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The deformation of brittle starch foams
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There exists a theoretical model to describe the deformation of solid foams which relates the
mechanical properties to the foam density and the cell-wall properties. Previous work has
assumed that the wall properties are constant for a wide range of different density foams and
can be characterized by the properties of the unfoamed material. In this paper we show that,
when considering extruded starch foams, variation of the extrusion parameters in order to
produce different bulk density foams has an effect on the cell-wall material: notably upon the

crystallinity, 7, and wall density. Therefore, both the bulk foam and cell-wall mechanical
properties were measured in order to test the full theory. For the relative fracture stress,
excellent agreement was found between the predicted power law behaviour and the
experimental results. However, the power law for the relative modulus is larger than the

predicted value.

1. Introduction

The deformation of solid foams has become a subject
of great interest following the publications of Gibson,
Ashby and colleagues [1-4] which describe the model-
ling of foams and their response to applied forces.
They have shown that the dominant physical charac-
teristic of a solid foam is its relative density: that is, the
density of the foam divided by the density of the solid
from which it is made. The theory predicts scaling
laws between the physical properties of a foam, such
as Young’s modulus and fracture stress, and the
relative density. For example
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where E* is the Young’s modulus of the foam, E, is the
Young's modulus of the cell-wall material, o;* is the
fracture stress of the foam, g, is the fracture stress of
the cell-wall material, p* is the foam density, and p the
density of the cell walls. The power laws depend upon
whether the foams are open-celled or close-celled
{(whether the cells are interconnected or not). For open
cells, m = 2andn = 3/2, and for closed cells, m = 3
and n = 2.

Experimental verification of these predictions [2]
has used the assumption that the foams’ cell walls can
be characterized by the physical properties of the
unfoamed material. This presumes that the properties
are unaltered during the foaming process and remain
constant across a range of different density foams
made from the same material. For synthetic polymers
these assumptions seem justified as there is good
agreement between experiment and theory. The physi-
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cal properties of polyethylene, for example, are well
characterized and do not vary significantly under
different foaming conditions.

However, constancy of properties under different
foaming conditions need not be the case. In the
present work we aimed to test the full theory by
measuring the cell wall properties of each specimen, as
well as the bulk foam properties. The system under
study is based upon extruded maize starch in the form
of maize grits. When extruded, starch undergoes
transformations described below, which vary accord-
ing to the extrusion conditions. For this reason it
seems unlikely that different density foams will possess
cell walls of identical character. An additional point of
interest for the starch foams is that they are brittle,
and to date very little literature exists on brittle foams
for comparison with theory.

Starch is a polysaccharide containing repeated
glucose units (C4H,,O;),. It consists of two primary
components: amylose is a mainly linear molecule, with
a molecular weight of ~10* and amylopectin is a
branched molecule, with a molecular weight of ~ 108.
Native starch exists as granules which also contain
varying proportions of lipids, proteins and ash,
depending upon the source of the starch [5]. The
granules resemble spherulites, with both crystal-
line and amorphous areas [6]. They exhibit birefrin-
gence and produce characteristic X-ray spectra. When
heated in the presence of water the granules undergo
gelatinization. Initially the granules swell and the
starch becomes hydrated, then a viscous paste is
formed as the amylose molecules are leached from
the granules to form a continuous matrix [5]. Gela-
tinization results in a loss of birefringence and a reduc-
tion in crystallinity [7]. The temperature at which this
occurs is approximately 60°C but depends upon the
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TABLE I Summary of the extrusion conditions under which the solid foams were made

Sample Barrel temperature profile (°C) Die temperature (°C) Water content (% weight
for weight basis (w.w.b.))

1 25-52-80-100-120 126 22.3

2 25-52-80-100-120 127 20.2

3 25-52-80-100-120 129 18.3

4 25-52-80-100-120 133 16.1

5 25-52-80-100-120 139 13.7

6 25-52-80-100-120 144 12.6

7 25-57-100-120-140 139 16.1

8 25-70-120-140-160 150 16.1

9 32-93-160-180-200 170 16.1

variety of starch and also upon the amount of water
present [5]. Starch also exhibits a glass transition, the
temperature of which (7,) again varies with water
content. T, increases with a decreasing amount of
water present and ranges from below room tem-
perature, at more than 22% moisture content, to
above 100°C, at 10% moisture content and less [8].

