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Abstract

This paper reports the thermal, morphological andmechanical properties of environmentally friendly poly(3-hydroxybutyrate)
(PHB)/poly(butylene succinate) (PBS) and PHB/poly[(butylene succinate)-co-(butylene adipate)] (PBSA) blends, prepared by
melt mixing. The blends are known to be immiscible, as also confirmed by the thermodynamic analysis here presented.
A detailed quantification of the crystalline and amorphous fractions was performed, in order to interpret the mechanical prop-
erties of the blends. As expected, the ductility increased with increasing PBS or PBSA amount, but in parallel the decrease in the
elastic modulus appeared limited. Surprisingly, the elastic modulus was found properly described by the rule of mixtures in the
whole composition range, thus attesting mechanical compatibility between the two blend components. This unusual behavior
has been explained as due to co-continuous morphology, present in a wide composition range, but also at the same time as the
result of shrinkage occurring during sequential crystallization of the two components, which can lead to physical adhesion
between matrix and dispersed phase. For the first time, the elastic moduli of the crystalline and mobile amorphous fractions
of PBS and PBSA and of themobile amorphous fraction of PHB at ambient temperature have been estimated through amechan-
ical modelling approach.
© 2021 The Authors. Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.
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INTRODUCTION
Poly(3-hydroxybutyrate) (PHB) is a compostable, biodegradable
and biocompatible polymer belonging to the polyhydroxyalkano-
ate family, produced by several bacteria as intracellular carbon
reserve.1,2 These favorable characteristics of PHB are unfortu-
nately counterbalanced by poormechanical properties and intrin-
sic brittleness. For these reasons practical applications of PHB are
strongly limited.3 It is known that PHB undergoes progressive
embrittlement upon storage, due to additional crystallization
occurring at ambient temperature (Troom).

4 The gradual increase
in crystallinity, as a consequence of the growth of secondary crys-
tals in geometrically restricted areas, was found to increase also
the constrained amorphous regions located in proximity of the
crystals, thus causing further progressive PHB embrittlement.5

These constrained amorphous regions constitute the so-called
called rigid amorphous fraction (RAF), whereas the amorphous
areas far from the crystal surfaces form the mobile
amorphous fraction (MAF).6

To reduce the brittleness of PHB, copolymerization with various
hydroxyalkanoate units has been applied. Poly[(3-hydroxybuty-
rate)-co-(3-hydroxyvalerate)]s (PHBV), the most common random
copolymers of PHB, exhibit lower fragility and higher elongation

at break with respect to PHB.7 Otherwise, PHB can be blended
with biobased or biodegradable polymers. Polymer blending is
an economic and useful way to modify the properties of PHB. By
changing the composition of the mixture, materials with suitable
properties for various applications can be obtained. To improve
ductility, PHB has been mixed with polymers characterized by
high toughness and low glass transition temperature (Tg) values,
as for example poly(ethylene oxide),8 poly(ε-caprolactone),9

poly(butylene succinate) (PBS),10–13 poly[(butylene succinate)-co-
(butylene adipate)] (PBSA),14 poly[(butylene adipate)-co-(butyl-
ene terephthalate)]15 and poly(propylene carbonate).16
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In particular, PBS is a very interesting aliphatic polyester,
because it can be biobased as PHB, besides being biodegradable,
as well as the copolymers PBSA. PBS and PBSA exhibit good melt
processability, chemical resistance and mechanical properties as
common polyolefins.17 PBSA copolymers are characterized by iso-
dimorphism, i.e. co-crystallization of the co-monomers in the crys-
tal lattices of the two homopolymers PBS and poly(butylene
adipate). The co-monomer incorporation depends on the compo-
sition, and is generally modest.18

Investigations of the properties of blends of PHB or PHBV and
PBS or PBSA, prepared both by melt mixing and solvent casting,
demonstrated that a biphasic system is generally obtained over
the whole composition range.10–13,19–21 The morphology of the
melt-blended PHB/PBS mixtures was found to change from dis-
persed phase to a continuous distribution, with a co-continuous
morphology for PHB/PBS 50/50 and 30/70.12

