Solid Freeform Fabrication of Soybean Oil-Based
Composites Reinforced with Clay and Fibers

Zengshe Liu?, Sevim Z. Erhan®*, and Paul D. Calvert?
?Food and Industrial Oil Research, NCAUR, ARS, USDA, Peoria, Illinois 61604, and
bArizona Materials Laboratories, Department of Materials Science and Engineering, University of Arizona, Tucson, Arizona 85712

ABSTRACT: Soybean oil/epoxy-based composites were prepared
by an extrusion freeform fabrication method. These composites
were reinforced with a combination of organically modified
clay and fibers. The intercalated behavior of the epoxy resin in
the presence of organo-modified clay was investigated by X-ray
diffraction and transmission electron microscopy. The mixture
of epoxidized soybean oil and EPON® 828 resin was modified
with a gelling agent to solidify the materials until curing occurred.
The flexural modulus reached 4.86 GPa with glass fiber rein-
forcement at 50.6 wt% loading. It was shown that the fiber
orientation followed the direction of motion of the writing head
that deposited the resins and had an influence on the properties
of the composite. The composites cured by curing agent
Jeffamine EDR-148 were found to have lower mechanical
properties than those cured with triethylenetetramine, diethyl-
enetriamine, and polyethylenimine. In addition, the effects of
clay loading and fiber loading on mechanical properties of the
composites were studied and reported.
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The major problems in engineering applications of polymers
are low stiffness and strength when compared to metals. To
offset these deficiencies, composite materials are prepared by
adding reinforced particles or fibers to the resin. Clay is an
inexpensive natural mineral, so it has been used as a filler for
rubber and plastic for many years. Its reinforcing ability is
poor, however, so it can be used only for conventional micro-
composites. In the early 1990s, Toyota researchers (1) discov-
ered that treatment of a montmorillonite clay with amino
acids allowed dispersion of the individual 1 nm-thick silicate
layers of the clay on a molecular scale in polyamid 6. Their
hybrid material showed major improvements in physical and
mechanical properties even at very low clay content (1.6 vol%).
Polymer-clay nanocomposites also provided enhanced barrier
properties (2) and reduce flammability (3). Clay and inorganic
reinforcements are effective reinforcements in nanocomposite
structures, but very little work has been done on using
nanocomposites as a matrix in advanced fiber-reinforced com-
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posites (4,5). Hussain et al. (6) incorporated micro- and nano-
scale Al,O; particles in filament-wound carbon fiber/epoxy
composites and observed an increase in modulus, flexural
strength, interlaminant shear strength, and fracture toughness
when the matrix was filled at 10 vol% with alumina particles
(25 nm diameter). This effect stemmed largely from the large
surface area of the filler and ability of the particles to inter-
lock mechanically with the fibers. Work by Hayes
et al. (7) has shown that nanosized alumina structures can be
incorporated in the matrix and interlayer region of carbon
fiber/epoxy composites. Timmerman et al. (8) studied
the effects of layered inorganic clay incorporated into the
matrices of carbon fiber/epoxy composites on the response of
these materials to cryogenic cycling. They found that the lam-
inates containing nanoclay reinforcement in the proper
concentration exhibited considerably less microcracking
than the unmodified or macroreinforced materials as a
response to cryogenic cycling. Researchers demonstrated the
feasibility of nanoparticle reinforcement, but more work
remains to be performed to understand how clay and fiber
reinforcements affect material properties.

During the last few years, there has been a growing inter-
est in the use of polymers obtained from renewable resources
because of their inherent advantages such as inexpensive pro-
duction cost and their possible biodegradability (9). Among
products from agricultural resources, vegetable oils may con-
stitute raw materials useful in polymer synthesis. Therefore,
development of cheap, biodegradable polymeric materials
from soybean oil has interested many researchers.

