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Abstract
Nowadays, bead foams are of great interest due to their high lightweight potential. The processing of such foams strongly 
depends on the crystallization and rheological behavior of the polymers used. By blending polymers, these properties can 
be tailored to obtain beaded foams with low density, small cell size and high cell density. As a bio-based polymer, PLA is 
of great interest due to its renewable carbon source. PLA suffers from its low thermal and rheological properties, which can 
be compensated by using blends. The correlation between the PLA/PHBV ratio and the rheological as well as the crystal-
lization behavior was investigated. The use of PHBV as a minor phase significantly changes the rheological properties and 
increases the crystallization behavior of PLA. These findings were applied to the foam extrusion process to obtain low density 
bead foams. Bead foams with densities below 100 kg/m3, mean cell sizes below 50 µm and cell densities of 1 ×  107 cells/
cm3 were obtained.
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Introduction

Polymer foams, especially bead foams such as expandable 
polystyrene (EPS) or expanded polypropylene (EPP) are a 
widely applied in sports as well as in the packaging industry. 
Use in such applications depends largely on the mechanical 

behavior and density of the polymer foams. While many 
types of bead foams have been developed, only a few are 
commercially available, but research in this field is increas-
ing tremendously [1]. In general bead foams show high 
potential because they usually obtain low densities such 
as foam extruded foams and can be processed to complex 
geometries such as injection molding parts [2]. However 
up to now mainly EPS and EPP are used in industry. Due 
to restrictions and the low  CO2 footprint of PLA [3] it can 
be a promising alternative to EPS and EPP. There is limited 
work in the field of biobased bead foams [4–9] For example, 
Nofar et al. focused on a stirred autoclave method to produce 
expanded PLA [4, 8–10]. Another method to produce bead 
foams is an extrusion process [11, 12]. Although the bead 
foam extrusion is advantageous to other processes such as 
autoclave processes, no study on the bead foaming behavior 
of PLA or PLA-based blends in an extrusion process is avail-
able in literature.

It is well known, that the rheological properties affect 
the foaming behavior of polymers. The impact on rheo-
logical properties on foaming behavior has been shown 
for polylactic acid (PLA).[13] Here, a chain extender (an 
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epoxy styrene acrylate) was used to increase the melt 
viscosity and induce strain hardening, which resulted in 
a decrease in foam density for semi-crystalline PLA. In 
other works, PLA was modified with epoxy-based chain 
extenders, which increased the melt strength, resulting in 
lower densities and smaller cell sizes [14–17].

In addition to rheological properties, the crystalliza-
tion behavior is important for foaming [18]. Li et al. [19] 
investigated the foaming performance of PLA based on 
the non-isothermal crystallization behavior. They showed 
that the foaming behavior strongly depends on the foam-
ing temperature, which determines the crystallization 
rate. Another work by Standau et al. [20] compared the 
foaming behavior of different PLA grades and showed that 
PLA grades with high crystallization rates can hardly be 
foamed. PLA foams with expansion ratios of 15–30 and 
average cell sizes of 80–270 µm were obtained. Moreo-
ver, the presence of  CO2 affects the thermal properties of 
polymers, resulting in lower glass transition temperatures, 
lower crystallization temperatures, and higher crystalliza-
tion rates [21–27]. Methods to improve the crystallization 
rate include the use of chain extenders [28–30] to cre-
ate branches that serve as nucleation sites, the addition 
of inorganic nucleating agents [31–34] or blending with 
other polymers [35].

In addition to the rheological properties and crystalli-
zation behavior, the processing conditions also influence 
the foaming behavior. However, the processing of polymer 
foams is influenced by the temperature, the type of blow-
ing agent, the concentration of the blowing agent and many 
other parameters. Here, it is almost impossible to holisti-
cally describe all parameters and their effects on the foaming 
behavior. Recently, an attempt was made to use machine 
learning (ML) for an autoclave foaming process to model the 
processing behavior of different types of PLA with differ-
ent properties at different process conditions. The foaming 
performance of unmodified PLA could be predicted based 
on different material properties and process parameters [36]. 
However, a lot of data is required for the application of 
machine learning, which limits its application.

