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ABSTRACT: A soy-based resin was prepared by the pro-
cess of transesterfication and epoxidation of regular food-
grade soybean oil. The soy-based resin was used as a reac-
tive diluent and also as a replacement of bisA epoxy resin
in an anhydride-cured polymer. The curing efficiency of soy
epoxy resin was studied using differential scanning calorim-
etry. Physicochemical properties and fracture behavior of
soy-based resin polymers were studied using dynamic
mechanical analysis and fracture toughness measurements,
respectively. Toughness measurements were carried out
using the compact tension geometry following the principles

of linear elastic fracture mechanics. Tests showed that the
addition of soy-based epoxy resin to the base epon resin
improved the toughness of the blend. Morphology of the
fractured specimens has been analyzed by scanning electron
microscopy. The soy-based resins hold great potential for
environmentally friendly, renewable resource based, and
low cost materials for structural applications. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 105: 656663, 2007
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INTRODUCTION

The fatty acid esters derived from the triglyceride
vegetable oils are an attractive source of raw materi-
als for polymer synthesis. Among the triglyceride
oils, soybean attracts great interest because of its
plentiful supply in the United States, relatively low
cost, and environmentally benign properties. Soy-
bean oil contains 85% unsaturated oleic, linoleic and
linolenic fatty acids.” This high degree of unsatura-
tion makes it possible to polymerize the oil into use-
ful materials. The carbon—carbon double bonds can
be epoxidized to form reactive groups, which are
capable of forming a crosslinking polymer network
structure.’

Many researchers have attempted to use epoxi-
dized soybean oil (ESO) for polymeric and compos-
ite applications. However, because of low reactivity
of internal epoxy groups and a tendency for intra-
molecular bonding, ESO normally has a low cross-
linking density and therefore limited thermal and
mechanical properties. Most ESO industrial applica-
tions are still limited to nonstructural applications
such as coatings.*
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DISCOVER SOMETHING GREAT

In a previous study, a soy-based epoxy resin
system utilizing epoxidized allyl soyate (EAS) was
synthesized by blending EAS with bisphenol A ep-
oxy resin.”® EAS resin has proved to be chemically
flexible and it tends to improve some of the mechan-
ical properties.

The fracture behavior of epoxy resins is of consid-
erable importance to ensure performance of these
materials in structural components in housing,
aircraft, and automobiles. All the aforementioned
applications require the structural material to be
tough to bear the load. However, most of the com-
mercially available epoxy resins are brittle with low
strain to failure.” To enhance the toughness of the
epoxy resins, several methods such as incorporating
rubber particles into the base resin were employed,
where the dispersed rubber phase 8plays a consider-
able part in the toughening effect.” However, these
toughened epoxies exhibit rather low glass transition
temperature (T,), low crosslinking densities, and also
lead to poorer thermal stability of the resin.

Studies have also shown that the toughening effect
in the rubber-modified epoxy resins may be attrib-
uted to the rubber stretching and tearing.”'® More
recently, it was reported that the toughening in
rubber-modified epoxy systems was due to the cavi-
tation of rubber particles followed by shear yielding
of the epoxy matrix.'"'> The shear yielding of the
epoxies depends on the crosslinking density and
the T,. Thus, epoxies with low crosslinking density
can be easily toughened because of more shear
yielding. However, the use of rubbers such as
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Figure 1 Structure of soy epoxy resin.

carboxyl-terminated butadiene acrylonitrile and amine-
terminated butadiene acrylonitrile to improve the
toughness of the epoxy resins has resulted in a
reduction in thermal and mechanical properties.'

Attempts to enhance the fracture toughness of the
epoxy using thermoplastic additives and organic
fillers have resulted in the material having poor
resistance to solvents and weak chemical bonding.'*
But thermoplastic additives have been found to be
more effective than rubber particles in enhancing
the toughness.”” Suebert et al.'® also demonstrated
the idea of adding liquid rubber with unsaturated
polyester systems.

Recently, toughening agents with functional groups
were added to increase the toughness of epoxy res-
ins. The results showed that the maximum fracture
toughness can only be obtained when the optimum
amount of functional groups is introduced.'” Rese-
arch is also being carried out to improve the tough-
ness of rigid epoxy networks using vegetable-oil-
based polymeric materials. The resins obtained using
the vegetable oils are more flexible because of the
presence of long carbon chains.'®"?

