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Structure and mechanical properties of corn
kernels: a hybrid composite material
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The mechanical properties of corn kernels were evaluated at three levels of kernel structure,
varying in the proportions of horny endosperm, and six levels of moisture content in the range of
6 to 34% (wet basis) under a compression mode of loading. The observed values of ultimate
stress, modulus of elasticity, modulus of toughness and modulus of resilience varied from 8 to
82 MPa, 20 to 480 MPa, 0.8 to 4.4 MJm™2 and 0.2 to 0.8 MJ m~3, respectively, within the .
experimental range. Each of these properties decreased in magnitude as the moisture content
increased. The microscopic study revealed that the resistance of kernels to fracture was
predominantly influenced by the kernel structure. The size of cracks increased with increasing
strain or decreasing proportion of the horny endosperm in the kernels. The viscoelastic behaviour
of the kernels was determined at two levels of kernel structure, five levels of kernel moisture (12 to
34%) with three deformation rates (1.27, 5.08 and 12.7 mmmin~!) by means of stress relaxation

tests. The analysis of the test data suggested that the hybrid composite kernels were

hydrorheologically simple materials.

1. Introduction

Biological materials are largely made up of polymeric
substances and they contain significant amounts of
water. These materials exhibit both elastic and viscous
responses to external forces. Thus, the characteriza-
tion of the mechanical responses of these materials
requires the use of the theory of viscoelasticity. Com-
pared with synthetically prepared engineering mater-
ials, the biomaterials derived from plant, animal or
human bodies are quite complex and non-homogen-
eous in nature. The mechanical behaviour of solid
biomaterials deviates substantially from that of
a Hookean body, and the liquid in biological mater-
ials also deviates greatly from a Newtonian liquid.
Further complications result from the natural shape,
size and rigidity when applying principles of theoret-
ical mechanics and testing techniques in the evilu-
ation of the mechanical behaviour of biomaterials. In
spite of all these limitations, researchers have shown
that the mechanical behaviour of biological materials
can be partially understood by the use of linear vis-
coelastic theory when applied stresses are sufficiently
small [1-97.

In this investigation corn grain was selected as a test
biomaterial because of current interest in developing
high fracture resistance in this grain against the ran-
dom impacts encountered in material-handling ma-
chines. Most of the previous studies on grain were
concerned mainly with the determination of the mech-
anical responses for a particular strain of a grain
[10-12]. The effects of the kernel macro- and micro-
structures on the mechanical responses of the grains

have not been investigated in any detail. The major.
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objective of this research was to determine the mech-
anical and viscoelastic behaviour of intact corn ker-
nels (kernels in their natural shapes) as a function of
the kernel structure and moisture content.

2. Previous studies

Time-dependent stress and strain behaviours have
been extensively investigated for a number of bio-
materials [1, 4, 7]. Several studies have also been dir-
ected towards developing relationships between the
structure and the mechanical behaviour of biological
materials [7, 8, 13-16]. However, very limited in-
formation is available on the mechanical responses of
cereal grains as influenced by their kernel structures
[1t].

The mechanical properties of grains have been in-
vestigated by a number of researchers [4, 5, 10-12,
17]. A study showed that, when a wheat grain was
subjected to uniaxial compression, it behaved as an
elastic—plastic—viscous body exhibiting creep, stress
relaxation and elastic after-effects [4]. The mechan-
ical properties of corn kernels have been determined
by using various loading devices including parallel
plate [4, 10, 12, 17], cylindrical indentor [10, 17] and
spherical indentor [10, 17]. In general the kernel
strength properties decreased with increasing mois-
ture content. The cut beam of corn horny endosperm
has been employed to determine its fracture para-
meters [18]. It was reported that both the fracture
toughness and the critical stress intensity factors were
insensitive to moisture and temperature, but were
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strongly influenced by the presence of a notch of any
length.

