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ABSTRACT: The linear and nonlinear viscoelastic prop-
erties of natural rubber composites reinforced with defatted
soy flour (DSF) were studied. DSF is an abundant, renew-
able commodity, and its rigid nature makes it suitable as a
reinforcement phase in rubber composites. At small strain,
the elastic modulus of a 30% filled composite was about 20
times higher than the unfilled rubber. Greater reinforcement
was observed for carbon black filled composites than for
DSF filled composites at filler concentrations of 10 and 20%.

At high strain, values of the relaxation modulus dropped
more rapidly for highly filled DSF composites. At high
shear rates in a capillary viscometer, a small reinforcement
effect remained for all composites, and lower die swell was
observed for DSF composites. © 2008 Wiley Periodicals, Inc. J
Appl Polym Sci 111: 20492055, 2009
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INTRODUCTION

In an effort to lower costs and reduce dependence
on petroleum-based materials, a number of studies
have investigated the use of renewable materials as
replacements for carbon black (CB) as fillers in rub-
bers. The modulus enhancement of rubbers has been
studied for materials such as crab shell chitin,* cocoa
pod,”> and rubber seed shell.” Recent work at our
laboratory has considered the use of a range of soy-
based materials for rubber reinforcement.*” Soy pro-
tein isolate has been shown to be an effective filler
in styrene-butadiene (SB) rubber composites. It was
shown to increase the elastic modulus more than CB
at the same filler weight fraction* and to maintain
good structure recovery behavior up to three cycles
of strain.’ Composites prepared with soy protein
concentrate, which includes soy carbohydrate, fur-
ther increased the elastic modulus and improved the
strain recovery.® Defatted soy flour (DSF) also
improved the strain recovery behavior, and it
increased the tensile stress and toughness of compo-
sites at high filler loading.”

Names are necessary to report factually on available
data; however, the USDA neither guarantees nor warrants
the standard of the product, and the use of the name by
the USDA implies no approval of the product to the exclu-
sion of others that may also be suitable.
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DSF is an abundant and inexpensive renewable
commodity. It is less expensive than soy protein and
soy protein concentrate, as the DSF must be further
processed to obtain those materials. DSF is a soy prod-
uct that remains after soybean oil is removed from
soybean flakes. The composition of DSF includes soy
protein, soy carbohydrate (insoluble carbohydrate),
and soy whey (soluble carbohydrate). Structurally,
soy protein is a globular protein, and its aggregates
are similar to colloidal aggregates, but soy carbohy-
drate is a nonglobular and film-like material.” Dry
DSF is a rigid material and has a shear elastic modu-
lus of ~ 3 GPa under ambient conditions. Because the
high rigidity of a reinforcement phase is one of the
requirements in rubber reinforcement, dry DSF is
therefore a possible candidate for this application."

Because of its low cost and proven effectiveness as
a filler in SB rubbers, DSF is used in this study as a
filler in natural rubber (NR) composites. Its effective-
ness as a filler is assessed through comparisons to
unfilled NR and to CB composites. It has previously
been shown that DSF provides less reinforcement
than CB in NR systems,” and both were lower than in
the SB rubbers. Cofiller reinforced composites were
shown to have improved recovery behavior at high-
CB content. To begin to understand the processing
characteristics of bio-based rubber composites, we
examine here the flow behavior in large strain stress
relaxation experiments, and the viscosity is measured
at low shear rates in a parallel-plate geometry and at
high shear rates in a capillary rheometer. The compo-
sites in this study were formed by freeze-drying, and
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to focus on the role of the filler, no processing aids or
other materials were added.

EXPERIMENTAL
Materials

The DSF used in this research is a spray dried pow-
der (Nutrisoy 7B, Archer Daniels Midland, Decatur,
IL). The DSF contains ~ 53% soy protein and has a
protein dispersibility index (PDI) of ~ 90. An aque-
ous dispersion of CB N-339 (Sid Richardson Carbon
Co., Fort Worth, TX) was prepared by dispersing
~ 100 g of CB in water with the aid of a surfactant,
sodium lignosulfonate (Vanisphere CB, Lignotech
USA, Rothschild, WI). The weight fraction of the
surfactant based on CB was 3%. The dispersion was
homogenized with a Janke and Kunkel (Staufen,
Germany) Ultra-Turrax T25 disperser with a 1 mm
mixing head at 10* rpm for 1 h. The NR latex
received had ~ 60% solids and a pH ~ 10. Sodium
hydroxide (ACS grade, Fischer Scientific, Fairhawn,
NJ) was used to adjust the pH. The glass transition
temperature of crosslinked NR with 3 phr (parts per
hundred parts of rubber) sulfur is —56°C determined
by G” maximum. The volume weighted mean parti-
cle size of latex was ~ 0.85 pm.

