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ABSTRACT
Biopolymers, such as polyhydroxybutyrate-co-hydroxyvalerate (PHBV), combined with natural ber into biocomposites have potential as sustainable alternatives
to traditional plastics and composites for which recycling is challenging. The addition
of natural bers, such as hemp, kenaf, and jute can increase the stiness and
strength of biopolymers at low weight and cost without compromising composite
biodegradability. Because production of many natural bers is limited by climate
or geography, local and regional ber sources collected as residues from agricultural
crop production have potential to further reduce composite environmental impact by
reducing embodied energy related to transportation and ber cultivation. In this
study four agricultural residue bers (AF) were assessed: (i) hollow stem wheat,
(ii) solid stem wheat, and (iii) barley as regionally signicant food crop residues
compared to (iv) hemp residue from seed and oil production as an industrially
relevant control. These bers were compounded into PHBV composites at ber weight
fractions of 0%, 10%, 20%, and 30%. Two ber compatibilizing treatments were
investigated for their potential to enhance the mechanical performance of AF-PHBV
composites: (i) silane vapor deposited at room temperature and (ii) PHBV grafted to
the bers using reactive extrusion (g PHBV). Mechanical properties including exural
modulus and ultimate exural strength were used to evaluate the impact of ber
fraction and treatments on biocomposites. Statistical analysis from our design of
experiments indicated that some combinations of ber, weight fraction, and treatment
clearly outperformed others. In particular, samples with 30% silane treated hemp
had the highest modulus and high exural strength, while 30% g PHBV hemp had
high modulus and the highest strength. Among residue composites, hollow stem
wheat is most comparable to hemp, with similar modulus but lower exural strength
in treated high ber samples. Solid stem wheat and barley composites generally
had lower modulus, lower strength, and less consistent mechanical properties.
Increasing ber fraction consistently increased exural modulus. Grafted samples
had inconsistent exural strength due to deleterious eects to the g PHBV matrix,
as observed with scanning electron microscopy and dierential scanning calorimetry.
The mechanical properties of the dierent AF-composites occupy a similar application
space, indicating potential for robust composite processing using AF.
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INTRODUCTION
Composite bioproducts, or biocomposites are composite materials produced with
biobased matrix and ber.

These composites can be used in both performance

demanding engineering applications (such as load bearing roof structures and bridge
supports) and as low cost replacement or ller material in other applications
(including furniture, shelves, and packaging material) [1, 2]. They are suited to both
application spaces because of a unique combination of properties. Natural bers
have low weight and cost in comparison to synthetic bers, with comparable or even
superior mechanical properties when used in composites [3, 4].
Biopolymers can allow for greater sustainability and reduced environmental
impact over petroleum based plastics, and have surged in worldwide production,
from 360,000 tonnes in 2007 to 4.2 million tonnes in 2016 and a forecasted 6.1
million tonnes in 2021 [5, 6]. With 28.5 million tons of disposed and unrecycled
plastic accumulating every year and 270 million tons of oil and gas dedicated to
plastic production alone, biodegradable polymers and polymers produced through
non fossil fuel manufacturing processes can oset multiple environmental costs of
plastic production [7]. As consumer interest in sustainable manufacturing increases,
biopolymers may replace larger and larger portions of petroleum-based plastic
production in the many industries which utilize them. Combining biopolymers with
natural bers can improve the mechanical properties of biopolymers and therefore
their suitability for more demanding applications without compromising sustainability
or biodegradability [810].
Fiber properties vary based on the location of production, and some bers have
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production largely limited to specic regions, such as jute in Southeast Asia, curaua
in Brazil, or sisal in South Africa [5, 11]. A manufacturing plant which requires more
exotic bers like these may need to transport them over long distances or overseas,
increasing the cost of the supply chain and the environmental impact of production
[12]. If internationally grown crops like wheat and barley could be used eectively in
natural ber composites, they could be processed and manufactured into composites
locally, reducing the monetary and ecological cost of building biocomposites [13].
Furthermore, existing elds used for agricultural crops could provide a source of
ber residue after the initial crop has been harvested, balancing the economic and
environmental value of composite manufacture with the benets of leaving this
agricultural residue in place, or using it in alternate applications, such as animal
bedding [14, 15].
The following research objectives explore the potential for developing biocomposite materials from regionally relevant agricultural residues:
1. Determine if agricultural residue bers can be a mechanically competitive
replacement for short, chopped industrial bers (e.g. hemp) in biocomposites.
2. Assess if ber treatments to compatibilize the ber/matrix interface can improve
the mechanical properties of composite bioproducts made with agricultural
residue bers.
3. Evaluate optimal ber/treatment combinations to enhance mechanical properties (exural modulus, ultimate exural strength) for higher performance
applications such as automotive panels, aircraft parts, or building construction.
To directly compare the properties of regionally signicant agricultural residue
to industrial bers, four bers from crops grown in the western United States were
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selected for examination: (i) hollow stem wheat (Triticum aestivum 'Yellowstone'),
(ii) solid stem wheat (Triticum aestivum 'Genou'), (iii) barley (Hordeum vulgare
'Hocket'), and (iv) hemp (Cannabis sativa 'Finola').

All bers were harvested,

ground, and fabricated into biocomposites with PHBV, a biodegradable polymer
which can be produced through either chemical synthesis or more commonly through
bacterial biosynthesis [7, 16, 17].

Composites were produced through injection

molding, with ber weight percents of 0%, 10%, 20%, and 30%.
The ber/matrix interface in a composite is one of the most important factors for
determining the mechanical properties of the assembled composite. A weak interface
will limit the mechanical benets provided by the bers. Incompatibilities between
hydrophilic natural bers and hydrophobic polymer matrix result in poor interfacial
adhesion, leading to decreased mechanical performance and stress transfer [18]. A
common solution for mitigating these issues is chemical treatment to increase the
hydrophobicity of the bers. [19, 20].

Two treatments were used in this study:

(i) a silane coupling agent, (3-glycidoxypropyl)trimethoxysilane (GPTMS), selected
for interfacial compatibility with PHBV and room temperature (reduced energy)
processing [21, 22] and (ii) agricultural residue ber (AF) grafted with PHBV (AF-g PHBV), selected to modify the ber surface with PHBV, thereby creating a chemical
bond at the interface. Untreated samples were used as a control to examine the
impact of treatment on mechanical properties of interest, including exural modulus,
ultimate exural strength (UFS), strain at UFS.
To examine the interaction of ber type, ber fraction, and ber treatment
of PHBV biocomposites for high performance applications, an experiment was
designed with an emphasis on agricultural residue and solvent free treatments. All
combinations were tested for statistical signicance at a 99% condence interval with
3 degrees of freedom (for 4 bers, 3 treatment regimens, and 4 ber fractions).
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BACKGROUND
This review assesses the current state of processing and manufacturing of composite materials made of natural ber and bio-derived polymers. These biocomposites
have considerable potential as strong but sustainable engineering materials in a variety
of applications, but are less researched than traditional engineering polymer and ber
composites. In general, natural ber reinforced polymer composites (NFPC's) have
certain advantages and disadvantages over synthetic ber composites. These can
include low weight, low cost, similar or superior physical properties, and ease of
processing, at the cost of adhesion issues and a vulnerability to moisture at the berpolymer interface. Biodegradable alternatives to common industrial polymers pose
a unique set of challenges as well, since they may interact with natural bers and
respond to chemical treatment dierently.
This review will introduce common materials used in biocomposites, manufacturing techniques used in the production of biocomposites, and chemical treatments
used to compatibilize natural bers with the biopolymer matrix. Understanding the
intersection of these three items is key to producing biocomposites that meet the
requirements of a desired engineering application.
Materials
Because the mechanical, thermal, and chemical properties of biocomposites can
vary tremendously based on the ber and polymer chosen, material selection must be
done with the intended application in mind. While all natural bers consist primarily
of combinations of cellulose, hemicellulose, lignin, and wax, the presence and amounts
of these ingredients can vary widely. This variation is important not only because
of the direct impact it makes on physical properties, but also because bers with a

5
dierent chemical makeup may respond drastically dierent when exposed to chemical
treatments to improve stress transfer and adhesion. As can be seen in Table 2.1,
natural bers range from weak but very exible bers like coir to much tougher
examples such as hemp and kenaf [5].

Table 2.1: Chemical Composition (Weight Percent) and Mechanical Properties of
Common Natural Fibers [5, 2326].
Fiber

Cellulose (%) Hemicellulose (%) Lignin (%) Waxes (%) Tensile Strength (MPa) Young's Modulus (GPa) Elongation at Break (%) Density (g©cm )
3

Bagasse

55.2%

16.8%

25.3%

Bamboo
Flax

26-43%

30%

21-31%

71%

18.6-20.6%

2.2%

Kenaf

72%

20.3%

9%

Jute

61-71%

14-20%

12-13%

-

1.25 g/cm
3

11-17 Gpa

-

0.6-1.1 g/cm
3

27.6 Gpa

2.7-3.2%

1.5 g/cm
3

930 Mpa

53 Gpa

1.6%

-

0.5%

393-773 Mpa

26.5 Gpa

1.5-1.8%

1.3 g/cm
3
1.48 c/cm
3

-

290 Mpa

17 Gpa

-

140-230 Mpa

1.5%

345-1035 Mpa

-

Hemp

57-77%

9-15%

10%

0.8

690 Mpa

70 Gpa

1.6%

Abaca

56-63%

20-25%

7-9%

3%

400 Mpa

12 Gpa

3-10%

1.5 g/cm
3

Sisal

65%

12%

9.9%

2%

511-635 Mpa

9.4-22 Gpa

2.0-2.5%

1.5 g/cm
3
1.2 g/cm
3

Coir

32-43%

.15-.25%

40-45%

-

175 Mpa

4-6 Gpa

30%

Ramie

68.6-76.2%

13-16%

0.6-0.7%

0.3%

560 Mpa

24.5 Gpa

2.5%

1.5 g/cm
3

Oil Palm

65%

-

29%

-

248 Mpa

3.2 Gpa

25%

0.7-1.55 g/cm
3

Curaua

73.6%

9.9%

7.5%

-

500-1150 Mpa

11.8 Gpa

3.7-4.3%

1.5 g/cm
3

Barley

31-45%

-%

14-15%

-

-

0.44-0.53 Gpa

-

0.9-1.2 g/cm
3

Wheat

29-51%

30-35%

14-21%

-

-

6.58 Gpa

-

1-1.3 g/cm
3

The Centre for Advanced Materials in Universiti Tenaga Nasional, Malaysia
states that the characteristics natural bers tend to have in common include [27]:
"relatively low weight, low cost, less damage to processing equipment,
good relative mechanical properties such as tensile modulus and exural
modulus, improved surface nish of molded parts composite, renewable
resources, being abundant, exibility during processing, biodegradability,
and minimal health hazards."
The downsides of these bers are almost entirely related to the adhesion between
the ber and polymer and moisture uptake of the bers [3]. Moisture can weaken
the interface, and the wide variation in chemical properties of ber and matrix
further exacerbates interfacial issues. To manage these drawbacks, various chemical
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treatments can be used, to be described later in detail. Typical synthetic polymers
for use in natural ber composites include the thermoplastics polyethylene (PE),
polypropylene (PP), and polyvinylchloride (PVC), as well as the thermosets phenolic,
polyester, and epoxy resins. These are the most relevant polymers to compare to when
considering biodegradable options such as polyhydroxybutyrate (PHB), polylactic
acid (PLA), and polyglycolic acid (PGA).

