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ABSTRACT: Epoxidized allyl soyate (EAS), a novel soy
based epoxy resin, has been prepared by the process of
transesterfication and epoxidation of regular food grade
soybean oil. Two types of crosslinking agents were em-
ployed in this study. The effects of the concentration of EAS
and the type of crosslinking agent on the dynamic mechan-
ical behavior of the soy based resin system have been inves-
tigated. The room temperature storage moduli (E�) and the
glass transition temperatures (Tg) increased for the anhy-
dride cured and decreased for the amine cured resins. The
loss tangent maximum (tan �)max decreased for anhydride
cured resins and increased for amine cured resins. The effect

of frequency on the storage modulus was also studied. Mas-
ter curves were constructed by the time-temperature super-
positioning technique (TTS) to predict the storage modulus
at times and temperatures that are not experimentally fea-
sible. The results indicate that soy based epoxy resins with
appropriate concentrations hold great potential as a replace-
ment for petroleum based materials in noise and vibration
attenuation applications. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 98: 1772–1780, 2005
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INTRODUCTION

In recent years, polymeric materials prepared from
natural and renewable resources, such as triglyceride
vegetable oils, are finding numerous applications. The
fatty acid esters derived from the triglyceride vegeta-
ble oils are attractive sources of raw materials for
polymer synthesis.1 Among the triglyceride oils, soy-
bean attracts great interest because of its plentiful
supply in the United States, low cost, and environ-
mentally benign status. Soybean oil contains 85% un-
saturated oleic, linoleic, and linolenic fatty acids. This
high degree of unsaturation makes it possible to po-
lymerize it into useful materials.2,3

Polymeric materials are finding extensive use in
sound and vibration damping applications because of
their inherent damping characteristics.4–6 The region
of maximum damping is the glass transition region,
where the polymer changes from the glassy to the
rubbery state. In this region, a broad and intense peak
of tan � is expected for polymers used in damping
applications because of micro-brownian motion of the
polymer chains. However, the loss tangent is low
when the temperature is below and above the Tg. This
is due to the presence of frozen polymer segments at

temperatures lower than the Tg. At temperatures
higher than the Tg, polymer segments provide less
resistance and are free to move. The location and the
intensity of the loss tangent peak depend on the fre-
quency and temperature of measurement. The glass
transition region in polymers can be broadened or
shifted depending on end applications by the addition
of plasticizers and fillers.7

The temperature range for efficient damping (tan �
� 0.3) for most of the common homopolymers is
around 20 to 30°C.8 Several researches have been car-
ried out to increase the temperature range for efficient
damping by the formation of interpenetrating poly-
mer networks (IPNs), blending, and copolymeriza-
tion.9 IPNs are a mixture of two or more crosslinked
polymers with microheterogenous morphology. The
presence of this morphology due to crosslinks results
in broad glass transition regions, making a useful
damping material. Polymers obtained from blending
and copolymerization exhibited a much more intense
and narrow loss tangent peak at the glass transition.
The narrow and intense peak can be attributed to a
lesser degree of crosslinking among the polymers. For
most sound and vibration applications, the polymeric
material is required to possess high damping over a
wide range of temperature and frequency. However,
not all polymers can have high and broad loss tangent
peaks. When the frequency range of the transition is
broad, the damping peak is low; and when the tran-
sition is sharp, the damping peak is high. This behav-
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ior is attributed to the proportionality of the area
under the damping peak to the activation energy of
the transition. Thus, the shape of the loss tangent
curve in the glass transition region and also the area
under the curve determines the material’s ability to
dampen sound and vibration.

Though the performance of any damping material is
determined by its application, relative performance
evaluation can be obtained from dynamic mechanical
analysis (DMA) techniques. Dynamic mechanical
analysis has been used to evaluate the damping char-
acteristics 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.10 Specifically, this
technique provides information about three important
parameters: storage modulus (E�), loss modulus (E�),
and loss tangent (tan �). Storage modulus is the mea-
sure of the maximum energy stored in the material
during one cycle, and loss modulus is the measure of
the energy that has been dissipated as heat by the
sample. Loss tangent is the damping term, which is
the ratio of the loss modulus to the storage modulus.
Several researchers have used this technique to exam-
ine the molecular mechanisms of polymeric materials
and rubbers. Li and Larock studied the effect of soy-
bean oil and the nature of the crosslinking agent on
the dynamic mechanical properties of soybean oil-
styrene-divinylbenzene copolymers.11 Varughese et
al. studied the effect of various types of fillers on the
dynamic mechanical properties of epoxidized natural
rubber.12 Chern et al. used this technique to study the
epoxy/polyurethane interpenetrating polymers.13,14