As mentioned earlier, one method to overcome the draw-
backs of PLA is blending with other polymers. The group of 
polyhydroxyalkanoates (PHA) offers an excellent opportunity 
to be used as blending partners for PLA. PHAs are biobased 
and biodegradable in all natural environments, e.g., marine, 
freshwater, soil, domestic and industrial composting. In addi-
tion, PHAs are resistant to hydrolysis, have good barrier prop-
erties to gases are UV resistant, and insoluble in water. The 
most common PHA is polyhydroxybutyrate (PHB), followed 
by a copolymer of PHB and polyhydroxyvalerate (PHV), 

PHBV. Due to its biodegradability, PHA offers aerobic and 
anaerobic end-of-life pathways, but recycling (e.g. mechani-
cal recycling) is also a potential option in terms of circular 
economy and life cycle assessment [37–41].

For foaming, rheological properties are an important 
feature. Unmodified PLA behaves viscoelastically and 
has low melt elasticity and low melt strength. Blending 
can improve the rheological properties. Some work has 
been done on PLA/PHA blends in the past. Pietrosanto 
et al. [42] were able to show that increasing the PHB 
content in the blending system leads to an increase in zero 
shear viscosity and an more pronounced shear thinning 
behavior, which can be associated with an increase in 
chain branching and molecular weight distribution [42]. 
Another work has shown that rheological measurements 
indicate an increase in the storage modulus and loss mod-
ulus of the PHBV matrix with the addition of PLA [43] 
but also that the thermal instability of PHB has a major 
impact on rheological performance [44].

The mixing of polymers also has an important influ-
ence on the crystallization behavior, as one polymer 
can significantly affect the crystallization of the other 
polymer. In the case of PLA, the crystallization kinet-
ics depend on the composition of the blend component. 
PLA has a slow crystallization rate [30, 45, 46] which 
has led to several works addressing the improvement of 
these properties, e.g., by adding nucleating agents [30, 
45, 47, 48]. Mixing with PHA also leads to a change in 
crystallization behavior [49]. Gasmi et al. showed an inhi-
bition of PHBV crystallization by PLA [47] which leads 
to the fact that PHBV, in contrast, can act as a nucle-
ating agent for PLA, thus promoting its crystallization 
[50, 51]. A previous study [49] about blends containing 
PLA and PHBV shows, how the composition is affecting 
the foaming behavior in a solid-state autoclave foaming 
process. It was worked out, how the addition of PHBV 
changed the crystallizing and the dynamic mechanical 
properties, which was correlated to the foaming behav-
ior. It was shown, that PHBV could increase the cell and 
the nucleation density at similar processing conditions. 
Additionally it was shown, that the used blend system is 
immiscible [49].

In summary, the bead foam extrusion of PLA was not 
investigated so far. This study is focused on that field to 
extend the knowledge of the foaming behavior of PLA. To 
overcome the drawbacks of PLA, it will be blended with 
PHBV to tailor its properties and identify the impact on 
foaming behavior. Since the rheological and non-isother-
mal crystallization are in great importance for the foam 
extrusion process, these properties will be analyzed for 
different blend ratios.
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Experimental

Materials

In this work, PLA Ingeo™ 2003D from NatureWorks 
Ltd. (Minnetonka, Minnesota, USA) was used. It is a high 
molecular weight  (Mw = 225 kg/mol) extrusion grade with 
a D-content about 4.3% and a melting point at 150 °C [20]. 
As blend partner, the biopolymer PHBV ENMAT™ Ther-
moplastic Resin Y1000P from TianAn Biopolymer (Ningbo 
City, Zhejiang Province, China) with a melting point of 
170 °C and a glass transition temperature of approx. 0 °C 
was chosen. The molecular weight of the selected PHBV 
is 300 kg/mol. This grade can be used in various applica-
tions like injection molding, thermoforming, blown film and 
extrusion. In a previous study we showed the immiscibility 
of the PLA/PHBV Blend with AFM measurement [49]. Prior 
to each measurement or processing step, the samples have 
been drying. PLA was dried at 60 °C and PHBV at 40 °C 
under vacuum for 16 h.

