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In the present study, for the first time the evolution of tensile mechanical properties
of different poly(3-hydroxybutyrate-co-3-hydroxyvalerate) copolymers (PHBV8 and
PHBV12, with 8 mol% and 12 mol% of HV co-units, respectively) as a function of the
storage time at room temperature has been investigated in parallel with the quantification
of the crystalline, mobile amorphous, and rigid amorphous fractions. A comparison
with the evolution of the crystalline and amorphous fractions in the homopolymer
poly(3-hydroxybutyrate) (PHB) was also performed. For all the samples, the crystallinity
was found to slightly increase during storage. In parallel, the mobile amorphous fraction
(MAF) decreased markedly, with the result that a relevant increase in the rigid amorphous
fraction (RAF) was detected. The RAF content in the copolymers was lower than that of
PHB. For all the samples, the RAF formation during aging was ascribed to the growth
of secondary crystals in geometrically restricted areas. It was demonstrated that the
storage at T,0om leads in PHB, PHBVS, and PHBV12 to a progressive increase in the total
solid fraction (crystal phase + rigid amorphous fraction) and to a simultaneous physical
aging of the rigid amorphous fraction. The two different processes cannot be separated
and distinguished, so that only the resulting effect on the mechanical properties was
considered. The experimental elastic modulus of both PHBV8 and PHBV12 was found to
increase regularly with the total solid fraction, as well as the tensile strength. Conversely,
the elongation at break turned out to be an increasing function of the mobile amorphous
fraction. The elastic moduli of the crystalline, mobile amorphous, and rigid amorphous
fractions of PHBV8 and PHBV12 were estimated by means of a three-phase modified
Takayanagi’'s model, to take into account also the contribution of the rigid amorphous
fraction. The calculated values were found in agreement with theoretical expectations.
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INTRODUCTION

Poly(3-hydroxybutyrate) (PHB) is the most widespread and best
characterized homopolymer of the polyhydroxyalkanoate (PHA)
family. PHAs are a group of biocompatible and completely
biodegradable polyesters, synthesized by many bacteria as
intracellular carbon and energy reserve (Sudesh et al., 2000).
Owing to their biodegradability in compost, soil and marine
water, they can be utilized for many different applications, in
particular for single use packaging and in agriculture (Bugnicourt
et al., 2014). PHB is a semi-crystalline isotactic stereo-regular
polymer with 100% (R)-configuration. The as-received PHB,
isolated from bacteria, is a high crystallinity powder, with average
crystallinity of ~65% (Sudesh et al., 2000), whereas the in vivo
PHB is an amorphous polymer (Kawaguchi and Doi, 1990).

The thermal properties (glass transition temperature and
melting temperature) of PHB, as well as the elastic modulus
and tensile strength are close to those of polypropylene (Sudesh
et al.,, 2000). Conversely, its elongation at break is noticeably
lower, which makes PHB a material much more brittle than
polypropylene. This poor mechanical property was attributed
to the large spherulites that grow as a consequence of a low
nucleation density (Barham, 1984). These spherulites generally
show radial and circumferential cracks, from which fractures can
originate and propagate (Barham and Keller, 1986). In addition,
it has been widely reported that PHB, after initial crystallization,
undergoes embrittlement during storage at room temperature
(de Koning and Lemstra, 1993). This embrittlement was ascribed
to further secondary crystallization that occurs during storage
at room temperature, being the glass transition temperature of
PHB close to 0°C. The further and progressive crystallization
was found also to seriously constrain the amorphous phase,
thus further promoting the PHB embrittlement (de Koning and
Lemstra, 1993).

A detailed quantitative thermal analysis of the evolution of
the crystalline and amorphous fractions of PHB upon storage
at room temperature was performed after crystallization at
different cooling rates (Di Lorenzo and Righetti, 2013a,b).
The permanence at room temperature was found to induce
progressive growth of PHB crystals, and simultaneous
vitrification of constrained amorphous segments in proximity of
the secondary crystalline regions. As the length of the polymer
molecules is much higher than the dimensions of the crystalline
phase, at least in one direction, the decoupling between
crystalline and amorphous phases is generally partial, and there
exists an interphase, between the crystalline and amorphous
regions, made of amorphous chain portions with mobility
delayed by the near crystalline structures. This nanosized
constrained amorphous interphase, named rigid amorphous
fraction (RAF), vitrifies and devitrifies at temperatures higher
than the bulk Ty, in a wide temperature range, because various
degrees of coupling exist between the non-crystallized and
the crystallized chain segments (Wunderlich, 2003; Righetti
et al., 2014, 2016). Prolonged storage at room temperature of
PHB causes increase in both crystallinity (final crystallinity:
70-80%) and RAF (final RAF: 20-25%), so that the overall solid
fraction (crystals + RAF) becomes very close to the totality

of the material. An influence of the stiff RAF on the material’s
mechanical response is expected when the amorphous and
crystalline phases are largely coupled, as occurs in PHB. Thus,
also the constrained amorphous fraction was supposed to
partially contribute to the worse ductility that PHB exhibits after
prolonged storage at room temperature.

The establishment of a nanosized rigid amorphous fraction
in PHB was found to depend on the temperature at which
crystallization occurs (Righetti et al, 2013). RAF grows
simultaneously with the crystal phase during crystallization at
30°C, whereas RAF starts to develop during the final stages
of the crystallization process if crystallization occurs at higher
temperatures. The temperature of 70°C was supposed to be the
limit for the presence of RAF in PHB.

Another phenomenon that can influence the properties of
PHB during storage at room temperature is the physical aging
of the rigid amorphous fraction. It was proven that in PHB
the immobilized RAF fraction can undergo structural relaxation
during storage at Typom (Di Lorenzo et al., 2012), even though
a quantitative and systematic study on the RAF structural
relaxation has never been performed. In a quite recent study
on PHB, the progressive increase in the elastic modulus and the
decrease in the elongation at break at T',,,, were ascribed to the
RAF physical aging, although a concomitant quantification of the
three-phase structure was not accomplished (Srubar et al., 2012).
Thus, two different processes occur in PHB during storage at
Troom: progressive increase in the total solid fraction (crystals +
RAF) and concomitant structural relaxation of the RAF.

