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Abstract: Bead foams have been widely used for more than
70 years, with expandable polystyrene and expanded poly-
propylene (EPP) being the main materials. There are dif-
ferent processes for producing bead foams, depending
heavily on the material used (e.g., their thermal behavior).
EPP is usually produced by a discontinuous stirring auto-
clave process, which is the main subject of this study. In this
process, thermal treatment during the saturation phase leads
to the formation of a second melt peak, which is considered
an important prerequisite for the subsequent welding pro-
cess, in which the individual foamed beads are welded into
complex shaped parts by applying saturated steam to the
beads in a cavity (so-called steam chest molding). To date,
EPP is one of themain bead foams used industrially, but other
materials such as polylactide and thermoplastic polyurethane
can also be processed using the same technique. This review
focuses on the important thermal and physical mechanisms
during saturation and expansion and the parameters (mate-
rial and process) that affect them. The process itself provides
multiple possibilities to influence thermal behavior (i.e., crys-
tallization) and expansion. Typical properties of resulting
bead foams, which are found in many applications, are also
considered.

Keywords: bead foams, stirring autoclave, mechanical prop-
erties, expanded polypropylene, expanded polylactide

1 Introduction

Bead foams (also, but less commonly, called particle foams)
were invented in the middle of the last century. In 1949, the
first bead foam made of polystyrene was patented by BASF
(1). In the 1970s/80s, bead foams made of polyolefins (i.e.,
polyethylene [PE] and polypropylene [PP]) were estab-
lished in the market (2,3). The evolution of bead foams
was summarized in a previous paper (4); it is worth noting
that there have been many innovations in the last two
decades. Some studies have been carried out to broaden
the field of applications of bead foams by using other poly-
mers with higher performance (4).

To date, the bead foam with the highest market share
is still expandable polystyrene (EPS). In 2022, global EPS
consumption was around 7.2 million tons. Overall, the
Asia-Pacific region is consuming the most EPS: around
57% of global EPS consumption in 2022 (5). The global
EPS market is anticipated to grow at a compound annual
growth rate (CAGR) of 5% (6).

Here, in principle, polystyrene microgranules can be
impregnated with an organic blowing agent (usually pen-
tane) during suspension polymerization to produce expand-
able beads (i.e., EPS). Foaming is then initiated in a separate
step, usually by exposing these impregnated microgranules
to hot steam (so-called pre-foaming). The final step is welding
the beads into a final part in a cavity, which is also typically
donewith hot steam in a steam chest molding (SCM)machine.
It is worth noting that a process like EPS production for
obtaining EPP beads only works for amorphous polymers
with a Tg above the room temperature and could not yet be
established for semi-crystalline polymers such as PP as the
gas sorption and storage are hindered by the crystalline
phase and its Tg is below room temperature, which leads to
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higher pentane diffusion. In consequence, gas storage and
shelf life would be unfavorable.

Unlike EPS, the second most important bead foam –

EPP – is foamed in significant quantities in a discontinuous
autoclave process. Although it is possible to obtain EPP in a
continuous process (i.e., in a foam extruder coupled with
an underwater pelletizer) (7).

Autoclave foaming is commonly used in academia as a
screening method and several methods have been estab-
lished, such as temperature and pressure-induced foaming,
respectively. Besides these lab-scale methods with small
devices that are mainly interesting from a scientific point
of view, EPP is industrially produced in larger vessels with
water as a heat transfer media and stirrer. Here, the main
difference from other autoclave processes is scalability. A
large volume of pellets can be processed in a stirred auto-
clave, while a standard autoclave system without water
would lead to fusion of the particles in the pressure
chamber. Therefore, the stirred autoclave can produce
larger volumes of particles and is therefore of greater
importance to the industry. The reason for using the stir-
ring autoclave is based on the induced thermal character-
istics of the beads, which are considered an important
prerequisite for the following welding of these beads in
the SCM process. As summarized in Figure 1, the process
chain for the production of EPP starts with (i) the produc-
tion of small spherical granules (so-called µ-granules with
a diameter of around 1 mm) from the polymer including
additives, (ii) followed by autoclave foaming of the µ-gran-
ules, and is completed (iii) by welding, where the foamed
beads are welded (via steam) to a final part with SCM.

Main manufacturers of EPP are JSP Corp. (Japan, brand
name: Arpro), Kaneka Corp. (Japan, brand name: Eperan™),
and BASF SE (Germany, brand name: Neopolen®). Europe,
the Middle East, and Asia consume a total of about 40,000 tons
of EPP, while global consumption reaches 170,000 tons (8). The
EPP production is anticipated to expand at a CAGR of around
1% from 2023 to 2030 (9). About two-thirds are used in auto-
motive applications, such as sun visors, bumper cores, or
covers (10). Other typical applications are higher quality mul-
tiple use packaging, insulation boxes, furniture, and health,
ventilation, and air conditioning applications. The stirring
autoclave process is mainly used for the production of EPP
(11–13) or thermoplastic polyurethane (ETPU) (14). In addition,
the production of foamed beads in a stirring autoclave has
been described in the literature for PLA (15,16), PC (17), LDPE
(18), PEBA (19), as well as blends of PP and PLA (20).

In Table 1, some important properties of the bead foams
that are established in the market are summarized. So far,
only a few bead foams could be established. Besides EPS
and EPP, based on commodity polymers, ETPU is used due
to its elastomeric properties. A comparison of commercial
bead foams is quite complicated since they have very different
properties. EPS as an example with its high Tg at about 100°C is
very rigid, while EPP is quite soft. On the other side, ETPU is
completely different in its behavior due to its highly elastic
behavior. In general, this can be seen in the elongation at
break (note: the densities are different here). Here EPS shows
the lowest and ETPU the highest elongation at break, indi-
cating that ETPU is more elastic compared to EPS. Other prop-
erties such as compression stress or thermal conductivity are
highly affected by density and cell size and additives.