Rheological Analysis

The rheological properties of the polymers were analyzed 
by a strain-controlled rotational rheometer RDA III from 
TA Instruments (New Castle, DE, USA) with plate–plate 
geometry under nitrogen atmosphere. The samples had a 
diameter of 25 mm and a height of 1 mm and were analyzed 
isothermally at 180 ℃. Oscillatory tests were performed to 
obtain the complex viscosity, the storage modulus, the loss 
modulus, and the loss factor of all materials. Prior to meas-
uring the frequency-dependent viscoelastic behavior, the 
linear viscoelastic regime was determined by strain-sweep 
experiments. Frequency sweeps were performed with strains 
of 10% from 500 to 1 rad/s. To avoid degradation during 
the experiments, the samples have been dried prior to the 
measurements.

Thermal Analysis

The crystallinity as well as the crystallization behavior was 
evaluated using a DSC (Mettler Toledo DSC 1, Columbus, 
OH). Each measurement was conducted with am amount of 
2–4 mg depending on the density of the foams. The heat-
ing and cooling rates were set to 10 K/min under a nitrogen 
atmosphere with a flushing rate of 20 mL/min. After each 
heating and cooling step the samples were treated isother-
mally for 3 min. The temperature range was set between 25 
and 200 °C. The analysis was performed with the software 
from Mettler Toledo.

Foam Production

A tandem extrusion line from Dr. Collin GmbH (Ebersberg, 
Germany) is used to process the materials. The setup con-
sists of a twin-screw extruder (L/D = 42) with screw diam-
eters of 25 mm and a single screw extruder (L/D = 30) with a 
screw diameter of 45 mm. The temperature in the twin screw 
extruder was set to 180 °C with a screw speed of 160 rpm. 
The single screw extruder set to a temperature of 140 °C 
and a screw speed of 12 rpm. The blowing agent  (CO2) is 
dosed via a gas metering station (Maximator DSD500/20/
SS, Maximator GmbH, Nordhausen, Germany). The materi-
als are processed at a throughput of 8 kg/h and a  CO2 con-
centration of 6 wt%. An underwater granulation unit (UWG) 
(LPU MAP 5, Gala Kunststoff- und Kautschukmaschinen 
GmbH, Xanten, Germany) is attached to the extrusion unit. 
The gas-laden melt is transferred to the UWG, foamed and 
cut by a knife head. In this section of the process, there are 
multiple process parameters that can be varied. In this work, 
the water temperature was set to 45 °C and the knife speed 
to 2500 rpm. No water pressure was applied, and the die 
diameter was 2.8 mm. The die temperature was kept constant 
at 160 °C for all blend variations.

Foam Analysis

The density of the polymer foam was analyzed according 
to the Archimedes principle on a density balance by using 
the following equation with � representing the density, A 
the sample weight, B the buyonce and �

water
 the density of 

the water.

To analyze the morphological properties scanning Elec-
tron Microscopy (SEM (JSM-6510 JEOL, Akishima, Japan) 
was used. From the SEM Images, the cell size, cell size 
distribution was analyzed with ImageJ (v1.48, University of 
Wisconsin, Madison, Wisconsin, USA). The morphological 
properties were calculated according to the following equa-
tions [49, 52].
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A.  ND represents the nucleation density and � the density 
of the foam.

Results

Rheological Properties

First, the zero-shear viscosity is used as an indicator to 
understand the material characteristics. In Fig. 1, the com-
plex viscosity is shown over a frequency range from 1 to 
500 rad/s.

Figure 1 shows the frequency sweep for the neat materi-
als and the PLA-PHBV based blends at a temperature of 
180 °C. All curves show a viscoelastic behavior with a pla-
teau region at low shear rates and shear thinning at higher 
frequencies. The viscosity at low shear rates is representing 
the zero-shear viscosity. In these measurements, the neat 
PLA showed the highest viscosity decreasing with increas-
ing PHBV content. The transition from the zero-shear pla-
teau to the shear thinning region is characterized by the 
relaxation time. At this transition, the deformed polymer 
chains cannot relax back to the initial state and therefor the 
shear thinning becomes prominent. Additionally, the data 
were modeled according to Carreau-Winter and the param-
eters are included in the additional information.

Besides the viscosity curves, storage modulus, loss modu-
lus and loss factor provide additional insights into the poly-
mer behavior. The corresponding measurements are plotted 
in Fig. 2.