The viscoelastic behaviour of corn in tension and in
bending were determined through the use of cut sam-
ples of the horny endosperm [19, 20]. Cutting or shap-
ing of a biological material may alter its structural
mechanics and resuitant mechanical behaviour, more
so for small grains such as cereal grains [5]. Therefore,
in order to obtain realistic data on the mechanical
responses of cereal grains, as far as possible, intact
grains should be tested.

Very limited information is, however, available on
the viscoelastic behaviour of intact corn kernels, espe-
cially under the compression mode of loading. Since
grains are more frequently subjected to compressive
loads than to tensile or bending loads, the compressive
mode of loading was adopted in this investigation.

3. Experimental details

An Instron testing machine (model 1130) was used to
measure the kernel responses to compressive loadings
by using parallel plates. A simple technique was
adopted to determine the contact area (load-bearing
area) of the individual kernels during the loading
process. In this method, 30 mm x 30 mm pieces of
both plain and carbon paper were taped on to the
loading face of the top plate to record the carbon
impression of the contact surface of the grain during
loading. This impression represented the actual con-
tact area during compression. The impressions were
then traced on transparent films with black ink and
their areas were measured with an arca meter {LI-
3100). The area under the load—deformation curve was
measured by using a digital microcomputer system
equipped with Talos digitizing tablet.

A tester was also designed, similar to the apparatus
used in the candling technique, to measure stress
cracks in the test kernels. Stress cracks are macro-
cracks generated due to drying stresses [21]. The
tester consisted essentially of a metallic box in which
a light source (60 W bulb), a reflector and a lens were
arranged so as to direct bright light towards the cen-
tral opening in the lid on which kernels were placed
for stress crack examination.

Two types of corn species (dent and flint corn) were
selected in this investigation. In dent corn horny en-
dosperm is wrapped around the sides of the kernels
but not at the very top; in the flint kernels the floury
endosperm is completely encased by the horny endo-
sperm. Three different types of kernel structures were
obtained by selecting kernels of two dent corn hybrids
H, (GGC,,) and H,(BS13 (§,)C,), and one flint
corn H;(Argentine). The H, has the lowest ratio of
horny to floury endosperm, and H; had the highest
ratio of horny to floury endosperm. The kernel densit-
ies for H;,, H, and H; were 1249, 1252 and
1346 kgm ™3, respectively, at a moisture content of
9% (wet basis). The samples were harvested manually
at moisture contents ranging between 35 and 40 wt %.
The various levels of kernel moisture content were
obtained by drying the samples with forced air at

21°C. The conditioned samples were kept in sealed
plastic bottles and stored in a refrigerator.

A Hitachi S-570 scanning electron microscope was
used to study the microstructure of the corn kernels.
For the electron microscopy sections of the kernels
were polished to expose the mid-longitudinal face. The
polished specimens were sputter coated with 12 nm
gold for microscopic examination.

All of the test kernels were checked for stress cracks
using the stress crack tester, and the kernels chosen for
testing were relatively free from stress cracks. Before
loading, the thickness of each kernel was determined
with a micrometer. The individual kernels with germ
side down were cemented to the bottom plate using
a quick-setting adhesive.

In mechanical properties tests, each kernel was
loaded until rupture occurred, and the resultant
load—deformation behaviour was recorded. A con-
stant deformation velocity of 1.27 mm min ~ ! was used
in all of the tests. The kernel densities were determined
by means of a liquid-displacement technique. Twenty
kernels were tested for each experimental condition.

The viscoelastic behaviour of the intact kernels was
determined by means of stress relaxation tests. In
these tests a kernel was subjected to a constant strain
of 0.045 and the resultant force as a function of time
was recorded for a duration of 450 sec. Preliminary
tests indicated that kernels developed cracks at deforma-
tion velocities in excess of 12.7 mm min~*, especially
at low kernel moisture contents. Therefore, a max-
imum deformation velocity of 12.7 mmmin~?! could
be used for the viscoelastic tests. The tests were carried
out at three deformation velocities (1.27, 5.08 and
12.70 mmmin~1'), five levels of kernel moisture con-
tent ranging between 12 and 34%, and two levels of
kernel structure (H, and H;). Ten replications were
conducted for each test condition.

