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ABSTRACT
FABRICATION, CHARACTERIZATION, MODELING, AND STAMP
THERMOFORMING OF NATURAL FIBER POLYPROPYLENE COMPOSITES
CONTAINING KENAF FIBERS
By

Stacey Anne Yankovich

Ecological concerns have led to the need for an increase in the use of
environmentally friendly materials. Kenaf fiber-polypropylene composites have
been shown to have an optimal fabrication process utilizing a layered “sifting”
process of both matrix and fibers, followed by compression molding. Mechanical
property tests have shown that these natural fiber composites possess superior
mechanical properties to natural fiber composites formed in other recent studies,
as well as significantly higher Modulus/Cost and Specific Modulus than E-Glass
composites. Using the properties determined during testing as input parameters
an attempt was made to numerically model the behavior during forming. The
kenaf-polypropylene composites were also easily thermoformed into hemispherical
cups, showing expected wrinkling behavior. Comparing numerical modeling to the
experimental results has proven that a two preferred fiber orientation linear
elasticity model is not able to accurately capture the behavior of the kenaf fibers.
Future modeling work is necessary, but at this time it may be concluded that kenaf-
polypropylene composites are a viable substitute for many glass fiber composite

automotive and housing applications.
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Chapter 1

INTRODUCTION

Ecological concerns have recently led to a high demand for more
environmentally friendly materials. Instead of the traditional dependence on
fossil fuel based processes, industry has been moving towards natural materials.
Previously, composites made of glass and carbon fibers replaced many metal
applications by supplying the benefits of low cost and high strength properties.
The processes associated with these materials have been critically evaluated
recently [1]. An enormous amount of attention has been given to the fabrication
and properties of biocomposites. The Technology Road Map for Plant/Crop-
based Renewable Resources 2020, which is sponsored by the U.S. Department
of Energy, has set a goal to increase plant-derived renewable sources to 10% of
all basic chemical building blocks by 2020, and up to 50% by 2050 [2].

A biocomposite can be defined as a combination of biofibers and
bioplastics, both being derived from renewable resources. The main concern
when dealing with these materials has been degradation due to environment. An
assurance that the composite will maintain the desired properties throughout its
lifetime, yet be biodegradable when use is finished is necessary [3]. Different
types of surface treatments are being developed, as well as possible sandwich
structures with a biocomposite core between metal sheets. The automotive and
aerospace industries are both extremely interested in using more natural fiber

reinforced biocomposites. In order to reduce vehicle weight, automotive



companies have shifted from steel to aluminum to plastics and now composites.
This has led to predictions that in the near future plastics and polymer
composites will comprise approximately 15% of car total weight [4].

True bioplastics are constantly being researched and improved. Different
types of biosynthetic polymers include aliphatic polyesters, polyester amides,
starch plastics, and soy plastics. Due to the fact that these materials are so new
and still being developed, they are currently only viable in terms of price and
performance for components of packaging [5]. In the very near future, these
biopolymers will become crucial in the development of biocomposites. During
this study, polypropylene will be used instead of a biopolymer. The biopolymers
are not used because there are still many factors to be resolved with the natural
fibers, and the biopolymers are still in development. Once viable composites are
easily fabricated and formed with a polypropylene matrix, the process of
substituting a biopolymer will be more easily achieved.

Natural fibers that have been studied as replacements for glass and other
non-biodegradable composites include flax, hemp, kenaf, and sisal [6]. These
fibers are abundant, cheap, renewable, and biodegradable. Other advantages
include low density, high toughness, comparable specific strength properties,
reduction in tool wear, ease of separation, decrease in energy of fabrication, and
CO: neutrality [7]. Additionally, insulation and sound absorption properties make
these composites useful for housing and automotive applications [8,9].

Natural fibers can be split into two categories, bast and leaf. The bast

fibers include kenaf, hemp, and flax; sisal is considered a leaf fiber. The bast



composites exhibit a superior flexural strength and Modulus of Elasticity (MOE),
but the leaf composites show superior impact properties. Compared to glass
fiber composites, the bast composites showed approximately the same flexural
strength and a higher MOE [4].

The main drawback in using these natural fiber composites is the
hydrophilic nature of the biofibres, causing problems of adhesion with the
hydrophobic polymer matrix. The problem of adhesion is still a topic of research,
but strong promise has been seen with the use of coupling agents and other
chemical modifications [10). Another problem is that high temperatures must be
avoided due to the possibility of fiber degradation [11]. It is also important to note
that natural fibers can vary immensely depending on many different factors.
They are grown in nature and may easily vary in properties from plant to plant.
The kenaf crop growing conditions have a direct and significant effect on the fiber
dimensions and properties [12]. A single best method for fabrication of these
composites has still not yet been proven, but this work will develop a method of
fabrication, as well as showing the ability to form the composite into a useful part.

In order to form these composites into complex shapes at elevated
temperatures there is a need for a specialized manufacturing process. Previous
work has been done to find a method for forming continuous fiber and woven-
fiber composites. The main problem with conventional stamping techniques has
been wrinkling and distortion of the fibers. The process that has been proven to
be able to lessen and even eliminate these problems is stamp thermo-

hydroforming [13-15].



During the stamp thermo-hydroforming process, pressurized fluid is used
to aid in the forming of the part. This process uses a punch, but fluid pressure
forces the blank to conform to the punch shape and does not allow the material
to wrinkle. The pressure applied is able to be controlled and varied throughout
the process, giving optimum performance. The fiuid in the chamber is also
heated to forming temperature to additionally aid with the shaping of the material.
No female die is necessary in this process, and, typically, no holding force is
needed because of the pressurized fluid. Other advantages associated with this
process include increased drawability of the blank, decreased tool wear because
less energy is needed, decreased thinning of the part as compared to previous
drawing processes, economic savings, improved surface finish, and the ability to
conform to complex shapes [13-15].

In order to begin to optimize the stamp hydro-thermoforming process, the
behavior of a material during a simple stamping process must be accurately
modeled. This work will focus on accurately modeling the stamp thermoforming
process and the wrinkling behavior of the material. The model developed will aid
in finding the optimal fluid pressure amplitude curve to eliminate wrinkling without
tearing. With an accurate model different holding forces and pressures may be
experimented with much more easily, quickly, and inexpensively.

In the following, there will be a presentation of the current work and
research regarding the areas of natural fiber composite properties and forming
methods. This will be followed by a series of methods for fabrication of natural

fiber and polypropylene composites, as well as the applications of these



composites in the hydroforming process. The mechanical properties of the
natural fiber composite material will be determined by a series of tests, followed
by the initial results obtained from experiments conducted using in-house stamp
thermo-hydroforming equipment. The results of these experiments will finally be
compared to a finite element simulation of the process and material behavior
using a modified version of a previous code for glass-fiber reinforced composites.
Numerical analysis for future work will also be completed using new dies that
have been designed. The new dies feature an oil pan shaped punch, showing

the ability of the material to conform to different complex geometries.



Chapter 2

LITERATURE REVIEW

In an effort to choose an appropriate natural fiber for the composites, a
survey has been done of the past work including bast, leaf and woodfiber
composites. Much work has been done to determine optimal fabrication
methods, as well as to characterize biocomposites. The survey will begin with
studies on different types of composites. Next, it will continue with composite
performance enhancers. This will be followed by a short summary of forming
that has been done. There are few known publications on the forming of these
types of composites, which helps to show that this study is an original and
necessary work. Finally, a review of previous modeling techniques for this type

of composite materials will be given.

2.1 Natural Fiber Composites

Mckenzi and Yuritta (1979) [16] compared different types of woodfiber
reinforced polymers. The purpose of their work was to determine if woodfiber
has advantages as a reinforcing material over other fibrous materials.
Comparisons were made with nylon, rayon, glass, and Kevlar to name a few.
The short length of woodfiber leads to the conclusion that the bonding of the
matrix with the fiber will be crucial. This is due to the fact that the full strength of
the fiber will only be utilized if a strong bond is formed. Tensile tests were

performed with woodfiber-polypropylene and woodfiber-polyethylene samples



with different percentages of fiber by mass. The results of these tests showed
that with either of these polymers as the matrix and adequate impregnation, the
fiber strength is able to be completely utilized.

A comparison of the benefits of woodfiber and glass fiber was also
performed in this study. It was found that if the fiber volume fraction was the
same for a glass fiber and a woodfiber composite, then the woodfiber composite
would have to be 67% thicker than a glass fiber composite in order to have the
same strength. This increased polymer matrix requirement reduces the cost
benefit of woodfiber over glass, but there is also a possibility for reduction in
matrix usage for low fiber content systems. Additionally, woodfiber provides
advantages by consuming less energy during fiber manufacture and the potential
for lower mass structures. The disadvantages of using woodfiber composites are
poor water resistance, lower packaging efficiency, greater matrix usage in high
fiber content systems, and unavailability in highly oriented forms.

Michell (1986) [17] did another study on different types of composites
containing wood pulp fibers. The elastic properties of the composites were
developed from the elastic properties of the components using the Rule of
Mixtures. Michell has shown that wood pulp fibers are cheaper than other
organic polymers and also lead to improvements of both the strength and tensile
modulus of composites. He has shown that although the wood pulp fibers were
already being used in thermoset applications, there also exists much opportunity

for use as reinforcements in thermoplastic composites. Concerns of forest



destruction have led to a shift to more work on natural fibers, even though wood
fibers have been shown to perform well.

Mohanty et al. (2000) [18] compiled an overview on the different biofibers,
biopolymers, and biocomposites available up to that date. This study defined
biocomposites and compared advantages and disadvantages of these materials
(which were also defined in the Introduction section). Properties of many
biodegradable polymers were also investigated and compared. Although the use
of biodegradable polymers is outside the scope of the work in this thesis, this
lays the groundwork for future work using these more environmentally friendly
polymers. These will be necessary later due to the growing problem of waste
and the need for environmentally friendly use of resources with the CO. neutrality
aspect. The challenge ahead will be to find applications that use enough of the
biocomposite material to make the prices competitive.