Simple Composites:

Because of the variations caused by processing, treat-

ments, and manufacturing technique, composite comparisons are more complex than
a direct comparison of the basic physical properties of two polymers. Fortunately,
many comparative studies have been conducted to compare one plastic with varying
bers as well as one ber with varying plastics. One such experiment was conducted
by the University of Kassel in 2010, in which PLA, PHBV, and PP were compared
to each other in their pure state as well as with cellulose, abaca, and jute bers
[28]. PP makes a good basis of comparison as the most common thermoplastic
for engineering/non-packaging applications. Drawbacks of the selected biopolymers
include low impact strength and processing issues, therefore improving on these
properties was an additional goal of the experiment.
The samples were manufactured with 30% ber weight and 70% matrix weight.
The bers used were abaca, jute, and manmade cellulose. The PHBV was blended
with 2.4% processing aids and 27.6% polybutylene adipate terephthalate (PBAT) to
improve melt stability and ductility, while the PP had 5 maleic anhydride coupling
agent. The materials were mixed in a single screw compounder before injection
molding. Four testing methods were used to analyze the samples. For the physical
parameters, tensile testing was carried out on type 1A bars and A-notch impact
testing was done on cutouts of 1A bars. Scanning electron microscopy was used
to examine the interface and morphology of the samples. Finally, ber size was
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examined through chloroform dissolution and ltration. The parameters collected
through testing included tensile modulus, tensile strength, and elongation at break.
General trends identied in Table 2.2 include an increase in modulus and strength
and a decrease in elongation at break with all combinations of ber reinforced matrix.
Cellulose reinforced composites tended to have the smallest increase in modulus and
elongation as well as the largest increase in strength.
Table 2.2: Mechanical parameters of several natural ber composites [28].
Matrix

Fiber

PLA

-

3.4



0.23

63.5



0.4

3.3



0.5

Man-made cellulose

5.8



0.15

92.0



4.7

1.9



0.3

Abaca

8.0



0.34

74.0



0.7

1.4



0.1

Jute

9.6



0.36

81.9



2.9

1.8



0.0

-

2.1



0.07

27.3



0.3

7.0



1.1

Man-made cellulose

4.4



0.34

41.7



3.8

2.3



1.0

Abaca

4.4



0.06

28.0



1.3

0.9



0.1

Jute

7.0



0.26

35.2



1.3

0.8



0.0

-

1.5



0.03

29.2



0.4

Man-made cellulose

3.7



0.11

71.6



2.7

3.5

Abaca

4.9



0.11

42.0



0.5

31.7

Jute

5.8



0.47

47.9



2.7

1.4

PHBV/Ecoex

PP

Tensile Modulus, E (GPa) Tensile strength (MPa) Tensile elongation-at-break (%)

>50




0.5
0.2
0.1

Jute bers had the largest decrease in elongation at break and the highest tensile
modulus. Abaca bers had the smallest increase in strength. It was believed that the
small diameter of the manmade cellulose ber contributed signicantly to increased
strength due to a higher aspect ratio. The smoother surface of the cellulose leads to
ber pull-out as a likely mode of failure, with an increase in fracture energy (Charpy
test) and impact strength as a result. The contrast in ber size and surface roughness
of abaca and cellulose can be visually identied in Figure 2.1 [28].
To determine the critical ber length, the minimum length for which a ber will
fully bear a load, the following series of equations was used, known as the Kelly-Tyson
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Figure 2.1: SEM images of (A) cellulose and (B) abaca bundle highlight the dierence
in size and surface roughness [28].
model: [28]
max

Lc

σf

Df
2τ

(2.1)

max

τ

σm
Ó

3

max

(2.2)

0.58σm

max

Where Lc is the ber critical length, DF is the ber diameter, σf
max

ber tensile stress, σm

is the maximum

is the maximum matrix tensile stress, and τ is the interfacial

shear strength of the matrix. A shorter critical ber length is indicative of a stronger
matrix and interface. This relationship is because critical ber length is determined
by the threshold at which ber will no longer shear from the interface and the ber
max

itself is stressed to failure. Critical length increases with σf

,as increasing tensile

force on the ber increases the likelihood of shearing at the interface. Shearing is also
more likely when the ber diameter increases and the interface is larger. The critical
ber length is only reduced through an increase in the interfacial shear strength, a
function of the tensile stress of the matrix. Other studies have shown that shorter
bers allow for greater consistency across a part and may perform better than longer
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bers with less compact structures. In one case, a linear increase in ber length
corresponded to a linear decrease in exural strength, as shown in Figure 2.2 [29].

Figure 2.2: Plot of the exural strength of laminates as a function of the ber length
utilized [29].

The Kassel study concluded that PHBV and PLA composites have potential to
replace PP in many applications. However, they are held back by specic issues.
PHBV underwent heavy degradation in thermal processing as well as a loss of
interphase due to matrix shrinkage. The large variance in diameter of abaca caused a
reduction in performance. Finally, while PLA performed well under test conditions,
a low glass transition temperature of 60-65°C means a total loss of strength at
raised temperature conditions. Suggested resolutions to this issue included thermal
tempering and synthesis of compounds which have higher glass transitions.

Hybrid Composites: Some ber/polymer combinations, such as PLA and ax,
have been noted to decrease in tensile strength relative to the neat polymer alone,
while PLA-jute in the same study had signicantly improved tensile strength [3].
While any material selection will involve some degree of compromise, combinations
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of multiple bers can be used to mitigate the disadvantages of single ber composites
and ne tune the product closer to the desired result. A study of hybrid ber
composites was done by the Graduate School of Science and Technology at Tokushima
University in 2016 [4]. A set of three dierent hybrid green composites were made
of alternating layers of kenaf (K), bamboo (B), and coir (C), within a PLA matrix.
The layer compositions were KCCK, BCCB, and KBCCBK, all with the same 60/40
ber/matrix weight percent composition. The hybrid composites were manufactured
`

by hot press at 183 C and 10 MPa for 5 minutes, with nal sample dimensions
3

100  10  2mm . The rule of mixtures was used as a prediction of Young's modulus
and laminate stress:

Ec

Ef Vf



Em 1  Vf 

(2.3)

E is the Young's modulus, with subscript c for composite, f for ber, and m for
matrix. Vf is the ber volume fraction. To adapt this basic equation to hybrid
composites, terms had to be added for each ber type, resulting in a hybrid Young's
modulus:

EH

Ec Vf c  Eb Vf b  Ek Vf k  Em 1  Vf c  Vf b  Vf k 

(2.4)

and a hybrid laminate stress:

σH

σc Vf c  σb Vf b  σk Vf k  σm 1  Vf c  Vf b  Vf k 

(2.5)

Where σ is the material stress and subscripts denote the ber type (c for coir,

b for bamboo, and k for kenaf). This estimation relies on a set of assumptions
which represents the most ideal composite build, including even ber distribution,
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perfect ber-matrix adhesion, and load parallel to all of the bers. Because of these
assumptions, experimentally determined values will often be lower, as adhesion in
particular is a weakness of biocomposites. Rule of mixtures does not adequately
capture the complex interactions between ber and matrix and only makes for an
approximation of ber performance.
All three composites had a much higher tensile strength and modulus in
comparison to neat PLA. However, only the KCCK composite had an experimental
value close to the predicted modulus. This variation was attributed to impurities in
the bamboo ber which reduced interfacial adhesion, because the untreated bamboo
had a chemical compound on its surface which interfered with bonding.
Since reduced environmental impact, sustainability, and biodegradability are
some of the key features of biocomposites, materials selection would not be complete
without examining the costs of collecting the materials. Fortunately, natural bers are
cheap to produce and often extractable from a crop being used for another purpose,
such as pineapple or banana bers which can be collected and separated during the
food harvesting process.
Other bers, such as curaua and hemp, have been produced for thousands of
years already for use in spun ber ropes, nets, and other items because of their
high strength and ease of production. Co-opting an existing ber production source
without drastically impacting the main product is a good way to lower the cost and
environmental footprint (particularly water usage).

Alternative ber sources:

In addition to using common industrial bers,

commercially produced plants that are not typically used for ber have also been
examined.

Wheat is one of the most commonly produced crops in the world,

so wheat ber composites would enjoy the advantage of easy availability without
requiring any additional commitment of land or water resources. Surprisingly, the
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research on wheat ber biocomposites is scarce relative to most natural bers. A
study in 2015 combined wheat straw with plasticized PHBV to make food packaging
with lower vapor permeability for respiring products like fruits and vegetables [30].
The plasticizers were considered necessary to counteract the brittle characteristics
caused by the addition of ber. The modulus was found to increase considerably,
but at the cost of a reduced elongation and stress at break. Interfacial adhesion
issues were considered the primary cause of decreased mechanical performance. A
lack of ber treatment may have contributed to this issue, in addition to PEG-400
plasticizer, which is hydrophilic and may have increased the hydrophilic/hydrophobic
divide between polymer and ber. Further testing of wheat ber composites with
an emphasis on improving the interface with treatment would be a useful subject for
further work.
Perhaps the easiest ber sources to utilize and a subject of increasing interest
are the bers of invasive plants. Invasive species tend to be widespread, grow rapidly,
and thrive in a variety of conditions, to the detriment of native plants. In a multidepartment collaboration at Ohio State University, common reed, water celery, and
reed canary grass were cited as examples of species which reduce biodiversity, oer
little benet to wildlife, and choke waterways [31]. If an industrial use could be found
for these plants, then harvest of the plants for ber would serve as an incentive to
collect and control their growth. The invasive plant bers were mixed with PHBV at
ber weight percentages of 2%, 5%, and 10% in a twin-screw extruder, then injection
molded and tensile tested. It was found that common reed and reed canary grass
composites did have statistically signicant increases in tensile modulus with the
addition of ber, indicating that the potential for industrial usage of these species
does exist. As with other species of ber, failure was primarily caused by interfacial
adhesion issues, which is consistently cited in publications as a weak point of natural
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ber composites.
Production can be regionally specic. Curaua is exclusively produced in Brazil
[11], so any product which required these bers should factor in the resources required
to extract the bers and transport them for processing/manufacturing. Likewise,
most hemp is produced in China and most jute is produced in India, so a combination
of factors both local and international may all contribute to the life cycle impact of
natural ber composites.