In Fig. 2a, the storage modulus for all blends is shown 
at a temperature of 180 °C. PLA shows the higher storage 
modulus at high frequencies. The increase of PHBV con-
tent decreases the level. At low frequencies, the neat PLA 
curve is crossed by the measured blend curves. At these low 
frequencies, the influence of high relaxation times is more 
pronounced which gives deeper insights into the structure 
of the polymer [53]. For the neat polymers, the shapes of 
the curves are congruent and show a typical behavior for 
linear polymers. Although, the blends show a different G′ 
behavior compared to the neat polymers. The slope of G′ 
is decreasing with increasing PHBV content, indicating 
an increasing elastic behavior at lower frequency levels. 
Similar results have been seen by [54]. This flattening G′ 
curve can be related to the interfacial tension in multiphase/
immiscible polymer blends [55, 56]. For the lowest shown 
frequencies in Fig. 2a, the curves containing PHBV show a 
shoulder which is more pronounced at high PHBV levels. 
This increase in elastic response relates to the morphology 
of the polymer blend [57]. Often this phenomenon is called 
second plateau which is caused by the deformation of drop-
lets of PHBV and their relaxation behavior [58, 59]. In [49] 
the Droplet morphology was proven via IR-AFM measure-
ments for these blends. During shear stress, the droplets are 
deformed and store additional energy leading to an increase 
in G′. Due to the long relaxation times of immiscible poly-
mer blends, this phenomenon can only be detected at low 
frequency levels [60]. Comparing all blends, the sample con-
taining 20 wt% of PHBV shows the highest storage modulus 
followed by 10 wt%, 30 wt% and 40 wt% of PHBV. Here the 
interaction is most pronounced for the 80/20 blend due to an 

Fig. 1  Complex shear viscosity 
over frequency at 180 °C at a 
strain of 10%
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“optimum” in droplet size and interspatial interaction. For 
linear polymers the storage modulus and the loss modulus 
follow G′ ∼ ω2 and G″ ∼ ω1 at low frequencies [53, 61]. As 
previously described, the storage modulus does not follow 
this approximation due to the flattening of the curve.

With increasing PHBV content, the loss modulus is 
decreasing resulting in a lower viscosity of these blends 
compared to the neat PLA. The miscibility or immiscibility 
of polymer blends can be determined by plotting G′ vs G″ 
[62, 63]. For homopolymers, miscible or compatible poly-
mers and polymer systems, the correlation of G′ vs G″ is 
linear. Immiscible polymer blends derivate linearity. Addi-
tionally, it should be noticed, that the rheological properties 
depend on the morphological state. As long as the blend 
morphology does not change, the correlation between G′ 
and G″ are independent from blend composition [62]. In 
Fig. 2c G′, is plotted vs. G″ which is also called Han plot 
[64]. As expected, the neat materials show a linear depend-
ency of storage and loss modulus. The PLA/PHBV blends 
show a nonlinear behavior, especially at low G′/G″ values. 

The shape of the curve can be explained by the increasing G′ 
at low frequencies due to the shape relaxation of the blend 
droplets. The tan delta is a very important value to describe 
the viscoelastic behavior [65]. If this value is equal to 0, 
the system is ideal elastic and the higher tan delta the more 
pronounced is the viscous behavior [64]. The tan delta is 
represented by the ratio between G″ and G′, which is often 
referred to loss factor. For polymer blends without any struc-
ture, the tan delta should decrease monotonous with increas-
ing frequency. Another shape of the curve shows a changed 
viscoelastic behavior. In Fig. 2d, the loss factor for PLA, 
PHBV as well as for the blends are plotted as a function of 
frequency. The neat polymers show the expected decreasing 
behavior. At high frequency levels, the polymer blends with 
higher PHBV content show less elastic behavior. At high 
frequencies, the slope of the curves is decreasing, showing 
a higher elastic response compared to the neat materials. 
This behavior of the loss factor shows the immiscibility of 
the polymer blends, similar to the Han plot and the storage 
modulus over frequency. This can be seen in the flattening 

Fig. 2  a Storage modulus G over frequency ', b loss modulus over frequency, c storage modulus over complex modulus, d loss factor over fre-
quency at a temperature of 180 °C for all blend structures
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of the loss factor at low frequencies. At the lowest frequency 
measured, the sample containing 80 wt% of PLA shows the 
highest elasticity followed by the blends containing 10 wt%, 
30 wt% and 40 wt% of PHBV.

