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Abstract

The physical properties of microwave-foamed starch-based pellets, including density, porosity, cell structure, water absorption characteristics
and mechanical properties were characterized. It was found that the physical properties of these starch-based foams produced by microwave
heating are highly dependent on the raw materials and additives. Foam density decreased significantly after addition of 5.5-10.5% w/w salts, while
foams containing nucleation agent (talc) were denser than the control with reduced cell size. A proprietary blowing agent did not affect the foam
density markedly. Addition of salts also increased the water sorption of foams and plasticized cell walls. Mechanical behaviour of foamed pellets
can be adjusted effectively by controlling the cell structure through using different additives. Mechanical properties of the foamed pellets in the
elastic region as well as under large deformation (up to 40% strain) all follow a power—law relationship with foam density.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, many biodegradable polymers have been
developed for packaging applications. These materials are
designed to be compostable so as to facilitate waste manage-
ment by composting and reduce landfill.

Starch has been used widely as a common raw material in
these biodegradable polymers. They can used in the forms of a
biodegradable filler (Kim & Lee, 2002), a thermoplastic starch
(Baumberger, Lapierre, Monties, Lourdin, & Colonna, 1997), a
compound with synthetic polymers (Petersen, Nielsen, &
Olsen, 2001; Ratto, Stenhouse, Auerbach, Mitchell, & Farrell,
1999) or a raw material to produce a synthetic polymer such as
polylactic acid through bio-processing (Vink, 2001).

Polymer foams, among polymers in films, sheet and
moulded forms, have been widely used for packaging. This
generates a large quantity of household waste (Klingbeil, 2000)
and raised concerns over their impact on the environment
(Wasteline, 2002) and tightening of legislation (Packaging and
Packaging Waste Directive 94/62/EEC and UK Packaging
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Regulations, 1998). Various starch-based foams have been
developed to provide biodegradable alternatives.

As an alternative to polymer foams such as expanded
polystyrene (EPS), loose-fill (foamed chips for filling space
around goods within a packing box) extruded from thermo-
plastic starch is probably the most successful application of
starch-based material in cushion packaging. Several patents on
the extruded foams based on starch and blends of starch with
various additives have been filed (Bastioli, Bellotti, Del
Giudice, Lombi, & Rallis, 1994; Bastioli, Bellotti, Del Tredici,
Montino, & Ponti, 1998a; Bastioli, Bellotti, Del Tredici, &
Rallis, 1998b; Bellotti, Bastioli, Rallis, & Del Tredici, 1995;
2000; Lacourse & Altieri, 1989; 1991; Xu & Doane, 1997;
1998) and the material is commercially available. Considerable
effort has been made to study the influence of extrusion
conditions, moisture content and composition on the physical
properties of starch-based foams (Bhatnagar & Hanna,
1995a,b; Cha, Chung, Seib, Flores, & Hanna, 2001; Fang &
Hanna, 2001a,b; Tatarka & Cunningham, 1998; Willett &
Shogren, 2002).

Moulded foam trays have been developed based on baking
technology (Shogren, Lawton, & Tiefenbacher, 2002) and are
commercially available. Batter is foamed up and dried within
heated moulds to foam thin-shelled containers similar to the
process for making ice cream cones. The foam structure is
featured by a highly porous centre sandwiched by much denser
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skin layers. The technology is somewhat limited by the slow
processing rate necessary to dry off the moisture in the batter,
which in turn restricts the maximum wall thickness of the
foams.

Technologies for producing bulk starch forms have also
been developed. Corrugated foam planks (Lye, Lee, & Chew,
1998) made by extrusion foaming of modified cornstarch have
been shown to have good cushion performance. The high foam
density and cost of the materials, however, have somewhat
restricted their widespread applications in packaging. Block
foams have been made by combination of extrusion foaming
and adhesion technology (Wang, Song & Kang 2001, 2002).
The foams are of lower density and made from low cost wheat
flours. When combined with other materials to form light-
weight sandwich composites, mechanical properties and
resistance to water attack can be drastically enhanced (Song,
2005).

Among the physical properties of starch-based foams,
mechanical properties have an important impact on their
practical applications. For protective or cushion packaging, it is
desirable that foams are able to absorb impact energy by
compression and recover to their original dimensions after
impact. Therefore, uniaxial compression tests should be carried
out to assess the mechanical properties relevant to cushioning
applications, such as compressive modulus of elasticity,
compressive strength and deformation energy. Since, the
mechanical properties of starch-based foams are dependent
on the structure (related to density or expansion ratio during
processing) and cell wall material which are in turn determined
by processing conditions and compositions, it is necessary to
study the relationship between composition, structure, and
mechanical properties, which could provide a route to improve
mechanical properties of starch-based foams through adjusting
their formulation and structure.

