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ABSTRACT: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) samples were successfully foamed using supercritical
carbon dioxide as a physical foaming agent. PHBV sheets were first
saturated at 175 °C followed by a foaming process at different
temperatures (145 to 165 °C) and different CO2 pressures (10 to
29 MPa). It was found that microcellular structures with average
cell sizes ranging from 6 to 22 μm and cell densities ranging from
108 to 1.2 × 109 cells/cm3 could be controllably prepared by
selecting suitable foaming conditions. To investigate crystallization
behavior during the foaming process and explore the correspond-
ing foaming mechanism, differential scanning calorimetry, wide
angle X-ray diffraction, and small-angle X-ray scattering character-
izations were carried out. Stretching behavior during the cell growth stage may increase the crystal nucleation rate, and the generated
crystal nucleus accelerates the crystallization rate as well as thickens PHBV crystal lamellae.

1. INTRODUCTION

The demands of environmental protection and sustainable
development have given rise to the need for novel
biodegradable polymers. Among which, poly(3-hydroxybuty-
rate-co-3-hydroxyvalerate) (PHBV) is one of the most
attractive candidates. PHBV has a better oxygen barrier
property than poly(ethylene terephthalate) (PET) and much
better water vapor resistance than polylactic acid (PLA).1,2

Along with superior degradability, biocompatibility, piezo-
electricity, and mechanical performances, PHBV is expected to
be applied as scaffold materials, drug release agents, and
electronic materials.3−6

Light weight and low cost are extremely important for
exploiting the practical applications of biodegradable polymers.
One key strategy is to construct cellular morphology in the
polymer matrix. Over the past 10 years, supercritical carbon
dioxide (scCO2) has received considerable attention as a
foaming agent for polymeric foams7−32 owing to its nontoxicity
and nonflammability.15−17 It is well known that the foaming
behavior of semicrystalline polymers is much more compli-
cated than that of amorphous polymers on account of the
existence of crystals.17 The existing crystal regions not only
decrease the CO2 solubility in the matrix but also influence cell
nucleation and cell growth. In the nucleation step, the interface
between crystal phases and amorphous phase is beneficial for
CO2 accumulation, which leads to less Gibbs free energy
needed for nucleating at the interface than that necessary for

homogeneous nucleation. Meanwhile, in the cell growth step,
the formed cells are constrained by the crystal region owing to
its stiffness.17−19 Among the semicrystalline polymers, PLA
foaming behavior under compressed CO2 has been extensively
discussed.12,13,17−20 Yang et al.20 investigated the effect of
crystallinity and crystalline morphology on the cell structure
and found that both played an important role in the cell
structure. The ring banded spherulite induced by compressed
CO2 in the temperature range of 90−110 °C facilitated to
prepare uniform PLA foam. Xu and Huang17 discussed the
influence of crystallinity and spherulite size on the cell
structure and expansion ratio. Voiding formation of spherulites
during the foaming process is vital for preparing a uniform cell
structure.
However, there is a lack of research on the preparation of

PHBV foam. Only a few works have reported them by the
extrusion foaming process. Le Moigne et al.22 prepared PHBV/
organoclay composite foams with 50% porosity by a scCO2-
assisted extrusion foaming method. They showed that the
crystallization of PHBV during the foaming process hampered
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the CO2 diffusion within the PHBV matrix and hence
restricted growth of pores. Szegda et al.23 reported extrusion
foaming of PHBV foams with the aid of a chemical blowing
agent. The density of extruded foams reduced up to about 60%
compared to pure PHBV. However, no literature has reported
the successful preparation of PHBV foam with uniform cell size
and high cell density to the best of our knowledge. The
extrusion foaming process of PHBV22,23 can certainly melt the
total crystalline region and avoid the drawbacks raised by them.
Nevertheless, the melt strength is too weak to prevent the
formed cells from collapse and coalescence due to the linear
chain structure of the PHBV molecule. Therefore, the
corresponding PHBV products have uneven cell size
distributions and low expansion ratios.
PHBV is difficult to melt completely even when heated to its