The intrinsic brittleness, together with the low resistance to
thermal degradation during processing (Kunioka and Doi, 1990)
has restricted up to now the practical applications of PHB. One
approach widely applied to improve the mechanical properties
of PHB is the incorporation of different hydroxyalkanoate
monomeric co-units in the PHB chain, through microbial
synthesis. Many different PHAs have been produced and
characterized in a wide range of physical properties. The
most common and studied random copolymers of PHB are
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). These
copolymers exhibit lower stiffness and brittleness, higher
elongation at break and increased tensile strength with respect
to PHB (Laycock et al, 2014). These improved mechanical
properties have been attributed to the smaller dimensions of the
crystallites, as the hydroxyvalerate (HV) co-units act as defects in
the PHB lattice.

It is well-known that PHBV copolymers exhibit
isodimorphism, i.e., cocrystallization of both the co-monomers
in the crystal lattices of the two homopolymers PHB and
poly(3-hydroxyvalerate) (PHV), depending on the copolymer
composition (Bluhm et al., 1986; Kuniota et al., 1989; Scandola
et al., 1992). The crystalline phase of the copolymers PHBV
transforms from the PHB lattice to the PHV lattice at a
composition of about 50 mol% (Kuniota et al., 1989). The unit
cell of both PHB and PHYV, grown under the typical conditions of
melt and cold crystallization, is orthorhombic, and also the chain
conformation and packing are similar, except for a decrease
of nearly 10% in the c-axis of the HV unit cell (Sudesh and
Abe, 2010). The incorporation of the HV units in the PHB cell
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perturbs the lattices dimensions, which progressively increase,
due to steric effects, while the incorporation of the HB units in
the PHV lattice has no apparent effect on the crystallographic
parameters (Nakamura et al., 1992; Scandola et al., 1992). The
less bulky component co-crystallizes more easily than the bulkier
one, so that more HB co-units crystallize in the PHV lattice than
HV in the PHB lattice (Kamiya et al., 1991). The result is that
the composition of the crystalline phase of PHBV is different
from the overall composition: for HV content lower than about
40 mol%, the actual HV percentage in the crystalline regions is
approximately half or less of nominal amount (Kamiya et al.,
1991; Bonthrone et al., 1992).

The RAF quantification in PHBV copolymers has been
presented in few studies (Chen et al, 2002; Cheng and Sun,
2009; Cheng et al., 2009; Esposito et al., 2016). An analysis
performed by solid-state NMR on the structure and mobility
of the non-crystalline region of PHB and PHBV revealed that
a rigid component of the amorphous phase is present also in
the PHBV copolymers (Chen et al., 2002). The RAF content,
which decreases with increasing the temperature (from 20 to
80°C), is lower in the PHBV copolymers with respect to PHB, and
progressively decreases with increasing the HV content (from 4
to 10 mol%). From positron annihilation lifetime spectroscopy
(Cheng and Sun, 2009; Cheng et al., 2009), the presence of a
rigid amorphous fraction in PHBV (5 mol% of HV co-units)
was attested. This constrained amorphous fraction was found to
devitrify in the temperature range between 40 and 80°C.

Also for PHBV copolymers, the mechanical properties as
a function of the storage time at Ty, were measured,
although without a simultaneous quantification of the three-
phase structure (El-Hadi et al., 2002; Srubar et al., 2012). As
for PHB, with increasing the aging time, the elastic modulus
increases, whereas the elongation at break decreases.

For semicrystalline polymers, generally only the effect of the
crystalline parameters (for example crystallinity, morphology
and lamellar thickness) on the mechanical properties is
investigated (Basset et al., 1999; Doyle, 2000; Fatahi et al., 2007;
Stern et al,, 2007; Huang et al., 2011; Auclerc et al., 2019).
Actually, in addition to the crystal fraction and morphology,
also the ratio between RAF and MAF should largely affect the
properties of semi-crystalline polymers (Rastogi et al., 2004). It
was suggested that the mechanical characteristics of the RAF
in the glassy state might be similar to those of the crystal
phase (Zia et al., 2008). For poly(1-butene) a linear relationship
between the elastic modulus at room temperature and the total
solid content (crystal + RAF) led to suppose that the elastic
modulus of the RAF is comparable to that of the crystal phase (Di
Lorenzo and Righetti, 2008). For polyamide 6, a strong increase
in the storage modulus at low crystalline fraction was explained
as due to additional RAF formation (Kolesov and Androsch,
2012). A deconvolution analysis of the viscoelastic properties of
PET allowed to quantify separately the mechanical properties of
the mobile and rigid amorphous fractions. At 90°C, a higher
modulus was derived for the RAF with respect to that of the
mobile amorphous fraction (MAF) (Nguyen et al., 2015). For
poly(L-lactic acid), an increase in the elastic moduli and a parallel
decrease in ductility were found in samples with increasing

crystalline and rigid amorphous fractions (Lizundia et al., 2013),
whereas the higher fragility and smaller ductility of recycled
PET was explained by considering that the RAF progressively
increases with the processing cycles (Badia et al., 2012).

In the present study, for the first time the evolution of tensile
mechanical properties of PHBV copolymers as a function of the
storage time at T}, has been investigated in connection with the
quantification of the crystalline and rigid amorphous fractions.

In addition, the elastic modulus of the PHBV copolymers has
been theoretically described by expanding the classical two-phase
Takayanagi’s model (Takayanagi et al., 1964, 1967) to a three-
phase system, in order to take into account and possibly quantify
the contribution of the rigid amorphous fraction.

MATERIALS AND METHODS

Chemicals

Poly[(R)-3-hydroxybutyrate] (PHB) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) with 8 and 12 mol% of
HYV co-units (PHBV8 and PHBV 12, respectively) were purchased
from Sigma Aldrich S.R.L (Milan, Italy).

Characterization

Molar Mass Characterization

Number-average molar mass (M,) and weight-average molar
mass (M,,) of the as-received PHB, PHBVS, and PHBV12
samples were determined using size exclusion chromatography
(SEC), Agilent Technologies 1200 Series (Santa Clara, CA, USA)
and calculated with the Agilent ChemStation Software. The
instrument was equipped with an Agilent degasser, an isocratic
HPLC pump, two PLgel 5 um MiniMIX-D columns conditioned
at 35°Cand an Agilent refractive index (RI) detector. Chloroform
(CHCI3) was used as mobile phase at a flow rate of 0.3 mL/min.
The system was calibrated with polystyrene standards in a range
from 500 to 3 x 10° g/mol. Samples were dissolved in CHCl;
(2 mg/mL) and filtered through a 0.20 wm syringe filter before
the analysis.