Moulded starch block foams are highly desirable in order to
provide biodegradable counterparts to moulded polymeric
foams. Recently, a microwave foaming process has been
described for making moulded starch foams from extruded
pellets (Zhou, 2004). This involves converting starch-based
raw materials into pellets by extrusion processing and foaming
the extruded pellets by microwave heating. The effects of
various additives, including blowing agent, nucleation agent
and microwave energy absorbent, on the microwave foam-
ability of the extruded pellets were also investigated. The
microwaveable starch pellets are compact for transportation
and storage and can be expanded using microwave when
needed. They may be formulated to produce microwaveable
snacks in food industry. In non-food applications, free-flowing
foamed balls may be produced for loosefill packaging. When
the pallets are foamed in a mould, lightweight mouldings can
be produced in forms of containers, end caps, edge or corner
cushion pads for protective packaging, which are difficult to
produce with extrusion foaming technology. In this paper,
physical properties of microwave-foamed extruded pellets
made from different raw materials and various additives were
characterized in order to better understand how the raw
materials and additives influence foam structure and properties.

2. Experimental details
2.1. Raw materials and additives

Two types of wheat flour were used (referred hereafter as
Temple and Superfine flours). These raw materials were
supplied by Heygates Limited (Northampton, UK). Based on
the information from the supplier, the Temple flour contains 9—
10% protein and about 11-14% moisture, while the Superfine
flour contains 7.5-8.5% protein and about 11-14% moisture. A
purified wheat starch, Meritena 200, produced by Amylum
Europe NV, Belgium, supplied via Heygates Ltd, was also used
as a raw material.

Calcium chloride (CaCl,) and sodium chloride (NaCl) were
supplied by Sigma. Hydrocerol® BIH (Clariant), a blowing
agent which decomposes at temperatures above 160 °C was
supplied by Alfa Chemicals (UK). A talc powder (FINNTALC
M50) with an average particle size of 22 um was supplied by
Omya UK Limited (Surrey, England).

2.2. Extrusion and microwave foaming

A Betol BTS40 twin-screw co-rotating extruder with 40 mm
diameter, 870 mm long screws and a single 4 mm diameter die
was used for the extrusion. The screws consisted of: 545 mm
24-mm pitch screws; 120 mm 16-mm pitch screws; 45 mm
mixing element; 160 mm 16-mm pitch screws. The barrel
consisted of five sections, each with independent temperature
control. To prepare unexpanded pellets, barrel sections 1-5
were maintained at 60, 80, 120, 80 and 70 °C, respectively. A
screw speed of 100 rpm was used. Flour and water were fed
independently to give an overall feed rate of 145 g/min and an
overall water content of 22.8% w/w (wet weight basis). Once
stable extruder operation was achieved, as judged from
constant torque and product output, extrudates were collected.
Once cooled these were manually cut into cylindrical pellets
about 4 mm long. These were further dried in the laboratory
atmosphere (about 23 °C, 40-50% RH) to moisture contents of
12-13% wiw.

The addition rates of the additives were: Hydrocerol BIH,
1.5% w/w (following the manufacturer’s recommendation);
talc (two addition rates), 0.8% w/w and 2.2% w/w; and NaCl
and CaCl,, 5.5% w/w and 10.5% w/w, respectively (Zhou,
2004).

Microwave foaming tests were carried out in a combined
microwave oven (Sharp R-8720M, 1000W), which allowed
both convection hot air and microwave heating. Ten pellets
were placed in a Pyrex Petri dish, preheated to 165 °C as
measured by a non-contact infrared thermometer (Raytek®
Raynger® ST6™, Santa Cruz, USA), and located at the
centre of the rotating plate in the microwave oven, then
heated by microwaves at full power. About 50-65s was
required to foam the pellets, depending upon their
composition. Excessive heating, which lead to burning of
the pellets, was avoided.
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2.3. Determination of density

The density of the pellets before and after foaming were
measured by placing ten pellets in a graduated cylinder, then a
known volume of 60-mesh solid glass beads, V,, (BDH
Chemicals Ltd, Poole, England) was poured into the cylinder.
The total volume of glass beads and pellets, V;, were recorded
after tapping the graduated cylinder for 1 min. The volume of
pellets, V,,, was calculated by subtracting Vg, from V;. The
density of the pellets was calculated from the mass of pellets
divided by V,. Microscopic examination showed that the
foamed pellets were not uniformly dense and had a denser skin
layer on their surface. The density of the core material without
this skin was obtained by using callipers to measure flat-
surfaced rectangular prism-shaped samples of the core material
cut from foamed pellets (the glass bead displacement method
being inapplicable to these samples as the beads are able to
penetrate into the voids). Ten replicates for each formulation
were measured.