When starch is extruded with water to produce a
foamed structure, the granules are subject to high
temperatures and shearing forces within the extruder
barrel. The granule structure is disrupted as gela-
tinization occurs and a viscous dough is produced [9].
The pressure in the barrel causes the water to become
superheated and, as the dough emerges from the die,
the resulting pressure drop turns the water to steam
and foaming takes place. The foams solidify as they
cool and pass through T,. In order to produce a set of
foams of different relative densities the extrusion con-
ditions must be varied, for example by changing the
barrel temperature or water content. These variables
will, however, affect the extent of granule breakdown,
and hence also affect the properties of the cell walls.
For instance, the glass transition temperature of the
starch in our experimental foams was not constant
across the set because the lower density foams were
created by reducing the water content of extrusion.
Furthermore, the crystallinity of the cell wall material
changes with extrusion conditions [10]. Not only will
this alter the ratio of the amorphous to the crystalline
material, but different amylose-lipid complexes may
be formed. For cereal starch two complexes exist,
known as the V, and E, forms, consisting of lipids
within an amylose double helix but with different
interaxial spacings. The former is the stable complex
and the latter has been found in extrudates made at
high temperatures [11]. The degree of molecular
degradation is also dependent upon the extrusion con-
ditions; for example, the higher the extrusion tem-
perature the more degradation takes place [12]. For all
these reasons it seems unreasonable to assume that the
cell wall properties of starch foams are constant across
a range of different density foams.

2. Experimental procedure

2.1. Specimens

The solid foams were made from extruded maize grits
and water, using a Baker Perkins MPF 50D co-rotating
twin screw extruder. Two sets of foams were created;
one extruded at constant barrel temperature and vary-
ing water content, the other at constant water content
and varying barrel temperature. The extrusion con-
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ditions are summarized in Table I. Two circular 6 mm
diameter dies were used, which produced cylindrical
samples with diameters ranging from approximately
15 to 25mm. The screw speed and feed rate were kept
constant at 250 r.p.m. and 30kgh ™' respectively. The
foams were dried and stored in an oven at 40° C.

2.2. Characterization

The extruded foams were all closed-cell foams; that is,
the cells were not interconnected. Fig. 1 shows photo-
graphs of each sample, cut perpendicular to the extru-
sion direction and gold plated for use in the SEM.
There was no obvious anisotropy contained within the
foams. The cell-size distributions and average cell sizes
were calculated from the measurements of the maxi-
mum diameters of 100 cells via image analysis of
photographs taken with a 1:1 macro-lens. The cell-
wall thicknesses were measured from scanning elec-
tron micrographs of 50 cell walls per sample. The
results are given in Table II.

2.3. Differential scanning calorimetry (DSC)
Foam samples were ground, both immediately after
extrusion and after drying at 40°C, and placed in
preweighed aluminium DSC crucibles. These were
hermetically sealed and reweighed in order to deter-
mine the sample mass. Approximately 20 mg of each
sample was used and four samples per specimen were
tested. The specimens were heated in a Mettler
TA3000 differential scanning cglorimeter from 25 to
260°C at a rate of 10°Cmin~' and with a full scale
depletion (f.s.d.) of 10mW. An empty aluminium
crucible was used for the reference. Data was analysed
with the TA 10 30 software in order to determine the
T,. The values quoted in Table II are the mid-points
of the glass transition.

TABLE 1I Summary of the foam characterization and DSC
results

Sample Average cell Average cell-wall T,
size (mm) thickness (mm) ©C)

1 23(1.3) 165 (120) 67
2 2.2(1.2) 120 (65) 80
3 24 (1.4) 125 (90) 96
4 2.6 (1.6) 90 (60) 101
5 2.3(1.7 45 (20) -

6 20(1.1) 60 (40) -

7 2.6 (1.7) 70 (45) 104
8 2.9 (1.8) 55 (35) 104
9 2.6 (1.7) 70 (45) 112

Figures in brackets indicate standard deviations.



