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ABSTRACT: In the last few decades, many efforts have been made to make poly(3-hydroxybutyrate) (PHB) and its copolymers
more suitable for industrial production and large-scale use. Plasticization, especially using biodegradable oligomeric plasticizers, has
been one of the strategies for this purpose. However, PHB and its copolymers generally present low miscibility with plasticizers. An
understanding of the plasticizer distribution between the mobile and rigid amorphous phases and how this influences thermal,
mechanical, and morphological properties remains a challenge. Herein, formulations of poly(hydroxybutyrate-co-valerate) (PHBV)
plasticized with an oligomeric polyester based on lactic acid, adipic acid, and 1,2-propanediol (PLAP) were prepared by melt
extrusion. The effects of the PLAP content on the processability, miscibility, and microstructure of the semicrystalline PHBV and on
the thermal, morphological, and mechanical properties of the formulations were investigated. The compositions of the mobile and
rigid amorphous phases of the PHBV/PLAP formulations were easily estimated by combining dynamic mechanical data and the Fox
equation, which showed a heterogeneous distribution of PLAP in these two phases. An increase in the PLAP mass fraction in the
formulations led to progressive changes in the composition of the amorphous phases, an increase of both crystalline lamellae and
interlamellar layer thickness, and a decrease in the melting and glass transition temperatures as well as the PHBV stiffness. The
Flory−Huggins interaction parameter varied with the formulation composition in the range of −0.299 to −0.081. The critical PLAP
mass fraction of 0.37 obtained from thermodynamic data is close to the value estimated from dynamic mechanical analysis (DMA)
data and the Fox equation. The mechanical properties showed a close relationship with the distribution of PLAP in the rigid and
mobile amorphous phases as well as with the microstructure of the crystalline phase of PHBV in the formulations.

■ INTRODUCTION

Polyhydroxyalkanoates (PHA) are among the most promising
bio-based polymer classes for use as substitutes for conven-
tional petrochemical-based polymers. PHA are biodegradable
polyesters produced by a wide range of microorganisms that
use plant resources such as carbohydrates and vegetable oils as
carbon sources. Poly(3-hydroxybutyrate) (PHB) and its
copolymers are isotactic and semicrystalline PHA that have
attracted great attention because their mechanical properties
are similar to those of conventional fossil-based thermoplastics
such as polypropylene.1−3 Despite this, PHB presents some
drawbacks that limit its applications. For example, PHB is a
rigid and brittle material due to its high stereoregularity, high
degree of crystallinity, and formation of very large and

overlapped spherulites with a high tendency to crack. These
morphological characteristics are due to the high purity of
PHB. The absence of impurities that could act as a nucleating
agent and the stereoregularity of the PHB lead to a growth rate
that is higher than the nucleation rate when PHB is crystallized
from the melt.3−6 Another challenge regarding the usability of
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PHB is related to its thermal stability. PHB has a narrow
processing window, and it is susceptible to thermal degradation
at temperatures close to the melting point. This leads to
degradation during processing, which is detrimental to
mechanical properties.2,7,8

The PHB microstructure is reported to be composed of a
crystalline phase and two different amorphous phases: the
mobile phase, which has the same properties and glass
transition temperature (Tg) as the bulk amorphous phase of
PHB, and the rigid phase, located adjacent to the crystalline
phase, which has reduced chain mobility and, as a
consequence, higher Tg.

9−11 The Tg of the PHB amorphous
phase is close to room temperature. This is responsible for the
polymer chains’ mobility and for the embrittlement with time,
a phenomenon called aging. The aging could occur through
two independent processes: secondary crystallization and
physical aging of the amorphous phase. Both phenomena
increase the fraction of the crystalline and rigid amorphous
phases, resulting in a decrease in ductility and an increase in
the stiffness and brittleness of the PHB.2,6,10,12

Despite the promises for PHB applications, these drawbacks
must be overcome for industrial and large-scale uses of PHB.
Up to now, there have been many efforts by the scientific
community to address these drawbacks and both chemical and
physical approaches have been used for modulating PHB’s
thermal and mechanical properties. Examples of chemical
approaches already reported in the literature are copolymeriza-
tion,13−15 internal plasticization,16,17 and grafting.18,19 Com-
mon physical approaches are blending,20−22 external plasti-
cization,23,24 and the use of nucleating agents25 and fillers.26,27

One of the most interesting approaches from an industrial
viewpoint is plasticization. Plasticizers comprise one of the
major additive industries in the world due to their effectiveness
in tuning polymer flexibility and improving processability.28,29

A general rule is that plasticizers decrease polymer−polymer
intra- and intermolecular interactions by filling the space
between polymer chains, thus increasing the free volume,
which leads to a decrease in the glass transition temper-
ature.29,30 Plasticizers can be classified as internal or external
plasticizers.29,30 The copolymerization of hydroxybutyrate
(HB) and hydroxyvalerate (HV) to form poly-
(hydroxybutyrate-co-valerate) (PHBV) is a well-known
approach to modulate the thermal and mechanical properties
of PHB because the HV monomeric units act as internal
plasticizers. By increasing the fraction of the HV monomeric
units, PHBV becomes more ductile and less brittle, and the
melting and glass transition temperature proportionally
decrease.16,17 However, the PHBV grades that are commer-
cially available only have up to 20 mol % hydroxyvalerate
content, which is not enough to overcome the drawbacks cited
above.3 Therefore, external plasticization or a combination of
both internal and external plasticization becomes an interesting
option. Many different external plasticizers have been used for
the plasticization of PHB and PHBV, such as low molar mass
phthalates,23,27,31−33 citrates,23,24,27,31,34−38 fatty acids/es-
ters,39−44 esters,31,32,34−36,45−50 vegetable oils and deriva-
tives,23,24,27,46,51−56 terpenes57 and carbohydrates;49,58 and
oligomeric plasticizers such as poly(ethylene gly-
col),24,39,46,48−50,59−61 PHB,62−65 PHA,66 poly(caprolactone),
Laprol,48,60 Pluronic,67 aliphatic polyesters,45,48,68,69 poly-
(adipate),32 polyurethanes,70 and poly(ethylene oxide).71

