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Abstract Foamed materials are gaining an increased
interest due to their good mechanical properties in
relation to their low densities and an increased
industrial demand can be expected. A few less
attractive issues can however be associated with
commodity foamed products. For instance the raw-
material often originates from non-renewable, fossil-
based, sources. Furthermore, degradation in nature is
slow, therefor the disposed product is burned or end up
in landfills. One possibility to reduce the impact on
nature could be to produce foams from natural
polymers such as starch or cellulose. In this study
the possibility to produce foams from hydroxypropyl
methylcellulose (HPMC) with water as blowing agent,
by continuous extrusion, was investigated. A pre-
study using a capillary viscometer, batch-extruder,
was conducted to evaluate the foamability of HPMC.
Due to promising results further experiments were
conducted with a single-screw extruder. The goal was
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to find an adequate processing window for foaming. It
was concluded that HPMC could successfully be
foamed by continuous extrusion, although a careful
tailoring of the processing parameters was required.
Crucial parameters were here the temperature, pres-
sure and residence time distribution in the extruder.
Regions of the extruded foams were examined using
optical and scanning electron microscopy and HPMC
foams with a density in the range of that of fossil-based
polymeric foams could be produced.

Keywords Extrusion - Foaming - Cellulose
derivatives - Hydroxypropyl methylcellulose (HPMC)

Introduction

The many attractive properties of foamed materials,
such as being lightweight, having a high modulus
compared to its weight, and existing in both rigid and
flexible form, have led to an increasing use of foamed
products (Lee 2008). With applications ranging from
low cost, disposable packaging materials to advanced,
weight reducing components in the composites indus-
try an increased usage of the two most common
polymeric foams, expanded polystyrene (EPS) and
polyurethane (PU), can be expected (Defonseka
2013). Despite the advantages of using such foamed
materials some drawbacks exist. To begin with, the
raw material originates from a non-renewable
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resource and furthermore the recycling of these foams
is often difficult, uneconomical and the degradation in
nature is slow (Katsanevakis 2008). This has created a
challenge to find a sustainable alternative, a material
that is light, available in large amounts and still can
compete pricewise with the fossil-based foams with-
out exhibiting inferior properties.

Cellulose from wood is an abundant and renewable
raw material exhibiting interesting, promising prop-
erties. It has for quite a long time been considered as a
potential component in polymer-based composites
(Eichhorn et al. 2001; Klemm et al. 2011). Cellulose
has previously been used as reinforcing elements in
biopolymer foams and cassava-starch trays (Svagan
et al. 2011; da Silva et al. 2013). Furthermore, the
mechanical properties of nanofibrillar cellulose foams
have been studied (Ali and Gibson 2013) and cellulose
was also used as a filler to reduce the cost of extruded
acetylated starch foams (Guan and Hanna 2006).

Cellulose is a polysaccharide, structurally consist-
ing of a linear homopolymer backbone, formed by p-
glucopyranose units linked by B-1-4 glycosidic bonds
and can be up to 15,000 monomer units long. Since
pure cellulose is insoluble in water, different chemical
modifications are needed in order to tailor or attain
specific hydrophilic/hydrophobic properties. Water-
soluble cellulose derivatives are widely used in
industrial applications such as thickeners, binding
agents, emulsifiers, surfactants, lubricants and stabi-
lizers (Clasen and Kulicke 2001). The substitution of
hydroxyl groups in each anhydroglucose ring by
hydroxypropyl and methyl groups results in such
water-soluble cellulose derivatives.

The understanding of a foam is usually visualized
as gaseous voids, surrounded by a liquid or solid
matrix. The gas-voids can be created either by
introducing a chemical or a physical blowing agent.
Chemical blowing agents are usually mixed with the
polymer and decomposes due to the temperature
increase during the foaming process, creating the
voids. Physical blowing often includes a gas which is
dissolved in the pressurised melt which then expands
as the pressure is released, see e.g. (Lee and Pontiff
2014).