Different fiber-polymer composites were fabricated and tested in this work.
The specific properties of natural fibers such as hemp, kenaf, jute, flax, and sisal
were compared with traditional composite reinforcements. The prices of these
natural fibers are very low as compared to synthetic fibers. The prices may vary
depending on the yearly crop, but kenaf fiber is grown commercially in the United
States, leading to some regularity. Additionally, the density of these fibers is
shown to be much less, leading to strength/weight ratios comparable with those
of such widely used materials as E-glass and Aramid.

From the testing of biocomposites in this study, the optimal fiber content

proved to be approximately 30%. These natural fiber composite materials are



well suited for lightweight vehicle interior parts as well as other applications in
railways, aircrafts, irrigation systems, furniture industries, and some sports and
leisure items.

Wambua et al. (2003) [19] followed up by testing more natural fibers to
see if they have the ability to replace glass. This study involved the properties of
several different natural fiber-polypropylene composites. They used
polypropylene with a very high melt flow index to help with fiber matrix adhesion
difficulties and ensure proper wetting of the fibers. The composites were formed
in 30cm squares using 3 layers of fibers with polypropylene sheets in between.
The fibers were spread as randomly as possible. Each composite was wrapped
in aluminum foil and preheated at 140°C for 20 minutes to reduce moisture
content. Then the composites were pressed at 180°C and 5 bars for 2 minutes,
and then cooled at the same pressure for 3 minutes. Samples were made with
40% fiber content of kenaf, coir, sisal, hemp, and jute.

After all the samples were fabricated, tensile and impact tests were run to
compare the properties of these composites to those made with glass fiber. The
tensile strengths all compared well with glass, except for the coir, but the only
sample with the same flexural strength was hemp. It was shown with kenaf
fibers that increasing fiber weight fraction increased ultimate strength, tensile
modulus, and impact strength. However, the composites tested showed low
impact strengths compared to glass mat composites. This study showed that
natural fiber composites have a potential to replace glass in many applications

that do not require very high load bearing capabilities.



Mishra et al. (2003) [20] continued studying the mechanical performance
of biofiber/glass reinforcements, this time using a polyester matrix to create
hybrids. This study used pineapple leaf (PALF) and sisal fibers with the addition
of a small amount of glass. PALF and sisal fibers were chosen for their
moderately high specific strengths and stiffness. The main problem in these
composites, as with all natural fiber composites, is the lack of good fiber matrix
adhesion and poor resistance to moisture. The addition of a small amount of
glass was used to help with adhesion, and has been shown to have a positive
hybrid effect, i.e. increasing properties. The conclusions of this study prove to be
promising for future applications, but the addition of glass into the composites
prevents them from being a fully environmentally friendly product. The goal of
this research is to begin to make and prove the formability of natural fiber
composites. Therefore, this data will not be used, yet still may be a direction to
go in the future if the properties do not prove sufficient.

Mohanty et al. (2004) [21] delved further into natural fiber composites by
investigating the effects of process engineering on the performance of the natural
fiber composites. This study used biocomposites formed using chopped hemp
fiber and cellulose ester biodegradable plastic. The effect of two different
processing approaches was studied. Prior to both processes, the hemp fibers
were dried to remove any additional moisture. During the first process, the
chopped fiber (30% by weight) was mechanically mixed in a kitchen mixer for 30
minutes. The mechanical mixing was followed by compression molding using a

picture-frame mold. The second process involved two steps, the first extrusion
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process yielded pellets of cellulose acetate plastic (CAP). These pellets were
then fed into a twin-screw extruder while chopped hemp fibers were also fed into
the last zone of the extruder. This two-step process yielded thin strands of the
composite, which were pelletized for injection molding. They were later injection
molded into tensile test shaped coupons.

One of the main advantages of melt mixing is the superior mixing of fiber
and matrix, but the cost of this advantage is high shear forces which may lead to
fiber damage. The first process, mechanical mixing and compression molding,
allows for these forces to be avoided. An additional advantage of the first
process is that it produces preforms in one step. However, the lack of adequate
mixing may adversely affect the overall performance. As expected, the
composites formed using the second process, extrusion and injection molding,
showed superior overall strength due to the adhesion and distribution of the
fibers. Possibly an even more superior composite could be formed if an optimal
method of fiber distribution and adhesion was introduced into the first process.

Nishino et al. (2003) [22] used kenaf fiber sheets with another processing
method in an attempt to fabricate composites with better dispersion and
adhesion. The kenaf fiber was bought in sheets, manufactured like paper, from a
company called Itoh Co., Ltd. Japan. The sheets were dried and then soaked in
a dioxane solution under vacuum. After impregnation, the composites were dried
until plateau weight was reached. These samples were easily fabricated and
exhibited good performance with a fiber content of approximately 70% by

volume. Additionally, this study concluded that that the fiber orientation plays an
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important role in the final properties of the composite. Both anisotropic and
quasi-isotropic composites were formed by layering kenaf sheets in different
ways. From this study, kenaf has been proven to be a good reinforcement
candidate for high performance natural fiber composites.

Additional research has been done to determine the effect of using the
above mentioned pre-manufactured sheets of kenaf, as opposed to buying the
kenaf as it is grown in nature. No information could be found on the Itoh
Company. Information from another company, Vision Paper, has showed that
the purchase of the 100% kenaf sheets would cost approximately $30-$40/kg
[23], while the cost of the natural fibers themselves will only be approximately
$0.50-$0.90/kg. The enormity of this price difference has led to the conclusion
that these sheets will not be an option for the current research.

Burgueno et al. (2004) [24] attempted to establish an additional use for
biocomposites as load-bearing beams and panels. They used hemp and flax
fibers with an unsaturated polyester resin. By making improvements in the
structural efficiency through cellular material arrangements they have allowed for
natural fiber composites to be used for load-bearing components. This
information may be useful for future work since this paper will show that thin
layers of natural fiber composites are formable. This knowledge, in addition to
the fabrication techniques and forming abilities shown in this paper may broaden

the use of kenaf natural fibers.
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2.2 Surface Treatments and Coupling Agents

All of the above studies have shown that natural fiber composites may be
fabricated in a variety of ways to gain a variety of different properties. There is
one common conclusion from each study; the most pertinent problem in making
natural fiber composites is the assurance of fiber-matrix adhesion. The following
is a review of surface treatments and coupling agents that have been used to
strengthen the composites.

George et al. (2001) [25] attempted to solve the problem of fiber-matrix
adhesion when using biocomposites. The quality of the fiber-matrix adhesion
bond directly affects the transfer of stress and bond distribution throughout the
interface. Natural fibers are mainly composed of cellulose, whose elementary
unit, anhydro d- glucose, contains three hydroxyl (-OH) groups. These hydroxyl
groups form intramolecular and intermolecular bonds, causing all vegetable
fibers to be hydrophilic. The exact properties of these fibers may not be
controlled because they are grown in nature, unlike the widely used glass fiber.
One proposed way to make the fibers more consistent is to regenerate lost
cellulose and dissolve unwanted microscopic pits or cracks in solvent. The most
popular method of “fixing” the fibers is through the use of alkaline solution. The
effects of this solution will be discussed later.

Another method of improving fiber matrix adhesion discussed in this work

is through the use of coupling agents. The coupling agents have two functions:
to react with —OH groups of the cellulose and to react with the functional groups

of the matrix. In order to achieve a material with both strength and toughness, an
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appropriate coupling agent must be chosen. The coupling agents will facilitate
stress transfer between the fibers and the matrix. Commonly used coupling
agents at the time of this study include silane, isocyanate, and titanate based
compounds. Silane has been reported to improve the performance in hard
wood/polymer composites. Isocyanate has been found to be reliable when used
with vegetable fibers. Other modification options are further discussed in this
paper, but these will not be mentioned here as this work will focus on the use of a
coupling agent or an alkali solution to improve adhesion.

Feng et al. (2001) [26] studied the effects of using a compatibilizing
coupling agent on kenaf-polypropylene composites. The coupling agent contains
maleic anhydride, creating maleated polypropylene. The use of maleated
polypropylene (MAPP) has been shown to immensely improve the properties of
these composites. This study has chosen to use kenaf fiber due to the fact that
kenaf flows much more easily in polypropylene than jute and flax fibers. The
kenaf fibers used in this study have been chopped to approximately 10mm. The
chopped fibers along with the polypropylene (PP) and MAPP, if used, were melt
mixed in a kinetic mixer, followed by cooling under pressure, then granulating.
The granules were then injection molded into ASTM standard test specimens.
These composites were 50% by weight kenaf, and, if used, 3% by weight
coupling agent (MAPP).

As expected, the systems using MAPP had consistently higher failure
strains than the uncoupled systems. In contrast, the tensile modulus of the

coupled systems was lower than the uncoupled systems. The tensile strengths
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of coupled composites almost doubled, and the 1zod impact properties were also
higher for coupled samples. Once again, it has been noted that the mixing
method may cause severe fiber damage, and higher strength may be achieved
using another fabrication process. In conclusion, the MAPP improved both
tensile and impact strengths, but there exists a strange phenomenon where the
Young's Modulus was lower in the coupled composites. This occurrence was not
further discussed in the study.

Mohanty et al. (2002) [27] continued researching the use of maleated
polypropylene (MAPP) and polyethylene (MAPE) in comparison with the use of
alkali treatment. This study fabricated composites out of chopped (5-8mm length
natural fibers, including kenaf, hemp, flax, and sisal) and micron size
polypropylene powder (PP). The fibers were mixed with the PP in a kitchen
mixer, then compression molded at 190°C to avoid extreme shear damage
during formation.

These composites contained 30-40% fiber by weight. Both bast and leaf
fibers were tested, and showed a high flexural strength and Modulus of Elasticity
(MOE) in the bast fibers. The kenaf composites, bast fiber, were tested with and
without the use of coupling agents. The alkali (5% NaOH solution) treated fiber
with MAPP (Epolene G-3003 from Eastman Chemical Company) composites
showed a 31% and 63% improvement in flexural strength and MOE over the
untreated. Additionally, in comparison with the MAPE-treated composites, the
MAPP-treated composites showed improved flexural and tensile strength. The

alkali treatment lead to fibrillation of the fibers, breaking down the bundles and
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increasing the aspect ratio. Once again, the use of a coupling agent has
increased the fiber properties, and, contrary to the previous study, the MOE also
increased with the treatments.