Sample1

]

057

w o

Frequency
o o
b

123456782910
[ iameter (mm)

e,
s

Sample 2

1 3456789
%ell diameter (mm)

Sumple 3

Sample 4 Sarnple_ _S )

0.57
.04
$03
02
&
— 0.1 g X

0.0 0.0
0.0 5678910 12345678910
: (z_clsl msnc!ﬁcrjirn%-n]? 0 Lcldlamccrlmml C mmeterlmr‘nl

Sample 7

Sample 8

Sample 9
0.5 ‘
;J. - ]
! 34 5678910

Figure 1 Photographs of the maize foams (cut perpendicular to the extrusion direction and gold-plated) and the cell-size distributions for

each sample.

2.4. X-ray diffraction

The samples were ground after drying and mounted in
0.3 mm glass capillaries. X-ray diffraction patterns of
each specimen were produced with a Debye-Scherrer
camera using CuKo radiation. The positions of the
diffraction peaks were measured to determine the
presence of amylose-lipid complexes.

2.5. Relative densities

The bulk densities were calculated assuming that a
length of foam was cylindrical. The sample was
weighed, its length and diameter determined from ten
measurements of each using calipers, and the density
was then determined. The validity of this assumption
was based upon the fact that the results agreed within
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experimental error to those calculated via sand dis-
placement measurements. This latter method deter-
mined the volume of the foams by the displacement of
a known volume of fine sand, but was not as simple to
perform, owing to the fact that some sand entered
through holes in the foam walls, and the uncertainty
in whether the sand particles had fully settled.

The cell wall densities were determined via the dis-
placement of toluene in 2cm’ measuring flasks.
Approximately 0.5g of wall material was used per
measurement and the average of five results per foam
sample was calculated. Pieces of cell wall were cut
from the foam and placed in a preweighed flask of
mass #m,. The flask was reweighed, to give mass m,,
and then filled to the calibrated level with toluene and
weighed again, this being mass m;. The three masses
and the density of toluene were used to calculate
the density of the wall material from the following
equation

(mz B ml)ptol (3)
Vo — my + my

where p, is the cell wall density, p,, the density of
toluene at room temperature and » is the volume of
the measuring flask.

Ps

2.6. Mechanical properties
To determine the Young’s moduli and fracture stresses
of the bulk foams, the samples were cut into approxi-
mately 2cm lengths using a rotary saw. The actual
lengths and diameters of these cylindrical samples
were calculated from ten measurements of each with
calipers. The foams were then deformed in uniaxial
compression with an Instron 1122, using a 500 kg load
cell and a cross-head speed of Smmmin~"', The foams
were compressed between two pieces of 6 mm thick
elastomeric foam so as to distribute the forces evenly
over the rough surface of the sample. This prevented
a large stress being applied to a small protrusion. The
fracture stress was found simply from the load to
failure divided by the circular cross-sectional area
of the foam. The modulus was determined from the
gradient of the linear part of the force-displacement
curve before failure, but had to be corrected in order
to remove the contribution from the elastomeric
foam. Considering the foams in series, and using the
facts that the displacements are additive and the stress
is uniform, produces the equation

2l + I* 21, [*

E ~ E,  E* @
where [* is the sample foam length, F* is the sample
foam modulus, /, is the elastomeric foam thickness, E,
is the elastomeric foam modulus, and E is the com-
bined modulus, determined from the gradient. F,
was found by compressing a steel cylinder of known
modulus, and of similar dimensions to the sample
foam, between the elastomeric foam. The gradient for
this force-displacement curve was measured at the
same stress as that for the sample foam. Using a
similar equation to that above, but this time involving
the steel cylinder length and modulus rather- than
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Figure 2 A diagram of the three-point bend apparatus used to
measure the mechanical properties of the foam cell walls.

those of the sample foam, and the appropriate com-
bined modulus, yields E, and hence E*.

The cell-wall properties were determined by per-
forming a three-point bend test upon a flat rectangular
piece of wall, approximately 3mm x 1mm x 0.1 mm
in size. These were cut with a scalpel from the foam.
The actual width was found by using a travelling
microscope and the thickness was measured, after
testing, with a micrometer. The specimens were loaded
into the rig with a 1.3 mm span, as shown schematically
in Fig. 2. A load cell of 1kg and cross-head speed of
0.5mm min~" were used. The displacement measured
via the linear voltage displacement transducers (LVDTs)
was calibrated with glass cover slips of known thickness
and distances as small as 1 um could be measured. The
wall modulus, E;, and wall fracture stress, a;, were cal-
culated from the standard equations [13] given below

L’'F

T )
3FL

o = ©

where L is the span between the three-point bend
supports, b 1s the specimen width, £ is the specimen
thickness, Y is the displacement, F is the load applied
and F; is the load to failure.