Most reports in the literature concern the relationship
between the plasticizer content and the thermal and

mechanical properties of PHB and its copolymers. Generally,
the miscibility is analyzed using the criterion of the glass
t r a n s i t i o n t e m p e r a t u r e d e p r e s -
sion.23,25,31,32,40,49,50,52,54,57,63,71,72 However, the distribution
of the plasticizer in the mobile and rigid amorphous phases and
how this affects the PHB mechanical properties have been less
studied. Righetti et al.10 reported that PHB and PHBV stiffness
increases proportionally with an increase in the sum of
crystalline and rigid amorphous phase mass fractions, while the
ductility of the materials is proportional to the mass fraction of
the mobile amorphous phase. El-Taweel et al.64 determined
the mass fraction of the mobile and rigid amorphous phases as
well as the fraction of plasticizer in these amorphous phases in
PHB plasticized with oligomeric atactic PHB-diol. They
concluded that the plasticizer is not homogeneously
distributed, and the mobile amorphous phase is richer in the
plasticizer. However, they did not correlate the plasticizer
distribution with the mechanical properties of the formula-
tions. Cret́ois et al.47 reported that the addition of a plasticizer
to PHB decreases the relaxation temperature of the amorphous
phase and prevents the physical aging of the polymer.
However, annealing the material induced phase separation
and the formation of unplasticized domains that were
susceptible to physical aging. Similar results were reported by
Kurusu et al.,34 who observed only one glass transition by
differential scanning calorimetry (DSC). However, the results
of the dynamic mechanical analysis (DMA) led to the
conclusion that the amorphous phase of a plasticized PHB
was composed of interlamellar amorphous phases with and
without the plasticizer, and annealing the sample increased the
nonplasticized fraction and polymer brittleness. Recently,
Umemura and Felisberti38 studied the effect of aging on the
properties of PHB formulations plasticized with triethyl citrate
(TEC). They concluded that physical aging and secondary
crystallization resulted in the enrichment of the amorphous
phase with the plasticizer, and phase separation was reported
for the formulation with a TEC mass fraction of 0.3. In general,
the aged and plasticized PHB were less brittle and presented a
higher capacity to dissipate mechanical energy than the aged
pure PHB.
In this work, we have investigated the effect of an oligomeric

plasticizer on the PHBV microstructure, morphology, and
thermal and mechanical properties of the formulations
prepared by extrusion. A biodegradable oligomeric polyester
based on lactic acid, adipic acid, and 1,2-propanediol (PLAP)
was employed as a plasticizer. The dynamic mechanical
analysis (DMA) allowed the identification of the mobile and
rigid amorphous phases. The depression of the glass transition
temperature of these amorphous phases provided an
estimation of the PLAP mass fraction in these two amorphous
phases using the Fox equation. Moreover, PLAP phase
separation was also observed, and the critical composition
was determined and compared with values determined by
thermodynamic data from the Flory−Huggins parameter. The
influence of PLAP distribution on the morphology of the
crystalline phase of PHBV was studied by small-angle X-ray
scattering (SAXS), and the spherulite morphology was
investigated by polarized optical microscopy (POM). These
results were correlated with the thermal properties studied by
differential scanning calorimetry (DSC) and with the tensile
properties and Izod impact resistance. Using a simple
methodology, this work allows the understanding of how the
plasticizer is distributed in the mobile and rigid amorphous
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phases and how this distribution influences the local miscibility
and the micro- and macroscopic properties of the PHBV as a
function of the plasticizer content.

■ RESULTS AND DISCUSSION
Processability. To investigate the effects of a plasticizer on

the processability of PHBV, the force applied by the extruder
during the steps of feed (I), melting−compounding (II), and
unloading (III) of PHBV and its formulations was monitored,
Figure 1a. The feeding stage was performed in two steps to not

exceed the maximum torque of the extruder. The maximum
force value at the feed stage decreased with the increase in the
PLAP mass fraction, indicating easier feeding of the PHBV/
PLAP premixture compared with pure PHBV. At the
compounding step, the force decreased with the increase in
the PLAP mass fraction and mixture time. The force decreased
abruptly as the formulations were unloading from the barrel.
The force just before unloading and the modulus of the

force decay rate (|ΔF/Δt|) during the compounding decreased
with the increase in the PLAP mass fraction (Figure 1b). Both
parameters may be related to the melt viscosity of the
formulation and the thermal stability of PHBV. Thermal
degradation of PHB and its copolymers results in a decrease in
the molar mass.74 However, the gel permeation chromatog-
raphy (GPC) data in Table 1 shows similar and small
decreases in the molar mass for the processed formulations
compared to unprocessed PHBV, with a maximum reduction
of 8%. These results indicated that the decrease in the force
during processing was mainly due to the PLAP, which

decreased the viscosity of the melt. This effect combined
with the suitable processing conditions applied resulted in
good melt-processing stability with minor chain degradation
induced by the shear at high temperatures. A similar tendency
(a decrease in the force before unloading and the modulus of
the force decay rate as a function of the plasticizer content for
formulations of PHB with TEC) was reported in our previous
work.75 However, higher molar mass PHB (Mw = 394 kDa)
was used, and the GPC analysis showed a higher decrease in
theMw (around 11−16% for plasticized samples) and Đ values,
indicating a preferential scission of long polymer chains during
processing. A higher extent of PHB degradation (molar mass
reduction of 34%) was reported by Garcia-Garcia et al.51 for
the extrusion and injection molding of PHB (Mw = 426 kDa)
plasticized with epoxidized vegetable oils using similar
processing conditions. These results suggest that thermal and
shear-induced degradation may be less important for PHB with
Mw ≤ 250 kDa.