There have also been investigations on the effect
of crosslinking density on the fracture toughness of
the epoxy.”® The general trend is that fracture tough-
ness decreased with increase in crosslinking density.
Plangsangmas et al.?' also showed the direct de-
pendence of fracture toughness on the molecular
weight between crosslinks (M.). Lower M, values
resulted in a network with high rigidity, which
reduced the degree of energy dissipation at the crack
tip.?

Min et al.* reported that free volume, chain flexi-
bility, and intermolecular packing were more domi-
nant than crosslinking density in deciding the frac-
ture behavior of diglycidyl ether of bisphenol A
crosslinked with diamino diphenyl sulfone. Gupta
et al.** reported that intermolecular packing, molecu-
lar architecture, and molar mass affected the fracture
toughness below the T, of the resins. The T, also
plays a significant part in the fracture behav1or of

TABLE 1
Compositions of the Soy Epoxy Anhydride Polymer

Sample Epon 9500 (gm) EAS (gm) LS 56 (gm)
Pure Epon 100 0 70
25% EAS 75 25 70
50% EAS 50 50 70
75% EAS 25 75 70
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Figure 2 Fracture specimen.

epoxy resins.”® Hence it is also important to under-
stand the role of T, on the toughness of the epoxy
resins. The T, of the epoxy networks was found to
increase as M decreased. Fox and Loshaek® showed
that T, increased as molecular weight between cross-
links decreased for both the trifunctional and tetra-
functional epoxy networks. Bank and Ellis” have
proposed a linear relationship between the T, and
1/M. using network free volume theory.

In the present work, soy-based resins were charac-
terized through physicochemical properties and frac-
ture toughness measurements. The physicochemical
properties of the soy-based resins were investigated
using dynamic mechanical analysis (DMA). The
curing mechanisms with the different amounts of
soy resin were studied using differential scanning
calorimetry. Fracture toughness tests were carried
out using compact tension geometry. The morphol-
ogy of the fractured surfaces was observed by scan-
ning electron microscopy (SEM).
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Figure 3 Variation of density with soy resin concentration.
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Figure 4 Dynamic curing curves of soy epoxy anhydride
polymers.

EXPERIMENTAL
Materials

The base epoxy resin used in the study was Shell
Epon®™ 9500 (Shell Chemical Co., Houston, TX) with
an epoxide equivalent weight of 175-190. Lindride®™
LS 56V (Lindau Chemicals, Columbia, SC) was the
anhydride curing agent used. The soy-based resin re-
active diluent was synthesized in a two-step labora-
tory scale process from regular food-grade soybean
oil. At first, the triglyceride molecules in the soybean
oil were transesterified with allyl alcohol to yield
fatty acid allyl esters. Next, the fatty acid esters were
epoxidized using benzoyl peroxide to yield soyate
epoxy resin. The chemical structure of soy epoxy
resin is shown in Figure 1.

Preparation of soy-based epoxy resin

The blends were prepared by mixing the soy epoxy
resin with the base bisphenol A epoxy resin. The
weight ratios of soy epoxy resin to Epon resin blend
chosen for the present work were 75 : 25, 50 : 50, 25
: 75, and 0 : 100, as shown in Table I.

Next, curing agent was added to the epoxy resin
blend. The resin and the hardener were mixed well.
The mixture was degassed for a few minutes to
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remove any air bubbles. The mixture was poured
into a preheated mold, which had been sprayed with
a mold release agent, Chemlease®™ 41 (Chem-Trend
Incorporated, Howell, MI). Curing was performed in
the oven in two stages to remove air bubbles from
the resin samples. First, the mixtures were cured for
1 h at 80°C and then followed by curing for 1.5 h at

175°C.

Density measurement

The density of the soy-based epoxy was determined
by the displacement method according to ASTM D
792-91. The liquid used for displacement was
distilled water. The dimensions of the samples were
10 mm x 10 mm x 5 mm. Five samples of each type
were measured.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) testing was
performed on TA Instrument model 2010. The sam-
ples (10-14 mg) of soy-based epoxy resin-curing
agent were placed into an aluminum crucible. The
resin samples were cured at a rate of 10°C/min from
30 to 250°C. The onset of cure and end of cure were
measured for each sample. The onset and end of
cure are defined as the points of intersection of the
tangent drawn at the points of greatest slope on the
curing curve with the extrapolated baseline prior
and following the transition respectively. Once the
samples were cured in the DSC, the cell was quickly
cooled using liquid nitrogen and subjected to sub-
sequent scanning from —50 to 120°C to measure the
resulting T,. The T, was reported as the inflection
point of the glass transition region.

