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A friability test for maize grains has been developed. It is a particle found between kernel friability and yields of milling products, which
size index test that has been optimized to enhance discrimination be- were determined by using semi-wet and dry milling pilot devices. Other
tween samples. It has been tested on kernel samples from 18 maize cul- physical attributes of maize kernels, such as kernel size, shape and vitre-
tivars. From these results, a classification table with four classes has ousness, are not clearly related to friability and grain milling perform-
been proposed. Highly significant correlation coefficients have been ances.

In many African countries, maize is the primary staple food,
and consumer preference for maize quality is very strict (Kydd
1989, Tchamo 1993). For example, in the countries of the
Guinean zone of West Africa, people generally prefer soft grains,
mainly because grinding hard grains is more difficult and/or more
expensive (Koudokpon 1991, Tchamo 1993). But grain quality is
a criterion often underestimated in local maize research programs,
which leads to new cultivars with inadequate grain characteristics
and, consequently, to their failure to be adopted by local produc-
ers (Koudokpon 1991, Kydd 1989). Therefore, there is a trend
toward breeding African maize cultivars for their kernel qualities
and physical properties (Raju et al 1991, Tchamo 1993).

The quality of maize grain has also come under scrutiny in de-
veloped countries in the past decade for two primary reasons.
First, commercial handling of grain induces kernel breakage,
which increases losses and costs of aeration and of removal of
fines, which also increases mold and insect infestation and risks
of fires and explosions (Watson et al 1993). Second, corn proces-
sors in developed countries (who transform a quarter of the world
maize grain production) have specific demands; dry millers prefer
hard grain, which yields higher prime products, whereas wet
millers prefer soft grain because it requires less steeping time and
gives better starch-protein separation (Wu and Bergquist 1991).

In all cases, it is first the mechanical, or viscoelastic, behavior
of maize kernel, generally called hardness, that is in question. But
there is no general agreement on the definition of hardness in
terms of fundamental physical units. Some authors (Jindal and
Mohsenin 1978, Tran et al 1981, Waananen and Okos 1988) have
proposed several methods for measuring static and dynamic hard-
ness on individual kernels by using compression and impact tests.
They have demonstrated that the kernel becomes ductile or plastic
when moisture content increases: at high moisture content kernel
can absorb higher deformation value before breakage. On the
other hand, lower stress values are necessary for breaking the
kernel at high moisture content. Kernel hardness depends on
whether constant stress or strain is applied. In addition, tests per-
formed on individual kernels are not practical for routine analysis,
so many practical tests performed on kernel populations have
been proposed. For example, not less than eight devices to meas-
ure corn breakage susceptibility have been studied by Watson and
Herum (1986), who selected the Wisconsin Breakage Tester as a
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standard device. But it was later rejected (Watson et al 1993) for
the Modified Stein Breakage Tester (Watson and Keener 1993),
which has been partly automated (Watson et al 1993). A number
of laboratory tests have been used to evaluate the milling ability
of maize kernels, ranging from time, force, or work required to
grind maize kernels (Tran et al 1981, Pomeranz et al 1985), to
average particle size after grinding measured by sieving, or by
using near-infrared reflectance at 1,680 nm (Wu 1992, Pomeranz
et al 1984). These studies show that the coarser the particles after
grinding, the harder the grain. Breakage susceptibility tests and
grinding tests that can predict the behavior of maize kernels dur-
ing transportation (Paulsen and Hill 1983) and industrial milling
(Pomeranz and Czuchajowska 1987) reflect mechanical kernel
properties and are therefore generally correlated (Pomeranz et al
1984, 1986).