Thermal Stability. The thermal stability of PHBV, PLAP,
and their formulations was evaluated by thermogravimetric
analysis (TGA). The thermogravimetric curves and their
derivatives are presented in Figure S1. The temperatures of the
initial mass loss (Tonset) and the maximum mass loss rate
(Tmax), the percentage of mass loss for each degradation stage,
the residue at 500 °C (R500°C), and the estimated PLAP mass
fraction (wplap,real) are summarized in Table 2.
In general, PHBV degraded in a single stage due to random

chain scission by β-elimination74,76,77 with a Tonset of around
220−240 °C. The PLAP plasticizer presented two overlapped
degradation stages with Tonset at around 190 and 300 °C.
Cicogna et al.78 reported the Tonset = 184−212 °C for
oligomeric poly(lactic acid) and Tonset = 258 °C for oligomeric
poly(1,2-propylene adipate), whereas Tonset = 320 °C was
reported for polymeric poly(lactic acid). Thus, the first stage of
PLAP thermal degradation with a minor mass loss is probably
due to the degradation of random segments of poly(lactic
acid), and the second stage is related to the overall bulk
degradation of the plasticizer.
The plasticized formulations presented two degradation

stages with Tonset around 200 and 350 °C. As previously
discussed, the first stage is due to the degradation of both
PHBV and PLAP, and the second stage is only due to the
degradation of PLAP. The initial degradation temperature of
the formulations was lower than for pure PHBV, indicating
that the introduction of PLAP decreased the thermal stability
of the formulations compared with pure PHBV. This is
probably due to the presence of carboxylic acid end groups in
the PLAP chains. However, this decrease in the thermal
stability of the formulations did not affect processing, as
observed by the negligible molecular weight decrease for the
PHB subjected to extrusion and injection molding. The mass
fraction of PLAP in the formulations was estimated using the
thermal degradation profile of pure PHBV and PLAP (Table
2). In general, the PLAP mass fraction in the formulations was
around 6−10% lower than planned, indicating a loss of PLAP
during the preparation and processing of formulations.

Microstructure Analysis. The storage modulus (E′), loss
modulus (E″), and loss factor (tan δ = E″/E′) as a function of
temperature are presented in Figure 2a−c, respectively. The E′
vs T and E″ vs T curves were vertically shifted to the same
modulus at −100 °C to facilitate a comparison of the changes
in the relaxation spectrum of the formulations. The glass
transition occurred in the temperature range from −50 to 65

Figure 1. (a) Force applied by the extruder as a function of the
processing time for pure PHBV (□) and the formulations with PLAP
mass fractions of 0.1 (ring open red), 0.2 (triangle up open blue), and
0.3 (diamond solid green). (b) Force just before the unloading (□)
and the modulus of the force decay rate during mixing (ring open
red) as a function of the PLAP mass fraction.

Table 1. Molar Mass and Molar Mass Dispersity of
Unprocessed PHBV, Processed PHBV, and its Formulations
with PLAP, as Determined by GPC Analysis

wPLAP Mn (kDa) Mw (kDa) Đ

0.0a 91.4 251.5 2.8
0.0 87.1 238.4 2.7
0.1 84.4 263.9 3.1
0.2 85.2 238.3 2.8
0.3 87.9 233.6 2.7

aUnprocessed PHBV.
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°C and was characterized by a drop in E′ and by a peak in E″
and tan δ curves. For PHBV and its plasticized formulations, a
shoulder was observed at the main peak in this temperature
range. In the E″ curves, the main peak for PHBV presented a
maximum at 26 °C. On the other hand, the main peak for the
PHBV formulation containing PLAP at a mass fraction of 0.3
presented a maximum at −30 °C and a shoulder at around 6
°C. Similar tendencies were observed for the tan δ curves.
There is a clear shift of the maximum of the peak to lower
temperatures and an inversion in the intensity of the loss
modulus peak and shoulder in this temperature range with the
increasing PLAP mass fraction, as indicated by the arrows in
Figure 2b,c. Similar behavior was recently reported for PHB
plasticized with TEC.38 Secondary relaxations start below −75
°C, but due to the low signal-to-noise ratio, these were unclear.

The second drop in E′ and peaks in E″ and tan δ curves were
observed at a temperature range from 50 to 125 °C. This is
related to the α′ relaxation of the amorphous−crystalline
interphase.26

To better understand how PLAP affects the glass transition,
both tan δ and E″ curves were deconvoluted using Gaussian
curves for each formulation, as shown in Figures 3 and S2

(Supporting Information), respectively. In general, for pure
PHBV and the formulations with PLAP mass fractions equal to
0.1 and 0.2 (Figures 3a−c and S2a−c), two Gaussian curves
described the experimental glass transition region. However,
for the formulation with a PLAP mass fraction equal to 0.3
(Figures 3d and S2d), three Gaussian curves should be used
for fitting the tan δ vs T and E″ vs T curves.
Peaks at higher temperatures were attributed to the

devitrification of the rigid amorphous phase, and peaks
centered at lower temperatures were attributed to the glass
transition of the mobile amorphous phase. The temperature of
both events was denoted as Tg for convenience. Moreover, the
tan δ and E″ curves (Figures 3 and S2, respectively) show that
these transitions were partially overlapped. According to

Table 2. Temperature and Mass Loss of Each Degradation Stage of Unprocessed PHBV, Processed PHBV and its
Formulations with PLAP, Residual Mass Fraction at 500 °C, and the PLAP Mass Fraction Determined by TGA Analysis

1st stage 2nd stage

wPLAP Tonset (°C) Tmax. (°C) mass loss (%) Tonset (°C) Tmax. (°C) mass loss (%) R500°C (%) wPLAP,real
c

0.00a 240 300 100 0
0.00 220 295 100 0
0.10 205 260 92 285 345 8 0 0.09
0.20 200 255 85 280 350 14 1 0.17
0.30 200 255 75 280 350 23 2 0.28
1.00b 190 280 11 300 385 87 2

aUnprocessed PHBV. bUnprocessed PLAP. cwPLAP,real = {[(mass loss2ndstage/87) × 100] + residue}/100.

Figure 2. (a) Storage modulus (E′), (b) loss modulus (E″), and (c)
loss factor (tan δ = E″/E′) as a function of temperature for processed
PHBV (□) and its formulations with PLAP mass fractions of 0.1 (ring
open red), 0.2 (triangle up open blue), and 0.3 (triangle down open
green). The arrows indicate the presence of multiple glass transitions
and their temperature shifts with the increase in the PLAP mass
fraction.