Samples of sheet polytetrafluoroethylene (PTFE),
with similar dimensions to the cell wall specimens,
were used to calibrate the values of the wall moduli
calculated from the three-point bend test apparatus.
Owing to the unknown stress concentrations around
the supports it was found that the measured modulus
of the PTFE was consistently ten times lower than the
true value. For this reason we applied a correction
factor of x 10 to all cell wall moduli. This does not
alter the gradient of the graph of log relative modulus
against log relative density.

3. Results and discussion

The results of the mechanical tests are summarized in
Table HI. Sample 5 has no recorded cell wall proper-
ties because the walls yielded plastically rather than
fractured in the three-point bend tests. This was most
probably due to the very thin cell walls (45 um) which
required a narrower span: the British Standard’s
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Figure 3 The variation of cell-wall density with relative density.

recommendation is for the span to be 15 to 17 times
the specimen thickness [13].

The DSC results in Table II show the variation of 7,
with extrusion conditions. The results are taken from
the samples before drying because at the very low
water contents of the dried samples the magnitude of
the glass transition became imperceptibly small. As
the water content added to the maize during extrusion
is reduced from 22.3% (sample 1) to 16.1% (sample 6)
the T, rises from 67°C to over 101°C. It was not
possible to measure the T, for samples 5 and 6 because
the transition became coincident with the melting
peak of the amylose-lipid complex crystallites and
was thus obscured. As expected, results also indicated
arise in T, with an increase in barrel temperature. This
is because a higher barrel temperature leads to foams
of lower moisture content, because more superheating
occurs and so more water flashes off when foaming
takes place. Water acts as a plasticizing agent [14] and,
as with conventional polymers, a decrease in the plas-
ticizer concentration raises the T,. The crystallinity of
the polymer can also affect T, [15].

All samples showed the presence of both V, and E,
complexes. However, at the high water contents
(samples 1 to 3), the V; diffraction peaks dominated
and the E, peaks were very weak. As the water content
was reduced, the intensity of the E, peaks increased
and the V, intensity decreased, and by sample 5 the E,
diffraction peaks were stronger than the V,. The same
trend occurred as the die temperature was raised:
sample 7 (die temperature of 140° C) contained more
intense V; peaks, whereas in sample 9 (die temperature
of 200° C) the E, peaks were stronger.
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Figure 4 The log relative modulus as a function of log relative
density. The theoretical prediction is denoted by the solid line.

It can be seen that there is a significant variation in
the cell-wall density over the range of foams tested.
Fig. 3 shows how the density of the cell walls falls with
a reduction in the relative density of the foams. It
seems likely that this can be attributed, at least in part,
to the fact that as more expansion takes place during
the foaming process, isolated bubbles are produced
within the cell walls themselves. This is supported by
the fact that when the samples were ground to a fine
powder while measuring the cell wall densities (as
opposed to using pieces of the walls) all sample den-
sities approached 1.47 gcm *, the value for the den-
sity £or starch [16]. Air spaces of 5um and less have
been recorded from TEM work on starch extrudate
wall [17].

Within experimental error it was not possible to
detect a variation in the cell-wall moduli or fracture
stresses. However, because the mechanical properties
of extruded starch are not well characterized, the
experiments served a useful purpose in determining
these values. Any possible differences in the wall
properties that may have existed were masked by the
size of the errors: no values differed by more than two
standard deviations. In performing these experiments
one possible source of errors could be that cracks were
introduced into the wall specimens when cut. This
would lead to a reduction in the wall moduli and
fracture stresses. Another point to note is that
measurements of the wall thickness with a micrometer
will overestimate the true value. Because the wall
modulus is inversely proportional to the cube of the
wall thickness, and the fracture stress inversely

TABLE II1 Experimental results from the mechanical testing of the bulk foams and the cell walls

Sample Foam Cell-wall Foam Young’s Cell-wall Foam fracture Cell-wall
density density modulus modulus stress fracture stress
(gem™%) (gem ™) (MPa) (GPa) (MPa) (MPa)