Bioplastic matrix:

Biodegradable polymers are produced through various

methods, some less resource intensive than others. Polyhydroxyalkanoates (commonly
referred to as PHAs) are a microorganism generated polyester thermoplastic. They
are industrially produced by bacteria provided with a carbohydrate source, such as
sugar beets, and in the case of polyhydroxybutyrate-co-hydroxyvalerate (PHBV)
microorganisms can be fed with methane produced by landlls, presenting an
opportunity to reuse waste products with a closed cycle (PHBV degrades and releases
methane which can be used to make more PHBV [7, 16, 17]. It has been found that
PHBV performs favorably to other common polymers such as PP, PS, PVC, PLA,
and HDPE in terms of CO2 release and fossil fuel consumption, particularly when
fed with biogas to further oset production impact [12]. Experiments have been
successfully conducted to produce PLA through a similar one-step synthesis process
using modied Escherichia coli [32]. Although this method has not been widely
adopted, the authors point out the possibility of creating other polymers using this
process as well, opening further opportunities for the use of renewable resources in
polymer production.
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Manufacturing
Key factors which impact biocomposite performance include ber orientation,
ber physical properties, matrix physical properties and ber-matrix interactions.
The precise mode of stress transfer may have a large role to play as well. As with
more conventional composites, the ability to bear a load changes drastically with
ber orientation, a 45-degree angle change resulted in a 78% loss of tensile strength
in one experiment [3]. If the mode and direction of stresses is not known, then
biocomposite design may focus on improving properties of tensile strength, exural
strength, modulus, and strain behavior under a standard applied load.

Volume Fraction:

In general, increasing ber volume fraction will increase

the tensile performance up to a certain point, after which the addition of ber will
negatively impact strength and modulus. One mechanism for this behavior is the
combination of loose bers into bundles which reduces the interfacial area, which
regularly occurs at volume fractions exceeding 50% [3]. The ber size and length play
into this process as well. If the ber volume is achieved through large numbers of
short bers, the potential for cracking is raised relative to the same volume of longer,
thinner bers as more ber ends act as crack initiators [3]. No consensus seems to
exist on an optimal ber fraction for tensile or exural properties, as each ber/matrix
combination has varying behavior, further aected by processing and manufacturing.

Drying:

The importance and impact of ber drying before manufacturing has

been examined, with somewhat contradictory conclusions. Pre drying is the standard
practice for use of natural bers, both for uniformity of weight and properties and
because moisture content can negatively impact the mechanical performance and
biodegradation rate of the composite [5].

Moisture inside a polymer composite

may be unevenly concentrated in a way which creates aws or inconsistencies in
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strength. However, the drying process itself may do more harm than good if the
temperature used is too high. One study found that drying of ax bers degraded
the microbrils and inner structure of the ber (as shown in Figure 2.3), and caused
increased crystallinity, chain scission, and depolymerization [33]. This degradation
`

was attributed to high temperatures of 105 C for 14 hours of drying. Another study
marked the stages at which degradation occurs in ax ber [34]. The study concluded
`

`

that wax degrades at 120 C, pectins decompose at 180 C, and cellulose/hemicellulose
`

degrade at 230 C.

Figure 2.3: Damages in a ax ber after drying [33]
This eect is not limited to ax, another study found decreases of 10-25% in
tensile strength and 3-20% in exural strength for jute and hemp, with a suspected
mechanism being ber damage during the drying process [12]. More research on the
tradeos between drying and not drying pre-manufacture, as well as the impact of
drying temperature/time may be useful in the future.

Injection Molding:

The ability of the user to control mechanical properties

depends in large part on the manufacturing method used to produce the biocomposite.
Injection molding, once optimized for the intended product, is very fast and able to
handle large scales of production. Since biocomposites need to be economically viable
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to reach more mainstream usage, it makes sense that a high speed, (relatively) low cost
method is common. However, the performance of injection molded parts is heavily
dependent on the mixing and compounding process that precedes it. This step is
where the ber fraction is determined, and a poor compounding process may lead to
aws in the molded part as well as changes in ber fraction across the geometry of a
composite. Once the ber and polymer have been mixed evenly, the temperature and
pressure of the injection process may still cause aws or gaps from uneven cooling, as
well as an unintended ber direction or distribution. The temperature and pressure
of the injection process control the viscosity and rate of inll of the melt. A high
temperature and high injection pressure lead to a rapid ll with low viscosity, which
may cause ber to ow to the outer extents of the mold cavity [35]. Poor ber
distribution will likely reduce mechanical performance.

Hot Pressing:

Another manufacturing method used with biocomposites which

counters some of these weaknesses is hot pressing. Hot pressing allows for more
precise arrangement of ber and matrix arrangements, including layers of multiple
bers which would normally be dispersed throughout a composite. The ber bed
is prepared in advance and then impregnated with resin, at which point any other
additives are added as well [29]. Then the mix is held under high pressure and constant
temperature for a certain period of time (in this article parameters were 1000 kg and
140°C for 15 minutes). The most obvious drawback of this method seems to be the
increased time to produce individual composites. Prepping ber beds, allowing time
for resin inltration, and the pressing process itself all consume time and eort that
is not ideal for mass production or automation.
When it comes to ber-matrix interactions, the primary issue seems to be the
contrast between hydrophilic bers and hydrophobic matrix, which, when combined
with the presence of moisture, leads to large reductions in mechanical properties. The
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smoothness of the ber also impacts the strength of the interface through physical
interaction. These issues tend to be managed by treatments of the ber surface.
Treatment
Many dierent chemical treatments have been researched and applied to improve
the ber/matrix interface. Some of these include acrylation, silanation, malleated
coupling agents, dicumyl peroxide, maleic anhydride, and acetylation grafting, with
the stated purpose of all treatments being to improve interfacial bonding and stress
transfer [27]. Most treatments appear to have a direct and physical impact on the
ber surface.
There are many considerations when selecting a successful compatibility treatment for a given combination of ber and polymer. However, several comparative
studies have been done which yield interesting results. A combination of curaua bers
and PBAT were treated with acid hydrolysis, silane, and acetylation, then tested using
DMA and tensile methods. Interestingly, acetylation treatment resulted in the highest
tensile modulus and elongation at break. Another study comparing MA grafting
and silane treatment on PHBV and oak wood our composites found that silane
treated composites had a higher modulus of elasticity than the untreated composite
and the grafted composite [20]. Because the materials, fabrication techniques, and
treatment procedures may vary greatly from study to study, mechanical comparisons
of composites with dierent treatments must be done on a case by case basis with as
few variables as possible.

Alkali Treatment:

A study by Anna University, India, tested the eect of

dierent concentrations of NaOH on 15mm long banana ber in composites with an
epoxy matrix [18]. Alkali treatment was determined to be a cheap yet eective option.
The banana bers were submerged in dierent concentrations of NaOH (0.5%, 1%,
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2%, 5%, 10%, 15%, and 20% by weight). After 30 minutes they were removed, rinsed,
and dried in an oven. The composites were assembled via hand layup and tested with
DMA from 30-140°C at 10°C/min at 0.1, 1, and 10 Hz. The specimens were analyzed
before and after testing using SEM. After the rst set of physical tests, specimens
were submerged in water for 18 days and then tested again to measure changes in
properties at saturation.
NaOH caused ber swelling and changed the lattice structure of cellulose-I to
cellulose-II as the crystalline structure relaxes (see Figure 2.4). This structure is more
hydrophobic and was expected to improve the interfacial adhesion to dierent degrees
based on concentration. Stronger interfacial adhesion should correspond with a direct
increase in tensile strength.

Figure 2.4: Cellulose-I to II transition which occurs due to crystalline structure
relaxation during alkaline treatment [18].
It was found that the highest values of tensile strength, exural strength, and
impact strength were all achieved with 1% NaOH. The 1% treatment also absorbed
the least moisture by reaching 6.72% at saturation after 12 days, and suered the
smallest reduction in physical properties after saturation. It was clearly the best
concentration for improving the strength of the composite. Increasing percentages
of NaOH caused larger drops in tensile, exural, and impact strength, and increased
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water absorption. While the tensile and impact strength of the high concentration
treatments were still higher than the untreated samples, the moisture absorption,
exural strength, and properties after saturation were worse than untreated ber.
SEM revealed the cause of this problem (Figure 2.5). While 0.5% and 1% NaOH
caused an overall improvement in the sample properties, any higher concentrations
caused degradation in the ber itself, which caused decreased strength and created
additional surface area for moisture absorption. An increase in surface roughness and
peeling could be visually identied in the SEM images, particularly when comparing
ber treated with 1% concentration to 20% concentration (see Figure 2.5).

Figure 2.5: Banana Fiber surface after treatment, with 1 NaOH left and 20 NaOH
right [18].

The diminishing returns of increasing alkali concentration for ber pre-treatment
have been noted in other studies, including a previous study on bamboo ber in which
samples subjected to NaOH concentration up to 15% had increasing crystallinity and
transition to cellulose-II [36]. Concentrations above 15% led to reduced crystallinity
and physical properties. As shown in Table 2.3, crystallinity, degree of crystallinity,
and Cellulose-II content increase with smaller concentrations of alkali treatment,
but drop o considerably at higher concentrations, with 50% concentration samples
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having the lowest values of crystallinity, degree of crystallinity, and Cellulose I content.
Table 2.3: Data from X Ray Diraction Study of Untreated and Alkali Treated
Bamboo Strips and Dust [36].

The mechanisms of NaOH treatment were described in additional detail in a
review also published by Anna University [2]. Treatment within a certain limit of
concentration works to break hydrogen bonds in the cellulose, expose crystallites, and
clean the surface of the ber of lignin, wax, and oils. All of these eects contribute to
the improved performance of the composite. However, at an increased concentration,
excessive lignin breakdown causes ber surface damage, as was seen in the previous
study.

Silane Treatment:

Another common treatment used to address the ber-

matrix interface is the usage of various silane coupling agents, such as octadecyltrimethoxysilane. Like alkali treatment, one method of silane treatment begins
with submerging ber in a solution with a low concentration (2%) of silane, mixed
with 40:60 water and alcohol [11]. After 5 minutes, the ber is removed and air dried.
The silane acts as a coupling agent by creating covalent bonds which contribute to
a cross linked network. This treatment limits the eect of moisture at the interface
and strengthens the tensile and thermal properties of the composite.
A comprehensive examination of PHBV and wood our (WF) composites treated
with silane as well as maleic anhydride grafting was conducted by researchers at
Stanford University [10, 12, 19, 20, 37].

In one study, creep deformation was the
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parameter of interest, as it is an important measure of durability in construction
applications [12].

The samples were placed under sustained exural loading in

increasing percentages of the ultimate exural strength.

Creep deection was

measured during loading, and then strength losses due to creep were examined
through a mixed experimental and theoretical approach. The sample compositions
used are shown in Table 2.4.
Table 2.4: Sample compositions and abbreviations (reproduced from Miller [12]).