Figure 3. tan δ vs T curves (black line), Gaussians curves (blue and
red lines) and the sum of the Gaussians (magenta line) for (a) pure
PHBV and its formulations with PLAP mass fractions of (b) 0.1, (c)
0.2, and (d) 0.3.Gaussians curves for (a) pure PHBV and its
formulations with PLAP mass fractions of (b) 0.1, (c) 0.2, and (d)
0.3.
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Esposito et al.,11 this overlap indicates that the boundaries of
each phase are not well defined. Otherwise, there is a mobility
gradient between the phases and the chain mobility increases
progressively from the crystalline phase toward the mobile
amorphous phase.
The Tg of the rigid and mobile amorphous phases were

taken to be the temperatures corresponding to the maximum
of the Gaussian curves in the tan δ and E″ curves (Tables S1
and S2), and they were plotted as a function of the PLAP mass
fraction, Figures 4a and S4a (Supporting Information). As

observed in Table S1 (Supporting Information), with the
increase in the PLAP mass fraction in the formulations, the Tg
of the rigid and mobile amorphous phases, determined from
tan δ vs T curves, was shifted from 28 to 12 °C and from 3 to
−10 °C, respectively. For the formulation with wPLAP = 0.3, the
presence of a peak centered at −27 °C (Figure 3) suggests a
third phase richer in PLAP, possibly resulting from phase
separation. This phase was named the PLAP-rich mobile
amorphous phase.
The Tg of the mobile and rigid amorphous phases

determined from tan δ vs T curves (Table S1) presented a
better correlation than Tg determined from E″ vs T curves
(Table S2) with the Tg measured from the DSC (Table 3).
Because the Fox equation79 was used to estimate the
composition of mobile and rigid amorphous phases and for
this, the Tg of PLAP should be known, we used the Tg of the
amorphous phases for pure PHBV (3 and 28 °C, respectively)
determined from the tan δ vs T curve and the Tg of the PLAP

(−31 °C) determined by DSC. The glass transition temper-
ature determined by DSC for the PHBV/PLAP formulations
follows the Fox equation. Therefore, the composition of the
mobile and rigid amorphous phases (Tables S1 and S2) was
graphically predicted using the plot in Figure S3 (Supporting
Information), which was constructed using the Fox equation,
considering that this equation may appropriately describe the
dependence of relaxation temperatures of the amorphous
phases on the composition too. The Fox equation is the
simplest model to predict the Tg of a formulation. It considers
the additivity of the free volume of the polymer and of the
diluent, which is the plasticizer in this case. This model does
not account for polymer−plasticizer interactions, and it is not
suitable for systems with strong interactions among the
components.29 This may not be the case for the PHBV-
PLAP mixture because dipole−dipole interactions predom-
inate for polyester mixtures.68,80−82

The PHBV and PLAP mass fractions (wi) in the amorphous
phase (i) for pure PHBV and its plasticized formulation
determined using data from tan δ vs T and E″ vs T curves are
presented in Figures 4b and S4b, respectively. Similar profiles
were observed for Tg dependence on the composition
determined from E″ vs T and tan δ vs T curves.
As observed in Figure 4b and Table S1, increasing the PLAP

mass fraction up to 0.3 resulted in an increase of the PLAP
mass fraction in the rigid amorphous phase from 0 to 0.23 and
in the mobile amorphous phase from 0 to 0.36. The PLAP
mass fraction in the mobile amorphous phase was always
higher than in the rigid one, suggesting that PLAP is expelled
not only from the crystalline phase38 but also from the rigid
amorphous phase during sample aging. The phase separation
took place for the formulation with a PLAP mass fraction equal
to 0.3. This resulted in the rigid and two mobile amorphous
phases with PLAP mass fractions of 0.23, 0.36, and 0.87,
respectively (Table S1). Therefore, the PHBV/PLAP mixtures
are partially miscible, presenting a single and homogeneous
mobile amorphous phase for PLAP mass fractions up to 0.2 in
the formulation and a critical PLAP concentration of 0.36. The
low critical concentration for mixtures of PHB and PHBV and
plasticizers may be related to their high degree of crystallinity,
the presence of a rigid amorphous phase that accommodates
only a small fraction of the plasticizer, and a relatively low
fraction of the remaining mobile amorphous phase to
accommodate the plasticizer. Physical aging also contributes
to the enrichment of the amorphous phase with the plasticizer,
which induces phase separation in PHB formulations.38 The
low critical concentration for mixtures of PHB and PHBV and
plasticizers, even for plasticizers presenting a Hildebrand
solubility parameter similar to PHBV, has been reported in the

Figure 4. (a) Glass transition temperature and (b) the PHBV (closed
symbols) and PLAP (open symbols) mass fractions in the amorphous
phases as a function of the PLAP mass fraction in the formulations:
the rigid (box solid, box blue), mobile (circle solid, ring open red),
and PLAP-rich mobile amorphous phases (triangle up solid, triangle
up open green). Data determined from tan δ vs T curves.

Table 3. Glass Transition, Crystallization and Melting Temperatures, Crystallization and Melting Enthalpies, and the Degree
of Crystallinity for Unprocessed PHBV and PLAP and for Processed PHBV and its Formulations with PLAP

1st heating cooling 2nd heating

wPLAP Tm (°C) ΔHm
c (J g−1) χc (%) Tc (°C) ΔHc

d (J g−1) Tg (°C) Tcc (°C) ΔHcc
e (J g−1) Tm (°C) ΔHm

c (J g−1) χc (%)

0a 174 78 53 60 40 3 44 9 170 82 56
0 173 80 55 60 19 2 43 31 169 85 58
0.1 170 75 56 58 35 −1 42 11 168 78 59
0.2 174 67 56 48 11 −4 42 26 167 70 58
0.3 171 63 61 59 20 −9 42 16 166 63 61
1.0b −31

aUnprocessed PHBV. bUnprocessed PLAP. cMelting enthalpy. dCrystallization enthalpy. eCold crystallization enthalpy.
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literature.33,34,40,47 In general, it has been reported that PHB is
immiscible with poly(lactic acid), PHBV, and other aliphatic
polyesters.80,81 On the other hand, PHB is miscible with
oligomeric poly(lactic acid) and other aliphatic polyesters in
the melt, and it is immiscible or partially miscible upon
crystallization.68,82