Preparation of composites

In this study, a freeze-drying and compression
molding method is preferred because CB has a den-
sity of 1.72 g/cm® and tends to precipitate if a cast-
ing method is used. DSF was first dispersed in
water at ~ 10% concentration, pH ~ 10, and 55°C
for 1 h. The NR latex, already adjusted to pH 10,
was then added to the cooled DSF dispersion and
mixed homogeneously to form composites with
three different filler contents (10 wt %, 20 wt %, and
30 wt %). The homogeneous composite mixtures
were then quickly frozen in a rotating shell freezer
(Labconco, Kansas City, MO) at about —40°C and
followed by freeze-drying in a freeze-dryer (Free-
Zone 4.5, Labconco, Kansas City, MO). The moisture
content of dried composite crumb is less than 2%.
The composite crumbs were then compression
molded into 3-mm thick sheets at 100°C and 29,000
psi for 30 min (Model 3389 Hot Press, Carver,
Wabash, IN). The sheets were cut into pieces ~ 3
mm x 5 mm x 10 mm. The samples were dried at
50°C for 3 days under vacuum before measuring
their rheological properties.

Rheology

Small amplitude oscillatory shear flow measure-
ments of the storage and loss moduli, G'(®) and
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G" (w), and the viscosity n(y), were measured using
an ARES-LSM rheometer (TA Instruments, New
Castle, DE). Parallel plates with 8 mm diameter
were used, and the typical sample height was 3 mm.
The strain was 0.05%, and measurements were
obtained at frequencies from 0.1 to 100 rad/s at tem-
peratures from 80 to 200°C. To ensure that moisture
loss did not change the samples over the course of
the measurements, samples were annealed at 140°C
for 2 h prior to other tests. Time-temperature super-
position master curves were obtained using the
instrument software Orchestrator V7.2.0.2. The relax-
ation modulus was measured as a function of strain
at 120°C for strains from 0.01% to 50%. Fits of the
linear viscoelastic spectra were obtained using a
quasi-Newton algorithm with MathCad software
(MathSoft, Cambridge, MA).

Viscosities were also measured by using a high-
pressure capillary rheometer model Acer 2000 (TA
Instruments, New Castle, DE). Measurements were
carried out with capillary dies of diameter 2 mm,
and L/D ratios of 15 and 5. The cubes of composites
were loaded into the rheometer barrel and com-
pressed at 180 MPa for 20 min under a constant tem-
perature, while the die exit was blocked. The
temperature range investigated was from 110 to
140°C, and the shear rate range was from 5 to 1000
s '. The instrument software was used to apply the
Bagley correction to the data. Optical measurements
of the extrudate diameter were also recorded.

RESULTS AND DISCUSSION

The effect of fillers on the linear viscoelastic proper-
ties of NR composites is shown in Figure 1. The stor-
age modulus, G/, and the loss modulus, G”, are
shown as functions of frequency, o, at 120°C. All
measurements were conducted at a strain of 0.05%,
which was within the linear viscoelastic region for
all materials. The reinforcement effect of the fillers is
shown by the increase in the modulus values with
the addition of DSF or CB to NR. At the highest
loading of 30%, the DSF increases the modulus
values by a factor of ~ 20 over those of the NR. In
the SB composites previously studied,” 30% DSF
increased the modulus by 500 times, indicating that
there is less effective interaction between the fillers
and the rubber matrix in this system. The modulus
values obtained here with parallel plates were about
a factor of two lower than those previously
reported” for measurements with a torsion rectangu-
lar geometry. The samples in this study were cut
from sheets that were compression molded at a
lower temperature and for a shorter time than in the
previous work. However, the trends in the data
were the same for the two methods. At 1 rad/s at
120°C, the elastic modulus of the 30% DSF sample
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Figure 1 Linear viscoelastic properties of natural rubber
and filled composites at 120°C. The storage modulus (G')
is shown by solid symbols, and the loss modulus (G”) is
shown by open symbols.

was 23.5 times higher than for NR, whereas the ratio
was 22.9 for the measurements in the torsion rectan-
gular geometry. In this case, CB is also the more
effective reinforcement filler at a given weight con-
centration. The 10% CB material had modulus val-
ues about three times higher than the 10% DSF
material, and the 20% CB was similar to the 30%
DSF (data not shown). This is also in contrast to the
SB composites, where soy proteins were more effec-
tive. Because the NR already forms a network with-
out the presence of the fillers, there is no qualitative
change in the frequency dependence of the modulus
values upon the addition of fillers. In noncrosslinked
polymer systems, the addition of fillers decreases the
frequency dependence of the modulus values, espe-
cially at low frequencies."!

