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A B S T R A C T

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a sustainable and biodegradable polymer that has po-
tential for use in food packaging. However, its low melt strength makes it difficult to process using film-blowing
techniques. To address this issue, 70% PHBV and 30% poly(butylene-co-succinate-co-adipate) (PBSA) were
blended with dicumyl peroxide (DCP) as a compatibilizer. The resulting blend showed crosslinking and the pres-
ence of long-branched structures, as evidenced by Cole-Cole and van-Gurp-Palmen plots. The optimum formula-
tion (30% PBSA and 0.1 phr DCP) improved the melt flow index, reducing it from 90 g/10 min (neat PHBV) to
22 g/10 min. This allowed for the successful small-scale production of blown PHBV/PBSA films. The thermal
properties of PHBV, such as the glass transition and crystallinity index, remained unchanged with the addition of
DCP. The films displayed a brittle behavior and a lower modulus compared to neat PHBV. However, they could
be heat-sealed, and their mechanical properties remained stable during a six-month storage experiment under
freezer conditions. Overall, the compatibilized PHBV/PBSA blend shows potential for use in the production of
packaging films through film blowing.

1. Introduction

The food packaging industry faces a significant challenge in increas-
ing the sustainability of polymers and reducing plastic pollution. To de-
crease the impact of food packaging, the development of bio-based and
biodegradable materials that meet the necessary performance stan-
dards for food storage and protection is crucial. Polyhydroxyalkanoates
(PHAs) are a promising solution, as they are thermoplastic polyesters
produced by microorganisms as a form of carbon and energy storage in
response to limited resources in the culture medium [1]. PHAs are
100% bio-based and biodegradable [1,2], and short-chain-length PHAs
such as poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) are already available commercially.
PHBV is the most commonly produced PHA and can be produced using
waste from agriculture and food industries [3–7], promoting a circular
economy. However, PHBV has limitations such as its stiff, brittle, and
highly crystalline nature, with a typical elongation at break of less than
5% and a stress at break of 30–40 MPa. Its glass transition temperature
(Tg) ranges between 0 and 5 °C and it is subject to secondary crystalliza-
tion during storage [1]. Additionally, PHBV has a narrow processing

window due to its thermal degradation temperature measured by ther-
mogravimetry under N2 (260 °C) being close to its melting temperature
of around 170 °C [8]. As a comparison, the thermal degradation tem-
perature under nitrogen of low-density polyethylene, which is com-
monly used for flexible food packaging is approximately 320 °C and its
processing is possible starting with its plasticizing temperature around
160 °C [9].

Despite the significant research effort to develop PHBV-based mate-
rials for food packaging, there is a scarcity of reports on thermal pro-
cessing techniques that can be scaled for industrial production [7].
PHBV has a low melt strength and viscosity [1], which is advantageous
for the production of articles like trays through injection molding. How-
ever, most food packaging uses flexible films, which are typically pro-
duced by film-blowing extrusion, a processing method that requires
high melt strength and extensional viscosity. Few studies are reporting
successful film blowing of PHBV [7]. One strategy to overcome the limi-
tations of PHBV is to use a multilayer architecture with an auxiliary
polymer, such as poly(butylene-co-adipate-co-terephthalate) (PBAT),
during film blowing [10–12]. This approach has shown to provide ac-
ceptable bubble stability and improved film toughness. As an illustra-
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tion, using PHBV as the inner layer increases the elongation at break by
358–539% compared to 11–19% when it is used as the outer layers
[11]. The use of a compatibilizer, such as dicumyl peroxide (DCP), can
also improve the melt viscosity and interfacial adhesion of the polymers
in polymer blends [13,14]. Ma et al. [15] proposed that DCP induces
radicals on the different macromolecular chains. Crosslinking between
both polymers can thus occur by a radical combination reaction. This
would be possible at the interface and inside a given polymer phase.
This has allowed for the decrease in film thickness and increase in
PHBV content to a maximum of 50 wt% [12]. An alternative strategy is
to blend PHBV with a second polymer and use film-blowing extrusion
to produce PHBV films [12,16–19]. This approach has been successful
in improving bubble stability and increasing the PHBV content poten-
tially higher than 50 wt%. Films with 70 wt% PHBV have been pro-
duced using PBAT or poly(butylene sebacate-co-butylene terephtha-
late) [12].

An alternative to the mostly petrochemical PBAT (except adipate,
which can be obtained from renewable resources) is the aliphatic,
biodegradable, and partially or totally biobased polyester poly(buty-
lene-co-succinate-co-adipate) (PBSA). All three monomer units can be
obtained from renewable resources [20]. PBSA has a low glass transi-
tion temperature (−45 °C), high elongation at break (>200%), and
high melt strength [8]. Extensive research has been conducted on the
compatibilization of blends of poly(lactic acid) (PLA) and PBSA using
chain extenders [21–25]. For example, Eslami and Kamal [23] showed
that blends containing a multifunctional chain extender (named CESA)
increased elongational viscosity and melt strain-hardening behavior.
Chain extension and branching and increased viscosity are positive for
film blowing extrusion, as demonstrated by Mallet et al. [26] for the
case of PLA. The use of chain extenders is furthermore positive for ten-
sile properties. For example, the addition of 0.5 phr epoxy styrene-
acrylic oligomer increased the elongation at break of PLA/PBSA blends
by a factor 4 [24].