4, Composition and structure of the
test kernels

In order to interpret the mechanical behaviour of

a grain, it is essential to understand its structure and

chemical composition. A corn kernel is composed of

four major parts: the pericarp (hull or bran), germ

(embryo), endosperm and tip cap as shown in Fig. 1

Pericard (hull)

Horny endosperm
Floury endosperm

Germ (embryo)

Tip cap
Figure ] Major structural element of a corn kernel.
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Figure 2 Micrographs of the test kernels: (a) dent kernel (x 12), (b) flint kernel (x 12), (c} dent floury endosperm ( x 175), (d) flint floury
endosperm ( x 173), (¢) dent horny endosperm (x 240) and (f) flint horny endosperm ( x 240).

[22,23]. The approximate composition of the kernel is
endosperm 82%, germ 12%, pericarp (hull) 5% and
tip 1%. The major mechanical strength of this grain
depends strongly on its endosperm structure. The corn
endosperm is made up of two components: floury
endosperm and horny endosperm. The ratio of horny
to floury endosperm depends heavily on the genetic
characteristics of the kernels.

Photomicrographs of the kernels are shown in
Fig. 2. The typical shape of the floury endosperms cells
are approximately polyhedral in shape and filled with
spherical starch granules. The size of these cells and
starch granules, although different from kernel to ker-
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nel and with location in the endosperm, were not
influenced by the type of corn species tested. Cells of
the floury endosperm ranged from 60 um x 50 um to
190 pm x 90 pm. Starch granules varied from 3 to
18 um. Strings or irregular patches on the surface of
the granules are remnants of the thin protein matrix.
The horny endosperm cells are more sharply polyhed-
ral and larger than the floury endosperm celis for both
species. The cell size of the dent horny endosperm
and the flint horny endosperm varied from
180pum x 50 um to 220 um x 100 um. The interior of
these cells is tightly filled with starch grains embedded
in a much heavier protein matrix than that observed



in the floury endosperm for both of the species. The
average size of the starch grains in the horny endo-
sperm of the dent and flint kernels was about 10 pm.
The surfaces of the starch granules are angled because
they are closely packed (Fig. 2). Profiles of the protein
matrix were seen as irregular masses surrounding each
starch grain. Also, surrounding the starch grains are
smaller granules, approximately 0.5 to 2um, which
probably represent part of the protein matrix.

It is known that starch is a polysaccharide in which
the monomer unit is glucose. The starch granules in
corn contain two kinds of molecules: amylose and
amylopectin [24]. Amylose is essentially a linear mol-
ecule which has about 1000 glucose units. Amylopec-
tin is a branched molecule which may contain 40 000
or more glucose units. The main fractions of corn
protein are albumens, globulins, prolamines and glu-
telins [23]. The protein is made of a complex nitro-
geneous organic compound of high molecular weight
that contains o-amino acids as their basic structural
units [25].

Previous studies have indicated that at various
locations the molecules in the protein film in the corn
endosperm are preferentially oriented [24]. Due to
this unique structural arrangement in protein, power-
ful intermolecular binding forces, similar to those ob-
served in oriented polymers, are expected, which
probably gives the kernels their toughness. The ratio
of starch to protein has been reported to be 11:1 in
floury endosperm and 6:1 in the horny endo-
sperm [24].

From the above description, it is clear that a corn
endosperm is a polymer—polymer biocomposite ma-
terial in which both the reinforcing filler or particle
(starch) and matrix (protein) are made of natural poly-
meric substances. The kernel material is, therefore,
a hybrid composite whose strength can vary from
point to point because of the variations in the kernel
structure. Thus, the mechanical properties of this
grain would depend on the characteristics of the pro-
tein matrix and the starch granules, their volume per-
centages and their spatial distribution, and on the
bond between the matrix and the starch granules.

