conserve the most significant appeal of
PHBV, its biodegradability, PHBV is often blended with other
biodegradable or compostable polymers. Such polymers
include poly(lactic acid) (PLA), poly(butylene succinate-co-
butylene adipate) (PBSA), poly(caprolactone) (PCL), poly-
(butylene adipate-co-terephthalate) (PBAT), or natural rub-
bers.19−24 The main issue faced in those blends is the
inadequate compatibility between the two polymers, leading to
distinct phase-separated morphologies and poor interfacial
adhesion.25 This heterogeneous structure results in lower-than-
expected mechanical performance. Therefore, the full benefit
of polymer blending cannot be realized.
Among them, PHBV/PBAT blends hold great potential for

commercial applications for their balanced properties such as
stiffness-toughness balance. Using a commercially available
PHBV/PBAT blend (6010P) as the matrix, Javadi et al.
prepared biodegradable composites with recycled wood fibers
and nanoclay using various processing methods.26 It was found
that while various processing strategies and fillers can be used
to improve the mechanical and thermal performance of the
PHBV/PBAT blends, the miscibility of the polymers was not
improved. In a similar study, Pal et al. used a PHBV/PBAT
(40/60) blend in conjunction with nanoclay to develop flexible
packaging films using cast film extrusion and compared their
properties with compression molded counterparts.21 The
addition of a nanoclay filler was able to dramatically reduce
the oxygen permeability of the blend, lending credibility to the
possibility of using PHBV/PBAT/filler blends in packaging
applications. Bittman et al. used a variety of PHBV/PBAT
blends in conjunction with nanoclay to investigate the role of
nanoclay in the morphology of the fabricated composite.27

Similar to Pal et al., the addition of the nanoclay was able to
improve the performance of the blend for packaging
applications. These studies provide an excellent look into the
role that fillers can play in improving biodegradable polyester
blends, though none focus directly on the interaction between
PHBV and PBAT themselves.
Structure−property relationship studies are always the core

of polymer research. To promote the application of PHBV/
PBAT in different fields, understanding the dependence of
macro-performance including thermal-mechanical properties,
rheological behavior, etc., on the blending ratio is significant.
Therefore, an in-depth analysis of the effect of blending PHBV

and PBAT at various weight percentages on the morphological,
rheological, mechanical, and thermal properties is conducted in
this work, aiming to understand the miscibility and phase
adhesion behavior of PHBV/PBAT. It is done to improve the
understanding of how the blending of two immiscible polymers
in different weight ratios impacts the properties of the final
composition and identify whether any trends emerge.

As mentioned previously, the universal biodegradability of
PHBV is well documented.7 For example, various studies have
demonstrated this with up to 70% mass loss in soil, 95% mass
loss in composting conditions, and 87% mass loss in a marine
environment after 350, 45, and 160 days, respectively.28,29

PBAT is known to readily degrade in industrial composting
conditions, with one study noting 100% degradation after 60
days.30 Soil degradation can yield slower results due to the
aromatic chain present in the molecule; however, one study
determined a 50% weight loss in 22 months and noted no signs
of soil toxicity.31,32 While it is expected that the blends
produced in this study will maintain the degradation behavior
of the neat polymers consistent with their blending ratio, this
cannot be known for certain without a specific study to
confirm it.