melting temperature (172 °C, DSC data) owing to its large
size of spherulites and high crystallinity up to 60%. On the
other hand, when heated at a sufficiently high temperature (i.e.,
175 °C) to melt the crystalline region, PHBV’s low melt
strength and less CO2 dissolution in the polymer matrix
impede the foamability of PHBV27. In this work, the PHBV
foams with uniform cell size and high cell density were
prepared using the scCO2-assisted batch foaming process. We
assess the influence of foaming parameters such as foaming
temperature, saturation pressure, etc., on the cellular
morphology of PHBV foams and discuss crystallization
behavior during the foaming process.

2. RESULTS AND DISCUSSION
2.1. Exploration of the PHBV Foaming Strategy. At

first, a one-step PHBV foaming process in the foaming
temperature range of 160−178 °C with 20 MPa was carried
out. When the foaming temperature was lower than 172 °C,
the obtained PHBV samples showed almost no expansion
compared to the original samples, but the sample color turned
from yellowish brown to white. For the case of 172 °C, the
cross-sectional morphology of PHBV foam showed no internal
microcellular structure (see Figure 1a). However, much smaller

pores with sizes less than 1 μm were observed (marked by
white circles in Figure 1b). This indicates that high stiffness
strongly limits cell growth. According to EL-Hadi et al.,33

crystalline regions in PHBV are composed of large spherulites,
which could not melt when the temperature is not high
enough. This prevents CO2 from dissolving into the polymer
melt and restricts cell growth.34 When the foaming temper-
ature is 175 °C, higher than its melting point of 172 °C, cells
tend to grow and undergo coalescence, leading to big pores
even larger than 5 mm (see Figure 1c). According to Le
Moigne et al.22 and Szegda et al.,23 PHBV has relatively low
melt strength above its melting point, which would induce the
escape of a large amount of CO2 from the melt and the
collapse and coalescence of cells. This issue poses serious
challenge to the PHBV foaming process.

Consequently, no foaming windows can be found in one-
step foaming technology. To overcome the high crystallinity
barrier and low melt strength challenge, a two-step foaming
process was developed in this work. For this two-step foaming
process, PHBV samples were first saturated at 175 °C for 30
min to completely melt the crystalline regions. This step aimed
at facilitating dissolution of scCO2 into the PHBV matrix.
Subsequently, the sample was cooled down to the foaming
temperate in the range of 145−165 °C to improve melt
strength. Finally, the valve was open to release the compressed
CO2 rapidly. Cell growth at the initial depressurization stage
accelerates the crystal nucleation rate and generates more
crystal nuclei, which favors the improvement of melt strength.

2.2. Effect of the Foaming Temperature. Typical SEM
images of foaming PHBV obtained under 20 MPa at various
foaming temperatures are shown in Figure 2. For the case of

145 °C, almost no microcellular morphology is observed.
When the temperature increases to 149 °C, legible cell
structures with thick cell walls are obtained. Further increasing
the temperature to 154−161 °C induces thinner cell walls and
partially connected cells. Especially at 161 °C, some open-cell
structures are obtained, which indicates that the melt strength
gets weaker, and the rupture of the cell walls initiates at this
temperature. When the foaming temperature further increases
to 165 °C, the melt strength is insufficient to support cell
growth, leading to cell collapse and coalescence.16

Figure 3 shows that the relative density and cell density
decrease with increasing temperature, while the average cell
size increases. This is because the solubility of CO2 in the
PHBV matrix decreases as the foaming temperature
increases.28 The number of nucleation sites decreases with
the reduction of CO2 concentration in the PHBV matrix. In

Figure 1. Cell morphologies of foamed PHBV at various foaming
temperatures: (a,b) 172 °C; (c) 175 °C.