5. Viscoelastic models of biomaterials

As described previously, the kernels have molecular
structures similar to high polymers. Therefore, it is
assumed that the effects of molecular structure on the
mechanical behaviour of the kernels would follow the
same general trend as that observed in the case of high
polymers [4, 26]. The viscoelastic behaviours of bio-
materials are most widely interpreted in terms of
mechanical models. These models consist of some
combinations of springs as the elastic elements and
dashpots as the viscous elements. Various types of
model have been used in representing the rheological
behaviour of biomaterials [1, 2,4, 6]. Two models,
namely the Kelvin and Maxwell models, are most
commonly used. A Kelvin model consist of a spring
and a dashpot in parallel. Under a constant stress the
Kelvin model exhibits creep behaviour [4]. The
simplest Maxwell model, composed of a spring and

a dashpot in series, is used to represent the stress
relaxation behaviour of linear viscoelastic materials
[26]. Due to the complex mechanical behaviour of
most biomaterials, the single-element Maxwell model
is often inadequate to describe the viscoelastic behavi-
our of the biomaterials. Therefore, a generalized
Maxwell model consisting of several Maxwell ele-
ments with a spring in parallel is preferred (Fig. 3).
Under the application of constant strain or deforma-
tion, the viscoelastic function exhibited by the model is
of the form

E®) = ¥ Eesp(—yT)+E ()
and o
T, = nJ/E @

where E(t) is the relaxation modulus at time ¢, n is an
integer constant, E, is the decay modulus of the ith
Maxwell element, 7 is the time of relaxation of the ith
Maxwell element, E, is the equilibrium modulus or
modulus after infinite time and n; is the viscosity of the
ith viscous element.

The viscoelastic response of biomaterials depends
strongly on the moisture content and temperature.
When the influence of moisture on the response of
a material can be compensated for by shifting along
the time axis horizontally, then the materials are
considered hydrorheologically simple. In a similar
fashion, if the temperature effects of a material can be
shifted along the time axis, then the material is said to
be thermorheologically simple.

With a view to explaining the meaning of a shifting
of the curves, a plot of the relaxation modulus against
the logarithmic time is presented in Fig. 4. The relaxa-
tion modulus at a moisture content M can be ex-
pressed as [27]

Ey(log;ot) = Eyollogot + f(M)] = E, (3)

where t is time, E,, and E,, are the relaxation
modulus function at a moisture content of M and M,
respectively, E, is the relaxation modulus at a selected
time and f{M) is the horizontal shift in the logarithmic
scale to superimpose both of the curves.

Let

ay(M) = 1070 (4)

Then
SIM) = log,, ay(M) &)

in which a,, is defined as the moisture shift factor, and
is a function of the moisture content.
Substituting Equation 5 into Equation 3 yields

Ey(logyot) = Epyollogiot + logigay)  (6)
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Figure 3 Generalized Maxwell model.
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Figure 4 A plot of E(r) against log, ¢ for kernel moisture contents
of M and M,.

or
Eyollogyo(tay)] (7

1

Ey(logo 1)

Therefore,
Ey(t) = Eypltay) (®)

Equation 8 reveals that ¢ units of time at moisture M is
equivalent to (ta,,) units of time at moisture M. The
shift function a,, is inherent in the property of a vis-
coelastic material and should be determined experi-
mentally. For M < M,, f(M)>0 and q,, > 1; for
M>M, f(M)<O0 and ay,<]1; for M=M,,
f(M) = 0and a,, = 1. A unit of time at moisture M is
equivalent to a 1/a,, units at moisture M.

Using the above procedure and the reasoning for
time—temperature shifting of the relaxation curves,
a temperature shift function a4 can be determined.
After determining the shift functions for both temper-
ature and moisture content, the master relaxation
modulus curve for the kernels may be represented by
a generalized Maxwell model of the form

) +E )

where E(t, M, 0) is the relaxation modulus as a func-
tion of time (t), moisture content (M) and temperature
(0), n is an integer constant, a, is the temperature shift
factor, a,, is the moisture shift factor, «; is the inverse
of the relaxation time (7;) of the ith Maxwell element,
E; is the decay modulus of the ith Maxwell element
and E, is the equilibrium modulus.