There are many indirect methods for evaluating the mechanical
properties of maize kernels. They are generally based on the
evaluation of the endosperm texture, i.e., vitreousness. Vitreous-
ness can be visually estimated on grain cross-sections (Paulsen et
al 1983), calculated by the respective areas of vitreous and floury
endosperm parts (Louis-Alexandre et al 1991, Pordesimo et al
1991, Gunasekaran et al 1988), or evaluated by the opacity of
whole kernels using image analysis (Felker and Paulis 1993).
Another way to evaluate vitreousness is to measure kernel density
because vitreous endosperm is dense whereas floury endosperm
is lighter and full of air spaces (Robutti et al 1974, Watson
1987b). The apparent density can be measured using a pycnome-
ter or evaluated by using a floating test in sodium nitrate solution
of 1.275 specific gravity. Measured vitreousness and maize kernel
specific density are highly correlated (Mestres et al 1991). Both
of these factors are correlated to milling abilities of maize and
particularly to the yield of fine products (Mestres et al 1991, Wu
and Bergquist 1991). But the measurement of specific density or
vitreousness is time consuming and is not practical to use as rou-
tine test. Furthermore, endosperm texture characteristics are not
clearly related to the results obtained by various mechanical labo-
ratory tests (Abdelrahman and Hoseney 1984) and to the yield of
prime products during the dry-milling procedure (Mestres et al
1991, Peplinski et al 1992).

In addition, other characteristics linked to the shape and size of
maize kernels are often determined, such as kernel weight, test
weight, sphericity, and dent kernel percentage. But there is no
clear relationship between these parameters and mechanical prop-
erties or endosperm texture of maize kernels. For example, Me-
stres et al (1991) did not find any significant correlation between
kernel shape factors (sphericity or dent kernel percentage) and
endosperm texture (vitreousness or specific density) for 18 culti-
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vars. Nor was there any correlation between kernel weight and
endosperm texture (Mestres et al 1991, Pomeranz et al 1986) or
grain mechanical properties (Pomeranz et al 1986). Test weight is
also not a precise indicator of any specific grain quality attribute
(Dorsey-Redding et al 1991).

There is a need for a rapid standard laboratory test that can be
routinely used by breeders to predict maize milling abilities. Cur-
rent breakage susceptibility tests under development predict
maize kernel behavior during handling rather than milling behav-
ior. Until now, laboratory grinding tests have used specific de-
vices such as a micro hammer mill for the Stenvert Hardness Test
(Pomeranz et al 1985). A standard routine test should use a
widely used grinding device such as a KT-3303 (Falling Num-
ber), which is already recommended for other hardness tests such
as wheat (AACC 1983) or sorghum (Fliedel et al 1989).

We set out to develop a routine test that can be used by maize
breeders in African countries. Furthermore, because maize breed-
ers currently judge grain quality from kernel shape (dent or flint
character) and aspect (translucency), we wanted to clearly estab-
lish the relationships existing between the mechanical properties
of the maize endosperm and the other physical properties of
maize grains, particularly endosperm texture and kernel shape.

MATERIALS AND METHODS

Maize
For the development of the grinding test, seven samples (from

cultivars IRAT 39, 81, 100, 102, 148, 200, and 275) that ranged
from floury to very vitreous endosperm texture were used (Louis-
Alexandre et al 1991). For physical and milling tests, 18 maize
samples (10-20 kg) were collected from several seed farms in
African countries and French West Indies (Table I). They were
chosen to represent the highest phenotypic variation of en-
dosperm texture encountered in West and Central Africa. The
samples were harvested in 1988 or 1989 and air-dried at ambient
temperature (25-40'C). Final moisture content ranged from 9.8 to
15.1% (wb). Each sample was stored at 4VC and brought up to
ambient temperature one day before analyses were performed.

Physical Analysis
Thousand-kernel weight, dent kernel percentage, specific den-

sity, and vitreousness were measured as described elsewhere
(Mestres et al 1991, Louis-Alexandre et al 1991).

The laboratory grinding test was performed using a KT-30 disc
mill (Falling Number, Stockholm, Sweden) device (similar to KT-
3303 from the same supplier) using fine or coarse burr. Grain

TABLE I
Characteristics of the 18 Corn Cultivars
Used for the Physical and Milling Tests