The foaming properties of hydroxypropyl methyl-
cellulose (HPMC), with water as the only blowing
agent, was previously studied in a hot-mould process
(Karlsson et al. 2015). In the present study, the
possibility to foam HPMC using extrusion was
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investigated. As an initial step, a capillary viscometer,
usually employed for evaluation of the shear proper-
ties of polymeric melts, was utilised as a foaming cell.
A capillary rheometer have also previously been used
as a foaming cell in order to study the thermal
decomposition kinetics of azodicarbonamide in high
density polyethylene with a closed die setup (Robledo-
Ortiz et al. 2008). Our capillary viscometer study was
performed in order to optimize the foam processing
parameters before moving on to a continuous extru-
sion process. Water was used as both blowing agent
and plasticizer in both processes.

The foaming ability of three grades of HPMC was
evaluated using extrusion, in batch and continuous
mode. This results in variable residence time distri-
bution (RTD) (capillary viscometer) and constant
RTD tests (single screw extruder). The produced
foams were then characterized with regard to their
apparent densities, by optical microscopy and by
scanning electron microscopy (SEM).

Experimental
Materials

Hydroxypropyl methylcellulose (HPMC) grades of
different solution viscosities (corresponding to differ-
ent molecular weights and substitution patterns) from
Shin-Etsu Chemical Co. (Tokyo, Japan) were used,
see Table 1 for details. The data in Table 1 was
provided by the supplier.

The glass transition temperatures (7,) of HPMC60-
50, HPMC65-4000 and HPM60-10000 in the dry state
were 160, 170 and 160 °C, respectively, as determined
using dynamic-mechanical thermal analysis. The
measurements were carried out using a frequency of
1 Hz and the temperature at which the stiffness started
to decrease markedly was taken as the 7.

Methods

Preparation of material

The polymer in powder form was mixed with water
using a kitchen food processer (Bosch, Germany), for

approximately 30-60 s. For the capillary viscometer,
the water content was varied depending on the
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Table 1 Tested HPMC grades

Methoxy content (%) Hydroxypropoxyl content (%)

Sample Abbreviation Viscosity (mPa s)*
HPMC Metolose/60SH HPMC60-50 50
HPMC Metolose/65SH HPMC65-4000 4000

HPMC Metolose/60SH HPMC60-10000 10,000

28.0-30.0 7.0-12.0
27.0-30.0 4.0-7.5
28.0-30.0 7.0-12.0

* 2 wt% aqueous solution at 20 °C according to the USP measuring method

Data provided by the manufacturer: http://www.metolose.jp/e/pharmaceutical/metolose.shtml

cellulose derivative in order to attain a similar jelly or
dough-like appearance of the granulates. For the
extrusion experiments, the amount of added water was
varied according to the experimental plan. The mixing
resulted in about 1-3 mm, jelly-like, white water-
containing granulates.

Pelletizing

The water-containing polymer granulates were com-
pacted to a cohesive string at 30 °C in a single-screw
extruder (Brabender stand-alone extruder, E 19/25 D,
Germany) using a compression screw (3:1 compres-
sion ratio) with the diameter D = 19 mm and the
length L = 25D. The extruder has four individually
controlled temperature zones, three in the barrel and a
fourth in the exchangeable die. The appearance of the
extruded material exiting the die had now turned from
white to transparent indicating that the polymer was
thoroughly dissolved in the water. The transparent
(non-foamed) extrudate was left to superficially dry
for about 30 min and was then pelletized with a
granulator (SG 10 Ni Dreher, Germany). The pellets
were kept in air tight plastic bags until further used.
Samples of the pellets were taken just before the
second (hot) extrusion step and the moisture content
was analysed by placing the samples in an oven
(100 °C) and recording the weight loss during drying,
until stabilized.