Since in this investigation the temperature was kept
constant, Equation 9 is reduced to

1 .t
E@ M, 0) = Y E exp<— %

i=1 Aoy

ot

Et M) = iEiexp<— )+ E, (10)
i=1

ay

6. Results and discussion

6.1. Mechanical properties

Theoretical models described in the Appendix can be
used in determining the elastic properties of the corn
endosperm. The models require the value of the input
parameters such as shear modulus, volume fraction
and Poisson’s ratio of both the spherical particles (the
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starch granules) and the protein matrix. However, in
the absence of readily available data on the shear
modulus and Poisson’s ratios of the participating con-
stituents, and the crack extension being the primary
mode of the deformation at the strain levels investig-
ated, the theoretical prediction of the elastic properties
has not been possible. Instead, experimental data were
used to compare the properties of dent and flint corn
kernels at relatively low strain levels.

The load—deformation behaviour of the kernel is
shown in Fig. 5. In most cases the initial portion of the
curve is approximately linear up to certain levels of
deformation beyond which it became non-linear. The
observed bioyield point represents the yield point in
the biological materials. This is an indication of initial
cell rupture in the cellular structure of the material
[4]. The stress was expressed as force per unit area,
and the strain was determined by dividing the kernel
deformation by the initial kernel thickness. The
modulus of resilience was determined by the area
under the straight-line portion of the stress—strain
curve. The modulus of toughness is represented by the
area under the stress—strain curve up to the rupture
point,

Analysis of the data showed that the uitimate stress,
modulus of elasticity and modulus of toughness
mostly increased as the proportions of the horny
endosperm were increased from the level H, to Hj.
However, the results were not significantly affected by
the differences in the kernel structure of H; and H,.
The data obtained at various moisture levels were
subjected to regression analysis. To account for differ-
ences resulting from the levels of kernel structures, the
dummy variable concept was employed [28]. One
dummy variable, Z, was found appropriate for the
analysis as the responses of the two types of kernel (H,
and H,) could be described adequately by a single
response curve. The results are presented for the
moisture content range 6 to 34% (wet basis).

The mechanical behaviour of a kernel is strongly
dependent on its moisture content. As water molecules
enter the polymeric chain units, which are close to
each other, the chains are forced to rearrange their
relative positions, resuiting in an increased volume of
the kernel. In addition, the friction coefficient de-
creases with an increase in water content, as some of

Rupture
point ;

Bioyield
point

Force

16 %
moisture

-«— Deformation

Figure 5 A typical load—deformation curve for corn kernels.



the nearest neighbours of a polymer segment are sol-
vent molecules and are highly mobile [10, 26]. Also,
crack initiation and propagation will be affected by
the levels of moisture present in the system. Con-
sequently, the resistance to deformation decreases
with an increase in water content of the kernel.

The stress—strain curves for the kernels H, and H,
are shown in Figs 6 and 7, respectively. The test data
showed that the ultimate stress, modulus of elasticity,
modulus of toughness and modulus of resilience de-
creased exponentially as the moisture content in-
creased. The ultimate stress values ranged between
8 and 82 MPa for the kernels tested. The regression
model showed that the ultimate stress values for the
flint kernel (H;) were 1.23 times those obtained for the
dent kernels (Fig.8). The measured values of the
modulus of elasticity for different types of material
were in the range 20 to 480 MPa (Fig. 9). The regres-
sion model predicted substantially lower modulus
values for the dent kernels; the dent kernel values were
approximately 0.71 times those obtained for the flint
kernels. The observed modulus of toughness values for
the kernels varied between 0.8 and 4.4 MJIm ™3, The
best-fit model for the modulus of toughness was

M; = exp(l.7 — 0.0576M + 0.106Z)
2 = 93.7%) : (11)

where M is the modulus of toughness (MIm™?), M is
the moisture content (% (wet basis)) and Z is a dummy
variable (z =0 for dent kernel and Z =1 for flint
kernel).