2. RESULTS
2.1. Crystallization Behavior of Blends. The second

heating cycle of both the polymers and their prepared blends
are shown in Figure 1. Table 1 was prepared based on the
average of the second heating curve for two runs. The melting
temperature of PHBV is relatively unchanged as the weight
ratio of PBAT increases. Very subtle PBAT melting and
crystallization peaks (Figure 1i,ii, respectively) can be seen in
the 30/70 and 50/50 blends, while no peak was observed in
the 70/30 blend, as the degree of crystallinity was too low to
be measured. This behavior was also noted in low-PBAT-
content blends in the work by Bittmann et al.27 and Javadi et
al.33 The enthalpy of fusion for both polymers decreases as
their respective weight fraction decreases. It occurs in a
significant fashion for PHBV while being slightly less notable in
the case of PBAT. The %crystallinity of PHBV decreases as the
weight fraction of PBAT increases, due to an effect known as
deactivation of heterogeneity.34 This is a phenomenon in
which the melt of a noncrystallizing polymer blocks the growth
of the crystalline polymer, in this case PHBV being blocked by
PBAT melt. This is due to the difference in crystallization
temperatures between the two polymers, as PHBV would be
crystallizing while PBAT is still in a melted state. This has been
observed in polypropylene (PP) and polyethylene (PE) blends,
PHBV/PCL blends, and other PHBV/PBAT studies.19,33,35

2.2. Phase Morphology Analysis. When a shear force is
exerted on two molten polymers, one of two phenomena will
generally occur: (i) the individual particles of each polymer
will amalgamate into larger particles and separate from the
other polymer, or (ii) they will separate into small particles and
form droplets within a matrix of the other polymer. The
resulting mechanical performance of the blend is highly
dependent on which of these two phenomena occurs.

All samples were cryo-fractured using liquid nitrogen prior
to analysis. SEM images of the fracture surface morphology of
the investigated blends are provided in Figure 2i−vi. Each
blend was viewed both with and without having undergone a
solvent etching process so that the interaction between each
phase can be more clearly examined. Beyond simply removing
the chosen polymer for improved analysis, etching allows one
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to observe the samples at a depth beyond simply the fracture
surface.36 A droplet-matrix morphology is seen in the 70/30
sample, with small PBAT droplets dispersed throughout a
PHBV matrix. These droplets result in a slight improvement in
impact strength by potentially absorbing minimal amounts of
force, but major improvements are not possible due to the
brittle nature of the PHBV matrix, which dominates the
specimen. Once added in a higher weight percent, these small
PBAT droplets can be observed to agglomerate into larger

particles and adopt a co-continuous relationship with PHBV
within the 50/50 blend. Here, a significant enhancement in
mechanical properties is possible as the PBAT is more able to
bear the load imposed during testing. The result is a significant
jump in both elongation at break and impact strength
compared to the 70/30 blend. The droplet-matrix morphology
is again present in the 30/70 blend, except the major phase of
the matrix is PBAT instead of PHBV. In this case, the droplets
are much smaller in size, narrow in shape, and more finely
dispersed than in the 70/30 sample. The etched sample in this
blend reveals that the PBAT fraction forms a network
throughout the PHBV in fine strands, compared to the
separated globules formed in the 50/50 blend. This network
allows force to be more easily distributed throughout the
sample, subsequently improving properties such as elongation
at break and tensile strength. PHBV droplets only provide
reinforcement in aspects such as tensile modulus and general
sample stiffness. Furthermore, previous studies have shown
that narrow, elongated droplets have improved energy
absorption compared to those that are spherical in nature,
which is able to further improve the overall toughness of the
blend compared to either 70/30 or 50/50 blends.37

2.3. Mechanical Properties. The mechanical properties of
the blends are presented in Table 2. The crystalline nature of
PHBV results in it exhibiting high stiffness and tensile strength
(modulus: 3.3 GPa and strength: 37 MPa, respectively). It
showed poor %elongation and impact strength of 2.5% and 20
J/m, respectively. PBAT showed antagonistic properties to
this, with a very low stiffness modulus of 0.067 GPa and tensile
strength (25 MPa), yet high %elongation at break (406%) and
not failing during notched Izod impact testing.

Other studies utilizing low percentages of blending partners
such as PLA, PCL, and PBAT had difficulty improving the
toughness of PHBV without the use of additives, which
showed the same results found in this study.19,22,38,39 While
PBAT has been shown to be capable of acting as a toughening
agent in previous studies to enhance the elongation of PHBV,
PLA, and others, its addition in low weight percentages in this
study showed minimal improvement.40,41 The PHBV/PBAT
(70/30) blend exhibited an enhanced impact strength
compared to neat PHBV by 37% but was only able to improve
the %elongation at break by 50%. While seemingly a significant
improvement, it corresponds to a %elongation of only 3.81%.
It suggests insufficient interfacial adhesion among the PHBV
and PBAT within the blend. As confirmed by SEM images, the
PBAT is not adequately dispersed throughout the PHBV
matrix to make a significant enough contribution to increasing
the toughness. While the addition of compatibilizers would
surely be able to improve this even further, this is beyond the
scope of the current study.

