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ABSTRACT

Breakage susceptibilities (BS) of two corn genotypes, each dried at four
temperatures, were investigated using the Wisconsin breakage tester
(WBT) and the Stein CK-2M breakage tester (SBT) at various operating
conditions. Particle size characteristics of the samples impacted with the
WBT and the SBT were determined using a set of U.S. standard sieves. The
BS and fineness modulus were independent of sample feed rate in the WBT.
In the SBT, BS increased and FM decreased with increasing impacting
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times. Six minutes of impacting in the SBT produced corn breakage levels
approximately equivalent to those in the WBT. Based on the wide
variations in the results it appears that correlation between actual corn
breakage and the BS values obtained with the WBT and the SBT may
depend on the type of handling, and this may have implications for those
who wish to use a breakage test as an information factor in U.S. corn
grading factors.

Breakage susceptibility (BS) can be defined as the potential for
kernel fragmentation or breakage when the kernels are subjected to
impact forces during handling and transport (AACC 1983). BSisa
significant factor in judging the quality of corn. Because corn may
be handled as many as 20 times from harvest to export (Miller et al
1981), domestic and foreign buyers prefer corn that is not
susceptible to breakage during handling. The official U.S.
standards for grain grading include broken corn and foreign
material (BCFM) as a major grading factor (USDA 1980).
According to this standard, BCFM is the fraction that passes
through a 4.76-mm (!%e4-in.) round hole sieve and the foreign
material that remains on top of the sieve. A major drawback in this
grading standard is that it ignores the potential for breakage of
kernels upon subsequent handling. For example, the Federal
Grain Inspection Service grades corn as it is loaded onto ships.
When the shipment arrives at its destination, the grain quality of
the corn changes as a result of subsequent handling and
transportation. For certain end uses, the value of this corn to the
buyer may decrease as a result of the breakage that is not reflected
by the current grading standard.

There have been several investigations reporting the extent of
kernel damage at various handling operations (Fiscus et al 1971,
Hall 1974, Paulsen and Hill 1977, Paulsen and Nave 1980, Pierce
and Hanna 1985). These studies indicate an increase in percent
BCFM with an increased number of handlings, depending on the
severity of the handling operation. BS values have been reported to
positively correlate with increases in BCFM value (Stephens and
Foster 1976, Herum and Hamdy 1981, Paulsen and Hill 1983).
Therefore BS, in addition to the BCFM value, should be
considered as a valid information factor in the U.S. corn grading
standards.

If the BS value is to be included as an information factor,
standardization of the testing procedure and equipment will be
required. The need for a standard BS testing has long been
recognized (McGinty 1970). The breakage testers proposed are
basically of two types. The first type utilizes impacting action of a
moving blade or impeller on a confined grain sample (McGinty
1970, Watson and Herum 1986). The second type utilizes the effect
of centrifugal impaction of individual kernels against a stationary
surface (Sharda and Herum 1977, Miller et al 1979, Singh 1980,
Paulsen et al 1981). Of the various breakage tester designs, the
Stein CK-2M (SBT) and the Wisconsin breakage tester (WBT) are
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the most widely used. The mechanisms involved, and the types of
damage created in these two testers are quite different. The SBT
produces an abrasive type of pericarp damage created by multiple
impact of a fast moving blade in a sample holder cup. The WBT
impinges individual kernels against a stationary metal surface at a
high velocity and thereby tends to crack the kernels or chip small
pieces from the crown.

The SBT has been in use longer than the WBT. Several
researchers have found that the BS value obtained with the SBT is
satisfactory in correlating with the percent BCFM produced by
handling (Thompson and Foster 1963, McGinty 1970). The AACC
method 55-20 recommendation for BS testing with the SBT is to
impact 100 g of corn at 139% wet basis moisture (maximum of 18%)
for 2 min and then sieve with a 4.76-mm ('%6s-in.) round hole sieve
in a Gamet shaker for 30 cycles to separate the broken fraction
(AACC 1983). However, impacting times and sieve sizes other than
the recommended standard have also been investigated. McGinty
(1970) found an impacting time of 2 min to be adequate compared
to 10, 20, and 30 min of impacting. Paulsen and Hill (1983)
observed that impacting the kernels for 4 min produced BS values
twice as high as the BS values obtained with 2 min of impacting.
Herum and Blaidsdell (1981) used a 6.35-mm ('6/s4-in.) sieve to get a
better measure of BS. The 6.35-mm sieve tended to pass a greater
amount of corn and thus gives larger BS values compared to those
obtained with 4.76-mm sieve.