From the oscillatory shear test, it can be concluded that 
the viscosity is decreasing with higher PHBV content. More-
over, the storage modulus does not follow the relation of 
G′ ∼ ω2 which indicates the immiscibility of the blend due 
to droplet relaxation processes. This was also confirmed by 
the so-called Han plot. A closer look at the individual curves 
reveals that the properties do not rise or fall monotonically 
with the blend content. It shows that the blend with a ratio 
of 80:20 has the highest elasticity indicating the highest 
stored energy due to the droplet deformation. The elasticity 
is decreasing as follows 90:10, 70:30 and 60:40.

Non‑isothermal Crystallization Behavior

To understand the crystallization behavior of PLA and the 
influence of PHBV, rheological and thermal methods were 
used. For this purpose, all mixtures were cooled at 5 K/min 
in a plate-plate rheometer and in a DSC. The cooling ramp 
was chosen to ensure good temperature control, high reso-
lution for all instruments and direct comparability between 
the methods.

Figure 3 shows the DSC measurements for all materials 
used.

The DSC thermogram shows that PHBV crystallizes in a 
range of 130–120 °C and exhibits a high enthalpy of crystal-
lization and a narrow crystallization peak. In comparison, 
PLA shows no crystallization peak at the same cooling rates. 
The combination of PHBV and PLA leads to a different crys-
tallization behavior. The blend containing 10 wt% PHBV 
does not crystallize in DSC. This suggests that PLA inhib-
its the crystallization of the PHBV phase. Steric hindrance 
could be the reason here. When more PHBV is added, the 
DSC shows a very low degree of crystallization with a peak 
at about 90 °C. Based on neat PHBV, an enthalpy of crystal-
lization of about 18 J/g is expected by the mixing rule. Since 
the enthalpy is about 4.2 J/g, steric hindrance is still pro-
nounced. The blends containing 30 wt% and 40 wt% result in 
more pronounced crystallization, approaching the linear rule 
of mixture. However, all samples containing both materi-
als show less pronounced crystallization, indicating that the 
PLA inhibits crystallization and reduces the overall crystal-
linity upon cooling. This altered crystallization behavior also 
affects the foaming of the beads, although the cooling rates 
are significantly higher. The altered crystallization behav-
ior also affects the rheological behavior. To understand this 
behavior in detail, the same cooling rate was applied to all 
compounds in a plate-plate rheometer to show this influence. 
To illustrate the influence, the complex viscosity is plotted 
as a function of temperature. The results are shown in Fig. 4.

Samples were cooled from 200 to 50 °C for 5 K/min to 
determine the effect of crystallization on complex viscos-
ity. As shown earlier, the complex viscosity decreases with 
increasing PHBV content. Thus, the PHBV exhibits the low-
est viscosity. As the temperature decreases, the viscosity 
does not change as much, but at a temperature of 125 °C 
it increases enormously until contact with the rheometer is 
lost at 118 °C. Crystallization thus takes place in this tem-
perature range, as it does in the DSC measurements. This 
increase in complex viscosity is also present in the sam-
ples with 40 and 30 wt% PHBV. However, the increase is 
less pronounced at lower PHBV content, and the samples 
do not lose contact. Comparing the shape of the curves for 
pure PLA, PLA + 10 wt% PHBV and PLA + 20 wt% PHBV, 
a similar behavior can be seen. The increase in viscosity 
is based on the reduced temperature for pure PLA and 
PLA + 10 wt% PHBV. Based on the differently shaped curve 
for PLA + 20 wt% PHBV, crystallization occurs during the 
cooling process. This is evident at temperatures of about 
75 °C, where the curve for PLA + 20 wt% PHBV crosses the 
curve for PLA + 10 wt% PHBV. This behavior is in line with 
the DSC results and thus supports the phenomena described.