Similar measurements of the moduli were con-
ducted at temperatures from 80 to 200°C, depending
on the material. For the relatively short time at high
temperatures (~ 15 min at each temperature), no
oxidative crosslinking was observed, as has been
shown to occur at longer times in SB systems.’ The
principle of time-temperature superposition'’ was
applied to create the master curves at a reference
temperature of 140°C shown in Figure 2 for 20 and
30% DSF materials. In this manner, materials can be
characterized over a wide range of frequencies out-
side the limits of the rheometer at a single tempera-
ture. Both composites show similar behavior over
the broad range of frequencies, with the 30% sample
showing a slight change in the frequency depend-
ence of the storage modulus at the lowest frequen-
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cies. Figure 2 was constructed by shifting the data
for each temperature along the frequency axis to
superimpose it with the data for the reference tem-
perature. The amount of the frequency shift for each
temperature is given by the shift factor, ar. The flow
activation energy, E, can be calculated from an
Arrhenius fit of the shift factors, and these values
are given in Table I. The flow activation energy has
much higher values for the highly filled DSF
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Figure 2 Master curves of the storage and loss moduli at
a reference temperature of 140°C for (a) 20% DSF and (b)
30% DSF composites. The storage modulus (G') is shown
by solid symbols, and the loss modulus (G”) is shown by
open symbols.
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TABLE I
Dependence of Flow Properties on Filler Content
E, [K]/mol] Go [107 Pa] %o [s] (D) n K [10° Pa s
NR 17 3.9 1300 - 0.16 1.3
10% DSE 43 7.1 990 1.5 0.19 1.8
20% DSF 210 26 1100 4.0 0.16 2.8
30% DSF 270 44 1300 4.0 0.19 32
10% CB 65 13 960 1.0 0.16 2.3
20% CB 76 46 1000 3.1 0.32 32

E, is the activation energy from time-temperature superposition of the storage and
loss moduli. Gy and Ag are the modulus and Maxwell relaxation time from the stress
relaxation data. f(®) is the concentration shift factor for the damping function. The
power law values n and K are from viscosity measurements at 130°C.

composites. At lower temperatures, these materials
would, therefore, provide relatively higher modulus
values compared with both NR and the CB
composites.

The linear viscoelastic properties of the materials
can also be studied by stress relaxation. A sudden
displacement (strain) is applied to the sample, and
the decrease in the relaxation modulus is measured
over time. Figure 3 shows the relaxation modulus
for each sample at 120°C after a strain of 0.3% was
applied, which was in the linear viscoelastic region.
As before, the fillers increase the measured value,
with a larger increase observed for CB at a given
concentration. These data can be fit to obtain the lin-
ear viscoelastic spectrum {G; A;}, where G(t) =
S Ge ™, Although the individual values have no
physical meaning and will depend on the fitting pro-
cedure, they can be used to compute the modulus
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Figure 3 Relaxation modulus at 120°C and a strain of
0.3%.
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ZGikiz/ > G/ These values are given in Table I,
and as expected, Gy increases with filler concentra-
tion and increases more rapidly with concentration
for the CB composites. The A values do not provide
a true measure of the relaxation time as they are
influenced by the length of the test (600 s). Longer
measurement times would be required to obtain bet-
ter estimates of L.

Stress relaxation data can also be used to study a
material’s nonlinear flow properties by applying
larger strains. Up to about 1% strain, the relaxation
modulus remains the same as shown in Figure 3 for
all of the materials. However, at higher strains the
relaxation modulus decreases with increasing
applied strain, as shown in Figure 4 for 10% DSF.
Although the magnitude of the relaxation modulus
decreases, the curves remain parallel for all strains.
This shows that time-strain separability applies, and
that the modulus can be written as G(f, y) =
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Figure 4 Relaxation modulus at 120°C for the 10% DSF
composite at different strains.
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Figure 5 Damping functions for the strain and concentra-
tion dependence of the relaxation modulus at 120°C.