Sample Preparation for Mechanical and Thermal
Characterization
Before processing, the as-received PHB, PHBVS, and PHBV12
samples were dried at 60°C for 24 h. The PHB, PHBVS, and
PHBV12 samples were processed by using a MiniLab II HAAKE
Rheomex CTW 5 (Waltham, MA, USA), a co-rotating conical
twin-screw extruder. The molten materials were transferred
from the mini extruder through a preheated cylinder to a
mini injection molder (Thermo Scientific HAAKE MiniJet
II) (Waltham, MA, USA), which allows to prepare dog-bone
tensile bars specimens, to be used for thermal and mechanical
characterization. The dimensions of the dog-bone tensile bars
Haake 3 type were: width in the larger section: 10 mm, width
in the narrow section: 4.8 mm, thickness 1.35mm, and length
90mm. The extruder operating conditions adopted for the
samples are reported in Table 1.

The PHB, PHBVS, and PHBV12 samples processed at 80°C
for 4 min were stored at room temperature (T, = 25°C) and
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TABLE 1 | Operating conditions used for the extrusion and injection molding processes of PHB, PHBV8, and PHBV12.

Extrusion Screw speed Cycle Injection Injection Molding time Mold
temperature (°C) (rpm) time (s) temperature (°C) pressure (bar) (min) temperature (°C)
PHB 185 100 90 185 150 4 80
PHBV8 175 100 90 175 150 4 80
PHBV12 175 100 90 175 150 4 80

the thermal and mechanical properties analyzed after different
storage times (t,), ranging from 1 to 70 days.

Thermal Characterization by Differential Scanning
Calorimetry (DSC) and Temperature-Modulated
Differential Scanning Calorimetry (TMDSC)

Differential scanning calorimetry (DSC) and temperature-
modulated calorimetry (TMDSC) measurements were
performed with a Perkin Elmer Differential Scanning
Calorimeter DSC 8500 equipped with an IntraCooler III
as refrigerating system. The instrument was calibrated in
temperature with high purity standards (indium, naphthalene,
cyclohexane) according to the procedure for standard DSC
(Sarge et al., 1997). Energy calibration was performed with
indium. Dry nitrogen was used as purge gas at a rate of
30 mL/min.

As preliminary investigation, the thermodynamic specific
heat capacities in the solid and liquid state (¢, and c,
respectively) of PHV, PHBVS, and PHBV12 were measured. The
homopolymer PHB was heated to 190°C, and maintained at
this temperature for 3 min, whereas PHBV8 and PHBV12 were
treated at 180°C for 3 min, in order to completely destroy all
traces of previous crystalline order. After melting, the PHB,
PHBVS, and PHBV12 samples were quickly removed from the
DSC apparatus, and quenched in liquid nitrogen, to obtain
completely amorphous samples. The apparent specific heat
capacities (cp,app) of the quenched PHB, PHBVS, and PHBV12
were measured at the heating rate of 10 K/min from —80
to 190°C.

The PHB, PHBVS, and PHBV12 samples processed at 80°C
for 4min and stored at room temperature (Trpp, = 25°C) for
different t,s, ranging from 1 to 70 days, were analyzed by DSC.
The cp,qpp curves were obtained at 10 K/min, from —50°C (PHB)
or —70°C (PHBVS8 and PHBV12) up to complete fusion.

Temperature modulated differential scanning (TMDSC)
analysis was also carried out on PHB, PHBVS, and
PHBV12 samples after storage of 20 months at Troom.
The measurements were performed by using a saw-tooth
modulation temperature program, with a temperature
amplitude (A7) of 0.5K, a modulation period (p) of 120s,
and an average heating rate of 2 K/min. According to the
mathematical treatment of TMDSC data, the modulated
temperature and the heat flow rate curves can be approximated
to Fourier series (Wunderlich, 1997; Wurm et al., 1998;
Androsch et al, 2000). From the ratio between the
amplitudes of the first harmonic of the heat flow rate and
temperature, the reversing specific heat capacity (cprev)

is obtained:

Apr (1) K (o, 1)
Ar (1)

(1)

Cprev (@, 1) =
m w

where o is the frequency of temperature modulation (v =
2m/p), t the time, Agp(t), and Ar(t) the amplitudes of the first
harmonics of the heat flow rate and temperature modulation,
respectively, and m the mass of the sample. The frequency-
dependent calibration factor, K(w,t), determined by calibration
with sapphire, was 1.00 for p = 120s. The cj ey curves were
compared with the ¢p gy curves obtained for the same samples
at 10 K/min.

Tensile Characterization

Tensile tests on the PHBV8 and PHBVI12 samples processed
at 80°C for 4 min were performed after different #;s at Tyoom
(1-60 days) at a crosshead speed of 10 mm/min, by means of an
INSTRON 5500 R universal testing machine (Canton MA, USA),
equipped with a 10 kN load cell and interfaced with a computer
running the Testworks 4.0 software (MTS Systems Corporation,
Eden Prairie MN, USA). At least five specimens were tested for
each sample in according to the ASTM D638.

XRD Analysis

XRD patterns of PHB, PHBVS, and PHBV12 samples processed
at 80°C for 4min and stored at Ty, for different t;s (1-70
days) were collected using a PANalytical X’PertPro diffractometer
equipped with a fast solid state X’Celerator detector and a Cu
X-ray tube producing X-rays with a wavelength of 0.15418 nm.
The X-ray crystallinity was calculated as the ratio of the areas
of the crystalline peaks and the total area of the background-
corrected diffraction profile. The lattice constants were calculated
from the positions of the 8-10 most intense reflections, by least-
squares refinements.

RESULTS AND DISCUSSION

Molar Mass Characterization of PHB,
PHVS8, and PHBV12

The number-average molar mass (M,) and the mass-average
molar mass (M,,) values of the as-received PHB, PHBVS, and
PHBV12 samples, measured by SEC, are listed in Table 2. The
table shows that the molar masses of the copolymers PHV8 and
PHBV12 are similar, whereas M,, and M,, of PHB are markedly
higher. This prevents a direct comparison of the thermal behavior
of the copolymers with that of the homopolymer, which will be
reported only for a qualitative paralleling.
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TABLE 2 | Number-average molar mass (M,) and mass-average molar mass (M)
of the as-received PHB, PHBV8, and PHBV12 samples (estimated error: +10,000

TABLE 3 | Thermodynamic solid and liquid specific heat capacities (cfJ and cg,
respectively) of PHB, PHBV8, and PHBV12 (with T in °C) (estimated error: 4+ 0.03

g/mol).