µ-granulation autoclave foaming part consolidation

polymer + additives µ-granules foamed beads final part

steam nozzlescellular structureµ-hole plate

12

6

39

Figure 1: Overview of the process chain of bead foam production with a stirring autoclave. Copyright © 2023; University of Bayreuth, Department of
Polymer Engineering.

2  Christian Brütting et al.



This review provides an overview about the proces-
sing of bead foams via the stirring autoclave route and
analyzes the work which has been done in this field – to
identify potential research fields and future trends.

2 Processing of expanded bead
foams

2.1 Production of µ-granules

The µ-granules can be produced in a continuous extrusion
process. For this purpose, the polymer and all required
additives (e.g., pigments) are mixed and extruded through
a die plate and cut by an underwater granulator (UWG).
Since the die plate consists of several holes with small
diameter, so-called µ-granules can be obtained. Typical

particle sizes for these microparticles are less than 1 mm.
The small diameter can be considered advantageous (i) for
subsequent sorption in the autoclave, allowing a shorter
saturation time, and (ii) to obtain smaller foamed beads
that can be used to realize a smaller wall thickness in the
molded part. However, the processing is not trivial as the
small holes can be easily plugged. In addition, non-sphe-
rical µ-granules may result from inappropriate rheological
behavior and the ductile PP tends to form tails. Figure 2
shows µ-granules of different appearances.

2.2 Bead foaming in stirring autoclave
process

For the production of EPP, the material is usually com-
posed of random copolymers of PP (with PE or polybuty-
lene [PB]) with different rheological properties (25,26).

Table 1: Selected properties of EPS, EPP, and E-TPU

Property EPS (70 kg·m−3) EPP (60 kg·m−3) ETPU (250 kg·m−3)

Tensile strength (kPa) 100 880 600
Elongation at break (%) (tensile) 1–2 (30 kg·m−3 (21)) 27 125
Compression stress at 10%, 25%, 50% compression (kPa) 70, –, – 310, 370, 550 55, 130, 275
Residual compressive strain (50%, 22 h, 23°C) 24 h after relaxation (%) — 26 <5
Thermal conductivity (W·m−1·K−1) 0.032 0.04 —

Chemical resistance Very low Very high Very high
Reference (21,22) (23) (24)

1 mm

a)

b)

c)

Figure 2: Appearance of µ-granules: (a) non-spherical shape because of insufficient melt flow behavior, (b) tails and agglomeration from insufficient
cutting by the UWG, and (c) optimum spherical shape of µ-granules. Copyright © 2023; University of Bayreuth, Department of Polymer Engineering.
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Carbon black is often used as a pigment and nucleating
agent, as described in patents (27). The materials are
usually processed in a stirring autoclave. The general foaming
setup is shown in Figure 3. Here, the polymer is dispersed in
water and dispersants (25,26,28), and a blowing agent (usually
CO2 (25,26), N2, and/or butane (28)) is injected. The system is
treated at elevated temperatures, i.e., usually near themelting
point. The suspension is mixed with a rotor blade (stirrer) in
the autoclave to ensure good heat exchange. In the following,
the theoretical background regarding the sorption during the
process is first provided. Afterwards, the process and its
dependence on the processing parameters are described.

2.2.1 Theoretical background

During this saturation step, the blowing agent is absorbed
by the µ-granules. However, the crystalline structure of the
µ-granules changes during this thermal treatment.

The special thermal treatment can result in the forma-
tion of two melting peaks during the saturation phase,
which are beneficial for subsequent bead fusion (i.e.,

welding). The formation of these two melting peaks is a
very complex process depending on various process para-
meters (blowing agent, pressure, temperature) that influ-
ence the crystal rearrangement. After the saturation step, a
depressurization valve is opened, and the suspension is
flushed out of the autoclave. This rapid pressure drop initi-
ates the foaming process of the µ-granules. Any change in
suspension of the materials, in saturation conditions, and
in depressurization affects the morphological and thermal
properties. The influence of the process parameters on
these properties will be described later. First, the basic
principle of generating two separate melting peaks will
be described.

The µ-granules used are usually semi-crystalline poly-
mers that have a defined melting range. This melting range
is characterized by the onset, offset, and melting peak
(Tm0). During the autoclave process, the entire system is
heated to a temperature close to the melting peak (i.e.,
between onset and offset). The saturation phase leads to
the plasticization and reorganization of the crystal lamellas
and is schematically proposed in Figure 4. Due to plasticiza-
tion by the blowing agent, the crystals melt at a lower

Figure 3: Laboratory-scale set-up for bead foam production via stirring autoclave. Copyright © 2023; University of Bayreuth, Department of Polymer
Engineering.
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temperature as the chain mobility increases. This increased
mobility is also known to reduce the glass transition (29–31).

During the saturation process, the unmolten crystals
undergo a perfection process that leads to an increase in
lamellar thickness (i.e., a more ordered crystal structure).
This increase in lamellar thickness increases the melting
range of the unmolten crystals and leads to a secondmelting
peak at higher temperatures (Tm,2). This phenomenon was
described without the presence of CO2 by Hingman et al.
(32). After the saturation process, the system is depressur-
ized. This step leads to foaming and the beads are purged
into a collection vessel where they are cooled and stabilized.
The foaming and cooling process leads to recrystallization of
the molten crystals. This recrystallized phase forms itself
usually in a similar temperature range (Tm,1) slightly below
the original melting range (Tm,0). This change in melting range
is shown for unprocessed PP and foamed EPP in ref. (33). As it
is known from the literature, the crystallization behavior of a
polymer is influenced by the temperature profile, cooling rate,
atmosphere, and more (34). All these factors influence the
autoclave process and, thus, the foam properties such as den-
sity, cell size distribution, and crystal structure.