Abbreviation

Composite Constituents

P

Neat PHBV

P20

PHBV with approximately 20% wood our by weight

P40

PHBV with approximately 40% wood our by weight

M

Maleated PHBV

M20

Maleated PHBV with approximately 20% wood our by weight

M40

Maleated PHBV with approximately 40% wood our by weight

S20

PHBV with approximately 20% silane coated wood our by weight

S40

PHBV with approximately 40% silane coated wood our by weight

PP26

Polypropylene with 26% wood our by weight

PP40

Polypropylene with 40% wood our by weight

They found that untreated PHBV samples, with 0% (P), 20% (P20), and 40%
(P40) weight WF had a signicant increase in exural modulus between 0% and 20%
WF, but no signicant change between 20% and 40% (Figure 2.6). In addition, a large
decrease in exural strength occurred in the 40% WF samples. This was suspected
to be the result of WF dispersing unevenly and poor ber wettability. For specimens
subjected to maleic anhydride grafting (M, M20, M40), the exural modulus increased
steadily from 0% to 40% WF. On the other hand, exural strength for the 0% and
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20% WF samples was roughly the same, and then suered a drop at 40% similar to the
untreated sample. One unusual behavior the author pointed out was a slight decrease
in the maleated PHBV (M) exural modulus compared to the untreated PHBV (P).
The grafted samples undergo larger elastic deformation but have the same ultimate
strength.

Figure 2.6: Composite moduli and strength before creep deformation (solid bar) and
after creep deformation (hatched bar) [12].

The silane treated specimens (S20, S40) had the same overall behavior as the
maleic anhydride specimens, with gains in modulus but a drop in strength at 40%.
S20 had slightly higher strength than M20, while M40 had a slightly higher strength
than S40.
While none of the specimens had signicantly altered properties after creep
deformation, the treated composites did have slightly less strain. The tests were
at a small and largely recoverable amount of stress, so drastic changes were not
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expected.

Despite having similar end results, the mechanisms by which these

treatments improved the biocomposite were very dierent. Silane promotes van der
Waals forces at the interface, while maleic anhydride grafting adds a carboxylic group
to the PHBV which can form a covalent bond with a hydroxyl group on the ber.

Untreated Composites:

While dierent ber treatments lead to signicant

mechanical improvements, it is important to note that the chemicals themselves are
not always as environmentally friendly as the basic materials, and may be nonbiodegradable or even toxic. To avoid making this compromise in properties for
environmental drawbacks, Aaron Michel of Stanford University tested the feasibility
of untreated biocomposites which rely solely on interlock and frictional forces (Figure
2.7) [38].
The application of interest was insulated sandwich panels, a structure which
could be used for replacing plywood and timber structures with a mechanically and
thermally similar material with a lower energy usage and closed recycling loop.
Sandwich panel layering was seen as a possible way to utilize the advantages of
biocomposites in a conguration which augments the material against exural and
shear deformation by increasing stiness with a minimal impact on weight. Woven
hemp fabric and jute burlap were used as reinforcements inside of PHBV face sheets,
with the PHBV and fabric combined in alternating sheets by hot pressing. These
sheet composites were glued with a bio based adhesive to a biofoam core. They were
compared with four point bending and thermal analysis to sandwich panels made
of industry standard synthetic materials, and found to perform similarly. Bio based
panels had a higher stiness but lower ductility.
Two methods of accelerated weathering were used to simulate the degradation
of the biocomposites over time. They utilized UV radiation and temperature changes,
with one method involving no moisture and the other involves a 30-minute water spray
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Figure 2.7: Fully and partially biobased sandwich panel specimens [38].
followed by 1440 minutes of exposure to a 90 humidity environment. It was found
that the moisture exposed panels lost mass more rapidly and suered a decrease in
mechanical properties larger than the dry biocomposites. It is important to note
that UV exposure and these environmental factors also cause synthetic composites to
degrade, but typically at a rate and degree less severe than for bio based structures.
It was concluded that untreated biocomposites are not a suitable replacement for
building materials in most applications, although some potential roles (an example of
short term emergency shelters was given) where short term usage and clean disposal
are desired. It would seem that treatment to better control moisture absorption
and degradation is a necessity for larger scale adoption of biocomposites, and more
sustainable and ecologically friendly treatments are highly desirable for achieving this
goal without compromising the ecological advantages of these materials.

PHB grafting:

To reduce the brittleness and improve stress transfer and

thermal stability of PHB-cellulose composites, a study by the Unversity of Idaho
Renewable Materials Program used dicumyl peroxide (DCP) to graft the PHB to the
cellulose [39]. PHB and commercial cellulose ber (CF1) were coated separately with
DCP in acetone, then dried, mixed, and injection molded into bars with 20% cellulose

25
weight fraction. Total DCP concentrations were varied from 2% to 5% and reactive
extrusion times between 5 and 15 minutes. It was found that the maximum graft
yield occurred with 2% DCP and 5 minutes, as shown in Figure 2.8.

Figure 2.8: Eect of reaction time tR (min) and total DCP concentration on the graft
yield (gel%) of CF1 and PHB (CF1, 0.5 g; PHB, 2 g; temperature = 175 °C) [39].

The graft yield was veried through electron paramagnetic resonance spectroscopy, and the impact on thermal stability was examined through dierential
scanning calorimetry, where it was found to have the highest glass transition
temperature and crystallization temperature, indicating altered thermal stability.
This may improve ease of processing of PHB and PHBV and shows potential for
this treatment in biocomposites with other bers.
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Introduction
Biobased and biodegradable composites, or biocomposites, are a growing industry with potential application in green building, automotive, sporting equipment and
goods, additive manufacturing, and other sustainable consumer products [3, 40, 41].
The combination of biodegradable resins with natural ber (NF) can oer a number of
advantages over composites produced with synthetic bers, including lighter weight,
extremely low cost, and less wear on processing equipment [3]. The demand for
biocomposites that incorporate NF is predicted grow, making it important to consider
the long-term sustainability of NF ber use in composites [27].
Research and usage of natural bers typically falls into two categories. The
rst is NF grown for ber production, selected for their high-performance mechanical
properties. Bast bers, including hemp, kenaf, jute, and ax, are most commonly
used for these applications [5]. The second is residue or waste bers from a variety
of agricultural and forest processes, selected primarily for sustainability as llers and
substitutes in less mechanically demanding roles [13]. These bers include leaf, seed,
core and grass.
In addition to the mechanical properties of the ber and resin themselves, one of
the main factors that governs composite performance is the ber-matrix interface.
When combined, hydrophobic polymers and hydrophilic bers suer from poor
interfacial adhesion, leading to decreased mechanical performance and load transfer
across the interface [18]. Chemical treatments to the ber or matrix can mitigate
these issues, improving the performance and durability of biocomposites, including
those where the ber is selected primarily with sustainable production in mind [19,20].
Here we investigate incorporating low-value agricultural residue from food crops
into high-performing value-added bioproducts, such as these biobased composites.
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Agricultural residue from the following food crops was selected as the source for
natural ber reinforcement:

(i) wheat with a hollow stem (Triticum aestivum

'Yellowstone'), (ii) wheat with a solid stem (Triticum aestivum 'Genou') bred
in Montana and North Dakota for greater resilience against wheat stem sawy
infestation [42], (iii) barley (Hordeum vulgare 'Hocket'), and (iv) hemp (Cannabis

sativa 'Finola') cultivated for seed and oil. As an industrially valuable and commonly
used ber, hemp's mechanical performance in composites served as a control for
the food crop residues. This agricultural residue ber (AF) was collected, ground
and fabricated into biocomposites with a biodegradable resin, poly(hydroxybutyrate-

co -hydroxyvalerate) (PHBV) [17]. PHBV has mechanical properties similar to the
commonly used non-degradable composite resin polypropylene [43].

It has been

studied as a composite matrix for hemp and wheat bers [12, 30, 38, 44, 45]. We
investigate the impact of ber fraction by fabricating composites with ber weight
percentages of 0wt.%, 10wt.%, 20wt.%, and 30wt.%.
To enhance mechanical performance and elucidate the importance of the bermatrix interface in the biocomposites, we evaluated two ber compatibilization treatments: (i) a silane coupling agent, (3-glycidoxypropyl)trimethoxysilane (GPTMS),
selected for interfacial compatibility with PHBV and room temperature (reduced
energy) processing [21, 22] and (ii) AF grafted with PHBV (AF-g -PHBV), selected
to modify the ber surface with PHBV, thereby creating a chemical bond at the
interface. Both of these treatments were selected to retain the biodegradability of the
composite as a whole, as PHBV-based NF composites have been previously shown
to be biodegradable with ber treatments similar to the ones which are investigated
herein [10,37]. To assess the combined impact of dierent ber types and treatments,
a design of experiments was created to evaluate the signicance of ber fraction
and treatments on the mechanical performance of the composites in exure. In
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this analysis, AF from food production were compared with hemp, an established
industrial ber, but grown and collected as agricultural residue similar to the food
crops to more accurately compare dierences between materials. The untreated bers
at increasing weight percents establish a baseline for mechanical performance, serving
as the comparison for potential enhancements with the two treatments (GPTMS and
AF-g -PHBV). Fiber fraction analysis and dierential scanning calorimetry (DSC)
were used in conjunction with the mechanical test results to determine the eect
of treatments.

Composites were fabricated via bulk compounding and injection

molding, to allow for rapid sample assembly in a consistent and controlled process.
Manufacturing parameters in the compounder and injection molder were optimized
pre-study on the selected materials to ensure even dispersion of all ber types while
minimizing partial mold lls. In this work, it was found that reducing the temperature
and pressure to raise the viscosity of the melt can inhibit the movement of ber.
However, this can also lead to partial lls of the mold cavity, as a slow moving
ow can cool prematurely. The purpose of the optimization was to nd the lowest
temperature and pressure for which the mold would ll reliably.
Materials and Methods
Materials
PHBV powder and pellets from TianAn Biologic Materials Co., People's
Republic of China (product codes ENMAT Y1000 and Y1000P), were used for
the composite matrix.

Four agricultural residues were incorporated as natural

short-ber reinforcement into the biocomposites: (i) hollow stem wheat (Triticum

aestivum 'Yellowstone'), (ii) solid stem wheat (Triticum aestivum 'Genou'), (iii)
barley (Hordeum vulgare 'Hocket'), and (iv) hemp (Cannabis sativa 'Finola'), a
common NF reinforcement used as a comparison ber.

Both wheat and barley
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were planted and harvested during the 2017 growing season at the Montana State
University (MSU) Bozeman Agricultural Research and Teaching (BART) Farm.
Hemp was grown in a nearby (1.8 km) privately owned and operated farm. All
residue was collected by hand post-harvest; the hemp was collected approximately 2
weeks after the other bers due to a later harvest. The residue bers were kept in a
`

drying oven at 50 C for 2 weeks, then ground in a Wiley Laboratory Mill Model 4.
Fibers passing through a 2 mm screen were collected for composites. Resin and bers
were kept in a desiccator prior to composite fabrication.
Fiber-Matrix Compatibilization
Un-modied bers were compared to bers with two types of coupling agents:
(i) GPTMS and (ii) AF-g -PHBV.

Silane vapor deposition:

(3-glycidoxypropyl)trimethoxysilane (GPTMS)

(product code SIG5840.0) was acquired from Gelest, Inc., USA, and used without
further purication. Vapor deposition of GPTMS on the bers was based on a selfassembled monolayer method from Karakoy et al. and is a room-temperature method
similar to the elevated temperature deposition demonstrated for PHBV-wood ber
composites. [20,46]. Fiber was spread in a thin layer on a foil-lined plate in a vacuum
desiccator. A 0.1 mL drop of GPTMS was deposited into a weigh boat with a 1 mL
syringe. The chamber was pumped under vacuum for 3 minutes, then the vacuum
valve was closed, maintaining a vacuum of 740 mmHg for 1 hour, after which the
chamber was repumped and left for 1 more hour before the coated ber was removed.
The ber was used for samples shortly after removal.