Figure 1. (i) Second heating cycle and (ii) first cooling cycle of
PHBV, PBAT, and blends.

Table 1. Data Collected from DSC and DMA Analysesa

Tg (°C) (DMA) Tm (°C) Hf(J/g) Xc (%)

Blend PHBV PBAT Tc (°C) PHBV PBAT PHBV PBAT PHBV PBAT

PHBV 26.67 123.87 172.07 89.53 82.14
70/30 26.75 −19.19 113.96 169.81 58.84 77.11
50/50 25.29 −17.73 108.78 168.75 125.39 37.61 0.81 69.01 1.39
30/70 26.51 −16.18 90.26 170.31 124.16 20.9 1.89 61.44 2.38
PBAT −16.02 78.18 122.36 4.51 3.96

aBlank cells indicate scenarios where the information was either not applicable or not detectable.
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The PHBV/PBAT (50/50) blend showed significant
improvements in both impact strength and %elongation at
break, increasing by a factor of 14 and 55, respectively. It can
be attributed to the better dispersion of PBAT throughout the
PHBV to sufficiently bear the load exerted on the sample
during testing. However, there is still a clear distinction
between the PBAT and PHBV phases, as they are immiscible
and do not completely blend during the melt-compounding
process.
The blend of PHBV/PBAT (30/70) exhibited properties

very similar to neat PBAT, which did not break during impact
testing and had a 17% decrease in %elongation from PBAT
while having a nearly 10x greater tensile modulus and slightly
higher tensile strength (5% improvement). The SEM images
show that the PHBV portion of the blend is only present in a
small, elongated droplet form rather than a significant
contributor to the strength of the specimen. The dominance
of the PBAT portion of the blend allows for a significant
improvement in toughness while still maintaining some of the
stiffness provided by PHBV.
An increase in PBAT has a corresponding reduction in

sample stiffness. The tensile modulus can be found in both
Table 2 and Figure 3. It has been well established that the %

crystallinity and crystal morphology within crystalline or
semicrystalline polymers has a significant impact on their
mechanical properties.42,43 As determined by the differential
scanning calorimetry (DSC) analysis, the crystallinity of the
PHBV fraction of the blend significantly decreases as the

Figure 2. SEM images of fractured samples from impact test, captured at 12500x magnification: (i) PHBV70/PBAT30, (ii) PHBV50/PBAT50,
(iii) PHBV30/PBAT70, (iv) solvent-etched PHBV70/PBAT30, (v) solvent-etched PHBV50/PBAT50, and (vi) solvent-etched PHBV30/PBAT70.

Table 2. Mechanical Properties of Tested Blends

Tensile Impact Flexural

Blend
Tensile Strength

(MPa)
Young’s Modulus

(MPa)
Elongation at Break

(%)
Impact Strength

(J/m)
Maximum Stress

(MPa)
Flexural Modulus

(MPa)

PHBV 36.6 ± 0.99 3281.0 ± 168.27 2.5 ± 0.53 20.4 ± 0.75 64.1 ± 3.27 2870.0 ± 59.51
70/30 27.9 ± 0.81 2302.4 ± 135.72 3.8 ± 0.46 28.0 ± 2.64 51.0 ± 1.59 2179.8 ± 105.01
50/50 27.5 ± 1.89 1563.6 ± 174.70 138.6 ± 40.68 293.9 ± 61.07 30.6 ± 1.75 1384.0 ± 29.92
30/70 26.5 ± 3.46 609.0 ± 97.44 345.3 ± 38.09 no break 15.8 ± 1.11 593.8 ± 52.13
PBAT 25.1 ± 0.55 67.0 ± 1.22 406.8 ± 11.60 no break 4.0 ± 0.18 90.6 ± 3.65