In the study presented here, the mechanical properties of melt-
blended PHB/PBS and PHB/PBSA mixtures were investigated in
the whole composition range, and interpreted as a function of
the phase composition and morphology. Compatibilizers were
not added, to make the blends more economical and sustainable.
In the literature, mechanical properties of the PHB/PBS and PHBV/
PBS blends can be found referred to partial composition inter-
vals.11,21 The only study that reports mechanical properties data
determined in the entire composition range refers to blends of
PBS and PHBV (5 mol% of hydroxyvalerate units),20 with a higher
hydroxyvalerate content with respect to the PHB grade used in
the present study.
However, the present study takes a step forward, with the inter-

pretation of the elastic modulus trend as a function of the mor-
phology and solidification process of the two blend
components, and with a modelling of the elastic modulus on
the basis of the crystalline and amorphous fractions of the two
blend components. A connection between the blend elastic mod-
ulus and the elastic moduli of the different phases has been
found. With this purpose, the elastic modulus of the PHB/PBS
and PHB/PBSA blends has been theoretically described by
expanding the two-phase Takayanagi model22,23 to a multiple-
phase system, in order to quantify the contribution of the differ-
ent crystalline and amorphous fractions. The Takayanagi model
is a combination of series and parallel elements to take into
account the different deformations that separate phases undergo
under stress. The two-phase Takayanagi model has been widely
applied to the prediction of the elastic modulus of semicrystalline
polymers,24,25 blends,26 copolymers27 and composites.28 By tak-
ing into account the amorphous and crystalline amounts of the
two blend components, the elastic moduli of the crystalline and
mobile amorphous regions of PBS and PBSA have been theoreti-
cally estimated, as well as the elastic modulus of the mobile amor-
phous fraction of PHB. To the best of our knowledge, this is the
first time that these values have been assessed and reported.

MATERIALS AND METHODS
Materials
Commercial polyhydroxyalkanoate (grade PHI002™) in pellets was
supplied by Naturplast® (Caen, France). The material is a PHBV
copolymer with 1 mol% of hydroxyvalerate units.29 The melt flow
index test, performed by means of a CEAST M20 melt flow tester,
according to the standard ISO 1133:2005, led to a MFR of 1.9
± 0.8 g (10 min)−1 (190 °C, 0.325 kg) and a viscosity of 810
± 200 Pa s. The melting temperature of PHI002™ was identical
to that of pure PHB (Tm = 172 °C); thus, due the very low amount
of hydroxyvalerate units, the polymer is here labelled PHB.
Commercial biobased PBS and PBSA (BioPBS™, grade FZ91PM

and FD92PM) in pellets were provided by PTT MCC Biochem
(Bangkok, Thailand). The butylene adipate amount in PBSA is
20 mol%.30 The melt flow index test led to a MFR of 3.6 ± 0.5
and 0.65 ± 0.01 g (10 min)−1 (190 °C, 0.325 kg) and a viscosity
of 480 ± 50 and 728 ± 100 Pa s for PBS and PBSA, respectively.

Blend preparation
The composition (in wt%) of the PHB/PBS and PHB/PBSA blends
investigated was: 85/15, 70/30, 50/50, 30/70, 15/85. Unmixed
PHB and PBS or PBSA were labelled 100/0 and 0/100, respectively.
Before processing, PHB, PBS and PBSA were dried for 24 h in a

Piovan DP 604-615 dryer (Piovan SPA, Verona, Italy) at 60 °C to
eliminate traces of humidity. The PHB/PBS and PHB/PBSA blends
were prepared using a Haake MiniLab II (Thermo Fisher Scientific,
Waltham, MA, USA), a co-rotating conical twin-screw extruder.
The pellets of the two components were roughly mixed in the
appropriate weight percentage, and then poured into the mini
extruder. Successively the molten materials were transferred
through a preheated cylinder to the mini injection molder
(Haake MiniJet II, Thermo Fisher Scientific), which allows the prep-
aration of bar specimens, to be used for thermal and mechanical
characterization. The dimensions of the dog-bone bars for tensile
tests were: width in the larger section: 10 mm; width in the narrow
section: 4.8 mm; thickness: 1.35 mm; length: 90 mm. The extruder
operating conditions adopted for the blends are reported in
Table 1. After preparation, all the samples were stored in a desic-
cator. As the mechanical properties of PHB change upon storage
at Troom, due to additional crystallization and RAF increase,4,5 the
thermal and mechanical characterizations were performed simul-
taneously 2 days after the preparation of the blends.