In our previous study (10), we reported the preparation of
epoxidized soybean oil (ESO)-based composites. These com-
posites reinforced with glass, short carbon, Franklin Fiber®
H-45, and Fillex® 17-AF1 fibers had thermophysical and
mechanical properties comparable to petroleum-based soft
rubbery polymeric materials. To obtain a variety of viable
polymeric materials ranging from elastomers to rigid plastics
to meet a wide variety of market demands, a combination of
ESO and epoxy resin was considered. The high-strength and
-stiffness composites were prepared through fiber reinforce-
ment (Liu, Z.S., S.Z. Erhan, and P.S. Calvert, unpublished
data). The method used to prepare these soy-based compos-
ites was the solid freeform fabrication (SFF) method. SFF is
a method of making shapes without molds. Developed at the
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University of Arizona in collaboration with Advanced Ce-
ramic Research (Tucson, AZ) (11), extrusion SFF functions
as a 3-D pen plotter. The shape to be produced may be derived
from a 3-D computer-aided design program or from standard
drawing packages. This method has the potential to produce
new materials and complex composites that cannot be made
in any other way. The SFF method is important for the rapid
production of prototypes and molds. This approach will also
allow new combinations of materials to be formed. Further
exploration of the chemical and material aspects of SFF
methods was addressed by Calvert and Crockett (12). In this
study, we incorporated nanoclay into ESO/epoxy composites
with fiber reinforcement. The effects of clay loading and fiber
loading and of fiber orientation on their properties were in-
vestigated. The SSF was used to make objects for mechanical
property tests.

EXPERIMENTAL PROCEDURES

Materials. The resin used as a co-matrix, EPON® 828, was
purchased from Shell Chemical Company (Houston, Texas).
EPON® 828 resin is a bisphenol A/epichlorohydrin-based
epoxy resin, which is the most widely used epoxy resin. ESO
(7.0% oxirane oxygen) was purchased from Alf Atochem Inc.
(Philadelphia, PA). Organically modified montmorillonite
clay (Cloisite 30B) containing the methyl tallow bis-2-
hydroxyethyl ammonium cation at a loading of 90 meq/100 g
was received from Southern Clay Products (Gonzales, TX).
Calcium sulfate microfiber, Franklin Fiber® H-45, wollas-
tonite mineral fiber, Fillex® 17-AF1 fiber, and milled E-glass
(electric glass) fiber are the same as described previously (10,
unpublished data). Short carbon fiber, purchased from Dupont
Co. (Wilmington, DE), was chopped in a coffee grinder for
20 s to reduce the length. Optical microscopy showed that the
average particle length was 0.12—0.25 mm. Freire (13) studied
the length distributions, diameter distributions, and aspect ra-
tios of the fibers chopped in this method. Curing agent (tri-
ethyleneglycol diamine) Jeffamine EDR-148 was obtained
from Huntsman Corporation (Houston, TX). Polyethylenimine
(linear) (PEI), diethylenetriamine (DETA), and triethylene-
tetramine (TETA) were purchased from Aldrich Chemical Inc.
(Milwaukee, WI). The chemical structures of these curing
agents are shown in Scheme 1.

Forming of composites. ESO and EPON® 828 were mixed
in a weight ratio of 1:0.30. Samples were placed in a 60°C
oven, and vacuum was applied for 15 min to remove air bub-
bles. The appropriate amount of clay was added, and the mix-
ture was stirred for 30 min and then degassed for 15 min. The
mixture was sonicated for 1 h at 60°C using an Elma 9331,
300-W, 60-Hz ultrasonic cleaner (Lab-Line Instruments Inc.,
Melrose Park, IL). The designated fiber was added to the mix-
ture with mechanical stirring for 30 min, and the mixture was
degassed for 15 min and sonicated for 1.5 h at 60°C. The cur-
ing agent was then added and stirred for 0.5 h. The subsequent
degassing and sonication steps were the same as described
above. The fiber-filled slurries showed a yield point such that
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formed parts held their shape until cured. The mixture was re-
moved from the oven and cooled to room temperature. The
paste was put into 20-cc plastic syringes. Bars 75 X 8 X 4 mm
were formed by deposition of five layers and subsequently
cured at 100°C for 24 h, then at 150°C for 48 h.

SFF. SFF was conducted using an Asymtek (Carlsbad,
CA) model 402 fluid dispensing system, equipped with small
stepper motors (Oriel stepper mike) to drive the delivery sy-
ringe. The Asymtek and syringes were controlled by a pro-
gram written in Microsoft Quick Basic. Solid bar samples
were written as a series of lines.

Scanning electron microscopy (SEM). SEM was per-
formed with a JEOLJSM 6400V instrument to investigate the
interface between the filler and the polymeric matrix. The
specimens were mounted on aluminum stubs with graphite-
filled tape, vacuum-coated with gold-palladium on a JEOL
ion sputter coater, and observed. SEM micrographs were ob-
tained using 5 kV secondary electrons.

