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Influence of processing variables on the
mechanical properties of extruded maize

R.J. HUTCHINSON, G. D. E. SIODLAK

Sunderland Polytechnic, Chester Road, Sunderland, SR1 38D, UK

A. C. SMITH

AFRC Institute of Food Research, Norwich Laboratory, Colney Lane, Norwich, NR4 7UA, UK

Maize was extrusion cooked under different conditions of feed moisture and extruder screw
speed to produce foams of different bulk density. The foams were tested in tension, com-
pression and flexure according to British Standards for plastic materials. A power law corre-
lation between mechanical properties and bulk density was used with a density power law
index in the range 1.5 to 2.3. This represents a special case of Ashby’s treatments of foams
where the foam wall properties have not been included. These pore wall properties were a
function of processing conditions. A pin identation test was used to obtain localized mech-
anical properties and indicated the different deformation behaviour of low- and high-density
foams together with the greater strength of the foam surface.

1. Introduction

The mechanical properties of foods have often been
tested using techniques that are related to plastics test
methods [1]. For example, tensile testing equipment
forms the basis of tensile, compression and three-
point bend tests which are commonly used. These
mechanical properties are related to textural charac-
teristics [2].

Solid plastic foams represent a class of materials
that has been described by standard test procedures
[3]. Solid foams have been characterized by Ashby
[4] in terms of their elastic, plastic and fracture
deformation.

Most solid foodstuffs are composites and many are
foams, e.g. bread. The extrusion cooking process is
commonly used to produce brittle foams from starch-
based raw materials. The foam is produced from the
superheating of water which is included in the feed
and is conveyed in a pressure and temperature gra-
dient towards the forming dies [5]. On exit from the
dies the pressure falls and the superheated water is
vaporized. The combination of bubble nucleation,
vapour diffusion and extrudate solidification produces
a wide range of foam structures.

The combination of the pore wall properties, which
are process dependent, with the foam structure gives a
diverse number of mechanical properties. Extrusion-
cooked starch foams were tested by Owusu-Ansah
et al. [6]. They recorded the force—displacement curve
in a compression experiment in which the specimen
was sheared in a multi-blade (Warner—Bratzler) cell
attached to a conventional testing machine.

They related the fine structure of these graphs to the
degree of porosity of the foams. Faubion and Hoseney
[7] used a compression experiment and a three-point
bend test for wheat starch and wheat flour extrusion-
cooked foams. Launay and Lisch [8] carried out
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compression and three-point bend tests on foamed
maize extrudates. They measured the slope of the
force—displacement plots and calculated a com-
pression modulus and flexural strength and modulus.
Extrusion-cooked foams have also been tested at
higher deformation rates using impact procedures.
Van Zuilichem ez al. [9] used an Izod test to measure
the energy loss in breaking extruded maize samples.
Hayter et al. {10] used an instrumented pendulum to
compress extrusion cooked foams and calculated the
resistance to impact for different foam structures.

This paper approaches the evaluation of food foam
mechanical properties from the standard procedures
used for foam plastics. Compressive, tensile and
flexural tests have been carried out on extrusion-
cooked maize foams. Complementary data were also
obtained using a pin indentor to localize compressive
deformation. The results of this study have been
compared with the response of synthetic polymer
foams. The strengths and moduli obtained in com-
pression, tension and flexure were found to increase
with the foam density in accord with results for
synthetic polymer foams. The flexural parameters
were larger than those for tension and compression as
also observed for polymer foams which accords with
the greater strength of the foam skin compared with
the pore walls.

2. Experimental approach

2.1. Materials

Continuous lengths of the foams were produced using
a Baker Perkins MPF 50D co-rotating twin screw
extruder. Maize grits (Smiths Flour Mills, Worksop.
YG 600) were extruded over a range of moisture
contents and screw speeds as given in Table I. Some
typical samples are shown in Fig. 1. The bulk density
of the foams was measured by the displacement of fine
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sand. The dependence of the bulk density on screw
speed and feed moisture content is shown in Fig. 2.

2.2. Test procedures
For the majority of the experimental work an Instron
TM-M tensometer was used.

Figure I Scanning electron micrographs of extruded maize sampies.

Bulk density Screw speed Moisture content

{gem ™) (r.p.m.) (% d.wb)
(@) 0.05 40 235
(b 0.15 30 35.6
© 0.30 20 39.7

The British Standard test method for cellular
materials is BS 4370 {3]. This standard refers to the
same tests and equations that have been used for
unfoamed specimens — BS 2782, The specimen
length was maintained constant independent of dia-
meter changes occurring as a function of extrusion
conditions.

2.2.1. Compression

Experiments were conducted according to BS 2782,
Part 3, Method 345A (1979). The specimen height was
15 mm and the cross-head speed was Smmmin~'. The
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Figure 2 The bulk density of the extrudates
as a function of extruder screw speed for
o > é s 380 e 4J00 different extrusion moistures. Moisture

Screw speed (r.p.m.)

content (% d.w.b.): (1) 39.7; (®) 35.6; (O)
3L5; (a) 27.5; (a) 23.5.