Blend characterization
DSC measurements were performed with a DSC 8500 calorimeter
(PerkinElmer, Waltham, MA, USA) equipped with an IntraCooler III
as refrigerating system. The instrument was calibrated in temper-
ature with high-purity standards (indium, naphthalene, cyclohex-
ane) according to the procedure for standard DSC.31 Enthalpy
calibration was performed with indium. Dry nitrogen was used

Table 1. Operating conditions for the extrusion and injection molding processes

PHB/PBS
PHB/PBSA

Extrusion
temperature (°C)

Screw
speed (rpm)

Cycle
time (s)

Injection
temperature (°C)

Injection
pressure (bar)

Molding
time (s)

Mold
temperature

(°C)

100/0 and all the
blends

175 100 90 175 150 60 60

0/100 155 100 90 155 150 60 60
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as purge gas at a rate of 20 mL min−1. To gain precise heat capac-
ity data from the heat flow rate measurements, each scan was
accompanied by an empty pan run (blank run), with the mass of
the blank and sample aluminium pans matching within 0.02 mg.
To reduce as much as possible the thermal lag, the sample mass
was lower than 10 mg. All the as-prepared blends were analyzed
from −85 to 200 °C at a heating rate of 10 K min−1, after quick
cooling from Troom. In addition, the PHB/PBS and PHB/PBSA
blends were analyzed upon cooling from the melt at 50 K min−1,
to mimic approximately the processing conditions, and subse-
quently upon heating at 10 K min−1.
Tensile tests were performed at Troom, at a crosshead speed of

10 mm min−1, by means of an Instron 5500R universal testing
machine (Canton MA, USA), equipped with a 10 kN load cell and
interfaced with a computer running Testworks 4.0 software (MTS
Systems Corporation, Eden Prairie, MN, USA). At least five speci-
mens were tested for each sample according to ASTM D
638, and the average values were reported.
The morphology of the blend surfaces was obtained using SEM

with an FEG Quanta 450 (Thermo Fisher, Waltham, MA, USA).
Micrographs of samples fractured with liquid nitrogen and etched
with gold, by means of an Edward S150B sputter coater, were col-
lected. Backscattered electrons generated the images with resolu-
tion provided by beam deceleration with a landing energy of 2 kV.

RESULTS AND DISCUSSION
Thermal characterization
Figure 1 collects the apparent specific heat capacity (cp,app) curves
of the as-prepared PHB/PBS and PHB/PBSA blends, together with
the thermodynamic solid and liquid specific heat capacities (csp
and clp for PHB, PBS and PBSA; csp,blend and clp,blend for the blends).

For PHB, the expressions csp = 1.21 + 0.0035T and clp = 1.72
+ 0.0022T were used,32 whereas for PBS and PBSA, csp = 1.21

+ 0.0030T and clp = 1.79 + 0.0016T were applied, with the solid
and liquid specific heat capacities expressed in J g−1 K−1 and
T in °C.33

For all the mixtures, the cp,app data in the solid and liquid states
were found to be in perfect agreement with thermodynamic solid
and liquid specific heat capacities (csp,blend and clp,blend respec-

tively), calculated as the weighted sum of csp and clp of the two
components, according to the relationships csp,blend(T) = Σ Wi

csp,i Tð Þ and clp,blend Tð Þ = Σ Wi clp,i Tð Þ, where Wi is the weight frac-
tion of the ith component. The absence of specific interactions
between PHB and PBS or PBSA is proven by the null contribution
of excess specific heat capacity to the thermodynamic csp,blend
and clp,blend.

33

The enlargements of the curves show that Tg of the semicrystal-
line PBS is centered at about −32 °C, whereas that of the copoly-
mer PBSA appears located at lower temperatures (−46 °C), due to
the higher mobility of the butylene adipate units, in agreement
with literature data.18,34 Because of the high crystallinity of the
as-prepared PHB, the cp,app increment at Tg is barely recognizable
around 5 °C. In the PBS- and PBSA-rich blends, Tg appears
unchanged with respect to plain PBS and PBSA, as well as in the
PHB-rich blends, where a single Tg is present at temperatures
slightly above 0 °C, as in plain PHB. Also, for the intermediate com-
positions, unmodified glass transitions can be observed, although
more barely due to the reduced percentage of the two compo-
nents. As monotonic change in Tg from the glass transition of
PHB to the glass transition of PBS or PBSA is not observed with a
change in the blend composition, the immiscibility of the
PHB/PBS and PHB/PBSA blends is confirmed. At temperatures
higher than Tg, around 60 °C, the cp,app curve of PHB exhibits a
large endotherm, which was previously connected to the devitri-
fication of the RAF together with an enthalpy recovery process
connected to RAF physical aging.35