Keener et al. (2004) [28] most recently compared many different coupling
agents when added to agrofiber-polyolefin composites. This study has discussed
the two main reasons for the success of coupling agents. The first being that
maleated polyolefins (MAPQO) can be readily and economically produced. The
second being the excellent balance of properties which bridge the interface
between hydrophilic and hydrophobic species. A variety of different coupling
agents are available for use. These can be easily classified by their molecular
weight and acid number. A total of six different molecular weight/acid number
combination Epolene G-series maleated polyolefin coupling agents were tested
in flax and jute fiber composites with a PP matrix. The control for these
experiments was the ‘best-to-date’ maleated coupler that was tested in 2000 by
ATO-DLO (Agrotechnical Research Institute).

The composites, 30% fiber by weight, were fabricated using the extrusion
and injection molding processes. Three performance tests were done each on
the jute and flax composites. In four of the six tests, Epolene G3015 resulted in
the highest performance. This specific coupler ranks about medium molecular
weight and medium acid number. It should also be noted that the coupling
agents were incorporated into the composites at 1, 3, and 5% levels, with 3%
appearing to be the optimum concentration. The Epolene G3015 even

outperformed the ‘best to date’ control coupling agent. From this study, it has
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been concluded that at the current time, the best coupling agent for natural fiber

composites is Epolene G3015 at a concentration of 3%.

2.3 Forming Composites

Making different types of composites with properties suitable for industry
has proven to be a large area of research. The next step, after proving
satisfactory properties is to show the formability. In order to validate the
fabrication of a new material, it must be shown to be formable and useful. There
are few studies on the formability of natural fiber composites. The following will
discuss findings on the formability of woodfiber composites.

Mase et al. (2004) [29] worked with recycled paperboard and began to
develop a heat/pressure formable woodfiber thermoplastic composite. This new
material is composed of a relatively fine polypropylene powder (20 microns) and
paperboard waste. Samples were tested using 20% and 30% polypropylene with
six layers of the preform pressed together. Their study has shown that the tensile
modulus of this combination was increased up to twice the value of
polypropylene alone. Additionally, the modulus of elasticity and ultimate tensile
strength were increased, and the strain at the ultimate tensile strength was
decreased. From this study it has been concluded that while this material
exhibits satisfactory properties, there has been not nearly enough polypropylene
added to make a formable material. There is limited resin flow during the
compression forming and further processing studies will be completed in the

future.
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Bhattacharyya et al. (2003) [30] showed that woodfiber-polypropylene
composites are indeed formable. The sheets they manufactured used pinus
radiate fibers along with polypropylene powder, for a total through thickness of
1.3mm. Two types of composites were made, layered and homogeneous with
polypropylene and woodfibres mixed during formation.

This study has shown a tensile modulus increase of up to 250% with a 25-
30% fiber mass fraction. Several formability tests were studied, dome forming
with matched die and cup drawing being most relevant. For both forming
techniques the material was heated to approximately 190°C before beginning
formation. This study has shown the ability to form these composites into not
only 2-dimensional shapes, but also 3-dimensional hemispherical shapes. Key
conclusions discovered include that any sheet not pre-heated above 160°C does
not form. Additionally, slower drawing rates/strain rates leads to reduced
drawability with wall tearing and wrinkling. Thinning of reinforced composites is
much less than that of polypropylene. The most important parameter is the
forming temperature, and too large of a blank size will lead to excessive
wrinkling. The optimal forming conditions found here are at temperatures of at
least 160°C, at a speed of between 200 and 500mm/min, with a 70-90mm blank,

and 0.25% fiber mass fraction.

2.4 Modeling

Proving formability will show that the material is useful. In order to

optimize forming conditions, an accurate way to model the behavior of the new

18



composite is necessary. Standard finite element analysis software has been
shown to give accurate results for what are known as standard materials in the
past, but must now be updated to be able to successfully predict the behavior of
a random fiber orientation composite.

Yu et al. (2002) [31] worked with forming composites for some time. In
this study they have shown the formability of woven fabric reinforced
thermoplastics (FRT) using stamp thermo-hydroforming, as well as validated a
model using explicit dynamic finite element code. The importance of this study
has been the development of an updated constitutive equation that will
accurately predict composite behavior based on linear elasticity and the
homogenization method. In the updated constitutive equation, the microstructure
of the fiber has been introduced using information such as the fiber angle. By
using experimentation with in-plane simple shear, pure shear, uniaxial extension,
and draping, the finite element model was validated. The material deformation
was simulated using the commercial software ABAQUS and implementing a user
material subroutine (VUMAT).

Yu et al. (2003) [32] continued to refine this new constitutive equation by
considering shear stiffness and undulation of the woven structure. The
modification has been made in order to be able to capture the wrinkling behavior
more accurately. By taking into account the geometry and shear stiffness at the
crossover of the warp and weft yarns, a more complete model of the behavior

has been accomplished.
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Zampaloni (2003) [14] wrote a thesis, which has developed this same
constitutive relationship for the modeling of a random orientation composite with
multiple preferred fiber orientations. He has used the model mentioned above,
which focused on structured woven composites, to begin the continuum-based,
non-orthogonal constitutive model for multiple preferred fiber orientations. The
relevant portion of this work focused on creating a constitutive equation for a
random chopped fiber glassmat reinforced thermoplastic.

The constitutive model that has been developed in this work began by
studying the constitutive modeling approach developed by Dong et al. (2001)
[33]. Dong developed a model for the draping of dry woven fabric. This model
has demonstrated the importance of non-orthogonality on material behavior
during deformation. In Zampaloni's [14] work, the updated material law with
constant material properties as determined by Dong et al. [33] was developed
using additional sources. The numerical data did not compare well with the
experimental values in a pure shear test as determined by Dong et al. [33]. The
discrepancy was attributed to the fact that some type of work hardening
appeared to be occurring in the numerical simulation due to the constant material
properties. From this data, it was determined that the model must again be
updated to take into account varying material properties through deformation.

To begin the transformation of the constitutive model, Zampaloni [14]
began by using a study by Mohammed et al. (2000) [34], which modeled dry
fabrics with material properties changing with respect to the angle between the

fibers. By incorporating this theory and the simple Rule of Mixtures, a new
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constitutive model was created for the updated material law with varying material
properties. This model was then implemented into a commercial finite element
analysis code. The package ABAQUS/Explicit was chosen for this work. Using
this software, the user may easily incorporate different geometries for forming as
well as material properties for two preferred fiber orientation composites. The
following is a list of the input parameters needed to populate the constitutive
model being demonstrated in this ABAQUS VUMAT for two preferred fiber

orientations:

-t

. Young's Modulus for fiber direction 1
2. Young's Modulus for fiber direction 2
3. Young's modulus for matrix

4. Poisson's ratio in fiber direction 1

5. Poisson’s ratio in fiber direction 2
Poisson’s ratio in the matrix

Shear Modulus for fiber direction 1

Shear Modulus for fiber direction 2

© ® N o

Shear Modulus for matrix

10. Initial fiber volume fraction
11.Original fiber 1 direction
12.Normal to original fiber 1 direction
13.Original fiber 2 direction

14.Normal to original fiber 2 direction

21



In addition to these 14 inputs for the VUMAT, the density of the composite and
the transverse shear stiffness of the composite must also be input to run the

simulation. The implementation of this model will be further discussed in Chapter

6.
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Chapter 3

FABRICATION OF BIOCOMPOSITES
In the search to find the appropriate biocomposite to use for this work,
there has been collaboration with the Composite Materials and Structures Center
at Michigan State University. Researchers in that group have been fabricating
and testing many different types of biocomposites and have expressed an

interest in tests of the formability of these materials.

3.1 Fabrication of Woodfiber Composites

The first material suggested was a woodfiber-polypropylene mixture that
had been fabricated by Mase et al. [29]. This woodfiber composite was made
with a relatively fine powder (nominal size of 20 microns) polypropylene added to
some recycled paperboard woodfiber. A traditional paper making press was
used to make the composite sheets. The samples tested were made with 80%
woodfiber. The composite was extremely similar to ordinary poster board at
room temperature, thus the material was heated to test formability. When the
material was heated in a simple oven at 170°C, burning of the cellulose occurred,
ruining the material. At 150°C, the material heated more slowly and gained some
flexibility and bending ability in one direction. Even with this flexibility, there was
no chance of 3-dimensional formability in the current state.

To improve the woodfiber-polypropylene composite, layered samples were

fabricated to increase the amount of polypropylene (PP), using compression
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molding. The composite was cut into 200mm square pieces, which were
compiled into 4 layers, with PP powder between each layer. These samples
were placed in the press under minimal pressure at a temperature of 160°C and
heated for 10 minutes. The specimens were then pressurized with 36000 Ibs. for
another 10 minutes. The press was then released and the samples were allowed
to cool for 10 minutes before being removed. A total of four samples were
fabricated using 5g, 10g, 11.25g, and 30g of PP.

After compression, these samples were all heated at 150°C and monitored
for approximately one hour. For all of the samples, separation of the layers was
observed. From this experiment, it can be concluded that the polypropylene
powder was not able to successfully bond with the layers of the woodfiber-
polypropylene to form a uniform specimen through compression. In order to
fabricate a material that can be three dimensionally formed, more polypropylene

must be added in the beginning of the original paper-making process.

Figure 3.1 Woodfiber reinforced polypropylene composites.
At the current time, Michigan State University’'s Composite Materials and
Structures Center is only able to fabricate this material on an extremely limited

basis. This is due to the fact that the cost to rent a paper mill is approximately
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$5000/day. Due to time and financial constraints, a decision has been made to
instead focus on choosing another natural material that would be more

economically viable at this time and more readily available for testing.