In our previous study [8], the characteristics of PHBV/PBSA blends
were analyzed, and the optimal blend composition was determined
based on melt viscosity and mechanical properties, which was found to
be 70/30 wt% PHBV/PBSA. However, the mechanical properties were
limited by the brittleness of PHBV, with an elongation at break as low
as 3% even with a PBSA content of 70 wt%. The stress at break indi-
cated that the rupture was likely occurring at the PHBV/PBSA inter-
faces, as it was lower than the stress at break of pure PHBV in all cases.

In this study, we present the development of compatibilized PHBV/
PBSA blends using DCP, which can be processed through film blowing.
For that, we used a small-scale film blowing extrusion equipment. The
morphological, rheological, thermal, and mechanical properties of the
blends and blown films were characterized, and their performance in
the target application was evaluated. Packaging tests and aging studies
were conducted under frozen food service conditions, and the behavior
of the films in contact with food was assessed.

2. Materials and methods

2.1. Materials

Commercial PHBV (PHI 002) and PBSA (PBE 001) were purchased
from NaturePlast (France). Two different batches of PHBV were used in
the work, one for the development of the formulation using the batch
mixer and the other for twin screw extrusion and film blowing extru-
sion with the optimized blend composition. A 1H NMR analysis of PHBV
was carried out, the calculated ratio of 3-hydroxybutyrate over 3-
hydroxyvalerate was 100 (1 mol% HV). Dicumyl peroxide was pur-
chased from ACROS and used as received.

2.2. Compatibilized polymer blends

2.2.1. Batch mixing
Polymers were dried at 70 °C under vacuum for at least 6 h before

use. Compatibilized PHBV/PBSA 70/30 blends with DCP contents of 0,
0.02, 0.1, 0.2, and 1.0 phr (parts per hundred of resin on a weight basis,
meaning that 0.02 phr correspond to 100 g blend + 0.02 g DCP) were
melt-blended in the internal mixer SCAMEX Rheoscam (France) at
190 °C and 90 rpm for 9 min. PHBV was pre-melted for 6 min. The pre-
melting was necessary to reach a homogenous blend. Then, PBSA pel-
lets mixed with DCP were introduced and mixed for 3 min. The blended
materials were pulled out of the mixing chamber and air-dried. They
were stored in a desiccator over silica gel.

2.2.2. Twin screw extrusion (TSE)
Compatibilized PHBV/PBSA 70/30 blends with DCP contents of 0,

0.1 and 0.2 phr were compounded using a lab-scale twin-screw ex-
truder with a screw diameter of 18 mm and a length-to-diameter of
16 L/D (SCAMEX, France). The pellets of both polymers and DCP were
mixed by hand and introduced in the hopper. The twin-screw extruder
temperature zones were set to 175/185/155 °C from the hopper to the
die, and the screw speed was 20 rpm. Strands were air-dried and granu-
lated by hand.

2.2.3. Film blowing extrusion
Film blowing was performed with compatibilized PHBV/PBSA 70/

30 blends with varying amounts of DCP using a single-screw extruder
with a diameter of 20 mm and a L/D ratio of 11 equipped with a small
lab-scale film blowing module (SCAMEX, France). The input of the pel-
lets from the TSE was done by hand. The temperature profile was set to
165/170/170/160 °C from hopper to die, and screw speed was main-
tained at 50 rpm. The film-blowing parameters are summarized in
Table 1.

The Blow Up Ratio (BUR) and Draw Down Ratio (DDR) were calcu-
lated using the following equations:

(1)

(2)

where R and are the bubble and die radius, respectively.
The parameters in Table 1 correspond to the maximum BUR

achieved by manually regulating the air pressure of the blowing equip-
ment. The bubble height was approximately 30 cm. After the stable
condition was achieved, the process was run approximately 15 min to
produce film for characterization. A photo of the equipment and films
of the film blowing process are provided in the supplementary informa-
tion.

Table 1
Film blowing parameters.

PHBV/PBSA
70/30

PHBV/PBSA 70/
30 + 0.1 phr DCP

PHBV/PBSA 70/
30 + 0.2 phr DCP

Die diameter 19 mm
Die gap 1 mm
Film thickness 95 ± 9 μm 122 ± 30 μm 221 ± 36 μm
Blow up Ratio

(BUR)
1.7 2.6 1.3

Draw down ratio
(DDR)

6.2a 3.2a 3.5a

a Based on the average value of the film thickness.
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2.3. Characterization of blends and films

2.3.1. Gel content
The compatibilized PHBV/PBSA 70/30 blends with DCP contents of

0, 0.02, 0.1, 0.2, and 1.0 phr were ground into fine powders using a ball
mill under liquid nitrogen (Model Retsch MM400, Germany). Two suc-
cessive Soxhlet extractions were performed to separate PHBV and
PBSA. The Soxhlet filters and the samples were dried and weighted.
PBSA was dissolved in THF under reflux for approximately 4 h. THF
does not dissolve PHBV. After the extraction of PBSA, the remaining
PHBV in the Soxhlet filter was dissolved using CHCl3 under reflux
overnight (approximately 18 h). The Soxhlet filter containing the insol-
uble polymer gel was dried and weighted. The gel fraction was calcu-
lated as follows:

(4)

where m0 is the original weight of samples and m1 is the weight of
dry residues obtained after dissolution.