2.4. Scanning electron microscopy

Foamed pellet samples for scanning electron microscope
(SEM) observations were sectioned with a single-edged razor
blade. Samples were then mounted on aluminium stubs with a
graphite-filled double-sided adhesive tape, and coated with
gold in a SEM sputter coating unit, then examined with a
Cambridge Stereoscan scanning electron microscope (250
MK?2 Cambridge, England).

2.5. Measurement of moisture sorption isotherms

For the measurement of moisture sorption isotherms of
foamed pellets, the samples were placed in the desiccators
containing saturated salt solutions in distilled water (LiCl,
MgCl,, NaCl and BaCl,), and weighed daily until the weight
became constant (in about 8 days). These samples were then
dried in a vacuum oven under full vacuum at 85 °C for 8 h,
cooled to room temperature and held for another 16 h with the
vacuum pump on. The equilibrium moisture contents (EMC) of
foamed pellets at different relative humidities were calculated
based on Eq. (1) using the equilibrium wet weight, W,,, and the
dry weight, Wy:

Ww B Wd

EMC = ——— 1
W, ey

2.6. Characterization of mechanical properties of the foams

For compression tests, a single-edged razor blade was used
to cut rectangular prism-shaped samples from the foamed
pellets, using a slicing motion to avoid crushing the foam cells.
In addition to producing a regular shape this removed the dense
skin of the foamed pellets. The height of sample was 10 mm,
the cross sectional areas of the samples were dependent on the
available size of the foamed pellets. It ranged from 45 to
65 mm? for Temple/talc pellets, which have the smallest

expansion ratio, and 110-160 mm? for Superfine flour pellets,
which have the largest expansion ratio. All the specimens were
placed in a controlled environment (20-22 °C and 50% relative
humidity) for 10 days prior to testing.

A Hounsfield universal testing machine (Model H10KT,
Hounsfield Test Equipment Ltd, Surrey, England) with a 100 N
load cell and a 25 mm diameter cylindrical plate were used to
compress the samples to achieve a deformation of 50% of their
original dimension at a 10 mm/min deformation rate. Accord-
ing to British Standard BS ISO 844:2001 (E), compressive
modulus of elasticity of samples was calculated based on the
slope of initial linear portion of load-displacement curves.
Compressive strength was determined by dividing the peak
force reached within 10% deformation by the corresponding
cross-sectional area of the sample. For samples without a peak
stress under 10% deformation, the compressive stress at 10%
deformation was taken as the compressive strength, as
suggested in the British Standard. The absorbed energy during
elastic deformation (‘elastic deformation energy’) was
obtained from integration of the area under load-displacement
curve to the load peak and then normalised by the initial sample
volume. For specimens without a load peak in the studied strain
range, 10% was selected as the corresponding point for the
calculation. The compressive stress at 40% strain was recorded
as a measure of load-bearing capacity of the foam during
plastic deformation and deformation energy, which represents
the energy absorption during the dominating plastic defor-
mation was obtained in the similar way as elastic deformation
energy using the integration of the area under load-
displacement curve up to 40% strain.

Some commercial protective packaging materials, EPS
cushion block and starch-based loose-fill prepared by extrusion
foaming, were also tested for the purpose of comparison. The
EPS block samples with density of 0.0195 g/cm® were
rectangular prisms, 10 mm high and about 60 mm? cross
sectional area. The wheat flour loose-fill samples with density
of 0.0127 g/lem® (Green Light Products Ltd, UK) were
cylinders 10 mm high and about 15 mm in diameter.