Go(t)h(y), where h(y) is the damping function. Go(t)
is the time-dependent value of G(f) for small-strain
experiments, whereas h(y) measures the downward
shift as a function of strain. The damping function
can then be used to compare the strain dependence
of the materials outside the linear viscoelastic region.
It has further been shown'? that a concentration shift
factor can be applied to the damping function to
superimpose the curves for filled systems. The
damping function is shown in Figure 5 for all of the
composites studied, and the concentration shift fac-
tors f(®) are given in Table I. The damping function
is by definition unity at low strains for each mate-
rial, and in this case, the concentration shift factor
has been determined by adjusting the strain for each
sample so the curves overlay at high strains relative
to the unfilled NR. The large values of f(®) for the
DSF samples show that the filler network in these
samples is more easily disrupted, leading to a
decrease in the damping function at lower strains.
The processing characteristics of the filled rubber
were studied by measuring the viscosity at high
shear rates in a capillary rheometer. The corrected
viscosity as a function of shear rate at 130°C is
shown in Figure 6(a) for the same materials that
were considered in Figure 1. A small increase is
seen in the viscosity for the filled systems, but the
effect here is much smaller than for the linear visco-
elastic properties. This suggests that at high shear
rates the filler network is disrupted by the flow, and
the filler can no longer enhance the rubber’s proper-
ties. The curves in Figure 6 are fits to the power law
model, n(7) = Ky'", where K is the consistency
index (equivalent to the viscosity at y = 1 s71), and
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n is the power law index, which is a measure of
how rapidly the viscosity decreases with shear rate.
Table I shows that other than the sample with the
highest CB loading, all of the composites had similar
shear rate dependence. The consistency index values
show that the maximum variation across samples is
a factor of 2.5 at high shear rates, when compared
with a factor of 20 in the linear viscoelastic regime.
Figure 6(b) shows the viscosity for the 30% DSF
sample at three different temperatures. The tempera-
ture dependence of the viscosity is still clear at high
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Figure 6 Corrected viscosity measurements from the cap-
illary rheometer: (a) the effect of composition at 130°C and
(b) the effect of temperature for the 30% DSF composite.
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shear rates, although it is not as strong as for materi-
als in the linear viscoelastic region. The K value at
140°C was 1.8 times higher than the value at 120°C
for the capillary measurements, whereas the differ-
ence was a factor of 2.4 for the elastic modulus.

Viscosity measurements were also obtained at low
shear rates in the parallel plate geometry (Fig. 7).
Each shear rate was applied to the sample until the
viscosity approached a constant value. No evidence
of slip was apparent for the shear rates shown here,
although at higher rates the large deformation caused
the samples to twist and separate from the plates.
There was very little difference in the viscosities for
the DSF samples compared with the NR, but the vis-
cosity of the 10% CB sample was about twice as high.
The n values obtained from these measurements
were higher (0.27-0.31) than those given in Table I
for the capillary rheometer measurements. Extra-
polating these results to 1 s~! to compare with the K
values of Table I gave results that were lower by
from 10% (10% CB) to 70% (30% DSF).

The diameter of the material exiting the rheometer
was measured, and it is shown as the die swell in
Figure 8 as a function of shear rate for each material
at 130°C. The die swell is the ratio of the diameter of
the material to the diameter of the die. No signifi-
cant difference was observed for the 10 or 20% DSF
compared with the NR, and the die swell for the
30% DSF material was slightly lower. The extent of
die swell is related to normal stress differences in
the material.'* A filler would be expected to increase
the normal stress differences, so the lack of die swell
further indicates that the DSF has only a limited

109 B T T T TTTTT] T T T TTTTT] T T |||||§

108 E_ _E

3 - ’
£ 107 ¢ E
= 5
10° g 10% DSF E

c 2 30% DSF ]

i o 10%CB i

105 Lol Lol Lo

104 103 102 10!
7[s7]

Figure 7 Viscosity measurements from the parallel-plate
geometry at 130°C.
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Figure 8 Die swell as a function of shear rate at 130°C.

effect on the material properties at these high shear
rates. In contrast, both CB materials exhibited
increased die swell relative to the NR sample, indi-
cating that CB still provides some reinforcement
effect at high shear rates. These results are consistent
with those obtained from strain recovery exp-
eriments on cofilled samples,” which found that
samples with high-CB content were more elastic.

CONCLUSIONS

DSF was incorporated at different levels into NR
elastomers. Measurements of the linear viscoelastic
properties of the composites showed an increase in
the storage and loss modulus values with increased
filler content. The maximum observed value was 20
times higher than in the unreinforced rubber, which
is not as large an increase as has been previously
observed for the reinforcement of SB rubbers with
soy products. The results were compared with rub-
bers reinforced with CB, and at filler weight concen-
trations of 10 and 20%, the CB provided greater
reinforcement. In high strain stress relaxation experi-
ments, the modulus values for DSF-reinforced com-
posites decreased at lower strains than for the CB-
reinforced samples. The viscosity of the composites
was also measured at high shear rates in a capillary
rheometer. All filled systems had higher viscosities
than the NR, but the effect was much smaller than
for the linear viscoelastic properties. Measurements
of the die swell showed no increase for the DSF-
filled composites, whereas the CB materials had
higher die swell than the unreinforced rubber. Dif-
ferences in the reinforcement effect of DSF compared
with the SB rubber system will be investigated to
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guide our further efforts to develop effective com-
posite systems based on renewable fillers.

The technical assistance of Steven A. Lyle and A. J. Thomas is
gratefully acknowledged.
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