Capillary viscometer foaming

A capillary viscometer (Gottfert Rheograph 2002,
Germany) was used to investigate the time dependent
behaviour of the foaming process. The reason for
using the viscometer was that at constant extrusion
parameters, i.e. constant piston velocity and temper-
ature and the same die-geometry, a variable RTD of

the extruded material is obtained. Such a test readily
provides insight into the possible regimes resulting
from extrusion, including the existence of a processing
window for foaming. A 500 bar pressure transducer
(Dynisco, USA) was used to record the pressure.
Polymer mixed with water (for HPMC60-50 and
HPMC65-4000 a 1:1 mixing was used and for the
HPMC60-10000 a 4:6 parts polymer to water (by
weight) was used) was loaded into the 12 mm barrel at
room temperature using the piston to compact the
material. The material was held in the barrel for 9 min
while the temperature was increased from room
temperature to the pre-determined barrel temperature
of the experiment (160, 165 or 170 °C). The temper-
atures were selected based on previous batch-foaming
experiments of HPMC (Karlsson et al. 2015). The
material was then pressed and extruded through a
2 mm die at a piston speed of 0.2 mm/s giving a shear
rate of 230 s .

Continuous extrusion foaming

A compact single screw extruder (Brabender stand-
alone extruder, Germany), with the same compression
screw as in section Pelletizing, was used for the
continuous extrusion experiments. In contrast to the
capillary viscometer experiments, at constant process-
ing parameters, i.e. screw rotation rate, temperature
profile and die-geometry, a constant RTD is obtained.
The advantage of the set-up is that it is ideal for
continuous mass production of foamed materials. The
challenge is however, to tune the processing param-
eters to the optimal processing window for foaming,
which can prove a tedious endeavour on the extruder
due to the larger number of processing parameters
involved. In order to somewhat limit the number of
trials, four different parameters were selected to be
tested and varied in order to find the optimal
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processing conditions. The initial water contents were
45, 50 or 55 wt%. A circular die with a length of
20 mm with three different outlet diameters; 1.5, 2 and
3 mm was used. The screw rotational speeds investi-
gated were 5, 10, 30 and 50 rpm. The temperature in
the first two zones were kept constant at 70 and 100 °C
whereas the temperature of the third and fourth zones
was varied from 140 tol60 and 160 to 200 °C,
respectively. A different approach could have been
to do multivariate analysis in order to optimize the
process. This approach was used by Kumar Das in a
study of how to increase the yield of dry cell batteries
(Kumar Das 2007). For the purpose of the present
study, a somewhat more straightforward approach was
adopted here, which was regarded as adequate.

Density

The apparent density of the foams from extrusion was
determined by weight measurements and volume
approximations. The circular fragments were cut in
1 cm long pieces and divided into four categories. The
samples were categorised as either not foamed (dense
fragments about the same size or thinner than the die
diameter), thin foam (foamed, porous material about
the same size or slightly thicker than the die diameter),
thick foam (foamed, porous material, about two—three
times larger diameter than the die diameter) or
beadlike structure (dense, about double the die diam-
eter, regions with alternating dense regions about the
size of the die diameter). The weight of the fragments
was determined using a balance (Mettler Toledo
AG285, USA). The volume was determined by
multiplying the length with the cross-sectional area
of the piece. The accuracy of the volume measure-
ments was estimated to be in the range 15-20 %. In
case the sample was non-circular the diameter was
measured in the longest and the shortest point and the
used diameter was taken as an average of the two. At
least five pieces from each category were analysed.
The foam density was calculated as the measured
weight divided by the approximated volume and the
reported value was taken as an average of the five
samples in each category.

Optical microscopy

An optical microscope, SteREO Discovery. V20,
(ZEISS, Germany) was used to study the foam
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structure. A surgical stainless steel blade was used to
cut the samples into slices.

Scanning electron microscopy (SEM)

A scanning electron microscope, DSM940A, (ZEISS
Germany) was used to study the pore structure of the
foams. Thin slices were cut from the foams using a
surgical stainless steel blade and these were then
glued, using carbon glue, onto aluminium stubs. The
samples were sputter coated with gold (S150B
Edwards Sputter Coater, UK) for 1 min under vacuum
and thin carbon glue lines were made to connect the
conducting surfaces.