Dynamic mechanical tests are generally performed
in a fixed frequency mode. To predict the long term
time dependent properties of resins, TTS is employed.
This technique uses a multifrequency data at a variety
of temperatures. The data collected at various temper-
atures can be shifted to a reference temperature using
the Williams–Landel–Ferry (WLF) equation. Kuzak
and Shanmugam used TTS in constructing the master
curves for fiber reinforced phenolics.15 Simon et al.
reported the use of the above technique to model the
evolution of dynamic mechanical properties of a com-
mercial epoxy during cure.16

In previous work, we reported the mechanical char-
acterization of EAS blended with the Shell Epon 9500
resin.17 Studies on the properties of these resins
showed that by varying the concentration of EAS in
the base Epon resin, a wide range of polymeric mate-
rials have been obtained ranging from soft to brittle
plastics. The flexibility of these materials makes them
an ideal candidate for damping applications.

In the current study, we report the effect of the soy
concentration and the nature of the curing agent on
the dynamic mechanical behavior of soy based epoxy

resins. Master curves are also plotted using TTS to
predict the storage modulus at times and tempera-
tures that are not experimentally feasible.

EXPERIMENTAL

Materials

Shell Epon 9500 (Shell Chemical Co., Houston, TX)
was the base epoxy resin used in this study. Epicure
9550 (Shell Chemical Co., Houston, TX), an aliphatic
amine, and phthalic anhydride (Aldrich Chemical Co.,
Houston, TX) were the two curing agents used. Soy
based resin (EAS) was synthesized in a two step lab-
oratory scale process from regular food grade soybean
oil. 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 ep-
oxidized to yield soyate epoxy resin.

Preparation of the resin system

In this work, soy resin samples were prepared with
two kinds of crosslinking agents. The blends were
prepared by mixing the soy epoxy resin with the base
Epon resin. The blends chosen for the present work
were 10%/90%, 20%/80, and 30%/70% soy epoxy
resin/Epon resin. In the first type, Epicure 9550, an
amine hardening agent, was used. The ratio of resin to
hardener was 100 : 33. The resin and the hardener
were mixed well, and the mixture was degassed for
few minutes to remove any air bubbles. The mixture
was poured into a preheated mold, which was
sprayed with a mold release agent Chemlease
41(Howell, MI). Curing was performed in two stages
in the oven. First, the mixtures were cured for 1 h at
80°C followed by 1.5 h at 175°C. In the second type,
phthalic anhydride was used as the curing agent. The
ratio of resin to hardener was 100 : 70. Phthalic anhy-
dride was in the form of flakes and, hence, the mixture
was heated up to 130°C to dissolve the flakes. The
resultant mixture was cured at 160°C for around 1 h in
the oven.

Dynamic mechanical analysis

The dynamic mechanical tests were performed using a
Perkin–Elmer DMA Pyris-7e analyzer. The data were
collected and analyzed using Pyris software. The spec-
imens were deformed under a three point flexural
mode arrangement. Rectangular specimens of 23 mm
in length and 5 mm in cross section were used. The
DMA tests were carried out in two modes as follows:
a fixed frequency mode, in which the frequency was
held constant at 1 Hz and the temperature was
ramped from �30 to 120°C for amine cured resins and
�30 to 200°C for anhydride cured resins at a heating
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rate of 10°C/min; and the multifrequency isothermal
mode, in which the frequency was varied from 1 to 20
Hz at different temperatures. E� and tan � were plot-
ted as a function of temperatures and frequencies.
Master curves were plotted using the Perkin–Elmer
Pyris software. The Tg of the resins was obtained from
the peaks of the tan � curves.