Figure 2. Cell morphologies of PHBV foamed at different
temperatures under 20 MPa.

Figure 3. Effects of foaming temperatures on the cell morphology of
PHBV foams.
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addition, the melt strength weakens at higher foaming
temperature, which leads to fast growth and rupture of the
cells. PHBV foams with cell sizes in the range of 6 to 22 μm
and cell densities in the range of 108 to 1.2 × 109 cells/cm3

could be obtained by selecting suitable foaming temperature
under a pressure of 20 MPa.
2.3. Effect of the Saturation Pressure. Figure 4 shows

the SEM images of PHBV foam at 161 °C under different

saturation pressures. At this temperature, microcellular
structures appear under 15 MPa. As the pressure increases to
20 MPa, the cell size increases, and the cell walls get thinner.
Under saturation pressures of 23−29 MPa, the average cell size
decreases with increasing pressure, while more open-cell
structures are observed. As shown in Figure 5, when the

saturation pressure is in the range of 10−20 MPa, the average
cell size increased from 0 to 23 μm, and the cell density
increased to 9.5 × 107 cells/cm3. This is attributed to the
increase of CO2 solubility in the PHBV matrix with increasing
pressure. CO2 molecules reduce the melt strength by
plasticizing the molecule mobility through swelling, which
makes cells grow more easily. However, when the saturation
pressure is in the range of 23−29 MPa, the average cell size
reduces from 23 to 8 μm, and the cell density increases from 1
× 108 to 8 × 108 cells/cm3. This is because the increase of the
CO2 adsorption level in the matrix reduces the energy barrier
of nucleation and increases the nucleation density.14 There-
fore, the cell walls get thinner, and the open-cell structures
increase (see white circles in Figure 4).
2.4. Crystallization Behavior of PHBV and PHBV

Foams. As reported previously, the foaming process is usually
accompanied by a change of crystallization behavior,35 which

would directly influence the melt strength and foamability of
PHBV. The crystallization behavior of PHBV was investigated
via DSC. As shown in Figure 6, all PHBV foams exhibit double

melting peaks (Tm1 and Tm2), whereas unfoamed PHBV shows
a single melting point (Tm1). This demonstrates that the CO2
molecules take part in the foaming process and affect the
crystallization behavior of PHBV foams.
For the process here, the PHBV sheet was first controlled at

a saturation temperature of 175 °C to completely melt the
crystalline region during the saturation stage, then cooled
down to the foaming temperature in the range of 145−165 °C,
and finally subjected to nucleation and cell growth by reducing
pressure. Szegda et al.23 reported that the crystallization
temperature of PHBV is around 125 °C, which is much lower
than both the saturation and foaming temperatures herein.
Moreover, the plasticization effect of CO2 molecules tends to
postpone the crystallization peak to a lower temperature
region.17,18,26 These reasons make PHBV difficult to crystallize
in the saturation and foaming stages before releasing pressure.
Therefore, the crystallization of foamed PHBV occurred in the
stage of cell growth; that is, the cell growth would stretch the
melt and affect the crystallization behavior. Tm1 for both
foamed and unfoamed PHBV is located at 173 °C, which
indicates the formation of a similar crystalline structure.
Interestingly, Tm2 of foamed PHBV in the range of 186−188
°C increases with the increase of foaming temperature. This
reflects that perfect crystals or new crystalline phases may be
formed at higher foaming temperature with the lubricating
CO2 molecules dissolved in the PHBV matrix.36

We further implemented WAXD and SAXS measurements
to investigate the change in crystalline structures. The WAXD
curves of the PHBV foams prepared at different temperatures
under a pressure of 20 MPa are shown in Figure 7. The peaks
shown in diffraction curves at around 13.7, 17.2, 20.3, 21.8,
22.7, 25.9, and 27.5° correspond to the (020), (110), (021),
(101), (111), (121), and (040) diffraction planes of PHBV.37

Phongtamrug and Tashiro38 reported that high tension in
PHBV processing induces new crystalline phases, attributed to
the α-to-β structural change in both amorphous and crystalline
regions, while the β-form peaks appear around the (110)
diffraction plane. However, no new peaks around the (110)
diffraction plane were observed in this work, which indicates
that no new crystalline phases were generated during the
foaming process. From the WAXD data, it can be found that

Figure 4. Cell morphologies of PHBV foamed under different
saturation pressures at 161 °C.