3. Results and discussion
3.1. Density of foamed pellets

Fig. 1 shows the dependence of the densities of foamed
pellets made from five different formulations on the pellet
moisture content prior to microwave foaming. The data
indicate that the lowest density foams for all the individual
formulations are achieved when foaming is carried out at about
10% w/w moisture content. The lowest densities of micro-
wave-foamed extruded pellets, ranged between 0.114 g/cm’
(Superfine flour) and 0.145 g/cm® (Temple flour), are signifi-
cantly denser than commercial extruded starch-based loose-
fills with densities typically between 0.0167 and 0.0226 g/cm’®
(Tatarka et al., 1998). This disparity is attributable to the
difference in expansion ratio during the foaming process and
the existence of a denser skin layer in the microwave-foamed
pellets (see Fig. 2). The formation of this denser skin layer is
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Fig. 1. The densities of pellets microwave-foamed at different moisture
contents.

likely to have resulted from moisture loss from the surface of a
pellet during heating and hence a reduced driving force for
foaming in this region.

The data in Fig. 1 indicate that addition of 5.5% w/w NaCl
or 10.5% w/w CaCl, has significantly reduced the density of
the foamed Temple flour pellets, from 0.145 to 0.095 and
0.092 g/cm®, respectively. Since no attempts were made to
optimize the formulation variables, there should be a scope for
further reduction in density.

Fig. 3 presents the means and standard deviations of the
densities of microwave-foamed pellets (maximum expansion)
from various formulations with the denser skin layer
removed and conditioned at 50% relative humidity. The
data in Fig. 3 and Table 1 indicate that after removing the
denser skin layer, the densities of some of microwave-
foamed pellets, such as those made from the Superfine flour,
purified wheat starch and Temple/CaCl,, are very close to
the upper range of density of some extruded starch foams
(Willett & Shogren, 2002). These results clearly demonstrate
the significant contribution of the denser skin layers to the
overall high density of the microwave-foamed pellets.
Thickness of the skin layer relative to the radius of a
spherical foamed pellet can be estimated assuming that a
foamed core is enclosed by a solid skin layer with a density,

S00HM

Fig. 2. Scanning electron micrograph of the denser skin layer of microwave-
foamed Superfine flour extruded pellet.

Fig. 3. Densities of microwave-foamed pellets once the denser skin layer is
removed.

ps of 1300 kg/m* using Eq. (2):

113

LA (u) , @)
r Ps — Pc

where ¢ is the thickness of skin layer; r is the radius of a
spherical foamed pellet; p; is overall density of the foamed
pellet and p. is the density of the foamed core with skin
removed. The results are also presented in Table 1. It is
interesting to note that low relative skin layer thickness is

achieved for those pellets with high expansion ratio (or low
density).

3.2. Cell structures of foamed pellets

SEM micrographs of cross-sections of foamed pellets with
three different raw materials at maximum expansion are shown
in Fig. 4. The cell structures and cell section sizes of these three
foams are quite different. The sectioned cell section sizes are
estimated about 0.2-2, 0.5-3 and 1-4 mm in diameter for
Temple flour, Superfine flour and purified wheat starch foams,
respectively. Moreover, the percentage of large sized cells in
Superfine flour and purified wheat starch foams is much higher
than that in the Temple flour foam. The finer cell structure in
Temple flour foam is probably due to the presence of bran in

Table 1
Effect of formulation on density at maximum expansion for the microwave-
foamed pellets at optimal moisture content

Foam Density of Density with Skin thick-
foamed pellets, skin removed, ness/radius
I (g/cm3) Pe (g/cm3) of foamed
pellet, #/r (%)
Temple 0.150 0.079 2.0
Superfine 0.114 0.063 1.4
Starch 0.139 0.063 2.1
Temple/NaCl 0.095 0.069 0.7
Temple/CaCl, 0.092 0.060 0.9
Temple/BIH 0.144 0.080 1.8
Temple/talc (0.8%) 0.165 0.093 2.0
Temple/talc (2.2%) 0.188 0.113 2.1
Loose-fill 0.0167-0. - -
0226*

# After Tatarka & Cunningham, 1998.
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Fig. 4. Scanning electron micrographs of cross-sections of foamed pellets with different raw materials: (a) Temple flour, (b) Superfine flour, (c) purified wheat starch,

(d) cell wall in temple foam shown in (a) at higher magnification.

the Temple flour, which could act as nucleation agent. The cell
wall thickness for Temple flour, Superfine flour and the purified
wheat starch foams were all around 10-40 um.