Dynamic mechanical analysis

The dynamic mechanical tests were performed using
a Perkin-Elmer DMA Pyris-7e analyzer. Data were
collected and analyzed using Pyris software. The
specimens were deformed under a three-point flex-
ural mode arrangement. Rectangular specimens
23 mm in length and 5 mm x 5 mm in cross section
were used. The tests were carried out in a fixed
frequency mode in which the frequency was held
constant at 1 Hz and the temperature was ramped

TABLE II
Differential Scanning Calorimetry Results

Sample Tonset (OC) Tmidpoir\t (OC) Tend (OC) Tg (OC) Heat of reaction (H) (]/g)
Pure Epon 70.17 146 170.32 89.5 187
25% EAS 74.3 148.5 203.74 78 146.3
50% EAS 94.6 151.3 210.67 67.3 120.7
75% EAS 102.4 162.8 215.48 41.7 113
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Figure 5 DSC thermograms showing the glass transition
region of soy epoxy anhydride polymers.

from 0 to 150°C at a heating rate of 5°C/min, The
loss factor (tan ), storage modulus, and loss modu-
lus were plotted as a function of temperature. The
T, of the resins was obtained from the peaks of the
tan & curves. A minimum of three specimens of each
composition were tested.

Fracture testing

The fracture toughness tests was carried out on a
compact tension (CT) specimens as per ASTM D 5045
on a MTS 810 hydraulic testing machine equipped
with 45820 Micro console, M58.91 Micro profiler
and 458.11 controllers for load and stroke. The speci-
men dimensions are shown in Figure 2. All the tests
were performed at a cross head velocity of 10 mm/
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Figure 6 Loss factor (tan 8) curves of soy epoxy anhy-
dride polymers.
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Figure 7 Storage modulus curves of soy epoxy anhydride
polymers.

min. Precracks were made in the specimens with the
help of a jeweler’s saw. At least five specimens were
used for each different resin system and the average
measurements are reported with corresponding error
bars at *1 standard deviation from the mean. The
following relationship was used to calculate the
plain strain fracture toughness (K;c) of the compact
specimen.

Kic = 5 % f(x), 1)

where Pg is the critical load obtained from the load-
deflection curve, w is the width, b is the specimen
thickness, and f(x) is the dimensionless function
dependant on specimen geometry.
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Figure 8 Loss modulus curves of soy epoxy anhydride
polymers.
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TABLE III
Dynamic Mechanical Properties of Soy Epoxy Anhydride Polymer at Room
Temperature and Rubbery Plateau Region

Storage modulus (E’) (MPa)

Loss modulus (E”) (MPa)

Sample At 30°C At 130°C At 30°C At 130°C
Pure Epon 1470 = 26.8 67 = 5.8 14.8 = 11.67 2.04 £ 325
25% EAS 1260 * 72.15 547 * 3.23 17.2 = 17.83 21 *142
50% EAS 1140 = 34.56 411 =792 30.1 = 30.76 8.72 = 3.94
75% EAS 983 *+ 23.6 26.8 + 2.64 108 + 24.85 18.8 = 5.87

Scanning electron microscopy

Fracture surfaces of different soy-based epoxy speci-
mens were analyzed using scanning electron micro-
scope (SEM) JEOL T330. An accelerating voltage of
10 kV was used to collect images for all the samples.
Before testing, samples were coated with a thin layer
of gold to improve the conductivity and to prevent
surface charging.

RESULTS AND DISCUSSION
Density of soy-based epoxy resin

Figure 3 shows the density of the soy epoxy anhy-
dride polymer. The density of the soy-based epoxy
anhydride polymer decreased with increasing
amount of soy resin. The solid line represents the
least-squares fit line of the data.