Figure 3. Tensile strength and modulus of tested samples.
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PBAT content increases. Both the high-toughness PBAT and
reduced crystallinity of the PHBV phase work in conjunction
to improve the mechanical performance of the blends.
However, this comes at the expense of other properties such
as the maximum tensile strength and Young’s modulus, which
decrease with the addition of PBAT. This exchange is expected
and must be taken into consideration by scientists and
engineers when designing new blends for specific applications
such as packaging.
2.4. Thermogravimetric Analysis (TGA). The thermal

stability of each blend is investigated via thermogravimetric
analysis. Figure 4i contains the thermogravimetric analysis
(TGA) curves of the tested blends. Neat PHBV begins to
degrade around 273 °C, while the 70/30 and 50/50 blends
begin around 280 °C. The 30/70 blend and neat PBAT start to
degrade at 293 and 350 °C, respectively. The difference in
thermal stability between the two polymers results in two
distinct stages of degradation, the first being when PHBV
degrades followed by the more stable PBAT component. The
PHBV portion of all blends shows slightly improved thermal
stability as a result of the PBAT blending, with an
approximately 10 °C improvement in both the 70/30 and
50/50 blend, with a 20 °C improvement in the 30/70 sample.
Similar behavior has been noted by Bittman et al.27 This is a
result of a protective layer of char being formed by the PBAT
which temporarily shields the PHBV from degradation as the
TGA temperature increases.44 The influence of this char layer
increases at higher weight percentages, which explains the
delayed onset of degradation in more PBAT-dominant blends.
This is further evidenced by the higher char content left by
PBAT during TGA testing, as seen by the weight fraction
remaining in Figure 4i.
Figure 4ii contains the derivative of weight loss curves

(DTGA), which represents the rate of change of degradation at
each degree of temperature increase. While the onset of
degradation for the PHBV fraction shifts slightly higher with
increasing PBAT content, the peak degradation of the PHBV
fraction slightly changes from 304 to 309.5 °C by changing the
blend ratios. For the 50/50 blend, the maximum degradation
temperature of PHBV was slightly reduced by ∼3 °C
compared to pristine PHBV, which may be due to processing
effects. Both the onset and peak degradation rates of PBAT do

not seem to be related to the weight fraction in the blend. The
difference in thermal stability between the two polymers is
clear as the PHBV degrades much faster than PBAT, which is
made clear by the different widths of their DTGA peaks. A
wider peak suggests that the polymer degrades over a larger
temperature range as opposed to very quickly within a small
window.
2.5. Melt Flow Index (MFI). One of the key properties of a

polymer that determines how well it can be used in large-scale
manufacturing processes is the melt flow index (MFI). The
MFI of a polymer can be altered by several factors such as its
thermal history or molecular weight. Table 3 contains the MFI
of the blends tested in this study. No previously published
work could be found to compare these results. The
experiments conducted in this study show that the MFI of
the blends is very close to the weighted average of their
constituent polymers based on weight fraction. A consistent
and predictable change in the MFI suggests that no new
interactions are formed between either polymer throughout
the melt extrusion and injection molding process, as it would
be expected for the MFI to be lowered in the event of new
interactions.45 Consistent performance of the MFI also
suggests that no thermal degradation has occurred throughout
the process as this would result in reduced molecular weight,
shortened polymer chains, and ultimately a greater flowability
resulting in a higher MFI. Polymers with a low MFI are used
for film-blowing applications, whereas those with a high MFI
are considered more ideal for injection molding applications
due to their ability to easily flow inside a mold.46,47 These
blends fit in a comfortable mid-range between low and high
extremes, providing the interesting opportunity to customize
specific blends such that they could be used for either
application. The PHBV/PBAT (70/30) blend with an MFI of
∼16.6 g/10 min is ideally suited for injection molding, while
PHBV/PBAT (30/70) having a lower MFI is better suited for
film-blowing processes.
2.6. Heat Deflection Temperature (HDT). The heat

deflection temperature (HDT) is an important value to
consider when determining the applications a polymer can
be used in. It describes the maximum temperature that a
sample can be exposed to without deflecting to a significant
degree. The HDT of the neat polymers and blends examined