PHBV grafting to ber:

Dicumyl Peroxide (DCP), 99% from Acros Organics

(product code AC349881000) was used as a thermal free radical initiator to graft
PHBV to the AF. Using a modied method of the grafting procedure developed by
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Wei et al. for cellulose grafted polyhydroxybutryate [39], DCP was added to 50 mL
of acetone (HPLC Grade, Fisher Chemical, A949-4) and stirred until dissolved. AF
and powdered PHBV were added and stirred in separate containers for 30 minutes.
The weight ratio was 1:100 DCP:AF and 1:100 DCP:PHBV. After drying and mixing
coating ber and PHBV, the grafting process was initiated using reactive extrusion
under a dry nitrogen purge for 5 minutes before injection molding the sample,
following the fabrication procedure given below. These samples are denoted AF-

g -PHBV. Additional details are given in Appendix A.
Fabrication of PHBV-AF Composites
Dried ber and resin were fed into a Thermo Scientic HAAKE Minilab II
compounder, with resin rst to prevent ber agglomeration and jamming, and ber
added in gradually to improve dispersion and mixing. The compounder was run at
`

a screw speed of 100 rpm and a temperature of 150 C for 5 minutes to allow even
mixing, veried by the stabilization of screw torque and internal pressure readings.
In addition, a dry nitrogen purge of the mixing and sample loading chamber was run
during the 5 minutes for AF-g -PHBV grafted samples.
The melt was then extruded into the injection gun of a Thermo Scientic
HAAKE Minijet Pro injection molder, where it was immediately injected into an
`

60x10x1 mm bar mold. The mold temp was set to 40 C to cool the sample while
ensuring a complete ll. The initial pressure for 0wt.% to 20wt.% samples was 250
bar. The 30wt.% samples required a higher initial pressure of 450 bar to ensure a
complete ll of the mold. All samples were held at a post injection pressure of 150
bar for 5 seconds before the sample was removed from the mold. Samples were kept
in a desiccator for 7 days prior to exural testing to minimize material dierences
due to aging, a signicant factor to account for when using PHBV [47].
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Flexural Mechanical Testing
Samples were mechanically tested in exure per ASTM D7264 Procedure B [48].
An Instron 5543 single column tabletop tensile tester with a 1 kN load cell was used
with an Instron 4 point bending xture (Part No. 2810-405). All samples were tested
at a strain rate of 1 mm/minute. The support span was set to 40 mm, meeting
the ASTM specied span-thickness ratio of 40:1 for the samples used. All failures
occurred in a manner consistent with the failure modes given in D7264 11.7. Flexure
testing was selected as the preferred method of determining mechanical properties
as it provides a more realistic approximation of real world mechanical loading and a
more complex characterization of the material. Tensile testing utilizes a unidirectional
stress state and creates a concentration at the center of the testing sample, while 4
point exure testing creates a uniform stress state across the composite between the
points.

Figure 3.1: Flexural test setup with sample and annotations.

Mechanical properties were determined through Matlab analysis of the Instron
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testing data. The maximum load, extension at maximum load, and extension at break
were taken directly from the test data, then used to calculate the ultimate exural
strength (UFS), the exural secant modulus, the exural chord modulus, strain at
UFS, and elongation at break. These properties are calculated using the following
formulas [48]. For stress and strain:

σ


3P L
4bh2
4.36δh
L3

(3.1)
(3.2)

For chord and secant modulus:
chord

Ef

secant

Ef

∆σ
∆
3
0.17L m
bh3

(3.3)
(3.4)

σ is the maximum stress at a point,  is the maximum strain at the point, P is the
applied force in Newtons, L is the support span in mm, b is the width of sample in
chord

mm, and h is the thickness of sample in mm. Ef

is the chord modulus, found

as the gradient of stress and strain across a predetermined stress range. ASTM
D7264b recommends the gradient of 
secant

study. Ef

.001 to 

.003. which was used for this

is the secant modulus, which determines modulus from m, the slope

of the secant of the force-deection curve at any chosen range. Matlab was used
to determine m by nding the rst consistently linear portion of the force-deection
curve and using that to calculate the secant modulus (See Appendix B).
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Rule of Mixtures Model
To compare this data to calculated values using Rule of Mixtures (ROM)
model, equation 2.4 was used to calculate Young's modulus for barley, wheat, and
hemp ber composites at weight fractions of 10%, 20%, and 30%, using material
parameters from previous work [5, 2326, 49].
Statistical Design of Experiments
To clearly separate small variations in the sample data from larger trends,
the experiment was designed as a three degree of freedom analysis of variance
(ANOVA), with F test signicance dened as 99% condence [50]. Samples of the
same treatment, ber, and fraction were produced in three separate runs spread out
to reduce the inuence of uncontrolled variables in the production process. The
dierence in strength and modulus between dierent bers at the same treatment
and weight fraction was examined, as was the dierence in strength and modulus for
the same ber with dierent treatments and weight fractions.
Material Characterization

Fiber fraction analysis:

To examine the variation in ber weight percent due

to processing (compounding and injection molding), ber fraction analysis was done
as per ASTM 3171, with chloroform acting as the hot liquid medium [51]. Flexure
`

tested samples were placed in a beaker with 50 ml chloroform, then stirred at 65 C
for one hour underneath a condensation tower. The dissolved mixture was then
poured through a cellulose lter under vacuum to separate the chloroform/PHBV
`

solution from the ber. Fiber was collected, dried at 50 C, and weighed. Fiber
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weight percentage was calculated as follows:

F ilter W eight P ost F F A  F ilter W eight Empty 
Sample W eight

wt.%

Dierential Scanning Calorimetry:



100%

(3.5)

To examine the extent to which DCP

modied the PHBV matrix and bers, DSC was run on a small set of samples. A TA
Instruments DSC 2920 (Serial Number 125827) was used to assess the impact of the
PHBV grafting treatment. Samples included PHBV powder, PHBV powder modied
with DCP (no reactive extrusion), reactively compounded and molded PHBV samples
with DCP (g PHBV), grafted composite with 30% hollow stem wheat (AF-g -PHBV),
and untreated composite with 30% hollow stem wheat.
DSC, with a nitrogen ow rate of 50-54 mL/min as optimized in previous work
[37], was used to analyze the bioplastic and composites. Samples were encapsulated
in aluminum pans with a target sample weight of 5 mg
`

`



2 mg, and heated from

`

25 C to 180 C in the rst heating cycle at a rate of 10 C/min. After equilibrating to
`

`

`

`

180 C, they were held at 180 C for 2 minutes prior to cooling at 10 C/min to 25 C,
which is below the crystallization temperature for PHBV and these composites. The
`

`

samples were then heated at 10 C/min to 200 C in the second and nal heating cycle.
This procedure was designed due to cooling limitations below room temperature,
and successfully cooled past crystallization before the 2nd heating cycle. The glass
transition temperature (Tg ) was taken to be the midpoint of the heat capacity change,
the melting temperature (Tm ) was measured as the minimum of the endothermic peak,
and the crystallization temperature (Tc ) was taken as the maximum temperature of
the exothermic peak upon cooling (in between the rst and second cycles).
The percent crystallinity of the PHBV matrix, χ, was determined using the
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following equation [52]:

χ %

∆Hm  ∆Hc
` 1  W  100%
∆Hm
f

(3.6)

where ∆Hm and ∆Hc are the enthalpies of melting and crystallization measured
`

upon heating, Wf is the weight fraction of ber of the composite, and ∆Hm is the
reference value for 100% crystalline poly(hydroxybutyrate) (PHB), 146 J/g or 12.5
kJ/mole [53, 54]. As a reference, a typical value for the crystallinity of annealed PHB
samples measured by Barham et al. was 86% [53].

Scanning Electron Microscopy:

Examination of fracture surfaces though

eld emission scanning electron microscopy (FESEM) was done on a Supra 55VP
System 2512 at 1 kV with an SE2 detector. Samples were uncoated with images
taken of the break surface. Fiber and matrix surfaces were characterized and the
ber-matrix interfaces were imaged along with assessing potential failure modes.
Results and Discussion
Rule of Mixtures
The calculated prediction for hemp was close to the actual experimental values
for hollow stem wheat, barley, and hemp. However, predictions for barley and wheat
were lower than predicted, suggesting that the modulus values for these bers from
the literature were lower than the actual performance of the material in a composite.
A previously reported value of Young's modulus was used in the prediction [49], which
was lower than experimental measurements of exural modulus and lead to further
shifting of the predicted modulus downward.
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Rule of Mixtures Predictions for Fiber Composites
12

Elastic Modulus [(GPa]
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8

PHBV RoM
PHBV Experimental
Hemp RoM
Wheat RoM
Barley RoM
Hemp Experimental
Wheat Experimental
Barley Experimental

6

4

2

0
0%

10%

20%

30%

Fiber Weight Fraction [%]

Figure 3.2: Rule of mixtures compared to experimental values for untreated samples.
Lines are the prediction of modulus using Equation 2.4 (dotted lines indicate the
variation in the ber modulus values reported in literature), and 's are mean
experimental values for untreated ber samples.

Mechanical Properties
The responsiveness of mechanical performance to ber fraction and treatments
was dependent on the property (exural modulus, UFS, strain at break) and to
an extent, ber type and treatment. Some of the bers and treatments could be
statistically dierentiated while others exhibited comparable behavior. To analyze
and summarize the results we compared (i) the eectiveness of the compatibilization
treatments for each ber type, (ii) the mechanical properties of dierent bers
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undergoing the same treatment, and (iii) the overall eectiveness of the treatments
for AF bers by aggregating all ber types.

Comparison of treatments for each ber:

Silane treated hemp composites

had a higher modulus than untreated hemp or grafted samples, regardless of ber
fraction (Figure 3.3a.). For barley, all three treatments performed similarly at 10%
and 20% ber, but GPTMS and AF-g -PHBV samples at 30% had statistically
signicant increase in modulus over that of the untreated samples (Figure 3.3b.).
The moduli of solid stem wheat composites were consistently highest after silane
treatment and weakest after grafting (Figure 3.3c.). Hollow stem wheat samples had
a statistically indistinguishable modulus between treatments at 10%, but GPTMS
samples had a higher modulus at all other ber fractions (Figure 3.3d.). Overall,
silane treatment was most eective in increasing the modulus in hemp and solid stem
wheat composites.
In terms of ultimate exural strength, silane treatment had a signicant increase
over untreated samples of hemp and hollow stem wheat (Figure 3.4a.). DCP samples
were not consistent enough to establish trends, as some of the highest and lowest
values of UFS occured in DCP treated samples. For example, hemp-g -PHBV at a
30% weight fraction had the mean for UFS of any test set, but with a condence of
95%, did not meet the pre-established threshold for signicance when compared to
silane treated hemp. Hemp showed the most clear trend in increasing UFS with ber
fraction and treatments of all of the bers.
The high degree of variability may have been caused by changes in the grafting
eciency of the DCP reaction. This reaction is a time and temperature sensitive
process which is dependent on the degree to which DCP reacts prior to ber/polymer
mixing and how long the mixture is given to react during compounding before
injection molding. The percentage of DCP and reaction time were selected based
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on the results from Wei et al., but variations in the amount of hydroxyl groups on
the ber surfaces as compared to cellulose and processing parameters may have lead
to a higher or lower grafting eciency than obtained by the previous study [39].