Differential scanning calorimetry

Figure 4 shows the DSC measured exotherm data of
soy epoxy anhydride polymers. Table II summarizes
the DSC results. The DSC exotherms showed that an
increase of the soy resin concentration caused a shift
in the exotherm peak maximum toward lower
values. The onset temperature of curing and the
temperature of the peak exothermal heat for the
bisphenol A epoxy resin were 70.2 and 146°C,
respectively, whereas they were 74.3 and 148.5°C for
the 25% soy epoxy resin, 94.6 and 151.3 °C for the
50% soy epoxy resin and 102.4 and 162.8°C for the
75% soy epoxy resin, respectively. These results

demonstrated that the onset temperature for curing
and the temperatures of maximum exotherm heat
shifted to higher temperatures for soy epoxy resin
when compared with pure bisphenol A epoxy resin.
The possible explanation can be due to presence of
less reactive internal epoxy groups present in soy
epoxy resin. It can also be seen that the heat of reac-
tion was reduced upon an increase in concentration
of soy resin.

Figure 5 shows the glass transition curves of the
soy epoxy anhydride polymer. A decrease in T, with
increasing concentration of soy resin was observed
in this study. The decrease in T, can be due to re-
duced crosslinking density of the polymeric network.
Hence, soy epoxy anhydride polymers require more
curing agent or a more efficient curing agent to
maximize crosslinking of the epoxy anhydride poly-
mer matrix.

Dynamic mechanical analysis

DMA has been used to evaluate the damping charac-
teristics of polymers and rubbers. It has proved
to be an effective tool in the characterization of
viscoelastic materials. It measures the response of a
material as it is deformed due to a sinusoidal stress
for a wide range of temperatures and frequencies.
The dynamic mechanical properties such as storage
modulus (E’), loss modulus (E”), and the mechanical
loss factor (tan &) of soy epoxy anhydride polymer
were evaluated from 0 to 150°C. Figure 6 shows the
temperature dependence of loss tangent of soy
epoxy anhydride polymer. The loss tangent peak

TABLE IV
Crosslinking Density, Molecular Weight between Crosslinks, and Glass Transition Temperature
of Soy Epoxy Anhydride Polymer

Glass transition

Crosslinking Molecular weight temperature, T, (°C)
Sample density, v, (mol/ m?) between crosslinks, M, (g/mol) (from loss tangent curves)
Pure Epon 6426 198 90
25% EAS 5412 224 81
50% EAS 4019 295 66
75% EAS 2805 401 40.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Load versus crack opening displacement of soy
epoxy anhydride polymer.

increased with the increase in soy resin concentra-
tion and also the peak shifted towards lower temper-
atures. The loss tangent peak is associated with the
molecular movement of polymeric chains within
the structure where higher the peak tan 6 value, the
greater the mobility of polymeric chains. Comparing
the peaks in Figure 6, it can be seen that the 75%
EAS has the highest tan & value, indicating the most
molecular mobility. The T, obtained from the peak
position of the loss tangent curve decreased with the
addition of soy resins. Also, the appearance of single
relaxation peak in the loss tangent curve indicated
the presence of single, homogenous phase at the mo-
lecular level.

Figures 7 and 8 show the change of storage and
loss modulus of the soy epoxy anhydride polymer,
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Figure 10 Variation of fracture toughness with concentra-
tion of soy epoxy anhydride polymer.
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respectively. The storage modulus initially remained
constant at lower temperatures. As the temperature
increased into the glass transition, the storage modu-
lus exhibited a sharp drop, which was followed by a
modulus plateau at higher temperatures. Table III
shows the storage modulus at 30 and 130°C. Storage
modulus of soy epoxy anhydride polymer at temper-
atures lower than the T, decreased with increasing
amount of soy resin concentration. Thus, the 75%
EAS possessed the lowest storage modulus over the
entire temperature region studied.

From the theory of rubber elasticity, the crosslink-
ing density (v.,) of a crosslinked polymer can be
determined by the following equation.*’®

E' = 3v,RT, ()

Figure 12 Scanning electron micrograph of pure bisphe-
nol A epoxy resin.
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662

Figure 13 Scanning electron micrograph of 25% soy ep-
oxy anhydride polymer.

where E' is the storage modulus in the rubbery pla-
teau region, R is the gas constant, and T is the abso-
lute temperature. Table IV shows the calculated
crosslinking densities of the soy epoxy anhydride
polymers when compared with the neat bisphenol A
epoxy anhydride system. An increase in concentra-
tion of soy resin decreased the crosslinking density
of the network.

The molar mass between crosslinks (M.) can be
similarly determined using the rubber elasticity
theory based on the assumption that the network
structure has sufficient molar mass and degree of
flexibility to exhibit rubber elasticity.?*>’

_ 3pRT

El
M.’