Figure 4. TGA of blends and neat polymers: (i) weight loss% as a function of temperature and (ii) first derivative of weight loss% with respect to
temperature.
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within this study can be found in Table 3. PHBV and PBAT
have extremely different HDT values, with values similar to

those found in other published work.48−51 The HDT of the
PHBV decreases approximately 25 °C with every 20 wt %
increase in PBAT content due to the increment in the
amorphous phase in PHBV/PBAT blends.
2.7. Dynamic Mechanical Analysis (DMA). Dynamic

mechanical analysis (DMA) was utilized to determine the
viscoelastic properties of the blends. Figure 5i shows the
storage modulus of the blends, which can help determine the
glass-transition region of the materials. The storage modulus
(E′) can help determine a given polymer’s glass-transition
temperature window.
In the case of PHBV, E′ begins to drop at an accelerated rate

around 26 °C, while this change begins at approximately −20
°C in PBAT. The width of the transition window is
significantly greater for PHBV than PBAT as the higher
degree of crystallinity requires a higher input of energy to
mobilize the polymer chains.52

DMA was used to evaluate the glass-transition behavior of
the blends. The Tg of PHBV was found to remain fairly
constant throughout the various blends. Such behavior was not
observed in the case of PBAT, as the Tg slightly increased as
the weight fraction became more significant. It can then be said
that PHBV impeded the ability of the amorphous PBAT to
form crystalline structures. This is also confirmed through DSC
analysis, as the degree of crystallinity is lessened with reduced
PBAT content.
Figure 5ii presents the tan δ of the blends. The peaks denote

the glass-transition temperature of each polymer within the
blend. In the case of the blends, there appear to be two distinct
glass-transition regions, one for the PHBV fraction and another
for the PBAT fraction with amplitudes relative to the weight
fraction of each polymer. This again shows that the two

blended polymers are immiscible as there is no observed
shifting of glass-translation temperature.53 The tan δ (tan δ =
E″/E′) is also referred to as the damping or loss factor of a
material. The higher the damping factor, the greater the ability
of the material to dissipate energy when subject to mechanical
displacement. It is also a common way to better understand the
stiffness of a blend, as a material with a high tan δ will generally
have low stiffness. Based on the tan δ curves found in Figure
5ii, the stiffness of the blends decreases with increasing PBAT
content. This is confirmed by the mechanical test results in
Table 2, with the flexural modulus steadily decreasing
throughout the blends.
2.8. Melt Rheology. Rheological analysis can be a valuable

way to investigate the properties of a molten polymer when
subjected to shear forces. The behavior of the blended
polymers is highly dependent on their individual macro-
molecular structures. Figure 6i−iv shows the rheological
properties of the studied blends. Previous works by Lajewski
et al. and Szegda et al. have demonstrated the dependence of
the rheological properties of PHBV on the measurement
temperature.54,55 While these studies recommend testing the
rheological properties of PHBV above 177 °C, all samples in
this study were tested at 175 °C to simulate injection molding
conditions.

Figure 6i shows the complex viscosity of the tested blends.
Both PHBV and PBAT exhibit slight shear-thinning through-
out the frequency sweep, with PHBV being more pronounced.
PHBV exhibits shear-thinning throughout the frequency
sweep, with a gradual decrease in complex viscosity as
frequency increases. This behavior indicates weak interactions
within the polymer melt at this temperature, as not much force
was required to overcome the intermolecular bonds between
polymers even at low frequencies. The polymer exhibits more
solidlike properties at low frequencies and transitions to a
more liquid state as frequency increases. This is in contrast to
PBAT, where it exhibits Newtonian behavior at low
frequencies and then transitions to shear-thinning behavior at
higher frequencies. In the blended samples, the 70/30 blend
behaves as expected with a lower complex viscosity throughout
the frequency sweep compared to neat PHBV while at lower
frequencies, followed by closely matching the complex
viscosity of PBAT at higher frequency values. However, both
the 50/50 and 30/70 blends feature a lower complex viscosity
than their neat polymers across the entire range of frequencies.