3857



TABLE 1 Extruder variables

Feed rate = 50kgh™*

Temperature profile = 27-52-93-120-120 (°C)

Die size = 2mm (x 2)

Moisture content (dry weight basis) = 23.5 to 39.7%

Screw speed = 200 to 400r.p.m.
Screw configuration:

1/4 in, SPACERY_

N
1/2 in. BARREL VALVE ELEMENT

2in, TWIN LEAD SCREW

1/2n. PITCH

8in.TWIN LEAD SCREW

1in. PITCH

————— -

8x30° FORWARDING
PADDLES

il

3 in. SINGLE LEAD SCREW

1/2 in. PITCH

—

/

8x30° FORWARDING
PADDLES

1in. SINGLE LEAD SCREW

1/2 in. PITCH

3x30° FORWARDING
PADDLES

2 in. SINGLE LEAD SCREW

1/2 in. PITCH

—

|

3x30° FORWARDING

PADDLES

2in, TWIN LEAD SCREW

{in. PITCH

DIE
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Figure 3 Force against displacement for pin indentation. (a) Speci-
men bulk density = 0.18gcm™?, indentation along axis. (b)
Specimen bulk density = 0.18 gem™, indentation through skin
(perpendicular to axis). (c) Specimen bulk density = 0.05gcm™3,
indentation along axis. (d) Specimen bulk density = 0.05gcm ™,
indentation through skin (perpendicular to axis).

samples were cut using a jig based on two parallel
razor blades so that the test piece was parallel to
within 0.1% of its height.

2.2.2. Flexure

These tests were carried out under BS 2782, Part 3,
Method 335A (1978) and Part 10, Method 1005
(1977). The test procedure used the following con-
ditions: specimen length, 150mm; span, 100 mm;

cross-head speed, Smmmin~'.

2.2.3. Tension

Tensile tests were carried out under BS2782, Part 3,
Method 320 (1976), with the following conditions:
specimen length, 100 mm; gauge length, 50 mm; cross-
head speed, Smmmin~'. Conventional grips could
not be directly used to hold the foam. Sellotape was
wound around the specimen ends together with addi-
tional binding. The gauge length was taken as the
length between the edges of the Seliotape.

2.2.4. Pin indentation

A needle (diameter 0.1 to 0.6 mm) was gripped by a
drill chuck and driven into the sample using the
Instron. A cross-head speed of Smmmin ' was used
and the sample mounted horizontally and vertically.
Typical force—displacement plots are shown in Fig. 3.

3. Results
Strengths and moduli were calculated from the ten-
sion, compression and flexure experimental data.



Figure 4 The compression modulus, E, {T0) and
strength, o, (®) as a function of bulk density.
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3.1. Compression

Compressive strength, 6, = F/A4, where F is the maxi-
mum force and A is the original cross-sectional area of
the sample.

Compressive modulus, E, = (0F/0L) (L/A) where
JF/OL is the initial slope of the force—displacement
curve and L is the specimen height.

The modulus and strength values have been plotted
against the bulk density for all the extruded samples in
Fig. 4.

3.2. Flexure

The flexural strength, op = 8FL/nd’, where F is the
maximum force, L is the span and d is the specimen
diameter.

The flexural modulus, Ep = (4L°/3nd*) (3F/0Y)
where 0F/0Y is the initial slope of the force—deflection
curve.

The bulk density dependence of o and Ep is shown
in Fig. 5.

3.3. Tension
Tensile strength, o = F/A4, as defined for com-
pression.

The tensile modulus, E; = (0F/0L) (L/A) where
JF/OL is the initial slope of the force—displacement
curve and L is the gauge length.

The bulk density dependence of ¢ and £y is shown
in Fig. 6.

4. Discussion

The decrease of the bulk density with increasing screw
speed and decreasing moisture content (Fig. 2) is in
accord with previously published results [8, 11] and
with those obtained on flood-fed extruders where the
feed rate increased with the screw speed [12].

The data of Figs 4 to 6 show that the tensile, flexural
and compression moduli and strengths increase in a
similar way with bulk density and that the data for all
the samples reduce to a single curve in each case.
Similar results and magnitudes have been obtained for
foamed plastics [13]. For polystyrene foams a mini-
mum in the flexural modulus was obtained at low
densities below the range of the current experiments.

Previous work on extruded food foams has not
generally been presented in relation to bulk density,
although Hayter er al. [10] found that the impact
crushing strength of extruded maize foams increased
almost proportionately to the bulk density. Owusu-
Ansah er al. [6] found that the breaking strength of
maize starch extrudates obtained using the Warner—
Bratzler texture instrument, increased with increasing
moisture content. Faubion and Hoseney [7] observed
a decrease in strength of wheat starch and wheat flour
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Figure 5 The flexural modulus, £, (O) and strength,
/ or (@) as a function of bulk density.
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extruded foams with increasing extrusion moisture
using both Warner—Bratzler and three-point bend
experiments. No clear trends were observed in the
results of Launay and Lisch [8] with extruded maize.
Van Zuilichem et al. [9], however, observed an
increase in the impact strength of maize extrudates
with increasing moisture content. Hayter et al. [10]
found a similar trend with the impact crushing
strength. The present data are in accord with these
latter results showing an increase in flexural, tension
and compression properties with moisture content.
There are, however, no clear precedents for the
observed variations of the mechanical properties with
screw speed for a constant feed rate.