3.2 Fabrication of Kenaf-Polypropylene Composites

Another material that has attracted interest is kenaf fiber. Kenaf is an
herbaceous annual plant that is grown commercially in the United States. Kenaf
may be grown in a variety of weather conditions, and it has been previously used
for rope and canvas. Kenaf has been deemed extremely environmentally friendly
for two main reasons. These reasons are the fact that kenaf accumulates carbon
dioxide at a significantly high rate and that kenaf absorbs nitrogen and
phosphorous from soil [22]. Additionally, kenaf, like most other natural fibers,
demonstrates low density, high specific mechanical properties, and
biodegradability [18].

Kenaf, because it is commercially grown in the United States, maintains a
competitive price of approximately $0.44-$0.55/kg (relatively inexpensive as
compared with E-glass at $2.00-$3.25/kg [18]). This material has also been
tested and documented most extensively by the Composite Materials and
Structures Center at Michigan State University. This gives access to fabrication
techniques as well as additional material behavioral data.

The main problem in the fabrication of biocomposites with kenaf is the
uneven fiber distribution. The kenaf fibers resemble hair and are difficult to

completely separate and visually disperse evenly. The long kenaf fibers used in
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the first sample were approximately 130mm. A second sample was also
fabricated using these same kenaf fibers that had been chopped to an
approximate length of 20mm.

These samples were both fabricated in the same way. First,
polypropylene sheets were made by compression molding of a polypropylene
(PP) powder named Parafax made by Bessal. The machine used for
compression molding, shown in Figure 3.2, is the Carver Laboratory Press Model
SP-F6030. A layer of 10g of PP powder was heated to 190°C under minimal
pressure for 3 minutes. The pressure was increased to 10,000 psi for a period of
10 minutes, and then increased again to 24,000psi for another 5 minutes. The
melted PP was allowed to cool to 100°C still under pressure before being
released and removed immediately. This process yielded the two sheets of
polypropylene that were used to make the kenaf-polypropylene composites. The

thickness of the sheets was maintained at 1mm by using a steel picture frame.

Figure 3.2 Carver Laboratory Press used for compression molding
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After the polypropylene sheets had been made, the kenaf fibers (30% by
weight) were added by sandwiching them between the two layers of PP. This
layered system was then placed inside a 1.5mm thick frame and placed into the
press. These were fabricated using the same method that was used for the pure
PP powder. As shown in Figures 3.3 and 3.4, both samples showed extremely

poor fiber distribution.

"
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b

Figure 3.4 Composite fabricated by sandwiching layers with chopped fibers.

Due to the uneven fiber distribution in the sandwiched composites, a new
method was tested. Instead of making layers and using polypropylene sheets,

the chopped kenaf fibers were mechanically mixed with powder polypropylene in
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a kitchen mixer. The PP was slowly added while mixing the fibers. This proved
to be a difficult task due to the hair-like nature of the kenaf fibers. The mixer
balled up the kenaf, and the denser PP fell through to the bottom of the mixer.
Using gloved hands, the powder was spread more evenly though the fibers.
These composites were then spread evenly into a 1.5mm thick frame and

compression molded using the same method described above.

Figure 3.5 Kenaf-polypropylene composites fabricated by dry mixing.

As shown in Figure 3.5, the fibers did not distribute evenly throughout the
sample. There is a tendency towards a swirling of the fibers, causing clumping
and voids. The same problem has arisen, as with the sandwich composites,
making it difficult to determine the even distribution of fibers due to their hair-like
nature. From this series of samples, it was decided that the only suitable way to
distribute the fibers would be to chop and “sift” the individual fibers in a random
orientation.

The polypropylene powder was changed at this point to a Microfine
Polyolefin Powder — Polypropylene. This fine powder is more easily spread and

sifted. The powder was received from Equistar Chemicals, L.P. in Houston, TX.
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The new “sifting” process involves sprinkling the polypropylene powder
first, adding individually sifted fibers, sprinkling more polypropylene, etc. until all
the desired materials were used. This method was originally tested on a small,
7" by 5.5" sample, using 20 grams of polypropylene powder and 8.5 grams of
chopped kenaf fiber (approximately 30% by weight) with the same original
process. From Figure 3.6, it is evident that this process has enabled the better
fiber distribution. The main drawback of this method is that it is extremely time
consuming. Separating the fibers must be done by hand and is a tedious
process. Additionally, the kenaf that has been supplied needs to be chopped

and cleaned of debris and stems while it is separated.
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Figure 3.6 Kenaf-polypropylene composite fabricated by multiple layering of
powder and fibers.

The samples that were used for the material characterization in this study
needed to be 12" squares. Therefore, the powder and fiber layering method has
been chosen to use for fabrication of the larger samples. A 12" by 12" square
stencil with a thickness of 1.5mm will be used to determine the size and
thickness of the samples. Problems occurred using the above-described method

to fabricate the larger samples.
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Figure 3.7 Twelve inch kenaf-polypropylene composite fabricated by multiple
layering of powder and fibers.

These samples did not allow for the polypropylene to fully engulf the
fibers. The surfaces of these samples were rough and some fibers were
exposed to the air. Additionally, as shown in Figure 3.7, not all of the
polypropylene was melted in the process. It has been determined that due to the
enlargement of the sample, much more material had to be added. Also, a larger
size press was needed in order to evenly heat the material.

Further analysis of the volume fractions led to the conclusion that, in order
to utilize the optimized process for the larger sample, six times the amount of
each of the materials must be used. In order to ensure even heating, the
Tetrahedron Smart Press was used to make the larger samples. As shown in
Figure 3.8, this press is similar to the Carver Laboratory Press. The differences
between the presses are that the Tetrahedron is digitally controlled and that the
Tetrahedron has compression area of 14” square, while the Carver is manually
controlled and only has a 12" square area. This additional 2” gives the samples
the ability to heat uniformly all the way to the edges. By incorporating these

changes, usable kenaf-polypropylene samples have been fabricated.
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Figure 3.8 Tetrahedron Smart Press used for compression molding

Figure 3.9 Final kenaf-polypropylene biocomposite with 30% fiber by weight.

In order to further improve the composite samples, both the kenaf fibers
and the polypropylene powder were altered. In order to remove any excess
moisture, the kenaf fibers are now baked in a vacuum oven at 30°C for at least
four hours prior to fabricating. The decrease in moisture content decreases the

weight of the fiber; therefore, more fiber reinforcement will be added in the 30%
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by weight composite. In addition, withdrawing the moisture allows the fibers to
be chopped and spread more easily.

The polypropylene was modified by the addition of a coupling agent to
increase fiber to matrix adhesion. The chosen coupling agent is Epolene Wax
G3015 (MAPP) in powder form from the Eastman Chemical Company from
Kingsport, Tennessee. As discussed earlier, this coupling agent has been
previously used in a study of maleated polyolefin coupling agents for agrofiber
composites and has been proven to increase flexural and tensile strengths by
more than 60% [28]. According to this and other studies [26,27], the optimal
amount of coupling agent is 3% for a range of different fiber amounts. In order to
accommodate the coupling agent, 3% of the polypropylene powder was replaced

with the Epolene Wax G3015.

Table 3.1 Optimal Quantities of Composite Components

Material Amount by weight (g)**
Kenaf 37.6

Polypropylene Powder (PP) 82.2

Epolene Wax G-3015 P (MAPP) | 3.8

**Scale these quantities for every 100,000mm® volume

In summary, the optimized process for the fabrication of strong, useful,
manufacturable kenaf-polypropylene composites can be seen in Figure 3.10.
Additionally, the amounts of each material per unit volume may be found in Table
3.1. These amounts have been tested in fabrication of picture frame volumes
between 22,580mm?® and 278,700mm?. For this range of volumes, the following

process has proven to be optimal.
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Optimal Fabrication Process for Kenaf-PP Composites

Choose a steel frame size and
find the total volume

Measure out materials

(amounts in Table 2.1)

Frame
Nonstick Cloth

Steel Plate
Mix desired amounts of
Epolene Wax G-3015 P and
polypropylene powder

Evenly sprinkle a layer of the Epolene/PP
mixture over the entire area inside frame,
forming an even bottom layer

'

Evenly sprinkle a layer of chopped
kenaf ov er the bottom powder layer

Bake unchopped kenaf invacuum
oven at 30°C for=4 hours

Qsh eat laboratory press to 190°C

SET-UP

Chop kenaf fiber to
approximately 1-5mm length

]

v
< Repeat until all material is used >
¥

Cov er layers with another nonstick
cloth, followed by another steel plate

Insert into press and let heat until
All material reached 190°C
ie. 15 minutes f Volume=275cm3

< Apply pressure of 10,000lb. for 10 minutes ____—>

|

<~ Apply pressure of 24,000lb. for 5 minutes ___—>

< Cool to 100°C under 24 000ib__>

@remme from mold immediately

Figure 3.10 Flow chart of optimal fabrication process
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Chapter 4

CHARACTERIZATION OF THE MATERIAL PROPERTIES

The kenaf-polypropylene-Epolene G3015 composites must now be
characterized. The standard test methods may not be used for this material
because the natural fibers give different material characteristics in different
directions. A test method called Squeeze Flow Testing was previously used by
Michael Zampaloni to characterize a glassmat composite [14]. The same
technique will be used to begin characterization of these natural fiber composites
by identifying the principle directions of the material. Two preferred fiber
orientations will be chosen in order to accumulate the data to populate the

constitutive model used for simulation.

4.1 Squeeze Flow Testing

During squeeze flow testing, the material is heated to the matrix melt
temperature (190°C). Then, it is pressurized in order to let the natural fibers flow
to preferred fiber orientations. The squeeze flow tests were done using both the
Carver Laboratory Press and the Tetrahedron Smart Press in order to save time.
The same procedure was used to make 24 samples.