Also, the melting endotherms of the blends appear unchanged
with respect to plain PHB and PBS or PBSA, although the area pro-
gressively decreases as a consequence of the changed composi-
tion. The main melting peak of PHB is centered at 172 °C.
Multiple endotherms characterize the fusion of PBS and PBSA,
due to the occurrence of melting and recrystallization processes
upon heating.33,36,37 Both PBS and PBSA exhibit a small
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Figure 1. Apparent specific heat capacity (cp,app) of the as-prepared (A) PHB/PBS and (B) PHB/PBSA blends (solid lines) as a function of temperature, at a
heating rate of 10 K min−1. The dotted lines are the thermodynamic solid and liquid specific heat capacities of PHB, PBS, PBSA and the PHB/PBS and
PHB/PBSA blends (see text). The ordinate values refer only to the bottom curve (PBS and PBSA curves). All the other curves are shifted vertically for
the sake of clarity. In the inset, an enlargement of the cp,app curves in the Tg region is shown. The arrowsmark the glass transition of the blend components.
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endotherm around 40 °C, probably connected to the fusion of
defective crystal grown at Troom during the two-day storage sub-
sequent to preparation, whereas the main melting peaks are
located at 115 and 86 °C, respectively.
The crystalline and the amorphous weight fractions of all the as-

prepared samples were determined from the cp,app curves
depicted in Fig. 1. The total MAF of the blends (wMA) was deter-
mined at 20 °C through Eqn (1):

wMA Tð Þ= cp,app Tð Þ−csp Tð Þ
clp Tð Þ−csp Tð Þ ð1Þ

because 20 °C, which is above Tg of all the respective components, is
the temperature at which the mechanical analysis was performed.
From the separate enthalpies of melting of PHB (Δhm,PHBV), PBS
(Δhm,PBS) and PBSA (Δhm,PBSA) the contributions of the single
components to the crystalline weight fraction of the blend were
determined (wC,PHB, wC,PBS, wC,PBSA, respectively), as wC,i = Δhm,i/
Δhm,i°, where Δhm° is the melting enthalpy of 100% crystalline
polymers (Δhm,PHB° = 144 J g−132 and Δhm,PBS° = Δhm,PBSA° =
200 J g−138,39). The units of Δhm,i are (J gblend

−1), whereas those of
Δhm,i° are (J gi

−1); thus the calculated wC,i values are the contribu-
tions of the single components to the crystallinity of the mixture.
The total crystalline weight fraction (wC) was obtained as the sum
of the distinct crystalline fractions.
Finally, the RAF (wRA) at 20 °C was determined by difference:

wRA= 1 − wC − wMA. The experimentalΔhm,i data, as well as the cal-
culatedwC,i,wMA andwRA values are listed in Tables S1 and S2 in the
supporting information. The data in the tables highlight that at 20 °C,
wRA is approximately 10% in PHB and zero in PBS and PBSA.
Figure 2 shows the evolution of the separate and total crystal-

line fractions, and the total MAF and RAF for the PHB/PBS and
PHB/PBSA blends as a function of the composition. All the varia-
tions are linear, due to the thermodynamic immiscibility of the
PHB/PBS and PHB/PBSA systems. The crystallinity of the copoly-
mer PBSA is lower with respect to the homopolymer PBS, in agree-
ment with literature data.18,34 The RAF increases with wC,PHB, thus
confirming that it is located exclusively at the PHB amorphous/
crystal interphase. Tables S1 and S2 in the supporting information

show that the crystallinities of the separate PHB, PBS and PBSA,
calculated as wC,i° = wC,i/Wi, are approximately constant, quite
high (about 60% for PHB, 40% for PBS and 30% for PBSA) and
independent of the blend composition, which further confirm
that crystallization of each component occurs approximately
independently in separated areas.
After melting, the PHB/PBS and PHB/PBSA blends were also ana-

lyzed upon cooling at 50 K min−1 (Fig. 3). Two separate crystalliza-
tion peaks in different crystallization ranges can be observed,
which proves that crystallization of the two components of the
blends occurs sequentially. The crystallization of PHB, with a peak
at 102 °C, shifts to slightly lower temperatures with increasing PBS
and PBSA amount, likely due to the presence of melted domains
of PBS or PBSA in proximity to the crystallization growth front,
which can interfere with the crystal growth.40,41 Conversely, crys-
tallization of PBS and PBSA turned out to be favored by the pres-
ence of PHB, because of being shifted to slightly higher
temperatures with respect to the plain polymers. Evidently, PHB
crystals act as nucleation points for PBS and PBSA crystallization.
The assisted heterogeneous nucleation attests that the interfaces
wet well the crystallizable PBS or PBSA, whichmeans that a certain
compatibility exists between PHB and PBS or PBSA. The support-
ing information collects the cp,app curves of the PHB/PBS and
PHB/PBSA blends at 10 K min−1 after cooling at 50 K min−1

(Fig. S1), from which the evolution of the crystalline, mobile amor-
phous and rigid amorphous fractions was derived, confirming the
linear trends observed for the as-prepared samples (Fig. S2).
The calculated amorphous and crystalline fractions appear almost
identical to the corresponding values of the as-prepared samples.