Fig. 3  DSC thermogram of PLA, PHBV and PLA/PHBV blends at a 
cooling rate of 5 K/min
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Bead Foaming Behavior

The effect of PHBV on the rheological properties of PLA 
was studied in detail to provide insights into the foaming 
behavior. Bead foaming was performed with identical com-
positions used in the rheological studies. To compare the 
foaming performance between the different compositions, 
all materials were processed at similar conditions. A blow-
ing agent content of 6 wt%  CO2 and a foaming temperature 
(melting temperature) of approx. 135 °C were selected. The 
temperatures varied by ± 1 K, since the different material 
compositions showed different rheological properties. The 
different rheological properties caused different shear forces 
and friction which leads to additional thermal energy during 
processing. However, in addition to the melting temperature, 
the pressure level was also affected by the change in polymer 

composition. As shown by the rheological measurements, 
the viscosity is reduced by adding PHBV. This effect was 
verified by the pressure profile when the material compo-
sition was changed from PLA to PHBV. The addition of 
PHBV leads to a decrease in pressure, which is known to 
affect the foaming performance. The influence of PHBV on 
the resulting pressure is shown in Table 1.

The density achieved for PLA was 63 kg/m3. PHBV 
was then added stepwise, keeping the throughput constant 
at 8 kg/h to ensure comparability. It was found that add-
ing PHBV decreased the pressure profile due to the lower 
viscosity values. This behavior agrees well with the shear 
rheological results shown in Fig. 1. The pressure decreases 
almost linearly by 20 to 30 bar per 10 wt%. Besides other 
influences factors, this pressure drop changes the foaming 
behavior, and the resulting density is increased. Due to the 
lower pressure, the overall pressure drop rate decreases, 
limiting nucleation and expansion. The pressure could not 
be increased without changing other parameters, why the 
study focused only on the impact of the material composi-
tion on the process and on the foaming behavior. Besides 
the reduced pressure, the crystallization, the sorption, and 
the diffusion rates are also changed and influence the foam-
ing behavior. Prior to analyze the morphology the resulting 
beads are shown in Fig. 5. From the size of the particles one 
can estimate the differences in density. An analysis of the 
particle size is included in the additional information. PLA 
resulted in the lowest densities and increased with PHBV 
content. The reasons could be the increased crystallization 
due to the PHBV phase; the reduced pressure drop or the 

Fig. 4  Complex viscosity of 
PLA, PHBV and PLA/PHBV 
Blends at a temperature sweep 
test at a cooling rate of 5 K/min

Table 1  Overview of relevant foaming parameters for bead foam 
extrusion with a die size of 2.8 mm

Material CO2 con-
tent/%

Die temperature/°C Die 
pres-
sure/
bar

PLA/PHBV 100/0 6 160 185
PLA/PHBV 90/10 6 160 153
PLA/PHBV 80/20 6 160 132
PLA/PHBV 70/30 6 160 101
PLA/PHBV 60/40 6 160 81
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lower sorption behavior of PHBV. In [49] it was shown, that 
PLA has a higher  CO2 solubility at room temperature com-
pared to PHBV whereas it is expected that this trend is also 
present here.

For the PLA sample shown in Fig. 6a, small cells can 
be seen in the range below 60 µm with an average cell size 
of 36 µm at a density of 63 kg/m3. Closer analysis of the 
cells reveals small holes indicating cell breakage during 
foaming, which leads to a high content of open cells. The 
cell density for pure PLA is about 1.1 ×  107 cells/cm3. 
The addition of 10 wt% PHBV (Fig. 6b) results in less 
nucleation and higher densities. Adding PHBV changes 
the sorption, crystallization, and rheological properties. 
The higher PHBV content leads to lower pressure pro-
file and pressure drop rates. It is known from literature 
that lower pressure and pressure drop rates lead to lower 
densities. From the rheological investigations in Fig. 4 it 
seems that the crystallization does not play a big role for 
10 or 20 wt% PHBV. Despite the addition of PHBV, the 
density of cell nucleation decreased, but the mean cell size 
remained similar at 37 µm with a slightly wider cell size 
distribution. The decrease in pressure drop reduces both 
cell density and nucleation compared to pure PLA. The 
addition of 20 wt% PHBV showed similar trends as it can 
be seen in Fig. 6c. The density was increased to 86 kg/
m3, the average cell size increased to 53 µm, and the cell 
density and nucleation density decreased. In addition, the 
cell size distribution broadened. The blend with 70 wt% 
PLA and 30 wt% PHBV showed a slightly different trend. 
Although the density was increased to 96 kg/m3, the mean 
cell size decreased from 53 to 36 µm. At this concentra-
tion, the nucleation effect of PHBV comes into play. Since 
PHBV crystallizes faster, it might act as a nucleation site 
during foaming and increases the total number of cells, 
resulting in a smaller mean cell size. This is evidenced by 

checking the cell density of 1.1 ×  107 cells/cm3 for 30 wt% 
PHBV compared to 0.4 ×  107 cells/cm3 for 20 wt% PHBV.