2.3.2. Molar mass averages by size-exclusion chromatography
Size-exclusion chromatography (SEC) was performed using a Gilson

pump (France) coupled to a Waters autosampler and refractometric in-
dex detector (Waters, France). The separation was carried out on a sys-
tem consisting of a guard column (PLgel 5 μm) and three columns (two
columns PLGel 5 μm MIXED-C and one column PLgel 3 μm MIXED E,
Agilent Technologies) maintained at 40 °C in a column oven (Waters,
France). The flow rate of the solvents THF (for PBSA) and CHCl3 (for
PHBV) was 1 mL/min. The calibration curve was established for each
solvent using three standard kits (EasiVials, 2 mL) containing each four
narrow polystyrene standards of molecular weight between 4.69∙103

and 5.68∙106 g/mol (Agilent Technologies). Data treatment was done
using Empower 3 software (Waters). The sample preparation involved
grinding the blends under liquid nitrogen and dissolving PBSA in THF
(approximately 10 mg/mL) at room temperature without stirring for
2 h followed by dissolving PHBV in CHCl3. The supernatant was sam-
pled after sedimentation of the insoluble phase and filtered before
analysis with the help of 0.45 μm Teflon syringe filters using the appro-
priate solvent as eluent. The final dissolution PHBV is critical and was
performed in boiling CHCl3 (approximately 10 mg/mL) for 12 h.

2.3.3. Rheological properties
The melt flow index (MFI) of the PHBV/PBSA blends was measured

according to the ISO 1133 standard procedure using a MFI 4106 device
(Zwick, Germany). The samples were extruded through the die under a
constant load of 2.16 kg at 190 °C, and the MFI was expressed as the
mass passing through the die during a period of 10 min (g/10min).

Dynamic rheology measurements in the melt were performed with a
stress-controlled rheometer (MCR 302, Anton Paar, Graz, Austria) using
a disk-shaped specimen at 185 °C. The parallel-plate geometry had a
gap set between 750 and 800 μm. Dynamic frequency sweep experi-
ments were performed from 0.01 to 100 Hz in the linear visco-elastic
region.

2.3.4. Scanning electron microscopy
The morphology of the PHBV/PBSA blends was analyzed using En-

vironmental Scanning Electronic Microscopy (ESEM) technology on a
FEI Quanta 200 instrument, with an accelerated voltage of 12 kV. To
prepare the samples for imaging, they were cryo-fractured using liquid
nitrogen and the PBSA phase was selectively dissolved by THF at room
temperature for at least 1 h to enhance contrast. The samples were sput-
ter-coated with a thin gold layer using an Emitech K550 Sputter coater.
Images were acquired at the cryo-fracture edge of the sample.

2.3.5. Thermal characterization
The thermal properties of the PHBV/PBSA blends were character-

ized by Differential Scanning Calorimetry (DSC) on a DSC1 instrument
from Mettler Toledo (Switzerland). All measurements were conducted
under a nitrogen atmosphere (flow rate 50 mL/min) using 5–10 mg of
material sealed in 40 μL Aluminum pans. The instrument was cali-
brated using Indium and Zinc standards. All measurements were dupli-
cated.

The temperature program is shown in Fig. 1. The first cooling and
second heating scans (Programm I) were to measure the melting and
crystallization enthalpies. The glass transition temperature (Tg) of
PHBV was measured at the third heating scan after being physically
aged at −10 °C, while the Tg of PBSA was measured on the fourth heat-
ing scan after being physically aged at −40 °C. Program II (see Fig. 1)
was used to analyze the non-isothermal crystallization of PHBV and
PBSA. Samples were heated to 190 °C at a rate of 10 °C/min, annealed
for 3 min to erase any thermal history, and cooled down to −60 °C.
Crystallization temperatures (Tc) and exotherms (ΔHc) were measured
at cooling rates of −5, −10, −20, −30, −40, and −50 °C/min. The Pro-

Fig. 1. Differential scanning calorimetry measurement protocol of thermal properties. Protocol II used a sample for −5, −10, −20 °C/min and a second for −30, −40,
−50 °C/min.
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gram II was performed on two different samples to decrease the heat
treatment of the PHBV. One sample was used for 5, -10, −20 °C and a
new one for −30, −40, and −50 °C/min.

The crystallinity of each polymer was determined
from the endotherm ΔHm,i as:

(3)

Where wi is the weight percentage (wt%) of the corresponding poly-
mer, ΔHcc,i the cold crystallization enthalpy and the melting en-
thalpy of a 100% crystalline material with pure PHBV (146 J/g, [27])
and PBSA (113.4 J/g, [28]).

The thermal degradation under N2 atmosphere was measured using
a thermogravimetric analyzer (TGA, Q500, TA Instruments, France).
The results are presented in the supporting information.

2.3.6. Mechanical properties
The mechanical properties of the PHBV/PBSA blends were evalu-

ated by tensile and impact testing. To eliminate thickness inhomo-
geneities, compression-molded specimens were used in the tests. The
compression molding process was carried out in a thermal press
(SCAMEX 15T, France), where pellets were pre-melted for 3 min and
subjected to 80 bars for 1 min, then 150 bars for 1 min. Aluminum foils
of 200 μm were used to control the thickness of the samples. Dumbbell-
shaped samples of type 5 with a target thickness of 200 μm were cut
from the compression-molded sheets. The sample thickness was set
from the average of five measurements measured with a caliper.