Each sample was a 3" diameter circle, which was cut out of a 12" square
preform with an original thickness of 3mm. Care was taken to observe the zero
direction and exact center of each sample. The integrity of this direction was

upheld by the fact that the frame used to fabricate the composites was oriented
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the same for each 12” square preform. Prior to cutting out the 3” diameter circles
the same zero direction was marked on each sample. Additionally, that zero

direction was marked again on each sample immediately following compression

molding.
. AL SEAAALL " - \
——— s~
Metal Plates
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i I TR

it

Fiber Reinforced Sample

Figure 4.1 Schematic of Squeeze Flow Test experimental setup

Shown above in Figure 4.1 is a schematic of the Squeeze Flow
experimental set-up. Prior to testing, the presses were heated to 190°C. The
squeeze flow samples were placed between metal plates and then placed into
the presses. The heated platens were closed just enough to touch each sample
with slight pressure. The samples were then left to heat up evenly to 190°C for
forty minutes in this position. After forty minutes, the platens were compressed
to a pressure of 12,000 Ibs. for sixty seconds. Following pressurization, the
samples were immediately removed from the mold and left to cool between the

metal plates in air.
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After all 24 samples were pressed, they were labeled in increments of 10
degrees going completely around the sample starting with the zero direction, as
shown in Figure 4.2. This was done so that measurements could be taken at

each increment to determine in which directions the fibers tended to spread the

most or least.

Figure 4.2 Squeeze flow test sample before (right) and after (left) compression

After testing, measurements on all the samples needed to be taken and
organized. The distance to the edge was measured from the original center point
at each 10° increment and then divided by the original distance to the edge to
normalize the data. An average of all 24 samples was taken, which is shown in

Figure 4.3.
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Average Normalized Elongation For All 24 Samples
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Figure 4.3 Plot of averaged normalized squeeze flow data for all 24 samples
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To choose preferred fiber orientations, the goal is to chart all the data, and
determine where there are noticeable peaks or valleys in the graph. The initial
four angles chosen were 40, 170, 230, and 340 degrees. In order to make sure
these results were as accurate as possible; a few of the samples (i.e. 2, 3, 9, 10,
17, and 22) were removed due to the fiber clumping during testing. Figure 4.4
shows that the prevalent angles when excluding possible incorrect data are at
40, 170, 250, and 350 degrees. While similar to the original data, the only two
angles that exactly matched in both plots were 40° and 170°. Additionally, these
two values appear to be the absolute maximum and minimum vales. Therefore,
40° and 170° were chosen as the two preferred fiber orientations. These two
preferred fiber orientations were used to characterize the material properties and

populate the numerical model.

4.2 Tensile and Flexural Testing

These tests are static tests performed on the composites, as well as
polypropylene and Epolene G3015 (PP/MAPP) sheets at room temperature. The
results are immensely dependent on the fiber orientation with respect to the
loading axis. For this reason, as determined in the previous section, the samples
used for these tests have been cut out of 12” preforms at the specified preferred
fiber angles of 40° and 170°.

The tensile tests have been completed twice for each sample. In the first set

of experiments, the samples were exerted to tension in the longitudinal direction

38



until break to determine the Young's Modulus and the tensile strength. In the
second set of tests, the samples were only tested to a strain of 0.8% extension.
This was done in order to protect the strain gages from damage while
determining Poisson’s ratio of the composites using both axial and transverse
strain. In addition to the tensile tests, the flexural test loaded the composites with
a mixture of tension, compression, and shear forces to determine more
information about the performance.

All of these tests were performed on the UTS Machine, Model SFM 20 of
United Calibration Corporation, with the twin screw loaded frame shown in Figure
4.5. Originally, sampling coupons were cut to a length of 9” and a uniform width
of 1" prior to testing (ASTM Standard D3039). Two trials with these samples
proved to break near the grips, giving inconclusive results. It was then
determined that the dogbone tensile coupon shapes detailed in ASTM Standard
D638 would need to be used in order to obtain accurate results. Table 4.1 gives
test conditions for each characterization test, and Table 4.2 gives a summary of
the test results for PP/MAPP, kenaf-PP/MAPP at 40°, and kenaf-PP/MAPP at
170°.

Typical stress-strain plots have been supplied for each of the three types of
samples. These plots were used for the elastic Young’s Modulus (E) calculation.
The value of E is determined by taking the slope of the initial linear portion of the
stress-strain plot. Additionally, typical strain-load plots, as detailed in ASTM

Standard D638, are shown to demonstrate the Poisson’s Ratio calculation. The
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value of v is given by taking the negative of the ratio of the slope of the

Transverse Strain divided by the Axial Strain.

Figure 4.5 UTS Machine

Table 4.1 Conditions for Tensile and Flexural Tests

Tensile Test to Break Tensile Test for ¥ Flexural Test
ASTM D638 D638 D790
Temperature 30°C 30°C 30°C
Strain Recorder | Laser Extensometer Biaxial Strain Gage Strain Gage
Loadcell 1000 Ib. 1000 Ib. 1000 Ib.
Capacity
Test Speed 0.2 in./min. 0.2 in./min. 0.06 in./min.
Specimen Gage length — 2 in. Gage length — 2 in. Span -2in.
Dimensions

Width - 0.5 in. Width - 0.5 in. Width - 0.5 in.

Thickness — 0.12 in. Thickness —.12in Thickness - .12 in




Stress-Strain Curve for PP/MAPP
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Figure 4.6 Stress-strain curve for PP with 3% MAPP

Stress-Strain Curve for Kenaf-PP/MAPP
Composites at 40 Degrees
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Figure 4.7 Stress-strain curve for 30% kenaf, 67% PP, and 3% MAPP at 40°
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Stress-Strain Curve for Kenaf-PP/MAPP
Composites at 170 Degrees
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Figure 4.8 Stress-strain curve for 30% kenaf, 67% PP, and 3% MAPP at 170°

Strain-Applied Load Curves for Kenaf-PP/MAPP
Composites at 40 Degrees
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Figure 4.9 Strain-load curve for 30% kenaf, 67% PP, and 3% MAPP at 40°
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Figure 4.10 Strain-load curve for 30% kenaf, 67% PP, and 3% MAPP at 170°

Table 4.2 Mechanical Properties from Tensile and Flexural Tests

Elastic  Poisson’s Flexural
Modulus Ratio Modulus
(MPa) (MPa)
PP/MAPP 1,797 @ ------ = —-—e--e-
Kenaf- 4,153 0.35 3,632
PP/MAPP
40°
Kenaf- 4,835 0.42 4,035
PP/MAPP
170°

In order to evaluate the effectiveness of the kenaf-PP composites,

they have been compared to other natural fiber composites. Figures 4.11 and

4.12 show a comparison of the kenaf-polypropylene composites made in this

study to other compression molded natural fiber-polypropylene composites with
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40% wt. fiber. These composites were fabricated using polypropylene films, with
natural fiber layers randomly spread between them [19].

The kenaf-polypropylene composites fabricated using the optimal sifting
process used in this study outperformed all of the other fibers, except hemp. The
fact that the properties of kenaf-PP composites improved by introducing the
powder PP and fiber “sifting” technique proves that better matrix fiber adhesion
has been achieved. The matrix was able to transfer the loads applied to the stiff
fibers, using the full capabilities of the composite material. Additionally, the
kenaf-PP composites fabricated in this study were composed of only 30% wt.
fiber. Nevertheless, the kenaf composites had a Tensile Strength of within 5
MPa of the hemp-PP composite. The tensile strength of the hemp fiber alone is
550-900 MPa while kenaf ranges from only 284-800 MPa [2,19].

Tensile Strength Comparison of Compression Moulded
Composites

Tensile Strength (MPa)

Kenaf/PP (30% Kenal/PP (40%)  CoirPP (40% Hemp/PP (40%  Sisal/PP (40%)

Figure 4.11 Comparison of tensile strength of kenaf/PP-MAPP composites to

other natural fiber composites
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Figure 4.12 Comparison of flexural strength of kenaf/PP-MAPP composites to
other natural fiber composites

The flexural strength of the sifted kenaf-PP composites was also
compared with previous results from other compression molding studies [18].
This has shown that the sifting process, along with the MAPP coupling agent,
has produced nearly double the flexural strength of some other natural fiber
composites, including other kenaf-PP composites. The exception was once
again the hemp-PP composites. Although, since hemp fibers in general are
stronger than kenaf fibers, it is believed that hemp composites produced with the
sifting

With the elastic modulus data calculated from testing, it is also possible to
compare the benefits of using this kenaf composite over other natural fibers as
well as E-glass. Figures 4.13 and 4.14 illustrate that these kenaf-PP composites
have a higher Modulus/Cost and a higher Specific Modulus than sisal, coir, and

E-glass.
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Figure 4.13 Comparison of Specific Modulus of various fibers
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Figure 4.14 Comparison of Modulus per Cost for various fibers
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Chapter 5

EXPERIMENTAL WORK

The optimally fabricated and characterized kenaf-polypropylene with
maleated polypropylene (PP/MAPP) composites were next tested for formability.
The process of stamp thermoforming has been chosen for this work. This newer
process has been developed by the research team under Dr. Farhang

Pourboghrat, at Michigan State University, and is being constantly improved.

5.1 Experimental Apparatus

The apparatus used for the experiments in this work is the in-house stamp
thermo-hydroforming press originally built by Interlaken Technology Corporation,
Eden Prairie, Minnesota. The press is a double action servo press, Figure 5.1,
where the clamping mechanism and punch mechanism are able to move
independently of one another. The die has been re-designed by Nader
Abedrabbo, Ph.D. student at Michigan State University, to allow room for material
wrinkling. Figure 5.2 shows a schematic of the stamp thermoforming process,
and Figure 5.3 shows the actual experimental press with the wrinkling die

installed.
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Figure 5.1 Double action servo press 75 manufactured by Interlaken Technology
Corporation [13]

Figure 5.2 Schematic of stamp thermoforming set-up
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Figure 5.3 Modified Interlaken press for stamp thermoforming

Not shown in Figure 5.3, are the heating bands that have been added
around the upper and lower dies. For this preliminary experimentation the upper
heating bands will not be necessary, as there will be no fluid in the upper
chamber. The option of adding fluid into the upper chamber is used for stamp
thermo-hydroforming. Since this is only a preliminary experimentation of stamp

thermoforming, this study will not include the fluid pressure.