A similar trend is shown for the nucleation density. Here, 
it should be mentioned that two effects interact: (i) the 
reduced nucleation due to a lower pressure drop and (ii) the 
increasing nucleation due to the crystallization of PHBV. 
One hand the PHBV is crystallizing faster than PLA and 
on the other side the PHBV might crystallize during the 
processing in the extruder because the temperature profile in 
the end of the extrusion line is lower than the melting range 
of PHBV. At a PHBV concentration of 40 wt%, the density 
increases to 244 kg/m3, which fits perfectly with the previous 
results for all other blend contents. Looking at the cell struc-
ture, a similar trend as for 30 wt% PHBV can be observed—
a decrease in total cell size and cell size distribution. Here, 
it should be emphasized that this is not necessarily related 
to the nucleating effect of PHBV on the PLA phase. The 
cell and nucleation density are increased compared to the 
sample with 30 wt% PHBV. Thus, fewer cells were nucle-
ated and the effect of pressure on cell nucleation was more 
pronounced than the crystallization of PHBV. Therefore, the 
lower mean cell size can be explained by the higher density 
of the foam.

The morphologies in Fig. 6 provide an overview of all the 
important features of the bead foams produced. However, to 
allow a value-based comparison, the information’s are ana-
lyzed and summarized is compiled in Fig. 7, which makes it 
easier to see the influence of the blend ratio.

From Fig. 7 one can see that the density is increasing 
continuously with the increase in PHBV. The cell size is 
in general decreasing, except at a blend ratio of 20 wt% of 
PHBV. The cell density does not change tremendously, and 
the nucleation density is decreasing with increasing PHBV 
content. However, the sample containing 20 wt% of PHBV 

Fig. 5  Optical image of result-
ing bead foams
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(a)

(b)

(c)

(d)

(e)

Fig. 6  SEM Images and cell size distribution of the bead foams
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seems be a blend composition where the cells cannot be 
stabilized and therefore higher cell sizes are reached.

The SEM images provide more insight into foaming 
behavior. For all foams, small holes can be seen in the cell 
walls, indicating cell rupture during foaming. The rea-
son might be the low melt properties of the investigated 
blends, resulting in a low resistance to cell rupture and thus 
increased open cell content. Additionally, the PHBV might 
act as foreign substance initiating cell rupture. Table 2 gives 
an overview of the material composition, densities, and open 
cell content. Here, the open cell content is generally high 

Fig. 7  Compilation of density, 
cell size, cell density and 
nucleation density as a function 
of PHBV content in PLA/PHBV 
bead foams

Table 2  Comparison of material composition, the resulting density, 
and the open cell content

Material Density Open 
cell 
content

PLA/PHBV 100/0 63 kg/m3 83%
PLA/PHBV 90/10 72 kg/m3 92%
PLA/PHBV 80/20 86 kg/m3 96%
PLA/PHBV 70/30 96 kg/m3 97%
PLA/PHBV 60/40 244 kg/m3 98%

Fig. 8  First heating cycle of dif-
ferent PLA based bead foams
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with values above 82% and increases with increasing PHBV 
content.

To investigate the bead properties, the thermal properties 
have been analyzed to determine the crystallinities of vari-
ous samples. Figure 8 shows the thermograms for all pro-
duced PLA bead foams for all material compositions. Here 
it needs to be mentioned that the first heat was selected to 
be analyzed since this represents the properties of the bead 
foams. The second heat would show the material properties, 
which was described elsewhere [49].