The flexural strength was found to be approximately
three times greater than the compression or tensile
strengths while the fiexural modulus was 10 to 20
times greater than the moduli in compression and
tension. The flexural properties involve tensile and
compressive stresses in opposite outer skins. In this
contextit is interesting that the force required to break
the skin of a food foam was significantly larger than
that to break an internal pore wall in the case of the
high-density sample (Figs 3a, b). The pin penetrated
the cell walls without crushing or collapse of the cells.
The low-density, more porous foam was, however,
broken around the pin. This resulted in a ramped base
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line of the force—displacement plot corresponding to
the build-up of debris around and in front of the pin
as it advanced into the foam (Figs. 3¢, d).

The general correlation of mechanical properties
with a power of the density is a special case of the
general equation derived by Ashby [4] for foams:

L <3)
Oy Ow

where o and g are the mechanical property and density
of the foam and the subscripts refer to these properties
for the pore-wall material. The values of o, and g,, are
not constant because of the reactive nature of food
extrusion, neither may they be measured easily. It
would certainly be inappropriate to measure them for
unfoamed foods involving very different extrusion
conditions. The experiments with pin penetration,
although not uniquely measuring pore-wall proper-
ties, do indicate the different local strengths of the
foams in the cases of different bulk density. It is
cherefore surprising that as a first approximation the
results of Figs. 4 to 6 are consistent with constant
values of o, and g, in the above equation. The scatter
of the results would indicate that the wall properties
need to be taken into account in a more rigorous
treatment. The power law indices, #, for the data of
Figs. 4 to 6 are given in Table II, together with the
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Figure 6 The tensile modulus, £ (A) and strength,
or (&) as a function of bulk density.
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predictions of Ashby for idealized open and closed cell
foams. It maybe seen that the value of n is generally
greater for the moduli in accord with the Ashby analy-
sis. These data further indicate the widely different
textures in terms of mechanical properties and how
they may be varied by two of the variables available to
extrusion cooking users.

5. Conclusions

The modulus and strength of extrusion-cooked maize
foams obtained in tension, compression and flexure
increased with the bulk density according to a power
law which is an approximation to the Ashby analysis
in which the pore wall density and mechanical proper-
ties are assumed constant. The power law index was
higher for the modulus than the strength as predicted

TABLE II Power law index values for the equation: /g, oc
(e/o.)

Modulus Power law index (»)

Tension 1.7

Compression 2.3

Flexure 2.0

Ashby [4] 2 (open cells), 3 (closed cells)
Strength Power law index (n)

Tension 1.5

Compression 1.6

Flexure 2.0

Ashby [4] 1.5 (open cells), 2 (closed cells)

-06 =05

by Ashby. The values were however, closer to the
predictions for open cell foams although the foams
were observed to comprise closed cells.

Pin indentation experiments showed a dependence
of the local foam strength on extrusion conditions and
a difference between the foam surface and the internal
structure which need to be taken into account in a full
description of the foam response.

Acknowledgement

The authors would like to thank R. J. Turner (AFRC
Institute of Food Research) for obtaining the scan-
ning electron micrographs.

References

[. N. N. MOHSENIN, “Physical Properties of Plant and
Animal Materials”, Vol. 1, “Structure, Physical Characteris-
tics and Mechanical Properties” (Gordon and Breach, New
York, 1970).

2. M. C. BOURNE, “Food texture and viscosity: concept
and measurement” (Academic, New York, 1982).

3. BS 4370, “Methods of test for Rigid Cellular Materials”, Part
T (1968): Part II (1973) (British Standards Institution,
England).

4. M. F. ASHBY, Acta. Metall. 14A (1983) 1755.

5. 3. M. HARPER, “Extrusion of Foods” (CRC, Florida,
1981).

6. J. OWUSA-ANSAH, F. R. de VOORT and D. W.
STANLEY, Can. Inst. Food. Technol. J. 17 (1984) 65.

7. J. M. FAUBION and R. C. HOSENEY, Cereal Chem. 59
(1982) 529.

8. B. LAUNAY and J. M. LISCH, J. Food Engng 2 (1983)
259.

3961



9. D.J. VAN ZUILICHEM, G. LAMERS and W. STOLP,
in Proceedings 6th European Symposium on Engineering and
Food Quality, Cambridge, 1975.

10. A. L. HAYTER, A. C, SMITH and P. RICHMOND, J.
Mater. Sci. 21 (1986) 3729.

1. S. I. FLETCHER, P. RICHMOND and A. C. SMITH,
J. Food Engng 4 (1985) 291.

3962

12. D. V. HARMANN and J. M. HARPER, Trans.
American Society of Agricultural Engineers 16 (1973) 1175.

13. E. BAER, “Engineering Design for Plastics” (Chapman
and Hall, New York, 1964).

Received 7 November 1986
and accepted 5 March 1987