2.2.2 Processing behavior

To some extent, the influence of individual process condi-
tions on bead properties has been studied. However, several
conditions that might have an impact have not been fully
considered in scientific literature. This chapter summarizes

the influence of key process parameters (i.e., saturation
pressure, saturation temperature, saturation time) and
other factors such as the material type or the stirring
speed inside the chamber.

2.2.2.1 Influence of saturation pressure
One of the first scientific publications dealing with the
stirring autoclave process was focused on the influence
of saturation pressure on thermal properties and foam
morphology (33). Here, a PP-homopolymer and two PP-
random copolymers (with PE and PE, PB) were used in
the process. Before foaming, the pellets were processed
into µ-granules with an average diameter of 0.6 mm. Due
to the composition of these polymers, they had different
melting ranges and therefore different foaming behaviors.
The saturation pressure was varied between 30 and 60 bar
for all polymers used. The resulting beads were analyzed
in terms of their thermal behavior (i.e., melting peaks). It
was found that as the saturation pressure increased (time
and temperature were kept constant), the enthalpy for the
higher melting peak decreased. This behavior is related to
the plasticization effect, which is more pronounced as the
pressure increases. A higher pressure leads to a more pro-
nounced plasticization, due to the increased solubility, and
therefore, a higher crystal fraction is melted. Consequently,
only a few crystals are remaining which reorganize them-
selves to crystals with higher perfection. Although this
behavior was observed, no correlation between the crystal-
linity and the processing conditions became evident.

Figure 4: Proposed scheme of the transition from a single melting peak to a double melting peak structure during the autoclave processing. Lamella
thickness are changing during the process. Copyright © 2023; University of Bayreuth, Department of Polymer Engineering.
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In addition to EPP, polylactide (EPLA) was also pre-
pared by the stirring autoclave method and the saturation
pressure was varied by Nofar et al. (16,35). PLA 8051D from
NatureWorks LLC was studied with CO2 as blowing agent
at different saturation pressures of 30, 60, and 172 bar.
Increasing the saturation pressure results into lower glass
transition temperatures (30,31) as well as lower melting
temperatures leading to lower processing temperatures.
This behavior can be explained by the increasing plasti-
cizing effect of CO2 with increasing saturation pressure
because the melting peak shifts to lower temperatures
with higher pressures. With increasing saturation pres-
sure, lower densities were obtained, which can be attrib-
uted to a higher amount of dissolved gas in the polymer
and a lower stiffness of the matrix, facilitating cell growth.
Finally, the change in morphology at different saturation
temperatures was demonstrated. In addition, it has been
reported that increasing the saturation pressure leads to
smaller cell sizes and higher densities (16). The expansion
ratio as well as the foam morphology for selected samples
is shown in Figure 5.

The effect of saturation pressure on the thermal proper-
ties of PP was studied in detail by Nofar et al. (36) using a
high-pressure DSC (HPDSC). The saturation time was varied
between 10 and 90min at a pressure of 45 bar at 140°C for a
PP–PE random copolymer. With an HPDSC, it is possible to
simulate crystallization under conditions similar to those in
autoclaves to better describe the underlying mechanisms.
Therefore, the results were similar to the previously described
autoclave experiments (33). It was also possible to find a

correlation between the saturation temperature and the
saturation pressure for the polymer type used. It was shown
that a similar peak ratio, in terms of enthalpy, can be
reached as follows:

= − +T P0.17 147.6s s (1)

where Ts is the saturation temperature and Ps is the satura-
tion pressure.

In summary, an increase in saturation pressure increases
plasticization and thus leads to a decrease in processing tem-
peratures. This trend has been reported in the literature for
PP as well as PLA.

2.2.2.2 Influence of saturation temperature
In addition to the saturation pressure, many publications
(15–17,33,35–37) also varied the saturation temperature.
Guo et al. (33) studied the influence of saturation tempera-
ture on the resulting foammorphology of different types of
PP. As an example, they showed the effect of saturation
temperature on cell density and foam morphology for a
PP–PE random copolymer. The saturation pressure was
kept constant at 50 bar and temperatures 144°C, 146°C,
148°C, and 150°C. Here, the cell density increased with
increasing saturation temperature from 144°C to 148°C.
The cell density increased from 1.4 × 109 to 9.8 × 109 cells‧cm−3,
respectively.

In contrast, Tang et al. (20) showed for PP/PLA blends
that increasing the saturation temperature resulted in a
decrease in cell density. Here, the volume expansion ratio

Figure 5: Variation of foaming pressure and temperature for EPLA bead foams and the corresponding foam morphology. Data are adapted with
permission from ref. (16). Copyright © 2015; Elsevier Ltd. All rights reserved.
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increased as well as the cell size increased. For EPC studied
by Sánchez-Calderón et al. (17), the cell size (4–5 µm) and
cell density (from 5 × 1010 to 1 × 1011 cells·cm−3) remained
almost constant with increasing saturation temperature,
while the density decreased tremendously (from 592 to
126 kg·m−3). In addition, it must be emphasized that PC
crystallized during thermal treatment and foaming chains
have time to crystallize. Figure 6 shows the bead foam
morphologies made at various foaming temperatures.

For PLA, the effect of saturation temperature on den-
sity (volume expansion ratio) was investigated by Nofar
et al. (15,16). In general, the density was lower with
increasing temperature due to the lower stiffness of the
matrix. The decrease in density with increasing satura-
tion temperature was also shown for PP/PLA blends (20)
and EPC (17). In addition, the thermal properties were
evaluated. The second melting peak shifts to higher tem-
peratures with increasing saturation temperature, while
the enthalpy for the second melting peak and the total
enthalpy of fusion decrease. These trends have been
demonstrated for various saturation pressures from 30
to 172 bar (16). These effects have also been demonstrated
for EPP (36) and EPC (17).