RESULTS AND DISCUSSION

Effect of different curing agents on the dynamic
mechanical properties

Soy based resins were prepared to investigate the
effect of different types of curing agents on the dy-
namic mechanical behavior. Two crosslinking agents
were employed in curing the soy resins. Figure 1
shows the temperature dependence of E� for the amine
cured soy resins prepared by varying the concentra-
tion of EAS. Pure Epon resin exhibited higher storage
moduli than the soy based resins. The high storage
moduli of the pure Epon resin are attributed to the
presence of bulky bisphenol groups in the polymeric
networks and a higher degree of crosslinking. The
storage modulus remained almost constant at lower
temperatures, but showed a sharp drop followed by a
rubbery plateau as the temperature was increased.
Pure Epon resin showed a storage modulus drop at
the highest temperature, whereas the 30% EAS
showed a modulus drop at the lowest temperature.
Figure 1 indicates that the addition of soy resin re-
sulted in a soft rubbery material at room temperature.
The room temperature storage moduli for 10% EAS,
20% EAS, and 30% EAS were 2.7 � 107 Pa, 2.6 � 107

Pa, and 0.5 � 107 Pa, respectively. The crosslinking

density �e was obtained from the theory of rubber
elasticity from the following equation5,7:

E� � 3veRT

where E� is the storage modulus in the rubbery pla-
teau region, R is the gas constant, and T is the absolute
temperature. The crosslinking densities of the soy res-
ins were 5.4 � 103 mol/m3, 2.4 � 103 mol/m3, and 0.5
� 103 mol/m3 for 10, 20, and 30% EAS, respectively.

Figure 2 shows the temperature dependence of tan
� for amine cured soy based resins. The increase in soy
concentration increased the loss tangent intensity and
also shifted the peak at lower temperatures. This be-
havior is attributed to the decrease in the crosslinking
density of the amine cured soy resins. The loss tangent
peak is associated with the molecular movement of
polymeric chains within the structure. It is well estab-
lished that the higher the peak tan � value, the greater
the mobility of the polymeric chains.18 On comparing
the peaks in Figure 2, it can be seen that the 30% EAS
has the highest value, indicating more molecular mo-
bility because of decreased crosslinking. The Tg ob-
tained from the peak of the tan � curve decreased with
the addition of soy resins. Pure Epon had a higher Tg,
located at approximately 70°C. The appearance of sin-
gle relaxation indicated the presence of a single ho-
mogenous phase at the molecular level.

Figure 3 shows the temperature dependence of the
storage modulus E� for the anhydride cured soy res-
ins. 30% EAS exhibited higher storage moduli than the
pure Epon resin. The high storage moduli of the 30%
EAS is attributed to the better crosslinking reaction
between the soy resin and the anhydride. The reactiv-

Figure 1 Temperature dependence of E� for the amine cured soy based epoxies at 1 Hz.
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ity of pure Epon is less as compared to soy resin when
cured with phthalic anhydride. The anhydride ring
must first be opened by active hydrogen, and the
crosslinking reaction is carried out either by addition
esterfication with the carboxyl group or by condensa-
tion reactions of pendant hydroxyl groups. The pres-
ence of active hydroxyl groups in soy resins is more
prominent than the pure Epon resins and, hence, the
possibility of forming more crosslinked networks is
higher in soy resins than the pure Epon resin. Thus,
the increase in the concentration of soy resin increased
the room temperature storage modulus of the resins.

30% EAS showed a storage modulus drop at the high-
est temperature, whereas the pure Epon resin showed
a modulus drop at a lower temperature. The room
temperature storage moduli for 10% EAS, 20% EAS,
and 30% EAS were 8 � 108 Pa, 1.18 � 109 Pa, and 1.47
� 109 Pa, respectively. The crosslinking densities of
the soy resins were 7.1 � 103 mol/m3, 8.2 � 103

mol/m3, and 10 � 103 mol/m3 for 10, 20, and 30%
EAS, respectively.

Figure 4 shows the temperature dependence of the
tan � for anhydride cured soy based resins. The in-
crease in soy concentration decreased the loss tangent

Figure 2 Temperature dependence of tan � for the amine cured soy based epoxies at 1 Hz.

Figure 3 Temperature dependence of E� for the anhydride cured soy based epoxies at 1 Hz.
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intensity and also shifted the peak to higher temper-
atures. This behavior is attributed to the increase in
the crosslinking density of the soy resins. From Figure
4, it can be seen that the 30% EAS has the lowest value,
indicating more crosslinking. The Tg obtained from
the peak of the tan � curve also increased with the
addition of soy resins. 30% EAS had higher Tg, located
at approximately 137°C.

Figure 5 shows the Tg of the soy resins prepared
with two different curing agents. The Tg decreased for
amine cured and increased for anhydride cured resins.
This phenomenon can be attributed to better affinity of
the soy resin with the anhydride, leading to a highly

crosslinked network, which introduced molecular re-
strictions on the polymeric chains.