The flint kernels showed a considerably higher
modulus of roughness than the dent kernels. The
modulus of resilience values were in the range 0.20 to
0.75 MJm~ 3. The modulus of resilience was relatively
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unaffected by the kernel structures tested. The regres-

sion model for the modulus of resilience, based on the

pooled data, was
My = 0.652 exp(— 0.0365M)

(r* = 65.6%) (12)
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where M, is the modulus of resilience (MJm™?) and
M is the moisture content (% (wet basis)).

6.2. Microscopic studies

Micrographs of the corn kernels subjected to the
strains are shown in Figs 10 and 11. From the analysis
of these micrographs, it was found that microcracks
propagated (a) along the cell walls (intercellular),
(b) through the cells (transcellular) and (c) inter-
granularly (at the interface of the starch granules and
the protein matrix) due to the coalescence of voids in
the protein matrix of the endosperms. At some places
in the endosperms the cracks also propagated through
the starch granules (transgranularly). Some of the
starch granules of the floury endosperms were peeled
off during deformation, which was apparently possible
due to weak bonds between the granules and the
protein matrix [24]. When various levels of compres-
sive strain were applied, no significant alteration of
individual cells or tissue pattern was observed. This
may be attributed to the fact that when the kernels are
loaded in the Y-direction they experience tensile
strains in both the X-direction (longitudinally) and
the Z-direction (transversely) (Fig. 12). These strains
cause extensive cracks, and most of the strain energy
of the kernels goes into the formation and extension of
cracks instead of deforming the cells. Consequently,
little distortion in either cells or starch granules was
observed within the tested range. Most of the kernels
as received were found to have microcracks due to the
drying stresses. The size and number of cracks in-
creased with the strain. The resultant network of
cracks consisted of primary, secondary and tertiary
cracks. In this investigation, primary cracks were
selected to compare the fracture behaviour of the
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kernels due to the compressive loadings. Besides, no
significant change in the direction of propagation of
the major cracks was observed, particularly at low
strain levels. This is understood to be due to the lower
fracture resistance of the soft endosperm (floury en-
dosperm regions). When the strain was increased from
15 to 25%, the maximum longitudinal crack length
increased from 5.29 to 6.29 mm for dent and from 5.44
to 6.12 mm for flint kernels, whereas the increase in
the transverse cracks ranged from 4.08 to 4.93 mm for
dent and from 3.74 to 3.91 mm for flint (Table I). The
maximum width of the longitudinal cracks increased
from 102 to 493 um and from 102 to 374 pm for dent
and flint kernels, respectively. Under the same strain
range the increase in the maximum width for the dent
kernels varied from 476 to 680 um, and for the flint
kernels from 136 to 270 um. In general the maximum
width of the cracks occurred in the floury regions, the
minimum occurring in the horny endosperm for all of
the kernels tested. This was probably due to the fact
that the floury endosperm fractures easily due to its
weaker protein matrix and reduced bond area bet-
ween the matrix and starch grains compared with the
horny endosperm. Cracks which develop in the floury
endosperm act as notches for the horny endosperm.
Due to stress-concentration effects in the vicinity of
the cracks, there is rapid crack propagation through
the horny endosperm which in turn reduces the load-
carrying capability of the kernels. Thus, the amount of
floury region in a kernel should be minimized in order
to maximize the kernel toughness.

In general, under most of the experimental con-
ditions discussed, the flint kernels exhibited higher
compressive properties than the dent kernels tested. It
is believed that the flint kernels derived high strength
due to the presence of higher proportions of the
heavier protein matrix and their increased bond area
between the matrix and the starch granules due to
smaller and more-closely packed starch granules,
compared with the floury endosperm.