In general, it has been shown that the saturation tem-
perature has a major influence on the foaming behavior.
Increasing the saturation temperature can decrease
the density, while the average cell size does not necessa-
rily decrease. In addition to morphology, thermal prop-
erties are affected. To a certain extent, an increase in
the saturation temperature leads to higher melting
temperatures.

2.2.2.3 Influence of saturation time
Nofar et al. (36) studied the effect of saturation time on the
formation of double melting peaks for a random PP copo-
lymer. The saturation time was varied from 10 to 90 min at
a fixed temperature of 140°C and a pressure of 45 bar. Low
saturation times of 10 min resulted in insufficient peak
separation due to insufficient time for crystal rearrange-
ments. Longer saturation times of 20–90min resulted in
two clearly distinguishable melt peaks. In addition, the
peak area ratio shifts to higher melt peak enthalpies.
This phenomenon is due to the longer time for diffusion
and rearrangement of the crystals. In addition, the enthalpy
for the low melting peak decreases because a larger amount

Figure 6: SEM images of different EPC bead foams produced at different temperatures between 155°C and 170°C at a pressure of 12 MPa for a
saturation time of 30 min, the letter represents the processing parameter and the number the magnification. Data adapted with permission from ref.
(17). Copyright © 2021; The Authors. Published by Elsevier Ltd.
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is already crystallized as high melting peak. However, the
overall crystallinity increases with saturation time.

In contrast to EPP, the effect of saturation time on bead
properties has been studied for EPLA (15). A commercial
grade of PLA from NatureWorks LLC (Ingeo 8051D) was
modified with an epoxy-based chain extender. The satura-
tion time was varied between 15 and 60min at different
temperatures and pressures. Increasing the saturation time
resulted in crystals with a higher degree of perfection and
thus a melting peak at higher temperatures. The greater
number of perfect crystals promoted nucleation and led to
an increase in overall crystallinity. However, a decrease in
molecular weight was observed with increasing saturation
time, which may be attributed to the sensitivity of PLA to
hydrolysis. Interestingly, the expansion ratio increased with
saturation time. This relationship is shown in Figure 7.

According to Nofar et al. (15), two effects influence the
expansion. One effect is the lower molecular weight, which
favors cell growth, and the other is the increased crystal-
linity, which increases rigidity and restricts expansion. In
this case, the expansion ratio increased with saturation
time, implying that the lower molecular weight had a
greater effect on expansion than the more perfect crystals.
However, the larger number of crystals supported cell
nucleation, resulting in higher cell densities at higher satura-
tion times. Additionally, the content of open cells at different
saturation times was analyzed. Here, the higher saturation
times resulted in higher open cell contents (OCC). The lower
saturation time of 15min resulted in an OCC of 15%, while the
sample after 60min had an OCC of approximately 90%. This
was explained by the lower molecular weight (due to hydro-
lytic degradation) with increasing saturation time. Due to the

lower molecular weight, the melt strength is reduced, and the
strength of the cell walls is decreased, which allowed the cells
to break more easily.

Recently, EPC was also prepared in a stirring autoclave
(17). Here, the saturation time was varied from 7.5 to 60min
at a temperature of 160°C and a pressure of 120 bar (CO2). It
was found that crystallinity increases with saturation time
(up to 11% at 60min saturation time, at 160°C and 120 bar),
which explains the higher densities. The higher number of
crystals leads to higher strength and thus to a limitation of
expansion. However, the morphology (cell size and cell den-
sity) showed no significant influence on the saturation time.

The influence of saturation time on foaming behavior
is well known. In the case of EPP, increasing the saturation
time leads to more separated peaks. In the case of EPLA,
increasing the saturation time leads to lower densities
since PLA is susceptible to hydrolysis. Finally, for EPC, an
increase in saturation time resulted in higher crystalli-
nities that limited the expansion ratio but had no effect
on the morphological properties. However, all these studies
have shown that each material has its own characteristics,
making it difficult to compare the effects between them.
Additionally, the material properties are changing during
the saturation process, which makes it even more complex
to transfer knowledge from one to another material.

2.2.2.4 Other influencing parameters
In addition to temperature, time, and pressure during the
saturation phase, other parameters are mentioned in
the literature but are not described in detail. These include
the influence of stirring speed during saturation, outlet
geometry affecting the pressure drop rate, and the influ-
ence of material properties.

Only one publication (38) describes the influence of
agitation speed on the distribution of the µ-granules during
the process. The stirring speed was varied between 200 and
800 rpm. Up to a stirring speed of 400 rpm, the PP µ-gran-
ules are agglomerated. Thus, the buoyancy force of the
particles is greater than the suction force of the stirrer.
Higher stirring speeds resulted in good distribution in
the autoclave. It was mentioned that the distribution and
stirring speed depend on the stirrer geometry, but no
details were given about the geometry used. The impact
of stirring on heat distribution and the process itself was
not studied in detail.

Another design parameter, the outlet geometry, influ-
ences the pressure drop rate and affects the foaming beha-
vior (39). Guo et al. (38) varried the outlet by changing the
nozzle length, which mainly affects the amount of beads
discharged and the expansion ratio. Increasing the nozzle

Figure 7: Expansion ratio of EPLA bead foams for different saturation
times and temperatures. Data are adapted with permission from ref. (15).
Copyright © 2015; Elsevier Ltd. All rights reserved.
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length resulted in incomplete discharge. In addition, the
expansion ratio decreases linearly with nozzle length. In
addition to these two effects, the die length also affects the
crystalline structure. It was found that a longer die leads to
an increase in the melting enthalpies. The melting peak at
lower temperatures decreased slightly, while the melting
peak at high temperatures increased. The increase in crys-
tallinity was explained by higher shear-induced crystalli-
zation, which is more pronounced with longer dies.