J/g K.

M, M, c cp
(g9/mol) (9/mol) (/g K) (J/g K)
PHB 440,000 610,000 PHB 1.214+0.0085 T 1.72+0.0022 T
PHBV8 110,000 210,000 PHBV8 1.23+0.0035 T 1.75+0.0022 T
PHBV12 120,000 220,000 PHBV12 1.23+0.0035 T 1.75+0.0022 T

25
--cSandc, PHB
j0d 2 o ¢,°and ¢, PHBVS, PHBV12

——PHB
- —— PHBV8
—— PHBV12

Apparent specific heat capacity (J/g K)

T T
-40 0 40 80 120 160

Temperature (°C)

FIGURE 1 | Apparent specific heat capacity (Cp,ap0) of PHB, PHBVS, and
PHBV12 after quench from melt, measured at 10 K/min. The dashed and
dotted lines are the thermodynamic solid and liquid specific heat capacities of
PHB and the copolymers PHBV8 and PHBV12 (¢} and c},, respectively). The
inset is an enlargement of the ¢y app curves in the Ty and cold crystallization
regions.

Thermodynamic Specific Heat Capacities
of PHB, PHBVS8, and PHBV12

For an accurate determination of the crystalline, mobile
amorphous and rigid amorphous weight fractions of the samples,
as preliminary analysis, the thermodynamic solid and liquid
specific heat capacities (c, and ¢!, respectively) of PHB, PHBVS,
and PHBV12 were determined. The apparent specific heat
capacities (cpapp) of initially amorphous PHB, PHBVS, and
PHBV12 samples were measured on heating at 10 K/min,
as shown in Figure 1. Both the thermodynamic specific heat
capacity and the latent heat absorbed or released during phase
transitions contribute to c¢pgapp, With the result that c,4pp
corresponds to the thermodynamic specific heat capacity only
outside the phase transition regions (Wunderlich, 2003, 2008).
As expected, the figure shows that the glass transition
of the copolymers PHBV8 and PHBV12 is located at lower
temperatures with respect to PHB (Laycock et al., 2014), and that
T, of PHBVS is only slightly higher than that of PHBV12 (PHB:
Ty = 1.5°C; PHBVS: Ty = —9°C; PHBV12: Ty = —10°C). The ¢}
lines were constructed by connecting the region above the glass

transition with the melt, whereas the ¢ trends were obtained
by extrapolation of the ¢j4py data below the glass transition.
The resulting ¢, and c}, expressions are reported in Table 3. For
PHB, the measured thermodynamic solid and liquid specific heat
capacities are in agreement with literature data within + 2%
(Schick et al., 2001; Czerniescka et al., 2014). To the best of
our knowledge, thermodynamic solid and liquid specific heat
capacities of PHBV8 and PHBV 12 have never been reported.

Figure 1 and Table 3 show that the increment of the specific
heat capacity at Ty (Acp) for the copolymers is slightly higher
than that of PHB, which can be connected with the higher chain
mobility of the copolymers and the associated higher degrees of
freedom that become active at the respective Ts.

At temperatures higher than T,, all the amorphous
samples undergo an intense cold crystallization process. As
the HV co-units act as defects for the PHB crystallization
(Nakamura et al, 1992; Scandola et al., 1992), the cold
crystallization of PHBV12 occurs at slightly higher temperature
with respect to PHVS8. Due to its high molar mass, cold
crystallization of PHB is observed at temperatures higher
than that of the copolymers, which makes impossible a
quantitative comparison of the cold crystallization kinetics of the
different samples.

More importantly, both PHB and the copolymers exhibit
a double exotherm in the cold crystallization region, which
indicates that this event is a two-stage process. The phenomenon
was widely discussed for PHB (Di Lorenzo et al., 2012) and
correlated with the role of vitrification/devitrification of the
rigid amorphous fraction on the cold crystallization kinetics.
During the first stage of the cold crystallization, which occurs
at quite low temperatures, RAF develops simultaneously with
the crystals growth, due to the low mobility of the polymer
chains. This coupling between the crystalline and amorphous
segments, which creates an immobilized amorphous layer at
the crystals surfaces, progressively hinders further crystallization,
but additional increase in temperature is able to produce the
RAF mobilization. When the amorphous layers connected to
the crystals have reached sufficient mobility, crystallization can
proceed, because chain rearrangements at the crystal/amorphous
interphase become possible. This second stage, connected to
the exotherm at higher temperatures, can be approximately
associated with the temperature at which full mobilization of the
RAF is attained, which for PHB is around 70°C (Di Lorenzo et al.,
2012; Righetti et al., 2013).

The double exotherm present in the c;4pp curves of PHBVS
and PHBVI12 attests that RAF develops also in PHBVS and
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PHBV12, and that the temperature limit for the presence of this
constrained amorphous interphase in the copolymers is lower
with respect to PHB. A reduced devitrification temperature of
the RAF in the copolymers might be connected to the respective
lower molar mass, although it sounds more likely that it has to be
associated with the higher chain mobility that characterizes the
HYV co-units.

As expected for copolymers, the melting temperature
of PHBV8 and PHBVI12 appears lower than that of the
homopolymer, due to the disturbance of crystal packing by partial
inclusion of HV co-units (Bluhm et al., 1986).