Table 3. MFI and HDT of Tested Blends

Sample MFI (g/10 min) HDT (°C)

PHBV 19.1 ± 1.3 137.03 ± 0.70
70/30 16.6 ± 1.7 117.19 ± 2.36
50/50 12.8 ± 1.3 94.63 ± 0.61
30/70 9.9 ± 0.1 69.44 ± 0.97
PBAT 6.9 ± 0.2 44.52 ± 1.51

Figure 5. Viscoelastic measurements of PHBV/PBAT blends: (i) storage modulus with respect to temperature and (ii) tan δ (loss factor) with
respect to temperature.
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This is potentially due to the immiscibility of the polymers and
a complete lack of interactions between the two, as they are
more likely to slide past each other in a molten state rather
than interact in any capacity. For this reason, the 50/50 blend
has the lowest viscosity, as there is the greatest volume of both
polymers present to be able to slip past each other when a
force is exerted upon them.56 This could also be attributed to
the degradation and polymer chain scission of PHBV, with the
higher mass fraction of PHBV in the 50/50 and 30/70 blends
making this change significantly more notable.57 This
degradation reduces the entanglement between polymer chains
and as a result lowers the viscosity of the melt.58

The storage modulus of a polymer melt describes its ability
to store energy under a shear load. This contrasts with the loss
modulus, a measure of a polymer’s ability to dissipate energy.
Figure 6ii compares the storage and loss moduli of the studied
blends throughout a frequency sweep. PHBV has a notably
higher storage modulus than PBAT, indicating the lower
elasticity of the melt at the measured temperature. All of the
tested blends have values that lie between the two neat
polymers. The 50/50 blend’s storage modulus behaves
independently of frequency at the bottom of the range,

forming a plateau. This is commonly seen in immiscible
polymer blends, which form co-continuous morphologies as
the storage modulus is made up of two components, one from
the polymers themselves and the other from the interfacial
relaxation.59 The storage modulus acts independently of
frequency as a result of interfacial relaxation absorbing energy
prior to the force being exerted and stored within the polymer
system as a whole.

The tan δ of the blends can be found in Figure 6iii. The
tan δ is a ratio of the loss modulus to the storage modulus and
serves to describe whether a blend has more viscoelastic or
elastic behavior. If the value is greater than 1, the loss modulus
is more dominant than the storage modulus and therefore the
melt will have more viscoelastic properties. The neat polymers
as well as all blends in this study have a value over 1.
Therefore, the blends that melt within this study all tend to
behave as a viscous fluid as opposed to exhibiting elastic
properties.

Figure 6iv plots the loss modulus vs storage modulus in a
modified linear Cole−Cole plot. In blends where the two
component polymers are compatible with each other, these
trend lines are expected to be linear.60,61 In the case of these

Figure 6. Rheological measurements of blends and their constituent polymers: (i) complex viscosity, (ii) storage and loss moduli, (iii) tan δ, (iv)
modified linear Cole−Cole plot.
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blends, the lines deviate from each other at low shear rates,
further showing that they are incompatible with each other.
This is particularly apparent in the 50/50 blend, with a notable
“hook” found at lower frequencies. At higher shear rates, it is
possible that the PBAT droplets are able to sufficiently blend
into the PHBV matrix and then dissociate upon reaching lower
rates or coming to a stop. This matrix-droplet morphology is
supported by the previously provided SEM images.