The results of studies comparing the performances of the SBT
and WBT are varied. Miller et al (1981) reported that the harsh
action of the SBT produced a much greater percentage of broken
corn than the grain accelerator type testers. The SBT apparently
accentuates small differences, and thus has a greater potential for
differentiating among samples. Paulsen and Hill (1983) reported
that a 2-min test with the SBT on commercial corn produced
35-85% higher BS values than those obtained with centrifugal type
impactors but also had a larger variation in the BS values.
Conversely, Martin et al (1984) reported less damage and breakage
with the SBT than with the WBT for 12.6% moisture corn. Paulsen
et al (1983) reported that the SBT does not easily distinguish
differences in breakage susceptibility among hand-shelled, low-
temperature dried genotypes even though it showed more
significant differences than the WBT. Gunasekaran and Paulsen
(1985) observed that the SBT produced lower BS values for corn
dried at 20 and 35°C than the WBT; and for corn dried at 50 and
65° C the values were higher than the WBT. In general corn dried at
low temperature has higher BS with the WBT than the SBT, and
the opposite is true for commercial corn dried at high temperature.
These investigations apparently indicate that there is no standard
BS test equipment and method currently available. There has not
been much work relating the BS values to the actual grades of corn
samples. Miller et al (1981) reported that there is no consistent
relationship between the commercial grain grade and the BS values
obtained with SBT. Watson and Herum (1986) compared the
performance of eight BS measuring devices and selected the WBT
as the best all-around device for eventual commercial
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development. The Federal Grain Inspection Service is looking into
the prospect of using BS values obtained with the WBT as one of
the grain grading factors.

This paper investigates the relative performance of the WBT and
the SBT in predicting BS values of corn samples of two genotypes
dried at four drying air temperatures. The effects of corn
temperature and moisture on BS were kept to a minimum by
conducting the tests in a controlled environment and maintaininga
narrow moisture content range for all samples. Sieve analysis with
a set of U.S. standard sieves was used to evaluate the particle size
characteristics of the broken fractions in both the breakage testers.

Objectives

The objectives of this investigation were to determine the
performance of the WBT and the SBT at various operating
conditions, the operating conditions producing equivalent
breakage levels in both the WBT and the SBT, the particle size
characteristics of the corn samples impacted with the WBT and the
SBT, and the relative severities of the breakage produced in the
WBT and the SBT.

MATERIALS AND METHODS

Sample Preparation

Two corn genotypes, FRB27 X Mo17 and FRB27 X Va22, were
used in this investigation. These corn genotypes were grown on the
Agricultural Engineering Research Farm at the University of
Illinois. The corn was handpicked at about 27% moisture content
and then hand-shelled to avoid mechanical damage to the kernels.
Four lots of shelled corn of each genotype were obtained. Using
laboratory dryers, these corn samples were dried to a final moisture
content of about 15% using air at 20, 35, 50, and 65°C. A constant
airflow rate of about 2.0 (m’/ min)/ m’ of corn was used for all the
drying tests. Further details of the drying procedure and the drying
rates obtained are reported in Gunasekaran and Paulsen (1985).

Breakage Susceptibility Tests

Samples of corn dried at different temperatures were split into
four parts using a Gamet precision divider. Three of the
subsamples were used to replicate all the experiments three times.
For all BS tests, subsamples of 100 g were presieved on a Gamet
shaker for 30 cycles using a 6.35-mm ('¢/+-in.) round hole sieve.

The WBT had a 254-mm diameter impeller that, operating at
1,800 rpm, centrifugally propelled kernels against the inside
surface of a 305-mm diameter vertical cylinder. The Tecatur
vibratory feeder used with the WBT was adjusted to obtain feed
rates of 400, 600, and 800 g/ min. For the SBT, the timer was set for
impacting times of 2, 4, 6, and 8 min. Three replications of BS tests
at each of four drying temperatures and for each test variable
provided a total of 36 tests with the WBT, and 48 tests with the
SBT, respectively, for each hybrid.