Regarding the effect of the plasticizer on the microstructure,
Cret́ois et al.47 and Kurusu et al.34 reported only one α-
relaxation for PHB plasticized with tri(ethylene glycol) bis(2-
ethyl hexanoate) (TEG) and a decrease in the Tg from 20 to 3
°C by the addition of the plasticizer. However, by performing
annealing and/or processing of the material, phase separation
took place in the amorphous phase with the formation of a
pure PHB phase and a rigid and mobile PHB/TEG amorphous
phase. El-Taweel et al.64 studied the effect of the addition of
oligomeric PHB-diol on both amorphous and semicrystalline
PHB samples. They reported that Tg,sample ≈ Tg,Fox for
amorphous samples because the PHB-diol is homogeneously
distributed over the entire sample. However, Tg‑sample < Tg,Fox
for the semicrystalline samples because the PHB-diol was
expelled from the crystalline phase during the crystallization,
and an amorphous phase richer in PHB-diol was formed. They
estimated the composition of these phases by determining the
Tg of the amorphous phases and combining them with the Fox
equation. In general, by increasing the amount of PHB-diol
from 10 to 70%, their fraction in the mobile amorphous phase
was higher than in the rigid one. This is similar to our results
for PHBV plasticized with PLAP.
The influence of the PLAP content on the long period (Lp),

crystalline lamellae (lc), and interlamellar amorphous layer (la)
thickness of aged specimens and films freshly crystallized at 70
°C for 1 h was investigated by SAXS. The results are presented
in Figure 5. The Lorentz-corrected curves, the correlation
functions, and the summarized data are presented in Figures S5
and S6 and Table S3 (Supporting Information), respectively.
Regarding aged samples, the progressive increase in the

PLAP content up to wPLAP = 0.3 resulted in a slight increase of
the Lp from 5.8 to 6.7 nm, in the lc from 4.4 to 4.9 nm, and in
the la from 1.4 to 1.8 nm. For films freshly crystallized at 70 °C
for 1 h, Lp and la increased from 6.2 to 9.8 nm and from 1.5 to
4.1 nm, respectively, with the increase in the PLAP mass

fraction up to 0.2. However, a smaller increase of the lc from
4.7 to 5.7 nm was observed. A further increase in the PLAP
mass fraction to wPLAP = 0.3 led to a decrease in Lp, lc, and la to
7.3, 5.4, and 1.9 nm, respectively. This is probably due to phase
separation, which led to the formation of amorphous domains
with sizes out of the limit of detection range of the SAXS
analysis, as will be discussed further in the POM analysis.
These results for the recrystallized samples are in agreement
with those reported by Ambrosi et al.67 for PHB samples
plasticized with oligomeric Pluronic (F68 and F127). They
reported that a complete incorporation of the plasticizer in the
lamellar stack would be followed by a monotonic increase of Lp
and la, as observed for the recrystallized samples with PLAP
mass fractions up to 0.2. However, when compared to the pure
PHB, slight changes in the morphological parameters upon the
addition of the plasticizer, as observed for the recrystallized
sample with wPLAP = 0.3, indicate the presence of amorphous
domains richer in the plasticizer outside the lamellar stacks that
are not detected by SAXS. Comparing the aged films and those
freshly crystallized at 70 °C, the smaller Lp, lc, and la for aged
samples can be attributed to PHBV secondary crystallization
that creates thinner crystalline lamellae within the interlamellar
amorphous phase.83

Morphology. Solvent-cast films of unprocessed PHBV,
processed PHBV, and its formulations with PLAP were
isothermally crystallized from the melt at 55, 65, and 75 °C
for 60 min and analyzed by POM. The POM images are
presented in Figure 6.
In general, the spherulites are large with the characteristic

Maltese cross and with or without the presence of bands.
Generally, the spherulite size tends to increase with a decrease
in the nucleation rate and/or an increase in the growth rate,
which occurs by decreasing the supercooling degree (ΔT = Tm
− Tic, where Tm is the melting temperature and Tic is the
isothermal crystallization temperature).33,75 For a given
crystallization temperature (horizontal sequence of POM
images in Figure 6a), the size of the spherulites is little
affected by processing or PLAP content because Tm is slightly
affected by the presence of the plasticizer (as will be discussed
further in the Thermal Properties section) and the degree of
supercooling is maintained to be almost constant. This result is
quite different from that observed for PHB plasticized with
TEC, for which the spherulite diameter presented a remarkable
increase with the increase in the TEC mass fraction due to the
decrease in the supercooling degree,75 On the other hand, for a
given composition (vertical sequence), an increase in the
crystallization temperature led to an increase in the spherulite
size. This was due to a decrease in the degree of supercooling.
Other works also reported that by varying the crystallization
temperature between the Tg and Tm range, the highest
crystallization growth rate is around 75−85 °C for PHB,
PHBV, and plasticized formulations.17,25,33,75 For the for-
mulation with wPLAP = 0.3, some circular dark spots in the
microscopic scale are observed throughout the images (Figure
6b). These are probably due to the presence of an amorphous
phase resulting from phase separation, as discussed above. The
PHBV/PLAP formulations formed spherulites large enough to
be observed by the naked eye. Digital photographs of the
spherulites are shown in Figure S7 (Supporting Information).

Thermal Properties. The influence of the PLAP mass
fraction on PHBV thermal properties was investigated by DSC.
The DSC curves for the first heating, cooling, and second
heating scans are presented in Figure 7a−c, respectively. The

Figure 5. Long period (■), and thickness of crystalline lamellae
(circle solid red) and the interlamellar amorphous layer (triangle up
solid blue) as a function of the PLAP mass fraction for aged films
(closed symbols) and films freshly crystallized at 70 °C for 1 h (open
symbols).
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phase transition temperatures, the enthalpies, and the
crystallization degree (χc) are summarized in Table 3.
The first heating scan (Figure 7a) reflected not only the

intrinsic properties of the formulations but also their thermal
history, such as the processing and aging of the samples. By
increasing the PLAP mass fraction, the Tm for the first scan
varied randomly within a narrow range of 4 °C, and χc tended
to slightly increase in the range from 55 to 61%. However, the
melting peak in the first scan was broad with a shoulder at
lower temperatures, which suggests recrystallization during
heating. The χc was slightly smaller than in the second scan.
In the second heating scan (Figure 7c), the glass transition

and the melting temperatures of the processed samples
systematically decreased from 2 to −9 °C and from 169 to
166 °C, respectively, with the increase in the PLAP mass
fraction up to 0.3, evidencing the capacity of PLAP to act as a
plasticizer for PHBV. For the formulation with wPLAP = 0.3,
despite the phase separation, only one glass transition could be

observed by DSC, probably because of the overlap of the glass
transition of two mobile amorphous phases. For the plasticized
PHBV, ΔHm decreased due to the increase in the PLAP mass
fraction. However, the degree of crystallinity (χc) was constant
at around 58−61%. Generally, the plasticizer caused either a
decrease in χc due to the dilution effect or an increase in χc due
to the decrease in melting viscosity, which results in higher
chain diffusion and a faster crystallization rate. In the cooling
step (Figure 7b), PHBV crystallized at the same peak
temperature (Tc = 60 °C) for the pure polymer and for
polymer plasticized with PLAP at a mass fraction of 0.1. A
further increase in the plasticizer to wPLAP = 0.2 caused the Tc

to decrease to 48 °C. Concerning the degree of crystallinity,
the addition of PLAP at 0.1 and 0.2 mass fractions caused an
increase and a decrease, respectively (Table 3). Therefore, the
concentration of PLAP had a complex influence on the
crystallization kinetics of PHBV. For the formulation with
wPLAP = 0.3, due to the phase separation, the crystallization