Cultivar Type Origin Kernel Color

IRAT 48 Composite Guadeloupe Yellow
Kolaribougou Ecotype Guadeloupe Yellow
Poza rica 7429 Composite Guadeloupe White
Across 8149 Composite Guadeloupe White
Guatemala Population Guadeloupe White
Jaune de Bambey Single hybrid Sen6gal Yellow
HVB1 Single hybrid Sen6gal White
Synthetic C Single hybrid Sendgal White
Mali 2 Ecotype Mali Yellow
E 211 Composite Mali Yellow
Tiemantie Ecotype Mali Yellow
TZ-ESR-W Variety Mali White
Tuxpenio Variety Mali White
SR 22 Composite Burkina Faso White
Massayomba Ecotype Burkina Faso White
IRAT 171 Composite Burkina Faso White
IRAT 80 Composite Burkina Faso Yellow
Jaune de F6 Ecotype Burkina Faso Yellow

samples of 20 or 50 g were rapidly introduced into the grinder
already working, and the product was sieved during S mn using
an air jet sifter (Alpine 200 LS, Duisburg, Germany) with various
sieves (openings from 125 to 400 gm). Overs were weighed and
their dry matter content determined (DMO, %, wb). A particle
size index (PSI) was calculated for each sieve using the formula:
PSI (% db) = 100 - 100 x [(Overs x DMO)/(Sample weight x
DM)] where DM is the dry matter content (% wb) of initial sam-
ple and overs is the weight of overs collected on top of the sieve.

Tempering
Before being used for the grinding test, maize lots were tem-

pered at fixed water content (from 10.5 to 17.5 % wb). For this,
two alternative methods were used: 1) grains were soaked in dis-
tilled water for one hour then brought to 11.5 or 15.5 ± 0.5%
water content (wb) by holding at 30'C over saturated solutions of
Mg(NO 3)2 (aw = 0.51) and KBr (aw = 0.80), respectively (Louis-
Alexandre et al 1991) or 2) just enough distilled water was added
to raw or pre-dried (to 10.5% water content by storing for one
week at room conditions: 20'C, 30-50% rh) grains that were then
held at 20'C in an hermetic container for seven days.

Experimental Design for the Grinding Test
A factorial design was used to optimize sample discrimination

of the grinding test. Four experimental parameters were studied,
each one at two levels: maize grain water content (11.5 and
15.5% wb), sample mass (20 and 50 g), burr type (fine and
coarse), and burr setting (1 and 4 from contact, i.e., spacing of
0.18 and 0.72 mm, respectively). A half replicate of a 2-fourth
design was chosen (Mullen and Ennis, 1985, Table II); in this
configuration, the fourth-order interaction is lost, the main effects
are aliased with three-order interactions, and second-order inter-
actions are aliased among each other. Three-order interactions are
negligible and can thus be ignored. This fractional factorial de-
sign was applied to the first set of seven IRAT cultivar samples.
For each experimental grinding condition, five PSI measurements
were successively made by weighing sieve fractions remaining
over sieves with openings of 125, 180, 250, 315, and 400 jm.

Dry and Semi-Wet Milling
Dry milling was performed using an experimental fragmenta-

tion device that had been adapted for use as a maize flaking grits
tester (Chaurand et al 1993). Maize grains are thrown by an im-
peller rotating at 1,000 rpm against a cylindrical stator composed
of two half linings, one a Carborundum corrugated surface and
the other a wire sieve with circular openings of 0.8 mm in diame-
ter. Overs, representing 70-80% of maize sample, were collected
and sieved using a rotating shaker (Tripette et Renaud, France).
The flaking grits, with a particle size over 4 mm, were collected
and weighed. Each maize lot (2.5 kg) was tempered at 13.5%

TABLE II
Half-Replicate 2-Fourth Design Used for Testing the Parameters

of the Grinding Test (adapted from Mullen and Ellis 1985)

Experimental Water Contentb Sample Burr
Conditions (% wb) Mass (g) Burr Type Setting

1 11.5 20 Fine 4
2 11.5 20 Coarse 1
3 11.5 50 Fine l
4 11.5 50 Coarse 4
5 15.5 20 Fine 1
6 15.5 20 Coarse 4
7 15.5 50 Fine 4
8 15.5 50 Coarse

a Each experimental condition was applied to 7 cultivars: IRAT numbers 39,
81, 100, 102, 148, 200, 275.

b Each sample was tempered at the desired water content by holding with
saturated solutions of Mg(NO3)2 or KBr.
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