Apparent Specific Heat Capacities of PHB,

PHBVS, and PHBV12 During Aging at T,oom

The apparent specific heat capacity (cpqpp) curves of PHB,
PHBVS, and PHBV12, after processing at 80°C for 4min and
storage at Ty, for increasing f,s are reported in Figures 2-4.
The figures display that Ac, at the respective Tgs decreases with
increasing t,, which proves progressive and further solidification
of the samples during the aging. In parallel, a ¢, 4, increase
is observed at temperatures higher than about 40°C for all
the samples. For PHB, this cpqpp increase has been mainly
associated to a process of enthalpy recovery subsequent to
structural relaxation of the RAF, and thus connected to the RAF
devitrification (Di Lorenzo et al., 2012). A clear demonstration
that the endothermic process at temperatures slightly higher
than the respective Tgs is an irreversible event is provided by
Figure 5, which shows a comparison between the ¢, 4pp curves
and the ¢ rey curves of PHB, PHBVS, and PHB12 after aging at
Troom for 20 months. The ¢p,qpp and ¢p,rey curves overlap in the
T, region, centered approximately at 0°C for PHB, and —10°C
for PHBVS and PHBV12, but strongly diverge at temperatures
higher than about 40°C. This attests that the process occurring at
temperatures higher than 40°C is an event that does not follow
the temperature modulation, and proceeds irreversibly during
the heating run. It could be an irreversible melting, and/or an
enthalpy recovery following the RAF structural relaxation. For
PHB it was demonstrated quantitatively that this endothermic
process cannot be connected only to irreversible melting, because
it would involve a small portion of the crystalline phase, whereas
the simultaneous ¢y, increase in the temperature range 40-
70°C corresponds to the mobilization of a high percentage of
chains. This holds also for PHBV8 and PHBV12: in the present
case, for PHB the cp ey increase in the temperature range 40-
70°C correspond to the mobilization of about 20% of the sample,
whereas for PHBV8 and PHBV12, in the temperature range 40—
60°C, to the mobilization of about 15% of the sample. Thus,
enthalpy recovery following the RAF structural relaxation mainly
contributes to the endothermic event starting at about 40°C,
although also fusion of imperfect crystals grown during storage
at Typom can simultaneously occur. At higher temperatures,
the crossing of the cyqpp and ¢y ey curves for all the samples
proves the occurring of an intense reversing melting, which
involves melting and concomitant recrystallization during scans
at relatively low heating rate.

Apparent specific heat capacity (J/g K)

T T T

T T
-40 0 40 80 120 160 200
Temperature (°C)

FIGURE 2 | Apparent specific heat capacity (Cp 4pp) Of PHB after crystallization
at T.= 80°C for 4 min and storage at T,oom for increasing t;s (1 < 70 days),
measured at 10 K/min. The dotted lines are the thermodynamic solid and
liquid specific heat capacities (¢} and c;,, respectively). The inset is an
enlargement of the ¢, 4p Curves in the Ty region.

Apparent specific heat capacity (J/g K)

Temperature (°C)

FIGURE 3 | Apparent specific heat capacity (Cp app) Of PHBV8 after
crystallization at T.= 80°C for 4 min and storage at T,,om for increasing ts (1
=+ 70 days), measured at 10 K/min. The dotted lines are the thermodynamic
solid and liquid specific heat capacities (¢ and c;,, respectively). The inset is
an enlargement of the ¢p 4pp curves in the Ty region.

Due to the presence of the RAF endothermic enthalpy
recovery process, the exact beginning of the fusion is
unknown, so that it is impossible to calculate correctly the
crystallinity degree from the cpqpp curves, even if the cprey
curves are used as thermodynamic (baseline) specific heat
capacity at temperatures slightly above T, (Di Lorenzo
et al., 2012). In addition, it has to be taken into account
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that the temperature dependence of the enthalpy of fusion
of 100% crystalline PHBV8 and PHBVI12 is unknown,
and likely different from that of the homopolymer PHB
(Righetti et al., 2013). Therefore, the estimation of the
crystalline fractions of the PHB, PHBVS, and PHBI2

Apparent specific heat capacity (J/g K)

PHBV12

-40 0 40 80
Temperature (°C)

T T
120 160

FIGURE 4 | Apparent specific heat capacity (Cp gpp) of PHBV12 after
crystallization at T.= 80°C for 4 min and storage at T,oom for increasing t,s (1
-+ 70 days), measured at 10 K/min. The dotted lines are the thermodynamic
solid and liquid specific heat capacities (3 and c’p, respectively). The inset is
an enlargement of the ¢p app curves in the T, region.

samples after aging at Tyoom for different t;s was performed
by XRD analysis.

XRD Analysis of PHB, PHBVS, and PHBV12
During Aging at T,oom
Figure 6 collects selected XRD scans of PHB, PHBVS, and
PHBV12 after different aging times at Tyy,,. The XRD profiles
are in perfect agreement with previous reported data (Scandola
et al, 1992; Wang et al,, 2001). The starting samples are highly
crystalline, but a further increase in crystallinity with aging
time, although small, is real. In the insets of Figure 6, both
the small increase in peak intensities and the reduction of the
amorphous halo, which is numerically relevant since extends in a
broad angular range, are appreciable. The XRD profiles show the
presence of some crystal orientation in the as-prepared samples,
as often occurs in injection molded samples (Hsiao et al., 2013),
which however does not change during the storage at Ty, The
calculated crystal fraction (X¢) values after different aging times
at Troom are reported and discussed in the following section.
From the position of the most intense peaks, the
crystallographic parameters were derived, as reported in
Table 4. As a consequence of the increase in HV co-monomer
content, which is characterized by higher steric dimensions, the
lattice cell units of the copolymers, as well as the cell volume,
slightly increase with respect to those of PHB, which proves that
the HV units are partially included in the PHB lattice, although
it is impossible to derive its percentage. As the difference in HV
content in the samples PHBV8 and PHBV12 is small, the relative
crystallographic parameters are similar.

74" 0 60 120 180 1 60 0

Specific heat capacity (J/g K)

14

60 120 180 1 60 0 60 120 180

1 4

— T T T 1 v
0 60 120 180 -60 O

and solid specific heat capacities (c;, and CL).

. — '
60 120 180 -60 O
Temperature (°C)

FIGURE 5 | Apparent specific heat capacity (Cp,app at the heating rate of 10 K/min: black solid lines) and reversing specific heat capacity (cp v at the average heating
rate of 2 K/min: orange solid lines) of PHB, PHBVS8, and PHBV12 as a function of temperature, after storage at T,00m for 20 months. The dashed lines are the liquid

— T
60 120 180
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FIGURE 6 | Instrumental-background corrected XRD patterns of PHB, PHBV8, and PHBV12 after storage at T,oom for select aging times t,s. The bottom sections are
the entire collected XRD patterns, whereas the top sections are enlargements in the 26 range in which the most intense reflections are observed.