5.2 Thermoforming Results
In order to form usable parts out of the kenaf-polypropylene preforms, they
must be heated to the forming, or glass transition, temperature of the
polypropylene. At room temperature, thermoplastic materials are extremely
brittle and will simply fail when stamped. The forming temperature chosen for

this work is the temperature at which the composite becomes malleable and

49



easily shaped. The glass transition temperature of the polypropylene is 190°C,
which has been used for fabrication and fiber mixing. This temperature is
extremely close to the burning temperature of the fiber; therefore, extra care
must be taken to ensure accurate and frequent temperature checks.

Originally, the preforms were heated at 190°C in a conventional toaster oven
for 20 minutes, and then tested against a cool die. The ambient air cooled the
preforms below the forming temperature before stamping could be executed.
The cooling resulted in large breakage and tearing during forming. This is shown
in Figure 5.4. While moving the preform from the oven to the die the sample
loses some heat, which affects its formability. However, to prevent this problem,
preforms cannot be heated longer or to higher temperatures without burning and
thermal degradation of the material. In order to help maintain the elevated
temperature needed for forming, the outer ring heating bands on the bottom die
were utilized. These heating bands allowed the outside of the die to heat up to

close to 190°C, giving a top surface temperature of around 180°C.

Figure 5.4 Kenaf-PP/MAPP composite formed in ambient conditions
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In addition to the problem of maintaining forming temperature, the heated
composites were becoming “sticky”, making transport between the oven and the
press difficult. To remedy this problem, a circular metal plate has been cut to
exactly 7” in diameter, with a 4” hole placed in the center for the punch to move
through. Adding a layer of non-stick Teflon paper to the top of this plate was able
to solve both the sticking problem and eliminate transport difficulty. Additionally,
the metal plate is heated and helps to keep the temperature of the composite
close to 190°C.

Many preforms were tested at a variety of different forming conditions
using the above mentioned heat retention technique. The forming parameters
listed in Table 5.1 are the optimum forming parameters for the kenaf-
polypropylene-Epolene composites with a hemispherical punch. Using preforms
of this size and forming conditions stated, the formed parts exhibited similar

wrinkling behavior.

Table 5.1 Thermoforming Parameters

Preform Preform Preform Die Heat | Draw Gap

Diameter Thickness | Heating Temperature | Depth between

(in.) (in.) Time (°C) (in.) Dies (in.)
(minutes)

6.5 0.118 15 165 4 0.6
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Figure 5.5 Typical thermoformed kenaf-MAPP composite

Notice that there are 6 distinct wrinkles in both samples, with the two
distinct “crinkles” showing in the same pattern on each. The goal will now be to

capture this behavior using the commercial finite element code ABAQUS/Explicit.
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Chapter 6

NUMERICAL ANALYSIS

Now that it has been proven that these natural fiber composites may be
formed into hemispherical cups, it is important to develop a numerical method for
predicting the behavior of the composites. Once a valid model for this new
material has been established, the behavior of this material under many more
conditions may be studied, as well as optimization performed to meet product
standards. This is extremely important for composite materials as they easily
wrinkle and buckle. Numerical model proven to accurately predict the forming
and wrinkling of the kenaf-PP/MAPP composites will be used to save time and

money in the design of new, more complex dies and punches.

6.1 Numerical Analysis Theory

In order to accurately predict the behavior of the material during the
stamping process, finite element analysis (FEA) will be used. Commercial codes
are extremely valuable in predicting how parts will react during conditions
specified such as pressure and holding forces. Composite materials are difficult
to model, as they are heavily dependent on the relationship of the fibers and the
matrix. As discussed earlier, Michael Zampaloni [14] developed a VUMAT to be
used with the commercial software ABAQUS that can take into account

composite materials with non-orthogonal properties. The VUMAT is a modified
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linear elasticity model based on the well known Hooke's Law. The inputs
required for this updated constitutive model were found through experimentation.

These values are listed in Table 4.2.

6.2 Properties for the Numerical Model
The data in Table 4.2 can be used to populate the constitutive model. The
parameters that are yet to be known are the Shear Modulus in each fiber
direction (G), the transverse shear stiffness of the composite, and the initial fiber
volume fraction of the composite.
There is no test available that may be used to determine G experimentally;
therefore, an elementary equation will be used from a Continuum Mechanics

textbook [34]. For isotropic materials the following relation may be used:

_E
T 2(1+v)

This material is obviously not isotropic, as evidenced during squeeze flow testing,
but sensitivity analysis of this parameter has been completed and will be
discussed later.

The transverse shear stiffness was computed using the ABAQUS Analysis
User's Manual [36). The data will be used in ABAQUS/Explicit with shell
elements. The value of the transverse shear stiffness is computed for small-
strain shell elements using the effective shear modulus. Due to the fact that no
effective shear modulus data was available, the transverse shear stiffness was

calculated simply using the shear modulus calculated above. This value also has
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been tested for sensitivity by numerical simulation. The results will be discussed
later in this chapter.

The initial fiber volume fraction is the final property needed to complete
the model. The composites were fabricated with 30% kenaf fiber by weight;
therefore, the density must be used in order to calculate the volume fraction. The
density of the PP/MAPP has been assumed to be 0.909g/cm® based on the
Material Data Sheet provided by Equistar Chemicals [37]. The density of the
kenaf fiber is an uncertain factor. Several sources [38-40] have documented the
density of kenaf fiber to be 1.4g/cm® This value was evaluated using a simple
water test of the fiber. If the correct density of the fiber was 1.4 g/cm®, then the
fiber would sink when placed in water. Surprisingly, the fiber did not sink, but
instead floated in the water for over 1 hour.

Additional research was then performed to try to obtain the correct density
of kenaf fiber. Several studies [41-45] listed the density of kenaf between 0.25
and 0.44g/cm®. The reason for the differences in these values is due to the
difference in environmental conditions. It has previously been shown that the
kenaf fiber does vary depending on growing environment [12]. Selecting a
density of 0.3g/cm® for the kenaf would give an initial fiber volume fraction of
approximately 0.5. This value will be used first, but sensitivity analysis of the

initial fiber volume fraction must also be completed in order to validate the model.
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Table 6.1 Input Parameters for VUMAT

Property Input Value
1. Young's Modulus for 40° 4.15E9 Pa
2. Young's Modulus for 170° 4.84E9 Pa
3. Young's Modulus for Matrix 1.50E9 Pa
4. Poisson’s Ratio for 40° 0.35
5. Poisson’s Ratio for 170° 0.42
6. Poisson’s Ratio for Matrix 0.1
7. Shear Modulus for 40° 1.23E9 Pa
8. Shear Modulus for 170° 1.43E9 Pa
9. Shear Modulus for Matrix 0.20E6 Pa
10. Fiber Volume Fraction 0.5
11. Original Fiber 1 Direction (40°) 1.0
12. Normal to Fiber 1 Direction 0.839
13. Original Fiber 2 Direction (170°) -1.0
14. Normal to Fiber 2 Direction 0.176

Table 6.2 Additional Input Parameters

Property Input Value
Density of Composite 993 kg/m*>
Transverse Shear Stiffness 1.23E6 Pa
Material Thickness 0.002 m

The VUMAT is implemented into an ABAQUS input file, originally written
by Michael Zampaloni, that has been modified for the new kenaf-PP/MAPP
composites with two preferred fiber orientations of 40° and 170°. Since the
material is not isotropic, symmetry may not be used and a full model is necessary
to fully capture to behavior of the composite. The punch, blank holder, and die
are simplified by assuming that they are rigid shell elements, not able to deform.
The blank holder and die are constrained to absolutely not move, while the punch
may only move in the z-direction. Figure 6.1 shows the undeformed geometry

created by the ABAQUS input file.
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Figure 6.1 Undeformed model of the thermoforming process using ABAQUS
Although it is difficult to see the blank (preform) in this view, Figure 6.1
gives an adequate representation of all of the rigid elements in the model. The
small gap between the blank holder and the die remains constant through
forming to allow for wrinkling, as is done in the experimentation. The mesh of the
blank that was originally used has been modified. As shown in Figure 6.2, the
number of elements at the center of the part has been decreased, while the
same number of elements was used in the flange area. This change has been
made in order to decrease the total number of elements and the total simulation

time.
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Figure 6.2 Undeformed mesh of the blank in ABAQUS

The total simulation time has proven to be an important factor in this
analysis. Due to the complex nature of the composite behavior, extremely long
run times have been experienced using the parameters given in Tables 6.1 and
6.2. The simulation is set to run for a total of 20 steps, but using the correct
parameters, this simulation was computing at a rate of approximately 4 days per
step. This is an unacceptable amount of time, not only for this work, but also for
future work. The expense of taking that much time to run is unrealistic in
industry.

The simulation time is determined by the time step At. In order to obtain
an economical solution to the problem, the time step must be increased. The

problem with increasing the time step is that this may lead to a state of dynamic
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equilibrium with dominant inertial forces. It is important to retain quasi-static
analysis conditions in order to prove the validity of the model. The time step

used in ABAQUS/Explicit analysis is computed by ABAQUS using the equation

At < min(L* /L
min( A+ 24 )

where L® is the element characteristic length, p is the density of the material, and
A and p are the Lame’s constants for the material.

In order to increase the time step, the ABAQUS Documentation [36]
suggests using one of a possible of three methods. The first would be to simply
scale the density of the entire blank material. The other two options are variable
and fixed mass scaling. Scaling the density of the entire blank would change
each element by simply scaling from a density of 993 kg/m® to multiples such as
p*E2 kg/m?, p *E4 kg/m>, or p *E6 kg/m>. The fixed mass scaling has basically
the same function of scaling the density. When choosing the fixed mass scaling
option, a time step is selected, and the mass/density of all elements in the blank
are scaled in order to make the time step equation hold.