Figure 6. (a) POM images of solvent-cast samples of unprocessed PHBV, processed PHBV, and its formulations with PLAP isothermally
crystallized at 55, 65, and 75 °C. (b) Zoomed-in view of the region (highlighted in yellow) of the spherulites in the formulation with wPLAP = 0.30
crystalized at 55 °C (left) and 65 °C (right) with arrows indicating the presence of circular dark spots.

Figure 7. (a) First heating, (b) cooling, and (c) second heating DSC scans of unprocessed PHBV (□) and processed PHBV (○) and its
formulations with PLAP mass fractions of 0.1 (triangle up open red), 0.2 (triangle down open blue), and 0.3 (tilted square open green).
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occurred at Tc = 59 °C and ΔHc = 20 J g−1, similar to the
crystallization of the PHBV processed in the absence of the
plasticizer. The cold crystallization in the second heating scan
was around 42 °C for all formulations, and the values of ΔHcc
followed the inverse tendency of ΔHc, i.e., the fraction of
PHBV that did not crystallize during cooling crystallized
further in the second heating scan. This behavior can be
attributed to the presence of a rigid amorphous phase. In
semicrystalline polymers crystallized from the melt, the
presence of a rigid amorphous phase makes the crystallization
under cooling difficult. However, the rigid amorphous phase
starts to gain some mobility as the sample is heated, and at the
end of the glass transition (around 40−50 °C, Figure 3), cold
crystallization will occur. This crystallization generates a new
rigid amorphous phase layer that will further gain mobility and
crystallize at higher temperatures, between the cold crystal-
lization and the melting temperatures.9,12,84 Therefore, in the
temperature range between cold crystallization and the melting
temperature, the low intense exothermic peak observed in the
second heating scan (highlighted by the dashed lines in Figure
7c) was attributed to crystallization of the rigid amorphous
phase.12 This thermal event overlapped with the beginning of
melting, which imparts an uncertainty to the calculated degree
of crystallization.
The Flory−Huggins interaction parameter (χ1,2) was

estimated from the melting point depression using the
Nishi−Wang equations, eq S5 (Supporting Information).85

Conventionally, the use of the Nishi−Wang equation requires
the determination of the equilibrium melting temperature
provided by Hoffman−Weeks plots.86 However, PHB and
PHBV are highly susceptible to thermal degradation at
temperatures close to Tm, making the use of this procedure
impracticable.87 Therefore, an estimate of the value of χ1,2 was
performed as suggested by Pizzoli et al.33 for PHB and for PHB
plasticized with di-n-butyl phthalate (DBP) using the non-
equilibrium melting peak temperatures determined by DSC.
The χ1,2 values were dependent on the composition of the
plasticized formulations. However, they were negative for all
cases, indicating miscibility between PHBV and PLAP, Figure
S8 (Supporting Information). The Flory−Huggins interaction
parameter for the formulation with PLAP mass fractions equal
to 0.1, 0.2, and 0.3 were χ1.2 = −0.299, −0.147, and −0.081,
respectively. This tendency can be due to the fact that the
Nishi−Wang equation does not consider the enthalpic effects
on the entropy of the mixture, and the occurrence of
phenomena, such as recrystallization and phase separation,
are not considered.22,88 Flory−Huggins interaction parameters
were already reported in the literature for other PHB/
plasticizer systems. For example, Pizzoli et al.33 reported χ1.2
= −0.1 for the PHB plasticized with DBP, and Saad89 reported
χ1.2 = −0.48 for mixtures of PHB and oligomeric PHB-diol.
By plotting χ1.2 as a function of volume fraction of PLAP

(øPLAP), Figure 8, the critical PLAP content of øPLAP = 0.38
(wPLAP = 0.37) was obtained by extrapolation to χ1.2 = 0.00.
This value is close to the value of wPLAP = 0.36 estimated from
DMA data and the Fox equation.
Mechanical Properties. The influence of the PLAP

content and its distribution in the mobile and rigid amorphous
phases on the mechanical properties of the formulations was
investigated by analyzing the impact resistance capability,
elastic modulus, tensile strength, and elongation at break. The
results are presented in Figure 9a−c and summarized in Table
S4 (Supporting Information).

The addition of PLAP to PHBV at a mass fraction up to 0.2
resulted in an impact resistance increase of 120% and elastic
modulus and tensile strength decrease of 27%, while the
elongation at break remained constant around 8.0−8.2%. This
means that PLAP improves the capacity to dissipate
mechanical energy, decreases the PHBV stiffness, and slightly
improves the ductility. These results can be explained based on
the microstructure of the samples. As reported by Righetti et
al.,10 both the elastic modulus and tensile strength are
proportional to the sum of the fraction of crystalline and
rigid amorphous phases, whereas the elongation at break is
proportional to the mass fraction of the mobile amorphous
phase. The composition of the mobile and rigid amorphous
phase progressively changed as the PLAP mass fraction
increased. As shown in Figure 4a, this led to a progressive
shift of the Tg of the rigid amorphous phase from 28 to 12 °C
with the increase in the PLAP mass fraction explaining the
observed decrease in the stiffness of the formulations at 25 °C
(the temperature at which mechanical tests were performed).
Simultaneously, the PLAP mass fraction in the mobile
amorphous phase in the rubbery state at 25 °C increased
with the PLAP mass fraction in the formulations. Con-
sequently, an increase in the impact resistance was observed.
However, the ductility of the material was little affected
because the major fraction of the material is still in the
crystalline phase, which remains in a rigid state.
For the formulations with wPLAP = 0.3, the impact resistance

did not show a further increase and the elongation at break
decreased to 6.6%. This was due to the presence of an
amorphous phase richer in PLAP resulting from the phase
separation. This phase should be mechanically fragile and
responsible for the decrease in the cohesive energy between
the amorphous phases, facilitating crack propagation.90