TABLE 4 | Crystallographic parameters of PHB, PHBV8, and PHBV12.

a b c "4

A (&) (&) (A3
PHB 5.69 4+ 0.02 13.18 + 0.03 5.89 £+ 0.03 442 + 4
PHBV8 5.70 +0.02 13.23 £ 0.05 5.93 £+ 0.06 447 £ 7
PHBV12 5.72 £ 0.02 13.22 £ 0.05 5.94 £+ 0.06 449 £+ 7

From the cell parameters, by assuming, according to previous
studies, that approximately half of the HV co-units are included
in the PHB lattice (Kamiya et al, 1991; Bonthrone et al,
1992), the density values of 1.287 and 1.285 g/cm® were
calculated for the totally crystalline PHBV8 and PHBV12
copolymers, respectively.

Evolution of the Crystalline, Mobile
Amorphous, and Rigid Amorphous Weight
Fractions of PHB, PHBVS8, and PHBV12
During Aging at Tyoom

From the cpqpp curves (Figures 2-4), the mobile amorphous
weight fractions at 25°C, after aging at Ty, for different f,s,
were calculated for PHB, PHBVS, and PHBV12, as Xjyar = Acp
(ZSOC)/ACZ (25°C), where ACZ is the specific heat capacity
increment of the totally amorphous samples (Ac; = cll, - ).
The crystalline weight fractions were assumed equal to the crystal
fractions obtained by XRD analysis, and the rigid amorphous
weight fractions (Xgar) were deduced by difference (Xpar =1-
Xc - XmAF).

Figure 7 exhibits the evolution of X¢, Xpar, and Xpar for
PHB, PHBVS, and PHBV12 as a function of the aging time at
Troom- The initial crystallinity degree is similar for all the samples.
Due to the different molar masses, a quantitative comparison
of Xc, Xpar, and Xpar between the homopolymer and the

copolymers is not significant. In general, the crystallinity degree
increases with reducing the molar mass for fixed crystallization
conditions, whereas the RAF content decreases (Androsch,
2008). However, RAF content not lower that 10% have been
reported for PHB samples with molar mass of 5,000 g/mol and
crystallinity degree ranging from 20 and 80%, which means that
RAF in PHB is not negligible.

The initial RAF content in the copolymers is very
low. As discussed above, the HV co-units, which are
characterized by a higher mobility with respect to the HB
units (Laycock et al, 2014), are partially excluded from the
crystals, and consequently accrue at the crystal/amorphous
interphase. Thus, the mobility of this region turns out
to be higher with respect to the homopolymer, and the
stiffness reduced.

For all the samples, the crystallinity slightly increases during
storage. In parallel X)jar decreases markedly, which leads to
a relevant increase in the RAF. The RAF formation during
aging has to be ascribed to the growth of secondary crystals
in geometrically restricted areas. In these conditions, the
arrangement of the polymeric segments into ordered crystal
structures is prevented by the limited chain mobility, which
leads to large connection between the crystalline and amorphous
areas, with a high number of chain segments subjected to
geometrical restrictions.

Mechanical Properties of PHBV8 and

PHBV12 During Aging at T,oom

The stress/strain curves for PHBVS8 and PHBV12 after different
tzs at Troom are shown in Figure 8, whereas the values of the
elastic modulus (E), tensile strength (TS), and elongation at break
of PHBV8 and PHBV12 are listed in Table 5. For PHB this
characterization was possible only after 1 day of aging at Tyoom
(E =3.2 GPa, TS = 31.6 MPa, Elongation at break = 1.1%), due
to the high stiffness and very low ductility of the homopolymer.
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FIGURE 7 | Time evolution of the crystalline weight fraction (X), mobile amorphous weight fraction (Xuar), rigid amorphous weight fraction (Xrar), and total solid
fraction (Xo+ Xgar) of PHB, PHBV8 and PHBV12 as a function of the storage time () at Toom (estimated errors: £0.02 for X¢ and Xyar, £0.04 for Xgar).
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FIGURE 8 | Stress-strain curves for PHBV8 and PHBV12 after different t,s at
TFOGW'

The elastic modulus of PHBV8 and PHBV12 is plotted in
Figure 9 as a function of: (i) the crystalline volume fraction V¢
(Figure 9A) and (ii) the total solid volume fraction (V¢ + Vrar)
(Figure 9B). The crystalline and rigid amorphous volume
fractions, V¢ and Vgap, were calculated from the measured X¢,
Xmar, and Xpar data, by assuming as density of the crystalline
phase, the values reported above (1.287 and 1.285 g/cm?, for
PHBVS8 and PHBV12, respectively), and as the densities of the
mobile amorphous phase, the values 1.172 and 1.170 for PHBV8

TABLE 5 | Elastic modulus (E), Tensile strength (TS), and Elongation at break of
PHBV8 and PHBV12 measured after aging at T,,0m for different t;s (estimated
errors: £0.08 GPa for E; £0.7 MPa for TS; +0.6% for Elongation at break).

PHBV8 PHB12

t, E TS Elongation E TS Elongation
(days) (GPa) (MPa) at break (GPa) (MPa) at break

(%) (%)
1 1.07 20.8 5.5 0.82 19.5 7.9
3 117 21.0 5.0 0.91 19.8 7.5
7 1.23 21.7 4.9 0.99 20.3 6.9
10 1.29 22.3 4.7 1.12 22.0 6.4
15 1.34 23.5 4.9 1.14 22.4 6.2
30 1.62 24.2 4.2 1.26 22.6 5.4
60 1.63 25.1 4.0 1.30 23.4 5.2

and PHBV 12, respectively (Barker et al., 1990). The density of the
RAF was assumed equal to that of the amorphous phase, although
it is known that the free volume of the RAF is slightly higher than
that of the MAF (Lin et al., 2002). However, lower density values
for the RAF (approximately —10%) did not lead to substantially
different trends.

E is found increasing with the crystallinity degree, as it is
generally expected, with values strongly increasing at the highest
V¢ values. Conversely, if E is plotted against the sum (V¢+
VRrar), the trends appear more linear. As the rigid amorphous
fraction is made of constrained and stiff amorphous segments, it
is reasonable that it contributes to the elastic modulus in a way
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FIGURE 9 | Elastic modulus (E) of PHBV8 and PHBV12 after different storage times at T,00m, as a function of the crystalline volume fraction V¢ (A) and the total solid

more similar to that of the crystalline phase. Thus, the apparent
better correlation of the experimental E data with the sum (Vc+
VRraF) suggests that at temperatures above Tg, the elastic modulus
of the RAF might be close to that of the crystalline phase, as
already supposed for poly(1-butene) with a similar analysis Di
Lorenzo and Righetti (2008). Figure 9B displays that, for all the
total solid fractions investigated, the elastic modulus of PHBV12
is lower than that of PHBVS8. This behavior can be ascribed to
the slightly higher MAF amount and the slightly higher chain
mobility that characterizes PHBV12 with respect to PHBVS (see
Figure 7), which leads to assisted bond rotations in the mobile
amorphous fraction.