The BS tests were conducted in an environmentally controlled
room maintained at 20°C. The corn samples were stored at this
condition for 72 hr prior to the BS tests. Moisture contents of the
samples were determined according to the ASAE standard S352.1
(ASAE 1984) using 15-g samples. The moisture content of all
samples ranged from 12.9 to 14.0% wet basis, which is near the 13%
wet basis moisture recommended by the AACC (AACC 1983).

After impacting in the breakage testers, the samples were
presieved for 30 cycles on the 6.35-mm sieve. The corn fraction
retained by the sieve was weighed and recorded. A similar
measurement was made on the same impacted sample using a
4.76-mm sieve. Percent BS was calculated as:

% BS = 100 X (original weight — weight retained by the sieve)

original weight

Sieve Analysis

The samples comminuted in the WBT and SBT, after BS
determination, were further analyzed for their particle size
characteristics using a set of U.S. standard sieves in a Ro-Tap
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shaking machine with a bottom pan. The mesh openings of the
sieves used were 7.94-mm (2%64-in.), 6.35-mm (16/64-in.), 4.75-mm
("%6a-in.), 3.37-mm (85/64-in.), 2.38-mm (64-in.) and 1.19-mm (3es-
in.). Based on preliminary tests, a shaking time of 2 min was found
to be sufficient. After each test, the corn fractions retained on each
of the six sieves and the pan were weighed and recorded.

Based on the weight fractions retained in each of the six sieves
and pan, the fineness modulus was determined as described by
Henderson and Perry (1982). Weighting factors of zero through six
were used for weight fraction retained in the pan through the
7.94-mm sieve, respectively. Fineness modulus is a measure of the
average particle size in a mixture of particles of varied sizes (i.e., the
larger the average particle size the larger the fineness modulus),
and therefore can be used in evaluating the breaking action of the
WBT and the SBT at different operating conditions.

The BS and fineness modulus values were compared using
analysis of variance and Duncan’s multiple range test statistical
procedure (SAS 1982) to test the effects of drying air temperature,
time of impacting in the SBT, and the feed rate in the WBT.

RESULTS AND DISCUSSION

Breakage Susceptibility

The BS values for all samples determined using the 4.76-mm
sieve (BS1) and 6.35-mm (BS2) at different feed rates in the WBT
and at different impacting times in the SBT are presented in Tables
I and 11, respectively. According to the Duncan’s multiple range
test at the 5% level of significance, the following trends can be
generalized for both the corn genotypes: 1) In both the WBT and
the SBT, the BS increased as the corn was dried at higher
temperatures. 2) In the WBT, the BS was independent of the
sample feed rate within the range tested. 3) In the SBT, the BS
increased as the impacting time increased from 2 to 8 min.

Increase in BS as corn is dried at higher temperatures has been
documented by several researchers. The reason for this may be the
formation of multiple stress cracks in the kernels that potentially
reduce the kernel strength (Gunasekaran and Paulsen 1985). There
was a considerable increase in BS values as the drying temperature
increased from 35 to S0°C (Tables I and II). This was perhaps
caused by a decrease in kernel strength below a level at which the
kernel could reasonably withstand impact forces. The increase in
BS values between 35 and 50° C was more dramatic in the WBT
thanin the SBT, which indicates that the action of the WBT may be
harsher than that of the SBT under normal operating conditions.
Comparing the BS values from the WBT and the SBT, it appears
that 6 min of impacting is required in the SBT to obtain a breakage
approximately equivalent to that in the WBT under the conditions
of these tests.

As already mentioned, the impacting mechanisms in the WBT

TABLE 1
Breakage Susceptibility (BS) Values Obtained

Using the Wisconsin Breakage Tester

Corn Genotype
FRB27 X Mol7 FRB27 X Va22

Drying Feed
Air Temperature Rate BS1® BS2P BS1*® BS2®
(°C) (g/min) (%) (%) (%) (%)
20 400 4.7 11.1 99 354
20 600 4.4 11.6 10.8 35.6
20 800 4.5 11.7 10.4 35.5
35 400 5.7 16.6 14.0 36.2
35 600 5.3 14.6 13.6 36.2
35 800 6.5 17.1 14.1 38.3
50 400 11.9 28.4 17.7 43.2
50 600 12.7 29.6 17.0 40.6
50 800 12.9 29.0 18.0 42.7
65 400 12.6 31.7 18.2 53.5
65 600 12.6 31.1 17.8 55.7
65 800 12.9 31.6 20.5 53.2