Ambrosi et al.67 also reported a decrease in the tensile
strength and in the elongation at break for formulations of
PHB/Pluronic where phase separation and a microstructure
composed of poorly defined spherulites were observed. A loss
in the mechanical properties of plasticized PHB (or PHBV)
formulations upon an increase in the plasticizer content is
frequently reported in the literature.24,32,39,51,52 This tendency
of the mechanical properties to deteriorate with an increase in
the plasticizer content is usually attributed to the low
solubility/miscibility of the plasticizer and/or to plasticizer
phase separation. However, in these studies, just one Tg was

Figure 8. Composition-dependence of the Flory−Huggins interaction
parameter (■) and linear fit (--).
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observed in the DSC curves, and no conclusive investigation
about the miscibility or the plasticizer distribution in the
microstructure was performed.
The efficiency of PLAP to decrease Tg and Tm and to tune

the mechanical properties of the formulations was compared
with other oligomeric and low molar mass plasticizers reported
in the literature at the same mass fractions. A short review
about the efficiency of plasticizers for PHB and PHBV can be
found in Tables S5 and S6. Compared to other oligomeric
plasticizers, PLAP acts to decrease Tg, Tm, and the elastic
modulus and to increase the elongation at break similarly to
poly[di(ethylene glycol) adipate],46 poly(caprolactone)-triol,69

Pluronic F68 and F127,67 Laprol 503 and 5003,48 TolonateX-
FLO100,70 and poly(ethylene glycol) (PEG) with the molar
mass in the range from 0.2 to 6.0 kDa.24,39,46,48,50 For these
plasticizers, a maximum decrease in Tg of around 15 °C, Tm in
the range of 3−8 °C, the elastic modulus in the range from 35
to 60%, and an increase in the elongation at break lower than
10% have been reported. On the other hand, low molar mass
plasticizers such as phthalates,32 citrates,31,35,75 glycerol
esters,32,43,45 vegetable oils,52,54 terpenes,57 and other es-
ters31,32,35,48 are more effective in decreasing Tg and Tm and in
tuning the mechanical properties of formulations when
compared to the oligomeric plasticizers. Using low molar
mass plasticizers, a decrease in the range of 20−40 °C in Tg,
around 10−20 °C in Tm, and from 60 to 80% in the elastic
modulus, and increase of the elongation at break of more than
10% are frequently reported. However, low molar mass
plasticizers have some disadvantages such as higher volatility,
lower resistance to migration, and a higher tendency to be
exuded when compared to the oligomeric plasticizers. This
makes oligomeric plasticizers more suitable for high-perform-
ance applications.91

■ CONCLUSIONS

PLAP, an oligomeric polyester based on lactic acid, adipic acid,
and 1,2-propanediol with a number average molar mass of 6.5
kDa, acted as a plasticizer for PHBV. It improved the
processability in the melt and preserved the polymer against
thermomechanical degradation. Moreover, the addition of
PLAP resulted in a decrease in the glass transition and melting
temperatures and the elastic modulus and an increase in the
impact resistance. Dynamic dynamical analysis revealed the
complexity of the amorphous phase of the formulations and,
combined with the Fox equation, allowed an estimation of the

composition of the mobile and rigid amorphous phases. PLAP
was heterogeneously distributed in these phases. Despite this,
the Flory−Huggins interaction parameter was negative and
varied with the formulation composition in the range of
−0.299 to −0.081. The critical PLAP mass fraction of 0.37 was
obtained from thermodynamic data, and it was close to the
value estimated from the DMA data and the Fox equation,
indicating that this estimation was reasonable. PLAP contents
also influenced the microstructure of the semicrystalline
PHBV, progressively increasing the thickness of both the
crystalline lamellae and the interlamellar layer. The mechanical
properties showed a close relationship with the distribution of
PLAP in the rigid and mobile amorphous phases as well as
with the microstructure of the crystalline phase of PHBV in the
formulations. The progressive shift of the Tg of the rigid
amorphous phase from 28 to 12 °C with the increase in the
PLAP mass fraction was responsible for the decrease in the
stiffness and for the increase in the impact resistance of the
plasticized PHBV. Ductility was not changed, because of the
high degree of crystallization, even for plasticized PHBV.
Overall, PLAP acted as an effective plasticizer. It decreased Tg,
Tm, and the elastic modulus and increased the elongation at
break. Also, its efficiency was comparable with other
oligomeric plasticizers reported in the literature. This work
demonstrated that the knowledge of plasticizer distribution in
the mobile and rigid amorphous phases and how this affects
the thermal properties of the amorphous phases is of great
importance for understanding and finely tuning the mechanical
properties of PHB and PHBV formulations.

■ EXPERIMENTAL SECTION

Materials. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) with a valerate content of around 3.0 mol %
(determined by 1H and 13C RMN, Figure S9Supporting
Information) was kindly supplied by PHB Industrial S/A.
PHBV was dried at 70 °C for 24 h before use. The random
polyester based on lactic acid, adipic acid, and 1,2-propanediol
(PLAP) at a molar ratio of 20:40:40 (determined by 1H and
13C RMN, Figure S10Supporting Information) is an
amorphous oligomer (Tg = −31 °C) with an average molar
mass of 6.5 kDa and molar mass dispersity of 2.6. Chloroform
(99.9%, LabSynth) and CDCl3 (99.8% D atom, 1% TMS (v/v)
Sigma-Aldrich) were used without any further treatment.