Morphological characterization
The morphology of cryo-fractured surfaces of PHB, PBS and PBSA
and the respective blends was examined using SEM, in order to
investigate the dispersion of the two polymers in the blends.
Figure 4 illustrates the topology of the blends at ×20 000 magni-
fication, whereas the surfaces of pure PHB, PBS and PBSA and all
the blends at ×10 000 magnification are reported in the support-
ing information (Fig. S3). Pure PHB shows a smooth surface, which
indicates a brittle behavior. Conversely, the fracture surfaces of
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PBS and PBSA appear rougher, due to their more ductile
performance.
The surfaces of the PHB/PBS and PHB/PBSA 15/85 and 85/15

blends are similar, and show the typical matrix–droplets morphol-
ogy. The dispersion is homogeneous, and the average droplet size
is about 0.5 μm. It is worth noting that the small white particles,
visible in the PHB-rich blends, have been attributed in previous
studies to inorganic fillers present in commercial PHB.42 The drop-
let size increases with an increase in the second phase amount, as
visible for the PHB/PBSA 70/30 blend. Conversely, the morphol-
ogy of the parallel PHB/PBS 70/30 blend appears different: the
separation of the two components is less evident, and the appear-
ance is more similar to that of the PHB/PBS and PHB/PBSA 50/50
blends, which clearly exhibit a co-continuous morphology, as well
as both the 30/70 mixtures. Thus, the composition range in which
the co-continuous morphology develops in the PHB/PBS blends is
broader with respect to the PHB/PBSA blends.
In the co-continuous phase morphology, the distribution of the

two components is interconnected and continuous. This mor-
phology originates from the coalescence of the droplets with
increasing separate polymer amount, and depends on the rheo-
logical properties and mixing conditions.40,41 Generally, a co-
continuous morphology is found around the phase inversion
composition, which is defined as43

φ1,PI=
1

1+⊔
ð2Þ

with ⊔ = η2/η1, where ηi are the viscosities of the blend compo-
nents. Using the viscosity values estimated byMFRmeasurements
(ηPHB = 810 Pa s, ηPBS = 480 Pa s and ηPBSA = 728 Pa s), φPHB,

PI = 0.63 for the PHB/PBS blends and φPHB,PI = 0.52 for the PHB/
PBSA blends were determined. This φPI assessment, although
approximate, is in excellent agreement with the morphological
observations.
For the PHB/PBS and PHB/PBSA 50/50 co-continuous blends,

the voids between the two separate phases are really negligible
(about 0.05 μm) and the phase size is about 0.5–1 μm; thus good
mechanical properties are expected. The time stability of the co-
continuous morphology at Troom is guaranteed for the PHB/PBS
and PHB/PBSA blends by the high degree of crystallinity that
develops at higher temperatures.

Tensile properties
The stress (⊞) versus strain (ε) curves of the as-prepared PHB/PBS
and PHB/PBSA blends at Troom are shown in Fig. 5, whereas the
values of the elastic modulus (E), tensile strength at break and
elongation at break are listed in Table S3 of the supporting
information. The tensile tests revealed that the fracture behav-
ior changes from brittle, for PHB, to progressively more ductile
for the blends. The PHB/PBS and PHB/PBSA 85/15 blends did
not exhibit necking formation, which conversely was observed
for the 70/30 and 50/50 blends. Well evident necking with sta-
ble growth was displayed by the PBS- and PBSA-rich blends.
Due to the higher mobility that characterizes PBSA with respect
to PBS, strain hardening, likely due to chain alignment, was
observed in association with neck growth for the PBSA-rich
blends. Strain hardening is however observed also for pure
PBS. The final fracture for the PBS- and PBSA-rich blends
occurred at a significantly increased elongation, compared with
that for the neat PHB.
Figure 6 shows the elastic modulus of the PHB/PBS and

PHB/PBSA blends as a function of the volumetric composition Vi
(the volume fraction of the ith component), determined as
reported in the supporting information and listed in Tables S4
and S5. Together with the experimental E data, Fig. 6 displays also
the E values calculated using the parallel and series mechanical
coupling models, which suppose a parallel and a series arrange-
ment of the two blend components, and represent the upper
and lower bounds of the tensile modulus predictions.44 For the
parallel model, E = V1E1 + V2E2, whereas for the series model 1/
E = V1/E1 + V2/E2, where Ei are the elastic moduli of blend compo-
nents and Vi are the corresponding volume fractions. In addition,
Fig. 6 reports the elastic modulus calculated according to the
Davies model (E1/5 = V1E1