X-ray diffraction (XRD). Powder XRD analyses were per-
formed using a Philips 1830 diffractometer operated at 40 kV,
30 mA, with graphite-filtered CuK, (A = 0.154 nm) radiation
and a O compensating slit. Data were acquired in 26 = 0.050°,
4-s steps. The scanning range was from 2.5 to 10°.

Transmission electron microscopy (TEM). TEM specimens
were cut from nanocomposite blocks using an ultramicrotome
(Sorvall MT-2 ultramicrotome) equipped with a diamond
knife. Transmission electron micrographs were taken with a
Hitachi HF 2000 at an acceleration voltage of 200 kV.

Mechanical testing. The mechanical properties were tested
using a three-point bend test method with an Instron (Canton,
MA) model 1100. The standard formula for the modulus, E
and strength, ¢ in three-point bending of a beam was used:

E = PL3/4bd® 8, o =3PL/2bd> [1]

P is the maximum load applied, L is the span length, § is the
deformation at the center under load P, d is the sample height,
and b is the sample width. Five specimens were tested for
each set of samples, and the mean values were calculated
(range = 10% on strength and modulus).

RESULTS AND DISCUSSION

Dispersibility of clay in the ESO/epoxy resin matrix. XRD
was used to examine the dispersibility of clay in the
ESO/epoxy resin matrix. Figure 1 shows XRD patterns of the
Cloisite 30B clay (solid line) and nanocomposites obtained
from ESO/epoxy resin with 10 wt% of Cloisite 30B (dotted
line) without fiber (to prevent interference of fiber in the XRD
pattern). The results show a peak at 20 = 4.7° for the organ-
oclay, which was assigned to the (001) lattice spacing of
montmorillonite. The lattice spacing corresponded to an in-
terlayer spacing of organophilic montmorillonite. Therefore,
the interlayer spacing of Cloisite 30B was 18.8 A according
to 2dsin® = . But this peak disappeared completely after re-
action of the clay with epoxy resin. Although it is common
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FIG. 1. X-ray diffraction patterns of (A) Cloisite 30B clay (——) and (B)
Cloisite 30B clay (10 wt%) in epoxidized soy oil (ESO) (-+---).

practice to classify a nanocomposite as fully exfoliated from
the absence of (001) reflections, it is difficult for XRD to re-
veal definitive conclusions about the defined structure. Thus,
TEM techniques are necessary to characterize the compos-
ites. The TEM micrograph (Fig. 2) shows that there was no
aggregation of organoclay particles. This suggested that the
organophilic clay was well dispersed with the ESO/ EPON
matrix. Layer spacing of the clay in the nanocomposites in-
creased by about 2 nm when compared with the organo-clay
galleries. The TEM micrograph also revealed a more complex
situation: There was a distribution in basal spacings. A wide
distribution in basal spacings may cause the absence of the
(001) reflection, so further study will be needed. Overall, an
intercalated structure of the composites was developed.
Composite morphology. SEM was performed to charac-
terize the morphology of ESO/epoxy composite materials.
Characterization and SEM micrographs of four types of
fibers used in our experiments have been reported previously
(10). Figure 3 shows SEM of a freshly fractured surface for
an ESO/EPON 828/clay composite filled with these fibers.
Figures 3A-D correspond to milled glass fiber, Franklin

33 nm

FIG. 3. Scanning electron micrographs of the freshly fractured surface
FIG. 2. Transmission electron micrograph of ESO/EPON® 828/organo-  of ESO/epoxy-based composites filled with four kinds of fiber. Compos-
clay composites. EPON® 828 furnished by Shell Chemical (Houston, ite filled with (A) E-glass fiber, (B) Franklin Fiber® H-45, (C) wollastonite,
TX). For abbreviation see Figure 1. Fillex® 17-AF1 fiber, and (D) carbon fiber.
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Fiber® H-45, Fillex® 17-AF]1 fiber, and carbon fiber, respec-
tively. They clearly indicate that interfacial adhesion between
the fiber and matrix exists. This can be readily seen from the
physical contact between both components. The fibers are
broken up from the matrix. However, holes and spacing
occur along the fiber, resulting in poor contact and inferior
stress transfer between the phases.