Tensile tests were conducted under ambient and freezer (−20 °C)
temperature. At ambient temperature, tensile properties were mea-
sured using a texture analyzer (model TAHD, Stable Micro Systems, UK)
equipped with pneumatic grips and with a 5 mm/min crosshead speed.
At freezer temperature (−20 °C), tensile tests were performed on a
Zwick Z010 instrument (Zwick, Ulm, Germany) with the same
crosshead speed.

Unotched Charpy impact tests were performed according to the ISO
179 standard test method using a Zwick B5113.300 impact tester. Pen-
dulums of 1 and 4 J were used for PHBV-based blends and PBSA, re-
spectively.

A minimum of five samples were tested for each mechanical test and
blend formulation.

2.3.7. Physical aging of films in contact with food at −20 °C
Physical aging was conducted on PHBV-based bags upon various

storage times at −20 °C and containing parfried frozen French fries
(product reference “frites Tradition”, McCain, France). The bags were
created using blown extrusion film that was cut to a length of 13 cm
and thermo-sealed manually on one side using a vacuum packing ma-
chine (Model C200, Multivac, Germany) with a sealing time of 0.8 s.
The bags were then filled with 25 g of parfried frozen French fries and
sealed on the other side. The samples were stored in a freezer at −20 °C
for specified periods of time. Before undergoing tensile testing, the sa-
chets were taken out and cut open to discard the food, then the test
specimens were cut out of the opened sachets. They were conditioned at
25 °C and 50% RH for a minimum of 24 h. Tensile tests were carried out
using a Zwick Z010 instrument with a crosshead speed of 5 mm/min.

3. Results and discussion

3.1. Impact of DCP concentration on melt properties of PHBV/PBSA blends

Fig. 2 shows the variation in torque measured in the mixing cham-
ber during the melt-blending of PHBV with PBSA in a fixed ratio of
70/30 with increasing amounts of DCP. The torque increased with in-
creasing quantity of DCP, which can be attributed to the crosslinking

Fig. 2. Measurement of torque over time during melt mixing of compatibilized
PHBV/PBSA blends at constant weight ratio 70/30 with different contents of
dicumyl peroxide (DCP). The PBSA/DCP dry blend was introduced after 6 min
(360 s).

reaction between PHBV and PBSA or crosslinking within a single poly-
mer phase. The gel content, measured to evidence crosslinking, as pro-
posed by Ref. [15], increased with increasing DCP content up to 0.2
phr DCP (see Table 2 and Table 3). However, at 1 phr DCP, it de-
creased, which may be caused by degradation due to a higher process-
ing temperature at the end of the mixing process. Although regulated,
the temperature measured in the mixing chamber for the 0.2 phr
blend was 193 °C, while it was 197 °C when 1 phr DCP was added.
The gel content measured using TSE pellets had very high variability,
and the dry blend method using hand-mixing resulted in a heteroge-
neous distribution of the gel within the material. Due to the high
torque increase caused by 1 phr DCP, the gel-like aspect of the melt,
and the high gel content, TSE pellets for film-blown extrusion were
produced using only 0.1 and 0.2 phr DCP.

Table 2
Gel content and molar mass averages of PHBV/PBSA blends with different
concentrations of DCP.
Samples Process Gel content

(%)
PHBV PBSA

Mn Mw Ð Mn Mw Ð

PHBVa Batch
Mixer

2 ± 2 n.p n.p n.p
PHBV ref.

[29]
113,
000

290,
900

2.6

PBSAa 1 ± 1 140,
000

204,
600

1.5

Blend 70/
30

2 ± 2 36,
500

60,
200

1.7 21,
100

36,
700

1.7

+0.02 phr 8 ± 6 31,
300

57,
200

1.8 6400 11,
100

1.7

0.1 phr 9 ± 4 79,
800

149,
000

1.9 10,
200

21,
500

2.1

0.2 phr 36 ± 4 n.p. n.p n.p 9500 25,
800

2.7

1 phr 24 ± 2 n.p n.p n.p 10,
900

24,
900

2.2

Blend 70/
30

TSE n.d 51,
600

94,
900

1.8 22,
700

39,
300

1.7

0.1 phr 16 ± 1 n.p n.p n.p 23,
200

63,
300

2.7

0.2 phr 28 ± 12 n.p n.p n.p 18,
600

35,
100

1.9

a values of initial pellets, n.p. not present, n.d. not determined, empty
field = no sample, PHBV molar mass data obtained from Ref. [29].
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Table 3
Melt Flow Index and Gel content of PHBV/PBSA with varying content of DCP
measured after the different blend fabrication methods.
Samples Melt Flow Index (g/10min)

Batch Mixer TSE

Neat PHBVa 90 ± 3 30 ± 1
Neat PBSAa 2.5 ± 0.1 2.5 ± 0.7
70/30 67 ± 2 45 ± 1
0.1 phr 22 ± 1 13 ± 1
0.2phr 21 ± 1 17 ± 1
1 phr 20 ± 1
a MFI values of neat pellets, two different batches of PHBV were used, empty

field = no sample.