“BS values obtained using 4.76-mm sieve.
"BS values obtained using 6.35-mm sieve.



and SBT are quite different. Because the WBT discharges the
kernels individually, it presumably exerts a similar impacting force
onevery kernel. Therefore it seems likely that the BS in the WBT is
independent of feed rate. This characteristic is desirable if fast BS
determination is important. Also, because of the speed of
operation, large samples can be tested in a limited time to obtain a
more representative BS estimation than with smaller samples.
Increasing the impacting time in the SBT is equivalent to increased
handling of a given sample. Since the breakage occurring is
cumulative over the number of handlings, the increase in BS values
at greater impacting times is expected.

The 6.35-mm sieve used for BS determination passed greater
amounts of corn through and thus produced higher BS values
(BS2) compared to the corresponding values obtained with 4.76-
mm sieve (BS1). However, the general effects of changing drying
temperature, impacting times, and feed rate are the same for both
BS1 and BS2.

Sieve Analysis

Fineness modulus. The fineness modulus values obtained for all
samples comminuted using the WBT and SBT are presented in
Tables III and IV, respectively. According to the Duncan’s
multiple range test at a 5% level of significance, the general
observations can be listed as: 1) In both the WBT and the SBT, the
fineness modulus decreased (i.e., smaller average particle size) as
the corn was dried at higher temperatures. 2) In the WBT, the

TABLE 11
Breakage Susceptibility (BS) Values Obtained
Using the Stein CK-2M Breakage Tester

Corn Genotype
FRB27 X Mol7 FRB27 X Va22

Drying Impacting

Air Temperature Time BS1* BS2" BS1* BS2"
(Y] (min) (%) (%) (%) (%)
20 2 0.3 0.5 0.6 1.3
20 4 2.8 3.5 3.2 6.8
20 6 58 7.5 5.8 17.9
20 8 11.6 15.3 11.4 22.8
35 2 0.5 1.0 3.5 8.4
35 4 49 7.2 11.3 325
35 6 10.8 15.4 21.6 439
35 8 18.4 27.5 249 55.9
50 2 34 5.7 7.9 13.9
50 4 13.6 18.4 20.4 31.3
50 6 23.0 30.5 29.0 44.5
50 8 38.7 50.7 409 59.1
65 2 5.3 7.4 11.5 18.7
65 4 14.8 21.6 29.5 41.4
65 6 31.1 38.6 433 56.7
65 8 43.6 53.8 499 65.1

*BS values obtained using 4.76-mm sieve.
°BS values obtained using 6.35-mm sieve.

TABLE III
Fineness Modulus Values of Corn Samples Impacted
in the Wisconsin Breakage Tester

Drying Air Feed Fineness Modulus
Temperature Rate
0 (g/min) FRB27 X Mol17 FRB27 X Va22
20 400 4.8 4.1
20 600 4.8 4.2
20 800 4.8 4.1
35 400 4.7 4.1
35 600 4.7 4.1
35 800 4.8 4.1
50 400 42 3.9
50 600 42 39
50 800 4.2 39
65 400 4.1 3.7
65 600 4.2 3.7
65 800 4.2 3.7

fineness modulus was independent of the feed rate. 3) In the SBT,
the fineness modulus decreased as the impacting time increased
from 2 to 8 min.

These relationships complement those obtained with the BS
values. Because a small fineness modulus value represents a small
average particle size, the BS will be high. Therefore, the BS values
were inversely related to the fineness modulus values. In other
words, kernels susceptible to high breakage tend to yield a broken
sample with small average particle size.

The observation that 6 min of impacting in the SBT produced
results equivalent to those obtained in the WBT was further
substantiated by the fineness modulus values (Tables 11l and IV).