Effect of curing agents. Four kinds of amine compounds,
as shown in Scheme 1, were selected as curing agents for the
ESO/EPON system. Table 1 presents flexural strength and
modulus data for the composites cross-linked with these cur-
ing agents. The molar ratio of epoxide (the contribution from
ESO and EPON® 828) to hydrogen (from the curing agent)
was 1:1.67. The curing agents TETA and DETA produced
composites with better mechanical properties than Jeffamine
EDR-148. J. Xu and colleagues (J. Xu, Z.S. Liu, S.Z. Erhan,
and C.J. Carriere, unpublished data) investigated viscoelastic
properties of materials made from ESO cross-linked by TETA
and Jeffamine EDR-148. They also found that the ESO-based
material cross-linked by the TETA had a higher glass transi-
tion temperature and stronger viscoelastic solid properties
than the ESO-based material cross-linked by the Jeffamine
EDR-148. By comparing structures of these curing agents, it
is clear that there are two primary amine groups located on
the two ends of the TETA and DETA chains. There is also one
additional active site, i.e., the secondary amine group, in the
middle of the DETA chain and two secondary amine groups
in the middle of the TETA chain. On the other hand, there is
no secondary amine group in Jeffamine EDR-148. These
secondary amine groups behaved as a “short arm” and con-
tributed to the formation of a 3-D thermoset network. The
network structure of the polymer matrix provided strong
mechanical properties of the composites. Also, owing to the
presence of many secondary amine groups in the backbone of

TABLE 1
Effect of Curing Agents?
Flexural Flexural Strain
strength modulus at break
Curing agent (MPa) (GPa) (%)
Jeffamine EDR-148 55 0.11 1.3
PEI 85 1.89 1.1
DETA 120 1.70 1.9
TETA 195 2.57 2.2

9Conditions: Epoxodized soy oil (ESO), 57.5 wt%, EPON® 828 (Shell Chem-
ical Co., Houston, TX), 17.5 wt%; Franklin Fiber®, 25.0 wt%, and clay,
10 wt% (ESO + EPON 828 + clay).

the PEI molecule, better mechanical properties of the com-
posites could be obtained.

Effect of fiber type. The improvement of mechanical and
thermal properties of fiber plastics depends on factors such as
variation in the mobility of the macromolecules in the boundary
layers, influence of the orientation of the fiber surface, the effect
of fibers on the structure of the polymers, as well as the different
types of fiber—polymer interactions. Fiber types influence the
properties of the composites. In general, the mechanical and
physical properties of natural fiber-reinforced plastics only condi-
tionally reach the characteristic values of glass fiber-reinforced
systems. In this clay-reinforced polymeric matrix system, the
influences of fiber type (Franklin Fiber® H-45, Fillex® 17-AF1
fiber, short carbon filter, and milled E-glass fiber) on the
mechanical properties of the composites were explored. The re-
sults of the mechanical property measurements are presented in
Table 2. Among the different types of fibers, glass and carbon
fibers had slightly better reinforcing effects than mineral fibers.
These results are probably due to the inherently high strength of
glass and carbon fibers. For example, E glass fiber has a tensile
strength of about 3 GPa and a modulus that approaches 100 GPa.
This provides a large contribution to the strength and rigidity of

H,N-—CH,— CH,— 0— CH,— CH,—0—CH,— CH,~ NH,

Jeffamine EDR-148

H;N—CH,— CH,— NH—

CHZ— CH2 _NH2

Diethylenetriamine (DETA)

H,N—CH,— CH, — NH—CH,— CH,— NH—CH,— CH, —NH,

Triethylenetetramine (TETA)

H_(NH_CHZ_CHz)“—NHZ

Polyethylenimine, linear (PEI)

SCHEME 1
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TABLE 2
Effect of Different Types of Fibers
Flexural Flexural Strain
strength modulus at break
Fiber (MPa) (GPa) (%)
E-glass 150 2.59 1.7
Carbon 153 2.61 1.7
Franklin H-45 195 2.57 2.2
Fillex 17-AF1 130 2.24 1.8

the reinforced composites. The principal advantages of glass fibers
commonly used as reinforcing fibers for a polymer matrix are their
high strength and their low cost.