The degradation of macromolecular chains during processing was
analyzed using SEC, and the results are presented in Table 2. The PHBV
pellets were difficult to dissolve, even after grinding under nitrogen,
and therefore the amount of PHBV in solution remained below the de-
tection limit. The molecular mass averages of PHBV from the same sup-
plier were reported in the literature [29,30] and were added to Table 2.
The blending process resulted in a substantial loss of the macromolecu-
lar weight averages of PHBV, which is a well-known problem due to the
low processing stability of PHBV and its tendency to degrade by a back-
biting reaction at temperatures close to its melting point [1]. TSE pro-
cessing caused probably less damage than batch mixing, but still led to
a significant decrease in the macromolecular chain length. The increase
in the DCP quantity resulted in an increase in the molar mass averages
of PHBV, likely due to crosslinking with PBSA and the chain extension
of PHBV during mixing. At high DCP and gel contents, the solubility of
the PHBV phase was low again, and no PHBV peaks could be detected,
which might be explained by preferential crosslinking in the PHBV
phase, decreasing its solubility.

Few studies on the chemical degradation of PBSA exist, but the main
mechanism is likely thermal hydrolysis, as evidenced in other poly-
esters [20]. The macromolecular mass averages of PBSA decreased sig-
nificantly, possibly due to the insufficient drying procedure of the PBSA
pellets. The use of DCP did not change the degradation behavior, which
reinforces the hypothesis that the crosslinking reaction preferentially
takes place in the PHBV phase.

3.2. Rheological properties of compatibilized PHBV/PBSA blends

The impact of the DCP-induced crosslinking reaction on the melt
strength and melt viscosity was evaluated. The results for MFI are pre-
sented in Table 3. The MFI values of the initial pellets were very differ-
ent. They correspond to two different batches of PHBV purchased from
the same supplier. PHBV had in any case much higher MFI than PBSA.
The PHBV/PBSA (70/30) blend had an intermediate value. As already
observed in Table 2, the mixing caused damage in the chain length of
PHBV and increased the MFI value in the case of TSE. Interestingly,
DCP helped to stabilize the MFI value, even if the initial PHBV quality
was low. The addition of 0.1 phr DCP decreased the MFI from 67 to
22 g/10min, while further increases in DCP had no effect. Samples pro-
duced through TSE before film blowing had lower MFI compared to
those produced through batch mixing due to lower thermal degradation
and better initial quality. In addition to thermal degradation, a coarser
emulsion obtained by batch mixing could also decrease viscosity be-
cause of less interfacial stress.

The complex viscosity (η*) of non-compatibilized and compatibi-
lized PHBV blends produced by batch mixing is shown in Fig. 3a. The
rheological properties of blends produced by TSE were similar. The ex-
perimental curves can be found in the supporting information S4. At
DCP concentrations below 0.1 phr, no significant change in η* was ob-
served. At DCP concentrations above 0.1 phr, η* increased by of two
magnitude orders at low frequencies. Shear-thinning was observed at

Fig. 3. Rheological properties of PHBV/PBSA 70/30 blends. (a) Complex viscosity η* of blends obtained by batch mixing at 185 °C as function of frequency; (b)
Cole-Cole plots of PHBV/PBSA 70/30 compatibilized with DCP using different concentrations (0.02–1 phr); (c) van Gurp-Palmen plot of PHBV mixed with DCP and
PBSA; (d) van Gurp-Palmen plot of blends compatibilized with DCP.
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high frequencies, which is a characteristic of polymer systems with long
chain branched structures [31]. The curve showed an increase at low
frequencies, which may indicate a very high zero shear viscosity result-
ing from the gel content.

The Cole-Cole plots, which plot the out-of-phase component (η”)
versus the in-phase component of the complex viscosity (η’) are de-
picted in Fig. 3b. These plots are highly sensitive to the phase structures
in polymer blends [32]. When the DCP concentration was low (0.02
phr), both the compatibilized and non-compatibilized PHBV/PBSA
blends showed a semicircular shape, indicating that the structural re-
laxation of PHBV and PBSA could not be discriminated. However, when
the DCP concentration exceeded the threshold value of 0.1 phr, the
Cole-Cole plots deviated from a circular shape evolved almost linearly
in log-log scale. This indicates that the chain relaxation became hin-
dered, which would be characteristic of branching or crosslinking [32].
The changes in the viscoelastic behavior of the samples can be observed
thanks to the mechanical spectra shown in the supporting information.
Chain branching indicated by the Cole-Cole plot was also observed in
compatibilized PLA/PBSA blends [33]. The Cole-Cole plot alone is how-
ever not indicative enough, especially long chain branching is not easy
to be observed. The van Gurp-Palmen plot, which shows the phase an-
gle as a function of the complex modulus, can be used to classify spe-
cific macromolecular architectures [34]. It is presented in Fig. 3c and d
for PHBV and PHBV/PBSA blends. Because of the degradation of PHBV
it was difficult to obtain stable values of the shear moduli in the plateau
region. Therefore, we present the non-reduced plot. PHBV and PBSA
show the signature of linear polymer chains [34]. The curve changed to
smaller angle values when more than 0.5 phr DCP was added to PHBV
(Fig. 3c). A bump at high modulus (high frequency) appeared in the
PHBV/PBSA blends when more than 0.02 phr DCP were added (Fig.
3d). This pattern is characteristic of a mixture of linear macromolecules
and macromolecules with long-chain branching [34]. To conclude, the
increase in DCP concentration resulted most probably in the formation
of crosslinked structures, evidenced by the gel content, and long-chain
branched structures, evidenced by the van Gurp-Palmen plot. In partic-
ular long-chain branching increases the melt viscosity. A positive effect
on processing using film blow extrusion would be expected.