Weight retained by the sieves. Weight retained by only the top
three sieves (7.94, 6.35, and 4.76 mm) was considered, as they
represent fairly large fractions. The percent of the total sample
weight retained by these three sieves from the samples impacted in
the SBT and the WBT are shown in Figures 1 and 2, respectively.
These figures are for FRB27 X Mo17 corn only, but the FRB27 X
Va22 corn exhibited similar trends. The SBT tests indicate that, at
a given impacting time, as drying temperature increased the weight
fraction retained by the 7.94 and 4.76-mm sieves changed only by a
small amount; however, the weight retained by the 6.35-mm sieve
declined steadily. Figure | represents the data obtained with
samples after 4 min of impacting. Corn retained by the 7.94-mm

TABLE 1V
Fineness Modulus Values of Corn Samples Impacted
in the Stein CK-2K Breakage Tester

Drying Air Impacting Fineness Modulus
Temperature Time

©0) (min) FRB27 X Mo17 FRB27 X Va22

20 2 5.2 5.2

20 4 5.1 5.0

20 6 4.9 4.7

20 8 4.6 4.5

35 2 5.3 5.0

35 4 5.0 4.3

35 6 4.7 4.0

35 8 4.4 3.6

50 2 5.1 5.1

50 4 4.5 4.3

50 6 4.2 39

50 8 3.5 33

65 2 5.1 4.8

65 4 4.5 39

65 6 39 35

65 8 33 3.0
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Fig. 1. Percent weight retained by 7.94, 6.35, and 4.76-mm sieves from
FRB27 X Mo17 corn samples impacted in a Stein CK-2M breakage tester
for 4 min. (The results for the samples impacted for 2, 6, and 8 min are
similar.)
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sieve can be considered whole or nearly whole kernels. Therefore,
drying corn at higher temperatures resulted in additional breakage
of the already broken fraction (represented by the decrease in
weight retained by the 6.35-mm sieve) rather than new breakage of
whole kernels.

However, results of the WBT tests (Fig. 2) indicate different
relationships. As the drying temperature increased the weight
fraction retained by the 7.94 and 6.35-mm sieves decreased, but
weight retained by the 4.76-mm sieve increased. This indicates that
the impacting action of the WBT tended to discriminate the
breakage tendency of the kernels more closely than the SBT.
Notice that as the drying temperature increased, decrease in the
weight retained by the 6.35-mm sieve was more than that in the
7.94-mm sieve, again indicating that higher drying air
temperatures caused more additional breakage of already broken
kernels than new breakage of whole kernels. The weights retained
by the top two sieves from samples of the WBT are smaller than
their SBT counterparts. This implies that the action of the WBT
may be harsher on the kernels than that of the SBT, causing a large
proportion of the kernels to break up as well as increasing the
proportions of fine fractions in the sample. The results from both
the WBT and the SBT indicate that a 6.35-mm sieve is more
discriminating than a 4.76-mm sieve. Another noticeable point is
the dramatic reduction in the weight retained by the top sieve as the
drying air temperatures increased from 35 to 50°C. This
observation, as explained previously, was probably due to the
potential decrease in kernel impact strength at 35 to 50°C
temperature transition.

All the above observations indicate that a general estimate of
tendency for kernel breakage is very difficult. An increase in the BS
values in the SBT with increasing impacting times suggests that
corn subjected to repeated handling may need a different set of
standards than a sample that is not handled as often. Higher BS
values in the WBT, which uses a harsher impacting action than the
SBT, suggest that a sample subjected to severe handling needs a
different set of standards than a sample that is subjected to a less
severe handling operation. Therefore, the correlations between the
BS values obtained with the WBT and the SBT and handling
damage may depend on the type of handling, and this may have
implications for those who wish to use a breakage test as an
information factor in U.S. corn grading factors.

CONCLUSIONS

Based on the breakage susceptibility and fineness modulus
values, an impacting time of 6 min in the SBT produced breakage
levels approximately equivalent to those in the WBT. A 6.35-mm
sieve was more discriminating than a 4.76-mm sieve for use in
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Fig. 2. Percent weight retained by 7.94, 6.35, and 4.76-mm sieves from
FRB27X Mol7cornsamplesimpacted in a Wisconsin breakage tester ata
feed rate of 600 g/ min. (The results for the samples fed at 400 and 800 g/ min
are similar.)
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determining the breakage susceptibility. The WBT action was
harsher than that of the SBT and hence can be used to discriminate
samples based on breakage susceptibility more closely. Increase in
drying air temperature caused additional breakage to the already
broken kernels rather than new breakage of whole kernels.
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