Results
Moisture content

The moisture content of the produced pellets was
analysed after pelletizing and storage, just before use
(second extrusion step). The measured water content
was (not surprisingly) found to be lower than the
percentage of water which was added to the mixture.
For example when 50 % water was added initially the
measured water content after pelletizing and storage
was found to be around 38 %. When 55 % water was
added initially the residual water content was about
41 %.

Capillary viscometer

From the capillary viscometer experiments it was
shown that in variable RTD tests a processing window
for foaming was detected for all three grades of
HPMC. An ideal RTD would produce a melt of
adequate viscosity (partly due to some evaporation of
water vapour) giving a foamed structure of sufficient
strength and stability, cf also (Karlsson et al. 2015).
The processing window varied depending on the
substitution and the concentration of polymer in water,
but nevertheless, implies an existence of a suitable pro-
cessing window for continuous extrusion. All three
grades exhibited a similar behaviour which could be
divided into three distinct regimes, see Fig. 1. The
cellulose derivative was in this case HPMC60-50. The
first regime occurred a few minutes after the set
temperature had been reached. It consisted of short
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Fig. 1 Schematic representation showing the principle of the
three different regimes during extrusion from the capillary
viscometer. Regime 1 consisted of short fragments being shot
out from the die under low pressures. Regime 2 consisted of a

fragments together with water vapour shooting out of
the capillary exit in short pulse intervals. The pressure
in this regime was low. This continued for some
minutes (between 7 and 14 min), sometimes with
short pauses during which no material was extruded.
At the end of this regime a pause followed under which
high pressure was built up (pressures up to 500 bars
were observed) and when released of a foamed
extrudate followed, regime 2. The length of the
foamed extrudate varied but in general this event
occurred only for a few seconds. After the foamed
extrudate another pause, of varying length, followed.
After the second pause a more or less continuous
extrudate, but not foamed, followed until the barrel
was empty, regime 3. The pressure in this regime
varied slightly but did not exceed 20 bars.

Extrusion

The polymer HPMC60-50 was chosen for the contin-
uous extrusion trials partly due to previous promising
foaming results with this substitution grade (Karlsson
et al. 2015) and partly due to the fact that preliminary
continuous extrusion trials using the same temperature

short fragment of foamed material which was extruded
following a high pressure built up. Regime 3 produced a
continuous, not foamed, extrudate under small pressure
variations. In this case, HPMC60-50 was used

profile showed vastly better results for this grade. Four
different parameters were selected to be varied during
the extrusion experiments; water content, die diame-
ter, screw rotation rate, and temperature profile.
Tables 2, 3, 4, and 5 summarise the behaviour which
was observed for the varied parameters.

50 wt% water addition seemed like the best option
and was used for further trials. Here it was noted that,
at all water contents, preliminary experiments indi-
cated that the extrudates were more homogeneous if
the temperature profile was slightly increased. This
change was implemented in the following searches for
an appropriate processing window.

The 2 mm die was selected for further experiments.

Low rotational rates were more beneficial and
therefore 5 and 10 rpm was used in further trials.

The temperature profile that seemed closest to an
optimal one was the 70:100:150:170 °C. Figure 2
shows a compilation of some selected results from the
continuous extrusion experiments depicted in terms of
the processing parameters. The regimes 1, 2 and 3
denote the same courses of events as those described in
conjunction with the capillary viscometer studies. The
left graph shows how the die-diameter (d) and screw
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Table 2 Extrusion parameters where the water content was varied

Water Die Speed  Temperature profile Observations

content diameter (rpm)  zones 1/2/3/die (°C)

(wt%) (mm)

45 2 20 60:80:130:150 Sticky and difficult to pelletize. Dry, thin strings were extruded in
combination with water vapour explosions

50 2 20 60:80:130:150 Easy to pelletize. Somewhat curly extrudate with approx. thickness of
2 mm