3.3. Morphology of compatibilized PHBV/PBSA blends

The morphologies resulting from melt blending of PHBV/PBSA 70/
30 in the presence of DCP were observed by SEM and are presented in
Fig. 4a–d. Without the addition of DCP, large PBSA droplets were dis-
persed within the PHBV matrix (Fig. 4a). At a DCP concentration of
0.02 phr DCP, the diameter of PBSA droplet decreased from very large
droplets with a radius up to 25 μm to a radius of approximately 50% of
droplets below 3.8 μm, but with a wide range of sizes (Fig. 4b). The his-
togram of the size distribution corresponding to Fig. 4b is shown in the
supporting information. At higher DCP concentrations, the SEM resolu-
tion was not sufficient to distinguish nodules (Fig. 4c and d). This re-
duction in domain size can be attributed to the compatibilization of
PHBV and PBSA either through crosslinking at the interface, the prefer-
ential chain extension of PHBV (Table 2), or to the reduction of the in-
terfacial tension between the two polymers due to the formation of
PHBV-g-PBSA molecules.

3.4. Thermal properties of PHBV/PBSA blends

The thermal properties of the PHBV/PBSA blends are summarized in
Table 4. The blending process led to a slight decrease of the glass transi-
tion temperature (Tg) of PHBV and PBSA, which can mostly be attrib-
uted to the decrease in the molecular mass averages (as shown in Table
2). The concentration of DCP in the blends and the processing method
had no significant impact on the Tg of either PHBV or PBSA. Both poly-
mer are immiscible [8] and some crosslinking between both phases (in-
terpretation of Fig. 3) did not change their overall glass transition. The
melting temperatures (Tm) of both polymers in the blends were lower
than that of their neat counterparts. The Tm of both polymers decreased
further at the highest concentration of DCP. The non-isothermal crystal-
lization peak of PHBV in the blends shifted to lower temperatures,
while the one of PBSA to higher temperatures, as already discussed in
our earlier study [8]. The crystallinity degree of both polymers de-
creased with increasing DCP content.

To gain insights on the changes in the crystallinity with tempera-
ture, a kinetic study of the non-isothermal crystallization was per-
formed using the Avrami [35–37]-Jeziorny [38] method and inter-

Fig. 4. SEM images of cryo-fractured surfaces of compatibilized PHBV/PBSA blends fabricated with different DCP contents using the batch mixer: (a) 0 phr, (b) 0.02
phr at two magnifications, (c) 0.1 phr at two magnifications, and (d) 0.2 phr.
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Table 4
Thermal properties of neat PHBV, PBSA, PHBV/PBSA 70/30, and compatibilized PHBV/PBSA blends with different content of DCP evaluated by DSC at the sec-
ond heating scan. The Tg was analyzed using the aging method (see Fig. 1).
Samples Tm (°C) Tc (°C) χ (%) Glass transition temperature (Tg)

PHBV PBSA PHBV PBSA PHBV PBSA PHBV PBSA

Batch Mixer Neat PHBV 171 ± 3 122 ± 1 68 ± 1 2.4 ± 0.4
Neat PBSA 88 ± 3 38 ± 3 45 ± 4 −45.9 ± 1.6
70/30 169 ± 2 86 ± 2 117 ± 1 50 ± 1 67 ± 2 33 ± 5 −1.5 ± 0.1 −48.6 ± 2
0.02 phr 169 ± 1 85 ± 1 118 ± 1 53 ± 4 66 ± 0 28 ± 0 −1.3 ± 0.1 −49.6 ± 0.5
0.1 phr 169 ± 1 85 ± 1 117 ± 1 54 ± 1 63 ± 2 29 ± 5 −1.1 ± 0.7 −48.9 ± 1.3
0.2phr 168 ± 1 83 ± 1 118 ± 1 54 ± 1 67 ± 2 22 ± 9 −1.3 ± 1.1 −48.7 ± 0.9
1 phr 163 ± 1 75 ± 1 118 ± 1 51 ± 1 64 ± 0 21 ± 1 −2.0 ± 1.6 −48.1 ± 1.3

TSE 70/30 170 ± 1 86 ± 1 119 ± 1 56 ± 1 72 ± 7 32 ± 1 −1.1 ± 0.7 −49.6 ± 0.5
0.1 phr 169 ± 1 80 ± 1 117 ± 1 57 ± 1 64 ± 1 32 ± 1 −0.9 ± 0.4 −48.1 ± 0.2
0.2 phr 169 ± 1 83 ± 1 118 ± 1 56 ± 1 69 ± 1 24 ± 3 −0.5 ± 0.2 −48.7 ± 0.7