Flexural Chord Modulus [GPa]
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(c) Barley
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(d) Solid Stem (e) Hollow Stem
Silane

AF-g-PHBV

Figure 3.3: Chord modulus of all bers for each weight percentage, including
treatments. Magenta is neat PHBV, teal is g PHBV, black is untreated, blue is silane,
green is grafted.

Comparison of dierent bers by treatment:

99% condence analysis

showed that hemp samples were signicantly more rigid than solid stem wheat in 8 of 9
combinations of ber fraction and treatment, with the only exception being untreated
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Figure 3.4: Ultimate exural strength of all bers by ber, including treatments.
Magenta is neat PHBV, teal is g PHBV, black is untreated, blue is silane, green is
grafted.
samples at 30%. Hemp's rigidity in comparison to the other ber composites was
less consistent. Barley-g -PHBV composites were not distinguishable from hemp at
10% weight fraction, and higher than hemp at 20% and 30%. Hollow stem wheat
composites had the closest stiness to hemp composites, with the majority of samples
of both ber types being statistically indistinguishable from each other. Interestingly,
hollow stem composites were more rigid than solid stem composites in all cases where
a statistically signicant comparison could be made, although dierences with 10%
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and 20% silanated samples were too close to distinguish.
The exural strength of hemp composites was higher with DCP and silane
treatment than other bers with the same treatments and ber fractions. The closet
agricultural residue comparison was hollow stem wheat, which had similar modulus
and strength to hemp at ber fractions of 10% and 20%. However, hemp was primarily
set apart from the agricultural residues by being the only ber which consistently
increased in exural strength as ber fraction increasing to 30%, with the highest
exural strength of all samples occurring at 30% silane treated hemp, 20% grafted
hemp, and 30% grafted hemp (Figure 3.4).
Despite collecting the hemp for this study as an agricultural residue for seed and
oil production, we anticipated that its ber structure as a bast ber would lead to
improved ber performance as compared to the other agricultural residues. Among
the agricultural bers used, hollow stem wheat had similar performance to hemp,
with chord modulus that was not statistically distinguishable from hemp in 7 of 9
combinations of weight fraction and treatment, and similar ultimate exural strength
at low ber weight fraction.

Aggregate ber evaluation:

To examine the overall eectiveness of the ber

treatments and the impact of increasing ber fraction, all samples were combined
into an aggregate set dierentiated by ber weight percentage and treatment (Figure
3.5). This analysis indicated that GPTMS treated samples had the highest chord and
secant modulus (3.5a. and b.). AF-g -PHBV samples had lower modulus values and
reached their maximum stress at a lower strain than other samples (Figure 3.5).
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Figure 3.5: Mechanical properties of the combined ber set for each weight percentage,
including all treatment regimens. Magenta is neat PHBV, teal is g PHBV, black is
untreated, blue is silane, green is grafted.
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However, the g PHBV used to make the AF-g -PHBV samples has lower base UFS
and modulus than the neat PHBV used for the untreated and AF-g -PHBV samples
(Figure 3.5a-c., magenta). To account for this dierence in the matrix, Figure 3.6
shows the increase in modulus with increasing ber fraction normalized by the matrix
modulus as well as the percent change for these increases. After normalizing for matrix
values, the addition of AF-g -PHBV results in larger increases in modulus as compared
to untreated and AF-g -PHBV samples.
With the sample set examined as a whole, there was not a signicant dierence
in exural strength with the addition of ber or with treatment (Figure 3.3c.).
Observable trends did exist in hemp and hollow stem wheat samples, but inconsistency
in barley and solid stem wheat obscured these trends. Strain at the point of maximum
exural strength decreased with increasing ber fraction, but was not signicantly

5000

Change in Modulus [%]

Change in Modulus [MPa]

aected by treatment (Figure 3.3d).
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Figure 3.6: The change in chord modulus caused by adding ber with dierent
treatments. Black is untreated, blue is silane, and green is grafted.
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Materials Characterization

Fiber Fraction Analysis:

The average dierence between measured ber

fraction and expected ber fraction was 4.3%, equivalent to a 0.03 gram dierence
in an average 0.77 gram sample. Higher ber fractions had lower average dierences
between measured and expected ber fractions, likely due to an increased sensitivity
of lower ber fractions to small amounts of PHBV residue remaining on the lers
and bers. Overall, measured ber fraction values did not correlate with measurable
dierences in mechanical properties at each ber fraction. The full results can be
found in Figure A.10.

Dierential Scanning Calorimetry:

Figure 3.7 shows the melting temper-

ature of powdered PHBV, DCP treated PHBV prior to thermal processing, and
injection molded g PHBV. The melting temperature, Tm , indicates crystallite size
and perfection. The rst melting cycle for the PHBV and DCP treated PHBV
have a melting peak at the same location, but after a temperature cycle, the DCP
treated PHBV has a split melting peak shifted to a lower temperature indicating
decreased crystallite size and order, likely due to crosslinking and molecular weight
reduction in the matrix. This shift is similar to what has been observed in other
related studies [37, 39, 55, 56].
The injection molded sample, g PHBV, shows a Tm shift lower than that of neat
PHBV, but in between the peaks of the DCP treated PHBV, potentially indicating
that the extent of the crosslinking reaction is less in the injection molded sample. A
similar shift has been observed in another study using the same treatment process [39].
This decrease may indicate that a higher processing temperature would be benecial
in crosslinking PHBV with AF. Similarly the crystallization temperature, Figure 3.8
is impacted by crosslinks in the matrix.
Figures 3.8 and 3.9 show the crystallization and melting peaks in the second
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Figure 3.7: Dierential scanning calorimetry showing the melting peak of powdered
PHBV, DCP treated PHBV prior to thermal processing, and injection molded
g PHBV.
cycle of 20% HS wheat composites including all treatment regimens. The lower second
melting peak in the AF-g -PHBV composite is likely related to interactions with the
ber component, including crosslinking reactions [20]. The weak grafted sample
displays a signicantly larger shift in crystallization and melting temperatures, and
a more pronounce split peak. These shifts, combined with the large change in tested
properties indicates a change to the matrix may be responsible for the reduction in
strength. Full DSC results can be found in Appendix A, Table A.2.
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Figure 3.8: Dierential scanning calorimetry showing the crystallization peak of 20%
hollow stem wheat untreated, silane treated, weakly grafted, and strongly grafted
samples.

Figure 3.9: Dierential scanning calorimetry showing the melting peak of 20% hollow
stem wheat untreated, silane treated, weakly grafted, and strongly grafted samples.
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Scanning Electron Microscopy:

A visible change in the PHBV matrix

could be seen in the grafted composites (3.10 c,g). The matrix appeared to have
sheared o in large, at pieces in the low strength grafted sample. This altered
matrix structure may have contributed to reduced mechanical properties in some of
the grafted samples. The strong grafted sample displays areas with the smoothfractured matrix structure, but the dierence is less apparent than with the weak
sample. The degree of matrix alteration may be directly related to the change in
mechanical properties. Fiber pullout seems to be a common failure mode of the
composites, although some damage to exposed bers indicating ber breakage could
be seen.

100µm

(a) Untreated

100µm

100µm

100µm

(b) Silane Treated (c) AF-g-PHBV (W) (d) AF-g-PHBV (S)
PHBV

Fiber Breakage

Wheat
Fiber Pull Out
Fiber
50µm

(e) Untreated

50µm

50µm

50µm

(f) Silane Treated (g) AF-g-PHBV (W) (h) AF-g-PHBV (S)

Figure 3.10: FESEM results for 20% hollow stem wheat samples, where (a) is
untreated, (b) is silanated, (c) is a weak grafted sample, and (d) is a strong grafted
sample taken at low magnication. Sub-gures (e)-(h) are higher magnication
images of the same composites.
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Conclusions
Flexural chord modulus and ultimate exural strength were the primary
measures for assessing the performance of composite samples, the impact of ber
type, treatment, and weight fraction. For all bers and treatments, increasing ber
weight fraction from 0% to 30% increased the exural modulus by a statistically
signicant amount with condence of 99% or greater.

Flexural modulus varied

considerably based on the ber type and treatment used. 30% hemp and hollow
stem wheat composites treated with silane were the most rigid, with a signicant
dierence over every other composite at 99.9% condence. The dierence between
ber types is small or not statistically signicant for most untreated composites, while
grafted samples with barley were more rigid than grafted samples with hemp. Silane
treatment increased the modulus most consistently compared to untreated samples,
and appears to be the most eective treatment if increasing modulus is a desired
property.
In terms of ultimate exural strength, ber weight fraction had a less consistent
relationship, with no measured signicant dierence in barley or solid stem wheat
composites and a decrease in strength in untreated and hollow stem wheat-g -PHBV
composites. For hemp, exural strength increased in the treated hemp composites,
but was not a factor for other bers, suggesting that ber type and treatment appear
to be the most important factors for controlling exural strength.