It is worth noting that, as also discussed above, for PHBV8 and
PHBV12, the change in E that is detected during storage at Tyoom
has to be ascribed (i) to the progressive increase in crystalline
and rigid amorphous fractions, and (ii) to the simultaneous
physical aging of the rigid amorphous fraction. The two different
processes cannot be separated and distinguished, so that only the
resulting effect can be considered and analyzed. Intuitively, the
progressive RAF structural relaxation is expected to produce an
increased slope of the E vs. (Vc+ Vpar) trends.

Also the tensile strength (TS) is found increasing both with V¢
and the total solid fraction (Vc+ Vrar) (Figure 10). The increase
in TS at high V¢ values is consistent (Figure 10A). However,
as for the elastic modulus, the TS vs. (Vc+ Vgap) trends
appear approximately linear for both PHBVS8 and PHBV12
(Figure 10B). Differences between the two copolymers are not
appreciable. This result suggests that the tensile strength mainly
depends on the rigid portions, which inhibit the chain motions,
and are similar in the two copolymers.

Conversely, the elongation at break is an increasing function
of the mobile amorphous volume fraction Vyar (Figure 11). At

high strain, the plastic deformation of semi-crystalline polymers,
which involves chain slipping and intermolecular bond breaking,
occurs entirely in the amorphous regions. Due to its higher
chain mobility, the elongation at break of PHBV12 is higher
than that of PHBVS at a given Vj4r (Figure 11). This behavior
is exactly opposite to the one observed for the elastic modulus
(see Figure 9).

Modeling of the Elastic Modulus of PHBVS8
and PHBV12

In order to estimate the elastic modulus of the crystalline
and amorphous phases, the Takayanagi’s model was adopted
(Takayanagi et al., 1964, 1967). The original Takayanagi’s two-
phase model represents a mechanical interpretation of the
polymer with the two phases (amorphous and crystalline)
arranged in series and in parallel. The model was adopted to
predict the modulus of the crystalline and amorphous phases,
by taking into account that these different parts can undergo
a different deformation process under the application of a
stress (Prevorsek and Butler, 2006; Ward and Sweeney, 2012;
Aliotta et al,, 2017). A simple schematization of this model
is shown in Figure 12. The parameters A and o explicate the
state of parallel and series coupling of the two phases, with
the product N - a corresponding to the crystalline volume
fraction (V¢):

5V,
A= _2rC @)
2+3Ve
243V
*= % )
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FIGURE 10 | Tensile strength (TS) of PHBV8 and PHBV12 after different storage times at T,00m, as a function of the crystalline volume fraction V¢ (A) and the total

solid volume fraction (Vc + Vrar) (B). The bars are the estimated errors.

The classical two-phase Takayanagi’s expression is the following.

A
A Ea t ke

where E4 and E¢ are the elastic moduli of the amorphous and
crystalline phases, respectively, whereas E is the elastic modulus
of the semi-crystalline material, which can be evaluated from
mechanical tests. Numerous applications of the model to blends,
composites and nanocomposites can be found in the literature
(Cohen and Ramos, 1980; Ji et al., 2002; Loos and Manas-
Zloczower, 2013; Zare and Garmabi, 2015).

The classical Takayanagi’s two-phase model, if applied to
the experimental E data listed in Table 5, is found to diverge,
leading to unrealistic values. For this simulation, the amorphous
fraction was assumed as the sum of the MAF and RAF volumetric
fractions. The failure of this classical model to describe the elastic
modulus of PHBV8 and PHBV 12 was expected: Figure 9A shows
that for both PHBV8 and PHV12, at high crystallinity degree,
E markedly increases when Xc slightly changes. This suggests
that different factors have to be taken into consideration in order
to correctly interpret and predict the mechanical properties of
semi-crystalline polymers.

Thus, the Takayanagi’s model was modified by inserting the
rigid amorphous fraction between the MAF and the crystal
regions. As for the two-phase model, this cumulative block was
arranged in series with the MAF. The graphical representation of
the modified Takayanagi’s model is showed in Figure 13, whereas
the final expression of the inverse of the elastic modulus is given

9
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9
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FIGURE 11 | Elongation at break of PHBV8 and PHBV12 after different
storage times at T,oom, as a function of the mobile amorphous volume fraction

Viwar. The bars are the estimated errors.

by the following relationship:
1 1—A

E  Emar

A
aEc + BEpar + (1 — o — B)Epmar

©)

where Ec, Eparp, and Epar are the moduli of the crystalline,
mobile amorphous and rigid amorphous fractions, respectively.
As the RAF and the crystal phase are strictly connected, and likely
RAF exhibits a mechanical behavior similar to that of the crystal
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phase, the state of parallel and series coupling for the modified
model was slightly changed with respect to Equation (2):

_ 5(V¢ + Vear)

24 3(Ve+ Vrar) ©

where V¢, Viyar, and Vyar are the volumetric fractions of the
crystalline, mobile amorphous and rigid amorphous fractions,
respectively. Accordingly, the parameters o and B are defined
as Vc/\ and Vpap/\, respectively. For the calculation of the
volumetric fractions, the density of the RAF was assumed equal
to that of the amorphous phase. Lower density values for
the RAF (approximately —10%) did not lead to substantially
different results.

By assuming:

1
YT E

C

!

FIGURE 12 | Schematic representation of the classical Takayanagi's two
phase model with the equivalent connection in series and parallel. C is the
crystalline phase (black) and A is the amorphous phase (white).

o
|

1
X1 = (8)
Epmar
1
Xy = )
aEc + BErar + (1 — o — B)Epmar
Equation (5) can be written in a linear form:
y=(1—1)X| + X, (10)

which allows the direct determination of (i) Epar and (ii) a
combination of Ec and ErF as a function of the scale parameters
a and B, because both the parameters y and A are obtained
experimentally. The results of the linear interpolation are
reported in Table 6. The comparison between the experimental
moduli of PHBV8 and PHB12 and the values predicted by the
modified Takayanagi’s model, shown in Figure 14, proves that the
model describes with good approximation the experimental data.