®)

Figure 14 Scanning electron micrograph of 50% soy ep-
oxy anhydride polymer.
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where E’ is the storage modulus in the rubbery
plateau region, p is the polymer density, R is the gas
constant, and T is the absolute temperature. Equa-
tion 3 can be applied to highly crosslinked materials
such as epoxy after considering the finite extensibil-
ity of short network chains. Table IV shows the mo-
lecular weight between crosslinks of the soy epoxy
anhydride polymer. Increase in concentration of soy
resin increased the molecular weight between cross-
links of the network, which corresponds to the
reduced crosslinking density. Figure 8 shows the
temperature dependence of loss modulus of soy ep-
oxy anhydride polymer. The peak of the loss modu-
lus shifted to lower temperatures as the soy resin
concentration increased in the epon resin. This is
presumably due to the introduction of the more flex-
ible fatty acid chain into the epoxy system. Table III
reports the loss modulus measured at 30 and 130°C.
Loss modulus of soy epoxy anhydride polymer
increased with increasing amount of soy resin con-
centration.

Fracture testing

The fracture toughness measurements of resin sam-
ples were conducted based on the linear elastic
fracture mechanics approach. The load versus crack
opening displacement of soy epoxy anhydride poly-
mer is shown in Figure 9. Figure 10 shows the frac-
ture toughness of soy-based epoxy anhydride poly-
mers. In general, with an increase in the soy resin
concentration, the fracture toughness increased. With
75% of soy resin added to the base epon resin,
an increase of the fracture toughness from 0.32 to
0.78 MPa m'/? was observed. This increase in tough-
ness can be attributed to the observed decrease in

Figure 15 Scanning electron micrograph of 75% soy ep-
oxy anhydride polymer.
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the crosslinking density or the increase in the molec-
ular weight between network crosslinks. The plot of
Kjc versus M, of soy-based epoxy anhydride poly-
mer is illustrated in Figure 11. The fracture tough-
ness increased with the increase in the molecular
weight between crosslinks of the soy-based resins.

Figures 12-15 are the scanning electron micro-
graphs showing fracture surfaces of soy-based epoxy
anhydride polymer. Figure 12 shows the fracture
surface of pure bisphenol A epoxy resin. The failure
surface of pure bisphenol A epoxy resin was extre-
mely flat and did not show crack arrest lines,
suggesting that the pure bisphenol A epoxy resin
was elastic rather than plastic and the crack was
propagated with minimal hindrance. The surfaces of
25, 50, and 75% soy resin are shown in Figures 13,
14, and 15, respectively. The failure surfaces showed
crack arrest lines, indicating the ductility of the poly-
mer matrix. The crack tip for the 75% soy resin expe-
rienced more plastic deformation, thus arresting
the crack propagation much more efficiently than
the bisphenol A epoxy resin, resulting in enhanced
fracture toughness.

CONCLUSIONS

The physicochemical properties and fracture behav-
ior of novel soy-based epoxy resins were investi-
gated. Addition of soy-based epoxy diluent pro-
duced a less glassy, more rubbery material that dis-
played the following. DSC plots showed that the
addition of soy in the base bisphenol A epoxy resin
shifted the onset of curing to higher temperatures
and their curing evolved less exothermal heat. DMA
showed that the addition of soy resin decreased the
peak of loss tangent and shifted it to lower tempera-
tures. Storage modulus decreased with increasing
amount of soy resin. Crosslinking density, obtained
from the rubber elasticity theory, was observed to
decrease with the concentration of soy resin. The T,
of the polymer decreased with increasing soy resin
content. This decrease in T, was attributed to the
reduced crosslinking densities of the epoxy poly-
mers. The fracture toughness of soy epoxy anhy-
dride polymer was greatly improved with the addi-
tion of soy resin concentration, from 0.35 MPa m'/?
for pure bisphenol A epoxy resin to 0.78 MPa m'/?
for 75% soy epoxy resin. The increase in fracture
toughness of the blend was also attributed to lesser
degree of crosslinking. Postfailure examination of
fracture surfaces using microscopy indicated the
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presence of ductile fracture at higher concentration
of soy resin.

The authors thank Dr. Thomas Schuman of University of
Missouri—Rolla for his helpful suggestions.
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