Agricultural

residue composites are similar in strength to hemp without treatment, but hemp
with treatment was consistently stronger than any other ber composite. The high
amount of variability in measured exural strength in these samples and the lack of
identiable trends with increasing ber fraction suggest aw driven behavior in these
samples which causes premature failure.
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The maximum exural strength was achieved with 30% hemp composites treated
with DCP, although 20% hemp composites with DCP and 30% hemp composites
treated with silane also had high strengths. The most rigid sample combinations
would be hemp or hollow stem wheat composites treated with silane at a weight
fraction of 30%. If the ability to resist a higher deformation is desired, then hemp
at 10% weight fraction treated with silane has high rigidity and strength without
a detectable reduction in max strain. The optimal combination for high strength
and high stiness is 30% hemp treated with silane. Hollow stem wheat performs
most similarly to hemp composites in terms of chord modulus, but at a reduction in
exural strength relative to hemp, which may be signicant depending on application.
Analysis of the FESEM and DSC results of grafted samples indicate a clear
change to the matrix of the ber, occurring in both grafted samples but to a greater
extent in some samples, leading to a signicant reduction in exural strength. The
cause for this change and the mechanisms by which the matrix is weakened will
require additional research and examination to determine. As grafting eciency has
a known time and temperature dependence, small variation in processing between
grafted samples may contribute to this decrease. [39].
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CONCLUSIONS AND DIRECTIONS FOR FUTURE WORK

Results of this study as related to the research objectives:
1. Determine if agricultural residue bers can be a mechanically competitive

replacement for short, chopped industrial bers (e.g. hemp) in biocomposites.
When treated with silane, hemp biocomposites had higher mechanical performance than agricultural residue bers, particularly at high ber fractions.
Hemp treated with DCP had higher strength with a reduction in modulus.
However, certain combinations of ber fraction and treatment of agricultural
residue composites did outperform hemp composites under the same conditions.
For example, barley grafted samples had a higher modulus than hemp at
20% and 30% ber, while 30% untreated solid stem wheat composites had
a statistically higher modulus over any other untreated composite. Flexural
properties were chosen for testing in this study, but other important properties
for engineering biocomposites such as impact strength and thermal stability are
important to consider for other types of engineering applications.
2. Assess if ber treatments to compatibilize the ber/matrix interface can improve

the mechanical properties of composite bioproducts made with agricultural
residue bers.
The strength, stiness, and strain behavior of biocomposites produced from
PHBV can be changed signicantly with the addition of natural bers, without
sacricing light weight or biodegradability. This improvement in properties
can be achieved with the use of high performance industrial bers, like hemp,
as well as bers recovered from agricultural processes like wheat and barley.
The ability to use more common or locally available bers in biocomposites for
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considerable mechanical improvements may improve their economic viability
and sustainability by decreasing the length of the supply chain and the resources
needed to grow and harvest bers for industrial use alone.
3. Evaluate optimal ber/treatment combinations to enhance mechanical properties

(exural modulus, ultimate exural strength) for higher performance applications such as automotive panels, aircraft parts, or building construction.
For maximum exural strength, 30% grafted hemp composites, 20% grafted
hemp composites and 30% silanated hemp composites had values that were
not statistically distinguishable from each other, but signicantly higher than
all other samples. The most rigid sample combinations were hemp and hollow
stem wheat treated with silane at a weight fraction of 30%. Hemp at 10% weight
fraction treated with silane has high rigidity and strength without a detectable
reduction in max strain, making it ideal for applications which require more
deformation. Hollow stem wheat performs most similarly to hemp composites
in terms of chord modulus, but at a lower exural strength.

Ongoing studies into these composites should address the following:
1. Analyze mechanisms of PHBV grafting to determine potential causes for reduced

mechanical properties of grafted samples.
The high variability of PHBV grafted samples appears to be inuenced by an
uneven impact of the treatment process on the matrix of the composite. The
eectiveness of the DCP reaction has been shown to be extremely time sensitive
[39], and small variations in the mixing and compounding processes may have
a negative impact on sample performance. SEM and DSC examination of
grafted composites indicated a considerable shift in melting and crystallization
temperatures and a visibly altered matrix.
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2. Evaluate alternative methods for low volume high accuracy ber fraction

analysis, or ways to improve the accuracy of the current methods.
Within the resolution of the ber fraction analysis used in this study, no
correlation could be determined between measured ber fraction and tested
mechanical properties.

The existing method is sensitive to PHBV residue

trapped in the lter.
3. Examine agricultural residue surface chemistry to assess the viability of other

ber treatments.
Each ber treatment has a dierent mechanism by which it strengthens the
ber-matrix interface.

Because of the variation in surface chemistry and

characteristics between dierent natural bers, other ber treatment methods
not examined within the scope of this study may be more eective at
strengthening agricultural residues and food crop bers.
4. Test the impact of changing ber dimensions on exural strength and modulus

of residue composites.
This work focused solely on bers ground and ltered through a 2mm screen
and assembled into short chopped ber composites. Fiber length and diameter
in industrial uses will vary considerably, as will the impact of ber fraction and
treatment on bers of dierent dimensions.
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SUPPLEMENTARY MATERIAL
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Detailed Calculations
The two measures of exural modulus, chord and secant modulus, were
calculated in Matlab using the following process:
Chord modulus is dened by ASTM 7264b as the slope of the stress/strain curve
between 2 dened values of strain, with recommended values of 0.001 and 0.003 strain.
These strain values are located by Matlab along with the corresponding stress values,
at which point the chord modulus is calculated as shown in Equation 3.3.

Figure A.1: Initial points of inection used to calculate secant modulus. The green
line between data2 and data3 shows the slope used.

Secant modulus was calculated in a slightly more complex way. It is calculated
using the slope of the secant of the force-deection curve at any given position.
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Because the chord modulus captures exural behavior after a degree of loading has
already been applied, secant modulus was used to measure the initial force deection
behavior of the biocomposites. Matlab was used to locate points of inection in the
initial curve, which may be indicators of dierent linear regions or changing slope
behavior. Once the rst points of inection are located, as seen in Figure A.1, two
points can be selected by the user to measure slope. The points selected corresponded
to the curve shortly after the initial measurements, which are less stable as the sample
settles into position. This slope value replaces m in Equation 3.3, and the secant
modulus is then calculated. The full code for all Matlab processes is included in
Appendix B.
Supplementary Results and Analysis

Mechanical testing:
Table A.1: Mechanical Properties of Combined Fiber Set
Treatment Fiber wt.% Ultimate Flexural Strength (Mpa) Strain at UFS Chord Modulus (Mpa) Secant Modulus (Mpa)
Untreated

0

68.50

0.01700

5600

4750

Untreated

10

66.25

0.01600

6300

6050

Untreated

20

65.75

0.01425

7500

7250

Untreated

30

61.50

0.01075

8550

8250

Silane

10

66.50

0.01650

6650

6450

Silane

20

68.25

0.01425

8050

7800

Silane

30

63.25

0.01025

9500

9200

Grafted

0

63.50

0.01650

4600

4000

Grafted

10

61.00

0.01250

6100

5700

Grafted

20

64.00

0.01100

7200

6750

Grafted

30

66.50

0.00950

8700

8300
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Figure A.2: F test analysis of chord modulus of each ber and ber fraction by
treatment. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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Figure A.3: F test analysis of chord modulus of each treatment and ber fraction
by ber. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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Figure A.4: F test analysis of exural strength of each ber and ber fraction by
treatment. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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Figure A.5: F test analysis exural strength of each treatment and ber fraction
by ber. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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Figure A.6: F test analysis exural strength of each treatment and ber fraction
by ber. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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Figure A.7: F test analysis exural strength of each treatment and ber fraction
by ber. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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Figure A.8: F test analysis exural strength of each treatment and ber fraction
by ber. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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Figure A.9: F test analysis exural strength of each treatment and ber fraction
by ber. Green is signicant with 99% condence or greater, while red is not a
statistically signicant result.
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DSC Results

Table A.2: Thermal properties and crystallinity of tested 20% hollow stem composites
with neat and grafted PHBV for reference

Sample

∆w

1©2p

Tonset

Tm

∆Hm

χ

Tonset

Tc

∆Hc

[` C]

[` C]

[J/g]

[%]

[` C]

[` C]

[J/g]

[` C]

PHBV

167.32

174.04

73.25

50.17

110.76

102.02

48.57

9.23

g PHBV

162.13

170.56

68.14

46.67

99.00

88.95

51.38

10.9

Unt. HS

166.78

176.09

58.65

50.21

123.58

119.78

52.98

6.23

Sil. HS

166.07

177.82

54.77

46.89

122.06

117.77

52.19

7.7

g HS (weak)

152.71

152.71

59.99

51.36

111.82

104.32

51.5

8.66

g HS(strong)

159.11

167.37

60.18

51.53

117.02

111.40

54.97

7.14

Fiber Fraction Analysis Results
When comparing two samples at the same ber fraction, the sample with a
smaller deviation from the expected percentage was closer to the mean chord modulus
only 50% of the time. In addition, higher measured ber fraction corresponded with a
higher measured density only 42% of the time. The relationship between ber fraction
and modulus was established with a high degree of condence among all bers and
treatments, so these results are contradictory to the majority of the test data. For
the purposes of this experiment, the accuracy and reliability of ber fraction analysis
was questionable enough that FFA measurements were not taken into account as part
of the greater experimental conclusions.
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Figure A.10: Results of ber fraction analysis. Two samples were tested for each
combination of ber and fraction, to see the relationship between ber fraction and
stiness.

Supplementary Methods and Detailed Procedures
Silane Coupling Agent Selection
The eectiveness of ber treatment is highly dependent on the surface composition of the ber and the interfacial interactions with the polymer. The silane coupling
agent GPTMS has been eective at reducing ber moisture uptake and the impact
of moisture on tensile strength of natural ber composites [57]. The structure of
GPTMS is shown in Figure A.11.
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Figure A.11: Structure of GPTMS.

Silane Fiber Treatment Procedure

Equipment:
 Fume hood
 Plastic dome desiccator
 Vacuum pump (with all hoses and connections for desiccator)
 Eye protection
 Gloves
 Aluminum foil
 Paralm
 Small size weighing dish
 Syringe (3mm)
 Nitrogen gas cylinder
 Silanating agent: (3-Glycidyloxypropyl)trimethoxysilane (GPTMS)
 Predried natural ber

Physical setup:
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1. Turn fume hood on
2. Place desiccator and pump inside hood
3. Connect desiccator to pump, ensure good seal on all tubing components
4. With a large sheet of aluminum foil, create a cup conguration with ber
5. Place pocket on bottom of desiccator, as at as possible (See Figure A.12).

Figure A.12: Cup conguration with natural bers and silane droplet on dish in
center.

Room temperature vapor deposition:
1. Put on eye protection and gloves
2. With a large sheet of aluminum foil, create a cup conguration with ber
spread evenly
3. Place pocket on bottom of desiccator, as at as possible (See Figure A.12).
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4. Take weighing dish and place in center of cup, ensuring it does not cover any
ber
5. Using syringe, place 1 small drop ( .1 mL) GPTMS on center of dish
6. Fold edges of cup to close completely
7. Put desiccator lid over cup
8. Turn desiccator valve to closed position
9. Turn on vacuum pump
10. Slowly open desiccator valve to open position
11. Degas for 3.5 minutes.
12. Close valve, shut o pump, and lower hood sash
13. Wait 1 hour
14. Raise hood sash
15. Turn pump on
16. Slowly open desiccator valve to open position
17. Degas for 3.5 minutes
18. Close valve, shut o pump, and lower hood sash
19. Wait 1 hour
20. Raise hood sash
21. Open vacuum seal on pump
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22. Slowly open desiccator valve to open position
23. Allow normal air pressure to return to desiccator
24. Remove desiccator lid
25. Remove pocket from desiccator (still within hood)
26. Remove treated bers
PHBV Grafting Procedure

Equipment
 Fume hood
 Stir Plate with Rod
 Beakers, >100 ml volume
 Eye protection
 Gloves
 Aluminum foil
 Powdered PHBV
 Acetone
 Predried natural ber