It is likely that at very high compressive strain
levels, which cannot be accommodated by crack
initiation and extension, there will be deformation of
individual starch granules and a change in the spacing
between individual granules. At such high strains the
properties of the kernels can be interpreted in terms
of the theories of composite materials with spherical
particles outlined in the Appendix.

6.3. Viscoelastic behaviour

The load—deformation data obtained from the stress
relaxation tests were converted into a relaxation
modulus-time relationship. The relaxation modulus
curves at three levels of deformation velocity (1.27,
5.08 and 12.70 mm min~') for the kernels H, and H,
are shown in Figs 13 and 14, respectively. Test data
revealed that the magnitude of the relaxation modulus
was not significantly influenced by deformation rate
within the experimental range. Therefore, the data at
each moisture level were merged and a generalized
Maxwell model with three elements and a paraliel
spring was fitted to the available modulus data [11].



Figure 10 Micrographs of the kernels subjected to compressive strains: (a) dent kernel at 15% strain {15 x ), (b) flint kernel at 15% strain
(15 x), (c) dent kernels at 25% strain (15 x) and (d) flint kernels at 25% strain (15 x).

TABLE I Maximum dimensions of the major primary cracks in the kernels as a function of strain

Strain Corn Overall crack dimensions® Crack width in the
applied species horny endosperm
(%) Length Width (pm)
L T L T

(mm) (mm}) (pm) (umy)
0 Dent 0-2 0-4 0-68 0-68 0-8
0 Flint - — - - 0-3.5
15 Dent 0-5.27 0-4.08 0-102 0-476 0-1.2
15 Flint 0-5.44 0-3.74 0-102 0-136 0-1.5
25 Dent 0-6.29 0-4.93 0-493 0-680 0-12.8
25 Flint 0-6.12 0-397 0-374 0-270 0-10.2

* The maximum dimensions of the cracks appeared in the floury regions of the kernels. L represents the longitudinal crack dimensions and
T represents the transverse crack dimensions.



Figure 11 Micrographs of the endosperms when the kernels were subjected to compressive strains: (a) dent floury endosperm at 15% strain
(x 350), (b) flint floury endosperm at 15% strain (x 350), (c) dent horny endosperm at 15% strain (x 1200), (d) flint horny endosperm at
15% strain (x 1200), (¢) dent floury endosperm at 25% strain (x 210), (f) flint floury endosperm at 25% strain (x 210), (g) dent horny
endosperm at 25% strain ( x 140) and (h) flint horny endosperm at 25% strain (x 140).

No definite trend could be established between the
time of relaxation and the kernel moisture content,
and the time of relaxation and the kernel type [11]. In
most cases, at the beginning of relaxation the relax-
ation modulus values were considerably higher for the
flint kernels (H,) than for the dent kernels (H,), espe-

P cially in the moisture range 16 to 30%. However, as

the time progressed, both of the kernels showed
Figure 12 Direction of compressive loads applied to the test kernels. similar results.

282




60C

550

500

450

400

350

300

250

Relaxation modulus (MPa)

150

100

S0

N SNV SR N P R |
0 20 40 60 80 100

Time (sec)

4 I S S
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Figure 14 Relaxation modulus of the flint kernels (H,) as a function
of time at five levels of kernel moisture content. Key as for Fig. 13.

In this paper, a best-fit model for a master relaxa-
tion moduius curve for the kernels of H, is presented.
The functional relationship between the moisture shift
factor and the kernel moisture content determined

TABLE II Estimated parameters of the model for the master
relaxation modulus function

Makwell

Parameter
element
E; o
(MPa) (sec™1)
1 105.6 187.950
2 104.3 5.140
3 105.8 0.082
4 95.8 0.003
5 44.9 0.00013
6 37.6 0.000001
Spring 66.2 -

through regression analysis was

Ina,, = 0394 — 0.874(M — 20.2)
" = 99.1%) (13)

where a,, is the moisture shift factor and M is the
moisture content (%).

Using this shift factor, a generalized Maxwell model
of the form described in Equation 10 was fitted to the
experimental data. The best-fit model consisted of six
Maxwell elements and a parallel spring. The estimates
of the model parameters are reported in Table II.