1/5 + V2E2
1/5),45 often utilized to predict

the modulus of co-continuous blends. It can be observed that
the Davies model underestimates the modulus of the co-
continuous PHB/PBS and PHB/PBSA blends, as well as the quite
complex equations recently derived by Veenstra et al. to differen-
tiate droplet–matrix and co-continuous morphologies, according
to tri-dimensional arrangements of parallel and series elements
(here not reported).46

Many immiscible blends exhibit a sigmoidal E trend as a func-
tion of composition, with the modulus of the blends richest in
the softer component approaching the lower bound, and the
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modulus of the blends richest in the stiffer component tending to
the upper bound.47,48 The transition from one behavior to the
other occurs in the region of co-continuity and phase inversion.
Generally, the elastic modulus of co-continuous blends is signifi-
cantly higher than that of blends with dispersed morphology,46

and often it approaches the value predicted by the rule of mix-
tures, because this morphology is able to favor good stress trans-
fer due to the strong connection of the two components.43

The most important result deducible from Fig. 6 is that for the
PHB/PBS and PHB/PBSA blends, E is described by the rule of mix-
tures not only in the co-continuous range, but in the whole com-
position range. The good agreement between the experimental
E values and the prediction of the rule of mixtures in the whole
composition range suggests that, despite the thermodynamic
immiscibility of the PHB/PBS and PHB/PBS blends, a sort of phys-
ical adhesion exists between the matrix and the dispersed

85/15 

70/30 

50/50 

30/70 

15/85 

5 µm 5 µm 

5 µm 

5 µm 5 µm 

5 µm 

5 µm 5 µm 

5 µm 5 µm 

Figure 4. SEM images at ×20 000 of the PHB/PBS (left column) and PHB/PBSA (right column) blends.
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phases.49 This physical junction could be ascribed to the shrink-
age that the two components undergo during crystallization.
PHB crystallizes with a high degree of crystallinity at higher tem-
perature, before PBS and PBSA. In the PBS- and PBSA-rich blends,
the PBS and PBSA contraction upon crystallization takes place in
the presence of the dispersed and already crystallized PHB
regions, which can favor interfacial contact between the two com-
ponents. The same mechanism in the PHB-rich blends can lead to
restricted PBS and PBSA domains, as a consequence of the PHB

crystallization. This interpretation can account for the high elastic
modulus exhibited by the PHB/PBS and PHB/PBSA blends not
only in the co-continuous regions, but also in the presence of
phase-separated morphology. Thus, despite the immiscibility
of the blend components, the rule of mixtures can be the result
of concomitant co-continuous morphology and physical adhe-
sion between the two blend components. These effects together
can explain the mechanical compatibility exhibited by the
PHB/PBS and PHB/PBSA blends.
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Figure 5. Stress–strain (⊞ versus ε) curves of the as-prepared (A, B) PHB/PBS and (C, D) PHB/PBSA blends measured at Troom.
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Figure 6. Elastic modulus (E) of the as-prepared (A) PHB/PBS and (B) PHB/PBSA blends as a function of volumetric composition. The solid, dashed and
short dashed lines are the elastic modulus predictions according to the parallel model (upper bound), the series model (lower bound) and the Davies
model, respectively.
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Modelling of elastic modulus
In the original Takayanagi model, the amorphous and the crystalline
phases of a semicrystalline polymer are arranged in a combination
of series and parallel positions, to represent different conditions of
good and poor stress transfer. For semicrystalline polymers the
series–parallel model (i.e. the amorphous phase in series with a par-
allel combination of the amorphous and crystalline phases, as
shown in Fig. 7(A)) was found to better interpret the strain distribu-
tion under stress.50 In themodel, the texture parameters ⊍ andφ are
connected to the phase composition, being ⊍φ= VC, where VC is the
volumetric fraction of the crystalline phase.