Preparation of PHBV/PLAP Formulations. PHBV with
PLAP in mass fractions of 0.1, 0.2, and 0.3 (total mass of 12.0 g

Figure 9. (a) Impact resistance, (b) elastic modulus, (c) tensile strength, and elongation at break as a function of the PLAP mass fraction in the
formulations.
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for each batch) were manually premixed (24 h before
processing). This was followed by processing in a laboratory
twin screw extruder, DSM Xplore Microcompounder (length
to diameter ratio equal to 18, volume capacity of 15 cm3). The
formulations were fed at 170 °C and 150 rpm and the molten
mixtures were compounded for 1 min at 170 °C at a screw
speed of 250 rpm. The specimens were injection molded from
the molten formulations into tensile (ASTM D638-14,
specimen type V) and impact resistance (ASTM D286-10)
test bars in a laboratory-scale injection machine, DSM Micro
Injection Molder (volume capacity = 12 cm3), with the
following parameters: barrel temperature of 170 °C, mold
temperature of 60 °C, cooling time of 10 s, and initial and hold
pressures of 4 and 4.5 bars, respectively. The specimens were
stored in a desiccator at room temperature for at least 1 month
to minimize the effects of aging on the results, as reported in
our previous work.38

Characterization. The number average molar mass (Mn),
mass average molar mass (Mw), and the molar mass dispersity
(Đ) of PHBV and its plasticized formulations were determined
by gel permeation chromatography (GPC) performed on a
Viscotek GPCmax VE2001 instrument equipped with three
columns (Shodex K-802, K-803, and K804) operating at 40 °C
and using chloroform as the eluent at a flow rate of 0.5 mL
min−1. The detection was performed using a Viscotek VE3580
refractive index detector. Solutions in chloroform were
prepared at a concentration of 5.0 mg mL−1, and they were
filtered in poly(tetrafluoroethylene) (PTFE) filters (0.45 μm)
before analysis. Polystyrene standards (Viscotek) with molar
masses ranging from 935 to 1 790 000 g mol−1 were used to
determine the relative molar mass of the samples. OmniSEC.
4.6.2 software (Viscotec, Malvern) was used for data collection
and processing.
Proton nuclear magnetic resonance (1H NMR) analyses

were performed on a Bruker Avance 500 MHz spectrometer
operating at 25 °C with acquisition parameters of 1.6 s
acquisition time, 1.0 s recycle delay, spectra width of 10 302
Hz, 16 scans, 32 000 points, and a free induction decay (FID)
resolution of 0.63 Hz. Polymer solutions of ca. 10 mg mL−1 in
chloroform-d1 were used. Chemical shifts (δ) in ppm were
assigned to the TMS signal at δ = 0.00 ppm. Carbon-13
nuclear magnetic resonance (13C NMR) analyses were
performed on a Bruker Avance 500 MHz spectrometer
operating at 25 °C with acquisition parameters of 1.0 s
acquisition time, 60 s recycle delay, the spectral width of
32 894 Hz, 960 scans, 64 k points, and an FID resolution of 1.0
Hz without nuclear Overhauser enhancement. Polymer
solutions of ca. 50 mg mL−1 in chloroform-d1 were used.
Chemical shifts in ppm were assigned to the residual solvent
proton of the chloroform at δ = 77.16 ppm.
The thermal stabilities of PHBV and its formulations were

evaluated by thermogravimetric analysis (TGA) using a TGA
2950 TA Instruments thermobalance under an argon
atmosphere (flow of 100 mL min−1). The samples of 5−10
mg were heated from 30 to 600 °C at a heating rate of 10 °C
min−1.
Dynamic mechanical analysis (DMA) of rectangular speci-

mens with dimensions of 25 mm × 10 mm × 3 mm was
performed on DMTA V equipment (Rheometric Scientific)
operating in a single cantilever configuration with the following
conditions: the temperature range from −140 to 175 °C, 2 °C
min−1 heating rate, 0.05 % strain, a frequency of 1 Hz, and 8
mm gap between clamps. Fityk73 software was used to

deconvolute the loss modulus and loss factor curves by
adjusting the baseline and fitting the signals with Gaussian
functions and the Lev-Mar method.
Thin films were prepared by solvent casting from a 40 mg

mL−1 solution in chloroform followed by melting at 185 °C,
compression between glass slides, and quenching to 55, 65, or
75 °C for isothermal crystallization over 60 min. These films
were analyzed by polarized optical microscopy (POM) using a
Nikon 80i optical microscope. These films were also put
between two polarizers, and images of the spherulites were
captured using a digital camera.
Small-angle X-ray scattering (SAXS) experiments were

performed on the D01ASAXS2 beamline of the Brazilian
Synchrotron Light Laboratory (LNLS; Campinas, Brazil) using
films freshly crystallized at 70 °C for 1 h according to the
procedure described for films prepared for POM analyses and
films from the injection-molded specimens aged for at least 1
month. The specimens were placed between two mica sheets
and subjected to synchrotron light radiation of 0.1488 nm
wavelength for 30 s. The scattering vector (q = (4π/λ)senθ)
evaluated in SAXS measurement ranged from 0.01 to 5 nm−1.
Using the Fit2D program, the scattering patterns were radially
averaged and subtracted from the background. The long period
(Lp), the crystalline lamella (lc), and the amorphous layer (la)
were determined using SAXDAT software.
The thermal properties of PHBV and its formulations were

determined by differential scanning calorimetry (DSC) on a
DSC Q2000, TA Instruments (New Castle, DE). The samples,
5−10 mg, were hermetically sealed in aluminum pans and
analyzed according to the following program: (i) equilibrium
at 25 °C; (ii) heating to 200 °C at 20 °C min−1; (iii) isotherm
at 200 °C for 2 min; (iv) cooling to −150 °C at 20 °C min−1;
(v) isotherm at −150 °C for 2 min; and (v) heating to 200 °C
at 20 °C min−1.
The PHBV degree of crystallinity (χc) was calculated by the

ratio of the experimental melting enthalpy (ΔHm) and the
melting enthalpy of completely crystalline PHB (ΔHm

o = 146 J
g−1)4 multiplied by the PHB mass fraction, eq 1

χ =
Δ

Δ °
H

w Hc
m

PHBV m (1)

Tensile tests were conducted on an Instron series EMIC 23−
20 universal testing machine with a load cell of 500 N and a
rate of 5 mm min−1. Specimens of Type V were conditioned
for 72 h at 25 °C and 50% moisture before testing according to
ASTM D638-14. The Izod impact resistance test of notched
injection-molded specimens was conducted using EMIC AIC-1
equipment with a 2.7 J hammer. Tests were performed
according to ASTM D256-10 method E, in which the hammer
impacts the side of the specimen as opposed to the notched
one.
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