55 2 20 60:80:130:150 Easy to pelletize. Dry, short fragments extruded mixed with small water

vapour explosions. “Snow/popcorn”. Few, thin, continuous fragments

Table 3 Extrusion parameters where the die-diameter was varied

Die Water Speed  Temperature profile Observations

diameter content (rpm)  zones 1/2/3/die (°C)

(mm) (Wt%)

1.5 50 20 60:90:140:165 Short, continuous, pieces of extrudate (approx. 10 mm length) in

combination with water vapour explosions. Short slightly expanded
pieces (approx. 40 mm) in combination with water vapour explosions

2 50 20 60:90:140:165 Short pieces of extrudate (approx. 5-10 mm length) in combination
with water vapour explosions. Some continuous, curly extrudate,
approx. 2 mm thickness

3 50 20 60:90:140:165 Short pieces of extrudate (approx. 5-10 mm length) in combination
with water vapour explosions. Some continuous, curly extrudate,
approx. 2-3 mm thickness

Table 4 Extrusion parameters where the rotational speed was varied

Speed Die Water Temperature profile Observations
(rpm)  diameter content zones 1/2/3/die (°C)
(mm) (wt%)

5 2 50 70:100:150:165 Approx. 50 mm pieces of continuous foamed extrudates. Somewhat
less frequent water vapour explosions

10 2 50 70:90:150:165 Short pieces of foamed extrudate (approx. 10 mm length) in
combination with water vapour explosions

30 2 50 70:90:150:165 Short pieces of extrudate (approx. 10 mm length) in combination with
water vapour explosions and smaller fragments, “snow”

50 2 50 70:90:150:165 About ten short pieces (approx. 40-50 mm) of foamed material before

die exit blocked, no material exits

rotational rate (n), in relation to temperature in the exit Apparent density of foams

die-zone (zone 4), affect in what regime the extrusion

takes place. The right graph shows how r in relation to The apparent density of extruded samples from five
d affects in what regime the extrusion takes place. different experiments was calculated using weight and
Regime 2, denoting a significant foaming, is here the volume approximations. The results are shown in
desired result. Fig. 3. Note that in the present case, the foaming is not
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Table 5 Extrusion parameters where the temperature was varied

Temperature profile Speed Die Water Observations
zones 1/2/3/die (°C) (rpm) diameter content
(mm) (wt%)
70:100:150:160 10 2 50 Long, thin (approx. 1.5 mm) continuous fragment followed by smaller
water vapour explosions and approx. 40 mm long fragments
70:100:150:165 10 2 50 Approx. 40 mm thin (approx. 3 mm) foamed fragments separated by
water vapour
70:100:150:165 5 2 50 40 mm long, thick (approx. 5 mm), foamed, pieces separated by
nodes of more dense material. Less vapour disruptions
70:100:150:170 5 2 50 40-50 mm long, thick (approx. 5-6 mm), foamed, pieces separated by
nodes of more dense material and vapour
70:100:150:180 5 2 50 Continuous extrudate although instabilities in the flow. Extrudate had
a bead like shape (approx. 4 mm in thick region and 2 mm in thin
region) intertwined with some foamed regions
70:100:150:200 5 2 50 Mostly continuous extrudate with the bead like shape, (approx. 4 mm
in thick region and 2 mm in thin region)
70:100:140:170 5 2 50 Thin pieces (approx. 2-3 mm) foamed material of approx. 40-50 mm
length was extruded and separated by water vapour explosions
70:100:145:170 5 2 50 Thin pieces (approx. 2 mm) foamed material of approx. 40-50 mm
length was extruded and separated by water vapour explosions
70:100:155:170 5 2 50 40 mm long, thick (approx. 5-6 mm), foamed, pieces separated by
nodes of more dense material. Some water was circulated backwards
making the feeding more complicated
70:100:160:170 5 2 50 50 mm long, thick (approx. 5 mm), foamed, pieces separated by
nodes of more dense material. The dense regions were more
frequent than for the lower temperatures. Water was circulated back
towards the extruder entrance making the feeding very difficult
O Regime1 O Regime1
O Regime 2 O Regime 2
A Regime 3 A Regime 3
— 50 —
=0 © © 7,=165°C
E 30— @)
£ ] 0
< 10— o o B A %0
5 — O ’g
£ 20— © ) @)
<
8— o
. 10 — O
£
£ 27 o
-] 5 — O
1.5 — ©
[ | | I o [ [ |
165 170 180 200 T4 (°C) 1.5 2 3 d(mm)