Due to their high crystallinity, it is impossible to find in the
literature experimental data of the elastic modulus of amorphous
PHBV copolymers. For a validation of the theoretical Eyar data
listed in Table 6 (average Epar = 0.15 GPa), the only useful value
that was found refers to a random copolymer with composition:
HB (73 mol%) + HV (13 mol%) + HH (14 mol%), where HH
means hydroxyheptanoate (Li et al., 2011). The elastic modulus
of this totally amorphous copolymer is 0.13 GPa. Although the
mobility of the HH co-units is higher than that of HV and HP,
a similar order of magnitude guarantees the accuracy of the
calculated Epar values.

TABLE 6 | Three-phase Takayanagi's model: results of the linear interpolation of
Equation (10).

Emar oEc+ BERar

(GPa) (GPa)
PHBV8 0.18 6.90
PHBV12 0.13 6.78

MAF

MAF

FIGURE 13 | Schematic representation of the modified Takayanagi’s three phase model with the equivalent connection in series and parallel. C is the crystalline phase
(black), MAF is the mobile amorphous fraction (white) and RAF is the rigid amorphous fraction (green).
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FIGURE 14 | Comparison between the experimental inverse moduli of PHBV8 (A) and PHBV12 (B) and the inverse values predicted by the modified Takayanagi’s
model, as a function of the crystalline volume fraction. The bars are the estimated errors.

TABLE 7 | Three-phase Takayanagi's model: results of the mean square error
minimization between the experimental and the elastic moduli predicted by
Equation (5).

Erar Ec

(GPa) (GPa)
PHBV8 2.09 8.49
PHBV12 2.15 8.45

An estimation of the separate Ec and Epar values for
PHBVS8 and PHBV 12 was performed with an iterative numerical
method (using Excel® Data Solver Function), by maintaining
the calculated Epap constant, and minimizing the mean square
error between the experimental and the theoretical elastic moduli
described by Equation (5). The results of the mathematical
iteration are reported in Table 7.

From Table 7, for both PHBV8 and PHBV12, the elastic
modulus of the rigid amorphous fraction (Erar = 2.1 GPa)
appears lower than the modulus of the crystal phase (Ec = 8.5
GPa), in excellent agreement with intuitive expectation. With
respect to the crystal phase, higher free volume and weaker
intermolecular bonding can favor chain rearrangement under
stress in the RAF regions. On the other hand, Erar turns out to
be higher than Epar, due to the higher rigidity and stiffness of
the constrained amorphous segments.

The elastic modulus of the crystalline phase appears about
two order of magnitude higher than that of MAF. To the
best of our knowledge, theoretical studies on the crystalline
moduli of the homopolymer PHB and the PHBV copolymers
have never been performed, therefore a direct comparison with
our Ec prediction is impracticable. In general, polymer crystals
exhibit the largest modulus in the chain axis direction. For many
polyesters, theoretical values of this limiting elastic modulus are

of the order 10-10> GPa (Matsuo et al., 1993; Tashiro, 1993;
Woasanasuk and Tashiro, 2012; Kurita et al., 2018; Lee et al., 2018).
Due to the strong mechanical anisotropy of polymer crystals, the
theoretical crystalline modulus along the chain axis is 1-2 order
of magnitude higher than those in different directions (Tashiro
and Kobayashi, 1996). Thus, it is reasonable that the calculated E¢
values for the copolymers PHBV8 and PHBV12 turns out around
10 GPa, by taking into account the different orientations of the
real crystals with respect to the load direction.

It is worth noting that a three-phase Takanayagi’s model
was applied also to predict the elastic modulus of branched
polyethylene (Martin et al., 2013). The model was different from
the one used in the present study, because both the amorphous
phases (RAF and MAF) were coupled in series and in parallel
with crystalline phase. In addition, the Ec, EypaF, and EpaF values
were not derived from the model, but values taken from the
literature were used. This led, according Martin et al. (2013)
to unsatisfactory agreement between the experimental and the
predicted E values.

CONCLUSIONS

In the present study, for the first time the evolution of tensile
mechanical properties of different PHBV copolymers (with 8
and 12 mol% of HV co-units) as a function of the storage
time at Tyym, has been investigated in parallel with the
quantification of the crystalline, mobile amorphous and rigid
amorphous fractions.

The evolution of X¢, Xp1ar, and Xgar of PHBVS and PHBV 12
was compared to that of the homopolymer. For all the samples,
the crystallinity was found to increase slightly during storage. In
parallel Xprar decreased markedly, with the result that a relevant
increase in the RAF was detected. The HV co-units, which
are characterized by a higher mobility with respect to the HB
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units, are partially excluded from the crystals, and consequently
accumulate at the crystal/amorphous interphase, with the result
the RAF content in the copolymers is lower than that of PHB. For
all the samples, the RAF formation during aging was ascribed to
the growth, although low, of secondary crystals in geometrically
restricted areas. In these conditions, the arrangement of the
polymeric segments into ordered crystal structures is prevented
by the limited chain mobility, which leads to large coupling
between the crystalline and amorphous areas.

It has been demonstrated for PHB, PHBVS, and PHBV12 that
the storage at Tyoom leads to (i) a progressive increase in X¢
and Xpar, but also to (ii) a simultaneous physical aging of the
rigid amorphous fraction. The two different processes cannot be
separated and distinguished, so that only the resulting effect on
the mechanical properties can be considered and analyzed.

The experimental elastic modulus was found to increase with
the crystallinity degree, although with values strongly increasing
at the highest V¢ values investigated. Conversely, if E is plotted
against the sum (Vc+ Vpar), the trends appear more regular
for both PHBVS and PHBV12. For all the (Vc+ Vgap) values
investigated, the elastic modulus of PHBV12 is lower than that of
PHBVS, due to the slightly higher MAF amount and the slightly
higher chain mobility that characterizes PHBV12 with respect
to PHBVS. The tensile strength as a function of (V¢ + Vrar)
displays an approximate linear trend, with differences between
the two copolymers not appreciable. Conversely, the elongation
at break turned out to be an increasing function of the
mobile amorphous fraction, because at high strain, the plastic
deformation of semi-crystalline polymers occurs entirely in the
amorphous regions.

In order to estimate the elastic modulus of the crystalline,
mobile amorphous and rigid amorphous fractions, the
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