Figure 5. Effects of saturation pressure on the cell morphology of
PHBV foams.

Figure 6. DSC curves of PHBV foamed at different temperatures
under 20 MPa.
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the crystallinity of the foamed PHBV is higher than that of the
unfoamed one (Table 1). The SAXS curves of the PHBV foam

calculated from Lorentz-corrected plots are shown in Table 1.
It can be seen in Figure 8 that the q value of the PHBV foam is

lower than that of the unfoamed one, indicating that the PHBV
foam has a higher long period spacing; the crystal lamellae of
PHBV may get thicker in the foaming process. Actually, the
foaming behavior may reduce the crystal nucleation energy
barrier and accelerate the crystallization rate, similar to the
effect of biaxial stretching.27 As a result, the generated crystal
nucleus acting as heterogeneous nucleation may thicken PHBV
crystal lamellae to withstand the growth of cells at the initial
depressurization. Therefore, the stretching process of cell
growth may thicken the crystal lamella, causing double melting
peaks of PHBV foams (see Figure 6).

3. CONCLUSIONS
The foamed PHBV samples were prepared using scCO2 as the
physical foaming agent. The effects of foaming temperature
and saturation pressure on cell morphology were discussed. It
was found that the microcellular structures with average cell
sizes ranging from 6 to 22 μm and cell densities ranging from
108 to 1.2 × 109 cells/cm3 could be controllably prepared by
selecting suitable foaming conditions. In order to discuss the
crystallization behavior during the foaming process, DSC,
WAXD, and SAXS were performed. For this case, the
crystallization behavior of PHBV is difficult to occur in the
saturation and foaming stages before reducing the pressure,
whereas it occurs in the cell growth stage. The foaming
behavior may reduce the crystal nucleation energy barrier and
accelerate the crystallization rate, and the generated crystal
nucleus acting as heterogeneous nucleation may thicken PHBV
crystal lamellae.

4. EXPERIMENTAL SECTION
4.1. Materials. ENMAT Y1000 PHBV with 3% hydrox-

yvalerate content was manufactured by Tianan Biologic
Material Co. (Ningbo, P. R. China) in powder form with a
density of 1.24 g/cm3. TGA analysis shown in Figure 9 was

performed to determine the thermal stability of PHBV. The
average molecular weight of the PHBV was about 300000.
CO2 with 99.95% purity was supplied by Fangxin Gas Inc.
(Ningbo, P. R. China).

4.2. Sample Preparation. The PHBV powder was first
dried in a vacuum oven at 60 °C for 9 h. Then PHBV sheets of
75 mm × 10 mm × 2 mm in size were prepared by a Minilab
twin-screw extruder (Thermo Electron, Germany). The screw
rotation speed, processing temperature, mold temperature, and
injection pressure were preset at 15 rpm, 172 °C, 90 °C, and
500 bar, respectively.

4.2.1. Two-Step Foaming Process. The foaming process is
shown in Figure 10. The sheets were placed in a high-pressure
vessel heated in a silicone oil bath. After the vessel was swept
three times with CO2, a predetermined amount of CO2 was
charged into the vessel. The PHBV samples in the vessel were
saturated with 10−20 MPa CO2 at 175 °C for 30 min. The
vessel was subsequently transferred to another silicone oil bath
at foaming temperatures ranging from 145 to 165 °C and
saturated for another 90 min. Thereafter, the valve was opened
to release the compressed CO2 rapidly in order to induce gas
nucleation and cell growth in PHBV. When the pressure was

Figure 7. WAXD curves of PHBV foamed at different temperatures
under 20 MPa.