3. CONCLUSIONS
This study successfully blended two compostable polymers
(PHBV and PBAT) at varying weight fractions in an in-depth
analysis. The blending was able to dramatically toughen PHBV
at a 50% loading of PBAT despite a lack of miscibility between
the two polymers, as noted by SEM analysis. The jump
between 30 and 50% PBAT loading yielded a significant
difference in morphology and mechanical properties, suggest-
ing that the morphological transition occurs at some point
between these two values. DSC analysis revealed that with
increasing PBAT content, the crystallinity of PHBV was found
to decrease, showing that PBAT impedes the ability of PHBV
to form crystals. This contributed to the toughening of the
blends and change in stiffness as seen in mechanical and DMA
testing. Rheological analysis suggested a lack of significant
interaction between the two polymers, which was further
confirmed by an investigation into the melt flow index. It is
thought that although the use of additives in future studies will
be able to further improve the properties of these blends, the
current lack of additives gives rise to the thought that these
blends will be just as biodegradable as their constituent
polymers. The blends studied within this work will address the
plastic waste crisis by providing alternatives to current
petroleum-based products in varying applications such as in
packaging. Future studies will be required to confirm the
biodegradability of these blends, as well as to examine the
ability of the blends to prevent oxygen and vapor transmission.
These properties will be key for the success of these blends as
biodegradable packaging options.

4. MATERIALS AND EXPERIMENTAL PROCEDURES
4.1. Materials. PHBV-grade Y1000P (∼3% HV content,

beige-colored pellets) was purchased from Ningbo TianAn
Biologic Material Co. Ltd., China. The company-provided
datasheet specifies a density of 1.25 g/cm3 and a melting point
of 170−176 °C. PBAT, by the trade name of Ecoflex (F Blend
C1200, white granules), was acquired from BASF, Canada.
The company-provided datasheet specifies a density of 1.25−
1.27 g/cm3 and a melting point of 110−120 °C. Both polymers
were unaltered from their original form prior to processing.
4.2. Sample Preparation. The pellets were dried in an

oven at 70°C for at least 12 h before processing. The moisture
content was ensured to be <1% prior to processing. The
polymers (PHBV and PBAT) were weighed in appropriate
ratios (as mentioned in Table 4) and mixed mechanically in a
zip-lock bag. The injection-molded specimens were prepared
using a 15cc twin-screw micro-compounder with an attached
injection molder (DSM, the Netherlands). The mixing was
performed at 175 °C at 100 rpm for 2 min in a micro-
compounder (screw L/D ratio: 18 and length: 150 mm) to
ensure thorough blending of the polymers. The molten
polymer blend was collected in a transfer device at the same
temperature (175 °C). It was injected into the mold with an

optimal injection pressure of 2.5 bar for 24 s using an injection
molder, which resulted in the highest-quality specimens.
Tensile, flexural, and impact specimens for all of the blends
and controls (PHBV and PBAT) were prepared using same
operating conditions.

5. METHODS
5.1. Differential Scanning Calorimetry (DSC). DSC

analysis was done using a DSC Q200 (TA Instruments)
machine with a heat−cool−heat cycle. Samples weighing
approximately 12 mg were placed in aluminum pans for
testing. The first heating cycle increased the temperature to
200 °C at a rate of 10 °C/min to remove the thermal history of
the sample. The cooling cycle went down to −80 °C at a rate
of 5 °C/min. The sample was then heated once more up to
200 °C at a rate of 10 °C/min during the second heating cycle.
Nitrogen was set to flow at 50 mL/min to ensure the thermal
stability of samples in testing. The %crystallinity (Xc) of the
blends was determined via eq 1

X
H

W H
(%) 100

X X
c

f

f,
=

× °
×

(1)

where subscript X represents the polymer for which the %
crystallinity is determined (PHBV or PBAT), ΔHf represents
the heat of fusion as provided by the DSC curve, Wf,X is the
weight fraction of PHBV or PBAT in the blend, and ΔHX° is
the heat of fusion for a theoretically 100% crystalline polymer.
For this purpose, 109 J/g for PHBV and 114 J/g for PBAT
were used.19,27