preted according to the Liu and Mo's model [39]. The equations and the
raw data are available in the supporting information. Fig. 5a reports the
half-time of crystallization (t1/2) at a given cooling rate, which was cal-
culated from the Avrami-Jeziorny constants (Fig. 5a and b). The analy-
sis shows that the crystallization kinetics of PHBV at low cooling rates
were slightly faster in the blends compared to neat PHBV, but no signif-
icant impact of DCP on the kinetics was observed (Fig. 5a). This small
decrease in t1/2 was attributed to the nucleation of PHBV by PBSA. Be-
cause all samples were subjected to the same heating program, we ne-
glected in the analysis an eventual impact of thermal degradation. As
reported in our earlier study, the crystallization rate of PBSA in the
blends was clearly increased because neat PBSA could not crystallize at
cooling rates higher than 10 °C/min [8]. The accelerated crystallization
of PBSA was likely due to nucleation. DCP seemed to speed up the non-
isothermal crystallization of PBSA, but no impact of concentration was
found (Fig. 5b). The parameter F(T) of the Liu and Mo model, which
represents the required cooling rate to obtain a given crystallinity de-
gree, is shown as a function of crystallinity degree in Fig. 5c and d. The
higher F(T), the more difficult the crystallization becomes. F(T) in-

creased for both PHBV and PBSA, indicating an increasing hindrance of
the crystallization process at high crystallinity degrees. However, the
blend structure seemed to facilitate the crystallization process of PHBV,
as F(T) of the blends was lower than that of neat PBSA, which corre-
sponds to our earlier observations [8]. No clear impact of the presence
of DCP was observed. In conclusion, DCP was an effective compatibliz-
ing agent between PHBV and PBSA; it had no significant impact on the
crystallization behavior of both phases in the blend.

3.5. Mechanical properties

The mechanical properties of the blends were evaluated through
tensile testing, and the results are presented in Table 5. Typical stress/
strain curves are shown in the supporting information. Despite their
brittle behavior, all blends showed a slightly higher elongation at break
compared to neat PHBV. The brittleness of PHBV with low 3HV con-
tents is well-known and it is caused by the cold crystallization of the
residual amorphous phase at ambient temperature, as well as radial or
circumferential cracks that can form inside spherulites of PHBV

Fig. 5. Kinetic parameters of non-isothermal crystallization from the melt of PHBV and PBSA in compatibilized blends. The half-time of crystallization (t1/2) (figures
a and b) was obtained from the Avrami-Jeziorny parameters. The difficulty to reach a specific crystallinity degree (χc) was estimated by the F(T) parameter, calcu-
lated using the Liu and Mo model (figures c and d). The values of neat PHBV and PBSA were taken from our earlier work [8].
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Table 5
Mechanical properties of PHBV/PBSA blends with varying content of DCP ob-
tained by tensile testing at 23 °C.
Sample Young

modulus
(MPa)

Maximum
stress (MPa)

Elongation at
break (%)

Impact
Strength
(kJ.m−2)

Batch
Mixer

Neat
PHBV

3485 ± 60 22 ± 2 0.98 ± 0.1 2.0 ± 0.6

Neat
PBSA

332 ± 8 15 ± 1.4 134.8 ± 48 32.4 ± 4.1

70/30 2227 ± 110 19 ± 2 1.5 ± 0.4 n.d
0.02
phr

2222 ± 100 20 ± 2 1.4 ± 0.2

0.1
phr

1973 ± 120 21 ± 3 1.9 ± 0.2

0.2
phr

1879 ± 230 19 ± 6 1.9 ± 0.5

1 phr 1742 ± 300 13 ± 3 1 ± 0.1
TSEa 70/30 1807 ± 80 15 ± 3 1.6 ± 1.4 n.d

0.1
phr

1703 ± 140 17 ± 4 2.0 ± 0.5 2.8 ± 0.3

0.2
phr

1713 ± 80 17 ± 2 2.1 ± 0.4 6.8 ± 0.2

a Samples were thermo-compression molded, n.d. not determined.

[40,41]. As previously reported [8], the melt mixing of PHBV with
PBSA did not improve the elongation at break. In detail, the stress at
break decreased even compared to PHBV due to ruptures at the PHBV/
PBSA interface. The maximum stress of the compatibilized PHBV/PBSA
blends at 0.02, and 0.1 phr was almost equal to PHBV, which can be at-
tributed to successful compatibilization. However, at DCP concentra-
tions greater than 0.1 phr, the maximum stress decreased, which might
be caused by the higher gel fraction acting as defects and leading to
fracture.

The fracture surfaces of the PHBV/PBSA blends were observed in
SEM and are presented in Fig. 6. The SEM images showed neat fracture
surfaces in the blends. At DCP concentrations greater than 0.02 phr, the
formation of small stretched fibers due to matrix yielding was detected
in some locations (Fig. 6c and d). This type of morphology has already
been reported for compatibilized PLA/PBAT blends in the presence of
DCP [13]. At DCP concentration of 1 phr, a denser structure with fewer
elongated fibrils was observed (Fig. 6e), which was consistent with the
decrease of the elongation at break as reported in Table 5.

The Charpy impact strength of the TSA samples was evaluated and
is presented in Table 5. The impact strength increased with increasing
DCP content. At a DCP concentration of 0.2 phr, it was roughly three
times higher than the impact strength of PHBV, indicating that PBSA
contributes to energy dissipation inside the material. In conclusion,
while there were some changes in the fracture of compatibilized PHBV/
PBSA blends, they were not sufficient to overcome the inherent brittle-
ness of the PHBV crystals.