Fig. 5 shows the SEM micrographs of foamed Temple
pellets with different additives. There is no marked change in
the foam structure when the blowing agent BIH is used (see
Fig. 5(a) and (b)). BIH is added as a blowing agent in addition
to the main blowing agent (moisture) intended to provide
additional driving force for foaming. Although it is stated by
the manufacture that BIH decomposes at about 160 °C, no
information on the kinetic characteristic of the decomposition
is available. It is possible that decomposition did not take place
to a significant level to build up internal gas pressure to assist
the foaming process during the short period when the pellets
are between the nominal decomposition temperature, 160 °C
and the foaming temperature. The maximum foaming
temperature for the pellets is estimated to be 195 °C based on
measurements of glass transition temperature of the pellets,
which range from 65 to 95°C (Zhou, 2004) and the
observations that foaming temperature of starch materials is
up to 100 °C above their glass transition temperature (Chen &
Yeh, 2000). However, the addition of talc powder has
significantly reduced the size of the foam cells, and the
average cell section sizes decrease with increasing talc powder
concentration (see Fig. 5(a), (c) and (d)). For the foam with
0.8% w/w talc powder, the cell section diameters are in the
range of 0.2-0.8 mm in diameter. While for the foam with
2.2% wlw talc powder, the cell section diameters are in the
range of 50 pum to 0.5 mm.

The addition of NaCl and CaCl, gives rise to a marked
increases in expansion ratio as stated earlier and in cell sizes of

the Temple flour foams (see Fig. 5(a), (e) and (f)). Since the
cell cavities are deep and some cells are interconnected, it is
difficult to estimate the cell size range in Temple/NaCl and
Temple/CaCl, foams. The large cell sizes in the foams with the
salt additives are thought to result from the more effective
microwave energy absorption arisen from the addition of salts
(Metaxas & Meredith, 1983) and hence more rapid heating and
low moisture loss by diffusion. It was observed that it took
about 30 s for the pellets with the salts to foam compared with
45-60 s for those without the salt additives. This may have
given rise to higher water vapour pressure in the foam cells
causing them to grow to larger sizes.

3.3. Water sorption characteristics of foamed pellets

Fig. 6 shows the water sorption isotherm measured at room
temperature for foamed pellets made from Temple flour,
Superfine flour, purified wheat starch, Temple/NaCl and
Temple/CaCl,. The water sorption isotherms are almost the
same for the wheat flours (Temple and Superfine) and purified
wheat starch. The EMC of foamed wheat flours and purified
wheat starch ranged from about 5% at 11% RH to about 21% at
93% RH. The foamed wheat flours and wheat starch can absorb
more than twice the moisture at 93% RH than that at an average
environment humidity (50% RH). It is interesting to note that
the EMC increases almost linearly below 78% RH and then
sharply at RH greater than 78%.

Comparing with foamed pellets without salts, the addition
of salts raised the capacity of water absorption. Although 5.5%
w/w addition of sodium chloride did not change significantly
the EMC of the Temple/NaCl foam at lower humidity levels, at
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Fig. 5. Scanning electron micrographs of foamed temple pellets with various additives: (a) Temple; (b) Temple/BIH (1.5% w/w); (c) Temple/talc (0.8% w/w); (d)
Temple/talc (2.2% w/w); (e) Temple/NaCl (5.5% w/w); (f) Temple/CaCl, (10.5% w/w).

higher humidity levels, however, this addition did increase the
EMC markedly. The addition of 10.5% w/w calcium chloride
has significantly increased (over 50%) the EMC of the
Temple/CaCl, foam at various levels of humidity by
comparing with the Temple flour foam. This, as will be
discussed in Section 3.4, has a marked influence on
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Fig. 6. Water sorption isotherms for the microwave-foamed pellets with
different compositions at room temperature.

the flexibility of the foam equilibrated at typical environmental
humidities.

In addition to significant effects on the EMC of the foamed
pellets, relative humidity affects the cell structures of the
foams. It was noticed that the size of foamed pellets reduced
and became denser when treated at 93% RH during the
moisture equilibrium tests, especially for Temple/NaCl and
Temple/CaCl, which absorbed more moisture. While at 11—
78% relative humidities the foamed pellets without salts have
hardly any change in size, the foamed pellets with salts,
however, have a noticeable shrinkage at 78% RH. This
shrinkage in the foam volume at the higher moisture content
is clearly caused by the plasticizing effect of the absorbed
moisture, which enabled the relaxation of tension within cell
walls originated during the foaming process and possibly
collapsing of some cells.