To describe the elastic behavior of the immiscible PHB/PBS and
PHB/PBSA blends, by taking into account the strong interconnec-
tions between PHB and PBS or PBSA as a consequence of the co-
continuous morphology present in a wide composition range and
the physical junction resulting from crystallization shrinkage, the
MAFs of the two components (MA1 and MA2) were organized in
series with all the crystalline (C1 and C2) and amorphous fractions
put in parallel (Fig. 7(B)). The contribution of the RAF, present in
low percentage, is neglected. The equation that describes the
elastic modulus of the blends according to the configuration of
Fig. 7(B) is

1
E
=

1−⊗
⊐EMA,1 + 1−⊐ð ÞEMA,2

+
⊗

⊍EC,1 +⊎EC,2 +γEMA,1 + 1−⊍−⊎−γð ÞEMA,2

ð3Þ

The texture parameters ⊗, ⊐, ⊍ and ⊎ are linked to the phase compo-
sition, being ⊍⊗ = VC,1, ⊎⊗= VC,2 and V1 = ⊍⊗ + γ⊗ + ⊐(1 − ⊗), where
VC,i are the volumetric fractions of the crystalline phases (calculated
as reported in the supporting information) and V1 the volumetric
fraction of component 1. After the substitutions ⊍ = VC,1/⊗,
⊎ = VC,2/⊗ and γ = [V1 − VC,1 − ⊐(1 − ⊗)]/⊗, Eqn (3) becomes

1
E
=

1−⊗
⊐EMA,1 + 1−⊐ð ÞEMA,2

+

⊗2

VC,1EC,1 +VC,2EC,2 + V1−VC,1−⊐ 1−⊗ð Þ½ �EMA,1 + ⊗−V1−VC,2 +⊐ 1−⊗ð Þ½ �EMA,2
ð4Þ

Figure 7. Schematic representation of (A) the two-phase Takayanagi
model and (B) the multiple-phase Takayanagi model used to describe
the PHB/PBS and PHB/PBSA blends.

Table 2. Volumetric fractions of crystalline PHB and PBS phases (VC,PHB and VC,PBS), texture parameters ⊗ and ⊐, elastic modulus of crystalline PBS
phase (EC,2 = EC,PBS) and elastic modulus of MAFs of PHB (EMA,1 = EMA,PHB) and PBS (EMA,2 = EMA,PBS) predicted by Eqn (4)

PHB/PBS VC,PHB VC,PBS ⊗ ⊐ EC,2 = EC,PBS (GPa) EMA,1 = EMA,PHB (GPa) EMA,2 = EMA,PBS (GPa)

100/0 0.61 0.00 0.97 1.00 — 0.28 —

85/15 0.51 0.06 0.97 0.94 2.90 0.25 0.22
70/30 0.42 0.11 0.96 0.92 2.98 0.29 0.18
50/50 0.29 0.21 0.95 0.86 2.95 0.26 0.20
30/70 0.19 0.27 0.88 0.81 2.97 0.28 0.17
15/85 0.09 0.34 0.76 0.72 2.98 0.32 0.15
0/100 0.00 0.39 0.67 0.00 2.99 — 0.26

2.96 ± 0.03 0.28 ± 0.02 0.20 ± 0.04

The values in italics are the average EC,PBS, EMA,PHB and EMA,PBS values, with respective standard deviations.

Table 3. Volumetric fractions of crystalline PHB and PBSA phases (VC,PHB and VC,PBSA), texture parameters γ and ⊐, elastic modulus of crystalline PBSA
phase (EC,2 = EC,PBSA) and elastic modulus of MAFs of PHB (EMA,1 = EMA,PHBV) and PBSA (EMA,2 = EMA,PBSA) predicted by Eqn (4)

PHB/PBSA VC,PHB VC,PBS ⊗ ⊐ EC,2 = EC,PBSA (GPa) EMA,1 = EMA,PHB (GPa) EMA,2 = EMA,PBSA (GPa)

100/0 0.61 0.00 0.97 1.00 — 0.28 —

85/15 0.51 0.04 0.96 0.94 2.50 0.26 0.22
70/30 0.42 0.08 0.95 0.91 2.55 0.28 0.15
50/50 0.30 0.13 0.94 0.87 2.42 0.25 0.18
30/70 0.21 0.17 0.83 0.77 2.42 0.24 0.17
15/85 0.11 0.22 0.73 0.67 2.34 0.26 0.13
0/100 0.00 0.28 0.37 0.00 2.40 — 0.16

2.44 ± 0.07 0.26 ± 0.02 0.17 ± 0.03

The values in italics are the average EC,PBSA, EMA,PHB and EMA,PBSA values, with respective standard deviations.
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where the unknown quantities are EC,1, EC,2, EMA,1, EMA,2, ⊐ and ⊗.
The theoretical value of the elastic modulus of the crystalline
PHB phase, available in the literature, was maintained fixed
(EC,1 = EC,PHB = 5 GPa),51 and to estimate the parameters EC,2,
EMA,1, EMA,2, ⊐ and ⊗, an iterative process was carried out by mini-
mizing the error between the experimental and the theoretical
elastic moduli predicted by Eqn (4) (by means of Excel® Data
Solver Function). The initial values for the fitting procedure were
determined by assuming, as a first approximation, that
EMA,1 = EMA,2 because the Tg values of PHB, PBS and PBSA are all
below Troom. The results of the minimization procedure are
reported in Tables 2 and 3 for the PHB/PBS and PHB/PBSA blends,
respectively.
All the data listed in Tables 2 and 3 appear consistent. The texture