3.6. Film-blowing of compatibilized PHBV/PBSA blends

Fig. 7 demonstrates the ability of the PHBV/PBSA blend containing
0, 0.1 and 0.2 phr DCP to be processed by film blowing. The bubble of
the non-compatibilized PHBV/PBSA blend was difficult to stabilize and
showed some draw resonance. The films were very thick because of the
small blow-up ratio (BUR). The addition of 0.1 phr DCP improved the
melt strength and added extensional viscosity, resulting in greater film-
blowing stability, as evidenced by the greater BUR reported in Table 1.
With the increase of the BUR, the draw down ratio (DDR) was de-
creased, which can have an additional positive effect on bubble stabil-
ity. However, there was still some draw resonance. A short movie of the
process is provided in the supplementary information. However, films
containing 0.2 phr DCP showed white aggregates (as seen in the inset of
Fig. 7) and reduced extensibility. This was due to the high gel content,

which was found to act as defect points and prevent blends from being
blown properly.

In conclusion, the compatibilization was beneficial for the process-
ability (higher BUR, lower DDR) of the PHBV/PBSA blends due to the
significant decrease in the melt flow index and increase in melt viscos-
ity. This allowed for the successful film blowing of PHBV/PBSA blends
compatibilized with 0.1 phr DCP, where PHBV was the major compo-
nent.

3.7. Aging of PHBV/PBSA blends in food contact under frozen conditions

Frozen foods represent a significant market for flexible food packag-
ing films, as they require portioning and protection during long-term
storage. The films must perform across a wide temperature range and
for extended periods of time. The tensile properties of blends produced
by TSE and thermocompression were evaluated at freezer temperature
(−20 °C) and are compared to the properties at ambient temperature in
Table 6. As expected, the elastic modulus and ultimate strength in-
creased, and the elongation at break decreased at −20 °C due to PHBV
being in its glassy state.

The films were capable of being hot-sealed, which allowed the cre-
ation of plastic bags filled with frozen fatty food (Fig. 8a). Parfried
frozen French fries were targeted as food products because they com-
bined several challenges, including the simultaneous presence of mois-
ture and oil. The bags were stored at −20 °C, and no evidence of delami-
nation at the sealing line was observed over time.

The evolution of the elastic modulus and the elongation at break
over time is shown in Fig. 8b and c and remained essentially stable. Pre-
viously, the aging of PHBV was only studied at ambient temperature,
where the mechanical properties of PHBV stabilized after 15 days of ag-
ing [27,42], mainly due to secondary crystallization [43]. At freezing
temperatures, PHBV can become brittle due to physical aging, but no
changes were detected in this study. In conclusion, the extrusion-blown
films of compatibilized PHBV/PBSA blends can be used for the packag-
ing of frozen food.

4. Conclusions

This study aimed to develop PHBV blends that could be processed
by film-blowing extrusion with a majority of PHBV content. Building on
our previous work, a blend composition of 70 wt% PHBV and 30 wt%
PBSA was used, with DCP serving as the reactive compatibilizer. The
processing of PHBV and PBSA blends with DCP in melts resulted in
compatibilized blends with significantly decreased melt flow index and
increased melt viscosity. The measurement of the gel content showed
that crosslinking reactions occurred primarily in the PHBV phase, and
Cole-Cole and van Gurp-Palmen plots indicated a transformation of
macromolecules from linear to long-chain branched structures. The for-
mulation with a high viscosity polymer and the structural changes en-
abled the successful film-blown extrusion of the blends.

The mechanical properties of the blends showed a lower elastic
modulus and yield strength of the films, but they still displayed brittle
behavior. Using a ductile secondary polymer and compatibilization
alone was not sufficient to overcome the inherent brittleness of PHBV.
However, the impact strength was improved by three times. A long-
term storage experiment of frozen food (French fries) in heat-sealed
PHBV/PBSA films demonstrated that the mechanical properties of the
blown films were stable for 6 months under freezer conditions (−20 °C).

In conclusion, even though the blown films of formulated PHBV are
still brittle, they have the potential to become a performing packaging
material for food. A more detailed work on the processing parameters
will yet be needed to better characterize the processing window of these
formulations.
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Fig. 6. SEM images of the fracture surface of compatibilized PHBV/PBSA blends with different DCP content at different localizations (marked as A and B): a) 0 phr, b)
0.02 phr, c) 0.1 phr, d) 0.2 phr, and e) 1 phr.
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Fig. 7. Film blowing of PHBV/PBSA 70/30 with compatibilization with DCP.

Table 6
Evolution of the elastic modulus, elongation at break, and stress at break of
the different melt blown PHBV/PBSA blends compatibilized with DCP with at
different temperatures. Typical raw data are shown the supporting informa-
tion.
Sample +20 °C −20 °C

Young
modulus
(MPa)

Maximum
stress
(MPa)

Elongation
at break
(%)

Young
modulus
(MPa)

Maximum
stress
(MPa)

Elongation
at break
(%)

Neat
PHBVa

3485 ± 63 22 ± 2 1 ± 0.2 5691 35 ± 12 0.8 ± 0.2

Neat
PBSAa

332 ± 8 15 ± 1 135 ± 48 395 29 ± 6 39 ± 17

70/30 1807 ± 80 15 ± 3 1.6 ± 0.4 2929 24 ± 10 0.9 ± 0.2
0.1 phr 1703 ± 140 17 ± 4 2.0 ± 0.5 3374 29 ± 6 1.6 ± 0.2
0.2phr 1714 ± 80 17 ± 2 2.1 ± 0.4 3003 34 ± 6 1.5 ± 0.3
a Values of the neat polymers evaluated after thermocompression of the
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