Figure 6 shows that the crosslinking densities of the
soy resins increased for anhydride cured and de-
creased for amine cured resins. The crosslinking den-
sity has a direct influence on the tan � of a polymer. It
restricts the molecular motion of the chains and, thus,
reduces the energy that can be dissipated during the
glass transition.

Figure 7 shows the effect of crosslinking density on
the loss tangent, tan �, of the soy resins. The loss
tangent decreased when the crosslinking density of
the polymers increased.

Figure 4 Temperature dependence of tan � for the anhydride cured soy based epoxies at 1 Hz.

Figure 5 Effect of the soy resin concentration on the Tg.
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Figure 8 shows the area under the loss tangent
curve for the soy resins. The area under these curves
gives an indication of the total amount of energy that
can be absorbed during the experiment. The larger
area under the curve indicates that the material ab-
sorbs and dissipates energy well. The area under the
tan � curves for the soy resins decreased with the
increase in the crosslinking densities.

Frequency dependence on the dynamic mechanical
properties

The dynamic mechanical analyses in this study so far
were conducted in fixed frequency mode, in which the

response of the material was studied as a function of
temperature only. Since the polymeric materials ex-
hibit viscoelastic behavior that depends on time as
well as temperature, the tests were carried out at
different frequencies to obtain the time dependent
material properties.

Figures 9 and 10 show the effect of frequency on the
storage modulus of the amine cured and anhydride
cured resins at different temperatures in the region of
their glass transition temperatures. The storage mod-
ulus of the soy resins increased with the frequency of
testing. The decrease in the storage modulus of the soy
resins is more pronounced near and above their glass

Figure 6 Dependence of the Tg.on �e.

Figure 7 Relationship between (tan �)max on �e of the soy resins.
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transition temperatures. Using the above frequency
multiplex data and the principle of TTS, storage mod-
ulus master curves were constructed that allow long
term predictions of the modulus. The shift factors at

used in the construction of master curves are obtained
from the universal WLF equation19 as follows:

log at � � C1

T � Tg

C2 � T � Tg

where C1 and C2 are empirical constants and T is the
absolute temperature. The values of C1 and C2 used
are 17.44 and 51.6, respectively. C1 and C2 depend on
free volume and expansion coefficient relationships.
The Tg of the soy resin was chosen as the reference
temperature for the construction of the master curve.

Figure 11 shows the master curve of the storage
modulus for 30% EAS cured with amine and anhy-
dride, respectively. The master curves of 30% EAS

Figure 8 Area under the curve versus �e of soy resins.

Figure 9 Storage modulus as a function of frequency for 30% EAS-amine cured resin.
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allowed prediction of the storage modulus for over six
decades, whereas the experimental data covered only
two decades of frequency. The reference temperature
for the construction of master curves for the amine
cured and the anhydride cured resins were taken as
38°C and 137°C, respectively.

CONCLUSIONS

Dynamic mechanical behavior of the soy based resins
was investigated in terms of the storage modulus and

the loss tangent. Soy resins showed a wide range of
room temperature storage moduli ranging from 0.5
� 107 to 1.47 � 109 and Tg’s from 40 to 120°C approx-
imately. The anhydride cured soy resins had higher
initial storage modulus. The high modulus was due to
the better crosslinking reaction of our soy resins with
the anhydride curing agent, resulting in a stronger
material. The amine cured resins showed higher tan �
values. The high tan � peaks in amine cured resins
were attributed to the contribution from long flexible
chains of EAS, which did not take part in the crosslink-

Figure 10 Storage modulus as a function of frequency for 30% EAS-anhydride cured resin.

Figure 11 Storage modulus master curves for 30% EAS.
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ing reaction. The degree of crosslinking increased for
the anhydride cured resins, which in turn restricted
the molecular mobility of the chains, resulting in a
decrease in the amount of energy that can be dissi-
pated. The peak tan � values and the area under the
tan � curves were found to decrease with the increase
in the crosslinking densities of the resins. The single
relaxation in the loss tangent peaks of the soy resins
indicated that the resins exhibited a homogenous
phase at the molecular level. The effect of frequency
on the storage modulus of the soy resins was also
studied. The results showed that soy based resin sys-
tems with appropriate concentration and type of cur-
ing agent can efficiently dampen vibration for a wide
range of temperatures and frequencies.
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