Influence of fiber orientation on flexural modulus. The
strength and moduli of fiber-reinforced composites depend
not only on the fiber volume fraction and aspect ratio but also
on their orientation. When the fibers are aligned longitudinally,
the maximal stress transfer occurs between the fiber and ma-
trix. The maximal strength and reinforcement are achieved
along the direction of fiber alignment. There are good theoreti-
cal treatments for the effect of aspect ratio and volume fraction
on modulus (14), but orientation is more difficult to control. It is
strongly influenced by processing methods and by local flow
conditions in, for instance, injection-molded parts. As a result,
changes in the volume fraction and aspect ratio will change the
degree of orientation. Also, theoretical treatments are not very
satisfactory. Calvert and colleagues (15,16) studied orientation
effects in freeformed short-fiber composites. Optical micro-
scopy was used to measure the major and minor axes of the
elliptical fiber sections. They discovered that fiber orientation
corresponded closely to the machine direction during sample
preparation. In glass fiber/epoxy composites, they found that
90% of fibers were within 10° of the machine’s writing direc-
tion. By writing a series of test bars with writing axes at differ-
ent angles to the long axis, the modules could be varied by
approximately a factor of three. In this ESO/epoxy/clay system,
we prepared test bars by writing at varying angles relative to the
axis of the test bars to investigate effects of fiber orientation on
the properties of composites. The effect of this orientation on
the flexural moduli is shown in Table 3. The flexural moduli
were found to be slightly higher at writing angles parallel to the
long axis than across the long axis. This difference between
longitudinal and transverse moduli is similar in many types of
composites. However, this difference is less significant in a

TABLE 3
Effect of Orientation on EPON 828/ESO/TETA? Reinforced with
Franklin Fiber® H-45 25 wt% and Clay 10 wt%

Flexural Flexural Strain
strength modulus at break
Fiber orientation (MPa) (GPa) (%)
0 195 2.57 2.2
30 190 2.55 1.4
45 180 2.50 1.3
60 170 2.35 1.3
90 167 2.32 1.5

4Conditions: ESO, 57.5 wt% and EPON 828, 17.5 wt%. For manufacturer see
Table 1. TETA, triethylaminetetramine; for other abbreviation see Table 1.
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FIG. 4. Flexural modulus of composites as a function of clay content.

clay/fiber reinforced system. A possible explanation is that the
higher viscosity of matrix slurry, reinforced by nanoclay, in-
creases slurry—fiber interaction and the fiber orientation is re-
stricted.

Effects of clay loading. The effects of clay loading on the
mechanical properties of composites are shown in Figure 4.
The flexural modulus of a composite increased rapidly with in-
creasing clay content from 2 to 5 wt%, resulting in a change
from 0.78 to 2.09 GPa. Thereafter, the increase was slow. Liu
and Wu (17) also reported a similar phenomenon in polypropy-
lene/clay nanocomposites prepared by the grafting-melt com-
pounding method. The nanometric dispersion of silicate layers
in the matrix led to improved modulus and strength. The stiff-
ness of the silicate layers contributed to the presence of immo-
bilized or partially immobilized polymer phases. Silicate layer
orientation as well as molecular orientation also contributed to
the observed reinforcement effects. The slow increase of the
flexural modulus at higher clay contents (above 5 wt%) can be
attributed to the inevitable aggregation of the clay layers.

Effect of fiber loading. The flexural moduli of composites
as a function of Franklin Fiber® H-45 and glass fiber content
are presented in Figures 5 and 6, respectively. In Figure 5, the
flexural modulus increased rapidly from 2.04 to 3.34 GPa

4.0

3.5
3.0 1
2.5 4
2.0 4

Flexural modulus (GPa)

1.5

10 T T T T
15 20 25 30 35 40

Fiber content (wt%)

FIG. 5. Flexural modulus of composites as a function of Franklin Fiber®
H-45 fiber content.
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FIG. 6. Flexural modulus of composites as a function of glass fiber
content.

with an increase in fiber content from 22.5 to 27 wt%. When
the fiber fraction increased beyond 27 wt%, the flexural
modulus tended to stabilize. This stabilization was due to in-
creased fiber-to-fiber interactions at a higher fiber fraction,
leading to fiber dispersion problems. Also, it was more diffi-
cult to impregnate the fiber with prepolymer, which in turn
can make the fiber distribution in the matrix less homogene-
ous. However, the flexural modulus increased consistently
with glass fiber content (Fig. 6). The flexural modulus
reached 4.86 GPa at a glass fiber loading of 50.6 wt%. This
glass fiber-reinforced composite did not have maximal
mechanical properties because the step motor in our SFF sys-
tem was insufficient to allow the highly viscous slurry to flow
through the needle. Although the data for higher glass fiber
fractions are not available, it is predicted that the maximized
flexural modulus of glass fiber-reinforced composites will be
obtained at an even higher fiber content.
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