parameter ⊗ changes accordingly with the overall crystallinity, attest-
ingthat it iscorrectlyconnectedwiththeblockscontainingthecrystal-
line phases. Also, parameter ⊐ changes in agreement with the
composition, as it decreaseswith the amount of PHB. Interesting out-
comesaretheelasticmoduliofPBSandPBSA,which, to thebestofour
knowledge, have never been measured or theoretically estimated.
The elastic modulus of crystalline PBS phase (EC,PBS = 3.0 GPa) turns
out tobe ingoodagreementwith theapproximate valuedetermined
from a group contributionmethod described by van Krevelen and te
Nijenhuis,52whichpredicts a tensilemodulus of 3.4GPa. As expected,
the elastic modulus of the crystalline PBSA phase (EC,PBSA = 2.4 GPa)
comes out lower than that of PBS, because the inclusion of butylene
adipate units in the PBS lattice induces higher cell dimensions,18 and
therefore a greater possibility for elastic chain rearrangements under
stress.
Polymer chain straightening and alignment through rotations

around bonds is the main mechanism of elastic deformation of
the MAF; thus the order EMA,PHB (= 0.27 GPa) > EMA,PBS

(= 0.20 GPa) > EMA,PBSA (= 0.17 GPa) reflects the facility of chain
conformation rearrangements, and therefore the Tg sequence.
The value EMA,PHB = 0.27 GPa is correctly slightly higher than the
experimental values reported in the literature for somecopolymers
of PHBcontaining co-unitswithhighermobility (EMA=0.22 GPa for
a copolymer with Tg = −8 °C and composition hydroxybutyrate
(94 mol%) + medium-chain-length hydroxyalkanotes (6 mol%)53;
and EMA= 0.13 GPa for a copolymer with Tg=−7 °C and composi-
tion hydroxybutyrate (73 mol%) + hydroxyvalerate (13 mol%)
+ hydroxyheptanoate (14 mol%)54). To the best of our knowledge,
this is the first estimation of the elastic moduli of the MAF of PHB
and the crystalline phases and MAFs of PBS and PBSA at Troom.

CONCLUSIONS
Environmentally friendly mixtures PHB/PBS and PHB/PBSA, with-
out the addition of compatibilizers, have been prepared by melt
mixing, in order to reduce the PHB brittleness. The specific heat
capacities of themixtures in the solid and liquid states were found
to be in perfect agreement with theweighted sum of the cp values
of the two components, attesting to the absence of specific inter-
actions between PHB and PBS or PBSA. The crystallinity of PHB,
PBS and PBSA was quite high (about 60% for PHB, 40% for PBS
and 30% for PBSA), and approximately constant, independent of
blend composition, which confirmed that crystallization of each
component takes place in separated domains. Co-continuous
morphology was found in a wide central composition range for
both PHB/PBS and PHB/PBSA blends, whereas the typical

matrix–droplets morphology was present in the PHB- and PBS-
or PBSA-rich blends. The spaces between the two separate phases
appeared negligible.
As expected, the ductility of the blends increased with PBS or

PBSA. In parallel, the elastic modulus decreased, but the reduction
appeared limited. Unexpectedly, in the whole composition range
the elastic modulus of the PHB/PBS and PHB/PBSA blends obeyed
the rule of mixtures, which represents the upper limit for the elas-
tic modulus. Equations usually utilized to predict the elastic mod-
ulus of immiscible blends, also in the presence of co-continuous
morphology, were found to underestimate the E values. An inter-
pretation based on shrinkage connected to the crystallization in
sequence of the two components has been provided. The succes-
sive solidification of the two crystalline phases can lead to good
physical contact and mechanical junction between the two com-
ponents, with the result that the PHB/PBS and PHB/PBSA blends
appear mechanically compatible. In conclusion, the addition of
PBS or PBSA to PHB not only provides materials with higher flexi-
bility with respect to pure PHB, but also guarantees good stiffness
to the blends.
By means of a modelling approach, for the first time the elastic

moduli of the MAF of PHB and the crystalline phases and MAFs of
PBS and PBSA at Troom have been estimated. To the best of our
knowledge, this is the first time that these EC and EMAF values have
been reported.
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