Table 1. Parameters Calculated from WAXD and SAXS
Curves of PHBV Samples

foaming
temperature

(°C)

saturation
pressure
(MPa)

crystallinity
(%)

long
spacing
(nm)

lamellar
thickness
(nm)

149 20 63.50 8.60 5.47
153 20 68.32 9.34 6.38
157 20 70.30 8.75 6.15
161 20 67.30 8.85 5.96
165 20 67.12 10.50 7.05

neat PHBV 0 59.72 6.56 3.92

Figure 8. SAXS curves of PHBV foamed at different temperatures
under 20 MPa.

Figure 9. TGA curve of pure PHBV sample.
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completely released, the high-pressure vessel was moved to a
water-cooling system immediately, and the samples were
retrieved.
For comparison, a one-step foaming process was also carried

out as follows (see Figure 11). After the vessel was swept three
times with CO2, the PHBV sheets were charged into the vessel
and directly heated to different foaming temperatures (160−
178 °C) under the 20 MPa saturation pressure. Two hours
later, the valve was opened to release the compressed CO2

rapidly. When the pressure was completely released, the high-
pressure vessel was moved to a water-cooling system
immediately, and the samples were retrieved.
4.3. Characterization. Thermal properties of PHBV and

PHBV foams were characterized using differential scanning
calorimetry (DSC, Mettler Toledo) under a flowing nitrogen
atmosphere. All specimens (5−8 mg) were heated to 200 °C
with a heating rate of 10 °C/min.
The thermal stability of PHBV was measured by

thermogravimetric analysis (TGA) in a TG/DTA 7300
instrument (Seiko, Chiba, Japan) from 30 to 600 °C at a
heating rate of 10 °C/min under a constant nitrogen flow.
The cell structure was measured using a scanning electron

microscope (SEM, TM3000) with an accelerating voltage of
15 KV. The specimens were fractured by liquid nitrogen
followed by sputtering with gold.
The crystallization behaviors of PHBV foams were

characterized by small-angle X-ray scattering (SAXS) and
wide-angle X-ray diffraction (WAXD) (Xenocs Company,

France). The X-ray wavelength was 0.154 nm. The two-
dimensional (2D) WAXD patterns were recorded using a Mar
CCD X-ray detector (MAR345) with a resolution of 2048 ×
2048 pixels. The Fit2d software package39 was used to carry
out the WAXD data analysis.
The average cell size and cell density were analyzed from

SEM images using the software Image Pro-plus. The cell
density, N, defined as the number of cells per unit volume of
foam, was calculated by

=
i
k
jjjj

y
{
zzzzN

nM
A

2 3/2

(1)

where n is the number of cells in the micrograph, A is the area
of the micrograph (cm2), and M is the magnification factor.
The average cell size, D, defined as the volume-averaged
diameter of all the cells in the micrograph, was calculated by

=
∑ = =i

k
jjjjjj

y

{
zzzzzzD

d

n
i
n

i1 1
3 1/3

(2)

A balance equipped with a density measurement (Mettler
Toledo) was used to determine the mass density of foamed
PHBV. The sample was first weighed in air and then in water
with a mesh metal cover to ensure complete immersion.
According to ASTM 792-00, the mass density of foamed
PHBV, ρ, was calculated by

Figure 10. Schematic illustration of the two-step foaming process.

Figure 11. Schematic illustration of the one-step foaming process.
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ρ ρ=
+ −

a
a w b water (3)

where a is the mass of the sample in air, w is the mass of totally
immersed net-like metal cover in water, and b is the quality of
the specimen and cover completely immersed in water. The
relative density of the foam, Rρ, is defined as the ratio of the
density of the foam (ρ) relative to that of the unfoamed PHBV
(ρpure)

ρ
ρ

=ρR
pure (4)
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