3.4. Mechanical properties

Fig. 7 shows the typical compressive stress—strain curves for
the microwave-foamed pellets produced from different raw
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Fig. 7. Comparison of typical compressive stress—strain curves (22 °C, 50%
RH) for the microwave-foamed pellets made from different raw materials with
commercial protective packaging materials.

materials. Generally, the stress increases linearly with the
strain initially typical for elastic deformation. With further
compression, the stress increases non-linearly and reaches a
peak value during which, buckling of cells can be observed.
The compressive stress then decreases slightly as the result of
the cell wall collapsing across the specimen at the peak stress.
This is followed by a steady increase of the stress as the cells
collapse progressively throughout the specimen giving rise to
an increase in foam density. During this process, for all the
samples made from the purified wheat starch and some samples
of the Superfine flour, there are some abrupt changes in stress
accompanied by the noise of cell collapse. These foams had
coarser cell structures than the Temple flour foams. Collapse of
any individual large cell therefore has a marked effect on the
stress.

For comparison, the compressive stress—strain curves of
some commercial foams for protective packaging, samples
from expanded polystyrene (EPS) cushion block and a wheat
flour loose-fill, are also presented in Fig. 7. The most marked
difference in the stress—strain behaviour between the micro-
wave foamed pellets and the commercial products is that there
is no stress peak under 50% strain for the EPS block and the
wheat flour loose-fill. The reason is probably that the cell walls
of these two commercial products are much thinner (those of
the loose-fill foam are typically below 10 um compared with
10-45 pm for the microwave-foamed pellets) and more
flexible than that of the microwave-foamed pellets, and
hence cell collapse took place in a more progressive manner.

Fig. 8 presents the typical stress—strain curves for the
foamed pellets from Temple flour alone and Temple flour with
various additives. As can be seen, mechanical behaviour of the
foams can be adjusted effectively by controlling the foam cell
structure through using different additives.

Table 2 summarizes the mechanical properties (mean values
and standard deviations) obtained from the compression tests
for all the foam specimens investigated in this study. While the
compressive modulus of elasticity characterises the elastic
behaviour under small strain; the compressive strength and
strain describe the load and deformation of the foam as the cell
structure starts to collapse; the elastic deformation energy is a
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Fig. 8. Typical compressive stress—strain curves (22 °C, 50% RH) for the
microwave-foamed pellets made from Temple flour and different additives.

measure of the elastic strain energy stored in the foam; the
compressive stress and deformation energy at 40% strain
represent the large strain behaviour of the samples, reflecting
the capabilities of load-bearing and energy absorption during
compression of the foams.

The data in Table 2 indicate that, for the foamed pellets
made from three different raw materials without additives, the
Temple foams are more rigid, as they have the higher
compressive modulus of elasticity and compressive strength.
While the foamed pellets made from the Superfine flour and
purified wheat starch have comparable compressive modulus
of elasticity and compressive strength. These are true
reflections of their cell structures as the Temple foams have
higher density and finer cells than the other two, as presented
previously.

Theoretical modelling on elastic mechanical behaviour of
cellular solids (Gibson & Ashby, 1997) showed that
mechanical properties (e.g. compressive modulus and strength)
of foams are related to that of the solid but more sensitive to the
foam density. The starch solid materials have similar
composition and thus are not expected to make significant
impact on properties of the solids. However, as shown in
Table 2, composition of the pellets has significant effect on the
foam densities and thus the mechanical behaviour of foams as
shown in Figs. 7 and 8. Denser foams tend to have thicker cell
walls or higher solid fraction and hence are able to resist
deformation better than lower density foams with thinner cell
walls or lower solid fraction. Addition of nucleation agent (e.g.
talc powder) gave rise to high foam densities and significantly
increased the compressive strength, elastic modulus and elastic
deformation energy. Hence, nucleation agents are suitable to
refine the foam cell structures to produce more rigid foams with
high load bearing capacity and yet able to deform at higher
stress levels to absorb impact energy and hence suitable for
protecting heavy goods. The addition of salts, on the other
hand, decreased all these values markedly except the
compressive strain. Due to the low density and larger cells
the foams are less rigid and able to be compressed at relatively
low stress to absorb impact energy and thus suitable for protect
more fragile or light goods. In this case, the higher moisture
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Mechanical properties of microwave foamed pellets and commercial protective packaging materials at 22 °C and 50% RH
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Sample Density Compressive Compressive Compressive Elastic defor- Compressive Deformation
(mg/cm3) modulus (kPa) strength (kPa) strain (%) mation energy stress at 40% energy at 40%
(kJ/m®) strain (kPa) strain (kJ/m®)
Temple 78.7 55422 314 +47 79420 154433 377+30 129422
Superfine 62.8 24+6 180+ 36" - 11.3425° 212437 69+10
Starch 63.1 2244 161427 83+19 7.8+25 241436 6816
Temple/BIH 80.2 53+£19 334469 79+1.6 16.9+6.2 439468 136119
Temple/NaCl 69.0 3616 250497 8.1+1.2 12.2+4.6 265160 88125
Temple/CaCl, 59.6 31£10 174 £42 63+1.8 6.9+29 175£20 63111
Temple/talc 92.8 102417 489487 59+1.1 18.4+5.5 555+70 193 +21
Temple/talc 113.4 1421448 737+£187 62+14 274+7.8 789 £127 267 £50
EPS block 19.5 16+4 107 £8* - 7.0+0.9° 17548 4943
Loose fill 12.7 25+0.2 15+1.2* - 1.1+0.1° 15+1 54104