Chemical procedure
1. Put on eye protection and gloves.
2. Turn fume hood on.
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3. For powder matrix:
(a) Place beaker with 100 ml acetone on stir plate
(b) Place stir bar inside beaker
(c) Turn stirrer to low speed (setting 2)
(d) Add DCP to acetone, let dissolve
(e) Add matrix to acetone
4. For ber:
(a) Place beaker with 50 ml acetone on stir plate
(b) Place stir bar inside beaker
(c) Turn stirrer to low speed setting
(d) Add DCP to acetone, let dissolve
(e) Add ber to acetone
5. For both powder matrix and ber, allow 30 minutes for coating.
6. Pour mixture into aluminum foil cup and let dry
7. Mix ber and polymer in beaker immediately before injection molding.
Supplemental Composite Fabrication
A at leveling of the torque/pressure curve was an indication of even mixing
throughout the material, as any areas with clumps of material or uneven viscosity
would cause a visual spike on the feed (see Figure A.13).
Compounding and molding parameters were determined through repeated
iterations of all bers at a 10% and 30% fraction, to determine what temperature and
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Figure A.13: Steady leveling curve was used as an indicator of even mixing.
speed values would successfully generate samples without jamming in the extrusion
process, partial lls in the injection process, or pitting on the samples. To rapidly
solidify the sample and keep ber from accumulating at the bottom of the mold, mold
`

temperature was reduced to 50 C. Higher mold temperatures were found to have a
less even dispersion of the ber across the sample (as seen on the surface). Lower
mold temperatures would cause premature solidication and partial lls of the mold.
For AF-g -PHBV grafted samples, uneven mixing in the treatment process may
cause local increases in DCP concentration, and any time variations in the wet mixing,
dry mixing, feeding, or compounding processes could have an impact on the net
reaction time and the physical properties. These parameters must be monitored
closely during the treatment process to ensure a successful graft.
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Fiber Fraction Analysis Procedure

Equipment
 Biocomposite sample (.77 grams)
 Weigh boat
 Density kit
 Scale
 Gloves
 Safety Glasses
 Hood
 Hot/stir plate
 500 ml beaker
 Glass funnel
 Condensation Tower
 Vacuum grease
 Stir bar
 Chloroform
 Ceramic funnel
 20 um paper lter
 Rubber stopper
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 Beaker with hose connection
 Vacuum with hose
 Spatula

Weighing/Density
1. Weigh sample and calculate density using /hlscale process
2. log weight of weigh boat

Dissolution
1. clean all glassware before use
2. Set hot plate to Heat 4
3. place sample and stir bar in beaker
4. add 50 ml of chloroform to beaker through glass funnel
5. put grease on bottom of condensation tower and place over beaker, turning
slowly to spread grease
6. place beaker+tower on hot plate and set Stir to 7
7. Record time at start

Filtration
1. Place rubber stopper between hose beaker and ceramic funnel (this is not the
dissolution system!)
2. Connect vacuum hose to hose beaker
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3. Place lter in funnel, wet with chloroform to anchor
4. Remove beaker/tower setup from hot plate, record time
5. turn on vacuum
6. remove tower, remove stir bar
7. slowly pour out solution from tower into ceramic funnel
8. use chloroform to rinse out remaining ber from beaker into lter
9. allow lter/bers to dry (one procedure says to allow a week for this?)
10. empty all bers into weigh boat, use spatula to scrape any remaining ber
11. dispose of plastic waste in hazard waste container
12. Weigh all bers and subtract weigh boat
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APPENDIX B
MATLAB CODE
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flexdataloader .m
for n0=1:1
clc
close a l l
clear

prompt='What is the specimen
batchid=input (prompt , 's' ) ;

batch ID? :' ;

intYN=1;
intYN==1
oldFolder=cd ;
f i l e x='.csv ' ;
cd . . \ TensileTestRawData
RawData=csvread ( s t r c a t ( batchid , f i l e x ) ,11 ,0) ;
cd ( oldFolder )
if

end

% The Data Column Labels for RawData are as follows %
%
% 1.Time
%2. Extension
%3. Load
%4. Flexure Extension
%5. Flexure Load
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%6. Flexure Strain
( Strain and s t r e s s are not d i r e c t l y
measured )
%7. Flexure Stress
%
a=RawData ( : , 5 ) ;
d=flipud ( a) ;

%Locate the l a s t negative value of load
%( indicates where actual loading begins
x=1: s i z e ( a)
i f d(x) < 0
d(x) ;
x;
e=s i z e ( a)x ;
for

break
end
end
f p r i n t f ( 'b is the adjusted zero of the .csv table , after the last
negative value ' )

b=e (1 ,1)+13
%b=152

RawData2=csvread ( s t r c a t ( batchid , f i l e x ) ,b  1 ,0) ;
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adj=RawData(b  11 ,4) ;
RawData2 ( : , 4 )=RawData2 ( : , 4 )  adj ;

%The following columns are set to 0 because
%they are meaningless after the zero s h i f t
RawData2 ( : , 2 ) =0;
RawData2 ( : , 3 ) =0;
x=RawData2 ( : , 4 ) ;
y=RawData2 ( : , 5 ) ;
figure
hold

(1)

on

plot (x , y , 'DisplayName ' , batchid )
t i t l e ( 'Load vs. Extension ' )
xlabel ( 'Extension (mm)' )
ylabel ( 'Load (N)' )

%s t r e s s=3PL/4BH^2, where L=span=40mm, b=width=10mm, h=thickness=1
mm, P=load
%maxstrain =4.36 * d e f l e c t i o n * h/L^2
RawData2 ( : , 6 ) =(4.36 * RawData2 ( : , 4 ) * 1) /(40^2) ;
RawData2 ( : , 7 ) =(3 * RawData2 ( : , 5 ) * 40) /(4 * 10 * 1^2) ;

%f p r i n t f ('Timeempty empty Extension Load
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Strain  Stress ')
RawData2 ;

%f p r i n t f ('Timeempty empty Extension Load
Strain  Stress ')
Load=RawData2 ( : , 5 ) ;
cc=max(RawData2 ( : , 5 ) ) ;
for x1=1: s i z e (Load)
i f Load( x1 ) == cc
MaxLoadN=Load( x1 )
MaxExtensionMM=RawData2(x1 , 4 )
MaxStressMPA=RawData2(x1 , 7 )
MaxStrain=RawData2(x1 , 6 )
break
end
end

Strain=RawData2 ( : , 6 ) ;
x2=1: s i z e ( Strain )
i f Strain ( x2 ) >= 0.001
s t r a i n 1 l o c=x2 ;

for

break
end
end
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x3=s t r a i n 1 l o c : s i z e ( Strain )
i f Strain ( x3 ) >= 0.003
s t r a i n 3 l o c=x3 ;
timestrain3=RawData2(x3 , 1 ) ;
range3=RawData2( s t r a i n 1 l o c : x3 , 4 ) ;
load3=RawData2( s t r a i n 1 l o c : x3 , 5 ) ;
p=p o l y f i t ( range3 , load3 , 1 ) ;
ChordModulus=(RawData2(x3 , 7 ) RawData2( strain1loc , 7 ) ) /(RawData2(x3
, 6 ) RawData2( strain1loc , 6 ) )
f l e x s l o p e 3=p(1) * RawData2 ( : , 4 )+p(2) ;
extended=2* x3 ;
x=RawData2( s t r a i n 1 l o c : x3 , 4 ) ;
y=f l e x s l o p e 3 ( s t r a i n 1 l o c : x3 ) ;
plot (x , y)
for

break
end
end
legend ( 'Data ' , 'Chord Line ' )

%Smoothing
%x=RawData2 (: ,4) ;
%y=RawData2 (: ,5) ;
x=RawData2 ( : , 4 ) ;
y=RawData2 ( : , 5 ) ;
A=smooth (y , 'lowess ' ) ;
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figure

(2)

on
plot (x , y , ' - ' ,x ,A)
t i t l e ( 'Load vs. Extension Smoothed ' )
xlabel ( 'Extension (mm)' )
ylabel ( 'Load (N)' )
legend ( 'Original curve ' , 'Smoothed Curve ' )

hold

t_infl =0.000;
loc =1;
for J=1:5
for x4=1: s i z e (x)
i f x( x4 ) >=t_infl && x4>loc
x( x4 ) ;
I n f l e c t i o n=x4 ;
break
end
end

x=RawData2( loc : 1 : s i z e (RawData2) ,4) ;
y=RawData2( loc : 1 : s i z e (RawData2) ,5) ;
A=smooth (y , 'lowess ' ) ;
s i z e (x) ;
ypp =

d i f f (A, 2 ) ;

% Find the root using FZERO
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t_infl =
;
y_infl =

fzero (@(T) interp1 (x ( 2 : end  1) ,ypp ,T, 'linear ' , 'extrap ' )

,0)

interp1 (x ,A, t_infl , 'linear ' ) ;

J==1
t1=t_infl ;
e l s e i f J==2
t2=t_infl ;
e l s e i f J==3
t3=t_infl ;
e l s e i f J==4
t4=t_infl ;
if

e ls e

t5=t_infl ;
end
plot ( t_infl

, y_infl , 'o' ) ;

loc=x4+100;
end

prompt='Which

points of inflection (0 -5) should be used for finding

the modulus ?' ;

s t a r t=input ( prompt ) ;
prompt='Enter second point ' ;
f i n i s h=input ( prompt ) ;

94

a=RawData2 ( : , 4 ) ;
start>=f i n i s h
f p r i n t f ( 'Invalid
if

combination ' )

break
end

%locate points of i n f l e c t i o n
ext=RawData2 ( : , 4 ) ;
xp=1: s i z e ( ext )
i f ext (xp) >= t1
p1=xp ;
for

break
end
end

xp=1: s i z e ( ext )
i f ext (xp) >= t2
p2=xp ;
for

break
end
end
for
if

xp=1: s i z e ( ext )
ext (xp) >= t3
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p3=xp ;
break
end
end

xp=1: s i z e ( ext )
i f ext (xp) >= t4
p4=xp ;
for

break
end
end

xp=1: s i z e ( ext )
i f ext (xp) >= t5
p5=xp ;
for

break
end
end

s t a r t==0
s t a r t =1;
e l s e i f s t a r t==1
s t a r t=p1 ;
e l s e i f s t a r t==2
s t a r t=p2 ;
e l s e i f s t a r t==3
s t a r t=p3 ;
if
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s t a r t==4
s t a r t=p4 ;
elseif

end

f i n i s h==1
f i n i s h=p1 ;
e l s e i f f i n i s h==2
f i n i s h=p2 ;
e l s e i f f i n i s h==3
f i n i s h=p3 ;
e l s e i f f i n i s h==4
f i n i s h=p4 ;
e l s e i f f i n i s h==5
f i n i s h=p5 ;
if

end

ext=RawData2( s t a r t : finish , 4 ) ;
load=RawData2( s t a r t : finish , 5 ) ;
pp=p o l y f i t ( ext , load , 1 ) ;
%Slope and intercept
y f i t=polyval (pp , ext ) ;
yresidual=load y f i t ;
SSresidual=sum( yresidual .^2) ;
SStotal=( length ( load ) 1) * var ( load ) ;
rsq=1 SSresidual / SStotal
%Rsq percentage
f l e x s l o p e 1=pp (1) * RawData2 ( : , 4 )+pp (2) ;
extended=2* x2 ;
x=RawData2( s t a r t : finish , 4 ) ;
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y=RawData2( s t a r t : finish , 5 ) ;
SecantModulus =.17 * 40^3 * pp (1) /(10 * 1^3)
plot (x , y , 'g' )
end