1 0.28 1.38 280 0.24 1.01 2.0

2 0.24 1.37 50 0.22 1.01 22

3 0.22 1.38 55 0.23 0.60 2.0

4 0.14 1.40 9.6 0.36 0.28 2.4

5 0.12 1.27 8.0 - 0.22 -

6 0.11 1.32 5.0 0.23 0.21 2.3

1 0.12 1.33 2.6 0.24 0.21 2.1

8 0.11 [.33 4.3 0.25 0.21 22

9 0.09 1.26 4.5 0.30 0.20 2.4

Approx.

errors 9% 2% 25% 30% 25% 30%

4005



]
o
-
5
)
it
3
t  0.11
o
&
@
>
=
o .
[ <—— gradient of 2
oz
0.01 T ———r
0.01 0.1 1

Relative density

Figure 5 The log relative fracture stress as a function of log relative
density. The theoretical prediction is denoted by the solid line.

proportional to the square, both terms are highly
sensitive to this parameter.

Figs 4 and 5 are graphs of log relative modulus and
relative fracture stress against log relative density. A
least squares fit produces a gradient of 4.3 + 1.3
(R> = 0.94) for the former and a gradient of
2.0 + 0.5 (R* = 0.98) for the latter. This second
result is in excellent agreement with the value of 2 pre-
dicted by Gibson and Ashby for closed-cell foams. In
previous papers it has been stated that closed-cell
foams behave as open-cell ones due to the draining of
material under surface tension, which causes the cell
faces to be much thinner than the cell edges. However,
this is not the case for our sample foams as is clear
from the two examples in Fig. 6, micrographs of three
faces meeting at an edge. Thus we expect true closed-
cell behaviour. Earlier experiments upon extruded
maize foams [18, 19] produced results more suggestive
of open-celled behaviour (i.e. a gradient of 1.5), but
the results had a regression coefficient, R?, of only 0.6
and no account of cell wall properties was taken into
consideration. If we plot the log foam fracture stress
against log foam density, as in the previous papers, the
gradient is reduced but the error increases and the
results become 1.7 + 0.8 (R* = 0.96).

The gradient for the log relative modulus graph
is higher than the predicted value. Nevertheless,
previous results have also shown considerable scatter
and it is not impossible that a power law of three is
being obeyed. The size of the errors is due to the

nature of Equation 4. To calculate E* requires the
difference of two nearly equal quantities in the denomi-
nator, and so the errors in this are inherently large.
The original theory predicted a power of three from
considering the bending stiffness of the cell faces.
More recent attempts [4] to model the deformation of
closed-cell foams take into account the stresses within
the cell faces and the distribution of material between
the faces and the edges. This leads to the following
equation for the relative modulus

E*N 2 .0*2 p*
E~¢ <Z) + (1 —¢)<‘[‘):> (7

where ¢ is the fraction of solid contained within the
cell edges. The term due to the bending of faces is no
longer thought to be dominant and on the contrary is
sufficiently small so as to be negligible. It can thus be
seen that the simple power law for the modulus is
altered and the predicted gradient is much less steep.
Most, but not all, of the data collated by Gibson and
Ashby support this picture. However, the data
presented here definitely result in a gradient more
closely in line with the original predictions, and a
value which if anything is larger than three. At present
there is no obvious explanation for this finding.

It would have been more satisfactory to have
experimented upon a wider range of foam densities,
but we were restricted by limits to the cell sizes. The
lower limit was set by the fact that a piece of wall had
to be extracted and have a three-point bend test per-
formed upon it. The upper limit was set by the tend-
ency of very thin walls to yield plastically rather than
fracture, and these occurred in the large celled foams.
These facts in turn limited the density range available,
because high density foams tended to have small cells
while the lower density foams had much larger cells,
and hence both extremes were excluded from the
experiments.

4. Conclusions

We have shown that the cell-wall properties of
extruded starch foams vary with the extrusion con-
ditions; in particular, the density, crystallinity and T,.
However, it was not possible to detect a significant
difference between the mechanical properties of cell
walls from different bulk density foams. Results show
excellent agreement with the theoretical predictions

Figure 6 Scanning electron micrographs from two specimen foams showing three faces meeting at an edge.
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for the variation of relative fracture stress with relative
density for closed cell foams. The results for the rela-
tive modulus indicate a higher value power law than
predicted.
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