7. Conclusions
Based on the results obtained in this investigation, the
following main conclusions were drawn.

1. Microscopic analysis revealed that the mech-
anical properties of corn kernels were influenced sig-
nificantly by the kernel structures. The kernel strength
levels were adversely affected by the presence of the
floury endosperm in the kernels, as this endosperm
cracks easily even at low loads or due to the drying
stresses. These cracks in the floury endosperm behave
like notches or flaws which lead to rapid crack pro-
pagation through the horny endosperm. As a result,
the presence of floury endosperm causes a reduction in
the kernel resistance to fracture. Therefore, propor-
tions of the floury endosperms should be minimized
by altering the genetic characteristic of the kernels in
order to maximize the kernel toughness. A further
increase in the toughness can also be achieved by
developing the heavier protein matrix in the floury as
well as in the horny endosperms.

2. The size of the longitudinal and transverse cracks
in corn kernels increased with increasing strain or
decreasing proportions of the horny endosperm.

3. The shape and size of the cells and the starch
granules of the endosperms were not substantially
altered by the strain within the range tested.

4. The ultimate stress, modulus of elasticity, and
modulus of toughness were significantly higher for the
flint kernels than for the dent kernels tested. This was
primarily due to the higher proportions of horny
endosperm with heavier protein matrix which is pre-
sent in the flint kernels.

5. The modulus of resilience was not necessarily
influenced by the kernel structure within the experi-
mental range.

6. The ultimate

stress, modulus of elasticity,
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modulus of toughness and modulus of resilience de-
creased exponentially as the kernel moisture was in-
creased. The values of ultimate stress, modulus of
elasticity, modulus of toughness and modulus of re-
silience ranged from 8 to 82 MPa, 20 to 480 MPa, 0.8
to 44 MJm ™3 and 0.2 to 0.8 MJ m ™3, respectively, in
the moisture range 6 to 34% (wet basis).

7. The relaxation modulus of the corn kernels was
influenced by the kernel structure only in the beginn-
ing of the relaxation process in the moisture range
16 to 34% (wet basis).

8. The relaxation modulus of the kernels was not
significantly influenced by the deformation velocities
in the range 1.27 to 12.7 mmmin ~*.

9. The intact corn kernels were hydrorheologically
simple materials over the range of moisture content
considered. The master relaxation modulus curve can
be adequately represented by a generalized Maxwell
model with six elements and a parallel spring.

Appendix: Theoretical model for the
elastic properties of a particulate
composite filled with dispersed
reinforcement
Theoretical models are available to evaluate the elas-
tic properties of a particulate composite at different
levels of filler materials [29, 30]. A composite sphere
model for a high volume fraction of the filler material
described in this paper is suitable for the corn endo-
sperms. The model is composed of a gradation of sizes
of spherical particles in a continuous matrix. Each
spherical filler particle of radius a is assumed to be
surrounded by a matrix layer of outer radius b. The
ratio of a/b is assumed to be constant for particles of
any radius.

The model for shear modulus can be expressed as

GC
Gf
1 — (1 = Go/G)(T — Spm + Gi/Gr)(1 — Vo)
1501~ pp)
where G is shear modulus, the indices ¢, m and f refer
to the composite, matrix and filler, respectively, p , is
the Poisson’s ratio of the matrix and V; is the volume
fraction of the dispersed filler.
The model for the bulk modulus is given by

KC_Km
Kf—Km

(A1)

Vf
L+ [ — VK, — Kp)/(Kp, + 3G)]

where K is the bulk modulus.

The following expressions can be used to approxim-
ate the values of Young’s modulus (E,) and Poisson’s
ratio (p.) of the composite materials for the computed
values of shear modulus (G,) and bulk modulus (K,).

(A2)

_ _K.G, (A3)
¢ 3K, + G,
and
3K. — 2G
= e T Ve A4
He = 36K, + G.) (Ad)
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