# Compressive stress at 10% strain.
® Deformation energy at 10% strain.

absorption described previously may also have contributed
some plasticizing effect of the cell walls.

Comparing with the EPS block, some of the mechanical
properties such as compressive modulus of elasticity, com-
pressive stress and deformation energy at 40% strain of foamed
pellets made from the Superfine flour and purified wheat starch
were close to that of EPS block. This suggests that by further
optimizing the cell structure and flexibility of cell wall
material, it is possible to produce foam by a microwave
process so that its mechanical properties match that of EPS
block. It should be mentioned that starch loose-fill produced by
extrusion foaming have very low density, and thus they are
suitable for cavity filling in packaging for light weight goods
under low compressive stress. While the microwave processed
starch foams have relatively high density, they are more
suitable for packaging under high compressive stress levels or
for heavy goods.

Fig. 9 shows the compressive strength as function of density
for all the microwave-foamed samples in this work. As can be
seen that there is a strong correlation between the compressive
strength and foam density, regardless of the types of raw
materials and additives. A similar correlation has also been
observed between the elastic modulus and the foam density,
which is shown in Fig. 10. These suggest that the stiffness of
microwave-foamed pellets is dominated by the foam density.

1200
—
g O Temple *
x O Superfine
4'C- 900 +— Astarch
()] XTemple/NaCl *
§ XTemple/CaCl2 *
= ATemple/BIH * .
g 600 +— W Temple/Talc (0.8%) r. >
= & Temple/Talc (2.2%) u n
) A amm
& &
S 300 Lad
£ X
o A
5] **
[ e B o LA
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Density (g/cm3)

Fig. 9. Scatter plot of compressive strength and density of microwave-foamed
pellets with various compositions (22 °C, 50% RH).

The data in Figs. 9 and 10 were fit to a simple power—law
relationship between elastic mechanical properties, ¢, and
foam density p for solid foams (Warburton, Donald, & Smith,
1992)

oop" 3)

The results yield an exponent of 2.3 with a correlation
coefficient of 0.90 for the compressive strength, and an
exponent of 2.7 with a correlation coefficient of 0.79 for the
compressive modulus. It was noted that the modulus data
(Fig. 10) deviated more from the model than the strength data
(Fig. 9), which is consistent with the report of Hube & Gibson
(1988) that the shape anisotropy has a greater effect on stiffness
than strength. Considering the non-uniform nature of the starch
foams (e.g. Figs. 4 and 5) and in comparison with the regular
model structure of foams (Gibson et al., 1997), the agreement is
good.

It is known that the properties of foams are related to the cell
structure (density as well as architecture of the cells) and the
properties of the material from which the cell walls are formed
(Gibson et al., 1997). Theory predicts the relationship between
structure and mechanical properties (Gibson et al.,, 1997;
Smith, 1992) with the exponent of the power—law relationships
depending upon whether the foams are open or closed cells. In
the case of linear elasticity, the exponent is 2 for open cells

< 250

o [ |©Temple

i [ |OSuperfine *

(g 200 +— astarch

= [ |XTemple/NaCl

° | xTemple/CaCl2 * 2

g 150 [ |ATemple/BIH

© [ |mTemplerTalc(0.8%) n .' A4

> -+ 0

= 100 r & Temple/Talc(2.2%) 2 V..l o

8 [ [ ]

5 504 < g;?‘ A

S x %

O ol X
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Density (g/cm3)

Fig. 10. Scatter plot of compressive modulus of elasticity against density of
microwave-foamed pellets with various compositions (22 °C, 50% RH).
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and 3 for closed cells in the equations describing both stiffness
and strength of foams. The obtained values of the exponents
between 2 and 3 by regression suggest that the foam cells are
mixture of open cells and closed cells. In fact, the SEM
observations indicated that the ratios of open cells to closed
cells in the foams with different formulations are different. For
instance, the foams of Temple/talc are dominated by closed
cells, while in the foams of purified wheat starch and Superfine
flour, the numbers of open cells are much greater than in the
others. However, techniques, such as Air Comparison
Pycnometer (Tatarka et al., 1998), to quantify the ratios of
open to closed cells was not available and thus no further
attempt was made to study this further.