It can be seen from Fig. 8, that the glass transitions tem-
perature does not significantly change with the blend com-
position, which shows the immiscibility of the blend sys-
tem. The corresponding values from the DSC measurements 
including the cold crystallization, and melting enthalpies 
are shown in the supplementary information’s. The pure 
PLA exhibits a pronounced cold crystallization peak and 
an overall low enthalpy of fusion of 7.0 J/g. Comparing this 
enthalpy with PLA/PHBV 90/10, the cold crystallization is 
lower, the overall enthalpy is higher, and a higher melting 
peak at 170 °C corresponding to the PHBV phase is visible. 
Further increasing the PHBV fraction leads in increasingly 
more pronounced melting peaks, due to more crystallizable 
PHBV. The PLA content is lower, which is mainly respon-
sible for the cold crystallization. However, the melting peak 
of PLA increases up to a PLA/PHBV ratio of 80/20. This 
suggests that the PHBV supports the crystallization of PLA 
even at low concentrations. Therefore, more PLA may crys-
tallize during cooling and heating in DSC. At concentrations 
of 30 and 40 wt%, the enthalpy for the low melting peak 
starts to decrease and the enthalpy of the high melting peak 
starts to increase. This can be related to the blending ratios, 
as less PLA is available to form the low-melting peak and 
more PHBV is available to form the high-melting crystals.

An overview about the relative crystallinity of each phase 
is given in Table 3. Here the Peak corresponding to PLA was 
taken and the cold crystallization was subtracted. Afterwards 
the relative crystallinity was determined taking the blend 
ratio and the 100% crystallinity into account. For the PHBV 
phase the melting peak of PHBV was used. The used heat 

of fusion for 100% crystalline PLA was 93 J/g [66–68] and 
for PHBV 146 J/g [69–71]

One can see that the PLA is slightly crystallizing without 
PHBV, while PHBV shows quite high relative crystallinities 
in all blends. Only for the blend containing 10% of PHBV 
the relative crystallinity of PHBV is below 40%. The rea-
son could be that the PHBV phase is dispersed in the PLA 
matrix and needs to agglomerate to crystallize. Due to fine 
dispersed fractions the crystallization might be restricted but 
is still pronounced. Here, it needs to be mentioned, that the 
PHBV can crystallize after the extrusion line as well as dur-
ing the extrusion process since the temperatures are lower 
than the melting range of PHBV.

The change in crystallinity with the blend ratio can be 
explained by the mobility of the polymers. Here the vis-
cosity as well as the crystallization is affecting the chain 
mobility. The high crystallinity of PHBV restricts the chain 
mobility so that the PLA phase is restricted in its mobility 
and the crystal growth is limited. Additionally, the higher 
the PHBV phase, the higher is the potential contact area 
between the two phases, so that this results in a sterical hin-
drance. According to the results it seems that the PLA phase 
can crystallize easier up to a PHBV content of 20 wt%. At 
a PHBV content higher than 30 wt% the amount of PHBV 
crystals seems to restrict the chain mobility so that the crys-
tal growth is limited. To sum this up, there are two effects 
by increasing the PHBV content (i) the increase in crystal-
linity by PHBV due to lower viscosities and more nucleating 
points and (ii) decrease in crystallinity due to an increasing 
contact area between PLA and PHBV.

Conclusion

In conclusion, in this study PLA and PLA/PHBV bead 
foams, demonstrating that an increase in PHBV content led 
to a reduction in the pressure profile during the manufactur-
ing process, aligning well with the shear rheological find-
ings, were successfully produced. The rheological properties 
were also shown to correlate with the pressure profile during 
foam extrusion. Moreover, the increase in PHBV concentra-
tion was found to result in higher foam density, with poten-
tial effects on cell size, density, and nucleation. Factors such 
as lower pressure drop and increased crystallization of the 
PHBV phase may contribute to the observed lower density. 
However, it is challenging to discern the individual influ-
ences of rheology and crystallization, making it difficult to 
definitively attribute the observed effects. Ultimately, in the 
study a range of bead foam densities from 63 to 244 kg/m3, 
with cell densities of approximately 1 ×  107 cells/cm3 and 
cell sizes as small as 29 µm were achieved. Future research 

Table 3  Relative crystallinity of the PLA and PHBV phase from 
Fig. 8

Composition Crystallinity PLA 
phase/%

Crystallinity 
PHBV phase 
%

PLA/PHBV 60/40 7.7 50.2
PLA/PHBV 70/30 8.1 42.2
PLA/PHBV 80/20 14.9 48.6
PLA/PHBV 90/10 16.4 30
PLA/PHBV 100/0 7.5 0
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should focus on evaluating the weldability of these bead 
foams to assess their potential relative to other materials in 
similar applications.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10924- 024- 03186-9.
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