In addition to the process parameters and the tech-
nical design, the material itself also has a great influence
on the foaming performance, as known from several pub-
lications (16,20,33). Guo et al. (33) studied the foaming beha-
vior of different PP-types. These types differ in composition
(type of copolymer) and thus in the melting range, MFI
(ranging from 2.2 up to 8.3 g·10 min−1), and crystallinity.
The processing window of these materials is depending
on their thermal behavior. A higher melting range of the
used polymer leads to higher processing temperature para-
meters in the autoclave process. But not only the material
itself, the type of blowing agent affects the foaming perfor-
mance. Lan et al. (37) foamed PP in the presence of CO2 and
pentane. They found that the use of pentane led to lower

processing temperatures and high expansion ratios up to
50. In contrast to that, the use of CO2 led to higher neces-
sary foaming temperatures and lower expansion ratios up
to 20.

The stirring speed, the outlet geometry, and different
polymers have been investigated in autoclave processing
(38). However, the stirring profile and outlet geometry
were not studied, and no correlation was found when com-
paring different polymers. In addition, several parameters
have not yet been studied, such as the heating profile
during the saturation step or the cooling process after
the particles are removed from the autoclave.

2.2.3 Overview of process parameters

Summarizing all the studies carried out on the production
of bead foams using the stirring autoclave process, various
polymers such as PP, PLA, or PC have been processed.
However, depending on the polymer, the processing para-
meters are different. Therefore, an overview of selected
properties is given in Figure 8. Here, each color stands
for a publication. It should be mentioned that not all

Figure 8: Comparison of density versus temperatures and pressures in scientific studies: (top) comparison of density vs pressure and (bottom)
comparison of density vs temperature.
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publications provided the exact density data. These values
were taken from diagrams or calculated from the volume
expansion ratio and the density of the compact materials.

Comparing the density with the temperature profiles
used, temperature and pressure were varied over a wide
range in the studies. The studies show that the method can
lead to very low densities below 10 kg·m−3. Regarding the
temperature variations, density changes occur in a small
temperature window, indicating the large influence of the
processing temperature. Plotting density versus pressure,
one can see that pressures from 10 to 172 bar have been
studied in the literature. This shows that the bead foams
can be produced over a wide range of saturation condi-
tions. However, a single study investigating the pressure
over a wide pressure range was not done so far.

In general, the stirring autoclave process has been
studied by several research groups. However, there is still
a lack of study on the correlation between several para-
meters and foam properties. To name one, the comparison
of temperature and pressure with foam properties is cru-
cial to enable highly efficient processes. Also, only static
saturation parameters have been studied so far and more
complex temperature and pressure regimes have not yet
been considered in scientific literature.

2.3 Welding process of bead foams

After foamed beads are produced, they are welded into a
final part according to the state of the art; the so-called SCM
is mainly used. Steam acts as a heat source and enables
rapid heat transfer and thus short cycle times (40,41). To
give an overview about the welding process, first, the the-
oretical background is given, followed by the processing
methods.

2.3.1 Theoretical background

To weld two polymers, a contact surface must be created.
Subsequently, surface rearrangement and wetting occur
(42). The welding itself is based on diffusion processes at
the interfaces of the polymers to be welded. The diffusion
of small molecules can be described by Fick’s law. How-
ever, the welding of polymers is far more complex due to
the chain structure of these polymers (43). Voyutskii pro-
duced one of the first descriptions of the adhesion behavior
of polymer systems. Among other things, he showed the cor-
relation between the contact time of the adhesive and the
part to be bonded, the influence of the bonding temperature,

and the influence of the molecular weight of the adhesive
(44). From these results, Voyutskii concluded that diffusion
plays an important role in the adhesive behavior of poly-
mers (43–46).

Several models have been established based on assump-
tions about molecular structure. The model postulated by
Rouse describes the diffusion of short-chain molecules and
polymers below their critical entanglement molecular weight
(42,47). Another established model, called the tube model (or
reptation), was developed by de Gennes (48,49) and further
modified by Doi and Edwards (50,51).

Figure 9 shows the reptation theory of de Gennes (52)
at an interface for different time scales. The polymer chain
is assumed to be in a tubular region. Due to Brownian
motion, the polymer chain replicates forward and back-
ward. After a characteristic time (trep), the polymer chain
leaves the imaginary tube without forming restoring forces
with respect to the initial state. When two polymers are
welded, the polymers must interact across the interfaces. If
two different polymers are used, the Flory interaction
parameters affect the interdiffusion of the two polymers.
For a high degree of interdiffusion, the polymers should
ideally be miscible (43).

Figure 9: Chain movement of a polymeric macro molecule in fictitious
tube. Data are adapted with permission from ref. (52). Copyright © 1998;
American Chemical Society.
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The whole welding/interdiffusion process is time depen-
dent and the corresponding models apply to different time
scales. Between t0 and te (characteristic Rouse relaxation
time), the Rouse model is valid for small molecules. For
diffusion times between te and tR (characteristic Rouse
relaxation time for the whole chain), the behavior follows
the Rouse model. The region between tR and trep follows the
Doi–Edwards relaxation theory, and for diffusion times
larger than trep, the process follows Fick’s law (42,43). A
more detailed description and corresponding equations can
be found in other publications (42,43,47,49). It should be noted
here that these relations apply to the description of amor-
phous matter systems.