Fig. 2 Compilation of some of the results from the continuous
extrusion experiments showing the characteristic regimes
obtained: Left Depending on die-diameter (d), screw rotational

only the result of an expansion but also due to
evaporation of quite large amounts of water; still
without a collapse of the formed cell structure. Three

rate (n) and temperature in the exit die-zone (zone 4) chosen.
Right Depending on screw rotational rate (n) and die-diameter

(d)

specimens are from thin foamed samples, columns
one, three and four. Column two represents the not-
foamed sample, column five the thick foamed sample
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Fig. 3 Bar chart displaying an average density of five
measurements from six different experiments. Column one,
three and four represents thin foamed samples. Column two
represents not foamed sample. Column five represents thick
foamed sample and column six represents the beadlike sample

and finally column six represents the sample with the
beadlike structure. The specimens corresponding to
columns 1, 3, 5 and 6 were produced with a screw
speed of 5 rpm and the others with 10 rpm. Obviously,
the processing conditions had a clear influence on the
density of the foamed polymer; i.e. the density could
be varied within a range of at least 0.01-0.22 g/cm”.

Optical and scanning electron microscopy

Samples from the not-foamed, thin-foam and thick-
foam categories were cut and analysed using optical
and scanning electron microscopy. The results are
shown in Fig. 4. Figure 4a, b show the denser
structure of a sample which was categorized as thin-
foam by optical microscopy and SEM, respectively.
The material was HPMC60-50 and had been extruded
with a temperature profile of 70:100:155:168 °C.
Figure 4c, d are optical and SEM micrographs,
respectively, of an HPMC60-50 sample extruded with
the temperature profile of 70:100:150:165 °C. This
foam was categorised as thick-foam. Figures 4e, f are
optical and SEM micrographs of HPMC60-10000
extruded with a temperature profile of
70:100:150:165 °C. This sample was considered as
not-foamed, although it contained a few large voids or
cracks.
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Discussion
Foaming in the capillary viscometer

The results from the capillary viscometer indicate that
there exists a set of “extrusion” processing parameters
for which a processing window for foaming can be
detected. The method, however, is susceptible to
repeatability issues. Regime 2 is obviously the desired
one and therefore the processing conditions at that
point served as the basis for the development of
experimental parameters for the continuous extrusion.
However, a direct correlation between the two exper-
iments is not straightforward. One possible hypothesis
regarding the sharp increase in pressure, which
marked the beginning of regime 2, could be that this
observed pressure might be due to an increase in the
viscosity of the material following that the ideal RTD
is approaching. The increased viscosity could cause
the material to block the outlet and the elevated
pressure is thus needed to extrude the foamed material.
One noticeable observation in regime 3 was that the
colour of the material changed from white to slightly
yellow—brown, indicating that some degradation
might have taken place after exposure to the high
temperature for a longer time (up to 20 min). This was
also taken into consideration for the extrusion
experiments.

Continuous foam extrusion

Preliminary extrusion showed that the most promising
results were obtained for the HPMC60-50 derivative,
using the same temperature profile, and therefore it
was selected as the sole candidate for the further
extrusion experiments.