5.2. Scanning Electron Microscopy (SEM). Morpho-
logical analysis was done with a scanning electron microscope
(Phenom ProX Desktop, Netherlands) using an accelerating
voltage of 10 kV. Samples were cryo-fractured prior to analysis
via submersion in liquid nitrogen. PHBV70/PBAT30 and
PHBV50/PBAT50 blends were etched using tetrahydrofuran
(THF) at room temperature to selectively dissolve the PBAT
fraction. The PHBV30/PBAT70 blend was etched using
formic acid at room temperature to dissolve the PHBV
fraction. Etched samples were submerged in the solvent for 5
minutes. Samples were sputter-coated to prevent electrostatic
charging of the samples.
5.3. Mechanical Properties. The tensile and flexural

properties were measured using a universal testing machine
(Instron, Massachusetts), equipped with a 5 kN load cell.
Tensile samples (Type IV) were tested at 50 mm/min (except
neat PHBV, which was tested at 5 mm/min) as prescribed by
ASTM standard D682.62 Injection-molded flexural bars were
submitted to a three-point bending test at a rate of 14 mm/
min, according to ASTM standard D790.63 Impact testing was
done by a Zwick/Roell HIT25P impact testing machine (Ulm,
Germany). Notched Izod samples were struck by a 2.75 J
capacity hammer according to ASTM standard D256.64 Five

Table 4. Nomenclature Used for Prepared Controls and
Polymer Blends

Formulation
PHBV Content

(wt %)
PBAT Content

(wt %)
Data
Label

PHBV 100 0 PHBV
PHBV70/PBAT30 70 30 70/30
PHBV50/PBAT50 50 50 50/50
PHBV30/PBAT70 30 70 30/70
PBAT 0 100 PBAT
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specimens of each formulation were used for tensile and
flexural testing, while 10 samples were used for impact testing.
5.4. Thermogravimetric Analysis (TGA). TGA was

conducted using a TGA Q500 (TA Instruments) to determine
the thermal stability of the control samples and blends. A heat
ramp was used from 30 to 800 °C at 10 °C/min. An inert
atmosphere was maintained by providing a flow of nitrogen gas
at 60 mL/min. Weight loss and maximum degradation
percentage were obtained by graphical means. The average
of two runs was taken for analysis.
5.5. Melt Flow Index (MFI). MFI of all of the samples was

analyzed using a Qualitest melt flow indexer 2000A according
to ASTM standard D1238.65 Samples to be used were
collected while melt-compounding, with approximately 7 g of
material used for each test. As there is no preexisting standard
procedure for PHBV/PBAT composites, the method for LDPE
was adopted, which sets the temperature to 190 °C and 2.16 kg
of applied mass. Measurements were performed in triplicate.
5.6. Heat Deflection Temperature (HDT). The HDT of

the samples was determined using a DMA Q800 machine (TA
Instruments) following ASTM D648.66 The sample was placed
in a three-point bending clamp under a static force of 0.445
MPa. A temperature ramp of 2 °C/min from a starting point of
30 °C was used. The HDT value was measured at a deflection
of 250 μm.
5.7. Dynamic Mechanical Analysis (DMA). DMA was

conducted using a DMA Q800 (TA Instruments). The sample
was loaded into a dual cantilever in frequency sweep−strain
mode with an amplitude of 20 μm at 1 Hz. The sample was
initially cooled via liquid N2 down to −80 °C and heated to
100 °C at 3 °C/min. This data was primarily used to establish
the storage modulus (E′) and glass-transition temperature (Tg)
of the samples.
5.8. Melt Rheology. Rheological properties were tested in

a strain-controlled rheometer (MCR-302, Anton Paar,
Germany) at a temperature of 175 °C to match processing
conditions. A parallel plate with a diameter of 25 mm and a
fixed measurement gap of 1 mm in a nitrogen environment
were used. The sample was allowed to melt entirely, and excess
material was removed prior to testing, with no notable air gaps
present throughout the sample. Storage and loss moduli along
with complex viscosity were determined using a dynamic
frequency sweep through 0.1−100 rad/s, at a strain of 1%
within the linear viscoelastic (LVE) region of the materials.
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