2.3.2 Steam-based bead foam processing

In general, the process can be divided into five steps as
shown in Figure 10: (i) closing the cavity, (ii) injecting the
foamed beads, (iii) welding the foamed beads to a molded
part with steam, (iv) cooling/stabilizing, and (v) ejecting the
molded part (41). After closing the cavity, the foamed beads
are injected into the mold with compressed air. The cavity
is then preheated with steam flowing around. This is fol-
lowed by a so-called cross-steam phase, in which steam
flows through the filled cavity and provides the thermal
energy required for surficial softening that enables (inter)

diffusion of polymer chains across neighboring bead bor-
ders resulting in a physical bond (i.e., entanglement). This
cross-steam phase is carried out horizontally in two direc-
tions to ensure uniform heating. Finally, an autoclave
steam is used to improve surface quality. The steaming
process is followed by a cooling step in which cold water
is sprayed through nozzles to stabilize the molded part in
the cavity. Depending on the size of the molded part, cycle
times of 30 up to 90 s are common. The typical steam pres-
sures used to produce EPP parts are between 2 and 4 bar,
which corresponds to a steam temperature of approx.
130°C up to 150°C.

Three different methods can be used to fill the cavity.
These are shown in Figure 11. Pressureless filling is the
simplest method. Here, the bead foams are filled into the
cavity by applying low pressures which are usually below
0.5 bar. Another method is pressure filling of the cavity
with bead foams. The beads are transported into the cavity
and pressurized (up to 4 bar) so that they are compressed
in the mold, creating a large contact area between the
beads. This method is often used for compressible mate-
rials like EPP with a density below 100 kg·m−3. The third
method, which is also used for EPP, is the so-called crack-
filling process. Here, the bead foams are filled into the
cavity without counter pressure inside the mold. Immedi-
ately before SCM begins, the mold moves further and com-
presses the beads to achieve a high contact area. This

Figure 10: Steps of the SCM process. Data are adapted with permission from ref. (41). Copyright © 2014; Elsevier Ltd. All rights reserved.

Figure 11: Overview of different filling methods for conducting the conventional SCM process (88). Copyright © 2023; Neue Materialien Bayr-
euth GmbH.
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process is used for rigid materials, such as high-density
EPP, which cannot be compressed by higher air pressure.

In the case of EPS, a blowing agent is still present in the
bead, which evaporates due to heating during the fusion pro-
cess and leads to post-foaming of the bead foam resulting in
good contact between the loose beads (53). In the case of EPP,
there is no more blowing agent in the bead, so it does not
expand during the welding process. Therefore, the expanded
beads are compressed before or during the welding process so
that the gusset volume is reduced (i.e., the undesired voids
between the beads) (53–56). Several studies have been con-
ducted specifically on the processing of EPS. It was shown
that the steam temperature and steaming time significantly
affect themechanical properties of the component (53). During
the steaming process, the surface of the beads softens and
allows interdiffusion of polymer chains between the two
beads (16). Stupak et al. (57) show the relationship between
fracture toughness and fusion parameters. Fracture tough-
ness increased with steaming time proportional to t1,25 and
steaming pressure proportional to p6,7. The deviations from
the theoretical ratios are due to the non-ideal prevailing
wetting and interdiffusion (41,57). If the steaming time is
too long, the beads collapse and the surface and mechanical
properties are negatively affected (57).

Thus, in EPS welding, sufficient chain mobility must be
achieved by softening the polymer matrix. In the case of
EPP, the phenomena are much more complex due to its
semi-crystalline nature. To produce a good fusion in EPP,
two melting peaks are usually created during the satura-
tion step in the stirring autoclave. A schematic representa-
tion of the thermal properties and the welding profile is
shown in Figure 12.

Based on Figure 12, the fusion temperature for semi-
crystalline polymers lies between the two melting peaks.
Here, the higher melting peak (Tm2) provides stability
during fusion, while the lower melting peak (Tm1) provides
the necessary chain mobility. During the fusion, crystals
belonging to the lower melting peak are partially molten
while the crystals of the high melting peak remain (16,54,55).

A study of the fusion and the evolution of the crystal-
line structures was carried out using AFM for EPP (58).
Here, the weld line of a fused EPP part was investigated.
It was shown that the weld line between the beads is homo-
geneous, and no interface is seen in the AFM anymore. The
corresponding AFM and optical images are shown in Figure
13. These results indicate that under suitable conditions,
interdiffusion and recrystallization occur at the interface
during welding (58). These results are in good agreement
with results from Zhai et al. (55), who mimicked the bead
foam processing with a DSC.

Nofar transferred the concept of two distinct melting
peaks to the processing and fusion of PLA-based bead
foams (15,16). Here, EPLA was prepared using an autoclave
process. Two melting peaks were created in PLA, allowing
the beads to be fused together.

3 Mechanical properties of welded
bead foam

In general, the resistance to deformation and failure of
foams depend on the properties of the material the foam
is made of, the relative density, and the cell structure (59).

Figure 12: Fusion conditions for amorphous and semi-crystalline bead foams.
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The mechanical behavior of bead foams is far more com-
plex than extrusion foams. To date, the number of publica-
tions dealing with the mechanical behavior of bead foams
obtained from the stirring autoclave process is rather lim-
ited. However, the multi-step production process has a
huge influence on the mechanical properties of these
materials.

3.1 Cellular structure

Each process step has an impact on the final component
and on its cell structure, which can be generally divided
into a micro-, meso-, and macrostructure. Microstructure
refers to the cellular structure within the beads, including

the shape of the cells, the thickness of the cell walls, and
the struts. Mesostructure includes the bead walls, and the
size as well as the shape of the beads. Finally, the macro-
structure describes the overall arrangement of the beads in
the final product (60). Di Landro et al. showed that the size
of the beads affects the mechanical properties. Analyzing
the material with SEM, they found that the crushing of the
EPS cells was localized at the boundaries between the
beads. Based on these observations, it was concluded that
the size of the pre-expanded beads may affect the deforma-
tion and energy absorption capacity of EPS. For a similar
overall EPS density, smaller beads may result in a higher
buckling load, and thus greater deformation and energy
absorption capacity, than larger beads (61). Mills and
Gilchrist studied various EPP bead foams with different
bead sizes and densities. Using computational fluid dynamics,

Figure 13: (a) Optical microscope image of the interface of two foamed and fused beads (marked by arrows). (b and c) AFM images showing the
interface of two EPP foamed beads welded at 120°C and 140°C, respectively. (d) The corresponding height profiles after plasma etching to remove the
amorphous regions across the bead interfaces. (e) Schematic of the presumed structure at the interface (including re- or co-crystallization in the
interface). Data adapted with permission from ref. (58). Copyright © 2017; AIP Publishing.