From the moisture content experiments it was
decided that 50 wt% water addition was the best
option. It was easier to pelletize and the extrudate was
thicker and more continuous than with the higher or
the lower water content. Based on the die-diameter
experiments the 1.5 mm die gave slightly more
foamed specimens although the differences were not
large. Theoretically, the smallest die should also give
the largest pressure drop, which is believed to be
important with regard to the foaming (Sauceau et al.
2011). However, the information obtained at different
screw speeds was opposite to the expected outcome,
i.e. the highest speed (50 rpm) was expected to
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Fig. 4 Images showing the internal pore structure of extruded
samples. a Optical microscopy image of HPMC60-50 with
temperature profile 70:100:155:168 °C. b SEM image of
HPMCG60-50 with temperature profile 70:100:155:168 °C.
¢ Optical microscopy image of HPMC60-50 with temperature

generate the largest pressure drop, which was believed
to be beneficial for foaming, but this was not the case.

The fine tuning of single screw extrusion process-
ing parameters has to be understood in terms of the
interplay between the residence time distribution
(RTD) and pressure as fundamental requirements for
foaming of HPMC. In the limit of the processing
parameters range investigated, successful foaming
results (i.e. regime 2) suggests that low screw rotation
rates ensure the right RTD for obtaining a suitable vis-
cosity that leads to foaming. In terms of die diameter,
at the low end, the d = 1.5 die mm results in the
possibility of obstructing the die entrance making
experiments difficult to perform. At the other extreme,
non-foamed extrudates (d = 3 mm), suggest that
sufficient pressure was not generated.

In the continuous extrusion, the polymer expansion
takes place under dynamic conditions and the water

1000 pm

500 pm

profile 70:100:150:165 °C. d SEM image of HPMC60-50 with
temperature profile 70:100:150:165 °C. e Optical microscopy
image of HPMC60-10000 with temperature profile
70:100:150:165 °C. f SEM image of HPMC60-10000 with
temperature profile 70:100:150:165 °C

content was much lower than in the static experiments
reported by Karlsson et al. (2015). However, it is
interesting that the best foaming result obtained with
HPMC60-50 in the static foaming was obtained at a
temperature of 170 °C. This is also the temperature
range in the last section of the extruder barrel and the
die that produced the best foams in the continuous
extrusion. Although it was difficult to sustain a steady
continuous extrusion foaming for an extended time
with only water as the blowing agent, the micrographs
of the internal pore structure clearly showed that
HPMC is a suitable material for foaming applications,
it all comes down to finding the right processing
conditions. Since the evaporation of water at the high
processing temperatures is difficult to control and
predict, addition of an additional blowing agent could
be one way to obtain a more continuously foamed
extrudate.
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Apparent density

Polyurethane foam comes in a variety of different pore
sizes, with hard or soft character, open or closed cell
structure and with densities ranging from low values
up to about 0.7 g/lcm® depending on the grade and
application (Calvert et al. 2010). Commercial EPS
often has a density of about 0.01-0.025 g/cm?,
(Samper et al. 2010) and polyethylene foams were
reported to have a density of 0.025 to 0.33 g/cm’
(Biron 2013) depending on production technique. As
can be seen from the apparent densities displayed in
Fig. 3, the extruded foam densities are in the same
range as several commercial foams. Since density is
one of the most important characteristics for foams,
these results indicate potential for use of this material
in foamed applications.

Conclusion

In this paper it was established that a processing
window for foaming of HPMC exists and the relevant
parameters have been evaluated. From the capillary
viscometer experiments it was concluded that with an
appropriate water content and adapted residence time
and temperature it was possible to produce foams from
HPMC with a small batch extrusion technique. It was
also shown that foams of adequate densities could be
produced with a continuous single-screw extruder.
Extrusion thus seems to be suitable for producing
foamed material from HPMC. It can be assumed that a
further fine tuning of the processing parameters in
terms of RTD, temperature and pressure might result
in a continuous, steady foaming of HPMC, possibly in
combination with an alternative blowing agent.

The purpose of this paper was to contribute with
knowledge about alternative, renewable materials
which can be manufactured into foamed materials
using common polymeric processing techniques. A
careful tailoring of processing parameters is important
in order to obtain a maximal expansion ratio of the
material. It was difficult to sustain a steady continuous
extrusion foaming for an extended time and it is
believed that addition of a complementary blowing
agent could be needed in order to achieve this.

@ Springer
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