Mechanical properties during large deformation are relevant
to absorption of energy and resistance to further compression
of foams in cushion packaging. Fig. 11 shows the elastic
deformation energy and deformation energy at 40% strain. It is
interesting to see that both are related to foam density and the
power—law applies. The results yield an exponent of 2.4 with a
correlation coefficient of 0.98 for deformation energy at 40%
strain and an exponent of 2 with a correlation coefficient of
0.89 was found for the elastic deformation energy. This is
consistent with the facts that foam density has a dominant
affect on compressive strength of foams (Fig. 9) and that foams
generally harden with deformation beyond compression
strength (Figs. 7 and 8). The dependence of compressive stress
level on form density at large deformation is shown in Fig. 12,
which also obeys the power-law with an exponent of 2.3 and
correlation coefficient of 0.97.

It is clear from Fig. 11 that elastic deformation energy only
makes a small contribution compared with the total energy
absorbed, which is dominated by that to collapse the foam
cells.

According to the above discussion, two approaches could be
taken to produce softer foams (i.e. to reduce the elastic
modulus and compressive strength of foams): either change the
foam structure to lower densities or soften the properties of cell
wall material. The former has been clearly demonstrated in the
results shown in Table 2, Figs. 9 and 10. While the latter is
more challenging, it has been demonstrated that addition of
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Fig. 11. Scatter plot of deformation energy at 40% strain and elastic
deformation energy against density of microwave-foamed pellets with various
compositions (22 °C, 50% RH).

=
o
o
o

800 e

.
600 /
400 ’/

200 /

L 3

Stress@ 40% strain (kPa)

o

0.04 0.06 0.08 0.1 0.12
Density (g/cm3)

Fig. 12. Scatter plot of compressive stress at 40% strain against density of
microwave-foamed pellets with various compositions (22 °C, 50% RH).

glycerol to plasticize the solid material may introduce
complications in achieving the desired foamed structure
(Zhou, 2004).

A good example is the Temple/NaCl and Temple/CaCl,
foams. In comparison with the Temple flour foam, Temple/
NaCl and Temple/CaCl, foams are softer. This may be
partially attributable to the decrease in density because addition
of salt increased the expansion ratio of these pellets. On the
other hand, the addition of salts also increased the equilibrium
moisture content in the foamed pellets (as shown in Fig. 6),
which could have softened the cell wall material by
plasticization (Ollett, Parker, & Smith, 1991; Orford, Parker,
Ring, & Smith, 1989), and hence contributed to the overall
softness of the foams. Further, as described in Section 3.3,
water sorption can be used for adjusting the foam density or
refining the foam cell structure by treating microwave-
processed foam in a high humidity chamber to obtain foams
with high density and fine cell structures for applications such
as high impact cushioning.

From the viewpoint of foam structure engineering, either
decreasing the foam density or increasing the number of open
cells (i.e. reducing the value of the exponent in Eq. (3)) can
produce less rigid foams. Thus, the further exploration of
microwave-foamed pellets should be focused on decreasing the
foam density (or to increase the expansion ratio) and/or
increasing the number of open cells. In terms of formulation
and processing control, selection of additives and foaming
process conditions should aim to create higher heating rate,
larger water vapour (and/or other gas) pressure, and low melt
viscosity to allow extensive expansion and bubble burst to
reduce density and increase fraction of open cells.

4. Conclusion

The physical properties of foamed pellets, such as density,
porosity, cell structure, water absorption characteristics and
mechanical properties are highly dependent on the raw
materials and additives. Addition of salts reduces foam density
and plasticizes cell walls, while addition of nucleation agent
refines cell structure but increases foam density. Mechanical
behaviour of foamed pellets can be adjusted effectively by
controlling the cell structure through using different additives.
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Compressive strength and compressive modulus of elasticity,
energy absorption during elastic deformation and large
deformation (40% strain) as well as stress at 40% strain are
all closely related to foam density, the relationships can all be
described by a power—law. At room temperature and 50%
relative humidity, some mechanical properties, such as
compressive strength, compressive modulus of elasticity and
deformation energy at 40% strain are comparable to samples
from a commercial EPS block.
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