Figure 14: SEM images of the fracture surface after tensile tests on EPP (191 kg·m−3). The right figure shows the trans-bead fracture surfaces in orange
(see also ref. (66)).
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they found that the air permeability of the foam increases
with the square of the bead size and the 2.6th power of the
measured porosity (62). In addition to macropores, mechan-
ical properties are dominated by the welding quality and the
density gradient due to the process (63–65).

Often three-point-bending tests or tensile tests are per-
formed to analyze the fusion quality. Then, the fracture sur-
face is analyzed by comparing the ratio between inter-bead
and intra-bead (also called trans-bead) failures, as shown in
Figure 14. The higher the percentage of internal bead fail-
ures, the better the fusion quality.

3.2 Influence of base material

In addition to the cell structure, the material from which
the foam is made, the base material, has a great influence
on the behavior of the foam. Figure 15 shows the compres-
sion and tensile stress–strain curves of EPP, EPLA, and
ETPU produced in a stirring autoclave. The tensile and
compressive properties of these foams vary widely. EPLA
and EPP exhibit compression behavior typical of a plastic-
elastic foam, while ETPU represents the category of elastic
foams (67). By comparing the tensile stress–strain curves,
the difference between the materials becomes even more
apparent. As an example, the graph shows that EPLA has
the highest stiffness, EPP has the highest tensile strength,
and ETPU has the highest elongation at break (15,68,69). It
should be noted that tensile stress–strain curves at com-
parable densities were not available for all three materials.
In addition, EPLA is a non-commercial grade, suggesting
the possibility of future improvements in its fusion quality.

Because of the different mechanical behavior of the bead
foams made of different base materials, there is a wide
range of applications. EPP, for example, is widely used as
a high-end packaging material, while ETPU is used as a
cushioning material in sports shoes (41).

3.2.1 Influence of density

As mentioned above, the density affects the mechanical
properties of foams in general. There is some work that
addresses the density influence on the mechanical proper-
ties of EPP (60,64,70–74). The influence of the density on the
compression behavior of EPP is exemplarily shown in Figure
16. It is evident that the mechanical properties like Young’s
modulus or plateau stress are depending on density.

Andena et al. (72) studied eight different densities in a
range of 20–120 kg·m−3 to compare the results with the
Ashby–Gibson model. They conclude that the model (67)
adequately but not perfectly describes the dependence of
the compressive modulus and plateau stress. It is assumed
that there is a small process-induced anisotropy that affects
the properties (72). Bouix et al. (64) studied the effects of
strain rates from 10−2 to 103 s−1 on the compression proper-
ties of six EPP foams with different densities from 35 to
150 kg·m−3. They found that higher densities led to an
increase in collapse stress for the same strain rate, and
higher strain rates resulted in higher collapse stress regard-
less of density. They hypothesized that the reason for this
increase is caused by high strain rates. These high strain
rates entrap the cell gas which counteracts the compression.
Underwater imaging at different strain levels showed that
less cell gas escapes at higher strain rates (64).

Figure 15: Comparison of the stress–strain curves in compression (left) and tensile (right) according to ref. (15,68,69).
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EPP foams are widely used in bumper cores and high-
value packaging due to their high energy absorption poten-
tial (41). The energy absorption at different strain rates was
investigated by Ruminek et al. (74) using experimental mate-
rial tests of EPP with densities between 20 and 220 kg·m−3

and numerical simulations with ABAQUS. They concluded
that both higher strain rates and higher densities lead to
higher energy absorption capacity (74).

Ge et al. studied the density-dependent compressive
and tensile behavior of ETPU with three different densities
(i.e., 240, 290, and 350 kg·m−3, respectively). As the density
increases, the tensile and compressive properties of the
foams increase. To investigate the recovery behavior, the
specimens were compressed 200 times by 60%, followed by
compression tests after 12, 72, and 144 h. The observed
exceptional recovery behavior is shown in Figure 17 (75).

3.3 Influence of temperature

Bead foams are exposed to different ambient conditions
during their service life. An interesting study from Morton
et al. (76) describes the compression behavior of EPP over a
temperature range from −30°C up to 60°C. It was found that
the collapse stress, which describes the transition point
between linear-elastic and plateau regime, increases by
110% at −30°C and decreases by 50% at 60°C compared to
23°C. The compression and tensile curves at different tem-
peratures are shown in Figure 18.

Adequate testing of thermoplastic bead foams at
different temperatures is challenging due to the large differ-
ences in foam structure, density, and low thermal conduc-
tivity. Himmelsbach et al. (70) developed an engineering
approach to minimize these effects. Herein, it was proposed
to determine the so-called heat stability temperature THS of
(extrusion and bead) foams with a two-stage test. In the first
stage, the basic compression behavior at room temperature
(according to DIN EN ISO 844) is evaluated to define an
individual test load, which is applied during the second
stage – a creep test with step-wise increased thermal load.
Different from other test methods, using this approach the
influences of the foam density and the thermal inertia
caused by the cellular structure are significantly reduced.
In Figure 19 the results for different foams are summarized;
the THS for polystyrene foams is approx. 98°C. For EPP from
the stirring autoclave (with different densities), a narrow
range of 99–107°C was measured while a bead foam made
from polybutylene therephthalate (E-PBT) exhibits a THS
of 186°C.