The final option that may be used is the variable mass scaling option. In
this option a desired element-by-element stable time step is chosen. The
elements are checked at a specified frequency, and those elements having a
time scale not equal to the specified time scale are mass scaled to increase the
time step. Care must be taken when using these methods to insure that the
process remains quasi-static. One equation that must always be satisfied

throughout the simulation is the following
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KineticEnergy
InternalEnergy

<10%

Plots of both the kinetic energy and internal energy have been selected as output

parameters in order to monitor this relationship and maintain a valid solution.

6.3 Mass/Density Scaling Sensitivity Analysis

Several simulations have been run in an attempt to discover what effects
scaling the mass/density of the composite would have. The techniques of simple
density scaling and variable mass scaling have both been tested and analyzed.
Several simulations have proven to show that variable mass scaling produces
the same results as simple density scaling. This is the expected result due to the
fact that the density is directly related to both the time step and the mass. The
actual density of the kenaf-PP/MAPP composite is 993 kg/m®. When comparing
simulations using p E2 kg/m®, p E4 kg/m?, and p E6 kg/m® there is minimal
difference in results. The most significant change is the increase in both internal

and kinetic energy as the density is scaled up.

Table 6.3 Density Scaling Sensitivity Analysis Results

Maximum Kinetic
Density Number of Wrinkles | Maximum Internal Energy Energy
(kg/m*3) (Joules) (Joules)
993 18 8 ES 0.9
993 E2 14 120 E6 25
993 E4 14 120 E8 2.2
993 E6 15 120 E10 4.5
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Figure 6.3 Numerical simulation results with density of 993 kg/m®
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Figure 6.4 Numerical simulation results with density of 993E2 kg/m®
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Figure 6.6 Internal (left) and Kinetic (right) Energy plots of numerical simulation
with density of 993E2 kg/m

The results shown above for the 993E2 kg/m® density are typical of both of
the other increased density simulations. It may be noted that the ending internal
energy increases with the density, but it follows the same curve qualitatively. The
increase in internal energy is expected due to the increase in density. For all of
the simulations, the kinetic/internal energy ratio remains well below the 10% limit.

None of the density choices were able to accurately capture the behavior of the
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material, but changing the density does not appear to impact the final result within
the specified limits. Densities of 993E4 kg/m* and 994E2 kg/m® will be used for

future simulations in testing sensitivity of other parameters.

6.4 Initial Fiber Volume Fraction Sensitivity Analysis

Due to discrepancies in the density of the kenaf fiber, the calculation of the
actual fiber volume fraction was uncertain. As previously stated, sources have
listed the density of kenaf to be between 0.25 and 0.44 g/cm®. Kenaf fiber is
grown in nature, and the density may vary from plant to plant depending on the
growing conditions. For this reason, sensitivity analysis has been completed for
different initial fiber volume fractions. The given range of fiber density gives initial
fiber volume fractions between 0.4 and 0.6. The results from these simulations
have shown that, qualitatively, not much difference is seen in the numerical

solution. Table 6.2 summarizes the results.

Table 6.4 Initial Fiber Volume Fraction Sensitivity Analysis Results

Maximum Kinetic
Initial Fiber | Number of Wrinkles| Maximum Internal Energy Energy
Volume Fraction (Joules) (Joules)
0.4 14 9 E9 1.75
0.5 14 12 E9 2.2
0.6 16 16 E9 3.2

By increasing the initial fiber volume fraction, the composite is being
stiffened. The more fiber in the composite, the stronger the material and the

more energy it will have. This expected result is illustrated by the increase of
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both the internal energy and the kinetic energy of the blank. A comparison of the
formed composite with each of the three initial fiber volume fractions is shown in
Figure 6.5. The model with using 0.6 shows two more wrinkles than the 0.4 and
0.5 volume fractions. Note the wrinkles are larger, each taking up more of the
circumference of the outer edge, in the 0.4 and 0.5 models. This behavior is
closer to the experimental behavior than the smaller, closely packed wrinkles
shown in the model with a 0.6 initial fiber volume fraction. Choosing the density
of kenaf fiber to be at the median of the given range yields an initial fiber volume
fraction of approximately 0.5. This value has been chosen to be used for all

future simulations.

Figure 6.7 Comparison of numerical results with initial fiber volume fractions of
0.4 (left), 0.5 (center), and 0.6 (right)

6.5 Shear Modulus Sensitivity Analysis
The next parameter that was analyzed is the Shear Modulus. As
discussed in Chapter 4, no experimental method or literature was available to
determine the value of the Shear Modulus of the kenaf fiber. The best estimate
available was to use the isotropic assumption. As shown in the previous figures,
the material is not isotropic, which discredits the assumption of using the

isotropic model to calculate the Shear Modulus. Unfortunately, no other data
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was available. A sensitivity analysis has been completed on this parameter to

determine the effect of changing the Shear Modulus has on the results.

Table 6.5 Shear Modulus Sensitivity Analysis Results

Maximum Kinetic
Shear Modulus | Number of Wrinkles | Maximum Internal Energy Energy
(Pa) (Joules) (Joules)
1.43E6 14 1.1E10 2
1.43E7 14 1.1 E10 2
1.43E9 14 1.2E10 22

Figure 6.8 Comparison on numerical results with Shear Modulus of 1.43E6 Pa
(left), 1.43E7 Pa (center), and 1.43E9 Pa (right)

From the data shown in Table 6.3 and Figure 6.6, there is no significant
difference in the model when changing the Shear Modulus between 10° orders of
magnitude. It has been concluded that the behavior of the material is not heavily
dependent on the Shear Modulus; therefore, the proposed isotropic model will be
sufficient for the data in this model. The Shear Modulus value will remain at

1.43E9 Pa for future simulations.
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6.6 Transverse Shear Stiffness Sensitivity Analysis
The final parameter which has been tested for sensitivity is the Transverse
Shear Stiffness. This parameter was calculated directly from the Shear Modulus
that was examined in the last section. Due to the fact that no sensitivity to the
Shear Modulus was determined, it is expected that the originally chosen value for
the Transverse Shear Stiffness will be correct. In addition to the expected value
of 1.23E6 Pa, values at magnitudes of 10° above and below have been

examined.

Table 6.6 Transverse Shear Stiffness Sensitivity Analysis Results

Transverse Maximum Kinetic
Shear Stiffness | Number of Wrinkles | Maximum Internal Energy Energy
(Pa) (Joules) (Joules)
1.23E6 14 1.2E10 22
1.00 E3 uncountable 4E7 24
1.23 E9 14 1.6 E10 20

Figure 6.9 Comparison of numerical results with Transverse Shear Stiffness of
1.23E6 Pa (left), 1.0E3 Pa (center), and 1.23E9 Pa (right)

The results of this comparison show that the chosen transverse shear
stiffness value of 1.23E6 Pa will be sufficient for analysis. Using the smaller

(1.00E3 Pa) value obviously did not provide enough stiffness. Using a higher
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value provided the same qualitative results, but a much higher maximum kinetic
energy. No change in the wrinkling behavior has been noted between the

reasonable stiffness values.

6.7 Numerical Analysis Final Results

Sensitivity analysis has been preformed on all of the variables that could
have possibly been influencing the behavior of the model. None of the changes
produced significant variance in the output except for the transverse shear
stiffness, discussed earlier. Each of the simulations produced resultant parts
with between 13 and 17 wrinkles. The desired result was to have only 6
wrinkles. Table 6.1 is a summary of the results for all the simulations.

As shown in Table 6.1, the kinetic energy behavior remained as desired
for all of the simulations, leveling off to zero and staying fairly minimal. The
internal energy behavior could be converted to a quasi-static situation by
changing the punch amplitude from step amplitude to saw tooth amplitude.
Additionally, it was found that increasing the total simulation time allows for better
internal energy behavior with more leveling off. Unfortunately, none of the
models tested gave the same results as experimentation. After exhausting all of
the possible changes that could be made to the properties it must be concluded
that the current model is unable to capture the behavior of the material.

Suggestions for more appropriate models will be discussed in Chapter 8.
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Chapter 7

NEW DIE DESIGN

Much experimental work has now been done by our research group on the
four-inch hemispherical punch. In order to further prove the strengths of stamp
thermo-hydroforming and the formability of the kenaf-polypropylene composites,
a new die must be designed. This design will increase the versatility in making

different shapes and sizes of part using the stamp thermo-hydroforming process.

7.1 Design Features

One of the acclaimed benefits of the stamp thermo-hydroforming process
is the ability to form parts into complex shapes. The hemispherical punch shows
the three dimensional formability of a part, but more complex shapes need to be
formed. Additionally, in the current press, there is room to make parts larger than
four inches. The goal in designing the new dies and punch is to make the design
extremely flexible and able to accommodate the largest parts possible with
interchangeable punches. An assembly view of the new design will be shown

first in Figure 7.1, followed by a description of the features of each new design.
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Figure 7.1 New die design, exploded view

The first parts that will be discussed will be the top and bottom plates.
These are essentially the same as the original design, just scaled up to utilize all
the space available and make the largest parts possible. The only additional
feature that has been added to these plates is two additional slots on the sides
for more secure fastening of the plates to the press. The hole in the bottom plate
has also been increased from a 3" diameter to a 4” diameter to enable the punch
base to be able to come up into the bottom plate and allow more draw depth
when forming. The hole in the top plate has not been changed and remains at
%" NPT to be used for instrumentation. Additionally, the drain hole in the bottom

plate has been enlarged to account for the increase in fluid volume during
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hydroforming. This will help with the larger die to enable the cavity to drain more

quickly.

Figure 7.2 New design of top plate

Figure 7.3 New design of bottom plate
The top and bottom dies were directly modeled after the revised design
completed by Nader Abedrabbo that was used for the experimentation in this

study. The same methods of fastening have been employed, along with the
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same holes around the outer perimeters of the dies used for instrumentation.
The largest difference with the new dies is the way they have been broken down
and now will feature additional inserts. The inserts screw in from the outer sides
on the top die in order to insure a completely flush surface for the formed part to
move against. On the bottom, the inserts will simply screw in from the center of

the die.