Besides the quasi-static properties dynamic properties
are of great importance. However, the literature on this

Figure 16: EPP with different densities according to ref. (70).

Figure 17: Compression curve (left) and recovery behavior (right) of different dense ETPU bead foams according to ref. (75).
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field is quite limited. The fatigue behavior of foams has
hardly been studied so far. Keller and Altstädt (77) inves-
tigated the influence of compressive midstress on the
fatigue behavior of EPS. It was shown that the mechanical
behavior changed from a linear behavior to “a kind of
exponential” behavior after a certain dynamic load.

4 Future trends

4.1 Digitalization

Digitization is still a comparatively young subfield of mate-
rials science but is currently gaining increasing attention.

Kimmig et al. (78) summarized the potential of digitization in
a recent review. Digital methods include machine learning
(ML), deep learning, simulation, and modeling. Recently, a
review of the application of ML to polymer design, identifica-
tion, modeling, analysis, and characterization was published
(79). However, little research has been done on the applica-
tion of ML to polymer processing for optimization of the
process parameter or the material properties.

Overall, there is little activity in the field of digital
methods related to bead foams. The ILK Dresden is working
with modeling and simulation to describe the complex
mechanical behavior of bead foams, which is determined
not only by the foam structure but also by the higher-level
structure of the bead interfaces. So-called Voronoi mosaics
can be used to take into account aspects such as

Figure 18: Compression tests (left) and tensile tests (right) of EPP (28 kg·m−3) at different temperatures ranging from −30°C to 60°C according to
ref. (76).

Figure 19: Heat stability temperatures THS obtained from a novel approach using steady creep tests with temperature steps for: (left) polystyrene
foams (extrusion and bead foams with different densities), (mid) EPP with different densities, and (right) EPP and E-PBT at a density above 200 kg·m−3

according to ref. (70).
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inhomogeneities of the cell structure and density when
describing the compression behavior (80–82). Besides the
Voronoi model, the Grain-growth model exists; both showed
good agreement with experimental data (60). Figure 20
represents a tessellation of a cube according to the Grain-
growth and Voronoi-models.

The work of Nakai et al. (56) focuses on the welding of
the molded part, here with emphasis on the steaming step
and its effects, including heat transport effects and post-
expansion. Albuquerque et al. (83) showed the potential of
using different ML techniques in predicting foam densities
as a function of polymer type and processing parameters.
However, to date, it is still a challenge to collect enough
data for ML foam processing applications.

4.2 Sustainability

Another trend that is emerging in both industry and aca-
demia is the use of bio-based materials and the reduction
of the carbon footprint. Therefore, in recent years, there
has been more research in the field of PLA. Among others,
there are some works dealing with the foaming behavior of
PLA in a stirring autoclave process like EPP (15,84). In addi-
tion, PHBV bead foams have been produced (85). However,
none of these bead foams has yet been established in the
market as a real alternative to EPP or EPS. For this reason,
research in the field of bio-based polymers is still wide.

Another area of sustainability is the recycling of bead
foams. Some publicly funded projects are looking at the
product life cycle of EPP components and recyclability. In
addition, JSP announced the commercialization of an EPP
containing 15% recycled waste in 2020 (86) and with almost
100% recycled content in 2022 (87). Since these recycling
processes are costly and affect the properties of the base

resin, the whole process is affected. Therefore, research is
needed to understand the degradation processes and how
they affect the processing behavior and foam properties.

5 Conclusions

The use of bead foams has increased in recent decades. In
particular, the stirring autoclave process for the produc-
tion of foamed beads is still of great interest to the industry
and by now is still the predominant process to obtain EPP.
This review article gives an overview of the process in
terms of principles of operation, the influence of proces-
sing parameters, fusion of molded parts, and mechanical
properties. As the first review paper on this topic, the
article gives an overview of the complete process chain.

The basic principle of the process is explained, fol-
lowed by the conventional methods of bead foam bonding.
In addition, the available studies were evaluated to gain
knowledge about the different parameters. The saturation
conditions, namely the time, temperature, and pressure,
are crucial to tune the thermal behavior of the foamed beads.
The saturation time influences the peak ratio leading to
higher enthalpies of the high melting peak with increasing
saturating time. The pressure itself is mainly changing the
processing range due to the influence on the plasticization
of the polymer. The processing temperature is affecting the
crystal structure as well as themorphology. It was shown that
a change in a few Kelvins leads to a tremendous change in
cell sizes and peak ratios. In a few scientific works it could
be shown, how the double melting peak that is created
during the saturation phase can be influenced in terms of
its extent and ratio. It is noteworthy that the literature only
describes static saturation conditions (i.e., constant tempera-
tures and pressures during the saturation period). Besides the

Figure 20: Tessellation of a statistical volume element visualizing the Grain-growth and Voronoi models. Data are adapted with permission from ref.
(60). Copyright © 2019; Elsevier Ltd. All rights reserved. (a) Grain growth model, and (b) Voronoi models.
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experiments in the autoclave, experiments with HPDSC were
described in literature to gain a better understanding of the
ongoing processes during the saturation and the underlying
mechanisms, especially in terms of the crystallization. Yet, the
formation of the double melting peak is still seen as a major
precondition for a good fusion of the beads during the
welding, determining a good mechanical performance (e.g.,
compression behavior). Both EPP and ETPU can be obtained
from the stirring autoclave process and exhibit an advanced
mechanical performance compared to EPS in terms of
repeated loading and elasticity.

Although this process is of great interest to the industry,
there are only few scientific papers, indicating a need for
research. In particular, the areas of bio-based and high-tem-
perature bead foams are of great interest due to regulations
and new processing methods. Sustainability and digitaliza-
tion will also play a more important role in the future,
similar to other material fields.
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