Figure 7.4 New design of top die

Figure 7.5 New design of bottom die
It is easily seen from Figure 7.5 that the inserts will fit into the dies,

keeping the center hole the same radius, and add a uniform thickness on the
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forming surface. The added thickness will make the height of the forming
surfaces equal to the height of the lips that fit together. By using these inserts, it
is much easier to change to different punch shapes and form more complex parts
by also changing the shape of the insert. The first new design has just been a
scaled up version of the original design; therefore, the first inserts designed have

simply been circular.

Figure 7.6 New design of insert

7.2 Punch Options
The desired first option for the punch at this time is a scaled down oil pan.
The double curvature of the feature will give the opportunity to show the variety
of forming abilities of the stamp thermo-hydroforming process. A sample oil pan
was supplied to the research group by Dr. John Carsley of General Motors
Corporation. Figure 7.7 shows the original oil pan design that is currently used in
production in comparison with the simplified and miniaturized design that has

been completed for use in later experiments.
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Figure 7.7 Original oil pan design and modified oil pan for formability tests

As shown in the figure the bottom lip has been removed from the original
design as well as the holes in the sides. The goal of this research will be to show
the possibility of forming such complex geometry as the double curvature shown
using the stamp thermo-hydroforming process. By using a simplified model, the
time and cost of simulation and actual formation will be decreased substantially.

With such a rectangular punch shape, the material may not perform well
with a larger circular die opening. For this reason, the inserts featured in the
design become important. Simulations will be run with both a circular die
opening and also using the newly designed inserts that are in the same shape as
the top profile of the oil pan punch. These inserts were designed by basically
tracing the form of the punch from the top view and enlarging it to give a
clearance of 1.1 times the thickness of the material to be formed. In this case,
the material will be the kenaf-PP/MAPP composites with a thickness of 2mm;

therefore, the clearance will be 2.2mm.
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Chapter 8

CONCLUSIONS

The research done in this study has proven the ability to successfully
fabricate kenaf-polypropylene natural fiber composites. The optimal fabrication
method for the compression molding process has proven to be the layered
“sifting” of a microfine polypropylene powder and chopped kenaf fibers. A fiber
content of 30% by weight has been proven to provide adequate reinforcement to
increase the strength of the polypropylene powder. The use of the coupling
agent, 3% Epolene G3015 from Eastman Chemical Company, has enabled
successful fiber-matrix adhesion.

Squeeze flow testing was used to determine two of the preferred fiber
orientation for the composite. For a random chopped fiber kenaf composite, the
preferred fiber orientations are at 40° and 170° Material properties of the
composite were then determined based on these two directions.

The kenaf-PP composites compression molded in this study proved to
have superior tensile and flexural strength in the directions of the two preferred
fiber orientations. When compared to other compression molded natural fiber
composites, the kenaf composites manufactured in this study outperformed other
kenaf, sisal, and coir composites in terms of Tensile Strength. The kenaf-PP-
MAPP composites also outperformed all of those composites as well as hemp in

the flexural test.
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With the elastic modulus data from testing, it was also possible to
compare the benefits of using this kenaf composite over other natural fibers as
well as E-glass. The kenaf-PP-MAPP composites manufactured in this study
have a higher Modulus/Cost and a higher Specific Modulus than sisal, coir, and
even E-glass.

Preliminary experiments with the in-house stamp thermo—hydroforming
equipment have proven successful. Preform circles with a 6.5” diameter were
successfully thermoformed into hemispherical cups with a draw depth of 4
inches. It was found that the die must be at an elevated temperature as well as
the preform in order to prevent cooling and tearing during forming. Further
experimentation is necessary to determine the full scope of applications, which
may utilize this new material.

In parallel with the preliminary experimentation, the design of a new, larger
die set for testing was also completed. The new die set will utilize all of the
available forming space within the existing Interlaken Press. With the new
design, performs may be as large as 12" diameter circles, rather than the
previous 7° maximum. Additionally more versatility in terms of punch shapes has
been designed in to the new dies. Instead of being one solid piece with a circular
opening, the dies have been broken into two pieces, one being the majority of the
die, and the other being an exchangeable insert.

The benefit of having interchangeable inserts is the versatility of being
able to change the punch without re-designing the entire die. The new die was

designed with a circular opening, as in the original design. However, a new
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punch design, modeled after a scaled oil pan, has required matching inserts to
be designed. The oil pan shaped inserts enable better forming of the part, giving
only 1.1*thickness of the material for clearance. Utilizing a new punch design will
assist in demonstrating more forming options for the kenaf composites
manufactured in this study.

Numerical simulation of the behavior of the kenaf-PP-MAPP composites
was attempted using the finite element commercial code ABAQUS. The natural
fiber composite material was modeled using a VUMAT originally created by
Michael Zampaloni. The model was originally created to model the behavior of
random orientation chopped fiber glass-mat composites. The version of this
model that was used for simulation included numerical inputs of material
characteristics for two chosen preferred fiber orientations and was based on a
linear elasticity model.

Outrageous computation times for the full model led to a mass/density
scaling analysis of the model. It has been shown that scaling the density does
not have a large impact on the qualitative resultant formed part. Densities of
magnitudes from E2 to E6 showed little change in the predicted number of
wrinkles. For this reason, the density was scaled for all future numerical work.
Sensitivity analysis has been preformed on all of the variables that could have
possibly been influencing the behavior of the model. None of the changes
produced significant variance in output, except the transverse shear stiffness,
discussed earlier. Each of the simulations produced resultant parts with between

13 and 17 wrinkles. The desired result was to have only 6 wrinkles. It has been
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concluded that the current numerical model is not capable of accurately capturing
the behavior of the kenaf-PP-MAPP composites.

Much more work may be done to further improve the composite properties
as well as the numerical model. According to the findings in this research,
compression molded kenaf natural fiber-polypropylene composites manufactured
using the sifting method is a viable solution for substitution for current
composites. These composites will be useful in order to make more
environmentally friendly components in automobiles, airplanes, and possibly

structural applications.
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Chapter 9

FUTURE WORK

With this data as a starting point, much more work may be done with the
kenaf-PP/MAPP composites. Both experiments with the present experimental
set-up as well as with the new die design could be performed to get a better idea
of how these composites behave. More numerical work and analysis is

necessary to find an appropriate way to model the behavior of this material.

9.1 Future Manufacturing Experimentation

While the kenaf-polypropylene-Epolene G3015 composites manufactured
for this research showed good properties, there is still much room for
improvement. Most definitely the chopping, cleaning, and sifting process of the
kenaf should be automated using a line cutter and screen. Automating these
processes would save an enormous amount of time and, therefore, money. The
automated chopping and screening would help to ensure and maintain a
specified characteristic fiber length. Also, screening would assist in making sure
that the fibers are in fact randomly placed in a repeatable fashion for more
material property consistency. This could possibly add to the strength of the
composites as well.

Another possible way to add to the strength of the composites would be to

use an alkaline solution treatment on the fibers in addition to the maleated

80



polypropylene coupling agent. The compression molding process should be able
to outperform composites made by previous processes such as resin transfer
molding and extrusion followed by injection molding. Compression molding is a
one step process and it does not place extreme shear forces on the fibers. If the
optimal bond is formed between the fiber and the matrix, compression molding
will be the optimal manufacturing method. It has already been shown in Chapter
2 that the use of a coupling agent and an alkaline treatment on the fibers
increased strength in other natural fiber composites [27]. The next step to
increasing properties of these composites is to incorporate the use of an
additional alkaline fiber treatment. Once these composites are manufactured,
they may be tested and compared to the composites utilizing only MAPP to
determine the additional benefits of using the alkaline solution.

The final future kenaf composite manufacturing step will be to incorporate
a biodegradable polymer. The goal of this work with kenaf natural fiber is to
create more usable components that are environmentally friendly. Both the
automotive and aerospace industries have become increasingly interested in
using more biodegradable materials. There still exists a concern that the
material will maintain the desired properties throughout its lifetime, yet be
biodegradable when use is finished. This concern may be placated by the use of
metallic sandwich structures with biocomposite filler/reinforcement. Further
experimentation is necessary to determine the challenges and benefits of

creating biocomposite sandwich structures.
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9.1 Future Forming Experimentation

In addition to improving the composites themselves, more preliminary
forming experimentation must be completed. At this point, only simple
hemispherical forming with a wrinkling die has been completed. The composites
have shown good formability when retained at the melt temperature of 190°C.
Next, more experiments must be run to find the maximum draw depth, the
behavior with a holding force exerted, as well as the formability when using the
hydroforming capability of the current in-house stamp thermo-hydroforming
machine.

The new die design will soon be installed fo enable experimentation on
forming much larger parts. The oilpan shaped punch will be used to illustrate the
degree of formability of the kenaf-PP/MAPP composites. The large geometrical
changes and radii of curvature will aid in proving the effectiveness and diversify
the possible uses of this material. The next step will also be to use this new
design to test the ability to form sandwich structure biocomposite parts into this

complex geometry.

9.2 Future Numerical Work
One of the most important steps that must next be completed is to find a
constitutive model that will be able to capture the behavior of this composite
accurately. Michael Zampaloni has created updated version of the two preferred
fiber orientation material VUMAT that now can incorporate three or four preferred

fiber orientations. From the squeeze flow testing done in this work, two more
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preferred fiber orientations may be chosen in order to improve the accuracy of
the numerical model. Experimental tests must be completed once again with
respect to the new preferred fiber orientations in order to populate the three and
four preferred fiber orientation models.

With the updated models, sensitivity analysis must be completed once
again to make sure all of the inputs are correct and that mass/density scaling
does not affect the results immensely. If, by using the more specific three and
four preferred fiber orientation models, the experimental wrinkling behavior is still
not captured, then it must be concluded that the linear elasticity model is not
adequate. Different types of material behavior models must be tested. It is
possible that the kenaf composites exhibit a behavior closer to a viscoelastic

material instead of a linearly elastic material behavior.
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